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   Preface   

 At the time of this writing, I feel tired. From my experience with “The Islets of 
Langerhans” [1], and “Transient Receptor Potential Channels” [2], I knew how 
much energy it takes to edit a book of this type. It steals time from other academic 
activities, destroys leisure and holidays, and it may affect your health. Why did 
I decide to edit this book? The answer is short: I like the fi eld of Ca 2+  signaling. 
I started measuring Ca 2+ , by ion-selective mini-electrodes, fi rst in 1990. Those 
experiments were so diffi cult that I do not like to think about those now. In the 
department I worked, there was another new, sensitive, and easier method for mea-
suring the free Ca 2+  concentration in the cytoplasm of living cells. Those days, the 
method was considered too expensive and too sophisticated for a beginner like me 
to use it. Two years later, I got access to this fura-2-based microfl uorometry system 
for the fi rst time, and since then I have stayed in the fi eld of Ca 2+  signaling. During 
the next two decades, I have listened to many pioneers, and many experts, in many 
conferences on Ca 2+  signaling. I have invited many high profi le scientists to give 
talks at the Karolinska Institutet. I have known who is doing what in this fi eld. 
I have given many courses on Ca 2+  signaling, and I have learnt a little bit of almost 
everything in this fi eld. I am an enthusiast, not an expert in this fi eld. I am convinced 
that discoveries in the fi eld of Ca 2+  signaling have saved numerous human lives. 
I wish that pioneer scientists, who have made breakthrough discoveries in this fi eld, 
get Nobel Prize. I am a busy clinician, and I commute to and from my job about 
80 min per day, every day. Surprisingly, these 80 min per day, turned out to be the 
most convenient time for me to work on this book. 

 I felt happy when I noticed that so many authors responded to my request to 
contribute to this book. Writing a book chapter is not an easy task. It takes almost 
six months to write a chapter. I apologize to the authors of this book for stressing 
them by sending repeated reminders. One chapter took longer time because of death 
of a family member of one of the authors. That was a reminder for refl ection. 
Another chapter had to wait because the author had to get married. Some chapters 
needed repeated revisions. It has been a test of my patience, and of my skills in 
managing interpersonal relationships. Finally, at the time of this writing, I have 
received almost all the chapters. I missed fi ve chapters because of time constraints, 
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but I cannot be too greedy. What worries me now is that I still have to do a lot of 
work. The manuscripts have only been sent to the printers. I know, numerous mis-
takes will crop up, and we will have to fi x them. One thing I can tell you is that you 
will get the fl avors of some Indian English, French English, Spanish English, or 
German English in many chapters in this book. 

 This book has the taste of a text book, but it is more than a text book. It is not an 
encyclopedia. We did not intend to cover all the molecules, and all the processes 
that regulate Ca 2+  signaling, and Ca 2+  homeostasis. Still the book covers diverse 
areas, and discusses many crucial issues at great depth. It describes cutting edge 
researches, contemporary thoughts, and numerous testable hypotheses for future 
research. It is not just a collection of papers; it is a complete book that represents the 
essence of the broad fi eld of Ca 2+  signaling. I believe that all categories of readers 
will fi nd something useful in this book. For some, it may be an eye-opener. 

 I thank the authors for their hard work, and for timely submission of the chapters. 
I have not met most of the authors of this book. I cannot even correctly pronounce the 
names of some of them. But, I know what they are burning for. I wish we all could 
meet once somewhere, perhaps in a Ca 2+  conference that we could organize. I thank 
the referees, about 150 of them, who have helped the authors see things from a dif-
ferent angle. I wish I could publish some of the comments made by some of the ref-
erees. Some chapters were not reviewed by external referees because of lack of time, 
but I do not think that this is a big problem. I thank Melania Ruiz, and Ilse Hansen of 
Springer. I thank my family, members of my research group, and my colleagues for 
their support, and spontaneous informal comments that I always listened to seriously. 
As always, I am grateful to the Karolinska Institutet, my Alma mater that has ensured 
infrastructures for my creative activities over more than two decades. 

 While editing the book, I have been forced to read and think, and I have learnt a 
lot. That is my biggest reward. I will read this book many more times. 

 Stockholm, Sweden Md. Shahidul Islam         

 References 

 1. Islam MS (2010) The islets of Langerhans. Springer, Dordrecht 
 2. Islam MS (2011) Transient receptor potential channels. Springer, Dordrecht   



ix

 Contents

 1 The Regulation of a Cell’s Ca2+ Signaling Toolkit: 
The Ca2+ Homeostasome ........................................................................ 1
Beat Schwaller

 2 Methods to Detect Ca2+ in Living Cells ................................................ 27
Joseph D. Bruton, Arthur J. Cheng, and Håkan Westerblad

 3 Development and Optimization of FLIPR High Throughput 
Calcium Assays for Ion Channels and GPCRs ................................... 45
Irina Vetter

 4 Two-Photon Calcium Imaging in the Intact Brain ............................. 83
Marco Dal Maschio, Riccardo Beltramo, 
Angela Michela De Stasi, and Tommaso Fellin

 5 Signaling Through the Extracellular Calcium-Sensing 
Receptor (CaSR) .................................................................................... 103
Bandana Chakravarti, Naibedya Chattopadhyay, 
and Edward M. Brown 

 6 Ca2+ Signaling: An Outlook on the Characterization 
of Ca2+ Channels and Their Importance 
in Cellular Functions ............................................................................. 143
Jordan Karlstad, Yuyang Sun, and Brij B. Singh

 7 Ryanodine Receptor Calcium Release Channels: 
An Evolutionary Perspective ................................................................. 159
John J. Mackrill



x Contents

 8 Techniques and Methodologies to Study 
the Ryanodine Receptor at the Molecular, Subcellular 
and Cellular Level .................................................................................. 183
Cedric Viero, N. Lowri Thomas, Joanne Euden, 
Sammy A. Mason, Christopher H. George, 
and Alan J. Williams

 9 Ryanodine Receptor Physiology and Its Role in Disease ................... 217
Johanna T. Lanner

10 Phospholipase C ..................................................................................... 235
Charlotte M. Vines 

11 Inositol 1,4,5-Trisphosphate and Its Receptors ................................... 255
Jan B. Parys and Humbert De Smedt

12 The Discovery and Structural Investigation of the IP3 
Receptor and the Associated IRBIT Protein ....................................... 281
Katsuhiko Mikoshiba

13 Pyridine Nucleotide Metabolites and Calcium Release 
from Intracellular Stores ....................................................................... 305
Antony Galione and Kai-Ting Chuang

14 NAADP on Target .................................................................................. 325
Robert Hooper and Sandip Patel

15 Store-Operated Ca2+ Entry .................................................................... 349
Alejandro Berna-Erro, Pedro C. Redondo, 
and Juan A. Rosado

16 Structure, Regulation and Biophysics of ICRAC, STIM/Orai1 ............. 383
Isabella Derler, Josef Madl, Gerhard Schütz, 
and Christoph Romanin 

17 Mitochondria-Associated Membranes (MAMs) 
as Hotspot Ca2+ Signaling Units ............................................................ 411
Angela Bononi, Sonia Missiroli, Federica Poletti, 
Jan M. Suski, Chiara Agnoletto, Massimo Bonora, 
Elena De Marchi, Carlotta Giorgi, Saverio Marchi, 
Simone Patergnani, Alessandro Rimessi, 
Mariusz R. Wieckowski, and Paolo Pinton

18 Calcium Around the Golgi Apparatus: Implications 
for Intracellular Membrane Traffi cking .............................................. 439
Massimo Micaroni

19 Calcium Binding Proteins ..................................................................... 461
Matilde Yáñez, José Gil-Longo, 
and Manuel Campos-Toimil



xiContents

20 Cytoplasmic Calcium Buffering ........................................................... 483
Juan A. Gilabert

21 Elementary Calcium Release Events 
from the Sarcoplasmic Reticulum in the Heart ................................... 499
Didier X.P. Brochet, Dongmei Yang, Heping Cheng, 
and W. Jonathan Lederer

22 Calcium Oscillations and Pacemaking ................................................. 511
Mohammad S. Imtiaz

23 Calcium Oscillations and Waves in Cells ............................................. 521
Jai Parkash and Kamlesh Asotra

24 Calcium Signaling: From Single Channels to Pathways .................... 531
Alexander Skupin and Kevin Thurley

25 Simulation Strategies for Calcium Microdomains 
and Calcium-Regulated Calcium Channels......................................... 553
Frederic von Wegner, Nicolas Wieder, and Rainer H.A. Fink

26 Combined Computational and Experimental 
Approaches to Understanding the Ca2+ Regulatory 
Network in Neurons ............................................................................... 569
Elena É. Saftenku and David D. Friel

27 a7 Nicotinic ACh Receptors as a Ligand-Gated Source 
of Ca2+ Ions: The Search for a Ca2+ Optimum ..................................... 603
Victor V. Uteshev

28 The Biology of Protein Kinase C .......................................................... 639
Lily Zeng, Samuel V. Webster, and Philip M. Newton

29 The Role of C2 Domains in PKC Signaling ......................................... 663
Carole A. Farah and Wayne S. Sossin

30 Ca2+/Calmodulin-Dependent Protein Kinase II 
(CaMKII) in the Heart .......................................................................... 685
Lars S. Maier

31 The Role of Molecular Regulation and Targeting 
in Regulating Calcium/Calmodulin Stimulated 
Protein Kinases ....................................................................................... 703
Kathryn A. Skelding and John A.P. Rostas

32 Calcium Sensing in Exocytosis .............................................................. 731
Natalia Gustavsson, Bingbing Wu, and Weiping Han

33 Regulation of Voltage-Gated Calcium Channels 
by Synaptic Proteins .............................................................................. 759
Norbert Weiss and Gerald W. Zamponi



xii Contents

34 Regulation of Intercellular Calcium Signaling Through 
Calcium Interactions with Connexin-Based Channels ....................... 777
Juan A. Orellana, Helmuth A. Sánchez, Kurt A. Schalper, 
Vania Figueroa, and Juan C. Sáez

35 Calcium Signaling in Vascular Smooth Muscle Cells: 
From Physiology to Pathology .............................................................. 795
Alexandre Marchand, Aniella Abi-Gerges, Youakim Saliba, 
Elise Merlet, and Anne-Marie Lompré

36 Calcium and Endothelium-Mediated Vasodilator Signaling ............. 811
Shaun L. Sandow, Sevvandi Senadheera, T. Hilton Grayson, 
Don G. Welsh, and Timothy V. Murphy 

37 Calcium Signaling in Cerebral Vasoregulation ................................... 833
Shantanu Ghosh and Amrita Basu

38 Ca2+ Signaling Mechanisms in Bovine Adrenal 
Chromaffi n Cells .................................................................................... 859
Jamie L. Weiss

39 Calcium Stores in Vertebrate Photoreceptors ..................................... 873
David Križaj

40 Stem Cells and Calcium Signaling........................................................ 891
Fernanda M.P. Tonelli, Anderson K. Santos, 
Dawidson A. Gomes, Saulo L. da Silva, Katia N. Gomes, 
Luiz O. Ladeira, and Rodrigo R. Resende

41 Calcium Signaling in Osteoclast Differentiation 
and Bone Resorption .............................................................................. 917
Hiroshi Kajiya

42 Calcium Signaling in Renal Tubular Cells........................................... 933
Milica Bozic and Jose M. Valdivielso

43 Calcium in Epidermis ............................................................................ 945
Martin J. Behne and Jens-Michael Jensen

44 Calcium Signaling in Mast Cells: Focusing on L-Type 
Calcium Channels .................................................................................. 955
Yoshihiro Suzuki, Toshio Inoue, and Chisei Ra

45 Proteinase-Activated Receptors (PARs) and Calcium 
Signaling in Cancer ................................................................................ 979
Roland Kaufmann and Morley D. Hollenberg

46 Mechanosensory Calcium Signaling .................................................... 1001
Thomas J. Jones and Surya M. Nauli



xiiiContents

47 Role Ca2+ in Mechanisms of the Red Blood 
Cells Microrheological Changes ........................................................... 1017
Alexei Muravyov and Irina Tikhomirova

48 Calcium Imaging in the Zebrafi sh ........................................................ 1039
Petronella Kettunen

49 Calcium Signaling in Xenopus oocyte ................................................... 1073
Matthieu Marin

50 Calcium Oscillations, Oocyte Activation, 
and Phospholipase C zeta ...................................................................... 1095
Junaid Kashir, Celine Jones, and Kevin Coward

51 Nuclear Calcium Signaling and Its Involvement 
in Transcriptional Regulation in Plants ............................................... 1123
Benoit Ranty, Valérie Cotelle, Jean-Philippe Galaud, 
and Christian Mazars

52 Remodeling of Calcium Handling in Human Heart Failure .............. 1145
Qing Lou, Ajit Janardhan, and Igor R. Efi mov 

53 Proarrhythmic Atrial Calcium Cycling in the Diseased Heart .......... 1175
Niels Voigt, Stanley Nattel, and Dobromir Dobrev

54 Neuronal Calcium Signaling and Alzheimer’s Disease....................... 1193
Neha Kabra Woods and Jaya Padmanabhan

55 Voltage-Gated Ca2+ Channel Mediated Ca2+ Infl ux 
in Epileptogenesis ................................................................................... 1219
Magdalena Siwek, Christina Henseler, Karl Broich, 
Anna Papazoglou, and Marco Weiergräber

Index ................................................................................................................ 1249      



wwwwwwwwwwww



1M.S. Islam (ed.), Calcium Signaling, Advances in Experimental 
Medicine and Biology 740, DOI 10.1007/978-94-007-2888-2_1, 
© Springer Science+Business Media Dordrecht 2012

  Abstract   The Ca 2+  ion serves as a ubiquitous second messenger in eukaryotic cells 
and changes in the intracellular Ca 2+  concentration regulate many responses within 
a cell, but also communication between cells. In order to make use of such an appar-
ently simple signal, i.e. a change in the intracellular Ca 2+  concentration, cells are 
equipped with sophisticated machinery to precisely regulate the shape (amplitude, 
duration) of Ca 2+  signals in a localization-specifi c manner. To ascertain such a pre-
cise regulation, cells rely on the components of the Ca 2+  signaling toolkit. This 
embraces Ca 2+  entry systems including Ca 2+  channels in the plasma membrane and 
organellar membranes, and Ca 2+  extrusion/uptake systems including Ca 2+ -ATPases 
(Ca 2+  pumps) and Na + /Ca 2+  exchangers. Besides mitochondria, organelles impli-
cated also in Ca 2+  signaling, cytosolic Ca 2+  buffers are cell-specifi c subtle modula-
tors of Ca 2+  signals. The Ca 2+ -signaling components not only orchestrate their 
activity as to ascertain the high accuracy of intracellular Ca 2+  signaling, but they are 
also implicated in the regulation of their own expression. The total of the molecules 
that build the network of Ca 2+  signaling components, and that are involved in their 
own regulation as to maintain physiological Ca 2+  homeostasis resulting in pheno-
typic stability is named the Ca 2+  homeostasome. Mechanistic details on the func-
tioning of the Ca 2+  homeostasome are presented.  

  Keywords   Calcium buffer  •  Calcium homeostasis  •  Calcium signaling  •  Calcium 
signaling toolkit  •  Homeostatic remodeling  •  Parvalbumin  •  Calbindin D-28k  
•  Calretinin  •  EF-hand  •  Calcium ATPase  •  Calcium channel  •  Mitochondria  
•  Subplasmalemmal ER  •  Calcium homeostasome      

    B.   Schwaller   (*)
     Unit of Anatomy, Department of Medicine ,  University of Fribourg ,
  Route Albert-Gockel 1 ,  CH-1700 ,  Fribourg ,  Switzerland    
e-mail:  Beat.Schwaller@unifr.ch   

    Chapter 1   
 The Regulation of a Cell’s Ca 2+  Signaling 
Toolkit: The Ca 2+  Homeostasome       

       Beat   Schwaller         
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   Components of the Calcium Signaling Toolkit with a Special 
Focus on Ca 2+ -Binding Proteins (CaBP) Classifi ed as “Ca 2+  
Buffers” 

   General Considerations 

 Intracellular Ca 2+  signals regulate many aspects of physiological responses within a 
cell, but also the communication between cells. Such processes include transcrip-
tion, cell cycle regulation, differentiation, cell motility/migration, programmed cell 
death, muscle contraction/relaxation of skeletal muscle and heart, and neurotrans-
mission. In order to make use of such an apparently simple signal, i.e. a change in 
the intracellular Ca 2+  concentration [Ca 2+ ] 

i
 , cells need to be equipped with sophisti-

cated machinery to precisely regulate Ca 2+  signals in a localization-specifi c and 
time-dependant manner. Obviously also the amplitude of Ca 2+  signals contain essen-
tial information for inducing downstream signaling events. For such a precise regu-
lation, cells rely on the components of the Ca 2+  signaling toolkit     [  1  ] , which are 
briefl y summarized here. In the plasma membrane, the presence of receptor-oper-
ated (ROCC), voltage-operated (VOCC) and store-operated (SOCC) Ca 2+  channels 
allows entry of Ca 2+  ions from the extracellular space (Fig.  1.1 ). Additionally, an 
increase in [Ca 2+ ] 

i
  may be mediated by release from intracellular organelles, the 

most important one being the sarcoplasmic/endoplasmic reticulum expressing inos-
itol 1,4,5-trisphosphate receptors (InsP 

3
 -R) and/or their close relatives, ryanodine 

receptors (RyR) acting as Ca 2+  release channels. In the lumen of these organelles, 
large amounts of Ca 2+  are stored/buffered by organellar Ca 2+  buffers that are distinct 
from another group of proteins called cytosolic Ca 2+  buffers (see below). In most 
cases, the organellar Ca 2+  buffers are considered as low-affi nity, high-capacity Ca 2+  
buffers that in addition to Ca 2+  buffering, have many other cellular functions  [  2  ] . For 
the return of [Ca 2+ ] 

i
  to basal, pre-activity levels, thus serving as so-called “off” 

mechanisms  [  1  ] , Ca 2+ -ATPases in the membranes of the endoplasmic reticulum 
(SERCA pumps) or in the plasma membrane (PMCAs) together with a plasmalem-
mal Na + /Ca 2+  exchanger (NCX) are activated via the increased [Ca 2+ ] 

i
 . Also mito-

chondria, mostly associated with functions related to energy metabolism and 
oxidative phosphorylation, play an important role in the regulation/modulation of 
intracellular Ca 2+  signals. An increase in [Ca 2+ ] 

i
  activates the mitochondrial Ca 2+  

uniporter, whose molecular identity has not yet been revealed ( see note added in 
proof ). The accumulated mitochondrial Ca 2+  [Ca 2+ ] 

m
  is then extruded by the mito-

chondrial Na + /Ca 2+  exchanger (mNCX). Finally, mobile and immobile Ca 2+  buffers 
modulate spatiotemporal aspects of intracellular Ca 2+  signals. Historically, these 
proteins, generally termed calcium-binding proteins (abbreviated CaBPs) are clas-
sifi ed as either Ca 2+  buffers or Ca 2+  sensors. The prototypical representative of the 
sensor group is calmodulin (CaM) ubiquitously expressed in all cells, while typical 
Ca 2+  buffers including  parvalbumin (PV), calbindin D-28k (CB-D28k), calbindin 
D-9k (CB-D9k) and calretinin (CR) have very distinct and most often non-overlapping 
expression patterns  [  3  ] . Other more tissue-specifi c Ca 2+  sensors include the neuronal 
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Ca 2+  sensor (NCS) family and proteins from the CaBPs/calneuron1/2 sub-family 
 [  4  ] . A word of caution concerning the nomenclature for the latter proteins (CaBP1-
CaBP5): in many papers, textbooks and also in this review, the term CaBP is used 
as a generic name for all Ca 2+ -binding proteins, most often for the ones belonging to 
the large family of EF-hand Ca 2+ -binding proteins. A second important note: the 
distinction between Ca 2+  sensors and Ca 2+  buffers is slowly beginning to blur. At the 
structural level, Ca 2+  sensors were characterized by having relatively large Ca 2+ -
dependant conformational changes, which then allows for the interaction with target 
proteins. On the other hand, the Ca 2+ -dependant conformational changes observed 
in Ca 2+  buffers are often of smaller magnitude indicating that these  proteins may 
mainly serve as  intracellular mobile modulators of intracellular Ca 2+  signals. In the 
light of newer results, however, this notion may need to be changed. Additional 

  Fig. 1.1     Components of the Ca   2+    signaling toolkit that govern the spatiotemporal aspects of 
 intracellular Ca   2+    signals.  The extracellular [Ca 2+ ] as well as the intraluminal [Ca 2+ ] are in the order 
of 1–2 mM, while the intracellular (cytosolic) [Ca 2+ ] is approximately 10,000-fold smaller (50–100 
nM).  Red arrows  indicate systems that lead to a transient increase in [Ca 2+ ] 

i
 . This includes several 

types of Ca 2+  channels in the plasma membrane: voltage-operated ( VOCC ), receptor-operated 
( ROCC ) and store-operated ( SOCC ) Ca 2+  channels. Ca 2+  ions are also released from organelles 
including the endoplasmic and sarcoplasmic reticulum (ER and SR), respectively, by activation of 
InsP 

3
  and ryanodine receptors (InsP 

3
 -R and RyR, respectively). In the lumen of the ER/SR, large 

amounts of organellar Ca 2+  buffers ( light blue ) including calreticulin are involved in the regulation of 
Ca 2+  homoeostasis and ER Ca 2+  buffering  [  2  ] . Also release of Ca 2+  from mitochondria via the mito-
chondrial Na + /Ca 2+  exchanger (mNCX) and from Ca 2+  buffers increases [Ca 2+ ] 

i
 . Mechanisms that 

decrease [Ca 2+ ] 
i
  ( blue arrows ) include plasma membrane Ca 2+ -ATPases (Ca 2+  pumps; PMCAs), Na + /

Ca 2+  exchangers, sarcoendoplasmic reticulum Ca 2+ -ATPases (SERCA pumps), the mitochondrial 
uniporter and Ca 2+  buffers such as calbindin-D28k (CB-D28k), parvalbumin (PV) and calretinin 
(CR). For most of the Ca 2+  signaling components, many isoforms and splice variants exist, thus pro-
viding each cell with a unique set of components from the large toolkit. For more details, see text       
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sensor functions have been reported for the Ca 2+  buffer CB-D28k  [  5  ]  and the 
 “classical” Ca 2+  sensor CaM might act as a very fast intracellular Ca 2+  buffer  [  6  ] , 
for details, see section  “Ca 2+  Buffers/Ca 2+  Sensors are Components of the Ca 2+  
Homeostasome” ).   

   Ca 2+  Buffers/Ca 2+  Sensors Are Components of the Ca 2+  
Homeostasome 

 How a Ca 2+  buffer affects an intracellular Ca 2+  signal depends on several factors: (1) 
the Ca 2+ -binding properties of the buffer, i.e. the affi nity for Ca 2+  and possibly other 
ions (e.g. Mg 2+ ) and the kinetics of Ca 2+ -binding (k 

on,Ca
 ) and Ca 2+ -release (k 

off,Ca
 ); (2) 

the intracellular concentration of the Ca 2+  buffer and (3) the mobility of the Ca 2+  
buffer inside the cytosol. Reported values for some selected Ca 2+  buffers are sum-
marized in Table  1.1 . Yet another subtlety derives from the fact that all physiologi-
cal Ca 2+  buffers have more than one, most often 2, 4 or 6 Ca 2+ -binding sites, and thus 
show co-operativity to various degrees. Noteworthy, often not all of the putative 
Ca 2+ -binding sites are functional (Table  1.1 ). A more detailed description of the 
relevant parameters related to Ca 2+  binding is found in  [  5,   7  ] . For the understanding 
of the physiological roles of these Ca 2+  buffers, their kinetic parameters have gained 
a place in the spotlight.  

 The prototypical “fast” and “slow” physiological Ca 2+  buffers are CB-D9k and 
PV, respectively. The on rate for Ca 2+  binding (k 

on,Ca
 ) is 2–3 orders of magnitude 

faster in CB-D9k than in PV (Table  1.1 ). In that respect, they closely match with the 
on rates for the synthetic Ca 2+  chelators BAPTA (10 8 –10 9  M −1  s −1 ) and EGTA 
(3–10 × 10 6  M −1  s −1 )  [  7  ] . Albeit differences in co-operativity of Ca 2+  binding (strong 
for CB-D9k, weak, if any, for PV), the Ca 2+ -induced conformational changes are 
rather small and so far, no interacting proteins for both, CB-D9k and PV have been 
identifi ed yet, the latter two features are typical for so-called Ca 2+  buffers. Interestingly, 
the slow Ca 2+  buffer PV is expressed in several physiological settings; in a subset of 
mostly GABAergic (inhibitory) neurons in various brain regions  [  21  ] , in fast-twitch 
muscles  [  22  ]  and in epithelial cells of the kidney distal convoluted tubule, a segment 
of the nephron that is involved in the fi ne-tuning of Ca 2+  resorption  [  23  ] . The expres-
sion of CB-D9k is restricted to non-excitable cells involved in Ca 2+  resorption and 
also shows some species differences. In rat, CB-D9k is present in the epithelial cells 
of the loops of Henle, the distal convoluted tubule and in intercalated cells in the 
collecting duct. In the mouse kidney, CB-D9k is strongly expressed in distal convo-
luted tubules and to a lesser extent in the connecting tubules  [  24  ] . CB-D9k is thought 
to principally act as an intracellular Ca 2+  shuttle implicated in the transport of the 
Ca 2+  ions from the apical to the basolateral side of the epithelial cells, as also pro-
posed for CB-D28k, a protein also expressed in specifi c kidney epithelial cells, for 
additional details, see  [  25,   26  ] . Additionally, in the mouse  intestine, CB-D9k is 
highly expressed in the fi rst 2 cm of the duodenum  [  27  ] . However, CB-D9k is likely 
to be absent either from muscle fi bers or neurons, since no reports of CB-D9k in 
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these cell types have been published, to our best knowledge. This appears “to make 
sense” because the properties of CB-D9k, which are similar to those of BAPTA, 
would result in blunting the amplitude and prolong the duration of the fast Ca 2+  sig-
nals in neurons and muscle cells. At fi rst sight, CB-D28k and CR would be assumed 
to represent the neuron-specifi c fast buffers and there is ample evidence that they do 
so  [  5,   7  ] . The amplitude of climbing fi ber-evoked [Ca 2+ ] 

i
  rises in Purkinje cell den-

drites is signifi cantly larger in dendrites from CB-D28K −/−  mice and the kinetics of 
[Ca 2+ ] 

i
  decay is slower  [  28  ] . Thus, CB-D28k is fast enough to already affect the ris-

ing phase of the Ca 2+  transient, but at later times acts as a Ca 2+  source, thus prolong-
ing the decay phase  [  29  ] . Indirect evidence, based on the measurement of the 
excitability of CR-expressing cerebellar granule cells, also supports the role of CR 
as a fast Ca 2+  buffer  [  30  ] . This is further confi rmed by the fi nding that in granule cells 
of CR −/−  mice, the excitability is essentially restored to the situation in wild-type 
mice by the addition of 150  m M BAPTA and selective re-expression of CR in granule 
cells of CR −/−  mice rescues the cerebellar CR −/−  phenotype  [  31  ] . 

 Although, CB-D28k and CR are mostly considered as Ca 2+  buffers, several fi nd-
ings indicate that these two proteins have also additional sensor functions. The char-
acteristics of Ca 2+  sensors is (1) their interaction with specifi c targets and (2) the 
modulation of the function of these target proteins by either binding (in most cases) 
or unbinding from the target. A rare example for the latter case is DREAM (down-
stream regulatory element (DRE)-antagonist modulator). Binding of Ca 2+  to the 4 
EF-hand domains prevents the binding to the DRE and thus DREAM’s repressor 
function  [  32  ] . Associated with these Ca 2+  sensor/target interactions are rather dis-
tinct pronounced Ca 2+ -induced conformational changes  [  33  ] . Several targets for 
CB-D28k have been identifi ed and include Ran-binding protein M, caspase-3, 
plasma membrane ATPase, 3 ¢ ,5 ¢ -cyclic nucleotide phosphodiesterase, L-type Ca 2+  
channel  a  subunit (Ca 

V
 1.2),  myo -inositol monophosphatase and TRPV5, for details, 

see  [  7  ] . Also for CR, there is increasing evidence that CR might have additional 
Ca 2+  sensor function(s). CR shows relatively large Ca 2+ -dependent conformational 
changes  [  34  ] , is transiently associated with membranes in brainstem auditory neu-
rons in the chick nucleus magnocellularis  [  35  ]  and is also present in the particulate 
brain fraction  [  36  ] , for more details on CR, see also  [  37  ] . 

 While calmodulin (CaM) is undoubtedly the most ubiquitous Ca 2+  sensor 
expressed in all cells, CaM is also an extremely fast Ca 2+  buffer, in particular the 
EF-hand pair in the N-lobe  [  6  ] . Evidently all known Ca 2+  sensors may function as 
Ca 2+  buffers, if present at suffi ciently high intracellular concentrations. It is gener-
ally assumed that the concentration of Ca 2+  sensors is in the order of 1 to several tens 
of  m M (on average 10  m M), the concentration of Ca 2+  buffers is 1–2 orders of mag-
nitude higher that is, in the range of 50 up to several hundreds of  m M, for more 
details, see  [  5  ] . 

 In many cells, the Ca 2+  ions entering the cytosolic compartment are rapidly 
 buffered by a fast buffer and it is thought that this buffered level of Ca 2+  triggers the 
Ca 2+ -activated downstream biochemical processes. The most important one is the 
activation of CaM and the associated Ca 2+ /CaM-dependent signaling pathways. 
A recent  in vitro  study indicates that CaM binds Ca 2+  ions faster than any of the 
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known Ca 2+  buffers  [  6  ] . Based on their results, the authors propose that incoming 
Ca 2+  is fi rst bound to CaM, which then passes on the Ca 2+  ion to the “slower” Ca 2+  
buffers instead of reacting to the lower [Ca 2+ ] 

i
  caused by the other buffers. As a 

consequence, other Ca 2+ -binding proteins including Ca 2+  buffers such as PV and 
CB-D28k may “have a previously undescribed role in regulating the lifetime of Ca 2+  
bound to CaM and thereby setting the gain of signal transduction”  [  6  ] . Whether this 
is the case inside a cell “ in vivo ” depends on the intracellular concentration of CaM. 
There is still a considerable uncertainty about [CaM] and values from 10 to 100  m M 
have been reported. Further studies are necessary to unequivocally demonstrate this 
novel role for CaM. In summary, in view of most recent fi ndings, the distinction 
between Ca 2+  buffers and Ca 2+  sensors possibly needs to be re-defi ned, or with 
respect to the physiological role(s) may become even obsolete.   

   Adaptation/Compensation/Homeostatic Mechanisms 

   General Considerations 

 Based on the extremely precise control of intracellular Ca 2+  signals, with respect to 
duration, the kinetics of [Ca 2+ ] 

i
  increase and decrease as well as intracellular local-

ization, (e.g. axonal vs. somato-dendritic compartment), it is not surprising that 
malfunction, blocking or elimination of any one Ca 2+  signaling component leads to 
modifi cations by the system. In order to explain these changes mechanistically, dif-
ferent terms are used and include: homeostatic changes, adaptations or compensa-
tion mechanisms. All terms imply (a) a certain redundancy in the system and (b) 
“sensing” mechanisms that result in subtle and specifi c changes to cope with the 
missing or malfunctioning component. Homeostasis is defi ned as a property of a 
system, here a living organism, to regulate itself in such a way as to maintain “sta-
ble”, constant conditions, i.e. to keep the many parameters within a physiological 
range. This holds true for the processes taking place within single cells, but also 
among cells functionally linked in a “rather simple” way as in skeletal muscle or 
heart or in a highly complex fashion as in the brain. The term homeostasis is mostly 
applied when investigating changes occurring under physiological conditions, e.g. 
in response to altered energy demand or a different physiological/metabolic situa-
tion. In the brain, homeostasis of synaptic function is linked to vital processes such 
as learning or memory. On the other hand, adaptation or compensation often has the 
connotation of a process that occurs as the result of a pathological “insult” to the 
system. However, at the molecular level, the changes occurring under one or another 
condition might be very similar or even the same. 

 A classical procedure in Life Sciences to obtain mechanistic insight into a pro-
cess is to perform perturbation experiments. For this, the component of interest is 
specifi cally blocked (e.g. by pharmacological tools), down-regulated by genetic 
approaches including antisense or siRNA methods, completely removed by genetic 
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methods (knock-out) or subtly modifi ed by e.g. knock-in methods. With respect to 
the interpretation of the results obtained in all types of perturbation experiments, 
there is no fundamental difference with respect to adaptation and/or compensation. 
The principal difference is the allotted time, and thus the (biological) processes 
occurring in this time period, that would allow for adaptation/compensation mecha-
nisms to take place. This may sound strange at fi rst, but some examples are given to 
illustrate this point.  

   Temporally Overlapping Activities of Ca 2+  Signaling Toolkit 
Components Impede the Precise Determination of Their 
Contribution to Intra- and Intercellular Ca 2+  Signaling 

 As reported above, the intracellular processes governing changes in [Ca 2+ ] 
i
  operate 

on similar and often partially overlapping time scales. That is, as [Ca 2+ ] 
i
  rises in an 

excitable cell (skeletal muscle cell, myocyte, neuron) due to infl ux from the extracel-
lular space and/or release from intracellular stores, Ca 2+  buffering and reuptake/
extrusion systems start to operate after a very short delay, often overlapping with the 
processes that lead to an increase in [Ca 2+ ] 

i
 . If one wishes to determine the contribu-

tion of the various reuptake/extrusion systems by selectively blocking (one by one) 
all of the known components of the Ca 2+  signaling toolkit (SERCA pumps, mito-
chondrial uptake, PMCAs and NCX) by specifi c inhibitors, such a measurement 
does NOT report how much is the contribution of a particular protein/component to 
the removal of [Ca 2+ ] 

i
 . More precisely, the difference in the Ca 2+  signal (with and 

without the component X) reports on the extent to which the remaining functional 
systems could not compensate for the inactivation/removal of protein/component X. 
Thus, not surprisingly, when the role of Ca 2+  extrusion systems following depolariza-
tion-evoked [Ca 2+ ] 

i
  rises from the soma of cerebellar Purkinje cells was investigated 

in a quantitative manner, the sum of the contributions of all uptake/extrusion systems 
does not add up to 100%  [  38  ] . Moreover, the contribution of the different Ca 2+  clear-
ance systems clearly depends on the initial [Ca 2+ ] 

i
 . At moderate elevations (0.5  m M 

Ca 2+ ), both SERCA and NCX contribute equally to the Ca 2+  clearance, which accounts 
for approximately 80% of the removal. At higher [Ca 2+ ] 

i
  of 2  m M, the contribution of 

the two systems is “apparently” only in the order of 45%; at this higher [Ca 2+ ] 
i
  of 

2  m M, PCMAs also contribute to Ca 2+  extrusion and their contribution is approxi-
mately 6%. Although the contribution of mitochondrial Ca 2+  uptake is also expected 
to increase in a [Ca 2+ ]-dependant manner, at higher [Ca 2+ ] 

i
  the extrusion/uptake by 

the non-blocked components is likely to be increased, leading to this apparent 
decrease of the contribution of the inhibited component in Ca 2+  clearance. Thus, to 
account for this “competition” between the different Ca 2+  clearance mechanism oper-
ating on similar time scales, one would have to determine the precise properties of 
each component in an artifi cial system where also the [Ca 2+ ] 

i
  dependence of the 

process would have to be determined. The drawback of such an approach is however 
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that if Ca 2+  clearance would be additionally modulated by an interacting partner 
(e.g. a mobile protein), possibly in a [Ca 2+ ] 

i
  dependent way, then even the apparently 

simplest case is not trivial even longer. To make things even more complicated, for 
most of the components of the Ca 2+  signaling toolkit, several isoforms exist (e.g. PMCA 
1, 2, 3 and 4) and within one isoform several splice variants exist that differ (1) in 
their sensitivity to [Ca 2+ ] 

i
  elevations, (2) with respect to kinetics of [Ca 2+ ] 

i
  removal 

and (3) in the modulation by CaM  [  39,   40  ] . This complexity not only exists for com-
ponents involved in Ca 2+  clearance, but is equally present in components of the Ca 2+  
entry systems, including the various types of voltage-operated Ca 2+  channels includ-
ing L- (Ca 

V
 1.n), P/Q-, N-, R- (Ca 

V
 2.n) and T-type (Ca 

V
 3.n) Ca 2+  channels  [  41  ] . In 

addition, the modulatory subunits  b  and  a  
2
  −  d  affect the properties of the Ca 2+  chan-

nels  [  42  ] . Thus, each neuron subtype or even individual neuron is equipped with a 
highly specialized set of Ca 2+  signaling components likely necessary for its proper 
physiological function. The fi rst level of homeostatic modulation is already “built-
in”, i.e. it results from the specifi c properties of the Ca 2+  signaling components them-
selves. Hence, it does not require any processes such as intracellular redistribution of 
e.g. membrane proteins implicated in Ca 2+  entry/removal, protein synthesis or even 
fast processes such as phosphorylation/dephosphorylation, myristoylation or other 
modifi cations. Few examples at the cellular level, but also affecting entire neuronal 
networks are summarized in the next chapter.   

   Cellular Modifi cations Caused by Ablation/Blocking of a Ca 2+  
Signaling Toolkit Component 

   The Ca 2+  Homeostasome 

 Data summarized in this chapter are mostly obtained from knockout mice, where 
Ca 2+  signaling components are (often completely) eliminated by genetic manipula-
tion or in some instances, the functional impairment is the result of spontaneous 
mutations often leading to a loss-of-function phenotype. However, also some gain-
of-function studies using transgenic mice are summarized. As stated before (sec-
tion  “General Considerations” ), each individual cell’s Ca 2+  signaling components 
(expression levels, isoform patterns including splice variants, intracellular localiza-
tion, e.g. axon, soma, dendrite, spine) fi nally determine the amplitude and spatiotem-
poral aspects of an intracellular Ca 2+  signal elicited by an upstream signal, e.g. an 
action potential (AP) in a presynaptic terminal or neurotransmitter release-induced 
elevation in [Ca 2+ ] 

i
  in a postsynaptic compartment (e.g. spine, dendrite, soma). 

Components such as Ca 2+  channels may show an even more restricted localization: 
e.g. concentrated in active zones of GABAergic presynaptic terminals of basket cells 
in the hippocampus  [  43  ]  or axon initial segments (AIS) of dorsal cochlear nucleus 
interneurons  [  44  ] . The precise shape of a Ca 2+  signal will then, in turn, elicit the “cor-
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rect” downstream, Ca 2+ -mediated response. This response may be manifold, from 
additional Ca 2+  release from internal stores to reducing the mobility of mitochondria, 
to modulating the fi ssion/fusion of vesicular compartments or to activating/inhibiting 
the transcriptional machinery in a cell’s nucleus. 

 The Ca 2+ -signaling components not only orchestrate their action to determine the 
high accuracy of intracellular Ca 2+  signaling, but are also implicated in the regulation 
of the expression of the Ca 2+ -signaling components  [  1,   7  ] . The total compliment of 
the molecules that build the network of Ca 2+  signaling components, and that are 
involved in their own regulation resulting in physiological Ca 2+  homeostasis (pheno-
typic stability) is named the Ca 2+  homeostasome  [  5,   7  ] . The binding of Ca 2+  ions to 
CaM and activation of Ca 2+ /CaM-dependent kinases (CaMK) and/or binding to Ca 2+ -
regulated phosphatases (e.g. calcineurin; CaN) links changes in [Ca 2+ ] 

i
  to down-

stream transcriptional events, the so-called excitation-transcription (E-T) coupling. 
Ca 2+ -dependent gene regulation controls several aspects of neuronal plasticity and 
also heart remodeling; details on the mechanisms of E-T coupling were investigated 
most often in relation to skeletal and heart muscle physiology/pathophysiology  [  45  ] , 
but also in neurons  [  46  ] . A variety of genes is regulated by changes in [Ca 2+ ] 

i
 : the 

promoter region of certain genes contain Ca 2+ -responsive elements, examples are the 
genes  Calb1  coding for CB-D28k and  Calm2 , one of the genes coding for CaM  [  47  ] . 
Also a considerable number of transcription factors are regulated in a Ca 2+ -dependent 
manner and include factors such as CREB (cyclic adenosine 3 ¢ ,5 ¢ -monophosphate-
responsive element binding protein), Elk-1 (an ETS family transcription factor), 
NFAT (nuclear factor of activated T cells) and NF- k B (nuclear factor kappa B). The 
fi ne-tuning of the Ca 2+ -dependent expression of Ca 2+ -signaling components is a typi-
cal trait during development and maturation of the nervous system. At the early stage 
of Purkinje cell (PC) maturation, somatic Ca 2+  currents are essentially mediated by 
L-type channels (Ca 

V
 1.2 and Ca 

V
 1.3), which are then gradually replaced by P/Q-type 

(Ca 
V
 2.1) channels  [  48  ] . In another cerebellar cell type, glutamatergic granule cells, 

their long-term survival  in vitro  is dependent on appropriate Ca 2+  signals and this 
requires temporal changes in the transcription of Ca 2+ -signaling components. In 
comparison to the freshly isolated cells, InsP 

3
 -R and PMCAs 2 and 3 are upregu-

lated, while a PMCA4 splice variant and plasma membrane NCX2 are downregu-
lated in a CaN-dependent manner in the surviving granule cell population  [  49  ] . While 
developmental changes or changes resulting from physiological activity including 
e.g. neuronal plasticity clearly help to unravel the mechanisms implicated in the 
regulation of the Ca 2+  homeostasome, also “non-physiological” situations as occur-
ring due to a (spontaneous) genetic mutation or the deliberate elimination (e.g. in 
knockout mice) help to better understand the network of proteins implicated in Ca 2+  
signaling/regulation/homeostasis. As an example, the modulation of the Ca 2+  homeo-
stasome brought about by altered expression of CaBPs of the Ca 2+  buffer family (PV, 
CB-D28k, CR), but also of few selected Ca 2+  channels and pumps are discussed in 
detail in the next section ( “The Cellular Ca 2+  Homeostasome” ), with a focus on the 
changes occurring at the level of a single cell; a more global view is presented in 
 section  “The “Global” Ca 2+  Homeostasome” .  
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   The Cellular Ca 2+  Homeostasome 

 Given the fact that for each Ca 2+ -signaling component exists a considerable number 
of isoforms (e.g. PMCA1-4) or closely related proteins (in the case of EF-hand 
CaBPs more than 240 proteins with identifi ed EF-hand motifs), then the most obvi-
ous compensation/adaptation mechanism in the case of malfunctioning or absence of 
a given component would be to replace it with a component that most closely matches 
its functional properties. As an example, one could imagine replacing the high-volt-
age activated (HVA) Ca 

V
 2.1 (P/Q) Ca 2+  channel by Ca 

V
 2.2 (N) or to exchange the 

“fast” buffer CB-D28K by CR, etc. However, what is observed in almost all instances 
is that this appears not to be the general rule. In virtually all reported CaBP knockout 
mice and in the cell types expressing a particular CaBP, the ablated one is not com-
pensated by another member of the huge EF-hand protein family. In the subset of the 
PV-expressing neurons including the Purkinje cells, stellate and basket cells in the 
cerebellum, the axo-axonic and basket cells in the hippocampus, the basket and 
chandelier neurons in the cortex as well as in the reticular thalamic neurons, none of 
the other “classical” Ca 2+  buffers (CB-D28k, CB-D9k or CR) are expressed in the 
PVergic neurons of PV −/−  mice  [  50  ] . Similarly in CB-D28k −/−  and CR −/−  mice  [  28, 
  51  ] , global expression levels for the other Ca 2+  buffers are not increased nor does one 
observe ectopic expression of the remaining Ca 2+  buffers in the neuron subtypes with 
the deleted CaBPs. One could argue that certainly not all 240 other family members 
were tested. However, in a  45 Ca 2+  overlay blot using cerebellar protein extracts from 
PV −/−  and PV −/−  CB-D28K −/−  double knockout mice, no upregulation of other CaBPs 
occurs, at least not to expression levels close to the ones of the deleted protein(s), for 
details, see Fig. 6 in  [  29  ] . The situation is somewhat different with respect to Ca 2+  
channels. Most neurons express different types of Ca 2+  channels that are often local-
ized to different cellular compartments (axon, soma, dendrites) and are subjected to 
regulation during the normal maturation. Thus, in knockout mice lacking the  a  

1A
  

subunit of the P/Q-type, its absence in PC is compensated by an increase in N- and 
L-type Ca 2+  channels, the latter representing the channel isoform prevalent during 
earlier steps of cerebellar development  [  52  ] . An exception with respect to CaBPs is 
the upregulation of CB-D9k in epithelial kidney cells in CB-D28k −/−  mice, but in this 
case, both proteins are normally expressed in the same cell type in a developmentally 
regulated manner  [  53  ] . The following conclusions can be drawn from the analyses of 
these mutant (knockout) mice:

    1.    In cells, selectively expressing only one type of a CaBP (PV, CB-D28K, CR), the 
remaining ones are neither globally up-regulated nor expressed in the neuron 
subpopulation of neurons, where the ablated one is normally expressed. This 
might be due to a neuron’s inability to switch on the promoter for a closely related 
CaBP, i.e. the transcriptional machinery does not “allow” reactivation of the 
promoter for other Ca 2+  buffers or “that the particular (Ca 2+ -related) properties 
mentioned in section  “General Considerations”  (affi nities, kinetics, co-operativity, 
mobility, binding partners) of other Ca 2+  buffers would not be adequate to restore 
“normal” Ca 2+  signaling”  [  7  ] .  
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    2.    In neurons, where several “similar” Ca 2+ -signaling components, e.g. different 
HVA Ca 2+  channels are co-expressed, possibly in distinct cellular compartments, 
loss-of-function mutations or gene deletion may lead, in addition to other changes 
(see below), to the upregulation of the still functional component.  

    3.    In most instances, the adaptation/compensation/homeostatic mechanisms take 
place at the level of the remaining cell-specifi c Ca 2+ -signaling components and 
selected examples are presented here. Cerebellar Purkinje cells (PC) are particu-
larly well suited to address such questions; they are characterized by extensive 
Ca 2+  signaling in the dendrites and spines, as well as in the soma and express 
several Ca 2+ -signaling components either in high concentrations, such as the Ca 2+  
buffers PV and CB-D28k, selectively express the Ca 2+  pump isoform PMCA2 
and also with respect to Ca 2+  channels, in mature PC, most of the Ca 2+  entry 
(>90%) is mediated via P/Q type Ca 2+  channels.     

 In PC, PV and CB-D28k are localized in the soma, axon, dendrites and spines 
characteristic for mobile cytosolic proteins. PV is completely mobile in all compart-
ments  [  18  ]  and the slightly smaller diffusion coeffi cients ( D ) in the soma and the 
nucleus are likely due to different cytoplasmic properties such as viscosity, tortuos-
ity and density of fi bers or organelles in the different cellular compartments. While 
a large majority of CB-D28k is also freely mobile in PC compartments, a small 
proportion of CB-D28k molecules is immobilized in dendrites and spines by its 
binding to the enzyme  myo -inositol monophosphatase (IMPase), a key enzyme of 
the InsP 

3
  signaling cascade  [  19  ] . Interestingly, the absence of either PV or CB-D28K 

in PC of the respective knockout mice, leads to very specifi c changes in Ca 2+ -
signaling components in combination, with CaBP-specifi c morphological changes. 
In the PC soma of PV −/−  mice, the mitochondrial volume is increased by about 40% 
(Fig.  1.2 ); this increase is not randomly distributed throughout the cytosol, but is 
restricted to a narrow zone ( » 1.5  m m width) underneath the plasma membrane  [  54  ] . 
Mitochondria are also Ca 2+  sequestrating organelles that serve as transient Ca 2+  
stores  [  55,   56  ]  and with respect to Ca 2+  sequestrating/uptake, the kinetics appears to 
be similar as for the slow-onset buffer PV. A second morphological alteration in the 
PC soma is a decrease in the subplasmalemmal smooth ER compartment within a 
zone of 0.5  m m below the plasma membrane (Fig.  1.2 ). None of the above morpho-
logical changes occur in the absence of the “fast” buffer CB-D28k. Yet, in 
CB-D28k −/−  PC spines, compartments characterized by brief Ca 2+  signals in the sub-
second range, the morphology is altered: spines are longer and the spine head vol-
ume is increased  [  57  ] . In spiny cortical pyramidal neurons characterized by low 
expression of Ca 2+  buffers, spine heads are considered as “separate biochemical 
compartments with negligible Ca 2+  diffusion via the spine neck”  [  58  ] . The situation 
is quite different in PC spines, where Ca 2+  buffers are not only modulating the kinet-
ics and amplitudes of Ca 2+  transients within the spines, but in conjunction with the 
spine neck geometry also determine the amount of Ca 2+  ions that reach the parental 
dendrite. This increase in dendritic [Ca 2+ ] 

i
  then leads to activation of Ca 2+ /CaM-

dependent signaling cascades  [  59  ] . Based on the results from CB-D28K −/−  and PV −/−  
mice, it is hypothesized that mostly CB-D28k is involved in spino-dendritic coupling 
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  Fig. 1.2     The cellular Ca   2+    homeostasome. Homeostatic/adaptive/compensatory changes in the 
soma of cerebellar Purkinje cells (PC) caused by genetic elimination or loss-of-function mutations 
of Ca   2+   -signaling components (Modifi ed from   [  5  ]  ).  The most detailed situation is depicted for 
Purkinje cells from wild-type mice. ( a ) Entry of Ca 2+  ions ( red arrows ) mostly via Ca 

V
 2.1 (P/Q) 

type Ca 2+  channels or resulting from the release from internal stores (ER,  light blue ) mediated by 
the InsP 

3
  receptor transiently increases [Ca 2+ ] 

i
 . InsP 

3
  is generated through the activation of 

metabotropic glutamate receptors (mGluR). Ca 2+  extrusion/re-uptake systems ( blue arrows ) 
include Ca 2+  pumps (PMCA) and NCX in the plasma membrane, SERCA pumps in the ER and the 
Ca 2+  uniporter in mitochondria ( green ). Changes in Ca 2+ -signaling components including organ-
elles implicated in Ca 2+  homeostasis, which are up- or down-regulated in the PC soma of mutant 
mice are highlighted in yellow and magenta, respectively. Uncertain or hypothesized changes are 
marked by question marks. ( b ) In PV −/−  PC, mitochondria are increased in a narrow zone (1.5  m m) 
underneath the plasma membrane and the subplasmalemmal ER volume is decreased. The remain-
ing Ca 2+  buffer, CB-D28k is not up-regulated in PV −/−  PC. ( c ) In PC of PV −/−  CB-D28k −/−  mice, the 
mRNA level of auxiliary Ca 

v
  b 2a subunit of Ca 

V
 2.1 (P/Q) type Ca 2+  channel is decreased leading to 

increased voltage-dependent inactivation of P/Q-type currents. Results from modeling studies sug-
gest that additionally Ca 2+  extrusion systems, possibly PMCAs could be increased in the double 
mutants  [  29  ] . ( d ) The expression of mGluR1 and of InsP 

3
  receptor type 1 (InsP 

3
 -R1), the latter 

responsible for the Ca 2+  release from ER stores is decreased in PMCA2 −/−  PC somata. Also the 
expression of the Ca 2+  buffer CB-D28k is decreased likely reducing the “fast” Ca 2+  buffering 
capacity. Whether also PV levels are affected, is currently unknown. ( e ) In mice defi cient for the 
neuronal nitric oxide synthase (nNOS −/− ), the Ca 2+  buffers CB-D28k and PV are up-regulated, in 
addition to a down-regulation of the VOCC Ca 

V
 1.2 ( a 1 

C
 ) and Ca 

V
 1.3 ( a 1 

D
 ) coding for L-type HVA 

Ca 2+  channels ( f ) In  leaner  mice PC, Ca 
v
 2.1 Ca 2+  channel function is attenuated by approximately 

60%. The result from a likely homeostatic/adaptive process is the prominent decrease in the rapid 
Ca 2+  buffering/sequestering capacity mediated by CB-D28k and to a lesser extent, by PV. Also the 
subplasmalemmal ER is decreased and/or impaired leading to a reduction in Ca 2+  uptake into these 
organelles. At the level of Ca 2+  channels, Ca 

V
 3.1 ( a 1 

G
 ) is upregulated in  leaner  PC. The described 

changes occurring in the different mutants are the ones that have been investigated and published. 
This does not exclude that additional, yet not reported changes take place in the PC somata of the 
various mutants       
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by buffered Ca 2+  diffusion, while the contribution of PV to this process is negligible. 
In line with the predictions of a minute contribution by PV, the spine morphology of 
PV −/−  PC is indistinguishable from that of WT mice  [  57  ] . In mice defi cient for PV, 
CB-D28K or both, additional changes at the level of Ca 2+  signaling components are 
present in Purkinje cells. In adult PC, >90% of the whole-cell voltage-gated Ca 2+  
current is mediated by Ca 

v
 2.1 (P/Q type) channels. As for most of the HVA chan-

nels, also Ca 
v
 2.1 is regulated by Ca 2+ -dependent feedback mechanisms: Ca 2+ -

dependent facilitation (CDF) and inactivation (CDI). However, it is the latter that is 
mostly dependent on Ca 2+  buffers, whether brought about by the synthetic buffers 
EGTA and BAPTA or the physiological ones, PV and CB-D28k  in vitro   [  60  ] . 
Importantly, already in this  in vitro  model, PV and CB-D28k affect Ca 

v
 2.1 channel 

inactivation differently than the synthetic buffers EGTA and BAPTA. Thus, studies 
using the synthetic buffers in order to mimic the “real” ones have to be viewed with 
some caution, see also  [  37  ] . For the other process, CDF, Ca 2+  sensors including 
CaM  [  61  ]  and CaBP1  [  4  ]  play an important role. Interestingly, the effect of ectopic 
expression of PV and CB-D28 in HEK cells expressing Ca 

v
 2.1 does not have the 

same effect as is observed in Purkinje cells of WT mice compared to PV −/−  
CB-D28k −/−  mice. In transfected HEK cells, the presence of the Ca 2+  buffers PV and 
CB-D28K decrease CDI, while CDI in PC of double knockout (CB-D28k −/−  PV −/− ) 
mice is not increased indicative of an adaptation/compensation mechanism induced 
in the knockout mice. Unexpectedly, voltage-dependent inactivation (VDI) is 
increased; this is the result of a decreased expression of the auxiliary Ca 

v
  b 2a subunit 

in double knockout mice compared to WT animals  [  62  ]  (Fig.  1.2 ). Concomitant 
with the fi nding that spontaneous APs are not different in control and mutant 
Purkinje cells indicates that “increased inactivation due to molecular switching of 
Ca 

v
 2.1 beta subunits may preserve normal activity-dependent Ca 2+  signals in the 

absence of PV and CB-D28k”  [  5  ] . Additional adaptive/homeostatic changes in PC 
of CB-D28k −/−  PV −/−  mice are postulated, based on modeling studies  [  29  ] . The 
model also predicts that Ca 2+  extrusion and/or Ca 2+  uptake systems should be 
increased in the dendrites of these mutant mice and likely candidates are PMCAs, 
NCX and SERCA pumps.  

 The “global” effects of eliminating the pore-forming alpha subunit of Ca 
v
 2.1 are 

discussed in section  “The “Global” Ca 2+  Homeostasome” . Here, a brief summary 
about the effects of a mouse mutant with reduced Ca 

v
 2.1 channel function, the 

 leaner  mouse is presented. The signifi cantly decreased ( » 40% compared to WT) 
Ca 2+  infl ux is compensated by a diminished rapid Ca 2+  buffering/sequestering capac-
ity of Purkinje cells  [  63  ] . It is less than 50% compared to Purkinje cells from WT 
mice due to a reduction in PV and CB-D28k expression levels (Fig.  1.2 ). Furthermore, 
the reduced Ca 2+  uptake capacity most likely caused by a decrease in subplasmalem-
mal ER additionally contributes to the reduced Ca 2+  buffering ability of  leaner  mice 
Purkinje cells  [  64  ] . Modifi cations in PC Ca 2+  signaling components are also observed 
in mice with a mutation in PMCA2 leading to a decreased rate of Ca 2+  extrusion. In 
these neurons, the maximal amplitude in [Ca 2+ ] 

i
  during high K + -induced depolariza-

tion is smaller than in WT PC and it was proposed “that voltage-gated Ca 2+  channels 
were down-regulated in the mutant mice in order to regulate [Ca 2+ ] 

i
  toward the normal 
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homeostasis”  [  65  ] . In the complete absence of functional PMCA2 in PMCA2 −/−  
mice, expression levels of CB-D28k  [  66  ] , metabotropic glutamate receptor 1 
(mGluR1) and of InsP 

3
 -R type 1  [  67  ]  responsible for the Ca 2+  release from ER stores 

are decreased in PC (Fig.  1.2 ). Thus, the impaired/reduced Ca 2+  extrusion is the 
likely cause leading to a reduction in mGluR1-mediated [Ca 2+ ] 

i
  elevation. Although 

”the decrease in the expression of mGluR1 and its downstream effectors and pertur-
bations in the mGluR1 signaling complex in the absence of PMCA2 may cumula-
tively result in aberrant mGluR signaling in Purkinje neurons leading to cerebellar 
defi cits in the PMCA2-null mouse”  [  67  ] , the severely distorted PMCA2 −/−  Purkinje 
cell morphology may also be a plausible explanation for the ataxic phenotype  [  68  ] . 
PMCA2 −/−  PCs have smaller somata and their dendritic trees are visibly distorted.  

   The “Global” Ca 2+  Homeostasome 

 During synaptic transmission, Ca 2+ -dependent processes are occurring in both, the 
presynaptic and the postsynaptic compartments. For its proper functioning, homeo-
static mechanisms including feedback regulation ensure reliable and “meaningful” 
information transfer across synapses. The question arises how the system ascertains 
that synaptic transmission avoids the extremes of complete quiescence or excessive 
action potential fi ring, i.e. how it maintains synaptic transmission within a physio-
logical range, in situations where one of the Ca 2+  signaling components is impaired 
(e.g. due to genetic mutations) or completely eliminated as in knockout mice. While 
the previous section ( “The Cellular Ca 2+  Homeostasome” ) was focused on events 
occurring on the postsynaptic side, here a more global view of synaptic transmis-
sion and homeostatic mechanisms are discussed. In presynaptic terminals of hip-
pocampal neurons from mice lacking the pore-forming alpha subunit of the P/Q 
type (Ca 

V
 2.1) Ca 2+  channel ( a   

1A
  −/−  ), synaptic release is almost identical as in WT 

neurons, although in the latter, a large part of the neurotransmission is dependent on 
P/Q channel function as evidenced by blocking it with  w -Agatoxin IVA in WT mice 
 [  69  ] . Identifi ed homeostatic mechanisms at the presynaptic site include a larger 
number of docked vesicles and a slightly larger active recycling pool of synaptic 
vesicles without an increase in the total vesicle number per terminal. In addition, 
expression levels (mRNA and/or protein) of several proteins implicated in excita-
tion-secretion coupling and the Ca 2+ -dependent endocytic machinery are altered in 
 a   

1A
  −/−   mice. Dynamin levels are increased as well as mRNA levels of synaptogyrin 

1, synaptophysin 1 and synaptotagmin 7, the latter being a plasma membrane-bound 
Ca 2+ -sensing protein that functions together with the vesicle-associated Ca 2+  sensors 
synaptotagmin 1 and 2, both members of the C2-family of Ca 2+ -binding proteins 
 [  4  ] . These changes in the presynaptic exo-/endocytic machinery are also the likely 
cause for the two-fold increase in frequency of mEPSCs. Interestingly, there is no 
indication of an increase in  a  

1B
  nor in  a  

1C
  coding for the N- (Ca 

V
 2.2) and L- (Ca 

V
 1.2) 

type of Ca 2+  channels, respectively. However, mRNA levels of  a  
1G

  (Ca 
V
 3.1) coding 

for T-type channel are increased in the  a   
1A

  −/−   hippocampal neurons, a possible 
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 explanation for the increased seizure sensitivity of  a   
1A

  −/−   mice. Altered expression 
of  a  

1G
  in the cerebellum of the  leaner  mouse (a mutant with a mutation in the  a  

1A
  

subunit, for details, see below) is thought to be implicated in the movement disor-
der;  a  

1G
  is decreased in granule cells and increased in PC as revealed by quantitative 

in situ hybridization histochemistry  [  70  ] . In  rocker  mice characterized by a muta-
tion in  a  

1A
  leading to a moderate reduction in Ca 2+  channel current density, the 

number and density of AMPA-R at the parallel fi ber (PF)-PC synapses is decreased 
and furthermore the arborization of the PC dendrites is impaired  [  71  ] . Morphological 
changes in PC caused by impaired P/Q type Ca 2+  channel function is also seen in the 
 rolling mouse Nagoya  (tg rol /tg rol ). The spine density and average spine length is 
reduced at PF-PC synapses, while on proximal dendritic spines refl ecting climbing 
fi ber (CF) inputs, the spine density is increased  [  72  ] . Based on these results the 
authors suggest that the “two major excitatory afferent systems may be regulated 
reciprocally in the cerebellum of these mutant mice”. How the impaired function of 
the P/Q channel differently affects the spine morphology at proximal and distal 
dendrites remains to be determined. At the functional level, EPSC amplitudes at the 
PF-PC synapse are reduced  [  73  ] . In another P/Q channel mutant mouse,  tottering , 
EPSCs at the same synapse (PF-PC) are normal in young mice, but reduced in the 
ataxic adult animals, thus showing a clear correlation between diminished EPSCs in 
the mutants and age-related ataxia. At the level of granule cells, CR gene expression 
in  tottering  is reduced possibly as a compensation/adaptive mechanism to cope with 
the reduced P/Q-type Ca 2+  channel function, likely to be important for somatic Ca 2+  
signals and moreover modulation of [Ca 2+ ] 

i
  in the presynaptic PF terminals  [  74  ] . 

The absence of CR in granule cells of CR −/−  mice increases the intrinsic neuronal 
excitability: APs are faster and granule cells generate repetitive spike discharges 
that show an enhanced frequency increase with injected currents  [  30  ] . In contrast, 
EPSCs at the CF-PC synapses are unaltered in  tottering  and even increased in  roll-
ing mouse Nagoya ; this increase is linked to altered properties of postsynaptic Glu-
R, but might be also correlated with the increased spine density in proximal dendrites 
of this mouse mutant  [  72  ] . 

 While the above mutants are characterized by impaired (reduced) P/Q channel 
function, also gain-of function mutations (increased Ca 2+  infl ux) are associated 
with diseases including Familial Hemiplegic Migraine type 1 (FHM-1). In FHM-1 
mutant mice (knock-in mice carrying the human missense mutation), both forms of 
Ca 2+ /CaM-dependent forms of modulation of synaptic plasticity, i.e. Ca 2+ -dependent 
facilitation (CDF) and Ca 2+ -dependent inactivation (CDI) are strongly reduced. 
The decreased CDF correlates with reduced short-term synaptic facilitation at 
PF-PC synapses  [  75  ] . Of note, these effects are mostly seen in the S218L mutant, 
which in human patients is associated with severe migraine and often also with 
ataxia. This mutation maintains the P/Q channel in an essentially facilitated state 
resulting in a larger Ca 2+  infl ux during APs in presynaptic PF terminals. Also in the 
PCs of the ataxic  groggy  rat (GRY), a missense mutation in the  a  

1A
  subunit (M251K) 

is responsible for the increased current density mediated through HVA Ca 2+  chan-
nels  [  76  ] . The fact that low voltage-activated (LVA) Ca 2+  channel currents are not 
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different from the ones in WT PCs strongly indicates that increased, likely 
P/Q-mediated, Ca 2+  channel function leads to the ataxic phenotype of GRY rats. 
How can one reconcile that both decreased and increased P/Q-type Ca 2+  channel 
function results in an ataxic phenotype in the various species (human, rat, mouse)? 
PC display regular intrinsic pacemaking properties that are shaped by inhibitory 
and excitatory inputs. Subtle variations in the interspike interval from that of intrin-
sic regular pacemaking carry motor coordination-relevant information to the deep 
cerebellar nuclei (DCN). In PC of  leaner  (mutation in  a  

1A
 ) and  ducky  [mutation in 

the  a  
2
 - d  − 2 ( Cacna2d2 ) auxiliary subunit], both of which are characterized by 

reduced P/Q channel function, intrinsic pacemaking is highly irregular  [  77  ]  and is 
probably caused by a reduction in the activation of Ca 2+ -dependant potassium 
channels (K 

Ca
 ). The positive K 

Ca
  channel-gating modulator 1-ethyl-2-benzimida-

zolinone (EIBO) restores the precision of the pacemaking and infusion of EIBO 
 in vivo  in mutant mice improves motor performance, i.e. reduces the ataxic phenotype. 
Whether in mutant mice with increased P/Q-type Ca 2+  channel function, also a 
putatively increased activation of K 

Ca
  channels is linked to the ataxic phenotype 

has, according to my best knowledge, not been investigated yet. However, also 
based on the results obtained in CaBP-KO mice (CR −/− , CB-D28K −/−  and PV −/− ), 
the motor coordination phenotype can only be understood at the level cerebellar 
network functioning (see below). Thus, an increase, a decrease and/or an alteration 
in the dynamics of excitatory and inhibitory inputs onto PCs are correlated with 
aberrant motor coordination phenotypes in several models of altered/modifi ed Ca 2+  
 signaling components. 

 A silencing mutation in the modulatory subunit  g 2 of VOCC channels, named 
stargazin, also induces several changes in cerebellar and hippocampal synapses in 
the  stargazer  mouse  [  78  ] . In the cerebellum, it causes a down-regulation of postsyn-
aptic  a  

1C
  L-type Ca 2+  channels, but not affecting the presynaptic  a  

1A
  P/Q-type chan-

nels. Under physiological conditions, stargazin is also involved in the assembly and 
traffi cking of AMPA receptors. Thus, the non-functional stargazin might prevent 
appropriate formation of AMPA-R/L-type Ca 2+  channel complexes in the postsyn-
aptic terminals. In hippocampal synapses from  stargazer  mice neither L-type nor 
P/Q-type Ca 2+  channel expression is affected, possibly as the result of an upregula-
tion of the  g 8 subunit of VOCC. 

 The signaling molecule nitric oxide (NO) is produced by neuronal NO synthase 
(nNOS) in a Ca 2+ /CaM-dependent manner, thus linking NO and Ca 2+  signaling path-
ways. NO also modulates the activity of various channels and receptors: it decreases 
the activity of AMPA-R and N-methyl-D-aspartate (NMDA)-type glutamate recep-
tor and inhibits voltage-gated Ca 2+  channels (e.g. L-, N-type), for details, see  [  79  ]  
and refs therein. Analysis of nNOS −/−  mice revealed also changes in the expression 
levels CB-D28K, CR and PV in the cerebellum of these knockout mice  [  80  ] . CR 
levels in granule cells are decreased, while CB-D28K and PV immunoreactivity 
(PV-ir) in PCs and PV-ir additionally in the molecular layer interneurons (stellate 
and basket cells) is increased (Fig.  1.2 ). At the level of VOCC,  a  

1C
  (Ca 

V
 1.2) and  a  

1D
  

(Ca 
V
 1.3) immunoreactivity is decreased in PC somata as well as in the neuropil of 

nNOS −/−  mice DCN  [  81  ] . Conversely, expression of nNOS is affected in the  a  
1A
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channel mutants  leaner  and  tottering , mice characterized by reduced Ca 2+  infl ux 
(60% and 40% reduction, respectively) via the P/Q Ca 2+  type channel, in a develop-
mentally regulated manner. Alterations are specifi c for each mutant indicating that 
the gradual reduction in Ca 2+  infl ux entails different compensatory/homeostatic 
mechanisms. At P12, nNOS expression in the cerebellum is increased only in  totter-
ing  mice, but immunostaining in basket cells is stronger for both mutants compared 
to WT mice. However, in line with the Western blot results, the effect is more pro-
nounced in  tottering  mice  [  82  ] ; albeit the Ca 2+  channel impairment is more severe in 
the  leaner  mutant. Additionally nNOS levels are decreased at P20 in granule cells 
of  leaner  mice. Most interestingly, cerebellar NO concentrations in P12 mice of all 
three groups are not different and the authors propose that “changes in nNOS expres-
sion in the l eaner  and  tottering  cerebella are compensatory in nature with NO most 
likely functioning as a Ca 2+ -regulated neuroprotective/neurotrophic factor in post-
natal cerebellar development.” 

 At the behavioral level, nNOS −/−  mice show a mild phenotype with respect to 
nocturnal balance and motor coordination  [  83  ] . Thus, in some respect, this motor 
phenotype resembles the one observed in CR −/− , but also in PV −/−  and CB-D28K −/−  
mice  [  7  ] . All of these mice have problems to walk on a narrow bar with small 
obstacles evidenced by the increased rate of foot slips and CR −/−  mice display 
abnormal wheel running  [  84  ] . At fi rst glance, this similar phenotype seems surpris-
ing, since expression of PV and CB-D28K is increased in nNOS −/−  mice, not com-
pletely absent as in PV −/−  and CB-D28K −/−  mice. However, the motor phenotype in 
all three CaBP knockout mice is likely a phenotype arising from the alterations in 
the functioning of the cerebellar network. In all three CaBP −/−  strains, the emer-
gence of 160 Hz oscillations is proposed to contribute to the motor coordination 
impairment  [  85  ] . Transient blocking of glutamatergic (via NMDA-R) and 
GABA 

A
 ergic transmission as well as blocking of the gap junction between molecu-

lar layer interneurons (MLIs; stellate and basket cells) leads to a decrease of these 
oscillations, which reappear after washout of the blockers  [  86,   87  ] . Thus, the 
appearance of the 160 Hz oscillations and concomitantly the impairment of motor 
coordination is a cerebellar network phenotype that results from a modifi cation in 
the function of granule cells (CR −/− ), PC (CB-D28k −/− ) and in PV −/−  mice addition-
ally from MLIs. Another spontaneous mutant mouse model, the  circling mouse , 
shows a motor phenotype likely linked to altered cerebellar Ca 2+  signaling/homeo-
stasis. Although the precise genetic defect is currently unknown double-mutant 
mice with reduced PMCA2 function and a constitutive active form of the transient 
receptor potential channel TRPML3 leading to display circling behavior, have 
inner ear sensory hair cell degeneration as in the  circling mouse   [  88  ] . In the cere-
bellum of the  circling mouse , the immunoreactivity for CR in granule cells, for 
CB-D28k in PC and for PV in PC and MLI is decreased compared to control WT 
mice  [  89  ]  indicative of a general impairment in neuronal Ca 2+  signaling. Of inter-
est, triple knockout mice for the three proteins (CB-D28k −/−  CR −/−  PV −/− ) neither 
show a circling behavior nor hair cell degeneration, the likely result from homeo-
static/compensation mechanisms induced/activated in those mice (B. Schwaller, 
unpublished observation).  
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   Conclusions, Hypotheses and Outlook 

 What is the bottom line from the results obtained in the various animal models and 
human patients with altered expression/function of Ca 2+  signaling toolkit compo-
nents and what hypotheses can be put forward? (1) Although the number of princi-
pal components responsible for intracellular Ca 2+  signaling is relatively small (see 
Fig.  1.1 ; Ca 2+  buffers, Ca 2+  channels, Ca 2+  pumps, exchangers, in the plasma mem-
brane and in organelles), the complexity is massively increased by the many iso-
forms and splice variants of the different Ca 2+ -signaling toolkit components. As a 
result, different neuron types and possibly each individual neuron has a “personal-
ized” set of Ca 2+  signaling components tuned to the specifi c physiological needs of 
that particular cell (type). (2) A high degree of plasticity with respect to Ca 2+  signal-
ing components is observed during development and this “latent” plasticity remains 
throughout the lifespan of a cell or the entire organism. (3) A defect or absence of a 
Ca 2+  signaling component in a cell induces homeostatic/adaptive/compensatory 
mechanisms, both at the level of the affected cell and more often, within the entire 
network, in which the affected cell exerts its physiological function. In the case of 
the nervous system, this implies both, anterograde and retrograde signaling leading 
to modifi cations/adaptations of Ca 2+  signaling components within the network, i.e. 
the activation of the Ca 2+  homeostasome. (4) The precise nature of these homeo-
static changes can only be understood by including the level of networks. (5) In all 
investigated cases, the homeostatic changes/compensations are never “perfect”, 
even if there is a deletion/mutation of a single Ca 2+  signaling component. While an 
organism, e.g. a knockout/knockin mouse may not show an evident phenotype under 
standard housing conditions, an often-subtle phenotype becomes generally apparent 
in conditions requiring more complex brain functions such as in cognition, behavior 
and experience-dependent modifi cations, such as learning and memory. Thus, it is 
the specifi c properties of each individual Ca 2+  signaling component and the precise 
effects at a cellular level that form the basis of “normal/physiological” functioning. 
(6) The pathological phenotype (e.g. altered pain sensitivity, epilepsy, migraine, and 
schizophrenia) may not be the primary result of a defective/lacking Ca 2+  signaling 
component, but may be the result of the global homeostatic “reorganization” of the 
entire network, leading to a disparity in the fi nely tuned excitation/inhibition bal-
ance. This may, at least in part, explain why defects in apparently functional-uncon-
nected genes, fi nally merge to give raise to a common pathological phenotype. It is 
hypothesized that a better understanding of the Ca 2+  homeostasome at the cellular 
level and even more importantly, at the network level may help to unravel the under-
lying cause for the many neurological diseases that have in one way or another been 
linked to disturbed Ca 2+  signaling/homeostasis.     

Note added in proof   The mitochondrial Ca 2+  uniporter protein (MCU), a 40-kDa transmembrane 
inner mitochondrial membrane protein is an essential component of the functionally defi ned 
“mitochondrial Ca 2+  uniporter” and was described in 2 papers published in 2011:  [  90 ,  91  ] .       
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  Abstract   Measurements of free cytosolic Ca 2+  concentration ([Ca 2+ ] 
i
 ) or free Ca 2+  

concentration in cellular organelles have become more routine. The primary reason 
for this is the availability of membrane permeant forms of Ca 2+  indicators that can 
easily enter cells. In this chapter, the properties required of an ideal Ca 2+  indicator 
are identifi ed and the advantages and disadvantages of available Ca 2+  indicators are 
pointed out. The pitfalls associated with usage of Ca 2+  indicators together with 
the clear advantages of ratiometric over non-ratiometric indicators are discussed. 
The excitation of Ca 2+  indicators and detection of the emitted fl uorescence light 
require dedicated equipment; epifl uorescence or confocal microscopes are most 
frequently used for this purpose and the advantages and disadvantages of these are 
discussed. Calibration experiments are required to translate changes in the fl uores-
cence of Ca 2+  indicators into real [Ca 2+ ] 

i
  changes, but this procedure is non-trivial 

and potential sources of error are identifi ed. Future developments in the fi eld of Ca 2+  
detection are discussed.  

  Keywords   Ca 2+   •  Confocal microscopy  •  Fluorescence  •  Ratiometric      

 Calcium (Ca 2+ ) has a key role in numerous cellular processes and measurements of 
Ca 2+  are therefore routinely performed in a great variety of studies and experimental 
conditions. Such measurements are frequently referred to as measurements of 
 cellular or intracellular Ca 2+  concentration ([Ca 2+ ]). However, what is actually mea-
sured in most instances is the free Ca 2+  concentration in the cytosol, although 
measurements of the Ca 2+  concentration in different parts of the cell can also be 
performed. The free Ca 2+  concentration in the cytosol is often alluded to as [Ca 2+ ] 

i
 , 

which is somewhat misleading since the “i” can easily be interpreted to stand for 
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intracellular. It might then be asked whether the distinction between intracellular 
[Ca 2+ ] and free cytosolic [Ca 2+ ] really matters. The answer is: Yes, in many cases 
there is a large difference between the two. For instance, in this chapter we will give 
several examples of Ca 2+  measurements in adult skeletal muscle cells. When these 
cells are activated, the free cytosolic [Ca 2+ ] (i.e. [Ca 2+ ] 

i
 ) may increase more than 

100-fold in a few ms, whereas the intracellular [Ca 2+ ] remains virtually constant. 
The increase in [Ca 2+ ] 

i
  here occurs as a consequence of Ca 2+  being released into the 

cytosol from an organelle, the sarcoplasmic reticulum. Thus, Ca 2+  moves from one 
cellular compartment to another and the total intracellular [Ca 2+ ] is not changed. 

 The development of an astonishing range of fl uorescent Ca 2+  indicators that can 
be easily introduced into cells has given many the chance to measure [Ca 2+ ] 

i
  in their 

cells. Since many users are non-experts and simply follow the often sketchily 
described methods in earlier papers in their fi eld of research, the likelihood of errors 
and misinterpretation of data has increased. The aim of this chapter is to point out 
what is and is not possible with available Ca 2+  indicators and how pre-existing 
equipment can be used to acquire data. 

   Methods to Measure [Ca 2+ ] i  Before the Era 
of Fluorescent Ca 2+  Indicators 

 Measurements of [Ca 2+ ] 
i
  were rather complicated before the invention of the various 

fl uorescent Ca 2+  indicators that are commonplace today. Methods that were used 
include:

    1.     Ca   2+   -selective microelectrodes . These electrodes are rather diffi cult to make, 
especially to make the tip of the electrode small enough so that not only very large 
cells can be penetrated without causing cell damage. The response time of Ca 2+ -
selective microelectrodes is also rather slow, on the order of seconds, and hence 
rapid [Ca 2+ ] 

i
  transients cannot be detected. However, microelectrodes with 

improved properties have been developed and are used in certain conditions  [  1  ] .  
    2.     Ca   2+   -activated photoproteins . These proteins, of which aequorin was the most 

popular, emit blue light and the rate of light emission increases dramatically in 
response to increased [Ca 2+ ] 

i
   [  2  ] . A major advantage with these photoproteins is 

that they do not require any stimulating light and hence the background signal 
is very low. In the high physiological range of [Ca 2+ ] 

i
  (0.5–10  m m), the light 

emission of aequorin increases as approximately the third power of [Ca 2+ ]. This 
means that translating the light signal into actual values of [Ca 2+ ] 

i
  is rather com-

plicated and if [Ca 2+ ] 
i
  differs within the cell, the signal will be heavily domi-

nated by the regions with the highest [Ca 2+ ] 
i
 . Moreover, the light emitted by 

aequorin depends not only on [Ca 2+ ] 
i
 , but also on factors such as the concentra-

tion of Mg 2+  and the ionic strength. The Ca 2+ -activated photoproteins can be 
seen as “precharged” and Ca 2+  binding triggers an energy-consuming reaction 
where light is produced. Each molecule emits light only once, which means that 
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the light-emitting  capacity declines over time. A major problem with photopro-
teins is to introduce them into the cell. In large cells this can be achieved by 
microinjection, but this method is not suitable for small cells. Various cell fus-
ing techniques have been developed but these also have drawbacks. A more 
recent approach is to transfect cells to induce transient or stable expression of 
recombinant aequorin  [  3  ] . This technique can be easily used with various cul-
tured cells, whereas transfection can be diffi cult in adult cells. A major advan-
tage with this technique is that the usage of recombinant proteins allows targeting 
to different cellular compartments (e.g. mitochondria, endoplasmic reticulum or 
surface membrane) and the Ca 2+  binding properties can be modifi ed, for instance, 
in order to optimize the Ca 2+  sensitivity or to enhance the kinetics. Thus, photo-
protein-based methods to measure [Ca 2+ ] 

i
  are still being used because in some 

situations they can be advantageous as compared to fl uorescent indicators. It 
should be noted that bioluminescence emitted is quite small and the need for an 
effi cient optical system to collect the light is more stringent than for most of the 
currently used fl uorescent indicators.  

    3.     Bis-azo metallochromic Ca   2+    dyes . There are two dyes in this class of Ca 2+  indi-
cators: arsenazo III and antipylazo III. The property that makes them useful as 
Ca 2+  indicators is that their light absorbance depends on the [Ca 2+ ]. An advan-
tages with these indicators is that they are fast and therefore can detect rapid 
[Ca 2+ ] 

i
  transients. They display a relatively low Ca 2+  affi nity, which means that 

they readily can detect high [Ca 2+ ] 
i
  levels and show little Ca 2+  buffering. However, 

there are also major disadvantages, which include complex Ca 2+ -binding proper-
ties, marked Mg 2+  and pH sensitivity, and a large tendency to bind to intracellular 
proteins. Moreover, the metallochromic Ca 2+  dyes cannot pass the cell membrane 
so when using intact cells, these dyes have to be e.g. microinjected. Thus, these 
dyes are seldom used now.      

   Fluorescent Ca 2+  Indicators 

 By far the most common Ca 2+  indicators in use today are derived from the Ca 2+  
chelators EGTA and BAPTA. These indicators have high affi nity and one-to-one 
stoichiometry for Ca 2+ . They display low affi nity for Mg 2+  and H +  and when Ca 2+  
binds to them, there are large absorbance and fl uorescence changes  [  4  ] . It should 
be remembered that even with their low affi nity for Mg 2+  and H + , Ca 2+  indicators 
will be affected by these ions in experiments that are designed to induce metabolic 
depletion or large changes in pH. The indicator molecule consists of two parts: the 
Ca 2+ -binding part that changes its shape when Ca 2+  binds to it and which in turn 
alters the conformation of the fl uorescent part of the molecule. Much work has 
gone into developing different Ca 2+ -binding properties and fl uorescent tails that 
are optimised to work in defi ned ranges of [Ca 2+ ] and with different types of 
 detection systems. 
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 Ca 2+  indicators fall into one of two groups: dual-wavelength ratiometric  indicators 
and single-wavelength non-ratiometric indicators. Most indicators have well-
characterised absorption and emission spectra. The optimal excitation and emission 
wavelengths for individual indicators can generally be found in the papers where 
they were originally described. In addition, this information has been collected in 
the Molecular Probes Handbook, which can be found on the Invitrogen Life 
Technologies website,   http://www.invitrogen.com/site/us/en/home/References/
Molecular-Probes-The-Handbook.html    . 

 Non-ratiometric indicators generally have very little fl uorescence at low 
(<100 nm) [Ca 2+ ] and show up to a 100-fold increase in fl uorescence when [Ca 2+ ] is 
increased so that the indicator becomes saturated with Ca 2+ . Ratiometric indicators 
have the advantage that the Ca 2+ -free and Ca 2+ -bound forms of the indicator have 
distinct peaks at different wavelengths and thus measurements can be made at the 
two separate peaks and combined into a ratio. This ratio is mostly constructed so 
that the wavelength where the fl uorescence shows a maximum at high [Ca 2+ ] and 
minimum at low [Ca 2+ ] is divided by the wavelength showing the opposite (i.e. 
maximum at low [Ca 2+ ] and minimum at high [Ca 2+ ]). Between the two wavelength 
peaks there is an isosbestic point where the fl uorescence does not depend on [Ca 2+ ]. 
In some cases it can be advantageous to use the wavelength at the isosbestic point in 
the ratio. For instance, the classical ratiometric indicator fura-2 requires excitation 
at two wavelengths while the emitted fl uorescent light is measured at one wave-
length (~510 nm). The isosbestic point for fura-2 excitation is ~360 nm and with 
increasing [Ca 2+ ], the emitted light increases at shorter wavelengths and decreases 
at longer wavelengths. The ratio with maximal dynamic range is then obtained by 
excitation below (~340 nm) divided by above (~380 nm) the isosbestic point. 
However, this requires continuous alteration between 340 and 380 nm excitation, 
which is technically troublesome, especially if rapid [Ca 2+ ] 

i
  transient are being 

 measured. An alternative is then to use the isosbestic point when constructing the 
ratio because the 360 nm signal does not depend on [Ca 2+ ] and therefore only has to 
be measured at regular intervals to check for a general decline in signal. The 
 preferred ratios will then be 340/360 or 360/380, which both will show an increase 
when [Ca 2+ ] increases, albeit the ratio increase will not be as large as for the 
340/380 ratio. 

 In the case of the non-ratiometric indicators, the property that is measured is the 
intensity of the emitted fl uorescent light. The expectation is that this light signal 
mainly refl ects [Ca 2+ ] 

i
 , which is probably true under ideal conditions. However, to 

be able to directly compare signals from different experiments the following require-
ments have to be fulfi lled: (1) cells exposed to similar loading conditions will have 
similar concentrations of indicator; (2) indicators remain in the cytosol and do not 
leak or get pumped out of the cytosol; (3) cell volume remains constant and there is 
no change in cell thickness; (4) the cell(s) does not move; (5) the indicator is not 
affected by repeated exposure to excitation light. Unfortunately all these require-
ments are almost never fulfi lled and so the results obtained with non-ratiometric 
indicators have to be carefully assessed and possible errors have to be controlled for. 
The situation is less critical for ratiometric indicators, because changes in indicator 

http://www.invitrogen.com/site/us/en/home/References/Molecular-Probes-The-Handbook.html
http://www.invitrogen.com/site/us/en/home/References/Molecular-Probes-The-Handbook.html
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concentration and cell volume, as well as cell movement, will affect measurements 
at both wavelengths equally and will cancel each other out when a ratio is made. 
This fundamental advantage of ratiometric indicators is examplifi ed in Fig.  2.1 , 
which shows fl uorescence records from a single skeletal muscle fi ber at rest and 
during stimulation to produce a maximum contraction. Figure  2.1a  shows the results 
as they would appear with a single wavelength indicator. As the experiments pro-
gressed, the fl uorescent signal showed a general decline, which might then be inter-
preted as a decrease in [Ca 2+ ] 

i
  both in the basal state and during contraction. However, 

the ratiometric indicator indo-1 was used in the experiment. In contrast to fura-2, 
this indicator is excited at one wavelength (~360 nm) and the emitted light is 
 measured at two wavelengths (405 nm (increased signal with increasing [Ca 2+ ] 

i
 ) 

and 495 nm (decreased signal with increasing [Ca 2+ ] 
i
 ) in the depicted experiment). 

Figure  2.1b  shows that there was a general decrease also in 495 nm signal as 
the experiment progressed. This means that there was no change in the 405/495 
ratio with time (Fig.  2.1c ), which correctly refl ects that there was no change in 
[Ca 2+ ] 

i
 . Thus, this example clearly illustrates that uncritical usage of signals from 

  Fig. 2.1     Ratiometric 
indicators show large 
advantages during prolonged 
experiments.  Indo-1 records 
obtained in a skeletal muscle 
cell stimulated to perform a 
tetanic contraction (70 Hz 
stimulation for 350 ms). 
Indo-1 was excited at 360 nm 
and the emitted light was 
measured simultaneously at 
405 nm ( a ) and 495 nm ( b ) 
and the 405/495 ratio was 
constructed ( c ). Note that 
over time, the ratio signal 
remained constant ( dashed 
lines  in  c ) while the 
fl uorescence intensity 
decreased for both the 
405 nm ( dashed lines  in  a ) 
and 495 nm signal. Note that 
the decline in the 405 nm 
trace shown in  a  is 
qualitatively similar to what 
would be seen if fl uo-3 or 
other non-ratiometric 
indicator was used       
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non-ratiometric indicators can result in completely erroneous conclusions. It should, 
however, be noted that not all problems are avoided by using ratiometric indicators. 
For instance, excessive light exposure can lead to qualitatively altered properties of 
the indicator, which cannot be corrected for by ratios.  

   How Does One Decide on Which Ca 2+  Indicator to Use? 

 As explained above, ratiometric indicators have major advantages compared to non-
ratiometric indicators and should therefore be used if this is possible. In addition 
there are several other aspects to consider. First one has to use an indicator with 
excitation and emission wavelengths that the available equipment can deal with. For 
ratiometric indicators this can be a serious problem because the most common of 
these (i.e. fura-2 and indo-1 and their close relatives mag-fura-2 and mag-indo-1) 
are excited by UV light, which is not available in many systems. For instance, lasers 
are the most common light source in confocal microscopes (see below) and UV 
lasers are not commonplace. On the other hand, fi nding a non-ratiometric indicator 
with suitable wavelengths is less of a problem, because these often come in many 
different versions with different excitation and emission wavelengths. 

 In principle, one would always like to use an indicator which gives a fl uorescence 
signal with little noise that shows large changes when [Ca 2+ ] 

i
  is changing and which 

is fast enough to follow the changes in [Ca 2+ ] 
i
  under study. However, the perfect 

indicator does not exist because some properties are diffi cult, or even impossible, to 
combine. For instance, a Ca 2+  indicator showing large changes in fl uorescence with 
[Ca 2+ ] 

i
  changes in the low physiological range (~100 nm) is relatively slow and the 

opposite is also true. The relation between the intensity of the fl uorescent signal (F) 
and [Ca 2+ ] 

i
  for a non-ratiometric indicator is given by the following Eq.  2.1 :

     
( ) ( )+⎡ ⎤ = − −⎣ ⎦

2
d min maxi

Ca K * F F / F F ,
   (2.1)  

where F 
min

  and F 
max

  is the fl uorescence intensity at virtually zero and saturating 
[Ca 2+ ] 

i
 , respectively. K 

d
  is the dissociation constant. In a plot of F against [Ca 2+ ] 

i
 , K 

d
  

is the [Ca 2+ ] where F is half-way between F 
min

  and F 
max

  and this is where the indica-
tor displays its largest sensitivity. K 

d
  is decided by the indicator’s rate of Ca 2+  bind-

ing (K 
on

 ) and dissociation (K 
off

 ), i.e. K 
d
  = K 

off
 /K 

on
 . The rate that mainly differs 

between indicators is K 
off

 . Accordingly, a slow indicator (low K 
off

 ) has a low K 
d
 , 

which means that it is most sensitive at relatively low [Ca 2+ ] 
i
  and such indicators are 

therefore called high-affi nity indicators. Conversely, a fast indicator has a high K 
d
  

and is referred to as a low-affi nity indicator. 
 For ratiometric indicators, a slightly more complex equation describes the rela-

tion between fl uorescence ratio (R) and [Ca 2+ ] 
i
  (Eq.  2.2 ):

     
( ) ( )β+⎡ ⎤ = − −⎣ ⎦

2
d min maxi

Ca K * * R R / R R ,
   (2.2)  
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where R 
min

  and R 
max

  is the fl uorescence ratio at virtually zero and saturating [Ca 2+ ] 
i
 , 

respectively.  b  is obtained by dividing the fl uorescence intensity of the ratio’s second 
wavelength (denominator) acquired at virtually zero and saturating [Ca 2+ ] 

i
 , respec-

tively. Thus, the mid-point between R 
min

  and R 
max

  occurs at a [Ca 2+ ] 
i
  that equals K 

d
  *  b . 

 Figure  2.2  illustrates how the properties of two different Ca 2+  indicators affect 
the change in fl uorescence signal observed when [Ca 2+ ] 

i
  is changed in different con-

centration intervals. The comparison is between one high-affi nity indicator, fura-2, 
and a low-affi nity indicator, mag-fura-2. The name mag-fura-2 comes from the fact 
that it was designed to measure [Mg 2+ ], but it is mostly used as a low-affi nity Ca 2+  
indicator since [Mg 2+ ] seldom shows signifi cant changes in the cytosol. [Ca 2+ ] 

i
  may 

vary dramatically between different physiological states. For instance, [Ca 2+ ] 
i
  peaks 

during contraction in a skeletal muscle cell may be up to 1,000-fold higher than 
resting [Ca 2+ ] 

i
 . [Ca 2+ ] 

i
  is therefore often expressed as pCa, which equals −log[Ca 2+ ] 

i
  

(analogous to the concept of pH). In Fig.  2.2 , the 340/380 ratio is used for both 
indicators and  b  is set to 4. This means that the mid-point between R 

min
  and R 

max
  

occurs at a [Ca 2+ ] 
i
  of 0.56  m m for fura-2 (K 

d
  assumed to be 0.14  m m) and 100  m m for 

mag-fura-2 (K 
d
  assumed to be 25  m m). The interval (a) in Fig.  2.2  shows the change 

in ratio signal obtained when [Ca 2+ ] 
i
  is changed in the range of normal resting val-

ues, from 50 nM to 200 nM. Here the fura-2 ratio signal shows a substantial increase, 
whereas mag-fura-2 ratio signal is hardly affected at all. Thus, fura-2 readily detects 
changes in basal [Ca 2+ ] 

i
 , whereas mag-fura-2 is not a good indicator in this respect. 

The interval (b) in Fig.  2.2  (1–4  m M) would refl ect [Ca 2+ ] 
i
  in cells that are in an acti-

vated state. Again fura-2 is a rather sensitive indicator in this interval, whereas mag-
fura-2 shows little change in the ratio signal. Finally (c) refl ects [Ca 2+ ] 

i
  (10–40  m M) 

  Fig. 2.2     High-affi nity Ca   2+    indicators are more sensitive to stable changes in [Ca   2+   ]  
 i 
   within the 

normal physiological range.  The relation between [Ca 2+ ] 
i
  and fl uorescence ratio (340 nm/380 nm 

excitation) for the high-affi nity indicator fura-2 and the low-affi nity indicator mag-fura-2. [Ca 2+ ] 
i
  

expressed as pCa (−log[Ca 2+ ] 
i
 ) in order to cover a larger range of concentrations. ( a ) 50–200 nM; 

( b ) 1–4  m M; ( c ) 10–40  m M       
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in a condition with maximal activation. In this case, fura-2 is reaching saturation, 
whereas mag-fura-2 readily detects the change in [Ca 2+ ] 

i
 .  

 As a rule of thumb, Ca 2+  indicators readily detects changes in [Ca 2+ ] 
i
  in an interval 

between about tenfold below and tenfold above the mid-point, i.e. K 
d
  for non-ratio-

metric indicators and K 
d
  *  b  for indicators used in the ratiometric mode. This is also 

the [Ca 2+ ] 
i
  interval where Ca 2+  most easily binds to the indicator, which introduces 

a problem with buffering. The noise in the detected fl uorescent light signal decreases 
with increasing light intensity. From this perspective it is advantageous to have a 
large concentration of fl uorescent indicator in the studied cell(s). However, a large 
concentration of indicator with a K 

d
  in the physiological [Ca 2+ ] 

i
  range will also buf-

fer [Ca 2+ ] 
i
  and this is illustrated in Fig.  2.3 : with a relatively low concentration of 

indicator (“Genuine”) a rapid and relatively large change in [Ca 2+ ] 
i
  is recorded but 

the signal contains some irregular fl uctuations (noise); a markedly higher concen-
tration of indicator (“Buffered”) gives a virtually noise-free signal but the time 
course of the increase and decrease of [Ca 2+ ] 

i
  is slowed and the amplitude of the 

change decreased. Thus, with high-affi nity Ca 2+  indicators there is a delicate bal-
ance between a suffi ciently high indicator concentration to obtain records with a 
low noise level and that producing cytosolic Ca 2+  buffering, which leads to distorted 
[Ca 2+ ] 

i
  signals and often also to altered cell function.  

 Figure  2.2  shows that a high-affi nity Ca 2+  indicator is better than a low-affi nity 
indicator at monitoring changes in [Ca 2+ ] 

i
  in the normal physiological range. 

However, the diagram in Fig.  2.2  refers to stable or slowly changing [Ca 2+ ] 
i
 . As 

discussed above, a trade-off of high Ca 2+  sensitivity is that the indicator may be too 
slow to follow rapid changes in [Ca 2+ ] 

i
 . In Fig.  2.4  this is illustrated for [Ca 2+ ] 

i
  tran-

sients in a skeletal muscle cell. The [Ca 2+ ] 
i
  transient in response to a single stimula-

tion pulse has a duration of ~10 ms. Figure  2.4a  shows such a [Ca 2+ ] 
i
  transient as 

recorded with the high-affi nity indicator indo-1. This indicator is not fast enough to 
accurately follow the rapid changes in [Ca 2+ ] 

i
  and the recorded transient is too slow 

and the amplitude too low. In Fig.  2.4b  the signal has been corrected for the slow 
response of indo-1 and a [Ca 2+ ] 

i
  signal which better represents the true transient is 

then obtained. A low-affi nity Ca 2+  indicator would be able to follow the [Ca 2+ ] 
i
  tran-

sient more accurately and is therefore preferable in experiments where rapid [Ca 2+ ] 
i
  

changes are being studied; the drawback though being the magnitude of change in 
fl uorescent signal is going to be small and hence diffi cult to monitor. Figure  2.4c  

  Fig. 2.3     Excessive cytosolic 
loading of Ca   2+    indicator 
results in noise-free but 
distorted [Ca   2+   ]  

 i 
   transients.  

The records illustrate the 
genuine [Ca 2+ ] 

i
  response to 

tetanic stimulation of a 
skeletal muscle cell and the 
response as it would look like 
with an excessive amount of 
Ca 2+  indicator that buffers the 
[Ca 2+ ] 

i
  changes       
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shows [Ca 2+ ] 
i
  as recorded by indo-1 during tetanic stimulation (70 Hz, 350 ms dura-

tion) of the muscle cell; in Fig.  2.4d  the record is corrected for the slow response of 
indo-1. It can be that the initial “spike” of [Ca 2+ ] 

i
  is missed without correction, but 

otherwise the records are rather similar. To sum up, Fig.  2.4  thus illustrates that 
problems with slow, high-affi nity Ca 2+  indicators are substantial when recording 
rapid [Ca 2+ ] 

i
  transients but much less so during more prolonged [Ca 2+ ] 

i
  changes. 

Thus, again there is a delicate balance, which in this case is between being able to 
follow large and rapid [Ca 2+ ] 

i
  changes (low-affi nity indicators are preferable) and 

small prolonged changes (high-affi nity indicators are better).  
 The signals from the detectors of the fl uorescent light are nowadays almost 

always stored on a computer. The rate at which the signals are sampled is then 
another factor to consider. The sampling rate should be coordinated with the Ca 2+  
indicator used, i.e. a lower sampling rate with a slow high-affi nity indicator than 
with a fast low-affi nity indicator. Sampling theorems can be used to decide what the 
optimal sampling rate is. As a general rule, we use a sampling rate at least tenfold 
faster than the expected fastest speed of [Ca 2+ ] 

i
  transients under study. Also in this 

case there is a fi ne balance. A high sampling rate means that less light signal is 
integrated for each time point and hence the noise level is higher with fast than with 

  Fig. 2.4     Fast low-affi nity Ca   2+    indicators are required to accurately follow rapid [Ca   2+   ]  
 i 
   tran-

sients.  [Ca 2+ ] 
i
  records measured with indo-1 in a skeletal muscle cell in response to a single stimu-

lation pulse ( a ) and a tetanus ( c ). This high-affi nity indicator is too slow to accurately follow the 
most rapid changes in [Ca 2+ ] 

i
 . Kinetic correction reveals a faster and larger [Ca 2+ ] 

i
  transient with 

the single stimulation pulse ( b ) and a [Ca 2+ ] 
i
  spike at start of the tetanus ( d ) (Figure adapted from 

Westerblad and Allen  [  5  ] )       
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slow sampling. On the other hand, rapid [Ca 2+ ] 
i
  transients might be missed or 

 distorted with a lower sampling rate.  

   How Does One Introduce Indicators into Cells? 

 Indicators are charged molecules and do not easily pass lipid membranes. While 
many cells display endocytotic behaviour, the amount of indicator that can enter the 
cell via this mechanism is insuffi cient to make meaningful measurements. Ca 2+ -
indicator can be introduced into cells by pressure injection or electrophoreses using 
a microelectrode or patch electrode. Alternatively, one could electroporate the cell 
membrane, which means using very brief, high voltage pulses to form transient 
small pores in the cell membrane through which the indicator can pass. Both of 
these techniques require specialised equipment and some skill, but they have the 
advantage that the charged indicator will be located in the cytosol and not penetrate 
into sub-cellular compartments, such as the mitochondria or sarco-endoplasmic 
reticulum. 

 Fortunately for users, there is a much easier method for introducing large quanti-
ties of fl uorescent indicator into the cytoplasm of single or multiple cells. In fact, 
the existence of a simple method to transport fl uorescent indicators into cells is a 
major reason behind the great success of these indicators. The principle behind the 
method is that lipophilic groups (e.g. acetoxymethyl (AM) groups) are added to 
the charged indicator molecule. In this way the charges are hidden and the indicator 
complex becomes lipophilic and hence membrane-permeant. Once the complex 
has entered into the cytosol, cytoplasmic esterases gradually cut off the lipophilic 
groups and the free indicator molecule is then trapped in the cytosol and ready to 
detect [Ca 2+ ] 

i
   [  4  ] . 

 The lipophilic indicator complex is typically dissolved in dimethylsulfoxide 
(usually written as DMSO) and the detergent Pluronic is often added to disperse the 
indicator molecules and aid loading. Typically, cells are bathed in a solution with a 
fi nal indicator concentration of 1–10  m M and loaded for 10–30 min. After the load-
ing period is fi nished, the cells must be washed to remove residual extracellular 
indicator and left for a further 30 min to ensure that all lipophilic groups have been 
cleaved off by cytoplasmic esterases. 

 The method with loading of lipophilic indicator complexes is not completely 
without problems. For instance, the amount loaded cannot be directly controlled 
and there is a risk of excessive loading. This may then results in additional buffering 
of [Ca 2+ ] 

i
 , which affects [Ca 2+ ] 

i
  measurements as well as Ca 2+ -dependent cellular 

signaling. Furthermore, the lipophilic indicator complex may pass across intracel-
lular membranes into organelles and, if the lipophilic groups are cleaved off in the 
organelle, detect [Ca 2+ ] in this organelle instead of in the cytosol. These problems 
seem to be minimised when cells are loaded at room temperature rather than at the 
higher physiological temperature of mammals. There are no universal guidelines for 
optimal loading of cells and the best loading procedures need to be established for 
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each new combination of indicator and cell. For example in our hands, indo-1 AM 
does not load while fl uo-3 AM readily loads into mouse cardiac myocytes.   

   Equipment Overview 

 Typically, the instruments used are those that are available rather than those that are 
optimal for a given task. In order to detect the fl uorescence emitted from selected cells 
containing an indicator, one needs a microscope with a light source that can be applied 
to excite the indicator and a detection device that is typically one or more photomulti-
plier tubes or a CCD camera; a simpler fl uorometer system not based on a microscope 
can be used if one is working with e.g. cell suspensions and not interested in the response 
of individual cells. Filters can be inserted into the light path to limit the wavelength and 
intensity of the light that excites the indicator and also to limit the wavelengths of the 
light that are measured by the light detectors. The signals from the light detectors are 
generally stored on a computer. In most cases the experimental set-up used for measure-
ments with fl uorescent indicators comes with software controlling various parameters 
related both to light excitation and to detection of the emitted light. 

 The most important but often neglected part of the whole acquisition system is the 
objective lens. The lens is what allows one to magnify and focus on the cell or tissues. 
While magnifi cation is important to see the sample, what is equally or more important 
is the ability of the lens to collect light and resolve fi ne specimen detail. The effective-
ness to collect light is described by the numerical aperture (N.A.) written on the lens 
casing. In general, one should have the lens with the highest N.A. possible (for more 
details see   http://micro.magnet.fsu.edu/primer/anatomy/numaperture.html    ). It should 
be noted that lenses that are optimised to work with ultraviolet (UV) light are not 
optimal for visible light and vice versa. The lens is exposed to the environment unlike 
most of the other elements of the system, which are encased in protective housing. 
Even if an acquisition system is handled carefully, the lens is liable to become dirty 
from the fl oating dust in the air. If the lens requires oil or water for its proper opera-
tion, the combination of liquid and dust can lead rather quickly to the formation of a 
fi lm coating the lens surface and the light path deteriorates. Similarly if a superfusion 
system is used, leakage or overfl ow of fl uid can lead to salt deposits on the lens or, in 
the worst case scenario, fl uid enters the lens casing resulting in solution coating both 
the outside and inside of the lens. Problems of this kind will become apparent as 
increased noise in the fl uorescence signal and in the worse cases result in diffi culties 
in focussing on the cells or tissue. Thus, the lens should always be checked before and 
at the end of the experiment. It should become routine to use lens paper or an air spray 
to clean the lens before and after experiments or immediately one observes that 
solution has dripped on to the lens surface. If solution has dried on the lens, lens 
paper moistened with distilled water can be used to wipe the lens and fi nally lens paper 
moistened with ethanol is used to clear off residual water. 

 The two most common types of detection set-ups are epifl uorescence  microscopy 
and confocal microscopy. In epifl uorescence microscopy, excitation light  illuminates 

http://micro.magnet.fsu.edu/primer/anatomy/numaperture.html
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the whole sample and emitted light from the indicator is collected not just from the 
section that is in focus but also from above and below this plane of focus. Emitted 
light travels to one or more photomultiplier tubes or a CCD camera. Epifl uorescent 
microscopy has been used with ratiometric dyes such as indo-1 or fura-2 that are 
excited with light in the UV region. This type of set-up is ideal for measuring 
changes in [Ca 2+ ] 

i
  in virtually any cell type over extended periods of time while 

using mechanical, electrical or chemical stimulation. The area of interest can be 
limited to a single cell or data can be collected from a larger number of cells. While 
this method allows one to measure from the total volume of the cell, it is diffi cult (or 
with photomultiplier tubes basically impossible) to focus in on particular areas of 
the cell and visualise discrete events, such as, the entry of extracellular Ca 2+  through 
surface membrane Ca 2+  channels. However, when combined with special indicators, 
one can measure [Ca 2+ ] changes in discrete organelles. For example, rhod-2 is a 
Ca 2+ -indicator that loads preferentially into the mitochondria and indo-5N can be 
used for measurements in the endo-sarcoplasmic reticulum. Moreover, fatty chains 
have been attached to the indicator moiety and these preferentially anchor them-
selves into the surface membrane allowing the indicator molecule to dangle just 
below the surface membrane and measure changes in [Ca 2+ ] close to the membrane 
rather than in the bulk of the cytoplasm (further details can be found here,   http://
www.tefl abs.com/ion-indicators/near-membrane-indicators/    ). 

 Generally confocal microscopes rely on pretty much the same hardware and soft-
ware as that used in epifl uorescence microscopy with two important additions: a point 
light source to excite the indicator and a pinhole in the emission pathway that when 
opened to its optimal size allows passage only of light from the focal plane, i.e. block-
ing light from above and below the plane of focus. The fundamental advantage of the 
confocal microscope is that one limits the focus to a very narrow plane and can in this 
way detect discrete or rapid events such as localised release/entry of Ca 2+  into the 
cytoplasm. A common misconception is that the light from a laser is essential for a 
confocal microscope to work. However, while most confocal microscopes use lasers 
as light sources, this is not essential and indeed the original patent did not use a laser 
light source (see   http://web.media.mit.edu/~minsky/papers/ConfocalMemoir.html    ). 

 Laser confocal microscopes are made in three basic designs. These are (1) laser 
scanning, (2) the Nipkow or spinning disk, and (3) two- or multi-photon versions.

    1.    The laser scanning confocal microscope is a ubiquitous instrument in virtually 
every biological or medical science department. This device relies on the fact that 
a laser is a point source of light, which is moved rapidly from point to point (pixel 
to pixel) along a horizontal line. This movement is achieved by means of a galva-
nometer-controlled or resonant-oscillating pair of mirrors. To build up a two 
dimensional image, the laser beam is moved vertically to a new line using a sec-
ond pair of mirrors. This procedure is then repeated until a full frame is obtained. 
This obviously takes a fi nite period of time and does not give an instantaneous 
view of what is happening in the cell. One can increase the scanning speed and 
obtain a full frame two to three times faster by reducing the “dwell time”, i.e. the 
time for which the laser illuminates each pixel. The disadvantage of doing this is 

http://www.teflabs.com/ion-indicators/near-membrane-indicators/
http://www.teflabs.com/ion-indicators/near-membrane-indicators/
http://web.media.mit.edu/~minsky/papers/ConfocalMemoir.html
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that the signal to noise ratio is reduced, which limits the ability to monitor small, 
spatially restricted changes in the fl uorescence signal. If temporal resolution of a 
Ca 2+  event in the cell is critical, the best approach is to abandon the two dimen-
sional image acquisition approach and use the line scan mode instead. In this 
confi guration, the laser beam scans the same line sequentially for a period of time. 
On the newer laser scanning confocal microscopes, line scans can be performed 
at over 1 kHz which probably is suffi ciently fast to resolve even the fastest Ca 2+  
events in a cell. The trade-off for the increased speed of data acquisition with line 
scanning is that only a single plane in a portion of the cell or tissue can be moni-
tored. The line scan mode is obviously extremely useful if one, for example, is 
monitoring localised transient releases of Ca 2+  from the sarcoplasmic reticulum in 
muscle or trying to localise the sites of Ca 2+  entry in a neuron.  

    2.    The Nipkow or spinning disk laser confocal microscope uses a spinning disk 
(spins at several thousand revolutions per minute) with multiple pinholes (>1,000) 
through which parallel light beams pass. These beams excite the fl uorescent indi-
cator in the cell and the emitted light returns through the pinholes to the detection 
device, which is normally a very sensitive CCD camera operated at low tempera-
tures to minimise noise. Commercial spinning disk confocal microscopes can 
now acquire images at rates of up to 50 frames per second, which makes them 
suitable for visualizing temporal and spatial [Ca 2+ ] changes in cells. This may 
generate excessive amounts of data but the accompanying software is usually 
sophisticated enough so that regions that are decided to be of no interest can be 
masked or hidden and only data from defi ned areas will be acquired and saved. 
The limited popularity of these confocal microscopes may in part be due to the 
trade-off between spatial resolution and speed, i.e. greater spatial resolution gen-
erally requires a slower frame rate of acquisition.  

    3.    The two- or multi-photon confocal microscopes limit problems occurring when 
deeper parts of cells or tissues are being studied. Virtually every confocal micro-
scope is fi tted with a motorised drive that allows one to move the plane of focus 
up or down in steps smaller than 1  m m. Thus, one can theoretically build up a 
three dimensional image of a cell or tissue and check for possible inhomoge-
neous change in [Ca 2+ ] in response to a stimulus. However, in practice one fi nds 
that the image quality obtained with a simple laser confocal scanning micro-
scope deteriorates as one penetrates deeper into a cell or tissue with a decline in 
both resolution and fl uorescence intensity. In an ordinary laser confocal scanning 
microscope, the laser beam consists of a continuous stream of photons. When a sin-
gle photon hits an indicator molecule, the indicator molecule is excited and tran-
siently lifted from its ground state to a higher energy state. It remains in this higher 
energy state for a few picoseconds and then decays back to its original ground state 
by emitting a photon with a longer  wavelength than the original photon. Unfortunately, 
light does not travel in an empty space as it passes through a cell. Instead the photons 
emitted by the fl uorescent indicator will hit solid constituents (e.g. proteins and fats) 
and become defl ected. The longer the distance that the photons must travel, the 
greater will be the number of photons from the focal plane that are lost. In addition, 
because of light defl ection and scattering, some photons from areas that were not part 
of the original focus will be delivered to the light detector.     
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 A two- or multi-photon laser confocal scanning microscope reduces these prob-
lems. This technique has long been used by physicists, but its usage in biological 
applications is relatively recent. The technique is based on the fact that the same 
excitation of an indicator molecule can be obtained by two photons each with twice 
the wavelength and half of the energy of a single photon. Longer wavelength light 
can penetrate deeper into tissues and cells. In a two- or multi-photon laser, the pho-
tons are sent out in femtosecond bursts. They do not have suffi cient energy to excite 
indicator molecules on their travel to the focal point. At the focal point, on the other 
hand, there is a high density of photons and the probability of two or more photons 
colliding with an indicator molecule are high. Thus, it is only at the focal point that 
any indicator molecule can absorb two photons and be raised from its ground state 
to an excited, photon-emitting state. 

 As anybody who has been sunburnt knows, prolonged exposure to ultraviolet 
light causes skin damage. In a similar way, the experience of seeing cells die as one 
tries to obtain the best record or image emphasises that light energy is dangerous to 
cells. While this is an extreme example of photodamage, one should be aware that 
the energy that each photon of light contains may impact on the measurements 
being made and should try to limit the intensity of the light to the minimum possi-
ble. An additional potential problem with light and virtually all Ca 2+  indicators is 
photodegradation or photobleaching whereby the indicator is converted into a fl uo-
rescent but Ca 2+  insensitive form that results in false measurements of resting and 
transient changes in [Ca 2+ ] 

i
   [  6  ] . Again, the problem can be avoided by minimising 

the intensity and duration of light exposure. One advantage of a multiphoton laser 
confocal microscope is that it reduces the energy load that a cell receives.  

   Calibration 

 Some kind of calibration is required in order to translate fl uorescence signals into 
[Ca 2+ ] 

i
 . The fi rst thing that must be taken into account before any calibration is 

attempted is to recognise that there is always some background signal in fl uorescence 
systems, e.g. because of imperfect fi lters and some of the excitation light reaching 
the detectors. Moreover, each tissue or cell displays intrinsic or auto-fl uorescence. 
The autofl uorescence arises predominantly from metabolites, nicotinamide adenine 
dinucleotide and to a far lesser extent from fl avin adenine dinucleotide. The amount 
of background and intrinsic fl uorescence depends on the excitation and emission 
wavelengths being used. It is advisible to measure the background and intrinsic 
fl uorescence in a sample before loading the Ca 2+  indicator and to subtract this value 
from all subsequent measurements. Failure to do this may have dramatic effects on 
the translation of the indicator signals into [Ca 2+ ] 

i
 . Complete and accurate calibra-

tions are generally very diffi cult, or even impossible, to perform and some simpli-
fi cations must be allowed. However, there is an increasing tendency to completely 
ignore calibrations and simply take the viewpoint that the fl uorescent light 
 intensity (F, non-ratiometric indicators) or ratio (R, ratiometric indicators) of Ca 2+  
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indicators is linearly related to [Ca 2+ ] 
i
 , which clearly is a severe oversimplifi cation 

(e.g. see Fig.  2.2 ). Numerous papers erroneously state that [Ca 2+ ] 
i
  increased/

decreased by x%, whereas what was actually measured was an increase/decrease in 
fl uorescence intensity or ratio of x%, which can represent markedly different 
changes in [Ca 2+ ] 

i
 . For instance, a minimal (<1%) change in fl uorescence signal 

measured in a resting cell with a low-affi nity indicator may represent a several-fold 
change in [Ca 2+ ] 

i
  (see Fig.  2.2 ). Similarly, a major increase in [Ca 2+ ] 

i
  may result in 

only a small increase in the fl uorescence signal of a high-affi nity indicator because 
the indicator was close to saturated with Ca 2+  already before the increase. 

 Ca 2+  indicators are affected by the fl uid environment and hence their properties 
display major differences in the cytosolic milieu as compared to in simple salt solu-
tions. The relationship between fl uorescence signals and [Ca 2+ ] 

i
  also differs between 

different experimental set ups. This means that all parameters in Eqs.  2.1  and  2.2  
required to translate fl uorescence signals into [Ca 2+ ] 

i
  basically have to be established in 

the cell(s) using the same conditions and equipment as for the real experiments. This is 
of course easier said than done and some simplifi cations are necessary. In principle, the 
intracellular calibration is based on clamping [Ca 2+ ] 

i
  to a known value, without severe 

alterations of the cytosolic milieu, and then measure the fl uorescence signal. The most 
important points relate to a minimum [Ca 2+ ] 

i
 , to obtain F 

min
  or R 

min
 , and to a saturating 

[Ca 2+ ] 
i
 , to establish F 

max
  or R 

max
 . For ratiometric indicators,  b  is also obtained if R 

min
  and 

R 
max

  can be established without any major general decrease in fl uorescence intensity. In 
addition, establishing K 

d
  requires some intermediate [Ca 2+ ] 

i
 . The reason why F 

min
  or 

R 
min

  and F 
max

  or R 
max

  are most important is because they set the limits between which 
the fl uorescence signal can vary. Serious errors in these parameters result in nonlinear 
errors when fl uorescence signals are translated into [Ca 2+ ] 

i
 . Erroneous estimates of F 

min
  

or R 
min

  has the largest impact on the assessment of resting [Ca 2+ ] 
i
 , whereas errors in F 

max
  

or R 
max

  have the largest effects at high [Ca 2+ ] 
i
 . On the other hand, K 

d
  and  b  act as scaling 

factors and errors in these simply make the changes in [Ca 2+ ] 
i
  smaller or larger, whereas 

relative changes during an experiments are not affected. 
 Numerous methods have been used to perform a cytosolic calibration of [Ca 2+ ] 

i
 . 

Most of these are based on introducing a strongly buffered solution with a set [Ca 2+ ] 
to the cytosol. The solution can be introduced with methods similar to those 
described above for the introduction of the fl uorescent indicator. In addition, so 
called Ca 2+  ionophores are frequently used. Popular Ca 2+  ionophores are ionomycin 
and A23187 and in principle they create small holes in the surface membrane 
through which Ca 2+  can pass and in this way [Ca 2+ ] 

i
  will attain the same value as that 

in surrounding bath solution.  

   Future Directions 

 In the past few years, there have been marked improvements in the level of spatial 
resolution. It was known and accepted for more than a century that separation of two 
objects closer than 250 nm in the horizontal plane was not possible with a standard 
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single lens and light source. However, the use of two opposing and matched objective 
lenses and a complementary approach that relies on the photochemical properties 
of the indicators have led to at least a threefold improvement in both axial and hori-
zontal resolution. While these technical improvements are still expensive and not 
trivial to set up and maintain, it appears feasible that the ordinary user will be able 
to visualise Ca 2+  fl uxes through groups of ion channels in the near future (for a non-
technical description, see  [  7  ] ). 

 In recent years, the development of genetically encoded calcium indicators 
(GECI’s) has focussed on (i) targeting the indicator to specifi c organelles or to spe-
cifi c channel proteins, (ii) improving their Ca 2+  sensitivity and (iii) increasing their 
dynamic range  [  8,   9  ] . The key to these developments was the recognition that the 
green fl uorescent protein (GFP) in jellyfi sh could be genetically modifi ed to pro-
duce variants in various colours. When the coloured variants of GFP were coupled 
to calmodulin, the result was a functional Ca 2+  indicator that could be expressed in 
organelles such as the mitochondria or sarcoplasmic reticulum using a variety of 
transfection techniques. The best known of these are cameleons and pericams. 
Cameleons have a hairpin-like structure composed of two different coloured GFP’s 
joined together by a spacer peptide and a calmodulin molecule which can bind Ca 2+ . 
Excitation light is chosen that excites only one of the GFP pair that then emits a 
photon at longer wavelength. This photon can then excite the second GFP molecule 
of the pair only if they are very close together (<10 nm). When a stimulus increases 
[Ca 2+ ], the increased Ca 2+  binds to calmodulin and causes the whole complex of 
GFP’s-peptide spacer-calmodulin to bend and bring the two GFP molecules into 
very close proximity and at this time excitation of the second of the GFP pair can 
occur. Pericams are more simple structures that consist of a circular construct of 
calmodulin linked to a GFP. Binding of calcium to pericam causes a shift of its 
excitation peak from 415 to 490 nm, while the emission spectrum remains unchanged 
and thus like fura-2 it can be used as a ratiometric indicator. Future refi nements 
include reducing the sensitivity of cameleons and pericams to pH changes in the 
physiological range and increasing their dynamic ranges (to a level comparable to 
indo-1 or even fl uo-3).      
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  Abstract   Ca 2+  permeable ion channels and GPCRs linked to Ca 2+  release are 
important drug targets, with modulation of Ca 2+  signaling increasingly recognized 
as a valid therapeutic strategy in a range of diseases. The FLIPR is a high through-
put imaging plate reader that has contributed substantially to drug discovery efforts 
and pharmacological characterization of receptors and ion channels coupled to Ca 2+ . 
Now in its fourth generation, the FLIPR TETRA  is an industry standard for high 
throughput Ca 2+  assays. With an increasing number of excitation LED banks and 
emission fi lter sets available; FLIPR Ca 2+  assays are becoming more versatile. This 
chapter describes general methods for establishing robust FLIPR Ca 2+  assays, incor-
porating practical aspects as well as suggestions for assay optimization, to guide the 
reader in the development and optimization of high throughput FLIPR assays for 
ion channels and GPCRs.  

  Keywords   FLIPR  •  Ca 2+   •  High throughput screening  •  G protein-coupled receptor  
•  Voltage-gated Ca 2+  channel  •  Ligand-gated Ca 2+  channel  •  Fluo-4  •  Assay development  
•  Optimization  

   Abbreviations 

  FLIPR    Fluorescent Imaging Plate Reader   
  Ca 2+     Calcium ion   
  ATP    Adenosine triphosphate   
  PMCA    Plasma Membrane Ca 2+  ATPase   
  NCX    Na + /Ca 2+  exchanger   
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  SERCA    Sarco/endoplasmic reticulum Ca 2+  ATPase   
  IP3    Inositol-1,4,5,-triphosphate   
  RyR    Ryanodine receptors   
  GPCR    G-protein coupled receptor   
  PIP 

2
     Phosphatidylinositol 4, 5 bisphosphate   

  DAG    Diacylglycerol   
  HTS    High throughput screening   
  VGCC    Voltage-gated Ca 2+  channels   
  LGCC    Ligand-gated Ca 2+  channels   
  EGTA    Ethylene glycol-bis(2-aminoethylether)- N , N , N ¢  , N ¢  -tetraacetic acid   
  APTRA    2-aminophenol-N,N,O-triacetic acid   
  BAPTA    1,2-bis(o-aminophenoxy)ethane-N,N,N ¢ ,N ¢ -tetraacetic acid   
  K 

d
     Dissociation constant   

  AM    Acetoxymethyl   
  ER    Endoplasmic reticulum   
  LED    Light-emitting diode   
  CCD    Charge-coupled device   
  PDL    Poly-D-lysine   
  PLL    Poly-L-lysine   
  PLO     Poly-L-ornithine    
  nAChR    Nicotinic acetylcholine receptors   
  HEPES    4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid   
  PAR2    Protease-activated receptor 2   
  RFU    Relative fl uorescence unit.         

   Introduction 

   Calcium – A Universal Signaling Molecule 

 The calcium ion Ca 2+  is often referred to as a “universal” signaling molecule; indeed, 
most biological processes involve Ca 2+  signaling in one form or another  [  1,   2  ] . It is 
thus not surprising that Ca 2+  is involved in diverse physiological functions ranging 
from differentiation, excitability and motility to apoptosis. 

 Because Ca 2+  acts as a ubiquitous messenger molecule, a myriad of proteins are 
dedicated to its extrusion, chelation, sequestration and release, resulting in astonish-
ingly precise temporal and spatial control of Ca 2+   [  1,   2  ] . At the cellular level, Ca 2+  
concentrations are extremely tightly controlled in the cytoplasm, where resting 
[Ca 2+ ] is approximately 100 nM. It is maintained at this level by extrusion to the 
extracellular space through pumps such as the Plasma Membrane Ca 2+  ATPase 
(PMCA) and the Na + /Ca 2+  exchanger (NCX)  [  3  ] . Ca 2+  is also sequestered into 
 intracellular stores such as the endoplasmic or sarcoplasmic reticulum by sarco/
endoplasmic reticulum Ca 2+  ATPases (SERCA). As a result, extracellular Ca 2+  
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 concentrations are signifi cantly higher at approximately 1.8–2 mM, and a large Ca 2+  
reserve also occurs in  intracellular compartments, where Ca 2+  is stored in protein-
bound form and also occurs at relatively high concentrations as free Ca 2+   [  4  ] . 

 To initiate signaling events, Ca 2+  can be derived from the extracellular space, 
where voltage- or ligand-gated ion channels permit fl ow of this extraordinary ion 
down its approximately 20,000-fold concentration gradient (Fig.  3.1 ). Ca 2+  can also 
be released from intracellular stores such as the endoplasmic reticulum through 
activation of inositol-1,4,5,-triphosphate (IP3) receptors and ryanodine receptors 
(RyR), resulting in a net increase in cytoplasmic Ca 2+ .   

   GPCRs 

 Activation of some G-protein coupled receptors (GPCR), in particular the G 
q/11

  sub-
types, results in activation of phospholipase C which in turn facilitates cleavage of 
phosphatidylinositol 4, 5 bisphosphate (PIP 

2
 ) into 1,4,5-inositol trisphosphate (IP3) 

and diacylglycerol (DAG). IP3 then activates IP3 receptors located on the 

  Fig. 3.1     Calcium signaling pathways . Cytoplasmic Ca 2+  is maintained at approximately 100 nM 
by plasma membrane extrusion through the Plasma Membrane Ca 2+  ATPase (PMCA) and the Na + /
Ca 2+  (NCX). Ca 2+  is also sequestered into the endoplasmic or sarcoplasmic reticulum by the sarco/
endoplasmic reticulum Ca 2+  ATPase (SERCA). Activation of voltage- (VGCC) or ligand-gated 
Ca 2+  channels (LGCC) leads to infl ux of Ca 2+  down its large concentration gradient. In addition, 
activation of G 

q
 -coupled G-protein coupled receptors (GPCR) results in activation of phospholi-

pase C which in turn leads to the generation of 1,4,5-inositol trisphosphate (IP3). IP3 then activates 
IP3 receptors (IP3R) located on the endoplasmic reticulum, causing release of Ca 2+  into the 
cytoplasm       
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 endoplasmic reticulum, causing release of Ca 2+  into the cytoplasm  [  5  ] . While G 
 a s

  
and G 

 a i
 -coupled GPCR do not signal through Ca 2+  physiologically, co-expression of 

chimeric or promiscuous G-proteins, such as G 
 a 15/16

   [  6–  8  ] , can couple activation 
of these receptors to increases in intracellular Ca 2+  and thus allows development of 
functional high throughput (HTS) assays based on Ca 2+  imaging.  

   Ca 2+ -Permeable Ion Channels 

 Voltage-gated Ca 2+  channels (VGCC), expressed in excitable cells, are large trans-
membrane proteins that undergo conformational changes in response to altered 
membrane potential  [  9  ] . As a result, activation of voltage-gated Ca 2+  channels causes 
rapid infl ux of Ca 2+  from the extracellular space, which controls processes such as 
muscle contractions or synaptic exocytosis. The properties of these channels can be 
exploited in the design of high throughput Ca 2+  assays, where addition of extracel-
lular KCl leads to membrane depolarization and thus channel opening  [  10,   11  ] . In 
addition, a plethora of Ca 2+ -permeable transmembrane ion channels facilitate infl ux 
of extracellular Ca 2+  along its concentration gradient in response to extra- or intrac-
ellular binding of ligands. These ligand-gated Ca 2+  channels include, to name a few, 
ionotropic purinergic and glutamate receptors, nicotinic receptors and TRP chan-
nels and are indispensible to many physiological processes. 

 Accordingly, Ca 2+  permeable ion channels and GPCRs linked to Ca 2+  release are 
important drug targets, with modulation of Ca 2+  signaling increasingly recognized 
as a valid therapeutic strategy in a range of diseases, including cardiac disease, neu-
rological disorders such as Alzheimer’s disease, and cancer  [  12–  14  ] . 

 Thus, the design and optimization of Ca 2+  assays, particularly in high throughput 
format using state-of-the-art platforms such as the FLIPR TETRA , is important not only 
to increase our understanding of the role of Ca 2+  signaling in the pathophysiology of 
these diseases, but also to guide the identifi cation of novel Ca 2+  modulators with 
therapeutic potential.   

   Calcium Assays 

   Chemical Ca 2+  Indicator Dyes 

 Assessment of calcium signaling has been greatly aided by development of Ca 2+  
dyes which exhibit changes in fl uorescence spectra and/or intensity upon binding of 
free Ca 2+  ions, enabling assessment of Ca 2+  signals at the single cell level or in high 
throughput format. Most of these dyes were developed from the Ca 2+  chelators 
EGTA, APTRA or BAPTA, and incorporate a fl uorophore with the characteristic 
ion liganding groups of these molecules  [  15–  19  ] . Continuous improvement of these 
compounds has resulted in a diverse array of dyes with unique properties (Table  3.1 ). 
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Differences in their Ca 2+  dissociation constant (K 
d
 ) and thus dynamic range, binding 

kinetics, photostability, sequestration into intracellular compartments, fl uorescence 
quenching characteristics as well as excitation and emission wavelengths govern the 
usefulness of these compounds in a variety of applications  [  20  ] . In particular, the K 

d
  

of chemical Ca 2+  indicator dyes should be carefully matched to the expected Ca 2+  
concentration in the cellular environment, with the useful range over which changes 
in Ca 2+  are most reliably detected approximating 0.1–10 × K 

d
   [  21  ] . Thus, measure-

ment of cytoplasmic Ca 2+  events require high affi nity Ca 2+  dyes, while low affi nity 
dyes will be useful in high Ca 2+  cellular compartments such as the mitochondria or 
endoplasmic reticulum  [  22  ] . It is, however, important to take into consideration that 
the K 

d
  of these compounds is affected by pH, temperature, viscosity, ionic strength, 

protein binding and the presence of other ions such as Mg 2+   [  17,   23–  26  ] . Accordingly, 
the actual intracellular K 

d
  of these dyes is frequently several orders of magnitude 

higher than the K 
d
  determined  in vitro , and can be expected to vary depending on the 

cell type and even the cellular compartment assessed  [  20,   25  ] .  
 In addition, the binding kinetics of fl uorescent Ca 2+  indicators can affect tempo-

ral resolution of Ca 2+  signals  [  21,   27,   28  ] . Ca 2+  signals are generally transient, so that 
the binding kinetics of the dye need to be signifi cantly faster than the change in Ca 2+  
concentration if Ca 2+  signals are to be resolved with suffi cient temporal precision 
 [  27  ] . Dyes with slow binding kinetics thus lead to substantial inaccuracies, particu-
larly with respect to the temporal resolution of Ca 2+  signals. This problem is further 
compounded by the Ca 2+  buffering properties displayed by these compounds, espe-
cially if present at suffi ciently high concentrations  [  27,   28  ] . Thus, bright fl uorescent 
dyes which enable reduction in concentration are often preferable to dyes that 
require higher concentrations in order to achieve suffi cient signal strength and simi-
larly, dyes with fast dissociation kinetics are preferable for transient Ca 2+  signals 
and in high throughput applications. 

 In addition to these key characteristics, the spectrometric properties of these 
compounds determine the selection of fl uorescent Ca 2+  indicators for specifi c appli-
cations. Principally, chemical Ca 2+  indicators can be divided into ratiometric and 
single wavelength dyes.  

   Ratiometric Dyes 

 Ratiometric dyes exhibit a spectral shift, either in excitation or emission wavelength, 
upon Ca 2+  binding, often in conjunction with altered fl uorescence intensity. This 
effectively results in increased and decreased fl uorescence intensity, respectively, at 
wavelengths on either side of the isosbestic point. Ratiometric dyes are advanta-
geous for measurement of Ca 2+  in application where uneven dye loading, dye leak-
age, photobleaching, compartmentalization, or cell thickness occur, as the 
fl uorescence ratio is independent of the absolute signal strength, thus compensating 
for these variables  [  29  ] . However, these advantages come at the cost of increased 
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photodamage to cells by excitation wavelengths in the ultraviolet range, increased 
cellular autofl uorescence as well as decreased compatibility with caged compounds. 
While the need for equipment capable of dual excitation or emission monitoring 
makes ratiometric dyes poorly suited for high throughput applications such as the 
FLIPR TETRA , these dyes will be discussed here for completeness.  

   Quin-2 

 Quin-2 is a fi rst generation Ca 2+  dye developed by the research group of Roger Tsien 
 [  18  ] . It exhibits low quantum yield and absorptivity, necessitating high dye concen-
trations to achieve adequate signal strength. This is turn leads to problems with Ca 2+  
buffering  [  30  ]  and has resulted in this dye being largely superseded by newer 
derivatives.  

   Fura-2 

 Fura-2 is a dual excitation, single emission ratiometric dye and has become the Ca 2+  
indicator of choice for fl uorescent microscopy, where it is more practical to use dual 
excitation wavelengths and maintain a single emission wavelength  [  31  ] . Upon bind-
ing of Ca 2+ , the maximum fl uorescence excitation wavelength of Fura-2 shifts from 
362 to 335 nm, with an accompanying twofold increase in fl uorescence quantum 
effi ciency  [  19  ] . In contrast, the fl uorescence emission maxima of the free Fura-2 
anion and Ca 2+ -bound Fura-2 are, at 512 and 505 nm, virtually unaltered  [  19  ] . Thus, 
excitation of Fura-2 at 340 and 380 nm results in increased and decreased fl uores-
cence, respectively, at an emission wavelength of ~510 nm. The fl uorescence ratio 
of 340/380 nm therefore increases with increasing concentrations of Ca 2+ . With a K 

d
  

of approximately 135–258 nM, a K 
on

  (1/(M.s)) of 4.0 × 10 8  and a K 
off

  (1/s) of 103, 
Fura-2 and its derivatives are suitable for rapid, time-resolved measurement of cyto-
plasmic Ca 2+  signals  [  19,   28  ] . In addition, Fura-2 has been reported to be more 
resistant to photobleaching than Indo-1  [  32,   33  ] , although it tends to be more sus-
ceptible to intracellular departmentalization  [  34  ] .  

   Bis-Fura-2 

 Bis-Fura-2 consists of two fl uorophores incorporated with one BAPTA molecule, 
resulting in brighter signal strength with a slightly reduced K 

d
  (370 nM). With exci-

tation and emission spectra identical to Fura-2, Bis-Fura-2 is particularly suitable 
for applications which require better signal or tolerate Ca 2+  buffering poorly and 
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thus require reduced dye concentrations. While on-rates are similar to Fura-2 with 
a K 

on
  (1/(M.s)) of 5.5 × 10 8 , off-rates are slightly higher for Bis-Fura-2 with a K 

off
  of 

257 (1/s)  [  28  ] .  

   Fura-4F, Fura-5F, Fura-6F and Fura-FF 

 These analogues of Fura-2 exhibit similar excitation and emission spectra upon 
binding of Ca 2+ , however, the K 

d
  of these compounds has been signifi cantly shifted 

by addition of one (Fura-4F, Fura-5F, Fura-6F) or two (Fura-FF) fl uorine substitutes 
at varying positions. With K 

d
 s of 400 nM (Fura-5F), 770 nM (Fura-4F), 5,300 nM 

(Fura-6F) and 5,500 nM (Fura-FF)  [  35,   36  ] , these fl uorescent Ca 2+  indicators exhibit 
intermediate Ca 2+  affi nities and are useful for applications where Ca 2+  concentration 
>1  m M occur.  

   Fura-PE3 (Fura-2 LeakRes) 

 Fura-PE3 was developed from an analogue of BAPTA, Fura-FF6, by addition of a 
positive charge in order to improve cytosolic retention of the dye and minimize com-
partmental sequestration  [  37  ] . The spectral properties of Fura-PE3 are identical to 
Fura-2, but this dye avoids problems associated with uneven loading and dye leakage.  

   FFP18 

 FFP18 is similar to Fura-PE3 but incorporates a hydrophobic tail that targets this 
dye to lipids such as cell membranes  [  37  ] . The spectral properties of FFP18 are 
similar to Fura-2, with a slightly decreased K 

d
  of 331 nM  [  37  ]  and improved hydro-

philicity compared to other membrane-associating Ca 2+  indicators. Thus, FFP18 
appears suitable for measurement of membrane-associated Ca 2+  events  [  38  ] .  

   Fura-Red 

 Fura-Red is a Fura-2 analogue excited by visible light, with excitation maxima at 
approximately 450–500 nm, depending on the presence of Ca 2+ , and a very long-wave 
emission maximum at approximately 660 nm. Fura-Red fl uorescence decreases upon 
binding of Ca 2+ , and in addition, the relatively low quantum effi ciency of Fura-Red 
necessitates use of higher concentrations to achieve an adequate fl uorescence signal. 
The  in vitro  K 

d
  of Fura-Red is similar to Fura-2 at approximately 140 nM, although 
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the K 
d
  of Fura-Red has been reported to be signifi cantly higher (~1,100–1,600 nM) 

in myoplasm  [  39  ] . The large Stokes shift of Fura-Red permits simultaneous mea-
surement of Ca 2+  as well as other fl uorophores excited at ~488 nm. Accordingly, 
Fura-Red has been used for ratiometric Ca 2+  measurement in conjunction with the 
single wavelength Ca 2+  indicator Fluo-3  [  40–  42  ] , although ratiometric imaging is 
also possible with Fura-Red alone using excitation wavelengths of 420/480 nm or 
457/488 nm  [  39,   43  ] .  

   Mag-Fura-2 

 Mag-Fura-2 (Furaptra) was, as the name suggests, originally developed to measure 
changes in Mg 2+  concentration, and exhibits spectral properties similar to Fura-2. 

 Its propensity for intracellular departmentalization, in combination with its low 
affi nity for Ca 2+  with a K 

d
  of approximately 50  m M  [  28,   44,   45  ] , have seen applica-

tion of this fl uorescent indicator to measurement of Ca 2+  in intracellular IP3-sensitive 
Ca 2+  stores  [  46  ] . In addition, Mag-Fura-2 retains fast binding kinetics with a K 

on
  (1/

(M.s)) of 7.5 × 10 8  and particularly fast off-rates  [  28  ] , enabling measurement of Ca 2+  
responses with little or no kinetic delay  [  47–  49  ] .  

   Indo-1 

 Like Fura-2, Indo-1 was developed as a BAPTA analogue by the research group of 
Roger Tsien  [  19  ] . However, in contrast to Fura-2, Indo-1 displays shifts in emission 
wavelength upon Ca 2+  binding, with emission maxima of 485 and 410 nm in the 
absence and presence of Ca 2+ , respectively  [  19  ] . Thus, this probe is generally more 
practical in fl ow cytometry applications, where it easier to use a single excitation 
wavelength and monitor two emissions  [  50  ] . Indo-1 is also useful as it displays less 
compartmentalization than Fura-2, although it tends to photobleach more rapidly 
 [  34  ] . With a K 

d
  of 250 nM, it displays slightly lower affi nity for Ca 2+  than Fura-2 

and is useful for measurement of Ca 2+  concentrations in the cytoplasmic range.  

   Indo-1-PE3 (Indo-1 LeakRes) 

 Like Fura-PE3, Indo-1-PE3 was developed as an Indo-1 analogue less prone to 
sequestration into intracellular compartments and dye extrusion  [  35  ] . Compared to 
the parent compound, Indo-1-PE3 displays the same spectral properties, but avoids 
problems with uneven loading, differences in cell thickness and uncontrolled loss of 
dye fl uorescence due to extrusion or photobleaching  [  51,   52  ] .  
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   Mag-Indo-1 

 Mag-Indo-1 is a low affi nity fl uorescent Ca 2+  indicator derived from Indo-1. 
Accordingly, its spectral properties are virtually identical to its parent compound, 
except that they occur at signifi cantly higher Ca 2+  concentrations (K 

d
  ~ 35  m M)  [  21, 

  23,   53  ] . In combination with extremely fast kinetics  [  23  ] , this compound is useful 
for measurement of Ca 2+  kinetics in environments with high Ca 2+  concentration.  

   Single Wavelength Dyes 

 In contrast to ratiometric fl uorescent probes, binding of Ca 2+  to single wavelength 
dyes elicits an increase in quantum effi ciency, resulting in brighter fl uorescence in 
the absence of spectral excitation or emission shifts. This eliminates the need for 
sophisticated equipment capable of dual excitation or dual emission monitoring and 
greatly simplifi es experimental protocols. However, while single wavelength dyes 
generally exhibit large increases in fl uorescence intensity upon binding of Ca 2+ , 
brightness is also dependant on dye concentration. Thus, in addition to Ca 2+  binding, 
fl uorescence intensity of single wavelength Ca 2+  probes is also affected by variables 
relating to the amount of dye present in cells. Most notably, differences in dye load-
ing, extrusion, compartmentalization and photobleaching, as well as cell thickness 
and cellular environment can lead to apparent changes in dye concentration or fl uo-
rescence. Thus, because fl uorescence intensity is the only measure for single wave-
length dyes, quantitation of Ca 2+ , particularly at the single cell level, tends to be less 
accurate than for ratiometric dyes. As an alternative to wavelength ratioing, time-
based ratioing has been suggested as a viable strategy for single wavelength dyes, 
where the change in fl uorescence intensity is expressed relative to a baseline fl uo-
rescence value  [  16,   54  ] . In circumstances where cell volume and shape changes as 
well as photobleaching have not been signifi cant, this ratiometric  D  F/F value will 
approximate changes in Ca 2+   [  16  ] . Thus, single wavelength dyes have signifi cantly 
advanced fl uorescent Ca 2+  imaging and are invaluable particularly for high through-
put assessment of Ca 2+  responses.  

   Fluo-3 

 Fluo-3 was developed by Roger Tsien and his research group from the calcium 
chelator BAPTA conjugated with a xanthene chromophore  [  16  ] . Fluo-3 is excited 
by visible light, with absorption and emission maxima at 506 and 526 nm, respec-
tively  [  16  ] . While the AM ester of Fluo-3 is virtually non-fl uorescent, emission 
intensity of Fluo-3 increases approximately 40-fold in the presence of Ca 2+   [  16  ] . 
With a K 

d
  of 400 nM, this makes Fluo-3 well suited for high resolution of cytosolic 
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Ca 2+  signals while at the same time being less prone to saturation and Ca 2+  buffering 
at resting cytosolic Ca 2+  than ratiometric dyes such as Fura-2  [  55  ] . Fluo-3 – like all 
Ca 2+ -dyes – is pH-sensitive, with an apparent pKa of 6.2, necessitating careful con-
sideration of intracellular pH when measuring Ca 2+   [  16,   55  ] . In addition, Fluo-3 
exhibits biphasic Ca 2+  dissociation constants which, while also pH-dependent, are 
faster than Quin-2 and thus allow high time resolution of Ca 2+  responses at neutral 
or physiological pH  [  55  ] .  

   Fluo-4 

 Fluo-4 is a di-fl uoro analogue of Fluo-3, and accordingly exhibits very similar spec-
tral properties with absorption and emission maxima of 494 and 516 nm, respec-
tively  [  17  ] . However, Fluo-4 is considerably brighter and more photostable than 
Fluo-3, and with a K 

d
  of 345 nM  [  17  ] , has become the dye of choice for measure-

ment of cytosolic Ca 2+  particularly in high throughput applications. Fluo-4 fl uores-
cence, when excited at 488 nM, increases more than 100-fold upon binding of Ca 2+ , 
permitting both use of lower dye concentrations and shorter loading times.  

   Mag-Fluo-4 

 Mag-Fluo-4 is a low affi nity analogue of Fluo-4, and with a K 
d
  of 22  m M, is particu-

larly suitable for measurement of Ca 2+  in the low  m M – mM range. Accordingly, 
Mag-Fluo-4 has been used for measurement of Ca 2+  responses in sarcoplasmic retic-
ulum, and due to its affi nity for Mg 2+ , has also found applications in the measure-
ment of intracellular Mg 2+   [  56,   57  ] . The spectral properties of Mag-Fluo-4, with an 
excitation maximum of 493 nm and an emission maximum of 516 nm, are very 
similar to Fluo-4  [  17  ] . In addition, similar to Mag-Fura-2, Mag-Fluo-4 has fast dis-
sociation kinetics which make this dye suitable for measurement of high resolution 
Ca 2+  kinetics  [  58  ] .  

   Fluo-5F, Fluo-5Cl, Fluo-5N and Fluo-4FF 

 These mono-or di-substituted Fluo-4 analogues exhibit similar spectral properties 
to Fluo-4 upon binding of Ca 2+ , however, the addition of one or two fl uorine, chlo-
rine or NO 

2
  substitutes results in signifi cantly decreased Ca 2+  affi nity. The relatively 

high K 
d
  values of Fluo-5F (2.3  m M), Fluo-5Cl (6.2  m M), Fluo-4FF (9.7  m M) and 

Fluo-5N (90  m M) make these dyes suitable for measurement of Ca 2+  under conditions 
which would result in saturation of higher affi nity dyes  [  17  ] . The dissociation rate 
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constant for Fluo-4 and Fluo-5F were determined as approximately 200–300 s − 1 
 in vitro , making these dyes kinetically similar to Fura-2  [  28,   59–  61  ] .  

   Fluo-8, Fluo-8H and Fluo-8L 

 Fluo-8 and its analogues (AAT Bioquest) are a novel green-emitting Ca 2+  probe 
(excitation/emission maxima ~ 490 nm/514 nm) that have been reported to be con-
siderably brighter than Fluo-3 and even Fluo-4, resulting in improved signal-to-
noise  [  62  ] . With K 

d
 s of 389 nM (Fluo-8), 232 nM (Fluo-8H) and 1.86  m M (Fluo-8L), 

these dyes may prove to be viable alternatives to Fluo-3, Fluo-4 and their ana-
logues  [  63  ] .  

   Rhod-2, X-Rhod-1 and Low Affi nity Derivatives 

 Rhod-2 was developed by the research group of Roger Tsien as a BAPTA analogue 
incorporating a rhodamine-like fl uorophore  [  16  ] . This dye exhibits an excitation 
maximum of 553 nm and an emission maximum of 576 nm, with a K 

d
  in the low  m M 

range (~ 1.0  m M)  [  16  ] ; while the analogue X-Rhod-1 has slightly shifted absorption 
and emission maxima (~580/602 nm, respectively) and a K 

d
  of approximately 

800 nM  [  64  ] . The cationic AM-esters of Rhod-2 and X-Rhod-1 can accumulate, 
using optimized loading protocols, in negatively charged mitochondria  [  65,   66  ] , 
making Rhod-2, X-Rhod-1, and their derivatives useful for measurement of mito-
chondrial Ca 2+   [  64,   67,   68  ] . However, due to their relatively higher K 

d
  values and 

thus lower potential for saturation in high Ca 2+  environments, the low affi nity Rhod-2 
derivatives Rhod-FF (K 

d
  19  m M), X-Rhod-5F (K 

d
  1.9  m M), X-Rhod-FF (K 

d
  17  m M) 

and Rhod-5N (K 
d
  320  m M) are preferred for this application  [  22,   69–  71  ] .  

   Calcium-Green-1 and Calcium-Green-2 Indicators 

 The Calcium-Green indicators display increased fl uorescence emission intensity 
with little spectral shift upon binding of Ca 2+   [  72  ] . With peak excitation at ~507 nm, 
peak emission at ~530 nm and K 

d
 s of approximately 200 and 550 nM for Calcium-

Green-1 and Calcium-Green-2, respectively, these dyes are well suited to measure-
ment of fast cytosolic Ca 2+  responses  [  72  ] . 

 In addition, Calcium-Green dyes have a higher quantum yield than Fluo-3, par-
ticularly at saturating Ca 2+  concentrations, which improves brightness of these dyes 
at high Ca 2+  concentrations and provides an excellent dynamic range  [  72  ] . In con-
trast to Fluo-3, Ca 2+  dissociation from Calcium-Green dyes is mono- rather than 
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bi-exponential with a K 
off

  of approximately 180 s −1   [  72  ] . Substitution of a NO 
2
  group 

in Calcium-Green-1 produced the low affi nity analogue Calcium-Green-5N, which 
has similar spectral properties but considerably lower Ca 2+  affi nity with a K 

d
  of 

approximately 4–19  m M, making this dye less prone to saturation  [  73–  75  ] .  

   Oregon Green 488 BAPTA Indicators 

 Oregon Green 488 BAPTA-1, Oregon Green 488 BAPTA-2 and their derivates are 
fl uorinated analogues of Calcium-Green indicators that were developed to achieve 
increased excitation effi ciencies by the 488 nm spectral line of an argon laser. 
Accordingly, peak excitation and emission wavelengths of these Oregon Ca 2+  indi-
cators are 494/523 nm. Like the Calcium-green dyes, Oregon Green 488 BAPTA 
indicators are bright dyes with higher quantum effi ciencies than Fluo-3. Oregon 
Green 488 BATPA-1 in particular, with a K 

d
  of 170 nM, may thus be particularly 

well suited for measuring small changes in Ca 2+  near resting cytosolic Ca 2+ , while 
the K 

d
  of Oregon Green 488 BAPTA-2, at ~580 nM, more closely resembles the 

Ca 2+  affi nity of Fluo-4  [  76  ] . Oregon Green 488 BAPTA-6F and Oregon Green 488 
BAPTA-5N are the 6’-fl uorine and 5’-nitro analogues of Oregon Green 488 
BAPTA-1 with reduced Ca 2+  affi nities (Oregon Green 488 BAPTA-6F K 

d
  for Ca 2+  

~3  m M and Oregon Green 488 BAPTA-5N K 
d
  for Ca 2+  ~20  m M) and thus more suit-

able for measurement of larger Ca 2+  responses.  

   Calcium Crimson, Calcium Ruby and Calcium Orange 

 Like other single wavelength dyes, Calcium Crimson, Ruby and Orange exhibit 
increased fl uorescence emission intensity with little or no spectral shift in the pres-
ence of Ca 2+ . As their names suggest, the excitation and emission spectra of these 
indicators are red-shifted with peak excitation/emission at 549/576 nm (Calcium 
Orange), 590/615 nm (Calcium Crimson) and 579/598 nm (Calcium Ruby)  [  77  ] . 
Calcium Ruby in particular displays large increases in fl uorescence intensity upon 
Ca 2+  binding, while all of these indicators are particularly useful where cellular 
autofl uorescence is problematic  [  77  ] . The K 

d
 s of these red-emitting Ca 2+  indicators 

vary from ~300 nM (Calcium Crimson) and ~400 nM (Calcium Orange) to 30  m M 
(Calcium Ruby), allowing selection of Ca 2+  dyes suitable for most imaging applica-
tions  [  72,   77  ] . 

 In recent years, an increasing number of Ca 2+  dyes have become available, 
expanding on pivotal work by Roger Tsien and his research group in the 1980s. 
These new and often improved Ca 2+  probes include both ratiometric and single 
wavelength dyes; high and low affi nity dyes; and Ca 2+  probes with excitation 
and emission wavelengths spanning almost the entire UV-visible range. Currently, 
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however, the number of Ca 2+  dyes suitable for use in high throughput FLIPR assays 
is limited. While the latest generation of HTS platforms such as the FLIPR TETRA  in 
principle provide the fl exibility of measuring single wavelength as well as ratiomet-
ric dyes, the limited excitation/emission wavelengths available, as well as the cost 
associated with customising these settings, restricts the number of suitable dyes. In 
addition, interference from sample or plastic autofl uorescence can pose particular 
problems with UV-excitable dyes such as Fura-2. Other dyes, while in principle 
suitable for FLIPR HTS assays, have not yet been extensively explored for this 
application. Thus, the most widely used fl uorescent Ca 2+  probe for HTS FLIPR 
assays currently remains Fluo-4. While we will most certainly see the development 
of new and improved probes for measurement of Ca 2+  in future, this review will 
focus on Fluo-4 as the “gold-standard” Ca 2+  probe for FLIPR assays.  

   Dye Loading 

 Several methods for introduction of these dyes into the cell cytoplasm have been 
developed; these include ATP-induced permeabilization, electroporation, hypo-
osmotic shock, cationic liposomes, chelators mediating dye uptake through pinocy-
tosis, microinjection as well as loading of dyes coupled to acetoxymethyl (AM) 
ester  [  23–  25,   46,   78–  81  ] . Of these, the acetoxymethyl (AM) ester loading technique 
has become popular due to its simplicity, ease of use and low toxicity and is particu-
larly well suited to high throughput applications.  

   AM Ester Loading Technique 

 As free poly-anionic, large fl uorescent Ca 2+  probes are unable to passively cross the 
cell membrane, these dyes can be conjugated to lipophilic acetoxymethyl (AM) 
groups to render them membrane permeable. Once in the cytoplasm, ubiquitous 
esterases hydrolyse these derivatized indicators, which again become unable to pas-
sively cross the plasma membrane, thus effectively trapping the free fl uorescent Ca 2+  
probe. As an additional advantage, these AM derivatives are often non-fl uorescent, 
thus reducing or eliminating fl uorescence from non-hydrolysed extracellular dye.  

   No-Wash Extracellular Quenchers 

 Because physiologically, extracellular Ca 2+  is high, fl uorescence signals from the 
extracellular compartment generally need to be excluded to enable measurement 
of the often relatively small changes in cytosolic Ca 2+ . This can be achieved either 
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by physically removing extracellular Ca 2+  dyes by washing, or alternatively by 
incorporation of fl uorescence quenchers in the extracellular media. Quenchers that 
have been used successfully include Trypan Blue, haemoglobin and brilliant black 
 [  82,   83  ] . In addition, several of these quenchers or “no-wash” kits are now com-
mercially available, and they can provide signifi cant improvements in assay perfor-
mance particularly for cells that are only weakly adherent, or for cells that are prone 
to dye extrusion. However, as the composition and nature of these quenchers is 
largely proprietary information, it can be diffi cult to assess potential interference of 
quenchers with assays or to design protocols for assay optimization  [  83  ] .  

   Problems with AM Ester Loading 

  Sequestration : Once introduced into the cell cytoplasm, fl uorescent Ca 2+  dyes start 
to accumulate into intracellular membrane-bound vacuoles and organelles such as 
the endoplasmic reticulum (ER) and mitochondria in a process commonly referred 
to as sequestration or compartmentalization  [  84  ] . This process is, however, not 
restricted to the AM ester loading technique and generally results in increasing 
baseline fl uorescence readings as the free dye accumulates in high Ca 2+  intracellular 
compartments, as well as accompanying decreases in cytosolic Ca 2+  responses due 
to dye loss. To minimize dye sequestration, loading with the lowest AM ester con-
centration that produces reliable Ca 2+  signals, as well as loading for the shortest 
possible time is benefi cial. Loading and imaging cells at room temperature rather 
than 37°C can also help reduce dye sequestration, although restricting recordings to 
approximately 30 min largely avoids this problem. In addition, while for most appli-
cations, retention of the dye in the cell cytoplasm is desirable, dye sequestration can 
be exploited to assess calcium levels in organelles  [  85–  88  ] . 

  Incomplete AM ester hydrolysis : Residual cytosolic non-hydrolysed Ca 2+  dyes, due 
to insuffi cient intracellular esterase activity or failure to completely remove AM 
ester dyes, can lead to signal artefacts, most notably an apparent decrease in intra-
cellular Ca 2+  response, as AM esters tend to be non-fl uorescent  [  89,   90  ] . In addi-
tion, effi ciency of ester hydrolysis can be highly variable and often depends on the 
cell type; incubation at 37°C generally improves ester hydrolysis but optimal con-
ditions usually have to be determined empirically. In contrast, excessive extracel-
lular ester hydrolysis leads to poor dye loading and as a result poor intracellular 
Ca 2+  signals, while extracellular hydrolysed Ca 2+  probes provide high fl uorescence 
background  [  91  ] . 

  Dye extrusion : Extrusion of hydrolysed intracellular Ca 2+  probes by cellular anion 
transporters results in decreased available dye concentrations and thus, decreased 
signal strength. This problem is not restricted to the AM-loading technique, and can 
be a particular problem in certain cell types. Dye extrusion or leakage can be mini-
mized by incorporation of anion transport inhibitors such as probenecid or sulphin-
pyrazone  [  84  ] . However, these compounds can alter cellular function and should 
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thus be used with caution. Loading cells and measuring fl uorescence a quickly as 
possible, as well as performing experiments at room temperature rather than 37° 
generally also aid in minimising dye extrusion  [  21  ] .   

   FLIPR 

 The FLIPR is a HTS imaging plate reader that has contributed substantially to drug 
discovery efforts and pharmacological characterization of receptors and ion chan-
nels coupled to Ca 2+ . The main advantage of this system is its capability to measure 
fl uorescence emission from 96,384 or 1,536 wells simultaneously with high tempo-
ral resolution. This in turn negates problems associated with conventional Ca 2+  
imaging that arise from uneven dye loading, extrusion, intracellular compartmental-
ization or photobleaching, as loading and imaging conditions are constant across all 
wells. Thus, the FLIPR is well suited for the primary identifi cation of drug leads as 
well as detailed pharmacological characterization of compounds. Because func-
tional responses are measured, pharmacological characterization of full or partial 
agonists as well as competitive and non-competitive antagonists at a range of targets 
can be accomplished using the FLIPR. 

   Excitation Optics 

 The latest generation of HTS platforms in the FLIPR family, the FLIPR TETRA , uses 
up to two sets of customisable LED banks for excitation of the multi-well plates. In 
addition to standard LED bank with excitation wavelengths of 470–495 nm, suitable 
for HTS Ca 2+  using Fluo-4, Fluo-3 or similar fl uorescent Ca 2+  probes, LED banks 
with excitation wavelengths from 360 to 626 nm are now available (Table  3.2 ), fur-
ther increasing the possible complexity of FLIPR assays and the range of fl uores-
cent Ca 2+  probes which can be used at least in principle.   

   Emission Optics 

 The FLIPR TETRA  incorporates an EMCCD cooled charge-coupled device (CCD) 
camera for fl uorescence detection, or optionally an ICCD intensifi ed CCD camera 
capable of luminescence and fl uorescence detection. In addition, to compensate for 
increased light-tightness of the system, an external thermo cube is required to main-
tain adequate camera temperatures. Measurements from an entire plate can be taken 
in as little as 1 s intervals, with up to 800 reads enabling prolonged real-time 
 pre-incubation with antagonists as well as kinetics recordings for even the slowest 
Ca 2+  responses.  
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   Emission Filters 

 In addition to a selection of LED banks, an increasing number of available emission 
fi lters, with wavelengths ranging from 400 to 706 nm (Table  3.2 ), permit selection 
of fl uorescent dyes that are most suitable for individual applications. Up to three 
emission fi lters can be accommodated simultaneously. For Ca 2+  assays using Fluo-
4, the default emission fi lter of 515–575 is most appropriate.  

   Fluidics 

 In order to measure Ca 2+  kinetics in response to stimulation accurately, it is impera-
tive to incorporate a fl uorescence plate reader with sophisticated liquid handling 
system. The FLIPR achieves this through high precision, user-exchangeable 96,384 
or 1,534 pipettor heads which aspirate from 0.5 to 100  m l and simultaneously 
 dispense test compounds, agonists or antagonists to the cell plate. This allows fl uo-
rescent readings to be taken both before and after compound addition. Furthermore, 
the ability to confi gure aspiration and dispense height and speed allows optimiza-
tion of liquid handling to minimize disruption of cell monolayers and addition 
artefacts.  

   Plate Stage 

 Four plate positions accommodate up to three reagent plates containing test com-
pounds, antagonists and agonists as well as one read plate containing cells. 

 As the FLIPR TETRA  is a bottom-reading instrument, use of clear-bottom imaging 
plates is required. The plate stage can be temperature-controlled from ambient up to 
40°C, however, most Ca 2+  assay perform well at ambient temperature.  

   Table 3.2    Available LED 
banks and emission  fi lter sets 
for the FLIPR TETRAplus    

 LED excitation (nm)  Emission fi lters (nm) 

 360–380  400–460 
 390–420  440–480 
 420–455  475–535 
 470–495  515–575 
 495–505  526–586 
 510–545  565–625 
 610–626  646–706 
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   Software and Optional Accessories 

 The FLIPR TETRA  utilized the ScreenWorks software (Molecular Devices), which fea-
tures a drop-and-drag interface that enables easy defi nition of complex multi-step 
protocols. Parameters that can be user-defi ned include fl uorescent or luminescent 
read modes, as well as excitation and emission wavelengths and single wavelength 
or ratiometric read modes. In addition, complex quadrant or multiple aspiration/
dispensing fl uid handling, aspiration and dispensing height and speed, tip washing 
and multiple read protocols can be customized to suit individual needs. To increase 
user-independent operation as well as throughput capacity, the FLIPR TETRA  can in 
addition include a cell dispensing system as well as plate robotics. 

 The following sections describe general methods for FLIPR Ca 2+  assays, incor-
porating practical aspects as well as suggestions for assay optimization to guide the 
reader in the development and optimization of high throughput FLIPR assays for 
ion channels and GPCRs.   

   Materials and Methods 

   Design and Optimization of FLIPR Assays 

 FLIPR assays can be performed on cells either heterologously or endogenously 
expressing ion channels and GPCRs of interest  [  92  ] . While endogenously expressed 
targets may provide more physiologically relevant data owing to co-expression 
appropriate auxiliary subunits, little control over subtypes present or expression 
levels is possible  [  92  ] . In contrast, heterologously expressed ion channels and 
GPCRs allow control of both subtype expression as well as selection of cells with 
appropriate target expression levels, and are thus often the favoured approach 
 particularly for primary identifi cation of novel lead compounds. 

 FLIPR assays are generally possible with both adherent and suspension cell 
lines, though adherent cell lines tend to produce less addition artefacts. Suspension 
cell lines often require use of no-wash kits using extracellular quenchers, while this 
is optional for adherent cell lines. While no-wash kits are considerably more expen-
sive, they also require less time due to omission of washing steps and can improve 
assay performance particularly for poorly adherent cell lines. 

 The most important aspect of a successful FLIPR assay is the quality of cells. 
For adherent cell lines, this optimally requires a 90–95% confl uent monolayer of 
cells. As a rule of thumb, over-confl uent cells tend to produce better assays than 
sub-confl uent or patchy cells, although changes in cell morphology that occur as a 
result of confl uency need to be considered. For example, some cancer cell lines 
differentiate when over-confl uent, and receptor expression can also vary with cell 
confl uency. 
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 It is also important that the cells adhere fi rmly so no disruption of the cell layer 
occurs even with multiple washing steps. If cells can be even partially dislodged 
from their tissue culture fl ask by mechanical means, cell adhesion probably needs 
to be optimized for successful FLIPR assays (Table  3.3 ).  

 Cell adherence can be improved by coating plates with poly-D-lysine (PDL), 
poly-L-lysine (PLL), collagen or similar substances. Adhesion-promoting plates 
such as Cell BIND  (Corning) plates can also help, though improvement appears gener-
ally less dramatic than with coating with PDL. Generally, cells should be plated at 
least 24 h prior to the FLIPR assay, although cell viability and morphology is often 
improved with plating 48 h prior to the assay. 

 As both fl uorescence excitation and emission occur from below the read plate con-
taining cells, selection of appropriate imaging plates is essential. For best performance, 
choose black-walled plates to minimize well-to-well cross-talk, as well as clear bottom 
imaging plates with optimized optics to minimize auto-fl uorescence and light scatter.  

   Agonists 

 In order to design successful FLIPR assays, increases in intracellular Ca 2+  need 
to be elicited by addition of suitable agonists; the choice of agonist is often crucial 
to the success of the assay and will need to be determined carefully. 

 In the case of ligand-gated ion channels or GPCRs, these will generally consist 
of endogenous or exogenous ligands. For example, addition of nicotine or 
 acetylcholine could be utilized to elicit Ca 2+  responses mediated through nicotinic 
acetylcholine receptors (nAChR)  [  92  ] . Similarly, membrane depolarization can be 

   Table 3.3    Optimised cell plating parameters for FLIPR Ca 2+  assays   

 Cell line 
 No of cells/well 
(96-well plate)  Culture time (h)  PDL required? 

 HEK293  30,000–50,000  24  Yes 
 HEK293  10,000–20,000  48  Yes 
 Cos-1  35,000–50,000  24  No 
 Cos-7  35,000–50,000  24  No 
 CHO  35,000–50,000  24  No 
 F11  50,000  24  Yes 
 50B11  100,000  24  No 
 ND7/23  50,000  24  Yes 
 Neuro2A  50,000  24  Yes 
 PC12  50,000  24  Yes 
 SH-SY5Y  120,000–150,000  48  No 
 MDA-MB-231  5,000–7,000  72  No 

  Cell plating densities and incubation times suggested to achieve 90–95% confl uent 
monolayers on the day of the FLIPR experiment based on studies by Vetter et al. 
(unpublished and  [  92  ] ). Cell adherence can be improved by coating plates with PDL 
and is required for some commonly used cell lines  
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induced through addition of KCl in order to activate voltage-gated Ca 2+  channels, 
though in the case of N-type VGCC (Ca 

v
 2.2), addition of extracellular Ca 2+  is 

required to elicit suffi ciently robust responses  [  10  ] . It may also be necessary to co-
express inward rectifi er K +  channels to adequately control membrane potential  [  93  ] , 
or to include allosteric modulators to delay inactivation or enhance signaling, as is 
the case for  a 7 nAChR  [  92  ] .  

   Materials 

    Poly-D-lysine (PDL, Sigma P6407-5 mg, optional)   –
  Sterile water (optional)   –
  384- or 96-well cell/imaging microplates –

   e.g. Corning® 384 Well Flat Clear Bottom Black Polystyrene TC-Treated • 
Microplates Cat No 3712;  
  e.g. Corning® 96 Well Flat Clear Bottom Black Polystyrene TC-Treated • 
Microplates Cat No 3904     

  Reagent microplates –

   e.g. Corning® 384 Well Clear Round Bottom Polypropylene Not Treated • 
Microplate Cat No 3657;  
  e.g. Corning® 96 Well Elisa Plate Clear Round Bottom Polystyrene Not • 
Treated Microplate Cat No 3797     

  Confl uent monolayer of cells (90–95%)   –
  Assay buffer –

   Based on HEPES-buffered Hank’s Balanced Salt Solution  • 
  Ca • 2+ -free or with 1.8–2 mM extracellular Ca 2+   
  Phenol red-free  • 
  e.g. Physiological Salt Solution (PSS): NaCl 140 mM, glucose 11.5 mM, KCl • 
5.9 mM, MgCl 

2
  1.4 mM, NaH 

2
 PO 

4
  1.2 mM, NaHCO 

3
  5 mM, CaCl 

2
  1.8 mM, 

HEPES 10 mM (pH 7.4)     

  Assay-specifi c agonists and antagonists   –
  positive control (optional) –

   e.g. Ionomycin     • 

  Fluo-4-AM (e.g. Invitrogen F-14201) –

   Prepare 5 mM stock solution by dissolving 50  • m g in 9.1  m l DMSO  
   • Alternatively : Calcium 4 assay kit (Molecular Devices R8141)     

  Probenecid (optional)   –
  Pluronic F-127 (optional)   –
  Fatty-acid free bovine serum albumin (BSA, optional)   –
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  FLIPR  – TETRA  tips

   e.g. 384-Well FLIPR • TETRA  Pipet Tips (Molecular Devices 9000-0764)  
  e.g. 96-Well FLIPR • TETRA  Pipet Tips, Black (Molecular Devices 9000-0762)        

   Methods 

   PDL Coating 

     1.    If required (see Table  3.3 ), prepare PDL (e.g. Sigma, P6407-5 mg) by adding 
25 ml s sterile fi ltered water to 5 mg vial of PDL. 
  Optimal PDL concentrations should be determined empirically. For some appli-
cations, cell coating with other adhesion promoters such as poly-L-ornithine 
(PLO), PLL or collagen may be benefi cial   

    2.    Add approximately 40–50  m l of PDL solution/well of a 96-well plate 
  It is possible to use as little as 30  m l of solution/well of a 96 well plate, by coating 
the well through light tapping of the plate   

    3.    Incubate for 1 h at room temperature for plastic bottom plates or 24 h for glass-
bottom plates  

    4.    Remove PDL solution carefully 
  The solution can be re-used up to fi ve times. Some coating may be visible to the 
naked eye when the plate is held against the light, although this seems to be 
batch-dependent   

    5.    Rinse plate at least once with 100  m l of sterile water or sterile PBS 
  This is crucial as cell viability can be severely affected by residual PDL 
solution.   

    6.    Remove residual water or PBS thoroughly 
  If all liquid is removed by pipetting, it is not necessary to further dry the plate. 
Residual liquid can adversely affect cell viability and dilute growth media. It is 
usually best to prepare the plates fresh for each assay       

   Cell Plating 

     7.    If assessing Ca 2+  responses in transiently transfected cells, transfect cells in a 
tissue culture fl ask using standard protocols >48 h prior to FLIPR assay 
  Transfecting in a tissue culture fl ask rather than directly in the imaging plate is 
preferred as this can decrease well-to-well variability. Optimal time for transfec-
tion needs to be determined for each assay.   

    8.    24–48 h prior to the FLIPR assay, split and count cells as usual. 
  Some applications require plating of cells >48 h prior to the FLIPR assay, however, 
generally plating lower densities and increasing culture time leads to increased vari-
ability. Some GPCRs are sensitive to tryptic digest, resulting in decreased responses. 
Enzyme-free dissociation buffer may be used as an alternative.   
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     9.    Prepare cell solution to yield the required number of cells/volume in growth or 
differentiation medium as appropriate (see Table  3.3 ) and plate on imaging 
microplates. 
  Optimal plating volume for 96-well plates is 100  m l and 20–40  m l for 384-well 
plates.   

    10.    Incubate plates for 24–48 h in a 37°/5% CO2 incubator 
  Optimal cell plating densities and incubation times should be determined for 
each assay. See Table   3.3   as a guide.       

   Reagent Plate Preparation 

     11.    Prepare ligand solutions for reagent plate 1 
  The test compounds will be dispensed into the cell imaging plate containing 
100  m l (96-well plate) or 20  m l (384-well plate) assay buffer. The FLIPR   TETRA   
 pipettor heads can add 5–200  m l (96-well pipettor) or 1–25  m l (384-well 
pipettor). The optimum volume to produce rapid mixing of solutions while mini-
mising disruptions to the cell monolayer needs to be determined for each appli-
cation. A good starting point for assays in 96-well format are 50  m l additions 
and 10  m l additions for 384-well plates.  

  It is important to remember that addition of reagents to wells containing 
assay buffer will dilute the fi nal reagent concentration. Therefore, reagents 
need to be prepared as appropriately concentrated stock solutions to achieve 
the desired fi nal well concentration after addition, e.g. for addition of 50  m l 
reagent 1 to the cell plate containing 100  m l assay buffer, the reagent needs to 
be prepared as a 3× concentrated solution.   

    12.    Prepare ligand solutions for reagent plate 2 (optional) 
  Reagents for a second addition need to be prepared as appropriately concen-
trated stock solutions to yield the desired fi nal well concentration.  

  e.g. for addition of 50  m l reagent 2 to the cell plate now containing 150  m l, 
reagent 2 needs to be added as a 4× concentrated solution, containing 1× 
reagent 1 as appropriate.   

    13.    Prepare ligand solutions for reagent plate 3 (optional) 
  Reagents for a third addition need to be prepared as appropriately concen-
trated stock solutions to yield the desired fi nal well concentration.  

  e.g. for addition of 50  m l reagent 3 to the cell plate now containing 200  m l, 
reagent 3 needs to be added as a 5× concentrated solution, containing 1× 
reagent 1 and 1× reagent 2 as appropriate.   

    14.    Pipette ligands in appropriate wells of reagent plates 
  Inclusion of appropriate negative (i.e. buffer), solvent and positive (i.e. endog-
enous ligand or Ca   2+    ionophores like ionomycin) controls is essential.  

  While in principle the dead volume for aspiration, particularly if using U- or 
V-shaped reagent plates, is nil because the FLIPR   TETRA    pipettor tracks down 
while aspirating, it is generally advisable to pipette some excess (i.e. 55–60  m l) 
reagent into the reagent plate to avoid air aspiration.  
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  As preparation of the reagent plates can take considerable time, it is gener-
ally advisable to complete reagent plate preparation prior to commencing dye 
loading.   

    15.    Place reagent plates and pipette tips in appropriate positions in FLIPR TETRA       

   Dye Preparation 

     16.    Prepare Fluo-4 AM (e.g. Invitrogen F14202 or F14201) by adding suffi cient 
DMSO to produce a 5 mM stock solution 

  Dye solution is best prepared as a 1,000 × stock solution in DMSO. While 
the usual range of dye concentration is between 1 and 10  m M, for most applica-
tions, fi nal dye concentrations of 4–5  m M are optimal.   

    17.    Aliquot in 20  m l aliquots and store, wrapped in foil, at −20°C 
  It is best to aliquot dye stocks to avoid repeated freeze-thaw cycles. 

Fluorescent Ca   2+    dyes are poorly water soluble and can form particulates 
which are prone to compartmentalization. However, if proper care is taken, dye 
stock solutions can be re-used at least three times.   

    18.    Dilute Fluo-4-AM stock 1:1,000 in assay buffer to result in a 5  m M loading 
solution 

  Addition of 0.3% fatty-acid free BSA to the loading solution can improve dye 
dissolution and reduce compartmentalization, although this is not essential.  

  Pluronic F-127 is a detergent that has been used to enhance dye solubility. 
However, addition of Pluronic F-127, due to its detergent nature, can adversely 
affect cell viability. Thus, while Pluronic F-127 is required for larger sodium 
dyes such as CoroNa Green or Sodium Green, fl uorescent Ca   2+    probes such as 
Fluo-3 or Fluo-4 do not usually require addition of Pluronic F-127.  

  Similarly, for the majority of applications, addition of probenecid to block 
dye effl ux is not usually required. However, probenecid (0.5–5 mM) can improve 
loading in leaky cells such as PC12 or Neuro2A cells and if required should be 
added at this stage. Where possible, use of probenecid should be avoided as it 
may have unknown off-target effects and has been reported to affect cellular 
Ca   2+    signaling   [  94  ]  .  

  Dye solution is best prepared fresh, although it can also be prepared several 
hours in advance and stored at room temperature wrapped in aluminium foil.       

   Loading Cells with Dye 

  Dye loading should optimally be carried out under low light conditions, that is, with 
dimmed lights, although loading under light, if light exposure is minimized, does not 
appear to produce detrimental results. All incubation steps should be performed 
with the plate wrapped in foil and protected from light, as the dyes are light-
sensitive and will photobleach. 
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    19.    Remove culture media carefully 
  Media can be removed initially by fl icking the cell plate. If cell plates have been 
prepared appropriately, this should not adversely affect the cell monolayer.  

  It is important to completely remove culture media, as residual serum can 
lead to extracellular dye hydrolysis and thus poor loading. It is generally pref-
erable to use an electronic multichannel pipette with adjustable speed setting to 
aspirate residual culture media at a low speed setting. In addition, positioning 
of pipette tips in the corner of the well avoids physical disruption of the cells 
and maintains a uniform cell monolayer.  

  If culture medium is aspirated thoroughly in this manner, no additional 
washing of cells is required at this stage.   

    20.    Slowly dispense loading solution onto cell monolayer. 
  Ideally the plate is tilted, and an electronic pipette with adjustable speed setting 
at a low dispense speed is used. A volume of 40–50  m l /well of a 96-well plate 
is generally suffi cient and will save costs by reducing the required amount of 
dye solution.  

  If using no-wash dyes, add the required fi nal volume of dye, i.e. 100  m l for 
96-well plates or 20  m l for 384-well plates.  

  Dye loading of suspension cells essentially occurs as for adherent cells, 
except that incubation and washing steps occur with bulk cells in suspension 
and plating of dye-loaded cells is the fi nal step.   

    21.    Incubate cells to allow uptake and de-esterifi cation of dye. 
  Generally, incubation at 37°C for 30 min is suffi cient for most cell types and a 
good starting point. Longer incubation times tend to increase dye sequestration 
into intracellular compartments, while shorter incubation times are not suffi -
cient to achieve dye uptake and de-esterifi cation. Incubation at room tempera-
ture can decrease dye sequestration but may require slightly longer incubation 
times, and can, depending on the cell type, compromise viability.  

  For suspension cells, after harvesting of cells, they are incubated for 30 min 
at 37 °C  with fl uorescent Ca   2+    dyes as for adherent cells.   

    22.    Remove loading medium by fl icking the plate and/or aspirating. 
  (If using no-wash dyes, this step is omitted).  

  It is important to completely dry the well, as residual dye solution will com-
promise washing and introduce artefacts due to residual extracellular dye.  

  For suspension cells, loading solution is removed by centrifugation at 500–
800 g for 3–5 min.   

    23.    Wash cells with assay buffer. 
  (If using no-wash dyes, this step is omitted.)  

  It is important to maintain integrity of the cell monolayer at this stage. 
Dispense 50–100  m l assay buffer at low speed setting into the well, holding the 
plate at an angle and positioning the pipette tips in the corner of the well.  

  This wash step can be repeated if desired. Washing twice will generally pro-
duce the best results and less addition artefacts due to residual extracellular 
dye. However, a single wash can be suffi cient particularly if the cell monolayer 
is prone to dislodging.  
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  For suspension cells, after centrifugation, cells are resuspended in  dye-free 
assay buffer and again harvested by centrifugation at 500–800 g for 
3–5 min.   

    24.    Remove assay buffer and thoroughly dry the wells by aspirating residual buffer 
at slow speed. 
  (If using no-wash dyes, this step is omitted.)   

    25.    Dispense the fi nal volume of assay buffer 
  (If using no-wash dyes, this step is omitted.)  

  For 96-well plates, use 100  m l of assay buffer, or 20  m l for 384-well plates. 
It is important to maintain the integrity of the cell monolayer at this stage, so 
ideally use an electronic pipette with adjustable speed setting on a low setting 
and avoid physical disruption of the cell monolayer by holding the plate at an 
angle and positioning the pipette tips in the corner of the well.  

  For suspension cells, after the fi nal wash, cells are harvested by centrifuga-
tion at 500–800 g for 3–5 min and resuspended in an appropriate amount of 
assay buffer for plating on the read plate. As a fi nal step, the read plate is cen-
trifuged to collect cells at the bottom of the well.   

    26.    Transfer the cell plate to the FLIPR TETRA  read position.      

   Assay on FLIPR TETRA  (Table  3.4 )    

     27.    Setup  Read mode  to excitation 470–495 nm and emission to 515–575 nm 
  These settings are used for fl uorescent Ca   2+    probes like Fluo-3, Fluo-4 or 
Calcium Green. If using alternative dyes, excitation and emission wavelengths 
should be varied accordingly. It is also possible to defi ne ratiometric imaging 
at this stage but selecting Read Mode 2 and defi ning appropriate excitation and 
emission wavelengths.  

  See Table   3.4   for a typical FLIPR protocol setup for 384 well plate with 
single addition.   

    28.    Assign Plate to Position 
  It is necessary to defi ne the precise dimensions of cell and reagent plates used 
to allow correct positioning of the pipettor head.   

    29.    Defi ne  Fluid Transfer  protocol as Single aspirate – Single dispense 
  For most applications, Single aspirate – Single dispense mode will be optimal 
as it allows detection of both agonism and antagonism in the same experiment. 
This usually involves addition of antagonists from reagent plate 1, followed by 
addition of agonists from reagent plate 2. For adherent cells, faster addition 
provides better mixing and is preferred, while fl uid addition speeds may need to 
be decreased for suspension cells or poorly adherent cells to avoid disruption 
of the cell monolayer. As a guide, for adherent cells, dispensing the entire 
reagent volume in 1 s provides suffi cient mixing while minimising addition 
artefacts.  

  Other options include ‘Single aspirate – Multiple dispense’, which allows 
 dispensing in quadrants e.g. using a 96-well pipettor head can dispense into a 
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   Table 3.4    Typical FLIPR protocol setup for 384 well plate with single addition using 
adherent cells   

 FLIPR parameter  Settings 

  Read mode  
 Excitation wavelength  Excitation 470–495 nm 
 Emission wavelength  Emission 515–575 nm 
 Gain  Defi ned during protocol signal test 
 Exposure time  Defi ned during protocol signal test 
 Excitation intensity  Defi ned during protocol signal test 
 Gate open  0% or N/A 

  Assign plate to position  
 Read plate  Corning 
 Source plate 1  Corning 
 Source plate 2  NONE 
 Source plate 3  N/A 
 Load tips position  Ticked 

  Data fi le name  
 Include data  Ticked 
 User defi ned name   The name of your experiment  

  Temperature control  
 Use manual  Ticked 

  Transfer Fluid  
 Transfer fl uid type  Single aspirate – single dispense 
  Aspirate   Source plate 1 
 Volume  10  m l 
 Height  Default 4.6  m l 
 Speed  10  m l/s 
 Tip up speed  20 mm/s 
 Hold volume  0  m l 
 Quadrant  NONE 
 Done  NO 
 Fill Res speed  N/A 
 Drain Res Dest  N/A 
 Drain Res speed  N/A 
 Put tips in well before read  Not ticked 
 Mix fl uid before aspirate  Not ticked 
  Dispense   Ticked 
 Plate  Read plate 
 Volume  10  m l 
 Height  19  m l 
 Speed  10  m l/s 
 Expel volume  0  m l 
 Pause(s)  0 
 Removal speed  20 mm/s 
 Quadrant  None 
 Hold pipettor  No 
 Mix fl uid after dispense  Not ticked 

(continued)
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384-well plate using this setting. The “  Multiple aspirate – single dispense” 
 setting allows simultaneous addition of agonist and antagonists prepared in 
separate reagent plates (see Section:    ‘Applications’   )   

    30.    Defi ne  Read with TF  settings 
  In this section, the number of baseline reads, the read interval (fastest 1 s), as 
well as the total number of reads are defi ned. It is possible to divide the read 
time into two intervals, providing more fl exibility.  

  In addition, the option to save plate images is available, which is very useful 
to assess the integrity of the cell monolayer during the experiment.   

    31.    Protocol signal test 
  A protocol test signal needs to be determined in order to adjust excitation inten-
sity and camera gain to achieve satisfactory basal fl uorescence levels. Baseline 
starting fl uorescence should ideally be ~1,000 RFU, with StDev < 5%. Using 
the cell plating and loading conditions given here, an exposure time of 0.8 s, 
excitation intensity of 80% and gain of approximately 150 will produce good 
signal. Checking the plate image at this stage helps to identify uneven cell plat-
ing, loading, or disruption to the cell monolayer.   

    32.    Data analysis 
  ScreenWorks can be used for data analysis, although currently the software 
does not convert raw fl uorescence to  D  F/F values. It is, however, possible to 
defi ne pre-addition baselines, with data reported as response over baseline 
 values. Another useful analysis feature is the negative control correction option, 
which allows correction for buffer addition artefacts. While it is also possible 
to defi ne addition groups and plot concentration-response graphs, many users 
fi nd it more practical to export the data and analyse using standard data analy-
sis software.         

Table 3.4 (continued)

 FLIPR parameter  Settings 

 Unload tips after fl uid transfer  Not ticked 

  Read with TF  
  First interval  
 Read time interval (s)  1 
 Number of reads before dispense  10 
 Number of reads after dispense  180 
 (total number of reads)  190 
 Save images  Ticked 
 Number of images before dispense  1 
 Number of images after dispense  19 
  Second interval  
 Read time interval (s)  1 
 Number of reads  0 
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   Applications 

 The kinetics of Ca 2+  responses measured using the FLIPR result from a combination 
of the binding rate constants of the Ca 2+  dye, the binding kinetics of agonists and 
antagonists used, the rate of inactivation or desensitization of receptors and ion 
channels as well as extrusion and sequestration of Ca 2+  by pumps such as PMCA or 
SERCA  [  95,   96  ] . Nonetheless, Ca 2+  kinetics obtained with the FLIPR can provide 
valuable information. Activation of IP3 receptors result in Ca 2+  kinetics that are 
often quite distinct from those of voltage- or ligand ion channels. GPCR activation 
leads to relatively slow, concentration-dependent increases in intracellular Ca 2+ , 
which peak approximately 5–20 s after ligand addition and return to baseline within 
~100–180 s. In contrast, ion channels often display extremely rapid increases in 
Ca 2+ , which, depending on the desensitization kinetics of the channel as well as the 
Ca 2+  load, may or may not return to baseline (see Fig.  3.2 ,  3.4  and  3.5 ).  

 FLIPR Ca 2+  assays can be used for drug screening or the primary identifi cation 
of novel drug leads, as well as for detailed pharmacological characterization of 
known or novel agonists and antagonists. However, while the most commonly used 
protocol involves addition of antagonists fi rst, followed by addition of agonists, this 
setup can lead to ambiguous pharmacological profi les due to the kinetics of receptor 
binding and the Ca 2+  response. As an example, pre-incubation for a short period with 
the competitive  a 1B adrenoreceptor antagonist prazosin, followed by stimulation 
with noradrenaline, leads to a pseudo-noncompetitive profi le (Fig.  3.3a  and  b ). In 
the presence of increasing concentrations of prazosin, the noradrenaline concentra-
tion-response curve is not shifted to the right, as could be expected for a competitive 

  Fig. 3.2     Ca   2+    response elicited by noradrenaline in Cos-1 cells transiently expressing the  a 1B 
adrenoreceptor . Ca 2+  responses were monitored using the FLIPR TETRA  in Cos-1 cells transiently 
transfected with the hamster  a 1B adrenoreceptors. Increases in intracellular Ca 2+  in response to 
addition of 1  m M noradrenaline peaked 5–10 s after stimulation and returned to near-baseline lev-
els over approximately 100 s. Shown is a representative Ca 2+  response to addition of 1  m M nora-
drenaline. Data are presented as mean  D  F/F ± SEM of  n  = 3 wells       
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antagonist like prazosin. Instead, the maximal responses are decreased in a manner 
typical for non-competitive antagonists. This seeming discrepancy arises from the 
fact that the Ca 2+  response occurs before the receptor occupancy can achieve equi-
librium, thus leading to pseudo-noncompetitive inhibition at non-equilibrium state 
 [  97,   98  ] . In contrast, when prazosin and noradrenaline are applied at the same time, 

  Fig. 3.3     Pharmacological profi les of  a 1B adrenoreceptor inhibition by prazosin using pre-
incubation and co-addition FLIPR protocols . Ca 2+  responses to increasing concentrations of 
noradrenaline were measured in Cos-1 cells transiently expressing the  a 1B adrenoreceptor using 
the FLIPR TETRA . ( a ) Pre-incubation for a 5 min with the competitive  a 1B adrenoreceptor antagonist 
prazosin, followed by stimulation with noradrenaline, leads to a pseudo-noncompetitive profi le 
with decreased maximal Ca 2+  responses in the presence of prazosin. ( b ) Co-addition of prazosin 
and noradrenaline at the same time results in a rightward shift of the noradrenaline concentration-
response curve as expected for a competitive antagonist like prazosin       
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a classical rightward shift for competitive antagonism is observed. Thus, when using 
FLIPR Ca 2+  assays for pharmacological characterization of  compounds, the possi-
bility of complex pharmacological behaviour based on Ca 2+  and binding kinetics 
should be considered carefully.   

  Fig. 3.4     Ca   2+    response elicited by SLIGRL in HEK293 cells endogenously expressing PAR2 . 
Ca 2+  responses to addition of the PAR2 agonist SLIGR (1  m M) were measured in HEK-293 cells 
endogenously expressing PAR2 receptors using the FLIPR TETRA . SLIGRL elicited transient 
increases in intracellular Ca 2+  which initially peaked approximately 10 s after compound addition 
and elicited prolonged Ca 2+  oscillations. Shown is a representative Ca 2+  response to addition of 1 
 m M SLIGRL. Data are presented as mean response over baseline ± SEM of  n  = 3 wells       

  Fig. 3.5     The  a 7 nAChR agonist choline elicits Ca   2+    responses in SH-SY5Y cells in the pres-
ence of the  a 7 nAChR allosteric modulator PNU120596 . In the presence of the  a 7 nAChR 
allosteric modulator PNU120596, addition of choline elicited large, rapid increases in intracellular 
Ca 2+  that were sustained, with Ca 2+  not returning to baseline levels even after 300 s. Shown is a 
representative Ca 2+  response to addition of 30  m M choline. Data are presented as mean RFU ± SEM 
of  n  = 3 wells       
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   Examples 

    a 1B Adrenoreceptor Transiently Expressed in Cos-1 Cells 
(Figs.   3.2   and   3.3  ) 

   Transfection 

 Cos-1 cells were transfected with the hamster  a 1B adrenoreceptors in a T75 tissue 
culture fl ask using Fugene. In brief, 18  m g of DNA were mixed with 50  m l Fugene 
and added to 900  m l OptiMEM serum-free medium. After 20 min incubation at 
room temperature, the DNA/Fugene mix was added to the cell fl ask containing 
10 ml s of normal growth media (DMEM + 10% FCS) and incubated in a 37°/5% 
CO2 incubator for 24 h.  

   Cell Plating 

 Transfected cells were harvested, plated at a density of 15,000 cells/well on un-
coated 384-well imaging plates and incubated in a 37°/5% CO2 incubator for 
24 h.  

   Dye Loading 

 Calcium 4 assay kit solution (1×) was prepared as recommended by the manufac-
turer. Growth media was removed and cells were incubated with 20  m l of dye solu-
tion for 30 min at 37°.  

   FLIPR Assay 

 After transfer of the cell plate to the read position of the FLIPR TETRA , Cos-1 cells 
expressing the  a 1B adrenoreceptor were exposed to varying concentration of pra-
zosin for 300 s prior to stimulation with noradrenaline (pre-incubation protocol). 
For co-administration of compounds, prazosin and noradrenaline were added to 
the cells simultaneously by using the multiple aspirate – single dispense 
function.  

   Data Analysis 

 Raw fl uorescence values were converted to  D  F/F by subtracting baseline fl uores-
cence values from subsequent fl uorescence reads and dividing the resulting value by 
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baseline fl uorescence. To establish concentration-response curves, the maximum 
increase in  D  F/F after addition of agonist was plotted against agonist concentration 
using GraphPad Prism Version 4.01 and a 4-parameter Hill equation was fi tted to 
the data.   

   PAR2 Endogenously Expressed in HEK293 Cells (Fig.   3.4  )    

   Cell Plating 

 HEK293 cells were plated at a density of 50,000 cells/well on PDL-coated, black-
walled 96-well imaging plates and incubated in a 37°/5% CO2 incubator for 24 h.  

   Dye Loading 

 Fluo-4-AM (Invitrogen) was prepared as a 5 mM stock solution in DMSO and 
diluted to fi nal concentration of 5  m M in PSS containing 0.3% BSA. Cells were 
incubated with 45  m l of the loading solution in a 37°/5% CO2 incubator for 30 min. 
After removal of dye solution, cells were washed twice with PSS prior to addition 
of 100  m l PSS/well and transfer to the FLIPR TETRA .  

   FLIPR Assay 

 HEK293 cells endogenously expressing PAR2 were stimulated by addition of 50  m l 
SLIGR prepared as a 3 × concentrated stock solution in PSS.  

   Data Analysis 

 Raw fl uorescence values were converted to response over baseline values using the 
analysis tool of ScreenWorks 3.1 by subtracting baseline reads (read 1–10) from 
subsequent fl uorescent reads.   

    a  7 nAChR Endogenously Expressed in SH-SY5Y Cells (Fig   3.5  )    

   Cell Plating 

 SH-SY5Y cells were plated at a density of 50,000 cells/well on uncoated, black-
walled 384-well imaging plates and incubated in a 37°/5% CO2 incubator for 48 h.  
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   Dye Loading 

 Fluo-4-AM (Invitrogen) was prepared as a 5 mM stock solution in DMSO and 
diluted to a fi nal concentration of 5  m M in PSS containing 0.3% BSA. Cells were 
incubated with 20  m l of the loading solution in a 37°/5% CO2 incubator for 30 min 
and washed once with PSS to remove extracellular dye. PSS (20  m l) containing 
10  m M of the allosteric modulator PNU120596 was then added to each well and the 
plate was transferred to the FLIPR TETRA .  

   FLIPR Assay 

 SH-SY5Y cells endogenously expressing  a 7 nAChR were stimulated with 30  m M 
choline in the presence of PNU120596 (10  m M). Choline was prepared as a 3 × con-
centrated stock solution in PSS containing 10  m M PNU120596, added to the cells in 
a volume of 10  m l and responses were measured for 300 s after 10 baseline reads.  

   Data Analysis 

 Data is presented as raw fl uorescence values with n = 3 wells.        
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  Abstract   The calcium ion is a fundamental second messenger that plays crucial 
roles in the pathophysiology of brain cells. In this chapter, we will focus on the 
measurement of calcium fl uctuations as a reporter of cellular excitability of both 
neurons and glial cells in the intact central nervous system. We will fi rst describe the 
methodological aspects of  in vivo  two-photon fl uorescence calcium imaging and 
then review recent data highlighting the ways in which this technique is revolution-
izing our understanding of brain circuits at the cellular level. Finally, we will discuss 
recent technical advancements that promise to open new horizons in the optical 
investigation of brain function in awake, behaving animals.  

  Keywords   Calcium imaging  •  Calcium indicators  •  Non-linear microscopy  
•  Fluorescence microscopy  •   In vivo   •  Cortex  •  Neuronal networks  •  Cortical 
 microcircuits  •  Glia  •  Astrocytes      

   Introduction 

 Although electrophysiology has long been the preferred method for studying the 
central nervous system, the use of fl uorescent indicators in combination with 
 two-photon microscopy is now recognized as an equally fundamental tool for brain 
circuit analysis  in vivo . The development of fl uorescent calcium indicators  [  1,   2  ]  not 
only revealed the importance and complexity of the biochemical pathways that are 
controlled by this second messenger but also allowed the monitoring of the activity 
of different brain cells. For example, in neurons, the depolarization that underlies an 
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action potential opens voltage-gated calcium channels, leading to signifi cant 
calcium accumulation in the intracellular space  [  3–  5  ] . The intracellular calcium 
concentration can thus be used as an indirect measure of the suprathreshold activity 
of neurons. Moreover, fl uorescence calcium imaging is useful for investigating the 
activity of non-neuronal cells, in particular astrocytes, which are a sub-type of glial 
cell  [  6,   7  ] . Primarily due to their non-electrically excitable nature, astrocytes have 
long been regarded as merely supporting elements in the brain. However, recent 
studies are changing this traditional view and demonstrating that astrocytes do 
exhibit a form of excitability that is based on oscillations in the cell’s intracellular 
calcium concentration  [  8–  10  ] . Thus, by using a combination of two-photon micros-
copy and calcium imaging it is now possible to monitor the excitability of both 
neurons and glia in the intact central nervous system. 

 The value of this optical approach in studying the functional properties of cel-
lular networks is not diffi cult to appreciate. Because the interactions between differ-
ent cells generate the complex ensemble dynamics that are believed to form the 
basis of higher brain functions, preserving the structure and function of the network 
circuitry is of paramount importance. Because light penetrates the tissue without 
causing mechanical disturbances, fl uorescence calcium imaging allows one to 
investigate the function of brain cells and their interactions with the external world 
with minimal invasiveness. From this point of view, imaging confers distinct advan-
tages over electrophysiology. Furthermore,  in vivo  fl uorescence microscopy allows 
the simultaneous visualization of the function and structure of hundreds of cells 
with single-cell resolution  [  11,   12  ] , which is not possible with current electrophysi-
ological approaches. 

 In this chapter, we will fi rst describe the principles of fl uorescence microscopy 
using two-photon excitation and briefl y review the molecules that are most com-
monly used as  in vivo  fl uorescent calcium indicators. We will then discuss recent 
results that have been obtained with this technique, focusing on studies of the 
ensemble dynamics of neuronal and glial networks, primarily in intact mammalian 
sensory cortices.  

   Two-Photon Microscopy for  In Vivo  Fluorescence Imaging 

 From an optical point of view, recording fl uorescent signals that are generated deep 
within the brain is not a trivial task. The presence of many molecules and compart-
ments with different optical properties renders the brain optically non-homogeneous 
with large variations in its refractive index  [  13  ] . These differences in optical homo-
geneity cause the defl ection of light rays from their original path in a phenomenon 
termed scattering. Light scattering plays a fundamental role in the progressive deg-
radation of fl uorescence imaging at increasing depths below the brain surface, which 
renders the signal generally impossible to detect in regions deeper than 1 mm  [  13  ] . 
Most importantly, light scattering is inversely related to the wavelength of the light 
that is used; thus, blue-shifted light (of a shorter wavelength) is highly scattered, 
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whereas red-shifted light (of a longer wavelength) is scattered to a lesser extent. 
The success of two-photon microscopy in  in vivo  fl uorescence imaging relies heav-
ily on using infrared-shifted light to signifi cantly decrease light scattering when 
compared to imaging using the  visible wavelength range  [  13–  17  ] . This approach 
permits the detection of fl uorescent signals from deeper (up to 900–1,000  m m) 
regions of the brain  [  18  ]  compared to imaging using single-photon excitation (up to 
50–100  m m) while providing suffi cient spatial resolution to monitor cellular and 
subcellular structures  [  13,   19–  21  ] . 

 Two-photon excitation requires the near-simultaneous (0.5 × 10 -15  s) absorption 
of two photons in order for their energy to effi ciently sum, thereby causing the tran-
sition of an electron to an excited state (Fig.  4.1a ). Given that the probability of 
absorption is quadratic  [  13  ] , the high probability of excitation is constrained to a 
small, three-dimensional volume at the objective focus (Fig.  4.1b ). The intrinsic 
spatial confi nement of two-photon excitation overcomes the limitations of the 
 single-photon approach, which causes signifi cant fl uorescence excitation in the out-
of-focus planes as well (Fig.  4.1b ). Because two-photon excitation is spatially con-
fi ned, all emitted photons that are collected by the microscope objective can be 
directly defl ected by a dichroic mirror to the photo-detector. This optical confi gura-
tion, named non-descanned mode, leads to a net increase in the signal-to-noise ratio 
of the fl uorescent signal  [  13  ] . Moreover, the intrinsic “confocal nature” of two-
photon excitation prevents phototoxicity and photobleaching in out-of-focus planes, 
which can cause signifi cant deterioration of the sample as occurs during single-
photon imaging  [  17  ] . However, effi cient two-photon excitation requires a high tem-
poral density of photons at the focal plane. This is obtained by using mode-locked 
laser sources that emit ultrashort (~140 fs duration) pulses with a large peak power 
and a fast (~80 MHz) repetition rate. Typical two-photon sources include Ti:sapphire 
lasers, which can be tuned over a relatively large spectral range (700–1,100 nm). 
Although the peak power that is reached during a single ultrashort pulse is high, the 
average power is low, which limits the photo-damaging effects at the focal plane.  

 The basic design of a two-photon microscope is shown in Fig.  4.1c   [  13,   17,   22  ] . 
The laser beam is directed onto a fast defl ection system which is usually based on 
galvanometric mirrors  [  14,   22  ]  or acousto-optic devices  [  23,   24  ]  that allows image 
formation through the sequential illumination of the fi eld of view. A beam expander 
composed by the scan and the tube lens, positioned in the optical path before the 
objective, matches the dimension of the laser beam with that of the back-aperture 
of the objective. To compensate for the progressive loss of power at increasing 
depths below the surface of the brain, an intensity modulator that is based on 
acousto-optic or electro-optic effects can be inserted downstream of the laser 
source (Pockels cell; see Fig.  4.1c ). Because of the strong light absorbing proper-
ties of the tissue and the fact that two-photon microscopy is usually (but not 
always) used in  in vivo  applications, the preferred confi guration for detecting the 
emitted fl uorescence is the episcopic mode. In this confi guration, a single objec-
tive is used to both deliver the excitation light and collect the emitted photons. The 
maximum signal-to-noise ratio is achieved by using a high numerical aperture and 
low-magnifi cation objective combined with a detection strategy that is based on 
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photo-conversion devices (e.g., avalanche photodiodes or photomultiplier tubes) 
in the non-descanned confi guration.  

   Fluorescent Calcium Indicators 

 Fluorescent calcium dyes are calcium-binding molecules that change their fl uores-
cent properties upon binding calcium. There are two broad classes of indicators, 
chemically engineered and genetically encoded molecules. Chemically engineered 
indicators can be used to measure calcium over a wide concentration range  [  25–  27  ] ; 
in general, these indicators are relatively easy to use and load into the cells  in vivo  
(see below). In contrast, genetically encoded sensors require the coding DNA to be 
inserted into the cells by methods that include electroporation, virus injection and 
the generation of a transgenic animal. 

 Synthetic calcium indicators were developed by Roger Tsien and coworkers 
about 30 years ago  [  1,   2  ]  and currently comprise a large family of molecules with 
high dynamic ranges, various affi nities and fast binding dynamics  [  28  ] . Because 
they were originally developed for single-photon excitation, many fl uorophores are 
less suited to two-photon illumination  [  17  ] . Nonetheless, some (e.g. Fluo-4 and 
Oregon Green BAPTA) have suffi cient two-photon cross sections and are largely 
used in imaging experiments  in vivo   [  11,   29,   30  ] . An advantage of two-photon illu-
mination is that the excitation spectra are usually broader than with single-photon 
excitation; thus, a single wavelength can excite two different dyes, the fl uorescent 
signals of which are then separated by a dichroic mirror in the emission path  [  31  ] . 

 Indicators can be made in either a hydrophilic or hydrophobic form, with the lat-
ter being created by binding an acetoxymethyl (AM) group to the hydrophilic form 
with an ester bond.  In vivo , the AM form can be loaded into many cells using a bulk 
loading approach  [  11,   31  ]  (see Fig.  4.2a–c ). A glass pipette containing the AM indi-
cator is lowered into the cortex, and upon reaching the desired depth, a pressure 
pulse is applied inside the pipette to eject the indicator into the extracellular space. 
Because the AM form of the indicator permeates lipid membranes, the indicator 
enters cells that are in the vicinity of the injection site. Once in the cytoplasm, the 
ester bond is cleaved by the activity of intracellular esterases, and the hydrophobic 
indicator becomes hydrophilic and trapped within the cell. As a result, the intracel-
lular concentration of the dye becomes higher than that of the injected solution  [  31  ] . 
However, a limitation of this approach is that all of the cells near the injection site 
(neurons, interneurons and glia) are labeled, and thus it becomes diffi cult to differ-
entiate the responses of various cell types. This problem has been partly circum-
vented by the use of sulforhodamine 101 (SR101), a fl uorescent dye that selectively 
stains astrocytes  [  32  ] . It should be noted, however, that sulforhodamine has recently 
been reported to affect synaptic plasticity  [  33  ] , and thus should be used cautiously. 
Another effi cient strategy for cell identifi cation is the use of the bulk loading 
approach in combination with genetically modifi ed mice expressing a fl uorescent 
reporter in specifi c subclasses of cells. If a mouse line carrying a red-emitting 
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reporter is available, Fluo-4 and Oregon Green BAPTA are the indicators of choice. 
If, in contrast, mice with a green-emitting reporter (e.g. GFP) are used, functional 
imaging can be performed with a red-shifted calcium indicator as for example, 
Fura-2 or Rhod-2  [  34  ] . As an alternative, by analyzing the green and orange 
 components of the emitted fl uorescence it is also possible to use GFP in combina-
tion with green-emitting dyes as, for example, Oregon Green BAPTA  [  35  ] . In con-
trast to using a bulk loading approach, the AM dye can be applied to the surface of 
the cortex, where it will enter superfi cial cells and then spread via the astrocytic 
syncytium to deeper layers  [  30,   32  ] , resulting in the selective labeling of astroglial 
cells (Fig.  4.2d–f ).  

 The hydrophilic version of an indicator is usually loaded into individual cells 
using an intracellular  [  36  ]  or patch-clamp electrode  [  37  ]  or through local electropo-
ration  [  38,   39  ] . As discussed in the introduction, synthetic calcium indicators can be 
used to record the suprathreshold activity of neuronal cells. For superfi cial cortical 
neurons, which generally fi re at a low frequency  [  40  ] , a one-to-one relationship 
between the fl uorescent signal and neuronal action potentials has been demonstrated 
using combined optical and electrophysiological recordings  [  23,   29,   41–  43  ] . 

 The Tsien laboratory also developed the genetically encoded group of calcium 
indicators  [  44,   45  ] , which (compared to synthetic dyes) have the signifi cant advan-
tage of being targeted to either specifi c cells in the brain or specifi c subcellular 
compartments  [  46  ] , thus facilitating the identifi cation of the cellular source of the 
signal. Moreover, since their expression is stable, functional imaging of calcium 
signals over extended periods of time (from weeks to months) is possible  [  47  ] . 
Nonetheless, the methods for delivering the DNA that codes for these indicators 
present some disadvantages. First, injecting viral particles is invasive and can cause 
infl ammation in the surrounding tissue. Moreover,  in utero  electroporation targets 
only certain regions and cell types. Lastly, generating a transgenic animal is time-
consuming and maybe unsuccessful because of low expression levels of the 
transgene. 

 Genetically encoded calcium indicators are generally chimeric proteins com-
prised of a calcium-binding protein (for example, calmodulin in the case of YC3.6 
and D3CPV or Troponin-C in the case of TN-XXL) that is fused to a spectral variant 
of the Green Fluorescent Protein (GFP). The resulting protein is engineered either 
in tandem confi guration for Förster Resonance Energy Transfer (FRET) or as a 
single-molecule fl uorophore molecule. FRET-based indicators  [  45,   48,   49  ] , for 
example members of the Chameleon family, rely on the increase in resonance 
 effi ciency between donor and acceptor fl uorescent moieties that is induced by a 
conformational change in the indicator that occurs upon a calcium binding event. 
This approach allows ratiometric measures, thus minimizing signal fl uctuations that 
can arise from either a change in pH or movement artifacts such as breathing and 
heart beating. Single-fl uorophore indicators  [  50,   51  ] , for example members of the 
Camgaroo family, exhibit stronger changes in fl uorescence than FRET-based dyes 
in terms of both brightness and signal-to-noise ratio but generally display slow 
kinetics  [  52  ] . 
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 Although genetic sensors generally have a decreased signal-to-noise ratio and 
slower kinetics compared to synthetic indicators  [  52  ] , some of these indicators can 
detect individual action potentials  [  53  ] .  

   Spatial and Temporal Mapping of Neuronal Network 
Activity at Single-Cell Resolution 

 The capability of two-photon calcium imaging to detect the activity of individual 
cells (see above) coupled with the possibility to simultaneously monitor hundreds 
of cells offer researchers the opportunity to map neuronal activity in the intact brain 
at unprecedented spatial resolution. Cortical layer II/III neurons are the preferred 
target for two-photon calcium imaging studies, as they are among the most superfi -
cial cells in the cortex and exhibit low-frequency action potential fi ring rates  [  29  ] . 
Calcium transients in these neurons display relatively fast rise-times and slow 
decay-times (on the order of hundreds of milliseconds)  [  11  ] . Simultaneous imaging 
and electrophysiological recording showed that these calcium signals are due to 
action potential discharge  [  29  ]  and thus report the supra-threshold activity of neu-
rons. In the remaining part of this section, we will highlight recent studies that used 
two-photon fl uorescence microscopy to functionally map network activity primarily 
in the somatosensory and visual cortices. 

 The somatosensory cortex is a preferred model for the study of sensory integra-
tion and input processing  [  54–  57  ] . Rodents rely primarily on the movement of their 
vibrissae (or whiskers) for exploration. At the base of each vibrissa, tactile recep-
tors relay sensory information to a sub-region of the somatosensory cortex called 
the barrel fi eld. This region is composed of highly ordered functional columns 
(called barrel columns) that contain neurons that primarily respond to the move-
ment of one specifi c vibrissa. At the center of each column, positioned across layer 
IV, is the barrel  [  58  ] , an anatomical dark-stained structure that is composed of neu-
rons innervated by ascending thalamic fi bers that relay information from one spe-
cifi c whisker. The barrels are separated by narrow regions called septa. Using this 
brain area as a model system in combination with two-photon calcium imaging, 
various investigators have measured the  in vivo  response of cortical networks to 
sensory stimulation at unprecedented spatial resolution  [  29,   41,   59  ] . Whisker-
evoked activity is both sparse and highly variable in superfi cial layers, which is in 
agreement with previous intracellular patch-clamp recordings  [  56,   60–  63  ] . Within 
a given barrel column, an average of ~20% of the neurons respond to a whisker 
defl ection  [  41,   59  ] . Importantly, evoked activity displays a high level of spatial 
organization  [  41  ] , with barrel-related neurons having a higher probability of fi ring 
than septa-related neurons. The highest neuronal spiking probability is at the center 
of the barrel, and this probability decreases with increasing radial distance from the 
center. Evoked activity widely fl uctuates from trial to trial, and the activity of 
responding neurons are generally weakly correlated  [  41  ] . The correlation of activity 
between different neurons is a function of the position within the barrel column, 
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i.e., highest at the center and lowest at the borders of the barrel  [  41  ] . In the absence 
of sensory input, the somatosensory cortex is not silent but exhibits recurrent spon-
taneous activity. Using two-photon microscopy, spontaneous activity in the soma-
tosensory cortex has also been observed and was found to be sparse and highly 
variable (Fig.  4.3 ). Around 10% of the neurons in layer II/III fi re APs during up-
states as shown using two-photon calcium imaging, a result that is in agreement 
with previous electrophysiological data  [  56  ] . The latency between AP fi ring and the 
onset of the up-state is highly variable, and spontaneous activity displays a smaller 
degree of spatial organization than whisker-evoked activity  [  29  ] .  

 In addition to the barrel cortex, other brain regions (including the visual cortex) 
have been extensively studied with two-photon microscopy  [  42,   64–  66  ] . When a 
moving bar is used as a visual stimulus, neurons in the visual cortex respond prefer-
entially to a specifi c orientation or movement direction of the bar. Traditional imag-
ing approaches that utilize voltage-sensitive dyes or metabolic-related signals have 
demonstrated that domains of direction and orientation preference are present in 
higher mammals. These domains involve ample cortical regions with sharp transi-
tions from one domain to another  [  67–  69  ] . Nonetheless, due to the limited spatial 
resolution (~100  m m) of these traditional approaches, the precise borders between 
domains could not be resolved. Using two-photon calcium imaging, it is possible to 
map the function of orientation and direction domains within the visual cortex at cel-
lular resolution  [  64,   65  ] . Using this approach, direction preference domains are found 
to be rather uniform, with all of the cells within a domain showing a similar response 
to the stimulus. No interspersed cells that are tuned to opposite directions have been 
observed. At the border of domains that have different orientations (called pinwheel 
centers), the boundaries are (at the cellular level) extremely sharp, with neighboring 
neurons having different direction preferences  [  64,   65  ] . Interestingly and in contrast 
to the rodent somatosensory cortex, neurons that respond similarly to a given stimu-
lus orientation are also more likely to be spontaneously co-active, which suggests 

  Fig. 4.3    ( a ) Two-photon image of Oregon Green BAPTA-loaded cells in layer II/III of the neocor-
tex. ( b ) Time course of the  D F/F 

0
  signal showing calcium elevations in three distinct cells during 

spontaneous cortical activity       
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that functionally-related cells might be organized in distinct sub-networks  [  66  ] . 
This concept has recently received a direct experimental validation  [  70  ] . The response 
of neurons to visual stimuli was fi rst recorded with functional calcium imaging 
 in vivo . The connectivity of the same cells recorded  in vivo  was then determined 
in brain slices using multi patch-clamp recordings. Neurons that responded similarly 
to visual stimulation were found to form connections at higher rates than neurons 
with uncorrelated responses  [  70  ] . By combining two-photon calcium imaging with 
genetic- or immuno-labeling of cortical interneurons in layer II/III, these studies 
were recently expanded to the interneuronal network  [  71–  75  ] . Different types of 
interneurons (e.g., positive for parvalbumin, somatostatin and vasoactive intestinal 
peptide) have a broader selectivity for orientation than excitatory neurons  [  72  ] , 
although heterogeneity of responses, even within parvalbumin-positive interneurons, 
has been observed  [  74  ] .  

   Imaging Calcium at Subcellular Resolution 

 Besides the cell soma the multi-bolus bulk loading approach described in the previ-
ous sections leads to staining of the neuropil, which includes dendritic, axonal and 
glial processes. The fl uorescence emitted by the neuropil is mainly generated by 
axons and thus refl ect local input activity  [  29  ] . Nonetheless, given that the back-
ground neuropil signal is strong, diffuse and contains fl uorescence generated in pro-
cesses that belong to several different cells, individual processes cannot be resolved. 
As originally shown with Golgi staining, visualizing these fi ne cellular structures 
can be achieved only by sparse labeling of a small number of cells. Visualizing one 
or a few neurons can be achieved by intracellular loading via a glass pipette, using 
either a sharp  [  4  ]  or tight-seal electrode  [  76  ]  or by local electroporation  [  38,   39  ] . 
Alternatively, the use of genetically-encoded calcium probes has also proved suc-
cessful for visualizing calcium signals in small neuronal processes  [  77,   78  ] . 

 The combination of these labeling approaches with the development of improved 
scanning systems for two-photon microscopy  [  37,   79  ]  has made it possible to visual-
ize the complexity of intracellular calcium signaling in the dendritic tree of cells 
while they are embedded in their natural context during sensory stimulation. Initial 
experiments demonstrated that single action potential-mediated calcium transients 
are strong in proximal and absent in the distal dendrites of layer II/III neurons 
 [  36,   76  ] . However, when the action potential coincides with a synaptic input, either 
driven by extracellular stimulation  [  76  ]  or by spontaneous ongoing activity  [  80  ] , a 
supralinear response occurs in distal dendrites. The calcium signal that is generated by 
the combined stimulation of synaptic activity and action potential back-propagation 
has higher amplitude than the sum of each individual stimulus. In the case of layer 
II/III neurons, this supralinear summation has been proposed to represent a mecha-
nism that links ascending sensory inputs from layer IV with the associative inputs 
to layer I via local cortical microcircuits  [  76  ] . Using a fi ber-optic microendoscope 
to image calcium signals in layer V dendrites, two studies provided  remarkable 
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insight into the functional interactions, at dendritic resolution, of cortical excitatory 
and inhibitory circuits  [  81  ]  among various brain states  [  82  ]  in both anesthetized and 
awake animals. More recently, using  in vivo  high-speed image acquisition, sub-
threshold calcium signals in layer II/III dendrites in the visual cortex were visual-
ized, and a map of the spatial distribution of orientation-selective synaptic inputs 
was generated  [  37  ] . Afferents with the same orientation specifi city are widely scat-
tered throughout the dendritic tree, whereas inputs with different orientation prefer-
ences can be located in adjacent dendritic regions  [  37  ] .  

   Astrocytes Display Complex Spontaneous 
and Activity-Evoked Calcium Signals 

 Because they lack electrical excitability, the functional importance of astrocytes has 
long been underestimated. However, recent studies demonstrated that astrocytes can 
sense changes in the extracellular concentration of many molecules and neurotrans-
mitters  [  6  ] . Experiments with cultured cells  [  83,   84  ]  and slice preparations  [  85,   86  ]  
demonstrated that astrocytes exhibit spontaneous and neuronal activity-driven oscil-
lations in their intracellular calcium concentration. The advent of two-photon fl uo-
rescence microscopy has expanded these initial studies and has made it possible to 
investigate  in vivo  astrocytic calcium signaling. In 2004, Hirase and coworkers 
described spontaneous calcium oscillations in cortical astrocytes of anesthetized 
rats  [  87  ] . Three principal patterns of intracellular calcium elevation were identifi ed: 
extremely low frequency (< 0.025 Hz) oscillations in baseline calcium levels; brief 
(5–50 s) calcium spikes and prolonged (>50 s) plateaus. Spontaneous calcium tran-
sients are sporadic events that typically occur in individual astrocytes, with limited 
correlation with the activity of neighboring glial cells  [  32,   87  ] . On the other hand, a 
more recent study found that a subset (around 10%) of spontaneous calcium 
increases occurred in locally synchronized cell groups: dynamic clusters containing 
2–5 cortical astrocytes in a volume of ~80  m m in diameter were simultaneously 
activated within 2 s  [  88  ] . These spontaneous events are independent of neuronal 
activity, as they are unaffected by the voltage-gated sodium channel blocker 
 tetrodotoxin  [  89  ] . 

 In addition to spontaneous calcium fl uctuations, there is a large body of  in vivo  
evidence showing that neuronal activity can trigger calcium oscillations in astro-
cytes. For example, applying the GABA 

A
  antagonists bicuculline or picrotoxin to 

enhance the activity of the excitatory network boosts calcium oscillations and the 
level of correlation of astrocytic calcium signals  [  12,   87  ] . Sensory stimuli also trig-
ger increased astrocytic calcium signaling. Whisker defl ection or toe pinch, visual 
stimuli and odor stimuli each reliably induces calcium oscillations in astrocytes 
within the somatosensory cortex  [  90,   91  ] , the visual cortex  [  92  ]  and the olfactory 
bulb  [  93  ] , respectively. Whereas spontaneous calcium oscillations are rare and 
 primarily involve individual astrocytes ( [  87  ] , but see  [  88  ] ), activity-evoked Ca 2+  
fl uctuations synchronously involve clusters of neighboring cells  [  92  ] . Astrocytic 
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calcium responses measured in the cell body are usually delayed by 1–6 s relative 
to  neuronal responses  [  90,   92–  94  ] . However, in some cases, the astrocytic response 
can be as fast as the neuronal one. For example, a small subset (5%) of astrocytes in 
the somatosensory cortex has a short (0.5 s) latency response following sensory 
stimulation  [  91  ] . Sensory-evoked calcium responses in astrocytes are spatially 
coordinated in a manner that is very similar to neurons (see also the previous sec-
tions). For example, in the visual cortex, the presentation of moving bars with dif-
ferent orientations causes different groups of astrocytes to respond in topologically 
ordered maps. Compared to neurons, astrocytes have spatially limited receptive 
fi elds and even sharper spatial frequency tuning and orientation preference  [  92  ] . 
Calcium waves that propagate through the astrocytic network have been observed 
 in vivo  in the cerebellum  [  95  ]  and in the dorsal hippocampus after surgical removal 
of the overlying cortex  [  96  ] . 

 The mechanisms that underlie sensory-evoked calcium oscillations in astrocytes 
are not fully understood. Because the processes of one astrocyte contact over 10 5  
synapses  [  97,   98  ] , and because a broad repertoire of receptors for distinct neu-
rotransmitters are available on their cell membrane  [  6  ] , these glial cells are well 
suited to sense synaptic activity. mGluR agonists cause calcium elevations 
(Fig.  4.4a–b ), whereas the mGluR1 and mGluR5 antagonists LY367385 and MPEP, 
respectively, attenuate sensory-evoked astrocytic responses, thereby suggesting that 
metabotropic glutamate receptors may initiate the astrocytic Ca 2+  response to whis-
ker stimulation  [  90  ] . In the olfactory bulb  [  93  ] , odor-evoked calcium transients in 
glomerular astrocytes are suppressed by topical application of MPEP and the group 
I/II mGluR antagonist MCPG, confi rming that the neurotransmitter glutamate (act-
ing through metabotropic receptors) is involved in driving astrocytic calcium tran-
sients. The observation that application of the glutamate transporter antagonist 
TBOA signifi cantly reduces sensory-evoked astrocytic responses  [  92  ]  also suggests 
that glutamate may drive calcium signaling in astrocytes by multiple pathways. 
Moreover, molecules other than glutamate are likely involved in the generation of 
calcium responses in astrocytes. For example, in the somatosensory cortex, foot-
shock stimulation causes astrocytic calcium transients that are mediated by long-
range noradrenergic inputs from the locus ceruleus and are signifi cantly reduced by 
local administration of the  a -adrenergic antagonist yohimbine  [  94  ] . Experiments 
performed in brain slices suggest that Ca 2+  ions are primarily released by the activa-
tion of IP3 receptors located in intracellular stores  [  6  ] . In support of this hypothesis, 
spontaneous and, Gq-linked, GPCR mediated calcium increases are signifi cantly 
prevented in IP3R2 knockout mice  [  99  ] , and these results have been recently con-
fi rmed by  in vivo  experiments  [  100  ] . Taken together, these  in vivo  studies demon-
strate that astrocytes exhibit a complex pattern of excitability that is based on 
changes in the intracellular calcium concentration. These oscillations can be either 
spontaneous or driven by neuronal activity and are likely generated by separate 
mechanisms.  

 Researchers studying glial cells are now faced with a number of fundamental 
questions: What is the role of calcium signaling in astrocytes? What are the func-
tional implications of astrocytic calcium signals in the brain? Given that astrocytes 
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can respond to neuronal activity with calcium elevations, can they also signal back 
to neurons? Several lines of evidence obtained from various groups over the past 
15 years demonstrate crucial roles of astrocytic calcium signaling in brain physiol-
ogy and pathology. Astrocytic calcium signals trigger the release of various neuro-
active molecules that have been shown  in vivo  to regulate local blood microcirculation 
 [  101–  103  ] , neuronal excitability  [  104,   105  ] , network activity  [  106  ]  and behavior 
 [  107  ] . This bi-directional communication between neurons and astrocytes forms the 
basis of the so-called “tripartite synapse”  [  8,   108  ] , in which astrocytes are consid-
ered the third active synaptic element together with the pre- and post-synaptic com-
partments. This third element modulates the function of neurons by releasing various 
molecules called “gliotransmitters”. How are distinct astrocytic calcium patterns 
linked to the release of different gliotransmitters, and how do distinct molecules 
modulate synaptic function and behavior  in vivo  are outstanding questions that have 
only recently begun to be addressed.  

   Present and Future Perspectives 

 The investigation of electrical activity in the intact central nervous system ideally 
requires a wide range of temporal resolutions from milliseconds to days and even 
months and spatial resolution ranging from a few microns to centimeters. Optical 
approaches, in particular two-photon calcium imaging, have the potential to fulfi ll 
this requirement of spatiotemporal resolutions; however, major technical advance-
ments on multiple levels must be made to achieve this goal. For example, a major 
limitation of currently available scanning microscopes that use a galvanometric mir-
ror is that image acquisition is time-consuming and has a maximum full frame rate 
of only a few frames per second. The use of resonant scanning mirrors has increased 
the acquisition rate to as fast as 30 fps but does not overcome the intrinsic limitation 
of raster scanning  [  37  ] . A promising solution to this problem is to use an acousto-
optic defl ector (AOD). An AOD-based microscope was recently used for  in vivo  
fl uorescence imaging, achieving an increase in frame rate of nearly two orders of 
magnitude (up to 1,000 fps). Using this approach, a map was generated of the 
suprathreshold activity of several tens of neurons in the somatosensory and visual 
cortices during sensory stimulation  [  23  ] . Another promising approach is the use of 
spatial light modulators  [  109  ] ; however, to date, this technique has only been used 
to study cultured cells and slices  [  110–  113  ] , and its applicability in  in vivo  applica-
tions has not yet been validated. 

 Furthermore, since network responses can be deeply infl uenced by anesthetics 
 [  114,   115  ] , it is increasingly evident that physiological studies will more and more 
require the recording from awake, behaving animals. Researchers have developed 
two different strategies to tackle the hurdles typically associated with an awake 
animal preparation, particularly those that are linked to mechanical instability and 
movement artifacts. On the one side, microfabricated fi ber optic-based microscopes 
have been developed  [  116,   117  ] ; these portable microscopes can be secured to 
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the skull of small rodents and can image cellular activity during active behavior at 
suffi ciently high resolution  [  118,   119  ] . On the other side, following on the footsteps 
of experimental paradigms that are used in experiments involving fl ies, imaging 
techniques in head-restrained, awake rodents have been developed  [  120  ] . In this 
paradigm, the mouse is kept awake with its head secured under the two-photon 
microscope. Head-fi xed mice can perform certain behavioral tasks  [  121–  123  ]  such 
as running on a treadmill in front of a virtual environment that is projected on a 
screen  [  124,   125  ] . These innovative approaches, together with the development of 
new calcium indicators and the use of genetics to obtain reporter expression in spe-
cifi c cell subpopulations, will allow researchers to study learning-correlated activity 
in hundreds of neurons and glial cells. These experiments promise to provide fun-
damental clues regarding sensory and motor processing in the brain under both 
physiological and pathological conditions.      
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  Abstract   The extracellular calcium (    2
oCa +   )-sensing receptor (CaSR) was the fi rst 

GPCR identifi ed whose principal physiological ligand is an ion, namely extracel-
lular Ca 2+ . It maintains the near constancy of     2

oCa +    that complex organisms require 
to ensure normal cellular function. A wealth of information has accumulated over 
the past two decades about the CaSR’s structure and function, its role in diseases 
and CaSR-based therapeutics. This review briefl y describes the CaSR and key 
features of its structure and function, then discusses the extracellular signals modu-
lating its activity, provides an overview of the intracellular signaling pathways that 
it controls, and, fi nally, briefl y describes CaSR signaling both in tissues participat-
ing in     2

oCa +    homeostasis as well as those that do not. Factors controlling CaSR 
signaling include various factors affecting the expression of the CaSR gene as well 
as modulation of its traffi cking to and from the cell surface. The dimeric cell surface 
CaSR, in turn, links to various heterotrimeric and small molecular weight G proteins 
to regulate intracellular second messengers, lipid kinases, various protein kinases, 
and transcription factors that are part of the machinery enabling the receptor to 
modulate the functions of the wide variety of cells in which it is expressed. CaSR 
signaling is impacted by its interactions with several binding partners in addition to 
signaling elements per se (i.e., G proteins), including fi lamin-A and caveolin-1. 
These latter two proteins act as scaffolds that bind signaling components and other 
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key cellular elements (e.g., the cytoskeleton). Thus CaSR signaling likely does not 
take place randomly throughout the cell, but is compartmentalized and organized so 
as to facilitate the interaction of the receptor with its various signaling pathways.  

  Keywords   Calcium  •  Calcium-sensing receptor  •  Parathyroid  •  Kidney  •  Bone  
•  Intestine  •  C-cell  •  Extracellular fl uid  •  Protein kinase  •  Phospholipase  •  Adenylate 
cyclase  •  Second messenger  •  Calmodulin  •  Tyrosine kinase  •  Thick ascending limb  
•  Distal convoluted tubule  •  Inner medullary collecting duct      

   Introduction 

 The extracellular    calcium (    2
oCa +   )-sensing receptor (CaSR) was the fi rst GPCR 

identifi ed whose principal physiological ligand is an ion, namely extracellular Ca 2+   [  1  ] . 
It ensures the nearly constant level of     2

oCa +    that complex organism need to ensure 
normal cellular function  [  2  ] . Since its cloning in 1993, a great deal of information 
has accumulated concerning the CaSR’s structure and function, its role in diseases 
and CaSR-based therapeutics, and these areas are covered in recent reviews  [  3–  6  ] . 
Key aspects of the CaSR impacting its biological roles are its intra- and extracellular 
signaling, which comprise both the numerous extracellular ligands in addition to 
Ca 2+  to which it responds as well as the plethora of intracellular signaling cascades 
that it regulates. This review briefl y describes the CaSR and key features of its struc-
ture and function, then discusses the extracellular signals modulating its activity, 
provides an overview of the intracellular signaling pathways that it controls, and, 
fi nally, briefl y describes CaSR signaling both in tissues participating in     2

oCa +    
homeostasis (e.g., parathyroid and kidney) as well as those that do not (e.g., normal 
skin cells and various malignant cell types). Because of space constraints this dis-
cussion will not be exhaustive and in some instances the reader will be referred to 
other reviews rather than to original articles.  

   Structure and Function of the CaSR 

 To maintain near constancy of the level of blood Ca 2+ , there must be a mechanism 
that senses small changes in     2

oCa +    and responds appropriately so as to normalize 
    2

oCa +     [  7  ] . The CaSR serves this function. It is a G protein-coupled receptor (GPCR) 
with     2

oCa +    as its principal physiological ligand. The CaSR was fi rst cloned from 
bovine parathyroid  [  1  ] , then from human parathyroid  [  8  ]  and, subsequently, from a 
variety of other species (e.g., chicken  [  9  ]  or dogfi sh shark  [  10  ] ). 

 The CaSR belongs to family C of the GPCRs  [  11  ] , which is comprised of eight 
metabotropic glutamate receptors (mGluRs), two GABA 

B
  receptors, receptors for 

taste and pheromones, and a putative amino acid- and divalent cation-sensing recep-
tor  [  11,   12  ] . The human CaSR’s 612 amino acid extracellular domain (ECD) is 
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followed by a 250 amino acid transmembrane domain (TMD) of 7 transmembrane 
helices, a signature of the GPCRs, and, fi nally, by a 216 residue carboxyterminal 
(C)-tail  [  8  ] . Between the fi rst ~500 amino acids of the ECD and the fi rst transmem-
brane helix is a cysteine-rich domain that serves as a linker between the ECD and 
TMD  [  4  ] . The CaSR’s signaling capacity is lost if the cysteine-rich domain is 
removed  [  13  ] . The heavily glycosylated CaSR resides on the cell surface as a disul-
fi de-linked dimer, involving cysteines 129 and 131 of each monomer  [  4  ] . 

 Molecular modeling, utilizing known 3-dimensional structures of several mGluR 
ECDs, strongly suggests that the CaSR’s ECD assumes a bilobed, venus fl ytrap 
(VFT)-like structure with a crevice between the lobes  [  4  ]  (Fig.  5.1 ). The CaSR 
responds over a narrower range of     2

oCa +    than would be anticipated for a protein 
with a single binding site for     2

oCa +   . This positive cooperativity likely results from 
the CaSR having at least two binding sites for     2

oCa +    on each monomer  [  14  ] . One 
resides in the crevice between the two lobes of each monomeric VFT, while addi-
tional putative binding pockets have been predicted to reside within other regions of 
the ECD  [  15  ] . There may also be a calcium binding site in the receptor’s TMD, as a 
“headless” receptor lacking the ECD still has some capacity to signal  [  16  ] . The cleft 
in the VFT is presumed to be open when no agonist is bound and to close upon bind-
ing     2

oCa +   . Concomitant conformational changes in the TMD and intracellular 
domains are likely to occur that initiate signal transduction. As noted later, clinically 

  Fig. 5.1    Schematic representation of the ECD of the CaSR based on the known structure of the 
ECDs of several mGluRs. Note the dimeric structure of the ECD, with each monomer assuming a 
Venus fl ytrap-like conformation and having a binding site for Ca 2+  in the crevice between the two 
lobes. Additional binding sites for Ca 2+  are likely present elsewhere in the ECD, while a binding 
site for amino acids (e.g., phenylalanine) resides close to the binding site for     2

oCa +    that is shown. 
Calcimimetics, in contrast, bind to a site within the TMD, with the amino group of the drug in the 
linker between the two hydrophobic ends anchored to Glu837 (Reproduced in modifi ed form with 
permission from Huang et al.  [  14  ] )       
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useful, allosteric CaSR activators (calcimimetics) and antagonists (calcilytics) are 
thought to bind to overlapping sites within the CaSR’s TMD  [  17,   18  ] , where, through 
unknown mechanisms, they sensitize or inhibit, respectively, the receptor’s response 
to     2

oCa +   .   

   Role of CaSR in     2
oCa +    Homeostasis 

 The     2
oCa +    homeostatic system has three key elements: (1) cells transporting Ca 2+  

into or out of the extracellular fl uid (ECF) (kidney, bone and intestine); (2) hor-
mones regulating these fl uxes {parathyroid hormone (PTH), calcitonin (CT), and 
1,25-dihydroxyvitamin D 

3
  (1,25(OH) 

2
 D 

3
 )}; and (3) one or more     2

oCa +   -sensors (e.g., 
the CaSR) controlling the secretion/production of those hormones or the Ca 2+  fl uxes 
themselves  [  7,   19  ] . Of these hormones, PTH is a     2

oCa +   -elevating hormone whose 
secretion is stimulated by low and inhibited by high     2

oCa +   . 1,25(OH) 
2
 D 

3
  is the other 

important     2
oCa +   -elevating hormone and is produced in the renal proximal tubule in 

response to PTH, hypocalcemia or hypophosphatemia  [  19  ] . 1,25(OH) 
2
 D 

3
  also feeds 

back to inhibit its own synthesis. CT is a     2
oCa +   -lowering hormone secreted by the 

thyroidal C-cells during hypercalcemia  [  20  ] . It inhibits osteoclastic bone resorption 
and helps to maintain bone mass during lactation, when skeletal stores of calcium 
are drawn upon for the growing neonate  [  19  ] . A more recently discovered hormone 
regulating both calcium and phosphate homeostasis is fi broblast growth factor 
(FGF)-23. It is a phosphaturic hormone produced by osteocytes (osteoblasts encased 
in bone during bone formation) in response to 1,25(OH) 

2
 D 

3
  and hyperphosphatemia 

 [  21  ] . FGF-23 inhibits both 1,25(OH) 
2
 D 

3
  production and PTH secretion. The rapid 

developments regarding the roles of FGF-23 in phosphorus and calcium metabolism 
are detailed in recent reviews  [  21,   22  ] . 

 The     2
oCa +    homeostatic system functions as follows: Low     2

oCa +    directly stimu-
lates both PTH secretion and 1,25(OH) 

2
 D 

3
  synthesis by reducing the activity of the 

CaSR, indirectly enhances 1,25(OH) 
2
 D 

3
  synthesis by increasing PTH, and decreases 

CT secretion  [  7  ] . The hormone-like role of     2
oCa +   , acting as a fi rst messenger, con-

trasts with calcium’s much better known function as a key intracellular messenger, 
which is covered later in this review. The increase in PTH stimulates the formation 
and activity of the bone-resorbing osteoclasts  [  23  ]  and produces a net movement of 
Ca 2+  out of bone over a time frame of about 1–3 h  [  24,   25  ] . Recent studies  [  26  ]  also 
emphasize more rapid, PTH-independent fl uxes of Ca 2+  into and out of bone during 
induced hyper- and hypocalcemia, respectively. These are perhaps mediated, in 
part, by the CaSR in bone, and appear to “buffer” short term changes in     2

oCa +     [  27  ] . 
Concomitantly, PTH increases renal tubular Ca 2+  reabsorption in both the cortical 
thick ascending limb (cTAL)  [  7  ]  and distal convoluted tubule (DCT)  [  28  ] . The 
hypocalcemia-induced elevation in 1,25(OH) 

2
 D 

3
  levels also enhances Ca 2+  reab-

sorption in the DCT  [  28  ] , increases 1,25(OH) 
2
 D 

3
 -stimulated bone resorption, and 

stimulates intestinal Ca 2+  absorption  [  7,   28  ] . The resulting increase in intestinal 
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Ca 2+  absorption and renal tubular Ca 2+  reabsorption, and net movement of Ca 2+  out 
of bone normalize     2

oCa +   . The homeostatic response to hypercalcemia comprises 
essentially opposite changes in the parameters just described  [  7  ] .  

   Overview of CaSR Signaling 

 Signaling by the CaSR is complex, both because of the variety of ligands that modu-
late its activity as well as because of the diversity of intracellular signal transduction 
pathways that it regulates (Table  5.1 )  [  3,   6  ] .   

   Table 5.1    Mechanisms regulating intracellular signaling by the CaSR a    

  1.  Diverse extracellular ligands (di-, trivalent cations, organic polyvalent cations, 
amino acids, calcimimetics, calcilytics, etc.) 

  2.  Changes in CaSR gene expression 
  3.  Changes in CaSR desensitization, internalization, and degradation 
  4.  Changes in forward traffi cking of CaSR to the plasma membrane 
  5.  Interaction of CaSR with scaffold proteins (caveolin-1, fi lamin) that bind signaling 

molecules (MAPK components, G proteins, etc.) 
  6.  Activation of G proteins 

 a. Heterotrimeric G proteins (G 
i//o

 , G 
q/11

 , G 
12/13

 , G 
s
 ) 

 b. Low molecular weight G proteins (Arf6, RhoA, Ras, Rab1, Rab11a) 
  7.  Generation of second messengers 

 a. Adenylate cyclase (cAMP) 
 b. Phospholipase A 

2
  (arachidonic acid) 

 c. Phospholipase C (IP 
3
 , DAG) 

 d. Phospholipase D (phosphatidic acid) 
 e. Sphingomyelinase (ceramide) 

  8.  Activation of lipid kinases 
 a. PI-3 kinase (forms PIP 

3
 ) 

 b. PI-4 kinase (forms inositol 4-phosphate)) 
  9.  Activation of protein kinases 

 a. Protein kinase A 
 b. Protein kinase B (Akt) 
 c. Protein kinase C 
 d. Calmodulin-dependent kinases (CaMKII) 
 e. Tyrosine kinases (Src, EGFR) 
 f. Mitogen-activated protein kinases (ERK1/2, P38 MAPK, JNK) 
 g. Phospholipid-dependent kinase 1 

 10.  Activation/inhibition of transcription factors 
 a. Growth/proliferation-related (cyclins D1, 2, and 3, c-Myc, c-Fos, Egr1) 
 b. NFAT and NF k B 
 c. ATF2 
 d. PTTG 
 e. VDR 

   a See text for details and abbreviations  
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   Extracellular Signals for the CaSR Other Than Ca2+
o 

 A variety of agents in addition to     2
oCa +    modulate the CaSR’s activity, including 

other divalent (e.g., Mg 2+  and Sr 2+ ) and trivalent cations (e.g., La 3+  and Gd 3+ )  [  29  ] , as 
well as organic polycations, such as polylysine, polyarginine  [  30  ] , and neomycin 
 [  31  ] . These so-called type I agonists directly activate the receptor (do not require the 
concomitant presence of     2

oCa +    or any other agonist), perhaps by binding to the 
orthosteric site(s) (the site where the primary ligand is bound) to which Ca 2+  is 
bound. As a result, signaling via the CaSR must be thought of in the context of the 
particular environment in which it is expressed. That is, the concentration of the 
polycationic CaSR agonist, spermine, for example, could be high enough in certain 
tissues, such as the pancreas  [  32  ] , to activate the CaSR by itself or in concert with 
    2

oCa +   . The level of     2
oCa +    also varies from that measured in blood in specifi c 

microenvironments in which the CaSR is present. In the immediate vicinity of a 
resorbing osteoclast, for instance, the level of     2

oCa +    is several-fold higher than that 
in blood (as high as 40 mM underneath such active osteoclasts)  [  33  ] . Moreover, 
cells in the lumen of the gastrointestinal (GI) tract expressing the CaSR presumably 
encounter a range of concentrations of     2

oCa +    as a function of the fasted or fed state 
and the constituents of a recent meal and their bioavailability. 

 Type II agonists, in contrast, require the presence of     2
oCa +    in order to act and do 

so allosterically by interacting with binding sites distinct from those for     2
oCa +   , 

thereby sensitizing the receptor to activation by     2
oCa +   . The two best-characterized 

classes of type II agonists are L-amino acids {especially aromatic amino acids  [  34  ] } 
and the calcimimetic CaSR activators  [  5  ] , viz., cinacalcet HCl. The latter is cur-
rently in use in the clinic as a means of suppressing overactive parathyroid glands in 
patients receiving dialysis therapy for end stage renal disease  [  35  ] . The receptor’s 
activity is also altered by extracellular pH  [  36  ]  and ionic strength  [  37  ] , which may 
also be thought of as acting by a type II mechanism, since they modulate the CaSR’s 
EC 

50
  for     2

oCa +   . The CaSR is likely to encounter a range of amino acid concentra-
tions as well as of pH and ionic strength in sites such as the GI tract or within the 
tubular fl uid of the kidney. Calcilytics are allosteric CaSR antagonists, which have 
not yet reached the clinic, but can increase PTH secretion by “fooling” the parathy-
roid gland into responding as though     2

oCa +    were low  [  5  ] . They are thought to bind 
to a pocket within the receptor’s TMD that overlaps with that for the calcimimetics 
but is not identical  [  17  ] . 

   Regulation of CaSR Signaling Through Changes in Cell 
Surface CaSR Expression 

   Regulation of CaSR Gene Expression 

 Factors that modify the level of cell surface expression of the CaSR can modify 
CaSR signaling by changing receptor occupancy at a given level of     2

oCa +   . Four 



1095 CaSR Signaling

agents have been identifi ed that enhance receptor-mediated CaSR expression by 
increasing the expression of its gene and two that modulate its traffi cking to the 
plasma membrane. The former are 1,25(OH) 

2
 D 

3
   [  38  ] , interleukin (IL)-1 b   [  39  ] , IL-6 

 [  40  ] , and increases in     2
oCa +    {which acts upon the CaSR to upregulate the receptor’s 

expression (CaSR)  [  41  ] }, while the latter two are macrophage chemotactic protein 
(MCP)-1 and stromal-derived factor (SDF)-1  [  42  ] . CaSR expression is downregu-
lated in various hyperparathyroid states by poorly understood mechanisms, which 
may include a decrease in 1,25(OH) 

2
 D 

3
  in states with impaired renal function owing 

to reduced renal synthesis of this active form of vitamin D 
3
   [  43  ] .  

   Cellular Mechanisms Regulating CaSR Traffi cking, Desensitization 
and Degradation: The Importance of CaSR Binding Partners 

 Additional mechanisms by which the level of cell surface CaSR expression can be 
modifi ed are by regulation of its: (1) forward-traffi cking during its biosynthesis, (2) 
internalization from the cell surface and/or (3) degradation. These three processes 
all involve for the most part interactions of the receptor with binding partners that 
impact the receptor’s fate. Three proteins that promote movement of the CaSR for-
ward in the biosynthetic pathway in model systems in vitro and ultimately to the cell 
surface are the cargo receptor p24A  [  44  ] , receptor-activity-modifying-proteins 
(RAMPs)  [  45  ]  and the small GTP-binding protein Rab1  [  46  ] . The CaSR in poorly 
expressed in cos7 cells, for example, unless it is co-expressed with RAMP 1 or 3 but 
not RAMP 2, while overexpressing Rab1 strongly enhances cell surface expression 
of the CaSR in transfected HEK293 cells  [  45  ] . Rab11a participates in recycling of 
endocytosed CaSR to the cell surface, thereby ensuring the continued availability of 
receptor on the plasma membrane that is needed for ongoing signaling  [  47  ] . 

 GPCRs have complex regulatory mechanisms involving a balance between ago-
nist-induced desensitization, whereby G protein-receptor kinases (GRKs) phospho-
rylate the receptor’s C-tail, promoting binding of so-called  b -arrestins, which inhibit 
G protein coupling. Binding of  b -arrestin can be followed by internalization of the 
receptor by endocytosis, and the internalized receptor can either be recycled to the 
plasma membrane or degraded  [  48,   49  ] . In the case of the CaSR, one study showed 
that the receptor’s C-tail can be phosphorylated by GRK4, accompanied by binding 
of  b -arrestin  [  50  ] . GRK2, however, can inhibit signaling by a different mechanism, 
namely by binding directly to G 

q/11
 , thereby interfering with its function  [  50  ] . In 

another study, GRK2 inhibited CaSR signaling in a similar manner, while GRK3 
inhibited CaSR signaling by ~70% apparently in a  b -arrestin-dependent manner 
that required prior phosphorylation of the CaSR by PKC (rather than GRKs)  [  51  ] . 
There was little agonist-induced internalization in either case, however, indicating 
that the function of the cell surface CaSR could be effectively inhibited by these two 
GRK-dependent mechanisms without alterations in its traffi cking  [  51  ] . The CaSR’s 
limited agonist-induced internalization and its resistance against degradation in the 
course of its usual signaling activities  [  52  ]  may be important in ensuring that suffi -
cient cell surface receptor is available to enable to receptor to continuously monitor 
    2

oCa +    in the course of its homeostatic functions. 
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 Recent studies have shown further mechanisms that regulate CaSR surface 
expression, signaling and degradation, which involve the interaction of the CaSR 
with additional important binding partners. First, agonist-stimulated, intracellular 
Ca 2+  (    2

oCa +   )-dependent binding of calmodulin (CaM) to the CaSR’s proximal 
C-terminus, stabilizes cell surface expression of the receptor and enhances intracel-
lular calcium (    2

iCa +   ) signaling  [  53  ] . Second, the actin-binding protein, fi lamin A 
(also see next section), binds to the CaSR C-terminus and stabilizes the receptor 
against degradation  [  52  ] . Finally, dorfi n, an E-2 ubiquitin ligase that binds to the 
CaSR’s C-terminus, likely provides a mechanism by which degradation of the 
receptor by the proteasomal pathway can be regulated  [  54  ] . The ubiquitin isopepti-
dase, AMSH (associated molecule with the SH3 domain of STAM), can also reduce 
CaSR signaling by redirecting internalized receptor from recycling back to the 
plasma membrane to down-regulation instead  [  55,   56  ] .   

   CaSR-Interacting Proteins and CaSR-Signaling 

 In addition to its role in protecting the CaSR against degradation, fi lamin-A plays 
additional important roles in CaSR signaling. Filamin A was the fi rst molecular 
binding partner of the CaSR identifi ed  [  57,   58  ] . The CaSR binds to fi lamin A via an 
element within amino acids 962–981 in its C-terminus  [  52  ] . This interaction is func-
tionally relevant, since blocking it by overexpressing a peptide comprising this 
region of the C-tail  [  58  ] , using a membrane-permeant peptide comprising this region 
of the C-tail  [  57  ] , or utilizing knockdown with siRNA  [  59  ]  inhibits CaSR-mediated 
stimulation of extracellular signal regulated kinases 1 and 2 (ERK1/2) {and c-jun 
N-terminal kinase (JNK)  [  59  ] }, as noted above. While originally identifi ed as a 
large, dimeric, actin-binding protein, fi lamin A {one of three related fi lamins (A, B, 
and C) in the human genome} acts as a scaffold that binds numerous other proteins 
relevant to cell signaling. The latter include GPCRs in addition to the CaSR (dop-
amine receptors, mGluRs), low molecular weight, monomeric G proteins (CDC42, 
RhoA), the Rho guanine nucleotide exchange protein, Trio, beta-arrestins 1/2, pro-
tein kinase C a  (PKC a ), Src, components of the mitogen-activated protein kinase 
(MAPK) pathways, and SMADs 3 and 5 (  http://www.ncbi.nlm.nih.gov/gene/2316    ). 

 Another binding partner of fi lamin A relevant to CaSR signaling is caveolin-1, a 
small cholesterol-binding protein that is a key component of caveolae, small fl ask-
shaped invaginations in the plasma membrane that serve numerous cellular func-
tions, including vesicular transport (e.g., transcytosis, endocytosis), cellular 
cholesterol homeostasis, and signal transduction  [  60  ] . With regard to the last of 
these, caveolae contain abundant signaling elements, such as receptor and non-
receptor tyrosine kinases (i.e., EGFR, Src), GPCRs, heterotrimeric G proteins (G 

s
 , 

G 
i
 , G 

q
 ), Ca 2+ -ATPase, and Ser/Thr protein kinases {protein kinase A (PKA), PKC a , 

 d , and  e , as well as the mitogen-activated protein kinases, ERK1/2, and G protein 
receptor kinases (GRK)}, as well as the lipid kinase, phosphatidylinositol 3-kinase 

http://www.ncbi.nlm.nih.gov/gene/2316
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(PI3K)  [  60  ] . Some of these proteins interact directly with caveolin-1 though the 
latter’s so-called scaffold domain (amino acids 82–101). Notably, the CaSR in 
bovine parathyroid cells is located predominantly within caveolae, at least in part 
through its interaction with caveolin-1’s binding partner, fi lamin A. Parathyroid cell 
caveolae also contain G 

q/11
 , endothelial nitric oxide synthase (eNOS) and PKC a ,  d , 

and  z  and are closely associated with fi lamin A and actin  [  61  ] . No doubt additional 
signaling elements reside within parathyroid caveolae, but have not been identifi ed 
to date. Caveolin-1 may have an additional direct functional effects on the CaSR, as 
downregulation of caveolin-1 in the human osteosarcoma cell line, Saos-2, decreased 
CaSR signaling  [  62  ] . Moreover, a reduction in caveolin-1 expression in parathyroid 
cells from parathyroid tumors is associated with decreased CaSR expression, which 
may contribute to abnormal     2

oCa +   -sensing in these tumors  [  63  ] . Thus caveolin-1-
based caveolae in parathyroid cells likely provide a microenvironment where 
signaling molecules linked to the CaSR are concentrated and organized in a way 
that facilitates cellular signaling.  

   Initiation of CaSR Signaling 

 Based on modeling by homology with the conformational changes known to occur 
upon binding of glutamate to the ECD of several mGluRs  [  64  ] , binding of Ca 2+  (and 
likely of other polycations) to its binding site (s) within the CaSR ECD following an 
increase in     2

oCa +    is thought to shut the Venus fl ytrap, closing the crevice between 
the two lobes of each monomer  [  4,   15  ] . In the mGluRs, there is an additional 70 °  
rotation of one monomer relative to the other about an axis perpendicular to the 
dimer interface, which is presumed to occur in the CaSR as well. Transduction of 
this conformational “message” to the TMD, and ultimately the receptor’s cytoplas-
mic domains, requires the presence of the CaSR’s cysteine-rich linker present in the 
ECD just before the fi rst transmembrane domain  [  13  ] . Transmembrane signaling by 
GPCRs following agonist binding is thought to involve alterations in the orientation 
of the transmembrane helices relative to one another, but there are no data address-
ing this point for the CaSR.  

   Proximal Elements in CaSR Signaling 

   Heterotrimeric G Proteins 

 The CaSR is known to interact directly with several heterotrimeric G proteins  [  3,   6  ] , 
notably G 

q/11
 , G 

i/o
  (probably primarily isoforms of G 

i
 ), G 

12/13
  and, rarely, G 

s
 . These 

couple the activated receptor to the control of the downstream signaling pathways 
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that are described below. For example, CaSR-mediated formation of active (GTP-
bound) G a  

q/11
  and G a  

i
  subunits activates phosphoinositide-specifi c phospholipase 

C b  (PI-PLC b ) by releasing free G a  
q/11

 , thereby producing diacylglycerol and inosi-
tol trisphosphate (IP 

3
 ), and inhibits adenylate cyclase, lowering cellular cAMP 

levels, respectively. Activation of G 
12/13

  by the CaSR stimulates PLD, which pro-
duces phosphatidic acid, by activating the low molecular weight G protein Rho in 
some cell types (see below)  [  65  ] . Amino acids within the second and third intracel-
lular loop and the proximal portion of the C-tail are important for the receptor’s 
ability to couple effi ciently to activation of PLC by G 

q/11
   [  3,   6,   66  ] , while there is 

little information related to the structural requirements for the CaSR’s coupling to 
G 

i
  and G 

12/13
 . 

 Not only are  a -subunits liberated from heterotrimeric G proteins that have been 
activated by the CaSR (and other GPCRs), but also G 

 b  g 
  subunits, which exert numer-

ous biological actions of their own  [  67  ] . For instance, G 
 b  g 

  subunits have been shown 
in a variety of cell type to activate PLC b , directly modulate inwardly rectifying 
potassium channels and some calcium channels, regulate GRK2 and 3, activate or 
inhibit specifi c adenylate cyclase isoforms, and activate Src, PI3K, Raf-1, PLC b  and 
PLD  [  67  ] . Actions of G 

 b  g 
  subunits relevant to CaSR signaling will be discussed 

further in the next section.  

   Low Molecular Weight G Proteins 

 Low molecular weight, monomeric G proteins can function downstream of 
GPCRs and participate in a wide variety of biological processes {for review, see 
 [  68  ] }. They are GTPases, which serve as switches that are activated by proteins 
facilitating the replacement of bound GDP by GTP (guanine nucleotide exchange 
factors or GEFs). Some require initial activation of a heterotrimeric G protein, 
which then activates the small GTP-binding protein through a separate GEF. In 
other cases, the monomeric G protein can interact directly with a GPCR, which 
sometimes can itself serve as a GEF for the monomeric G protein  [  68  ] . Five low 
molecular weight G proteins have been shown to act downstream of the CaSR: 
ARF6, RhoA, Ras, Rab1 and Rab11A. ARF6 (ADP-ribosylating factor 6) has 
been implicated as a mediator of CaSR-elicited changes in cell shape and plasma 
membrane ruffl ing  [  69  ]  by a process that involves binding of beta-arrrestin-1 to 
the CaSR, followed by the action of ARNO (Arf nucleotide binding site opener) 
to activate ARF6 and produce downstream effects on plasma membrane structure 
and motility. 

 Rho participates in the CaSR-mediated activation of PLD and several other pro-
cesses. Activation of Rho by the CaSR appears to involve the participation of fi lamin 
serving as a scaffold that facilitates activation of Rho by the Rho guanine nucleotide 
exchange factor (RhoGEF) Lbc, which stimulates the exchange of GDP for GTP to 
activate Rho  [  70  ] . Biological actions of Rho, acting downstream of the CaSR, 
include regulation of cell-cell adhesion  [  71  ] , modulation on Ca 2+

i
 oscillations 
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induced by amino acids  [  72  ] , activation of choline kinase and phosphatidylinositol 
4-kinase (PI4K)  [  73  ] , and regulation of stress fi ber assembly and cell shape  [  74  ] . 

 Ras mediates actions of the CaSR on cell growth and proliferation. For instance, 
it mediates CaSR-induced stimulation of proliferation of ovarian surface cells by a 
mechanism involving activation of the tyrosine kinase, Src, and subsequent tyrosine 
phosphorylation of the protein, Shc, which then binds to the adaptor protein, GRB-2, 
and the guanine nucleotide exchange protein, SOS  [  75  ] . By enhancing the replace-
ment of GTP for GDP, SOS activates Ras, leading, in turn, to activation of Raf1, 
MEK and, fi nally, ERK1/2. In some cases, the CaSR stimulates this pathway by 
transactivating the epidermal growth factor receptor (EGFR), which then stimulates 
the pathway just described following autophosphorylation of tyrosine residues 
within its intracellular domains  [  76–  78  ] . 

 Rab1 and Rab11a both participate in the traffi cking of the CaSR to and from the 
plasma membrane. Rab1, which regulates protein transport from the ER to the 
Golgi, promotes cell surface expression of the CaSR when co-transfected in HEK293 
cells, indicating that it can enhance forward traffi cking of the receptor to the cell 
surface  [  46  ] . Rab11a, in contrast, participates in the constitutive endocytosis of the 
CaSR and its recycling to the plasma membrane  [  56  ] . The Rab11a-mediated recy-
cling of the CaSR to the plasma membrane, which is needed to ensure adequate cell 
surface expression, can be interfered with by the binding of AMSH to the CaSR 
C-terminus, as AMSH redirects the CaSR from slow recycling to down-regulation 
 [  56  ] . These latter studies were performed in HEK293 cells and have not been replicated 
in a cell type expressing the CaSR endogenously.   

   Generation of Second Messengers 

   Adenylate Cyclase 

 In addition to lowering cellular cAMP levels via G 
i
 -mediated inhibition of adeny-

late cyclase, the CaSR can also lower cAMP indirectly by elevating Ca 2+
i
 , which 

can inhibit a Ca 2+ -inhibitable isoform of adenylate cyclase (type 6) or stimulate 
cAMP hydrolysis by activating phosphodiesterase(s)  [  56,   79  ] . Uncommonly, the 
CaSR stimulates adenylate cyclase via G a  

s
  (through a switch in G protein coupling 

from G 
i
  to G 

s
  in PTHrP-secreting breast cancer cell lines, for instance)  [  80  ] . 

Examples of CaSR-regulated biological processes known to be mediated by the 
cAMP/PKA pathway include: stimulation or inhibition of PTHrP secretion by 
mammary epithelial cells  [  80  ] , as just noted, and of PTH by parathyroid cells  [  81  ] , 
inhibition of lipolysis in an adipocyte cell line  [  82  ] , and suppression of chloride 
reabsorption in the thick ascending limb of the rat kidney  [  83  ] . These actions of 
cAMP are mediated by PKA. There is only a limited amount of work that has taken 
place in the regulation of PKA activity per se by the CaSR and how it regulates 
downstream biological functions, and PKA in CaSR-expressing tissues will not be 
discussed further.  
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   Phospholipase C 

 Activation of PLC b  by G a  
q/11

  hydrolyzes phosphatidylinositol bisphosphate (PIP 
2
 ) 

to form diacylglycerol and IP 
3
 . CaSR-mediated activation of PLC b  is a key signal-

ing pathway through which the CaSR regulates the functions of a variety of cell 
types  [  3,   6  ] . For example, knocking out both G a  

q
  and G a  

11
  in a mouse model 

produces severe hyperparathyroidism, indicating that these two G proteins, presum-
ably through their actions on PLC and/or other downstream mediators, play a key 
role in the inhibition of parathyroid function by the CaSR, e.g., PTH secretion and 
parathyroid cellular proliferation  [  84  ] . Activation of G 

q/11
  is not sensitive to inhibi-

tion by pertussis toxin. In occasional cell types (such as pituitary-derived Att20 
cells), however, CaSR-induced activation of PLC takes place by a pertussis toxin-
sensitive pathway  [  41  ] , likely involving activation of PLC by G b  g  subunits liberated 
from G 

i
 . Additional examples of actions mediated by CaSR-elicited activation of 

PLC include chemotaxis of MC3T3-E1 osteoblastic cells  [  85  ] , upregulation of 
cyclooxygenase-2 (COX-2) in fi broblasts  [  86  ] , and stimulation of PLA 

2
  in some cell 

types (see below)  [  87  ] . 
 Diacylglycerol formed by PLC activates the so-called “conventional” PKC iso-

forms (PKC a ,  b  
I
 ,  b  

II
  and  g ) in combination with IP 

3
 -mediated elevations in     2

iCa +   , 
which induces translocation of these PKC isoforms to anionic phospholipids (e.g., 
phosphatidylserine) in the plasma membrane  [  6,   88  ] . The novel PKC isoforms 
(PKCs  d ,  e ,  h , and  q ) in contrast, are activated by diacylglycerol but do not require 
an increase in Ca 2+

i
 , while the atypical PKCs (e.g., PKCs  i  and  V ) are activated by 

different mechanisms altogether  [  89  ] . These various PKC isoforms participate in 
some key CaSR-mediated biological actions, such as activation of ERK1/2, PLA 

2
 , 

and PLD  [  90  ] , although other signaling elements participating in CaSR-elicited 
activation of these pathways have been identifi ed in other studies (see below). PKC 
is an important feedback regulator of CaSR signaling via PLC through its phospho-
rylation of PKC sites (especially T888) in the CaSR’s C-tail  [  91–  93  ] . For instance, 
the functional consequence of activating PKC in parathyroid cells by brief exposure 
to phorbol myristate acetate is inhibition of inositol phosphate generation in response 
to high     2

oCa +   , while downregulating PKC produces a substantial increase in inositol 
phosphate levels  [  91  ] . The elevation in     2

iCa +   , in addition to participating in activa-
tion of PKC can stimulate calmodulin (CaM)-dependent processes  [  3,   6  ] .  

   CaSR-Evoked Ca2+
i Signaling 

 IP
3
 produced from PIP

2
 by PLC releases Ca 2+  from endoplasmic reticulum (ER) 

stores and initiates Ca 2+
i
 signaling  [  3,   6  ] . When examined at the single cell level by 

imaging using Ca 2+ -sensitive dyes, IP
3
 can cause an initial “spike” in Ca 2+

i
 owing to 

Ca 2+  release from the ER, followed by a sustained increase in Ca 2+
i
 produced by 

Ca 2+  entry from the extracellular space through calcium release-activated calcium 
channels. Sensors of the level of calcium in the ER (STIM1 and 2) are now known 
to couple the IP

3
-mediated decrease in ER Ca 2+  to infl ux of extracellular calcium 

through a channel complex which includes the pore-forming, Orai1 channel  [  94  ] . 
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Ca 2+  infl ux in this setting can also take place via the so-called classical transient 
receptor potential C (TRPC) plasma membrane channels  [  95  ] . Several studies have 
documented the presence of TRPC isoforms in CaSR-expressing cells  [  96,   97  ] , 
especially TRPC1, which has been implicated in CaSR-evoked Ca 2+

i
 oscillations in 

human colonic epithelial cell lines  [  97  ] , proliferation of the breast cancer cell line, 
MCF-7  [  98  ] , and differentiation of keratinocytes  [  99  ] . Human parathyroid cells 
express STIM1, Orai1 and TRPC1, and the latter two may likewise serve as a cal-
cium-infl ux channels in this cell type in response to CaSR activation  [  100  ] . The 
CaSR not only activates but also upregulates the expression of TRPC1 in breast 
cancer cells  [  98  ] . TRPC6, in contrast, contributes to calcium infl ux in rat neonatal 
cardiomyocytes  [  101  ]  and human aortic smooth muscle cells  [  96  ] . 

 In a number of cells, however, including bovine and human parathyroid cells 
and CaSR-transfected human embryonic kidney (HEK) 293 cells, activation of the 
CaSR initiates slow oscillations in Ca 2+

i
  [  6,   102  ] . Amino acids in the CaSR’s prox-

imal C-terminus, including T876 and T888, play important roles in oscillatory 
Ca2+

i 
signaling via the CaSR  [  102  ] . It has been suggested that repetitive phospho-

rylation of T888 by PKC, coupled with release of Ca 2+  from thapsigargin-sensitive 
pools in the ER, may participate in generating CaSR-induced Ca2+

i
 oscillations 

 [  103  ] . Amino acids (e.g., phenylalanine) activating the CaSR sensitize the receptor 
to the initiation of Ca 2+

i
 oscillations stimulated by increases in Ca 2+

o
   [  6  ] . The mech-

anisms underlying amino acid-evoked oscillations may differ in their details from 
those elicited by high Ca 2+

o
, with the former involving G

12/13
, Rho, fi lamin-A and 

TRPC1  [  72  ] .  

   PLA 2  

 High Ca 2+
o
  stimulates cytosolic phospholipase A 

2
  (cPLA 

2
 ) in bovine parathyroid 

cells and CaSR-transfected HEK293 cells  [  90  ] . Unlike PLC, this enzyme is not 
directly activated by the CaSR through a G protein but is stimulated by phosphory-
lation of the enzyme by ERK1/2 in one study  [  90  ]  or by calmodulin-dependent 
protein kinase II (CaMKII) in another  [  87  ] . The reason(s) underlying the differing 
results in these two studies have not been elucidated, although both pathways are 
known to mediate GPCR-stimulated activation of cPLA 

2
  in other cell types. 

Additional sources of AA other than through activation of PLA 
2
  are cleavage of AA 

from the 2 position of the glycerol backbone of diacylglycerol or of phosphatidic 
acid  [  3  ] . 

 Arachidonic acid (AA), formed in response to CaSR-mediated activation of 
PLA 

2
 , has biological functions in CaSR-expressing tissues, inhibiting PTH release, 

for example, when added to dispersed parathyroid cells  [  104  ] . Furthermore, AA 
arising in this manner can be metabolized to produce additional biologically rele-
vant products. These include a metabolite of the P450 pathway {20-hydroxyeicosa-
tetraenoic acid (20-HETE)}, which has been implicated in the regulation of Ca 2+  
reabsorption in the renal thick ascending limb (TAL)  [  105  ] , as well as 12- and 
15-lipoxygenase products, e.g., 12- and 15-HETE, which have been suggested to 
mediate high Ca 2+

i
 -induced inhibition of PTH secretion  [  106  ] . High Ca 2+

i 
, acting 
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via the CaSR, also activates COX-2 in the TAL  [  107  ] , generating prostaglandins 
such as PGE 

2
 , which stimulates the production of tumor necrosis factor alpha 

(TNF a )  [  108  ] , thereby activating the transcription factor nuclear factor of activated 
T-cells 5 (NFAT5) and, in turn, stimulating oxygen consumption and inhibiting api-
cal chloride entry  [  109  ] .  

   PLD 

 The CaSR has been shown to activate phospholipase D in two studies, one using the 
Madin-Darby canine kidney cell line (MDCK)  [  65  ]  and the other utilizing both 
bovine parathyroid cells and CaSR-transfected HEK293 cells  [  90  ] . In the fi rst, acti-
vation of PLD involved G 

12/13
  and subsequent activation of Rho  [  65  ] . In the second, 

CaSR-mediated activation of PLD was a PKC-dependent process  [  90  ] . Given the 
differences in the cell types used in the two studies, it is diffi cult to make detailed 
mechanistic comparisons between them that could account for the differences in how 
the CaSR activates PLD. Of the two mammalian forms of PLD, PLD1 and PLD2, the 
former best explains the observations in the two studies just quoted. PLD1 requires 
PIP 

2
  as a cofactor and is activated by PKC and by low molecular G proteins, includ-

ing Rho, whereas PLD2 is insensitive to both classes of activators  [  110  ] . Activation 
of PLD results in formation of phosphatidic acid, which can be reversibly converted 
to diacylglycerol. PA and PLD have been linked to multiple signaling pathways, 
including vesicle traffi cking, actin cytoskeletal dynamics, and cell proliferation, dif-
ferentiation, migration and survival {for review, see  [  110  ] }, although their involve-
ment in CaSR-mediated control of cellular function is largely unexplored.  

   Other Lipid Mediators: Ceramide 

 The CaSR can either stimulate or inhibit apoptosis in different cell types. Wu, et al. 
showed the involvement of the CaSR in stimulating apoptosis in HEK293 cells 
stably expressing the CaSR through a pathway that involves G a  

i
 -dependent cer-

amide accumulation and activation of c-Jun N-terminal kinase, followed by cas-
pase-3 activation, and DNA cleavage and programmed cell death  [  111  ] . The results 
of this report contrast with those of an earlier one in which the CaSR protected sta-
bly transfected HEK 293 cells, but not non-transfected cells, against apoptosis 
induced by simian virus  [  112  ] , perhaps because of the difference in the methods 
used to induce apoptosis in the two studies.  

   Lipid Kinases: Phosphatidylinositol 3-Kinase (PI3K) and PI4K 

 The CaSR activates two lipid kinases, phosphoinositide 3-kinase (PI3K)  [  71,   113, 
  114  ] , which adds a phosphate group to the 3 position of the inositol ring of PIP 

2
  to 

form PIP 
3
 , and phosphoinositide 4-kinase (PI4K)  [  73  ] , which phosphorylates the 4 

position of the inositol moiety as part of the synthesis of PIP 
2
 . Protein kinase B 
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(PKB; also known as Akt) binds to PIP 
3
  through a sequence motif termed a pleckstrin 

homology domain (PHD), resulting in translocation of PKB to PIP 
3
  bound to the 

plasma membrane  [  115  ] . PKB is then activated by the phosphoinositide-dependent 
protein kinase 1 (PDK1), which binds to PIP 

3
  by its own PHD, physically approxi-

mating PDK1 and PKB and promoting the phosphorylation and activation of the 
latter by PDK1  [  115  ] . PI3K and PDK1 have been shown to participate in the CaSR-
mediated stimulation of serotonin secretion from sheep parafollicular cells  [  116  ] . In 
addition, CaSR-induced activation of PI3K has been implicated in the stimulation 
of cell proliferation in H-500 leydig cells  [  113  ] , osteoblastic cells  [  117  ] , and ovarian 
surface cells as well the differentiation and survival of keratinocytes  [  71  ] . CaSR-
mediated activation of PI4K, which involves formation of a complex that includes 
the CaSR and PI4K, occurs through a Rho-dependent mechanism downstream of 
G 

12/13
   [  73  ] . Activation of this enzyme by the CaSR is likely important as a means of 

ensuring ongoing availability of PIP 
2
  and its 4-phosphorylated precursors.  

   Protein Kinase C (PKC) 

 The CaSR activates several isoforms of protein kinase C (PKC), including PKC a , 
PKC b I, PKC b II, PKC d , PKC e , and PKC z   [  3,   6  ] . Examples of CaSR-regulated pro-
cesses proven to be PKC-dependent include phosphorylation of the CaSR itself 
during prolonged increases in or oscillations in Ca 2+

i
  [  92,   93  ] , activation of ERK1/2 

 [  90  ]  (see below) and of cPLA 
2
   [  87  ] , as well as stimulation of the renal Ca 2+ -

permeable channel, TRPV5  [  118  ] , apoptosis of osteoclasts  [  119  ] , induction of 
COX-2  [  120  ] , serotonin secretion by thyroidal parafollicular cells, which also 
secrete calcitonin  [  116  ] , and acid secretion by gastric parietal cells  [  121  ] . Additional 
details can be found in recent reviews  [  3,   6,   89  ] .  

   Calmodulin-Dependent Protein Kinases 

 Calmodulin-dependent protein kinases, particularly CaMKII, are important media-
tors of some of the biological actions of calmodulin  [  122  ] . The role of calmodulin 
in stabilizing the cell surface expression of the CaSR described earlier was an exam-
ple of a direct action of calmodulin mediated by the binding of CaM to its target 
protein (in this case the CaSR)  [  53  ] . Additional actions of the CaSR, on the other 
hand, are mediated by the actions of the Ca 2+ - and CaM-dependent kinase, CaMKII. 
For example, the use of CaMKII inhibitors has implicated CaMKII in that activation 
of cytosolic PLA 

2
  described earlier  [  87  ] , as well as CaSR-mediated stimulation of 

insulin secretion  [  123  ] .  

   Tyrosine Kinases 

 As noted above, two tyrosine kinases activated by the CaSR are upstream of the 
mitogen-activated protein kinases, ERK1/2. These tyrosine kinases are the 
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epidermal growth factor (EGF) receptor (EGFR), a receptor tyrosine kinase, and 
the non-receptor tyrosine kinase, c-Src  [  3,   6  ] . The former can be activated by the 
CaSR through a “triple membrane-spanning” mechanism, whereby the CaSR is 
thought to activate a matrix metalloproteinase, cleaving heparin-binding EGF to 
its active form, which can then activate the EGFR  [  77  ] . The EGFR, in turn, is 
upstream of the ERK1/2 pathway (see next section for additional details). The 
CaSR has been shown to activate this pathway in H-500 leydig cancer cells  [  124  ]  
and prostate cancer cells  [  77  ]  in association with stimulation of PTHrP secretion. 
In the MCF-7 breast cancer cell line, CaSR-mediated stimulation of proliferation 
has been shown to involve the EGFR, ERK1/2 and TRPC1  [  98  ] . 

 In CaSR-expressing rat-1 fi broblasts  [  125  ]  and ovarian surface cells  [  75  ] , activa-
tion of the receptor increased c-Src activity, which, in turn, activated ERK1/2. 
A tyrosine kinase inhibitor, which would inhibit Src, prevented the stimulation of 
ERK1/2, suggesting that c-Src activation was upstream of ERK1/2  [  75  ] . However, 
in a subsequent study, transactivation of the EGFR was also implicated in ERK1/2 
activation in rat-1 fi broblasts  [  78  ] . Tyrosine kinase(s) also participate in the stimula-
tion of ERK1/2 in CaSR-transfected HEK-293 cells and bovine parathyroid cells, as 
assessed by the use of Src kinase inhibitor, herbimycin, although other pathways 
(e.g., PKC) were also active  [  126  ] .  

   Mitogen-Activated Protein Kinases: ERK1/2 

 ERK1/2 are activated by growth factors, {e.g., EGF and platelet-derived growth 
factor (PDGF)}, insulin, diverse GPCRs, cytokines and osmotic stress, and they 
exert numerous biological actions in a variety of cell types, such as regulating gene 
expression, differentiation, proliferation, and cell survival/apoptosis {For review, 
see  [  127  ] }. High Ca 2+

o
 , acting via the CaSR, activates ERK1/2 in a variety of cell 

types, thereby modulating diverse cellular processes. These include: (a) stimulation 
of the proliferation of ovarian surface cells  [  75  ] , rat-1 fi broblasts  [  125  ]  and 
MC-3T3-E1 murine osteoblastic cells  [  128  ] , (b) inducing apoptosis of cardiomyo-
cytes  [  129  ] , (c) activating cytosolic PLA 

2
   [  90  ] , (d) upregulating the expression of 

the vitamin D receptor (VDR) (in parathyroid cells)  [  130  ] , COX-2  [  86  ] , and PTHrP 
(as well as its secretion)  [  131  ] , and (e) mediating CaSR-induced suppression of 
PTH secretion from parathyroid cells in one  [  114  ]  but not in another study  [  132  ] . 

 The CaSR activates ERK1/2 by several different mechanisms similar to those 
utilized by other GPCRs and other types of cell surface receptors. The original sce-
nario described by Rodland, et al. for the CaSR in ovarian surface cells utilized a 
mechanism by which Src phosphorylated Shc and engaged the well-known down-
stream signaling cascade in which Ras, Raf, MEK and then ERK1/2 are sequen-
tially activated  [  75  ] . In this pathway, Raf and MEK serve as MAPK kinase 
(MAPKKK) and MAPK kinase (MAPKK), respectively, for ERK1/2  [  127  ] . 
The same authors subsequently showed in CaSR-transfected HEK293 cells that the 
CaSR activated ERK1/2 by a Ras-dependent pathway that could be blocked by 
inhibitors of PI3K but not of tyrosine kinases  [  133  ] . PI3K can be activated by G b  g  
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submits liberated from G 
i
 -coupled receptors, a mechanism that likely was the basis 

for CaSR-induced activation of PI3K in this latter study. The involvement of G 
i
  in 

CaSR-stimulated activation of ERK1/2 is also supported by the inhibitory action of 
pertussis toxin on ERK1/2 activation in this setting  [  90  ] . 

 A third mechanism by which the CaSR can activate the ERK1/2 signaling path-
way is transactivation of the EGFR by the CaSR, which was described above and 
has been demonstrated in several studies  [  77,   78,   124  ] . The fi nal way in which the 
CaSR can activate ERK1/2 utilizes a PKC-dependent mechanism that in other cells 
can entail phosphorylation and activation of Raf by PKC.  

   Mitogen-Activated Protein Kinases: P38 MAPK 

 The p38 MAPKs (there are 4 isoforms) are activated by environmental stresses 
(e.g., oxidative stress, UV irradiation, hypoxia, etc.) and infl ammatory cytokines 
(IL-1, TNF- a )  [  127  ] . The principal modes of activation of p38 MAPK involve 
MAPKKs, primarily MKK3 and MKK6, as well as upstream MAPKKKs. As is the 
case for the MAPKK activating ERK1/2 (MEK), the MAPKKs activating p38 
MAPK phosphorylate both threonine and tyrosine residues in a conserved motif 
within their target kinases (Thr-Pro-Tyr)  [  127  ] . p38 MAPK has been shown to medi-
ate biological actions of the CaSR in several different cell types. These include: 
stimulation of proliferation in the mouse osteoblastic MC3T3-E1 cell line  [  134  ] , rat 
calvarial osteoblasts  [  135  ] , and H-500 rat leydig cancer cells  [  113  ] , inhibition of 
proliferation in pancreatic cancer cells  [  136  ] , and stimulation of PTHrP secretion by 
H-500 cells  [  131  ] . Additional p38-mediated processes include activation of a potas-
sium channel in U87 astrocytoma cells  [  137  ] , enhanced expression of the vitamin D 
receptor (VDR) in the renal proximal tubular cell line, HK-2 G  [  138  ] , and stimula-
tion of COX-2 in fi broblasts  [  86  ] . There has been very limited investigation of the 
mechanism(s) underlying CaSR-mediated activation of p38 MAPK, except that it 
was PKC-independent in H-500 cells  [  131  ] .  

   Mitogen-Activated Protein Kinases: c-jun N-Terminal Kinases 

 Members of the JNK family (there are 3 isoforms) belong to another MAPK family 
and also participate in cellular responses to various stresses (e.g., stress-activated 
protein kinase) similar to those activating the p38 MAPKs, as well as heat shock, 
inhibitors of DNA and protein synthesis, growth factor deprivation, etc.  [  127  ] . Their 
activation requires dual threonine and tyrosine phosphorylation by MKK4/MKK7 
of the same Thr-Pro-Tyr motif that is present in the ERK1/2 and p38 MAPKs. As 
with ERK1/2 and p38 MAPK, there are also MAPKKKs upstream of these two 
MAPKK. The CaSR has been shown to activate JNK in several different cell types, 
where it stimulates (1) PTHrP secretion from CaSR-transfected HEK293 cells 
 [  131  ] , (2) cellular proliferation in rat calvarial osteoblasts  [  135  ] , and (3) expression 
of COX-2 in fi broblasts  [  86  ] . There are very limited data on the mechanism by 



120 B. Chakravarti et al.

which the receptor activates JNK. In MDCK cells, activation of JNK was pertussis 
toxin-sensitive, implicating a pathway involving G 

i
 , while in H-500 leydig cell 

tumor cells  [  131  ] , activation of SEK-1, which is upstream of JNK, was not depen-
dent on PKC as assessed by the use of the PKC inhibitor, GF 109203X.  

   Transcription Factors Participating in CaSR Signaling 

 Transcription factors are important targets of the CaSR transduction pathways 
described to this point. It is likely that numerous transcription factors mediate the 
actions of the CaSR on gene expression. For instance, several thousand genes are 
either up- or downregulated in the kidney by high dietary calcium intake and con-
comitant increases in serum calcium concentration in mice with knockout of the 
1-hydroxylase gene  [  139  ] . However, these actions have not been proven to be CaSR-
mediated, and this discussion will be limited to changes in the expression or activity 
of transcription factors known to be mediated by the CaSR. Activation of the CaSR 
modulates the expression of transcription factors associated with the control of 
cellular proliferation, including cyclins D1  [  140  ] , D2 and D3  [  135  ] , c-Fos  [  135  ] , 
c-Myc  [  141  ]  and Egr-1  [  135  ] . The CaSR upregulates these genes in cells in which 
it stimulates proliferation (e.g., osteoblasts)  [  135  ]  and downregulates them (e.g., 
c-Myc) in cells in which it inhibits proliferation (e.g., colonic epithelial cells)  [  141  ] . 
The transcription factors, NFAT and NF k B mediate the actions of the CaSR on 
tumor necrosis factor production in cells from the murine TAL  [  142  ]  and on apop-
tosis in osteoclasts in vitro  [  143  ] , respectively. The CaSR also upregulates activat-
ing transcription factor 2 (ATF2) in H-500 leydig cells  [  144  ] , which is known to 
bind to the cAMP responsive element and also has histone acetyltransferase activity. 
In H-500 cells, activation of the CaSR gene likewise upregulates the pituitary tumor 
transforming gene (PTTG)  [  144  ] . Finally, the CaSR upregulates the vitamin D 
receptor (VDR) in parathyroid  [  145  ] , which could contribute not only to high Ca 2+

o
 - 

but also to vitamin D-induced inhibition of parathyroid function.    

   CaSR Signaling in Tissues Participating in Ca 2+
o  Homeostasis 

   Parathyroid 

 In the parathyroid, the CaSR controls three important parameters of parathyroid 
function, inhibiting (a) PTH secretion, (b) PTH synthesis and (c) parathyroid cellu-
lar proliferation  [  7  ] . However, the molecular mechanisms by which the CaSR regu-
lates PTH secretion remain elusive. Knocking out both G 

q
  and G 

11
   [  84  ]  in a mouse 

model results in a phenotype reminiscent of neonatal severe hyperparathyroidism 
(NSHPT), which in mice and humans results from homozygous knock out of the 
CaSR gene  [  146,   147  ] . These two G proteins, therefore, must be key downstream 
effectors of the CaSR in the regulation of PTH secretion and parathyroid cellular 
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proliferation, presumably by activating PLC. Production of AA by phospholipase 
A 

2
  has also been suggested to be a key downstream mediator of calcium-induced 

inhibition of PTH secretion  [  104  ] , owing, at least in part, to conversion of arachi-
donic acid to products of the 12- and 15-lipoxygenease pathways  [  106  ] . The CaSR 
can activate cPLA 

2
  either by ERK1/2-  [  90  ]  or CaMKII-mediated phosphorylation 

 [  87  ]  of the phospholipase, as noted earlier. CaSR-evoked, ERK1/2-mediated stimu-
lation of cPLA 

2
  and the ensuing generation of arachidonic acid metabolites that 

inhibit PTH secretion could explain the blockade of high  Ca 2+
o
 -induced suppression 

of PTH secretion by inhibitors of ERK1/2 observed in one  [  114  ]  but not another 
study  [  132  ] . The mechanistic basis underlying the inverse relationship between 
Ca 2+

i
 and PTH secretion remains unclear, but the presence of a calcium-independent 

synaptosomal-associated protein 23 (SNAP-23) in the parathyroid  [  148  ]  instead of 
a calcium dependent one, namely SNAP-25, which normally promotes secretory 
vesicle fusion when Ca 2+

i
 is high, may be a clue to this riddle. Also the cytoskeleton 

in bovine parathyroid cells undergoes changes that may enable it to serve as a physi-
cal barrier to secretion at high Ca 2+

o
   [  149  ] . Figure  5.2  schematically illustrates mech-

anisms proposed to underlie the regulation of PTH secretion by Ca 2+
o
 .  

 Elevated levels of Ca 2+
o
 produce a CaSR-mediated decrease the levels of the 

mRNA encoding preproPTH  [  150,   151  ] . The CaSR-mediated change in the level of 
PTH mRNA is the result of a change in preproPTH mRNA stability rather than in 
PTH gene transcription by a pathway involving stimulation of calmodulin (CaM) 
and protein phosphatase 2B  [  152  ]  {for review, see  [  153  ] }. The CaSR-mediated inhi-
bition of parathyroid cellular proliferation is thought to be the result of induction of 
the cyclin-dependent kinase inhibitor, p21 WAF1 , and downregulation of both the 
growth factor, TGF- a , and its receptor, the EGFR  [  154  ] . An endothelin-1-mediated 
stimulation of parathyroid cellular proliferation has also been described  [  155  ] . The 
signaling pathways by which the CaSR controls parathyroid growth are not well 
understood. 

   The CaSR in the C-Cell 

 Studies carried out prior to the cloning of the CaSR showed that high Ca 2+
i
 depo-

larized C-cells  [  156  ] , resulting in the activation of voltage-dependent calcium 
channels (VDCC)  [  157  ]  and stimulation of CT secretion by the classical mecha-
nism of stimulus-secretion coupling, whereby an increase in Ca 2+

i
 directly stimu-

lates the exocytotic machinery  [  158  ] . The control of CT secretion by high Ca 2+
o
 

was not thought at that time to involve the CaSR regulating PTH secretion  [  159  ] . 
The cloning of the CaSR enabled direct documentation that C-cells do, in fact, 
express the receptor  [  160,   161  ] . Studies in CaSR knock out mice subsequently 
documented the mediatory role of the CaSR in high  Ca 2+

o
  -stimulated CT secretion 

by showing near total loss of Ca 2+ -elicited CT secretion in CaSR knockout mice 
rescued from the lethal hyperparathyroidism of this genotype by concomitant 
deletion of the PTH gene  [  162  ] . A model for how the CaSR stimulates CT secre-
tion  [  163  ]  involves CaSR-induced activation of a nonselective cation channel, 
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which causes cellular depolarization, thereby stimulating VDCC, elevating  Ca 2+
i
 , 

and activating exocytosis. The signaling pathway involved in this model has sub-
sequently been shown to comprise CaSR-mediated increases in free G b  g  sub-
units, which activate PI3K b , leading to stimulation of PDK1, which in turn, 
phosphorylates and activates PKC z   [  116  ] . How PKC z  activates non-selective 
cation channels to initiate cellular depolarization and opening of VDCC in this 
cell type has not been elucidated.  
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  Fig. 5.2    Schematic diagram showing subcellular localization of CaSR, mechanisms governing its 
cell surface expression/activity, and signaling pathways postulated to  inhibit PTH secretion . 
( a ) Regulation of CaSR on cell membrane: CaSR is located in the caveolae of the cell membrane. 
 Rab11a  promotes recycling of the CaSR to the cell surface and binding of the receptor to fi lamin 
protects it from degradation.  Rab1  (not shown) stimulates movement of the CaSR to the cell sur-
face during its biosynthesis. High Ca2+

O
 activates the CaSR and induces binding of calmodulin 

( CaM ) to the receptor’s C-terminus, which stabilizes the receptor on the cell surface and enhances 
signaling. Following activation of the CaSR,  GRK2  inhibits  G  

 q/11 
  binding, while GRK3/4 phospho-

rylate the CaSR’s C-tail, facilitating binding of   b -arrestin , which downregulates receptor activity. 
( b ) The CaSR, coupled to G 

i
  and/or G 

q/11
 , is also bound to  caveolin-1  and  Filamin , both of which 

can serve as scaffolds for various signaling molecules. The activated CaSR, acting through G 
proteins and signaling elements bound to these scaffolding partners stimulates  MAPK  activation 
and the generation of lipoxygenase products from arachidonic acid formed by  PLA  

 2 
 . These and 

perhaps additional, as yet poorly characterized, signaling pathways produce inhibition of secre-
tion, resulting, at least in part, from the formation of a cytoskeletal barrier at the vascular/secretory 
pole of parathyroid cells. See text for additional details       

 



1235 CaSR Signaling

   The CaSR in Kidney 

 In the kidney three key locations of the CaSR where the receptor’s signaling 
pathways will be addressed here are the proximal tubule, the TAL, and the inner 
medullary collecting duct (IMCD)  [  164–  166  ] . The interested reader is referred to 
recent reviews of additional locations and functions of the receptor in the kidney 
 [  167  ] . In the proximal tubule the receptor antagonizes the phosphaturic action of 
PTH and inhibits the synthesis of 1,25(OH) 

2
 D 

3
  in a proximal tubule cell line, at least 

in part by upregulating the VDR  [  168  ] . In the cortical TAL the CaSR directly sup-
presses renal tubular Ca 2+  reabsorption  [  7  ]  and in the IMCD it antagonizes vasopres-
sin-stimulated water fl ow, thereby reducing urinary concentrating ability  [  165,   166  ] . 
A second mechanism by which the CaSR reduces urinary concentration is by inhib-
iting salt transport in the medullary TAL, thereby reducing the medullary hyperto-
nicity needed for passive reabsorption of water in the medulla  [  167  ] . 

 CaSR signaling in the proximal tubule has not been studied in any detail. Recent 
studies have implicated CaSR-induced activation of p38 MAPK as mediating the 
attendant increase in VDR expression in the human proximal tubular cell line, 
HK-2G  [  138  ] . There was concurrent activation of ERK1/2, but this did not mediate 
the effect of the CaSR on the VDR based on the use of ERK1/2 inhibitors. Comparable 
studies have not been carried out in native tubular cells. In contrast, ERK1/2 medi-
ates the CaSR-evoked increase in VDR expression in the parathyroid gland  [  130  ] . 

 Studies utilizing tubules from the TAL have shown a pertussis toxin-sensitive 
inhibition of hormone-stimulated cAMP accumulation by high Ca 2+

o
  presumably 

acting through coupling of the CaSR via G 
i
  to inhibition of adenylate cyclase, while 

in the proximal tubule, high Ca 2+
o
  had no such effect on cAMP levels  [  169,   170  ] . A 

different mechanism for CaSR-evoked lowering of cAMP in TAL is by stimulating 
a PLC-dependent increase in  Ca 2+

i
 , which both inhibited a Ca 2+ -inhibitable form of 

adenylate cyclase (type 6) and increased cAMP breakdown by phosphodiesterase 
 [  83  ] . These changes in cAMP could reduce Ca 2+  reabsorption both by the paracel-
lular and transepithelial routes by inhibiting the actions of cAMP-elevating hor-
mones (e.g., PTH) stimulating Ca 2+  reabsorption  [  171  ] . 

 A second transduction pathway stimulated by the CaSR in the TAL is activation 
of phospholipase A 

2
  and subsequent metabolism of the AA by the P450  w -hydrox-

ylase to 20-HETE  [  105  ] , which has potent inhibitory actions on channels and trans-
porters participating in the paracellular pathway for Ca 2+  reabsorption in the TAL. 
These include a potassium channel and the Na + -K + -2Cl −  cotransporter (NKCC2) 
{for review see  [  172  ] }. The K +  channel and NKCC2, both located in the apical 
membrane, are key participants in the generation of the lumen-positive potential 
driving the paracellular reabsorption of not only Ca 2+ , but also Mg 2+  and, to some 
extent, Na +  in the TAL  [  172  ] . The importance of this mechanism has been abun-
dantly proven by experiments in nature in humans that knock out these and other 
participating genes, producing the wasting of sodium chloride, K + , Mg 2+  and Ca 2+  
characteristic of Bartter syndrome  [  173  ] . In fact, some activating mutations of the 
CaSR are the cause for type 5 Bartter syndrome through the mechanism just 
described  [  174,   175  ] . 
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 Abdullah and co-workers have described another signal transduction pathway in 
the TAL that links the CaSR to enhanced production of prostaglandin E 

2
 , which has 

potent diuretic and natriuretic actions on the kidney. The CaSR couples to activation 
of PLC via both G 

q/11
  and, to a lesser extent, G 

i
   [  120  ] . The resultant increases in 

diacylglycerol levels and Ca 2+
i
 activate PKC, which stimulates the protein phos-

phatase, calcineurin (CaN), resulting in dephosphorylation and activation of NFAT5 
 [  120  ] . NFAT5 then stimulates the production of TNF a , which acts on its receptor in 
an autocrine/paracrine manner to upregulate COX-2 and stimulate the production of 
PGE 

2
   [  176  ] . The CaSR, in addition to inhibiting cAMP accumulation through the 

type 6 adenylate cyclase and by activating phosphodiesterase in the TAL, activates 
PLC in the rat TAL  [  83  ] , while in the rabbit TAL, CaSR-evoked increases in Ca 2+

i
 

occur solely by calcium infl ux  [  177  ] . 
 Vasopressin normally stimulates translocation of the water channel, aquaporin-2 

(AQP-2), to the plasma membrane by a cAMP-dependent process that phosphory-
lates serine 236 in AQP-2  [  178  ] . In the collecting duct cell line, CD8, the CaSR 
decreases cAMP accumulation and activates PKC, both of which would be expected 
to reduce the expression of aquaporin-2 (AQP-2) water channels on the plasma 
membrane, the former by decreasing PKA-mediated translocation to the membrane 
and the latter by stimulating endocytosis of AQP-2  [  179  ] . In addition to AQP-2, 
endosomes isolated from the inner medullary collecting duct of the rat kidney con-
tain CaSR, G 

q/11
 , G 

i
 , and PKCs  d  and  z , which may facilitate signal transduction by 

bringing these signaling elements together to promote effi cient signaling  [  166  ] .    

   CaSR Signaling in Tissues Not Participating in Ca 2+
o  Homeostasis 

 The CaSR is expressed in numerous tissues in addition to those involved in Ca 2+
o
 

homeostasis {for review, see  [  180  ] }. Its many roles in these diverse cell types are still 
being unraveled and Table  5.2  presents examples of some of these normal tissues/
cells in which information is available related to the receptor’s signaling pathways 
therein. This general area is also discussed in recent comprehensive reviews  [  3,   6  ] .   

   CaSR Signaling in Cancer 

   CaSR and Cancer 

 The CaSR is expressed (or over-expressed) in diverse types of cancer, and may 
participate in the development of many types of benign or malignant tumors, from 
parathyroid adenomas to breast, prostate, colon cancers, ovarian cancer and gastri-
noma  [  218  ] . Humoral hypercalcemia of malignancy (HHM) is an important para-
neoplastic syndrome that is caused by the secretion from the tumor of a humoral 
factor that acts systemically on target organs of bone, kidney, and intestine to dis-
rupt normal calcium homeostasis and produce hypercalcemia  [  219  ] .  
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   Bone Metastases in Cancer 

 The frequent bony metastases seen in patients with certain forms of cancer, e.g., 
multiple myeloma and breast cancer, including those with HHM, can be explained 
by the ‘seed and soil’ hypothesis proposed by Paget  [  220  ] . Bone is not simply the 
depot for 99% of the body’s calcium but is also a rich storage site for immobilized 
growth factors such as transforming growth factor (TGF)- b , insulin-like growth fac-
tors (IGF) I and II, fi broblast growth factor (FGF)-1 and −2, and platelet-derived 
growth factors (PDGF). These growth factors can be released during normal bone 
resorption as well as by osteolytic metastases  [  221  ] . Bony metastases can be osteo-
blastic, osteolytic, or mixed  [  222  ] . Osteoblastic metastases are commonly associ-
ated with prostate and breast cancer, but mixed osteolytic–osteoblastic metastases 
are also seen in these two types of cancer  [  223  ] . Trabecular regions, such as the 
proximal ends of the long bones, ribs, and vertebral column, are preferential sites of 
prostate cancer metastasis  [  224  ] . Endothelin-1 (ET-1) is a potent osteoblast-stimu-
latory factor that is involved in osteoblastic bone metastases through its activation 
of the ET A receptor (ETAR) in breast cancer  [  225,   226  ] . TGF- b  plays an integral 
role in promoting the development and progression of osteolytic bone metastases by 
inducing production by the metastatic cancer cells of parathyroid hormone-related 
protein (PTHrP), a known stimulator of osteoclastic bone resorption  [  227  ] . This is 
typically described as a vicious cycle between the tumor cells and bone. 

 One of the direct effects of increased bone resorption during HHM is an increase 
in  Ca 2+

o
, both locally and systemically. The levels of Ca 2+

o
  in the vicinity of resorbing 

osteoclasts are many-fold higher than the level of systemic Ca 2+
o
  (i.e., ranging from 

8 to 40 mM)  [  228  ] . In this regard, buffering of Ca 2+
i
 becomes crucial for avoiding 

the toxicity of large (micromolar) sustained increases in Ca 2+
i
  [  229  ] . However, the 

CaSR could enable Ca 2+
o
  to contribute directly to this vicious cycle by stimulating 

the production of PTHrP by the cancer cells instead of released Ca 2+  merely entering 
the local and then systemic ECF. Under these circumstances, the CaSR could serve 
as a central element in a physiologically inappropriate “feed-forward” mechanism. 
Examples of the roles of the CaSR in various cancers and its associated signaling 
pathways are presented in Table  5.3 .        
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  Abstract   Calcium (Ca 2+ ) is essential in regulating a plethora of cellular functions 
that includes cell proliferation and differentiation, axonal guidance and cell migra-
tion, neuro/enzyme secretion and exocytosis, development/maintenance of neural 
circuits, cell death and many more. Since Ca 2+  regulates so many fundamental 
processes, it could be anticipated that numerous Ca 2+  channels and transporters 
will assist in regulating Ca 2+  entry across the plasma membrane. Towards this sev-
eral Ca 2+  channels such as voltage-gated channels, store-operated Ca 2+  entry 
(SOCE) channels, NMDA, AMPA and other ligand gated channels have been iden-
tifi ed. In recent years research focus has been targeted towards identifi cation of the 
precise function of these essential channels. Furthermore, characterization of these 
individual Ca 2+  channels has also gained much attention, since specifi c Ca 2+  chan-
nels have been shown to infl uence a particular cellular response. Moreover, pertur-
bations in these Ca 2+  channels have also been implicated in a spectrum of 
pathological conditions. Hence, understanding the precise involvement of these 
Ca 2+  channels in disease conditions would presumably unveil avenues for plausible 
therapeutic interventions. We thus review the role of Ca 2+  signaling in select  disease 
conditions and also provide experimental evidence as how they can be character-
ized in a given cell.  

  Keywords   Cell signaling  •  Calcium channels and currents  •  Neurodegenerative 
diseases  •  Congestive heart failure      
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   Introduction 

   Ca 2+  Signaling 

 Most of us see the word Ca 2+  daily, whether it is read on the label of a multivitamin 
or seen on a carton of milk, but do not realize the complexity and vast array of func-
tions that this simple divalent cation plays on a molecular level. The majority of 
people know Ca 2+  is involved in bone development and in the prevention of diseases 
such as osteoporosis; however, Ca 2+  is one of the most abundant signaling molecules 
found in the human body which regulate functions ranging from the cell cycle and 
embryogenesis to cell death. Disruptions in Ca 2+  signaling has been linked to the 
pathogenesis of numerous diseases such as, but not limited to Huntington’s disease, 
Alzheimer’s disease, Cancer, Congenital Heart Failure, and Diabetes. The focus of 
this chapter is to give an appreciation for Ca 2+  signaling, characterization of Ca 2+  
channel activity, and how certain diseases arise due to disruptions or remodeling of 
the Ca 2+  signaling cascade. 

 Many cellular responses act like factory machines, and their effi ciency depends on 
a delicate balance between the input and output signal. The same can be said for Ca 2+  
signaling where the concentration of Ca 2+  acts as the signal. One of the most important 
parts of Ca 2+  signaling is the cell’s ability to regulate this signal, since cells use the 
concentration of Ca 2+  as a mechanism to drive many cellular processes. In order for a 
cell to elicit a cellular response due to Ca 2+  signaling, it must be able to regulate the 
concentration of Ca 2+  in different cellular locations. In any given cell, Ca 2+  concentra-
tions can range from its basal cytosolic concentration of 100 nM to as much as 1–10  m M 
when the cell is ready to produce a signaling cascade  [  1  ] . Importantly, certain cellular 
responses have an optimum Ca 2+  concentration which once reached, signaling proteins 
can create a signal cascade which act on downstream effectors to activate transcription 
factors or other proteins to aid in the regulation of that response (Fig.  6.1 ). Before the 
cell is able to elicit a Ca 2+  signal to activate certain processes required to maintain a 
healthy cell, it must be able to sustain a steady level of Ca 2+  within its stores and in the 
cytoplasm. Since cells and their corresponding responses are sensitive to varying levels 
of Ca 2+ , they must create a mechanism to keep Ca 2+  at its basal cytosolic concentration 
except to elicit a cellular response. Thus, cell have developed a sophisticated mecha-
nism that balances the Ca 2+  levels, by several methods that include compartmentaliza-
tion, chelation, or expulsion of Ca 2+  from the cell (Fig.  6.1 )  [  1  ] .   

   Ca 2+  Infl ux Channels and Cellular Homeostasis 

 The plasma membrane and endoplasmic reticulum are two of the most basic barriers 
for the compartmentalization of Ca 2+ . The cell adapts Ca 2+  channels to aid in the com-
partmentalization, expulsion, and transport of Ca 2+  (Fig.  6.1 )  [  1  ] . The plasma mem-
brane acts as a divider to keep intracellular and extracellular Ca 2+  concentrations 
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separate. ATPase pumps on the plasma membrane known as plasma membrane Ca 2+  
ATPases (PMCA pumps) push Ca 2+  out of the cell against its concentration gradient at 
the expense of ATP 2 . Other proteins such as Na + /Ca 2+  (NCX) and Na + /Ca 2+  -K +  
(NCKX) exchangers use the concentration gradient of other ions such as sodium to 
extrude one Ca 2+  ion for three sodium ions or cotransport one Ca 2+  and potassium ion 
to the outside of the cell for four sodium ions into the cell, respectively  [  2  ] . The endo-
plasmic reticulum is another organelle that acts as a barrier to aid in the separation of 
concentration. The endoplasmic reticulum can also act as a storage unit for Ca 2+  to be 
used later when the cell needs to elicit a Ca 2+  dependent response. ATPases on the 
endoplasmic reticulum known as sarcoendoplasmic reticular Ca 2+  ATPases (SERCA 
pumps) push Ca 2+  into the endoplasmic reticulum at the expense of ATP 2 . Due to the 
actions of the plasma membrane, endoplasmic reticulum, and their corresponding 
Ca 2+  channels, the cell is able to transport Ca 2+  into the extracellular space or into the 
endoplasmic reticulum for storage to be release in response to certain agonist binding 
which will be discussed later. 

 Ca 2  expulsion from the cell is only applicable when dealing with large increases 
in the intracellular concentration of Ca 2+ . As mentioned earlier, Ca 2+  signaling 
occurs in response to changes in Ca 2+  concentration ranging from minute to large 
increases in intracellular Ca 2+ . Cells are able to regulate the amount of Ca 2+  entering 
the cell much the same way they control the amount of Ca 2+  leaving the cell. Ca 2+  
channels such as voltage-gated Ca 2+  selective channels, store/receptor operated Ca 2+  
entry channels, and NMDA/AMPA channels coordinate the amount of Ca 2+  entering 
the cell at any given time (Fig.  6.1 ). 

   Voltage-Gated Ca 2±  Channels 

 Voltage-gated Ca 2+  selective channels (CaV) are found on the plasma membrane 
where they function in Ca 2+  entry elevating the intracellular concentration of Ca 2+ . 
These channels function by predominantly using the electrochemical gradient that 
is created by the separation of charges between the intracellular and extracellular 
space thus creating a polarized cell  [  3  ] . The channel opens due to a helix-turn-helix 
loop containing positively charged amino acids that is able to sense voltage changes 
allowing Ca 2+  to enter the cell  [  1  ] . Voltage-gated Ca 2+  selective channels are able to 
create vast increases in intracellular Ca 2+  concentrations in a matter of milliseconds 
making these types of channels the fastest and most effi cient channel to elicit a Ca 2+  
signaling response  [  3  ] . Since the regulation of the amount of Ca 2+  entering and exit-
ing the cell is controlled by plasma membrane channels; the cell is able to create an 
effi cient mechanism for maintaining Ca 2+ -dependent processes.  

   Store/Receptor-Operated Ca 2±  Channels 

 Store-operated Ca 2+  entry (SOCE) is a unique mechanism for Ca 2+  entry, since it 
involves many channels and proteins throughout the cell, which is unlike 
 voltage-gated channels which rely solely on the separation of charges between the 
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intracellular and extracellular space. Ca 2+  in the ER is continuously leaking out into 
the cytosol (due to concentration gradient), which is constantly pumped back into 
the ER by the high activity of SERCA pumps and avoids emptying of the ER Ca 2+  
stores. However, upon agonist stimulation second messengers are generated that 
eventually depletes ER Ca 2  that relays the signal to the plasma membrane and initi-
ate Ca 2+  entry via the SOCE mechanism  [  4  ] . One of the long lasting question in the 
fi eld was as how does a cell respond when these pumps are blocked or the cytosol 
doesn’t have enough Ca 2+  to sustain the repletion of ER by SERCA pumps? The 
answer to the question came by the identifi cation of the SOCE, which satisfi es this 
requirement by acting as a response mechanism through crosstalk between the ER 
and Ca 2+  channels on the plasma membrane, thereby allowing Ca 2+  to enter the cell 
from the extracellular space and refi ll the Ca 2+  stores in the ER  [  4  ] . 

 Changes in ER [Ca 2+ ] are sensed through a single transmembrane ER Ca 2+  sens-
ing protein known as stromal interacting molecule 1 (STIM1), via an EF hand which 
is located on the luminal C-terminal tail  [  4  ] . Upon ER Ca 2+  store depletion, Ca 2+  
dissociates from the EF hand causing STIM1 to aggregate on the ER through the 
assistance of its cytosolic N terminus sterile  a -motif forming puncta near the plasma 
membrane  [  5  ] . These puncta translocate close to the plasma membrane where it 
interacts with a four transmembrane spanning plasma membrane protein, Orai or 
TRPCs or both, to allow Ca 2+  to enter the cell and refi ll the ER stores. Although 
recent research has put forth a plausible working model, several issues such as how 
STIM1 is regulated and how it is translocated to the plasma membrane still remains 
a mystery today. Thus, further scientifi c inquiries into the regulation of STIM1 can 
hopefully yield interesting results that will open further areas of research in the fi eld 
of Ca 2+  signaling. 

 SOCE function is not only limited to refi lling of the intracellular Ca 2+  stores, but 
can elicit a Ca 2+  response itself propagating the signal downstream to its effectors and 
yielding a specifi c cellular action. It can accomplish this by using the phosphati-
dylinositol signaling pathway that is also known as receptor-operated Ca 2+  entry. 
When an agonist binds to a G protein-coupled receptor (GPCR) causing hydrolysis of 
the receptors subunits, G a  and G b /G g , G a  moves downstream to activate phospholi-
pase C (PLC) which in turn cleaves phosphatidylinositol 4,5 bisphosphate (PIP2) into 
1,4,5 inositol triphosphate (IP 

3
 ) and diacylglycerol (DAG)  [  6  ] . IP 

3
  is able to bind to 

an ER receptor named 1, 4, 5 inositol triphosphate receptors (IP 
3
 Rs) where it causes 

a conformational change in the receptor allowing Ca 2+  to exit the ER stores and raise 
the cytosolic Ca 2+  ([Ca 2+ ] 

i
 ) from its basal level of 100 nM to as much as 1  m M in a 

matter of seconds priming the cell for a Ca 2+  dependent cellular response  [  6  ] . 
 How does the cell recognize an elevation in Ca 2+  concentration? How is the cell 

able to translate the increase in [Ca 2+ ] to a signal for downstream proteins to activate 
a cellular process such as apoptosis or transcription? A cell’s answer to these ques-
tions is the creation of Ca 2+  binding protein. Many proteins within the cell contain 
Ca 2+  binding domains such as calmodulin whose EF hand, like the one seen in 
STIM1, is able to bind Ca 2+  to regulate cellular functions  [  4  ] . Upon Ca 2+  binding, 
calmodulin is able to undergo a conformational change which causes inhibitory 
proteins to dissociate from calmodulin making it accessible to interact with other 
proteins. The conformational change that has occurred upon Ca 2+  binding allows 
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active sites to emerge that have previously been hidden by the closed conformation 
 [  7  ] . The Ca 2+  bound calmodulin has numerous roles in the cell. One such role is the 
ability to aid in certain phosphylation pathways such as the calmodulin kinase fam-
ily (CAMK). Once Ca 2+  bound calmodulin binds to calmodulin kinase, autoinhibi-
tory proteins dissociate allowing CAMK to experience autophosphorylation. 
Autophosphorylation allows kinase activity to be active for a longer duration  [  8  ]  
and this extended kinase activity exerts its effect on many downstream proteins 
which participate in numerous cellular processes. In addition, Ca 2+  binding proteins 
are also able to propagate the Ca 2+  signal to a wide array of different proteins found 
in different areas of the cell which are responsible for triggering precise cell specifi c 
tasks.   

   Characterization of Ca 2+  Channels 

   Measurement of Ca 2±  Currents 

 Patch clamping is a technology that is widely used to record multiple ion currents 
including Ca 2+  currents. Using a glass microelectrode it is possible to record Ca 2+  
channel activity, since it seals the surface of cells by over 10 10 �  resistance, thereby 
electrically isolating this tip-touched small region on the plasma membrane from its 
vicinity, thus maintaining membrane potential to monitor and record the single- and 
whole cell-channel Ca 2+  currents  [  9  ] .  

   SOCE Currents 

 SOCE currents are generally pretty small, for example, in HEK293 cells and in 
HSG (human submandibular gland) I 

soc
  are only 0.5pA/pF and 2pA/pF respectively. 

In addition, the current and voltage (IV) relationship of I 
soc

  is slightly different in 
different cell types. For example, in HSG and RBL cells, the IV curve exhibit inward 
rectifi cation (however the amount of inward rectifi cation is different in both cells). 
Meanwhile in HSY cells, the IV cure is close to linear, suggesting that different 
channels could contribute to the same current  [  10  ] . In addition, the reversal poten-
tial of I 

soc
  also varies in different cells and is close to 0 or +40 mV in most cell types 

(Fig.  6.2 ).   

   Measurement of SOCE Currents 

 For the recording of I 
soc

 , the basic protocol is as follows: In standard whole cell mode, 
every 4 s, a voltage ramp is applied that ranges from −90 to 90 mV over a period 
of 1 s with a holding potential of 0 mV. Using this protocol, it’s easy to monitor 
the development of I 

soc
  over time as well as establishing the IV relationship of the I 

soc.
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The external solution used is the modifi ed Ringer’s solution with the exception of 
using a high concentration of Ca 2+ . Internal solution consists of Cs +  along with Ca 2+  
chelators. Importantly, I 

soc
  can be activated by several ways, which includes: (i) 

Intracellular dialysis with high concentration of the chelators (10 mM EGTA, or 
10 mM BAPTA) that can activate an inward Ca 2+  current after a short delay. (ii) In 
contrast, addition of IP 

3
  along with Ca 2+  chelators in the internal solution develops a 

current, which is relatively fast. (iii) SERCA pump inhibitors such as thapsigargin or 
ionomycin can also deplete Ca 2+  stores in order to active the I 

soc
  currents (Fig.  6.2 ).  

   Facilitation of SOCE 

 In most cell types, I 
soc

  is so small that it is important to enlarge the current amplitude 
by several ways. Ca 2+  has a positive effect on I 

soc
 , since its potentiation depends on 

external Ca 2+  concentrations  [  11  ] . Thus, increasing Ca 2+  concentration of the exter-
nal solution (10–20 mM) is generally suffi cient to experimentally record I 

soc
 . 

However, Ca 2+  regulation of I 
soc

  is complex and besides having a positive effect, it is 
also involved in Ca 2+ -dependent inactivation, which is further characterized by 
either fast or slow inactivation  [  12,   13  ] . Thus, exposing the cells to a normal solu-
tion can minimize the period of cells that are exposed to high Ca 2+  concentration 
before initiating patch clamping experiment is important. Another way to reduce the 
inactivation is to use Ca 2+  chelators. EGTA has been shown to be less effective on 
fast inactivation, whereas BAPTA is a more rapid chelator and reduces fast inactiva-
tion. In addition, to increase the conductance of I 

soc
  it is also advisable to use DVF 

(divalent cation-free) solution, where removal of all extracellular divalent cation, 
results in a large Na +  currents through SOCE channels.  

   Voltage Dependent Ca 2±  Currents 

 Voltage dependent Ca 2+  currents (VDCC) are present especially in excitable cells. 
For recording VDCC, K +  current have to be blocked by the addition of Cs +  or by 
applying 4-aminopyridine. Similarly, Na +  is also blocked by either replacing Na +  
from the solution or by adding tetrodotoxin in the solution. In whole cell mode, cur-
rent is elicited from a holding potential of −70 mV by 150-ms depolarizing voltage 
step that range between −70 and +70 mV. A typical VDCC and IV relationship in 
hippocampus cells is shown in Fig.  6.2 . There is a remarkable rundown effect, which 
will affect recording of the VDCC and including 10 mM ATP intracellularly can 
decrease the rundown effect. However, the best solution for abolishing rundown of 
VDCC is using perforated patch recordings, with nystatin (100 ug/ml) or amphot-
ericin B (30 ug/ml) in the intracellular solution. These polyene antibiotics form 
pores to allow small ion to permeate in a cell-attached patch mode, thereby abolish-
ing rundown by preventing the leak. However, a potential problem for perforated 
path recording is that sometimes the access resistance is large that will decrease the 
amplitude of VDCC.  
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   Ca 2±  Activated K ±  Currents 

 Ca 2+  activated K +  current is another way to monitor the changes in Ca 2+  concentra-
tions especially in the subplasma membrane region for its tight regulation by Ca 2+  
concentration  [  14  ] . To record these currents in a whole cell confi guration, gap-free 
mode is used with a holding potential of 0 mV, and addition of Ca 2+  activators (such 
as IP 

3
 , Carbachol) can induce K 

Ca
  that are much larger and are easy to record. For 

recording the IV relationship, the membrane potential is changed from −120 to 
80 mV using a 20 mV step protocol.   

   Ca 2+  Channels and Their Implication in Various Diseases 

 To the human eye, diseases present themselves as a collection of signs and symp-
toms varying in the degree of severity. For instance, Alzheimer’s disease can only 
be viewed by the symptoms it presents such as a progressive decline in cognitive 
function. This cognitive dysfunction manifests itself as memory loss, trouble under-
standing visual and spatial relationships, and a decrease in judgment. However, on 
a molecular scale, diseases arise due to cellular dysfunctions and different diseases 
correlate do different abnormalities in cellular functions. Cellular abnormities can 
vary from the level of transcription to protein localization and regulation. Thus, the 
rest of this chapter is going to be focused on cellular dysfunctions and its correlation 
to the progression of different diseases with respect to Ca 2+  signaling. As mentioned 
previously, Ca 2+  play a vital role in numerous cell functions; therefore, the diseases 
that arise from disruptions in Ca 2+  signaling range from neurodegenerative diseases 
such as Huntington’s disease to cardiomyopathies such as congestive heart failure. 

   Ca 2±  Channels in Alzheimer’s Disease 

 A disruption in Ca 2+  signaling is not known to be the cause of Alzheimer’s disease 
(AD). On the other hand, there is growing evidence supporting the hypothesis that 
a remodeling of the Ca 2+  signaling is involved in the slow decline in cognitive think-
ing seen in AD. Within the scientifi c community, AD has been studied extensively 
leading to the discovery of amyloid fi brils and plaques which aggregate outside 
never terminals  [  15  ] . The cause of this buildup in amyloid plaques is the hydrolysis 
of  b -amyloid precursor protein (APP) by the  b - and  g -secretase complex. The prod-
uct of the hydrolysis,  b -amyloid protein (A b  protein), tends to polymerize into the 
plaques and fi brils seen in the pathology of Alzheimer’s disease  [  16  ] . Although 
many factors can play a role in the pathogenesis of AD, all factors essentially affect 
this amyloid cascade hypothesis leading to abnormal amounts of amyloid produc-
tion. There are two forms of Alzheimer’s disease, sporadic and familiar, that have 
been studied. However, both of these disease forms affect the amyloid cascade 
hypothesis and the only difference lies between the two is as how the hypothesis is 
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affected. Sporadic AD is the most widely known as it is this form which is the most 
common among people who develop AD. Sporadic AD is generally characterized 
by a slow severe decline in cognitive functions  [  17  ] . On the other hand, familiar 
Alzheimer’s disease (FAD) is developmentally a faster form than sporadic AD as it 
involves mutations in the amyloid pathway. Some examples of the more commonly 
mutated proteins that are involved in FAD are APP, members of the presenilin fam-
ily, and apolipoproteins  [  17  ] . Sporadic and familiar Alzheimer’s disease are under 
extensive scientifi c studies trying to elucidate the link between the development of 
AD and the neuronal cell abnormalities and degeneration leading to cognitive 
dysfunction. 

 There are many current hypotheses proposing the involvement of Ca 2+  in 
Alzheimer’s disease. Most of these hypotheses involve the amyloidogenic pathway 
remodeling the Ca 2+  signal in cells exhibiting amyloid plaques and fi brils. One such 
role includes  a -secretase cleavage of the membrane bound APP into a soluble por-
tion sAPP a  and the C terminus membrane bound portion (CTF a ). ℘-secretase is 
able to hydrolyze (CTF a ) into an APP intracellular domain (AICD), which translo-
cates to the nucleus and act as a transcription factor and may have an effect on the 
expression of ryanodine, a receptor on the SR that when activated releases Ca 2+  
from the SR stores, and calbindin proteins  [  16,   18  ] . It has been shown that individu-
als with AD have a down regulation of the expression of the Ca 2+  buffering protein 
calbindin which aids in restricting the Ca 2+  amplitude thus regulating Ca 2+  signaling 
 [  16  ] . Another important hypothesis that is being studied suggests that a specifi c 
amyloid plaque, A a  

42
 , may act as a ligand for the membrane bound cellular prion 

protein receptor, which when activated may carry out Ca 2+  cellular responses such 
as activating NMDA receptors allowing Ca 2+  into the cell that induces excitotoxicity 
 [  19  ] . Taken together, these current hypotheses drastically change the overall levels 
of [Ca 2+ ] 

i
  throughout the cell leading to a remodeling of the Ca 2+  signal that can 

activate processes, which are involved in neuronal cell death (such as caspases or 
cytochrome C) to assist in the neurodegenerative damages present in AD. 

 The role of Ca 2+  in Alzheimer’s disease also extends its reach into the symptom-
atic manifestations of learning and memory defi ciencies. Memories are either stored 
or erased according to varying levels of Ca 2+  which effects the phosphorylation and 
traffi cking of the  a -amino-3-hydroxy-5-methyl-4-isoxazolepropionic receptors 
(AMPA)  [  20  ] . Long-term potentiation (LTP) occurs at high [Ca 2+ ] 

i
 , which can signal 

the phosphorylation and membrane insertion of the AMPA receptor, thereby, allow-
ing memories to be stored for a short term  [  21  ] . On the other hand, long-term depres-
sion (LTD) occurs at lower [Ca 2+ ] 

i
  which allows activation of phosphatases such as 

Ca 2+ -dependent calcineurins to remove phosphates from the AMPA receptor, thus, 
removing it from the plasma membrane by the process of endocytosis  [  22  ] . LTD 
leads to the elimination of temporary memories previously stored by LTP. Thus, 
overall, LTP and LTD occur at varying Ca 2+  levels and are associated with different 
times throughout the day. LTP occurs while learning during the day leading to a 
quick spike in Ca 2+ , while LTD occurs during sleep when a low steady level of Ca 2+  
is maintained  [  21  ] . In contrast, permanent memory storage occurs during different 
stages of sleep when LTP and permanent memory storage overlap, it is when that 
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the brain transfers memories from short term to storage for long term, however, any 
memories that did not overlap during this transition are erased by LTD. Interestingly, 
in AD, remodeling of the Ca 2+  signal causes changes in [Ca 2+ ] 

i
  which can affect 

memory storage by the LTP and LTD mechanisms. One possible explanation for 
memory loss seen in AD is the change in Ca 2+  levels that leads to the continuous 
activation of LTD, thereby causing memories stored by LTP to be constantly erased 
before the transfer to permanent storage can begin  [  21  ] .  

   Ca 2±  Channels in Huntington’s Disease 

 Huntington’s disease (HD) is an autosomal dominant neurodegenerative disease 
characterized by disruptions in motor skills and cognitive functions such as the 
development of chorea and dementia. On a molecular level, HD appears due to a 
trinucleotide expansion, CAG, in the gene encoding for a 350 kDa cytosolic protein 
 [  23  ] . In HD, the expanded CAG repeats enable the protein to be translated with an 
expanded polyglutamine (polyQ) tract on its amino terminus. The length of the 
polyQ tract reveals an inverse relationship between the age of onset of the disease 
and the number of glutamines present in the amino terminus  [  24  ] . Symptomatic 
manifestations of HD most commonly occur with individuals presenting at least a 
35Q stretch in huntingtin gene (Htt)  [  25  ] . Individuals with the mutated form of Htt 
start to exhibit symptoms later in life, most commonly become symptomatic any-
where from 35 to 45. However, symptoms may arise earlier in life depending on the 
severity of the polyQ tracts  [  26  ] . Mutated Htt may play several roles in the disrup-
tion of numerous cellular functions such as axonal transport, proteasomes, and 
endocytosis  [  26  ] . In addition, Ca 2+  signaling involving the NMDA receptor, mito-
chondrial Ca 2+  homeostasis, and the regulation of the inositol (1,4,5)-triphosphate 
receptor (InsP 

3
 R) may also play a role in HD  [  27  ] . 

 NMDAR is one of the three classes of ionotropic glutamate receptors that lead to 
a drastic increase in Ca 2+  infl ux upon the activation of NMDAR. A possible outcome 
of the over activation of NMDAR is Ca 2+  overload leading to cell death in these 
neurons. Experiments have been developed to ascertain whether there is a causal 
role in the activation of NMDAR and neuronal cell death as seen in HD. In one of 
the classical experiment overexpression of the expanded Htt (Htt-138Q), but not the 
wild type Htt (Htt-15Q) was able to activate NMDAR  [  28  ] . A possible role in 
expanded Htt activating NMDAR was then established which was mediated through 
its interaction with PSD95. Htt is able to bind to PSD95, a modular adaptor protein; 
however, expanded Htt has been shown to have a decreased interaction with PSD95 
 [  29  ] . PSD95 is known to associate with NR2 subunits which assist in the recruit-
ment of Src tyrosine kinase that phosphorylates NMDAR receptors leading to an 
increase in NMDAR activation  [  30  ] . Due to the decreased association between 
expanded Htt and PSD95, PSD95 interaction with NR2 increases leading to Src 
kinase to phosphorylate NMDAR. 

 IP 
3
 R is intimately involved in the release of Ca 2+  from the ER stores (as men-

tioned earlier), but how does this receptor play a role in neuronal cell death seen in 
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HD is a new concept? Several investigators have studied the relationship between 
Htt and IP 

3
 R. It has been shown that expanded Htt is able to sensitize IP 

3
 R1, the 

neuronal isoform of IP 
3
 R, to IP 

3
  due to a tertiary interaction with Htt-associated 

protein 1A (HAP1A)  [  31  ] . Further evidence has been discovered indicating Htt-
138Q, but not the normal length Htt-23Q, leading to the sensitization of IP 

3
 R, 

thereby increasing cytosolic Ca 2+  levels  [  31  ] . Taken together, the evidence indicate 
that increased cytosolic Ca 2+  concentration due to the sensitization of IP 

3
 R and acti-

vation of NMDAR could lead to cytosolic and mitochondrial Ca 2+  overload causing 
neuronal death as observed in HD. 

 Expanded Htt is also able to interfere in many pathways involving Ca 2+  signaling 
leading to progressive decline in cellular function due to Ca 2+  mishandling. 
Proapoptotic pathways are sensitive to changes in Ca 2+  in the mitochondria and 
cytosol. A raise in cytosolic Ca 2+ , due to activation of NMDAR and IP 

3
 R by expanded 

Htt, can lead to the activation of a family of proapoptotic proteins such as Bcl-2 
 [  32  ] . During times of Ca 2+  overload, the mitochondria can act as a Ca 2+  sink reliev-
ing the cytosol of Ca 2+ . If the mitochondrial Ca 2+  increases to the point where the 
mitochondria can no longer withstand the Ca 2+  overload, the permeability transition 
pore (PTP) in the mitochondria opens, thereby releasing Ca 2+  and other proapop-
totic factors such as cytochrome C  [  33  ] . Ca 2+  mishandling as seen in HD is an exten-
sively researched area in the scientifi c community, and through this research, novel 
drugs may be developed to regulate the amount of Ca 2+  entering the cell or exiting 
the ER. Thus, novel compounds could be developed that can alleviate neuronal cell 
death by HD.  

   Ca 2±  Channels in Congestive Heart Failure 

 Congestive heart failure is a condition characterized by a slow progression of fatigue 
and breathlessness that eventually leads to death of an individual. The cause of these 
symptoms is a heart defect in which the heart cannot provide the body’s tissue with 
a suffi cient amount of blood. Insuffi cient blood supply to body tissue triggers a 
cascade of events such as neurohormone stimulation and intracellular signaling to 
compensate for the loss of cardiac performance. However, as the disease progresses, 
these events act in concert leading to complete organ failure. Disruptions in Ca 2+  
handling are a major factor in the progression of congestive heart failure. A heart 
contraction begins due an action potential caused mainly by an infl ux of Na +  ion to 
depolarize the sarcolemma. The depolarization of the membrane activates L-type 
Ca 2+  channels, which increases Ca 2+  entry. Furthermore, this increased cytoso-
lic Ca 2+  also allows Ca 2+  to be extruded from the sacroplasmic reticulum (SR) 
through Ca 2+ -induced Ca 2+  release mechanism, thereby further raising the cytosolic 
[Ca 2+ ] 

i
  levels  [  34  ] . An increase in cytosolic [Ca 2+ ] 

i
  allows Ca 2+  to bind to troponin C, 

a myofi lament protein, that then leads to muscle contraction. Heart relaxation occurs 
by the activation of SERCA pumps, sarcolemma Na + -Ca 2+  exchangers (NCX), 
 sarcolemma Ca 2+ ATPases, and mitochondrial Ca 2+  uniporters  [  35  ] . These channels 
act together to decrease the cyotosolic [Ca 2+ ] by either extruding Ca 2+  from the cell, 



1556 Calcium and Cellular Functions

i.e. sarcolemma Na + -Ca 2+  exchangers and Ca 2+ ATPase’s, or refi lling the SR, via the 
SERCA pumps. The majority of the cytosolic [Ca 2+ ] 

i
  is taken to refi ll the SR while 

the rest is extruded from the cell. The important thing is that Ca 2+  must be kept at a 
steady state, meaning the Ca 2+  entering the cytoplasm, either from the SR or extra-
cellular space, during the contraction phase must equal the amount of Ca 2+  leaving 
the cytoplasm during the relaxation phase  [  35  ] , since an unbalance in the steady 
state of Ca 2+  leads to congestive heart failure. 

 Although Ca 2+  mishandling can occur due to many reasons, it is the decrease in 
the SR Ca 2+  stores that often leads to congestive heart failure. The decrease in SR 
Ca 2+  can be caused by several abnormalities in the infl ux and effl ux Ca 2+  mecha-
nisms. Down regulation of SERCA and up regulation of NCX are two of the most 
common affect seen in heart failure  [  36  ] . The upregulation of NCX seen in heart 
failure is mainly attributed to increased mRNA and protein levels. On the other 
hand, the downregulation of SERCA is only partially credited to reduced levels of 
SERCA2a. The down regulated SERCA may also be caused by a decrease in the 
phosphorylation of phospholambin which inhibits SERCA until phosphorylation 
occurs  [  37  ] . Up regulation of NCX causes the majority of Ca 2+  to exit the cell dis-
rupting the steady state balance of Ca 2+  within the myocytes. The down regulated 
SERCA further struggles to refi ll its stores due to the decrease in cytosolic [Ca 2+ ] 

i
  

by NCX. In the typical model of heart failure, diminished cytosolic [Ca 2+ ] 
i
  causes 

inadequate Ca 2+  binding to troponin C which fails to illicit a heart contraction. 
However, studies have demonstrated that the decrease in SERCA can be overcome 
by a signifi cant increase in NCX function leading normal diastolic function  [  38  ] . 

 Another area of research being investigated is the effect of Ca 2+  leakage through 
the ryanodine receptors on the SR. The ryanodine receptor is often hyperphospho-
rylated at Ser-2809 by PKA in heart failure, which is mainly due to a decrease in 
phosphatases and phosphodiesterases activity which remove phosphates groups 
from proteins  [  39  ] . Phosphorylation of the ryanodine receptor causes dissociation 
of the protein calstabin allowing ryanodine to leak Ca 2+  from its internal SR stores. 
In addition, ryanodine receptors can also be phosphorylated by CAMKII at Ser 
2815 which allows calstabin to dissociate and initiate Ca 2+  leakage  [  40  ] . These two 
areas of research are being investigated as possible drug therapies for heart failure. 
The use of small-molecule inhibitors of CAMKII and stabilizers of calstabin may 
aid in the regulation ryanodine receptors by maintaining the complex that holds 
ryanodine in the closed conformation, thus inhibiting Ca 2+  leakage  [  41  ] .    

   Conclusion 

 Ca 2+  is one of the most diverse and well researched second messenger molecules 
found in the cell. Ca 2+  function varies greatly depending on cell type and local Ca 2+  
concentrations, which can initiate many physiological functions, such as muscle con-
tractions to apoptosis. Similarly, several mechanisms are present that can regulate 
Ca 2+  homeostasis. Disruptions in Ca 2+  handling can contribute to the pathogenesis of 
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many diseases such as Alzheimer’s disease, Huntington’s disease, and congestive 
heart failure. Thus, identifi cation of the unique Ca 2+  channels and research on pro-
teins that are involved in Ca 2+  signaling and its defi ciencies in Ca 2+  handling may 
lead to the development of drug therapy to combat the symptoms or possibly the 
disease itself.      
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  Abstract   Ryanodine receptors (RyRs), along with the related inositol 1,4,5-trisphosphate 
receptors (IP 

3
 Rs), mediate the release of Ca 2+  from intracellular organelles of 

eukaryotes. As discussed in other chapters, such increases in intracellular Ca 2+  
levels act a fundamental second messenger, regulating a diverse array of cellular 
processes. For over two decades, it has been reported that vertebrates express mul-
tiple  RYR  genes, whereas non-vertebrate multicellular organisms possess a single 
homologue within their genomes. Recently, the existence of RyR-like channels in 
unicellular organisms has also been reported. This chapter exploits recent expan-
sions in available genome data to generate an overview of the expression of RyR-
like genes in organisms representing a broad range of viral, archaeal, bacterial and 
eukaryotic taxa. Analyses of the multidomain structures and phylogenetic relation-
ships of these proteins has lead to a model in which, early during eukaryotic evolu-
tion, IP 

3
 R-like ancestral Ca 2+  release channels were converted to RyR proteins via 

the addition of promiscuous protein domains, possibly via horizontal gene transfer 
mechanisms.  
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   Introduction 

 Calcium ions (Ca 2+ ) have long been recognised as a pivotal second messenger in 
eukaryotic organisms. Core tenets for this role include that Ca 2+  is neither created 
nor destroyed within cellular systems; that, under unstimulated conditions, the con-
centrations of this ion are several orders of magnitude lower in the cytosol than they 
are in the extracellular environment; and that intrinsic and extrinsic cues can trigger 
rises in cellular Ca 2+  levels. Increased levels of this ion are detected by various 
 calcium binding effectors, to elicit appropriate intracellular responses. In order 
to terminate these effects, Ca 2+  can be expelled from the cell by active transport 
and ion exchange mechanisms, buffered by anionic biomolecules, or accumulated 
into membrane delimited organelles. Biological membranes are essential barriers 
employed in such signal transduction processes. Since it is energetically unfavour-
able for Ca 2+  to cross the hydrophobic environment of lipid membranes, cation 
channel and transporter proteins have evolved to regulate fl uxes of this ion across 
these barriers. It is likely that the evolution of Ca 2+ -conducting channels and trans-
porters coincided with the emergence of cellular life and the requirement of a cell-
surface membrane  [  1  ] . Bacteria and archaea are modern-day representatives 
possessing this “primeval” Ca 2+  signaling arrangement, in which the cell-surface 
membrane represents the key barrier across which calcium fl uxes are regulated. 
Bacteria are endowed with a variety of Ca 2+  signaling proteins, many of which 
resemble their eukaryotic counterparts. The concentration of Ca 2+  within the cytosol 
of bacteria is typically in the range of 100–300 nM, or about 10,000-fold lower than 
most extracellular environments; and the levels of this ion can change in response 
to extracellular stimuli  [  2,   3  ] . Like eukaryotes, prokaryotes possess multiple Ca 2+ -
binding proteins that can act as buffers or effectors for Ca 2+  signals. In bacteria, 
changes in cytosolic Ca 2+  concentration are coupled to alterations in cellular func-
tion, such as the release of proteins from inclusion bodies  [  4  ] , indicating that Ca 2+  
has a true second messenger role in bacteria. 

 Diverse organelles are employed for Ca 2+  signaling: the cell-surface or plasma 
membrane is common to all cellular organisms, but in eukaryotes intracellular struc-
tures such as the endoplasmic reticulum (ER), nuclear envelope, sarcoplasmic retic-
ulum (SR), Golgi apparatus, mitochondria, plastids, lysosomes, endosomes, 
peroxisomes, secretory vesicles and vacuoles are also widely utilised for this role. 
Such organelles actively accumulate Ca 2+  to concentrations similar to those in the 
extracellular environment, in the order of 200  m M to 1 mM. Two main hypotheses 
on the evolution of such intracellular membrane systems have been put forward. 
The endosymbiosis hypothesis proposes that these organelles were derived by the 
capture of bacteria by proto-eukaryotes, followed by the evolution of these trapped 
organisms into intracellular systems, no longer capable of free living  [  5,   6  ] . The 
autogenesis hypothesis suggests mechanisms by which organelles are derived by 
specialisation of existing membranes, in processes which do not directly involve the 
capture of other organisms  [  7  ] . It should be pointed out that these mechanisms are 
not mutually exclusive and that certain organelles might have been generated by a 
combination of these processes  [  6  ] . 
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 Employment of intracellular organelles as Ca 2+  stores offers several advantages 
in signal transduction processes, compared to systems relying solely on fl uxes of 
this ion across the cell-surface membrane. Firstly, it allows independence from 
extracellular Ca 2+  levels, which is of importance in environments where the concen-
tration of this ion can vary greatly. Secondly, exchange of Ca 2+  between the cytosol 
and intracellular stores can be an order of magnitude more rapid than that between 
the cytosol and extracellular medium. For example, in gastric parietal cells, Ca 2+  
fl uxes across the ER membrane are approximately tenfold faster than those across 
the plasma membrane either under resting conditions, or during stimulation with an 
acetylcholine receptor agonist  [  8  ] . Rapid alterations in levels of cytosolic Ca 2+  per-
mit swift and effi cient regulation of downstream cellular responses. This is typifi ed 
by the process of excitation contraction-(EC-) coupling in vertebrate skeletal mus-
cle fi bres: a rapid process that is Ca 2+ -regulated but which is largely independent of 
extracellular Ca 2+   [  9  ] . A third key advantage of intracellular Ca 2+  stores is that they 
enhance compartmentalisation of signals. For example, in mammalian cardiomyo-
cytes both hypertrophic gene expression and EC-coupling are Ca 2+ -regulated pro-
cesses, but normal contraction of the heart does not result in hypertrophy. This is 
because hypertrophic responses are coupled to Ca 2+  release from the nuclear enve-
lope (a form of ER) via inositol 1,4,5-trisphosphate receptors (IP 

3
 Rs), activated by 

the second messenger IP 
3
 ; whereas the contractile apparatus is activated by Ca 2+  

released from the SR, via ryanodine receptor (RyR) Ca 2+  channels  [  10  ] . Finally, in 
multicellular organisms, such organelles can provide a route for the vectorial trans-
port of Ca 2+  across cells, avoiding exposure of cytoplasmic systems to toxic concen-
trations of this ion  [  11  ] . In mammals, such processes are likely to play roles in the 
transport of Ca 2+  across epithelial cells of the intestine during uptake of dietary cal-
cium and those of the placenta, for mineralisation of the fetal skeleton. 

 Mechanisms that expel Ca 2+  from the cytosol are utilised by even the most primi-
tive bacteria  [  1,   2  ] . Bacterial P-type Ca 2+  ATPase pumps  [  12  ]  structurally and func-
tionally resemble their plasmalemmal Ca 2+  ATPase (PMCA) and SR/ER Ca 2+  ATPase 
(SERCA) pump counterparts in eukaryotes. Bacteria are also endowed with second-
ary calcium transport mechanisms that couple expulsion of Ca 2+  to the energy stored 
in electrochemical gradients of other ions across the cell-surface membrane. These 
mechanisms include Ca 2+ /H + -exchangers and Ca 2+ /Na +  exchangers, which are related 
to proteins in metazoan systems  [  13  ] . Prokaryotes express multiple channel families 
that allow the infl ux of Ca 2+  down its electrochemical gradient, from the extracel-
lular environment into the cytosol  [  14  ] . In eukaryotes, key functional superfamilies 
of Ca 2+ -conducting channels are the voltage-gated calcium channels (VGCC), whose 
opening is control by membrane potential; ligand-gated channels, which contain an 
intrinsic receptor that can respond to ions, small compounds, or biomolecules; and 
channels gated by physical stimuli, including light, temperature and mechanical 
forces. In many cases, prokaryotes express “primitive” forms of these channels, 
from which many eukaryotic forms probably evolved. It is likely that ion channels 
originated at multiple times during evolution, with channel  diversity increasing via 
processes like genome duplication, domain insertion, duplication and divergence 
 [  15  ] . Cation channels that appear to be absent from prokaryotes, presumably having 
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originated during eukaryotic evolution, include the store-operated Ca 2+  channel Orai 
family, that mediate Ca 2+  infl ux in response to ER Ca 2+ -store depletion; the ATP 
gated purinoreceptor family P2X; and the IP 

3
 R and RyR Ca 2+  release channels that 

are the focus of this chapter.  

   Evolution of Ryanodine Receptor Calcium Release Channels 

   The Pre-genomic Era: Identifi cation of RyRs 

 RyRs were fi rst identifi ed as pivotal components of EC-coupling mechanisms in 
striated muscles, with research particularly focussed on the myocytes of vertebrates 
and especially those of mammals. In vertebrate skeletal muscle, nerve impulses 
depolarise the sarcolemma (the cell-surface membrane). Action potentials propa-
gate into muscle fi bres via invaginations of the sarcolemma known as t-tubules, 
which contain a voltage-sensing protein called the  a 1S-subunit of the dihydropyri-
dine receptor, a VGCC also known as Ca 

v
 1.1. Like RyRs, dihydropyridine receptors 

operate as high molecular weight, multi-subunit complexes. Within these com-
plexes, the  a 1 subunit contains both the voltage-sensor and ion permeation path-
way, with the auxiliary subunits ( b ,  a 2 d  and sometimes  g ) being crucial for channel 
regulation and membrane targeting  [  16  ] . Upon sensing depolarisation, the dihydro-
pyrine receptor  a 1 subunit transmits a conformational signal to type 1 RyRs (RyR1) 
in the terminal cisternae of the SR located at specialised interfaces with the t-tubule 
known as triad junctions, thereby initiating Ca 2+  release. This mode of EC-coupling 
is often termed conformationally coupled Ca 2+ -release (CCCR). Triads are so called 
because each t-tubule interacts with paired terminal cisternae along its length, 
appearing as three interacting membrane profi les in transmission electron micro-
graphs of skeletal muscle  [  17  ] . In cardiomyocytes analogous structures, termed 
dyads because they contain t-tubular interfaces with single terminal cisternae, par-
ticipate in EC-coupling  [  18  ] . In addition to these dyad junctions, extracorbular SR 
interacts with unspecialised sarcolemma in cardiomyocytes. At both dyad and 
extracorbular subplasmalemmal junctions in the heart, a distinct member of the 
dihydropyridine receptor family called  a 1C or Ca 

v
 1.2 responds to surface mem-

brane depolarisation  [  19  ] . In contrast to Ca 
v
 1.1 in skeletal muscle, Ca 

v
 1.2 acts as 

both a voltage-sensor and a Ca 2+  channel, gating to allow the entry of this ion down 
its electrochemical gradient. This Ca 2+  infl ux directly opens type 2 RyR (RyR2) 
channels in the closely abutted junctional SR, in an amplifi cation process termed 
Ca 2+ -induced Ca 2+ -release (CICR). In transmission electron micrographs of triad, 
dyad and extracorbular junctions, electron-dense structures appear to span the gap 
(in the order of 10–20 nm) between these apposing membrane systems. These struc-
tures are proteinaceous in nature and because of their appearance, were named junc-
tional “feet”  [  20,   21  ] . 

 During much of its infancy, research into nature of these “feet” proteins and their 
roles in EC-coupling centred on vertebrate striated muscles. However, key steps in 
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the identifi cation of RyR proteins relied on use of the plant alkaloid ryanodine and 
related compounds, which were originally employed as insecticides  [  22  ] . Given that 
ryanodine induces paralysis in muscle fi bres from both vertebrates and insects, this 
implied that arthropods possess a similar type of Ca 2+  release channel. Other ago-
nists that gate RyRs include millimolar caffeine, micromolar Ca 2+  and micromolar 
concentrations of the putative second messenger, cyclic ADP ribose (cADPr). 
“Diagnostic” RyR antagonists include millimolar ryanodine, millimolar Ca 2+  and 
Mg 2+ , micromolar dantrolene, ruthenium red and procaine  [  23  ] . During the mid-
1980s, the availability of tritiated ryanodine facilitated monitoring of the solubilisa-
tion and purifi cation of the binding protein for this toxin from striated muscles, by 
several laboratories  [  24–  26  ] . All preparations of this ryanodine binding protein con-
tained a protein of extremely high apparent molecular weight, of at least 300 kDa. 
Purifi cation, transmission electron microscopy and functional reconstitution of this 
high molecular weight protein demonstrated that the skeletal muscle RyR and the 
SR Ca 2+  release channel were one and the same  [  24  ] . The RyR complex is homote-
trameric, displaying fourfold symmetry in transmission electron micrographs and 
forming complexes of fourfold greater molecular weight than monomers in chemi-
cal cross-linking experiments  [  27  ] . 

 Proteolytic digestion and peptide sequencing of RyR1 protein purifi ed from rab-
bit skeletal muscle facilitated the isolation of the cDNA encoding it, using a “reverse 
cloning” library screening strategy  [  28  ] . This ~16 kb cDNA encodes a protein of 
565 kDa, the N-terminal ~80% of which was predicted to reside in the cytoplasm, 
with the remainder forming multiple transmembrane segments containing the ion 
permeation pathway, lumenal regions and a cytoplasmic C-terminus. The primary 
structure of rabbit RyR1 was reported to display limited identity to other proteins 
known at the time, being most similar to Na +  channels, K +  channels and VGCCs. 
Rabbit RyR1 represented the fi rst member of a new family of intracellular cation 
channel proteins. In the same year, two independent laboratories deduced the pri-
mary structures of the rat and mouse type 1 IP 

3
 R, a class intracellular Ca 2+  channel 

gated by the second messenger IP 
3
   [  29,   30  ] . It was noted that the 313 kDa IP 

3
 R1 

protein displayed limited amino acid identity (~17%) to the RyR, with greatest 
identity (~35%) within the predicted transmembrane/ion channel domain.  

   The “Peri-genomic” Era: RyRs Are Present in Animals, 
But Not Other Eukaryotes 

 During the 1990s, following deduction of the primary structure of rabbit RyR1 and 
rodent IP 

3
 R1s, cDNAs encoding RyR1 orthologues from other species and paral-

ogues produced from distinct  RYR  genes were subsequently isolated and sequenced. 
This was generally achieved using cDNA library screening approaches with oligo-
nucleotide probes derived from conserved RyR1 sequences. Rabbit type 2 RyR 
(RyR2) cDNA is of similar size to that of RyR1 and encodes a protein of 565 kDa. 
Rabbit RyR2 shares 66% amino acid identity with rabbit RyR1 and has a similar 
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predicted transmembrane topology. Mammalian RyR1 is expressed at high levels in 
skeletal muscle and is present, but less abundant, in a number of tissues and cells 
including smooth muscle  [  31  ] , B-lymphocytes  [  32  ] , dendritic cells  [  33  ]  and in cer-
tain regions of the brain  [  34  ] . In contrast, mammalian RyR2 is expressed at high 
density in the heart, but is also abundant in the nervous system and in smooth mus-
cle  [  31,   34  ] . Type 3 RyR (RyR3) was original identifi ed as a transforming growth 
factor- b  inducible transcript in mink lung epithelial cells  [  35  ] . It is encoded by a 
cDNA of ~15 kb and is about 65% identical to RyR1 and RyR2 paralogues at the 
protein level. RyR3 displays a low-level, ubiquitous tissue distribution, being most 
abundant in the nervous system and in certain skeletal muscle fi bres, particularly 
those of the diaphragm  [  34  ] . 

 Concurrently with the identifi cation of the three mammalian RyR subtypes, two 
distinct channel proteins called RyR- a  and RyR- b  were characterised in the skeletal 
muscles of fi sh, amphibians and birds  [  36  ] . A third non-mammalian RyR subtype, 
termed “cardiac” RyR was found in avian heart and skeletal muscle  [  37  ] . It trans-
pired that the  a , cardiac and  b  RyR subtypes are homologues of mammalian RyR1, 
RyR2 and RyR3 and that these channel proteins display broadly similar tissue dis-
tribution patterns to their mammalian counterparts  [  38  ] . In addition to the three RyR 
genes present in other vertebrates, it has recently been found that teleost fi sh express 
a fourth RyR gene in certain skeletal muscle groups, that is most similar to RyR1 
and is termed RyR1b  [  39  ] . Since they also express additional, functionally special-
ised forms of non-Ca 2+ -conducting L-type VGCCs which conformationally couple 
to RyRs  [  40  ] , it has been postulated that euteleosts have evolved the most advanced 
form of vertebrate skeletal muscle EC-coupling. 

 Characterisation of RyRs in vertebrates was rapidly preceded by determination 
of their primary structures in invertebrates. The fruit fl y  Drosophila melanogaster  
expresses a single  RYR  gene encoding a protein of approximately 5,200 amino acid 
residues, that is ~46% identical to the three vertebrate family members  [  41,   42  ] . 
This gene is expressed at high levels in somatic muscles and lower levels in the 
nervous system  [  41  ] . Mutant fruit fl ies lacking  RYR  expression display defi cits in 
larval development, with impairment of muscle EC-coupling being a major pheno-
type. However, analysis of mutants in which  RYR  expression was selectively deleted 
in the adult eye demonstrated that this channel does not play a role in phototrans-
duction  [  43  ] . Together with biochemical, pharmacological and physiological data 
from crustaceans such as crayfi sh  [  44  ]  and the lobster  Homarus americanus   [  45  ] , 
this indicated that ryanodine-sensitive Ca 2+  release channels are present in verte-
brates and a range of arthropods. A single  RYR  gene is also present in the nematode 
worm  Caenorhaditis elegans  and encodes a high molecular weight protein sharing 
about 40% amino acid identity with vertebrate RyRs  [  46  ] . Unlike the case in 
 Drosophila , mutant worms ( unc-68 ) lacking the  RYR  gene maintain muscle 
EC-coupling but show defi cits in certain muscle groups. This implies that RyR 
channels are not essential in nematode EC-coupling, but can amplify Ca 2+  infl ux via 
VGCCs by CICR in this process  [  47  ] . 

 Biochemical, pharmacological and physiological evidence also suggested the 
presence of RyR channels in a variety other organisms. For example, SR from a 
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mollusc, the scallop  Pecten megellanicus , bears feet structures, contains high affi n-
ity binding sites for tritiated ryanodine and a Ca 2+ - and ryanodine-sensitive cation 
channel  [  48  ] . Membrane fractions from the trematode worm  Schistosoma mansoni  
contain high affi nity ryanodine binding sites and release  45 Ca 2+  in response to this 
alkaloid  [  49  ] . The chromoalveolate protozoan parasite  Toxoplasma  uses a special-
ised secretory structure called the microneme to invade host cells. In  T. gondii , both 
microneme secretion and Ca 2+  release from intracellular stores are stimulated by the 
RyR agonists caffeine and ryanodine  [  50  ] . Functional evidence suggests the pres-
ence of RyR-like channels in higher plants. For example, caffeine or ryanodine 
pretreatment inhibits cADPr-induced Ca 2+  release from microsomal membranes 
isolated from the red beet,  Beta vulgaris   [  51  ] . In the mouse ear-cress  Arabidopsis 
thaliana , a higher plant, the RyR antagonists dantrolene and 8-bromo-cADPr inhibit 
increases in cytoplasmic Ca 2+  levels and stomatal closure elicited by the hormone 
abscisic acid  [  52  ] . 

 Overall, these studies support the utilisation of RyR-like cation channels in 
diverse animal phyla, including vertebrates, molluscs, arthropods, nematodes and 
platyhelminthes. Functional data also supported the presence of RyRs in higher 
plants and in unicellular eukaryotes such as  T. gondii . However, the primary struc-
tures of many of these channel proteins awaited characterisation. Furthermore, there 
was no published evidence supporting the existence of RyR-like channels in 
prokaryotic organisms, which is not unexpected given their lack of intracellular 
membrane systems. During the 1990s, one consensus view was that RyR channels 
of a “classical” primary structure are only expressed in animals possessing a ner-
vous system  [  53  ] . This is consistent with roles of RyRs in rapid stimulus-response 
coupling: the high conductance and long open duration of these channels, in combi-
nation with their large cytoplasmic domain permitting interactions with various 
modulatory proteins  [  54  ] , provides the means to produce large changes in cytoplas-
mic Ca 2+  concentration in response to external cues, such as action potentials. 
Somatic muscle EC-coupling is perhaps the best example of a signal transduction 
process that is dependent on both the nervous system and the unique properties of 
RyR channels.  

   The Post-genomic Era: RyRs Are Present 
in Some Unicellular Eukaryotes 

 In the fi rst decade of the second millennium, DNA sequences of genomes from 
viruses, prokaryotes and eukaryotes became available in ever increasing numbers 
and quality. This information has had fundamental impacts on fi elds such as medi-
cine and evolutionary biology. In order to identify RyR homologues and paralogues, 
the full-length amino acid sequence of  Homo sapiens  RyR2 (Acc. No. NP_001026.2) 
was searched against a suite of databases at the National Centre for Biotechnology 
Information (  http://blast.ncbi.nlm.nih.gov/Blast.cgi/    ) using the BLAST algorithm 
 [  55  ] . As of April 2011, this search generated 309 hits: however, exclusion of partial, 

http://blast.ncbi.nlm.nih.gov/Blast.cgi/
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redundant or very closely related sequences (within the same taxonomic class) 
resulted in a set of 29 primary structures for further examination. Figure  7.1  shows a 
phylogenetic tree generated by analyses of these sequences generated using MEGA5 
software  [  58  ] : details of the methods employed are presented in the fi gure caption. 

  Fig. 7.1     Phylogenetic analysis of CRC proteins.  The evolutionary history of CRC proteins related 
to human RyR2 was inferred using the Maximum Likelihood method, based on the Jones-Taylor-
Thorton matrix-based model  [  56  ] . Branches coloured  red  represent vertebrate RyRs; those in 
 brown  are non-vertebrate metazoan and capsasporan RyRs; the  purple  branch is an RyR from the 
choanofl agellate  Salpingoeca ; the  green  branches are oomycete CRCs; the  grey  branches are other 
unicellular eukaryotic CRCs; and the  blue  branches are IP 

3
 R proteins from various taxa. Bootstrap 

values inferred from 500 replicates are taken to represent the evolutionary history of CRC proteins 
in the taxa analyzed  [  57  ] . The percentage of replicate trees in which the associated taxa clustered 
together in the bootstrap test (500 replicates) are shown next to the branches  [  57  ] , with values 
above a threshold value for signifi cant grouping of 50% indicated in  bold font . The analysis 
involved 29 amino acid sequences. All positions containing gaps and missing data were elimi-
nated. There were a total of 304 positions in the fi nal dataset. Evolutionary analyses were con-
ducted in MEGA5  [  58  ]        
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It should be born in mind that some genome data utilised are incomplete, or are of 
low quality. Furthermore, certain groups of organism are under-represented, in 
particular unicellular eukaryotes; whereas others, particularly organisms that are of 
importance in health and agriculture, are over-represented. However, this tree re-
iterates many of the earlier deductions made about RyR evolutionary biology  [  53  ] . 
For example, it seems likely that the expansion of  RYR  genes per genome occurred 
early in vertebrate evolution: without exception to date, single  RYR  genes are present 
in invertebrates, whereas at least three genes are present in fi sh, amphibia, birds and 
mammals. Currently, only one full-length  RYR  gene ( RYR2 ) has been identifi ed a 
reptile,  Anolis carolinensis , but it is more likely that this is due to limited sequencing 
of reptilian genomes, rather than these vertebrates possessing just a single  RYR  
gene. This concept is supported by the identifi cation of three partial DNA sequences 
in the draft genome of an archetypal cephalochordate, the lancelet  Branchiostoma 
fl oridae , encoding proteins of greatest identity to RyR1, RyR2 and RyR3. 
Biochemical and electrophysiological studies of myotomes from these protochor-
dates indicate that they utilise a vertebrate-like, CCCR mode of EC-coupling  [  21,   59  ] . 
In contrast, the genome of the sea squirt  Oikopleura dioica   [  60  ] , which as a 
urochordate is generally considered to be more primitive than the cephalochordate 
 B. fl oridae , possesses a single  RYR  gene.  

 The absence of recognisable  RYR  or  IP3R  genes in any higher plant genome also 
supports earlier observations  [  61  ] . This view holds in very high quality, well anno-
tated plant genomes, such as that of  Arabidopsis thaliana . This represents a major 
paradox, since functional and biochemical evidence indicates that these organisms 
utilise both ryanodine- and IP 

3
 -sensitive cation channels. As mentioned earlier, Ca 2+  

channels that are sensitive to either ryanodine or dantrolene are present in the higher 
plants  Beta vulagaris ,  Arabidopsis thaliana  and others  [  52,   61,   62  ] . One explana-
tion for this paradox is that the structures of plant RyRs and IP 

3
 Rs have diverged 

drastically from a common ancestor shared with animal calcium release channels 
(CRCs), such that these homologues display no detectable amino acid identity. 
A related possibility is that the components of plant RyR complexes that are sensi-
tive to “classical” RyR agonists or antagonists reside in subunits that are distinct 
from the channel-forming protein. This would exacerbate the diffi culties in identifi -
cation of plant RyRs. Indirect evidence for this possibility has been reported for 
plant IP 

3
 R Ca 2+  channels. The cytosolic plant enzyme phytase can both bind IP 

3
  and 

trigger Ca 2+  mobilisation from vacuolar membranes  [  63  ] , despite its lack of trans-
membrane segments. This implies the IP 

3
 -phytase complex binds to and gates a 

distinct, unidentifi ed CRC protein located in the plant vacuole. Alternatively, the 
apparent lack of RyRs in higher plants could refl ect a simple loss of this channel 
family, as may have occurred with other calcium signaling components in higher 
plants. It is speculated that the loss or extreme structural divergence of RyRs in 
higher plants could refl ect the action of selection pressures that are distinct from 
those acting on animals  [  62,   64,   65  ] . 

 None of the multiple high quality fungal genomes available contain “classical” 
 RYR  or  IP3R  genes  [  66  ] . RyRs also seem to be absent from certain animal groups, 
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such as poriferans (sponges), cnidarians (including corals, jellyfi sh and anemones) 
and ctenophorans (comb jellies or sea gooseberries). With the exception of porifer-
ans, these animal taxa appear to possess  IP3R  genes. However, absence of  RYR  
genes should be interpreted with caution, given the low quality or quantity of 
genome data available from these taxa. Many of these organisms, particularly fungi 
and poriferans are predominantly sedentary, indicating that RyRs are dispensable 
for this mode of life. However, jellyfi sh and ctenophorans are predominantly motile. 
Another possibility is that loss of RyRs has enabled the evolution of novel mecha-
nisms of defence against predation. For example, the sponge  Ianthella basta  pro-
duces macrocyclic toxins termed bastadins, that are derived from bromotyrosine. 
One of these compounds, bastadin-5, modulates RyR1 channels present in rabbit 
skeletal muscle SR, increasing their open duration  [  67  ] , thus providing protection 
against predators that utilise RyR channels in their neuromuscular systems. 

 A novel observation from the current search was the detection of a single pre-
dicted  RYR  gene within the genome of the placozoan  Trichoplax adhaerens   [  68  ] . 
This organism possibly represents the simplest free-living animal, with a body plan 
consisting of a central core of fi bre cells ensheathed within an epithelial layer. It 
lacks neurons and muscle cells  [  69  ] , suggesting that RyR channels were fi rst 
employed by animals prior to the development of a nervous system, or of 
EC-coupling. However, the position of placozoans in metazoan evolution is highly 
contentious at present. Some analyses place these animals at a branch after sponges 
but before eumetazoans (cnidaria, ctenophora and bilateria), whereas other studies 
place them prior to the poriferans  [  70  ] . 

 The current searches have also revealed that RyR channels might be employed 
by certain unicellular eukaryotes. Choanofl agellates, or “collared fl agellates”, are 
protozoans that are considered to be the closest living relatives to animals  [  71,   72  ] . 
They are single-celled, sedentary or motile, solitary or colonial and employ a single 
fl agellum to drive water through their collar, thereby trapping prey bacteria. A sin-
gle putative  RYR  gene is present in the genome of the choanofl agellate  Salpingoeca 
sp.  ATCC 50818. This gene is predicted to encode of protein of similar size (5,340 
amino acid residues), primary structure (~36% identity, E-values <1 × 10 −80 ) and 
protein domain organisation (see section  “Protein Domains Shared by RyRs and 
IP3Rs” ) to metazoan RyR proteins, with closest identity to RyR1. Note that E-values 
give any estimate of the probability that a sequence of amino residues arose in a pair 
of proteins by chance, rather than by evolutionary relationship: the lower the 
E-value, the greater possibility of common ancestry. Other predicted CRCs in the 
 Salpingoeca  genome are incorrectly annotated as RyR2 homologues: BLAST 
searches indicated that these proteins are more closely related to IP 

3
 Rs than to RyRs. 

Another choanofl agellate,  Monosiga brevicollis , possesses IP 
3
 R channel homo-

logues, but lacks detectable RyRs  [  73  ] . 
  Capsaspora owczarzaki  is a unicellular eukaryotic symbiont of the snail 

 Biomphalaria glabrata , that forms an opisthokont lineage distinct from metazoa, 
fungi, choanofl agellates and ichthyosporeans  [  74  ] . The  C. owczarzaki  genome 
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 contains a gene predicted to encode a protein of 6,625 amino acid residues that 
displays a highly similar primary structure (E-values <1 × 10 −80 ) and domain organi-
sation to metazoan RyRs. Homologues of this protein are apparently absent from 
 ichthyosporeans, such as  Sphaeroforma artica , although this could be a conse-
quence of low quality or incomplete genome data. Overall, this hints that RyRs 
evolved prior to the divergence of choanofl agellates and metazoans, but could have 
been subsequently lost from certain taxa, including land plants, fungi, sponges and 
possibly ichthyosporeans. The presence of “metazoan” transcription factor genes in 
the unicellular  C.owczarzaki , provides a precedent for the evolution of “metazoan” 
CRCs, such as RyRs, prior to the evolution of multicellularity in eukaryotes  [  75  ] . 

 The relationships between metazoan RyRs and other CRCs present in unicel-
lular eukaryotes more primitive than the choanofl agellates, are less clear. For 
example, the genome of the ciliated protozoan  Paramecium tetraurelia  contains at 
least 34 genes predicted to encode proteins of limited identity (20–30%) to meta-
zoan IP 

3
 R and RyR channels  [  76  ] . Certain members of this family form IP 

3
 -gated 

Ca 2+  channels and participate in osmoregulation in this organism  [  77  ] . Knockdown 
of another member of this family, CRC-IV-1, inhibited stimulus-secretion 
responses in  P. tetraurelia   [  76  ] . Twenty three hypothetical proteins of similar pri-
mary structure (E-values of <1 × 10 −30 ) to the  P. tetraurelia  CRCs are encoded 
within the genome of another ciliated protozoan,  Tetrahymena thermophila   [  78  ] . 
The large number of CRC genes in these ciliated protozoans is surprising, but 
could be explained by the inability of these organisms to generate structural diver-
sity in proteins by mRNA splicing mechanisms: gene expansion might be used as 
an alternative strategy  [  76  ] . 

 Other CRC genes are present in chlorophytes such as  Volvox  and  Chlamy-
domonas . Brown algae (Class: Phaeophyceae) are heterokont eukaryotes that 
evolved multicellularity independently of animals and land plants. The nuclear 
genome of one of these brown algae,  Ectocarpus siliculosus , has been deduced and 
is predicted to encode a member of the RyR-IP 

3
 R CRC family  [  79  ] . Chlorophyte, 

protozoan and brown algal CRC proteins might represent ancestral eukaryotic 
CRCs, since they appear to be intermediate in primary structure between IP 

3
 Rs and 

RyRs, although they share greatest identity with the former channel family. In addi-
tion, as discussed in section  “Protein Domains Present in RyRs But Not IP3Rs” , 
these proteins lack domains that are defi nitive of “genuine” RyR channels. 

 In the current survey, genes encoding RyR-like proteins were detected in one 
other branch of the eukaryotic tree, known as oomycetes. This class of organism 
belong to a distinct phylum of eukaryotes known as the heterokonts: these are 
defi ned by possession of two fl agellae of differing morphology during the motile 
stage of their life cycle. Oomycetes, or “water moulds” are fi lamentous micro-
organisms, many of which are plant pathogens. They include  Phytophthora infes-
tans , the causative agent of late potato blight, a disease of major historical signifi cance 
in western Europe, particularly in Ireland. The genomes of  Phytophthora infestans  
and  Albugo laibachii  (causative agent of white rust plant disease) each contain two 
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genes encoding CRC-like proteins. All four of these proteins have similar domain 
architectures, share considerable identity with metazoan RyRs (E-values of 
<1 × 10 −28 ) and are of high calculated molecular weight (1,293 and 1,420 amino acid 
residues for  P. infestans ; 1,160 and 2,549 residues for the  A. laibachii  CRCs). 
However, they display distinct domain organisation compared with metazoan RyRs. 
Since these oomycete RyR-like proteins differ from the RyRs of other metazoans, 
they might represent an attractive target for the development of pesticides  [  80  ] . The 
RyR-like CRC from  P. infestans  might represent a particularly attractive target for 
pesticide development, since the mRNA encoding this protein is upregulated more 
than 150-fold during zoosporogenesis, a process that generates a motile stage 
responsible for the spread of this disease  [  81  ] . 

 Small domains (~100 amino acid residues) present in proteins from prokaryotes 
and viruses share high levels of identity (E-values of <1 × 10 −5 ) with so-called “RyR 
domains” and “SPRY domains” present in eukaryotic RyRs, section  “The RyR 
Domain” . However, bacteria and archaea lack recognisable IP 

3
 R homologues. 

Furthermore, many of these non-eukaryotic RyR domain-containing proteins lack 
predicted transmembrane segments and so cannot be ion channel homologues. This 
leads to the question: what features constitute a “genuine” RyR channel protein? An 
attempt will be made to address this question in the next section, by analysing the 
domain architectures of candidate CRC proteins.   

   Domain Structures of Ryanodine Receptor Proteins 

 To generate insights into RyR channel evolution, a novel alternative to phylogenetic 
analyses was comparison of the domain architectures of these proteins. Domains are 
defi ned as self-folding structural units of proteins, typically of 50–200 residues in 
length. These units are considered to play key roles in the evolution of novel protein 
functions, via mechanisms including generation of new combinations within multi-
domain proteins, particularly via the incorporation or loss of “mobile” protein 
domains  [  82,   83  ] . Furthermore, protein three dimensional structures tend to be more 
conserved than their corresponding linear sequences, making the assessment of evo-
lution of proteins via analyses of their domains architectures a valid approach, par-
ticularly when combined with “classical” phylogenetic methods  [  84  ] . In order to 
facilitate this in the current overview, candidate RyR protein sequences indentifi ed in 
the earlier BLAST searches were analysed using the Conserved Domain Database 
 [  85  ] , part of the suite of software tools at the National Center for Biotechnology 
Information website (  http://www.ncbi.nlm.nih.gov/Structure/cdd/    ). Domain matches 
with E-values of less than 1 × 10 −5  were subjected to further comparisons between 
proteins. On the basis of these fi ndings, the protein domains present in RyRs can be 
grouped into two categories: those shared with the IP 

3
 Rs and those shared with other 

proteins, but not with IP 
3
 Rs, Fig.  7.2 .  

http://www.ncbi.nlm.nih.gov/Structure/cdd/
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   Protein Domains Shared by RyRs and IP 
3
 Rs 

 Following the determination of sequences of multiple mammalian RyR and IP 
3
 R pro-

teins, several domains common to both CRCs were identifi ed  [  53  ] . These are the MIR 
(protein mannosyltransferase, IP 

3
 R and RyR), the RIH (RyR and IP 

3
 R  homology) and 

  Fig. 7.2     Multidomain organisation of RyR-related proteins.  A range of bacterial, archaeal and 
viral proteins contain the RyR domain, either as a single structural unit, or in combination with 
other domains. In eukaryotes, RyR domains are only present in CRC proteins and in oomycete 
protein kinases that are structurally related to bacterial RyR domain-containing kinases. IP 

3
 Rs and 

ancestral CRCs do not contain the RyR domain. In combination with phylogenetic analyses, three 
routes for the evolution of metazoan/capsasporan RyRs are proposed:  1  promiscuous prokaryote 
domains such as the SPRY and RyR domains were incorporated into an ancestral IP 

3
 R-like CRC; 

these domains were then duplicated and diverged to generate the “modern” RyR architecture;  2  
choanofl agellate RyRs evolved directly from prokaryotic ancestors, which then developed into 
metazoan/capsasporan forms; or  3  choanofl agellate RyRs evolved from precursors unrelated to 
ancestral IP 

3
 R-like channels. Of these, mechanism  1  is best supported by the available evidence       
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RIHA (RIH Associated) domains. In addition, the candidate permeation pathways, 
transmembrane domains and selectivity fi lters of these channels share similar con-
served features  [  86  ] . 

   The Protein Mannosyltransferase, IP 3 R and RyR (MIR) Domain 

 MIR domains were fi rst identifi ed using a PSI-BLAST based approach with the 
N-terminal, IP 

3
 -binding region of rat IP 

3
 R1 as a query sequence  [  87  ] . This strategy 

identifi ed a domain of nearly 200 amino acid residues, repeated four times at the 
N-termini of both rat IP 

3
 R1 and human RyR1. Three MIR domains were also 

detected in a protein o-mannosyltransferase from the yeast  Saccharomyces cerevi-
siae , in stromal cell-derived factor 2-like protein precursor from higher plants and 
as a single copy in the membrane attack complex/perforin domain protein CT153, 
from the bacterium  Chlamydia trachomatis . Although these domains are present in 
an IP 

3
 -binding region, they do not form a discrete binding unit for inositol phos-

phates. It was suggested that MIR domains are involved in protein-protein interac-
tions, since they are present in a region of mammalian IP 

3
 Rs that can interact with 

plasmalemmal TRPC3 (hTrp3) channels  [  87,   88  ] . Mammalian RyRs also interact 
with TRPC3, modulating the gating of this surface channel  [  89  ] . However, the cur-
rent analyses indicate that MIR domains might not be a conserved unit within IP 

3
 R 

and RyR proteins: they are either absent, or below the E-value threshold of 1 × 10 −5 , 
in CRCs of all unicellular eukaryotes examined and are present a single copy in 
non-vertebrate RyRs. The numbers of these units in vertebrate RyRs varies between 
channel subtypes and between species: in general, RyR1 contains 3–4, RyR2 pos-
sesses 1 and RyR3 has 2 MIR domains. These observations suggest that multiple 
MIR domains are not essential for basic RyR channel functions, but their incorpora-
tion into and expansion in vertebrate RyRs might have permitted specialisation of 
function, for example, during the evolution of different modes of EC-coupling.  

   The RyR and IP 3 R Homology (RIH) and RIH Associated Domains 

 Another conserved domain identifi ed in the PSI-BLAST analysis of the N-terminus 
of rat IP 

3
 R1 was termed the RyR and IP 

3
 R homology (RIH) domain  [  87,   88  ] . Two 

copies of this structural unit, each of ~200 amino acid residues in length, are found 
close to the N-termini of many CRC proteins. These domains are often combined 
with an additional conserved structure, just over 100 residues in length, closer to the 
C-termini of these proteins. This is termed the RIH associated (RIHA) domain 
owing to its coexistence with the RIH domains, rather than it sharing any major 
structural identity to them. The RIH-RIH-RIHA arrangement is also found in many 
“ancestral CRC” eukaryotic proteins, with exceptions being those from the non-
IP 

3
 R/non-RyR CRCs present in oomycetes. This multidomain architecture and its 

constituent parts are undetectable in any prokaryotic protein. This implies that 
development of the RIH-RIH-RIHA multidomain architecture underpinned the 
 evolution of the IP 

3
 R/RyR CRC family. However, the functional properties that this 
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arrangement endows a channel protein with awaits characterisation: presumably, 
some “special” property of this channel family, such as very high cation conduc-
tance, gating by cytoplasmic second messengers, or the ability to interact with mul-
tiple accessory proteins  [  54  ] .  

   The Permeation Pathway and Selectivity Filter 

 During its initial characterisation, it was noted that the primary structure of rabbit 
RyR1 shares a region of identity to other cation channels, towards the C-terminus of 
this protein  [  28  ] . Determination of the primary structures of rodent type 1 IP 

3
 Rs also 

revealed extensive homology with the RyRs in this region  [  29,   30  ] . Atomic structures 
are currently only available for a limited number of domains within RyR and IP 

3
 R 

channel complexes, with the majority of 3-dimensional structures being based on 
low resolution reconstructions from images obtained by transmission cryoelectron 
microscopy techniques. This limits the direct, atomic resolution understanding of 
gating and ion permeation in IP 

3
 Rs and RyRs  [  90  ] . However, modelling of RyR/IP 

3
 R 

proteins based on detailed atomic resolution structures of distantly related bacterial 
cation channels has generated useful insights into the structure-function relationships 
of their channel pores and selectivity fi lters. Furthermore, predictions based on these 
models can be tested using a variety of strategies, including functional analyses of 
channels mutated at critical amino acid residues. Such strategies have lead to the 
identifi cation of consensus features likely to be essential for RyR channel function. 

 The selectivity fi lter of a channel enables it to discriminate between ions, allowing 
conductance of some to be more favourable than of others. Both RyRs and IP 

3
 Rs are 

poorly selective cation channels: a range of monovalent and divalent cations can pass 
through their permeation pathway. However, it should be noted that, at least in higher 
eukaryotes, of all ions, Ca 2+  displays the largest electrochemical gradient between the 
lumen of organelles and the cytoplasm. Consequently, relatively non-selective cation 
channels in intracellular membranes will conduct mainly Ca 2+ . In both IP 

3
 Rs and 

RyRs, a conserved GGGXGD motif acts as the selectivity fi lter, with the carbonyl 
groups of the glycine (G) residues co-ordinating with the permeating cations and the 
aspartic acid (D) attracting positive charges and repelling anions  [  86,   90  ] . Based on 
the atomic resolution structures of bacterial potassium channels, the predicted pore-
forming transmembrane helices of RyRs also bear conserved, negatively charged 
residues that participate in both cation selectivity and  conduction  [  91  ] . 

 BLAST searches of the conserved selectivity fi lter and pore helices of RyRs 
listed in the current correlated well with the phylogenetic fi ndings presented in sec-
tion  “The Post-genomic Era: RyRs Are Present in Some Unicellular Eukaryotes” . 
Related RyR pore-fi lter structures are present in all eukaryotic IP 

3
 Rs, metazoan, 

capsasporan and choanofl agellate RyRs, and in “ancestral” CRC proteins. Notable 
exceptions to this are the hypothetical RyR-like CRC proteins of oomycetes. The 
predicted pores of these proteins are related to those of the polycystic kidney 
 disease-2 (PKD2) cation channels, members of the TRP channel superfamily  [  92  ] . 
In addition to the eukaryotic RyR/IP 

3
 R CRCs listed, searching of the so-called “RR-

TM4-6 domain” containing four conserved predicted transmembrane segments of 
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RyR1, identifi ed a single prokaryotic protein that displays a partial threshold 
(E-value 1.24 × 10 −3 ) relationship with this structural unit. This is a hypothetical 
protein from the genome of the fi rmicute bacterium  Bacillus cellulosilyticus . It dis-
plays limited identity with a range of other transmembrane proteins, including bac-
terial chloride and potassium channels, eukaryotic potassium channels and vertebrate 
RyR1 proteins. This threshold E-value is likely to be due to the small size of the 
predicted transmembrane domain concerned: a 16 residue overlap with RyR1, 
 displaying 69% identity. Consequently, it is diffi cult to draw inferences about the 
evolutionary relationships between RyRs and the single transmembrane segment 
 B. cellulosilyticus  protein: these molecules could be related or could resemble each 
other by chance. The absence of RyR-TM4-6 domain containing proteins encoded 
in any other prokaryotic genome favours the latter possibility.   

   Protein Domains Present in RyRs But Not IP 
3
 Rs 

 To date, two domains have been identifi ed in RyRs and other proteins which are not 
present in IP 

3
 Rs. These are known as the Spore Lysis A and RyR (SPRY) domain 

and the RyR domain. It is likely that these domains confer unique properties to 
RyRs, distinct from those of the IP 

3
 Rs. 

   The Spore Lysis A and RyR (SPRY) Domain 

 SPRY domains are structural units that were originally identifi ed in the  Dictyostelium 
discoideum  tyrosine kinase spore lysis A (SplA) protein and in mammalian RyRs 
 [  93  ] . Subsequent analyses indicated that such domains are “promiscuous”, being 
present in diverse proteins from most taxa from eukaryotes to bacteria, archaea and 
viruses. SPRY domains display limited identity at the level of their amino acid 
sequences, but share a common three dimensional structure consisting of a sand-
wich of two beta sheets  [  94  ] . In the current study, consistent with earlier observa-
tions, three SPRY (SPRY1, SPRY2, SPRY3) domains are located towards the 
N-termini of all metazoan/capsaporan RyRs identifi ed. The candidate RyR from the 
choanofl agellate  Salpingoeca  contains a single SPRY domain, of similar location to 
and sharing greatest identity with SPRY1 from mammalian RyRs. However, these 
structural units are absent from the IP 

3
 Rs and oomycete RyR-like CRC proteins. 

Despite this, SPRY domains are present in other oomycete proteins. 
 SPRY domains are generally involved in protein-protein interactions. For exam-

ple, a SPRY domain protein termed BSPRY binds to and inhibits the gating of the 
cation channel TRPV5  [  95  ] . In the case of mammalian RyR1 channels, the SPRY2 
domain interacts with the II–III cytoplasmic loop of the dihydropyridine receptor 
 a 1S-subunit  [  96  ] , a region critical for the CCCR mode of EC-coupling in skeletal 
muscle. Roles for the other two SPRY domains in RyR1, or indeed of any SPRY 
domain in other RyR proteins, have not been reported.  
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   The RyR Domain 

 During the fi rst determinations of mammalian RyR primary structures, a fourfold 
repeated domain was noted  [  28,   97,   98  ] . These structural units are typically of about 
100 amino acid residues in length. In metazoan and capsasporan RyRs, the four 
RyR domains are arranged in two tandem repeats (RyR domain I/II, RyR domain 
III/IV): one towards the N-terminus (between SPRY1 and SPRY2) and the other 
close to the central region. In the hypothetical  Salpingoeca  RyR, only three RyR 
domains are present; one of the N-terminal pair is missing. In oomycete CRCs, a 
conserved pair of RyR domains is located to the C-terminus of the PKD-like pre-
dicted channel domain. In addition, the genomes of the oomycetes  Albugo laibachii  
and  Phytophthora infestans  both encode hypothetical proteins consisting of a single 
RyR domain paired with a candidate protein kinase domain. 

 RyR domains are not detectable in IP 
3
 Rs, nor in any other eukaryotic protein fam-

ily, hinting that they might play specialised roles in RyR-like channels and in certain 
protein kinases. However, RyR domains are present in a plethora of bacterial, archaeal 
and bacteriophage proteins, Fig.  7.2 . Such RyR domains are found as single units, or 
in pairs. In some cases, they are associated with other protein domains, but in other 
cases they do not appear to be joined with any other conserved structural unit. For 
example, a hypothetical protein from the marine gamma proteobacterium HTCC2148 
displays a similar domain organisation to the protein kinase-RyR domain proteins of 
oomycetes. This demonstrates the possibility of eukaryotic RyR domain containing 
proteins evolving directly from prokaryotic ones. 

 A protein composed of a single RyR domain combined with a peptidase C39-like 
domain is encoded within the genomes of at least six commensal bacteroidete bac-
teria, including  Bacteroides ovatus  and  Prevotella ruminicola . In the bacterium 
 Chlorobium ferrooxidans , an ATPase domain is present in a hypothetical protein in 
association with a pair of RyR domains. A peripheral membrane component of 
bacterial K +  uptake systems known as TrkA  [  99  ]  contains a nicotinamide adenine 
dinucleotide binding domain called TrkA-N, that is conserved in a number of 
prokaryotic and eukaryotic proteins  [  100,   101  ] . Hypothetical proteins containing a 
TrkA-N domain paired with an RyR domain are present in various proteobacteria, 
such as  Delsulfuromonas acetoxidans ; actinobacteria including  Streptosporangium 
roseum  and  Catenulispora acidiphila ; and archaea, such as  Methanocella paludi-
cola.  In the proteobacterium  Desulfovibrio desulfuricans , a hypothetical protein 
contains a single RyR domain associated with the starch-binding outer membrane 
protein domain, SusD. 

 To date, 51 proteins have been identifi ed that contain the RyR domain in the 
absence of any other known structural unit. These are found in the genomes of 
 bacteria from the phyla Proteobacteria ( Pasteurella ,  Hirschia ,  Pseudomonas , 
 Methylobacterium  and  Stenotrophomonas ), Firmicutes ( Bacillus, Butyrivibrio, 
Clostridium, Coprococcus  and  Eubacterium ), Bacteriodetes ( Bacteroides, 
Odoribacter  and  Geobacter ), Chlorobia ( Pelodictyon ), Actinobacteria ( Frankia, 
Mycobacteria  and  Slackia ) and in archaea of the phylum Euryarchaeota 
( Methanosphaerula ). In addition, such “RyR domain only” proteins are present in 
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viruses including Aeromonas bacteriophage 65, phiAS5, Aeh1 and PX29; 
Roseophage DSS3P2; Ralstonia phage RSL1; and Pseudomonas phage F116. 

 The crystal structure of a single RyR domain protein from the bacterium 
 Bacteroides thetaiotaomicron  VPI-5482 has been deduced at 2.54 Å resolution by 
Ruiying  et al  at the Midwest Center for Structural Genomics, USA (  http://www.
rcsb.org/pdb/explore/explore.do?structureId=3NRT/    ). This 100 residue protein 
adopts a helix-sheet-sheet-helix structure and potentially self-associates into dimers 
or hexamers. The presence of the RyR domain in multiple prokaryotic and viral 
proteins, often in combination with a various of other domains, suggest that it is a 
“promiscuous” domain. Such units play critical roles in the evolution of novel 
domain structures and often participate in protein-protein interactions or small mol-
ecule binding, as exemplifi ed by the Src Homology 3 (SH3) domains of eukaryotic 
proteins  [  82  ] . 

 Detection of RyR domains encoded in bacteriophage genomes hints at a possible 
lateral or horizontal gene transfer (HGT) of genes encoding these structural units 
between unrelated species. The “conventional” mode of transfer of genetic material 
between individuals is vertical, from parent(s) to offspring. A distinct mechanism in 
eukaryotes involves the endosymbiotic route, in which genes from the captured 
“organelle” organisms are incorporated into the host cell nucleus. In contrast, HGT 
involves transfer of genes between unrelated species and occurs by processes in 
which individual domains, single genes or groups of genes, rather than a whole 
organism, are captured. HGT provides a mechanism for rapid evolution of novel 
multidomain combinations under circumstances where the newly incorporated 
domains are positively selected. Viruses, uptake from the environment and phagocy-
tosis represent mechanisms by which HGT could occur  [  102  ] . Phylogenetic evidence 
indicates the occurrence of HGT from marine bacteria to gut bacteria  [  103  ] ; pro-
teobacteria to choanofl agellates/capsasporans  [  104,   105  ] ; prokaryotes to ascomycete 
fungi and from ascomycetes to oomycetes  [  106  ] ; and from humans to the commen-
sal, enterotoxigenic gut bacterium  Bacteroides fragilis   [  107  ] . It is tempting to specu-
late that the RyR domains present in eukaryotic RyR channel proteins are derived 
by HGT from prokaryotes. This is not without precedent, since similar mechanisms 
are thought to have operated during the evolution of other proteins, such as the incor-
poration of TrkA domains into bacterial K + -channels during the evolution of eukary-
otic nucleotide-gated K +  channels  [  99  ] . Evidence for HGT-dependent evolution of 
RyRs awaits more extensive phylogenetic investigations, based on a greater number 
of genomes from more taxa.    

   Perspectives on RyR Evolution 

 Consensus mechanisms for the evolution of RyR channel proteins, based on both 
direct phylogenetic analyses and on interpretation of multidomain structures, are 
 represented in Fig.  7.2 . RyR domains are present in diverse prokaryotic and viral 
proteins, but among eukaryotic proteins are only represented in RyR-like channels 

http://www.rcsb.org/pdb/explore/explore.do?structureId=3NRT/
http://www.rcsb.org/pdb/explore/explore.do?structureId=3NRT/
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and putative oomycete protein kinases. Although eukaryotic RyRs could have evolved 
directly from prokaryotic ancestors, it seems more likely they arose via modifi cation 
of pre-existing, ancestral IP 

3
 R-like channels present in prokaryotes or in proto-

eukaryotes. Evidence for this is that proteins containing RIH, RIHA and channel 
domains evolved in a broad range of simple eukaryotes, including chlorophytes, 
alveolates, choanofl agellates and amoebazoids. However, these proteins represent a 
range of multidomain structures, namely RIH-RIH-RIHA-channel, RIH-RIH-channel 
and RIH-RIHA-channel domain arrangements. It is tempting to speculate that incor-
poration of promiscuous domains, such as the RyR and SPRY domains, into such 
prototypical eukaryotic CRCs lead to the evolution of metazoan/capsasporan forms 
of RyR channel proteins. Such incorporation events could have potentially arisen as 
a result of HGT of such promiscuous domains from prokaryotes to eukaryotes. It is 
of note that the “simplest” eukaryotes in which RyR and SPRY domain-containing 
channels are encoded are choanofl agellates, which prey on bacteria and could have 
potentially captured such structural units via phagocytic HGT  [  104,   105  ] . 

 One intriguing aspect of CRC evolution re-iterated in the current review is the 
absence of RyR-like proteins in certain eukaryotes, particularly in higher forms 
such as land plants and fungi. This could be explained either by selective losses of 
genes encoding RyR-like proteins from certain eukaryotic taxa (section  “The Post-
genomic Era: RyRs are Present in Some Unicellular Eukaryotes” ), or by multiple 
HGT transfer events resulting the incorporation of promiscuous domains into pre-
existing CRC protein structures in certain groups of organisms, but not others. 
These processes are not mutually exclusive. There is scant evidence to support 
either mechanism: however, the presence of RyR domains in oomycyte CRCs that 
are not highly related to other eukaryotic RyRs is suggestive of the latter mecha-
nism. The preservation of promiscuous RyR and SPRY domains in eukaryotic chan-
nel proteins infers that they confer selective advantages over the unmodifi ed, 
IP 

3
 R-like ancestors. These advantages probably relate to the unique features of RyR 

channels relative to IP 
3
 Rs, such as their greater unitary conductance, longer open 

times or the capability of interacting with a distinct set of accessory proteins  [  54  ] . It 
is expected that continued analyses of genomic data from an increasing numbers of 
organisms, particularly from unicellular eukaryotes, will unveil RyR evolution and 
function in greater detail.      

   References    

    1.    Case RM, Eisner D, Gurney A, Jones O, Muallem S, Verkhratsky A (2007) Evolution of 
calcium homeostasis: from birth of the fi rst cell to an omnipresent signalling system. Cell 
Calcium 42:345–350  

    2.    Dominguez DC (2004) Calcium signalling in bacteria. Mol Microbiol 54:291–297  
    3.    Norris V, Grant S, Freestone P, Canvin J, Sheikh FN, Toth I, Trinei M, Modha K, Norman RI 

(1996) Calcium signalling in bacteria. J Bacteriol 178:3677–3682  
    4.    Naseem R, Davies SR, Jones H, Wann KT, Holland IB, Campbell AK (2007) Cytosolic Ca 2+  

regulates protein expression in E. coli through release from inclusion bodies. Biochem 
Biophys Res Commun 360:33–39  



178 J.J. Mackrill

    5.    Gray MW, Doolittle WF (1982) Has the endosymbiont hypothesis been proven? Microbiol 
Rev 46:1–42  

    6.    Roger AJ (1999) Reconstructing early events in eukaryotic evolution. Am Nat 
154:S146–S163  

    7.    Cavalier-Smith T (1975) The origin of nuclei and of eukaryotic cells. Nature 256:463–468  
    8.    Negulescu PA, Machen TE (1993) Ca transport by plasma membrane and intracellular stores 

of gastric cells. Am J Physiol 264:C843–C851  
    9.    Endo M (2006) Calcium ion as a second messenger with special reference to excitation-

contraction coupling. J Pharmacol Sci 100:519–524  
    10.    Wu X, Zhang T, Bossuyt J, Li X, McKinsey TA, Dedman JR, Olson EN, Chen J, Brown JH, 

Bers DM (2006) Local InsP3-dependent perinuclear Ca 2+  signaling in cardiac myocyte exci-
tation-transcription coupling. J Clin Invest 116:675–682  

    11.    Liang W, Buluc M, van Breemen C, Wang X (2004) Vectorial Ca 2+  release via ryanodine 
receptors contributes to Ca 2+  extrusion from freshly isolated rabbit aortic endothelial cells. 
Cell Calcium 36:431–443  

    12.    Berkelman T, Garret-Engele P, Hoffman NE (1994) The pacL gene of Synechococcus sp. 
strain PCC 7942 encodes a Ca(2+)-transporting ATPase. J Bacteriol 176:4430–4436  

    13.    Shigaki T, Rees I, Nakhleh L, Hirschi KD (2006) Identifi cation of three distinct phylogenetic 
groups of CAX cation/proton antiporters. J Mol Evol 63:815–825  

    14.    Kung C, Blount P (2004) Channels in microbes: so many holes to fi ll. Mol Microbiol 
53:373–380  

    15.    Jegla TJ, Zmasek CM, Batalov S, Nayak SK (2009) Evolution of the human ion channel set. 
Comb Chem High Throughput Screen 12:2–23  

    16.    Dolphin AC (2009) Calcium channel diversity: multiple roles of calcium channel subunits. 
Curr Opin Neurobiol 19:237–244  

    17.    Flucher BE, Takekura H, Franzini-Armstrong C (1993) Development of the excitation- 
contraction coupling apparatus in skeletal muscle: association of sarcoplasmic reticulum 
and transverse tubules with myofi brils. Dev Biol 160:135–147  

    18.    Franzini-Armstrong C, Protasi F, Tijskens P (2005) The assembly of calcium release units in 
cardiac muscle. Ann NY Acad Sci 1047:76–85  

    19.    Meissner G (2002) Regulation of mammalian ryanodine receptors. Front Biosci 
7:d2072–d2080  

    20.    Franzini-Armstrong C (1970) STUDIES OF THE TRIAD: I. Structure of the junction in frog 
twitch fi bers. J Cell Biol 47:488–499  

    21.    Di Biase V, Franzini-Armstrong C (2005) Evolution of skeletal type e-c coupling: a novel 
means of controlling calcium delivery. J Cell Biol 171:695–704  

    22.    Rogers EF, Koniuszy FR et al (1948) Plant insecticides; ryanodine, a new alkaloid from 
Ryania speciosa Vahl. J Am Chem Soc 70:3086–3088  

    23.    West DJ, Williams AJ (2007) Pharmacological regulators of intracellular calcium release 
channels. Curr Pharm Des 13:2428–2442  

    24.    Lai FA, Erickson HP, Rousseau E, Liu QY, Meissner G (1988) Purifi cation and reconstitution 
of the calcium release channel from skeletal muscle. Nature 331:315–319  

    25.    Campbell KP, Knudson CM, Imagawa T, Leung AT, Sutko JL, Kahl SD, Raab CR, Madson 
L (1987) Identifi cation and characterization of the high affi nity [3H]ryanodine receptor of the 
junctional sarcoplasmic reticulum Ca 2+  release channel. J Biol Chem 262:6460–6463  

    26.    Inui M, Saito A, Fleischer S (1987) Purifi cation of the ryanodine receptor and identity with 
feet structures of junctional terminal cisternae of sarcoplasmic reticulum from fast skeletal 
muscle. J Biol Chem 262:1740–1747  

    27.    Lai FA, Misra M, Xu L, Smith HA, Meissner G (1989) The ryanodine receptor-Ca 2+  release 
channel complex of skeletal muscle sarcoplasmic reticulum. Evidence for a cooperatively 
coupled, negatively charged homotetramer. J Biol Chem 264:16776–16785  

    28.    Takeshima H, Nishimura S, Matsumoto T, Ishida H, Kangawa K, Minamino N, Matsuo H, 
Ueda M, Hanaoka M, Hirose T et al (1989) Primary structure and expression from comple-
mentary DNA of skeletal muscle ryanodine receptor. Nature 339:439–445  



1797 Ryanodine Receptor Calcium Release Channels: An Evolutionary Perspective

    29.    Mignery GA, Sudhof TC, Takei K, De Camilli P (1989) Putative receptor for inositol 
1,4,5-trisphosphate similar to ryanodine receptor. Nature 342:192–195  

    30.    Furuichi T, Yoshikawa S, Miyawaki A, Wada K, Maeda N, Mikoshiba K (1989) Primary 
structure and functional expression of the inositol 1,4,5-trisphosphate-binding protein P400. 
Nature 342:32–38  

    31.    Coussin F, Macrez N, Morel JL, Mironneau J (2000) Requirement of ryanodine receptor 
subtypes 1 and 2 for Ca(2+)-induced Ca(2+) release in vascular myocytes. J Biol Chem 
275:9596–9603  

    32.    Sei Y, Gallagher KL, Basile AS (1999) Skeletal muscle type ryanodine receptor is involved 
in calcium signaling in human B lymphocytes. J Biol Chem 274:5995–6002  

    33.    O’Connell PJ, Klyachko VA, Ahern GP (2002) Identifi cation of functional type 1 ryanodine 
receptors in mouse dendritic cells. FEBS Lett 512:67–70  

    34.    Giannini G, Conti A, Mammarella S, Scrobogna M, Sorrentino V (1995) The ryanodine 
receptor/calcium channel genes are widely and differentially expressed in murine brain and 
peripheral tissues. J Cell Biol 128:893–904  

    35.    Giannini G, Clementi E, Ceci R, Marziali G, Sorrentino V (1992) Expression of a ryanodine 
receptor-Ca 2+  channel that is regulated by TGF-beta. Science 257:91–94  

    36.    Olivares EB, Tanksley SJ, Airey JA, Beck CF, Ouyang Y, Deerinck TJ, Ellisman MH, Sutko 
JL (1991) Nonmammalian vertebrate skeletal muscles express two triad junctional foot pro-
tein isoforms. Biophys J 59:1153–1163  

    37.    Airey JA, Grinsell MM, Jones LR, Sutko JL, Witcher D (1993) Three ryanodine receptor 
isoforms exist in avian striated muscles. Biochemistry 32:5739–5745  

    38.    Ottini L, Marziali G, Conti A, Charlesworth A, Sorrentino V (1996) Alpha and beta isoforms 
of ryanodine receptor from chicken skeletal muscle are the homologues of mammalian RyR1 
and RyR3. Biochem J 315(Pt 1):207–216  

    39.    Darbandi S, Franck JP (2009) A comparative study of ryanodine receptor (RyR) gene expres-
sion levels in a basal ray-fi nned fi sh, bichir (Polypterus ornatipinnis) and the derived eute-
leost zebrafi sh (Danio rerio). Comp Biochem Physiol B Biochem Mol Biol 154:443–448  

    40.    Schredelseker J, Shrivastav M, Dayal A, Grabner M (2010) Non-Ca 2+ -conducting Ca 2+  channels 
in fi sh skeletal muscle excitation-contraction coupling. Proc Natl Acad Sci USA 107:5658–5663  

    41.    Hasan G, Rosbash M (1992) Drosophila homologs of two mammalian intracellular Ca(2+)-
release channels: identifi cation and expression patterns of the inositol 1,4,5-triphosphate and 
the ryanodine receptor genes. Development 116:967–975  

    42.    Takeshima H, Nishi M, Iwabe N, Miyata T, Hosoya T, Masai I, Hotta Y (1994) Isolation and 
characterization of a gene for a ryanodine receptor/calcium release channel in Drosophila 
melanogaster. FEBS Lett 337:81–87  

    43.    Sullivan KM, Scott K, Zuker CS, Rubin GM (2000) The ryanodine receptor is essential for 
larval development in Drosophila melanogaster. Proc Natl Acad Sci USA 97:5942–5947  

    44.    Formelova J, Hurnak O, Novotova M, Zachar J (1990) Ryanodine receptor purifi ed from 
crayfi sh skeletal muscle. Gen Physiol Biophys 9:445–453  

    45.    Seok JH, Xu L, Kramarcy NR, Sealock R, Meissner G (1992) The 30S lobster skeletal mus-
cle Ca 2+  release channel (ryanodine receptor) has functional properties distinct from the 
mammalian channel proteins. J Biol Chem 267:15893–15901  

    46.    Sakube Y, Ando H, Kagawa H (1993) Cloning and mapping of a ryanodine receptor homolog 
gene of Caenorhabditis elegans. Ann NY Acad Sci 707:540–545  

    47.    Maryon EB, Coronado R, Anderson P (1996) unc-68 encodes a ryanodine receptor involved 
in regulating C. elegans body-wall muscle contraction. J Cell Biol 134:885–893  

    48.    Quinn KE, Castellani L, Ondrias K, Ehrlich BE (1998) Characterization of the ryanodine 
receptor/channel of invertebrate muscle. Am J Physiol 274:R494–R502  

    49.    Silva CL, Cunha VM, Mendonca-Silva DL, Noel F (1998) Evidence for ryanodine receptors 
in Schistosoma mansoni. Biochem Pharmacol 56:997–1003  

    50.    Lovett JL, Marchesini N, Moreno SN, Sibley LD (2002) Toxoplasma gondii microneme 
secretion involves intracellular Ca(2+) release from inositol 1,4,5-triphosphate (IP(3))/ryan-
odine-sensitive stores. J Biol Chem 277:25870–25876  



180 J.J. Mackrill

    51.    Muir SR, Sanders D (1996) Pharmacology of Ca 2+  release from red beet microsomes suggests 
the presence of ryanodine receptor homologs in higher plants. FEBS Lett 395:39–42  

    52.    Meimoun P, Vidal G, Bohrer AS, Lehner A, Tran D, Briand J, Bouteau F, Rona JP (2009) 
Intracellular Ca 2+  stores could participate to abscisic acid-induced depolarization and sto-
matal closure in Arabidopsis thaliana. Plant Signal Behav 4:830–835  

    53.    Sorrentino V, Barone V, Rossi D (2000) Intracellular Ca(2+) release channels in evolution. 
Curr Opin Genet Dev 10:662–667  

    54.    Mackrill JJ (1999) Protein-protein interactions in intracellular Ca 2+ -release channel function. 
Biochem J 337(Pt 3):345–361  

    55.    Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z, Miller W, Lipman DJ (1997) 
Gapped BLAST and PSI-BLAST: a new generation of protein database search programs. 
Nucleic Acids Res 25:3389–3402  

    56.    Jones DT, Taylor WR, Thornton JM (1992) The rapid generation of mutation data matrices 
from protein sequences. Comput Appl Biosci 8:275–282  

    57.    Felsenstein J (1985) Confi dence-limits on phylogenies – an approach using the bootstrap. 
Evolution 39:783–791  

    58.   Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S (2011) MEGA5: molecular 
evolutionary genetics analysis using maximum likelihood, evolutionary distance, and maxi-
mum parsimony methods. Mol Biol Evol 28:2731–2739  

    59.    Benterbusch R, Herberg FW, Melzer W, Thieleczek R (1992) Excitation-contraction cou-
pling in a pre-vertebrate twitch muscle: the myotomes of Branchiostoma lanceolatum. 
J Membr Biol 129:237–252  

    60.    Seo HC, Kube M, Edvardsen RB, Jensen MF, Beck A, Spriet E, Gorsky G, Thompson EM, 
Lehrach H, Reinhardt R, Chourrout D (2001) Miniature genome in the marine chordate 
Oikopleura dioica. Science 294:2506  

    61.    Nagata T, Iizumi S, Satoh K, Ooka H, Kawai J, Carninci P, Hayashizaki Y, Otomo Y, 
Murakami K, Matsubara K, Kikuchi S (2004) Comparative analysis of plant and animal 
calcium signal transduction element using plant full-length cDNA data. Mol Biol Evol 
21:1855–1870  

    62.    Krinke O, Novotna Z, Valentova O, Martinec J (2007) Inositol trisphosphate receptor in 
higher plants: is it real? J Exp Bot 58:361–376  

    63.    Dasgupta S, Dasgupta D, Sen M, Biswas S, Biswas BB (1996) Interaction of myoinositoltris-
phosphate-phytase complex with the receptor for intercellular Ca 2+  mobilization in plants. 
Biochemistry 35:4994–5001  

    64.    Verret F, Wheeler G, Taylor AR, Farnham G, Brownlee C (2010) Calcium channels in pho-
tosynthetic eukaryotes: implications for evolution of calcium-based signalling. New Phytol 
187:23–43  

    65.    Wheeler GL, Brownlee C (2008) Ca 2+  signalling in plants and green algae – changing chan-
nels. Trends Plant Sci 13:506–514  

    66.    Zelter A, Bencina M, Bowman BJ, Yarden O, Read ND (2004) A comparative genomic 
analysis of the calcium signaling machinery in Neurospora crassa, Magnaporthe grisea, and 
Saccharomyces cerevisiae. Fungal Genet Biol 41:827–841  

    67.    Mack MM, Molinski TF, Buck ED, Pessah IN (1994) Novel modulators of skeletal muscle 
FKBP12/calcium channel complex from Ianthella basta. Role of FKBP12 in channel gating. 
J Biol Chem 269:23236–23249  

    68.    Srivastava M, Begovic E, Chapman J, Putnam NH, Hellsten U, Kawashima T, Kuo A, Mitros 
T, Salamov A, Carpenter ML, Signorovitch AY, Moreno MA, Kamm K, Grimwood J, 
Schmutz J, Shapiro H, Grigoriev IV, Buss LW, Schierwater B, Dellaporta SL, Rokhsar DS 
(2008) The Trichoplax genome and the nature of placozoans. Nature 454:955–960  

    69.    Schierwater B (2005) My favorite animal, Trichoplax adhaerens. Bioessays 27:1294–1302  
    70.    Philippe H, Derelle R, Lopez P, Pick K, Borchiellini C, Boury-Esnault N, Vacelet J, Renard 

E, Houliston E, Queinnec E, Da Silva C, Wincker P, Le Guyader H, Leys S, Jackson DJ, 
Schreiber F, Erpenbeck D, Morgenstern B, Worheide G, Manuel M (2009) Phylogenomics 
revives traditional views on deep animal relationships. Curr Biol 19:706–712  



1817 Ryanodine Receptor Calcium Release Channels: An Evolutionary Perspective

    71.    Moreira D, von der Heyden S, Bass D, Lopez-Garcia P, Chao E, Cavalier-Smith T (2007) 
Global eukaryote phylogeny: combined small- and large-subunit ribosomal DNA trees sup-
port monophyly of Rhizaria, Retaria and Excavata. Mol Phylogenet Evol 44:255–266  

    72.    King N (2005) Choanofl agellates. Curr Biol 15:R113–R114  
    73.    Cai X (2008) Unicellular Ca 2+  signaling ‘toolkit’ at the origin of metazoa. Mol Biol Evol 

25:1357–1361  
    74.    Ruiz-Trillo I, Inagaki Y, Davis LA, Sperstad S, Landfald B, Roger AJ (2004) Capsaspora 

owczarzaki is an independent opisthokont lineage. Curr Biol 14:R946–R947  
    75.    Sebe-Pedros A, de Mendoza A, Lang BF, Degnan BM, Ruiz-Trillo I (2011) Unexpected 

repertoire of metazoan transcription factors in the unicellular holozoan Capsaspora owc-
zarzaki. Mol Biol Evol 28:1241–1254  

    76.    Ladenburger EM, Sehring IM, Korn I, Plattner H (2009) Novel types of Ca 2+  release channels 
participate in the secretory cycle of Paramecium cells. Mol Cell Biol 29:3605–3622  

    77.    Ladenburger EM, Korn I, Kasielke N, Wassmer T, Plattner H (2006) An Ins(1,4,5)P3 recep-
tor in Paramecium is associated with the osmoregulatory system. J Cell Sci 119:3705–3717  

    78.    Eisen JA, Coyne RS, Wu M, Wu D, Thiagarajan M, Wortman JR, Badger JH, Ren Q, Amedeo 
P, Jones KM, Tallon LJ, Delcher AL, Salzberg SL, Silva JC, Haas BJ, Majoros WH, Farzad 
M, Carlton JM, Smith RK Jr, Garg J, Pearlman RE, Karrer KM, Sun L, Manning G, Elde NC, 
Turkewitz AP, Asai DJ, Wilkes DE, Wang Y, Cai H, Collins K, Stewart BA, Lee SR, 
Wilamowska K, Weinberg Z, Ruzzo WL, Wloga D, Gaertig J, Frankel J, Tsao CC, Gorovsky 
MA, Keeling PJ, Waller RF, Patron NJ, Cherry JM, Stover NA, Krieger CJ, del Toro C, Ryder 
HF, Williamson SC, Barbeau RA, Hamilton EP, Orias E (2006) Macronuclear genome 
sequence of the ciliate Tetrahymena thermophila, a model eukaryote. PLoS Biol 4:e286  

    79.    Cock JM, Sterck L, Rouze P, Scornet D, Allen AE, Amoutzias G, Anthouard V, Artiguenave 
F, Aury JM, Badger JH, Beszteri B, Billiau K, Bonnet E, Bothwell JH, Bowler C, Boyen C, 
Brownlee C, Carrano CJ, Charrier B, Cho GY, Coelho SM, Collen J, Corre E, Da Silva C, 
Delage L, Delaroque N, Dittami SM, Doulbeau S, Elias M, Farnham G, Gachon CM, 
Gschloessl B, Heesch S, Jabbari K, Jubin C, Kawai H, Kimura K, Kloareg B, Kupper FC, 
Lang D, Le Bail A, Leblanc C, Lerouge P, Lohr M, Lopez PJ, Martens C, Maumus F, Michel 
G, Miranda-Saavedra D, Morales J, Moreau H, Motomura T, Nagasato C, Napoli CA, Nelson 
DR, Nyvall-Collen P, Peters AF, Pommier C, Potin P, Poulain J, Quesneville H, Read B, 
Rensing SA, Ritter A, Rousvoal S, Samanta M, Samson G, Schroeder DC, Segurens B, 
Strittmatter M, Tonon T, Tregear JW, Valentin K, von Dassow P, Yamagishi T, Van de Peer Y, 
Wincker P (2010) The Ectocarpus genome and the independent evolution of multicellularity 
in brown algae. Nature 465:617–621  

    80.    Mackrill JJ (2010) Ryanodine receptor calcium channels and their partners as drug targets. 
Biochem Pharmacol 79:1535–1543  

    81.    Tani S, Yatzkan E, Judelson HS (2004) Multiple pathways regulate the induction of genes 
during zoosporogenesis in Phytophthora infestans. Mol Plant Microbe Interact 17:330–337  

    82.    Basu MK, Poliakov E, Rogozin IB (2009) Domain mobility in proteins: functional and evo-
lutionary implications. Brief Bioinform 10:205–216  

    83.    Long M, Betran E, Thornton K, Wang W (2003) The origin of new genes: glimpses from the 
young and old. Nat Rev Genet 4:865–875  

    84.    Valas RE, Yang S, Bourne PE (2009) Nothing about protein structure classifi cation makes 
sense except in the light of evolution. Curr Opin Struct Biol 19:329–334  

    85.    Marchler-Bauer A, Lu S, Anderson JB, Chitsaz F, Derbyshire MK, DeWeese-Scott C, Fong 
JH, Geer LY, Geer RC, Gonzales NR, Gwadz M, Hurwitz DI, Jackson JD, Ke Z, Lanczycki 
CJ, Lu F, Marchler GH, Mullokandov M, Omelchenko MV, Robertson CL, Song JS, Thanki 
N, Yamashita RA, Zhang D, Zhang N, Zheng C, Bryant SH (2011) CDD: a Conserved Domain 
Database for the functional annotation of proteins. Nucleic Acids Res 39:D225–D229  

    86.    Welch W, Rheault S, West DJ, Williams AJ (2004) A model of the putative pore region of the 
cardiac ryanodine receptor channel. Biophys J 87:2335–2351  

    87.    Ponting CP (2000) Novel repeats in ryanodine and IP3 receptors and protein 
O-mannosyltransferases. Trends Biochem Sci 25:48–50  



182 J.J. Mackrill

    88.    Kiselyov K, Mignery GA, Zhu MX, Muallem S (1999) The N-terminal domain of the IP3 
receptor gates store-operated hTrp3 channels. Mol Cell 4:423–429  

    89.    Kiselyov KI, Shin DM, Wang Y, Pessah IN, Allen PD, Muallem S (2000) Gating of store-
operated channels by conformational coupling to ryanodine receptors. Mol Cell 6:421–431  

    90.    Schug ZT, da Fonseca PC, Bhanumathy CD, Wagner L 2nd, Zhang X, Bailey B, Morris EP, 
Yule DI, Joseph SK (2008) Molecular characterization of the inositol 1,4,5-trisphosphate 
receptor pore-forming segment. J Biol Chem 283:2939–2948  

    91.    Mead-Savery FC, Wang R, Tanna-Topan B, Chen SR, Welch W, Williams AJ (2009) Changes 
in negative charge at the luminal mouth of the pore alter ion handling and gating in the car-
diac ryanodine-receptor. Biophys J 96:1374–1387  

    92.    Montell C (2001) Physiology, phylogeny, and functions of the TRP superfamily of cation 
channels. Sci STKE 2001:re1  

    93.    Ponting C, Schultz J, Bork P (1997) SPRY domains in ryanodine receptors (Ca(2+)-release 
channels). Trends Biochem Sci 22:193–194  

    94.    Tae H, Casarotto MG, Dulhunty AF (2009) Ubiquitous SPRY domains and their role in the 
skeletal type ryanodine receptor. Eur Biophys J 39:51–59  

    95.    van de Graaf SF, van der Kemp AW, van den Berg D, van Oorschot M, Hoenderop JG, 
Bindels RJ (2006) Identifi cation of BSPRY as a novel auxiliary protein inhibiting TRPV5 
activity. J Am Soc Nephrol 17:26–30  

    96.    Cui Y, Tae HS, Norris NC, Karunasekara Y, Pouliquin P, Board PG, Dulhunty AF, Casarotto 
MG (2009) A dihydropyridine receptor alpha1s loop region critical for skeletal muscle con-
traction is intrinsically unstructured and binds to a SPRY domain of the type 1 ryanodine 
receptor. Int J Biochem Cell Biol 41:677–686  

    97.    Otsu K, Willard HF, Khanna VK, Zorzato F, Green NM, MacLennan DH (1990) Molecular 
cloning of cDNA encoding the Ca 2+  release channel (ryanodine receptor) of rabbit cardiac 
muscle sarcoplasmic reticulum. J Biol Chem 265:13472–13483  

    98.    Zorzato F, Fujii J, Otsu K, Phillips M, Green NM, Lai FA, Meissner G, MacLennan DH 
(1990) Molecular cloning of cDNA encoding human and rabbit forms of the Ca 2+  release 
channel (ryanodine receptor) of skeletal muscle sarcoplasmic reticulum. J Biol Chem 
265:2244–2256  

    99.    Durell SR, Hao Y, Nakamura T, Bakker EP, Guy HR (1999) Evolutionary relationship 
between K(+) channels and symporters. Biophys J 77:775–788  

    100.    Aravind L, Koonin EV (1998) A novel family of predicted phosphoesterases includes 
Drosophila prune protein and bacterial RecJ exonuclease. Trends Biochem Sci 23:17–19  

    101.    Anantharaman V, Koonin EV, Aravind L (2001) Regulatory potential, phyletic distribution 
and evolution of ancient, intracellular small-molecule-binding domains. J Mol Biol 
307:1271–1292  

    102.    Andersson JO (2005) Lateral gene transfer in eukaryotes. Cell Mol Life Sci 62:1182–1197  
    103.    Hehemann JH, Correc G, Barbeyron T, Helbert W, Czjzek M, Michel G (2010) Transfer of 

carbohydrate-active enzymes from marine bacteria to Japanese gut microbiota. Nature 
464:908–912  

    104.    Whitaker JW, McConkey GA, Westhead DR (2009) The transferome of metabolic genes 
explored: analysis of the horizontal transfer of enzyme encoding genes in unicellular eukary-
otes. Genome Biol 10:R36  

    105.    Torruella G, Suga H, Riutort M, Pereto J, Ruiz-Trillo I (2009) The evolutionary history of 
lysine biosynthesis pathways within eukaryotes. J Mol Evol 69:240–248  

    106.    Richards TA, Soanes DM, Foster PG, Leonard G, Thornton CR, Talbot NJ (2009) 
Phylogenomic analysis demonstrates a pattern of rare and ancient horizontal gene transfer 
between plants and fungi. Plant Cell 21:1897–1911  

    107.    Goulas T, Arolas JL, Gomis-Ruth FX (2011) Structure, function and latency regulation of a 
bacterial enterotoxin potentially derived from a mammalian adamalysin/ADAM xenolog. 
Proc Natl Acad Sci USA 108:1856–1861      



183M.S. Islam (ed.), Calcium Signaling, Advances in Experimental 
Medicine and Biology 740, DOI 10.1007/978-94-007-2888-2_8, 
© Springer Science+Business Media Dordrecht 2012

  Abstract   In excitable tissues, the ryanodine receptor Ca 2+  release channel (RyR) 
protein complex regulates excitation-contraction coupling, exocytosis, gene expression 
and apoptosis. Defects in RyR function, in genetic or acquired pathologies, lead to 
massive disruptions of Ca 2+  release that can be lethal. Therefore, RyR has emerged 
as a putative therapeutic target and an increasing number of RyR-targeting drugs are 
currently being tested. 

 Nonetheless this large-size channel is still a mystery in terms of structure, which 
hinders full characterization of the properties of this central protein. This chapter is 
dedicated to the methods available to examine RyR structure and function. The aim 
of the article is to concentrate on contemporary methodologies rather than focusing 
overtly on the progress that has been achieved using these techniques. Here we 
review a series of reliable approaches that are routinely employed to investigate this 
channel. Technical limitations are discussed, and technological developments are 
presented. This work is not a handbook, but it can be used as a resource and a start-
ing point for the investigation of RyR at different levels of resolution.  

  Keywords   Ryanodine  •  Calcium channel  •  Lipid bilayer  •  Single channel recording  
•  Cardiac myocyte  •  Transfection  •  HEK293  •  Sparks  •  Cryo-EM  •  Recombinant 
expression      
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   Introduction 

   The Role of the Ryanodine Receptor (RyR) 

 Cell signaling pathways involving calcium ions (Ca 2+ ) require stimulators, receptors, 
transducers (or 2nd messengers) and effectors. In excitable tissues (nerves and 
muscles), the ryanodine receptor calcium release channel (RyR) holds a unique 
position, playing at the same time the role of receptor, amplifi er and effector, thus 
enabling the propagation and regulation of Ca 2+  signals. 

 Upon plasma membrane depolarization, voltage-gated L-type Ca 2+  channels 
open, leading to the activation of RyRs either by entry of a small amount of Ca 2+  into 
the cytosol (Ca 2+ -induced Ca 2+  release (CICR) in cardiac muscle cells) or mechani-
cally (in skeletal muscles). RyR channels sit in the membrane of the endo/sarcoplas-
mic reticulum (ER/SR) and control the release of Ca 2+  from intracellular stores. The 
resultant massive Ca 2+  fl ux from the ER/SR into the cytosol through clusters of 
RyRs throughout the cell eventually produces a global increase in the intracellular 
Ca 2+  concentration ([Ca 2+ ] 

i
 ) that is necessary for contraction in muscles, exocytosis 

in neurones or apoptosis if the Ca 2+  level reaches the corresponding threshold. In 
muscles this phenomenon is referred to as excitation-contraction coupling (ECC) 
 [  1  ] . Hence RyR is a pivotal protein at the interface between plasma membrane and 
ER/SR which is able to decode these two environments and integrate signals between 
the extracellular space and the intracellular stores. Moreover, depending on the cell 
model, RyR can modulate or be modulated by Ca 2+  signals initiated by other chan-
nels, such as inositol trisphosphate receptors (InsP 

3
 R)  [  2  ]  and transient receptor 

potential (TRP) channels  [  3  ] . Therefore RyRs serve as cell signaling integration 
centres that are at the origin of various types of Ca 2+  signals (different in terms of 
size, spread and frequency). 

 So far three isoforms have been identifi ed for the human RyR. RyR1 is expressed 
in skeletal muscle and Purkinje neurones  [  4  ] , RyR2 is abundant in cardiac muscle 
and can be found in brain and pancreatic cells  [  5  ] , and RyR3 is the predominant 
isoform in smooth muscle, brain and is detected in the testis  [  6  ] . Their different 
level of expression in various organs correlates to distinct functions in physiological 
and pathological processes, and that variation impinges on the characterisation of 
these receptors. Indeed the abundance of RyR1 and RyR2 in muscles and the critical 
role they play in these tissues have contributed to detailed investigations of the 
structure and function of these isoforms, whereas our understanding of RyR3 
function is still unclear. Therefore we will concentrate in this chapter on techniques 
developed to study RyR in muscular tissues.  

   Why Study RyR (dys)function? 

 The fi nely orchestrated process of ECC involves a number of exquisitely regulated 
protein components. Intrinsic alteration of these proteins, or the environment in which 
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they function optimally is known to cause contractile impairment, arrhythmia, or 
other pathological consequences. The dysfunction of RyRs, usually apparent as 
enhanced Ca 2+  release at rest appears to underlie several inherited and acquired skel-
etal muscle and cardiac diseases (for review see  [  7  ] ). 

 In skeletal muscle, malignant hyperthermia (MH) and central core disease (CCD) 
result from mutations in RyR1. MH is a pharmacogenetic disease triggered by 
exposure to halogenated anaesthetics and characterised by muscle rigidity, respira-
tory and metabolic acidosis and a sudden rise in body temperature  [  8  ] . CCD is a 
related but distinct disorder which generally presents as nonprogressive muscle 
weakness and hypotonia and some patients are also MH susceptible  [  9  ] . The disorder 
derives its name from the fi nding of amorphous central areas or cores that lack mito-
chondria in skeletal muscle fi bres. Both conditions are thought to result from RyR1 
dysfunction, causing excessive mobilisation of Ca 2+  from the SR with cores being 
explained by the fact that, with such perturbation of Ca 2+  regulation, central mito-
chondria go into Ca 2+  overload and die  [  7  ] . There has been speculation that the 
severity of the pathophysiological responses seen with MH and CCD could depend 
upon the mutational locus. It has been noted that MH susceptible patients who lack 
clinical myopathies are more likely to carry a mutation at the N-terminus of the RyR 
protein, while those who present with clinical myopathy exhibit a C-terminal bias 
 [  10  ] . Some CCD mutations are also thought to affect the Ca 2+  permation pathway of 
the channel, making them unresponsive to activation by agonists and by depolariza-
tion of the sarcolemma. Thus it appears that two distinct molecular mechanisms can 
lead to muscle weakness in CCD patients: (i) some mutations cause “leaky channels” 
which exhibit sensitized activation, leading to depletion of the Ca 2+  store and impair-
ment of muscle function, (ii) whereas “EC uncoupling” is characterized by a defi cit 
in ECC  [  11  ] . 

 Mutations in RyR2 are associated with catecholaminergic polymorphic ven-
tricular tachycardia (CPVT), a disorder associated with stress/exercise-induced 
arrhyth mia leading to possible sudden cardiac death (SCD) in the absence of any 
structural heart disease  [  12  ] . These symptoms are again attributed to inappropriate 
Ca 2+  release from hypersensitive, “leaky” mutant channels. However, the precise 
molecular mechanisms responsible for hypersensitivity have not yet been fully 
resolved (reviewed in  [  13  ] ) and there does not seem to be any relationship between 
the severity of phenotype and mutational locus, as is evident in MH/CCD. One 
putative mechanism proposed to account for dysfunctional channel behaviour in 
MH/CCD and CPVT is that mutation weakens intra-molecular interactions between 
key domains that stabilize the closed channel conformation  [  14  ] . In particular, it has 
been shown  in vitro  that exposure to a peptide corresponding to a small portion of 
the central domain (residues in RyR1: 2442–2477 and RyR2: 2460–2945) causes 
competitive binding to the N-terminal domain of the channel. This leads to the disrup-
tion (“unzipping”) of an important stabilizing interaction between these regions of the 
polypeptide. Eventually it results in channel hypersensitisation and Ca 2+  leak. These 
effects are abolished with the introduction of a known pathological mutation (RyR1: 
R2458C and RyR2: R2474S), leading the authors to suggest that these domains 
are involved in the mechanism of channel regulation, and that mutation causes 
 instability of the closed state causing the hypersensitisation effects seen  [  15,   16  ] . 
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In addition, these authors and others have hypothesized that dantrolene (used to 
treat MH), and K201 (a new drug potentially useful in the treatment of CPVT) 
remedy channel dysfunction by somehow “re-zipping” these weakened domain 
interactions  [  17,   18  ] . The “unzipping” theory has been extended to explain proar-
rhythmic Ca 2+  leak from RyR2 in heart failure (HF)  [  19  ] . Work by Yamamoto et al. 
 [  20  ]  implies that RyR2 activity is increased as a result of catecholaminergic stimu-
lation, which is known to be upregulated in the HF state  [  21  ] . Marks and colleagues 
proposed that in HF, with beta-adrenergic activation, RyR2 is phosphorylated by 
protein kinase A (PKA), which results in the dissociation of the channel stabilizing 
protein FKBP12.6 (sometimes referred to as calstabin2), hence leading to diastolic 
SR Ca 2+  leak  [  21  ] . A similar mechanism, with nitrosylation rather than phosphory-
lation as the culprit, has been proposed for RyR1 dysfunction in muscular dystro-
phy  [  22  ] . However, the mechanism itself has been the subject of much controversy 
 [  23–  25  ]  and has been deconstructed elsewhere  [  26,   27  ] . 

 As RyR dysfunction has been implicated in so many disorders of skeletal and 
cardiac muscle it is not surprising that its study has become an ever-expanding area 
of research and the design of therapeutic agents to correct the abnormal channel 
function underlying these pathologies is a major goal for all working in this fi eld. 
New drugs aim at normalizing RyR function at rest, preventing aberrant opening 
and Ca 2+  leakage, as discussed in the recent review by Thireau and co-workers  [  28  ] . 
This chapter will focus on the techniques used to investigate multiple aspects of 
RyR structure and function. While study of the channel in its native muscle is the 
most physiological approach to take, it is not always the most useful or convenient 
and the use of cloned RyR isoforms and recombinant expression techniques, as well 
as biophysical study of the channel outside the cell have greatly facilitated the 
elucidation of the molecular basis of Ca 2+  release functionality. However, due to the 
vast size of RyR and the complexity of its three dimensional architecture  [  29  ] , 
the use of heterologous expression systems to generate full-length, functional recom-
binant protein in suffi cient quantity has been a challenge (see section  “Heterologous 
Cell Systems to Study RyR Function”  and  [  30–  33  ] ). This has meant that dissection 
of the protein into smaller fragments in order to ease recombinant manipulation 
and expression has been benefi cial, especially in the elucidation of the crystal 
structure of RyR domains (see section  “Crystal Structure of the N-Terminus”  and 
 [  34,   35  ] ) and more recently in the engineering of knock in mouse models of RyR-
related disease  [  25,   36,   37  ] .   

   RyR Structure 

 To understand RyR function, it is essential to know the structural determinants of 
the different elements of RyR that make the channel stable, allow interaction with 
other proteins, and cause opening to release huge amounts of ions in short periods 
of time. 
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 The use of electron microscopy (EM) has been pivotal in elucidating structural 
components of RyRs. Many reviews have outlined the challenges of obtaining 
high-resolution structures and progress in the last few years has seen structures 
reaching subnanometer resolutions bringing greater insight into the organisation of 
RyRs. This section will merely introduce the various methods that can be used in 
conjunction with electron microscopy and will not necessarily detail results, which 
is outside the scope of the current chapter. For more in depth reviews see the following 
references  [  38–  40  ] . 

   RyR Domain Architecture 

 The functional RyR channel is a homotetramer. RyRs are composed of two main 
domains: the cytoplasmic assembly (CA) which adopts a large square-prism shape 
(also referred to as the “foot” domain  [  41  ]  measuring 280 × 120 × 60 Å) and a smaller 
square-tapering prism region which corresponds to the transmembrane assembly 
(TM), measuring 120 × 120 × 60 Å  [  29  ]  (Shown in Fig.  8.1 ). 

   Negative Staining 

 As mentioned above, the enormous size and structural complexity of RyRs has 
greatly impeded their detailed structural analysis. Until a 3D crystal structure has 
been obtained for the RyRs, electron microscopy (negative stain-EM and cryo-EM) 
remains a relatively simple means of obtaining vast amounts of structural informa-
tion, albeit at a much lower resolution. The fi rst images of purifi ed RyRs were 
from RyR1 and were generated over 20 years ago from negative-stain electron 
micrographs  [  42  ] . In this technique, molecules are adsorbed to a carbon grid and 
coated in an electron-dense heavy fi lm, such as uranyl acetate, generating a high 
contrast image. Although a simple procedure, and ideal for initial characterisation, 
the major disadvantage of negative stain is collapse of macromolecular structure 
due to dehydration during preparation of samples, resulting in distortion of the 
sample and therefore loss of resolution. Incomplete embedding of stain can also 
lead to artefacts in the fi nal structure obtained. The resolution limit of negative stain 
EM is around 20 Å therefore other methods to gain structural information are often 
used in conjunction with this technique.  

   Cryo-EM 

 In cryo-EM the sample always remains in solution, preventing collapse or distortion 
of the sample as seen in negative stain-EM. In this technique the sample is vitrifi ed 
which involves applying a few drops of the aqueous sample onto an EM grid 
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containing a carbon support fi lm and rapidly plunging into liquid ethane. This 
results in thin layers of vitreous ice in which the macromolecules are embedded. 
Until relatively recently continuous carbon substrate grids were used for vitrifi ca-
tion, which meant that RyRs adsorbed to the support fi lm possibly in a preferred 
orientation. Current techniques in single particle cryo-EM analysis use holey carbon 
grids so that the RyRs are suspended in the ice over the holes. This allows for 
greater resolution of the 3D reconstruction of the protein due to an increase in 
random orientations of the sample within the vitreous ice  [  43  ,  44 ] . 

 The advances in techniques for sample preparation have enhanced our knowl-
edge of RyR structure dramatically from early low-resolution structures (30 Å) with 
RyR1 to cryo-EM reconstructions reaching subnanometer resolutions  [  45,   46  ] . 
Image reconstruction has also greatly improved by increasing the numbers of single 
particles chosen for image analysis to several thousand, and new approaches use 
several hundreds of thousands. This serves to generate a higher number of structures 
with similar conformations enabling structures with higher signal to noise ratios to 
be obtained from class averages. Cheng and Walz provide an excellent review on the 
methodologies used in processing of cryo-EM images and fi nal image reconstruc-
tion  [  43  ] . As no crystal structures for the complete RyR tetramer exist, density maps 
must be interpreted by visual analysis or by using atomic coordinates of other 
proteins thought to be similar in structure. The two crystal structures most com-
monly used for this purpose are those of the K +  channels KcsA  [  47  ]  and MthK  [  48  ] . 
Although both are very similar in overall architecture KcsA is known to be in a 
closed conformation whereas MthK is thought to resemble an open conformation. 
The main structural differences in these two crystal structures are attributable to the 
absence or presence of an observed kink in the inner helices respectively. The atomic 
coordinates which best fi t the cryo-EM data are then used for image reconstruction. 

 Despite differences in methods of data collection, image processing and 3D 
reconstruction, published structures are mostly in good agreement with one another 
with some differences in the interpretation of higher resolution structures particu-
larly the helices visualised in the TM domain. Figure  8.1  shows the 9.6 Å cryo-EM 
structure published by Serysheva et al. Very small differences, as determined by 
cryo-EM difference maps, can be observed in the structures of the RyR isoforms 
 [  45,   46  ] .    

   Building a Picture of RyR Domain Localisation 

 Although vast in size, the CA contains numerous cavities and areas of empty space 
where accessory proteins and protein modulators are thought to bind and interact 
with RyR to modulate function. Radermacher et al.  [  49  ]  were the fi rst to identify 
different globular regions in the CA and divided it into 10 subdomains based on 
cryo-EM reconstructions (see Fig.  8.1 ). Each domain is thought to interact with 
various modulators of RyR, as outlined in section  “Functional Study  In Situ : Ca 2+  
Sparks” . 
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  Fig. 8.1    Closed structure of RyR1 at 9.6 Å highlighting the clamp, handle and central rim domains 
 [  29  ]  (Copyright 2008 National Academy of Sciences, U.S.A.). ( a ) Shows the cytoplasmic view 
and ( b ) the side view.  Coloured/numbered  regions relate to subdomains originally mapped by 
Radermacher et al.  [  49  ]        
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   Mapping the 3D Structure in Terms of Binding Sites 

 Although current cryo-EM structures have achieved 1 nm resolutions, tracing the 
polypeptide backbone is still not possible in these structures. Several approaches 
have been used to identify where specifi c sequences are located in the 3D structure 
or where accessory proteins bind. These can be divided into two main strategies. 
The fi rst involves a biochemical identifi cation of peptide regions in the RyR sequence 
that interact with other accessory proteins (i.e. co-immunoprecipitation (IP) of 
peptides or GST-fusion proteins containing RyR or accessory protein sequences). 
The second is based on difference mapping of WT and mutant RyR cryo-EM struc-
tures, either with or without bound modulators, antibodies or with green fl uorescent 
protein (GFP) inserted at defi ned positions in the primary sequence. As this section 
discusses structure, biochemical identifi cation of binding sequences will not be 
further elaborated upon here and accessory protein interaction sites are reviewed in 
 [  50  ] . The reader can also refer to  [  51,   52  ]  for particular examples of measurements 
of RyR biochemical status (co-IP analysis and phosphorylation-site antibodies 
respectively).  

   Difference Mapping of cryo-EM Structures Using Ligands/Modulators 

 Information regarding binding sites of various modulators of RyR function has been 
derived from cryo-EM difference maps. By adding protein modulators, toxins or RyR 
accessory proteins, the cryo-EM maps obtained in the absence of the chosen ligand 
can be subtracted from the map in the presence of the ligand. This generates a differ-
ence map with the additional positive density most likely attributable to the bound 
ligand. Examples of RyR ligand binding sites determined by cryo-EM difference 
mapping include: FKBP12  [  53  ] , calmodulin (CaM)  [  54  ] , CLIC2  [  55  ] , imperatoxin A 
 [  56  ]  and natrin  [  57  ] .  

   Difference Mapping of cryo-EM Structures Using GFP Tags 

 GFP is a well-established and reliable reporter of protein folding, as fl uorescence 
only occurs when the protein is in its correct conformation. The technique of using 
GFP fusion proteins in conjunction with cryo-EM to ascertain the location of surface 
exposed residues was fi rst demonstrated using chimeric GFP-virus particles  [  58  ] . 
As well as being visualized by fl uorescence microscopy, GFP is also large enough 
to be detected in cryo-EM maps. 

 Generating GFP chimeras of RyRs is relatively simple and involves inserting 
the DNA sequence of GFP at defi ned positions into the cDNA of RyR, usually at 
positions that are thought to be solvent exposed. As the CA of RyR is full of cavities 
and crevices this particular technique has enabled the precise locations of numerous 
amino acids in the primary sequence of RyR to be mapped to the three dimensional 
structure. Such examples include the localization of the three divergent regions of 
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RyRs  [  59–  61  ] , serine phosphorylation sites  [  62,   63  ] , regions that contain mutations 
resulting in MH and CCD in RyR1  [  64  ] , and in CPVT in RyR2  [  65  ]  (see section  “Why 
Study RyR (dys)function?”  and Figs.  8.2  and  8.3 ). However, caution should be taken 
in the interpretation of GFP insertions as they can potentially affect overall protein 
folding and thus give rise to false interpretation of amino acid or domain localiza-
tion. Functional characterisation of chimeric RyRs, compared to wild type RyRs, 
should be carried out in conjunction with this technique to determine whether global 
conformation has been compromised. Van Petegem’s group has recently shown that 
the GFP localization determined by cryo-EM is ambiguous (see sections  “Crystal 
Structure of the N-Terminus”  and  “Heterologous Cell Systems to Study RyR 
Function” ) highlighting the need for caution in analysis.     

   Intrinsic Lattice Formation 

 As well as using techniques to study structure of single RyR particles, electron 
microscopy has been used to study the phenomenon of lattice formation. This refers 
to the unique way in which RyRs may assemble in the membrane to enhance the 
signaling capability upon ligand binding  [  67  ] . Yin et al.  [  68  ]  fi rst showed that RyRs 
possess an intrinsic ability to associate into large two-dimensional (2D) arrays to form 
a chequerboard-like pattern. Following purifi cation of RyR1 from rabbit skeletal 
muscle, concentrated protein was dialysed against buffers of various ionic strengths 
and mounted onto carbon grids for electron microscopy. The reader is referred to the 
paper for full details of this technique. Recently, the use of positively charged lipid 
membranes to capture RyR in reconstituted arrays has enabled small crystals to be 
obtained. They are consistent with the previously observed 2D arrays seen in native 
SR of muscle tissues. For more detail on the use of lipid membranes in crystallo-
graphic trials, information can be found in the article by Yin et al.  [  69  ] .  

   Crystal Structure of the N-Terminus 

 A recent approach used to gain structural insights into RyR has been to express 
separate domains and attempt the crystallisation of smaller fragments of around 200 
amino acids. By subcloning smaller RyR constructs into pET vectors and expressing 
in bacteria, higher yields of protein can be generated resulting in the recent crystal 
structures of the N-terminal domain (NTD) of rabbit RyR1 and mouse RyR2 at 
subnanometer resolutions  [  35,   70  ] . This approach has also enabled the structural 
investigation of several disease causing mutations in both RyR1 and RyR2. Although 
the expression of the NTD in isolation represents a static picture, separate from the 
whole protein, this technique has allowed an insight into how mutations in this 
region can affect function and overall protein stability. Discrete differences between 
the isoforms can also be detected when comparing crystal structures. 
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   Structural Infl uences of RyR Mutations – Protein Stability Assays 

 Other methods to assess protein stability and overall protein secondary structure 
include circular dichroism (CD) and nuclear magnetic resonance (NMR) assays. As 
NMR is a useful tool for small molecules, the expression of recombinant sub-fragments 
of RyR opens up these additional methodologies as a means of assessing possible 
effects of mutations on channel domain function compared to the full-length RyRs. 

 A relatively recent method in protein characterisation is the ThermoFluor 
assay, a fl uorescence based thermal shift assay which utilises the environmentally 
sensitive dye, Sypro-Orange  [  71  ] . This is a simple technique and uses very small 
amounts of protein sample (10  m g per sample of protein  [  35  ] ). Results using this 
technique, in conjunction with recently obtained crystallographic data, have 
identifi ed a region rich in disease-associated mutations within the NTD  [  35  ] . 
Together with thermal melts, NMR and CD information it seems that mutations 
cause only local changes in structure with no loss to overall protein stability. This 

  Fig. 8.3    RyR2 is modulated by phosphorylation. These panels illustrate the schematic phos-
phorylation site map ( a ) as well as the localization of critical regions for RyR conformation and 
(dys)function ( b ) as presented by George in 2008, and used with permission from Oxford University 
Press  [  66  ] . This localization of functional domains was based on data from the cryo-EM work of 
Chen and Wagenknecht (see 58). Newer data from Van Petegem’s group though suggest that at 
least some of these domains are probably mislocalized using cryo-EM    [  134  ]          
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has led to the proposal that disease causing mutations affect the interaction of RyRs 
with various modulators without causing any global change in protein structure 
 [  35,   70  ] . However, different data have suggested otherwise, such as the results 
obtained by Ikemoto and co-workers  [  72  ] . 

 The characterization of the whole structure of RyR is still a challenge because of 
the size of the channel. Further technical progress should be made in the near future 
to allow improvements of our understanding of the structure-function relationship 
in this protein.    

   RyR Function 

 Based on our knowledge of the structural components that form the homotetrameric 
RyR protein, the study of its behaviour in terms of function can be approached 
in two different but complementary ways. First the investigator can look at native 
proteins to examine RyR activity in a physiological-like environment where the 
interactions with accessory proteins can be preserved, the level of phosphorylation 
and redox state can be conserved and the natural cellular infl uences can still be 
intact if it is required. However this approach increases the level of complexity and 
is dependent on the amount of native material. Alternatively the use of recombinant 
expression techniques for RyR enables both the characterization of the isolated pro-
tein in a simplifi ed system and the introduction of straightforward genetic manipu-
lations (for example single-point mutations). To overcome the issue of the loss of 
the physiological relevance, it is possible to add back the elements that participate 
in the regulation of RyR functionality. This section will discuss issues concerning 
these methods, and describe how they have been adapted for working with RyR. 

   Functional Study  In Situ : Ca 2+  Sparks 

 Due to their intracellular location, techniques developed to study the function of 
RyR  in situ  (primary cells and tissues) are based on the visualization of Ca 2+  fl ux 
passing from the ER/SR into the cytosol. This has been rendered possible by the use 
of membrane-permeable Ca 2+  sensitive fl uorescent dyes also known as fl uorescent 
Ca 2+  probes or indicators, such as the ratiometric fura-2 which is appropriate to 
measure overall intracellular Ca 2+  changes. These molecules share a similar 
structure with Ca 2+  binding compounds or Ca 2+  chelators such as EGTA (ethylene 
glycol tetraacetic acid) and BAPTA (1,2-bis(o-aminophenoxy)ethane-N,N,N ¢ ,N ¢ -
tetraacetic acid)  [  73  ] . To introduce these fl uorescent Ca 2+  indicators into cells, 
acetoxymethyl (AM) ester derivatives of these compounds are employed. Changes 
in fl uorescence intensity refl ect the changes in binding of free Ca 2+  to the indicator. 
Hence it becomes possible to monitor global variations of the [Ca 2+ ] 

i
  that mainly 

result from the release from intracellular stores through RyR during ECC for 
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instance. Nonetheless since different types of Ca 2+  signals can then be mixed 
together (Ca 2+  infl ux, Ca 2+  extrusion, Ca 2+  reuptake, involvement of other channels 
such as InsP 

3
 R and TRP channels), it is diffi cult to identify the precise contribution 

made by RyR. Of course, there are broadly selective drugs that are able to activate 
or inhibit RyR in myocytes or neurones. The most well-known are caffeine (agonist), 
ryanodine (agonist within the nanomolar range and antagonist within the micromo-
lar range), 4-chloro-m-cresol (agonist), dantrolene (antagonist), ruthenium red 
(antagonist), tetracaine (antagonist) and procaine (antagonist). While these drugs 
can be useful in giving an estimation of the involvement of RyR in [Ca 2+ ] 

i
  responses, 

they are not able to provide information on the localization and the number of active 
RyRs. In addition, we know that most of these compounds are not specifi c. Moreover 
caffeine interacts with some of the fl uorescent Ca 2+  indicators inducing a quenching 
of the fl uorescence signal intensity  [  74  ] . 

 To examine the participation of RyRs within a myocyte, a Ca 2+  imaging method 
using confocal microscopy has been established to detect, monitor and analyze brief 
Ca 2+  events arising from RyR clusters also referred to as Ca 2+  release units (CRU). 
These elementary events as visualized by their corresponding fl uorescence intensity 
change were fi rst described by Cheng and collaborators in 1993 who coined the 
term “Ca 2+  sparks”  [  75  ] . The discovery of these confi ned (~2  m m diameter), brief 
(~50 ms), small amplitude (twofold increase in fl uorescence intensity) Ca 2+  
transients  [  76  ]  provided an insight into the complex Ca 2+  signaling involved in ECC. 
Measurements of Ca 2+  sparks require the combination of confocal microscopy with 
a high acquisition rate and the use of fl uorescent Ca 2+  indicators displaying a large 
dynamic range. Indicators of choice are the non-ratiometric fl uo-3 and fl uo-4 dyes, 
due to their convenient Kd, visible spectrum wavelengths of excitation and emis-
sion, and their enhanced intensity compared to more traditional ratiometric dyes 
(for review on the topic of Ca 2+  dye comparison, see  [  77,   78  ] ). 

   Preparation of Cells and Spark Recording 

 To date Ca 2+  sparks or spark-like events have been observed in cardiac cells, skeletal 
muscle cells, smooth muscle myocytes, neuroendocrine cells, and neurones (for 
review, see  [  76  ] ). Depending on the cell type and on the culturing conditions, spark 
properties may change over time due to structural and functional cell remodelling 
(mainly the ER/SR content is subject to variation)  [  79  ] . 

 Unlike the loading protocol necessary to record global [Ca 2+ ] 
i
  changes (i.e. incu-

bation with the esterifi ed-form of the Ca 2+ -dependent fl uorescent indicator for 
>30 min), Ca 2+  spark detection requires a “gentle” dye loading step. It is critical to 
minimize the basal fl uorescence intensity and the loading of organelles. For this, the 
concentration of esterifi ed dye (to enable the crossing of the plasma membrane) and 
the loading time should be reduced (for example see  [  79  ] ). Alternatively, investiga-
tors have carried out experiments on permeabilized myocytes (often using the natu-
ral detergent saponin) which is a reliable method to control the intracellular 
environment  [  80,   81  ] . Moreover both spontaneous  [  82,   83  ]  and induced (by agonists 
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of RyRs for example or electrical stimulation;  [  84  ] ) Ca 2+  sparks can be examined, 
depending on the type of cellular phenomenon and on the level of “physiological 
relevance” one is interested in. 

 Dissection of Ca 2+  spark kinetics requires millisecond resolution and many con-
focal systems are nowadays equipped with resonant scanning mirrors able to collect 
images at above 30 frames per second. A useful way of monitoring these rapid 
spatially-restricted Ca 2+  events at suitably high frame rates is to create line scan 
images (usually x axis versus time t). However the recording of line scans presents 
limitations in the study of Ca 2+  spark diffusion and does not afford an effective 
assessment of an entire population of elementary events within a cell. Therefore, 
encouraged by improvements in temporal and spatial resolutions of newer confocal 
systems, researchers tend to monitor sparks in 2D over time (3D: x, y, t). This 
approach allows a more complete picture of the spark activity within one confocal 
slice of a cell (Fig.  8.4 ) or within one cell  [  87  ] . From this, it is even possible to 
produce and analyze pseudo line scans with the help of specifi c spark detection and 
analysis softwares (for example see  [  88  ] ).   

   Analysis of the Data 

 The classical manner of detecting and analyzing Ca 2+  spark events consists of 
manually selecting Ca 2+  spark sites that were visibly apparent on the fl uorescence-
dependent Ca 2+  imaging recording. Usually a circular “region of interest” is drawn 
(of suffi cient diameter to preserve spatial resolution) and the resultant plot of the 
fl uorescence intensity level versus time is expressed as the change in fl uorescence 
( D F) divided by the basal fl uorescence (F 

0
 ). Any increase of the fl uorescence 

intensity above a determined threshold (typically 1–2 standard deviations depend-
ing on the signal-to-noise ratio) will be considered to be a potential Ca 2+  spark, 
provided the amplitude and the lifetime of the event are within the range of the 
“normally” accepted values mentioned above. Measurement of Ca 2+  sparks is 
quite time-consuming since spark analysis requires the detection of hundreds of 
events to ensure statistical power. 

 The development of powerful algorithms has been a huge advance in this fi eld 
and nowadays a plethora of Ca 2+  spark detection and analysis programs are avail-
able. These automated programs fi rst fi lter the normalized raw image (by setting the 
threshold criterion described above) to obtain a binary image for easy detection of 
sparks. The conventional parameters studied (Fig.  8.5 ) include: amplitude, duration 
(full duration at half maximum of the fl uorescence intensity), spatial spread (full 
width at half maximum of the fl uorescence intensity), and frequency (at spark sites, 
of spark events per cell)  [  93,   94  ] . Moreover according to the temporal resolution of 
the confocal system employed, kinetics of Ca 2+  sparks can be examined in details 
leading to the determination of complementary parameters such as rise time and 
decay time constant  [  95,   96  ] . For example, an acquisition speed >100 frames per 
second should give a suffi cient number of data points.  



  Fig. 8.4    Examples of elementary Ca 2+  event recordings. Freshly isolated adult rat cardiac 
 ventricular myocytes were loaded with fl uo-4 and 2D (x, y) confocal pictures were collected over 
time (t). Spontaneous localised Ca 2+  events, occurring at different time points, are indicated by 
 yellow arrows  (Aa and Ba). Images of these two representative myocytes were processed in ImageJ 
software (W. Rasband, NIH, USA). In both cases, longitudinal lines were drawn across each myo-
cyte (see  dashed yellow lines ) to produce pseudo line scans (x, t; Ab and Bb), as can be seen below 
each row of xy images (Aa and Ba). While the top cell ( a ) is spontaneously active in terms of Ca 2+  
sparks, the bottom cell ( b ) displays a global Ca 2+  wave across the entire cell (Viero,  unpublished ). 
Detailed protocols of spark imaging can be found in the excellent manuals written by Cannell and 
colleagues  [  85,   86  ]        
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 Ideally it is advisable to compare the output parameters coming from different 
programs and compare them with the “manual” method. The investigator should 
ensure that the program does not entail too strong a fi ltering step that might blunt 
the peak of the elementary transients. Another issue comes from the occurrence of 
out-of-focus Ca 2+  sparks. When detected, they tend to reduce the global fl uores-
cence intensity of elementary event populations and therefore lead to an underesti-
mation of the mean amplitude distributions  [  97  ] . To overcome this problem, 
alternative methods are available such as the loose-seal patch clamp method that 
allows in-focus Ca 2+  sparks to be repeatedly evoked and thus minimizes the blunting 
effect due to the out-of-focus Ca 2+  events  [  98  ] . Another technique involves the local 
photorelease of caged Ca 2+   [  99  ] . Interestingly these methods revealed that even in 
such optimized conditions, the amplitude of sparks is quite variable and several 
populations of events co-exist at the same spark sites. 

 Many studies have tried to correlate Ca 2+  spark and RyR gating  [  100  ] . Recently 
Porta and collaborators have suggested that only long (>6 ms) spontaneous open-
ings of single RyRs could evoke sparks  [  101  ] . However the number of open RyRs 
within a cluster necessary to generate Ca 2+  sparks is still the object of extensive 

  Fig. 8.5    Ca 2+  spark analysis: typical parameters studied. This panel depicts four of the most repre-
sentative parameters conventionally investigated to describe Ca 2+  spark characteristics: amplitude 
(expressed as [Ca 2+ ] 

i
  increase or  D F/F 

0
  where  D F is the fl uorescence level subtracted from the back-

ground and F 
0
  is the basal fl uorescence), full duration at half maximum (FDHM), decay time constant 

and full width at half maximum (FWHM, presented here as an averaged spatial profi le). Important 
parameters that can be further examined are for example rise time and frequency (in a cell or at a 
spark site). The values reported here were taken from Niggli and Shirokova  [  89  ] . Powerful algo-
rithms have been developed to automatically detect and analyze elementary Ca 2+  events  [  90–  92  ]        
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investigation. Furthermore, whether Ca 2+  sparks are the ultimate physiological 
elementary release events or whether smaller release from one or a very small 
number of RyRs does take place  in situ  is under debate  [  102  ] . 

 Genetically encoded Ca 2+  indicators could potentially revolutionize the func-
tional study of RyR and Ca 2+  signaling in living cells, but their kinetics and other 
properties, such as pH sensitivity and dynamic range, require improvements  [  103  ] . 
Their kinetic features are being enhanced in such a way that rapid genetically 
encoded Ca 2+  probes will be able to monitor brief confi ned events as well as global 
transients in the cytosol and in specifi c organelles  [  104  ] , in addition to intact native 
tissues  [  105  ] .   

   Heterologous Cell Systems to Study RyR Function 

 Heterologous expression approaches are used to introduce wild type or mutant RyR 
into a cell that typically does not express RyR and then isolate/purify membrane 
fractions containing RyR for downstream molecular, biochemical or biophysical 
analysis. 

 The open reading frames (ORF) of full-length RyR isoforms 1, 2 and 3 are enor-
mous (approximately 15 kb)  [  106–  111  ]  and this poses a technical challenge when 
working with this scale of cDNA in conventional plasmid vectors. Specifi cally, the 
ORF of human cardiac RyR (hRyR2) exhibits a remarkable fragility that frequently 
leads to spontaneous deletion/recombination events within the sequence under non-
optimised conditions. To this end, painstaking efforts were needed to optimize the 
conditions for the bona fi de handling and propagation of the full-length ORF 
sequence  [  31  ] . To date, we have only found two bacterial strains (Stratagene’s 
XL-10 Gold and Invitrogen’s Stbl2) that are useful for this purpose, and all propa-
gative steps are done at 30°C for precise time periods  [  31  ] . Even minor deviations 
from our stringent protocols (e.g. liquid culture of bacteria for approximately 90 min 
beyond optimal time) may lead to catastrophic rearrangement of the plasmid. 

 One of the consequences of such a massive protein coding sequence is that the 
introduction of experimental or disease-linked mutations requires the adoption of a 
cassette-based strategy in which fragments must be excised (usually using poly-
merase chain reaction (PCR) or restriction endonucleases), mutated (routinely using 
Stratagene’s Quikchange system) and re-inserted back into the host vector  [  112  ] . 
Given the size and fragility of the cDNA that is being manipulated here, the propen-
sity for non-specifi c sequence errors is large and we routinely sequence the RyR2 
ORF following these preparative manoeuvres. 

 Once the vector-contained cDNA sequence encoding wild type or engineered 
mutant RyR2 is propagated and validated, the next step is to transfect mammalian 
cells with the aim of either isolating recombinant protein or to investigate the func-
tional behaviour of the channel in a cellular context. As would be anticipated from 
studies with other large Ca 2+  ion channels, bacterial expression strains (e.g. BL21 
and its derivatives such as Rosetta), insect cells (e.g. SF9) and yeast (e.g. DSY-6, 
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DualSystems Biotech) typically will not express the full-length recombinant RyR 
 [  113  ] . The cells routinely used for heterologous expression of RyR (e.g. CHO and 
HEK cells) are endogenously RyR-defi cient and lack many of the regulatory co-
proteins that would associated with RyR  in situ   [  114  ] . Consequently there is often a 
profound cellular toxicity associated with appreciable levels of recombinant RyR 
expression. There are many modalities for introducing the cDNA into cells. 
Traditional CaPO 

4
  procedures are very useful because they enable extremely high-

level protein expression in a wide variety of cells  [  115  ]  but the procedure itself, 
coupled with the immense over-driving of recombinant protein expression, is usu-
ally associated with signifi cant cellular toxicity. CaPO 

4
 -mediated transfection is 

useful primarily for obtaining high yields of recombinant protein for use in  in vitro  
biophysical and biochemical studies. Lipid-based technologies for introducing 
RyR2 cDNA (e.g. Roche’s Fugene, Qiagen’s Effectene, Invitrogen’s Lipofectamine, 
Peqlab’s jetPei etc.) usually give more transfected cells than CaPO 

4
  offset by much 

lower levels of protein expression per cell. This overall reduction in recombinant 
protein yield is typically associated with higher cell viability and is more useful in 
terms of functional assessment of channel behaviour in a cellular context (e.g. deter-
mination of Ca 2+  cycling in living cells)  [  31,   112,   116  ] . The effi ciency of both CaPO 

4
  

and lipid-mediated transfection is capped at around 40% although sub-populations 
of cells that exhibit nearly 100% transfection are frequently observed. In order to 
improve the effi ciency of expression, making permanently-expressing cells (i.e. 
genetic integration of the ORF at a random locus in the cellular genome and subse-
quent antibiotic selection) is normally the preferred route. However, the generation 
of stable cell lines that robustly express RyR is diffi cult to achieve because cytotox-
icity issues mean that only very low levels of recombinant protein expression are 
tolerated. To counter this, we have developed a strategy in which those cells express-
ing higher levels of recombinant protein are positively selected using FACS and 
subsequently re-cultured. This is enabled by tagging the RyR2 with enhanced GFP 
(eGFP, see below)  [  112,   117,   118  ] . This FACS-enriching process is cumbersome 
and time-consuming. Furthermore there is a progressive and heterogeneous loss of 
recombinant expression in the cell population between rounds of sorting that means 
it has to be frequently repeated. One technological development that goes some way 
to circumventing this cell-to-cell heterogeneity in permanently-expressing popula-
tions is the Flp-In system (Invitrogen). Here, the RyR sequence is cloned into a 
vector containing the Frt locus that enables integration at a discrete single site in 
pre-adapted cell lines and it appears to work well for RyR  [  119  ] . 

 Inducible gene technologies have successfully been used to control the timing 
and graded extent of recombinant protein expression (e.g. ponasterone A/steroid 
receptor-based inducible expression system)  [  120  ]  and these have been augmented 
by the availability of “TetOn/Off” systems in which tetracycline is used to regulate 
recombinant expression in an all-or-none fashion. However these systems are not 
entirely satisfactory and are prone to a background “leak” of expression. 
Consequently, most laboratories have resorted to frequent, high-volume transient 
transfection that requires huge amounts of DNA and this approach necessitates the 
full validation of the protocols used in deriving the full-length RyR2 cDNA. 
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 An alternative mode of recombinant protein production is virally-driven 
expression systems. Although the large size of the RyR2 gene precludes easy 
 co-option into viral-based strategies such as adenoviral-mediated expression, 
RyR1 and RyR3 have been robustly expressed using a herpes-simplex virus 
(HSV)-based system  [  121  ] . So far, it has not been possible to express RyR2 using 
this methodology. 

 An effective alternative system is the nuclear microinjection of RyR cDNA. 
Whilst amazingly laborious and low throughput, it remains unsurpassed as a tech-
nique for controlling the precise timing and amount of cDNA to be transduced. 
However, the amount of material generated is typically insuffi cient for anything 
beyond microscopy-based imaging or single cell electrophysiology  [  122  ] . 

 In view of the above considerations, the most important decision is what cell type 
to use. Clearly this choice must be predicated on the ultimate purpose of expression. 
As discussed above, the most common scenario is that heterologous expression is 
performed in RyR-null cells that enable the recombinant protein to be studied in a 
background not complicated by endogenous expression of RyR. For example, this 
is very useful in studies that aim to determine the stoichiometry of RyR subunit 
heteromerisation  [  123  ] . However, there are drawbacks to this approach since the 
cellular machinery is not appropriately equipped to express RyR and there are real 
problems with cellular toxicity and non-specifi c phenotypic changes. Moreover, 
these cell types do not recreate the native skeletal- and cardiac-muscle specifi c envi-
ronments and their utility as investigative platforms should be interpreted with due 
caution. One important development was Allen and colleagues skeletal muscle-cell 
model system, the 1B5 myotube, that genetically lacks RyR  [  121  ] . This has enabled 
the HSV-driven expression of RyR1 and RyR3 in an engineered cellular environ-
ment that is fully competent to handle this protein. 

 However, in situations in which RyR expression is driven in cells that do express 
endogenous protein (e.g. HL-1, myotubes) it is advantageous to be able to discrimi-
nate between the exogenous recombinant RyR and the endogenous channel. This is 
commonly done via the use of genetically introduced tags including engineered 
fl uorescent protein derivatives from Aequorea  sp.  (e.g. enhanced GFP)  [  124  ]  and 
Discosoma  sp.  (e.g. DsRed, mCherry)  [  124,   125  ] , or by the use of epitopes to high-
titre antibodies (e.g. c-myc, V5). Early studies suggested that the functionality of 
RyR was compromised by the fusion tags  [  126  ] , and it is certainly true that the cyto-
plasmic C-terminal tail is extremely prone to adverse modifi cation  [  127  ] . However 
in our hands the fusion of eGFP to the N-terminus of the full-length RyR2 produces 
a recombinant protein that is indistinguishable from the untagged version in every 
experimental assay so far performed  [  112  ] . Such fusion is not limited to the terminal 
ends either; Chen and colleagues have robustly shown that intra-sequence fusion of 
GFP is compatible with retention of protein function, although the introduction of 
GFP at some sites within the polypeptide produces a brilliantly green, non func-
tional channel  [  27,   128  ] . We have also used the DsRed to probe the heteromerization 
status of RyR2  [  117,   120  ]  although the drawbacks of using this fl uorescent protein, 
that includes its obligate tetramerisation, are acknowledged  [  129  ] . One advanta-
geous downstream application of being able to introduce fl uorescent proteins into 



202 C. Viero et al.

RyR is the ability to perform fl uorescence energy resonance transfer (FRET) between 
and within subunits  [  130,   131  ] . However, these experiments require very cautious 
extrapolation because the mapping of the linear polypeptide sequence to the struc-
tural domains of RyR (identifi able by cryo-EM, see section  “Difference Mapping 
of Cryo-EM Structures Using GFP Tags” ) has not been fully elucidated  [  114  ] . 
Indeed a recent study has shown that a GFP-based domain mapping approach 
may be of limited use in determining the structural architecture of the folded pro-
tein at atomic resolution  [  34  ]  (see section  “Building a Picture of RyR Domain 
Localisation”  above). 

 New genetic (mouse) models of RyR-associated disease are enabling the next 
generation of molecular insights into RyR function to be determined  [  36,   132–  136  ] . 
However, it is anticipated that in view of their almost endless confi guration and util-
ity for providing material for the  in vitro  study of RyR, heterologous expression 
models will remain an important strategy in the foreseeable future.  

   Subcellular Assays to Measure RyR Function 

 Among the macroscopic techniques established to look at the behaviour of large 
numbers of channels, a valuable approach involves the isolation of intracellular 
vesicles to monitor Ca 2+  release from RyR stores independently of the various 
cellular constituents. 

 Since the emergence of methods for the subcellular fractionation of functional 
SR vesicles from myocytes, assays have been developed to quantify Ca 2+  release via 
populations of RyRs. The earliest method used to study Ca 2+  fl ux from vesicles 
involved monitoring of the  45 Ca 2+  radioisotope  [  137–  139  ] , which was used even 
before the discovery of RyR as the Ca 2+  release channel. This method involves either 
active or passive loading of the vesicles with the isotope before initiation of effl ux 
using rapid mixing or fi ltration devices and quantifi cation of the remaining vesicular 
radioisotope by scintillation counting. This assay has been further developed with 
the advent of Ca 2+  sensitive colorimetric, and latterly fl uorescent indicators; from 
murexide/tetramethylmurexide  [  140,   141  ]  and arsenazo/antipyrylazo III  [  20,   55, 
  139,   142  ]  to fura-2  [  143,   144  ]  and fl uo-3  [  72,   145  ] . This enabled experiments to be 
carried out with smaller amounts of vesicles and in real time. In fact, this technique 
has been invaluable in the peptide studies of Ikemoto and colleagues that suggest 
key domain-domain interactions stabilise the resting conformation of the channel 
 [  146  ]  (see section  “Why Study RyR (dys)function?” ). 

 In terms of the study of RyR function, one of the most important contributions 
has been the discovery of the plant alkaloid ryanodine (reviewed in  [  147  ] ), more 
precisely the production of radiolabelled ryanodine  [  148  ] , which has introduced a 
new approach in RyR characterisation. Ryanodine binds with high-affi nity to the 
open conformation of the channel  [  149  ] , hence it follows that changes in [ 3 H]
ryanodine binding levels refl ect changes in functional state  [  150  ] . Therefore [ 3 H]
ryanodine binding is enhanced by activators of RyR-mediated Ca 2+  release and 
decreased by channel inhibitors. This is a straightforward assay, where any number 
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of conditions can be manipulated. For instance it is possible to buffer Ca 2+  in the 
assay medium without compromising the assay itself, allowing quantifi cation of 
Ca 2+  sensitivity of channel populations – a feature which cannot be accurately inves-
tigated in whole cells or using Ca 2+  fl ux. The main disadvantage of this assay is that 
it can produce misleading results when mutant channels are being studied. This is 
because some mutations affect the ability of the channel to bind ryanodine, without 
affecting gating  [  151–  153  ] . In other cases, complications may arise because the 
mutation may cause RyR instability that renders the channel non-functional, or to 
have altered function outside the environment of the cell  [  154  ] , in this case comple-
mentary Ca 2+  imaging studies in intact cells are invaluable. 

 Subcellular assays provide a considerable advantage in the characterization of 
RyR function over the study of single channels (see section  “Monitoring the 
Function of Individual RyR Channels” ), as they provide more representative data, 
since the kinetic behaviour of a large number of channels acting together is aver-
aged, though this can in no way be as precise. In addition, a possible loss or altera-
tion of function during channel purifi cation and reconstitution into a foreign lipid 
environment is less likely. Moreover, the use of vesicles means that assay conditions 
may be modifi ed to a greater extent than in whole cell systems, although removal 
from the intracellular milieu may in some cases produce spurious results. In conclu-
sion, we fi nd that these assays are useful and straightforward, but are best used in 
conjunction with complementary techniques.  

   Monitoring the Function of Individual RyR Channels 

 The assays of RyR function described in preceding sections of this chapter provide 
valuable information on the properties of populations of Ca 2+ -release channels either 
within the cell or within the isolated SR membrane. To gain information on the 
mechanisms governing the function of RyR as a channel (interaction of an activat-
ing ligand regulating the channel open probability or discrimination between cat-
ions), we need to study the behaviour of individual channels. RyR is located in an 
intracellular membrane network and consequently is not amenable to conventional 
electrophysiological procedures such as patch-clamping  [  155,   156  ] . To study the 
function of single RyR channels they must be removed from the cell and incorpo-
rated into artifi cial planar phospholipid bilayers. 

   Membrane Isolation and RyR Purifi cation 

 The starting material for these experiments can be native tissue such as mammalian 
skeletal  [  157  ]  or cardiac muscle  [  158  ]  or cells in culture expressing wild type or 
mutant recombinant RyR (see section  “Heterologous Cell Systems to Study RyR 
Function” ). RyR channels from these sources can be incorporated into planar 
phospholipid bilayers either by the fusion of isolated membrane vesicles or follow-
ing the purifi cation of the channel tetramer from the membrane. 
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 Following cell disruption, populations of intracellular membrane vesicles con-
taining RyR are separated from other cellular components by differential and den-
sity gradient centrifugation  [  159  ] . In addition to RyR, membrane vesicles isolated 
from either native tissue or cells in culture will contain other species of ion channel 
and the presence of these in the bilayer will severely restrict the range of experi-
ments that can be carried out to characterise RyR function. To overcome this limita-
tion RyR channels can be separated from other membrane proteins following 
solubilisation of the membrane with a suitable detergent. Once liberated from the 
membrane RyR is conventionally isolated from other solubilised proteins using 
density gradient centrifugation  [  160,   161  ] .  

   Planar Phospholipid Bilayers and Incorporation of RyR 

 The artifi cial membrane into which single RyR channels are incorporated for char-
acterisation is formed from a suspension of purifi ed phospholipids in n-decane 
across a small hole in a partition that separates two chambers containing appropriate 
ionic solutions. This system provides a very fl exible environment in which the com-
position of the bilayer can be defi ned, the ionic composition of the media on either 
side of the channel can be controlled and modifi ed during the experiment and cur-
rent fl ow through the channel can be monitored under voltage clamp conditions 
 [  162,   163  ] . 

 To measure the function of RyR channels either isolated native membrane vesi-
cles (for example muscle SR) or purifi ed RyR channels are added to the solution at 
one side of the bilayer (defi ned as  cis ). Fusion with the planar membrane is induced 
by creating an osmotic gradient such that the solution in the  cis  chamber is hyperos-
motic with respect to the solution at the other ( trans ) side of the membrane. Both SR 
membranes and purifi ed channels incorporate into the bilayer in only one orienta-
tion so that following fusion the cytosolic face of RyR is exposed to the  cis  chamber 
and the luminal face to the  trans  chamber  [  164  ] .  

   Characterisation of RyR Single Channel Function 

 Incorporation of an individual RyR channel into a planar bilayer permits detailed 
characterisation of the two fundamental properties of RyR – gating and ion trans-
location. A functional RyR channel oscillates between closed and open conforma-
tions and the equilibrium between these states can be controlled by the interaction 
of a wide range of physiological and pharmacological ligands. The states are dis-
tinguished by monitoring current movement across the bilayer. With RyR closed 
no current fl ows, when the channel opens permeant ions move through the chan-
nel down their electrochemical gradient. The current amplitude of the open state 
is a measure of the number of ions moving per unit time and will vary with the 
electrochemical driving force. 
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 The response of RyR to a ligand can be determined by monitoring variations in 
the probability of a single channel being open in response to different concentra-
tions of the ligand. Information on the mechanisms underlying changes in open 
probability can be obtained from measurements of dwell times in the closed and 
open states. As an example, cytosolic Ca 2+  has been shown to increase open proba-
bility (Fig.  8.6 ) via a decrease in the closed dwell times, as opposed to an increase 
in the open dwell times, signifying that the channel opens more frequently under 
conditions of increasing Ca 2+  concentration rather than remaining open for a longer 
duration  [  164  ] .  

 The conditions used to characterise function and the range of information that 
can be obtained depend on the nature of the material incorporated into the bilayer. 
As outlined above, the fusion of an SR vesicle with the bilayer will transfer not only 
RyR but also a number of other species of ion channel, including those permeable 
to monovalent cations and anions. The incorporation of more than one species of 
channel into a bilayer limits the characterisation of RyR function, however this can, 
to some extent, be overcome by chemically isolating RyR. This is achieved by 
excluding from the recording solutions at either side of the bilayer ions that are 
permeant in the unwanted channels  [  157  ] . In practice this means that in these stud-
ies RyR function can be monitored with either Ca 2+  or Ba 2+  as the only potential 
charge-carrying ion in the system. Under these conditions RyR single channel 
current amplitude is small (4–7 pA) and, as a consequence, data must be severely 

  Fig. 8.6    Representative bilayer experiment and cytosolic Ca 2+  activation. The traces represent 
current fl uctuations over time through a single Ca 2+  release channel recorded at a holding potential 
of +40 mV. The open state is indicated by  dashed lines . Increasing Ca 2+  concentrations (from a 
to d) raise channel open probability in sheep purifi ed ( left panel ) and native RyR2 proteins ( right 
panel )  [  164  ]        
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low-pass fi ltered to resolve events. This in turn limits the temporal resolution of 
RyR activity. Nevertheless the effects of both physiological and pharmacological 
modulators of RyR gating have been characterised using this approach  [  165  ] . To 
improve resolution, RyR single channel current amplitude can be increased by the 
use of Cs +  as the only permeant ion in the system  [  166  ] . While the SR monovalent 
cation channel is permeable to Cs +   [  167  ] , unitary conductance is low leading to only 
minimal corruption of the RyR signal. 

 A potential advantage of RyR characterisation following fusion of native mem-
brane vesicles is that regulatory proteins that form part of the  in situ  RyR complex 
may remain associated with the channel in the bilayer  [  168  ] , however separation of 
RyR from other native membrane channels greatly increases the scope for charac-
terisation of function. Important properties of ion-handling in RyR have been moni-
tored in channels incorporated from SR vesicles  [  169,   170  ] . However, with a purifi ed 
single RyR in the bilayer the ionic environment on either side of the channel can be 
changed dramatically so that the ability of RyR to discriminate between ions, the 
affi nity of RyR for specifi c cations, the ability of cations and larger molecules to 
block permeant ion movement and even some dimensions of the conduction path-
way of the channel can be determined  [  171  ] . Detailed investigations of ion-handling 
have revealed that, while RyR excludes anions, it is permeable to many divalent and 
monovalent cations. Importantly rates of translocation of monovalent cations are 
roughly fi ve fold greater than those of divalents  [  171  ] . As a result, with K + , for 
example, as the permeant ion temporal resolution of RyR gating is much 
improved. 

 The effi ciency of RyR as an intracellular Ca 2+ -release channel is underpinned by 
tight regulation of gating and by very high rates of Ca 2+  movement through the open 
channel. Characterisation of the function of individual RyR channels has revealed 
details of the mechanisms involved in the regulation of gating and has established 
that high rates of Ca 2+  are achieved at the expense of discrimination. Characterisation 
of the function of individual RyR channels in which the properties of specifi c resi-
dues that are predicted to play a role in gating or ion translocation are altered is 
beginning to reveal the structural basis of function of this important channel  [  151, 
  153,   172–  176  ] .    

   Concluding Remarks 

 With this review, we explored different methods that are routinely employed to mea-
sure different facets of RyR function. As a complex molecule, it needs to be 
approached from a multidisciplinary angle. Structural biology, mutagenesis, fl uo-
rescence imaging and electrophysiology techniques have been developed to provide 
an increasing amount of information that ultimately broadens our knowledge of the 
mechanisms involved in the very effi cient Ca 2+  release mediated by RyR. 

 Both functional and structural data will be required in order to properly elucidate 
the exact nature of RyR (dys)function.      
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  Abstract   The ryanodine receptors (RyRs) is the major intracellular Ca 2+  release 
channel localized in the plasma membrane of the endoplasmatic/sarcoplasmatic 
reticulum. RyR-mediated Ca 2+  release is crucial for every heart beat and skeletal 
muscle contraction and also important in learning and memory. Given the important 
role RyR has in physiological functions it is not surprising that dysregulation and 
impaired RyR channel function contributes to severe pathologies e.g. cardiac 
arrhythmias and Alzheimer’s disease. Mutations in the RyR channels are associated 
with a number of human disorders e.g. malignant hyperthermia (MH) and central 
core disease (CCD), catecholaminergic polymorphic ventricular tachycardia 
(CPVT), and arrhythmogenic right ventricular dysplasia (ARVD). RyRs are modu-
lated directly and indirectly by various ions, small molecules and proteins and RyR 
structure and function are expected to be defi ned within this macromolecular set of 
interactions. This article discusses the physiological function of RyR and examines 
its role in disorders and diseases.  

  Keywords   Ryanodine receptor  •  Ca 2+   •  Skeletal muscle  •  Cardiac muscle  • 
 Sarcoplasmatic reticulum  •  Ca 2+  leak  •  Ca 2+  channel  •  RyR gene mutation  •  Malignant 
hyperthermia  •  Central core disease  •  Catecholaminergic polymorphic ventricular 
tachycardia  •  Diabetic cardiomyopathy  •  Alzheimer’s disease      
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   Ca 2+  Dynamics and Ryanodine Receptors 

 Ca 2+  is a multifaceted messenger and apart from enabling activation of contraction it 
also regulates other cellular events such as fertilization, synaptic transmission, gene 
transcription, memory and learning, hormonal signaling, metabolism, and cell death. 
Duration, amplitude, and spatial distribution of Ca 2+  play a signifi cant role in facili-
tating these diverse effects of Ca 2+   [  1–  3  ] . The Ca 2+ -signaling time scale spans from 
milliseconds, e.g. in exocytosis of neurotransmitters and in skeletal muscle contrac-
tions  [  1,   2,   4,   5  ] , up to minutes and hours as observed in fertilization and immune 
responses  [  6–  8  ] . Furthermore, free cytosolic Ca 2+  can vary markedly in various cel-
lular loci depending on the nature of the stimulus (i.e. microdomains of concentra-
tion gradients). These gradients can change with time and have completely different 
effects on various cellular events. For example, local hot spots at the mouth of Ca 2+  
channels enable neurotransmitter release and global prolonged oscillations can 
effect fertilization of oocytes and gene transcription  [  1,   2,   4,   6–  8  ] . An increase in 
cytosolic Ca 2+  is either derived from intracellular stores by opening of the endoplas-
matic/sarcoplasmatic reticulum (ER/SR) Ca 2+  release channels, or from the extracel-
lular medium via Ca 2+  infl ux channels sitting in the plasma membrane  [  1,   3,   9  ] .  

   Ryanodine Receptor Isoforms, Expression and Modulators 

 The ryanodine receptor (RyR) is the largest known ion channel; it is a homotetramer 
with a total mass of >2 MDa (each subunit is >550 kDa)  [  10–  15  ] . RyR is localized 
in the plasma membrane of ER/SR and is a large conductance channel capable of 
creating rapid transient increase in cytosolic Ca 2+   [  16,   17  ] . Four-fi fths of the RyR 
protein is cytoplasmic and remaining, one-fi fth, consists of luminal and membrane 
spanning domains. Three mammalian isoforms of RyR have been isolated and the 
terminology, RyR1-3, is based on in which order the isoforms were isolated and 
tissue of initial purifi cation. However, none of the isoforms are entirely tissue- 
specifi c; RyR1 is predominantly expressed in skeletal muscle and in cerebellar 
Purkinje neurons  [  11,   14,   18,   19  ] ; RyR2 is greatly expressed in cardiac muscle 
 [  12,   13  ] , and is considered to be the most abundant isoform in the brain  [  19,   20  ] ; 
RyR3 was fi rst identifi ed in the brain and is mainly found in cortical and hippocam-
pal regions involved in learning and memory  [  15,   19,   21  ] . RyR3 is also expressed 
in the diaphragm  [  22  ] . 

 RyR exist predominantly in the closed state, but it has been noted that they open 
randomly in the absence of any stimulus. Furthermore, it has been determined that 
the number of open RyR, and the frequency and duration can be modulated by many 
physiological agents. RyRs are modulated directly and indirectly by DHPR and by 
various ions, small molecules and proteins (e.g. Ca 2+ , Mg 2+ , protein kinase A (PKA), 
FK506 binding proteins (FKBP12 and 12.6), calmodulin (CaM), Ca 2+ /CaM-
dependent kinase II (CaMKII), calsequestrin (CSQ), triadin, and junctin) (Fig.  9.1 ). 



  Fig. 9.1     Schematic illustration of the RyR complex in skeletal muscle, cardiac muscle, 
and brain.  RyRs is modulated directly and indirectly by DHPR and by various ions, small mole-
cules and proteins. Together they form a macromolecular complex that regulates Ca 2+  release. 
( a ) Illustrates the mechanic coupling between DHPR and RyR1 that occurs in skeletal muscle and 
( b ) exemplifi es Ca 2+ -induced Ca 2+  release that is found in cardiac muscle and in brain. Modulators 
bind to each monomer of the RyR tetramer, but are only depicted on one monomer for simplicity       
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These together form the core of the macromolecular complex that regulates RyR 
structure and function and hence Ca 2+  release will be defi ned by this macromolecu-
lar set of interactions  [  23  ] . RyR1-3 have a similar sequence homology (~65%), but 
despite this the isoforms differ markedly in their response to modulators. For 
instance, each subtype show different Ca 2+  binding affi nities with RyR1 > RyR2 > 
RyR3. RyR1 activity shows a bell-shaped response curve; activated by low Ca 2+  
concentrations (~1  m M) and inhibition by high Ca 2+  concentrations (~1 mM). RyR2 
and RyR3, however, require substantially higher Ca 2+  concentrations for feedback 
inhibition  [  24–  27  ] .   

   RyR in Skeletal and Cardiac Muscle Contraction 

 Every heart beat and skeletal muscle contraction is dependent on Ca 2+ . The activa-
tion of the Ca 2+ -dependent contractile machinery is similar in skeletal and cardiac 
muscle, with exception of the Ca 2+  release process from SR  [  28,   29  ]  (see Fig.  9.2  
for schematic picture). In skeletal muscle, action potentials travel along an  a -motor 
neuron to a group of muscle fi bers. When the action potential reaches the muscle 
fi bers, the neurotransmitter acetylcholine is released into the neuro-muscular cleft, 
which results in depolarization of the muscular membrane. This depolarization 
gives rise to an action potential, which propagates in all direction at the surface 
membrane and down to the inner parts of the muscle fi ber via the transverse tubular 
(t-tubular) system. The t-tubules are narrow invaginations of the plasma membrane 
(sarcolemma) located in the A- and I-band interface in mammalian muscle, result-
ing in a branched network  [  30–  32  ] . The action potential in the t-tubules activates 
voltage sensitive dihydropyridine receptors (DHPRs), also known as L-type Ca 2+  
channels (Ca 

v1.1
 ), located in the t-tubular wall. The DHPR are in close physical 

contact with the RyR1 in the SR membrane. When activated, DHPR opens RyR1 
by mechanical interaction. The free cytoplasmic (myoplasmic) Ca 2+  concentration 
is very low (~50 nM) under resting conditions, whereas [Ca 2+ ] inside SR is high 
(~1 mM). The low myoplasmic Ca 2+  is maintained mainly by the adenosine trispho-
sphate (ATP) consuming SR Ca 2+ -ATPase (SERCA)  [  33,   34  ] . Following of the 
action potential, RyR1 opens which results in release of Ca 2+  from SR and a tran-
sient increase in myoplasmic Ca 2+ . The myoplasmic Ca 2+  binds to troponin C, initi-
ating movement of tropomyosin, which allows actin and myosin interaction, and 
force development. After the action potential the SR Ca 2+  release terminates. 
SERCA pumps Ca 2+  back into SR and myoplasmic Ca 2+  returns to resting levels 
and that stops myosin actin interaction  [  28,   30,   35  ] . In cardiac muscle, action poten-
tials are initiated by pace maker cells. The action potential is longer (~200 ms) 
compared to skeletal muscle (~3 ms)  [  29,   36  ] . The longer action potential allows 
for the DHPRs (Ca 

v1.2
 ) to be open for a suffi cient duration to permit Ca 2+  infl ux 

to occur. Infl ux of Ca 2+  ions induce the opening of the RyR2 and Ca 2+  release from 
SR, a process known as Ca 2+ -induced Ca 2+  release. The increase in myoplasmic 
Ca 2+  enables actin and myosin interaction (as described for skeletal muscle), 



  Fig. 9.2     Activation of the contractile machinery in skeletal and cardiac muscles.  ( a ) An action 
potential travels along an  a -motor neuron to a group of skeletal muscle fi bers and triggers an 
action potential in each of the muscle fi bers. The action potential in turn activates DHPR. The 
DHPR opens RyR by mechanical interaction resulting in release of Ca 2+  from SR and a transient 
increase in myoplasmic Ca 2+ , which enables actin and myosin interaction, and force development. 
SERCA pumps Ca 2+  back into SR and myoplasmic Ca 2+  returns to resting levels and the contrac-
tion ceases. ( b ) The activation of the Ca 2+ -dependent contractile machinery is almost identical in 
cardiac muscle, with exception of the Ca 2+  release process. The cardiac action potentials last longer 
compared to skeletal muscle, which results in Ca 2+  infl ux through DHPRs and these Ca 2+  ions 
induce opening of the RyR and Ca 2+  release from SR. The increase in myoplasmic Ca 2+  enables 
actin and myosin interaction. Myoplasmic Ca 2+  return to resting levels by SERCA-mediated pump-
ing of Ca 2+  into SR and extrusion of Ca 2+  via NCX       
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which eventually results in contraction. In cardiac muscle, myoplasmic Ca 2+  returns 
to resting levels by SERCA-mediated pumping of Ca 2+  to SR and by extrusion of 
Ca 2+  via the Na + -Ca 2+  exchanger (NCX)  [  29  ] .   

   Role of RyRs in Human Skeletal and Cardiac Muscle Disorders 

 Dysregulation and impaired RyR channel function can lead to severe muscle pathol-
ogies, which is not surprising given the important role RyR has in Ca 2+  release and 
skeletal and cardiac muscle contraction. Several mutations in both RyR1 and RyR2 
are associated with human disorders. For example, the fi rst of these to be identifi ed 
in 1960 was malignant hyperthermia (MH)  [  37  ]  and later central core disease (CCD), 
catecholaminergic polymorphic ventricular tachycardia (CPVT), and arrhyth-
mogenic right ventricular dysplasia (ARVD)  [  23  ] . More recently, it has been demon-
strated that alterations in post-translational modifi cations of RyR e.g. phosphorylation, 
oxidation and nitrosylation also cause signifi cant remodeling of the large RyR chan-
nel macromolecular complex and have been suggested to be involved in muscle 
pathologies including skeletal muscle fatigue and cardiac arrhythmias  [  38–  41  ] . 

 Changes in phosphorylation levels by kinases and phosphatases, and in the redox 
state by reactive oxygen/nitrogen species (ROS/RNS) constitutes a basal signaling 
system for the cell and is a reversible way for proteins to interact and modulate the 
RyR channels. However, hyperphosphorylation and/or high levels of ROS/RNS can 
cause deleterious and irreversible modifi cations of the RyR, which is associated 
with impaired muscle function and cardiac arrhythmias  [  38–  42  ] . Precisely which 
phosphorylation sites are phosphorylated and which kinases are responsible for 
the hyperphosphorylation i.e. protein kinase A (PKA)  [  43–  45  ]  and/or calmodulin 
kinase II (CamKII)  [  46–  49  ]  has been a topic of debate. The overall hypothesis as to 
how this leads to altered RyR function is, however, generally accepted: in the heart 
increased phosphorylation is associated with increased SR Ca 2+  leak, which contrib-
utes to reduced contractile function and increased propensity for arrhythmias 
 [  45–  49  ] . In skeletal muscle, increased SR Ca 2+  leak is linked to impaired muscle 
functions and exercise tolerance in mice  [  40,   41  ] . How hyperphosphorylation makes 
the RyR channels “leaky” is not fully understood but Marks and colleagues have 
suggested that hyperphosphorylation causes FKBP12/12.6s to dissociate from RyR, 
which results in “leaky” channels or larger numbers of spontaneous RyR openings, 
resulting in increased cytosolic Ca 2+  levels, decreased SR Ca 2+  load and decreased 
Ca 2+  release  [  43,   44  ] . Disorders such as MH and CPVT which are caused by muta-
tion in RyR1 and RyR2, respectively, are also associated with increased SR Ca 2+  
leak  [  45,   50–  52  ] . FKBP12/12.6 are small cytosolic proteins (named according to 
their molecular mass) that physically interact with all three RyR isoforms but have 
different expression levels and binding affi nity in different tissues  [  53–  56  ] . In mam-
mals FKBP12/12.6 binds four FKBPs per RyR homotetramer  [  57,   58  ] . FKBPs are 
considered to bind to RyR with high affi nity and stabilize the closed state of the 
channel  [  43,   54,   59  ] . 
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 Alteration in the redox state of RyR is known to both increase and decrease its 
activity  [  60,   61  ] . RyR has approximately 100 cysteine residues per subunit and 
about 20 of them have been estimated to be available for redox modifi cations 
 [  62,   63  ] . Hypernitrosylation is also considered to produce RyR-mediated SR Ca 2+  
leak that is suggested to contribute to muscle weakness and decreased exercise 
endurance  [  39,   40  ] . Pharmacological treatment to stabilize RyR1, by preventing 
depletion of FKBPs from the RyR1 complex and hence decrease SR Ca 2+ , has been 
shown to reduce muscle damage and improve muscle function in the mouse model 
of muscular dystrophy ( mdx )  [  40  ] . Furthermore, increased RyR1 nitrosylation has 
been observed in mice with MH. The increased nitrosylation is suggested to sensi-
tize the RyR1 channel and hence make it more prone to open spontaneously and to 
trigger heat stroke and MH crisis  [  41  ] . Moreover, comparable to CCD muscles MH 
muscles have been shown to demonstrate an additional associated myopathy char-
acterized by central cores lacking mitochondria and increased SR Ca 2+  leak com-
bined with increased ROS/RNS production, which is believed to impact the structure 
and function of the muscle  [  41  ] . Durham et al. showed that treating MH mice with 
the antioxidant N-acetylcysteine (NAC) or with the nitric oxide synthase inhibitor, 
NG-nitro-L-arginine methyl ester (L-NAME), reduced the SR Ca 2+  leak and 
improved the muscle function  [  41  ] . Together, attempts to reduce RyR-mediated SR 
Ca 2+  leak seems benefi cial for muscle function in both cardiac and skeletal muscle. 
Noteworthy, although altered RyR-mediated Ca 2+  release caused by hyperphospho-
rylation and hypernitrosylations appears to play a central role in the process of 
cardiac arrhythmias and skeletal muscle function, it is important to remember that 
other targets of theses kinases and ROS/RNS could also alter the Ca 2+  handling and 
Ca 2+  effects in cardiac and skeletal muscles e.g. troponin I, sarcolemmal Ca 2+  chan-
nels, and phospholamban. 

   Malignant Hyperthermia (MH) 

 MH is a potentially life-threatening disorder typically caused by mutations in the 
RyR1 channel. MH mutations predispose an affected individual to potentially fatal 
hypermetabolic reactions triggered by anesthetics (e.g. isofl urane and halothane), 
depolarizing muscle relaxants (e.g. succinylcholine) and exertion and heat challenge 
 [  23,   64–  67  ] . The incidence of MH ranges from as high as 1:5,000 to as low as 
1:50,000–100,000. However, the prevalence of genetic abnormalities in the  RyR1 
gene  may be as great as 1:3,000  [  67  ] . It is diffi cult to exactly determine the MH 
prevalence since it often is a silent disorder until the human or animal undergoes 
surgery or is exposed to high ambient temperatures (~37°C)  [  67,   68  ] . An MH epi-
sode is characterized by elevations in body core temperature, metabolic acidosis, 
hypoxia, tachycardia, skeletal muscle rigidity and rhabdamyolysis  [  37,   69,   70  ] . MH 
has also been described in pigs, cats, dogs and horses  [  37  ] . The overall underlying 
physiological consequence of MH is abnormal intracellular Ca 2+  homeostasis with 
increased susceptibly of RyR1 channel opening in response to activators  [  41,   71  ] . 
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Durham et al .  recently showed in a knock-in mouse model of MH (RyR1 Y524S+/− ) that 
the MH mutation makes RyR1 leak more Ca 2+ , especially at higher temperatures 
 [  41  ] . The elevated intracellular Ca 2+  and the associated increase in the ATP consum-
ing SERCA pump generated increased oxidative/nitrosative stress and one effect of 
this was S-nitrosylation/oxidation of RyR1. The RyR1 S-nitrosylation in turn ren-
dered the channel to become even more sensitive to temperature, activators, and leak 
even more Ca 2+ . Together this produces a vicious feed-forward cycle that drives both 
MH episodes and the myopathy associated with the disease  [  41  ] . MH episodes are 
life-threatening if not immediately treated with the muscle relaxant dantrolene, which 
is currently the only clinically approved treatment for MH  [  72–  74  ] . Dantrolene was 
introduced in the 1960s and decreased the mortality of MH from 80% to <10% today. 
The precise mechanism of dantrolene’s action is still not completely understood. 
RyR1 is considered to be the major molecular target for dantrolene  [  73,   75,   76  ]  and 
direct or indirect binding of dantrolene to RyR1 is believed to decrease SR Ca 2+  
release and thereby halt the MH episode  [  73  ] . However, adverse side-effects of 
 dantrolene e.g. drowsiness, hepatoxicity, and signifi cant muscle weakness preclude 
it from prophylactic usage  [  72–  74  ] . Furthermore, Durham et al. tried to treat MH 
mice with the antioxidant NAC or the nitric oxide synthase inhibitor, L-NAME. 
This improved Ca 2+  homeostasis and delayed the heat-induced increase in body 
core temperature but it did not prevent the MH response and hypermetabolism upon 
exposure of the mice to high temperatures  [  41  ] .  

   Central Core Disease (CCD) 

 In addition to MH, mutations in  RyR1  are associated with the rare congenital myo-
pathy CCD and the related multiminicore disease and nemaline myopathy  [  77–  79  ] . 
CCD exhibits autosomal dominant and recessive models of inheritance  [  79  ] . CCD 
is believed to be the most common congenital myopathy and the total incidence of 
congenital myopathies is estimated to be around 6/100,000 live births  [  77  ] . Many 
patients with CCD also test positive for MH susceptibility in the characteristic 
 in vitro  caffeine contracture test (IVCT). Thus, they should be considered at risk of 
developing malignant hyperthermia episodes during general anesthesia  [  80  ] . 
Common clinical features of CCD in humans include muscle atrophy, lower limb 
skeletal muscle weakness leading to delayed motor developmental, and skeletal 
deformities e.g. scoliosis. However, signifi cant clinical variability is observed, even 
within the same families  [  79  ] . CCD typically follows a static or only slow progres-
sive course and almost all CCD patients achieve the ability to walk independently 
except the most severe neonatal cases. No curative treatment is currently available 
for CCD and presently the best available treatment is to preserve muscle power and 
function by regular physiotherapy  [  81  ] . 

 Slow-twitch (type I) skeletal muscles (e.g. soleus) of CCD patients exhibit amor-
phous areas or “cores” that lack mitochondria and oxidative enzymes. The cores can 
be central or peripheral, single or multiple but what is consistent is that most of 
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them run along the length of the myofi ber. The affected fi bers also exhibit fi brosis 
and ectopic fat accumulation  [  77,   82  ] . Nevertheless, the knowledge of core forma-
tion and their pathological feature in muscle weakness and CCD is not well under-
stood. The muscle weakness and core development in CCD are suggested to arise 
from two aberrant types of RyR1 channel behaviors. First, mutations in RyR1 
results in constitutively overactive channels, which permits excessive SR Ca 2+  leak 
as described in MH  [  83,   84  ] . Second, that RyR1 mutations may reduce the coupling 
between DHPR and RyR1 during the excitation and contraction process (“uncou-
pling”), which results in decreased RyR1-mediated Ca 2+  release from the SR and 
leads to muscle weakness  [  84,   85  ] . Functional analysis of different CCD mutant 
RyR1 proteins has provided compelling support for both of these mechanisms and 
it appears to be dictated by the location of the particular disease-causing mutation 
 [  84,   86  ] . A total of 63 different mutations within the  RyR1 gene  are known to be 
associated with CCD in humans  [  23  ] . Of the six reported different RyR1 mutations 
in CCD that has been reconstituted in myotubes fi ve have exhibited varying degrees 
of the leaky-channel phenotype (R164C, I404M, Y5523S, R2163H, R2435H) and 
only one (I4897T) function as an uncoupled channel  [  84,   86  ] .  

   Catecholaminergic Polymorphic Ventricular Tachycardia (CPVT) 

 CPVT was fi rst described in the 1970s as a familial tachyarrhythmia disorder 
induced by exercise and emotional stress leading to sudden death in individuals with 
structurally normal hearts  [  87  ] . CPVT is a rare but severe form of cardiac arrhyth-
mia caused by mutations in RyR2 and CSQ2  [  88–  90  ] . CSQ2 is a low-affi nity, high-
capacity Ca 2+  binding protein. CSQ2 is considered to be present in the SR as a 
mixture of monomers, dimers, and multimers. CSQ2 monomers interact with the 
RyR2 multicomplex via triadin and junctin  [  91  ] . The CSQ2-triadin-junctin complex 
is believed to serve as a luminal Ca 2+  sensor for RyR2 by inhibiting RyR2 opening 
at low luminal Ca 2+  levels  [  91,   92  ] . Approximately 10 times more RyR2 mutations 
linked to CPVT are known compared to identifi ed CSQ2 mutations  [  87  ]  and thus I 
will focus on RyR2. Several studies have demonstrated that CPVT linked RyR2 
mutations respond to sympathetic activation with an abnormal diastolic Ca 2+  leak 
from the SR which is suggested to be the basis of the arrhythmias. However, the 
pathways that mediate the response to adrenergic stimulation have not been com-
pletely defi ned but both PKA and CamKII phosphorylation are suggested to be 
involved  [  45,   51,   52  ] . For instance, recently CaMKII inhibition was shown to coun-
teract the effects of adrenergic stimulation resulting in antiarrhythmic activity in the 
RyR2 R4496C+/−  knock-in mouse model of CPVT  [  50  ] . The results suggest that CaMKII 
inhibition attenuated SR Ca 2+  leak and blunted catecholaminergic-mediated SERCA 
activation and could be considered a new therapeutic target for CPVT  [  50  ] . 

 As it is recognized that  b -adrenergic stimulation triggers ventricular tachycardia 
in CPVT,  b -blockers are the considered fi rst-line therapy today, but unfortunately 
they are not completely effective in preventing life-threatening arrhythmias  [  93,   94  ] . 
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Recent reports show that fl ecainide treatment completely prevents adrenergic-
induced arrhythmias in a mouse model of CPVT and in humans with  CSQ2  and 
 RyR2  mutations  [  95–  97  ] . Flecainide is an approved antiarrhythmic drug known to 
block sodium channels but has showed remarkable effi cacy in preventing spontane-
ous SR Ca 2+  release by inhibiting RyR2 opening  [  96  ] . Lidocaine is another Na +  
blocker that does not inhibit RyR2 and has very low clinical effect on CPVT  [  98  ] . 
Thus, fl ecinide appears to be a promising mechanism-based therapy in CPVT and 
an adjunct or alternative to  b -blockers  [  95–  97  ] . RyR2 mutations in CPVT have been 
detected at three regions that are homologous to those where the mutations in RyR1 
associated with MH and CCD are found  [  23,   99  ] . The only known treatment for MH, 
dantrolene, which is thought to prevent the induction of MH crisis by reducing 
RyR1-mediated SR Ca 2+  leak has been shown to also signifi cantly inhibit epineph-
rine and exercise induced arrhythmias in the RyR2 R2474S+/−  mouse model of CPVT 
 [  100  ] . Thus, dantolene appears to bind to both RyR1 and RyR2. Dantrolene is a 
muscle relaxant and hence not suitable for long-term treatment but shows mechanis-
tic confi rmation that SR Ca 2+  leak is involved in the pathogenesis of CPVT, and 
offers hope of future targeted dantrolene derivatives.  

   Arrhythmogenic Right Ventricular Dysplasia (ARVD) 

 ARVD is also a rare inherited disorder caused by RyR2 mutation located in same 
regions as CPVT and homologous with RyR1 mutations in MH and CCD  [  23,   99  ] . 
ARVD is characterized by substitution of the right ventricular myocardium with 
fi brofatty tissue, which appears to be a result of progressive death of cardiomyo-
cytes resulting from apoptosis and infl ammation  [  101  ] . Clinical presentation of 
ARVD is characterized by arrhythmias of right ventricular origin, ranging from 
premature beats to sustained ventricular fi brillation, often leading to sudden car-
diac death  [  101  ] . It is believed that both ARVD and CPVT involve a functional 
defect in RyR2 resulting in increased SR Ca 2+  leak  [  99  ] . Analogous to CPVT, 
ARVD patients also exhibit exercise- and adrenergic-induced fatal arrhythmias 
 [  99,   101  ] . Therapeutic options for ARVD remain limited, antiarrhythmic drug 
therapy e.g.  b -blockers has been used but is not completely effective in preventing 
life-threatening arrhythmias  [  102  ] . Today implantable cardioverter/defi brillator 
appears to be the best treatment; it is an invasive method which is a risk itself, but 
has shown to be successful in averting sudden cardiac death  [  102  ] . Thus, given that 
CPVT and ARVD appear to have common features suggests that fl ecinide and 
dantrolene derivatives can be potential therapeutical options in the future.  

   Ryanodine Receptors in Diabetic Cardiomyopathy 

 Diabetes mellitus (type I and type II) is one major risk factor for cardiovascular 
disease which is the leading cause of death in United States  [  103,   104  ] . The cellular 
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and molecular mechanism for diabetes-induced reduction in myocyte and cardiac 
contractility remains not fully understood. As Ca 2+  release and uptake are at the root 
of contraction and relaxation, defects in intracellular Ca 2+  handling have been sug-
gested as the source of cardiomyopathy  [  105–  110  ] . Decreased Ca 2+  release, Ca 2+  
transient amplitude, and SR Ca 2+  load together with abnormal SERCA activity and 
impaired mitochondrial Ca 2+  handling are all reported factors that result in depressed 
contractile function in diabetic cardiomyocytes  [  105,   109,   110  ] . Moreover, RyR2 
from diabetic hearts is known to exhibit increased phosphorylation at Ser2809 and 
Ser2814 and reduced levels of FKBP12.6  [  106,   107,   109  ] . These RyR2 serine resi-
dues are the same that are observed to be hyperphosphorylated in stress/exercise-
induced cardiac arrhythmias and CPVT  [  38,   45,   99  ] . Diabetic hearts also have 
shown a reduction in the number of functional RyR2 channels, however, the func-
tional ones showed increased sensitivity to Ca 2+  activation  [  106,   107  ] . Field stimula-
tion of the diabetic ventricular myocytes caused non-uniform intracellular Ca 2+  
release that was independent of Ca 2+  infl ux via DHPR, which might be caused by 
reduced FKBP12.6 binding  [  106  ] . Thus, it appears as RyR2 can become ‘leaky’ 
both via specifi c phosphorylation events and/or by dissociation of FKBP12.6 from 
RyR2 during diabetes. This defect may partly be responsible for the increased inci-
dence of arrhythmias, decreased contractility and sudden cardiac death in diabetes.   

   Ryanodine Receptors in Learning, Memory 
and Alzheimer’s Disease 

 Neuronal Ca 2+  signaling is usually strictly controlled to ensure proper function of 
the pleotropic Ca 2+ -dependent processes including learning and memory. In the 
brain, activation of both inositol-1,4,5-trisphosphate receptors (IP 

3
 R) and RyR 

channels is driven by Ca 2+ -induced Ca 2+  release. Long-term potentiation (LTP) is 
widely considered to be a major component that underlies learning and memory 
 [  111  ] . Dendritic spines from CA1 pyramidal cells where LTP is encoded have been 
shown to require RyR-mediated Ca 2+  release  [  111  ] . Blocking RyRs with ryanodine 
(20  m M) blocks LTP induction  [  111  ]  whereas application of a RyR agonist, caffeine 
(10 mM), has shown to facilitate LTP induction  [  112  ] . Thus, this suggests that RyR 
opening and resultant Ca 2+  release play a role in the mechanism underlying learning 
and memory and furthermore it also seems to be involved in the pathogenesis of 
neurological disorders. 

 Growing evidence implicates Ca 2+  signaling disruption in the origination of neu-
rological diseases including Alzheimer’s disease (AD)  [  113–  115  ] . AD is a progres-
sive neurodegenerative disorder characterized clinically by cognitive impairments 
and histopathologically by amyloid plaques, neurofi brillary tangles, and synaptic 
loss  [  116  ] . Biochemical mechanisms responsible for plaque formation are reason-
able well understood, but it is still not clear why this leads to progressive degenera-
tions of synapses and death of neurons  [  113,   116  ] . The Ca 2+  hypothesis of AD is 
becoming more prominent since there is more and more evidence pointing to 
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involvement of IP 
3
 R and RyR in the pathophysiology of AD  [  111,   114,   117,   118  ] . 

The basics of the AD Ca 2+  hypothesis is that remodeling of Ca 2+  signal changes the 
neuronal pathways, which distorts the normal Ca 2+ -dependent mechanisms respon-
sible for learning and memory. This normally occurs by an upregulation of signal-
ing although downregulation has been described. Recently RyR-mediated Ca 2+  
release was shown to be greatly increased in pyramidal neurons from the 3xTg-AD 
mouse model of AD compared to non-transgenic mice  [  111  ] . The increased RyR-
mediated Ca 2+  release was suggested to be caused by reduced Ca 2+ -induced Ca 2+  
release threshold, indicative of remodeling of Ca 2+  signals in AD neurons  [  111  ] . 

 One consistent fi nding in mouse models of AD is increased expression of RyR 
e.g. relative to control mice was a fi ve-fold increase in protein expression of RyR2 
found in the hippocampus of the 3xTg-AD mouse model of AD and this resulted in 
changes in both synaptic transmission and plasticity  [  117  ] . One function of RyR is 
to exaggerate the release of Ca 2+  which has been demonstrated to be increased in 
neurons from AD compared to normal mice  [  119  ] . This could lead to increased 
neuronal intracellular Ca 2+  levels which has previously been shown in AD mice and 
is intimately linked to apoptosis and cell death  [  120,   121  ] . Further studies are needed 
in order to understand the role of RyR in Alzheimer’s disease but current evidence 
points towards a potential role of RyR in the pathogenesis of the disease. This also 
suggests that RyRs might be potential drug targets to reverse the Ca 2+  remodeling of 
AD affected neuronal cells.  

   Concluding Remarks 

 Accurate Ca 2+  signaling is required for proper physiological functions ranging from 
learning a new language to walking up the stairs. RyR mediated Ca 2+  release plays 
an intriguing role in several of these physiological processes. Therefore, it is not 
unexpected that RyR malfunction results in severe diseases and disorders as 
described in this review. Although many questions still remain to be answered, it 
appears that RyR-mediated SR Ca 2+  leak is a common feature in several disorders 
and diseases which may predispose for cardiac arrhythmias and skeletal muscle 
weakness. In Alzheimer’s disease, gain-of-function of RyR and potentiation of Ca 2+  
release appears to remodel Ca 2+  signals which in turn may contribute to the progres-
sion of the disease. Further understanding about these mechanisms is important in 
the development of therapeutics for treatment of diseases associated with RyR and 
Ca 2+  dysfunction.      
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  Abstract   Phospholipase C (PLC) family members constitute a family of diverse 
enzymes. Thirteen different family members have been cloned. These family mem-
bers have unique structures that mediate diverse functions. Although PLC family 
members all appear to signal through the bi-products of cleaving phospholipids, it 
is clear that each family member, and at times each isoform, contributes to unique 
cellular functions. This chapter provides a review of the current literature. In addi-
tion, references have been provided for more in depth information regarding areas 
that are discussed. Ultimately, understanding the roles of the individual PLC 
enzymes, and their distinct cellular functions, will lead to a better understanding of 
the development of diseases and the maintenance of homeostasis   .  

  Keywords   Calcium  •  Diacyl glycerol  •  Heterotrimeric G protein  •  Inositol triphos-
phate  •   Isoforms   •  Isozymes  •  Phosphatidyl inositol  •  Phospholipase C  •  Signal 
transduction  •  Structure      

   Discovery    

 In 1953, it was reported that the addition of acetylcholine or carbamylcholine to 
pancreatic cells led to the production of phospholipids  [  1  ] . In these studies,  32 P was 
used to detect a seven-fold increase in the levels of phospholipids in the samples 
treated with the drugs, when compared with control slices, which had remained un-
stimulated. Although unrecognized at that time, this was the fi rst evidence of the 
presence of phospholipase C (PLC) function in cells. More than 20 years later, in 
1975, it was shown that impure preparations of PLC could be used to cleave phos-

    C.  M.   Vines, Ph.D.        (*)
     Department of Microbiology, Molecular Genetics and Immunology , 
 University of Kansas Medical Center ,   3901 Rainbow Blvd, 
MSN 3029 ,  Kansas City ,  KS   66160 ,  USA  
 e-mail:  cvines@kumc.edu    

    Chapter 10   
 Phospholipase C       

       Charlotte   M.   Vines           



236 C.M. Vines

phatidylinositol  [  2  ] . In 1981, the fi rst purifi ed preparation of PLC was isolated  [  3  ] . 
A couple of years later it was found that the inositol trisphosphate (IP 

3
 ) generated 

from the cleavage of phosphatidylinositol 4,5 bisphosphate (also known as PI(4,5)
P 

2
  or PIP 

2
 ) could induce the release of Ca 2+  from intracellular stores  [  4  ]  (Fig.  10.1 ). 

This important observation provided new insight into the function of PLC in living 
organisms. Eventually, the PLC b , PLC g , PLC d , PLC e , PLC h  and PLC z  cDNAs 
were cloned  [  5–  10  ] . Although PIP 

2
  is a minor phospholipid in the plasma mem-

brane, it plays a central role in regulating a host of cellular processes. PLC is acti-
vated following stimulation of cells with G protein-coupled receptor ligands 
including neurotransmitters, histamine, and hormones ( [  11–  14  ]  and as reviewed by 
 [  15  ] ). Signaling through PLC family members regulates diverse functions, which 
will be outlined within this chapter. In addition, we will discuss PLC mediated sig-
naling, common structural domains found in this family of enzymes, current knowl-
edge about the isoforms and areas that have yet to be explored.   

   Cleavage of PIP 2  and Signaling 

 PLC is a cytoplasmic protein that controls the levels of PIP 
2
  in cells by localizing 

to the plasma membrane and catalyzing the hydrolysis of phosphorylated forms of 
phosphatidylinositol in response to cellular stimuli (Figs.  10.1  and  10.2 ). Therefore, 

  Fig. 10.1     Structures of the 6 different identifi ed members of the PLC family . Relative posi-
tions of pleckstrin homology domain (PH), EF hand, X and Y domains and the C2 domains are 
shown. Unique domains found in individual family members include the following:  P ost synaptic 
density (PSD)-95, Drosophila disc large tumor suppressor (DlgA), and  Z onula occludens-1 protein 
(zo-1) (PDZ), src homology 2 (SH2) and src homology 3 (SH3), Ras-GEF binding, and Ras asso-
ciated (RA) domains. The PDZ domain is only found in one spliced form of PLC h        
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targeting of PLC to the plasma membrane plays a critical role in the functioning of 
this enzyme. The preferred substrate of PLC is PIP 

2
 , followed by phosphatidyl 

inositol phosphate (PIP), and then phosphatidyl inositol (PI). Cleavage of PIP 
2
  

leads to the generation of two products. One product, diacylglycerol (DAG), acti-
vates the calcium dependent protein kinase C (PKC), which then phosphorylates 
downstream effectors to activate an array of cellular functions including regulating 
cell proliferation, cell polarity, learning, memory and spatial distribution of signals 
 [  16,   17  ] . DAG, which remains membrane bound, can then be cleaved to produce 
another signaling molecule, arachidonic acid (Fig   .  10.3 ). The second product, IP 

3
 , 

is a small water-soluble molecule, which diffuses away from the membrane and 
through the cytosol to induce the release of Ca 2+  from intracellular stores found 
within the endoplasmic reticulum  [  4  ] . In turn, the cytoplasmic calcium levels are 
quickly elevated and cause the characteristic calcium spike that signals cell activa-
tion. Once the endoplasmic reticulum stores have been used up, they are replen-
ished through the store-operated calcium channels. Ca 2+  activates downstream 
transcription factors resulting in a plethora of gene activation pathways. Signaling 
through PLC can regulate proliferation, differentiation, fertilization, cell division, 
growth, sensory transduction, modifi cation of gene expression, activation, degranu-
lation, secretion and motility  [  15,   18–  25  ] .    

   Structure of PLC 

 Thirteen different PLC family members have been identifi ed in humans, which can be 
subdivided into six classes,  b ,  g ,  d ,  e ,  h  and  z  (Fig.  10.2 )  [  26,   27  ] . Different isoforms 
have been discovered in a wide range of species including mouse, rat and bovine. 

  Fig. 10.3    PLC family members cleave PIP 
2
  to produce diacylglycerol and inositol trisphosphate       
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PLC-like isozymes have been found in  Drosophila melanogaster ,  Glycine max  
(soybean),  A. Thaliana ,  Saccharomyces cerevisiae,  and  Schizosaccharomyces 
pombe.  Overall, there is a low level of amino acid conservation between the family 
members; however, the similarity of the pleckstrin homology domains, the EF hand 
motifs, the X and Y domains and the C2 domains is greater than 40–50%  [  15  ] . With 
the exception of the PH domain, which is not expressed on PLC z , each family 
member shares all of the core domains. A description of each domain  [  28  ]  follows. 

   Pleckstrin Homology (PH) Domains 

 As mentioned, with the exception of PLC z , the PLC family members have an 
N-terminal pleckstrin homology (PH) domain, which consists of approximately 120 
amino acids. PH domains are common elements found in a large number of distinct 
protein families involved in signal transduction  [  29  ] . PH domains can mediate 
recruitment of the PLC family members to the plasma membrane. Unlike the PH 
domain of PLC d 1, which uses the PH domain to bind to the phosphatidylinositol 
4,5-bisphosphate [PtdIns(4,5)P2] in the membrane, the PH domain of PLC b 2 can-
not bind to phosphoinositides  [  30,   31  ] . Early on, it was found that the carboxy-ter-
minal region of the PH domains of PLC g , PLC b 2 and PLC b 3 controls the binding 
of the  b  g  subunits of G proteins to PLC following activation of G protein-coupled 
receptors  [  32  ] . Interestingly, the binding of the PH domain to G b  g  and the binding 
of the PH domain to G a  is mutually exclusive  [  32  ]  and implicates PLC activation in 
preventing the regeneration of the G a /G b  g  heterotrimeric G proteins. In this way 
 [  30  ]  the binding may regulate the signaling of proteins that are activated following 
stimulation of G protein-coupled receptors.  

   EF Hand Motifs 

 The EF hands are helix-loop-helix motifs present in a number of calcium-binding 
proteins, such as calmodulin, calreticulin and troponin  [  33  ] . EF hand motifs were 
fi rst described for PLC when the crystal structure analysis of PLC d 1 revealed the 
characteristic helix-loop-helix motifs  [  34  ] . Within PLC, the EF hand is part of the 
catalytic core that consists of an EF-hand, the X and Y and the C2 domains  [  34  ] . 
Upon binding to Ca 2+ , the structure of PLC is stabilized as the EF-hand motifs 
undergo a conformational change to activate calcium-regulated functions, by expos-
ing sites that become ligands for other proteins  [  35  ] . For example, in PLC b , the EF 
hands contain sites that mediate association with subunits of heterotrimeric G pro-
teins, while in PLC g , the EF hands contain regions that lead to binding of tyrosine 
kinases  [  36  ] . Deletion of the EF hands in the enzyme reduces PLC function, inde-
pendent of the Ca 2+  concentration  [  37  ] ; however, binding of Ca 2+  to the EF-hand 
motifs can promote binding of PLC to PtdIns(4,5)P2 via the PH domain.  



240 C.M. Vines

   X and Y Domains 

 So far, PLC d 1, PLC b 2 and PLC b 3 have been crystallized and their structures 
analyzed  [  30,   34,   38  ] . The X and Y domains consist of approximately 300 amino 
acids and lie at the C-terminus of the EF-hand motifs. These domains consist of 
alternating  a -helices and  b -sheets that form a  b a b a b a b  motif with a triosephosphate 
isomerase (TIM) barrel-like structure  [  34  ] . The X-region, containing all of the cata-
lytic residues, is somewhat conserved across the PLC family members  [  27,   34  ] . The 
X-region forms one half of the TIM-barrel like structure. Within the X-region lies 
histidine residues that support the generation of the 1,2 cyclic inositol 4,5-bisphos-
phate  [  39  ] . The catalytic activity of this domain increases as the concentration of 
Ca 2+  rises from 0.01 to 10  m M. Mutational analysis of rat PLC d 1 revealed that his-
tidine 311  and histidine 356 , which are crucial for catalyzing the hydrolysis of PIP 

2
 , 

have an important role within the X domain  [  39  ] . These residues are well conserved 
in PLC family members  [  39  ] . 

 Structurally, the Y-domain (residues 489–606) forms the second half of the TIM-
barrel-like architecture. This eightfold barrel structure is almost always found within 
an enzyme that regulates metabolism  [  40  ] , although the functions of the enzymes 
are quite diverse. The Y-domain of PLC is found in the second half of the TIM-
barrel-like structure, and contains an extended loop instead of a helix, which con-
nects the  b 5 and  b 6 strand. This Y-domain is important for substrate recognition and 
regulates the preference of PLC for PIP2, PIP and PI  [  41,   42  ] . 

 PLC g  contains a unique region that splits the X and Y domains. This region con-
sists of two N-terminal src homology (SH2) domains followed by an SH3 domain. 
The SH2 domains provide docking sites for tyrosine kinase growth factor receptors 
such as the platelet derived growth factor receptors (PDGF-Rs) and the epidermal 
growth factor receptors (EGFRs) to promote activation of this PLC family member 
 [  43–  45  ] . The binding of tyrosine kinase receptors to PLC g  results in phosphorylation 
and activation of PLC g   [  46,   47  ] . The SH3 domain directs the cellular localization of 
signaling proteins such as dynamin and the actin cytoskeleton. In addition, the SH3 
domains have been found to mediate nerve growth factor-induced cell proliferation 
through activation of a guanine nucleotide exchange factor for PI3K  [  48,   49  ] .  

   C2 Domains 

 C2 domains are formed  [  50  ]  from about 120 amino acids and can be found in more 
than 40 different proteins  [  34  ] . These motifs have several binding targets and have 
been implicated in signal transduction and membrane interactions. The C2 domains 
found within PLC family members are formed by an eight-stranded anti-parallel 
 b -sandwich  [  34  ] . There are between three and four C2 domains found within PLC d  
family members. In combination with Ca 2+ , the C2 domain mediates the binding of 
PLC d 1 to anionic phospholipids .  In this way, C2 domains mediate signal transduc-
tion and membrane traffi cking  [  36  ] . C2 domains have common structural motifs, 
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which are found in PKC b , rabphilin 3A  [  51,   52  ] , and synaptotagmin I  [  53  ] . High 
cooperativity of Ca 2+ -dependent phospholipid binding sites implies that there are 
multiple sites that bind Ca 2+ , which function synergistically  [  36  ] .  

   PDZ Domains 

 PDZ ( P ost synaptic density (PSD)-95,  D rosophila disc large tumor suppressor 
(DlgA), and  Z onula occludens-1 protein (zo-1)) binding motifs are separate from 
C2 domains, and are found in the C-terminal tails of PLC b  and PLC h  lipases 
(Fig.  10.1 )  [  50  ] . These motifs are thought to bind PDZ domains, which are formed 
by 5 of 6  b -strands and 2 or 3  a -helices  [  54  ] . The PDZ domain motif is found in 
many signaling proteins, where it functions as a scaffold for large molecular com-
plexes  [  55  ] . In this way, the motif links many proteins to signaling from the cytoskel-
etal membranes. It has been postulated that each PLC b  form may be used by 
different G protein-coupled receptors in regulating signaling events  [  56  ] .   

   Roles of Each PLC 

 Thirteen different PLCs have been identifi ed, which fall into six classes based on 
structure (Fig.  10.2 ). There is no alpha form of PLC, since the protein that was origi-
nally described as the  a  form turned out to be a protein disulfi de isomerase without 
phospholipase activity  [  57  ] . Under most conditions, PLC is a cytoplasmic protein 
that moves to the plasma membrane following activation catalyzing the hydrolysis 
of phosphatidyl inositol. There are exceptions to this rule, however, that will be 
discussed below. With the exception of PLC g 2, there have been spliced versions 
reported for each PLC isoform (as reviewed by  [  37,   26  ] ). A different gene encodes 
each isoform. The diversity of the isoforms is created with splice variants. Using 
ESTs, different PLC family members have been proposed to associate with different 
tissues (as reviewed by  [  26  ] ). For the purposes of this chapter, we will focus on the 
general properties described for each isoform. 

   PLC b 1,2,3,4 

 There are four isoforms of PLC b  that range in size from 130 kDa for PLC b 4, 
140 kDa for PLC b 2, 150 kDa for PLC b 1 and 152 kDa for PLC b 3. In addition, 
although splice variants have been reported for each of these isoforms, it remains 
unclear why the multiple forms of PLC b  exist  [  58–  60  ] . These well-characterized 
isoforms of PLC are classically activated by G protein-coupled receptors and their 
catalytic activity is entirely dependent upon Ca 2+ . PLC b  

1
  serves as a GTPase-

activating protein (GAP) for G a  
q
   [  61  ] , while G a  

q
 , G a  

11
 , and G a  

16
  can activate 
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PLC b 1, PCL b 2 and PLC b 3 family members  [  62  ] . In this case, the G protein-coupled 
receptor is stimulated by binding to its ligand, undergoing a conformational change 
to release G a  

q
  or G a  

i/o
  and G b / g   [  61,   63,   64  ] . The PLC b  family members have an 

additional 450 amino acid residues in the C-terminus (Fig.  10.2 ). While all PLC b  
family members have been found in the nucleus, PLC b 1 is the major nuclear PLC 
 [  65–  67  ] . Within this C-terminal 450 amino acid region lies the greatest dissimilarity 
between PLC family members. In this region of the PLC b 1a and 1b splicing vari-
ants is a nuclear localization signal, which directs localization of PLC b 1 isoforms, 
mostly to the nucleus while a nuclear export signal allows PLC b 1a to remain in the 
cytosol  [  59  ] . In addition, the binding site for Gq is found within a region that medi-
ates activation of G a q by regulator of G protein signaling 4 (RGS4) and G alpha 
interacting protein (GAIP), which are GTPase-activating proteins (GAPs). This 
binding site blocks activation of PLC b   [  68  ] . PLC b 1 is expressed at high levels in 
the cerebral cortex, retina, hippocampus and cardiomyocytes  [  69–  71  ] . PLC b 2 can 
be activated by a member of the Rho-family of kinases, Rac  [  72  ] . 

 The PH domain of PLC b 2 mediates binding of active forms of Rac (Rac1, Rac2 
and Rac3), which leads to activation  [  73  ] . Unlike PLC b 1 and PLC b 2, PLC b 3 lacks 
10–20 amino acids within its C-terminus  [  74  ] , although the signifi cance of this 
difference is unknown. This PLC isoform is expressed by liver, brain and parotid 
gland  [  74  ] . In contrast, the expression of PLC b 2, which shares 48% identity with 
PLC b 1, appears to be restricted to cells of the hematopoietic lineages  [  75  ] . 

 Studies of PLC b 1 −/−  mice revealed roles for PLC b 1 in regulating vision and cen-
tral nervous system homeostasis. Loss of PLC b 1 can lead to seizures and sudden 
death  [  76  ] . PLC b  is recruited to the membranes through interactions with G b  g , but 
not G a q  [  77  ] . In addition, PLC b  is recruited only through specifi c G a  subunits and 
the G b  g  subunits. These studies demonstrate that the PLC family members respond 
specifi cally not only for G a  but for G b  g  as well  [  78,   79  ] .  

   PLC g  1,2 

 There are two isoforms of PLC g , PLC g 1 and PLC g 2. These family members are 
activated by both receptor and non-receptor protein tyrosine kinases  [  80  ]  and play 
important roles in differentiation, proliferation, transformation, Ca 2+  fl ux and tum-
origenesis  [  21,   24,   81,   82  ] . Homozygous disruption of PLC g 1 in a mouse model 
revealed that this family member plays an essential role in growth and development 
 [  83  ] . In the absence of PLC g 1, the mice die at day E9.0, although until that stage of 
development the embryos appear normal. This mouse model revealed that although 
other PLC g  family members might be available, the role of PLC g 1 is essential and 
is not compensated by other proteins. In contrast, homozygous deletion of PLC g 2 
leads to defects in platelet functions that are stimulated through  b 1 and  b 3 integrin 
adhesion proteins  [  84,   85  ] . PLC g 2 plays an essential role in B cell development, and 
function  [  19,   25  ] . Similar to PLC b 2, Rac, a member of the Rho-family of GTPases, 
can bind to and activate PLC g 2  [  72  ] . This PLC family member can be activated 
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through interactions with the cytoplasmic tails of growth factor receptors by binding 
phosphorylated tyrosines within their intracellular tyrosine activation motifs 
(ITAMs). PLC g 2 also regulates Ca 2+  oscillations induced by the transcription factor, 
nuclear factor of activated T cells (NFAT). Additionally, the SH2 domains can medi-
ate activation of NFAT. 

 PLC g 1 is expressed ubiquitously  [  86  ] , while PLC g 2 is found primarily in cells of 
the hematopoietic lineage  [  87  ] . PLC g  can regulate proliferation by functions that 
are independent of its lipase activity. One example is that DNA synthesis does not 
require phospholipase function, but instead is regulated through src homology 3 
(SH3) recruitment of a Ras exchange factor, son-of-sevenless (SOS)1  [  88  ] . In addi-
tion to the PH domain which is found in the N-terminus of most PLCg family mem-
bers, these PLC family members have a second PH domain. This second PH domain 
is separated into two domains that fl ank two SH2 domains followed by an SH3 
domain (Fig.  10.2 ). This C-terminal is thought to bind directly to the transient recep-
tor potential cation channel (TRPC)3 Ca 2+  channel, which then leads to agonist-
induced Ca 2+  entry into the cell  [  89  ] . T cells express more PLC g 1 than PLC g 2. 
PLC g 1 is activated by ligation of the T cell antigen receptor  [  90  ]  and recruitment of 
PLC g 1 by linker of activated T cells (LAT) to the plasma membrane  [  91  ] . 
Phosphorylated LAT, in turn, serves as the primary docking site for the amino ter-
minal SH2 domain of PLC g 1 to the membrane  [  92,   93  ] . All three SH domains of 
PLC g 1, however, are required to stabilize association of PLC g 1 with LAT, which is 
required to activate T cells  [  90  ] . Vav1, c-Cbl and SH2 domain-containing protein of 
76 kDa (Slp76), via interactions with either the SH3 domain or the C-terminal SH2 
domain, are also required to help stabilize the recruitment of PLC g 1 to the plasma 
membrane  [  90  ] . Following engagement of the T cell receptor (TCR), PLC g 1 pro-
duction of DAG leads to activation of not only PKC, but also Ras guanyl releasing 
protein (GRP)-dependent signaling events  [  94,   95  ] . 

 PLC g 1 is also activated by certain G protein-coupled receptors. Recently, we 
have shown that PLC g 1 can also be activated following stimulation of the C-C 
chemokine Receptor 7, a G a  

i/o
  receptor, to mediate activation of  b 1 integrin, hetero-

dimeric adhesion receptors  [  96  ] . In addition, PLC g 1 and PLC g 2 are both activated 
by the angiotensin and bradykinin G protein coupled receptors.  

   PLC d 1,3,4 

 There are three identifi ed isoforms of PLC d   [  97  ] . The isoform originally identifi ed 
from bovine as PLC d 2 was found to be a homologue of mouse and human PLC d 4 
 [  98  ] . This isoform of PLC has an absolute requirement for Ca +2  in order to carry out 
its role in the cell. The PLC d  family members are activated by levels of Ca 2+  that are 
normally found in the cytoplasm (10 −7  to 10 −5  M)  [  99,   100  ] . While PLC d 1 is local-
ized to the cytoplasm in quiescent cells, this PLC isoform can shuttle between the 
nucleus and the cytoplasm following activation  [  101  ] . Depletion of PLC d 1 leads to 
a block in the cell cycle  [  102  ] . PLC d  family members are thought to have a role in 
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potentiating calcium signaling  [  99  ] . This form of PLC is similar to non-mammalian 
forms of PLC  [  15,   103  ] . Gi/o and Ga 

q
  can activate PLC d 1 following stimulation of 

coupled G protein-coupled receptors  [  104  ] . PLC d  is involved in regulating the acti-
vation of the actin cytoskeleton. 

 Misregulation of PLC d 1 has been linked to Alzheimer’s disease  [  105  ] . In these 
patients, using a PLC d  specifi c antibody, the family member was found at high 
concentration within the neurofi brilary tangles, the neuritis that surround the senile 
plaque cores and within neuropil threads of the brains of patients with Alzheimer’s 
disease. Interestingly, this function of this PLC is inhibited by sphingomyelin, a 
membrane lipid that is found in high concentrations in neurons. PLC d 1 is also mis-
regulated in rat models of hypertension  [  106  ] . 

 PLC d 1 is expressed at high levels in hair follicles. Homozygous deletion of 
PLC d 1 leads to hair loss  [  107,   108  ] . It was found that hair loss was due to an increase 
in leukocytes, specifi cally macrophages, neutrophils and T cells within the hair fol-
licle  [  108  ] . These observations led to speculation that PLC d 1 can regulate the degree 
of infl ammation as marked by leukocyte infi ltration, within the hair follicle. 
Homozygous deletion of  PLC d 3  or  PLC d 4  had no apparent effect and the mice 
appeared normal. 

 During fertilization, a transient increase in Ca 2+  precedes oocyte activation. Like 
other forms of PLC, this isoform appears to play a role in fertilization. Notably, 
PLC d 4 -/−  male mice are sterile  [  109,   110  ] . Even when PLC d 4 −/−  sperm were injected 
into oocytes, few viable embryos developed. These studies implicate this family 
member in the regulation of fertilization  [  109  ] . In the same study, sperm isolated 
from PLC d 4 knockout mice were found to be inferior to sperm isolated from wild 
type mice in that the Ca 2+  oscillations in these mice were delayed or did not occur at 
all  [  109  ] .  

   PLC e  

 PLCe is the largest of the PLC family members cloned to date, with an apparent 
molecular weight of 250 kDa. This PLC isoform is expressed at the highest levels 
in the heart, liver and lung, but can also be found in the skeletal muscle, spleen, 
brain, lungs, kidneys, pancreas, testis and uterus, thymus and intestine  [  7,   111,   112  ] . 
This class of PLC, which was originally identifi ed in  Caenorhabditis elegans  and 
was later cloned in humans  [  7,   111–  113  ] , is activated through association of its Ras-
binding (RA) domains, by Ras. The RA domains consist of approximately 100 
amino acids that interact directly with the Ras-family GTPases, Ras  [  7,   112  ]  and 
Rho  [  114  ] . Subsequently, it was found that PLCe could also be activated by the G a  

12
  

and G b / g  released by activated G protein coupled receptors  [  112,   115  ] . Receptors 
that activate PLC e  include the adrenergic and PGE receptors. In addition, G a s has 
been shown to stimulate activation of phospholipase Ce  [  116  ] , whereas G a  

12
  and 

G a  
13

  can activate RhoA, which can stimulate PLC e   [  116,   117  ] . Not only was this 
PLC family member found to be activated by Ras and Rho, it was also shown to 
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be able to function as a guanine nucleotide exchange factor (GEF) for the Ras 
 superfamily of GTPases  [  112  ] . In a contrasting study, the CDC25 domain of PLC e  
was found to serve as a GEF for Rap1 but not for other Ras family members  [  118  ] . 
These characteristics of PLC e  reveal that, unlike any other PLC family member, the 
PLC e  enzyme can be activated not only by subunits of heterotrimeric G proteins, 
but also by small GTPases. 

 This ability of PLC e  to be regulated by Ras as well as Rho suggests that this fam-
ily member can contribute to both proliferation and migration. More interestingly, 
since PLC b  can be activated by Rho, both PLC family members may work together 
to regulate signal transduction pathways that are activated following stimulation of 
cells by Rho to control cell migration. Similarly, since PLC e  can be regulated by 
Ras, a downstream effector of PLC g  signaling following activation of growth factor 
receptors such as the epidermal growth factor (EGF) receptor, the signaling path-
ways may work together to promote proliferation. The ability of PLC e  to coordinate 
signaling through these pathways points to regulatory mechanisms that may be 
more complex than originally thought.  

   PLC z  

 To date, PLC  z   expression has been confi ned to mammalian sperm heads  [  10,   119, 
  120  ]  where it serves to activate oocytes during fertilization  [  10,   121  ] . Although this 
is the only isoform of PLC identifi ed that lacks the N-terminal PH domain, it shares 
the closest homology with PLC d 1  [  122  ] . The absence of the PH domain demon-
strates that its presence is not required for membrane localization of PLC z . It is 
unclear, however, how PLC z  targets the plasma membrane in the absence of the 
PH domain. There is some indication that the C2 domain may contribute to target-
ing PLC z  to membrane-bound PIP 

2.
  Following fusion of sperm with the oocyte, 

PLC  z   is released into an oocyte, which until that point, is arrested at the second 
meiotic division. Ca 2+  oscillations that mediate activation of an oocyte are due to 
IP 

3
  mediated Ca 2+  release. The presence of PLC z  within the cytoplasm leads to 

Ca 2+  oscillations, which are classically observed during activation of the oocyte 
and release from the meiotic arrest  [  123  ] . In addition, immuno-depletion of PLC z  
suppresses Ca 2+  release. After the oocyte is fertilized, the Ca 2+  oscillations end 
when the pronuclei form  [  124,   125  ] . It is unclear how PLC z  function is attenuated 
at this point.  

   PLC h 1,2 

 The sequence homology between PLC h 1 and PLC h 2 is ~50%. PLC h 1 has an 
apparent molecular weight of 115 kDa in mouse and humans, while PLC h 2 is larger 
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at 125 kDa. The PLC h  
1
  and PLC h  

2
  isoforms are localized to the brain and neurons 

and are extremely sensitive to changes in Ca 2+  levels  [  8,   9,   126,   127  ] . Like PLC d , 
this form of PLC responds to the 100 nM Ca 2+  concentrations found inside the cell 
 [  9  ] . However, PLC h  is more sensitive than PLC d   [  8  ] . PLC h 2 is expressed in the 
infant brain, specifi cally in the hippocampus, cerebral cortex and olfactory bulb  [  9  ] , 
where it may play an important role in Ca 2+  mobilization required for axon growth 
and retraction, growth cone guidance, the generation of synapses and neurological 
responses  [  9  ] . PLC h  signaling has been linked to activation of G protein-coupled 
receptors in neurons, where it is activated by Ca 2+  and in this way functions to 
amplify signaling  [  128  ] . In humans, loss of the human chromosomal region, which 
encodes PLC h 2, has been linked to mental retardation  [  129  ] .   

   Methods to Inhibit PLC 

 Several chemical inhibitors can be used to block PLC function. A commonly used 
pan inhibitor, 1-[6-((17 b -3-methoxyestra-1,3,5(10)trien-17-yl)amino)hexyl]-1H-
pyrrole-2,5-dione, (U71322), of phospholipase C, is thought to function by block-
ing translocation of the enzyme to the membrane  [  130  ] . For example, using 2  m M 
U73122, we found that stimulation of CCR7 through one of its ligands, CCL21 
 [  96  ] , but not CCL19, promoted PLC g 1 dependent migration of T cells via  b 1 integ-
rin adhesion proteins. These data suggest that one G protein-coupled receptor can 
activate PLC g 1 through two different ligands to control migration in T cells. In this 
case, we speculate that PLC g 1 mediates integrin activation through inside-out sig-
naling, leading to activation of  b 1-integrins. 

 Recently, it has been shown that U73122 forms covalent associations with human 
PLC b 3, when the phospholipase is associated with mixed micelles  [  131  ] . U73122 
has been used as a pan inhibitor of PLC in numerous studies  [  20,   96,   132–  136  ] . 
However, in the study by Klein et al., instead of inhibiting PLC, U73122 activated 
human PLC g 1, human PLC b 2 and human PLC b 3, which had been incorporated 
into micelles, by differing magnitudes. Since the PLC used in these studies was in a 
purifi ed form, it is unclear how U73122 functions to regulate the extent of PLC 
activation. In a second study, 1  m M U73122 was found to directly inhibit G protein-
activated inwardly rectifying potassium channels. This was in contrast to a second 
PLC inhibitor, 2-Nitro-4-carboxyphenylN,N -diphenylcarbamate (NCDC), which 
did not have that effect  [  137  ] . NCDC, however, is also thought to have non-specifi c 
effects that are not related to PLC functions  [  138  ] . Other inhibitors such as PLC 
inhibitor, 1-O-octadecyl-2-O-methyl-rac-glycero-3-phosphorylcholine (ET-18-
OCH3), have been described as selective  [  139,   140  ] . 

 The use of heterozygous deletion of siRNA, or shRNA, however, can yield tar-
geted results  [  96  ] . In these studies, PLC g 1 specifi c siRNA was used to confi rm the 
role of this PLC isoform in the regulation of  b 1 integrins during the adhesion of 
primary T cells. In the future, it may be advisable to determine the specifi c PLC 
family member involved in a cellular response by using siRNAs.  
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   Future Directions 

 It is unclear how the different isoforms of PLC are activated in cells receiving 
 multiple stimuli from different receptors. With 13 identifi ed isoforms expressed in 
multiple cell types, it will be important to defi ne how the different signaling events 
that are linked to each isoform are controlled. Since PLC activation leads to release 
of IP 

3
  and DAG in response to activation, it will be necessary to determine how cells 

discriminate between multiple PLC signals in order to understand the hierarchy, 
intensity and duration of signaling events. As mentioned, PLC b 2 and PLC g 2 are 
activated by Rac, while PLC e  is activated by RhoA. These observations suggest that 
key regulators of cell motility function through different PLC family members, and 
may have pivotal roles in defi ning where and when a cell migrates. 

 Phospholipase C enzymes are found in every cell in the body, where they play 
critical roles in regulating diverse cellular responses (as reviewed in  [  26  ] ). As men-
tioned, some family members serve as scaffolds for other signaling proteins, while 
others can serve as GAPs or GEFs for secondary signaling proteins. Other PLCs 
function to amplify the Ca 2+  oscillations in the cell. Certain PLC family members 
can travel to the nucleus to control signaling there. With PLC family members play-
ing key roles in numerous cell functions, it will be important to defi ne how each 
PLC is regulated and how the cellular environment affects the duration and intensity 
of the response.      
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  Abstract   Activation of cells by many extracellular agonists leads to the production 
of inositol 1,4,5-trisphosphate (IP 

3
 ). IP 

3
  is a global messenger that easily diffuses in 

the cytosol. Its receptor (IP 
3
 R) is a Ca 2+ -release channel located on intracellular 

membranes, especially the endoplasmic reticulum (ER). The IP 
3
 R has an affi nity for 

IP 
3
  in the low nanomolar range. A prime regulator of the IP 

3
 R is the Ca 2+  ion itself. 

Cytosolic Ca 2+  is considered as a co-agonist of the IP 
3
 R, as it strongly increases IP 

3
 R 

activity at concentrations up to about 300 nM. In contrast, at higher concentrations, 
cytosolic Ca 2+  inhibits the IP 

3
 R. Also the luminal Ca 2+  sensitizes the IP 

3
 R. In higher 

organisms three genes encode for an IP 
3
 R and additional diversity exists as a result 

of alternative splicing mechanisms and the formation of homo- and heterotetramers. 
The various IP 

3
 R isoforms have a similar structure and a similar function, but due to 

differences in their affi nity for IP 
3
 , their variable sensitivity to regulatory parameters, 

their differential interaction with associated proteins, and the variation in their sub-
cellular localization, they participate differently in the formation of intracellular Ca 2+  
signals and this affects therefore the physiological consequences of these signals.  

  Keywords   Ca 2+  signaling  •  Endoplasmic reticulum  •  Inositol 1,4,5-trisphosphate  
•  Inositol 1,4,5-trisphosphate receptor  •  Intracellular Ca 2+ -release channel      

   Inositol 1,4,5-Trisphosphate (IP 3 ) as Second Messenger 

 Cells can be activated at their extracellular surface by a multitude of signal mole-
cules as hormones, growth factors and neurotransmitters. These signal molecules 
do not need to cross themselves the plasma membrane but are sensed by specifi c 
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receptors which convey the signal to the cell interior where it is converted to an 
intracellular message. There are several of these so-called second messenger mol-
ecules (e.g. cAMP, cGMP, cADP ribose, NAADP, …), but in the framework of this 
review we will focus on the unique role of IP 

3
 . Early work by Hokin and Hokin 

already indicated that agonist stimulation could lead to an increased phosphatidyl 
inositol turnover  [  1  ] . Michell in turn proposed that lipid metabolism could be linked 
to intracellular Ca 2+  signaling  [  2  ] . The exact nature of this link remained for a long 
time obscure, until Berridge and collaborators demonstrated in a series of elegant 
experiments that IP 

3
  (Fig.  11.1a ) was the linking molecule  [  3–  5  ] . This discovery, 

further discussed below, was the starting point of a completely new fi eld in signal 
transduction, the IP 

3
  → IP 

3
  receptor (IP 

3
 R) → Ca 2+  signal pathway, which will be the 

topic of this chapter.   

   IP 3  Metabolism 

 The direct precursor of IP 
3
  is the phospholipid phosphatidylinositol 4,5-bisphos-

phate, which is cleaved by phospholipase C (PLC) to 1,2-diacylglycerol (DAG), an 
activator of several effector proteins including the protein kinase C isoforms, and IP 

3
 . 
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  Fig. 11.1     Molecular structure of important compounds affecting the IP  
 3 
  R.  ( a ) IP 

3
 . The num-

bering of the C-atoms is indicated. ( b ) Adenophostin A (R=H) and B (R=COCH 
3
 ). ( c ) 2APB. ( d ) 

Xestospongin C       
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The various PLCs form six families (PLC b , PLC g , PLC d , PLC e , PLC x  and PLC h ) 
containing several members and/or different splice isoforms. The various PLC iso-
forms differ in their activation mechanisms and in their regulatory properties, allow-
ing for a controlled production of IP 

3
  (and DAG) after cell stimulation by agonists 

acting on different types of receptors  [  6  ] . 
 IP 

3
  is a H 

2
 O-soluble molecule that diffuses away from its production site at the 

plasma membrane. IP 
3
  has a diffusion coeffi cient of 283  m m 2 /s and a life time of 

about 1 s, which accounts for an effective range of 24  m m, while Ca 2+  has a much 
more limited range of action  [  7  ] . Therefore, IP 

3
  acts in cells as a global messenger. 

IP 
3
  is however not stable and its degradation contributes to the limitation of the 

signal. IP 
3
  5-phosphatase and IP 

3
  3-kinase are the main IP 

3
 -metabolizing enzymes 

 [  8  ] . Heterologous overexpression of in particular the IP 
3
  5-phosphatase can have a 

dramatic effect on the subsequent cellular response  [  9  ] .  

   Discovery of the IP 3 R 

 As indicated above, Berridge and co-workers demonstrated the importance of IP 
3
  in 

Ca 2+  signaling. Their seminal paper published in 1983 in Nature  [  4  ]  provided direct 
evidence that in permeabilized pancreatic acinar cells IP 

3
  induced Ca 2+  release from 

non-mitochondrial Ca 2+  stores corresponding to the endoplasmic reticulum (ER). 
Soon after this publication, the universality of the mechanism was demonstrated as 
similar results were obtained in various other cell types, as e.g. neutrophils  [  10  ] , 
hepatocytes  [  11  ] , oocytes  [  12  ] , platelets  [  13  ] , insulinoma cells  [  14  ] , and renal epi-
thelial cells  [  15,   16  ] . Among those various cellular models however, the amount of 
Ca 2+  that could be released by IP 

3
  varied widely (between 10% and nearly 100%), 

which indicates at the one hand that regulatory mechanisms may act on the IP 
3
 -

induced Ca 2+ -release system and at the other that several types of Ca 2+  stores likely 
co-exist in the same cell. 

 The molecular mechanism responsible for IP 
3
 -induced Ca 2+  release was however 

not yet identifi ed at that time. Labeling of the receptor with [ 3 H]IP 
3
  or [ 32 P]IP 

3
  

allowed fi rst its biochemical identifi cation and characterization  [  17–  19  ]  followed by 
its purifi cation, fi rst from cerebellum  [  20  ] , a tissue with a very high IP 

3
 R density, 

and subsequently from other tissues  [  21–  23  ] . The results were concordant: in all 
cell types a high molecular mass glycoprotein (224–273 kDa after SDS-PAGE) was 
identifi ed with a nanomolar affi nity for IP 

3
  and a high specifi city for it over other 

inositol phosphates. Electron microscopy, gel fi ltration, cross-linking experiments 
and migration on density gradients indicated a molecular mass of about 1,000 kDa 
and thus a tetrameric assembly  [  21–  27  ] . A partial cDNA clone showed that the 
protein had a certain homology with an already known Ca 2+ -release channel, the 
ryanodine receptor (RyR)  [  24  ] . Finally, antibodies demonstrated both at the immu-
nocytochemistry level and at the electron microscopy level that this protein (mainly) 
localized to the ER  [  24,   28  ] . In parallel, P 

400
 , a protein of similar molecular mass, 
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similar biochemical properties and similar expression pattern was independently 
purifi ed and characterized  [  29  ] . 

 The fi rst full-length cloning of an IP 
3
 R was performed, starting from mouse 

cerebellum cDNA libraries, by Mikoshiba and co-workers; the deduced amino acid 
(a.a.) sequence was 2,749 a.a. long, corresponding to a calculated molecular mass 
of 313 kDa, and had a signifi cant homology with the RyR  [  30  ] . Importantly, heter-
ologous expression of this protein in NG108–15 cells indicated a correlation with 
the IP 

3
 -binding activity and an identity with the previously purifi ed and character-

ized P 
400

 . Furthermore, functional experiments demonstrated that this protein also 
possessed Ca 2+ -channel properties  [  31,   32  ] . As indicated above, the functional 
properties of the IP 

3
 R/Ca 2+ -release channel were already investigated in various 

preparations, including intact cells, permeabilized cells and microsomes. Once the 
identity of the channel was ascertained, further characterization by electrophysio-
logical techniques could be performed, fi rst by reconstitution in artifi cial bilayers 
 [  27,   33–  35  ]  and later also by patch-clamp experiments. The latter were predomi-
nantly performed on the  Xenopus laevis  oocyte nucleus allowing the measurement 
of the IP 

3
 R activity in its native environment  [  36,   37  ] . From these various measure-

ments it clearly appeared that the IP 
3
 R forms a large conductance cation channel, 

with a quite limited selectivity for Ca 2+ . P 
Ca

 /P 
K
  values were typically found between 

6 and 8 and single-channel slope conductances followed the sequence 
Ba 2+  > Sr 2+  > Ca 2+  > Mg 2+   [  38  ] . This does however not affect its function as a Ca 2+ -
release channel, as Ca 2+  is the only ion which is actively accumulated in the ER and 
for which a driving force exist  [  39  ] . 

 Finally, further immunolocalization studies, analysis by electron microscopy and 
biochemical methods, indicated that although most of the IP 

3
 Rs are located in the 

ER and in the perinuclear membrane, IP 
3
 Rs are also present in the Golgi apparatus, 

in some types of secretory vesicles and to a low extent also in the plasma membrane 
(reviewed in  [  40,   41  ] ). 

 Taken together these results clearly demonstrated that the IP 
3
 R is a large, tetrameric 

protein, that forms a Ca 2+ -release channel in the ER and that is activated by IP 
3
 .  

   IP 3 R Isoform Diversity 

 Shortly after cloning of the murine IP 
3
 R  [  30  ] , an IP 

3
 R was also cloned from rat  [  42  ]  

and subsequently from human and other organisms (reviewed in  [  43,   44  ] ). It became 
clear that in Mammalia and other higher organisms, IP 

3
 Rs are encoded by three dif-

ferent genes giving rise in addition to the originally cloned receptor, now termed 
IP 

3
 R1, to an IP 

3
 R2, fi rst fully cloned in 1991  [  45  ] , and an IP 

3
 R3, fi rst fully cloned in 

1993  [  46  ] . Diversity is further increased by the existence of splice isoforms (e.g. for 
IP 

3
 R1, see  [  47–  49  ] ), and by the fact that the tetrameric nature of the IP 

3
 R allows for 

homo- as well as heterotetramer formation  [  50–  52  ] . It however appeared that due to 
kinetic constraints in their formation, heterotetramers are less prevalent than would 
be expected if the monomers randomly interacted  [  53  ] . 
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 The interspecies homology is very high: e.g. at the amino acid level the similarity 
between mouse, rat and human IP 

3
 R1 is greater than 99%  [  43,   44  ] . Although all 

IP 
3
 R isoforms have a very similar size (between 2,670 and 2,848 amino acids) and 

a high similarity at the amino acid level (around 75% for higher organisms, around 
50% for  C. elegans )  [  44  ] , they harbour signifi cant differences in specifi c domains 
 [  43,   44  ] . These differences lead to a different affi nity for IP 

3
  (IP 

3
 R2 > IP 

3
 R1 > IP 

3
 R3) 

 [  54–  58  ]  as well as a different sensitivity to various regulatory mechanisms (e.g. 
phosphorylation, activation by ATP and interaction with regulatory proteins), lead-
ing to IP 

3
 R isoform-specifi c Ca 2+  signals  [  59  ] . 

 Most cell types express more than one IP 
3
 R isoform but their expression pat-

terns vary between cell and tissues  [  54,   60,   61  ] . The various IP 
3
 R isoforms 

expressed in a same cell can thereby have very distinct subcellular localizations, 
allowing to set up specifi c intracellular Ca 2+  signals. Furthermore, IP 

3
 R distribution 

is subjected to a dynamic regulation as not only the IP 
3
 R expression levels but also 

the subcellular localization of each IP 
3
 R isoform can depend on the physiological 

state of the cell  [  40  ] . Finally, an important feature of the IP 
3
 Rs is that they are not 

uniformly distributed over the ER but can form clusters of about 20–30 units. Also 
the formation of these IP 

3
 R clusters can be dynamically regulated, and may depend 

on the IP 
3
  concentration  [  62  ] . These clustered IP 

3
 Rs have not only a higher prob-

ability to be exposed to higher Ca 2+  concentrations but also the gating of the IP 
3
 Rs 

in the clusters becomes coupled at increasing local Ca 2+  concentration  [  62,   63  ] . 
The intracellular Ca 2+  signals demonstrate a complex spatio-temporal behavior, 
and local Ca 2+  signals form the building blocks for global Ca 2+  signals  [  64–  67  ] . 
IP 

3
 R clusters are thereby important for setting up local Ca 2+  signals, named puffs, 

which depending on the local IP 
3
  and Ca 2+  concentration may eventually lead to the 

formation of regenerative Ca 2+  waves propagating throughout the cell  [  41, 
  68–  70  ] .  

   IP 3 R Activators and Inhibitors 

 Although the IP 
3
 R can bind several synthetic IP 

3
  analogs  [  71  ] , in a cellular context 

the selectivity for IP 
3
  over other (naturally-occurring) inositol phosphates is high 

 [  18,   19,   72  ] . Apart from IP 
3
 , the only other compounds used to experimentally acti-

vate the IP 
3
 R are adenophostin A and adenophostin B, which are isolated from the 

culture broth of  Penicillium brevicompactum   [  73  ] . These both compounds, which 
have a structure displaying features of both IP 

3
  and adenine nucleotides (Fig.  11.1b ), 

bind and activate the IP 
3
 R with a much higher affi nity than IP 

3
  itself without being 

subjected to metabolic degradation as is IP 
3
   [  73–  75  ] . A strong IP 

3
 R sensitization can 

also be obtained by the sulphydryl reagent thimerosal, as evidenced by the appear-
ance of Ca 2+  oscillations in oocytes  [  76  ] . It is assumed that this effect can only occur 
in the presence of (low concentrations of) IP 

3
  and therefore represents a sensitiza-

tion, and not an activation, of the IP 
3
 R  [  77  ] . This sensitization is however isoform-

dependent (e.g. prominent in IP 
3
 R1, absent in IP 

3
 R3;  [  78  ] ), while high thimerosal 
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concentrations stimulate the Ca 2+  leak from the ER, and inhibit both IP 
3
 Rs and Ca 2+  

pumps  [  77,   79  ] , limiting the use of this compound. 
 A problem in the IP 

3
 R fi eld is the lack until now of specifi c inhibitors  [  80  ] . The 

most-used inhibitory compounds are heparin, 2-aminoethoxydiphenyl borate 
(2APB) and xestospongins. Heparins are sulfated glycosaminoglycans which com-
petitively inhibit the IP 

3
 R by binding to the IP 

3
 -binding site  [  19,   81,   82  ] . Their 

effi cacy is determined by both size and presence of negatively charged sulfate 
groups  [  83  ] . Problems are the non-specifi c interactions of heparins with other pro-
teins and their cell impermeability. 

 2APB (Fig.  11.1c ) is a small membrane-permeable molecule inhibiting the IP 
3
 R 

without interacting with the IP 
3
 -binding site  [  84  ] . Its cellular mode of action is how-

ever complex as it was later shown not only to activate the IP 
3
 R at low concentra-

tions, but also to affect store-operated Ca 2+  infl ux in a biphasic fashion and to inhibit 
Ca 2+  pumps (reviewed in  [  80,   85  ] ). 2APB analogs with higher specifi city towards 
the store-operated Ca 2+ -infl ux mechanism were recently developed, but similar 
compounds directed towards the IP 

3
 R are not yet available  [  86  ] . 

 Finally, xestospongins (Fig.  11.1d ) form a family of macrocyclic bis-1-oxaquin-
olizidine alkaloids that could be isolated from the Australian sponge  Xestospongia  
and of which several inhibit the IP 

3
 R  [  87  ] . Also in this case, the specifi city has been 

questioned, though it may depend on the exact molecule used and on the cell type 
under investigation  [  88–  90  ] . 

 A lot of work had been performed by several groups in order to develop new IP 
3
  

analogs, including membrane-permeant IP 
3
  and caged IP 

3
   [  71  ]  and it can be antici-

pated that compounds with either strong activating or inhibiting power will ulti-
mately become available. Some of those already developed compounds however 
also affect IP 

3
 -metabolizing enzymes as the IP 

3
  5-phosphatase  [  91  ] .  

   IP 3 R Structure 

 For describing and understanding the IP 
3
 R structure-function relations, different 

models have been proposed. In the simplest one, the IP 
3
 R was divided in three 

regions: the N-terminal ligand-binding region consisting of the fi rst 600 amino 
acids, a very large regulatory and coupling region of about 1,600 amino acids and 
fi nally the C-terminal region consisting of six transmembrane helices (TM1–6) and 
a short cytosolic tail (Fig.  11.2a )  [  45  ] . Interestingly, the N-terminal and C-terminal 
regions demonstrated a higher level of homology between the isoforms than the 
central region.  

 Subsequent experimental work refi ned this model, and fi ve distinct functional 
domains were recognized: the N-terminal coupling domain usually called the sup-
pressor domain (for IP 

3
 R1: a.a. 1–225), the IP 

3
 -binding core (a.a. 226–578), the 

internal coupling domain or modulatory and transducing domain (a.a. 579–2,275), 
the channel domain containing TM1–6 and including the pore site and the 
N-glycosylation sites (a.a. 2,276–2,589) and fi nally the C-terminal tail also named 
gatekeeper domain (a.a. 2,590–2,749) (Fig.  11.2c )  [  92,   93  ] . 
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 The N-terminal coupling domain was proposed to have two separate functions, 
at the one hand it attenuates IP 

3
  binding to the IP 

3
 -binding core – and therefore its 

name suppressor domain  [  94  ]  – leading to the difference in IP 
3
  affi nity observed 

between the various IP 
3
 R isoforms  [  58  ] , and at the other it transmits the binding 

signal to the channel domain by interacting with the C-terminal tail  [  93,   95,   96  ] . The 
importance of the N-terminal coupling domain is apparent from the fact that dele-
tion of this domain leads to an IP 

3
 R with increased affi nity for IP 

3
 , but completely 

inactive as a Ca 2+  channel  [  93  ] . Moreover, it is noteworthy that many regulatory 
proteins perform their regulatory function, not by binding to the modulatory and 
transducing domain, but by interacting specifi cally either with the N-terminal cou-
pling domain (suppressor domain) or the gatekeeper domain (C-terminal tail) 
(Table  11.1 ). Recent data indicate that interactions as well between the N-terminal 
coupling domain (suppressor domain) and the cytosolic loop between TM4 and 
TM5 as well as conformational changes in the modulatory and transducing domain 
contribute in relaying the IP 

3
  signal to the Ca 2+  channel (Fig.  11.3 )  [  131,   132  ] .   

  Fig. 11.2     Structure of the IP  
 3 
  R.  ( a ) Linear representation of IP 

3
 R1. The three main regions and 

the location of the three splice sites (SI–SIII) are shown. ( b ) The fi ve domains as obtained by lim-
ited proteolysis are indicated. ( c ) The fi ve functional domains of the IP 

3
 R are shown: the suppres-

sor domain (also called N-terminal coupling domain), the IP 
3
 -binding core, the modulatory and 

transducing domain (corresponding to the regulatory and coupling region), the channel domain 
and the C-terminal tail acting as coupling and gatekeeper domain. Transmembrane helices 
(TM1–TM6), the pore domain ( striped box ), glycosylation sites ( tree-like structure ), Ca 2+ -binding 
sites, and a number of important protein-protein interaction sites as well as phosphorylation sites 
are indicated  [  92  ] . Please note the important number of regulatory sites on the N- and C-terminal 
domains (Reprinted from Bosanac et al.  [  92  ] , with permission from Elsevier)       
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 The channel domain consists of the six transmembrane helices, with two 
relatively small luminal loops, and a much larger third luminal loop (i.e. between 
TM5 and TM6), which supposedly intrudes in the membrane and forms the pore 
region of the IP 

3
 R  [  133,   134  ] . This pore region has the same structure as the pore 

of the RyR and could be modelled based on the structure of the bacterial KcsA 
channel  [  92  ] . 

 Finally, in order to avoid confusion, it should be mentioned here that indepen-
dently of the above discussed functional subdivision, another subdivision in fi ve 
domains could be made, based on the access of the IP 

3
 R1 to proteolytic enzymes 

(Fig.  11.2b ). Degradation of the IP 
3
 R1 by low concentrations of trypsin or chy-

motrypsin does indeed deliver a fi nite number of fragments that remain aggregated 
and functional  [  135  ] . It was therefore assumed that these fragments largely corre-
sponded to native, functional parts of the IP 

3
 R. Although further structural analysis 

indicated this might not be completely accurate  [  39  ] , the proteolytic products or 
their recombinant counterparts have been successfully used by various groups for 

Hinge

Ca2+

Cytosol

ER Lumen

C
N N

C

IP3 IP3

LB
D LB

D

LB
D

LBD

SD SD

  Fig. 11.3     Model of IP  
 3 
  R channel activation.  The IP 

3
 R forms a tetramer, but for clarity, only two 

IP 
3
 R1 subunits are depicted here. The colored parts indicate the fi rst three functional domains: 

 yellow , the suppressor domain (also called N-terminal coupling domain);  orange  and  red , the two 
parts of the IP 

3
 -binding core, linked by a hinge, and forming a cleft for IP 

3
 ;  green , the modulatory 

and transducing domain (corresponding to the regulatory and coupling region). The subsequent 
channel domain and the C-terminal tail together contain the six transmembrane helices (TM1–6) 
linked by three luminal loops and two cytosolic loops, and a coiled-coil (CC) segment that partici-
pates in tetramer assembly. The channel pore is formed by TM5 and TM6 and the intervening 
luminal loop  [  130  ] . IP 

3
  binding is relayed to the channel as well by a direct interaction between 

suppressor domain and the cytosolic loop between TM4 and TM5 as through the modulatory and 
transducing domain (Reprinted from Wojcikiewicz et al.  [  130  ] , with permission from Elsevier)       
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analysis of IP 
3
 R1 (and IP 

3
 R3) activation and their regulation by various compounds 

and proteins (e.g.  [  93–  95,   99,   118,   136  ] ). 
 More information on the action and regulation of the IP 

3
 R is expected to origi-

nate from the knowledge of the 3-dimensional structure of the IP 
3
 R. Due to its huge 

size, X-ray crystallographic analysis was until now limited to the N-terminal part of 
the IP 

3
 R, allowing to resolve the N-terminal coupling domain (at 1.8 Å resolution; 

 [  137  ] ) and the IP 
3
 -binding core (at 2.2 Å resolution;  [  138  ] ). The structure of these 

domains can be represented as follows: two successive  b -trefoil domains (1–223 
and 224–434) separated by a short hinge from an  a -helical domain containing 
armadillo repeats (438–604). Those three domains interact with each other, whereby 
the latter two form together a cleft with positively charged amino acids in which IP 

3
  

can bind  [  92,   94  ] . A schematic model of the IP 
3
 R structure and of those interactions 

is shown in Fig.  11.3 . In addition, a unusual helix-turn-helix extension between the 
 b 4 and  b 5 strands of the fi rst  b -trefoil domain is observed, which can act as a bind-
ing site for regulatory proteins as RACK1  [  137  ] . 

 The full-size IP 
3
 R was investigated by several groups by cryo-electron micros-

copy at a resolution of about 30 Å, describing all a structure with fourfold symmetry 
and a lateral dimension of about 200 Å though with considerable variability between 
them at the level of the more detailed physical structure  [  139  ] . Subsequent analysis 
performed at a resolution of <20 Å demonstrated for the purifi ed cerebellar IP 

3
 R1, 

after single-particle analysis and 3D reconstruction, a height of 231 Å. Further, the 
diameter of the spherical cytosolic part was found to be 175 Å while the luminal 
part formed a square with sides of 96 Å  [  140  ] . The observed structure contained 
large cavities, allowing for the interaction of many regulatory components. This 
high-resolution analysis was performed in the absence of IP 

3
  and Ca 2+ . Changes in 

Ca 2+  concentration however provoke a drastic rearrangement of the IP 
3
 R from a 

square-like conformation to a windmill-like conformation, as observed by proteoly-
sis experiments and transmission electron microscopy  [  141  ] , but this conforma-
tional change could not yet be investigated at higher resolution.  

   IP 3 R Regulation by Ca 2+  

 As may already be inferred from the large conformational changes occurring in the 
IP 

3
 R by changes in Ca 2+  concentration  [  141  ] , the Ca 2+  ion is an important regulator 

of IP 
3
 R activity. The basal Ca 2+  concentrations in the cytosol is about 50–100 nM, 

but may be much higher in localized microdomains, e.g. between ER and mito-
chondria  [  142,   143  ] . From early on, it was observed that increases in the cytosolic 
Ca 2+  concentration up to about 300 nM stimulate IP 

3
 -induced Ca 2+  release while at 

a higher concentration Ca 2+  becomes inhibitory  [  23,   34,   144,   145  ] . As in the absence 
of Ca 2+ , IP 

3
  is nearly completely inactive for inducing Ca 2+  release, Ca 2+  is consid-

ered a co-agonist of the IP 
3
 R  [  145,   146  ] . This biphasic or bell-shaped dependence 

on Ca 2+  also occurs for the RyR and was demonstrated for the various IP 
3
 R iso-

forms  [  147,   148  ] . Some differences in Ca 2+  sensitivity were observed between the 
IP 

3
 R isoforms, which may be due either to intrinsic properties of the various IP 

3
 R 
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isoforms but also to the presence of modulators (e.g. regulatory proteins such as 
calmodulin). The cytosolic Ca 2+  concentration also affects the affi nity for IP 

3
  bind-

ing to the IP 
3
 R; in hepatocytes Ca 2+  induced a switch between a low-affi nity and a 

high-affi nity state of the IP 
3
 R  [  149  ] . The biphasic effect of Ca 2+  on the IP 

3
 R is indu-

bitably important for explaining hierarchical Ca 2+  signaling including the occur-
rence of Ca 2+  oscillations and Ca 2+ -wave propagation  [  64,   146,   150–  153  ]  but is at 
the molecular level mechanistically still not completely understood. 

 From the functional data it may be anticipated that multiple sites are involved 
 [  154  ] .  45 Ca 2+  overlay techniques indicated the existence of seven cytosolic Ca 2+ -
binding sites  [  155,   156  ] , of which two are located in the IP 

3
 -binding core  [  138  ] . 

Subsequently, an additional site (E2100) was discovered on IP 
3
 R1 which mutation 

signifi cantly decreased the Ca 2+  sensitivity and modifi ed the biphasic Ca 2+ -
dependency curve  [  157,   158  ] . It is however not yet clear whether this site partici-
pates to a Ca 2+ -binding site itself or whether it allosterically couples to it  [  39,   154  ] . 
In addition to direct Ca 2+  binding to the IP 

3
 R, there is also evidence that indirect 

effects via Ca 2+ -binding proteins may also be involved. A prime candidate for this 
regulation would be calmodulin. Calmodulin inhibits the various IP 

3
 R isoforms in a 

Ca 2+ -dependent way  [  109,   110,   159,   160  ] . Although a modulation of IP 
3
 R activity 

by calmodulin is not disputed, it is probably not the physiological mediator of the 
Ca 2+ -dependent inhibition during the inhibitory phase of the biphasic regulation of 
the IP 

3
 R by Ca 2+   [  39,   154  ] . 

 Independently of its regulation by cytosolic Ca 2+ , the IP 
3
 R appears also to be 

regulated by the luminal Ca 2+  concentration. The Ca 2+  concentration in the lumen of 
the ER is about 200–500  m M  [  161  ] . It is now mostly accepted that not only the 
extent of IP 

3
 -induced Ca 2+  release is dependent on the Ca 2+  store content, but that the 

luminal Ca 2+  concentration has also a regulatory effect on the IP 
3
 R  [  162–  169  ] . This 

regulation, characterized by a decreased sensitivity of the IP 
3
 R at lower fi lling levels 

of the ER, prevents an excessive Ca 2+  depletion of the ER, which could be detrimen-
tal for other ER functions, as e.g. protein folding, and can even lead to ER stress. 
The regulation by luminal Ca 2+  can also explain the phenomenon of graded or 
“quantal” Ca 2+  release  [  170,   171  ] , originally described by Muallem and colleagues 
 [  172  ]  and by Meyer and Stryer  [  173  ] . The mechanism by which luminal Ca 2+  affects 
the sensitivity of the IP 

3
 R remains however elusive, and may involve either a lumi-

nal Ca 2+  binding site on the IP 
3
 R  [  155  ]  or on a luminal, associated Ca 2+ -binding 

protein as for example ERp44  [  119  ] . Alternatively, the possibility that (part of) the 
effect, refl ects an interaction of the released Ca 2+  with a regulatory site at the cyto-
solic side of the IP 

3
 R can not be completely excluded  [  174  ] .  

   Regulatory Proteins Acting on the IP 3 R 

 More than 50 different proteins were already shown to interact with the IP 
3
 R. 

Included in this number are not only regulatory proteins but also scaffolding pro-
teins, structural proteins and motor proteins. Moreover, not all those interactions are 
as extensively documented and in many cases the exact binding site is not known. 
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In addition, it is not always clear which interactions are direct, and which are indi-
rect and may involve multiprotein complexes. A full account on all interacting pro-
teins is beyond the scope of this article and for more details we refer to some recent 
reviews on the subject  [  39,   175–  177  ] . The best documented regulatory proteins are 
listed in Table  11.1 , with their action on the IP 

3
 R. 

 Kinases and phosphatases have a complex pattern of action, as they can modu-
late the IP 

3
 R and IP 

3
 -induced Ca 2+  release both in a direct (phosphorylation sites on 

the IP 
3
 R, see Fig.  11.4 ) or in an indirect way (phosphorylation sites on regulatory 

proteins) and we therefore here refer to a recent review  [  178  ] .   

   IP 3 R Degradation 

 Persistent activation of plasma membrane receptors coupled to IP 
3
  production leads 

to IP 
3
 R down-regulation by protein degradation  [  179,   180  ] . The process occurs for 

all three IP 
3
 R isoforms, though with different kinetics  [  61  ] . This down-regulation 

  Fig. 11.4     Regulation of IP  
 3 
  R1 by phosphorylation/dephosphorylation.  Identifi ed phosphory-

lation sites are shown in  yellow  (phosphorylation by protein kinase A and G),  blue  (by protein 
kinase B),  pale green  (by cyclin-dependent kinase 1),  pink  (by extracellular-signal regulated 
kinase) and  orange  (by the tyrosine kinase Fyn). Docking proteins ( black ), protein kinases ( green ) 
and protein phosphatases ( red ) are also shown. Splice sites (S1, S2 and S3) are indicated. Functional 
domains are indicated at the  bottom  of the fi gure  [  178  ]  (Reprinted from Vanderheyden et al.  [  178  ] . 
With permission from Elsevier)       
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corresponds to a rapid decrease in the density of the IP 
3
 Rs and is mediated by the 

ubiquitin-proteasome pathway. Interestingly, only activated IP 
3
 Rs, i.e. which have 

bound IP 
3
  (or adenophostin), are the target of the ubiquitin-conjugating enzymes 

 [  181  ]  but also the Ca 2+  released by the IP 
3
 R plays a role  [  182  ] . This down-regulation 

is probably part of homeostatic mechanisms that protect cells against excessive 
stimulation  [  130  ] . Multiple ubiquitinylation sites on the various IP 

3
 R isoforms were 

detected, all localized in the modulatory and transducing domain  [  183  ] . As different 
forms of conjugated ubiquitin can be detected, and not all seem implicated in IP 

3
 R 

degradation, other functions, maybe related to regulation of signaling activity, are 
conceivable. 

 Additionally, the various IP 
3
 R isoforms can be differentially degraded by cal-

pains and caspases  [  184,   185  ] . Importantly, degradation by caspase-3 is limited to 
IP 

3
 R1 and this process is thought to play a role in apoptotic cell death  [  186,   187  ] .  

   Conclusions 

 The IP 
3
 R acts as a sensor and integrator of many cellular parameters and converts 

these inputs into a Ca 2+  signal. In this way the IP 
3
 R plays a crucial role in controlling 

a multiplicity of cellular functions. Due to its multiple regulatory sites, its isoform 
diversity, and its expression pattern and differential subcellular localizations, the 
IP 

3
 R can fi ne tune Ca 2+  release from the ER, and thereby generate complex spatio-

temporal Ca 2+  signals in a very precise way. Despite the large number of studies 
during the last quarter of a century, its exact activation mechanism and its regulation 
by the Ca 2+  ion itself are not yet fully understood. The structure of the IP 

3
 R is still 

not fully elucidated but it is expected that the availability of such information will 
boost the further unravelling of the molecular and cellular mechanisms.      
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  Abstract   The IP 
3
  receptor (IP 

3
 R) is a Ca 2+  channel that releases Ca 2+  from the 

endoplasmic reticulum (ER) and plays a variety of roles in cell functions. This 
receptor was discovered as a developmentally regulated glyco-phosphoprotein, 
known as P400, which was absent in cerebellar mutant mice. The IP 

3
 R has three 

different isoforms in vertebrates, and each IP 
3
 R is composed of different subdo-

mains. The af fi nities of the IP 
3
 -binding core of the three isoforms of the IP 

3
 R for IP 

3
  

are similar. The N-terminal IP 
3
 -binding suppressor region of each isoform is respon-

sible for its isoform-speci fi c IP 
3
 -binding af fi nity. IP 

3
  binding to the IP 

3
 -binding core 

leads to a conformational change, resulting in direct interactions of tyrosine-168 (in 
IP 

3
 R1)/tryptophane-168 (in IP 

3
 R2 and 3) in the N-terminal suppressor region with 

the loop region of transmembrane 4–5. The suppressor region and C-terminal 
 portion which associate with nearly 20 signaling molecules are located at the areas 
near the channel pore. The area including suppressor region and C-terminal portion 
are regarded as hot spots for the regulating opening and closing of the channel pore. 
A pseudo-ligand of the IP 

3
 R, known as IRBIT (IP 

3
 R binding protein released with 

inositol 1,4,5-trisphosphate), that interacts with the IP 
3
 -binding core domain of the 

IP 
3
 R was discovered. IRBIT not only regulates Ca 2+  release by binding to the IP 

3
 -

binding core domain but also regulates the acid-base balance by binding to various 
ion transporters, such as pancreas-type NBC1 (pNBC1) and CFTR. Most of the 
associated proteins bind to these areas and regulate IP 

3
 R channel gating. Cryo-

electron microscopy shows a balloon-like structure, which has vacancy inside the 
IP 

3
 R with multi-porous surface area. The unique 3-dimensional structure of the 

IP 
3
 R is convenient for associating with many IP 

3
 R-associated proteins. Therefore, 

the IP 
3
 R serves as a signaling hub, which forms macromolecular complex with 

various molecules.  
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  Abbreviations  

  IP 
3
 R    IP 

3
  receptor   

  ER    endoplasmic reticulum   
  SDS-PAGE    SDS polyacrylamide gel electrophoresis   
  SAHH    S-adenosylhomocysteine hydrolase         

   The IP 3 R and Protein Kinase C (PKC) Signaling Cascade 
System 

 Inositol phosphates and inositol lipids are known to bind to their target molecules, 
triggering signaling cascades that accomplish various physiological functions 
(Fig.  12.1 )   . The IP 

3
  receptor (IP 

3
 R) and protein kinase C (PKC) signaling cascades 

are among the most well-known signaling cascades    (Fig.  12.2 )   . IP 
3
  and DAG are 

hydrolysed from phosphatidylinositol 4,5-bisphosphate (PIP2). This bifurcating 
signaling system is of fundamental importance in regulating in regulating a wide 
range of cellular processes. IP 

3
  and DAG have different functions    by binding to 

different type of molecules speci fi c to IP 
3
  and DAG. IP 

3
  has been shown to be 

responsible for Ca 2+  release from non-mitochondrial stores  [  1  ] . IP 
3
 -induced Ca 2+  

release plays a role in regulation of secretion of hormones, growth factors, neu-
rotransmitters, neurotrophins, perception of odorants and light and gene expres-
sion. DAG activates PKC to phosphorylate various proteins, leading to various 
cellular responses.       

   Discovery of the IP 3 R as the Missing P400 in the Mutant 
Cerebellum 

 IP 
3
  was originally found to increase cytosolic Ca 2+   [  1  ] . The source of the Ca 2+  was 

not known with certainty but has been speculated to be non-mitochondrial stores. 
Furthermore, whether solely the IP 

3
 R is an IP 

3
 -binding protein or a Ca 2+ -release 

channel remains to be determined  [  1  ] .  
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   Studies on P400 

 We studied the expression of protein P400 and observed an increase in expression 
during mouse development. However, in the cerebellum of mutant mice, P400 
expression is greatly reduced or almost absent (Fig.  12.3 ). A marked decrease in 
P400 expression was observed in  pcd(Purkinje cell de fi cient)  mutant mice with 
degenerated and lost Purkinje cells (Fig.  12.3 ). P400 was also observed to be missing 
in  staggerer  mutant mice that have poor dendritic arborization and lack spines on the 
dendrites of the neurons in the cerebellum  [  2,   3  ] . P400 is a highly phosphorylated 
membrane protein with increased expression during the development of animals. 

  Fig. 12.1     Metabolism of inositol phosphates.  Among the various kinds of signaling cascades, 
inositol phosphates are important signaling molecules which are linked with phosphatidyl inositol 
( PI ), phosphatidyl inositol monophosphate ( PIP1 ), and phosphatidylinositol bisphosphates ( PIP2 ). 
Importance of phosphatidylinositol trisphophate is also recognized. Inositol 7 phosphates or inosi-
tol 8 phosphates are reported and they may play an important role for supplying the high energy 
from the high-energy phosphate bond. Among these inositol phosphates, IP 

3
  is the only inositol 

phosphate molecule whose target is a channel       
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Furthermore, a hypothesis was proposed linking inositol lipids to Ca 2+  signaling  [  4  ] .    
We later discovered that P400 was an    IP 

3
 -binding protein and realized that we had 

been working on an IP 
3
  binding protein for several years before IP 

3
  was even identi fi ed 

as an important second messenger for Ca 2+  release from intracellular stores.  
 We were able to identify P400 as an IP 

3
 R based on several reports that were pub-

lished on IP 
3
 . While we were studying P400, a report was published demonstrating 

that IP 
3
  released Ca 2+  from non-mitochondrial stores  [  1  ] . 

 A year later, another report was published describing the absence of Ca 2+  spikes 
in Purkinje cells of the cerebellum of  staggerer  mutant mice  [  5  ] .    Subsequently, 
another group reported high IP 

3
 -binding activity in the cerebellum compared with 

other parts of the mouse brain  [  6  ] . P400 is also highly enriched in the cerebellum. 
The expression pro fi le of P400 matched the IP 

3
  binding pro fi le  [  7  ]  and we were able 

to  fi nd a link between P400 and IP 
3
  binding.    These data enabled us to consider the 

possibility that P400 might be related to IP 
3
  and Ca 2+ . One hypothesis we considered 

was that P400 might be an IP 
3
 R.     

 P400 was highly enriched in both isolated Purkinje cells and in the microsomal 
fraction of the cerebellum. Various detergents were used in the attempts to purify 

  Fig. 12.2     The IP  
 3 
  R and protein kinase C.  The IP 

3
 R and protein kinase C ( PKC ) signaling cascade 

system. Both IP 
3
  and diacylglycerol ( DAG ) are produced from phosphatidylinositol 4,5-bisphosphate, 

but they have completely different functions: IP 
3
  releases Ca 2+  from intracellular stores and also 

releases IRBIT from IP 
3
  binding core of IP 

3
 R, whereas DAG activates PKC to phosphorylate vari-

ous proteins. IP 
3
  is the only one among the various inositol lipids and phosphates whose target 

molecule is a channel to release Ca 2+   [  92  ]        
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P400 to homogeneity  [  8,   9  ]  to determine its biochemical properties. After purifi ca-
tion, the purifi ed fraction was used to raise specifi c monoclonal antibodies and also 
to sequence amino acids. The cloning and sequencing of P400 cDNA were also 
completed successfully.    

 To obtain the primary amino acid sequence of P400, two strategies were adopted. 
The  fi rst strategy involved purifying P400 and analyzing the primary amino acid 
sequence using an amino acid analyzer. The second strategy was to obtain speci fi c 
antibodies against P400, use these antibodies in an expression vector system, and 
immunoscreen a cDNA library prepared from whole mouse cerebellum. In addition, 
by generating antibodies, we were able to determine the location of P400 and char-
acterize the biochemical property of P400. Highly speci fi c antibodies are required 

  Fig. 12.3     SDS-polyacrylamide gel electrophoresis (SDS-PAGE) of the membrane fraction from 
the cerebella from wild type and Purkinje-cell-de fi cient mutant mice and its immunohistochemical 
staining of the cerebellar sections from the wild type and the mutant mice cerebella using anti-
P400/IP  

 3 
  R antibody.   Left panel : SDS-PAGE of membrane fraction of the normal mice ( right side ) 

and that of Purkinje cell de fi cient mice ( left side ). High molecular weight membrane protein called 
P400 is greatly reduced in the Purkinje cell de fi cient mutant  pcd (Purkinje cell de fi cient)  cerebel-
lum. Three monoclonal antibodies were screened by western-blotting using the cerebellar mem-
brane fractions from the wild type and Purkinjce cell de fi cient mutant mice or wild type brain 
tissue without the cerebellum.  Upper right panel : Various cerebellar mutant mice with cerebellar 
ataxia.  Lower right panel : Immunohistochemical staining of the P400/IP 

3
 R. P400/IP 

3
 R is absent in 

Purkinje cell de fi cient mice ( indicated as de fi cient ) but is present in wild mice cerebella ( indicated 
as normal ). Speci fi c monoclonal antibodies against P400 were used to analyse if the IP 

3
  binding 

activity exist in the immunoprecipated fraction of the solubilized fraction from the cerebellum. 
Monoclonal antibodies immunoprecipitated the IP 

3
  binding activity in the immunoprecipitates 

fraction. By using the three monoclonal antibodies, cDNA from the mouse cerebellum were 
screened by expression vector system and whole cDNA sequence of P400/IP 

3
 R was cloned and 

whole sequence was determined  [  10,   11  ]        
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for this immunoscreen   , immunocytochemical and biochemical studies.    Therefore, 
we injected puri fi ed IP 

3
 R as an antigen. Speci fi c monoclonal antibodies were 

obtained by western blot screening of more than 10,000 hybridoma clones using the 
cerebellum comparing with other part of the brain tissue. If antibodies from any 
clone interacted with any other protein band except the P400 250 KD band, then the 
antibodies were discarded. After almost two and a half years, three speci fi c mono-
clonal antibodies that recognized different region of P400 were obtained  [  3  ] .        

   The Identi fi cation of P400 as an IP 3 R 

 The monoclonal antibodies ef fi ciently interacted with P400 in every step of the 
puri fi cation procedure of the IP 

3
 -binding protein and clearly interacted with the 

puri fi ed IP 
3
 -binding protein. Notably, the P400 monoclonal antibody (18A10) immu-

noprecipitated with the IP 
3
 -binding protein when added to the solubilized puri fi ed 

IP 
3
 -binding fraction. In Fig.  12.3  immunostaining was performed using the monoclo-

nal antibodies which we raised. No immuno positive reaction was observed in the 
microsomal fraction from Purkinje cell de fi cient mutant mice. Based on the above 
evidence, in 1989, we    concluded that P400 was the IP 

3
 -binding protein/receptor  [  10  ] .  

   cDNA Cloning of the IP 3 R by Immunoscreening 

 The successful strategy was to use an expression vector system to immunoscreen a 
cDNA library prepared from the whole tissue of mouse cerebellum to obtain the 
amino acid sequence of the P400/IP 

3
 -binding protein.    In 1988, immunoscreening 

the entire P400/IP 
3
  binding protein cDNA sequence was completed, which was 

faster than determining the amino acid sequence of the fragments of the IP 
3
 -binding 

protein.    However, we later found that some of the amino sequence fragments of the 
type 1 IP 

3
 R obtained via sequencing were clearly identical to the sequences identi fi ed 

by immunoscreening. 
 The lengths of the amino acid sequence and those of mouse P400/IP 

3
 R type 1 

were approximately 2,700 amino acids and approximately 10 kb  [  11–  13  ] , respec-
tively. Rat IP 

3
 R type 2 was also the same size  [  10  ] . At the time of this work, IP 

3
 Rs 

were the second longest sequence ever reported. The longest sequence was deter-
mined as the ryanodine receptor, another important Ca 2+  channel,  fi rst cloned by 
Prof. Shosaku Numa  [  14  ] . Since whole cDNA of IP 

3
 R was cloned, cDNA of other 

isoforms of IP 
3
 Rs and those of other species were also cloned from their homology 

and their sequences were determined  [  15–  19  ] . 
 Another approach was by differential subtraction analyses of cerebellar cDNAs 

between wild-type and  pcd(Purkinje cell de fi cient)  mutant    were performed  [  20  ] . 
The partial sequence (PCD6) obtained by differential subtraction  [  20  ]  was deter-
mined to be different from that of the ryanodine receptor. Mignery et al. hypothe-
sized that the partial sequence could be part of the sequence of the putative IP 

3
 R 
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 [  21  ]  based on immunostaining results obtained by using the antibody against the 
reported sequence of the clone obtained by Nordquist et al.  [  20  ].  

 Although we cloned the full length cDNA of P400/IP 
3
  receptor, many other 

researchers were still attempting to purify the protein  [  10,   22,   23  ] . The IP 
3
  binding 

protein was puri fi ed from rat cerebellum  [  22  ] , bovine cerebellum  [  24,   25  ]  bovine 
aorta smooth muscle  [  26  ] , rat vas deferens  [  27  ]  and  Xenopus laevis  oocytes  [  28  ] .  

   The IP 3 R Is a Ca 2+  Channel 

 The puri fi ed type 1 IP 
3
 R was determined to function as a Ca 2+  channel when incor-

porated into a lipid bilayer  [  12,   29  ]  or liposome  [  30,   31  ] . Additionally, the overex-
pression of type 1 IP 

3
 R cDNA enhanced IP 

3
 -binding activity and Ca 2+  release activity 

 [  30,   31  ] . Based on the aforementioned reasons, the IP 
3
 R was identi fi ed as a Ca 2+  

channel. The IP 
3
 R is a cationic channel located in the membrane of the endoplasmic 

reticulum  [  29  ] . Channel opening is regulated in a dual manner by two second mes-
sengers, IP 

3
  and Ca 2+  [  32–  34  ] .  

   Structure and Functional Analyses Demonstrate the Diverse 
Functions of the IP 3 R 

 Three isoforms of the IP 
3
 R have been cloned and sequenced in vertebrates. Each 

isoform has different af fi nities for IP 
3
   [  16,   35–  38  ] . A detailed analysis of the af fi nities 

of the IP 
3
 -binding core for IP 

3
  revealed that these three isoforms exhibited similar 

af fi nities  [  39  ] . The IP 
3
 -binding suppressor domain linked to the N-terminal side of 

the binding core of each of the three isoforms was found to be responsible for the 
isoform-speci fi c tuning of IP 

3
 -binding af fi nity  [  39  ] . There are three isoforms in ver-

tebrates such as human  [  16,   36  ] , mouse  [  12,   38  ] , rat, Xenopus laevis  [  15  ] , but single 
isoform in ascidian egg(unpublished), star  fi sh  [  17  ] , drosophila  [  40  ] . Type 1 isoform 
is highly expressed in neurons particularly in high amount in the Purkinje cells in 
the cerebellum, and smooth muscle cell and very low amount ubiquitously   . Type 2 
is highly expressed in astrocytes in the brain and heart and secretory organs  [  41–  43  ] . 
Type 3 is expressed in secretory organs and ubiquitously in other immuno systems.  

   Unique Structural Properties 

 The three IP 
3
 R isoforms have different IP 

3
 -binding af fi nities and cooperativities  [  10, 

  35,   38,   44–  47  ] . 
 The IP 

3
 -binding core domain is the minimum region required for speci fi c 

IP 
3
  binding and has been mapped to within residues 226–578 of the mouse type-1 

IP 
3
 R (Fig.  12.4 ). The type 1 IP 

3
 R is a polypeptide composed of 2,749 residues. 
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The  crystal structure of the IP 
3
 -binding core domain (residues 224–604) in complex 

with IP 
3
  at a resolution of 2.2 Å  [  48  ]  exhibits an asymmetric, boomerang-like struc-

ture consisting of an N-terminal beta-trefoil domain and a C-terminal alpha-helical 
domain containing an armadillo repeat-like fold (Fig.  12.5 ). Eleven amino acid resi-
dues within the IP 

3
 -binding core domain are responsible for the strict recognition of 

IP 
3
 . All of these residues except Gly268 are conserved in the other IP 

3
 R isoforms 

 [  10,   36  ] . We cloned the mouse type-2 and type-3 IP 
3
 R genes  [  38  ]  and compared the 

IP 
3
 -binding af fi nities of the IP 

3
 -binding core domains of all three IP 

3
 R isoforms. 

The IP 
3
 -binding core domains of the three isoforms shared approximately 70% 

amino acid sequence identity. Surprisingly, the IP 
3
 -binding af fi nities of the three 

IP 
3
 -binding core domains were indistinguishable  [  48  ] .    

   The N-Terminal IP 3 -Binding Suppressor Domain Is Responsible 
for Isoform-Speci fi c IP 3 -Binding 

 The 225 amino acid residues at the N-terminus of IP 
3
 R1 function as a suppressor of 

IP 
3
  binding. Deletion of these residues results in a signi fi cant increase in IP 

3
 -binding 

af fi nity  [  49,   50  ] . The suppressor domain physically interacts with the IP 
3
 -binding 

core domain of IP 
3
 R1  [  51  ] . We determined the structure of the suppressor domain of 

mouse IP 
3
 R1 by X-ray crystallography at a resolution of 1.8 Å  [  52  ]  (Fig.  12.5 ). The 

N-terminal region comprises head and arm subdomains, which form a beta-trefoil 

  Fig. 12.4     Structure of the IP  
 3 
  R and associated molecules.  This  fi gure shows the primary 

 structure of the IP 
3
 R. The IP 

3
 R has a long N-terminal, short C-terminal, and transmembrane 

domains near the C-terminal region. IP 
3
 R1 associates with Ca 2+  and with many functional 

 signaling molecules, like a signaling hub  [  92  ] .  M1–M6  transmembrane domain located at the 
C-terminus,  the pore  channel pore site,  SI, SII, SIII  splicing sites,  branched bars at the channel 
domain  N-glycosylation sites,  PKA  cAMP-dependent protein kinase,  PKG  cGMP-dependent 
protein kinase,  CaM  calmodulin-binding site,  ATP  ATP-binding site,  FKBP  FK506-binding 
protein,  CN  calcineurin,  Htt  Huntingtin,  HAPIA  Http-associated protein–IA,  CytC  cytochrome 
C,  CARP  carbonic anhydrase-related protein,  IRBIT  IP 

3
 R binding protein released with inositol 

1,4,5-trisphosphate       
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fold and a helix-turn-helix structure that protrudes from the globular head subdo-
main, respectively. The N-terminal 604 residues of the three IP 

3
 R isoforms, which 

contain both suppressor and IP 
3
 -binding core domains, exhibited K 

d
  values of 

49.5 ± 10.5 nM (IP 
3
 R1), 14.0 ± 3.5 nM (IP 

3
 R2) and 163.0 ± 44.4 nM (IP 

3
 R3)  [  39  ] . 

These values are close to the values of the intrinsic IP 
3
 -binding af fi nities of full-

length IP 
3
 Rs  [  38  ] , suggesting that the suppression of IP 

3
  binding generates the 

isoform-speci fi c IP 
3
 -binding af fi nities of the three IP 

3
 R isoforms. Site-directed 

mutagenesis analyses of the suppressor domain of mouse IP 
3
 R1 showed that seven 

conserved amino acid residues (Leu30, Leu32, Val33, Asp34, Arg36, Arg54 and 
Lys127) were critical for the suppression of IP 

3
  binding  [  52  ] . Moreover, mutagenesis 

analyses demonstrated that 11 type 3-speci fi c residues (Glu39, Ala41, Asp46, 
Met127, Ala154, Thr155, Leu162, Trp168, Asn173, Asn176 and Val179) were criti-
cal for the type-3 receptor-speci fi c IP 

3
 -binding af fi nity  [  39  ] . All of these conserved 

and nonconserved residues, with the exception of Leu162, are located on the surface 
of the head subdomain of the suppressor domain, indicating that the head subdomain 
is responsible for the tuning of isoform-speci fi c IP 

3
 -binding af fi nity (Fig.  12.6 ).   

  Fig. 12.5     Structure of IP  
 3 
   binding core domain of mouse IP  

 3 
  R type 1 in complex with IP  

 3 
  

 [  48  ] . ( a ) The  b -domain ( yellow ) and the  a -domain ( green ) with the IP 
3
  molecule at the inter-

face. Residues in the Ca-I and Ca-II sites and the splicing site (SI) are shown. ( b ) View in a 
rotated by 180°. ( c ) Electron density map around the IP 

3
  molecule. ( d ,  e ) Molecular surface 

representations of IP 
3
  binding core domain of mouse IP 

3
 R type 1 in the same orientations as 

( a)  and ( b ), respectively. Surface electrostatic potential ( left panel  with Ca-I and Ca-II sites) 
and conserved surface residues ( right panel  with P-I, P-II sites; identical residues are shown 
in  red , and least-conserved residues in  white )       
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   The 3-Dimensional Structure of the Type 1 IP 3 R 

 The tetrameric structure of the type 1 IP 
3
 R determined by electron microscopy (EM) 

has been reported by our group and several other groups  [  53–  58  ] . We succeeded in 
purifying type 1 IP 

3
 R in its native form. EM analyses revealed a reversible transition 

between two distinct structures with four-fold symmetry between a windmill and a 
square structure. We demonstrated that Ca 2+  promotes the transition from square to 
windmill structures via the relocation of four peripheral IP 

3
 -binding domains, which 

were identi fi ed by binding to heparin-gold  [  54  ] . We collected additional biochemi-
cal and EM evidence of a structural change in the 3-dimensional (3D) architecture 
of the type 1 IP 

3
 R (Fig.  12.7 ) regulated by the physiological Ca 2+  concentration  [  56  ] . 

In the absence of Ca 2+ , the type 1 IP 
3
 R structure was observed to be “mushroom-

like” with a large square-shaped head and a small channel domain linked by four 
thin bridges. In the presence of Ca 2+ , the structure was in a “windmill-like” form, 
containing four bridges that connected the IP 

3
 -binding domain with the channel 

  Fig. 12.6     Molecular Surface Characteristics of N-terminal suppressor domain of IP  
 3 
  R type 1   [  52  ] . 

( a )  Left panel  surface shows the surface electrostatic potential with positive charge depicted in  blue  
and negative charge in  red .  Right panel  shows the surface residue conservation determined from 
sequence alignment is plotted with color gradient from magenta (identical residues) to green (least 
conserved residues) and is presented in the  right panel . The highly conserved surface region ( C1 ) 
is labeled. ( b ) View in ( a ) is rotated by 180°. ( c  and  d ) Surface and ribbon diagram representations 
of key sites on N-terminal suppressor domain of IP 

3
 R for binding other proteins. Residues involved 

in IP 
3
  suppression are shown in  red . Residues in cyan are not involved in IP 

3
  suppression but play 

a part in interaction of N-terminal suppressor domain of IP 
3
 R with IP 

3
  binding core domain of 

IP 
3
 R. Docking sites for Homer ( magenta , residues P49–F53)  [  91  ]  and RACK1 ( green , residues 

N90–L110)  [  87  ]  are shown. Due to the overlap with Homer, RACK1, and the IP3 binding core, not 
all residues responsible for binding CaM-P1 and CaBP1 ( brown , residues P49–N81)  [  93,   94  ]  and 
CaM-P2 ( blue , residues E106–S128)  [  94  ]  are colored. Conservation was determined with ConSurf 
 [  95  ]  and surface representation was presented ( a – c )       
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domain, thereby verifying the Ca 2+ -dependence of the 3D structural change of the 
IP 

3
 R. We succeeded in visualizing the structure of the IP 

3
 R using atomic force 

microscopy (AFM) to examine individual IP 
3
 R particles in aqueous solution  [  59  ] . 

AFM or photometric analyses can be used to monitor real-time changes caused by 
dynamic conformational changes in aqueous solutions and in living cells.  

 The precise 3D structure of the Ca 2+ -free tetrameric IP 
3
 R was determined by 

cryo-EM on a helium-cooled specimen stage using an automatic particle selection 
system. At a resolution of 15 Å, structural analyses revealed a multi-porous archi-
tecture and L-shaped densities that were assigned according to the X-ray structure 
of the IP 

3
 -binding domains (Fig.  12.7 )  [  58  ] .  

   The Gating Mechanism of the IP 3 R Channel 

 The structure of the IP 
3
 R has traditionally been divided into the following functional 

domains: the N-terminal ligand-binding domain, the modulatory/coupling domain and 
the C-terminal transmembrane/channel-forming domain  [  12,   44,   60  ] . When the 
C-terminal channel-forming domain or the caspase-3-cleaved form of mouse IP 

3
 R1 

was expressed in HeLa and COS-7 cells, both ATP and thapsigargin failed to induce an 

  Fig. 12.7     The IP  
 3 
  R contains multiple cavities and L-shaped ligand-binding domains   [  58  ]  .  Three-

dimensional structure of IP 
3
  receptor in the IP 

3
 -unbound state has also been resolved at high resolu-

tion (15 Å) using electron microscopic images of the receptor. The tetrameric IP 
3
  receptors have a 

 hot-air balloon like shape  (total height of 231 Å) with the  spherical  cytoplasmic domain (diameter 
of 175 Å) and the  square-shaped  luminal domain (side length of 96 Å). The transmembrane 
domain is 30 Å in thickness. A prominent  L-shaped  densities were found in the  spherical  cytoplas-
mic region of the three dimensional structure, and estimated as the  L-shaped  IP 

3
  binding core 

domains determined by X-ray crystalographic analysis  [  48  ]        
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increase in cytosolic Ca 2+   [  61  ] . Normal entry of Ca 2+  after store depletion (store-oper-
ated Ca 2+  entry) was observed in these cells, indicating that the Ca 2+  stores of the cells 
expressing the truncated IP 

3
 R were nearly empty in the resting state and that these 

proteins continuously leaked Ca 2+ . We hypothesize that the large cytoplasmic N-terminal 
region that covers the channel domain is necessary to keep the channel closed  [  61  ] . 

 To understand the mechanism of IP 
3
 -induced gating of the channel, we analyzed 

the channel properties of deletion mutants that retained both the IP 
3
 -binding domain 

and the channel-forming domain of IP 
3
 R1  [  62  ] . The results showed that mutants 

lacking the 223 N-terminal residues, which correspond to the IP 
3
 -binding suppres-

sor domain, or residues 651–1,130 did not exhibit any measurable Ca 2+  release 
activity in response to the addition of IP 

3
 . However, both mutants retained their IP 

3
 -

binding activity. These results suggest that residues within the 1–223 and 651–1,130 
regions are critical for the functional coupling of IP 

3
  binding and channel opening 

(Fig.  12.8 ). When the cysteine residue in the C-terminal portion is mutated, no Ca 2+  
release activity is observed. Therefore, we proposed a novel 5-domain structural 

N-TERMINAL
COUPLING DOMAIN

1 226 679 2276 2590 2749

2276678

LIGAND BINDING
DOMAIN

24

604

N-terminal
Suppressor domain

IP3 binding core

226 2659

TRANSMEMBRANE
DOMAIN

INTERNAL
COUPLING DOMAIN

GATEKEEPER
DOMAIN

  Fig. 12.8     Alignment of the N-terminal suppressor domain of mouse IP  
 3 
  R1 and IP  

 3 
  -binding core 

domain.  ( Right ) Ribbon diagram of the IP 
3
 -binding core complex, comprising a beta - trefoil 

domain ( yellow ), an alpha-helical domain ( orange ), and a hinge region ( purple ) (see Fig.  12.5 ). 
( Left ) Structure of the suppressor domain. The ribbon diagram shows the head subdomain  ( yellow ) 
and the arm subdomain alpha-helical ( red ) of the suppressor domain (see Fig.  12.6 ). The 
N-terminal suppressor domain and IP 

3
 -binding core domain interact each other to regulate the IP 

3
  

binding af fi nity. Binding af fi nity of IP 
3
  to each IP 

3
  binding core domain isolated from type 1, 2 and 

3 are higher than whole  IP  
 3 
  R . In addition it is interesting that of IP 

3
  binding core domain from 

each isoform showed very high  IP  
 3 
  binding af fi nity. From the analysis of the chimera work of 

 different combination of N-terminal suppressor domain with the  IP  
 3 
 -binding core domain, we 

found that N-terminal suppressor domain regulates isoform-speci fi c  IP  
 3 
  binding af fi nity of each 

isoform of  IP  
 3 
  R   [  39  ]        
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model in which conformational changes in the IP 
3
 -binding core domain caused by 

IP 
3
  binding are transmitted through both the N-terminal coupling/suppressor domain 

and the internal coupling domain to the C-terminal tail, triggering channel opening 
(Fig.  12.9 ). The unique gating machinery comprised of the N-terminal ligand-bind-
ing and C-terminal channel-forming domains may account for the characteristic 
behavior of IP 

3
 R channels, such as quantal Ca 2+  release without desensitization. 

Recently, we found that the tyrosine 167 (in type 1 IP 
3
 R) and tryptophan 168 (in 

both type 2 and type 3 IP 
3
 R) bind to the loop  [  63  ]  region of transmembrane domains 

4 and 5. When tyrosine 167 and tryptophan 168 are mutated, channel activity is lost. 
Based on these results, the gating mechanism of the IP 

3
 R could be initiated by bind-

ing IP 
3
  to the IP 

3
 -binding core, resulting in the conformational change of the 

N-terminal suppressor region to bind to the loop region of transmembrane domains 
4 and 5 that are associated with the C-terminal portion. Subsequently, the channel 
pore is opened (Fig.  12.8 ).    

  Fig. 12.9     Five-domain structure model of mouse IP  
 3 
  R1.  The structure of IP 

3
 R1 is divided into  fi ve 

functional domains: an N-terminal coupling/suppressor domain, an IP 
3
 -binding core domain, an 

internal coupling domain, a transmembrane/channel-forming domain, and a gatekeeper domain. 
The IP 

3
  binding signal is transferred through both the N-terminal and internal coupling domains to 

the gatekeeper domain, which triggers a conformational change in the activation gate formed 
within the transmembrane/channel-forming domain (see in detail the Ref.  [  62  ] ). There are two 
functions in suppressor N-terminal coupling domain: One is to suppress the IP 

3
  binding activity. 

Second is directly related to gating since when suppressor domain is deleted Ca 2+  releasing activity 
is lost even in the presence of IP 

3
  binding core and channel region is present  [  96  ]        

 



294 K. Mikoshiba

   Various Roles of the IP 3 R in Cell Functions 

 Developmental studies on the role of the IP 
3
 R showed that the receptor is involved 

in fertilization by playing roles in both the egg  [  15,   64,   65  ]  and sperm (Fig.  12.10 ) 
 [  66,   67  ] . The IP 

3
 R has been shown to function as a Ca 2+  oscillator  [  64  ]  and to be 

essential for dorsoventral axis formation  [  65,   68  ]  and cell cleavage  [  69  ] . Additionally, 
the IP 

3
 R has been observed to be involved in neurite extension using the CALI 

(chromophore-assisted laser inactivation) technique  [  70  ]  and IP 
3
  indicator  [  71  ] . The 

IP 
3
 R has also been found to be important for neuronal plasticity in the cerebellum 

 [  72  ]  and hippocampus  [  63,   73,   74  ] . Although most of the Ca 2+  release channel is a 
ryanodine receptor and is highly enriched in the heart, the IP 

3
  receptor has recently 

been shown to play an essential role in cardiogenesis  [  42,   75–  77  ] . Due to different 
expression levels of the IP

3
R in different cell types, which have different proper-

ties, it will be interesting to discover how these unique and specifi c properties are 
produced (Fig.  12.11    ).   

 We examined the biochemical and biophysical properties of the IP 
3
 R extensively, 

focusing on structure-function relationships and the identi fi cation of molecules asso-
ciated with the IP 

3
 R. Numerous molecules associated with the IP 

3
 R have been reported 

by our laboratory as well as several other laboratories. Together, these molecules form 
a macromolecular complex that is capable of functioning as a signaling hub. The 
properties of this complex depend on the unique structural properties of the IP 

3
 R.  

  Fig. 12.10     Schematic models of the unliganded and liganded states of the IP  
 3 
  R.  A model of the 

IP 
3
 R in the liganded state  [  88  ] . Tyrosine-168 (in IP 

3
 R1)/tryptophane-168 (in IP 

3
 R2 and 3) of the 

N-terminal suppressor region interacts with loop region of transmembrane 5 and 6 (M4-M5) linker 
and maintains the conformation of the gatekeeper domain in a low trypsin sensitive form in the 
wild-type channel. The Tyr/Trp contact region is composed of Tyr-167/Trp-168 ( Y/W ) plus Glu-20/
Glu19 ( E ), Lys-168/Lys-169 ( K ), Leu-169/Leu-170 ( L ), and Ser-217/Ser-218 ( S ) of IP 

3
 R1/IP 

3
 R3. 

Substitution of Tyr-167 or Trp-168 into alanine ( right ,  open circle ) disrupts the interaction with the 
M4-M5 linker, and the gatekeeper domain is maintained in a high trypsinsensitive form (Y167A/
W168A). A model for the liganded state of IP 

3
 R shows two routes that relay IP 

3
  binding signals to 

the gatekeeper domain demonstrated by  red  and  blue arrows . The gating hinge is assumed to be 
within the sixth membrane- spanning helix. Channel gating is associated with C-terminal portion. 
Since C-terminal side next to IP 

3
  binding core is deleted  [  62  ] , channel activity is lost. Therefore, 

the two routes that relay IP 
3
  binding signals to the gatekeeper domain are indicated by a  red arrow  

and a  blue arrow , respectively       
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   IRBIT, a Pseudo-Ligand of the IP 3 R 

 To isolate all the proteins associated with the IP 
3
 R, this receptor was attached to 

a column, which associates with solubilized proteins, and eluted using a step-
wise salt solution followed by a high-salt solution. In order to isolate more 
 proteins, a high-salt solution containing IP 

3
  was used. We were able to obtain a 

single protein (residues 1–2,217). Using this method, a novel protein, IRBIT 
( I P 

3
  R B inding protein released with  I nositol 1,4,5- T risphosphate), was identi fi ed. 

IRBIT consists of 530 amino acids and has a domain homologous to 
 S -adenosylhomocysteine hydrolase near the C-terminus and a 104-amino-acid 
appendage containing multiple potential phosphorylation sites near the N-terminus 
(Fig.  12.12 ).  In vitro  binding experiments demonstrated that the N-terminal 
region of IRBIT is essential for its interaction with the IP 

3
 R1 and that IRBIT 

binds to the IP 
3
 -binding core domain. The amino acids required for the recogni-

tion of IP 
3
  are also required for IRBIT recognition (Fig.  12.13 ). IP 

3
 -dissociated 

IRBIT from IP 
3
 R1 with an EC 

50
  of approximately 0.5  m M. IP 

3
  was 50-times more 

  Fig. 12.11     The variety of physiological and pathological phenomena regulated by the IP  
 3 
  R.  IP 

3
 R 

is involved in various developmental events including fertilization in both egg side and sperm side, 
cell division, dorso-ventral axis formation. Since type 1 IP 

3
 R is highly enriched in the neurons, 

abnormal expression causes severe cerebellar ataxia accompanied with abnormal neural plasticity. 
In addition, IP 

3
 R was found to be involved in osteoclast function in bone formation, pancreatic 

secretion, sensory functions such as taste or olfaction. Role of IP 
3
  receptor in exocrine function of 

type 2 and 3 are found by producing double knock out mice which is related to Sjogren’s syn-
drome. Recently, in heart, although most of the Ca 2+  release channel is ryanodine receptor, IP 

3
 R is 

found to be involved in cardiogenesis  [  42,   75–  77  ] . It is found that ER stress caused apoptosis of 
neurons accompanied by the degradation of IP 

3
 R type 1, suggesting that IP 

3
 R is protecting neu-

ronal cells from ER stress. This phenomena is a collaborative work with the GRP78 chaperone 
particularly associated with type 1 IP 

3
 R (see more detail to  [  97  ] )       
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  Fig. 12.13     Amino acids required for the recognition of IP  
 3 
   are also required for IRBIT recognition.  

There are several amino acids in the IP 
3
  binding core domain of the IP 

3
 R which are essential for the 

recognition of IP 
3
 . These are also required for the recognition of IRBIT since when one of these are 

mutated to another amino acid, IRBIT cannot bind to IP 
3
 R  [  78  ]        

  Fig. 12.12     IRBIT (  I  P  
 3 
  R b  inding protein released with   I  nositol 1,4,5-   T  risphosphate), a pseudo -

 ligand of IP  
 3 
  R.  IRBIT was a homologue of S-adenosylhomocysteine hydrolase ( SAHH ), but has 

no enzyme activity of SAHH. Multiserine phosphorylation of IRBIT was essential for the bind-
ing, and 10 of the 12 key amino acids in IP 

3
 R for IP 

3
  recognition participated in binding to 

IRBIT. Therefore a unique mode of IP 
3
 R regulation in which IP 

3
  sensitivity is regulated by IRBIT 

acting as an endogenous “pseudoligand” whose inhibitory activity can be modulated by its phos-
phorylation status  [  78  ]        
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potent than other inositol polyphosphates, including inositol 1,3,4,5-tetrakispho-
sphate and inositol 1,4-bisphosphate. Alkaline phosphatase treatment abolished 
the interaction, suggesting that the interaction was regulated by both IP 

3
  and 

phosphorylation. Immunohistochemical studies and co-immunoprecipitation 
assays showed the relevance of the interaction in a physiological context  [  78  ] . 
These  fi ndings suggested that IRBIT has at least two biological functions, an 
IP 

3
 R-bound state and release from the IP 

3
 R. The state that IRBIT assumes is 

determined by the intracellular IP 
3
  concentration.    

   The Effect of IRBIT on the IP 3 -Binding Activity 
and IP 3 -Induced Ca 2+  Release Activity of the IP 3 R 

 The phosphorylation sites of IRBIT essential for IP 
3
 R binding were identi fi ed. The 

results of [ 3 H]IP 
3
  binding assays,  in vitro  Ca 2+  release assays and Ca 2+  imaging of 

intact cells revealed that IRBIT suppresses the activation of the IP 
3
 R by competing 

with IP 
3
 . The phosphorylation of four Ser residues (Ser 68, 71, 74 and 77) of IRBIT 

was determined to be essential for its interaction with the IP 
3
 R (Fig.  12.12 ). Ten of 

the 12 amino acids residues essential for IP 
3
  recognition by the IP 

3
 R participated in 

binding to IRBIT. Based on these  fi ndings, we hypothesized that IRBIT acts as an 
endogenous “pseudo-ligand” in its IP 

3
 R-bound state  [  78  ] . To determine whether 

IRBIT suppresses IP 
3
 R-mediated Ca 2+  release in intact cells, we utilized RNA inter-

ference to suppress the expression of IRBIT in HeLa cells. The expression of IRBIT 
was observed to be suppressed by siRNA IRBIT in HeLa cells but had no effect on 
IP 

3
 R expression. The depletion of IRBIT resulted in an increase in the number of 

cells that responded to the threshold dose of ATP stimulation and an enhancement 
of the amplitude and frequency of Ca 2+  oscillation, demonstrating that IRBIT regu-
lates IP 

3
 -induced Ca 2+  release.  

   IRBIT Functions as a Messenger to Regulate Acid-Base 
Balance and Protein Synthesis 

 To determine the functions of IRBIT after its release from the IP 
3
 R, we screened for 

target molecules of IRBIT. Na + /HCO 3−  cotransporter 1 (NBC1) was identi fi ed as an 
IRBIT-binding protein. Of the two major splicing variants of NBC1, pancreas-type 
NBC1 (pNBC1) and kidney-type NBC1 (kNBC1), IRBIT was found to bind 
speci fi cally to pNBC1 and not bind to kNBC1 at all. IRBIT binds to the N-terminal 
pNBC1-speci fi c domain of NBC1 depending on the phosphorylation of several ser-
ine residues of IRBIT. Moreover, an electrophysiological analysis in  Xenopus  
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oocytes revealed that pNBC1 requires coexpression of IRBIT to have substantial 
activity comparable to that of kNBC1, which exhibits substantial activity indepen-
dently of IRBIT. These  fi ndings strongly suggest that pNBC1 is the target molecule 
of IRBIT and that IRBIT plays an important role in pH regulation via pNBC1. Our 
 fi ndings suggest that regulation through IRBIT enables NBC1 variants to have dif-
ferent physiological roles  [  79  ] . Notably, many hereditary human diseases involve 
NBC1 and IRBIT is likely to be involved in their pathogenesis. 

 In addition, IRBIT binds the cleavage and polyadenylation speci fi city factor 
(CPSF) that regulates the elongation of poly A nucleotide sequence IRBIT regulates 
protein synthesis  [  80  ] .  

   IP 3 Rs Form Macro-Signal Complexes 
That Act as a Signaling Hub 

 The IP 
3
 R isoforms have unique three-dimensionally constructed structures demon-

strated in Fig.  12.14 . Surprisingly, most proteins associate with IP 
3
 Rs at a site near 

the channel pore region of the IP 
3
 R. Cytochrome c  [  81  ] , GIT 1  [  82  ] , 80H  [  83  ]  and a 

disease-related protein, Huntington (Htt)-associated protein (HAPIA), were deter-
mined to bind to the C-terminus of IP 

3
 R1  [  84,   85  ] . The activation of IP 

3
 R1 by IP 

3
  is 

sensitized by the polyglutamine expansion of Htt caused by Huntington disease. 
Protein phosphatases (PPI and PP2A)  [  85,   86  ] , RACK1  [  87  ] , ankyrin  [  88  ]  and chro-
mogranin have been reported to bind to the channel region and regulate channel 

  Fig. 12.14     Protein-complex formation endows the IP  
 3 
  R with its functional diversity as a 

 signaling hub.  Many different molecules bind to the hot spot around the channel pore and control 
channel gating in a cooperative manner. Since the listed molecules are the list of molecules 
which were already reported. A particular cell expresses some of these molecules and associate 
with the each type of IP 

3
 R expressed in a cell. The combination enables the functional diversity 

of the IP 
3
 R in a cell       
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activity  [  89  ] . CARP (carbonic anhydrase-related protein) has been found to bind to 
a central part of the molecule between the IP 

3
 -binding core and the channel region 

to regulate channel activity  [  90  ] . Additionally, Homer  [  91  ]  has been determined to 
bind to the N-terminal suppressor region of the IP 

3
 R. IRBIT is a pseudo-ligand of 

the IP 
3
 R that appears to bind to the IP 

3
 -binding pocket in a resting state and is 

released when cell stimulation triggers the release of a large amount of IP 
3
 . 

Chaperones, such as ERp44, a redox sensor and GRP78, bind to the internal loop 
region between transmembrane [domains] 5 and 6. The physiological relevance of 
these interactions is expected to be important.  

 IP 
3
  binding to the IP 

3
 -binding core results in a conformational change of the 

N-terminal suppressor region, which can then bind to the loop region of transmem-
brane domains 4 and 5 that are associated with C-terminal portion, resulting in the 
opening of the channel pore (Fig.  12.9 ). 

 The areas near the channel pore region that are associated with N-terminal site 
and the C-terminal region are regarded as hot spots for channel opening and closing. 
Most of the aforementioned associated proteins bind to these hot spots to regulate 
IP 

3
 R channel gating. The unique 3-dimensional structure obtained by cryo-EM 

demonstrating a vacancy inside the balloon-like receptor with multi-porous archi-
tecture on the surface serves as a signaling hub for interactions with many of the 
associated molecules.      
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  Abstract   Ca 2+  signals are probably the most common intracellular signaling 
elements, controlling an extensive range of responses in virtually all cells. Many 
cellular stimuli, often acting at cell surface receptors, evoke Ca 2+  signals by mobiliz-
ing Ca 2+  from intracellular stores. Inositol trisphosphate (IP 

3
 ) was the fi rst mes-

senger shown to link events at the plasma membrane to release of Ca 2+  from the 
endoplasmic reticulum (ER), through activation of IP 

3
 -gated Ca 2+  release channels 

(IP 
3
  receptors). Subsequently, two additional Ca 2+  mobilizing messengers were 

discovered, cADPR and NAADP. Both are metabolites of pyridine nucleotides, and 
may be produced by the same class of enzymes, ADP-ribosyl cyclases, such as 
CD38. Whilst cADPR mobilizes Ca 2+  from the ER by activation of ryanodine recep-
tors (RyRs), NAADP releases Ca 2+  from acidic stores by a mechanism involving the 
activation of two pore channels (TPCs).  

  Keywords   Calcium    •  Cyclic ADP-ribose  •  NAADP    •  CD38  •  Ryanodine  •  Two-pore 
channel  •  Inositol trisphosphate  •  Lysosome  •  Endoplasmic reticulum  •  Calcium 
microdomain    

   Introduction 

 Studies of cardiac contractility in 1876 by Sidney Ringer showed dependence on 
Ca 2+  ions in the perfusion solutions  [  1  ] . Use of jellyfi sh photoproteins, such as 
aequorin, provided the fi rst measurements of cytosolic Ca 2+  in muscle cells. 
Importantly, Ca 2+  transients were found to precede contractions and this realiza-
tion was important in generating the concept of a messenger role for Ca 2+  ions  [  2  ] . 
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Contemporary work studying transmitter release from neurons and hormone 
secretion  [  3  ] , also led to a growing appreciation of the role of Ca 2+  ions in stimu-
lus-response coupling. An important source of Ca 2+  was that mobilized from inter-
nal stores in response to hormones and neurotransmitters  [  4  ] . In the mid-1970s it 
was hypothesized that receptors could stimulate cellular Ca 2+  signals by activating 
the hydrolysis of inositol lipids  [  5  ] . Importantly, the initial lipid hydrolysed was 
found to be phosphatidylinositol 4,5 bisphosphate  [  6  ] . The enzyme involved, 
phospholipase C thus generated diacylglycerol which activates protein kinase C, 
and inositol 1,4,5 trisphosphate (IP 

3
 ). A pivotal fi nding was that IP 

3
  added to per-

meabilized pancreatic acinar cells released Ca 2+  from a non-mitochondrial fraction 
in a way that was mimicked by activating plasma membrane muscarinic acetylcho-
line receptors  [  7  ] . Thus IP 

3
  was proposed as a Ca 2+  mobilizing messenger linking 

the activation of cell surface receptors to mobilization of Ca 2+  from intracellular 
stores. Biochemical purifi cation studies  [  8,   9  ]  and molecular cloning experiments 
 [  10,   11  ]  defi ned the principal targets for IP 

3
  on intracellular stores as homo-tetrameric 

Ca 2+  release channels termed IP 
3
  receptors (IP 

3
 Rs). The IP 

3
  signaling pathway is 

now well established, ubiquitous and plays key roles in mediating many of the 
actions of a variety of cellular stimuli  [  12  ] . 

 The fi rst intact cell in which IP 
3
  was shown to evoke a cellular response was the sea 

urchin egg  [  13  ] . IP 
3
  microinjection induced exocytosis of cortical granules resulting in 

the raising of the fertilization envelope which acts as a barrier to polyspermy. At around 

  Fig. 13.1     Schematic representation of intracellular Ca   2+    signaling and homeostasis in animal 
cells . Ca 2+  can enter the cytosol from the extracellular space via plasma membrane ion channels, or 
from intracellular Ca 2+  sequestering stores such as the ER or the acidic Ca 2+  stores in response to 
second messengers: IP3, cADPR and NAADP. Ca 2+  released to the cytosol is then exchanged or 
actively transported back to the Ca 2+  stores or the extracellular space to restore a low cytosolic 
concentration of Ca 2+        
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the same time, sea urchin egg homogenates containing Ca 2+  sequestering vesicles 
were found to be sensitive to IP 

3
  which discharged Ca 2+  from non-mitochondrial 

stores  [  14  ] . Following the establishment of egg homogenates to study Ca 2+  release 
mechanisms, Lee and colleagues found that in addition to IP 

3
 , the pyridine nucleotides, 

NAD and NADP, at micromolar concentrations, were also found to release Ca 2+  by 
mechanisms independent from those regulated by IP 

3
   [  15  ] . NAD released Ca 2+  from a 

subcellular fraction which was also sensitive to IP 
3
 , but after a delay of several seconds. 

In contrast, NADP rapidly released Ca 2+  from a denser fraction of vesicles. Subsequent 
analysis revealed that the Ca 2+  mobilizing properties of NAD was due to an enzyme-
produced metabolite identifi ed as cyclic ADP-ribose (cADPR)  [  16  ] , and that evoked 
by NADP was due to a contaminant, nicotinic acid adenine dinucleotide phosphate 
(NAADP)  [  17  ] . An abbreviated summary of our current understanding of Ca 2+  homeo-
stasis in animal cells is shown in Fig.  13.1 .   

   Enzymology of cADPR and NAADP Synthesis and Metabolism 

 A family of multifunctional enzymes, termed ADP-ribosyl cyclases have been charac-
terized that are capable of both the synthesis and metabolism of both cADPR and 
NAADP. An enzyme activity responsible for the synthesis of cADPR was fi rst indicated 
by the fi nding that NAD mobilized Ca 2+  from sea urchin egg homogenates but not puri-
fi ed microsomes, indicating that egg homogenate supernatant contained an activity 
responsible for the conversion of NAD to an active metabolite  [  15  ] , later identifi ed as 
cADPR  [  16  ] . This enzyme activity was also widespread in rat tissues and shown to be a 
enzyme showing stereo-specifi city for substrate, pH and temperature-dependence as 
well as protease-sensitivity  [  18  ] . The fi rst ADP-ribosyl cyclase that was purifi ed and 
characterized at the molecular level was that from Aplysia ovotestis  [  19–  21  ] . The ratio-
nale for this was that during the study of ADP-ribosylation of G proteins by endotoxins 
in this tissue, a protein factor was uncovered that inhibited this reaction by competing for 
NAD as a substrate. This protein factor, which was localized to ovotestis granules, was 
subsequently purifi ed and cloned and found to catalyse the cyclization of NAD to 
cADPR (Fig.  13.2 ). Aplysia ADP-ribosyl cyclase was the founding member of a class 
of enzymes that by sequence homology was found to include the mammalian proteins 
CD38 and CD157  [  22  ] . In contrast to Aplysia ADP-ribosyl cyclase, CD38 is a multi-
functional enzyme. Not only does it cyclize NAD to cADPR, it also has a hydrolase 
activity that converts cADPR to ADP-ribose  [  23  ] . Furthermore, CD38 may also use the 
alternate substrate NADP and in the presence of nicotinic acid may catalyse a base-
exchange reaction generating NAADP too (Fig.  13.3 )  [  24  ] . Recent evidence has also 
emerged that CD38 may also hydrolyse NAADP to ADP-ribose 2 ¢ -phosphate  [  25  ] , 
although cellular phosphatases may also convert NAADP to inactive NAAD  [  26  ] . Thus 
CD38 is responsible for both the synthesis of a number of Ca 2+  signaling regulators and 
may also catalyse their metabolism.   

 Detailed mechanistic studies following the crystallization of both Aplysia ADP-
ribosyl cyclase and CD38 have emerged in recent years to explain the various activ-
ities of these proteins (reviewed in  [  27  ] ).  
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   cADPR-Mediated Ca 2+  Release 

 The initial descriptions showed that IP 
3
 , cADPR and NAADP likely released Ca 2+  

by activating distinct mechanisms in sea urchin eggs, since all three compounds 
independently self-desensitized their respective Ca 2+  release mechanisms to a sec-
ond challenge  [  17  ] . 

  Fig. 13.2     cADPR synthesis . Synthesis of cADPR by cyclization of NAD +  catalyzed by ADP-
ribosyl cyclases       

  Fig. 13.3     NAADP synthesis . Synthesis of NAADP from NADP by base-exchange of the nicoti-
namide moiety for nicotinic acid at acidic pH catalyzed by ADP-ribosyl cyclases       
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 Pharmacological analysis of cADPR-evoked Ca 2+  release in sea urchin egg 
homogenates and intact eggs showed that the target for cADPR was likely ryano-
dine receptors (RyRs)  [  28  ] . This is also the case in mammalian cells, where cADPR 
is now recognized as a widespread Ca 2+  mobilizing messenger  [  29  ] . RyRs along 
with IP 

3
 Rs, with which they share degrees of homology in both primary sequence 

and structure, were discovered as the principal Ca 2+  release channels of the sarco-
plasmic reticulum of striated muscle  [  30  ] . However, like IP 

3
 Rs they are also widely 

expressed in most cell types, including sea urchin eggs  [  31–  33  ] , where they are often 
both present in the membranes of the endoplasmic reticulum (ER). 

 A key property of RyRs and indeed IP 
3
 Rs are that they are also regulated by Ca 2+  

itself in a complex manner  [  34  ] . This may lead to Ca 2+ -induced Ca 2+  release (CICR), 
a phenomenon responsible for globalization of local Ca 2+  signals as propagating 
Ca 2+  waves or repetitive Ca 2+  spiking, hallmarks of Ca 2+  signaling in all cells  [  35  ] . 
Increases in cytoplasmic Ca 2+  were found to potentiate cADPR-evoked Ca 2+  release 
both in cell free systems, and also in intact cells  [  36  ] . Thus it has been proposed that 
cADPR sensitizes RyRs to activation by Ca 2+ . This hypothesis has a pleasing sym-
metry with the way in which IP 

3
  is thought to regulate IP 

3
 R gating by also modu-

lating Ca 2+  sensitivity of a Ca 2+  release channel. 
 The exact mechanism by which cADPR regulates RyRs is currently unclear. 

However, pivotal roles for additional accessory proteins which interact with the large 
cytoplasmic domains of RyR subunits have been suggested. The radiolabelled 
photoaffi nity cADPR derivative, [ 32 P]8-azido-cADPR, labels a 100 kDa and a 
140 kDa protein in sea urchin egg extracts, too small for RyRs, but these have not 
been identifi ed. A key fi nding was that in the sea urchin egg microsomal system a 
soluble protein factor was required to confer cADPR-sensitivity of RyRs  [  37  ] . This 
was found to be calmodulin, a well-known component of RyR macromolecular com-
plexes  [  38  ] . Furthermore, it was found that cycles of dissociation and re-association 
of calmodulin could account for the desensitization and resensitization of cADPR-
evoked Ca 2+  release from sea urchin egg homogenates  [  39  ] . In mammalian systems 
a role for FKBP12.6, an immunophilin with prolyl isomerase activity, has been pro-
posed as important for RyR cADPR sensitivity  [  40–  45  ] . cADPR has been suggested 
to effect the dissociation of FKBP12.6 from RyRs which destabilizes the channel 
causing an increased probability in their openings. The dependence of accessory 
proteins on the cADPR-sensitivity of RyRs may explain in part the variations in 
cADPR sensitivity of purifi ed RyRs reconstituted in planar lipid bilayers  [  46  ] . 

 The development of 8-substituted analogues of cADPR as highly selective 
cADPR antagonists have been invaluable in dissecting cADPR-dependent signaling 
pathways  [  47,   48  ] .  

   NAADP-Mediated Ca 2+  Release 

 Of the three major Ca 2+  releasing messengers, NAADP is the most potent, often 
effective in cells at concentrations as low as 1–10 nM  [  49  ] . Its mode of action 
intrigued researchers from its very discovery, since it appeared not to target the two 
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principal Ca 2+  release channels, IP 
3
 Rs/RyRs, but rather a novel Ca 2+  release channel. 

In sea urchin eggs and homogenates, NAADP-evoked Ca 2+  release, which is rapid 
and likely mediated by a channel  [  50  ] , is not affected by IP 

3
 Rs/RyRs or cADPR 

inhibitors such as heparin, ryanodine or 8-amino-cADPR  [  17  ] , but is selectively 
antagonized by voltage-gated cation channel blockers such as certain dihydropyri-
dines  [  51  ] . In addition, in contrast with IP 

3
 Rs or RyRs, the NAADP-sensitive Ca 2+  

release mechanism was not potentiated by divalent cations leading to the proposal 
that it does not function as a CICR channel  [  52,   53  ] . Furthermore the NAADP-
sensitive channel appeared not to reside on the ER  [  53,   54  ] . Fractionation of sea 
urchin egg homogenates showed that the NAADP-sensitive store was generally 
denser than IP 

3
  or cADPR-sensitive microsomes  [  15  ] . Treatment of homogenates with 

the SERCA pump inhibitor, thapsigargin, whilst completely abolishing Ca 2+  release 
to either IP 

3
  or cADPR, did not prevent NAADP-evoked Ca 2+  release  [  53  ] . In studies 

in stratifi ed eggs where ER accumulates near the nucleus, IP 
3
  and cADPR were found 

to mobilize Ca 2+  from this region, whilst NAADP released Ca 2+  from structures at the 
opposite pole. In detailed studies of NAADP-evoked Ca 2+  release from sea urchin 
eggs, NAADP was found to induce an initial Ca 2+  release which was followed by a 
series of further Ca 2+  spikes  [  55,   56  ] . The initial Ca 2+  release was insensitive to thapsi-
gargin, whereas subsequent Ca 2+  spikes were abolished by thapsigargin or IP 

3
  and 

RyR inhibitors  [  56  ] . It was proposed that NAADP was initially releasing Ca 2+  from a 
distinct organelle which then triggered further rounds of Ca 2+  signals by stimulating 
Ca 2+  release from the ER  [  56  ] . Further purifi cation of the sea urchin egg NAADP-
sensitive stores revealed them as rich in lysosomal markers and acidic in nature, since 
they stained with lysotracker red  [  57  ] . Furthermore, Ca 2+  uptake whilst insensitive to 
thapsigargin, was dependent on proton gradients created by the action of bafi lomycin-
sensitive vacuolar proton pumps. In intact eggs, the lysomolytic agent, glycyl-L-
phenylalanine 2-naphthylamide (GPN) was found to lyse lysotracker stained 
vesicles, which also caused bursts of localized Ca 2+  release. Treatment with GPN 
also selectively abolished NAADP-evoked Ca 2+  release whilst having no effect on 
either IP 

3
  or cADPR-induced Ca 2+  signals. From this study it was proposed that 

NAADP selectively targets lysosome-like organelles in the sea urchin egg. 
 Building on these results from sea urchin eggs, the action of NAADP as a Ca 2+  

mobilizing molecule was investigated in a variety of mammalian cells. In the fi rst 
study, pancreatic acinar cells were found to be exquisitely sensitive to NAADP 
which produced effects at considerably lower concentrations than either IP 

3
  or 

cADPR  [  58  ] . Several important principles for mammalian NAADP signaling were 
proposed from this study. First the concentration-response curve for NAADP-
evoked Ca 2+  release (assessed by activation of Ca 2+ -activated currents) is bell-
shaped, with high concentrations of NAADP causing no effect on account of 
induction of rapid desensitization of NAADP receptors. Secondly, the response to 
NAADP required functional IP 

3
 Rs/RyRs, and thirdly, Ca 2+  release by the secretagogue, 

cholecystokinin (CCK) required functional NAADP receptors. Until the develop-
ment of selective NAADP antagonists such as Ned-19  [  59  ] , use of high, desensitiz-
ing, NAADP concentrations was the major way in which to implicate NAADP in 
Ca 2+  signaling processes such as CCK signal transduction here  [  58  ] . The fi nding 
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that NAADP required functional IP 
3
 Rs/RyRs indicated that as in the sea urchin egg, 

one major action of NAADP-evoked Ca 2+  release in mammalian cells is to trigger 
further Ca 2+  release by recruiting ER-based CICR channels  [  60  ] . 

 NAADP has now been shown to have a widespread if not universal action in cells 
as a mobilizer of Ca 2+  from acidic stores such as lysosomes  [  61  ] . Although these 
organelles contain considerably smaller amounts of Ca 2+  than the ER, they neverthe-
less may play an important role in Ca 2+  signaling by locally targeting Ca 2+  to specifi c 
effectors. Questions still remain about the precise way in which Ca 2+  is sequestered 
into lysosomes and related organelles. The proton gradient across organellar mem-
branes is required and direct or indirect Ca 2+ /H +  exchange has been proposed  [  57  ] . 
In addition, SERCA3 has been proposed to mediate Ca 2+  uptake in part, in NAADP-
sensitive acidic Ca 2+  stores of platelets  [  62  ] . Interestingly, in cells from patients with 
the lysosomal storage disease, Niemann Pick C, lysosomes have defects in Ca 2+  
sequestration, have a low intralysosomal Ca 2+  concentration, and show a much 
reduced response to NAADP  [  63  ] .  

   Two Pore Channels as NAADP Targets 

 Two principles for NAADP-mediated Ca 2+  release have emerged in recent years. 
The fi rst was that NAADP-gated channels have distinct properties from known Ca 2+  
release channels such as IP 

3
 Rs and RyRs, and their pharmacology more closely 

resembled that of voltage-gated cation and TRP channels  [  51  ] . Secondly, the 
NAADP-sensitive release mechanism principally resides on acidic stores such as 
lysosomes and lysosome-related organelles  [  57  ] . 

 Inspection of genomic sequences emerging from a variety of organisms includ-
ing that of sea urchins, pointed to two families of channels as possible targets. The 
fi rst was mucolipin-1, a lysosomal TRP channel whose mutations may lead to the 
lysosomal storage disease, mucolipidosis IV  [  64–  66  ] , and second, a poorly charac-
terized family of channels termed Two-pore channels (TPCs)  [  67  ] . TPCs are mem-
bers of the superfamily of voltage-gated channels which comprise of around 150 
members with predicted molecular weights ranging between 80 and 100 kDa. TPCs 
are predicted to have two domains each containing six transmembrane segments 
and a single pore loop for each domain. As such they represent a proposed evolu-
tionary intermediate between single domain  a  subunits which tetramerise to form 
shaker-like K +  channels, and the single pore-forming four homologous domain  a  
subunits of voltage-gated Ca 2+  and Na +  channels. These channels are thought to 
have evolved by successive rounds of gene duplication. 

 A two pore channel (TPC1) had fi rst been identifi ed from sequences homologous 
to voltage-gated ion Ca 2+  channels from rat kidney cDNA  [  68  ] . This was followed 
by the identifi cation of a TPC1 from the genome of the plant  Arabidopsis   [  69  ] . Thus 
it was the plant channel that was most intensively investigated initially. Importantly, 
it was shown to be localized to the plant vacuole, the principal acidic organelle in 
plants, and to act as a Ca 2+  release channel  [  70  ] . On account of a pair of EF hands in 
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the region between the two 6 transmembrane domain (TMD) repeats, not seen in 
mammalian TPCs, it was also proposed to function as a CICR channel. 
Electrophysiological analysis of AtTPC1 showed that it likely accounts for the slow 
vacuolar current and likely to play a key role in plant physiology  [  71  ] . 

 At this time Michael Zhu cloned a novel mammalian TPC sequence termed 
TPC2, and heterologous expression showed that it largely localized to lysosomes, 
and thus TPCs emerged as plausible candidates as NAADP-gated channels. These 
data were fi nally reported in 2009  [  72  ] , as described below. 

 Both mucoplin-1 and TPCs have now been proposed as NAADP-gated channels. 
 Although there has been some evidence presented for mucoplin-1 as an NAADP-

gated channel  [  73,   74  ] , this has been balanced by opposing data  [  75,   76  ] . In con-
trast, a number of papers have emerged over the last 2 years fi rmly implicating 
TPCs as central components of NAADP-sensitive Ca 2+  release channels  [  77,   78  ] . 
Heterologous expression of HsTPC2 in HEK293 cells greatly increased the respon-
siveness of these cells to NAADP so that now NAADP evoked biphasic Ca 2+  signals 
 [  72  ] . Pharmacological analysis revealed that the initial Ca 2+  release is due to Ca 2+  
release from acidic stores whilst the second larger release is mediated by activation 
of IP 

3
 Rs. This coupling between lysosomes and ER nicely mirrors previous studies 

of NAADP mediated Ca 2+  release through organellar cross-talk with NAADP acting 
in a triggering role  [  56,   58  ] . Indeed in pulmonary arteriolar smooth muscle cells, 
both endothelin-1 and NAADP mediated Ca 2+  signals initiate in a subcellular region 
where lysosomes and ER are closely apposed  [  79,   80  ] . In contrast, expression of 
TPC1, which localizes to endosomal vesicles, when activated by NAADP, mediates 
localized Ca 2+  signals apparently uncoupled from ER-based Ca 2+  release mecha-
nisms  [  72,   81  ] . Importantly, sea urchins also express TPC isoforms, and expression 
of both TPC1 and TPC2 also enhance the responsiveness of cells to NAADP gener-
ating characteristic biphasic Ca 2+  signals  [  82,   83  ] . Sea urchins, in common with 
many animals, express three isoforms, although TPC3 is not expressed in man, 
mouse or rats. In one report, TPC3 appeared to act as a dominant negative suppress-
ing the effects of NAADP on both small endogenous Ca 2+  release or enhanced 
release due to TPC2 overexpression  [  82  ] . Another important fi nding is that immu-
nopurifi ed endogenous TPCs bind [ 32 P]NAADP with nanomolar affi nity and reca-
pitulates key properties of NAADP binding to native egg membrane fractions  [  82  ] . 
Electrophysiological studies either from isolated lysosomes  [  84  ] , immunopurifi ed 
TPC2 reconstituted into lipid bilayers  [  85  ]  or channels redirected to the plasma 
membrane by mutating lysosomal targeting sequences  [  86  ] , have shown that TPCs 
are indeed NAADP-gated cation channels which can pass Ca 2+  ions. Interestingly, 
TPC2 channel activity is modulated by luminal pH, and increased luminal Ca 2+  
greatly increases their sensitivity to activation by NAADP  [  85  ] . 

 Evidence from cells derived from TPC2 knockout mice also supports a key role 
for TPC2 in mediating NAADP-evoked Ca 2+  release. In pancreatic beta cells, 
NAADP evokes Ca 2+  activated plasma membrane currents which are absent in those 
from  Tpcn2   −/−   mice  [  72  ] . In bladder smooth muscle, whilst NAADP contracts per-
meabilised myocytes, it fails to do so in cells from  Tpcn2   −/−   mice, and now agonist-
mediated contractions are due entirely to SR-mediated Ca 2+  release since 
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agonist-coupling to Ca 2+  release from acidic stores is now abolished  [  87  ] . RNA 
interference approaches are now emerging. For example, knockdown of TPC2 with 
siRNA has revealed important specifi c roles for the NAADP/TPC signaling path-
way in striated muscle differentiation  [  88  ] . Importantly, this effect is phenocopied 
by use of the membrane-permeant NAADP antagonist, Ned-19 or disruption of Ca 2+  
storage by lysosomes/acidic stores by bafi lomycin  [  88  ] . 

 Taken together, there is now compelling evidence that TPCs are key components 
of the NAADP-sensitive Ca 2+  release mechanism. A recent paper shows clearly that in 
HEK293 cells, that expression of RyRs confers cADPR-sensitivity, but TPC expres-
sion is needed for NAADP-evoked Ca 2+  release  [  81  ]  crystallizing the hypotheses that 
cADPR targets RyRs whilst NAADP targets TPCs. RyRs themselves have been pro-
posed as direct targets for NAADP in some cell types  [  89,   90  ] , although indirect 
activation of RyRs by local Ca 2+  release from acidic stores is not trivial to discount. 

 NAADP-evoked Ca 2+  release from acidic stores has been proposed to work in 
three major ways to regulate cellular processes (Fig.  13.4 )  [  91  ] . The fi rst is to 
coordinate Ca 2+  release by organelle cross-talk at junctions between lysosomes and 
the ER. The second is to produce local Ca 2+  signals in the sub-plasma membrane 

  Fig. 13.4     Local to global Ca   2+    responses mediated by NAADP . Locally, the Ca 2+  release from 
acidic stores is likely to be important for normal functions of the endo-lysosomal system such as 
vesicle fusion or fi ssion in lysosomal biogenesis. Small local Ca 2+  release evoked by NAADP from 
lysosomes may also act as a trigger to initiate CICR from the SR/ER and generate global signals. 
NAADP-mediated Ca 2+  release near the plasma membrane modulates membrane excitability 
(excitable cells), or ion fl uxes (non-excitable cells) by opening Ca 2+ -activated channels. Changes 
in the membrane potential could further activate, for example, voltage-gated Ca 2+  channels, to 
allow Ca 2+  infl ux and initiate a global response via CICR       
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space to control Ca 2+ -activated plasma membrane channels and thus regulate 
processes such as fl uid secretion in non-excitable cells such as exocrine gland cells 
 [  58  ] , or membrane excitability in excitable cells. Examples of the latter are the 
polyspermy blocking cortical fl ash in sea urchin eggs  [  92  ]  or activation of mem-
brane currents in starfi sh oocytes  [  93  ] , and depolarization of pancreatic beta cells 
 [  72  ]  or neurones  [  94  ] . Thirdly, local Ca 2+  release via TPCs may regulate endolyso-
somal traffi cking and organelle biogenesis by regulating membrane fi ssion and 
fusion processes. Overexpression of TPCs or their block by the NAADP antagonist 
Ned-19 induces deregulation of endocytosis, lysosome biogenesis and traffi cking 
mimicking features of lysosomal storage diseases  [  82  ] .   

   ADP-Ribose and Other Metabolites 

 As mentioned above, cADPR is metabolized to ADPR by CD38’s intrinsic hydro-
lase activity. Other NADases may directly form ADPR. ADPR although inactive at 
releasing Ca 2+  from the ER, was found to stimulate Ca 2+  infl ux. This was fi rst 
observed in ascidian oocytes where low ADPR concentrations may activate plasma 
membrane currents  [  95  ] . An important target for ADPR is TRPM2. TRPM2 chan-
nels are polymodal-gated channels responding to not only pyridine nucleotides but 
also to calcium, oxidants and raised temperature  [  96  ] . They are also chanzymes in 
that they express an intrinsic enzyme activity, ADPR pyrophosphate conferred by a 
nudix box containing domain at their C-terminus  [  97  ] . Both cADPR and NAADP 
have also been reported to activate TRPM2, but at high micromolar concentrations, 
substantially higher than reported concentrations of these molecules in cells and 
tissues  [  98  ] . In a T cell line, a second messenger role for ADP-ribose in mediating 
concanavalin A-activated Ca 2+  infl ux via TRPM2 channels has been proposed  [  99  ] . 
Interestingly, although TRPM2 channels are mainly found in the plasma membrane, 
they have also been reported in lysosomes  [  100  ] . 

 In addition to ADPR, ADP-ribosyl cyclases may also generate additional nucle-
otides including cADPR-phosphate, and adenine dinucleotides  [  101  ]  which may 
also be active in some cells at generating Ca 2+  signals.  

   Receptor-Mediated NAADP and cADPR-Mediated 
Ca 2+  Signaling 

 Both cADPR and NAADP have satisfied all the criteria originally mandated 
by Sutherland, to be unambiguously assigned as second or intracellular mes-
sengers  [  102  ] . 

 Endogenous levels of both cADPR and NAADP are found in a wide range of 
tissues and cells from across the phyla. Similarly, increases in levels of cADPR  [  29  ]  
and NAADP  [  61  ]  have been reported in response to cell activation by a variety of 
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stimuli and cell surface receptor families. There have been two principal ways in 
which cADPR and NAADP levels have been measured  [  103  ] . The fi rst are radiore-
ceptor assays based on the high affi nity binding sites for these molecules on sea 
urchin egg membranes  [  104  ] , and the second is a cycling assay using ADP-ribosyl 
cyclase in reverse to generate NAD which is then coupled to the generation of a 
fl uorescent product  [  105,   106  ] . The latter requires initial treatment with enzymes to 
completely remove endogenous NAD before proceeding. An additional important 
development was the use of NGD as an alternative substrate to NAD. True ADP-
ribosyl cyclase as opposed to most ADP glycohydrolases tend to cyclise NGD to 
cGDPR which is fl uorescent  [  107  ] , and this assay has been extensively used to dem-
onstrate ADP-ribosyl cylase activities in many preparations, and in some cases 
regulation of activities by various stimuli. 

 The fi rst indication that cADPR levels could be regulated by phosphorylation 
processes was the fi nding that cGMP via G kinase stimulates Ca 2+  release via 
cADPR synthesis in sea urchin eggs  [  108,   109  ] . cAMP on the other hand may selec-
tively enhance NAADP forming base-exchange activity by PKA or EPAC  [  110  ] , 
thus differential phosphorylation or regulation by cGMP or cAMP may dictate 
which messenger is generated on enzyme stimulation  [  111  ] . 

 As a general principle, NAADP increases rapidly and transiently on cell stimula-
tion, whilst cADPR remains elevated for many minutes  [  112,   113  ] . From this it has 
been proposed that NAADP plays a major role in triggering Ca 2+  signals, whilst 
cADPR may have a longer term role in producing a long lasting increase in sensitiv-
ity of RyRs to CICR. Indeed prolonged elevations of cADPR have been associated 
with the circadian clock in plants as well as increased proliferative state of cells in 
culture  [  114  ] . 

 CD38 knockout mice are providing important insights into the role of CD38 in 
agonist-mediated Ca 2+  signaling mediated by both cADPR and NAADP. Several 
studies have indicated that various tissues from  Cd38   −/−   mice have substantially 
reduced endogenous cADPR levels. In addition, the ability of a number of stimuli 
to elevate cADPR levels is impaired. Concomittantly, a number of important physi-
ological processes are abrogated  [  22  ] . Defects include reduced insulin secretion 
from pancreatic beta cells  [  115  ] , abolition of Ca 2+  mobilization in pancreatic acinar 
cells  [  116,   117  ] , cardiac hypertrophy  [  118  ] , changes in airway  [  119  ]  and vascular 
smooth muscle  [  120  ]  pharmaco-mechanical coupling, defects in neutrophil chemot-
axis with increased susceptibility to bacterial infection  [  121  ] , impaired oxytocin 
signaling with associated behavioral correlates  [  122  ] . 

 A recent report has suggested a novel way in which cADPR signaling is regu-
lated in sperm. These cells with minimal signaling machineries apparently acquire 
CD38 and RyRs from secreted prostasomes from prostate gland cells and 
competence in cADPR signaling is required for sperm motility and thus ability to 
fertilize ova  [  123  ] . 

 The fi nding that, at least in vitro, CD38 can synthesise NAADP  [  25  ] , has also 
led to the investigation of this enzyme in receptor-mediated NAADP production. 
Using cells from  Cd38   −/−   mice it was found that in pancreatic acinar cells, 
NAADP production stimulated by physiological concentrations of CCK is 
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abolished, and in hepatic stellate cells angiotensin II  [  124  ] , and in IL8-stimulated 
lymphokine-activated killer cells  [  125  ] , these agonist now fail to stimulate 
NAADP production. However, agonist-induced NAADP production has been 
reported in tissues from  Cd38   −/−   mouse tissues, raising the possibility of alter-
nate synthetic pathways  [  126  ] . 

 The great plasticity of Ca 2+  signaling pathways is exemplifi ed by the ability of 
high affi nity CCK receptors in Cd38 −/−  pancreatic acinar cells now to switch from 
NAADP production to IP 

3
 -mediated Ca 2+  signaling  [  117  ] . Conversely, CCK evoked 

Ca 2+  signals in the ADP-ribosyl cyclase-defi cient AR42J rat pancreatic cell line 
switch from IP 

3
 -mediated Ca 2+  signaling to NAADP signaling and Ca 2+  release from 

acidic stores on transfection with CD38 cDNA  [  117  ] . 
 A major question concerning the notion that CD38 is the major synthetic enzyme 

for cADPR and NAADP synthesis is the membrane topology of this protein  [  127  ] . 
It was originally noted as a plasma membrane ectoenzyme with its active site facing 
the extracellular space. De Flora and colleagues presented evidence that NAD may 
leak from the cell via connexins which is acted upon by extracellular CD38 to yield 
extracellular cADPR. cADPR may be transported back into the cell via nucleoside 
transporters  [  127  ] . However, an appreciable amount of CD38 is intracellular and 
associated with organelles such as secretory granules or endosomes, and this may 
increase on cell stimulation. This appears to be the case in sea urchin eggs, and 
evidence has been provided that NAD may be transported into organelles, converted 
to cADPR, which is transported into the cytoplasm to its site of action  [  128  ] . This 
also raises the possibility that cADPR and NAADP may also be stored in intracel-
lular compartments, and cell stimuli may act to regulate the egress of these mole-
cules into the cytoplasm as for Ca 2+  mobilization from intracellular stored. Another 
possibility, recently proposed, is that CD38 may exist in two topologies with the 
active site of one form actually facing the cytoplasm  [  129  ] . Whatever the situation, 
more clarifi cation is needed to understand how cellular stimuli are coupled to 
increases in ADP-ribosyl cyclase activities.  

   Conclusions 

 The emergence of cADPR and NAADP as Ca 2+  mobilizing messengers and the 
elucidation of their place in signaling pathways and the identifi cation of their molec-
ular targets over the last two decades has provided many surprises and advances in 
our understanding of cellular regulatory processes. The fi eld has moved on from the 
role of these molecules at fertilization of invertebrate eggs to central players in 
mammalian Ca 2+  homeostasis and signaling. We can expect more surprises and 
answers in the years to come.      
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  Abstract      Nicotinic acid adenine dinucleotide phosphate (NAADP) is a potent 
intracellular Ca 2+ -mobilising messenger. Much evidence indicates that NAADP tar-
gets novel Ca 2+  channels located on acidic organelles but the identity of these chan-
nels has remained obscure. Recent studies have converged on a novel class of ion 
channels, the two-pore channels (TPCs) as likely molecular targets. The location of 
these channels to the endo-lysosomal system and their sensitivity to NAADP match 
closely those of endogenous NAADP-sensitive channels in both mammalian cells 
and sea urchin eggs, where the effects of NAADP were discovered. Moreover, the 
functional coupling of TPCs to archetypal endoplasmic reticulum (ER) Ca 2+  chan-
nels is also matched. Biophysical analysis in conjunction with site-directed muta-
genesis demonstrates that TPCs are pore-forming subunits of NAADP-gated ion 
channels. TPCs have a unique two-repeat structure, are regulated by N-linked gly-
cosylation and harbor an endo-lysosomal targeting motif in their N-terminus. 
Knockdown studies have shown TPCs to regulate smooth muscle contraction, dif-
ferentiation and endothelial cell activation consistent with previous studies impli-
cating NAADP in these processes. Thus multiple lines of evidence indicate that 
TPCs are the likely long sought targets for NAADP.  

  Keywords   NAADP  •  Two-pore channel  •  Calcium  •  Acidic Ca 2+  store  •  Lysosome  
•  Endosome  •  Sea urchin  •  Ca 2+ -mobilising second messenger  •  Inositol trisphos-
phate receptor  •  Ryanodine receptor      
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   Introduction 

 Changes in the concentration of cytosolic Ca 2+  are effected by a multitude of external 
stimuli and drive a range of disparate cellular events  [  1  ] . A potent second messenger 
that links cell surface stimulation to the release of Ca 2+  from intracellular Ca 2+  stores 
is nicotinic acid adenine dinucleotide phosphate (NAADP)  [  2–  4  ] . Less is known 
concerning its mechanism of action relative to the messengers, inositol trisphos-
phate and cyclic ADP-ribose which are known to target well-defi ned Ca 2+  channels 
located on ER Ca 2+  stores  [  5,   6  ] . Here, we highlight some of the initial studies that 
defi ned the unusual properties of the NAADP signaling pathway, and attempt to 
rationalise these fi ndings in light of the recent identifi cation of the two-pore chan-
nels (TPCs) as likely targets for NAADP  [  7–  9  ] .  

   NAADP-Mediated Ca 2+  Signaling in the Sea Urchin Egg: 
The Early Days 

 For many years the sea urchin has been used extensively by both Ca 2+  “signalers” 
and developmental biologists alike providing much insight in to the mechanisms of 
Ca 2+  homeostasis and early development. The sea urchin emerged as a model sys-
tem for intracellular Ca 2+  signaling after it was shown by Lee that inositol trisphos-
phate could release Ca 2+  from non-mitochondrial stores in a cell-free homogenate 
prepared from eggs  [  10  ] . In a subsequent land-mark paper, he also showed that the 
pyridine nucleotides NAD and NADP could stimulate Ca 2+  release from prepara-
tions that had been desensitised to inositol trisphosphate  [  11  ] . The effect of NAD 
was ascribed to its conversion to a Ca 2+ -mobilising derivative later identifi ed as 
cyclic ADP-ribose  [  12  ]  and now known to be produced via cyclisation reaction 
catalyzed by the multifunctional ADP-ribosyl cyclases  [  13–  16  ] . The effect of 
NADP, which was more rapid than NAD, turned out to be due to a minor contami-
nant of commercial NADP. High resolution mass spectroscopy showed the active 
molecule mass to be one atomic unit higher than NADP which led to its identifi ca-
tion as NAADP  [  17  ] . The lack of heterologous desensitisation between inositol tris-
phosphate, cyclic ADP-ribose and NAADP  [  11,   17  ]  coupled with the inability of 
inositol trisphosphate and cyclic ADP-ribose antagonists to block NAADP responses 
 [  17  ]  strongly pointed to the existence of a novel NAADP receptor. In support, the 
Ca 2+  mobilizing properties of NAADP were unaffected by cytosolic Ca 2+   [  18  ]  which 
contrasts sharply to the biphasic effects of Ca 2+  on inositol trisphosphate and cyclic 
ADP-ribose-evoked Ca 2+  release. Moreover, pre-treatment of homogenates with 
 sub-threshold  concentrations of NAADP rendered homogenates completely refrac-
tory to subsequent NAADP  [  19,   20  ]  – a bizarre feature not shared by inositol tris-
phosphate or cyclic ADP-ribose. 

 It was also clear from the outset that NAADP mobilized Ca 2+  from a novel Ca 2+  
store  [  11  ] . Thus, fractionation of egg homogenates on density gradients resulted in 
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a broad distribution of vesicles sensitive to NAADP whereas inositol trisphosphate 
and cyclic ADP-ribose mobilized Ca 2+  from a smaller subset of vesicles enriched in 
ER markers  [  17  ] . This was subsequently confi rmed in intact cells  [  21  ] . Moreover, 
unlike inositol trisphosphate and cyclic ADP-ribose, NAADP signaling was insen-
sitive to the SERCA pump inhibitor thapsigargin, which depletes the ER of Ca 2+  
 [  22,   23  ] . A major step in the identifi cation of the target NAADP-sensitive Ca 2+  
stores came in 2002 when Churchill and colleagues showed that the effects of 
NAADP could be selectively abolished by treatment of eggs with the lysomotropic 
agent, GPN  [  24  ] . GPN (Glycyl-L-phenylalanine 2-naphthylamide) is a peptide sub-
strate of the acid hydrolase cathepsin C – a marker for lysosomes  [  25  ] . GPN causes 
osmotic lysis of cathepsin-C containing organelles as it hydrolyzed. Thus, it 
appeared that NAADP mobilized Ca 2+  not from the ER but instead from an acidic 
lysosome-like organelle  [  24  ] . Further fractionation studies yielded subcellular prep-
arations that were responsive to NAADP but not inositol trisphosphate/cyclic ADP-
ribose, enriched in other lysosomal markers such as  b -galactosidase and most likely 
corresponding to reserve granules – the functional equivalent of the lysosome in the 
egg  [  24  ] . Ca 2+  uptake in to these vesicles was thapsigargin-insensitive but inhibited 
by the V-H + -ATPase pump inhibitor bafi lomycin-A1  [  26  ] , consistent with the notion 
that a proton gradient is required for Ca 2+  loading presumably through a Ca 2+ /H +  
exchanger  [  24,   27  ] . 

 Despite the very discrete properties of the Ca 2+  channels and stores targeted by 
NAADP compared to inositol trisphosphate/cyclic ADP-ribose in the broken egg 
preparation, the distinction becomes blurred in the intact cell. Thus, NAADP-evoked 
Ca 2+  signals are partially sensitive to combined blockade of ER Ca 2+  channels and 
depletion of ER stores with thapsigargin  [  28  ] . Moreover, NAADP evoked long lasting 
Ca 2+  oscillations in intact eggs  [  19,   29  ]  despite the lack of feedback effects of cytosolic 
Ca 2+  on NAADP-evoked Ca 2+  release and the potent self-desensitization apparent in 
homogenates – features perhaps more conducive to a “one-shot” mechanism of action. 
Notably, the oscillations were completely blocked by interfering with ER Ca 2+  release 
 [  29  ] . Such observations were rationalized in a two-pool model whereby NAADP-
evoked Ca 2+  release from acidic Ca 2+  stores is amplifi ed by ER Ca 2+  stores. Such a 
model necessitated a precise geometry of stores thereby explaining lack of functional 
coupling in homogenates where such geometry would be disrupted.  

   Sea Urchin NAADP Receptors 

 Whereas momentum gathered on the identifi cation of the target Ca 2+  store and the 
relationship between these stores and the better established ER, the target channels 
remained relatively poorly characterized. The use of radiolabelled NAADP how-
ever did provide insight in to the basic pharmacological and biochemical properties 
of the elusive target protein. 

 NAADP was shown to bind to a single class of sites in crude sea urchin egg 
homogenate with high nanomolar “affi nity”  [  19,   30,   31  ] . Importantly, the rank order 
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of potency of NAADP analogues in competing with NAADP  [  32  ]  and their ability 
to mobilize Ca 2+   [  33  ]  were similar indicating that the identifi ed binding site was 
closely associated with Ca 2+  release. Moreover, binding was unaffected by Ca 2+  and 
pH consistent with functional studies  [  30  ] . Additional studies identifi ed a require-
ment for phospholipids for NAADP binding  [  34  ] . Intriguingly, kinetic analysis 
revealed that [ 32 P]NAADP did not substantially dissociate from its receptor under 
physiological conditions suggesting that binding was to all intents irreversible 
 [  19,   30,   31  ] . The binding site may therefore correspond to a desensitized conforma-
tion. Interestingly, the receptor appeared to be modulated by K +  ions as ligand bind-
ing in media lacking K +  was largely reversible revealing multiple binding sites  [  35  ] . 
Further evidence for multiple NAADP binding sites on the target protein(s) was 
recently provided by the use of analogues of the NAADP antagonist, Ned-19, iden-
tifi ed in an elegant virtual screen  [  36  ] . One such molecule; Ned-20, inhibited 
NAADP binding and desensitisation of Ca 2+  release by sub-threshold concentra-
tions of NAADP but was without effect on Ca 2+  release evoked by activating con-
centrations of NAADP  [  37  ] . Conversely, Ned-19.4 inhibited Ca 2+  release but was 
without effect on NAADP binding  [  37  ] . These data support the hypothesis for high 
affi nity (inactivating) and low-affi nity (activating) binding sites. 

 The biochemical properties of the endogenous receptor were probed by exploit-
ing the irreversible nature of ligand binding. Thus, homogenate preparations labelled 
with [ 32 P]NAADP could be effectively solubilized with mild detergents without 
appreciable ligand dissociation thereby allowing the target protein to be conve-
niently tracked during various fractionation procedures  [  38  ] . Results from electro-
phoresis on native and pH gradient gels indicated that NAADP bound to a protein 
with a isolelectric point of ~6  [  38  ] . The apparent molecular weight of the labelled 
protein when analysed by gel fi ltration was 400–470 kDa. However, the protein 
appeared much smaller (120–150 kDa) on sucrose density gradients. The reasons 
for this anomalous migration are unclear but association of the receptor with lipids 
 [  34  ]  may reduce its buoyant molar mass thereby underestimating its weight on 
sucrose gradients. During the course of our gel fi ltration analysis it became clear 
that the stability of the protein-ligand complex was dependent on the time that the 
receptor had been exposed to NAADP  [  20,   39  ] . Thus receptors labelled with 
NAADP for short periods dissociated more readily than those labelled for longer 
 [  20,   39  ] . Intriguingly, stabilization of NAADP receptors by their ligand was delayed 
by minutes relative to ligand binding and abolished at low temperature  [  20,   39  ] . 
These data point to a simple temperature-sensitive molecular “memory” endowing 
NAADP receptors to detect the duration of their activation  [  20,   39  ] .  

   NAADP as a Wide-Spread Signaling Molecule 

 Following the initial studies in sea urchin eggs, the Ca 2+  mobilizing activity of 
NAADP was documented in other echinoderms (starfi sh)  [  40  ] , ascidians  [  41  ] , gas-
tropods (aplysia)  [  42  ]  amphibians (frogs)  [  43  ]  and mammals including humans 
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 [  44  ] . The fi rst mammalian cell type in which NAADP was shown to be active was 
the pancreatic acinar cell  [  45  ] . A key feature that has emerged from study of this cell 
type and found applicable to other mammalian cells is that, similar to the sea urchin, 
NAADP appears to target acidic Ca 2+  stores (lysosomes and endosomes), and that 
Ca 2+  release from these stores is amplifi ed by the ER likely through Ca 2+ -induced 
Ca 2+  release. This was termed the “trigger” hypothesis  [  45  ] . One difference noted 
between mammalian and sea urchin NAADP-sensitive Ca 2+  channels related to their 
inactivation. In mammalian cells, high (micromolar) concentrations of NAADP 
resulted in diminished Ca 2+  release relative to lower (nanomolar) concentrations, 
giving rise to unusual “bell-shaped” concentration-effect relationships  [  44,   45  ] . 
Direct measurements of cellular NAADP using a radioreceptor assay  [  46,   47  ]  have 
identifi ed many Ca 2+  mobilizing agonists that are coupled to production of NAADP, 
consistent with a messenger role for NAADP (reviewed in  [  48  ] ). Importantly, 
NAADP has been implicated in a diverse range of physiological processes sum-
marised in Table  14.1 . Of note, is the fi nding by several independent labs that 
NAADP participates in contraction of smooth muscle in a variety of tissues. More 
recently, NAADP has also been also been implicated in muscle relaxation through 
its action within neighbouring endothelial cells in which down-stream Ca 2+ -
dependent outputs including hyper-polarization and NO production were identifi ed 
 [  63  ] . NAADP-evoked Ca 2+  signals also appear to be suffi cient to mediate differen-
tiation of PC12 cells whereas interestingly, inositol trisphosphate-evoked Ca 2+  sig-
nals were insuffi cient  [  56  ] . This suggests that selectivity in Ca 2+ -dependent output 
may be driven by different intracellular messengers. Thus, it is clear that NAADP-
mediated Ca 2+  signaling is of major physiological signifi cance.   

   Candidate NAADP-Sensitive Ca 2+  Channels 

 Despite extensive characterisation of NAADP-mediated Ca 2+  signaling and the 
identifi cation of a host of physiological outcomes assigned to this messenger, the 
molecular identity of the NAADP-sensitive Ca 2+  release channel remained elusive. 

 A bulk of the published data is consistent with an action of NAADP on acidic 
organelles. However, there is also evidence to suggest that NAADP directly mobi-
lizes Ca 2+  from the ER through activation of ryanodine receptors  [  73–  76  ] . For 
example, single channel recordings of purifi ed type 1 ryanodine receptors in artifi -
cial bilayers showed that NAADP increased the open-probability of these channels 
in a concentration-dependent manner  [  74  ] , consistent with direct action of NAADP 
on ryanodine receptors. However, no such regulation was observed in other studies 
using similar methods  [  77  ] . It might be that there is a close, perhaps even physical 
association between ryanodine receptors and NAADP-sensitive channels that make 
disentanglement of the two diffi cult  [  78  ] . In arterial myocytes for example, type 3 
ryanodine receptors form dense perinuclear clusters that colocalise with lysosomal 
markers  [  79  ] . These may constitute highly localized “trigger zones” for NAADP 
mediated signaling perhaps coincident with membrane contact sites involved in 
inter-organelle lipid transfer  [  80  ] . 
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 Members of the TRP channel super-family have also been proposed to be regulated 
by NAADP. Several lines of evidence provided by Zhang and colleagues suggest 
that the endo-lysosomal protein TRPML1 (the protein defective in the lysosomal 
storage disorder, Mucolipidosis IV) is an NAADP-sensitive Ca 2+  channel  [  65,   72, 
  81,   82  ] . Electrophysiological recordings from planar lipid bilayers into which lyso-
somal proteins had been reconstituted revealed the presence of NAADP-gated ion 
channel activity that could be attenuated by a TRPML1 polyclonal antibody in a 

   Table 14.1    NAADP physiology. Examples of cellular processes, grouped by organ system, that 
have been shown to be regulated by NAADP   

 Organ  Tissue/cell  Physiological process  References 

 Reproductive 
system 

 Eggs (starfi sh) 
 Eggs (sea urchin) 
 Eggs (sea urchin) 
 Oocytes (ascidian) 
 Leydig cells 
 Uterine smooth muscle 

 Fertilisation potential 
 Cortical fl ash 
 Luminal pH regulation 
 Ca 2+  current inhibition 
 Testosterone secretion 
 Contraction 

  [  49  ]  
  [  50  ]  
  [  51  ]  
  [  41  ]  
  [  52  ]  
  [  53  ]  

 Nervous System  Neuromuscular junction (frog)  Neurotransmitter release   [  54  ]  
 Cortical neurons  Neurite extension   [  55  ]  
 PC12 cells  Differentiation   [  56  ]  
 Astrocytes  Autophagy   [  57  ]  
 Medulla neurons  Depolarisation   [  58  ]  
 Buccal ganglion (aplysia)  Neurotransmitter release   [  42  ]  

 Cardiovascular 
System 

 Platelets 

 Cardiac myocytes 
 Coronary artery smooth muscle 
 Pulmonary artery smooth muscle 
 Endothelial cells 

 Aorta 

 Cell surface phosphatidly-
serine exposure 

 Contraction 
 Contraction 
 Contraction 
 NO production 
 Hyperpolarisation 
 vWF secretion 
 Relaxation 

  [  59  ]  

  [  60  ]  
  [  61  ]  
  [  62  ]  
  [  63  ]  
  [  63  ]  
  [  64  ]  
  [  63  ]  

 Immune System  T cells 
 Lymphokine-activated killer cells 

 Proliferation   [  65  ]  
 NFAT translocation   [  65  ]  
 Cytokine production   [  65,   66  ]  
 Stable arrests   [  66  ]  
 Invasive capacity   [  66  ]  
 Migration   [  67  ]  

 Pancreas  Beta cells  Insulin secretion   [  68  ]  
 Insulin-stimulated ERK 

phosphorylation 
  [  69  ]  

 Other 
 Gut  Taenia caecum smooth muscle  Contraction   [  70  ]  
 Bladder  Detrusor smooth muscle  Contraction   [  70  ]  
 Skeletal Muscle  C2C12 cells  Differentiation   [  71  ]  
 Connective Tissue  Fibroblasts  Endo-lysosomal lipid 

transfer 
  [  72  ]  
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dose-dependent manner  [  82  ] . These most interesting fi ndings, supported by TRPML1 
knockdown studies  [  72  ] , have yet to be independently verifi ed and a recent study 
found no evidence for involvement of TRPML1 in NAADP action  [  83  ] . NAADP has 
also been shown to regulate TRPM2-mediated currents across the plasma membrane 
 [  84  ] . The specifi city of this effect has been questioned given similar effects with 
NAAD which is unable to mobilize Ca 2+   [  85  ] . Nevertheless, in light of a possible 
lysosomal location of TRPM2  [  86  ] , it would be of major interest to determine 
whether NAADP can selectively mobilize lysosomal Ca 2+  stores through TRPM2.  

   Plant TPCs Show the Way 

 The two-pore channel was fi rst cloned from rat kidney by Ishibashi et al. in 2000 
 [  87  ] . The channel had an estimated molecular weight of 94 kDa and comprised two 
homologous domains each consisting of six predicted trans-membrane regions with 
a putative pore between the fi fth and sixth membrane spanning regions (Fig.  14.1 ). 
The structure was thus similar to voltage-gated Ca 2+  and Na +  channels except that 
TPCs contained two as opposed to four repeated domains, leading to speculation 
that the two-pore channels may form dimers. However, no currents were recorded 
upon heterologous expression of rat TPCs in  Xenopus  oocytes  [  87  ] . The function of 
the animal TPCs was therefore unknown.  

  Fig. 14.1    Two-pore channels.  Top , Schematic depiction of the two-pore channel highlighting the 
presence of a cytosolic N-terminus (N), two hydrophobic domains (DI and DII) each comprising 
six trans-membrane regions ( cylinders ) and a pore, a connecting cytosolic linker (Link) and a 
cytosolic C-terminus (C).  Bottom , Percentage amino acid sequence similarity of the individual 
domains ( boxes ) within sea urchin ( blue ), mouse ( orange ) and human ( pink ) TPCs compared to 
plant TPCs ( green ). Boxes are scaled according to the number of residues. Note the presence of EF 
hands in plant TPCs. The overall percentage amino acid sequence similarity and the number of 
amino acids within each isoform is shown to the right. Abbreviations used;  At Arabidopsis   thali-
ana ,  Sp Strongylocentrotus purpuratus ,  Mm Mus musculus ,  Hs Homo sapiens        
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 A year after publication describing the rat TPC, a plant TPC was cloned from 
 Arabidopsis   [  88  ] . The protein had the same basic overall two-repeat structure as its 
rat homologue (Fig.  14.1 ). One difference in domain architecture was the presence 
of two putative EF hand Ca 2+  binding domains in plant TPCs fi rst noted for the rice 
protein  [  89  ] . Although several reports suggested a plasma membrane location for 
plant TPCs  [  88  ] , in many cases, the conclusions relied on indirect methods such as 
yeast complementation assays. A re-examination by Peiter et al. however provided 
compelling evidence for location of plant TPC to the vacuole  [  90  ] . Moreover, using 
both overexpression and knockdown approaches, they showed that the plant TPC 
was a Ca 2+  permeable channel and likely the molecular correlate of the well estab-
lished “slow vacuolar” current  [  90  ] . Plant TPCs have now been implicated in a 
variety of cellular processes including stomatal movement  [  91  ] . 

 The vacuole is the largest Ca 2+  store in plant cells, with a typical luminal [Ca 2+ ] 
of 1.5–2.3 mM  [  92  ] . It is also acidic. The plant vacuole can therefore be classifi ed 
as an acidic Ca 2+  store  [  91,   93,   94  ] . The localisation of Ca 2+ -permeable plant TPCs 
to vacuolar membranes, raised the possibility that animal TPCs may localize to the 
analogous lysosomes and thus serve as NAADP-mediated Ca 2+  release channels.  

   The TPC Family in Animals 

 In contrast to plants which possess either one or two closely related TPC genes, 
there is evidence for both gene loss and multiplication in the animal kingdom. 
Animals can be classifi ed as protostomes or deuterostomes according to whether the 
initial opening in the developing embryo forms the mouth or anus. Protostomes 
such as the fl ies and worms appear not to possess TPC genes  [  8,   95  ] . In contrast, 
gene duplication is evident in the deuterostome lineage with most animals possess-
ing three TPC genes. These genes encode isoforms that display remarkably low 
sequence similarity (<40%)  [  7  ]  compared to other intracellular channels such as 
inositol trisphosphate  [  5  ]  and ryanodine  [  6  ]  receptors (~70%). The three member 
family is present in sea urchins (basal deuterostomes), birds, frogs and most mam-
mals  [  95  ] . It is intriguing in this context that we (humans) and rodents (rats and 
mice) appear to possess only two TPC genes that encode for proteins with molecu-
lar masses of ~94 kDa (TPC1) and ~85 kDa (TPC2). Ion channel genes are rarely 
degenerated in the primate lineage leading to humans. Loss of human TPC3 is a 
relatively recent event. Indeed, syntenic analysis of chromosomal regions equiva-
lent to those in other mammals (such as dogs) that possess TPC3, revealed partial 
and degenerated sequences corresponding to human TPC3  [  95  ] . Interestingly, the 
TPC3 pseudogene is abundantly expressed in a sequence tag cluster found in the 
reproductive organs, perhaps echoing an ancient functional role for TPC3 in these 
tissues  [  96  ] . Further analysis of genomes within other primates reveals that degen-
eration of TPC3 probably occurred ~25–40 Ma ago in the common ancestor of Apes 
and Old World monkeys  [  96  ] . Thus, TPC3 is likely functional in the closely related 
New World Monkeys and Prosimians. TPC3 is the fi rst example of an intracellular 
ion channel subject to relaxed functional constraints  [  96  ] .  
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   2009: Animal TPCs as NAADP Targets – Initial 
Characterisation 

 It was within a short period in 2009 that three publications appeared demonstrating 
that animal TPCs were likely NAADP-sensitive Ca 2+  channels. Our work  [  7  ]  con-
centrated on TPC1 whereas Calcraft et al.  [  8  ]  and Zong et al.  [  9  ]  focussed primarily 
on TPC2. 

 Ishibashi et al. had already demonstrated by Northern blot analysis that tran-
scripts for TPC1 were detectable in a range of rat tissues  [  87  ] . TPC1 expression in 
animal cells was confi rmed by us using PCR in three NAADP-responsive cell types 
namely sea urchin eggs, rat PC12 cells and human SKBR3 cells (derived from a 
breast carcinoma)  [  7  ] . Quantitative analysis indicated that TPC1 was likely the 
major isoform. As anticipated, based on the localisation of plant TPC1 to the vacu-
ole, both human TPC1 and TPC2 localized to the endo-lysosomal system when 
overexpressed in SKBR3 cells. Interestingly, TPC1 showed part colocalisation with 
both lysosomal and endosomal markers whereas TPC2 colocalized exclusively with 
a lysosomal marker. In SKBR3 cells loaded with fura-2 to measure cytosolic Ca 2+  
levels, microinjection of NAADP at a concentration that was sub-threshold in wild 
type cells evoked robust responses in cells over-expressing TPC1. These results 
provided molecular evidence that TPCs were indeed NAADP-sensitive Ca 2+  chan-
nels. The responses were abolished by bafi lomycin-A1 (consistent with the location 
of TPCs to acidic organelles) and also signifi cantly inhibited by ryanodine (consis-
tent with amplifi cation by ER Ca 2+  stores). Importantly, RNA interference of TPC1 
diminished typical responses evoked by higher concentrations of NAADP in wild 
type cells thereby demonstrating the contribution of the endogenous TPC1 to 
NAADP-evoked Ca 2+  signals. An alignment of amino acid sequences of the putative 
pore regions of TPCs identifi ed a highly conserved leucine residue. Mutation of this 
residue (leucine 273) within the fi rst domain of TPC1 to a helix-breaking proline 
eliminated the potentiating effects of TPC1 over-expression on NAADP-mediated 
Ca 2+  signals. This mutant also diminished endogenous NAADP responses. The lat-
ter fi nding suggests the pore-mutant acts in a dominant-negative manner possibly by 
forming oligomers with endogenous TPCs (see below). Both gain and loss of func-
tion approaches thus provided evidence that TPC1 was an NAADP-sensitive Ca 2+  
channel  [  7  ] . 

 Calcraft et al.  [  8  ]  reported that similar to rat TPC1  [  87  ] , human TPC2 showed a 
wide tissue distribution. Subcellular localisation studies of both endogenous TPC2 
in HEK cells and heterologously expressed TPC2 indicated a lysosomal distribu-
tion. The lysosomal location of TPC2 was further confi rmed by subcellular fraction-
ation. In contrast, heterologously expressed TPC1 and TPC3 (chicken) were shown 
to localize to endosomes although quantitative co-localization analysis suggested 
part localisation to lysosomes  [  8  ]  similar to the distribution of TPC1 in SKBR3 cells 
 [  7  ] . Flash photolysis of caged NAADP in HEK293 cells over-expressing TPC2 
revealed a remarkable biphasic Ca 2+  response comprising a slow, low amplitude 
“pacemaker”-like response followed by an abrupt larger Ca 2+  elevation that was not 
observed in wild type cells. Both phases were abolished by bafi lomycin-A1 while 
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the inositol trisphosphate antagonist heparin only inhibited the larger second phase. 
Thus, in HEK cells TPC2 appears to evoke Ca 2+  release from acidic organelles 
which is subsequently amplifi ed by inositol trisphosphate receptors. The biphasic 
response to NAADP was also observed upon delivery of NAADP by a patch pipette. 
This analysis revealed the characteristic bell-shaped concentration-effect relation-
ship for NAADP. The group also characterized Ca 2+ -dependent electrical responses 
in mouse pancreatic  b -cells upon whole-cell intracellular dialysis of NAADP. 
Whereas oscillatory responses were observed in wild type cells no such responses 
were observed in cells from TPC2 knockout mice. Thus, again both overexpression 
and knockdown studies were consistent with a role for TPCs in mediating NAADP-
evoked Ca 2+  release  [  8  ] . Radioligand binding studies also revealed enhanced bind-
ing in membranes from TPC2-overexpressing cells  [  8  ]  although the effect of 
over-expression was modest and radioligand binding was not characterized in the 
TPC2 knock-out mice. 

 Zong et al. characterized the role of mouse TPCs in NAADP-mediated Ca 2+  
release  [  9  ] . Both TPC1 and TPC2 were found to be ubiquitously expressed in a 
range of tissues with a seemingly greater abundance of TPC1 mRNA transcripts. 
Subcellular localization of heterologously expressed TPC2 in HEK293 cells showed 
colocalization with a lysosomal marker but part ER localisation was also noted. 
Ca 2+  transients in fura-2 loaded HEK cells were recorded upon whole cell patch 
dialysis of NAADP. The Ca 2+  signals were substantially greater in TPC2-expressing 
cells. As in the study of Calcraft et al.  [  8  ] , the group found that TPC2 expressing 
cells exhibited a bell-shaped concentration-effect relationship for NAADP-evoked 
Ca 2+  release  [  9  ] . Moreover, NAADP-evoked Ca 2+  signals were abolished by pre-
treatment with bafi lomycin-A1 again suggesting that Ca 2+  release by TPC2 arises 
from acidic organelles. Zong et al. also found that heterologously expressed TPCs 
could form oligomers based on the results of co-immunoprecipitation. This fi nding 
offers a molecular basis for the dominant negative effect of a mutant TPC1 reported 
by Brailoiu et al.  [  7  ] . 

 Thus, three independent groups were in overall agreement that TPCs were 
NAADP-sensitive Ca 2+  channels. However, the studies threw up a few differences 
worthy of discussion. In our hands, TPC1-supported rapid global NAADP-evoked 
Ca 2+  signals  [  7  ] . In contrast Calcraft reported highly localised Ca 2+  transients in 
TPC1-expressing cells  [  8  ]  and Zong et al. failed to record any responses  [  9  ] . 
Additionally in our hands, NAADP-evoked Ca 2+  signals were rapid in onset peaking 
within a few seconds and therefore similar in kinetics to endogenous NAADP-
evoked Ca 2+  signals. In contrast Calcraft and Zong et al. reported Ca 2+  transients that 
took >1 min to peak. The reason for these discrepancies is not clear at present. It has 
been suggested that microinjection of NAADP may induce mechanical artefacts 
thereby confounding our analysis  [  97  ] . It should be stressed however that microin-
jection of buffer alone in TPC-expressing cells does not evoke a signifi cant Ca 2+  
signal  [  7  ] , and that the similar sensitivity to TPC1 and TPC2 was achieved using 
cell permeable NAADP analogue  [  83  ] . Of note is a recent re-examination  [  98  ]  of 
the sensitivity to NAADP, of TPC1-expressing cells used by Calcfraft et al. that 
reports global Ca 2+  signals more comparable to ours.  
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   Return to the Sea Urchin 

 Following the identifi cation of mammalian TPCs as likely NAADP targets, attention 
turned to the sea urchin, in which NAADP-mediated Ca 2+  release had been exten-
sively characterized. Would the properties of endogenous NAADP-sensitive Ca 2+  
channels be recapitulated by sea urchin TPCs? 

 Brailoiu et al. characterised TPCs from the purple sea urchin,  Strongylocentrotus 
purpuratus , (Sp)  [  95  ] . In a previous study, transcripts for SpTPCs had been detected 
in eggs and prism-stage embryos with notably higher levels of SpTPC3 in embryos 
suggesting that its expression was likely developmentally regulated  [  7  ] . The full 
length nucleotide sequences for all three isoforms were determined. The predicted 
molecular masses of the isoforms ranged from 92 to 101 kDa and sequence similar-
ity between isoforms was typically low (30–40%)  [  95  ] . SpTPCs, when heterolo-
gously expressed in SKBR3 cells localised to acidic organelles as evidenced by 
colocalisation with LysoTracker Red. Additionally, SpTPC1 and SpTPC2 were 
shown to colocalise with their human orthologues when heterologously expressed. 
As with human TPCs, cytosolic Ca 2+  responses to NAADP were substantially 
enhanced upon overexpression of all three isoforms. Moreover these responses were 
blocked by bafi lomycin-A1. Thus as in sea urchin eggs, NAADP-evokes Ca 2+  
release from acidic organelles in cells expressing sea urchin TPCs  [  95  ] . 

 An independent study by Ruas et al.  [  99  ]  also reported the molecular cloning of 
SpTPCs. The sequence similarity between clones isolated by Ruas et al.  [  99  ]  and 
Brailoiu et al.  [  95  ]  were 97–100% – variation accountable by the high level of poly-
morphisms in sea urchins  [  100  ] . Heterologous expression of SpTPCs in HEK293 
cells again suggested localization of TPCs to acidic organelles. Colocalization stud-
ies of TPCs with markers for lysosomes and recycling endosomes were ambiguous 
although subcellular fractionation of endogenous TPC2 and TPC3 in sea urchin eggs 
suggested differences in location. Heterologous localisation of the channels was also 
examined in starfi sh oocytes (not sea urchin for technical reasons) and shown to loca-
lise to puncta in the oocyte cortex, a region where the greatest sensitivity to NAADP 
had been demonstrated  [  40  ] . Similar to results obtained with human TPC2  [  8  ] , over-
expression of both sea urchin TPC1 and TPC2 was associated with slow, biphasic 
Ca 2+  responses to intracellular dialysis of NAADP in the whole-cell patch clamp 
confi guration – effects that were abolished by bafi lomycin-A1 treatment. However 
SpTPC3 appeared to be inactive and rather acted in a dominant negative manner. 
This result was in contrast to over-expression of an independent TPC3 clone in 
SKBR3 cells  [  95  ]  due perhaps to polymorphic variation between the two. Importantly, 
immunoprecipitation of endogenous TPCs from sea urchin using anti-TPC antibod-
ies to all three isoforms recovered NAADP binding sites  [  99  ] . Notably, the binding 
properties of SpTPC1 and SpTPC3 were similar to those characterized in egg prepa-
rations as NAADP bound with nanomolar affi nity and dissociation of the ligand was 
sensitive to K + . Thus, several properties of sea urchin TPCs (location, sensitivity to 
NAADP, pharmacology and binding characteristics), matched those reported for 
endogenous NAADP-sensitive Ca 2+  channels a decade before  [  101  ] . These studies 
 [  95,   99  ]  provided further evidence that TPCs were indeed NAADP targets.  
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   Electrophysiology: The Gold Standard of Ion Channel Status 

 The three research groups that had initially identifi ed TPCs as NAADP-mediated 
release channels published again in rapid succession to defi ne the electrophysiologi-
cal properties of TPCs. The intracellular location of TPCs to small vesicles repre-
sents a technical challenge in terms of accessibility for patch clamp analysis. The 
three groups employed different methodology, each with its own advantages and 
disadvantages (reviewed in  [  78  ] ) to successfully circumvent these diffi culties and 
provide biophysical insight in to TPCs. 

 Our collaborative study, took advantage of the ability to redirect human TPC2 to 
the plasma membrane by mutation of an endo-lysosomal targeting sequence (see 
below) thereby rendering the protein accessible to conventional patch-clamp record-
ing  [  102  ] . In whole cell recordings, NAADP was shown to evoke currents using 
either symmetrical Cs +  or Ca 2+  as the charge carrier. Recordings from inside-out 
patches revealed rapid and reversible single channel activity (often manifest as 
“bursts”) which could be blocked by the addition of the NAADP antagonist,  trans -
Ned-19. Interestingly the channel appeared to be largely voltage-insensitive. This 
was despite the presence of several basic residues within the fourth transmembrane 
regions of domains I and II, which confer voltage sensitivity in other channels. 
The unitary conductance was ~130 pS and 40 pS in the presence of symmetrical Cs +  
and Ca 2+  solutions respectively. Importantly, the conductance of the channel could 
be signifi cantly reduced by the mutation of a conserved leucine residue within the 
fi rst putative pore region to a helix-breaking proline. This result indicates that TPC2 
is the pore-forming subunit of the NAADP-activated cation channel  [  102  ] . 

 Schieder et al. used a novel method to record NAADP-mediated currents through 
mouse TPC2  [  103,   104  ] . In their approach, HEK293 cells over-expressing TPC2 
were treated with vacuolin to enlarge the lysosomes. Isolated lysosomes were then 
attached to a <1  m m hole in a planar glass chip to enable “whole lysosome” record-
ings. NAADP-dependent currents (which they termed I 

NAADP
 ) were recorded at a 

low (60 nM) but not high (5  m M) concentration of NAADP, again indicative of self-
inactivation  [  104  ] . Additionally, site-directed mutagenesis provided evidence that 
TPC2 is the pore-forming subunit. Thus, mutation of an asparagine residue with the 
fi rst pore region substantially inhibited the currents. Moreover, the group identifi ed 
an acidic residue within the second pore of TPC2 that is conserved in TRPV chan-
nels and shown previously to modulate cation selectivity. Mutation of this residue 
markedly decreased the permeability ratio of Ca 2+  to K + . These data suggest that this 
residue is key for the high level of selectivity for Ca 2+  observed with TPC2. 

 Pitt et al.  [  105  ]  reconstituted immunopurifi ed human TPC2 into artifi cial lipid 
bilayers for electro-physiological analysis. Single channel activity in response to 
sub-micromolar concentrations NAADP were successfully recorded with either K +  
or Ca 2+  as the permeant ion. The conductances were determined as ~300 pS and 
~15 pS, respectively. Interestingly, the presence of luminal Ca 2+  sensitized the chan-
nel to NAADP. NAADP was inactive at higher concentrations although interest-
ingly such inactivation was only revealed in cumulative concentration-effect curves 
at low luminal pH. 
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 Overall, the above three studies demonstrated that TPC2 was an NAADP-gated 
ion channel but as with Ca 2+  release measurements there were some differences. The 
marked Ca 2+  selectivity reported by Schieder et al.  [  104  ]  was not observed by Pitt 
et al.  [  105  ] . Moreover, opposing effects of low luminal pH (corresponding to that 
within the lysosome) were reported by Schieder et al. (stimulatory) and Pitt et al. 
(inhibitory). Additionally, whereas channel activity was rapidly reversed upon 
washout of NAADP in our study  [  102  ] , this was not the case at comparable neutral 
pH in the study by Pitt et al.  [  105  ] . The reasons for these discrepancies remain 
unknown but may well relate to the very different methodologies employed.  

   Structure-Function Analysis of TPCs 

 As mentioned previously, based on homology of TPCs to voltage-sensitive Ca 2+  
channels, TPCs were predicted to comprise two homologous domains each contain-
ing six trans-membrane regions (Fig.  14.1 )  [  87  ] . Unbiased topology predictions 
using several algorithms however failed to reach consensus regarding the number 
and positions of the putative trans-membrane regions  [  106  ] . This promoted a series 
of experiments to address the topology of TPCs  [  106  ] . The use of fl uorescence pro-
tease protection assays  [  107  ]  showed that N and C termini of TPCs were cytosolic 
indicating an even number of transmembrane regions  [  106  ] . Additional analysis 
using truncated constructs placed residues 225 and 347 of TPC1 in the cytosol, and 
residue 628 in the lumen, consistent with a 12 transmembrane region model. Further, 
use of anti-TPC antibodies confi rmed the cytosolic location of the C-termini and 
further defi ned residues 240–254 in TPC2 as luminal in accord with predicted posi-
tion of this region prior the fi rst putative pore. 

 TPCs had previously been shown to be glycoproteins based on their sensitivity to 
PNGase F treatment  [  8,   9  ] . This was confi rmed by mutation of a cluster of predicted 
N-linked glycosylation sites in human TPC1  [  106  ]  and mouse TPC2  [  9  ]  prior to the 
second pore which abolished glycosylation thereby placing these sites within the 
lumen. N-glycosylation is known to regulate traffi cking and activity of other ion 
channels such as K 

v
 12.2  [  108  ] . The N-glycosylation defective human TPC1 mutant 

was shown to traffi c to the same intracellular compartments as wild-type TPC1 
however NAADP-evoked Ca 2+  signals were potentiated approximately two-fold in 
cells over-expressing the mutant compared to wild-type channel  [  106  ] . Glycosylation 
therefore seems to dampen NAADP-mediated Ca 2+  release through TPCs, perhaps 
by inducing a conformational change in the channel or the infl uence of the nega-
tively charged oligosaccharide chains on Ca 2+  or H +  interaction with the channel. 

 Many trans-membrane proteins are targeted to the endo-lysosomal system 
through dileucine motifs  [  109  ] . Vertebrate TPCs possess a conserved dileucine 
motif within the N-terminus. Deletion or mutation of this site in TPC2 resulted in its 
re-direction to the plasma membrane thereby providing evidence that this motif is 
responsible for targeting TPC2 to the endo-lysosomal system  [  102  ] . Intriguingly, 
NAADP-evoked Ca 2+  signals were still resolvable in cells expressing plasma 
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membrane TPC2. However, the properties of the Ca 2+  signal differed markedly 
compared to wild-type TPC2. Thus, NAADP-evoked Ca 2+  signals in cells expressing 
wild-type TPC2 were blocked by both bafi lomycin-A1 and ryanodine, similar to 
cells expressing TPC1 and consistent with the functional coupling of acidic and ER 
Ca 2+  stores. In contrast, NAADP-evoked Ca 2+  signals in cells expressing plasma-
membrane targeted TPC2 were largely insensitive to bafi lomycin-A1 and ryanodine, 
much slower in onset, and completely abolished be removal of external Ca 2+ . Thus, 
redirecting TPC2 to the plasma membrane effectively dissociated NAADP-evoked 
Ca 2+  release from subsequent amplifi cation by the ER converting TPC2 into a Ca 2+  
infl ux channel. In essence, the recorded Ca 2+  signal represents a “trigger” release 
event (albeit stemming from the extracellular space) that is unpolluted from ER Ca 2+  
release. Lack of amplifi cation perhaps explains the slower kinetics relative to the 
wild type channel. These fi ndings underscore the importance of the location of TPC2 
in coupling to ER Ca 2+  release in the generation of global Ca 2+  signals  [  102  ] .  

   Coming Full Circle: Physiological Roles for TPCs 

 In light of the identifi cation of the TPCs as the molecular target of NAADP, three 
recent studies have examined the role of TPCs in physiological effects in which 
NAADP had been previously implicated. 

 Tugba Durlu-Kandilci et al. examined the role of TPC2 in smooth muscle con-
traction  [  70  ] . As mentioned previously, a role for NAADP in mediating contraction 
of smooth muscle had been reported in several preparations (Table  14.1 ). Accordingly, 
NAADP-evoked contractions were abolished in detrusor smooth muscle from TPC2 
knock-out mice  [  70  ] . Interestingly, agonist-evoked contractions became insensitive 
to depletion of acidic stores although the amplitudes were not markedly reduced 
compared to muscle from wild-type animals. These data suggests that TPC2 con-
tributes to agonist-evoked contractions  [  70  ]  but that perhaps there has been compen-
sation in the transgenic animals to maintain agonist-evoked contractions in the 
absence of TPC2  [  110  ] . 

 Aley et al. examined the role of TPC1 and TPC2 in differentiation of skeletal 
muscle  [  71  ] . Previous studies had demonstrated a messenger-specifi c role for 
NAADP in differentiation of PC12 cells  [  56  ] . In accord, cell permeable 
NAADP-AM was found to be capable of stimulating early- and late-stage differ-
entiation of C2C12 cells in a Ned-19-sensitive manner  [  71  ] . Importantly, siRNA 
downregulation of either TPC1 or TPC2 was manifested as a decrease in differen-
tiation index score. These studies highlight an important role for both TPC1 and 
TPC2 in differentiation. 

 Finally, a recent study has provided evidence that in endothelial cells, histamine 
is an NAADP-linked agonist coupled to the secretion of von Willebrand factor  [  64  ] . 
Prior studies had implicated NAADP in the response to activation of endothelial 
cells by acetylcholine  [  63  ] . Combined knock down of TPC1 and TPC2 by siRNA 
was found to inhibit histamine-induced von Willebrand factor secretion thus providing 
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further molecular evidence for a role for TPCs in a down-stream Ca 2+ -dependent 
event  [  64  ] . The relative role of TPC isoforms in this response however was not 
examined. 

 A potential physiological role for the TPCs in pigmentation also emerged inde-
pendently before the identifi cation of TPCs as NAADP-sensitive Ca 2+ -release chan-
nels  [  111  ] . A genome-wide association study identifi ed two non-synonymous 
mutations within the human TPC2 gene that associated with blond versus brown 
hair colour  [  111  ] . A link between Ca 2+  homeostasis and pigmentation had previ-
ously been proposed when a polymorphism in the potassium-dependent sodium-
Ca 2+  exchanger SLC24A5 was correlated to light skin pigmentation  [  112  ] . How 
Ca 2+  regulates pigmentation is not known but it is possible that TPC2 and SLC24A5 
may control Ca 2+  fl ux across the melanosome – a lysosome-related organelle. This 
may in turn regulate pigment synthesis perhaps directly or indirectly through 
changes in luminal pH. Alternatively Ca 2+  fl uxes may regulate traffi cking within the 
endo-lysosomal system. Indeed, a role for Ca 2+  in vesicle fusion through an uniden-
tifi ed mechanism had been appreciated for some time  [  113  ] , and it is notable that 
over-expression of TPCs disrupts retrograde traffi cking from the plasma membrane 
to the Golgi  [  99  ] . A recent study has also indicated a role for local NAADP-mediated 
Ca 2+  signals via TPC2 in regulating autophagy  [  57  ] . Thus, several functions of the 
endo-lysosomal system likely involve TPCs.  

   Concluding Remarks and Future Directions 

 NAADP was fi rst described as a Ca 2+ -mobilising molecule in 1995  [  17  ] . The clon-
ing of the fi rst animal TPC followed 5 years later  [  87  ]  but it was nearly a decade 
before the two were linked  [  7–  9  ] . Since the initial identifi cation of TPCs as NAADP 
targets in 2009, the pace of progress in the fi eld has been impressive. Much however 
remains to be learned! Further localisation studies particularly of endogenous TPCs 
are required to pinpoint their subcellular distribution within the endo-lysosomal 
system which in turn may inform of their function. Why the sensitivity to NAADP 
of the various TPC isoforms (in particular TPC3) and the spatio-temporal nature of 
the resulting NAADP-mediated Ca 2+  signals differs between labs is not clear and 
worthy of further investigation. The basic topology of the channel has been defi ned 
and we are beginning to identify residues important for targeting, conductance and 
regulation. More work however is required to clarify the effects of luminal pH and 
Ca 2+  on TPCs and relating these effects to the primary sequence. Another area of 
investigation relates to the quaternary structure of TPCs which at present is unknown. 
If viewed as an intermediate between one-repeat and four-repeat channels, then it is 
possible that TPCs form dimers but experimental evidence to support this is cur-
rently lacking. Also many ion channels exist in protein complexes. Voltage-gated 
Ca 2+  channels for example comprise the alpha (pore-forming) subunit and several 
tightly associated regulatory subunits such as the  b -subunit  [  114  ] . It is therefore not 
unreasonable to suppose that TPCs might represent the pore-forming subunit of a 
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similar channel complex. Interestingly, the  a  subunit in voltage-sensitive Ca 2+  chan-
nels interacts with  b -subunits via the  a 1-interaction domain (AID) within the linker 
region connecting the fi rst two domains  [  115  ] . We note here a surprising degree of 
sequence similarity between the AID and a similarly situated region within the cyto-
solic loop connecting the two domains in TPCs (Fig.  14.2 ). This perhaps indicates 
a site of interaction with an accessory protein or more radically the possibility that 
 b -subunits of voltage-sensitive Ca 2+  channels are more promiscuous than thought. 
Defi ning the TPC interactome is therefore of major importance, since this will more 
than likely provide new insight in to their regulation. This is underscored by the 
increasing range of physiological processes in which TPCs are directly implicated. 
With the tight functional coupling of NAADP-mediated Ca 2+  release and Ca 2+  
release from the ER, it is likely that this list will grow. Perhaps functional roles for 
TPCs will emerge that are independent of ER Ca 2+  release. It is notable that muta-
tion of TRPML1, another endo-lysosomal ion channel results in pathology  [  116  ] . 
Thus it is conceivable that diseases may be identifi ed due to aberrant TPC function 
particularly given their widespread distribution. Interest in these channels is thus 
likely to grow.       
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  Fig. 14.2    A putative protein-protein interaction site in TPCs. Schematic depiction of voltage-
sensitive Ca 2+  channels (Ca 

v
 ) highlighting the AID domain within the cytosolic linker connecting 

domains I and II. Note sequence similarity ( middle ) between this domain and the equivalent region 
within human TPCs ( bottom )       
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  Abstract   Store-operated Ca 2+  entry (SOCE) is an ubiquitous and major mecha-
nism for Ca 2+  infl ux in mammalian cells with important physiological relevance. 
Since the discovery of SOCE in 1986 both, the mechanism that communicates the 
amount of Ca 2+  accumulated in the intracellular Ca 2+  stores to the plasma mem-
brane channels and the nature of the capacitative channels, have been a matter of 
intense investigation. During the last decade, two of the major elements of SOCE, 
STIM1, the Ca 2+  sensor of the intracellular Ca 2+  compartments, and Orai1, the 
protein forming the channel that conducts the capacitative Ca 2+  release-activated 
current  I  

CRAC
 , were identifi ed. Together with these proteins, different homologues, 

including STIM2, Orai2 and Orai3, were identifi ed, although their relevance in 
SOCE has not been fully characterized yet. Before the identifi cation of STIM1 
and Orai1, TRPC proteins were found to be involved in SOCE in different cell 
types, more likely conducting the non-selective capacitative current described as 
 I  

SOC
 . Current evidence indicates that STIM1, Orai1 and TRPC proteins dynami-

cally interact forming a ternary complex that mediates SOCE in a number of cel-
lular models. The dynamic interaction of STIM1 with Orai1, TRPCs or both might 
provide an explanation to the distinct capacitative currents described in different 
cell types.  

  Keywords   SOCE  •  Transient receptor potential (TRP) channels  •  Orai  •  STIM  • 
 CRAC  •  Store-operated Ca 2+  entry  •  STIM1  •  Orai1  •  STIM2  •  Orai2  •  Orai3  •  TRPC 
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  Abbreviations  

  [Ca 2+ ] 
i
     Intracellular free Ca 2+  concentration   

  CAD    CRAC-activating domain   
  CMD    CRAC modulatory domain   
  CRAC    Ca 2+  release-activated Ca 2+  channel   
  ER    Endoplasmic reticulum   
  IP 

3
     Inositol 3,4,5-trisphosphate   

  OASF    Orai-activating small fragment   
  PM    Plasma membrane   
  PMCA    Plasma membrane Ca 2+ -ATPase   
  RACK1    Receptor for activated C-kinase-1   
  ROC    Receptor-operated Ca 2+  channels   
  ROCE    Receptor-operated Ca 2+  entry   
  SCID    Severe combined immune defi ciency   
  SERCA    Sarcoplasmic/endoplasmic-reticulum Ca 2+ -ATPase   
  SMOC    Second messenger-operated Ca 2+  channels   
  SOC    Store-operated Ca 2+  channel   
  SOAR    STIM1 Orai-activating region   
  SOCE    Store-operated Ca 2+  entry   
  STIM1    Stromal interaction molecule 1   
  TRP    Transient receptor potential   
  VOC    Voltage-operated channels         

   Receptor-Operated Calcium Entry Mechanisms 

 Ca 2+  is a ubiquitous second messenger that regulate a large number of cellular 
processes, ranging from short term responses, such as muscle contraction, exocyto-
sis or platelet aggregation, to long term events, including gene transcription or cell 
proliferation  [  1  ] . The ability of Ca 2+  to play an essential role in cell biology can be 
attributed to the facility that cells have to shape Ca 2+  signals in time, space and 
amplitude depending on the stimulating agonist. 

 Physiological agonists elevate cytosolic free Ca 2+  concentration ([Ca 2+ ] 
i
 ) by 

releasing compartmentalized Ca 2+  or by facilitating the entry of extracellular Ca 2+  
through plasma membrane (PM) permeable channels. Once cellular stimulation is 
terminated, [Ca 2+ ] 

i
  should return to the low resting levels in order to allow further 

Ca 2+  signals and to prevent cytosolic Ca 2+  overload, which results in deleterious 
effects. Ca 2+  clearance from the cytosol and thus reduction in [Ca 2+ ] 

i
  mainly occurs 

by Ca 2+  sequestration into the intracellular organelles, especially relevant are ago-
nist-sensitive Ca 2+  compartments and mitochondria, and extrusion across the PM 
through the collaborative actions of different Ca 2+ -ATPases and exchangers, includ-
ing the plasma membrane Ca 2+ -ATPase (PMCA) and the Na + /Ca 2+  exchanger. Ca 2+  
reuptake into the intracellular stores is mediated by the sarco/endoplasmic reticulum 
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Ca 2+ -ATPases  [  2  ] , which are also responsible to maintain a low [Ca 2+ ] 
i
  in resting 

cells by working against Ca 2+  leakage into the cytosol from the intracellular stores 
probably mediated by translocons  [  3  ] . 

 Agonist-releasable intracellular Ca 2+  compartments are localized in the endo-
plasmic reticulum (ER) and acidic organelles, including lysosomes, lysosomal-
related organelles (melanosomes, lytic granules in lymphocytes, platelet dense 
granules, basophilic granules, neutrophil azurophil granules), secretary vesicles or 
the Golgi apparatus  [  4,   5  ] . Ca 2+  release from intracellular compartments by agonists 
occurs via generation of a number of second messengers that gate Ca 2+  channels 
located in the membrane of the Ca 2+  stores, including the inositol 1.4.5-trisphos-
phate (IP 

3
 ), nicotinic acid adenine dinucleotide phosphate (NAADP), cyclic ADP 

ribose or sphingosine 1-phosphate  [  6–  9  ] . 
 While Ca 2+  release from fi nite intracellular Ca 2+  stores is transient and sometimes 

insuffi cient for full activation of cellular processes, Ca 2+  entry through PM Ca 2+ -
permeable channels leads to a more sustained and usually greater increase in [Ca 2+ ] 

i
 , 

which is essential for intracellular Ca 2+  stores refi lling and the activation of certain 
cellular processes. Ca 2+  entry is a universal event that might occur through a number 
of processes in different cell types, including voltage-operated and receptor-oper-
ated Ca 2+  entry mechanisms (Fig.  15.1 ).  

 Voltage-operated Ca 2+  entry occurs in electrically excitable cells, where neu-
rotransmitters or hormones induce membrane depolarization, with the consequen-
tial opening of voltage-operated Ca 2+  channels (VOC). VOCs are members of the 
superfamily of voltage-gated ion channels, which also includes Na +  and K + -permeable 

Ca2+
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Ca2+ channels 
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  Fig. 15.1    Mechanisms for Ca 2+  entry into cells. Ca 2+  might enter the cells either through volt-
age-gated Ca 2+  channels (electrically excitable cells), receptor-operated Ca 2+  channels, second-
messenger operated Ca 2+  channels or store-operated Ca 2+  channels. IP 

3
 R, inositol 

1,4,5-trisphosphate receptors       
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channels, and are mostly involved in the excitation-contraction coupling in skeletal 
cardiac and smooth muscle cells or in the excitation-secretion coupling and post-
synaptic Ca 2+  infl ux in neurons  [  10  ] . Ten VOCs have been cloned, which can be 
grouped into three categories: the high-voltage activated dihydropyridine-sensitive 
(L-type) Ca 2+  channels, including Ca 

v
 1.1, Ca 

v
 1.2, Ca 

v
 1.3 and Ca 

v
 1.4; the high-volt-

age activated dihydropyridine-insensitive (P, Q, N and R-type) Ca 2+  channels, 
including Ca 

v
 2.1, Ca 

v
 2.2 and Ca 

v
 2.3 and the low-voltage activated (T-type) Ca 2+  

channels, including Ca 
v
 3.1, Ca 

v
 3.2 and Ca 

v
 3.3  [  11  ] . 

 In non-electrically excitable cells, lacking VOCs, as well as in excitable cells, 
receptor-operated Ca 2+  entry is an important mechanism for Ca 2+  infl ux from the 
extracellular medium. Receptor-operated Ca 2+  entry groups the mechanism for Ca 2+  
entry activated by receptor occupation, from the Ca 2+  currents that occurs through the 
receptor-channel itself, the properly known receptor-operated Ca 2+  channels (ROC), 
to cationic currents through channels operated by second messengers (SMOC) or 
discharge of the intracellular Ca 2+  pools via store-operated Ca 2+  channels (SOC). 

 ROC includes a number of PM resident receptor channels activated by different 
ligands that mediate Ca 2+  entry without the participation of receptor-generated dif-
fusible messengers, such as the P2X receptors, which have three  a -helical trans-
membrane domains and conduct Na + , K +  and Ca 2+   [  11  ]  or the N-methyl-D-aspartate 
(NMDA) and alpha-amino-3-hydroxy-5-methylisoxazole-4-propionate (AMPA) 
receptors that respond to glutamate  [  12,   13  ]  (Fig.  15.1 ). This classifi cation might 
also include Ca 2+  entry via channels activated by physical stimuli, such as certain 
TRPV and TRPM channels activated by heat or cooling  [  14–  16  ] . 

 Second messenger-operated Ca 2+  entry is mediated by Ca 2+ -permeable SMOCs 
gated via diffusible messengers generated by receptor occupation (Fig.  15.1 ). There 
is a body of evidence supporting Ca 2+  infl ux activated that diacylglycerol, or its 
membrane permeant analog 1-oleoyl-2-acetyl-sn-glycerol (OAG)  [  17–  25  ] , PKC 
 [  26  ] , cyclic ADP ribose  [  27  ] , reactive oxygen species  [  28–  30  ]  or epoxyeicosatrienoic 
acids derived from cytochrome P450 activity  [  31,   32  ] , and a number of SMOCs are 
regulated by the cellular level of phosphatidylinositol 4,5-bisphosphate  [  33,   34  ] . 

 Finally, store-operated Ca 2+  entry (SOCE) is an ubiquitous mechanism for Ca 2+  
infl ux in mammalian cells that occurs via the activation of SOCs, and represents an 
important Ca 2+  infl ux pathway. SOCE is a mechanism controlled by the fi lling state of 
the intracellular Ca 2+  stores identifi ed by James Putney in 1986  [  35  ]  (Fig.  15.1 ). In the 
last two decades SOCE has been extensively investigated and researchers have mostly 
focused on three major aspects: the functional role of SOCE in the different cell types 
investigated, the mechanism by which information is transmitted from the intracellu-
lar Ca 2+  stores to the PM Ca 2+  channels and the nature and regulation of SOCs. 

 There is a body of evidence supporting a physiological role for SOCE in the 
different cell types investigated, including cell proliferation, neutrophil-mediated 
infl ammatory responses  [  36  ] , regulation of smooth muscle tone  [  37  ] , platelet aggre-
gation and secretion  [  38–  40  ]  or lymphocyte function  [  41  ] . In addition, SOCE has 
been found to support Ca 2+  oscillations in mammalian cells  [  42  ] , Ca 2+  signals con-
sisting on oscillatory changes of [Ca 2+ ] 

i
  in response to agonist stimulation, which 

are thought to control a wide variety of cellular functions, although it has been 
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found that SOCE is not essential for certain oscillatory Ca 2+  signaling events and for 
Ca 2+  refi lling in  Caenorhabditis elegans   [  43  ] . This chapter summarizes the most 
relevant fi ndings concerning the SOCE pathway and the key elements involved.  

   Proposed Mechanisms of Activation for SOC Entry 

 The mechanism by which the fi lling state of the intracellular Ca 2+  stores is commu-
nicated to the PM Ca 2+  permeable channels has been a matter of intense investiga-
tion and debate since the identifi cation of SOCE. Hypotheses presented can be 
mainly grouped into three categories: those that propose the generation of a diffus-
ible molecule with ability to induce SOC gating, those that assume a physical (con-
stitutive or  de novo ) interaction between SOCs in the PM and an element of the ER 
membrane, and those suggesting the insertion of preformed SOCs in the PM upon 
depletion of the intracellular Ca 2+  stores. 

 Among the diffusible messengers that have been proposed to be generated upon 
discharge of the stores, the still uncharacterized and non-protein molecule known as 
Ca 2+  infl ux factor (CIF) focused much interest in the 1990s  [  44  ] . In addition, other 
signaling molecules have been reported to play an essential role in the activation of 
SOCE in different cell types, including cGMP  [  45  ] , tyrosine kinases  [  46–  48  ] , products 
of the cytochrome P450  [  49  ]  and small GTP-binding proteins  [  50,   51  ]  among others. 

 An alternative to this hypothesis consist in the translocation and insertion of pre-
formed SOCs into the PM by vesicle traffi cking and fusion. This model was origi-
nally presented by Penner’s team  [  52  ]  and latter on supported by studies performed 
in Roger Tsien’s lab  [  53  ]  where it was clearly demonstrated that SOCE requires the 
function of the SNARE ( S oluble  N SF  A ttachment protein  RE ceptor) protein, SNAP-
25, a protein involved in the traffi cking, docking and fusion of secretory vesicles 
with the PM. The named “secretion-like coupling mechanism” shares a number of 
events with the activation of exocytosis, especially concerning the dual role of the 
actin cytoskeleton both facilitating vesicle transport but also preventing constitutive 
activation of these processes  [  54,   55  ] . More recently, the channel insertion hypothe-
sis for the activation of SOCE received support from studies reporting that agonists 
induce the expression of stored TRPC5 in the PM in cultured hippocampal neurons 
 [  56  ] , TRPC6 in stably transfected HEK 293 cells  [  57  ] , TRPC3 exogenously expressed 
in neuronal and epithelial cells  [  58  ]  or Orai1 in HEK-293 and HeLa cells  [  59  ] . 

 The last two hypotheses for the activation of SOCE are based on the association 
of proteins in the plasma and ER membranes. The physical or conformational cou-
pling between elements in the ER and SOCs in the PM was initially proposed by 
Robin Irvine soon after the identifi cation of SOCE  [  60  ] . The early studies mostly 
focused on the association of the IP 

3
  receptor with the SOCs in the PM, as a mecha-

nism that resembles the excitation-contraction coupling between ryanodine recep-
tors and dihydropyridine receptors in the skeletal muscle  [  61  ] . The classical 
conformational coupling postulated that portions of the ER must be close enough to 
the PM to allow a constitutive protein-protein interaction between the IP 

3
  receptors 
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and SOCs  [  38  ] . This hypothesis received support from studies demonstrating that, 
under resting conditions, TRPC1, TRPC3 and TRPC6 can be co-immunoprecipi-
tated with IP 

3
  receptors, which modulates SOC gating through its N-terminal region 

 [  62–  64  ] . In addition, more recent studies have revealed a role the protein junctate, 
which has been reported to induce and stabilize the coupling between IP 

3
  receptors 

and TRPC3, in the activation of SOCE  [  65  ] . 
 An alternative to the classic “constitutive” conformational coupling hypothesis 

proposes a dynamic and reversible conformational coupling model for the activa-
tion of SOCE. The so called  de novo  conformational coupling mechanism proposes 
that elements in the ER, initially slightly distant from the PM, might interact with 
SOCs by a  de novo  protein coupling. This mechanism might require traffi cking of 
portions of the ER towards the PM to allow a reversible interaction between 
elements in both membranes, a process where the actin cytoskeleton and microtu-
bules might play a relevant role both inhibiting and facilitating the coupling, acting 
as a negative cortical clamp that prevents constitutive coupling but also providing 
support for the  de novo  coupling between elements in the ER and SOCs  [  39,   66–  70  ] . 
In support of this hypothesis we found  de novo  coupling of naturally expressed 
TRPC1 and the type II IP 

3
  receptor following Ca 2+  store depletion but not under 

resting conditions in human platelets  [  71  ] , which occurs with the same latency as 
agonist-evoked stimulation as Ca 2+  entry  [  72  ] . 

 In 2005 the Ca 2+  sensor of the ER was identifi ed as the  S tromal  I nteraction 
 M olecule-1 (STIM1) protein  [  73,   74  ] , and 1 year later, Orai1 was identifi ed as the 
channel conducting the Ca 2+  selective CRAC (Ca 2+  release-activated Ca 2+  current), 
which have focused much attention concerning the activation of SOCE  [  75,   76  ] . 
STIM1 and Orai1 have been reported to associate by a reversible and physical cou-
pling mechanism upon depletion of the intracellular Ca 2+  stores, as reported below. 
Later on, functional interactions between the IP 

3
  receptors and TRPC or Orai1 pro-

teins have been reported to play an important role in Ca 2+  signaling in different cell 
types  [  77–  79  ] .  

   STIM Proteins 

   STIM1 

 One of the most signifi cant advances in the mechanism underlying the communica-
tion between the Ca 2+  stores and the SOCs was the identifi cation of STIM1 as the 
intraluminal Ca 2+  sensor. Based on RNAi screen to identify genes that alter thapsi-
gargin-evoked Ca 2+  infl ux, and the generation of STIM1 mutants that lack the abil-
ity to bind Ca 2+ , the group of Cahalan and Stauderman demonstrated that STIM1 is 
the ER sensor that communicates information concerning the fi lling state of the ER 
to SOCs in the PM  [  73,   74  ] . Recently, STIM1 has been reported to act as the Ca 2+  
sensor of the agonist-sensitive acidic Ca 2+  stores  [  80  ] . STIM1 knockdown in differ-
ent mammalian cell types have revealed the relevant role of this protein in SOCE 
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 [  73,   81,   82  ]  and  I  
CRAC

   [  83  ] . Consistently, attenuation of dStim expression by RNAi 
in  Drosophila  S2 cells reduced SOCE  [  73,   81  ] . 

 STIM1 contains a single transmembrane domain, with the N-terminal region 
within the ER lumen, or the extracellular medium, according to the protein location, 
and a cytosolic C-terminal region. Structurally, STIM1 N-terminal region includes 
a sterile-alpha motif (SAM), which facilitates protein interactions with different 
signaling molecules  [  84  ] , a canonical, Ca 2+ -binding, EF-hand domain, which shows 
a low Ca 2+ -binding affi nity (Kd  »  0.5 mM)  [  85  ] , and a ‘hidden’ non-Ca 2+ -binding 
EF-hand motif that stabilizes the intramolecular interaction between the canonical 
EF-hand and the SAM domain  [  86  ] . The cytosolic region contains two coiled-coil 
regions, several ezrin/radixin/moesin-like domains, and proline rich domains in the 
C terminus  [  87,   88  ] . In particular, the C-terminal region contains the SOAR/CAD 
domain that has an important functional role due to its relevance in the association 
with Orai1 subunits (see below). 

 The location of STIM1 is mostly intracellular, located in the membranes of the ER 
and the agonist-sensitive acidic Ca 2+  stores; however, and a minor STIM1 pool has 
also been located in the PM  [  74,   81,   82,   89–  91  ] . The location of STIM1 in the PM is 
not circumstantial, since the EF-hand motif of PM-resident STIM1 faces the extracel-
lular medium, which suggests that STIM1 might act as a sensor of the extracellular 
free Ca 2+  concentration. A number of studies have demonstrated that STIM1 located 
at the PM might regulate SOCE through the interaction with SOCs in different cell 
types. External application of an antibody specifi cally addressed towards the STIM1 
EF-hand motif blocks both CRAC channels in hematopoietic cells and SOC channels 
in HEK293 cells  [  83  ] . In agreement with this, a similar experimental manoeuvre has 
been found to abolish the inhibition of SOCE induced by increasing extracellular Ca 2+  
concentrations in human platelets probably via STIM1 interaction with Orai1 but not 
with TRPC1  [  90  ] , an effect that was not mimicked by a non-specifi c mouse IgG 
(Lopez et al., personal communication). Therefore, the current evidence indicates that 
PM-located STIM1 might be involved in the regulation of SOCE by extracellular 
Ca 2+ , probably providing a protective effect to avoid Ca 2+  overload. The regulatory 
role of PM-resident STIM1 requires the integrity of the lipid raft domains  [  91  ] , which 
is a common feature with Ca 2+  signaling events such as SOCE  [  92  ] . 

 STIM1 has been suggested to interact with several PM channels, including Orai1, 
which has been reported to mediate the activation of the highly selective Ca 2+  cur-
rent  I  

CRAC
   [  93  ] . Expression of both STIM1 and Orai1 proteins in a number of cellular 

models potentiates  I  
CRAC

 ; however, individual overexpression of either protein fails 
to amplify this current, even expression of Orai1 alone strongly reduces SOCE and 
 I  

CRAC
  in RBL cells  [  89  ] , thus indicating that STIM1 and Orai1 mutually limit store-

operated currents and that a correct stoichiometric expression is necessary for the 
activation of  I  

CRAC
   [  94  ] . STIM1 has also been found to interact with the cation-

permeable protein TRPC1  [  95  ] , an event that is probably associated to the activation 
of  I  

SOC
 . For further information concerning STIM1 the reader is referred to the 

specifi c chapter of this book. 
 Recent studies have provided evidence for a role of STIM1 in the regulation of 

the voltage-gated Ca 2+  channel Ca 
v
 1.2. In cells expressing both Orai1 and Ca 

v
 1.2 
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channels, STIM1 interacts with and reciprocally controls both channels, activating 
Orai1 and inducing both inhibition of Ca 

v
 1.2 channel gating, as well as long-term 

internalization of the channel from the membrane  [  96,   97  ] , which is the fi rst descrip-
tion of a role for STIM1 in the regulation of voltage-operated Ca 2+  channels.  

   STIM2 

 STIM2 was identifi ed together with STIM1 by Williams et al. in 2001 as a two 
member family, which apparently evolved from a single gene in lower multicellular 
eukaryotes and conserves a high homology in their aminoacid sequence and struc-
ture  [  98  ] .  Stim2  gene comprises 12 exons located on chromosome 4 and 5 in human 
and mouse, respectively  [  98  ] . STIM2 is a type I transmembrane protein of 833 resi-
dues (105–115 kDa) size in human. The N-terminal region (fi rst 577 residues) shows 
66% homology with STIM1 and the most C-terminal region, which participates in 
interactions with SOC channels  [  99,   100  ] , shows a signifi cant sequence divergence 
in contrast, indicating functional differences between both STIM isoforms  [  98  ] . 
Mouse STIM2 shares a 92% identity with human STIM2 (  http://blast.ncbi.nlm.nih.
gov/    ), indicating conserved structure along the evolution. Finally, human STIM2 
protein undergoes maturation by cleavage of N-terminal ER signaling peptide (14 
aa 

s
 ), and post-translational modifi cations by glycosylation and variable degrees of 

phosphorylation  [  98  ] , but their functional consequences are still poorly understood. 
However, studies on phosphorylation in STIM1 reported modulation of SOCE by 
alteration of STIM1 interactions with SOC channels  [  101,   102  ] , suggesting similar 
mechanisms in STIM2 regarding the high homology found in their structure. 

 STIM2 is almost ubiquitously expressed in human and mouse tissues  [  98,   103–  105  ] , 
being the dominant isoform in mouse brain, pancreas, placenta, heart but almost 
absent in skeletal muscle, kidney, liver and lung. It is found co-expressed together 
with STIM1 in many human cell lines  [  98  ]  and cell types  [  106–  109  ] , indicating that 
both isoforms co-exist in the same cell. At intracellular level, STIM2 has been 
observed located in the ER membrane and in acidic intracellular stores  [  80,   81,   89, 
  110  ] , but not in the plasma membrane in contrast to STIM1  [  110–  112  ] . Activated 
STIM2 form clusters in punctate structures only when coexpressed with STIM1, 
indicating an interaction between both isoforms as a mechanism to regulate SOCE 
or themselves  [  81,   89,   110  ] . 

 Similar to STIM1, the N-terminal region of STIM2 contains a canonical EF-hand 
Ca 2+ -binding motif necessary to detect changes in Ca 2+  concentration inside the ER 
 [  73,   74,   81,   98  ] , a “hidden” EF-hand Ca 2+ -binding motif and a protein–protein inter-
action motif referred to as sterile  a -motif (SAM) domain  [  113  ] , which are located 
in the ER lumen. The SAM and the “hidden” EF-hand domain, which does not bind 
Ca 2+ , are critical for stabilization of the entire EF-SAM region and STIM oligomer-
ization  [  114–  117  ] . The release of the Ca 2+  bound to the EF-hand motif as conse-
quence of decreases in ER Ca 2+  content switches STIM2 to the active form  [  81,   89  ] . 

http://blast.ncbi.nlm.nih.gov/
http://blast.ncbi.nlm.nih.gov/
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Despite the similar affi nity to Ca 2+  displayed by the EF-hand motif of both STIM 
isoforms (STIM2 Kd ~0.5 mM; STIM1 Kd ~0.2–0.6 mM), the full STIM2 protein 
showed a lower [Ca 2+ ] sensitivity compared to STIM1 in transfected cells  in vitro  
 [  85  ] , which might be explained by the contribution of other protein regions, such as 
the SAM domain in STIM2  [  117,   118  ] . As consequence, STIM2 can be active at 
higher [Ca 2+ ] (0.4 mM) in contrast to STIM1 (0.2 mM) or already partially activated 
at basal ER [Ca 2+ ] (0.3–0.5 mM)  [  119–  121  ]  in unstimulated cells, becoming there-
fore active earlier than STIM1 during ER store depletion  [  85  ] . Separated from the 
N-terminal region by a highly conserved single-pass transmembrane motif, the 
C-terminal region contains a ezrin/radixin/moesin (ERM) domain that contains two 
coiled-coil domains  [  122  ] , which mediates the homo and heteromultimerization of 
STIMs, a critical step for SOCE activation  [  99,   110,   112,   116  ] . Adjacent to this 
region, STIM2 contains a proline- and histidine-rich motif instead of the proline-
rich region found in STIM1  [  98  ] , whose function is still not known. Finally, a lysine-
rich motif of 17 residues is located at the very end of the C-terminal region, similarly 
to those found in STIM1  [  98  ] . This region might interact with calmodulin (CaM), 
with high or low affi nity in presence or absence of Ca 2+  respectively, inhibiting 
STIM2 function  [  123,   124  ] . Moreover, STIM2 lysine-rich region might be neces-
sary for the interaction with TRPC1 and Orai channels  [  95,   99,   100  ] . 

 The function of STIM2 is controversial and still under discussion. In contrast to 
those observed in STIM1, Brandman et al. suggested that STIM2 could act as a regu-
lator that stabilizes basal [Ca 2+ ] in the cytosol and in the ER, since knockdown of 
STIM2 expression using techniques of RNA interference (siRNA), but not STIM1, 
altered these parameters in different cell lines  [  85  ] . As explained before, this function 
would relies in the lower sensitivity to [Ca 2+ ] showed by STIM2 as compared to 
STIM1. STIM2 might be active in response to small decreases of Ca 2+  stored in the 
ER, generated as consequence of weak receptor stimuli or passive leak into the cyto-
sol, and promote SOCE probably through interaction with Orai1, which in turn 
would correct low [Ca 2+ ] 

i
  and refi ll Ca 2+  pools stored in the ER  [  85  ] . Since [Ca 2+ ] 

values observed in ER lumen in resting conditions are very close to values in which 
STIM2 is active, STIM2 would be partially active when Ca 2+  pools in the ER are also 
fi lled, and might correct spontaneous [Ca 2+ ] oscillations generated in the cytosol and 
ER  [  85  ] . Later, this hypothesis was confi rmed by  in vitro  studies in human breast 
cancer cells, myoblasts  [  108,   125  ]  and murine neuronal cells  [  103  ] . However, other 
studies performed in murine T cells, breast cancer cells and arterial smooth muscle 
did not observe such alterations in the absence of STIM2  [  106,   126,   127  ] , indicating 
that the ability of STIM2 to control Ca 2+  homeostasis in the cytosol and ER might be 
highly dependent of the cell type. It is also conceivable that STIM1 might compen-
sate the absence of STIM2 in these cells by partially controlling Ca 2+  homeostasis. 
Studies in murine platelets and macrophages for instance, also observed that the 
absence of STIM1 altered the amount of Ca 2+  stored in the ER  [  128,   129  ] , indicating 
that the function of STIM1 concerning regulation of Ca 2+  homeostasis and refi lling 
of Ca 2+  stores in the ER could overlap with STIM2. If so, the function of STIM2 
might be also dependent of STIM1 abundance in the cell type. 
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 The participation of STIM2 in Ca 2+  entry into the cell by SOCE is more contro-
versial. Functional studies demonstrated that STIM2 is able to interact with Orai 
 [  1–  3  ]  and TRPC1 channels  [  89,   124  ] , indicating a potential role in SOCE. However, 
 in vitro  studies reported no change in SOCE upon overexpression or downregula-
tion of STIM2 in murine platelets, neutrophil-like HL-60 cells or airway smooth 
muscle  [  130–  132  ] . Moreover, studies performed by Soboloff et al. suggested that 
STIM2 inhibits SOCE when expressed alone  [  110  ] , but could cause substantial con-
stitutive SOCE when coexpressed with Orai1  [  89  ] . Parvez et al .  reported that STIM2 
might mediate SOCE via two store-dependent and store-independent modes in 
HEK293 cells  [  124  ] . Other studies observed a minor decrease of SOCE in the 
absence of STIM2 function in murine embryonic fi broblasts (MEF), B and T cells, 
rat pulmonary arterial smooth muscle cells and some cell lines such as breast can-
cer, HeLa or HEK293 cells  [  81,   106,   107,   109,   125,   127,   133  ] , while recent reports 
suggested a prominent function of STIM2 in SOCE in murine neurons, HEK293 
and dendritic cells  [  103,   134,   135  ] . Thus, STIM2 showed an involvement in SOCE 
in different degrees depending of the cell type, which might be explained by partial 
compensation of STIM1, probably depending of the endogenous level of both 
STIMs in these cells. Indeed, studies in murine T cells and human myoblasts dem-
onstrated that decreases of SOCE produced by the lack of STIM2 or STIM1 can be 
partially compensated by overexpression of STIM1 or STIM2, respectively  [  107, 
  136  ] , indicating overlapping functions. Additionaly, they can act synergistically to 
regulate Ca 2+  infl ux when both are expressed together, indicating cooperating func-
tions between these isoforms  [  85,   108  ] . Taken together, these results indicate that 
STIM proteins might have differential or specialized roles in Ca 2+  homeostasis. 
However, they might have partial overlapping functions and cooperate together to 
regulate SOCE, Ca 2+  levels in the cytosol, store refi lling and therefore Ca 2+  levels 
stored inside the ER. As consequence, the decrease or absence of one isoform could 
be compensated by the other isoform and affect one or more of these parameters, 
which might be dependent of their abundance in the cell type. Evidences suggest 
that SOCE could be highly sensitive to the stoichiometric ratio of Ca 2+  channels and 
molecules involved in this mechanism  [  89  ] ; however, further studies are necessary 
to clarify these points. 

 Concerning the activation dynamics of SOCE, differences in STIM2 compared to 
STIM1 have been also observed. STIM1 can be active and aggregate fast in response 
to stimulation and produce transient and large  I crac currents, while STIM2 gives 
slow responses and promote smaller but more sustained  I crac currents  [  137  ] . These 
divergences might be explained by structural differences found in both isoforms. The 
short variable N-terminal region of STIM2 would attenuate Orai1-mediated SOCE, 
drastically slow their coupling and therefore Orai channel activation  [  137  ] , further 
supporting the idea of specialized but overlapping functions. 

 Finally, recent reports suggested a role of STIM2 in HEK293 cell proliferation 
 in vitro   [  135  ] ,  in vivo  secretion of cytokines in murine T and B cells  [  106,   107,   109  ] , 
neuronal cell death during hypoxic conditions  [  103  ]  and development of autoim-
mune responses  [  106,   109  ] , thus indicating the importance of STIM2 function in 
basic cellular functions and in development of pathologic conditions.   
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   Orai Proteins 

   Orai1 

 In 2006, the channel conducting the Ca 2+  selective capacitative current,  I  
CRAC

 , was 
identifi ed as the protein Orai1, through whole-genome screening of  Drosophila  S2 
cells and gene mapping in patients with the hereditary severe combined immune 
defi ciency (SCID) syndrome induced by  I  

CRAC
  defi ciency  [  75,   138,   139  ] . The Orai 

family includes three human homologs, Orai1, Orai2 and Orai3. Orai1 is a protein 
containing 301 amino acids that shows four predicted transmembrane domains and 
cytosolic N- and C-terminal tails  [  75,   138,   140  ] . Orai1 presents a single putative 
channel pore and has been found as a tetramer. The reconstruction of the three-
dimensional structure from negatively stained electron microscopic images reported 
that Orai1 channels show an elongated teardrop-shape 150 Å in height and 95 Å in 
width  [  141  ] . 

 The cytosolic N-terminus of Orai1 contains proline/arginine-rich regions and a 
membrane-proximal domain (between residues 68 and 91) with the ability to bind 
calmodulin in a Ca 2+ -dependent manner  [  142  ] . The calmodulin-binding domain has 
been reported to be involved in fast Ca 2+ -dependent inactivation of  I  

CRAC
 , an event 

that occurs within the fi rst 100 ms upon CRAC channel opening induced by a local 
increase in the [Ca 2+ ] 

i
  close to the channel pore  [  143,   144  ] , that protects against cel-

lular damage by limiting Ca 2+  infl ux. The C-terminal region of all three Orais con-
tains a putative coiled-coil sequence that plays a key role for dynamic interaction 
with STIM1  [  145,   146  ] . A deletion or single point mutation (L273S) within this 
region has been shown to disrupt the functional communication of Orai1 with 
STIM1  [  145  ] . All three Orai isoforms are gated by store depletion when co-expressed 
with STIM1  [  146,   147  ] . Orai isoforms show slightly different sensitivity to 2-amin-
oethoxydiphenyl borate (2-APB). This agent acts as a direct Orai3 activator. In addi-
tion, low 2-APB concentrations activate Orai1 and Orai2 currents when co-expressed 
with STIM1. By contrast, at high concentrations, 2-APB is a potent antagonist or 
Orai1-conducted currents. This action might be attributed to direct block at the 
channel level, uncoupling from STIM1 or impairment of the store-dependent STIM1 
multimerization  [  148  ] . 

 Orai1 has been reported to form Ca 2+  selective channels. The ion selectivity of 
Orai1 has been attributed to two conserved negatively charged glutamate residues 
located in the fi rst and the third transmembrane regions (E106 and E190)  [  149–  152  ] . 
Consistently, mutations at E106 and E190 reduced the Ca 2+  selectivity of Orai1 
characteristic of  I  

CRAC
   [  151,   152  ] . Despite all three Orai isoforms are highly selec-

tive for Ca 2+ , Orais have also been reported to be permeable to Na +  in a medium free 
of divalent cations, and Na +  currents through Orais, as well as the endogenous store-
operated Na +  currents in HEK293 cells, have been shown to be inhibited by extra-
cellular Ca 2+  with a half-maximal concentration of approximately 20  m M  [  140  ] . 

 Orai channels show different fast Ca 2+ -dependent inactivation profi les  [  147  ] . 
Orai3 currents exhibit a marked fast inactivation within the fi rst 100 ms, while that 
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of Orai2 or Orai1 show less robust feedback regulation  [  147  ] . Current studies 
attribute the fast Ca 2+ -dependent inactivation of Orai1 to the calmodulin-binding 
site, since a mutation in this region has been reported to abrogate fast inactivation 
of  I  

CRAC
   [  142  ] . In addition, substitutions of an alanine residue within the second loop 

of Orai1 impairs fast inactivation  [  153  ] , thus suggesting that the second loop is also 
involved in channel inactivation. In the case of Orai2 and Orai3, fast Ca 2+ -dependent 
inactivation has been attributed to three conserved glutamates located at the 
C-terminus  [  154  ] . In addition, fast inactivation of  I  

CRAC
  also involves the pore region. 

This fi nding is based on the effects of mutations of negatively charged residues 
within the pore of Orai, which result in attenuation of Ca 2+ -dependent inactivation 
 [  155  ] , as well as in the observation that the fast Ca 2+  buffer BAPTA is more effective 
attenuating fast inactivation than the slow Ca 2+  buffer EGTA, which indicates that 
domains that control fast inactivation must to be close to the channel pore  [  154  ] . 
Fast Ca 2+ -dependent inactivation of Orai channels also requires the CRAC modula-
tory domain (CMD) of STIM1, a regulatory domain at amino acids 474–485 of 
STIM1, which contains seven negatively charged residues  [  154,   156  ] . Mutations in 
the CMD, which is located C-terminal to the SOAR region, results in Orai1 currents 
with attenuated or even abolished Ca 2+ -dependent inactivation, and similar results 
were reported to Orai3  [  156  ] . Conversely, expression of cytosolic C-terminal frag-
ments of STIM1 in RBL-2H3 mast cells expressing CRAC channels resulted in 
more pronounced fast Ca 2+ -dependent inactivation than that characteristic of Orai1. 
Altogether, these fi ndings suggest that the CMD region of STIM1 provides a nega-
tive feedback to Ca 2+  entry by inducing fast inactivation of CRAC channels  [  156  ] . 
More recent studies have reported that the interaction between the three cytosolic 
domains of all Orai isoforms marks the subtype specifi c gating mode, including 
inactivation and reactivation processes  [  157  ] . For further information concerning 
Orai1 the reader is referred to the specifi c chapter in this book.  

   Orai2 and Orai3 

 In addition to Orai1, other two homologues were indentifi ed in mammals Orai2 and 
Orai3  [  75,   138,   147,   149  ] . In mouse,  Orai2  gene gives rise to two splice variants, 
Orai2 long (Orai2L) and Orai2 short (Orai2S) subunits, which are prominently 
expressed in T cells, brain, lung, spleen, and intestine  [  158  ] . Orai2S can be inacti-
vated by the intracellular Ca 2+ , and seems to play a negative dominant role in the 
formation of Orai channels  [  159  ] . Orai3 seems to be ubiquitously expressed in 
human and mouse, showing a minor presence in spleen and colon  [  104,   105,   159–
  163  ] . Orai2 also seems to be widely expressed in different human and mouse tis-
sues, prominently expressed in neurons, kidney, lung and spleen  [  103,   161–  163  ] . 
Orai subunits showed a high conserved structure, consisting in four transmembrane 
segments (TM) located in the plasma membrane and containing both N- and 
C-termini in the cytosol  [  149,   164  ] . It has been reported that Orai3 subunits could 
be essential components of arachidonic acid-regulated Ca 2+  (ARC) channels, and 
that its N-terminal domain could determine their selectivity for activation by 
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arachidonic acid  [  165–  167  ] . The C-terminal region of Orai interacts with the 
C-terminal region of STIM1 while the N-terminal region is critical for STIM1-
mediated gating  [  100,   145,   168,   169  ] . The N-terminal region also contains a puta-
tive CaM-binding domain, indicating a possible role of CaM in Ca 2+ -dependent 
inactivation of Orai channels  [  142,   168  ] . 

 Studies using siRNA to knockdown gene expression in diverse cell lines revealed 
greatly reduced SOCE in the absence of Orai1, while only a minor decrease or unal-
tered SOCE was observed in the absence of Orai2 or Orai3  [  136,   170–  172  ] , indicat-
ing a minor function of Orai2 or Orai3 and suggesting compensation mechanisms 
between isoforms. However, Orai3 has been found highly expressed in breast 
cancer cells, and knockdown of Orai3 substantially reduced SOCE, inhibited prolif-
eration and arrested their cell cycle at G1 phase  [  126,   173  ] , indicating a dominance 
of Orai3 function in cell proliferation and possible specialized functions of Orai 
subunits. Moreover, Orai3 seems to be insensitive to inactivation by hydrogen per-
oxide (H 

2
 O 

2
 ) in contrast to Orai1  [  174  ] . Increased expression of Orai3 by T-helper 

(T 
H
 ) cells correlated with their decreased redox sensitivity after differentiation into 

effector cells. Since Orai-mediated SOCE has demonstrated to be essential for T 
cell function  [  75,   175,   176  ] , the replacement of Orai1 by a less redox sensitive SOC 
channel such as Orai3 might protect them from highly oxidizing environments gen-
erated during infl ammation  [  174  ] . 

 Similar to Orai1, Orai2 and Orai3 function is inhibited by extracellular Ca 2+  
 [  140  ] . Orai subunits also differ in their activation kinetics and selectivity to Ca 2+  
 [  147  ] . Orai1 and Orai2 show similarly fast activation kinetics while Orai3 shows 
slower activation, which is dependent of [Ca 2+ ]. All three isoforms are quite selec-
tive to Ca 2+ , being Orai3 more permeant to monovalent cations such as Na +   [  147  ] . 
Co-transfection of STIM1 and Orai channels increased SOCE with different effi ca-
cies (Orai1 > Orai2) in HEK293 cells  [  76  ]  and mouse  [  169  ] , indicating that Orai2 
and Orai3 interact and are activated by STIM1. No signifi cant increases in SOCE 
were observed in cells coexpressing Stim1 and Orai3. However, Orai3 could rescue 
decreased SOCE in cells lacking Orai1  [  76  ] , indicating a cooperation between Orai 
isoforms during regulation of SOCE. This difference might rely in structural differ-
ences between isoforms. Orai1 and Orai3 chimeras with exchanged N-terminal 
regions, which is critical for STIM1-mediated gating, also showed exchanged char-
acteristics in terms of Ca 2+  currents and activation kinetics, indicating that this 
region determines in a great stent the gating to STIM1 and the properties of Orai 
channels  [  168  ] . Moreover, coexpression of a dominant negative Orai1 mutant 
(E106Q) abrogated SOCE mediated by all Orai homologues, suggesting heteromul-
timeric Orai channel formation.   

   The TRP Proteins 

 The transient receptor potential (TRP) proteins are non-selective cation channels 
identifi ed in 1989 in the  trp  mutant of  Drosophila   [  177  ] . In  Drosophila  photoreceptors 
the sustained light-sensitive ionic current due to Na +  and Ca 2+  infl ux is conducted by 
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two Ca 2+ -permeable channels encoded by the  trp  and  trpl  genes  [  178,   179  ] . In contrast, 
the  trp  mutant exhibited transient, rather than sustained, light-sensitive receptor 
potential, which gave the name to TRP channels  [  180  ] .  Drosophila  TRP channels 
are receptor operated, activated by diacylglycerol (DAG) as well as by phosphati-
dylinositol 4,5-bisphosphate (PIP 

2
 ) depletion  [  181  ] . Soon after the identifi cation of 

 Drosophila  TRP proteins, the fi rst mammalian TRP protein was identifi ed, the 
canonical transient receptor potential protein-1 (TRPC1), both in human  [  182,   183  ]  
and in mouse  [  184  ] . Several TRP proteins have been identifi ed in vertebrates, 
which are classifi ed into seven subfamilies: four are closely related to  Drosophila  
TRP (TRPC, TRPV, TRPA and TRPM), two groups more distantly related subfami-
lies (TRPP and TRPML), and the TRPN group is solely expressed in fi sh, fl ies and 
worms  [  185  ] . These subfamilies, in turn, group different members, the TRPC sub-
family comprises seven members (TRPC1-TRPC7), the vanilloid TRP subfamily (TRPV) 
includes six members (TRPV1–TRPV6), the TRPA (ankyrin) subfamily includes 
only one mammalian protein, TRPA1, the melastatin TRP subfamily (TRPM) 
groups eight members (TRPM1-TRPM8) and both the TRPP (polycystin) and the 
TRPML (mucolipin) subfamilies comprise three members each. No TRPN subfam-
ily member is expressed in mammals  [  186  ] . 

 TRP channels are mostly permeable to monovalent and divalent cations and 
exhibit a Ca 2+  to Na +  permeability ratio <10  [  187  ]    , with a number of exceptions such 
as those of TRPM4 and TRPM5, which are selective for monovalent cations, and 
TRPV5 and TRPV6, which are highly Ca 2+  selective showing a Ca 2+  to Na +  perme-
ability ratio over 100  [  188,   189  ] . The lack of Ca 2+  selectivity for TRP channels 
excludes the possibility that these channels mediate the more Ca 2+  selective  I  

CRAC
  

currents, probably mediated by Orai proteins  [  149  ] ; however, several store-operated 
currents, with diverse Ca 2+  to Na +  permeability ratios have been reported, which can 
be defi ned as  I  

SOC
  to differentiate them from  I  

CRAC
   [  190  ] , where TRP channels might 

play an important role. 
 The TRP proteins share a common architecture, including six transmembrane 

domains, with cytosolic N- and C-termini and a pore loop region between the trans-
membrane domains 5 and 6  [  184  ] . The C-terminal region of TRPs includes a char-
acteristic TRP signature motif (EWKFAR) of unknown function and a CIRB 
(calmodulin/IP 

3
  receptor-binding) region, involved in the regulation of TRP channel 

gating  [  191  ] . Certain TRP subfamilies exhibit differential features such as the 
N-terminal ankyrin repeats present in TRPA or a kinase domain found in TRPM, 
 [  189,   192,   193  ] . 

 Since the identifi cation of the mammalian homologues of the  Drosophila  TRP 
members, the TRP channels have been proposed as candidates to conduct SOCE. 
The role of TRP proteins in SOCE has been challenged by the different ion selectiv-
ity of TRP forming channels and  I  

CRAC
 , the best characterized and Ca 2+  selective 

store-operated current  [  144  ] . In addition, TRP channels in  Drosophila  were found 
to behave as non store-operated channels but, instead, as receptor-operated channels 
 [  181,   188,   194  ] , as it has been described for a number of mammalian members  [  18, 
  19,   79,   195,   196  ] . Nevertheless, in addition to the involvement of TRP members in 
receptor-operated Ca 2+  entry (ROCE), there is a body of evidence supporting a role 



36315 Store-Operated Ca 2+  Entry

for mammalian TRP channels in the conduction of SOCE. Particular attention has 
been focused on the TRPC subfamily members, which have been found to be gated 
by Ca 2+  store depletion in different cell types by using distinct experimental manoeu-
vres, from overexpression of specifi c TRPC proteins to knockdown of endogenous 
TRPs and knockout studies  [  99,   197–  204  ] . Reports for store depletion induced acti-
vation of TRPC channels have been presented for all TRPC subfamily members, 
including TRPC1  [  71,   197,   198,   204,   205  ] , TRPC3  [  206,   207  ] , TRPC4  [  208,   209  ] , 
TRPC5  [  209,   210  ] , TRPC6  [  17,   34,   211  ]  and TRPC7  [  212  ] . 

 The most widely investigated TRPC member is, undoubtedly, TRPC1, whose 
involvement in the conduction of SOCE has been demonstrated by antisense experi-
ments in human salivary glands  [  197,   213,   214  ]  and vascular endothelial cells  [  215  ]  
and by functional knockdown, using antibodies directed to the pore region, in vas-
cular smooth muscle cells and human platelets  [  198,   205  ] . The attenuation of SOCE 
by anti-TRPC1 antibodies directed towards the pore region has been questioned by 
authors claiming an effect mediated by the antibody preservative, sodium azide, 
rather by the antibody itself  [  216  ] ; however, control experiments done with the 
highest concentration of the antibody neutralized by incubation with the control 
antigen peptide, which displayed no effect on SOCE in human platelets, clearly 
exclude this possibility  [  198  ] . 

 In addition to their involvement in ROCE and SOCE, a role for TRPC3 in ago-
nist-induced Ca 2+  mobilization has been described to involve the assembly of a mac-
romolecular complex including the scaffolding protein RACK-1 (receptor for 
activated C-kinase-1), the type I IP 

3
  receptor, as well as Orai1 and STIM1  [  78,   79  ] ; 

thus suggesting that TRPC proteins might act as a point of convergence between a 
number of Ca 2+  signaling mechanisms.  

   Interaction Between STIM and Orai and TRP Proteins 

 Current evidence supports that Orai proteins form the Ca 2+  selective CRAC chan-
nels. The permeability of Orai-forming channels to monovalent cations has been 
reported to be inhibited by the presence of Ca 2+  in the extracellular medium  [  140  ] , 
which raises the question of whether these channels might be involved in the con-
duction of the non-Ca 2+  selective store-operated cation currents  I  

SOC
 . Channels 

formed by TRPC family members, alone or in combination with other ionic channel 
subunits, such as Orai proteins, are good candidates to mediate the  I  

SOC
  currents. 

Evidence has shown several store-operated currents with different biophysical prop-
erties in distinct cell types, operated through different signaling pathways, and sug-
gest that these currents might be conducted through homo or heteromeric 
combinations of the different channel subunits identifi ed with the participation of 
STIM1 to confer store-operated behaviour. STIM1 has been reported to interact 
physically both with Orai1 and TRPC channels (Fig.  15.2 ). The region involved in 
the association of STIM1 with Orai1 was identifi ed almost at the same time by four 
independent groups. This region, located in the cytosolic region of STIM1, received 
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several names SOAR (STIM1 Orai-activating region)  [  218  ] , OASF (Orai-activating 
small fragment)  [  218  ] , CAD (CRAC-activating domain)  [  219  ]  and CCb9  [  220  ] , 
although the most commonly used are SOAR and CAD, which from now on will be 
referred as SOAR/CAD region. The pioneer studies provide overlapping sequences 
for the newly identifi ed regions: SOAR (amino acids 344–442), OASF (amino acids 
233–450/474), CAD (amino acids 342–448) and CCb9 (amino acids 339–444). 
At resting state, acidic residues of the cytosolic coiled-coil domain of STIM1 have 
been reported to mask the basic residues of the SOAR/CAD domain, thus maintain-
ing STIM1 in an inactive confi guration; however, upon depletion of the intracellular 
Ca 2+  stores, Ca 2+  dissociates from the STIM1 EF-hand domain leading to dissocia-
tion between the coiled-coil domain and SOAR/CAD, whose positive charges now 
can interact with the acidic residues within the C-terminal domain of Orai1 and 
activate the SOCs  [  221  ] . In agreement with the proposed interaction between the 
STIM1 SOAR/CAD and the C-terminal region of Orai1, the Orai1 R91W mutant 
associated to the SCID syndrome did not alter the association of Orai1 with STIM1, 
although it has been shown to alter the activation of capacitative currents  [  145  ] . 
Association of Orai1 with the STIM1 SOAR/CAD region has recently been reported 
to be suffi cient to induce an intramolecular transition into an extended conformation 
that might lead to activation of Orai1  [  222  ] .  

  Fig. 15.2    Dynamic association of STIM1, Orai1 and TRPC1 for the activation of SOCE. Agonist 
receptor occupation leads to the activation of PLC through the heterotrimeric G-proteins. PLC 
hydrolyses phosphatidylinositol 4,5-bisphosphate leading to the generation of DAG and IP 

3
 . DAG 

is a well known activator of SMOC, probably involving proteins of the TRPC subfamily and IP 
3
  

leads to the activation of Ca 2+  release from intracellular compartments by the occupation of IP 
3
  

receptors. A reduction in [Ca 2+ ] 
s
  results in dissociation of Ca 2+  from STIM1 and thus association of 

STIM1 with Orai1, TRPC forming channels or Orai1/TRPC1 channels to activate SOCE. [Ca 2+ ] 
s
  

Ca 2+  concentration in the agonist-sensitive stores, A agonist, DAG diacylglycerol, ER endoplasmic 
reticulum, IP 

3
  inositol 1,4,5-trisphosphate, PLC phospholipase C, PM plasma membrane, SMOC 

second messenger-operated Ca 2+  channel, TRPC1 canonical transient receptor potential 1 protein       
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 Expression of STIM1 and any of the Orai isoforms has been found to be suffi cient 
to activate  I  

CRAC
   [  76,   89,   94,   147,   150  ] . Interestingly, an adequate stoichiometrical 

relationship between STIM1 and Orai1 has been reported to be essential for the 
activation of  I  

CRAC
   [  89,   223  ] . Orai1 and STIM1 expression at different ratios (from 

4:1 to 1:4) has revealed that low Orai1:STIM1 ratios result in  I  
CRAC

  with strong fast 
Ca 2+ -dependent inactivation, while high Orai1:STIM1 ratios leads to  I  

CRAC
  with 

strong activation at negative potentials. In addition, the Orai1:STIM1 expression 
ratio affects Ca 2+ , Ba 2+  and Sr 2+  conductance  [  224  ] ; thus suggesting that the stoichi-
ometry between STIM1 and Orai1 is important for the biophysical properties of the 
channel formed. 

 On the other hand, STIM1 has also been shown to associate with, and gate 
TRPC1 and TRPC3 by electrostatic interaction between two conserved, negatively 
charged aspartates in TRPC1 (D 639  and D 640 ) and TRPC3 (D 697  and D 698 ) with the 
positively charged STIM1 (K 684  and K 685 ) located in the C-terminal STIM1 polyba-
sic domain  [  225  ] . The association of STIM1 and TRPC1 has been demonstrated in 
a variety of cell types and models including rat basophilic leukaemia cells  [  226  ] , 
HEK293 cells  [  227,   228  ]  and human platelets, which express TRPC1 and STIM1 
endogenously  [  82  ] . STIM1 has also been reported to associate with other members 
of the TRPC subfamily including TRPC4, TRPC5  [  95  ]  and TRPC6  [  17  ] . The asso-
ciation of STIM1 with TRPC proteins has been reported to require the integrity of 
the lipid raft domains, plasma membrane microdomains enriched in cholesterol and 
sphingolipids  [  229  ] , where STIM1-associated TRPC1 functions as a SOC channel 
 [  228,   230,   231  ] . STIM1 confers TRPC1 store-operated behaviour; in the absence of 
STIM1, TRPC1 participates in the formation of receptor-operated Ca 2+  channels, 
which supports the key role of STIM1 in the activation mode of TRPC1 channels 
 [  202,   230,   232  ] . 

 Despite co-expression of Orai and STIM1 proteins has been found to be suffi cient 
to induce and activate  I  

CRAC
   [  76,   89,   94,   147,   150  ] , current evidence suggest a func-

tional interactions between Orai1 and different TRPC subfamily members under the 
infl uence of STIM1. Studies performed in HEK293 cells reported that, in STIM1-
expressing cells, TRPC3 and TRPC6, which initially operate in a store-independent 
manner, become sensitive to store depletion upon expression of exogenous Orai1 
 [  233  ] . These fi ndings are in agreement with reports in human salivary gland cells, 
where knockdown of Orai1 signifi cantly reduces  I  

SOC
   [  226  ] , a current where TRPC1 

plays a relevant role  [  197,   213,   214  ] . Similarly, in human platelets naturally express-
ing STIM1, Orai1 and TRPC1, selective impairment of the interplay between STIM1 
and Orai1 after Ca 2+  store depletion modifi es the mode of activation of TRPC1 from 
store-operated to store independent, thus suggesting that Orai1 mediates the com-
munication between STIM1 and TRPC1 in these cells  [  202  ] . In the same cell type, 
TRPC6 acts as a point of convergence between store-operated and -independent 
Ca 2+  entry pathways. The activation mode is regulated by its interaction with the 
Orai1-STIM1 complex or hTRPC3, for store-dependent or -independent pathways, 
respectively  [  17  ] . The functional cooperation between STIM1, Orai1 and TRPC1 
was further revealed by studies where the expression of TRPC1 was enhanced in the 
mouse myoblast cell line C2C12, which resulted in enhancement of SOCE and 
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downregulation of the STIM1-Orai1 pathway  [  204  ] . Furthermore, a recent study has 
reported that Ca 2+  entry through Orai1-forming channels activates plasma membrane 
insertion of TRPC1, as demonstrated by knockdown of Orai1 and expression of the 
dominant negative mutant Orai1 lacking a functional pore Orai1(E106Q) in human 
salivary gland cells  [  234  ] . Therefore, current evidence suggests that store depletion 
results in a dynamic interplay between STIM1, Orai1 and TRPC proteins, where 
STIM1 communicates information from the Ca 2+  stores to the SOCs. Orai proteins 
might participate in SOCE either independently of the TRPC proteins, leading to the 
activation of the Ca 2+  selective  I  

CRAC
  current  [  94,   149,   152,   235  ] , or they might partici-

pate in the conduction of the non-selective  I  
SOC

  current in combination with TRPC 
proteins, where Orai might be a component of the channel itself or might communi-
cate the information of the Ca 2+  stores from STIM1 to the TRPC subunits  [  202,   226, 
  232,   233  ] . In addition, Orai1 participates in ROCE, as demonstrated by the fi ndings 
that the SCID Orai1 mutant (R91W) not only impairs SOCE, but, more interestingly, 
attenuates ROCE in cells expressing TRPC3  [  236  ] . The coordination of STIM1, 
Orai1 and TRPC1 to mediate Ca 2+  entry, as well as their possible regulatory role on 
other ionic channels deserves further investigations.  

   SOCE and Disease 

 Altered Ca 2+  homeostasis and SOCE have been found associated to some pathologi-
cal conditions in human and murine models of disease, indicating a critical role of 
SOCE in many cellular functions and for normal life. In human, patients lacking 
functional Orai1 and STIM1 suffered from compromised immune responses very 
early in their lives, similar to severe combined immune defi ciency (SCID), which 
supposed a threat for their lives unless treated by hematopoietic stem cell transplan-
tation  [  75,   175,   237–  242  ] , for review see  [  176,   243,   244  ] . The similarity of pheno-
types found in Orai1- and STIM1-defi cient cells indicated participation in similar 
signaling pathways. Normal numbers of T, B cells and natural killer (NK) cytotoxic 
cells were found in peripheral blood from these patients, but showed defective 
responses as consequence of impaired SOCE and cytokine production  [  75,   175, 
  176,   237–  239,   243–  246  ] . Despite the normal immunoglobulin (Ig) levels found in 
blood serum, Orai1-defi cient patients failed to mount antigen-specifi c antibody 
responses  [  176,   243,   244  ] . These results indicated that STIM1- or Orai1-mediated 
SOCE is essential for cell function in the immune system but not for their develop-
ment. STIM1-defi cient patients also presented reduced blood platelet numbers as 
consequence of autoimmune responses against these cells  [  239  ] , presumably due to 
the reduced number of FoxP3 +  regulatory T cells (Tregs) found in these patients, 
which are involved in inhibition of autoimmune responses  [  176,   239,   243,   244  ] . 
Orai1- and STIM1-defi cient patients also presented myophaties characterized by 
global muscular hypotonia, chronic pulmonary disease as consequence of defective 
respiratory muscle function and impaired sweat production  [  175,   176,   239,   243, 
  244  ] . Taken together, these results indicated a predominant function of Orai1- and 
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STIM1-mediated SOCE in the immune system and in other tissues such as skeletal 
muscle and endodermal tissues. The localized phenotype found restricted to certain 
tissues contrast to the ubiquitous expression of Orai1 or STIM1, suggesting com-
pensation mechanisms in the unaffected tissues, presumably by their homologues 
Orai2, Orai3 and STIM2  [  176,   243,   244  ] . In human, other studies found strong cor-
relation between presence of certain single nucleotide polymorphisms (rs12313273) 
in  Orai1  alleles and risk or recurrence of stone generation in kidney, referred to as 
calcium nephrolithiasis  [  247  ] . Diseases associated to absence of Orai2, Orai3 or 
STIM2 function have not been identifi ed in human yet. 

 The phenotypic analysis of mice lacking Orai1, STIM1, and STIM2 function 
also helped to elucidate the role of SOCE in different cellular functions and patho-
logic conditions  [  103,   106,   107,   128–  130,   158,   248–  251  ] . The analysis of Orai1 and 
STIM defi ciency in murine models already evidenced additional potential roles of 
SOCE mediated by these proteins in autoimmune and infl ammatory responses. A 
crucial function of STIM1 and STIM2 has been reported in experimental autoim-
mune encephalomyelitis (EAE)  [  106,   252  ] . The absence of STIM1 function abro-
gated T cell autoimmune responses against neuronal tissue and impaired EAE in 
mice, while the lack of STIM2 only attenuated EAE, indicating an essential func-
tion of STIMs for development of autoinmune disorders. Mast cells isolated from 
Orai1-defi cient mice showed defective degranulation and cytokine secretion, which 
impaired in turn allergic reactions elicited in these mutant mice  [  158  ] , indicating an 
essential role of Orai1 in the development of allergic responses. Thus, Orai1 and 
STIMs molecules might be key molecules involved in cases of augmented autoreac-
tive and allergic responses and therefore, attractive therapeutic targets for the treat-
ment of these disorders. SOCE also has demonstrated a key role in blood platelet 
function, thrombosis and hemostasis. Orai1- and STIM1-defi cient mice showed 
abrogated SOCE, impaired platelet function and procoagulant activity due to a 
reduced glycoprotein VI- and thrombin-dependent surface exposure of phosphati-
dylserine (PS), and were protected against ischemic brain infarction or pulmonary 
thromboembolism  [  128,   130,   248,   251  ] , indicating that Orai1- and STIM1-mediated 
SOCE might play critical roles in the pathogenesis of ischemic cardio- and cerebro-
vascular diseases. Interestingly, STIM2-defi cient mice showed normal platelet func-
tion but were also protected against ischemic brain infarction  [  103  ] . In this case, 
lack of STIM2 impaired SOCE and conferred protection to neurons against isch-
emic neuronal death, presumably by prevention of excessive Ca 2+  entry and cyto-
toxic overload into the cytosol, indicating the STIM2 might play an active role in 
mechanisms underlying ischemic brain damage generated during pathologic condi-
tions. Altered Ca 2+  homeostasis has been also linked to neuronal damage caused by 
brain aging or Alzheimer’s disease. A recent study suggested that the physiological 
role of amyloid- b  precursor protein (APP), whose altered metabolism has been 
associated with Alzheimer’s disease, is the regulation of TRPC1/Orai1-mediated 
SOCE which is critical for Ca 2+  signaling in astrocytes  [  253  ] . In line with this 
report, impaired SOCE was also observed in fi broblasts bearing mutated preseni-
lin-1 and 2 genes, which has been associated to autosomal dominant familial 
Alzheimer’s disease (FAD), while absence of this protein led to increased SOCE 
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and augmented expression of STIM1  [  254–  257  ] . Similarly, the cellular prion 
protein (PrP C ), whose structural conversion is well known for generate the agent 
causing transmissible spongiform encephalopathies, has been also involved in regu-
lation of SOCE in cerebellar granule neurons  [  258,   259  ] . Thus, altered SOCE might 
be also involved in these diseases, but its contribution still remains to be elucidated. 
Reduced SOCE was observed in platelets from type 2 diabetic patients, probably as 
consequence of impaired association between STIM1 and Orai1, hTRPC1 or 
hTRPC6, which might be involved in the altered platelet function observed in dia-
betic patients  [  260  ] . In the other hand, augmented vasoconstriction observed in dia-
betic mice was associated to increased SOCE and intracellular Ca 2+  in endothelial 
cell of the vascular system, which might stimulate endothelial synthesis of throm-
boxane A2 and contractile prostaglandins and would contribute to arterial stiffness 
associated with diabetes  [  261  ] . 

 Finally, emerging evidences suggest the involvement of the STIM/Orai-mediated 
SOCE in cancer. STIM1 was initially identifi ed as a molecule which induces growth 
arrest and degeneration of certain human cancer cell lines, such as G401 and RD, 
suggesting a role in the pathogenesis of tumors  [  262  ] . Increased expression of 
STIM2 has been found in glioblastoma multiforme tumors  [  263  ] . Analysis of 295 
breast cancers showed an altered relationship between STIM1 and STIM2, specially 
STIM1 high/STIM2 low expression ratios were found in cells from breast tumors 
with the poorest prognosis  [  125  ] . Recent studies reported the involvement of 
STIM1/2 and Orai3-dependent SOCE in estrogen receptor-positive ER(+)-breast 
cancer cells, while SOCE involved the STIM1/Orai1 pathway in ER(−) breast can-
cer cells  [  126  ] . Indeed, siRNA downregulation of Orai3 in MCF-7 breast cancer cell 
line, which expresses high levels of this SOC channel subunit, attenuated cell pro-
liferation and arrested their cell cycle at G1 phase  [  173  ] , indicating a critical impli-
cation of Orai3-mediated SOCE in cancer cell growth. Thus, these results indicate 
a potential use of STIM/Orai as therapeutic targets in certain types of cancer.      

  Acknowledgements   This work was supported by M.E.C. grants BFU2010-21043-C02-01 and 
Junta de Extremadura-FEDER (PRIBS10020 and GR10010). PCR is supported by MEC “Ramón 
y Cajal program” (RYC2007-00349) and AB held a contract from the University of Extremadura.  

   References 

    1.    Bootman MD, Lipp P, Berridge MJ (2001) The organisation and functions of local Ca 2+  sig-
nals. J Cell Sci 114:2213–2222  

    2.    O’Neill SC, Miller L, Hinch R, Eisner DA (2004) Interplay between SERCA and sarcolem-
mal Ca 2+  effl ux pathways controls spontaneous release of Ca 2+  from the sarcoplasmic reticu-
lum in rat ventricular myocytes. J Physiol 559:121–128  

    3.    Van Coppenolle F, Vanden Abeele F, Slomianny C, Flourakis M, Hesketh J, Dewailly E, 
Prevarskaya N (2004) Ribosome-translocon complex mediates calcium leakage from endo-
plasmic reticulum stores. J Cell Sci 117:4135–4142  

    4.    Patel S, Docampo R (2010) Acidic calcium stores open for business: expanding the potential 
for intracellular Ca 2+  signaling. Trends Cell Biol 20:277–286  



36915 Store-Operated Ca 2+  Entry

    5.    Meldolesi J, Pozzan T (1998) The endoplasmic reticulum Ca 2+  store: a view from the lumen. 
Trends Biochem Sci 23:10–14  

    6.    Cancela JM, Charpentier G, Petersen OH (2003) Co-ordination of Ca 2+  signalling in mam-
malian cells by the new Ca 2+ -releasing messenger NAADP. Pfl ugers Arch 446:322–327  

    7.    Patel S, Churchill GC, Galione A (2001) Coordination of Ca 2+  signalling by NAADP. Trends 
Biochem Sci 26:482–489  

    8.    Streb H, Irvine RF, Berridge MJ, Schulz I (1983) Release of Ca 2+  from a nonmitochondrial 
intracellular store in pancreatic acinar cells by inositol-1,4,5-trisphosphate. Nature 
306:67–69  

    9.    Galione A, Lee HC, Busa WB (1991) Ca 2+ -induced Ca 2+  release in sea urchin egg homoge-
nates: modulation by cyclic ADP-ribose. Science 253:1143–1146  

    10.    Sher E, Biancardi E, Passafaro M, Clementi F (1991) Physiopathology of neuronal voltage-
operated calcium channels. FASEB J 5:2677–2683  

    11.    Alexander SP, Mathie A, Peters JA (2006) Guide to receptors and channels, 2nd edition. Br J 
Pharmacol 147(Suppl 3):S1–S168  

    12.    Kyrozis A, Goldstein PA, Heath MJ, MacDermott AB (1995) Calcium entry through a sub-
population of AMPA receptors desensitized neighbouring NMDA receptors in rat dorsal horn 
neurons. J Physiol 485:373–381  

    13.    Matsuda K, Fletcher M, Kamiya Y, Yuzaki M (2003) Specifi c assembly with the NMDA 
receptor 3B subunit controls surface expression and calcium permeability of NMDA recep-
tors. J Neurosci 23:10064–10073  

    14.    McKemy DD, Neuhausser WM, Julius D (2002) Identifi cation of a cold receptor reveals a 
general role for TRP channels in thermosensation. Nature 416:52–58  

    15.    Caterina MJ, Rosen TA, Tominaga M, Brake AJ, Julius D (1999) A capsaicin-receptor homo-
logue with a high threshold for noxious heat. Nature 398:436–441  

    16.    Valente P, Garcia-Sanz N, Gomis A, Fernandez-Carvajal A, Fernandez-Ballester G, Viana F, 
Belmonte C, Ferrer-Montiel A (2008) Identifi cation of molecular determinants of channel gat-
ing in the transient receptor potential box of vanilloid receptor I. FASEB J 22:3298–3309  

    17.    Jardin I, Gomez LJ, Salido GM, Rosado JA (2009) Dynamic interaction of hTRPC6 with the 
Orai1/STIM1 complex or hTRPC3 mediates its role in capacitative or non-capacitative Ca 2+  
entry pathways. Biochem J 420:267–276  

    18.    Hofmann T, Obukhov AG, Schaefer M, Harteneck C, Gudermann T, Schultz G (1999) Direct 
activation of human TRPC6 and TRPC3 channels by diacylglycerol. Nature 397:259–263  

    19.    Vazquez G, Wedel BJ, Kawasaki BT, Bird GS, Putney JW Jr (2004) Obligatory role of Src kinase 
in the signaling mechanism for TRPC3 cation channels. J Biol Chem 279:40521–40528  

    20.    Moneer Z, Pino I, Taylor EJ, Broad LM, Liu Y, Tovey SC, Staali L, Taylor CW (2005) 
Different phospholipase-C-coupled receptors differentially regulate capacitative and non-
capacitative Ca 2+  entry in A7r5 cells. Biochem J 389:821–829  

    21.    Soboloff J, Spassova M, Xu W, He LP, Cuesta N, Gill DL (2005) Role of endogenous TRPC6 
channels in Ca 2+  signal generation in A7r5 smooth muscle cells. J Biol Chem 
280:39786–39794  

    22.    Chakrabarti R, Chakrabarti R (2006) Calcium signaling in non-excitable cells: Ca 2+  release 
and infl ux are independent events linked to two plasma membrane Ca 2+  entry channels. J Cell 
Biochem 99:1503–1516  

    23.    Vazquez G, Bird GS, Mori Y, Putney JW Jr (2006) Native TRPC7 channel activation by an 
inositol trisphosphate receptor-dependent mechanism. J Biol Chem 281:25250–25258  

    24.    Berra-Romani R, Mazzocco-Spezzia A, Pulina MV, Golovina VA (2008) Ca 2+  handling is 
altered when arterial myocytes progress from a contractile to a proliferative phenotype in 
culture. Am J Physiol Cell Physiol 295:C779–C790  

    25.    Wang Y, Deng X, Hewavitharana T, Soboloff J, Gill DL (2008) Stim, orai and trpc channels 
in the control of calcium entry signals in smooth muscle. Clin Exp Pharmacol Physiol 
35:1127–1133  

    26.    Rosado JA, Sage SO (2000) Protein kinase C activates non-capacitative calcium entry in 
human platelets. J Physiol 529(Pt 1):159–169  



370 A. Berna-Erro et al.

    27.    Togashi K, Hara Y, Tominaga T, Higashi T, Konishi Y, Mori Y, Tominaga M (2006) TRPM2 
activation by cyclic ADP-ribose at body temperature is involved in insulin secretion. EMBO 
J 25:1804–1815  

    28.    Redondo PC, Salido GM, Pariente JA, Rosado JA (2004) Dual effect of hydrogen peroxide 
on store-mediated calcium entry in human platelets. Biochem Pharmacol 67:1065–1076  

    29.    Rosado JA, Redondo PC, Salido GM, Gomez-Arteta E, Sage SO, Pariente JA (2004) 
Hydrogen peroxide generation induces pp 60src activation in human platelets: evidence for 
the involvement of this pathway in store-mediated calcium entry. J Biol Chem 
279:1665–1675  

    30.    Zhang W, Tong Q, Conrad K, Wozney J, Cheung JY, Miller BA (2007) Regulation of TRP 
channel TRPM2 by the tyrosine phosphatase PTPL1. Am J Physiol Cell Physiol 292: 
C1746–C1758  

    31.    Amor NB, Redondo PC, Bartegi A, Pariente JA, Salido GM, Rosado JA (2006) A role for 
5,6-epoxyeicosatrienoic acid in calcium entry by de novo conformational coupling in human 
platelets. J Physiol 570:309–323  

    32.    Loot AE, Popp R, Fisslthaler B, Vriens J, Nilius B, Fleming I (2008) Role of cytochrome 
P450-dependent transient receptor potential V4 activation in fl ow-induced vasodilatation. 
Cardiovasc Res 80:445–452  

    33.    Rohacs T, Nilius B (2007) Regulation of transient receptor potential (TRP) channels by phos-
phoinositides. Pfl ugers Arch 455:157–168  

    34.    Jardin I, Redondo PC, Salido GM, Rosado JA (2008) Phosphatidylinositol 4,5-bisphosphate 
enhances store-operated calcium entry through hTRPC6 channel in human platelets. Biochim 
Biophys Acta 1783:84–97  

    35.    Putney JW Jr (1986) A model for receptor-regulated calcium entry. Cell Calcium 7:1–12  
    36.    Lee C, Xu DZ, Feketeova E, Kannan KB, Fekete Z, Deitch EA, Livingston DH, Hauser CJ 

(2005) Store-operated calcium channel inhibition attenuates neutrophil function and post-
shock acute lung injury. J Trauma 59:56–63  

    37.    Leung FP, Yung LM, Yao X, Laher I, Huang Y (2008) Store-operated calcium entry in vas-
cular smooth muscle. Br J Pharmacol 153:846–857  

    38.    Berridge MJ (1995) Capacitative calcium entry. Biochem J 312(Pt 1):1–11  
    39.    Redondo PC, Harper MT, Rosado JA, Sage SO (2006) A role for cofi lin in the activation of 

store-operated calcium entry by de novo conformational coupling in human platelets. Blood 
107:973–979  

    40.    Galan C, Zbidi H, Bartegi A, Salido GM, Rosado JA (2009) STIM1, Orai1 and hTRPC1 are 
important for thrombin- and ADP-induced aggregation in human platelets. Arch Biochem 
Biophys 490:137–144  

    41.    Feske S (2007) Calcium signalling in lymphocyte activation and disease. Nat Rev Immunol 
7:690–702  

    42.    Wedel B, Boyles RR, Putney JW Jr, Bird GS (2007) Role of the store-operated calcium entry 
proteins Stim1 and Orai1 in muscarinic cholinergic receptor-stimulated calcium oscillations 
in human embryonic kidney cells. J Physiol 579:679–689  

    43.    Yan X, Xing J, Lorin-Nebel C, Estevez AY, Nehrke K, Lamitina T, Strange K (2006) Function 
of a STIM1 homologue in C. elegans: evidence that store-operated Ca 2+  entry is not essential 
for oscillatory Ca 2+  signaling and ER Ca 2+  homeostasis. J Gen Physiol 128:443–459  

    44.    Randriamampita C, Tsien RY (1993) Emptying of intracellular Ca 2+  stores releases a novel 
small messenger that stimulates Ca 2+  infl ux. Nature 364:809–814  

    45.    Pandol SJ, Schoeffi eld-Payne MS (1990) Cyclic GMP mediates the agonist-stimulated 
increase in plasma membrane calcium entry in the pancreatic acinar cell. J Biol Chem 
265:12846–12853  

    46.    Sargeant P, Farndale RW, Sage SO (1993) ADP- and thapsigargin-evoked Ca 2+  entry and 
protein-tyrosine phosphorylation are inhibited by the tyrosine kinase inhibitors genistein and 
methyl-2,5-dihydroxycinnamate in fura-2-loaded human platelets. J Biol Chem 268: 
18151–18156  



37115 Store-Operated Ca 2+  Entry

    47.    Sargeant P, Farndale RW, Sage SO (1994) Calcium store depletion in dimethyl BAPTA-
loaded human platelets increases protein tyrosine phosphorylation in the absence of a rise in 
cytosolic calcium. Exp Physiol 79:269–272  

    48.    Rosado JA, Graves D, Sage SO (2000) Tyrosine kinases activate store-mediated Ca 2+  entry in 
human platelets through the reorganization of the actin cytoskeleton. Biochem J 351: 
429–437  

    49.    Alvarez J, Montero M, Garcia-Sancho J (1992) Cytochrome P450 may regulate plasma mem-
brane Ca 2+  permeability according to the fi lling state of the intracellular Ca 2+  stores. FASEB 
J 6:786–792  

    50.    Bird GS, Putney JW Jr (1993) Inhibition of thapsigargin-induced calcium entry by microin-
jected guanine nucleotide analogues. Evidence for the involvement of a small G-protein in 
capacitative calcium entry. J Biol Chem 268:21486–21488  

    51.    Rosado JA, Sage SO (2000) Farnesylcysteine analogues inhibit store-regulated Ca 2+  entry in 
human platelets: evidence for involvement of small GTP-binding proteins and actin cytoskel-
eton. Biochem J 347(Pt 1):183–192  

    52.    Fasolato C, Hoth M, Penner R (1993) A GTP-dependent step in the activation mechanism of 
capacitative calcium infl ux. J Biol Chem 268:20737–20740  

    53.    Yao Y, Ferrer-Montiel AV, Montal M, Tsien RY (1999) Activation of store-operated Ca 2+  cur-
rent in Xenopus oocytes requires SNAP-25 but not a diffusible messenger. Cell 98:475–485  

    54.    Muallem S, Kwiatkowska K, Xu X, Yin HL (1995) Actin fi lament disassembly is a suffi cient 
fi nal trigger for exocytosis in nonexcitable cells. J Cell Biol 128:589–598  

    55.    Patterson RL, van Rossum DB, Gill DL (1999) Store-operated Ca 2+  entry: evidence for a 
secretion-like coupling model. Cell 98:487–499  

    56.    Bezzerides VJ, Ramsey IS, Kotecha S, Greka A, Clapham DE (2004) Rapid vesicular trans-
location and insertion of TRP channels. Nat Cell Biol 6:709–720  

    57.    Cayouette S, Lussier MP, Mathieu EL, Bousquet SM, Boulay G (2004) Exocytotic insertion 
of TRPC6 channel into the plasma membrane upon Gq protein-coupled receptor activation. 
J Biol Chem 279:7241–7246  

    58.    Singh BB, Lockwich TP, Bandyopadhyay BC, Liu X, Bollimuntha S, Brazer SC, Combs C, 
Das S, Leenders AG, Sheng ZH, Knepper MA, Ambudkar SV, Ambudkar IS (2004) VAMP2-
dependent exocytosis regulates plasma membrane insertion of TRPC3 channels and contrib-
utes to agonist-stimulated Ca 2+  infl ux. Mol Cell 15:635–646  

    59.    Woodard GE, Salido GM, Rosado JA (2008) Enhanced exocytotic-like insertion of Orai1 into 
the plasma membrane upon intracellular Ca 2+  store depletion. Am J Physiol Cell Physiol 
294:C1323–C1331  

    60.    Irvine RF (1990) ‘Quantal’ Ca 2+  release and the control of Ca 2+  entry by inositol phosphates 
– a possible mechanism. FEBS Lett 263:5–9  

    61.    Block BA, Imagawa T, Campbell KP, Franzini-Armstrong C (1988) Structural evidence for 
direct interaction between the molecular components of the transverse tubule/sarcoplasmic 
reticulum junction in skeletal muscle. J Cell Biol 107:2587–2600  

    62.    Kiselyov K, Mignery GA, Zhu MX, Muallem S (1999) The N-terminal domain of the IP 
3
  

receptor gates store-operated hTrp3 channels. Mol Cell 4:423–429  
    63.    Boulay G, Brown DM, Qin N, Jiang M, Dietrich A, Zhu MX, Chen Z, Birnbaumer M, 

Mikoshiba K, Birnbaumer L (1999) Modulation of Ca 2+  entry by polypeptides of the inositol 
1,4, 5-trisphosphate receptor (IP 

3
 R) that bind transient receptor potential (TRP): evidence for 

roles of TRP and IP 
3
 R in store depletion-activated Ca 2+  entry. Proc Natl Acad Sci USA 

96:14955–14960  
    64.    Birnbaumer L, Boulay G, Brown D, Jiang M, Dietrich A, Mikoshiba K, Zhu X, Qin N (2000) 

Mechanism of capacitative Ca 2+  entry (CCE): interaction between IP 
3
  receptor and TRP links 

the internal calcium storage compartment to plasma membrane CCE channels. Recent Prog 
Horm Res 55:127–161  

    65.    Treves S, Franzini-Armstrong C, Moccagatta L, Arnoult C, Grasso C, Schrum A, Ducreux S, 
Zhu MX, Mikoshiba K, Girard T, Smida-Rezgui S, Ronjat M, Zorzato F (2004) Junctate is a 



372 A. Berna-Erro et al.

key element in calcium entry induced by activation of InsP 
3
  receptors and/or calcium store 

depletion. J Cell Biol 166:537–548  
    66.    Rosado JA, Jenner S, Sage SO (2000) A role for the actin cytoskeleton in the initiation and 

maintenance of store-mediated calcium entry in human platelets. Evidence for conforma-
tional coupling. J Biol Chem 275:7527–7533  

    67.    Rosado JA, Sage SO (2001) Activation of store-mediated calcium entry by secretion-like 
coupling between the inositol 1,4,5-trisphosphate receptor type II and human transient recep-
tor potential (hTrp1) channels in human platelets. Biochem J 356:191–198  

    68.    Rosado JA, Sage SO (2002) The ERK cascade, a new pathway involved in the activation of 
store-mediated calcium entry in human platelets. Trends Cardiovasc Med 12:229–234  

    69.    Redondo PC, Harper AG, Sage SO, Rosado JA (2007) Dual role of tubulin-cytoskeleton in 
store-operated calcium entry in human platelets. Cell Signal 19:2147–2154  

    70.    Xie Q, Zhang Y, Zhai C, Bonanno JA (2002) Calcium infl ux factor from cytochrome P-450 
metabolism and secretion-like coupling mechanisms for capacitative calcium entry in corneal 
endothelial cells. J Biol Chem 277:16559–16566  

    71.    Rosado JA, Sage SO (2000) Coupling between inositol 1,4,5-trisphosphate receptors and 
human transient receptor potential channel 1 when intracellular Ca 2+  stores are depleted. 
Biochem J 350(Pt 3):631–635  

    72.    Brownlow SL, Sage SO (2003) Rapid agonist-evoked coupling of type II Ins(1,4,5)P 
3
  recep-

tor with human transient receptor potential (hTRPC1) channels in human platelets. Biochem 
J 375:697–704  

    73.    Roos J, DiGregorio PJ, Yeromin AV, Ohlsen K, Lioudyno M, Zhang S, Safrina O, Kozak JA, 
Wagner SL, Cahalan MD, Velicelebi G, Stauderman KA (2005) STIM1, an essential and 
conserved component of store-operated Ca 2+  channel function. J Cell Biol 169:435–445  

    74.    Zhang SL, Yu Y, Roos J, Kozak JA, Deerinck TJ, Ellisman MH, Stauderman KA, Cahalan 
MD (2005) STIM1 is a Ca 2+  sensor that activates CRAC channels and migrates from the Ca 2+  
store to the plasma membrane. Nature 437:902–905  

    75.    Feske S, Gwack Y, Prakriya M, Srikanth S, Puppel SH, Tanasa B, Hogan PG, Lewis RS, Daly 
M, Rao A (2006) A mutation in Orai1 causes immune defi ciency by abrogating CRAC chan-
nel function. Nature 441:179–185  

    76.    Mercer JC, Dehaven WI, Smyth JT, Wedel B, Boyles RR, Bird GS, Putney JW Jr (2006) 
Large store-operated calcium selective currents due to co-expression of Orai1 or Orai2 with 
the intracellular calcium sensor, Stim1. J Biol Chem 281:24979–24990  

    77.    Jardin I, Lopez JJ, Salido GM, Rosado JA (2008) Functional relevance of the de novo cou-
pling between hTRPC1 and type II IP 

3
  receptor in store-operated Ca 2+  entry in human plate-

lets. Cell Signal 20:737–747  
    78.    Bandyopadhyay BC, Ong HL, Lockwich TP, Liu X, Paria BC, Singh BB, Ambudkar IS 

(2008) TRPC3 controls agonist-stimulated intracellular Ca 2+  release by mediating the inter-
action between inositol 1,4,5-trisphosphate receptor and RACK1. J Biol Chem 283: 
32821–32830  

    79.    Woodard GE, Lopez JJ, Jardin I, Salido GM, Rosado JA (2010) TRPC3 regulates agonist-
stimulated Ca 2+  mobilization by mediating the interaction between type I inositol 1,4,5-tris-
phosphate receptor, RACK1, and Orai1. J Biol Chem 285:8045–8053  

    80.    Zbidi H, Jardin I, Woodard GE, Lopez JJ, Berna-Erro A, Salido GM, Rosado JA (2011) 
STIM1 and STIM2 are located in the acidic Ca 2+  stores and associates with Orai1 upon deple-
tion of the acidic stores in human platelets. J Biol Chem 286:12257–12270  

    81.    Liou J, Kim ML, Heo WD, Jones JT, Myers JW, Ferrell JE Jr, Meyer T (2005) STIM is a Ca 2+  
sensor essential for Ca 2+ -store-depletion-triggered Ca 2+  infl ux. Curr Biol 15:1235–1241  

    82.    Lopez JJ, Salido GM, Pariente JA, Rosado JA (2006) Interaction of STIM1 with endoge-
nously expressed human canonical TRP1 upon depletion of intracellular Ca 2+  stores. J Biol 
Chem 281:28254–28264  

    83.    Spassova MA, Soboloff J, He LP, Xu W, Dziadek MA, Gill DL (2006) STIM1 has a plasma 
membrane role in the activation of store-operated Ca 2+  channels. Proc Natl Acad Sci USA 
103:4040–4045  



37315 Store-Operated Ca 2+  Entry

    84.    Schultz J, Ponting CP, Hofmann K, Bork P (1997) SAM as a protein interaction domain 
involved in developmental regulation. Protein Sci 6:249–253  

    85.    Brandman O, Liou J, Park WS, Meyer T (2007) STIM2 is a feedback regulator that stabilizes 
basal cytosolic and endoplasmic reticulum Ca 2+  levels. Cell 131:1327–1339  

    86.    Huang Y, Zhou Y, Wong HC, Chen Y, Wang S, Castiblanco A, Liu A, Yang JJ (2009) A single 
EF-hand isolated from STIM1 forms dimer in the absence and presence of Ca 2+ . FEBS J 
276:5589–5597  

    87.    Soboloff J, Spassova MA, Dziadek MA, Gill DL (2006) Calcium signals mediated by STIM 
and Orai proteins – a new paradigm in inter-organelle communication. Biochim Biophys 
Acta 1763:1161–1168  

    88.    Schindl R, Muik M, Fahrner M, Derler I, Fritsch R, Bergsmann J, Romanin C (2009) Recent 
progress on STIM1 domains controlling Orai activation. Cell Calcium 46:227–232  

    89.    Soboloff J, Spassova MA, Tang XD, Hewavitharana T, Xu W, Gill DL (2006) Orai1 and 
STIM reconstitute store-operated calcium channel function. J Biol Chem 281:20661–20665  

    90.    Jardin I, Lopez JJ, Redondo PC, Salido GM, Rosado JA (2009) Store-operated Ca 2+  entry is 
sensitive to the extracellular Ca 2+  concentration through plasma membrane STIM1. Biochim 
Biophys Acta 1793:1614–1622  

    91.    Dionisio N, Galan C, Jardin I, Salido GM, Rosado JA (2011) Lipid rafts are essential for the 
regulation of SOCE by plasma membrane resident STIM1 in human platelets. Biochim 
Biophys Acta 1813:431–437  

    92.    Pani B, Ong HL, Liu X, Rauser K, Ambudkar IS, Singh BB (2008) Lipid rafts determine 
clustering of STIM1 in endoplasmic reticulum-plasma membrane junctions and regulation of 
store-operated Ca 2+  entry (SOCE). J Biol Chem 283:17333–17340  

    93.    Luik RM, Wu MM, Buchanan J, Lewis RS (2006) The elementary unit of store-operated Ca 2+  
entry: local activation of CRAC channels by STIM1 at ER-plasma membrane junctions. J 
Cell Biol 174:815–825  

    94.    Peinelt C, Vig M, Koomoa DL, Beck A, Nadler MJ, Koblan-Huberson M, Lis A, Fleig A, 
Penner R, Kinet JP (2006) Amplifi cation of CRAC current by STIM1 and CRACM1 (Orai1). 
Nat Cell Biol 8:771–773  

    95.    Yuan JP, Zeng W, Huang GN, Worley PF, Muallem S (2007) STIM1 heteromultimerizes 
TRPC channels to determine their function as store-operated channels. Nat Cell Biol 
9:636–645  

    96.    Park CY, Shcheglovitov A, Dolmetsch R (2010) The CRAC channel activator STIM1 binds 
and inhibits L-type voltage-gated calcium channels. Science 330:101–105  

    97.    Wang Y, Deng X, Mancarella S, Hendron E, Eguchi S, Soboloff J, Tang XD, Gill DL (2010) 
The calcium store sensor, STIM1, reciprocally controls Orai and CaV1.2 channels. Science 
330:105–109  

    98.    Williams RT, Manji SS, Parker NJ, Hancock MS, Van Stekelenburg L, Eid JP, Senior PV, 
Kazenwadel JS, Shandala T, Saint R, Smith PJ, Dziadek MA (2001) Identifi cation and char-
acterization of the STIM (stromal interaction molecule) gene family: coding for a novel class 
of transmembrane proteins. Biochem J 357:673–685  

    99.    Huang GN, Zeng W, Kim JY, Yuan JP, Han L, Muallem S, Worley PF (2006) STIM1 carboxyl-
terminus activates native SOC, I(crac) and TRPC1 channels. Nat Cell Biol 8:1003–1010  

    100.    Li Z, Lu J, Xu P, Xie X, Chen L, Xu T (2007) Mapping the interacting domains of STIM1 and 
Orai1 in Ca 2+  release-activated Ca 2+  channel activation. J Biol Chem 282:29448–29456  

    101.    Pozo-Guisado E, Campbell DG, Deak M, Alvarez-Barrientos A, Morrice NA, Alvarez IS, 
Alessi DR, Martin-Romero FJ (2010) Phosphorylation of STIM1 at ERK1/2 target sites mod-
ulates store-operated calcium entry. J Cell Sci 123:3084–3093  

    102.    Smyth JT, Petranka JG, Boyles RR, DeHaven WI, Fukushima M, Johnson KL, Williams JG, 
Putney JW Jr (2009) Phosphorylation of STIM1 underlies suppression of store-operated cal-
cium entry during mitosis. Nat Cell Biol 11:1465–1472  

    103.    Berna-Erro A, Braun A, Kraft R, Kleinschnitz C, Schuhmann MK, Stegner D, Wultsch T, 
Eilers J, Meuth SG, Stoll G, Nieswandt B (2009) STIM2 regulates capacitive Ca 2+  entry in 
neurons and plays a key role in hypoxic neuronal cell death. Sci Signal 2:ra67  



374 A. Berna-Erro et al.

    104.    Cordeiro S, Strauss O (2011) Expression of Orai genes and I(CRAC) activation in the human 
retinal pigment epithelium. Graefes Arch Clin Exp Ophthalmol 249:47–54  

    105.    Gao YD, Hanley PJ, Rinne S, Zuzarte M, Daut J (2010) Calcium-activated K +  channel 
(K(Ca)3.1) activity during Ca 2+  store depletion and store-operated Ca 2+  entry in human mac-
rophages. Cell Calcium 48:19–27  

    106.    Schuhmann MK, Stegner D, Berna-Erro A, Bittner S, Braun A, Kleinschnitz C, Stoll G, 
Wiendl H, Meuth SG, Nieswandt B (2010) Stromal interaction molecules 1 and 2 are key 
regulators of autoreactive T cell activation in murine autoimmune central nervous system 
infl ammation. J Immunol 184:1536–1542  

    107.    Oh-hora M, Yamashita M, Hogan PG, Sharma S, Lamperti E, Chung W, Prakriya M, Feske 
S, Rao A (2008) Dual functions for the endoplasmic reticulum calcium sensors STIM1 and 
STIM2 in T cell activation and tolerance. Nat Immunol 9:432–443  

    108.    Darbellay B, Arnaudeau S, Ceroni D, Bader CR, Konig S, Bernheim L (2010) Human muscle 
economy myoblast differentiation and excitation-contraction coupling use the same molecular 
partners, STIM1 and STIM2. J Biol Chem 285:22437–22447  

    109.    Matsumoto M, Fujii Y, Baba A, Hikida M, Kurosaki T, Baba Y (2011) The calcium sensors 
STIM1 and STIM2 control B cell regulatory function through interleukin-10 production. 
Immunity 34:703–714  

    110.    Soboloff J, Spassova MA, Hewavitharana T, He LP, Xu W, Johnstone LS, Dziadek MA, Gill 
DL (2006) STIM2 is an inhibitor of STIM1-mediated store-operated Ca 2+  Entry. Curr Biol 
16:1465–1470  

    111.    Manji SS, Parker NJ, Williams RT, Van SL, Pearson RB, Dziadek M, Smith PJ (2000) 
STIM1: a novel phosphoprotein located at the cell surface. Biochim Biophys Acta 1481: 
147–155  

    112.    Williams RT, Senior PV, Van SL, Layton JE, Smith PJ, Dziadek MA (2002) Stromal interac-
tion molecule 1 (STIM1), a transmembrane protein with growth suppressor activity, contains 
an extracellular SAM domain modifi ed by N-linked glycosylation. Biochim Biophys Acta 
1596:131–137  

    113.    Kim CA, Bowie JU (2003) SAM domains: uniform structure, diversity of function. Trends 
Biochem Sci 28:625–628  

    114.    Stathopulos PB, Zheng L, Li GY, Plevin MJ, Ikura M (2008) Structural and mechanistic 
insights into STIM1-mediated initiation of store-operated calcium entry. Cell 135: 
110–122  

    115.    Stathopulos PB, Li GY, Plevin MJ, Ames JB, Ikura M (2006) Stored Ca 2+  depletion-induced 
oligomerization of stromal interaction molecule 1 (STIM1) via the EF-SAM region: an initia-
tion mechanism for capacitive Ca 2+  entry. J Biol Chem 281:35855–35862  

    116.    Baba Y, Hayashi K, Fujii Y, Mizushima A, Watarai H, Wakamori M, Numaga T, Mori Y, Iino 
M, Hikida M, Kurosaki T (2006) Coupling of STIM1 to store-operated Ca 2+  entry through its 
constitutive and inducible movement in the endoplasmic reticulum. Proc Natl Acad Sci USA 
103:16704–16709  

    117.    Zheng L, Stathopulos PB, Schindl R, Li GY, Romanin C, Ikura M (2011) Auto-inhibitory 
role of the EF-SAM domain of STIM proteins in store-operated calcium entry. Proc Natl 
Acad Sci USA 108:1337–1342  

    118.    Stathopulos PB, Zheng L, Ikura M (2009) Stromal interaction molecule (STIM) 1 and STIM2 
calcium sensing regions exhibit distinct unfolding and oligomerization kinetics. J Biol Chem 
284:728–732  

    119.    Barrero MJ, Montero M, Alvarez J (1997) Dynamics of [Ca 2+ ] in the endoplasmic reticulum 
and cytoplasm of intact HeLa cells. A comparative study. J Biol Chem 272:27694–27699  

    120.    Demaurex N, Frieden M (2003) Measurements of the free luminal ER Ca 2+  concentration 
with targeted “cameleon” fl uorescent proteins. Cell Calcium 34:109–119  

    121.    Yu R (2000) Hinkle PM: rapid turnover of calcium in the endoplasmic reticulum during sig-
naling. Studies with cameleon calcium indicators. J Biol Chem 275:23648–23653  

    122.    Parry DA, Fraser RD, Squire JM (2008) Fifty years of coiled-coils and alpha-helical bundles: 
a close relationship between sequence and structure. J Struct Biol 163:258–269  



37515 Store-Operated Ca 2+  Entry

    123.    Bauer MC, O’Connell D, Cahill DJ, Linse S (2008) Calmodulin binding to the polybasic 
C-termini of STIM proteins involved in store-operated calcium entry. Biochemistry 47: 
6089–6091  

    124.    Parvez S, Beck A, Peinelt C, Soboloff J, Lis A, Monteilh-Zoller M, Gill DL, Fleig A, Penner 
R (2008) STIM2 protein mediates distinct store-dependent and store-independent modes of 
CRAC channel activation. FASEB J 22:752–761  

    125.    McAndrew D, Grice DM, Peters AA, Davis FM, Stewart T, Rice M, Smart CE, Brown MA, 
Kenny PA, Roberts-Thomson SJ, Monteith GR (2011) ORAI1-mediated calcium infl ux in 
lactation and in breast cancer. Mol Cancer Ther 10:448–460  

    126.    Motiani RK, Abdullaev IF, Trebak M (2010) A novel native store-operated calcium chan-
nel encoded by Orai3: selective requirement of Orai3 versus Orai1 in estrogen receptor-
positive versus estrogen receptor-negative breast cancer cells. J Biol Chem 285: 
19173–19183  

    127.    Lu W, Wang J, Peng G, Shimoda LA, Sylvester JT (2009) Knockdown of stromal interaction 
molecule 1 attenuates store-operated Ca 2+  entry and Ca 2+  responses to acute hypoxia in pul-
monary arterial smooth muscle. Am J Physiol Lung Cell Mol Physiol 297:L17–L25  

    128.    Varga-Szabo D, Braun A, Kleinschnitz C, Bender M, Pleines I, Pham M, Renne T, Stoll G, 
Nieswandt B (2008) The calcium sensor STIM1 is an essential mediator of arterial thrombo-
sis and ischemic brain infarction. J Exp Med 205:1583–1591  

    129.    Braun A, Gessner JE, Varga-Szabo D, Syed SN, Konrad S, Stegner D, Vogtle T, Schmidt RE, 
Nieswandt B (2009) STIM1 is essential for Fcgamma receptor activation and autoimmune 
infl ammation. Blood 113:1097–1104  

    130.    Gilio K, van Kruchten R, Braun A, Berna-Erro A, Feijge MA, Stegner D, van der Meijden 
PE, Kuijpers MJ, Varga-Szabo D, Heemskerk JW, Nieswandt B (2010) Roles of platelet 
STIM1 and Orai1 in glycoprotein VI- and thrombin-dependent procoagulant activity and 
thrombus formation. J Biol Chem 285:23629–23638  

    131.    Brechard S, Plancon S, Melchior C, Tschirhart EJ (2009) STIM1 but not STIM2 is an essen-
tial regulator of Ca 2+  infl ux-mediated NADPH oxidase activity in neutrophil-like HL-60 
cells. Biochem Pharmacol 78:504–513  

    132.    Peel SE, Liu B, Hall IP (2006) A key role for STIM1 in store operated calcium channel acti-
vation in airway smooth muscle. Respir Res 7:119  

    133.    Decuypere JP, Monaco G, Kiviluoto S, Oh-hora M, Luyten T, De Smedt H, Parys JB, Missiaen 
L, Bultynck G (2010) STIM1, but not STIM2, is required for proper agonist-induced Ca 2+  
signaling. Cell Calcium 48:161–167  

    134.    Bandyopadhyay BC, Pingle SC, Ahern GP (2011) Store-operated Ca 2+  signaling in dendritic 
cells occurs independently of STIM1. J Leukoc Biol 89:57–62  

    135.    El Boustany C, Katsogiannou M, Delcourt P, Dewailly E, Prevarskaya N, Borowiec AS, 
Capiod T (2010) Differential roles of STIM1, STIM2 and Orai1 in the control of cell prolif-
eration and SOCE amplitude in HEK293 cells. Cell Calcium 47:350–359  

    136.    Darbellay B, Arnaudeau S, Konig S, Jousset H, Bader C, Demaurex N, Bernheim L (2009) 
STIM1- and Orai1-dependent store-operated calcium entry regulates human myoblast dif-
ferentiation. J Biol Chem 284:5370–5380  

    137.    Zhou Y, Mancarella S, Wang Y, Yue C, Ritchie M, Gill DL, Soboloff J (2009) The short 
N-terminal domains of STIM1 and STIM2 control the activation kinetics of Orai1 channels. 
J Biol Chem 284:19164–19168  

    138.    Vig M, Peinelt C, Beck A, Koomoa DL, Rabah D, Koblan-Huberson M, Kraft S, Turner H, 
Fleig A, Penner R, Kinet JP (2006) CRACM1 is a plasma membrane protein essential for 
store-operated Ca 2+  entry. Science 312:1220–1223  

    139.    Zhang SL, Yeromin AV, Zhang XH, Yu Y, Safrina O, Penna A, Roos J, Stauderman KA, 
Cahalan MD (2006) Genome-wide RNAi screen of Ca 2+  infl ux identifi es genes that regulate 
Ca 2+  release-activated Ca 2+  channel activity. Proc Natl Acad Sci USA 103:9357–9362  

    140.    DeHaven WI, Smyth JT, Boyles RR, Putney JW Jr (2007) Calcium inhibition and calcium 
potentiation of Orai1, Orai2, and Orai3 calcium release-activated calcium channels. J Biol 
Chem 282:17548–17556  



376 A. Berna-Erro et al.

    141.    Maruyama Y, Ogura T, Mio K, Kato K, Kaneko T, Kiyonaka S, Mori Y, Sato C (2009) 
Tetrameric Orai1 is a teardrop-shaped molecule with a long, tapered cytoplasmic domain. J 
Biol Chem 284:13676–13685  

    142.    Mullins FM, Park CY, Dolmetsch RE, Lewis RS (2009) STIM1 and calmodulin interact with 
Orai1 to induce Ca 2+ -dependent inactivation of CRAC channels. Proc Natl Acad Sci USA 
106:15495–15500  

    143.    Fierro L, Lund PE, Parekh AB (2000) Comparison of the activation of the Ca 2+  release-acti-
vated Ca 2+  current ICRAC to InsP 

3
  in Jurkat T-lymphocytes, pulmonary artery endothelia and 

RBL-1 cells. Pfl ugers Arch 440:580–587  
    144.    Zweifach A, Lewis RS (1995) Rapid inactivation of depletion-activated calcium current 

(ICRAC) due to local calcium feedback. J Gen Physiol 105:209–226  
    145.    Muik M, Frischauf I, Derler I, Fahrner M, Bergsmann J, Eder P, Schindl R, Hesch C, Polzinger 

B, Fritsch R, Kahr H, Madl J, Gruber H, Groschner K, Romanin C (2008) Dynamic coupling 
of the putative coiled-coil domain of ORAI1 with STIM1 mediates ORAI1 channel activa-
tion. J Biol Chem 283:8014–8022  

    146.    Frischauf I, Muik M, Derler I, Bergsmann J, Fahrner M, Schindl R, Groschner K, Romanin 
C (2009) Molecular determinants of the coupling between STIM1 and Orai channels: dif-
ferential activation of Orai1-3 channels by a STIM1 coiled-coil mutant. J Biol Chem 
284:21696–21706  

    147.    Lis A, Peinelt C, Beck A, Parvez S, Monteilh-Zoller M, Fleig A, Penner R (2007) CRACM1, 
CRACM2, and CRACM3 are store-operated Ca 2+  channels with distinct functional proper-
ties. Curr Biol 17:794–800  

    148.    Peinelt C, Lis A, Beck A, Fleig A, Penner R (2008) 2-Aminoethoxydiphenyl borate directly 
facilitates and indirectly inhibits STIM1-dependent gating of CRAC channels. J Physiol 
586:3061–3073  

    149.    Prakriya M, Feske S, Gwack Y, Srikanth S, Rao A, Hogan PG (2006) Orai1 is an essential 
pore subunit of the CRAC channel. Nature 443:230–233  

    150.    Schindl R, Bergsmann J, Frischauf I, Derler I, Fahrner M, Muik M, Fritsch R, Groschner K, 
Romanin C (2008) 2-aminoethoxydiphenyl borate alters selectivity of Orai3 channels by 
increasing their pore size. J Biol Chem 283:20261–20267  

    151.    Vig M, Beck A, Billingsley JM, Lis A, Parvez S, Peinelt C, Koomoa DL, Soboloff J, Gill DL, 
Fleig A, Kinet JP, Penner R (2006) CRACM1 multimers form the ion-selective pore of the 
CRAC channel. Curr Biol 16:2073–2079  

    152.    Yeromin AV, Zhang SL, Jiang W, Yu Y, Safrina O, Cahalan MD (2006) Molecular identifi ca-
tion of the CRAC channel by altered ion selectivity in a mutant of Orai. Nature 
443:226–229  

    153.    Srikanth S, Jung HJ, Ribalet B, Gwack Y (2010) The intracellular loop of Orai1 plays a central 
role in fast inactivation of Ca 2+  release-activated Ca 2+  channels. J Biol Chem 285:5066–5075  

    154.    Lee KP, Yuan JP, Zeng W, So I, Worley PF, Muallem S (2009) Molecular determinants of fast 
Ca 2+ -dependent inactivation and gating of the Orai channels. Proc Natl Acad Sci USA 
106:14687–14692  

    155.    Yamashita M, Navarro-Borelly L, McNally BA, Prakriya M (2007) Orai1 mutations alter ion 
permeation and Ca 2+ -dependent fast inactivation of CRAC channels: evidence for coupling of 
permeation and gating. J Gen Physiol 130:525–540  

    156.    Derler I, Fahrner M, Muik M, Lackner B, Schindl R, Groschner K, Romanin C (2009) A Ca 2+  
release-activated Ca 2+  (CRAC) modulatory domain (CMD) within STIM1 mediates fast 
Ca 2+ -dependent inactivation of ORAI1 channels. J Biol Chem 284:24933–24938  

    157.    Frischauf I, Schindl R, Bergsmann J, Derler I, Fahrner M, Muik M, Fritsch R, Lackner B, 
Groschner K, Romanin C (2011) Cooperativeness of Orai cytosolic domains tunes subtype-
specifi c gating. J Biol Chem 286:8577–8584  

    158.    Vig M, DeHaven WI, Bird GS, Billingsley JM, Wang H, Rao PE, Hutchings AB, Jouvin MH, 
Putney JW, Kinet JP (2008) Defective mast cell effector functions in mice lacking the 
CRACM1 pore subunit of store-operated calcium release-activated calcium channels. Nat 
Immunol 9:89–96  



37715 Store-Operated Ca 2+  Entry

    159.    Gross SA, Wissenbach U, Philipp SE, Freichel M, Cavalie A, Flockerzi V (2007) Murine 
ORAI2 splice variants form functional Ca 2+  release-activated Ca 2+  (CRAC) channels. J Biol 
Chem 282:19375–19384  

    160.    Ohana L, Newell EW, Stanley EF, Schlichter LC (2009) The Ca 2+  release-activated Ca 2+  current 
(I 

CRAC
 ) mediates store-operated Ca 2+  entry in rat microglia. Channels (Austin) 3:129–139  

    161.    Gwack Y, Srikanth S, Feske S, Cruz-Guilloty F, Oh-hora M, Neems DS, Hogan PG, Rao A 
(2007) Biochemical and functional characterization of Orai proteins. J Biol Chem 
282:16232–16243  

    162.    Su AI, Wiltshire T, Batalov S, Lapp H, Ching KA, Block D, Zhang J, Soden R, Hayakawa M, 
Kreiman G, Cooke MP, Walker JR, Hogenesch JB (2004) A gene atlas of the mouse and 
human protein-encoding transcriptomes. Proc Natl Acad Sci USA 101:6062–6067  

    163.    Wissenbach U, Philipp SE, Gross SA, Cavalie A, Flockerzi V (2007) Primary structure, chro-
mosomal localization and expression in immune cells of the murine ORAI and STIM genes. 
Cell Calcium 42:439–446  

    164.    Prakriya M (2009) The molecular physiology of CRAC channels. Immunol Rev 231:88–98  
    165.    Thompson J, Mignen O, Shuttleworth TJ (2010) The N-terminal domain of Orai3 determines 

selectivity for activation of the store-independent ARC channel by arachidonic acid. Channels 
(Austin) 4:398–410  

    166.    Mignen O, Thompson JL, Shuttleworth TJ (2009) The molecular architecture of the arachi-
donate-regulated Ca 2+ -selective ARC channel is a pentameric assembly of Orai1 and Orai3 
subunits. J Physiol 587:4181–4197  

    167.    Mignen O, Thompson JL, Shuttleworth TJ (2008) Both Orai1 and Orai3 are essential compo-
nents of the arachidonate-regulated Ca 2+ -selective (ARC) channels. J Physiol 586:185–195  

    168.    Lis A, Zierler S, Peinelt C, Fleig A, Penner R (2010) A single lysine in the N-terminal region 
of store-operated channels is critical for STIM1-mediated gating. J Gen Physiol 
136:673–686  

    169.    Takahashi Y, Murakami M, Watanabe H, Hasegawa H, Ohba T, Munehisa Y, Nobori K, Ono 
K, Iijima T, Ito H (2007) Essential role of the N-terminus of murine Orai1 in store-operated 
Ca 2+  entry. Biochem Biophys Res Commun 356:45–52  

    170.    Baryshnikov SG, Pulina MV, Zulian A, Linde CI, Golovina VA (2009) Orai1, a critical com-
ponent of store-operated Ca 2+  entry, is functionally associated with Na + /Ca 2+  exchanger and 
plasma membrane Ca 2+  pump in proliferating human arterial myocytes. Am J Physiol Cell 
Physiol 297:C1103–C1112  

    171.    Potier M, Gonzalez JC, Motiani RK, Abdullaev IF, Bisaillon JM, Singer HA, Trebak M (2009) 
Evidence for STIM1- and Orai1-dependent store-operated calcium infl ux through I 

CRAC
  in vas-

cular smooth muscle cells: role in proliferation and migration. FASEB J 23:2425–2437  
    172.    Bisaillon JM, Motiani RK, Gonzalez-Cobos JC, Potier M, Halligan KE, Alzawahra WF, 

Barroso M, Singer HA, Jourd’heuil D, Trebak M (2010) Essential role for STIM1/Orai1-
mediated calcium infl ux in PDGF-induced smooth muscle migration. Am J Physiol Cell 
Physiol 298:C993–C1005  

    173.    Faouzi M, Hague F, Potier M, Ahidouch A, Sevestre H, Ouadid-Ahidouch H (2011) Down-
regulation of Orai3 arrests cell-cycle progression and induces apoptosis in breast cancer cells 
but not in normal breast epithelial cells. J Cell Physiol 226:542–551  

    174.    Bogeski I, Kummerow C, Al-Ansary D, Schwarz EC, Koehler R, Kozai D, Takahashi N, 
Peinelt C, Griesemer D, Bozem M, Mori Y, Hoth M, Niemeyer BA (2010) Differential redox 
regulation of ORAI ion channels: a mechanism to tune cellular calcium signaling. Sci Signal 
3:ra24  

    175.    McCarl CA, Picard C, Khalil S, Kawasaki T, Rother J, Papolos A, Kutok J, Hivroz C, 
Ledeist F, Plogmann K, Ehl S, Notheis G, Albert MH, Belohradsky BH, Kirschner J, Rao 
A, Fischer A, Feske S (2009) ORAI1 defi ciency and lack of store-operated Ca 2+  entry cause 
immunodefi ciency, myopathy, and ectodermal dysplasia. J Allergy Clin Immunol 124:1311–
1318, e1317  

    176.    Feske S (2009) ORAI1 and STIM1 defi ciency in human and mice: roles of store-operated 
Ca 2+  entry in the immune system and beyond. Immunol Rev 231:189–209  



378 A. Berna-Erro et al.

    177.    Montell C, Rubin GM (1989) Molecular characterization of the Drosophila trp locus: a putative 
integral membrane protein required for phototransduction. Neuron 2:1313–1323  

    178.    Hardie RC, Minke B (1992) The trp gene is essential for a light-activated Ca 2+  channel in 
Drosophila photoreceptors. Neuron 8:643–651  

    179.    Phillips AM, Bull A, Kelly LE (1992) Identifi cation of a Drosophila gene encoding a calm-
odulin-binding protein with homology to the trp phototransduction gene. Neuron 8:631–642  

    180.    Hardie RC, Reuss H, Lansdell SJ, Millar NS (1997) Functional equivalence of native light-
sensitive channels in the Drosophila trp301 mutant and TRPL cation channels expressed in a 
stably transfected Drosophila cell line. Cell Calcium 21:431–440  

    181.    Hardie RC (2003) Regulation of TRP channels via lipid second messengers. Annu Rev 
Physiol 65:735–759  

    182.    Wes PD, Chevesich J, Jeromin A, Rosenberg C, Stetten G, Montell C (1995) TRPC1, a human 
homolog of a Drosophila store-operated channel. Proc Natl Acad Sci USA 92:9652–9656  

    183.    Zhu X, Chu PB, Peyton M, Birnbaumer L (1995) Molecular cloning of a widely expressed 
human homologue for the Drosophila trp gene. FEBS Lett 373:193–198  

    184.    Petersen CC, Berridge MJ, Borgese MF, Bennett DL (1995) Putative capacitative calcium 
entry channels: expression of Drosophila trp and evidence for the existence of vertebrate 
homologues. Biochem J 311(Pt 1):41–44  

    185.    Montell C, Birnbaumer L, Flockerzi V, Bindels RJ, Bruford EA, Caterina MJ, Clapham DE, 
Harteneck C, Heller S, Julius D, Kojima I, Mori Y, Penner R, Prawitt D, Scharenberg AM, 
Schultz G, Shimizu N, Zhu MX (2002) A unifi ed nomenclature for the superfamily of TRP 
cation channels. Mol Cell 9:229–231  

    186.    Pedersen SF, Owsianik G, Nilius B (2005) TRP channels: an overview. Cell Calcium 38:
233–252  

    187.    Zhu X, Jiang M, Peyton M, Boulay G, Hurst R, Stefani E, Birnbaumer L (1996) trp, a novel 
mammalian gene family essential for agonist-activated capacitative Ca 2+  entry. Cell 85(5):
661–671    

    188.    Montell C (2003) The venerable inveterate invertebrate TRP channels. Cell Calcium 33:409–417  
    189.    Montell C, Birnbaumer L, Flockerzi V (2002) The TRP channels, a remarkably functional 

family. Cell 108:595–598  
    190.    Parekh AB, Putney JW Jr (2005) Store-operated calcium channels. Physiol Rev 85:757–810  
    191.    Wedel BJ, Vazquez G, McKay RR, St JBG, Putney JW Jr (2003) A calmodulin/inositol 

1,4,5-trisphosphate (IP 
3
 ) receptor-binding region targets TRPC3 to the plasma membrane in 

a calmodulin/IP 
3
  receptor-independent process. J Biol Chem 278:25758–25765  

    192.    Vannier B, Zhu X, Brown D, Birnbaumer L (1998) The membrane topology of human tran-
sient receptor potential 3 as inferred from glycosylation-scanning mutagenesis and epitope 
immunocytochemistry. J Biol Chem 273:8675–8679  

    193.    Vazquez G, Wedel BJ, Aziz O, Trebak M, Putney JW Jr (2004) The mammalian TRPC cation 
channels. Biochim Biophys Acta 1742:21–36  

    194.    Montell C (2005) Drosophila TRP channels. Pfl ugers Arch 451:19–28  
    195.    Liu X, Bandyopadhyay BC, Singh BB, Groschner K, Ambudkar IS (2005) Molecular analy-

sis of a store-operated and 2-acetyl-sn-glycerol-sensitive non-selective cation channel. 
Heteromeric assembly of TRPC1-TRPC3. J Biol Chem 280:21600–21606  

    196.    Thebault S, Zholos A, Enfi ssi A, Slomianny C, Dewailly E, Roudbaraki M, Parys J, 
Prevarskaya N (2005) Receptor-operated Ca 2+  entry mediated by TRPC3/TRPC6 proteins in 
rat prostate smooth muscle (PS1) cell line. J Cell Physiol 204:320–328  

    197.    Liu X, Wang W, Singh BB, Lockwich T, Jadlowiec J, O’Connell B, Wellner R, Zhu MX, 
Ambudkar IS (2000) Trp1, a candidate protein for the store-operated Ca 2+  infl ux mechanism 
in salivary gland cells. J Biol Chem 275:3403–3411  

    198.    Rosado JA, Brownlow SL, Sage SO (2002) Endogenously expressed Trp1 is involved in 
store-mediated Ca 2+  entry by conformational coupling in human platelets. J Biol Chem 
277:42157–42163  

    199.    Zagranichnaya TK, Wu X, Villereal ML (2005) Endogenous TRPC1, TRPC3, and TRPC7 
proteins combine to form native store-operated channels in HEK-293 cells. J Biol Chem 
280:29559–29569  



37915 Store-Operated Ca 2+  Entry

    200.    Ambudkar IS, Ong HL, Liu X, Bandyopadhyay B, Cheng KT (2007) TRPC1: the link 
between functionally distinct store-operated calcium channels. Cell Calcium 42:213–223  

    201.    Fatherazi S, Presland RB, Belton CM, Goodwin P, Al-Qutub M, Trbic Z, Macdonald G, 
Schubert MM, Izutsu KT (2007) Evidence that TRPC4 supports the calcium selective I 

CRAC
 -

like current in human gingival keratinocytes. Pfl ugers Arch 453:879–889  
    202.    Jardin I, Lopez JJ, Salido GM, Rosado JA (2008) Orai1 mediates the interaction between 

STIM1 and hTRPC1 and regulates the mode of activation of hTRPC1-forming Ca 2+  channels. 
J Biol Chem 283:25296–25304  

    203.    Salido GM, Sage SO, Rosado JA (2008) TRPC channels and store-operated Ca 2+  entry. 
Biochim Biophys Acta 1793:223–230  

    204.    Olah T, Fodor J, Ruzsnavszky O, Vincze J, Berbey C, Allard B, Csernoch L (2011) Overexpression 
of transient receptor potential canonical type 1 (TRPC1) alters both store operated calcium entry 
and depolarization-evoked calcium signals in C2C12 cells. Cell Calcium 49(6):415–425  

    205.    Xu SZ, Beech DJ (2001) TrpC1 is a membrane-spanning subunit of store-operated Ca 2+  chan-
nels in native vascular smooth muscle cells. Circ Res 88:84–87  

    206.    Vazquez G, Wedel BJ, Trebak M, St John Bird G, Putney JW Jr (2003) Expression level of 
the canonical transient receptor potential 3 (TRPC3) channel determines its mechanism of 
activation. J Biol Chem 278:21649–21654  

    207.    Yildirim E, Kawasaki BT, Birnbaumer L (2005) Molecular cloning of TRPC3a, an 
N-terminally extended, store-operated variant of the human C3 transient receptor potential 
channel. Proc Natl Acad Sci USA 102:3307–3311  

    208.    Philipp S, Cavalie A, Freichel M, Wissenbach U, Zimmer S, Trost C, Marquart A, Murakami 
M, Flockerzi V (1996) A mammalian capacitative calcium entry channel homologous to 
Drosophila TRP and TRPL. EMBO J 15:6166–6171  

    209.    Brownlow SL, Sage SO (2005) Transient receptor potential protein subunit assembly and 
membrane distribution in human platelets. Thromb Haemost 94:839–845  

    210.    Philipp S, Hambrecht J, Braslavski L, Schroth G, Freichel M, Murakami M, Cavalie A, 
Flockerzi V (1998) A novel capacitative calcium entry channel expressed in excitable cells. 
EMBO J 17:4274–4282  

    211.    Brechard S, Melchior C, Plancon S, Schenten V, Tschirhart EJ (2008) Store-operated Ca 2+  chan-
nels formed by TRPC1, TRPC6 and Orai1 and non-store-operated channels formed by TRPC3 are 
involved in the regulation of NADPH oxidase in HL-60 granulocytes. Cell Calcium 44:492–506  

    212.    Lievremont JP, Bird GS, Putney JW Jr (2004) Canonical transient receptor potential TRPC7 
can function as both a receptor- and store-operated channel in HEK-293 cells. Am J Physiol 
Cell Physiol 287:C1709–C1716  

    213.    Singh BB, Liu X, Ambudkar IS (2000) Expression of truncated transient receptor potential 
protein 1alpha (Trp1alpha): evidence that the Trp1 C terminus modulates store-operated Ca 2+  
entry. J Biol Chem 275:36483–36486  

    214.    Liu X, Singh BB, Ambudkar IS (2003) TRPC1 is required for functional store-operated Ca 2+  
channels. Role of acidic amino acid residues in the S5-S6 region. J Biol Chem 
278:11337–11343  

    215.    Brough GH, Wu S, Cioffi  D, Moore TM, Li M, Dean N, Stevens T (2001) Contribution of 
endogenously expressed Trp1 to a Ca 2+ -selective, store-operated Ca 2+  entry pathway. FASEB 
J 15:1727–1738  

    216.    Varga-Szabo D, Authi KS, Braun A, Bender M, Ambily A, Hassock SR, Gudermann T, 
Dietrich A, Nieswandt B (2008) Store-operated Ca 2+  entry in platelets occurs independently 
of transient receptor potential (TRP) C1. Pfl ugers Arch 457:377–387  

    217.    Yuan JP, Zeng W, Dorwart MR, Choi YJ, Worley PF, Muallem S (2009) SOAR and the poly-
basic STIM1 domains gate and regulate Orai channels. Nat Cell Biol 11:337–343  

    218.    Muik M, Fahrner M, Derler I, Schindl R, Bergsmann J, Frischauf I, Groschner K, Romanin 
C (2009) A cytosolic homomerization and a modulatory domain within STIM1 C terminus 
determine coupling to ORAI1 channels. J Biol Chem 284:8421–8426  

    219.    Park CY, Hoover PJ, Mullins FM, Bachhawat P, Covington ED, Raunser S, Walz T, Garcia 
KC, Dolmetsch RE, Lewis RS (2009) STIM1 clusters and activates CRAC channels via 
direct binding of a cytosolic domain to Orai1. Cell 136:876–890  



380 A. Berna-Erro et al.

    220.    Kawasaki T, Lange I, Feske S (2009) A minimal regulatory domain in the C terminus of 
STIM1 binds to and activates ORAI1 CRAC channels. Biochem Biophys Res Commun 
385:49–54  

    221.    Wang Y, Deng X, Gill DL (2010) Calcium signaling by STIM and Orai: intimate coupling 
details revealed. Sci Signal 3:pe42  

    222.    Muik M, Fahrner M, Schindl R, Stathopulos P, Frischauf I, Derler I, Plenk P, Lackner B, 
Groschner K, Ikura M, Romanin C (2011) STIM1 couples to ORAI1 via an intramolecular 
transition into an extended conformation. EMBO J 30:1678–1689  

    223.    Xu P, Lu J, Li Z, Yu X, Chen L, Xu T (2006) Aggregation of STIM1 underneath the plasma 
membrane induces clustering of Orai1. Biochem Biophys Res Commun 350:969–976  

    224.    Scrimgeour N, Litjens T, Ma L, Barritt GJ, Rychkov GY (2009) Properties of Orai1 mediated 
store-operated current depend on the expression levels of STIM1 and Orai1 proteins. J Physiol 
587:2903–2918  

    225.    Zeng W, Yuan JP, Kim MS, Choi YJ, Huang GN, Worley PF, Muallem S (2008) STIM1 gates 
TRPC channels, but not Orai1, by electrostatic interaction. Mol Cell 32:439–448  

    226.    Ong HL, Cheng KT, Liu X, Bandyopadhyay BC, Paria BC, Soboloff J, Pani B, Gwack Y, 
Srikanth S, Singh BB, Gill DL, Ambudkar IS (2007) Dynamic assembly of TRPC1-STIM1-
Orai1 ternary complex is involved in store-operated calcium infl ux. Evidence for similarities 
in store-operated and calcium release-activated calcium channel components. J Biol Chem 
282:9105–9116  

    227.    Cheng KT, Liu X, Ong HL, Ambudkar IS (2008) Functional requirement for Orai1 in store-
operated TRPC1-STIM1 channels. J Biol Chem 283:12935–12940  

    228.    Galan C, Woodard GE, Dionisio N, Salido GM, Rosado JA (2010) Lipid rafts modulate the 
activation but not the maintenance of store-operated Ca 2+  entry. Biochim Biophys Acta 
1803:1083–1093  

    229.    Simons K, Toomre D (2000) Lipid rafts and signal transduction. Nat Rev Mol Cell Biol 
1:31–39  

    230.    Sampieri A, Zepeda A, Saldaña C, Salgado A, Vaca L (2008) STIM1 converts TRPC1 from 
a receptor-operated to a store-operated channel: moving TRPC1 in and out of lipid rafts. Cell 
Calcium 44:479–491  

    231.    Jardin I, Salido GM, Rosado JA (2008) Role of lipid rafts in the interaction between hTRPC1, 
Orai1 and STIM1. Channels (Austin) 2:401–403  

    232.    Liao Y, Erxleben C, Abramowitz J, Flockerzi V, Zhu MX, Armstrong DL, Birnbaumer L 
(2008) Functional interactions among Orai1, TRPCs, and STIM1 suggest a STIM-regulated 
heteromeric Orai/TRPC model for SOCE/Icrac channels. Proc Natl Acad Sci USA 
105:2895–2900  

    233.    Liao Y, Erxleben C, Yildirim E, Abramowitz J, Armstrong DL, Birnbaumer L (2007) Orai 
proteins interact with TRPC channels and confer responsiveness to store depletion. Proc Natl 
Acad Sci USA 104:4682–4687  

    234.    Cheng KT, Liu X, Ong HL, Swaim W, Ambudkar IS (2011) Local Ca 2+  entry via Orai1 regu-
lates plasma membrane recruitment of TRPC1 and controls cytosolic Ca 2+  signals required 
for specifi c cell functions. PLoS Biol 9:e1001025  

    235.    Lorin-Nebel C, Xing J, Yan X, Strange K (2007) CRAC channel activity in C. elegans 
is mediated by Orai1 and STIM1 homologues and is essential for ovulation and fertility. 
J Physiol 580:67–85  

    236.    Liao Y, Plummer NW, George MD, Abramowitz J, Zhu MX, Birnbaumer L (2009) A role for 
Orai in TRPC-mediated Ca 2+  entry suggests that a TRPC:Orai complex may mediate store 
and receptor operated Ca 2+  entry. Proc Natl Acad Sci USA 106:3202–3206  

    237.    Partiseti M, Le Deist F, Hivroz C, Fischer A, Korn H, Choquet D (1994) The calcium current 
activated by T cell receptor and store depletion in human lymphocytes is absent in a primary 
immunodefi ciency. J Biol Chem 269:32327–32335  

    238.    Le Deist F, Hivroz C, Partiseti M, Thomas C, Buc HA, Oleastro M, Belohradsky B, Choquet 
D, Fischer A (1995) A primary T-cell immunodefi ciency associated with defective transmem-
brane calcium infl ux. Blood 85:1053–1062  



38115 Store-Operated Ca 2+  Entry

    239.    Picard C, McCarl CA, Papolos A, Khalil S, Luthy K, Hivroz C, LeDeist F, Rieux-Laucat F, 
Rechavi G, Rao A, Fischer A, Feske S (2009) STIM1 mutation associated with a syndrome 
of immunodefi ciency and autoimmunity. N Engl J Med 360:1971–1980  

    240.    Byun M, Abhyankar A, Lelarge V, Plancoulaine S, Palanduz A, Telhan L, Boisson B, Picard 
C, Dewell S, Zhao C, Jouanguy E, Feske S, Abel L, Casanova JL (2010) Whole-exome 
sequencing-based discovery of STIM1 defi ciency in a child with fatal classic Kaposi sar-
coma. J Exp Med 207:2307–2312  

    241.    Feske S, Giltnane J, Dolmetsch R, Staudt LM, Rao A (2001) Gene regulation mediated by 
calcium signals in T lymphocytes. Nat Immunol 2:316–324  

    242.    Feske S, Prakriya M, Rao A, Lewis RS (2005) A severe defect in CRAC Ca 2+  channel activa-
tion and altered K +  channel gating in T cells from immunodefi cient patients. J Exp Med 
202:651–662  

    243.    Feske S, Picard C, Fischer A (2010) Immunodefi ciency due to mutations in ORAI1 and 
STIM1. Clin Immunol 135:169–182  

    244.    Feske S (2010) CRAC channelopathies. Pfl ugers Arch 460:417–435  
    245.    Feske S, Muller JM, Graf D, Kroczek RA, Drager R, Niemeyer C, Baeuerle PA, Peter HH, 

Schlesier M (1996) Severe combined immunodefi ciency due to defective binding of the 
nuclear factor of activated T cells in T lymphocytes of two male siblings. Eur J Immunol 
26:2119–2126  

    246.    Maul-Pavicic A, Chiang SC, Rensing-Ehl A, Jessen B, Fauriat C, Wood SM, Sjoqvist S, 
Hufnagel M, Schulze I, Bass T, Schamel WW, Fuchs S, Pircher H, McCarl CA, Mikoshiba K, 
Schwarz K, Feske S, Bryceson YT, Ehl S (2011) ORAI1-mediated calcium infl ux is required 
for human cytotoxic lymphocyte degranulation and target cell lysis. Proc Natl Acad Sci USA 
108:3324–3329  

    247.    Chou YH, Juo SH, Chiu YC, Liu ME, Chen WC, Chang CC, Chang WP, Chang JG, Chang 
WC (2011) A polymorphism of the ORAI1 gene is associated with the risk and recurrence of 
calcium nephrolithiasis. J Urol 185:1742–1746  

    248.    Bergmeier W, Oh-Hora M, McCarl CA, Roden RC, Bray PF, Feske S (2009) R93W mutation 
in Orai1 causes impaired calcium infl ux in platelets. Blood 113:675–678  

    249.    Gwack Y, Srikanth S, Oh-Hora M, Hogan PG, Lamperti ED, Yamashita M, Gelinas C, Neems 
DS, Sasaki Y, Feske S, Prakriya M, Rajewsky K, Rao A (2008) Hair loss and defective T- and 
B-cell function in mice lacking ORAI1. Mol Cell Biol 28:5209–5222  

    250.    Beyersdorf N, Braun A, Vogtle T, Varga-Szabo D, Galdos RR, Kissler S, Kerkau T, Nieswandt 
B (2009) STIM1-independent T cell development and effector function in vivo. J Immunol 
182:3390–3397  

    251.    Braun A, Varga-Szabo D, Kleinschnitz C, Pleines I, Bender M, Austinat M, Bosl M, Stoll G, 
Nieswandt B (2009) Orai1 (CRACM1) is the platelet SOC channel and essential for patho-
logical thrombus formation. Blood 113:2056–2063  

    252.    Ma J, McCarl CA, Khalil S, Luthy K, Feske S (2010) T-cell-specifi c deletion of STIM1 and 
STIM2 protects mice from EAE by impairing the effector functions of Th1 and Th17 cells. 
Eur J Immunol 40:3028–3042  

    253.    Linde CI, Baryshnikov SG, Mazzocco-Spezzia A, Golovina VA (2011) Dysregulation of Ca 2+  
signaling in astrocytes from mice lacking amyloid precursor protein. Am J Physiol Cell 
Physiol 300:C1502–C1512  

    254.    Leissring MA, Akbari Y, Fanger CM, Cahalan MD, Mattson MP, LaFerla FM (2000) 
Capacitative calcium entry defi cits and elevated luminal calcium content in mutant preseni-
lin-1 knockin mice. J Cell Biol 149:793–798  

    255.    Bojarski L, Pomorski P, Szybinska A, Drab M, Skibinska-Kijek A, Gruszczynska-Biegala J, 
Kuznicki J (2009) Presenilin-dependent expression of STIM proteins and dysregulation of 
capacitative Ca 2+  entry in familial Alzheimer’s disease. Biochim Biophys Acta 1793: 
1050–1057  

    256.    Zatti G, Ghidoni R, Barbiero L, Binetti G, Pozzan T, Fasolato C, Pizzo P (2004) The prese-
nilin 2 M239I mutation associated with familial Alzheimer’s disease reduces Ca 2+  release 
from intracellular stores. Neurobiol Dis 15:269–278  



382 A. Berna-Erro et al.

    257.    Giacomello M, Barbiero L, Zatti G, Squitti R, Binetti G, Pozzan T, Fasolato C, Ghidoni R, 
Pizzo P (2005) Reduction of Ca 2+  stores and capacitative Ca 2+  entry is associated with the 
familial Alzheimer’s disease presenilin-2 T122R mutation and anticipates the onset of demen-
tia. Neurobiol Dis 18:638–648  

    258.    Sorgato MC, Bertoli A (2009) From cell protection to death: may Ca 2+  signals explain the 
chameleonic attributes of the mammalian prion protein? Biochem Biophys Res Commun 
379:171–174  

    259.    Lazzari C, Peggion C, Stella R, Massimino ML, Lim D, Bertoli A, Sorgato MC (2011) 
Cellular prion protein is implicated in the regulation of local Ca 2+  movements in cerebellar 
granule neurons. J Neurochem 116:881–890  

    260.    Jardin I, Lopez JJ, Zbidi H, Bartegi A, Salido GM, Rosado JA (2011) Attenuated store- 
operated divalent cation entry and association between STIM1, Orai1, hTRPC1 and hTRPC6 
in platelets from type 2 diabetic patients. Blood Cells Mol Dis 15(46):252–260  

    261.    Okon EB, Golbabaie A, Breemen C (2008) Paracrine effects of endothelial cells in a diabetic 
mouse model: capacitative calcium entry stimulated thromboxane release. Horm Metab Res 
40:645–650  

    262.    Sabbioni S, Veronese A, Trubia M, Taramelli R, Barbanti-Brodano G, Croce CM, Negrini M 
(1999) Exon structure and promoter identifi cation of STIM1 (alias GOK), a human gene 
causing growth arrest of the human tumor cell lines G401 and RD. Cytogenet Cell Genet 
86:214–218  

    263.    Ruano Y, Mollejo M, Ribalta T, Fiano C, Camacho FI, Gomez E, de Lope AR, Hernandez-
Moneo JL, Martinez P, Melendez B (2006) Identifi cation of novel candidate target genes in 
amplicons of Glioblastoma multiforme tumors detected by expression and CGH microarray 
profi ling. Mol Cancer 5:39    



383

  Abstract   Ca 2+  release activated Ca 2+  (CRAC) channels mediate robust Ca 2+  infl ux 
when the endoplasmic reticulum Ca 2+  stores are depleted. This essential process for 
T-cell activation as well as degranulation of mast cells involves the Ca 2+  sensor 
STIM1, located in the endoplasmic reticulum and the Ca 2+  selective Orai1 channel 
in the plasma membrane. Our review describes the CRAC signaling pathway, the 
activation of which is initiated by a drop in the endoplasmic Ca 2+  level sensed by 
STIM1. This in term induces multimerisation and puncta-formation of STIM1 pro-
teins is followed by their coupling to and activation of Orai channels. Consequently 
Ca 2+  entry is triggered through the Orai pore into the cytosol with subsequent clo-
sure of the channel by Ca 2+ -dependent inactivation. We will portray a mechanistic 
view of the events coupling STIM1 to Orai activation based on their structure and 
biophysics.    

  Keywords   (STIM1) stromal interaction molecule 1    •  (CRAC) Ca2+ release-actived 
Ca2+ current  •  (SOC) store-operated current  •  (CMD) CRAC modulatory domain  • 
 (SCID) severe combined immune defi ciency  •  (HEK) human embryonal kidney  
•  (ARC) arachidonate regulated Ca2+  •  (SHD) STIM1 homomerization domain  • 
 (CAD) CRAC activating domain  •  (SOAR) STIM1 Orai activating region  •  FRET 
Förster Resonance Energy Transfer  •  (ROS) reactive oxygen species  •  (TM) trans-
membrane  •  (2-APB) 2-aminoethoxydiphenyl borate    
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   Store-Operated Ca 2+  Channels    

 A variety of cellular processes ranging from short-term to long-term responses of 
immune cells such as mast cells and lymphocytes is controlled by changes in cyto-
solic Ca 2+  levels  [  1  ] . Activation of immune receptors like T-, B-cell- or Fc-receptors 
initiates a signaling cascade which triggers the depletion of intracellular Ca 2+  stores. 
Thereby the so called store-operated calcium (SOC) channels are activated and let 
Ca 2+  pass into the cell. Among these ion channels the calcium release-activated Ca 2+  
(CRAC) channel is best characterized  [  1–  5  ] . Biophysical characterization reveals a 
high Ca 2+  selectivity, very low single channel conductance and a pronounced inward-
rectifying current/voltage relationship  [  2  ] . For more than two decades, the molecu-
lar identity of CRAC channels has remained elusive. In 2005 and 2006, the two key 
players of the CRAC channel – STIM and Orai – have been identifi ed as suffi cient 
to fully reconstitute CRAC currents  [  6–  10  ] . 

   STIM1, the Ca 2+  Sensor in the ER Membrane 

 STIM1 (Fig.  16.1 ) represents the ER-located Ca 2+  sensor  [  6,   7  ]  which includes a 
pair of luminal EF-hands and a sterile-alpha motif (SAM) in its N-terminus fol-
lowed by a single transmembrane domain  [  11  ] . The C-terminal portion contains 
three coiled-coil domains  [  12  ] , a CRAC modulatory domain (CMD), a serine-/ 
proline- and a lysine-rich region  [  6,   13–  16  ] . The STIM1 C-terminal second and 
third coiled-coil domains extended by ~20 amino acids have been elucidated as the 
smallest fragment suffi cient for binding to and activating Orai1  [  17–  20  ] . STIM2, 
the second STIM protein, is structurally 61% homologous to STIM1. The two pro-
teins diverge signifi cantly in their N-terminal sequence  [  21  ]  as well as in their 
C-terminal portion subsequent to the ERM/coiled-coil region  [  22  ] .   

   Orai Proteins, the Pore Forming Subunits of CRAC Channels 

 Function-based genetic screens by systematic RNA interference and analysis of 
single nucleotide polymorphism arrays of patients with severe combined immune 
defi ciency (SCID) syndrome who exhibit a defect in CRAC channel function, have 
led to the identifi cation of Orai1  [  8–  10  ] . Orai1 localizes to the plasma membrane 
and functions as a Ca 2+ -selective ion channel  [  8–  10,   23  ] . Co-expression of STIM1 
and Orai1 allows coupling of these two proteins upon store-depletion resulting in 
currents with biophysical and pharmacological properties similar to endogenous 
CRAC currents in RBL mast or Jurkat T cells  [  24  ] . Thus the two proteins are sup-
posed to be suffi cient for CRAC channel activation. Orai2 and Orai3 represent two 
additional homologues of the Orai family (Fig.  16.2 ), which all contain a cytosolic 
N- and C-terminus and in-between four transmembrane segments  [  9  ] . Only the 
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Orai1 N-terminus contains a proline-/arginine-rich region  [  25  ] , while a cluster of 
positively charged amino acids close to the fi rst transmembrane region is fully con-
served among all three Orai channels. Moreover, each Orai protein consists of a 
C-terminal putative coiled-coil domain  [  26–  28  ] . All three Orai channels are highly 
selective for Ca 2+  and are activated upon store-depletion via coupling to STIM1. 
Moreover the respective Orai channels display distinct inactivation profi les, perme-
ability properties and 2-aminoethyldiphenyl borate (2-APB) sensitivities  [  29  ] .  

   Physiological Relevance of STIM1 and Orai Proteins 

 Upon the discovery of STIM1 and Orai1 diverse studies have focused on their physi-
ological role in immune cells and diverse tissues. The most important ones will be 
described in this paragraph, however, further details are beyond of the scope of this 
study. The direct link between the immune system and Orai1 has been originally 
discovered by the SCID mutant Orai1 R91W. Its loss of store-operated function 
occurs together with functional defects of diverse lymphocytes, such as T-, B-cells 
and lymphocytes in patients containing this SCID mutant  [  30–  32  ] . Mast cells which 
lack either STIM1 or Orai1 exhibit a considerable defect in degranulation. Moreover 
Fc e RI-induced in vivo anaphylaxis is inhibited in Orai1-knockout mice and signifi -
cantly reduced in STIM1 +/−  mice, which express much less STIM1 than STIM1 +/+  
mice  [  33,   34  ] . T-cells and fi broblasts which lack STIM1 have displayed severely 
impaired store-operated Ca 2+  infl ux. Moreover the lack or mutation of Orai1, lack of 
STIM1 or defi ciency in store-operated Ca 2+  entry in lymphocytes are associated with 
immunodefi ciency, myopathy and ectodermal dysplasia  [  35,   36  ] . Recently, it has 
been demonstrated that Orai1-mediated Ca 2+  infl ux is critical for granule exocytosis, 
for lymphocyte cytotoxicity as well as for cytokine production induced by target cell 
recognition. Besides the role of STIM1 in lymphocytes, STIM1 has been identifi ed to 
be essential for SOCE in VSMC  [  37  ]  as well as to be required for development and 
contractile function in skeletal muscle. Additionally STIM1 is involved in platelet 
activation and bleeding in mice  [  38  ]  and an essential mediator of arterial thrombosis 
and ischemic brain infarction. Regarding Orai1, Bergmeier et al.  [  39  ]  have shown that 
the SCID mutant in mice Orai1 R93W induces loss of calcium infl ux in platelets.    

   Structure 

   Structure of the STIM1/Orai Complex 

   Stoichiometry of Orai Channels and Their Assembly 

 Orai represents the pore-forming subunit of the CRAC channel. An individual sub-
unit (Fig.  16.2 ) consists of four transmembrane domains, two cytosolic strands, two 
extracellular and one intracellular loops. Orai proteins have been found to form 
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homomeric as well as heteromeric assemblies  [  29,   40–  42  ] . They multimerize mainly 
via their transmembrane regions as truncation of the cytosolic strands does not 
infl uence aggregation of Orai subunits  [  28,   43  ] . However, Orai1 N-terminus has still 
been assumed to be involved in Orai assembly as it affects SOC channels in a domi-
nant negative manner  [  25,   44  ] . Hitherto, crucial regions especially within the trans-
membrane segments mediating Orai subunit aggregation have not yet been mapped 
in detail. 

 As Orai channels exhibit no known homology to other calcium channels, specu-
lations have emerged concerning their stoichiometry. Initially, biochemical 
approaches have disclosed that Orai1 forms at least stable dimers; while tetramers 
have been obtained by chemical cross-linking  [  41  ] . Disulfi de cross-linking assays 
have approved tetrameric or higher order Orai1 aggregates  [  45  ] . Electron micros-
copy studies have visualized a tetrameric stoichiometry of purifi ed Orai1 proteins 
 [  46  ] . Functional assays further underline a tetrameric subunit stoichiometry of acti-
vated and conducting Orai channels as store-operated Ca 2+  currents mediated by 
expressed tetrameric Orai1 concatamers remain unaffected by co-expression with a 
dominant-negative Orai1 mutant  [  47  ] . 

 We and other groups have recently addressed the resting state stoichiometry of 
Orai1 channels by single molecule fl uorescence microscopy, which allows for count-
ing subunits within the channel complex. This technique has been already success-
fully applied to bacterial fl agellar motors  [  48  ]  or ion channels  [  49  ] , or for determination 
of the load of mobile molecular nano-platforms  [  50,   51  ] . Subunit stoichiometry can 
be inferred from counting the photobleaching steps of fl uorescent dyes attached to 
the subunits  [  48,   49  ] . For this, the Orai1 proteins have to be labeled in a defi ned stoi-
chiometric manner with GFP  [  52  ] ; the number of individual bleaching steps then 
directly yield the oligomeric state. Fluorescent fusion proteins have the advantage of 
an inherent 1:1 labeling stoichiometry without the need for invasive labeling proce-
dures. However, fl uorescent proteins are rather dim compared to organic dyes  [  53  ] . 
Also, the photophysical properties are quite complex, e.g. phenomena such as photo-
induced on/off-blinking have been reported  [  54  ] . In living cells, reliable counting of 
single photobleaching events for mobile complexes is extremely diffi cult even when 
using very bright organic dyes  [  53  ] : during the excursions of the molecule, the local 
background level changes, rendering precise brightness measurements diffi cult. 
Consequently, in the case of GFP, stepwise photobleaching analysis is usually 
restricted to immobile or slowly moving proteins  [  49  ] . 

 For the determination of the Orai1 stoichiometry, stepwise photobleaching studies 
 [  55,   56  ]  have been only applied to immobile  [  55  ]  or immobilized  [  56  ]  aggregates, 
respectively and have conformed the tetrameric subunit composition of the STIM1-
activated, conducting CRAC channels. Under resting cell conditions, Ji et al.  [  56  ]  
have observed Orai1 tetramers in fi xed HEK 293 cells. In contrast, Penna et al.  [  55  ]  
have reported a dimeric state for immobile Orai aggregates in  Xenopus levis  oocytyes 
proposing that STIM1 causes dimerization of two Orai dimers, which fi nally results 
in full CRAC activation  [  55  ] . The discrepancy between the two studies might arise 
from the restriction to the analysis of immobile or immobilized proteins. 

 An alternative approach to stepwise photobleaching is direct single molecule 
brightness analysis. Schmidt et al. have introduced a brightness analysis method 
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that allows to measure the fl uorescent load of individual mobile entities by compar-
ing the signal of the fully labeled aggregate to the signal of a single fl uorophore 
 [  57  ] . This method has been shown to be suitable for analyzing highly mobile enti-
ties in lipid bilayers  [  50  ]  and for studying lipid nano-platforms in living cells  [  58  ] . 
We have extended this approach to study the stoichiometry of mobile, resting-state 
Orai1 in living HEK 293 cells  [  59  ] , where the majority of Orai1 is mobile  [  19,   59  ] . 
By exclusively measuring the stoichiometry of mobile GFP-Orai1 proteins, we have 
been able to analyze the largest Orai1 fraction. Our results indicate a purely tetra-
meric assembly of Orai1  [  59  ]  under resting cell conditions. 

 Besides the homomeric and tetrameric assembly of Orai subunits, Shuttleworth’s 
lab  [  60  ]  has reported that Orai1 and Orai3 subunits form pentameric aggregates 
respresenting arachidonate regulated Ca 2+  (ARC) channels. An oligomer composed 
of three Orai1 and two Orai3 subunits forms the functional ARC channel pore  [  47, 
  61–  63  ] . The Orai3 N-terminus appears critical for switching a store-operated chan-
nel to an exclusively arachidonate regulated one  [  64  ] .  

   STIM1 Oligomerization 

 The Ca 2+  sensor STIM1 is uniformly distributed within the ER membrane at resting 
state  [  7,   65  ] . It interacts with the microtubule-plus-end-tracking protein EB1 at 
those sites where microtubule ends come in close contact with the ER  [  66  ] . Moreover, 
STIM1 co-localizes with endogenous  a -tubulin  [  67  ] . 

 STIM1 (see Fig.  16.1 ) senses, via its N-terminal EF-hands, the luminal Ca 2+  con-
tent which is approximately 300–500  m M at resting state  [  6,   7  ] . Upon store-deple-
tion, STIM1 proteins oligomerize at junctional ER sites close to the plasma 
membrane (20 nm)  [  6,   13,   65,   68–  71  ]  resulting in puncta-formation thereby activat-
ing CRAC channels. STIM1 oligomerization is strictly dependent on ER Ca 2+  levels 
 [  72  ]  and occurs with an EC 

50
  of 210  m M Ca 2+   [  73  ] . Recently, it has been found that 

also an increase in temperature induces clustering of STIM1  [  74  ]  even when the 
stores are full. 

 N- as well as C-terminal domains of STIM1 contribute to its oligomerization, 
while for CRAC/Orai activation the cytosolic C-terminal portion plays a major role. 
The loss of Ca 2+  at the N-terminal EF-hand upon store-depletion triggers the aggre-
gation of STIM1 proteins. In accordance, oligomerization of a STIM1 fragment con-
taining the EF-hand and the SAM domain is observed in the absence of Ca 2+   [  75,   76  ] . 
In support, a STIM1 deletion mutant devoid of the whole cytosolic C-terminus 
 oligomerizes via the N-terminal EF-SAM domain, however, these aggregates are 
unstable  [  77  ] . The “hidden” EF-hand located between the EF-hand and the SAM 
domain is unable to bind Ca 2+   [  75  ] . The two EF-hands together interact with the 
SAM domain by hydrophobic amino acids  [  75  ] . Their mutation abolishes Ca 2+  sen-
sitivity and oligomerization via destabilization of the entire EF-SAM fragment 
which leads to puncta formation and constitutive activation of SOC channels  [  75  ] . 

 Within the C-terminus of STIM1 (see Fig.  16.1 ), the Orai activation domain 
(CAD, SOAR) comprising the second and third coiled-coil domains and ~20 
additional amino acids is suffi cient for aggregation  [  77  ] . The amino acid region 
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420–450, located C-terminal to the coiled-coil regions has been suggested to con-
tribute to STIM1 oligomerization and has been consequently named STIM1 
homomerization domain (SHD)  [  17,   77,   78  ] . The fi rst coiled-coil domain is reported 
to support oligomerization of STIM1  [  77  ] . However, aggregates of STIM1 proteins 
that lack domains after the fi rst coiled-coil domain remain unstable  [  77  ] . Moreover, 
C-terminal STIM1 fragments (233–420) including only coiled-coil domains are 
unable to form stable di-/oligo-mers  [  17  ] . 

 In summary, STIM1 oligomerization and subsequent Orai activation are achieved 
by the second and third coiled-coil domains extended by ~20 residues.   

   Stoichiometric and Conformational Requirements 
Within a STIM1/Orai Complex 

 Aggregation of STIM1 and Orai1 following store-depletion is suffi cient to reconsti-
tute CRAC currents  [  6–  10,   65,   79  ] . STIM1/Orai complexes form co-clustered 
puncta in the plasma membrane  [  6,   68,   71,   80  ]  thereby initiating Ca 2+  entry into the 
cell. Electrophysiological recordings of Orai1 currents induced by covalently-linked 
dimeric STIM1 constructs have revealed that eight STIM1 molecules allow maxi-
mal CRAC current activation  [  81  ] . Less than eight STIM1 molecules generate 
smaller Orai1 currents, suggesting that CRAC channel activation occurs in a graded 
but not in an “all-or-none” fashion  [  81  ] . In line, Hoover et al.  [  82  ]  have recently 
shown by combined whole-cell recordings with single cell fl uorescence measure-
ments that a STIM1:Orai1 expression ratio of ~2 – thus eight STIM1 molecules – 
allows maximal Orai channel activation. In aggregate, four Orai molecules 
apparently couple to eight STIM1 molecules for maximal Ca 2+  entry activation. 

 A novel STIM1-derived Förster Resonance Energy Transfer- (FRET-) sensor has 
enabled to visualize that the C-terminal portion of STIM1 switches into an extended 
conformation upon activation of Orai1  [  83  ] . This conformational switch involves both 
hydrophobic  [  83  ]  as well as electrostatic  [  84  ]  interactions of the coiled-coil domains.  

   Direct Interaction of STIM1 and Orai1, and Modulatory Proteins 

 After discovery of the two molecular key players of CRAC channel, a series of labs 
has suggested that STIM1 and Orai1 couple indirectly to each other  [  41,   80,   85,   86  ] . 
Meanwhile, however, there is ample evidence in support of a direct interaction of 
STIM1 and Orai1 in response to store-depletion based on FRET as well as biochem-
istry studies  [  19,   28,   87–  89  ]  as described in detail in the next chapter  [  18–  20,   27,   28  ] . 
Expression of STIM1 and Orai1 in yeast has additionally shown that STIM1 and 
Orai1 are suffi cient to fully reconstitute CRAC currents  [  90  ] , without the need of 
further proteins. Various other proteins and lipids have been identifi ed to couple or 
interplay with either STIM1 or Orai1 or both. Among them are CaM  [  91,   92  ] , 
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CRACR2A/B  [  93  ] , MS4A4B  [  94  ] , Golli  [  95  ] , adenylyl cyclase type 8 (AC8)  [  96  ] , 
the polycystin-1 cleavage product P100  [  97  ] , caveolin  [  98  ] , SPCA2  [  99  ]  and 
the L-type Ca 2+  channel (Cav1.2)  [  100,   101  ]  or the phospholipids PIP 

2
  and PIP 

3
  

 [  102–  104  ] . However, these additional components rather function in a modulatory 
manner within the store-operated Ca 2+  entry pathway.   

   Regulation 

   Domains Mediating Coupling and Regulation of STIM1 and Orai 

 The complex signaling cascade of STIM1/Orai involves a series of coupling steps 
including STIM1 multimerization, Orai oligomerization as well as STIM1/Orai 
interaction. These processes are controlled by several cytosolic domains of both 
proteins (see Fig.  16.3 ).  

  Fig. 16.3     Model for STIM1-Orai1 coupling.  Under resting state conditions, STIM1 proteins are 
more uniformly distributed within the ER membrane and its C-terminus is locked in a closed con-
formation. Upon Ca 2+ -store-depletion STIM1 oligomerizes which is mediated by luminal SAM as 
well as cytosolic SHD domain and rearranges STIM1 into punctate clusters in regions close to the 
plasma membrane. There STIM1 attracts almost uniformly distributed Orai1 via a direct interac-
tion of their C-termini involving putative coiled-coil domains. Thereby STIM1 is switched to an 
open conformation where STIM1’s second coiled-coil domain attached to the C-terminal coiled-
coil domain of Orai. Coclustering together with additional involvement of Orai1 N-terminus 
 culminates in the Orai1/CRAC activation. This model emphasizes domain interactions rather than 
stoichiometry of the STIM–Orai coupling       
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 Within STIM1 C-terminus, regions for intramolecular as well as intermolecular 
interactions have been identifi ed. The recently  [  84  ]  reported intramolecular interac-
tion involves a basic amino acid stretch within the second coiled-coil domain of 
STIM1 that is proposed to interact with an acidic domain in the fi rst coiled-coil 
domain. This basic segment in the second coiled-coil domain of STIM1 is able to 
couple to acidic residues within the C-terminal coiled-coil region of Orai1  [  84  ] . 

 The main interaction region within STIM1 C-terminus for intermolecular cou-
pling represents the second coiled-coil domain  [  27  ] . Small fragments of STIM1 
C-terminus (CAD (aa 342–448), SOAR (aa 344–442), OASF (aa 233–450), Ccb9 
(aa 339–444)) which all contain the second and third coiled-coil domains together 
with some further amino acids downstream have been suffi cient for coupling to and 
activation of Orai proteins  [  17–  20  ] . 

 The structure within Orai interacting with the second coiled-coil domain of 
STIM1 has been localized to a C-terminal single, putative coiled-coil domain. 
Contrary to Orai1, both Orai2 and Orai3 exhibit a 15–17 fold higher coiled-coil 
probability  [  27  ] . A single point mutation in the Orai1 coiled-coil domain (L273S) 
abrogates communication with STIM1 C-terminus  [  27,   28  ] . In Orai2 as well as 
Orai3 a second point mutation in their coiled-coil domain is required to fully disrupt 
coupling to STIM1 probably refl ecting the higher coiled-coil probability compared 
to Orai1. Accordingly, reducing the probability of the putative, second coiled-coil 
domain of STIM1 C-terminus by a single mutation has still allowed partial activa-
tion of Orai2 and Orai3 channels but not of Orai1. A double mutation within this 
region fully disrupts communication with all three Orai channels. Hence, coiled-
coil regions are crucial structures for the coupling of STIM1 and Orai  [  27  ] . 

 The C-terminal coiled-coil domain of Orai1 contains a series of acidic residues, 
while the second coiled-coil domain of STIM1 includes a highly conserved cluster 
of basic residues (KIKKKR – aa 382–387 of human STIM1). These charged amino 
acids have been proposed to mediate STIM1/Orai coupling  [  88,   105,   106  ] . However, 
respective charge swap in these coiled-coil domains somewhat disturbed the cou-
pling of STIM1/Orai1  [  106  ]  suggesting the involvement of further structures in the 
coupling process. In aggregate, hydrophobic as well as charged residues contribute 
to a heteromeric coiled-coil interaction between the C-termini of STIM1 and Orai1 
 [  107,   108  ] . 

 Besides an interaction of STIM1/CAD with Orai1 C-terminus, the Orai1 
N-terminus additionally functions as binding partner for STIM1/CAD, though to a 
weaker extent  [  19,   28,   43  ] . The N-terminus includes a region aa 74–91 close to the 
fi rst transmembrane segment, which is fully conserved among all Orai proteins. 
Upon truncation of the whole N-terminus of Orai1, SOCE is completely abolished. 
In contrast, a partial deletion up to the residue 74 retaining the conserved region 
maintains Orai1 channel activity  [  43  ] . Co-immunoprecipitation studies have 
revealed that CAD couples to this N-terminal conserved domain of Orai1. A detailed 
mapping of residues within this conserved region regarding their contribution to 
STIM1 interaction and Orai1 gating is so far lacking, although a single lysine (K85) 
plays an important role in Orai1 gating  [  109  ] . Nevertheless, both N- and C-terminus 
of Orai1 are essential in triggering CRAC channel activation  [  19  ] . 
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 In addition to the coupling domains, N- as well as C-termini of STIM1 and Orai 
include regions that play regulatory roles. Orai1, but not Orai2 and Orai3 contain a 
polybasic and proline-rich region at the beginning of the N-terminus  [  78  ] . Its muta-
tion or deletion  [  18,   25,   43  ]  has revealed signifi cantly reduced Ca 2+  currents sug-
gesting a role on the initial portion of the N-terminus in regulating the extent of 
maximum current density. 

 Furthermore, a CaM binding domain is located within the conserved N-terminal 
region adjacent to the fi rst transmembrane segment. Mutation of CaM-specifi c 
 residues has caused loss of CaM binding and abolished fast inactivation  [  91  ]  (see 
below section Biophysics). Moreover, the conserved aa K85 in Orai1 (K60 in Orai3) 
within this N-terminal conserved region is a crucial determinant for Orai channel 
gating  [  109  ] . Upon its point mutation (K85E, K60E), Orai channels have completely 
lost store-operated activation, despite retaining STIM1 coupling. These results sug-
gest that this single residue determines CRAC channel gating  [  109  ] . 

 This conserved N-terminal region of Orai additionally exhibits a series of posi-
tively charged amino acids resembling a PH-domain known for PIP 

2
  binding. STIM1 

similarly includes a polybasic region at the very end of its C-terminus that has been 
hypothesized to function as another PIP 

2
  binding domain. Its deletion in STIM1 

impairs puncta formation although STIM1 homomerization as well store-operated 
activation of Orai are maintained. Thus, it is essential for redistribution of STIM1 to 
ER-plasma membrane junctions  [  6,   19,   43,   110  ]  where puncta-formation is directed 
by phosphoinositides in the plasma membrane  [  70  ]  even in the absence of Orai. The 
functional role of phosphoinositides that has been elucidated so far will be further 
discussed below. 

 Another regulatory component within STIM1 C-terminus represents the CRAC 
modulatory domain, termed CMD (aa 474–485). It comprises seven negatively 
charged residues and their mutation or deletion has strongly enhanced coupling to 
Orai1 together with two to three fold increased Ca 2+  inward currents  [  16,   91,   111  ] . 
These larger currents additionally exhibit loss of fast inactivation, as described 
below in detail. Hence, CMD acts in an inhibitory manner on STIM1/Orai coupling, 
current activation as well as inactivation. 

 Despite STIM1 and Orai1 have been shown to be suffi cient for the reconstitution 
of CRAC currents, several further cellular components regulate their interplay. 
Here, phosphoinositides, phosphorylation sites and oxidative stress apparently play 
a signifi cant role. 

   STIM1/Orai1 and Plasma Membrane Phosphoinositides 

 A lysine-rich domain at the very end of STIM1 C-terminus resembles a PIP 
2
  bind-

ing domain  [  70  ] . STIM2, that includes an even larger lysine-rich region at the end 
of its C-terminus, exhibits preferential binding to PIP 

2
   [  112  ] . Reduction of PIP 

2
  and 

also PIP 
3
  levels has been shown to affect puncta-formation of STIM1-Orai1 clusters 

 [  70,   102  ] , targeting of STIM1 to ER-PM junctions  [  113  ]  as well as stabilization of 
STIM1-PM interaction  [  103  ] . In contrast, store-operated currents have remained 



394 I. Derler et al.

preserved upon depletion of PIP 
2
   [  103,   113  ] . Ecran et al.  [  112  ]  have demonstrated 

preferential binding of STIM2 to liposomes containing PIP 
2
  suggesting a specifi c 

contribution of for recruitment of STIM2 C-terminus to the plasma membrane. 
However, reduction of PIP 

2
  levels has only a minor effect on STIM1 translocation, 

although STIM1/Orai1-mediated or CRAC currents are strongly inhibited  [  103  ] . 
 In summary, phosphoinositides exhibit a regulatory impact on the STIM1/Orai 

signaling cascade, however, other components besides STIM1 might be addition-
ally involved.  

   Phosphorylation Sites in STIM1 and Orai Proteins 

 During meiosis as well as mitosis store-operated currents are suppressed. During 
meiosis Orai proteins get internalized in intracellular vesicles  [  114  ] , while during 
mitosis phosphorylation of STIM1 results in SOCE reduction. STIM1 represents a 
phospho-protein as it includes a series of phosphorylation sites in its C-terminus 
 [  115  ] . Mutation of the phophorylation sites within STIM1 C-terminus (Ser486, Ser 
668) relevant for suppression of Orai1 currents during mitosis  [  116  ]  rescues mitotic 
SOCE  [  116  ] . 

 Moreover STIM1 functions as a probable target of the extracellular-signal- 
regulated kinases 1 and 2 (ERK1/2)  [  117  ] . Phosphorylation of ERK1/2 target sites 
on STIM1 has decreased SOCE by reduction of STIM1/Orai coupling  [  117  ] . 

 Besides STIM1, also Orai1 contains putative phosphorylation sites within its 
N-terminus: S27 and S30  [  118  ] . Their mutation has increased store-operated Ca 2+  
entry as well as CRAC currents which lets assume that PKC suppresses SOCE and 
CRAC channel activation by phosphorylation of Orai1 at these residues. 

 Hence, the function of STIM1 and Orai is additionally modulated by 
phosphorylation.  

   Regulation of STIM1/Orai Signaling by Oxidative Stress 

 Many physiological and patho-physiological processes like cell growth, differentia-
tion, and cell death are mediated by reactive oxygen species (ROS)  [  119,   120  ] . They 
are generated in intracellular as well as extracellular compartments by redox-active 
proteins  [  119,   121,   122  ] . Antioxidants clear ROS and maintain the physiological 
redox state within the cells  [  119,   123  ] . Hydrogen peroxide (H 

2
 O 

2
 ) appears biologi-

cally most relevant among the ~20 types of ROS  [  119  ] . It is relatively stable, dif-
fuses across the plasma membrane and acts primarily by oxidizing cysteine residues 
in target proteins  [  119  ] . Several recent publications have provided evidence that 
STIM1/Orai signaling is modulated by oxidative stress  [  124–  126  ] . 

 Native CRAC currents have been shown to be stimulated by micromolar concen-
trations of H 

2
 O 

2
   [  125,   126  ] , which requires STIM1. Mechanistically, activation by 

oxidative stress has been attributed to a reduction in the Ca 2+ -binding affi nity of STIM1 
that involves cysteine 56 near the EF-hand within STIM1 N-terminus  [  126  ] . It is 
S-glutathionylated  [  126  ]  upon addition of ROS and triggers STIM1 oligomerization. 
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 In contrast, another study  [  124  ]  has reported that oxidation via H 
2
 O 

2
  blocks the 

activation of Orai1 channels, while Orai3 channels remain unaffected. The reason 
for this divergent redox sensitivity of Orai1 and Orai3 channels is attributed to an 
extracellularly-located reactive cysteine, which is missing in Orai3. Oxidation of 
cysteine may lock the pore in the closed conformation. The controversial stimulatory 
or inhibitory effects on CRAC currents by oxidative stress probably depend on the 
different expression ratios of the three Orai homologues compared to the sole Orai1 
expression in HEK cells. Additionally, distinct concentrations of H 

2
 O 

2
  have been 

utilized in these reports  [  124–  126  ] . Alternatively, these fi ndings may point to several 
potential target sites on STIM1 and Orai proteins within the CRAC machinery. 

 In summary, oxidative stress provides an additional pathway for modulating 
STIM1/Orai activation thereby opening new perspectives on a cross talk between 
Ca 2+  homeostasis and ROS.    

   Biophysics 

   Permeation of CRAC and Orai Channels 

 Whole cell CRAC currents with Ca 2+  as a charge carrier exhibit a current–voltage 
relationship with a strong inward rectifi cation and a high reversal potential of +60 mV 
 [  127  ] . CRAC channels are more than 1,000 times higher selective for Ca 2+  over Na +  at 
physiological conditions  [  128  ] . Thus, CRAC channels represent one of the most Ca 2+  
selective channels. In comparison to endogenous CRAC currents, all three Orai chan-
nels exhibit similar permeation properties  [  29,   129  ] . Ba 2+  instead of Ca 2+  in the extra-
cellular solution causes transient current increases which lets assume that CRAC/ 
Orai channels prefer to conduct Ba 2+  over Ca 2+   [  29,   130  ] . In contrast, maximally acti-
vated Ca 2+  currents are decreased upon perfusion of Ba 2+   [  131–  133  ] . Only in the 
absence of any divalent ions  [  24,   29,   127,   128,   130,   133–  135  ]  CRAC/Orai currents 
get also permeable for Na +  and Li + . Although the narrowest pore region of Orai/CRAC 
channels has been estimated as ~3.8–3.9 Å  [  133,   136,   137  ] , Cs +  ions displaying a 
slightly smaller diameter are impermeable for these channels, in contrast to fi ndings 
on other Ca 2+  selective channels like TRPV6 or L-type Ca 2+  channels  [  138,   139  ] . 
Moreover, CRAC and Orai channels exhibit an extremely small unitary conductance 
of 9–24 fS, and 6 fS respectively, in a 2–110 mM Ca 2+  solution  [  133,   140,   141  ] . 

 Orai proteins exhibit a distinct transmembrane architecture and permeation pro-
fi le compared to other Ca 2+  channels suggesting a unique selectivity fi lter for these 
channels (Fig.  16.4 ). They form tetrameric assemblies of Orai subunits  [  47,   55,   56  ]  
that either include the same isoforms or a heteromeric combination  [  29,   41,   42  ] . The 
negatively charged amino acids within the fi rst (human: E106 in Orai1, E80 in 
Orai2, E81 in Orai3, drosophila: E180 Orai) and third (human: E190 in Orai1, E164 
in Orai2, E165 in Orai3 and drosophila: E262 Orai) transmembrane (TM) segments 
and the fi rst loop (D110/112/114 for Orai1; E84/Q86/Q88 for Orai2; E85/D87/E89 
for Orai3, D182/D184/N186 for drosophila Orai)  [  23,   85,   133,   137,   142  ]  have been 
proposed to attract Ca 2+  ions. Their mutation to glutamates or aspartates alters per-
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meation profi les and reduces Ca 2+  selectivity, while permeation for monovalent cat-
ions increases  [  23,   85,   133,   137,   142  ] . A glutamine or alanine substitution at position 
E106 of Orai1 generates a non-permeant channel that acts in a dominant negative 
manner on all three Orai-mediated  [  29,   85,   142  ]  and native CRAC currents in T-cells 
 [  23,   41  ] . In line with the reduced Ca 2+  selectivity of Orai1-E106D and Orai1-E190Q 
they display an enlarged minimum pore size of 5.3 and 7 Å, respectively  [  133  ] . The 
increase in Orai1 channel pore diameter enables Cs +  permeation probably by relief 
of steric hindrance  [  133  ] .  

 Cysteine scanning mutagenesis and cysteine accessibility method  [  45,   143  ]  
reveal that the fi rst extracellular loop forms a fl exible outer vestibule of the CRAC 
channel with negative residues functioning as a Ca 2+  sink. The selectivity fi lter 
forming the tight pore attracts Ca 2+  at position E106  [  85,   143  ]  that curtails the pore 
by the glutamate side chain up to 3.8 Å. The third transmembrane domain especially 
E190 plays less likely a role as pore region or selectivity fi lter  [  45,   143  ]  but rather 
affects the pore allosterically as mutations at this position reduce Ca 2+  selectivity. 

 Within an Orai channel the fi rst loops of distinct subunits come close to each 
other during Ca 2+  permeation. As the three Orai homologues differ in their amino 
acid sequence in the fi rst loop, within an Orai heteromer glutamates and aspartates 
in the fi rst loop are asymmetrically arranged. Consequently, pore properties are 
affected and heteromeric channel yield reduced Ca 2+  selectivity and robust Cs +  per-
meation in contrast to their homomeric isoforms  [  40  ] . Another lab has reported 
heteromeric Orai1/Orai3 channels as the molecular basis of the ARC channel that 
responds to arachidonic acid rather than store-depletion  [  60,   62  ] . Hence, analysis of 
native heteromeric Orai1/Orai3 channels  [  45,   144–  146  ]  may help to determine the 
intrinsic function of the proteins. 

 In aggregate, the extracellular loop between TM1 and TM2 forms a fl exible outer 
pore vestibule providing a sink for Ca 2+  ions (see Fig.  16.4 ). Then Ca 2+  enters the 
narrow and rigid segment of the pore encompassing amino acids 99–105 of the fi rst 
transmembrane segments with glutamate 106 representing the selectivity fi lter 
 [  143  ] . A second constriction site may be additionally found at the smaller N-terminal 
packing of TM1 segment. Ca 2+  is allowed to pass into the cytosol via the hydrophilic 
side-chain of lysine 91 in Orai1 that is directly located at the interface between TM1 
and the N-terminus. Its mutation to a hydrophobic residue inhibits Ca 2+  entry and 
Orai activation  [  147  ] .  

   Distinct Effects of the CRAC Channel Modulator 2-APB 
on the Three Orai Isoforms 

 STIM1/Orai channels have been already examined for the effects of various 
 compounds that block CRAC currents as recently reviewed  [  148,   149  ] . 2-amino-
ethoxydiphenyl borate (2-APB) represents the pharmacologically best characterised 
modulator of CRAC/Orai currents. Its effects on CRAC/Orai currents are complex 
and depend on the Orai isoform. STIM1-mediated Orai1 and Orai2 currents display 
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transient activation upon low (~5  m M) concentrations of 2-APB and are inhibited at 
high (~50  m M) concentrations, while Orai3 currents are exclusively enhanced  [  150  ] . 

 The temporary increase of Orai1 currents at low concentrations of 2-APB is due 
to an increased coupling of STIM1 with Orai channels as evaluated by FRET 
microscopy  [  89,   151  ] . The Orai1 current block by 2-APB has been shown to be 
accompanied by a reversal of STIM1 puncta formation in store-depleted cells 
 [  129,   150  ] . Alternatively, Navarro-Borelly et al.  [  89  ]  have reported that 2-APB 
changed the FRET between two labelled Orai1 proteins, suggesting an interference 
with channel gating  [  89  ] . Further, STIM1 apparently interferes with the 2-APB acti-
vation of Orai channels, as derived from  [  152  ]  2-APB specifi c outward currents 
which develop with a ~14 s delay compared to inward currents. Accordingly, in the 
absence of STIM1 inward and outward currents activated at a parallel time-course 
upon 2-APB application. Hence, STIM1 seems to act in an inhibitory manner on 
the  gating of Orai channels by 2-APB  [  152  ] . 

  Fig. 16.4     The permeation pathway of Orai1.  The extracellular loop between TM1 and TM2 forms 
a fl exible outer pore vestibule providing a sink for Ca 2+  ions. Afterwards Ca 2+  enters the narrow and 
rigid segment of the pore encompassing amino acids 99–105 of the fi rst transmembrane segments 
with glutamate 106 representing the selectivity fi lter. Additionally a second constriction site may 
be found at the smaller N-terminal packing of TM1 segment. Ca 2+  is able to pass into the cytosol 
via the hydrophilic side-chain of lysine 91 in Orai1 that is directly located at the interface between 
TM1 and the N-terminus       
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 Moreover, 2-APB modulates the permeation characteristics of Orai3 channels, 
pointing to an interaction with the channels’ pore. Robust activation of Orai3 by 
2-APB occurs in a STIM1-independent manner  [  42,   130,   137,   150  ] . Even Orai1 can 
be stimulated by 2-APB in the absence of STIM1 though to a minor extent than 
Orai3  [  150  ] . In contrast to store-dependent Orai3 currents, which display a Ca 2+ -
selective inward-rectifying current, those stimulated by 2-APB yield a double- 
rectifying current–voltage relationship. Thus, 2-APB mediated Orai3 currents are 
less Ca 2+  selective and also permeable for other monovalent cations  [  137,   150  ]  
which correlates with an increase in the pore diameter to more than 5 Å  [  137  ] . The 
second as well as third transmembrane segment and the second loop of Orai3 have 
been mapped to interact with 2-APB  [  42  ] . In accordance, an Orai3 chimera with a 
substituted second loop of Orai1 has shown a dramatically decreased sensitivity to 
2-APB (unpublished results; R. Schindl, I. Frischauf, C. Romanin). 

 In addition, heteromeric Orai1/Orai3 concatemers exhibit substantially dimin-
ished 2-APB activation  [  40  ] . Thus, homomeric Orai3 channels include unique 
structures for 2-APB sensitivity  [  42  ] . A glutamate in the third TM (E190Q in Orai1, 
E165Q in Orai3) has been mapped as an essential site affecting 2-APB interaction 
besides other Orai3 subtype specifi c regions  [  23,   137,   142,   150  ] .  

   The Orai1 R91W Mutant Linked to Severe Combined 
Immune Defi ciency (SCID) 

 SCID represents a genetic disorder causing defective T cell signaling and arises 
besides other gene defects by the single point mutation R91W in Orai1  [  153–  155  ] . 
Upon passive store-depletion, this Orai1 R91W mutant exhibits complete loss of 
current activation  [  8,   147,   156  ] . Corresponding point mutations of this conserved 
arginine in Orai2 and Orai3 have induced a similar loss of function  [  137,   147,   157  ] . 
Whether the Orai SCID mutant acts in a dominant negative manner, is still a contro-
versial issue. One reason for this might arise from distinct ratios of wild-type Orai1 
to R91W mutant expression levels possibly affecting the dominant negative action 
in the various studies  [  28,   63,   158,   159  ] . 

 Despite loss of store-operated function of Orai1 R91W, its coupling to STIM1 is 
largely retained. An increase in the degree of hydrophobicity of residue 91 typically 
yields non-functional Orai channels  [  147  ] , which assumedly alters the orientation/
fl exibility of TM1. Furthermore Orai channels with an increased pore size  [  133  ]  such 
as Orai1 E106D or Orai3 in the presence of 2-APB  [  137  ]  that additionally include 
the R91W or R66W mutation, respectively, have also remained non-functional. 
In conclusion, the Orai1 R91W mutant lack of function is linked to a substantial 
impairment of permeation/gating  [  147  ] . 

 A decline in Orai1–Orai1 homomeric FRET which is similarly obtained with Orai1 
R91W–Orai1 R91W homomers upon store-depletion, has been supposed to refl ect 
gating rearrangements within the Orai channel  [  89  ] . Therefore, Orai1 R91W lack of 
function has been interpreted as a defect in permeation rather than channel gating  [  89  ] . 
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As Orai mutants with increased pore sizes do not recover function, a potential constric-
tion or collapse of the pore appears unlikely. As permeation and gating are processes 
that are somehow coupled  [  133  ] , both might be defect in Orai1 R91W. Nevertheless, 
an ultimate proof for the proposed defect in permeation/gating structures requires 
resolution at the atomic level by crystallizing the respective Orai1 proteins.  

   Inactivation of Orai and CRAC Channels 

 Orai/CRAC channel inactivation represents an important feedback mechanism to 
control cytosolic Ca 2+  levels. During a hyperpolarizing voltage step inactivation 
takes place over tens of milliseconds and follows from feedback inhibition of channel 
activity by high cytoplasmic Ca 2+  concentrations close to the channels pore mouth 
 [  128,   160  ] . 

 Fast inactivation of all Orai channels occurs within the fi rst 100 ms of a voltage 
step and is for Orai3 three times stronger than for Orai1 or Orai2  [  29,   40,   111  ] . 
Orai1 channels exhibit a late reactivation phase, while Orai2 and Orai3 currents 
further inactivate slowly  [  29,   40  ] . In contrast to ectopically expressed Orai proteins, 
inactivation of native CRAC channels  [  16,   160  ]  is much more pronounced and the 
characteristic reactivation phase seen with Orai1 is lacking. Obviously, further com-
ponents contribute to the inactivation of native CRAC channels. Moreover it has 
been reported that distinct expression ratios of STIM1 to Orai1 affect the extent of 
fast inactivation  [  161  ] . 

 Diverse cytosolic regions of the Orai and STIM1 C-terminus have been eluci-
dated as molecular determinants for inactivation of Orai channels. Orai1 and Orai3 
N-termini include a calmodulin (CaM) binding domain close to the fi rst transmem-
brane region which binds CaM in a Ca 2+ -dependent manner  [  91,   162  ] . Transient 
CaM binding is assumed to mediate fast inactivation. It is tempting to speculate that 
CaM transiently competes with STIM1 for the N-terminal interaction site on Orai 
essential for channel gating. The Orai1 specifi c proline/arginine-rich region in the 
N-terminus has been shown to mediate reactivation  [  162  ] . 

 The intracellular loop of Orai between TM2 and TM3 modulates fast and slow 
inactivation as revealed by chimeric and mutational approaches  [  163  ] . 

 The relevance of the Orai C-terminus for fast inactivation appears complex. 
Orai2 and Orai3 chimeras with the C-terminus substituted by that of Orai1 exhibit 
diminished fast inactivation  [  111  ]  attributed to three conserved glutamates in the 
C-termini of Orai2 and Orai3 channels  [  111  ] . However, fast inactivation is not 
affected by swapping Orai1/3 C-termini. Remarkably, not only the C- but also the 
N-terminus and the second intracellular loop contribute to Orai inactivation/gating 
in a cooperative manner  [  162  ] . Moreover fast inactivation is controlled by nega-
tively charged residues within the outer pore vestibule of Orai1 channels  [  133  ] . 
Thus, Orai channels utilize multiple domains controlling fast inactivation. 

 STIM1 C-terminus includes an acidic cluster (aa 475–483) termed CRAC 
Modulatory Domain (CMD) that is indispensable for fast Orai/CRAC channel inac-
tivation  [  16,   91,   111  ] . Accordingly, fast inactivation of native CRAC currents in 
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RBL cells has been diminished upon an overexpression of STIM1 C-terminus with 
all negatively charged residues within CMD mutated to alanines  [  16  ]  compared to 
wild-type STIM1 C-terminus while the reactivation phase has remained unaffected. 
Unique slow reactivation phase of Orai1 has remained unaffected upon mutation or 
deletion of CMD in full-length STIM1 as well as STIM1 C-terminal fragments 
(unpublished results). The inactivation of all Orai1-3 channels is inhibited or reduced 
upon alanine substitution of these negatively charged residues within CMD  [  16,   111  ] . 
In summary, fast inactivation of Orai channels involves negative residues in both 
STIM1 and Orai as well as its second intracellular loop together with CaM acting 
on Orai N-terminus. 

 Additionally, 2-APB has been shown to modulate inactivation of native CRAC 
currents of T-lymphocytes. Low 2-APB concentrations enhance while high 2-APB 
concentrations abolish inactivation  [  131,   136,   160,   164  ] . As CRAC current inhibition 
occurs together with loss of inactivation, it has been supposed that these processes 
are possibly linked  [  136  ]  in as that 2-APB interrupts a potential coupling between 
the CRAC channel activation and fast inactivation. The component mediating inac-
tivation of CRAC currents may be represented by STIM1. To resolve the mecha-
nism in detail further studies are still required. The intriguing strong activation of 
Orai3 currents by high concentrations of 2-APB occurs along a loss of fast inactiva-
tion with the appearance of a robust reactivation phase  [  165  ] . In this case, 2-APB 
probably has affected both activation and inactivation together with the geometry of 
the pore. Based on the fi ndings that 2-APB stimulated Orai3 channels display an 
increased pore size, it appears likely that the pore is somewhat linked to the gating 
of Orai channels.   

   Conclusions 

 Over the last 20 years store-operated Ca 2+  channels have been examined in detail, 
until the two essential key players of CRAC channels, i.e. Orai1 and STIM1, have 
been identifi ed  [  8  ] . Their discovery has enabled characterization of the molecular 
events and structure-function relationships governing CRAC current activation, per-
meation and inactivation. Nevertheless, several processes within this signaling cas-
cade are less well understood. 

 The store-operated coupling via the Orai1 C-terminus and CAD/SOAR within 
STIM1 C-terminus has already been extensively examined. An essential role for 
Orai gating via its N-terminus has also been suggested  [  166  ] , yet the molecular 
mechanism within the STIM1/Orai signaling cascade is not fully resolved. The 
hypothesis that Orai N- and C-termini are bridged via STIM1 has still to be proven. 
Thereby the minimal essential domains need to be identifi ed within the cytosolic 
stretches involved. It is remarkable that all three Orai proteins contain a highly 
conserved region within the N-terminal portion close to the fi rst transmembrane 
segment. However, it is not yet clear whether this domain mediates a similar role 
within all Orai homologues or acts together with other domains that are distinct 
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between the Orai isoforms. Moreover it still remains open where the respective 
site(s) on STIM1 cytosolic portion is (are) that interacts with Orai N-terminal 
conserved region. 

 Further, the transformation of STIM1 interaction with Orai1 into opening the 
channels gate requires detailed analysis. So far FRET microscopy studies have 
shown that the cytosolic Orai N- and C-termini undergo a conformational change 
upon binding to STIM1  [  89  ] . These arrangements may be coupled to movements of 
the gate and supply the energy required for CRAC channel opening. Conformational 
rearrangements within STIM1 C-terminal portion have been also visualized by a 
STIM1-based FRET-sensor when it couples to Orai1. Thus, it is tempting to con-
clude that the intramolecular switching within STIM1 C-terminus mirrors the open-
ing of the CRAC channel  [  84  ] . 

 Furthermore diverse proteins have been elucidated to interplay with or couple to 
either STIM1 or Orai1. However, STIM1 and Orai1 alone have been shown to be 
suffi cient to reconstitute CRAC activation at least based on expression studies. 
Hence, the role of additional proteins may play a more important role in native 
 systems modulating the STIM1/Orai signaling machinery. 

 Above all, STIM1 and Orai proteins are involved in a series of cellular processes 
and have an impact in autoimmune and infl ammatory immune disorders  [  2  ] . Thus, 
the identifi cation of STIM1 and Orai1-3 offers potential specifi c targets for drug 
development targeting immune diseases like rheumatoid arthritis, infl ammatory 
 disorders, allograft rejection  [  148  ] . 

 Finally, a 3D atomic resolution of Orai and STIM1 proteins is most awaited, 
potentially providing the ultimate insight in the gating process, the unusual selectiv-
ity fi lter of this ligand-gated Ca 2+  channel and allow for novel structure-based ratio-
nal drug design  [  84  ] .      
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  Abstract   The tight interplay between endoplasmic reticulum (ER) and mitochondria 
is a key determinant of cell function and survival through the control of intracellular 
calcium (Ca 2+ ) signaling. The specifi c sites of physical association between ER and 
mitochondria are known as mitochondria-associated membranes (MAMs). It has 
recently become clear that MAMs are crucial for highly effi cient transmission of 
Ca 2+  from the ER to mitochondria, thus controlling fundamental processes involved 
in energy production and also determining cell fate by triggering or preventing 
apoptosis. In this contribution, we summarize the main features of the Ca 2+ -signaling 
toolkit, covering also the latest breakthroughs in the fi eld, such as the identifi cation 
of novel candidate proteins implicated in mitochondrial Ca 2+  transport and the recent 
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direct characterization of the high-Ca 2+  microdomains between ER and mitochon-
dria. We review the main functions of these two organelles, with special emphasis 
on Ca 2+  handling and on the structural and molecular foundations of the signaling 
contacts between them. Additionally, we provide important examples of the physio-
pathological role of this cross-talk, briefl y describing the key role played by MAMs 
proteins in many diseases, and shedding light on the essential role of mitochondria-
ER interactions in the maintenance of cellular homeostasis and the determination of 
cell fate.  

  Keywords   Akt  •  Apoptosis  •  Bap31  •  Bip  •  Ca 2+  signaling  •  Calcium ions  • 
 Endoplasmic Reticulum  •  Ero1 α   •  ERp44  •  GM1-ganglioside  •  grp75  •  IP3Rs  • 
 MCU  •  Microdomains  •  MICU1  •  Mitochondria  •  Mitochondria-Associated 
Membranes  •  Mitofusin-1 and -2  •  p66Shc  •  PACS-2  •  Plasma Membrane Associated 
Membranes  •  PML  •  PP2a  •  Presenilin-1 and -2  •  Sig-1R  •  VDAC  

  Abbreviations  

   D  Y  
m
     Mitochondrial membrane potential difference   

  AD    Alzheimer’s disease   
  ANT    Adenine nucleotide translocase   
  Bap31    (B-cell receptor-associated protein 31)   
  BFP    Blue fl uorescent protein   
  BiP    Binding immunoglobulin Protein   
  Ca 2+     Calcium ions   
  [Ca 2+ ]    Ca 2+  concentration   
  [Ca 2+ ] 

c
     Cytosolic Ca 2+  concentration   

  [Ca 2+ ] 
m
     Mitochondrial Ca 2+  concentration   

  CABPs    Intraluminal Ca 2+ -binding proteins   
  CaMKII    Calmodulin-dependent protein kinase II   
  CCE    Capacitative Ca 2+  entry   
  Cyp D    Cyclophilin D   
  Drp1    Dynamin-related protein 1   
  ER    Endoplasmic reticulum   
  ERp44    (Endoplasmic reticulum resident protein 44)   
  FACL4    Long-chain fatty acid-CoA ligase type 4   
  FAD    Familial Alzheimer’s disease   
  Fhit    Fragile histidine triad   
  Fis1    Fission 1 homologue   
  FRET    Fluorescence resonance energy transfer   
  GFP    Green fl uorescent protein   
  GM1    GM1-ganglioside   
  grp75    Glucose-regulated protein 75   
  HK    Hexokinase   
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  IMM    Inner mitochondrial membrane   
  IMS    Intermembrane space   
  IP3    Inositol 1,4,5-trisphosphate   
  IP3R    Inositol 1,4,5-trisphosphate receptor   
  Letm1    Leucine zipper-EF-hand containing transmembrane protein 1   
  MAMs    Mitochondria-associated membranes   
  MCU    Mitochondrial Ca 2+  uniporter   
  MICU1    Mitochondrial calcium uptake 1   
  Mfn    Mitofusin   
  mHCX    Mitochondrial H + /Ca 2+  exchanger   
  MMP    Mitochondrial membrane permeabilization   
  mNCX    Mitochondrial Na 2+ /Ca 2+  exchanger   
  MOMP    Mitochondrial outer membrane permeabilization   
  NADH    Nicotinamide adenine dinucleotide   
  NCX    Na 2+ /Ca 2+  exchanger   
  NE    nuclear envelope   
  OMM    Outer mitochondrial membrane   
  OPA1    Optic atrophy 1   
  OXPHOS    Oxidative phosphorylation   
  p66shc    66-kDa isoform of the growth factor adapter shc   
  PACS-2    Phosphofurin acidic cluster sorting protein 2   
  PAMs    Plasma membrane associated membranes   
  PDH    Pyruvate dehydrogenase   
  PKA    Protein kinase A   
  PKC    Protein kinase C   
  PLC    Phospholipase C   
  PMCA    Plasma membrane Ca 2+  ATPase   
  PML    Promyelocytic leukemia protein   
  PP2a    Protein phosphatase 2a   
  PS1    Presenilin-1   
  PS2    Presenilin-2   
  PSS-1    Phosphatidylserine synthase-1   
  PTP    Permeability transition pore   
  ROCs    Receptor operated Ca 2+  channels   
  ROS    Reactive oxygen species   
  RyR    Ryanodine receptor   
  SERCA    Sarco-endoplasmic reticulum Ca 2+  ATPase   
  Sig-1R    Sigma-1 receptor   
  SMOCs    Second messenger operated Ca 2+  channels   
  SR    Sarcoplasmic reticulum   
  TIRF    Total internal refl ection fl uorescence   
  TpMs    Trichoplein/Mitostatin   
  UCP    Uncoupling protein   
  VDAC    Voltage-dependent anion channel   
  VOCs    Voltage operated Ca 2+  channels.         
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   The Ca 2+ -Signaling Toolkit 

 Calcium ions (Ca 2+ ) are ubiquitous intracellular messengers that can set up and/or 
regulate many different cellular functions, including gene expression, cellular con-
traction, secretion, synaptic transmission, metabolism, differentiation and prolifera-
tion, as well as cell death. The universality of Ca 2+ -based signaling depends on its 
enormous versatility in terms of amplitude, duration, frequency and localization. 
The formation of the correct spatio-temporal Ca 2+  signals is dependent on an exten-
sive cellular machinery named the Ca 2+  toolkit, which includes the various cellular 
Ca 2+ -binding and Ca 2+ -transporting proteins, present mainly in the cytosol, plasma 
membrane, endoplasmic reticulum (ER), and mitochondria  [  1  ] . 

 The resting cytosolic Ca 2+  concentration ([Ca 2+ ] 
c
 ) is maintained around the value 

of 100 nM, signifi cantly lower than extracellular [Ca 2+ ] (1 mM). This condition is 
achieved through active extrusion of Ca 2+  by the plasma membrane Ca 2+  ATPase 
(PMCA) and the Na + /Ca 2+  exchanger (NCX)  [  2,   3  ] . The increase of intracellular 
[Ca 2+ ] can be elicited by two fundamental mechanisms (or a combination of both). 
The fi rst involves Ca 2+  entry from the extracellular milieu, through the opening of 
plasma membrane Ca 2+  channels (traditionally grouped into three classes: voltage 
operated Ca 2+  channels (VOCs)  [  4  ] , receptor operated Ca 2+  channels (ROCs)  [  5  ]  
and second messenger operated Ca 2+  channels (SMOCs)  [  6  ] ); the second mecha-
nism involves Ca 2+  release from intracellular stores, mainly the ER and its special-
ized form in muscle, the sarcoplasmic reticulum (SR). In these intracellular stores, 
two main Ca 2+ -release channels exist that, upon stimulation, release Ca 2+  into the 
cytosol, thus triggering Ca 2+  signaling: the inositol 1,4,5-trisphosphate (IP3) recep-
tors (IP3Rs) and the ryanodine receptors (RyRs)  [  7,   8  ] . IP3Rs are ligand-gated 
channels that function in releasing Ca 2+  from ER Ca 2+  stores in response to IP3 
generation initiated by agonist binding to cell-surface G protein-coupled receptor 
 [  9,   10  ] . The subsequent rise in [Ca 2+ ] 

c
  results in various Ca 2+ -dependent intracel-

lular events. The exact cellular outcome depends on the spatiotemporal character-
istics of the generated Ca 2+  signal  [  11  ] . Once its downstream targets are activated, 
basal [Ca 2+ ] 

c
  levels are regained by the combined activity of Ca 2+  extrusion mecha-

nisms, such as PMCA and NCX, and mechanisms that refi ll the intracellular stores, 
like sarco-endoplasmic reticulum Ca 2+  ATPases (SERCAs)  [  2  ] . Due to SERCA 
activity and intraluminal Ca 2+ -binding proteins (CABPs),  i.e. , calnexin and calreti-
culin  [  12  ] , the ER can accumulate Ca 2+  more than a thousand-fold excess as com-
pared to the cytosol. 

 While the role of the ER as a physiologically important Ca 2+  store has long been 
recognized, a similar role for mitochondria have seen a reappraisal only in the past 
two decades  [  13  ] . The studies of Rizzuto, Pozzan and colleagues revealed that IP3-
mediated Ca 2+  release from the ER results in cytosolic Ca 2+  increases that are accom-
panied by similar or even larger mitochondrial ones  [  14  ] , driven by the large 
electrochemical gradient (mitochondrial membrane potential difference, 
 D  Y  

m
  = −180 mV, negative inside) generated by the respiratory chain  [  15  ] . The uptake 

of the Ca 2+  ions into the mitochondrial matrix implies different transport systems 
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responsible for the transfer of Ca 2+  across the outer and the inner mitochondrial 
membrane (OMM and IMM respectively). Despite the surprisingly low affi nity of 
the mitochondrial uptake systems (Kd around 10–20  m M) and the submicromolar 
global [Ca 2+ ] 

c
  (which rarely exceed 2–3  m M) evoked by IP3-mediated Ca 2+  release, 

mitochondrial Ca 2+  concentration ([Ca 2+ ] 
m
 ) can undergo rapid changes upon cell 

stimulation, because their low affi nity uptake systems are exposed to microdo-
mains of high [Ca 2+ ] in proximity to ER or plasma membrane Ca 2+  channels  [  16–  18  ] . 
The hypothesis, called “microdomain hypothesis”  [  19  ] , was initially supported by 
a large body of indirect evidence, and its direct determination was carried out only 
very recently by two complementary studies that demonstrated the existence and 
amplitude of high Ca 2+  microdomains on the surface of mitochondria. Giacomello 
et al.  [  20  ]  targeted a new generation of FRET-based Ca 2+  sensors  [  21  ]  to the OMM 
and, through a sophisticated statistical analysis of the images, revealed the exis-
tence of small OMM regions whose [Ca 2+ ] reaches values as high as 15–20  m M. 
The probe detected Ca 2+  hotspots on about 10% of the OMM surface that were not 
observed in other parts of the cell. The Ca 2+  hotspots were not uniform, and their 
frequency varied among mitochondria of the same cell. Moreover, classical epif-
luorescence and total internal refl ection fl uorescence (TIRF) microscopy experi-
ments were combined in order to monitor the generation of high Ca 2+  microdomains 
in mitochondria located near the plasma membrane. With this approach, it could be 
shown that Ca 2+  hotspots on the surface of mitochondria occur upon opening of 
VOCs, but not upon capacitative Ca 2+  entry (CCE). Csordás et al.  [  22  ]  used a com-
plementary approach in which they generated genetically encoded bifunctional 
linkers consisting of OMM and ER targeting sequences connected through a fl uo-
rescent protein, including a low-Ca 2+ -affi nity pericam, and coupled with the two 
components of the FKBP-FRB heterodimerization system  [  23  ] , respectively. Using 
rapamycin-assembled heterodimerization of the FKBP-FRB-based linker, they 
detected ER/OMM and plasma membrane/OMM junctions (the latter at a much 
lower frequency). In addition, the recruited low-Ca 2+ -affi nity pericam reported 
Ca 2+  concentrations as high as 25  m M at the ER/OMM junctions in response to IP3-
mediated Ca 2+  release, which is in excellent agreement with the values obtained by 
Giacomello et al.. 

 The Ca 2+ -import system across the OMM occurs through the so-called voltage-
dependent anion channels (VDAC)  [  24  ] , traditionally considered as a large voltage-
gated channel, fully opened with high-conductance and weak anion-selectivity at 
zero and low transmembrane potentials (<20–30 mV), but switching to cation selec-
tivity and lower conductance at higher potentials (the so-called “closed” state) 
 [  25–  27  ] . In contrast, the molecular identity of the IMM Ca 2+ -transport system, the 
mitochondrial Ca 2+  uniporter (MCU), has been identifi ed only very recently, pre-
ceded last year by the discovery of mitochondrial calcium uptake 1 (MICU1), an 
uniporter regulator which appears essential for mitochondrial Ca 2+  uptake  [  28  ] . 
MICU1 has been identifi ed in silico in the MitoCarta database  [  29  ] ; it is a single-
pass transmembrane protein which does not seem to participate in channel pore 
formation, so it is not known whether it actually forms (part of) a Ca 2+  channel, or 
functions as Ca 2+  buffer, or as a Ca 2+ -dependent regulatory protein acting as a Ca 2+  
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sensor (it has a pair of Ca 2+ -binding EF-hand domains, the mutation of which eliminates 
the mitochondrial Ca 2+  uptake). Then, this year, two independent papers identifi ed 
the same protein, termed CCDC109A and renamed MCU, as the channel responsible 
for ruthenium-red-sensitive mitochondrial Ca 2+  uptake. This protein shares the same 
tissue distribution with its regulator MICU1, and possesses two predicted trans-
membrane helices, which are separated by a highly conserved linker facing the 
intermembrane space. Just the protein’s orientation is the mainly discrepancy 
between the two papers, one affi rming a C-terminus localization in the intermem-
brane space  [  30  ] , the other in the matrix  [  31  ] . Further experiments have to be per-
formed to solve this question. Interestingly, MCU can form multimers and blue 
native gel separation experiment shows how MCU migrates as a large complex, 
with an apparent molecular weight of 40 kDa  [  31  ] . 

 In the IMM are also present the mitochondrial Na + /Ca 2+  exchanger (mNCX) and 
the H + /Ca 2+  exchanger (mHCX). Their main function is probably to export Ca 2+  
from the matrix, once mitochondrial Ca 2+  has carried out its function, to reestablish 
resting conditions  [  32  ] . They have yet to be identifi ed, although recently strong 
evidence has been provided that the Na + /Ca 2+  exchanger isoform NCLX is the long-
sought protein responsible for the mitochondrial Na + -dependent Ca 2+  effl ux  [  33  ] . 
Finally, the low conductance mode of the permeability transition pore (PTP), a 
channel of still debated nature localized in the IMM  [  34  ] , can be also considered as 
a non-saturating mechanism for Ca 2+  effl ux from mitochondria. When open, PTP 
allows the passage of ions and molecules with a molecular weight up to 1.5 kDa, 
including Ca 2+ . Short-time openings may have a physiological function but its long-
time activation leads to the demise of the cell, either by apoptosis or by necrosis, 
depending on whether PTP opening occurs in only a small fraction of the mitochon-
dria or in all of them  [  35,   36  ] . 

 The many efforts to better understand the Ca 2+  toolkit and the role played by the 
relationship between ER and mitochondria in this elaborate signaling, are yielding 
a deeper understanding of how aberrant Ca 2+  homeostasis is implicated in many 
diseases. A schematic view of the various processes described above is presented in 
Fig.  17.1 .   

   Mitochondrial Functions and Ca 2+  Handling 

 Mitochondrial Ca 2+  homeostasis has a key role in the regulation of aerobic metabolism 
and cell survival. 

 The fi rst role assigned to the Ca 2+  ions taken up into the mitochondrial matrix 
was the stimulation of the mitochondrial ATP production since important metabolic 
enzymes localized in the matrix, the pyruvate-,  a -ketoglutarate- and isocitrate-
dehydrogenases are activated by Ca 2+ , with different mechanisms: the fi rst through 
a Ca 2+ -dependent dephosphorylation step, the others via direct binding to a regula-
tory site  [  37,   38  ] . Those three enzymes represent rate-limiting steps of the Krebs 
cycle thus controlling the feeding of electrons into the respiratory chain and the 
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generation of the proton gradient across the inner membrane, in turn necessary for 
ATP production through oxidative phosphorylation (OXPHOS). As the ATP produced 
by mitochondria is subsequently transferred to the cytosol, mechanisms that control 
ATP production will not only affect overall cell life but, more specifi cally, will regu-
late the activity of ATP-sensitive proteins localized in the close vicinity of mito-
chondria, such as IP3Rs and SERCA which are stimulated by ATP  [  39,   40  ] . The 
bidirectional relation between Ca 2+  release and ATP production allows for a positive 
feedback regulation between ER and mitochondria during increased energetic 
demand  [  41  ] . The uptake of Ca 2+  in mitochondria will also affect Ca 2+  signaling at 
both the local and the global level. Assuming the microdomain concept  [  16,   17  ] , the 
local [Ca 2+ ] will depend on both the amount of Ca 2+  released by IP3Rs and that 
taken up by mitochondria. Since both SERCA pumps and IP3Rs are also regulated 
by Ca 2+ , the local [Ca 2+ ] in the vicinity of mitochondria will determine the refi lling 
of the ER and eventually the spatiotemporal characteristics of the subsequent Ca 2+  
signals  [  42  ] . This will in turn depend on the effi ciency of the coupling between the 
ER and the mitochondrial network, as well as on the exact subcellular localization 
of mitochondria  [  43  ] . 

 The connection between mitochondria and the ER can be highly dynamic as the 
local Ca 2+  concentration can also affect mitochondrial motility and ER–mitochondria 
associations in various ways  [  44  ] . Mitochondrial movement may increase the chance 
of dynamic interactions between organelles and aid in the transportation of mole-
cules between the cytoplasm and the organelle. Proteins involved in mitochondrial 
movement along microtubules, dynein and kinesin, are prone to high [Ca 2+ ] 

c
  medi-

ated by a Ca 2+  sensor. Moreover, as the mitochondrial motility is inhibited by Ca 2+  
levels in the low micromolar range, it means that mitochondria will be trapped in the 
neighbourhood of active Ca 2+ -release sites, allowing for a more effi cient uptake of 
Ca 2+  by these mitochondria  [  45,   46  ] . 

 Apart from organelles movement, mitochondria also continuously remodel their 
shape. Many of the gene products mediating the fi ssion and fusion processes have 
been identifi ed in yeast screens, and most are conserved in mammals, including the 
fi ssion mediators dynamin-related protein 1 (Drp1, Dnm1 in yeast) and Fis1 (Fission 
1 homologue), as well as the fusion mediators mitofusins (Mfn) 1 and 2 (Fzo1 in 
yeast) and optic atrophy 1 (OPA1, Mgm1 in yeast)  [  47  ] . Several previous studies 
have indicated that elevation of [Ca 2+ ] 

c
  perturbs mitochondrial dynamics  [  48  ] , and 

more recent works have clearly demonstrated that mitochondrial shape can be con-
trolled by an ER-dependent signaling pathway  [  49,   50  ] . Mitochondria also undergo 
a more “macroscopic” remodelling of their shape during programmed cell death: 
after apoptosis induction, mitochondria become largely fragmented, resulting in 
small, rounded and numerous organelles. However, the relationship between mito-
chondrial fusion/fi ssion and apoptosis is complex and mitochondrial fragmentation 
is not necessarily related to apoptosis  [  51  ] . Defects in fusion and fi ssion processes 
are not to be underestimated, as they may have deleterious consequences on bioen-
ergetic parameters and are likely to contribute to the pathogenesis of neurodegen-
erative diseases  [  52  ] . 
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 The mitochondrial Ca 2+  signal also control the choice between cell survival 
and cell death, as it can participate in the induction and progression of apoptosis 
 [  53,   54  ] . Although the extrinsic pathway for apoptosis may or may not involve 
mitochondria, in the intrinsic pathway these organelles perform a pivotal role: they 
can release a number of proapototic factors - such as cytochrome  c , apoptosis-inducing 
factor, Smac/Diablo, HtrA2/Omi and endonuclease G – from the intermembrane 
space (IMS) to the cytosol, which initiate the executor caspase cascade steering the 
cell towards the execution phase of apoptosis (for a review see  [  55  ] ). Ca 2+  uptake in 
mitochondria is crucial for multiple important cellular functions, but the risk of mito-
chondrial Ca 2+  overload exists, and this may result in the induction of cell death. At 
a high concentration, mitochondrial Ca 2+  favours the opening of the PTP, a mitochon-
drial megachannel likely to be located in the inner-outer contact sites of the mito-
chondrial membranes  [  35  ] . This event, also known as mitochondrial membrane 
permeabilization (MMP), leads to the subsequent release of various apoptogenic fac-
tors  [  56,   57  ] . MMP can also result from a distinct, yet partially overlapping process 
known as mitochondrial outer membrane permeabilization (MOMP)  [  55  ] . In MOMP, 
pro-apoptotic members of the Bcl-2 protein family may form protein-permeable 
pores in the OMM, and consequently release of IMS proteins into the cytosol. Bcl-2 
family members function as regulators of Ca 2+  signaling will be discussed later in this 
review (the interested reader should also refer to  [  58  ] ). 

 Mitochondria are also an important source of ROS produced during OXPHOS. 
ROS can locally affect other systems, including Ca 2+ -signaling mechanisms, and 
increased levels of ROS within mitochondria are the principal trigger not only for 
mitochondrial dysfunctions but, more generally, for diseases associated with age-
ing. One of the key regulators of ROS production, mitochondrial dysfunction, and 
ageing is the 66-kDa isoform of the growth factor adapter shc (p66shc)  [  59  ] . The 
mechanisms by which p66shc increases intracellular ROS levels, inducing apopto-
sis and the deleterious effects of ageing have recently been clarifi ed by Pinton et al.. 
Once imported into mitochondria, p66Shc causes alterations of organelle Ca 2+  
responses and three-dimensional structure, thus inducing apoptosis  [  60  ] .  

   ER Functions and Ca 2+  Handling 

 The ER is possibly the largest individual intracellular organelle comprising a three 
dimensional network of endomembranes arranged in a complex grid of microtu-
bules and cisternae. It is made up of functionally and structurally distinct domains 
(reviewed extensively by a number of authors  [  61–  64  ] ), in relation to the variety of 
cellular functions played by the organelle, primarily concerning protein synthesis, 
maturation and delivery to their destination  [  65,   66  ] . Moreover, the ER is a dynamic 
reservoir of Ca 2+  ions, which can be activated by both electrical and chemical cell 
stimulation  [  67,   68  ]  making this organelle an indispensable component of Ca 2+  
signaling  [  69–  71  ] . 
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 Modern analysis methods enabled the determination of the molecular profi le 
of the ER. This profi le refl ects the ER’s role in signaling, as it comprises a num-
ber of components constituting the Ca 2+  signaling pathway. It contains IP3Rs, 
RyRs, SERCAs, and in addition to these release channels and pumps, there are 
buffers (calnexin, calreticulin) and a number of ancillary proteins (FK 506-binding 
proteins, sorcin, triadin, phosholamban) that contribute to the ER Ca 2+  signaling 
system  [  72  ] . 

 The IP3Rs are activated after cell stimulation and play a crucial role in the initia-
tion and propagation of the complex spatio-temporal Ca 2+  signaling that control a 
myriad of cellular processes  [  73  ] . To achieve these various functions, often in a 
single cell, exquisite control of the Ca 2+  release is needed. Ca 2+  itself regulates chan-
nel activity in a biphasic manner: at low [Ca 2+ ], the ion exerts an activating role 
while, at high [Ca 2+ ], it has an opposite inhibitory effect, thus providing a fi ne 
dynamic feedback regulation during Ca 2+  release  [  74  ] . In addition, also the ER Ca 2+  
content retains the capability to regulate the channel opening  [  75,   76  ] . Whereas IP3 
and Ca 2+  are essential for IP3R channel activation, other physiological ligands, such 
as ATP, are not necessary but can fi nely modulate the Ca 2+ -sensitivity of the channel 
 [  77  ] . As for Ca 2+ , the modulation of IP3R by ATP is biphasic: at micromolar con-
centrations, ATP exerts a stimulatory effect, while inhibiting channel opening in the 
millimolar range  [  78,   79  ] . Moreover, IP3R isoforms contain on their sequences 
multiple phosphorylation consensus sites and many docking sites for protein kinases 
and phosphatases. Currently, at least 12 different protein kinases are known to 
directly phosphorylate the IP3R  [  80  ] , among them: Akt  [  81  ] , protein kinase A 
(cAMP-dependent)  [  82  ] , protein kinase G (cGMPdependent)  [  83  ] , calmodulin-
dependent protein kinase II (CaMKII)  [  84  ] , protein kinase C (PKC)  [  85  ] , and vari-
ous protein tyrosine kinases  [  86  ] . 

 Despite controlling many processes essential for life, Ca 2+  arising from the ER 
can be a potent death-inducing signal  [  87,   88  ] . A clear impetus in the study of Ca 2+  
homeostasis in apoptosis came from the observation that important regulators of 
apoptosis, the proteins of the Bcl-2 family, are localized to ER and mitochondria, 
organelles deeply involved in Ca 2+  handling. The role of the ER in supporting the 
mitochondrial apoptosis pathway is demonstrated by several fi ndings, among which: 
(i) over-expression of anti-apoptotic proteins, such as Bcl-2, reduce the ER Ca 2+  
level, making the cells resistant to apoptosis  [  89–  92  ] ; (ii) genetic ablation of the 
pro-apoptotic proteins Bax and Bak (that drastically increases the resistance to death 
signals) also results in a dramatic reduction in ER Ca 2+  content and consequently in 
a reduction of the Ca 2+  that can be transferred to mitochondria  [  93,   94  ] ; (iii) several 
different approaches resulting in decreases of ER Ca 2+  content protect cells from 
apoptosis while, conversely, an increase in Ca 2+  within the ER favours apoptosis 
triggered by a number of stimuli  [  95  ] . 

 Hence, IP3R-mediated release of Ca 2+  from ER appears to be a key sensitizing 
step in various apoptotic routes, but the precise molecular defi nition of this process 
still awaits a fi ne clarifi cation of the macromolecular complex assembled at the 
interphase between the two organelles. As will be discussed shortly, signifi cant 
research efforts have been made to shed some light on this signaling pathway.  
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   ER and Mitochondria Physically and Functionally 
Interact at MAMs 

 Intracellular organelles coordinate complex pathways for signal transduction and 
metabolism in the cell through their functional or physical interactions with one 
another. The association between ER and mitochondria was fi rst described by 
Copeland and Dalton over 50 years ago in pseudobranch gland cells  [  96  ] . By the 
beginning of the 1970s, the contacts between mitochondria and ER had been visu-
alized by several groups  [  97,   98  ] . Electron micrograph images of quickly frozen sam-
ples  [  99  ]  and experiments in living cells with the two organelles labelled by means of 
targeted spectral variants of GFP (mtBFP and erGFP)  [  17  ]  demonstrated conclusively 
that such physical interactions between the two organelles indeed exist. These experi-
ments revealed the presence of overlapping regions of the two organelles and allowed 
to estimate the area of the contact sites as 5–20% of the total mitochondrial surface. 
The distance between the ER and the OMM was originally estimated to be approxi-
mately 100 nm  [  100,   101  ] . More detailed morphological studies, carried out by 
Achleitner et al. in 1999, indicated that the distance between the ER and mitochondria 
in the areas of interaction varied between 10 and 60 nm  [  102  ] . Importantly, a direct 
fusion between membranes of the ER and mitochondria was not observed in any case, 
and the membranes invariably maintained their separate structures. The authors of this 
pioneering paper proposed that a distance of less than 30 nm between the two organ-
elles could be considered as an association. More recently, electron tomography tech-
niques allowed to estimate that the minimum distance is even shorter (e.g., 10–25 nm) 
 [  103  ] . This distance thus enables ER proteins to associate directly with proteins and 
lipids of the OMM. Further development of microscopic techniques enabled detailed 
analysis of such contacts with high resolution in three dimensions  [  104  ] . 

 The interactions between these organelles at the contact sites are so tight and 
strong, that upon subcellular fractionation (at the step of mitochondria purifi cation), 
a unique fraction, originally named “mitochondria-associated membranes” (MAMs) 
fraction, can be isolated  [  105,   106  ] . More recently, the isolation procedures was 
improved and adapted to isolate the MAMs fraction from yeast, different organs, 
tissues, and various cell lines  [  102,   107,   108  ] . Interestingly, the molecular analysis 
of both “crude” mitochondria and MAMs fractions demonstrated that, apart from 
specifi c ER and mitochondrial proteins, they also contain proteins which are abun-
dant in the plasma membrane. 

 Research on the morphological organization of mitochondria and ER with respect 
to the plasma membrane is much less extensive. Modifi cations in the subcellular 
fractionation procedure enabled the isolation of the “plasma membrane associated 
membranes” (PAMs) fraction. In general, PAMs fractions have been described as 
the center of interactions between plasma membrane and the ER  [  109,   110  ] , but the 
presence of mitochondrial proteins in these fractions indicates that mitochondria 
interact actively also with the plasma membrane  [  111,   112  ] . 

 The MAMs have a pivotal role in several cellular functions related to bioenerget-
ics and cell survival. MAMs have been originally shown to be enriched in enzymes 
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involved in lipid synthesis and traffi cking between ER and mitochondrial membranes, 
including long-chain fatty acid-CoA ligase type 4 (FACL4) and phosphatidylserine 
synthase-1 (PSS-1)  [  106,   113,   114  ] . The MAMs have since been shown to be 
enriched in functionally diverse enzymes involved not only in lipid metabolism but 
also in glucose metabolism (for recent reviews, see  [  115,   116  ] ). 

 More recently, the same subcellular fraction has been shown to contain Ca 2+ -
sensing ER chaperones and oxidoreductases, as well as key Ca 2+  handling proteins 
of both organelles  [  117,   118  ]  (a schematic representation of the interorganelle inter-
actions and some of these proteins with the assigned functions is presented in 
Fig.  17.2 ). Together, these data have led to the conclusion that the MAMs are not 
only a site of lipid synthesis and transfer, but also function as a fundamental hub of 
cellular signaling that controls a growing number of processes associated with both 
organelles, ranging from ER chaperone-assisted folding of newly synthesized pro-
teins to the fi ne-tuning of physiological and pathological Ca 2+  signals from ER to 
mitochondria.   

   MAMs Proteins and Ca 2+  Homeostasis in Health and Disease 

 The aspect of functional interaction between the ER and mitochondria that has 
received most attention in recent decades is undoubtedly that involving Ca 2+  ions. 
Ca 2+ -handling proteins such as IP3Rs (especially type 3 IP3Rs) are highly compart-
mentalized at MAMs  [  119  ] , identifying these zones as “hotspots” of Ca 2+  transfer 
from the ER to the closely adjacent mitochondrial network  [  17,   18  ] . Ca 2+  signals 
arising from the ER are vital for regulating Ca 2+  levels in mitochondria. Mitochondrial 
Ca 2+  spikes and oscillations play a central role in energy production by regulating 
Ca 2+ -dependent enzymes involved in the ATP-producing Krebs cycle reactions 
 [  120,   121  ]  and thus are important for cellular survival, although a mitochondrial 
Ca 2+  overload will lead to the opening of the PTP, permeabilization of the OMM, 
eventually triggering cell death  [  122–  124  ] . It remains unclear how the rise in mito-
chondrial Ca 2+  (that has probably evolved to couple cell signaling to metabolic 
activation) can be transformed into a trigger of cell death. Both the amplitude and, 
most importantly, the duration of the Ca 2+  rise in mitochondria, and perhaps even 
the concomitant insults that affect mitochondrial functions, play a major role in this 
transition. Therefore, ER Ca 2+  handling on the MAMs acts as a double-edged sword, 
suggesting the existence of still not fully elucidated regulatory mechanisms, that are 
capable of discriminating between signals of life or death. 

 The connection between the ER and mitochondria is known to be highly dynamic 
as the local [Ca 2+ ] itself can regulate ER-mitochondrial association in different ways 
 [  125  ] , and increased [Ca 2+ ] 

c
  blocks the motility of both organelles, enhancing their 

interaction  [  46  ] . Recently Hajnoczky et al. demonstrated that exposure to TGF b  
affects Ca 2+  transfer to the mitochondria through an impairment of the 
ER–mitochondrial coupling, further supporting the notion of a highly dynamic 
regulation of inter-organelle communication  [  126  ] . 
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 Several proteins may participate in the stabilization of those MAMs and, through 
this stabilization, affect Ca 2+  transfer between ER and mitochondria, while other 
proteins may be directly involved in regulating the Ca 2+ -transport proteins described 
above. During the last years, research has focused on the identifi cation of connect-
ing structures between the ER and mitochondria at the MAMs, revealing that the 
interactions between the two organelles seem to be modulated both by a family of 
chaperone proteins and by a family of “mitochondria-shaping proteins”. One of the 
fi rst advances was made in 2006, when Csordás et al. showed by electron tomogra-
phy that ER and mitochondria are adjoined by tethers seemingly composed of pro-
teins, since the  in vitro  incubation with proteinase not only detached the ER from 
mitochondria, but also disrupted Ca 2+  transfer. Tightening of the connections sensi-
tized mitochondria to Ca 2+  overloading, ensuing permeability transition, and seemed 
relevant for several mechanisms of cell death. Thus, these results revealed an unex-
pected dependence of cell function and survival on the maintenance of a proper 
spacing between the ER and mitochondria  [  103  ] . 

 At the same time, Szabadkai et al. found that the mitochondrial chaperone grp75 
(glucose-regulated protein 75) mediates the molecular interaction of VDAC with 
the ER Ca 2+ -release channel IP3R. It was demonstrated that grp75 not only induces 
a chaperone-mediated conformational coupling of the proteins, but also allowed for 
a better transfer of the Ca 2+  ions from the ER to the mitochondrial matrix  [  127  ] . In 
support of this view, we previously demonstrated that the overexpression of VDAC 
enhances Ca 2+  signal propagation into the mitochondria, increasing the extent of 
mitochondrial Ca 2+  uptake (also leading to a higher susceptibility for ceramide-
induced cell death), acting at the ER–mitochondria contact sites  [  128  ] . Moreover, 
we have recently established that VDAC1, but not VDAC2 and VDAC3 isoforms, 
selectively interacts with IP3Rs; this interaction is further strengthened by apoptotic 
stimuli and thus VDAC1 is preferentially involved in the transmission of the low-
amplitude apoptotic Ca 2+  signals to mitochondria  [  129  ] . 

 Subsequently, ER chaperones, particularly the Ca 2+ -binding chaperones caln-
exin, calreticulin, Sigma-1 receptor (Sig-1R) and Binding immunoglobulin Protein 
(BiP, also known as the glucose-regulated protein GRP78), were also found to be 
compartmentalized at the MAMs, yielding a new picture whereby chaperone 
machineries at both ER and mitochondria orchestrate the regulation of Ca 2+  signal-
ing between these two organelles. For instance, calnexin reversibly interacts with 
SERCA2b to block Ca 2+  import  [  130  ] . Similarly, calreticulin inhibits uptake of Ca 2+  
by inhibiting the affi nity for Ca 2+  of the SERCA2b pump, but also regulates IP3-
induced Ca 2+  release  [  12,   131  ] .  In vivo , these functions of calreticulin may very well 
be more crucial for survival than its chaperone activity, since calreticulin-defi cient 
cells have impaired Ca 2+  homoeostasis  [  132,   133  ] . 

 Back in 2005, Simmen et al. reported the identifi cation of a multifunctional cyto-
solic sorting protein, PACS-2 (phosphofurin acidic cluster sorting protein 2), that 
partially resides in the MAMs and maintains its integrity  [  134  ] . PACS-2 depletion 
induces mitochondria fragmentation and uncouples these organelles from the ER, 
raising the possibility that, in addition to mediating MAMs formation, PACS-2 
might also infl uence Ca 2+  homeostasis and apoptosis. Indeed, it has been shown that 
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IP3Rs (and RyRs) possess potential PACS-2-binding sites  [  135  ] ; hence, disruption 
of PACS-2 may cause mislocalization of IP3Rs, resulting in reduced Ca 2+  transfer 
from the ER to mitochondria. Moreover, in response to apoptotic stimuli, PACS-2 
has been demonstrated to be capable of inducing Bid recruitment to mitochondria, 
an event that leads to cytochrome  c  release and caspase 3 activation  [  134  ] . PACS-2 
also interacts with and regulates the distribution and activity of calnexin. Under 
control conditions, >80% of calnexin localizes to the ER, mainly at the MAMs. 
However, through a protein–protein interaction, PACS-2 causes calnexin to distrib-
ute between the ER and the plasma membrane, affecting the homeostasis of ER Ca 2+  
 [  136  ] . PACS-2 and calnexin also interact with the MAMs-resident ER cargo recep-
tor Bap31 (B-cell receptor-associated protein 31) and regulate its cleavage during 
the triggering of apoptosis  [  137  ] . Despite these observations, the exact role of 
PACS-2 in the regulation of Ca 2+  transfer from the ER to the mitochondria remains 
to be further investigated. 

 Recently, Simmen’s group have also shown that the GTPase Rab32, a member of 
the Ras-related protein family of Rab, localizes to the ER and mitochondria and 
identifi ed this protein as a regulator of MAMs properties. Its activity levels control 
MAMs composition, destroying the specifi c enrichment of calnexin at the MAMs, 
and consequently ER calcium handling. Furthermore, as a PKA-anchoring protein, 
Rab32 determines the targeting of PKA to mitochondrial and ER membranes, 
resulting in modulated PKA signaling. Together, these functions result in a delayed 
apoptosis onset with high Rab32 levels and, conversely, accelerated apoptosis with 
low Rab32 levels, explaining the possible mechanism by which it could act as an 
oncogene  [  138  ] . 

 Also Sig-1R, an ER chaperone serendipitously identifi ed in cellular distribution 
studies by Hayashi and Su, is enriched in the MAMs and seems to be involved in 
Ca 2+ -mediated stabilization of IP3Rs  [  139  ] . Under normal conditions in which the 
ER lumenal Ca 2+  concentration is at 0.5–1.0 mM, it selectively resides at the MAMs 
and forms complexes with the ER Ca 2+ -binding chaperone BiP. Upon the activation 
of IP3Rs, which causes the decrease of the Ca 2+  concentration at the MAMs, Sig-1R 
dissociates from BiP to chaperone IP3R, which would otherwise be degraded by 
proteasomes. Thus, Sig-1R appears to be involved in maintaining, on the ER lumi-
nal side, the integrity of the ER-mitochondrial Ca 2+  cross-talk, as demonstrated by 
the fact that its silencing leads to impaired ER-mitochondrial Ca 2+  transfer. Sig-1R 
has been implicated in several neuronal and non-neuronal pathological conditions 
 [  140  ] , and is also upregulated in a wide variety of tumour cell lines  [  141  ] . 
Therefore, degenerative neurons or tissue might benefi t by Sig-1R agonists which 
promote cell survival  [  142,   143  ] ; conversely, its antagonists inhibit tumour-cell 
proliferation  [  144  ] . 

 Another example of a folding enzyme regulating ER Ca 2+  content is the oxi-
doreductase ERp44 (endoplasmic reticulum resident protein 44) that interacts with 
cysteines of the type 1 IP3R, thereby inhibiting Ca 2+  transfer to mitochondria when 
ER conditions are reducing  [  145  ] . Recent results suggest that another oxidoreductase, 
Ero1 a , might also perform such a function, since Ero1 a  interacts with the IP3R and 
potentiates the release of Ca 2+  during ER stress  [  146  ] . This function of Ero1 a  could 
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impact the induction of apoptosis that critically depends on ER-mitochondria Ca 2+  
communication  [  119,   147  ] . Gilady et al. showed that, despite Ero1 a  being an ER 
luminal protein, the targeting of Ero1 a  to the MAMs is quite stringent (>75%), 
consistent with its role in the regulation of Ca 2+  homeostasis. Moreover, they found 
that localization of Ero1 a  on the MAMs is dependent on oxidizing conditions 
within the ER; indeed, hypoxia leads to a rapid and eventually complete depletion 
of Ero1 a  from the MAMs  [  148  ] . 

 In the increasingly clear but complex picture that is emerging for MAMs, also 
the mitochondrial fusion protein Mfn2 has been shown to be enriched at contact 
sites between the ER and mitochondria. Mfn2 on the ER appeared to link the two 
organelles together: the connection depended on the interaction of the ER Mfn2 
with either Mfn1 or Mfn2 on the OMM  [  104  ] . Moreover, its absence changes not 
only the morphology of the ER but also decreased by 40% the interactions between 
ER and mitochondria, thus affecting the transfer of Ca 2+  signals to mitochondria. 
This may contribute to the Charcot-Marie-Tooth neuropathy type 2a in which mis-
sense mutations occur in Mfn2  [  149  ] . A too strong ER–mitochondria interaction, 
and the concomitant improved Ca 2+  transfer between the two organelles, may also be 
detrimental as overexpression of Mfn2 led to apoptosis in vascular smooth-muscle 
cells  [  150  ] . A recent report also propose the keratin-binding protein Trichoplein/
mitostatin (TpMs), often downregulated in epithelial cancers  [  151  ] , as a new regula-
tor of mitochondria–ER juxtaposition in a Mfn2-dependent manner  [  152  ] . 

 Also the mitochondrial fi ssion protein Fis1 has been involved in ER-mitochondria 
coupling. Fis1 physically interacts with Bap31, an integral membrane protein 
expressed ubiquitously and highly enriched at the outer ER membrane), to bridge the 
mitochondria and the ER, setting up a platform for apoptosis induction. It appeared 
that the Fis1–Bap31 complex is required for the activation of procaspase-8. 
Importantly, as this signaling pathway can be initiated by Fis1, the Fis1-Bap31 com-
plex establishes a feedback loop by releasing Ca 2+  from the ER that is able to trans-
mit an apoptosis signal from the mitochondria to the ER  [  153  ] . 

 As described, it is now widely accepted that Ca 2+  transfer between ER and mito-
chondria is a topic of major interest in physiology and pathology (Fig.  17.3 ). The 
release of Ca 2+  from ER stores by IP3Rs has been implicated in multiple models of 
apoptosis as being directly responsible for mitochondrial Ca 2+  overload. Apoptosis 
is a process of major biomedical interest, since its deregulation is involved in the 
pathogenesis of a broad variety of disorders (neoplasia, autoimmune disorders, viral 
and neurodegenerative diseases, to name a few).  

 Mitochondrial Ca 2+  is therefore a central player in multiple neurodegenerative 
diseases such as Alzheimer’s disease (AD), Parkinson’s disease and Huntington’s 
disease  [  154  ] . It is noteworthy that alteration in Ca 2+  homeostasis in sporadic AD 
patients started being reported in the middle of the 1980s, albeit in contrasting ways. 
Interestingly, very recent data have revealed that presenilin-1 (PS1) and presenilin-2 
(PS2), two proteins that, when mutated, cause familial AD (FAD), have a strong 
effect on Ca 2+  signaling (sometimes yielding contradictory experimental fi ndings, 
as recently reviewed in  [  155  ] ). Of particular interest on this topic, is the report that 
MAMs are the predominant subcellular location for PS1 and PS2, and for   g   -secretase 
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activity  [  156  ] . Moreover, it has recently been found that PS2 over-expression 
increases the interaction between ER and mitochondria and consequently Ca 2+  
transfer between these two organelles, an effect that is greater FAD variants  [  157  ] . 
It is possible to speculate that this favoured interaction could potentially result in a 
toxic mitochondrial Ca 2+  overload (Fig.  17.3 ). A defect in Ca 2+  signaling due to 
altered MAMs function could explain the well-known disturbances in Ca 2+  homeostasis 

  Fig. 17.3     Representation of MAMs proteins involved in ER-mitochondria Ca   2+    cross-talk 
and perturbations implicated in cell survival and cell death.  Ca 2+  release from the endoplasmic 
reticulum (ER) results in high-Ca 2+  hot spots at the mitochondrial surface to allow effi cient Ca 2+  
uptake through voltage-dependent anion channel - which is coupled to inositol 1,4,5-trisphosphate 
receptor by the chaperone glucose-regulated protein 75 (grp75) - and the mitochondrial Ca 2+  uni-
porter. Mitochondrial Ca 2+  activates organelle metabolism and ATP synthesis but also, when in 
excess, triggers apoptosis. Apoptosis deregulation is involved in the pathogenesis of neurodegen-
erative diseases as well as tumors development. Presenelin-1 (PS1) and Presenelin-2 (PS2), two 
proteins that when mutated cause familial Alzheimer’s disease (AD), have been recently found at 
MAMs, and familial AD (FAD) variants of PS2 (PS2 FAD ) seem to increase ER and mitochondria 
interaction; this could result in mitochondrial Ca 2+  overload and subsequent excessive apoptosis. In 
addition, controlled apoptosis is likely to be important to eliminate cells, thereby avoiding tumor 
genesis. In this process the recently identifi ed localization of the tumor suppressor promyelocytic 
leukemia protein (PML) at ER/MAMs plays a crucial role as it promotes IP3R-mediated Ca 2+  
transfer from ER into mitochondria. While Akt is known to suppress IP3R-channel activity by its 
phosphorylation, the recruitment of protein phosphatase PP2a via PML in a specifi c multi-protein 
complex (comprising PML, IP3R-3, PP2a, and Akt), dephosphorylates and inactivates Akt. This 
suppresses Akt-dependent phosphorylation of IP3R-3 and thus promotes Ca 2+  release through this 
channel and Ca 2+  transfer into the mitochondria. In cancer cells, where PML is often missing, 
IP3R-3 are hyper-phosphorylated due to an impaired PP2a activity, as a result the Ca 2+  fl ux from 
ER to mitochondria is reduced and cells become resistant to apoptosis       
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in AD  [  158,   159  ] . It also opens the door to new ways of thinking about complementary 
treatment; in addition, it may be possible to exploit aberrant MAMs function as a 
useful marker for the development of a diagnostic tool for AD  [  160  ] . 

 Sano et al. also demonstrated that in GM1-gangliosidosis, a neurodegenerative 
disease, GM1-ganglioside (GM1) accumulates in brain within the MAMs, where it 
specifi cally interacts with phosphorylated IP3R-1, infl uencing its activity  [  161  ] . 
GM1 has been previously shown to modulate intracellular Ca 2+  fl ux  [  162,   163  ] . As 
such, the recent discovery that MAMs are the sites where GM1 accumulates and 
infl uences ER-to-mitochondria Ca 2+  fl ux, leading to Ca 2+  overload and activation of 
the mitochondrial apoptotic pathway, explains the neuronal apoptosis and neurode-
generation that occurs in patients with GM1-gangliosidosis  [  161  ] . These fi ndings 
may have important implications for targeting checkpoints of the GM1-mediated 
apoptotic cascade in the treatment of this catastrophic disease. 

 Modulation of the progression of cell death may therapeutically be also very 
important for the inhibition of tumour growth. Specifi c stimulation of the Ca 2+  
transfer between the IP3R and mitochondria could lead to increased cell death and 
so form a supplementary pathway to combat cancer. Our group has recently 
described that the tumor suppressor promyelocytic leukemia protein (PML) modu-
lates the ER–mitochondria Ca 2+ -dependent cross-talk due to its unexpected and 
fundamental role at MAMs, highlighting a new extra-nuclear PML function criti-
cal for regulation of cell survival. This was demonstrated to be mediated by a 
specifi c multi-protein complex, localized at MAMs, including PML, IP3R-3, the 
protein phosphatase PP2a, and Akt. More than 50 different proteins can interact 
with and regulate the IP3Rs  [  80  ] ; among these, a key role is played by the anti-
apoptotic protein kinase Akt, which also phosphorylates IP3Rs, signifi cantly 
reducing their Ca 2+  release activity  [  81,   164  ] . In a previous work, we demonstrated 
that cells with the active form of Akt have a reduced cellular sensitivity to Ca 2+ -
mediated apoptotic stimuli through a mechanism that involved diminished Ca 2+  
fl ux from the ER to mitochondria  [  165  ] . Our recent data show that PML mediates 
PP2a retention in the MAMs, which dephosphorylates and inactivates Akt. Thus, 
in the absence of PML, the unopposed action of Akt at ER, due to an impaired 
PP2a activity, leads to a hyperphosphorylation of IP3R-3 and in turn a reduced 
Ca 2+  fl ux from ER to mitochondria, rendering cells resistant to apoptotic Ca 2+ -
dependent stimuli  [  166  ]  (Fig.  17.3 ). These fi ndings may reveal a novel pharmaco-
logical target in apoptosis  [  167  ] . 

 Interestingly, p66Shc, a cytosolic adaptor protein which is involved in the cellu-
lar response to oxidative stress (see above), has been found also in the MAMs frac-
tion. In particular, we found that the level of p66Shc in MAMs fraction is 
age-dependent and corresponds well to the mitochondrial ROS production which is 
found to increase with age  [  168  ] . Finally, the functional signifi cance of MAMs resi-
dent proteins in the regulation of ER-mitochondrial cross-talk is further supported 
by the fi nding that several viral proteins, such as the human cytomegalovirus vMIA 
 [  169  ] , as well as the p7 and NS5B proteins of hepatitis C virus  [  170  ] , are targeted to 
the MAMs and exert anti- or pro-apoptotic effects, respectively. 
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 To conclude, whether or not mitochondria and MAMs contribute also to the 
Ca 2+ -dependent activation of autophagy is still unknown. If mitochondria actively 
contribute to the activation of autophagy through Ca 2+  handling remains to be solved, 
but the close interaction between IP3Rs and mitochondria, on the one hand, and 
between IP3Rs and autophagy proteins, on the other hand, led to the hypothesis that 
IP3Rs could participate in the induction of this process  [  171,   172  ] . The study of the 
relation between IP3Rs, Ca 2+  and the autophagic processes may become very impor-
tant, since autophagy can protect the organism against various pathologies, includ-
ing cancer and neurodegenerative diseases  [  118,   173  ] . 

 The deeper understanding at the molecular level of the structural and functional 
links that are established at MAMs and the possibility to modulate them may in the 
future be of great importance in the treatment of many different human pathologies.      
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  Abstract   As with other complex cellular functions, intracellular membrane 
transport involves the coordinated engagement of a series of organelles and machin-
eries; in the last couple of decades more importance has been given to the role of 
calcium (Ca 2+ ) in the regulation of membrane traffi cking, which is directly involved 
in coordinating the endoplasmic reticulum-to-Golgi-to-plasma membrane delivery 
of cargo. Consequently, the Golgi apparatus (GA) is now considered not just the 
place proteins mature in as they move to their fi nal destination(s), but it is increas-
ingly viewed as an intracellular Ca 2+  store. In the last few years the mechanisms 
regulating the homeostasis of Ca 2+  in the GA and its role in membrane traffi cking 
have begun to be elucidated. Here, these recent discoveries that shed light on the 
role Ca 2+  plays as of trigger of different steps during membrane traffi cking has been 
reviewed. This includes recruitment of proteins and SNARE cofactors to the Golgi 
membranes, which are both fundamental for the membrane remodeling and the 
regulation of fusion/fi ssion events occurring during the passage of cargo across the 
GA. I conclude by focusing attention on Ca 2+  homeostasis dysfunctions in the GA 
and their related pathological implications.  
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  Abbreviations  

  Ca 2+     Calcium ions   
  [Ca 2+ ] 

cyt
     Free calcium ion concentration in the cell cytosol   

  [Ca 2+ ] 
ext

     Free extracellular calcium ion concentration   
  [Ca 2+ ] 

GA
     Free calcium ion concentration in the Golgi apparatus   

  CaR    Ca 2+  receptor   
  CGN     Cis -Golgi network   
  COPI    Coat protein I   
  ER    Endoplasmic reticulum   
  GA    Golgi apparatus   
  HDD    Hailey-Hailey disease   
  IGF1R    Insulin-like growth factor receptor   
  IP3R    Inositol 1,4,5-trisphospahate receptor   
  NCS-1    Neuronal calcium sensor 1   
  PLA2    Phospholipase A2   
  PM    Plasma membrane   
  SERCA    Sarco/endoplasmic reticulum Ca 2+ -transport ATPase pump   
  SNARE    Soluble N-ethylmaleimide-sensitive fusion factor attachment protein 

receptor   
  SPCA1    Secretory pathway Ca 2+ -ATPase isoform 1   
  TGN     Trans -Golgi network   
  VSMCs    Vascular smooth muscle cells   
  VSVG    Temperature sensitive variant of the G protein of vesicular stomatitis 

virus         

   Introduction 

 Ever since Camillo Golgi discovered a new cellular organelle in 1898  [  1  ] , the mech-
anism proteins use to cross the Golgi apparatus (GA), and reach their fi nal destination, 
has remained an issue of debate  [  2–  4  ] . The fi rst of the two prevailing models is the 
cisternal maturation/progression model where cargo remains in a given compart-
ment and different enzymes arrive to convert a  cis -cisterna into a medial one, or a 
medial cisterna into a  trans -cisterna. In the second of the two prevailing models, 
cargo moves from one Golgi compartment to the next, encountering different 
enzymes in each subsequent compartment, until it reaches the most  trans -cisterna, 
where it is then sorted into carriers bound for post-Golgi destinations. This second 
model could use vesicles and/or compartment-connecting tubules through which 
cargo could pass, to transport cargo from one compartment to the next. Indeed, 
several thousand vesicles, some of which carry proteins back to the endoplasmic 
reticulum (ER), surround the GA. However, large protein like procollagen cannot 
physically enter the vesicles  [  5  ] , casting doubts on the universality of the vesicular 
model. Membrane tubules have been detected between Golgi cisternae under 
conditions of active secretion  [  6  ] ; this would permit cargo movement from one side 
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  Fig. 18.1    Current models for protein transport across the GA. ( a ) In the vesicular model, cargo 
protein is delivered from the ER to the  cis -Golgi via COPII vesicles. Once in the GA, the cargoes 
move in the  cis -to- trans  direction via COPI vesicles. In fact, the vesicular transport model assumes 
that the Golgi cisternae consist of stable compartments and the COPI vesicles convey cargo in the 
anterograde direction. ( b ) In the cisternal maturation/progression model the Golgi cisternae are 
transient structures that form  de novo  from ER-derived carriers (COPII vesicles). A new cisterna 
matures and progresses from the  cis  to the  trans -Golgi pole. At the  trans -most face (TGN), cister-
nae disassemble into transport carriers. Alternatively, the  trans -cisterna delivers cargo to a post-
Golgi compartment (TGN) where cargo accumulates before export. Cisternal maturation is driven 
by the retrograde transport of resident GA proteins/enzymes. This retrograde transport might 
involve COPI vesicles within the GA. ( c ) Cisternal progenitor model involves stable compart-
ments that possess the capacity to generate subsequent compartments of the GA. This is distinct 
from a maturation/progression model whereby one compartment is turned into another, because in 
this model the original compartment is maintained.  cis -Golgi homotypic fusion events can occur 
with another  cis  compartment or perhaps a medial compartment (or both). Similarly, a medial 
cisterna may be able to fuse with a trans cisterna. In this manner, a large cargo may be able to 
encounter all Golgi-processing enzymes without entering a transport vesicle       

of the stack to the next, without maturation or vesicle transfer. What looks like cisternal 
maturation has been imaged directly in yeast, and reported in three independent 
works that describe an apparent conversion of one Golgi compartment to another by 
high-resolution and live-cell video microscopy  [  7–  9  ] . A minor limitation of these 
studies is that it has not yet been possible to image cargo simultaneously and some 
(but not all) of the compartment markers monitored are capable of reversibly binding 
to and releasing from the surface of the GA. 

 In addition to the two prevailing models, a third “cisternal progenitor” model was 
recently proposed which suggests stable compartments possess the capacity to gen-
erate subsequent compartments of the GA  [  10  ] . This is distinct from a conversion 
model whereby one compartment is turned into another (cisternal maturation/pro-
gression model), because in the “cisternal progenitor” model the original compart-
ment is maintained. These above described models are resumed in Fig.  18.1 .  
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 The high level of evolutionary conservation of the GA, from lower organisms 
(i.e. yeast) to humans, strongly suggests that despite their morphological differ-
ences, intra-Golgi transport will occur by similar mechanisms. Irrespective of which 
model is more accurate, membrane fusion and fi ssion events are a central theme 
shared by all of them. These processes are now well characterized and are driven by 
SNAREs (soluble N-ethylmaleimide-sensitive factor attachment protein receptors) 
 [  11  ] . SNAREs are now generally accepted to be major players in the fi nal stage of 
the docking and the subsequent fusion of diverse vesicle-mediated transport events 
 [  12  ] . In the presence of calcium (Ca 2+ ), SNAREs in opposing bilayers have been 
shown to interact and self-assemble in a circular pattern, forming conducting chan-
nels  [  13  ] . Recently, some colleagues and I reported a temporary increase of the Ca 2+  
concentration ([Ca 2+ ]) in the cytosol ([Ca 2+ ] 

cyt
 ), during a pulse of protein traffi c; this 

temporary fl uctuation of the [Ca 2+ ] 
cyt

  was shown to be necessary to allow the cargo 
movement through the GA  [  14  ] . This Ca 2+  comes from within the GA positioned 
centrally, at least during traffi cking, as an organelle able to regulate the [Ca 2+ ] 

cyt
 , 

releasing Ca 2+  itself and regulating the Ca 2+  signaling in the cytosol. 
 Here, I will discuss the role of Ca 2+  signaling in regulating the intracellular 

membrane traffi cking, triggering the SNARE and the membrane remodeling pro-
tein (like the cytosolic phospholipase A2, hereafter cPLA2) functions and the 
consequences of altered Ca 2+  homeostasis on membrane traffi cking.  

   Ca 2+  and Ras, Signaling Triggers of the Membrane Traffi cking 

 Ca 2+  is the most ubiquitous second messengers in vertebrates, and even slight varia-
tions in its levels can greatly affect cell behavior. Extracellular [Ca 2+ ] ([Ca 2+ ] 

ext
 ) is 

usually in the low millimolar range, while resting free [Ca 2+ ] 
cyt

  is in the order of 
100 nM. A large amount of intracellular Ca 2+  is stored inside the ER and the GA; 
both of these organelles can accumulate millimolar levels of luminal Ca 2+   [  15,   16  ]  
(Fig.  18.2 ). These steep Ca 2+  gradients between the organelle lumens and the cyto-
sol, and between the cytosol and the extracellular space, are maintained by a series 
of ATP-dependent pumps and channels that fi ne-tune this homeostasis.  

 According to the classical paradigm, receptor activation at the plasma membrane 
(PM) stimulates the release of Ca 2+  from the ER stores into the cell cytosol, which 
then activates downstream signaling proteins. More recently, the GA has also been 
considered as part of the intracellular Ca 2+  response that can be triggered by extra-
cellular stimuli  [  16  ] . The ER and GA release Ca 2+  upon activation of the IP3Rs 
(inositol 1,4,5-trisphospate receptors) in their membranes  [  16,   17  ] , while Ca 2+  
uptake involves two classes of Ca 2+ -ATPase pumps, the sarcoplasmic and ER Ca 2+ -
ATPase (SERCA) present in the ER and the membranes of the  cis -Golgi network 
(CGN), and the Golgi specifi c Ca 2+ -ATPase SPCA (type 1 and 2)  [  18  ] . As well as 
pumping Ca 2+ , SPCA1 also supplies Mn 2+  as a cofactor for the GA glycosyltrans-
ferases  [  19  ] . The importance of the GA in cellular Ca 2+  homeostasis is highlighted 
by the skin disorder Hailey-Hailey disease, a keratinocyte disorder that is characterized 
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by defects in cell-cell adhesion and differentiation, caused by an inactivating mutation 
in the SPCA1 Ca 2+ -ATPase gene  [  20  ]  (see also below). The contributions of SERCA 
and SPCA1 to the homeostasis of Ca 2+  in the GA is also cell-type dependent. Indeed, 
as keratinocytes rely almost exclusively on SPCA1, this indicates why Hailey-
Hailey disease is cell specifi c  [  21  ] . 

 Fluctuations in the [Ca 2+ ] 
ext

  are also monitored by the Ca 2+ -receptor (CaR). This 
is a low affi nity, seven transmembrane domains GPCR that is coupled to various 
heterotrimeric G proteins of the Gi, Gq and G12/13 classes  [  22  ] . In keratinocytes, 
CaR coupling to the PLC signaling pathway can trigger the release of Ca 2+  from 
intracellular stores, and hence promote cell differentiation. A recent study showed 
that CaR is also present on the TGN ( trans -Golgi network), where it can sense the 
luminal [Ca 2+ ] of the GA ([Ca 2+ ] 

GA
 ) and regulate the Ca 2+  uptake into the GA by act-

ing in concert with PLC g 1 and SPCA1  [  23  ] . If this fi nding can be confi rmed in 
future studies, it represents the fi rst evidence of a Golgi-initiated signaling circuit. 

 Changes in Ca 2+  homeostasis within the lumen of the GA or in the cytosol proxi-
mal to this organelle can affect the functions of the GA and cell signaling. Indeed, 

  Fig. 18.2    Distribution of Ca 2+  pumps and channels and luminal [Ca 2+ ] along the secretory path-
way. All the organelles along the secretory pathway have their own proper combination of Ca 2+  
pumps and channels, making them a unique Ca 2+  storage compartment. The value of luminal [Ca 2+ ] 
in each compartment decreases from the ER-to-PM direction, as reported on the right of the car-
toon [ 138 ,  139 ], even if the luminal [Ca 2+ ] of the organelles along the secretory pathway has been 
quantifi ed with different methods and in different cells types, making the relative values sometimes 
discordant, but being in the order of at least 1,000 times bigger than the [Ca 2+ ] 

cyt
 . This model is 

based on quantitative data for the ER and GA obtained in HeLa cells, while the data on the secre-
tory vesicles have been extrapolated from experiments carried out in insulin secreting cells       
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there is evidence that variations in the levels of [Ca 2+ ] 
cyt

  are involved in different 
transport steps  [  24  ] . Specifi cally, a role for Ca 2+  in endosomal fusion has been 
reported, as well as in homotypic vacuolar fusion in yeast  [  25–  27  ] . In addition, a 
Ca 2+ -dependent ER-to-Golgi transport step has been identifi ed  [  28  ] , and in a recon-
stituted intra-Golgi transport assay it was demonstrated that Ca 2+  released from the 
GA is required for intra-Golgi transport of VSVG (temperature sensitive variant of 
the G protein of vesicular stomatitis virus)  [  29  ] . These data therefore suggest that 
Golgi transport is controlled by a micro-signaling circuit triggered by the arrival of 
cargo at the GA and that leads to the regulation of transport fl ow. 

 There is also clear evidence for a role for Ca 2+  in constitutive exocytosis and 
endocytosis in whole cells, in agreement with previous studies performed with puri-
fi ed organelle membranes and semi-intact cell systems; Ca 2+  chelator BAPTA 
impaired VSVG transport in NRK cells from the intermediate compartment-to-GA 
and the GA-to-PM transport steps  [  24  ] . When probed with Shiga toxin b fragment, 
the functioning of the endocytic/retrograde pathway was blocked by BAPTA treat-
ment at the endosomal-to-GA and GA-to-ER interfaces. Ca 2+  chelators also pro-
moted the detachment of the COPI (coat protein I) from membranes, providing the 
fi rst mechanistic explanation of how Ca 2+  regulates transport throughout the consti-
tutive exocytic pathway  [  24  ] . 

 As well as these effects on the COPI machinery, Ca 2+  can affect membrane traf-
fi cking by several means. In the fi rst instance, an impairment of membrane traffi ck-
ing could result from changes in the [Ca 2+ ] 

GA
 . This hypothesis is supported by the 

presence of a number of Ca 2+ -binding proteins (CALNUC, P54/NEFA and Cab45, 
all luminal GA resident proteins) that appear to be devoted to the control of the 
[Ca 2+ ] 

GA
   [  30–  33  ] . Secondly, changes in peri-Golgi [Ca 2+ ] 

cyt
  can affect the activities 

of Golgi-localized Ca 2+ -dependent proteins and/or result in the recruitment of cyto-
solic signaling proteins that are involved in the initiation of signaling cascades 
similar to those seen at the PM. For example, Ca 2+  increases in the proximity of the 
Golgi membranes can activate L-CaBP1, a Ca 2+ -binding protein that negatively 
modulates Ca 2+  release from the intracellular Ca 2+  stores via the IP3R  [  34  ] . Recently, 
interactions have also been seen between L-CaBP1 and the AP-1 adaptor, suggest-
ing a specifi c role of L-CaBP1 in the regulation of transport  [  35  ] . 

 Furthermore, Ca 2+  activates neuronal calcium sensor 1 (NCS-1), a protein that 
can stimulate PI4KIIIb at the TGN, leading to an increase in constitutive and stimu-
lated transport from the TGN to the PM  [  36  ] . NCS-1 binding to Arf1 can also com-
pete with Arf1 in the activation of PI4KIIIb, suggesting the presence of two mutually 
exclusive pathways acting upstream of PI4KIIIb in the regulation of exit from the 
TGN  [  36  ] . A peri-Golgi [Ca 2+ ] 

cyt
  increase can also activate the cysteine protease 

calpain, which is involved in many different cellular processes, including cell adhe-
sion and migration. However, a recent study showed that calpain proteolyses the  b  
subunit of the COPI coatomer  [  37  ] . This suggests that the activation of calpain by 
Ca 2+ , which could be released from the GA during the transport of cargo, modulates 
its own transport by promoting the disassembly of the COPI coatomer. 

 There is a second class of proteins that although not generally localized on the 
Golgi membranes, are recruited to the GA in response to a [Ca 2+ ] 

cyt
  increase. 



44518 Calcium Around the Golgi Apparatus...

These proteins include other neuronal Ca 2+ -sensor family proteins (hippocalcin, 
Vilip-1 and neurocalcin-d), cPLA2 (see also below in the text), K-Ras and Ras-
GRP  [  38–  41  ] . Hippocalcin has been recently reported to be involved in the acti-
vation of Ras mediated Raf1-activation along the MAPK pathway initiated by 
N-methyl-D aspartate (NMDA) and KCl  [  42  ] . As the GA hosts the Ras-dependent 
MAPK activation pathway, it can be assumed that the translocation of hip-
pocalcin to the GA upon increased [Ca 2+ ] 

cyt
  allows it to participate in this signal-

ing cascade from this Golgi location. This scenario opens the possibility of cross 
talk between the observed Ca 2+  release from the GA during membrane traffi cking 
 [  14  ]  with signaling coming from the PM. 

 The Ras proteins are the founding members of a large family of small GTP-
binding proteins, which now includes Arf, Rab and Rho. Ras itself comprises three 
proteins, N-Ras, H-Ras and K-Ras, which are involved in the regulation of cell 
proliferation and cell death promoted by PM receptors. The Ras family members 
are involved in cell signaling via three main pathways: Raf1/Erk, PI3K/AKT and 
RalGDS  [  43,   44  ] . Mutations in these Ras proteins that impair their GTPase activi-
ties are responsible for several human diseases, including cancer. Recent studies 
have reported a substantial bidirectional traffi cking of H-Ras and N-Ras between 
the GA and the PM  [  45  ] . Indeed, using genetically encoded fl uorescent probes that 
can sense Ras activation, Philips and colleagues have demonstrated that growth fac-
tor stimulation transiently activates Ras on the PM, while its activation is sustained 
on the Golgi membranes where Ras can promote cell growth or differentiation  [  46, 
  47  ] . Ras activation on the GA could be due to the retrograde transport of Ras from 
the PM, or it could rely on a diffusible mediator that transduces the message from 
the PM to the GA. Although both hypotheses might be valid, the most convincing 
experimental data indicate that Ca 2+  is the diffusible signal involved in the activa-
tion of Ras that is already on Golgi membranes. Specifi cally, an increase in [Ca 2+ ] 

cyt
  

recruits the Ca 2+ -dependent Ras exchange factor Ras-GRP1 to the GA and the RAS 
GTPase-activating protein CAPRI to the PM, leading to Ras activation at the GA 
and its inactivation at the PM  [  48  ] . 

 From these examples, it is evident that Ca 2+  released from the GA (and/or the 
ER) can activate the Ras-GRP1/Ras signaling pathway. It would therefore be impor-
tant to investigate whether the Ca 2+  in the peri-Golgi area during membrane traffi ck-
ing could also activate Ras signaling.  

   Membrane Traffi cking Needs SNAREs, and SNAREs Need Ca 2+  

 Precise mechanisms are required to govern protein transport between different 
organelles, particularly in the secretory and endocytic pathways. Small shuttling 
vesicles (such as synaptic vesicles of neurons) or larger transport containers (such 
as zymogen granules of pancreatic acinar cells) are the major intermediates in antero-
grade or retrograde translocation of proteins between various compartments in the 
secretory and endocytic pathways. The basic steps underlying vesicle-mediated 
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transport are vesicle/container formation from a donor compartment, translocation 
of transport intermediates to a target compartment, tethering of transport intermedi-
ates with the target compartment, and, fi nally, the docking and fusion of vesicles/
containers with the target compartment  [  49  ] . 

 SNAREs function in the fi nal event of docking of vesicles/containers with the 
target compartment and catalyze the fusion of the opposing membranes of the trans-
port intermediate and the target compartment  [  50  ] . Functionally, SNAREs can be 
classifi ed into v-SNAREs, associated with the vesicle/container, and t-SNAREs, 
associated with the target compartment. Specifi c interaction of v-SNARE on the 
transport intermediate with the cognate t-SNARE on the receiving target compart-
ment underlies the central event of docking and fusion processes of vesicle-
mediated transport. v-SNAREs usually consist of a tail-anchored SNARE having a 
single SNARE motif, while t-SNAREs consist of either (two or) three polypeptides 
 [  51  ] . Interaction between v-SNARE and t-SNARE leads to the formation of the 
 trans -SNARE complex, in which the four SNARE motifs assemble as a twisted 
parallel four-helical bundle, which catalyzes the apposition and fusion of the vesicle 
with the target compartment  [  52,   53  ] . 

 The crystal structure of the synaptic SNARE complex revealed that the four 
SNARE domains form a twisted parallel four-helical bundle with each SNARE 
domain contributing one helix  [  54  ] . The formation of the  trans -SNARE complex, 
due to the contribution of three helical bundle form one membrane and one from the 
opposing membrane, will serve “to zip the two opposing membranes together” from 
the N- to the C-terminal end  [  55  ] . All this process requires energy to allow the mem-
brane to come closer and fuse; the energy generated during the formation of the 
four-helical bundle has been proposed to be the driving force for the fusion process 
 [  55  ] . However,  trans -SNARE complex needs Ca 2+  and SNARE cofactors Ca 2+ -
dependent to be released. An example is the Munc13 (1–4) proteins, as SNARE 
cofactors contain several Ca 2+ -binding C2 domains implicated in interactions with 
diacylglycerol, Ca 2+ , and phospholipids  [  56  ] . Knockout of both Munc13-1 and 
Munc13-2 abolishes spontaneous and evoked synaptic transmissions. Munc13-1/2 
is proposed to be essential for the priming process for synaptic vesicles tethered 
onto the presynaptic PM  [  57  ] . The priming process empowers the tethered/docked 
vesicles with the competence of evoked fusion. 

 Furthermore, synaptotagmin I (a member of the synaptotagmin protein family 
consisting of at least 13 members  [  58  ] ), which is preferentially expressed in neu-
rons, is associated with the synaptic vesicle as a type I membrane protein with its 
short N-terminal region oriented towards the lumen of the synaptic vesicle. Its larger 
C-terminal cytoplasmic domain contains two tandem Ca 2+ -binding C2 (C2A and 
C2B) domains. Exocytosis of synaptic vesicles in the synapse is strictly regulated 
by changes in cytosolic [Ca 2+ ] ([Ca 2+ ] 

cyt
 ), whereas synaptotagmin I is probably the 

Ca 2+  sensor that couples this ion fl ux to the exocytosis of synaptic vesicles in 
response to an action potential  [  59–  61  ] . 

 Synaptotagmin I binds directly to Syn1 and SNAP-25 of the t-SNARE. The tan-
dem C2 (C2A and C2B) domains cooperate to enhance the penetration of some hydro-
phobic residues into the lipid bilayer of the target compartment in response to Ca 2+ . 
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The C2B domain apparently also interacts with phosphatidyl inositol 4,5-biphosphate 
(PtdIns4,5P) in response to Ca 2+  binding, thus steering the penetration of hydrophobic 
residues of C2A and C2B into the target membrane  [  61,   62  ] . Several acidic residues 
in the C-terminal region of SNAP-25 are known to be important for its Ca 2+ -triggered 
interaction with synaptotagmin-1  [  63  ] . Through the simultaneously enhanced interac-
tions with t-SNARE, PtdIns4,5P, and the lipid bilayer, synaptotagmin I triggers the 
complexin-stabilized  trans -SNARE complex to catalyze the fusion process in the pre-
synaptic membrane in response to a rise in Ca 2+  levels  [  61,   64  ] . Mice lacking synap-
totagmin I develop normally as embryos, but die within 48 h after birth  [  59  ] . 
Electrophysiological analysis of hippocampal neurons derived from these synaptotag-
min I-null mice reveals severe impairment of synaptic transmission. Ca 2+ -triggered 
synchronized synaptic exocytosis is specifi cally decreased, whereas asynchronous 
slow release processes, such as spontaneous synaptic activity and release triggered by 
hypertonic solution or alpha-latrotoxin, are unaffected. This demonstrates a physio-
logical role for synaptotagmin I in Ca 2+ -evoked synchronous neurotransmitter 
release.  

   cPLA2: Make-Up Artist for the Golgi Membranes 
to Be Ready for Traffi cking 

 Four main subfamilies of PLA2 have been identifi ed: secretory PLA2 (sPLA2); 
cytosolic, Ca 2+ -dependent PLA2 (cPLA2); intracellular, Ca 2+ -independent PLA2 
(iPLA2); and platelet-activating factor acetylhydrolases (PAF-AHs)  [  65  ] . cPLA2 
catalyzes the fi rst step in the arachidonic acid (AA) cascade leading to the synthesis 
of important lipid mediators, the prostaglandins and leukotrienes; the isoform 
cPLA2 a  hydrolyses the fatty acids (FA) at the middle ester bond of cylindrical 
phospholipids to form wedge-shaped lysophospholipids  [  66,   67  ] . cPLA2 contains a 
Ca 2+ -dependent membrane-binding domain (C2 domain). The activation of plasma-
membrane receptors coupled to intracellular Ca 2+  stimulation promotes the associa-
tion of cPLA2 with the ER and with Golgi membranes  [  40  ] . The recruitment cPLA2 
to these membranes could simply suggest that they act as relay stations along a 
plasma-membrane-initiated signaling cascade. The formation of wedge-shaped 
lysophospholipids favors the generation of spontaneous membrane curvature and 
transformation of fl at cisternae-like membranes into highly curved tubular mem-
branes, which serve as intermediates for transport across the Golgi stack or to gener-
ate and maintain tubular membranes  [  65,   67  ] , that connect neighboring stacks. 
These highly curved membranes are where fusion/fi ssion events occur and where 
the  trans -SNARE complex forms.  Trans  interactions between SNAREs on oppos-
ing membranes have been proposed to facilitate or trigger [Ca 2+ ] signals in response 
to docking  [  68,   69  ] . In fact, now we know that local increases in [Ca 2+ ] 

cyt
  near the 

GA are necessary to recruit SNARE cofactors, which force the release of the  trans -
SNARE complex helping the fusion of the two opposing bilayers, as well as recruit 
membrane remodeling enzymes, like the isoform cPLA2 a , on the GA  [  67,   70  ] . 
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 Membrane traffi cking involves the formation of tubular-shaped membranes that 
can act as carriers or as structural elements in specifi c compartments, including in 
the CGN and TGN  [  71  ] . Brown and co-workers  [  72  ]  found that when the enzymatic 
activity of PLA2 is inhibited, the Brefeldin A-induced tubules that emanate from the 
GA are impaired, and redistribute Golgi proteins to the ER. Along the same lines, 
 in vitro  experiments performed on purifi ed GA have indicated that activators of 
PLA2 promote tubule formation  [  73  ] . The mechanisms proposed for these PLA2-
mediated effects rely on the local production of inverted cone-shaped lysophospho-
lipids that drive the formation of positive curvature, a process that is involved in 
tubule formation  [  74  ] ; however, a role for arachidonic acid as a signaling mecha-
nism cannot be ruled out. PLA2 inhibitors are also able to block endosomal fusion 
 in vivo   [  72  ] . Similar to that hypothesized for tubule formation, PLA2 could partici-
pate in membrane fusion by changing the local membrane composition through the 
production of lysolipids and free fatty acids, and/or via signaling cascades. From a 
physiological standpoint, PLA2 regulates the retrograde transport of proteins 
between the GA and the ER. The PLA2 inhibitors impair the retrograde transport of 
a chimeric KDEL receptor-VSVG  [  72  ] . Similar approaches have shown that PLA2 
activity is important for the recycling of the transferrin receptor from the recycling 
endosomes towards the plasma membrane  [  75  ] , and for the maintenance of the 
Golgi ribbon  [  76  ] , with PLA2 inhibitors promoting the formation of separate Golgi 
stacks that remain in the perinuclear area  [  76  ] .  

   Secretory Pathway Ca 2+ -ATPase: New Family of Ca 2+  Pump 

 The GA possesses mechanisms for Ca 2+  accumulation (Ca 2+  pumps), storage (Ca 2+ -
binding proteins) and release (i.e. IP3R) making this organelle a true Ca 2+  store, 
playing a role in intracellular Ca 2+  signaling  [  77  ]  (Fig.  18.2 ). 

 A new class of Ca 2+ -ATPase pump localized to the GA was identifi ed for the fi rst 
time about two decades ago  [  78  ] ; more recently, its yeast homolog was investigated 
 [  79  ] . Only during the last few years interesting studies on its role and distribution at 
tissue and subcellular level has been reported. The secretory pathway Ca 2+ /Mn 2+ -
ATPase protein (SPCA) type 1 (SPCA1) and type 2 (SPCA2) have different tissue 
distribution and apparently different roles on Ca 2+  homeostasis and implications in 
traffi cking, and both are excluded from the ER  [  80,   81  ]  (Fig.  18.2 ). Here, the recent 
advances in understanding the role and functioning of this new family of Ca 2+  pumps 
has been reviewed. 

   SPCA1 

  ATP2C1  encodes for the human SPCA1 protein, with four known mRNA splice 
variants  [  82  ] . Gene silencing of  ATP2C1  inhibits the correct organization of the GA 
 [  83  ]  and affects the subsequent development of the affected tissue  [  83  ] . Like all 
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cellular Ca 2+ -ATPase pumps, SPCA1, which probably has a main role in the GA, 
acts to reduce this otherwise “toxic” level of Ca 2+  from the cytosol. Moreover, it also 
seems to be critical for maintenance of the GA ultrastructure organization  [  81,   84  ] . 

 SPCA1 is distributed along the secretory pathway and mostly in the GA  [  81  ]  
(Fig.  18.2 ); however, SPCA1 has also been detected in pancreatic  b -cell lines in 
both microsomal and dense-core secretory vesicle-enriched fraction  [  85  ] . This dis-
tribution of SPCA1 along the secretory pathway in this secreting cell lines (MIN6 
and INS1) was coupled with a higher effi ciency in insulin secretion in SPCA1 
depleted cells. The authors proposed a new role of SPCA1 in the ER (and secretory 
vesicles), where SPCA1 “plays a signifi cant role in the accumulation of Ca 2+  by the 
ER”  [  85  ] . This is contrary to the recent reports where SPCA1 depletion induces a 
severe fragmentation of the GA with drastic reduction of protein secretion, resulting 
in an ineffi cient protein traffi cking  [  81,   83,   84,   86  ] . Interestingly, in SPCA1-depleted 
cells the exit of enzymes from the ER is not affected  [  81  ] , suggesting a minor role 
for SPCA1 in ER-to-GA traffi cking, even if it does not completely exclude a role in 
ER Ca 2+  homeostasis  [  85  ] . However, a prevalent role for SPCA1 in the GA was sup-
ported by the prevalent distribution on the  trans -GA of the SPCA1, and complete 
exclusion from the most CGN  [  87,   88  ] , even if it contradicts a recent report in which 
SPCA1 was  not completely excluded from the CGN  [  81  ] . TGN is depleted in SERCA 
or IP3R, and it was shown that it accumulates Ca 2+  via SPCA1, using a fl uorescent 
FRET-based Ca 2+  probe directly targeted to the TGN lumen  [  87  ] . Clearly, further 
investigations are needed to clarify the precise role of SPCA1 in traffi cking. 

 As SPCA1 can transport Mn 2+  in addition to Ca 2+ , the alteration of neural polarity 
after SPCA1 depletion involves a defi ciency of Ca 2+  and/or Mn 2+  uptake into the 
GA, and the subsequent reduction of its Ca 2+  and/or Mn 2+  content  [  84  ] . Ca 2+  and 
Mn 2+  are critical cofactors in many Golgi activities, which include the correct pro-
cessing and traffi cking of newly synthesized proteins and membranes required for 
neural polarity; proteins such as glycosyltransferases  [  19  ] , sulfotransferases  [  89, 
  90  ] , and prohormone convertases  [  91,   92  ]  that need Ca 2+  and/or Mn 2+  for their activ-
ity. In fact, down regulation of SPCAs interferes with glycosylation of thyroglobu-
lin in rat thyrocytes  [  93  ] . Disturbed Ca 2+  handling by the GA function could however 
be compensated by the ER activity, even if the total SERCA number was not 
increased  [  84  ] . Recently, a new role for SPCA1 in Mn 2+  detoxifi cation in hepatic 
cells has been reported  [  94  ] . The authors showed “a prominent novel localization of 
SPCA1 to an endosomal population close to, but not on the basolateral membranes” 
 [  94  ] . This data confi rmed a dual distribution of SPCA1 to the GA/TGN and the 
early endosomal compartment  [  81  ] . The localization on endosomal compartment 
may serve to sequester Mn 2+  as it enters from the sinusoidal/basolateral domains 
 [  94  ] , suggesting a role for SPCA1 in Mn 2+  detoxifi cation in liver. 

   Mutated SPCA1 Causes Hailey-Hailey Disease 

 Hailey-Hailey disease (HHD), also known as familial benign chronic pemphigus, is 
a rare, autosomal and dominantly inherited dermatosis. The genetic defect in HHD 
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causes the skin cells to become unstuck from one another, and not adhering together 
properly; it is characterized by suprabasal separation (acantholysis) of the epidermis 
resulting in recurrent blisters, crusted erosions, and warty papules; painful erosions 
may become hypertrophic, and even mild disease can affect quality of life  [  95  ] . In 
occasional cases, the lesions may develop into squamous cell carcinomas  [  96  ] . 

 Molecular studies showed that HHD carried heterozygous mutations in the 
 ATP2C1  gene on 3q22.1, encoding the SPCA1  [  97  ] , which localize along the secre-
tory pathway, mainly in the GA  [  80,   81,   98  ] . To date, 117 pathological mutations 
have been described scattered throughout the  ATP2C1  gene with no indication of 
mutational hotspot or clustering of mutations  [  99  ] . Moreover, different cutaneous 
diseases etiologically related to the HHD have been shown to be a variant of HHD 
 [  100  ] . This supports the view that histology, coupled with genetic testing is critical 
to diagnose this dermatological pathology. 

 The skin cells (keratinocytes) stick together via structures called desmosomes and 
it seems the desmosomes do not assemble properly if there is insuffi cient Ca 2+   [  20, 
  101  ] , even if their secretion seems not to be altered  [  83  ] . Normally the cells are packed 
together tightly much like bricks. This could be the reason why depletion of SPCA1 
affects mostly the skin and not other tissues. For further details see a recent, excellent 
review on SPCA1 and HHD  [  102  ]  and the chapter “Calcium and skin” of this book.  

   SPCA1 and Diabetes 

 SPCA1 is also highly expressed in VSMCs (vascular smooth muscle cells)  [  103  ] ; 
unfortunately it has not been investigated in relation to diabetes-related cardiovas-
cular pathology. It is unlikely that the other isoform, SPCA2, plays a substantial role 
in cardiovascular pathology, as it is weakly expressed in vascular tissue  [  104  ] . 
However, previous studies have linked SPCA1 expression to diabetes in pancreatic 
cells  [  85  ] . Furthermore, alterations in the GA, with hypertrophy and partly vacu-
olized cisternal stacks, have also been observed in VSMCs treated with kinase 
inhibitors to block proliferation  [  105  ] . The store of Ca 2+  ions in the GA operated by 
SPCA1 is required by Ca 2+ -dependent enzymes essential for post-translational mod-
ifi cation of proteins in transit through the secretory pathway  [  106  ]  as well as to 
recruit membrane-remodeling enzymes necessary to sort the cargo out of the GA 
 [  67  ] . Recently, an excellent study revealed increased levels of expression of the 
SPCA1 (both at the mRNA and protein levels) in enriched glucose diet, to mimic 
the hyperglycemia, suggesting a central role for SPCA1 in the etiology of diabetes 
mellitus-associated vascular disease, due to alterations in Ca 2+  homeostasis within 
the GA of VSMCs cells  [  107  ] . Interestingly, the authors also evaluated the possibil-
ity of an increased activity of the SPCA1 that also increased the total number of 
Ca 2+ -pumps. This supports previous observation of abnormal expression and/or 
activity of proteins that participate in Ca 2+  signaling and homeostasis which were 
linked to diabetes. These include Ca 2+ -dependent enzymes, such as calpain in rat 
endothelial cells  [  108  ]  and CaMKII (Ca 2+ /calmodulin-dependent protein kinase II) 
in rat whole carotid arteries  [  109  ] . In addition, it was shown that Ca 2+  transporters 
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may be infl uenced by the diabetic state in vascular cells. Examples of these include 
the inhibition of store-operated Ca 2+  channels in rat micro VSMCs  [  110  ]  and 
increased activity of T-type Ca 2+  channels in rat cardiomyocytes  [  111  ] .  

   SPCA1 and Cancer 

 The level of the [Ca 2+ ] 
cyt

  control a variety of cellular processes relevant to tumorigen-
esis such as proliferation, migration, and apoptosis  [  112,   113  ] . Although cellular Ca 2+  
homeostasis is precisely controlled, there is an emerging appreciation that it is 
remodelled during cancer with downstream consequences on cellular function  [  114  ] . 
Deregulation of Ca 2+  homeostasis may arise via changes in Ca 2+ -transporting pro-
teins such as channels and pumps whose expression can be up- or down-regulated in 
cancers  [  113  ] . Changes to the expression of these Ca 2+  transporters may modulate 
global [Ca 2+ ] 

cyt
  and/or due to their location may alter the Ca 2+  levels, in particular 

intracellular Ca 2+  stores,  e.g.  the GA  [  112–  114  ] . Interestingly, the effects of SPCA1 
inhibition in MDA-MB-231 cells reside in altered regulation of Ca 2+ -dependent 
enzymes located in the secretory pathway, such as proprotein convertases. Inhibition 
of SPCA1 produced a pronounced alteration in the processing of insulin-like growth 
factor receptor (IGF1R), with signifi cantly reduced levels of functional IGF1R and 
accumulation of the inactive TGN pro-IGF1R form  [  115  ] . This fi nding associated a 
Ca 2+  transporter with the basal-like breast cancer subtype, and highlighted the role 
for Ca 2+  transporters as regulators for the processing of proteins important in tumor 
progression without major alterations in cytosolic Ca 2+  signaling.   

   SPCA2 

 Unlike to ubiquitously expressed SPCA1, SPCA2 expression is restricted to the 
brain, testis, gastrointestinal and respiratory tracts, prostate, thyroid, salivary, and 
mammary glands  [  18,   104  ]  and in principle could defi ne a Ca 2+ -ATPase pump activ-
ity with a specifi c physiological role in secretory cells. Recently, a new fi nding from 
the Rao lab  [  115  ]  highlighted a new role for SPCA2, assuming a link between Ca 2+  
and cancer, and highlighted SPCA2 as a potentially new therapeutic target for cer-
tain breast cancers. They found that the Ca 2+  levels rose dramatically in human 
breast cancer-derived cells where SPCA2 was up-regulated; their data showed that 
SPCA2 moves from its normal location inside cells (mostly the GA) to the PM, 
where it interacts with the Ca 2+  channel Orai1, the pore subunit of the Ca 2+  release-
activated Ca 2+  (also termed CRAC) channel  [  116  ] . Direct binding of the SPCA2 
amino terminus to Orai1 enabled access of its carboxyl terminus to Orai1 and acti-
vation of Ca 2+  infl ux  [  115  ] . SPCA2 activated the channels, essentially calling all 
Ca 2+  into the cells. This signaling role was overriding its pumping and scavenging 
function by overwhelming the pump’s ability to put away the Ca 2+  and the net effect 
was an elevation of [Ca 2+ ] 

cyt
   [  115  ] . 
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 Furthermore, support for SPCA2’s role in regulating protein secretion come from 
the studies of milk secretion. Human milk is extremely high in Ca 2+ , due in part to 
the action of SPCA2, which along with an elaborate network of other proteins, is 
turned on during lactation  [  117  ]  and goes off when the breast feeding stops  [  118  ] . 
SPCA2’s normal purpose is to signal Ca 2+  channels to open and allow a large infl ux 
of Ca 2+  into mammary tissue cells, to be packaged and pumped out in the milk  [  117, 
  119  ] . Furthermore, in cells taken from human breast tumors the  ATP2C2  gene, 
encoding for SPCA2 normally turned off (except during lactation), was on  [  117, 
  119  ] . When SPCA2 is mis-regulated breast cancer can form, probably because the 
lack of regulation of the pump/signaling mechanism allows vast and constant 
infl uxes of Ca 2+  into the cells, which stimulates the cell cycle, and triggers high 
levels of cell proliferation. 

 Most recently, using a positional fi ne-mapping approach has been demonstrated 
an association between  ATP2C2  and  CMIP  genes and non-word repetition perfor-
mance across two independent language-impaired populations  [  120  ] . Both genes 
are expressed in the brain and represent good candidates for language- and memory-
related processes. In fact, Ca 2+  homeostasis is important for the regulation of many 
neuronal processes, including working memory, synaptic plasticity, and neuronal 
motility  [  121  ] , and Mn 2+ -dysregulation has been linked to Parkinsonism (MIM 
#168,600), Alzheimer disease (MIM #104,300), and disordered memory  [  122  ] . 
These evidences make SPCA2 a potential candidate to be further investigated to 
better understand the evolution of neurological disorders.   

   Remarks and Conclusions 

 The role played by the GA as a key organelle involved in the Ca 2+  signaling during 
intracellular traffi cking has been recently highlighted  [  77,   123  ] . Here, more attention 
has been done highlighting recent evidences of Ca 2+  homeostasis and the physiol-
ogy of the GA, which has to be considered as another piece of the membrane traf-
fi cking puzzle. The recent discovery of the new family of the SPCA Ca 2+  pumps 
specifi cally localized to the secretory pathway, mainly in the GA, shed new light on 
the role of Ca 2+  as trigger of the cargo delivery throughout the GA. Fluctuation of 
the [Ca 2+ ] 

cyt
 , more than the absolute [Ca 2+ ] 

cyt
 , have a critical role in recruiting remod-

eling proteins of the Golgi membranes (e.g. cPLA2 a ) necessary to prepare the 
delivery of cargo protein from the  trans -GA; furthermore, this membrane remodel-
ing enzyme also seems to be important in the reorganization of the different com-
partments of GA, when cargo moves through the GA. As mentioned above (Sect.  4 ), 
the membranes need to be remodeled to prepare the departure of cargo from the GA, 
or simply to be reorganized during the passage of cargo through the GA itself. The 
analysis of the SPCA1 subcellular distribution along the secretory pathway reveals 
its presence on the lateral rims of the GA  [  81  ] ; this peculiar distribution is indicative 
of a role in generating local release of Ca 2+  in the proximity of this suborganellar 
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region where the membranes need to be remodeled before cargo departure, and 
subsequent reuptake of the Ca 2+  allows the release of the  trans -SNARE complex, to 
induce the fusion/fi ssion events. If we combine these observations, we can have a 
clear view of the role of this new family of Ca 2+  pumps mainly regarding the regula-
tion of traffi cking more than the GA homeostasis. 

 The newly proposed role for SPCA2 as a direct regulator of the extracellular 
protein release in specifi c secreting cells with its own redistribution on the PM, 
reveals a completely new role for Ca 2+  pumps in regulating not only the level of 
[Ca 2+ ] 

cyt
  but also in turning on/off the activity and redistribution of this pump accord-

ing to the physiological status of the cell/tissue  [  115  ] . This refl ects the differential 
distribution of membrane components between different lipid phases that has been 
well documented for the PM. Microdomains enriched in sphingomyelin and choles-
terol function as platforms to concentrate different molecules and assemble them 
into effi cient signal transduction machineries, including processes involving Ca 2+  
signals. Indeed, many Ca 2+  infl ux channels and their regulators have been found in 
lipid raft domains (e.g. GPCRs, G proteins, PLC, PIP2, IP3R, and store-operated 
Ca 2+  entry channels). It was suggested that lipid rafts probably regulate these pro-
cesses by controlling Ca 2+  signaling  [  124–  127  ] . More recently, rafts were shown to 
be components of membranes of the secretory pathway organelles; furthermore, 
sphingomyelin- and cholesterol-enriched domains form in the GA  [  128–  130  ] . These 
micro-regions function as partitioning sites for specifi c post-GA traffi cking by 
forming molecular assemblies separated from GA resident proteins  [  128,   131,   132  ] . 
SPCA1 associated with raft-like domains in the GA might contribute to its retention 
in the upstream compartments of the secretory pathway  [  133  ] . Likewise, the seem-
ingly weaker association of SPCA2 with these membrane phases suggests SPCA2 
has been observed also outside the GA in presumably post-GA compartments 
 [  134  ]  and PM  [  115  ] . In addition, the raft association of GA resident Ca 2+  pumps 
could generate local Ca 2+  signals around the GA  [  39,   135,   136  ] , eventually via asso-
ciation with other components of the Ca 2+  signaling pathway. However, the choles-
terol-rich environment is essential for the proper functioning of SPCA1, while 
SPCA2 appears to be less tightly associated with raft-like domains  [  133  ] . 

 From this new scenario, it seems much more clear that both SPCAs have distinct 
roles in regulating the homeostasis of Ca 2+  of the GA as well as maintaining the 
levels of the [Ca 2+ ] 

cyt
 , fundamental for regulating cargo moving through and exiting 

from the GA (SPCA1), and the subsequent release via the PM (SPCA2). These 
recent discoveries open a new era of Ca 2+  signaling in the secretory pathway, where 
the SPCAs are the main players, but ones with much more to reveal about their 
functions in the future which will contribute to a deeper understanding of cancer, 
genetic disease and other pathologies linked to the secretory dysfunction with 
altered Ca 2+  physiology.      
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  Abstract   The role of Ca 2+  as a key and pivotal second messenger in cells depends 
largely on a wide number of heterogeneous so-called calcium binding proteins 
(CBP), which have the ability to bind this ion in specifi c domains. CBP contribute 
to the control of Ca 2+  concentration in the cytosol and participate in numerous cel-
lular functions by acting as Ca 2+  transporters across cell membranes or as Ca 2+ -
modulated sensors, i.e., decoding Ca 2+  signals. In this chapter we review the main 
Ca 2+ -modulated CBP, starting with those intracellular CBP that contain the struc-
tural EF-hand domain: parvalbumin, calmodulin, S100 proteins and calcineurin. 
Then, we address intracellular CBP lacking the EF-hand domain: CBP within intra-
cellular Ca 2+  stores (paying special attention to calreticulin and calsequestrin), 
annexins and proteins that contain a C2 domain, such as protein kinase C (PKC) or 
sinaptotagmin. Finally, extracellular CBP have been classifi ed in six groups, accord-
ing to their Ca 2+  binding structures: (i) EF-hand domains; (ii) EGF-like domains; 
(iii)  g -carboxyl glutamic acid (GLA)-rich domains; (iv) cadherin domains; (v) Ca 2+ -
dependent (C)-type lectin-like domains; (vi) Ca 2+ -binding pockets of family 
C G-protein-coupled receptors. For all proteins, we briefl y review their structure, 
location and function and additionally their potential as pharmacological targets in 
several human diseases.  
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   Introduction 

 Ca 2+  binding proteins (CBP) are a heterogeneous and wide group of proteins that 
participate in numerous cellular functions (e.g. Ca 2+  homeostasis and Ca 2+  signal-
ing pathways), thus regulating animal and plant cell function. Although they have 
different structures and properties, most CBP selectively and reversibly bind Ca 2+  in 
specifi c domains, the kinetics of this interaction being very fast. It has been sug-
gested by Carafoli et al.  [  1  ]  that CBP could be subdivided into two categories: 
membrane-intrinsic CBP that modulate Ca 2+  concentration in the environment by 
transporting it across cell membranes and Ca 2+ -modulated proteins. This last group 
includes proteins that not only contribute to the control of Ca 2+  concentration, but 
also to decode Ca 2+  signals, acting as Ca 2+  sensors. According to this classifi cation, 
in this chapter we have briefl y reviewed the main Ca 2+ -modulated CBP, focussing 
on their respective structures, location and functions and, in some cases, on their 
potential role as therapeutic targets in several pathologies  [  1,   2  ] . Ca 2+  transporters 
and channels have been reviewed in other chapters of this book. 

 We have divided this chapter into three main sections. The fi rst section deals with 
intracellular CBP presenting EF-hand domains. This domain is found in a large 
family of proteins that includes some of the most important and ubiquitous CBP, 
such as calmodulin, troponin C or calcineurin. The second section presents the 
intracellular CBP lacking EF-hand domains. Here, we have included some of the 
most important CBP within cell organelles, such as calsequestrin and calreticulin, 
the large family of proteins called annexins and some of the proteins that share a 
Ca 2+ -binding domain called C2, such as PKC or synaptotagmin. In the last section, 
we have reviewed the main extracellular CBP (ECBP), grouping them according to 
their Ca 2+  binding structures.  

   Intracellular Ca 2+  Binding Proteins with EF-Hand Domains 

 The term EF-hand was coined in 1973 as a graphical description of the calcium-
binding domain observed in parvalbumin  [  3  ] . It is descriptive not only of the poly-
peptide fold, but also of the potential motion that the binding of calcium can 
induce. 

 The classical EF-hand is a helix-loop-helix motif characterized by a sequence of, 
usually, 12 residues fl anked with two alpha helices positioned perpendicular to one 
another in a spatial arrangement that mimicks the spread thumb and the index fi nger 
of a human hand. The loop integrated in this sequence can accommodate Ca 2+  or 
Mg 2+  with distinct geometries and the affi nity for these ions is a determining factor 
for the function of the protein (Fig.  19.1 )  [  4  ] .  

 Commonly, EF-hand motifs occur in adjacent pairs. The minimal domain, with 
two motifs separated by a fl exible linker, can be found in parvalbumin and the S100 
subfamily. Calmodulin and troponin C both have four EF-hand motifs. One excep-
tion to the rule of EF-hand pairing is calpain, which has fi ve EF-hand motifs in the 
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C-terminal part of its large subunit. However, these motifs are coupled with a small 
subunit composed of another fi ve EF-hand motifs forming a heterodimer  [  4  ] . 

 About 30 residues form the canonical sequence of the EF-hand domain, which 
appears in small proteins (e.g. calmodulin or S100), but also in much larger com-
plex proteins (e.g. myosin or calpain). The sequence has also been identifi ed in 
proteins in which it was not really expected, such as cholinesterases and neuroligins 
 [  5  ] , the oncogenic protein MDM2  [  6  ]  and  Escherichia coli  lytic transglycosidase 
Slt35  [  7  ] . 

 This structural motif has been found in a large number of protein families: more 
than 66 subfamilies are known  [  8  ] , possessing diverse functions that include cal-
cium buffering in the cytosol, signal transduction between cellular compartments 
 [  9  ]  and muscle contraction  [  10  ] . 

   Parvalbumin Family Proteins 

 The parvalbumin family of Ca 2+  binding proteins plays a pivotal role in the cell by 
keeping a check on calcium switching  [  11  ] . Parvalbumin was the fi rst Ca 2+  binding 
protein to have its amino acid sequence and atomic 3D-structure resolved  [  3  ] , 
although Deuticke fi rst reported its occurrence in the skeletal muscle fi bers of fi shes 
and amphibians  [  12  ] . Due to its low molecular weight (12 kDa) and high solubility 
in water, it was called parvalbumin ( parvus  is Latin for small), although it has no 
functional resemblance with serum albumin  [  13  ] . 

 Two isoforms, alpha and beta parvalbumin, exist in vertebrates on the basis of 
isoelectric point and lineage-specifi c sequence differences. Beta parvalbumin is also 

  Fig. 19.1    Illustrative 
representation of the EF-hand 
motif       
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called oncomodulin as it was fi rst found in tumour tissues. Parvalbumin contains 
three homologous EF-hand motifs, but only the two located at the C-terminal region 
are able to bind calcium with high affi nity  [  14  ] . 

 In general, the proteins of the parvalbumin family are highly water-soluble and 
have an isoelectric point between 4.1 and 5.2 and they are believed to function pri-
marily as cytosolic calcium buffers  [  15  ] . They are associated with several calcium 
mediated cellular activities and physiological processes. It has been suggested that 
parvalbumin facilitates the relaxation process in fast-contracting muscles by shut-
tling calcium from troponin C to the sarcoplasmic reticulum  [  16  ] . But parvalbumins 
are also present in non-muscle tissues like bone, teeth, skin, brain, prostate, seminal 
vesicles, testes and ovaries, and play such different functional roles as chemotactic 
ligands, endocrine regulation and renal transport of NaCl  [  11  ] . It has been observed 
that parvalbumin defi ciency alters neuronal activity, because parvalbumin-expressing 
interneurons contribute to its maintenance and synchronize cortical neurons through 
GABAergic synapses  [  17  ] .  

   Calmodulin Family Proteins 

 The calmodulin family is very large and has been extensively characterized amongst 
the EF-hand Ca 2+  sensor proteins. This subfamily of CBP is called CTER, an acro-
nym composed from the fi rst character of four of their most representative mem-
bers: calmodulin, troponin C and essential and regulatory myosin light chains. Much 
of what is known today regarding the mode of action of EF-hand Ca 2+  sensors is 
based on the structural analysis of the parent protein in this subfamily, calmodulin, 
and its interactions with various targets. 

 Calmodulin (CALcium MODULated proteIN) was discovered by Cheung  [  18  ]  
and Kakiuchi and Yamazaki  [  19  ]  in the bovine brain and rat brain respectively, and it 
can be found in all eukaryotic organisms  [  20  ] . It is composed of 148 amino acids 
organized into two canonical EF-hand pairs separated by a fl exible helical linker. The 
two domains share high overall sequence homology (75%), as well as structural simi-
larity in the presence and absence of Ca 2+  ions. However, the differences in the two 
domains are signifi cant enough to result in distinct biochemical properties  [  20  ] . 

 Calmodulin exists in at least two different confi gurations: apocalmodulin, which 
lacks Ca 2+  and Ca 2+ -calmodulin, which has four Ca 2+  ions bound per molecule  [  21  ] . 
The shift from apo- to Ca 2+ -calmodulin upon binding of submicromolar concentra-
tions involves substantial structural changes. Therefore, protein interactions that 
depend on submicromolar Ca 2+  are frequently mediated by calmodulin  [  22  ] . 

 Calmodulin mediates a wide range of cellular processes including cell division 
and differentiation, gene transcription, DNA synthesis, membrane fusion and mus-
cle contraction  [  23  ] . More than a 100 targets are regulated by calmodulin both in 
plants and animal cells, amongst them several cyclic nucleotide phosphodiesterases, 
nitric oxide synthase, adenylate cyclases 1 and 8, several ion channels and a number 
of cytoskeleton proteins  [  24  ] . 
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 Due to its crucial role as Ca 2+  sensor in all types of cells, it is assumed that 
 calmodulin may be involved in many pathological processes, such as Parkinson 
disease  [  25  ] , Alzheimer disease  [  26  ]  or rheumatoid arthritis  [  27  ] . 

 Troponin C, as a part of the troponin complex, is present in all striated muscle, 
being the trigger that initiates the myocyte contraction. It was discovered by Perry 
and Corsi  [  28  ]  in rabbit myofi brils as the mysterious factor along with actin and 
tropomyosin required to generate muscle contraction. Two isoforms of this protein 
have been described: fast skeletal muscle troponin C, which is activated by Ca 2+  
binding to two low-affi nity sites on the N-terminal domain and cardiac and slow 
skeletal muscle troponin C, which is activated by Ca 2+  binding to a single affi nity 
site  [  29  ] . 

 Troponin C has a very specifi c function in the initiation of the cascade events of 
conformational changes through the component proteins of the thin fi lament, lead-
ing to the formation of cross bridges between actin and myosin and the generation 
of force by the myocyte  [  29  ] .  

   S100 Family Proteins 

 The 25 members of the S100 proteins are expressed exclusively in vertebrates and 
constitute the major family of EF-hand calcium sensor proteins. The S100 name 
does not indicate any functional aspect, but refers to their solubility in 100% ammo-
nium sulphate  [  30  ] . 

 The basic structural and functional unit of the S100 proteins is a symmetric dimer 
comprised of two EF-hand pairs, which are organized into an eight-helix bundle. 
Usually, S100 proteins form homodimers, although some of them are known to 
form heterodimers with other S100 isoforms. This subfamily displays unique prop-
erties in the EF-hand family: at the primary sequence level, S100 proteins are dis-
tinguished from all other EF-hand proteins by a unique 14-residue S100-specifi c 
Ca 2+ -binding loop in the N-terminal EF-hand of each motif, named “pseudo 
EF-hand”  [  31  ] . It has been hypothesized that pseudo EF hands are phylogenetically 
younger than canonical EF hands and appear later in biological evolution as an 
additional adaptation to spatial and temporal tissue-specifi c requirements  [  32  ] . 

 Another distinctive characteristic of S100 proteins is their binding of additional 
divalent metal ions such as Zn 2+  and Cu 2+  at sites that are remote from the Ca 2+  
binding sites. Binding of these divalent ions with high affi nity plays a role in 
chemotactic activity and the homeostasis of toxic metal ions. It has not been fi rmly 
established how the binding of divalent ions supports or antagonizes the interaction 
with targets  [  33,   34  ] . 

 S100s are associated with multiple targets that promote cell growth and differen-
tiation, cell cycle regulation, transcription and cell surface receptor activities  [  35  ] . 
For example, S100A1, S100A2, S100A4 and S100B interact with the tumour sup-
pressor p53, S100A12 participates in infl ammatory processes due to its interaction 
with the receptor for advanced glycation end products (RAGE) and S100B stimulates 
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guanylyl cyclase  [  36  ] . The calcium signaling activities of these proteins are 
 tailored in part by a distinct pattern of subcellular localization and tissue specifi c 
expression. 

 The detection of abnormal S100 gene expression in different disease states includ-
ing chronic infl ammation, tumour progression, cardiomyopathy, Alzheimer’s and 
 psoriasis has fuelled further clinical interest in this multigene family of proteins  [  37  ] .  

   Calcineurin 

 Calcineurin is classifi ed as a calmodulin-dependent serine/threonine phosphatase   . 
Since its initial discovery in bovine brain  [  38  ] , it has been found to be ubiquitously 
expressed in lower and higher eukaryotes, including plants and mammals  [  39  ] . 

 Calcineurin plays a pivotal role in the information fl ow from local or global cal-
cium signals to effectors that control immediate cellular responses and alter gene 
transcription. It is a heterodimer protein consisting of a catalytic A subunit (CNA), 
which is highly homologous to protein phosphatases 1 and 2, and a regulatory B 
subunit (CNB), that contains four EF-hand motifs and binds to CNA to regulate its 
phosphatase activity even in the absence of Ca 2+   [  40  ] . Calcineurin can dephospho-
rylate serine residues of transcription factor, nuclear factor of activated T cells 
(NFAT), initiating a cascade of transcriptional events involved in physiological and 
development processes  [  39  ] . A malfunction in calcineurin-NFAT signaling can 
engender several pathologies, such as cardiac hypertrophy, autoimmune diseases, 
osteoporosis, Alzheimer’s disease, Down’s syndrome and cancer  [  41  ] .  

   Neuronal Ca 2+  Sensor (NCS) Proteins 

 Frequenin was the fi rst NCS protein discovered and designated NCS-1, due to its 
distribution in neuronal cell types  [  42  ] . Today, fi ve classes of NCS proteins have 
been identifi ed, and named A-E on the basis of their amino acid sequences. Most of 
them are expressed only in neurons, where they have different roles in the regulation 
of neuronal function  [  43  ] . Recoverins and guanylyl-cyclase-activating proteins are 
restricted to retinal photoreceptors. 

 Members of NCS protein family show four EF-hand motifs although the fi rst of 
them cannot bind Ca 2+  due to inactivating substitutions in the EF-hand loop  [  43  ] . 
Structurally they are quite homogeneous and differ from other four EF-hand motifs 
proteins, like calmodulin, in many aspects. For example, they are more compact and 
globular even when Ca 2+  is bound. They also have motifs that allow membrane 
association and display different subcellular localizations determined by the inter-
actions with specifi c phosphoinositides  [  44  ] . 

 Dysregulation of NCS proteins have been observed in several CNS disorders, 
such as Alzheimer’s disease, schizophrenia, and cancer  [  45  ] .  
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   Differences in Ca 2+  Affi nities Between Families 

 In order to optimize a response in Ca 2+  signaling, both the activation and the inacti-
vation kinetics for a specifi c pathway must be carefully fi ne-tuned. In the EF-hand 
motifs, residues 1, 3, 5, 7, 9 and 12 of the loop region provide the oxygen ligands 
required for the Ca 2+  binding. The nature of the amino acid at position 9 in this loop 
seems to be a crucial factor in the steric and electrostatic parameters that determine 
equilibrium dissociation constants among the EF-hand family proteins  [  46  ] . The 
variability in the affi nity of an EF-hand motif to bind Ca 2+  is also dependent of two 
additional factors: the selectivity over Mg 2+  and the interaction with a protein target 
 [  47  ] . Ca 2+  buffer proteins, like parvalbumin, show the slowest off-rates (K 

d
  for par-

valbumin is 10 -8  M) whereas most of the S100 members display a dissociation con-
stant up to 10 -4  M. Calmodulin presents different off-rates for the EF-hands in the 
amino- and in the carboxy-terminal lobe, which allows independent regulation for 
each lobe. The dissociation constants for this protein can range from 10 -7  to 10 -5  M 
depending on the interaction of calmodulin with its target proteins  [  43  ] . 

 In summary, the structure of the EF-hand loop region dictates the calcium binding 
parameters of a particular protein and consequently the extent, the speed and the dura-
tion of its activation after a Ca 2+  transient, that is critical for its physiological role.   

   Intracellular Ca 2+  Binding Proteins 
Without EF-Hand Domains 

 There are several important intracellular CBP lacking the EF-hand domain. 
Calreticulin, calsequestrin and some other proteins play a key role in the regulation 
of intracellular Ca 2+  homeostasis through the binding of Ca 2+  within the endoplas-
mic reticulum (ER) and the sarcoplasmic reticulum (SR), thereby allowing these 
organelles to act as intracellular Ca 2+  reservoirs. A large group of CBP without 
EF-hand domains is constituted by the so-called annexins, which are characterised 
by their ability to bind phospholipids. Some other proteins, among which are pro-
tein kinase C (PKC) and synaptotagmin, share a domain named C2, whose Ca 2+  
binding ability serves as a regulatory mechanism for their function. 

   Ca 2+  Binding Proteins at Intracellular Ca 2+  Stores 

 In eukaryotic cells, the ER and SR (in smooth and striated muscle) participate in 
the regulation of intracellular Ca 2+  levels, acting as intracellular stores of readily-
releasable Ca 2+  ions. The presence of various CBP inside these organelles is essen-
tial for this function. 
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   Smooth Muscle Sarcoplasmic and Endoplasmic Reticulum 

 Several CBP have been reported to participate in ER-dependent Ca 2+  homeostasis, 
including calreticulin, calnexin, glucose-regulated protein 94 (Grp 94), BiP/Grp78 
and protein disulfi de isomerase (PDI)  [  48  ] . These proteins also act as protein chap-
erones since they have the ability to bind mis-folded proteins  [  48,   49  ] . 

 Amongst these CBP, calreticulin is undoubtedly the most important. It consists 
of three distinct structural and functional domains (Fig.  19.2 ). The N-terminal 
domain (residues 1–180) binds heavy metals and forms the chaperone (folding unit) 
together with a proline-rich domain or P-domain (residues 181–290). This P-domain 
includes a high-affi nity (K 

d
  = 1  m M), low-capacity (1 mol Ca 2+ /mol of protein) Ca 2+ -

binding site  [  50  ] . The C-terminal domain (residues 291–400) accounts for the high 
capacity (~20 mol Ca 2+ /mol of protein) and low affi nity (K 

d
  ~2 mM) Ca 2+ -binding 

activity of this protein  [  51–  53  ] .  
 It has been described that calreticulin regulates Ca 2+  uptake and release within 

the ER and mitochondria and that an enhanced expression of this CBP is directly 
related to a signifi cant augmentation of the capacity of the ER to retain Ca 2+   [  54  ] . In 
accordance with this, it has been reported that lack of calreticulin signifi cantly 
reduces ER Ca 2+  capacity  [  52  ] . Apart from its capacity to bind high amounts of Ca 2+ , 
calreticulin is a central component of the folding quality control system of glyco-
proteins, since it has the capacity to bind monoglucosylated high mannose oligosac-
charides  [  51,   55  ] . 
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 A possible role of calreticulin in the development of several human patholo-
gies, including congenital arrhythmias and some cancers, has been described 
 [  51,   52,   56  ] .  

   Striated Muscle Sarcoplasmic Reticulum 

 The storage and rapid release of Ca 2+  from the skeletal and cardiac SR has been 
associated with calsequestrin  [  57,   58  ] . Calsequestrin is an acidic protein that binds 
Ca 2+  with low affi nity (K 

d
  in the mM range), but with high capacity (see below), thus 

allowing a rapid release of this ion from the SR of striated muscle. 
 In mammals, two isoforms of calsequestrin have been described. Skeletal muscle 

calsequestrin or calsequestrin 1 (CASQ1 gene) is located in the SR of fast-twitch 
and slow-twitch skeletal muscles. Cardiac calsequestrin or calsequestrin 2 (CASQ2 
gene) is found in the SR of cardiac muscle and adult slow-twitch skeletal muscle 
 [  58,   59  ] . They both act as SR luminal sensors for the skeletal or cardiac ryanodine 
receptors together with the proteins triadin and junctin (Fig.  19.3 )  [  60,   61  ] .  

 Structurally, calsequestrin isoforms differ in the acidic C-terminal tail which is 
highly extended in the cardiac isoform although, as reported by Novák and Soukup 
 [  58  ] , most of our knowledge about differences of molecular interactions between 
skeletal and cardiac calsequestrin comes from studies of isolated systems. Thus, it 
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has been reported that canine cardiac calsequestrin binds 35–40 mol of Ca 2+ /mol of 
protein  [  62  ]  and that Ca 2+  binding to sheep cardiac calsequestrin is 50% lower than 
to rabbit skeletal calsequestrin  [  63  ] . 

 Apart from its role as a readily accessible reservoir of Ca 2+  in cardiac muscle, 
cardiac calsequestrin participates in the regulation of the opening/closing of the SR 
Ca 2+  release channels  [  64  ] . Although the role of skeletal calsequestrin in skeletal 
muscle as a primary Ca 2+  store is not completely understood  [  58,   65  ] , it has been 
demonstrated, using CASQ1-null mice, that a lack of this CBP causes important 
structural changes in the SR and alters the storage and release of appropriate amounts 
of SR Ca 2+   [  66  ] . Additionally, an alteration in calsequestrin expression is involved 
in the pathogenesis of Duchenne progressive muscular dystrophy  [  67  ] . In fact, some 
patients with Duchenne muscular dystrophy lacked a CBP of the mitochondrial 
matrix named calmitine, which was found to be identical to calsequestrin  [  68  ] .   

   Annexins 

 Annexins, also known as lipocortins, are a multigene superfamily of Ca 2+ -dependent 
phospholipid- and membrane-binding proteins that are expressed in a wide variety 
of animal and plant tissues and that are implicated in various extracellular and intra-
cellular processes, including vesicle traffi cking, membrane scaffolding or regula-
tion of ion channel activity. The name “annexin” was proposed for the superfamily 
in 1990 and the annexins have been classifi ed in fi ve families  [  69–  71  ] . 

 The annexin A family includes 12 annexins common to humans and vertebrates 
(human gene symbols AXA1 to AXA13, leaving A12 unassigned in the offi cial 
nomenclature). The annexin B family includes those present in invertebrates. The 
annexin C family includes proteins present in fungi and some groups of unicellular 
eukaryotes, such as mycetozoa. Plant and protist annexins are included in the 
annexin D and E families, respectively  [  71  ] . 

 All annexins are structurally related and have a highly conserved C terminal 
domain named the annexin core and an N terminal region that varies greatly. The 
annexin core is a structural fold formed by four annexin repeats of 70 amino acids 
(Fig.  19.2 ), except annexin VI that contains 8 repeats. Each repeat is packed into a 
compact domain consisting of fi ve  a -helices wound in a right-handed superhelix. 
The Ca 2+ - and phospholipid-binding sites correspond to a 17 amino acid sequence 
contained in each of the four repeats. Three of the repeats bind Ca 2+  with moderate 
affi nity (K 

d
  in the  m M to mM range), but the third repeat does not appear to bind 

Ca 2+  at low concentrations due to deviations from the canonical sequence and struc-
ture  [  1,   69,   70,   72  ] . The N terminal region regulates the interactions with protein 
ligands and the annexin-membrane association  [  69,   73  ] . 

 Annexins locate intracellularly, mainly in the cytosol, both in a soluble form or 
associated with components of the cytoskeleton or matricellular proteins  [  71  ] . 
However, some of them have been reported to be expressed at the cell surface in 
certain circumstances, as is the case for annexin 1  [  74  ]  and annexin 2  [  75  ] . 
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 In humans, it has been suggested that annexins may be involved in the origin of a 
diverse range of diseases, including cancer, diabetes or infl ammatory pathologies  [  76  ] .  

   Ca 2+  Binding Proteins with C2 Domain 

 The C2 domain is a Ca 2+ -binding motif originally identifi ed in protein kinase C 
(PKC)  [  77  ] . It comprises approximately 130 residues and consists of a compact 
 b -sandwich composed of two four-stranded  b -sheets. Three loops at the top of the 
domain and four at the bottom connect the eight  b -strands. Ca 2+  binding occurs 
exclusively at the top three loops with low affi nity (K 

d
  > 1 mM)  [  1,   78  ] . 

 The C2 domain is widely distributed in eukaryotes and, besides Ca 2+ , it has the abil-
ity to bind phospholipids, inositol polyphosphates and some other intracellular pro-
teins. It mediates a wide range of intracellular processes, such as membrane traffi cking, 
generation of lipid-second messengers, activation of GTPases, and control of protein 
phosphorylation  [  79  ] . Amongst the best known proteins presenting the C2 domain are 
PKC, synaptotagmins, phospholipase C (PLC) and phospholipase A (PLA). 

 PKC is composed of a large family of lipid-activated enzymes that regulate the 
function of other proteins via phosphorylation of serine and threonine residues. 
Multiple isoforms of PKC, ten of them found in mammals, may exist in the cytosol 
in a soluble form or bind to the plasma membrane, participating in many functions, 
such as intracellular signaling, secretion, cell growth and differentiation  [  80,   81  ] . 

 In order to fulfi l its function, PKC needs the presence of several lipid cofactors 
and Ca 2+ , although these requirements may vary for different isozymes. In mam-
malian PKC, three categories have been established: classical, novel and atypical 
isoforms, the last lacking the C2 domain  [  80,   82  ] . Classical isozymes contain a C2 
type I Ca 2+ - and phospholipid-binding domain and they need to bind Ca 2+  in order to 
stabilize their interaction with the plasma membrane (Fig.  19.2 )  [  81  ] . On the other 
hand, novel isozymes contain a variant of the C2 domain (type 2) that lacks key resi-
dues that coordinate Ca 2+  and, as a result, the novel isozymes are not sensitive to 
Ca 2+   [  83  ] . In consequence, the classical PKC isoforms are activated by Ca 2+  and 
diacylglycerol (DAG), whereas the novel PKC isoforms are activated by DAG, but 
not Ca 2+ . Atypical PKC isoforms require neither Ca 2+  nor DAG for activation  [  84  ] . 

 Synaptotagmins are a family of transmembrane Ca 2+  sensors found in synaptic 
vesicles and in secretory granules of endocrine cells that have a main role in exocy-
tosis  [  1,   85  ] . They bind Ca 2+  with low affi nity by means of two C2 domains: C2A 
and C2B  [  86  ] . There are multiple known isoforms of synaptotagmins  [  87  ] . The best 
known is synaptotagmin I, which function as a sensor for evoked, synchronous neu-
rotransmitter release in neurons  [  88  ] . 

 Two other proteins that are involved in the modifi cation of lipids also contain Ca 2+  
binding C2 domains that contribute to regulate their function: phosphoinositide-
specifi c PLC, which liberates IP 

3
  and DAG in response to mitogenic signals that 

raise intracellular Ca 2+  levels  [  89  ]  and PLA2, which liberates arachidonic acid from 
glycerophospholipids to initiate production of leukotrienes and prostaglandins, 
potent mediators of infl ammation  [  90  ] .   
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   Extracellular Ca 2+  Binding Proteins 

 The Ca 2+  concentration in human serum is maintained at about 1.4 mM  [  91  ] . 
Deviations in this concentration lead to severe pathological malfunctions. Different 
organs and hormones must cooperate to regulate the uptake, excretion and recycling 
of calcium in the body and, as a consequence, serum Ca 2+  concentration. The study 
of extracellular Ca 2+  as a messenger has probably been hampered by the generally 
accepted idea that Ca 2+  concentration in the extracellular space does not fl uctuate 
and by the technical diffi culties of measuring spatial and temporal changes in extra-
cellular Ca 2+  concentration. 

 Several extracellular Ca 2+  binding proteins (ECBP) have been discovered and 
their roles investigated. If it is assumed that the Ca 2+  concentration in the extracel-
lular space does not differ from that measured in serum, Ca 2+  would not play an 
extracellular messenger role. ECBP would use Ca 2+  for static roles (e.g. formation 
of active sites in enzymes or active conformations in receptors, structure protein 
stabilization and formation of supramolecular structures with other proteins or car-
bohydrates) or to maintain the extracellular Ca 2+  homeostasis. Despite the constant 
concentration of serum Ca 2+ , there are clear examples that show that local extracel-
lular Ca 2+  levels may differ from those usually measured in serum and may indeed 
fl uctuate (e.g., fl uctuations are very likely to occur during intracellular Ca 2+  signal-
ing events)  [  92  ] . Therefore, extracellular Ca 2+  could fulfi l a more dynamic function 
participating as a messenger in extracellular signal transduction pathways. Several 
membrane and soluble Ca 2+  sensor proteins have been identifi ed. These proteins 
undergo a conformational change in response to physiological fl uctuations in extra-
cellular Ca 2+  concentrations; the conformational change allows interactions with a 
specifi c target protein, ultimately modulating its function. 

 ECBP are modulators of numerous cellular functions (e.g. blood-clotting, com-
plement activation, cell-cell interactions, cell-matrix interactions, receptor-ligand 
interactions, Ca 2+  transport and Ca 2+  homeostasis) and may serve as important thera-
peutic targets. In this section we review the main ECBP, focussing on some proteins 
that can potentially have a role as extracellular Ca 2+  sensors. We grouped the ECBP 
by Ca 2+ -binding domain structures (see also Table  19.1 ).  

   Extracellular Ca 2+  Binding Proteins with EF-Hand Domains 

 Ca 2+ -binding proteins containing EF-hand domains are present within cells and also 
in the extracellular environment, or matrix. These proteins do not contribute directly 
to the architecture of the matrix, nor do they act as structural proteins  [  93  ] . 

 Osteonectin, also known as SPARC (secreted protein acidic and rich in cysteines) 
or BM-40, is a matrix protein that serves as the prototype of the osteonectin family. 
Other members of this family are hevin, QR1, testicans 1-3, tsc 36, SMOC-1 and 
SMOC-2. The osteonectin family is characterized by a follistatin-like, cysteine rich 
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   Table 19.1    Main extracellular Ca 2+ -binding domain structures. All of the Ca 2+ -binding domain 
structures have in common a high negative surface potential usually associated with Asp or Glu 
residues   

 Group and calcium- 
binding domain structure  Main proteins 

 Possible role of Ca 2+ -binding 
to proteins 

 EF-hand domains  Osteonectin family: osteonec-
tin, hevin, QR1, testicans 
1–3, tsc 36, SMOC-1 and 
SMOC-2 

 Formation of binding sites for 
extracellular ligands 

 Ca 2+  signal transmission? 

 EGF-like domains  Coagulation factors VII, IX and 
X, protein C and protein S 

 Fibrillin 
 Notch and delta receptors 
 LDL receptors 

 Induction of protein conformation 
required for biological activity 

 Stabilization of proteins 
 Ca 2+  signal transmission? 

  g -Carboxyl glutamic 
acid-rich domains 

 Coagulation factors II, VII, IX 
and X, protein C and 
protein Z 

 Anchoring of proteins to 
membrane 

 Osteocalcin, matrix GLA 
protein and periostin 

 Activation of proteins 

 Growth arrest-specifi c protein 6 
 Cadherin domains  Cadherin family: classical 

cadherins, protocadherins, 
and atypical cadherins (Fat, 
Dachsous, and Flamingo) 

 Modulation of mechanical 
integrity and mechanotrans-
duction capability of proteins 
(using an adaptor complex 
cadherins connect to the 
cytoskeleton) 

 Ca 2+  signal transmission 
 (C)-type lectin-like 

domains 
 Selectins  Modulation of ligand binding 
 Mannose receptor family  Stabilization of proteins 
 Dendritic cell-specifi c ICAM-3 

grabbing non-integrin 
molecule 

 Several collectins (e.g. 
mannose-binding protein) 

 Ca 2+ -binding pockets of 
family C GPCRs 

 Ca 2+ -sensing receptor  Change of receptor conformation 
 Metabotropic glutamate 

receptors 
 Ca 2+  signal transmission through 

G-proteins 
 GABA B  receptors 

domain and a C-terminal module with two EF-hand Ca 2+ -binding domains (each 
EF-hand domain is predicted to bind one Ca 2+  ion)  [  94–  96  ] . The EF-hand pair is very 
similar to those of intracellular EF-hand proteins such as calmodulin. The affi nity of 
the Ca 2+ -binding domain for Ca 2+  is high; for example, osteonectin binds 2 Ca 2+  with 
a K 

d1
  of 490 nM and K 

d2
  of 26 nM  [  95  ] . Thus, the EF-hand domains should always 

be in the Ca 2+ -saturated form in the extracellular space and Ca 2+  would fulfi l a struc-
tural role rather a regulatory role transmitting a signal  [  95,   97  ] . The osteonectin-
like proteins modulate cell function by interacting with cell-surface receptors, 
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metalloproteinases, growth factors and other bioeffector molecules and proteins of 
the matrix such as collagens  [  93,   96  ] . Different lines of evidence link osteonectin-
like proteins with human cancer progression  [  96  ] .  

   Extracellular Ca 2+  Binding Proteins with EGF-Like Domains 

 The epidermal growth factor (EGF)-like domain is one of the most widely distributed 
protein modules. A subset of EGF-like domains also contain a Ca 2+ -binding domain 
that binds one Ca 2+ , making this type of module one of the most prevalent extracel-
lular Ca 2+ -binding sites. The Ca 2+ -binding domains have a wide range of Ca 2+  affi ni-
ties, with K 

d
  from 0.1 mM to nM values  [  98,   99  ] . Among the proteins containing 

Ca 2+ -binding EGF-like domains are proteins involved in blood coagulation, fi brin-
olysis and the complement system (e.g. factors VII, IX and X, protein C and protein S), 
matrix proteins (e.g. fi brillin) and cell surface receptors (e.g. low density lipopro-
tein receptor and Notch receptor and their homologues)  [  99  ] . The coagulation 
enzymes, factors VII, IX and X and protein C, all have two EGF-like domains, 
whereas the cofactor of activated protein C, protein S, has four EGF-like domains in 
tandem. Fibrillin, low density lipoprotein receptor and the developmentally impor-
tant receptor Notch have numerous EGF-like domains in tandem  [  99,   100  ] . 

 Ca 2+ -binding to an EGF-like domain is important to orient neighbouring domains 
and to induce the protein conformation required for biological activity  [  99,   101  ] . 
Ca 2+  binding to an EGF-like domain also stabilizes the proteins  [  100  ] . The EGF-like 
domains are involved in protein-protein interactions, receptor-ligand interactions 
and blood coagulation  [  98,   99  ] .  

   Extracellular Ca 2+  Binding Proteins with  g  -Carboxyl 
Glutamic Acid-Rich Domains 

 Several human proteins have a  g -carboxyl glutamic acid (GLA)-rich domain that 
binds Ca 2+ . They play key roles in the regulation of blood coagulation (factors II 
-prothrombin- VII, IX, X, protein C, protein S, and protein Z), bone metabolism 
(osteocalcin, matrix GLA protein and periostin) and vascular biology (growth 
arrest-specifi c protein 6)  [  102  ] . In addition to the GLA-rich domain, several blood-
clotting proteins have EGF-like domains (see above;  [  2  ] ). The GLA-rich domain 
consists of about 45 amino acids, of which the 10–12 glutamic acids are carboxy-
lated to GLA by a vitamin K dependent carboxylase  [  97  ] . In coagulation factors 
VII, IX and X and protein C, the GLA-rich domain occupies the N-terminal half of 
the molecule and is followed by two EGF-like domains; in protein S, the GLA-rich 
domain also occupies the N-terminal half of the molecule and is followed by a 
thrombin-sensitive domain and four EGF-like domains  [  99  ] . According to different 
structural studies, the number of Ca 2+  ions associated with the GLA domains seems 
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to be variable; specifi cally in the GLA domain of human FVIIa, nine of the ten GLA 
residues bind seven Ca 2+   [  103  ] . Ca 2+  binding to blood-clotting proteins is required 
for the initiation of the coagulation cascade at sites of injury. The GLA domains of 
most of the coagulation factors have similar Ca 2+  affi nities, the average K 

d
  being 

~0.5 mM  [  104  ] . Thus, coagulation factors should generally be in the Ca 2+ -saturated 
form in the extracellular space and Ca 2+  would play a structural role rather a regula-
tory role. However, local fl uctuations of Ca 2+  levels have been described and a regu-
latory role of Ca 2+  may occur in some circumstances. 4-hydroxycoumarin 
anticoagulants are currently used in clinical practice because they indirectly inhibit 
the vitamin K dependent carboxylation of several blood-clotting proteins; as a con-
sequence, clotting proteins cannot bind Ca 2+  and they cannot participate in the coag-
ulation cascade.  

   Extracellular Ca 2+  Binding Proteins with Cadherin Domains 

 As their name implies, cadherins are Ca 2+ -dependent adherent receptors. The cad-
herin family includes classical cadherins, protocadherins and atypical cadherins. 
They all are single membrane-spanning proteins with the exception of fl amingo, an 
atypical cadherin that is a seven-pass membrane protein. The different types of 
cadherins have diverse protein structures, but all possess Ca 2+ -binding extracellular 
repeats  [  105  ] . For example, C-cadherin contains fi ve extracellular domains (ectodo-
mains) and each interdomain region can bind 3 Ca 2+  ions, such that the entire ect-
odomain is capable of binding 12 Ca 2+  ions  [  106  ] . High and low affi nity Ca 2+  binding 
sites have been identifi ed in cadherins with a wide range of Ca 2+  affi nities, K 

d
  from 

 m M to mM. The cadherin extracellular domains may behave as a Ca 2+ -switched 
“mechanical antenna”, as suggested by Oroz et al.  [  107  ] ; in particular, the Ca 2+  
concentration would affect its mechanical integrity and its mechanotransduction 
capability (cadherins connect to the cytoskeleton using an adaptor complex). 
Therefore, cadherins may act as Ca 2+  sensors that respond to external Ca 2+  fl uctua-
tions. Cadherins are involved in development, morphogenesis, synaptogenesis, 
differentiation and carcinogenesis  [  105  ] .  

   Extracellular Ca 2+  Binding Proteins 
with Ca 2+ -Dependent (C)-Type Lectin-Like Domains 

 Ca 2+ -dependent (C)-type lectin-like domains (CTLD) are present not only in the 
C-type lectins, but also in other extracellular proteins. C-type lectins are either pro-
duced as transmembrane proteins (e.g. selectins, the mannose receptor family and 
the dendritic cell-specifi c ICAM-3 grabbing non-integrin molecule) or secreted as 
soluble proteins (e.g. mannose-binding protein and other collectins)  [  108  ] . The 
CTLD structure has a characteristic double-loop (“loop-in-a-loop”): the secondary 
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loop is involved in Ca 2+ -dependent carbohydrate binding, the main CTLD function, 
and in the interaction with other ligands. Four Ca 2+ -binding sites are detected con-
sistently in the CTLD domain, but depending on the particular CTLD sequence and 
on experimental conditions, zero, one, two or three sites are occupied  [  109  ] . Ca 2+  is 
involved in ligand binding to C-type lectins and also serves to stabilize their molec-
ular structure  [  108,   109  ] . Since changes in Ca 2+  concentration dramatically enhance 
carbohydrate binding by C-type lectins, it was suggested that physiological fl uctua-
tions of extracellular Ca 2+  have a regulatory effect on ligand binding by C-type 
 lectins  [  97  ] . C-type lectins mediate many cell surface carbohydrate recognition 
events, e.g. cell to cell contact and recognition of pathogens  [  108  ] .  

   Ca 2+ -Binding Pockets of Family C G-Protein-Coupled Receptors 

 The family C of the superfamily of G protein-coupled receptors (GPCRs), also 
referred to as family 3 GPCRs, include the Ca 2+ -sensing receptor (CaR), metabotro-
pic glutamate receptors (mGluRs), GABA 

B
  receptors, taste receptors and putative 

pheromone receptors. Some of these receptors alter their function in response to 
small fl uctuations of external Ca 2+  and may behave as Ca 2+  sensors. 

   Ca 2+ -Sensing Receptor (CaR) 

 The CaR was initially identifi ed on the bovine parathyroid as a plasma membrane-
located GPCR. Later, the CaR was also identifi ed on the surface of other cell types: 
bone-forming and bone-resorbing cells, kidney cells, intestine and haematopoietic 
stem cells  [  98  ] . 

 The CaR has a long extracellular amino-terminal domain called a Venus fl ytrap 
module, containing the ligand binding pocket that gives the receptor the necessary 
sensitivity to detect small fl uctuations of external Ca 2+ . According to Silve et al. 
 [  110  ] , the Ca 2+ -binding site in the CaR involves a set of polar residues directly 
involved in Ca 2+  coordination (Ser-170, Asp-190, Gln-193, Ser-296, and Glu-297), 
and an additional set of residues that contributes to complete the coordination 
sphere of the cation (Phe-270, Tyr-218, and Ser-147). The activity of the CaR is 
modulated by changes in the Ca 2+  concentrations occurring in the mM range. CaR 
is coupled to intracellular signal transduction pathways through G-proteins, espe-
cially to phospholipase C, cytosolic phospholipase A 

2
  and various MAP kinase 

proteins  [  91  ] . 
 The main function of CaR is to regulate the secretion of PTH (an increase in 

serum Ca 2+  level negatively regulates PTH secretion). The vital role of the CaR 
maintaining normal systemic Ca 2+  homeostasis is illustrated by human hypocalce-
mic and hypercalcemic disorders related to specifi c mutations of CaR and by mouse 
knockout models: complete ablation of functional CaR is lethal, resulting in severe 
skeletal demineralization, extremely high Ca 2+  serum concentration, growth defects 
and ultrastructural changes in the epidermis  [  92  ] . 
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  In vitro  experiments have revealed that CaR on cells responds to Ca 2+  exported 
from the same or a neighbouring cell during Ca 2+  signaling events; extracellular 
Ca 2+  might thus act as an autocrine/paracrine messenger via CaR  [  92  ] . CaR also 
displays sensitivity to amino acids, especially aromatic amino acids, and other diva-
lent and trivalent ions. Therefore, it is not surprising that CaR can play other roles 
than maintaining the systemic Ca 2+  homeostasis, e.g. regulation of hormonal 
 secretion and the activities of various ion channels, control of gene expression, pro-
grammed cell death (apoptosis) and cellular proliferation  [  91  ] . 

 Direct activators of CaR (termed type I calcimimetics), synthetic allosteric 
activators of CaR (termed type II calcimimetics) and inhibitors of CaR (termed 
calcilytics) have been developed. Strontium, which may be considered a type I 
calcimimetic, is currently used in osteoporosis in the form of strontium ranelate; 
cinnacalcet, a type II calcimimetic, is currently used in primary and secondary 
hyperparathyroidism and parathyroid carcinoma; calcilytics are currently in clini-
cal trials for the treatment of osteoporosis. Sustained elevations of PTH, as in 
hyperparathyroid states, have a net catabolic effect on bone, favouring resorption, 
whereas short bursts are anabolic, favouring formation  [  111  ] . Therefore, continu-
ous administration of a calcimimetic or intermittent administration of a calcilytic 
could promote anabolic over catabolic actions.  

   Metabotropic Glutamate Receptors (mGluRs) and GABA B  Receptors 

 Metabotropic glutamate receptors are family C GPCRs and structurally similar to 
CaR. On the basis of sequence homology to CaR, it was postulated that some 
mGluRs can respond to external Ca 2+  fl uctuations  [  92  ] . mGluRs are expressed prin-
cipally in the brain, where the levels of external Ca 2+  are highly dynamic. A Ca 2+ -
binding site in the mGluR1 a  was recently identifi ed: it comprises Asp-318, Glu-325 
and Asp-322 and the carboxylate side chain of the main receptor agonist, L-glutamate 
 [  112  ] . External Ca 2+  has been proposed: (i) to directly activate mGluRs; (ii) to 
increase mGluRs sensitivity to L-glutamate; and (iii) to modulate mGluRs synergis-
tically with L-glutamate  [  92,   112  ] . External Ca 2+  also modulates other type C 
GPCRs, namely GABA 

B
  receptors, although external Ca 2+  does not directly activate 

this class of receptors  [  91  ] .    

   Concluding Remarks 

 In the last few decades, research on CBP has brought important advances. 
Cristallography, molecular biology, microscopy and other techniques have given us 
more knowledge about the sequences and structures of CBP. Many new proteins 
with the ability to bind Ca 2+  have been discovered and there has been a great effort 
to rationally classify them. However, there is still much work to do, for example, 
trying to better establish the physiological role of many of these proteins. For some 
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of them, it is diffi cult to differentiate between structural and regulatory roles for 
Ca 2+  binding (this is especially true in the case of extracellular CBP). It is also 
unclear where is a difference between proteins acting exclusively as Ca 2+  sensors 
and those acting uniquely as Ca 2+  buffers, since in some CBP, both roles are observed. 
A deeper knowledge of the structure and function of CBP, together with a better 
defi nition of their physiological role, will allow us to further investigate targeting of 
these proteins in novel therapeutic strategies.      
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  Abstract   Calcium buffering is one of the mechanisms to control calcium (Ca 2+ ) 
persistence in the cytosol and hence, Ca 2+  dependence of many intracellular processes. 
Compared with Ca 2+  sequestration into intracellular Ca 2+  stores, Ca 2+  buffering is a 
rapid process occurring in sub-second scale. 

 Ca 2+  buffers can be mobile or fi xed depending of their molecular weight, but 
other parameters as their concentration, affi nity for Ca 2+  or Ca 2+  binding and releas-
ing kinetics are important to know their role in Ca 2+  signaling. 

 This process determines Ca 2+  diffusion and spatiotemporal Ca 2+  signaling in the 
cell and is one of the basis of the versatility and complexity of Ca 2+  as intracellular 
messenger.  

  Keywords   Ca 2+  buffering  •  Mobile and immobile buffers  •  Modeling Ca 2+  
signaling      

   Introduction 

 In the previous chapters the reader has had opportunity to explore the properties and 
characteristics making of calcium the essential and more versatile ion messenger in 
the cells. But, how its concentration is so closely regulated within the cells and for 
what reason?. 

 Calcium (Ca 2+ ) ions are involved in many processes along vital cycle of the cells 
but they also are cytotoxic at all phylogenetic stages (from bacteria to eukaryotic 
cells) making necessary an universal Ca 2+  homeostasis system  [  1  ] . 
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 Thus, primitive cells needed to face a massive, constant and toxic pressure due to 
Ca 2+  gradient. The appearance of a plasma membrane in the primitive cell was the 
border between extra- and intracellular spaces leading to the need to a tight control 
of this cation concentration in the cytoplasm, with low concentrations inside against 
high concentrations in the extracellular milieu. This generates a huge gradient in 
terms of concentration and also in terms of net charge considering the negative net 
charge of the intracellular milieu. 

 Since primitive cells successful mechanisms were developed very early in the 
evolution process to precisely regulate the cellular concentrations of free and 
sequestered Ca 2+  both in time and space. These mechanisms are essentially the same 
in prokaryotes and eukaryotes organisms  [  2  ] . 

 At a single cell level, Ca 2+  homeostasis determines that cytosolic Ca 2+  concentra-
tion ([Ca 2+  ] 

c
 ) is tightly regulated around 100 nM (10 −7  M). This is crucial for a 

proper signaling process mediated by Ca 2+  which as any other effective signal, must 
be fast, with an adequate magnitude (to exceed a threshold) and fi nite in spatial and/
or temporal terms. 

 This resting [Ca 2+  ] 
c
  works as a threshold to switch on any signaling processes 

mediated by Ca 2+  against an electrochemical gradient due to the 10,000 times higher 
concentration in the extracellular milieu (around 1 mM or 10 −3  M). This threshold is 
kept by different mechanisms as active transport involving energy (i.e. ATP-
dependent) for Ca 2+  fl uxes out the cell or into the organelles, antiport systems, Ca 2+  
buffering (mobile and immobile buffers) or ion condensation. 

 Ca 2+  buffering at the cytosol can be mediated by mobile or immobile buffers 
keeping under control the diffusion of free Ca 2+  ions inside the cytoplasm and reduc-
ing its diffusion spread. In other words, Ca 2+  changes can occurs in the whole cell 
space or restricted to small areas around those elements involved in Ca 2+  fl uxes. 

 The importance of Ca 2+  control mechanisms can be also seen at intercellular and 
multicellular level in higher organisms, where Ca 2+  homeostasis is also found in the 
extracellular fl uid. Thus, control of Ca 2+  homeostasis in the cell and its role in dif-
ferent physiological processes refl ects an integrative function of Ca 2+  considering a 
whole organism point of view. 

 Next, we will review these mechanisms with special attention to the role of cyto-
plasmic Ca 2+  buffering in the generation of different spatiotemporal Ca 2+  signals and 
its physiological relevance at a single cell (eukaryote) level.  

   Ca 2+  Buffering: An Overview 

 Control of [Ca 2+ ] 
c
  at the resting levels involves several mechanisms as Ca 2+  infl ux 

(from the extracellular space), Ca 2+  release (from internal Ca 2+  stores), Ca 2+  
sequestration (towards internal Ca 2+  stores), Ca 2+  effl ux (to the extracellular space) 
or Ca 2+  buffering. Hence, Ca 2+  persistence in the cytosol and derived Ca 2+ -mediated 
actions are determined by two main processes: Ca 2+  removal and Ca 2+  diffusion 
(Fig.  20.1 ).  
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 Ca 2+  removal from the cytosol is a combined action of Ca 2+  sequestration and 
Ca 2+  effl ux while Ca 2+  diffusion is mainly determined by Ca 2+  buffering. Ca 2+  buffer-
ing is the rapid binding of Ca 2+  ions entering to cytosolic space to different cellular 
binding sites. Ca 2+  buffering is an important process in Ca 2+  signaling because have 
been estimated that only about 1–5% of Ca 2+  ions entering into the cell remains as 
free Ca 2+ , their physiologically active form  [  3–  7  ] . 

 In 1992, Neher and Augustine showed that Ca 2+  buffering was a rapid process kinet-
ically distinct of Ca 2+  sequestration, which is slower and occurs in tens of seconds 
scale. They also were able to determine at a single-cell level, using a combination of 
fura-2 microfl uorimetry and Ca 2+  current measurements, the Ca 2+  binding capacity of 
cytoplasm ( k  

s
 )  [  8  ] . The  k  

s
  value was approximately 75, which did not change during 

prolonged whole cell recording (with a disrupted cell membrane). Thus, they con-
cluded that the majority of cellular Ca 2+  binding sites were immobile  [  9  ] . 

 Immobile buffers are represented by molecules of high molecular weight or 
anchored to intracellular structures. Mobile buffers are molecules of low molecular 
size, typically less than 20–25 kDa, as soluble proteins or small organic anions and 
metabolites but mainly ATP. Their contribution can be diffi cult to estimate in some 
experiments involving whole cell recordings where washout phenomena lead to the 
loss of some of these small molecules. Mobile buffers are estimated to have a Ca 2+  
binding capacity about one tenth of the cytosol Ca 2+  binding capacity. 

  Fig. 20.1     Processes involved in the control of calcium concentration in the cytosol ([Ca   2+   ]  
 c 
  ) .  CI  

calcium infl ux,  CR  calcium release,  CS  calcium sequestration,  CE  calcium effl ux,  CB  calcium 
buffering ( M  mobile and  I  immobile buffers).  k  

B
  and  k  

S
 : Ca 2+ -binding ratios (ratio of bound to free 

Ca2+) for mobile and fi xed buffers, respectively. Ca 2+  removal from the cytosol (Crmv) is a com-
bined action of CS and CE. Ca 2+  diffusion (Cdif) is mainly determined by CB. The combined 
action of these fl uxes determines how [Ca 2+ ] 

c
  changes with the time (d[Ca 2+ ] 

c
 /dt) to generate differ-

ent patterns of spatiotemporal signaling       

 



486 J.A. Gilabert

 One of main mobile Ca 2+  buffers is ATP. ATP concentration in the cytosol is 
estimated to be around 2–3 mM from which 0.4 mM is in a free form. ATP is a 
highly mobile and effective Ca 2+  chelator  [  10,   11  ] . 

 But, how important is the mobility of buffers in the cell? When a signal opens a 
Ca 2+  channel a fast and steep Ca 2+  fl ux enters into the cytoplasm from extracellular 
space or from organelles driven by a large electrochemical gradient. Thus, more 
than 95% of the Ca 2+  ions are immediately bound to the buffers within a distance of 
10–50 nm from the point of Ca 2+  entry  [  12,   13  ] . A mobile Ca 2+  buffer will act to 
disperse such domains of elevated [Ca 2+ ] 

c
  whereas fi xed Ca 2+  buffers will tend to 

prolong them. 
 Therefore, commonly used exogenous buffers/chelators for experimental pur-

poses (as EGTA or BAPTA or fl uorescent indicators as fura-2) must be also consid-
ered due they reduce the effect of endogenous buffers increasing the transport of 
Ca 2+  across the cell  [  14  ] . 

 The presence of mobile and immobile buffers greatly reduces the diffusion 
spread of Ca 2+ . The effective diffusion constant for Ca 2+  free is around 300  m m 2 /s 
being reduced more than 20 times (<16  m m 2 /s) by cytoplasmic buffering  [  15  ] . This 
fact was already described by Hodgkin and Keynes in 1957 in squid giant axon 
where the retardation factor of radioactivity-labeled Ca 2+  was about 40  [  3  ] . However, 
the timescale of those experiments was of minutes when Ca 2+  buffering and Ca 2+  
sequestration can be already equilibrated. 

 One parameter that offers us one idea of Ca 2+  diffusion is the mean distance covered 
by Ca 2+  ions in one dimension. This distance can be calculated as (2 D  

 eff 
   t ) 1/2 , where  D  

 eff 
  

is the effective diffusion coeffi cient for Ca 2+  and  t  is the uptake time constant. 
 A stationary state situation (determining the threshold, usually around 100 nM) 

will be reached with Ca 2+  infl ux or Ca 2+  release to the cytosol space become 
equals to Ca 2+  effl ux plus Ca 2+  sequestration to organelles and plus the buffered 
Ca 2+   [  16,   17  ] . 

 Correspondingly the results of previous simulations on the spatial and tempo-
ral pattern of Ca 2+  changes following stimulation depended very much on the 
assumptions made about mobility of buffers  [  18,   19  ] . Thus, it is important to have 
experimental data on mobility of cellular Ca 2+  buffers. The result, showed by 
Neher and Augustine  [  8  ] , that there is very little mobile buffer, would mean that 
addition of even minute concentrations of an exogenous mobile Ca 2+  buffer, such 
as fura-2 (as in Ca 2+  imaging experiments) should alter the temporal pattern of 
Ca 2+  redistribution. 

   Ca 2+  Buffers 

 Ca 2+  role as intracellular messenger is highly dependent of the maintenance of their 
levels in the extracellular and intracellular spaces and the resulting high electro-
chemical driving force. Thus, minor changes in plasma membrane permeability to 
Ca 2+  can make possible signifi cant changes in the intracellular Ca 2+  levels. 
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 Any molecule (or process) with the ability to bind Ca 2+  ions could be considered 
at least in principle as a buffer. However, the term Ca 2+  buffer is applied only a small 
subset of Ca 2+  binding proteins containing acidic side-chain residues. 

 The Ca 2+  binding proteins can be found in the cytosol (as soluble proteins); but also 
inside organelles (intraluminal proteins) as in the endoplasmic reticulum (ER) or as 
intrinsic proteins in membranes (plasma or organellar membranes) (see Calcium 
Binding Proteins chapter on this volume). Ca 2+  buffers are Ca 2+  binding proteins which 
can bind the most of free Ca 2+  at the cytosol  [  20  ] . The fi rst of these proteins to be 
described was troponin C  [  21  ] . 

 Several proteins families are able to bind Ca 2+  thanks to different structural motifs 
as EF-hands  [  22  ]  or other Ca 2+  bindings sites  [  23  ] . However, the term Ca 2+  buffer is 
applied only to a small subset of proteins of the EF-hand family, including parval-
bumins ( a  and  b  isoforms), calbindin-D9k, calbindin D-28k and calretinin in the 
cytosol  [  20  ] . 

 In the ER, main intraluminal Ca 2+  buffers are calsequestrin and calreticulin (which 
can operate also in the cytosol). These organellar Ca 2+  buffers play an important role as 
modulators in a dynamic network of organellar Ca 2+  signaling  [  24  ] . 

 Another Ca 2+  binding proteins play a role as Ca 2+  sensors more than as Ca 2+  buf-
fers due to its low concentration in the cell  [  20  ] . Ca 2+  ions bind to Ca 2+  sensors 
inducing a conformational change, which permits them to interact with specifi c 
targets in a Ca 2+ -regulated manner. A prototype Ca 2+  sensor is calmodulin  [  25  ] . 

 On the other hand, depending on their diffusion characteristics, buffers can be 
considered as mobile or immobile. Therefore, their rate constants of Ca 2+  binding 
and dissociation cover a wide range from slow buffers (with constants values about 
1 s −1 ) to fast buffers (constant values about 100 s −1 )  [  26  ] . 

 An obvious consequence of the presence of Ca 2+  buffers in the cells is Ca 2+  buff-
ering capacity of the cytoplasm, which will be directly dependent of their concen-
tration and spatial location of the Ca 2+  buffers. However, other parameters as affi nity 
for Ca 2+ , Ca 2+  binding and releasing kinetics, or diffusional mobility contributes to 
make of Ca 2+  signaling one of the most complex signaling activities of the cell. 

   Intracellular Concentration of Ca 2+  Buffers 

 Intracellular Ca 2+  buffering capacity ( k  
s
 ) is directly related to the concentration of 

Ca 2+  buffers expressed in the cytosol  [  13  ] . However, this parameter is quite variable 
( m M to mM ranges) amongst different types of cells or even in the same cell depend-
ing of host tissue or species  [  13,   20  ] . 

 An adequate approximation to the endogenous Ca 2+  binding ratio is to estimate 
the ratio of buffer-bound Ca 2+  changes over free Ca 2+  changes ( k  

s
 ~[Ca 2+  buffer]/

K 
D,Ca

 ])  [  13,   27  ] . We can also use this ratio to compare the Ca 2+  buffering capacity  k  
s
  

of different cells whose values can be ranged from low (below 50) for motor neu-
rons  [  28  ]  to very high (around 1,000–2,000) as that found in cerebellar Purkinje 
neurons  [  29  ]  (Table  20.1 ). It indicates that low values are probably needed in cells 
for a rapid Ca 2+  signaling  [  30  ] .   
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   Ca 2+  Binding and Kinetics by Ca 2+  Buffers 

 The EF-hands motifs are Ca 2+ -binding sites with different selectivity and affi nity for 
Ca 2+  and Mg 2+  ions  [  31  ] . The Ca 2+ -specifi c sites display affi nities for Ca 2+  (K 

Ca
 ) of 

10 −3  to 10 −7  M and signifi cant lower ones for Mg 2+  (K 
Mg

  = 10 −1  to 10 −2  M). The Ca 2+  
and Mg 2+  sites bind Ca 2+  with high (K 

Ca
  = 10 −7  to 10 −9  M) and Mg 2+  with moderate 

(10 −3  to 10 −5  M) affi nities (see  [  20  ] ). 
 The majority of Ca 2+  buffers have values of dissociation constants (K 

D,Ca
 ) in the 

low micromolar range. For it, in a resting cell Ca 2+  buffers are mostly in a Ca 2+ -free 
form. Another parameter to be considered is the kinetics of this binding (k 

on
 ). Ca 2+  

buffers considered as fast have k 
on

  rates > 10 8  M −1  s −1  while those considered as slow 
have k 

on
  rates around10 6  M −1  s −1 . It is due to presence of Mg 2+  (0.5–1.0 mM in physi-

ological conditions) which determines the Ca 2+ -binding due to the slow Mg 2+  off 
rate  [  32  ] . Endogenous Ca 2+  buffers posses several Ca 2+  binding sites with different 
affi nities and kinetics. The ratio between high:intermediate affi nity can be 3:1 or 2:2 
 [  33  ] . Therefore, Ca 2+  binding sites (EF-hands) show allosterism in function of the 
occupied sites resulting in a non-linear Ca 2+  buffering  [  34,   35  ] .  

   Intracellular Mobility of Ca 2+  Buffers 

 Ca 2+  buffering is, at least in mechanistic terms, a different process of Ca 2+  sequestration. 
The majority of Ca 2+  entering ions to the cytoplasm space will be rapidly bound by 
Ca 2+  buffers and later on sequestered into Ca 2+  storing organelles by slower kineti-
cally process  [  8  ] . Mobility of Ca 2+  buffers is also an important determinant of the 
Ca 2+  signaling due to a mobile Ca 2+  buffer will disperse a local increment of Ca 2+ . 

 Mobility of a Ca 2+  buffer is expressed by its diffusion coeffi cient (D) which is 
proportional to the molecular weight but it is also infl uenced by some other factors. 
Molecular diffusion is a complex process determined by a dynamic and out-of equi-
librium environment as the cytoplasm. The rate of the diffusion movement of a molecule 

   Table 20.1     Values of Ca   2+    binding ratio ( k   
 S 
  ) in different cell types.  More details (as 

experimental conditions of measurements) can be founded in the respective original 
references   

 Cell type   k  s   References 

 Motor neurons  <50   [  28  ]  
 Adrenal chromaffi n cells  40–75   [  8,   9  ]  
 Hippocampal neurons  60   [  83  ]  
 Dopaminergic neurons  110–179   [  30  ]  
 Smooth muscle from coronary artery  150   [  84  ]  
 PV-expressing interneurons  150   [  32  ]  
 Cerebellar Purkinje cells  900–2,000   [  29  ]  
 Pancreatic acinar cells  1,500–2,000   [  85  ]  
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or particle is a function of temperature (thermal Brownian movement), viscosity and 
its radius (i.e. mass) (see  [  36  ] ). Therefore, a same molecule can have different D 
values in different cellular compartments as occurs as parvalbumin with a D around 
12  m m 2 /s in axons, somata and nuclei  [  37  ]  versus 43  m m 2 /s in dendrites  [  38  ] .    

   Physiological Relevance of Cytosolic Ca 2+  Buffering 

 Ca 2+  signaling can be observed and described in different levels of organization 
ranging from the whole organism to subcellular level but they are closely related 
 [  39,   40  ] . Most of Ca 2+  in higher organisms is bound to bones and teeth forming 
hydroxyapatite. In humans, from the total amount of Ca 2+  (1,250 g) only a few 
grams are in the extracellular and intracellular fl uids, this level is controlled by the 
movements in and out of the bone deposits  [  41  ]  and maintained by vitamin D and 
parathyroid hormone actions. Plasma concentration of Ca 2+  is quite variable in ani-
mals from 1 to 15 mM (2.1–2.6 mM in man) but levels under 0.9 mM can produce 
uncontrollable muscle spasm (i.e. tetany). 

 As discussed above, extracellular (plasma) levels determines the electrochemical 
gradient respect to intracellular levels and Ca 2+  fl uxes from extracellular fl uid to 
inside the cells are the signals and sources of Ca 2+  for subcellular organelles as the 
ER, mitochondrion or nucleus. Thus, the extracellular pool acts as a large reservoir 
of free Ca 2+ . 

 An increase of cytoplasmic [Ca 2+ ] is the key signal to initiate many physiological 
actions as synaptic transmission, muscle contraction, hormonal secretion or gene 
expression  [  42  ] . Moreover, Ca 2+  signaling is also present throughout the life history 
of the cell from its birth (mitosis) to death (apoptosis)  [  16,   43  ] . Alterations of Ca 2+  
homeostasis and signaling from systemic to subcellular levels also play a pivotal 
role in the pathogenesis of many diseases  [  44–  49  ] . 

 But, Ca 2+  signaling is based not only in changes in their concentration at the 
cytoplasm levels. Cells have developed a complex code of signals based in the mod-
ulation of Ca 2+  concentration on spatial and temporal basis  [  50  ] . Thus, Ca 2+  signals 
can be graded from unitary and spatially located signals, with a very limited diffu-
sion through the cell, to whole cell signals as Ca 2+  waves or Ca 2+  oscillations with 
Ca 2+  changes travelling across the cell. These global signals are possible due to a 
coordinated activity of Ca 2+  release and Ca 2+  sequestration. 

 But, a signal to be an effective messenger must be fi nite. Ca 2+  buffering and Ca 2+  
sequestration are crucial mechanisms to make intracellular Ca 2+  changes transients, 
permitting to the cell recover the threshold and to be ready again for a new signaling 
round. 

 Ca 2+  buffering changes can affect signaling patterns and modulate Ca 2+  depen-
dent physiological process. Thus, neuronal excitability can be modulated by Ca 2+  
buffering changing from an spike-based pattern to a bursting signaling  [  51  ] . 
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   Spatiotemporal Signaling 

 Intracellular Ca 2+ signaling, as occurs with other second messengers-mediated sig-
naling, can be also coded by changes in amplitude and frequency. Thus, the quality 
and quantity of an extracellular incoming signal is refl ected at different domains in 
the cell  [  52  ] . Amplitude may be proportional to the strength of extracellular stimu-
lus and the frequency to the strength and quality of the signal. But, local increase of 
Ca 2+  in restricted domains represents an additional way of coding the signal at a 
spatial level. The combination of all these mechanisms make possible a huge variety 
of signals originated by intracellular Ca 2+  changes  [  16,   50  ] . 

 Ca 2+  dynamics can be analyzed at several levels from unitary or elementary 
events (restricted to subcellular spaces) to global events (as waves or oscillations) 
occurring at whole cell level. 

 The basic phenomena involved in Ca 2+  dynamics at a cytosolic level is the open-
ing of a single channel in the plasma membrane or in an intracellular Ca 2+ -store 
organelle leading to Ca 2+  entry or Ca 2+  release. They are elementary events which 
can be the starters of whole cell events (e.g. Ca 2+  sparks and Ca 2+  induced Ca 2+  
release from SR). Many other different elementary Ca 2+  signaling events have been 
described from many cell and tissues types  [  53  ] . 

 In an elementary event, opening is usually brief in duration and leads to a small 
and local increase of Ca 2+  concentration. This local and spatially restricted increase 
of intracellular Ca 2+  concentration results in the formation of submicron sharp Ca 2+  
concentration profi le in the vicinity of the channel  [  54  ] . The temporal collapse of 
these Ca 2+  domains after channel closing is believed to be achieved in the microsec-
ond time scale. 

 Microdomain Ca 2+  increases are restrained by a strong buffering and slow diffu-
sion. The microdomain size is obviously a function of several parameters as the 
conductivity and opening time of the channel (i.e. how many ions can pass through 
channel pore by time unit) and the electrochemical driving force for Ca 2+  (i.e. free 
Ca 2+  concentration at both sides of channel) but it is strongly infl uenced by the buffer 
properties.  

   Ca 2+  Buffering and Organelles 

 Ca 2+  diffusion throughout the cell is not only restrained by Ca 2+  buffering. Pumping 
(i.e. Ca 2+  fl uxes against the electrochemical gradients) removes Ca 2+  from cytoplasm 
towards the extracellular space (plasma membrane Ca 2+ -ATPases and Na/Ca 2+  
exchanger) into the ER (by SERCA pumps) and into the mitochondria (by the uni-
porter). In a resting state or for small Ca 2+  changes the dominant pumping fl uxes are 
into the ER and to the extracellular space. Whereas larger Ca 2+  signals (micromolar 
range) involves mitochondrial participation  [  55  ] . 
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 The SERCA pumps are in charge of Ca 2+  sequestration from the cytosol to inside 
of ER. This Ca 2+  binds to intraluminal Ca 2+  binding proteins with high capacity 
(10 mol per mol of protein) but low affi nity (Kd around 1  m M) which permit to the 
ER stores huge amounts of Ca 2+  which can rapidly exchange with cytosol. Many 
proteins in the ER can bind Ca 2+ , Ca 2+  is stored bound to Ca 2+  binding proteins 
including calreticulin, protein disulfi de isomerase (PDI), Glucose regulated protein 
94 (Grp94), Immunoglobulin binding protein (BiP), and ERp57. In the sarcoplas-
mic reticulum (SR) the most abundant Ca 2+  binding protein is calsequestrin next to 
sarcolumenin, a histidine-rich protein, junctin, junctate, and triadin (unique to the 
SR membrane)  [  56  ] . 

 ER plays a dynamic role in Ca 2+  signaling due it can exchange their intraluminal 
Ca 2+  with the cytosol in a rapid manner by means of different stimuli of Ca 2+  release 
through InsP3 or ryanodine receptors or by means of a passive leak channel. 

 The total concentration in the ER have been estimated between 5 and 50 mM 
 [  57  ] . The majority of this Ca 2+  is bound with low affi nity to proteins (Kd = 1–4 mM) 
as calreticulin/calsequestrin and other intraluminal proteins with Ca 2+  binding 
capacity as chaperones. The high intraluminal content of Ca 2+  and the low affi nity 
of ER Ca 2+  buffers suggest that Ca 2+  free concentration inside the ER could be in the 
micromolar range (300–800  m M depending of cell type)  [  58  ] . 

 Mitochondria is the another crucial organelle in the Ca 2+  homeostasis in the cell, 
as the ER, mitochondria can store huge amounts of Ca 2+ . Moreover the cation also 
plays an important role linking Ca 2+  signaling with mitochondrial energetic status 
and cell death by apoptosis  [  59  ] . 

 The Ca 2+  entry way to the mitochondria occurs throughout the uniporter located 
in the organelle’s inner membrane. Mitochondrial Ca 2+  uniporter is a selective Ca 2+  
channel with very low affi nity (K 

m
  = 20  m M) and high capacity  [  60,   61  ] .Thus, mito-

chondria is the predominant system of Ca 2+  sequestration only when the [Ca 2+ ] 
c
  is 

well above of those reached during activation (around 1  m M) where PMCA and 
SERCA are the main Ca 2+  transport systems  [  62  ] . 

 An additional mechanism of Ca 2+  entry into the mitochondria known as rapid 
uptake mode or RaM was described in hepatocytes  [  63  ] . RaM function could be to 
create a brief but high free Ca 2+  concentration signal inside mitochondria which may 
activate intramitochondrial metabolic reactions with relatively small amounts of 
Ca 2+  uptake reducing the probability to open Ca 2+ -induced mitochondrial membrane 
permeability transition (MPT)  [  64  ] . Thus, mitochondria are the decoder between 
intensity of signaling and metabolic activity but also the place where the regulated 
process of death starts when Ca 2+  homeostasis is lost. 

 An interesting point in order to understand Ca 2+  dynamics in the cytoplasm is the 
crosstalk between organelles and plasma membrane. In fact, high resolution tech-
niques have permitted to observe that the mitochondrial network inside the cells can 
be very close or even in contact with the ER membrane or plasma membrane chan-
nels. Thus, mitochondria could be able to sense large but spatially limited Ca 2+  
increments derived from InsP3 receptor activation or other Ca 2+  fl uxes from plasma 
membrane channels as VDCC or SOCE  [  11,   65,   66  ] . But, also increasing Ca 2+  buff-
ering capacity by a local release of ATP  [  11  ] .   
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   Elements for Modeling Ca 2+  Buffering and Signaling 

 Ca 2+  signaling processes share a common feature: they are a single (or repetitive) 
transient increase of their intracellular concentration. However, Ca 2+  signaling has 
evolved towards many different signals in different cell types from local to global 
(whole cell) scales. 

 Ca 2+  dynamics can be seen as a process of extremely complexity due to cells have 
the machinery to encode multiple Ca 2+  signals with many different spatiotemporal 
patterns involving many different structural elements (e.g. pumps, channels, Ca 2+  
buffers, organelles,…)  [  16  ] . But, to understand Ca 2+  dynamics in the cell also implies 
to know the infl uence of Ca 2+  buffering in the control of this spatiotemporal code. 

 In the beginning, modeling of intracellular Ca 2+  dynamics focused in the entry 
ways of Ca 2+  (i.e. channels) considering the inside of cells as a continuous medium. 
Later, more descriptive models were proposed to explain activation kinetics of a 
single channel or spatial arrangements of a group of channel and the role of mobile 
and immobile buffers or even the alterations due to the exogenous buffers presence. 

 On the other hand, modeling permits a predictive analysis from experimental 
results and to study the particular contribution of different elements in a complex 
system. Mathematics behinds Ca 2+  modeling can be hard for some of us (a compre-
hensive review about this issue have been written by Martin Falcke  [  67  ] ). Thus, 
only the main elements (variables) and their role in the control of cytoplasmic Ca 2+  
will be shortly described below. 

 A valuable tool to study the contribution of buffers and its properties to Ca 2+  
signaling have been the single-cell techniques using Ca 2+  indicators (as fura-2) and 
microfl uorimetry. They have also permitted to study the contribution of exogenous 
Ca 2+  buffers (i.e. fl uorescent Ca 2+  probes) competing with endogenous Ca 2+  buffers 
 [  13  ] . The known as “added-buffer method” (see below) is based in the study of 
changes in fl uorescent signals due to additions of exogenous buffer to compete with 
endogenous buffer in order to calculate binding capacity. 

 The basis to understand complex Ca 2+  cellular signals as waves or oscillations is 
to describe Ca 2+  fl uxes through a single channel and to estimate their contribution to 
the global Ca 2+  signal. For it, we need to know how Ca 2+  buffering processes affect 
the intracellular diffusion of a Ca 2+  wave entering by a single channel. The free Ca 2+  
increase from a single channel opening (or elementary event as blips or quarks) will 
depend of Ca 2+  current and buffering characteristics of the cytosol, mainly. 

 In the early works, the aim was to estimate the cytosolic Ca 2+  rise near the inner 
side of a single Ca 2+  channel  [  68,   69  ]  or by different arrays of single channels  [  70  ]  
and they have permitted us to understand mechanisms controlled by local Ca 2+  sig-
nals; as Ca 2+ -dependent inactivation of Ca 2+  channels or activation of Ca 2+ -dependent 
potassium channels  [  71  ]  or highly specialized physiological processes as neurose-
cretion by regulated exocytosis  [  72  ] . 

 The unitary Ca 2+  signal mediated by a single channel is a nanodomain which 
produces a Ca 2+  elevation until 50 nm from channel pore in neurons  [  73  ] . Thus, any 
potential Ca 2+ -dependent process controlled by a nanodomain must have a Ca 2+  sensor 
in that distance range as occurs in rapid release neurotransmitter release or the Ca 2+  
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dependent modulation of ionic channels commented above. Small groups or clusters 
of single channels can lead to a summation phenomenon of nanodomains producing 
some stronger signals or microdomains. These microdomains require Ca 2+  sensors 
that are placed within a fraction of a micrometer from the Ca 2+  channel cluster, to 
allow detection of summed signals. 

 The spread of Ca 2+  during elemental events is the process most directly affected 
by buffer properties  [  19  ] . Thus, many efforts have been done to understand the cyto-
solic buffer dynamics and their infl uence in Ca 2+  signaling from elementary events. 

 However, Ca 2+  nano or microdomains occurs in spatial and temporal scales that 
requires highly sensitive optical imaging techniques  [  74  ] . An alternative is the theo-
retical approach to study the infl uence of buffering on Ca 2+  microdomains formation 
and diffusion  [  8,   10,   14,   75,   76  ] . 

 At this level some other phenomena can be considered, as the stochastic behavior 
or the spatial grouping of Ca 2+  permeating channels forming clusters  [  26  ] , much 
more complex and demanding in order to design a reliable mathematical approach. 

 An additional level of complexity of Ca2+ signaling occurring in the cytosol is rep-
resented by global phenomena as waves or oscillations. They refl ect a synchronically 
coordinated activity between release and diffusion processes involving several fl uxes 
among different cellular compartments and organelles. These fl uxes are usually visual-
ized as a periodic behavior of the Ca 2+  concentration levels travelling across the cell. 

 Ca 2+  waves were fi rst observed in fertilized fi sh oocytes  [  77  ] , now we know dif-
ferent patterns from one-way linear displacement to spiral waves with a synchro-
nous or asynchronous behavior depending of cell types  [  78,   79  ] . Ca 2+  wave 
propagation can be modifi ed by changing InsP3 or buffer concentration, mitochon-
drial Ca 2+  uptake or overexpressing SERCA pumps (see  [  67  ] ). Repetitive Ca 2+  spikes 
were instead fi rst time observed in agonist-stimulated hepatocytes  [  80  ] . Ca 2+  oscil-
lations refl ect an alternative exchange of Ca 2+  between the buffers and the ER medi-
ated by InsP3R and the SERCA  [  26  ]  with dependence of external Ca 2+  in the 
majority of cells. Ca 2+  oscillations and waves can be found in many cells from intra- 
to intercellular level of signaling (coordinated and cooperative responses in multi-
cellular systems). These transient events can permit to the cell a communication 
based in frequency instead of amplitude avoiding longed exposures to high Ca 2+  
concentrations potentially toxic for cells. 

 The mathematical description of global phenomena can be very complex (in 
function of the number of variables considered, see  [  81  ] ). However, Ca 2+  signaling 
involves a complex system with many elements and multiple interactions and mod-
els are useful tools to understand the spatiotemporal behavior of Ca 2+  signaling in a 
particular system. 

 There are three basic types of models: qualitative, phenomenological and quan-
titative or mechanistic. Qualitative models are presented in a diagrammatic rather 
than mathematical form; they are easy to do and can serve to support an initial 
hypothesis. Phenomenological models are based and expressed in a mathematical 
form to explain the experimental observations. One of main disadvantage is that 
widely differing mathematical models can behave in a similar way. Finally, the 
quantitative or mechanistic are based as far as possible on known mechanisms and 
experimentally validated parameters  [  82  ] . 
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   Calculating Changes in Free Ca 2+  Concentration 

 The most basic scenario to model Ca 2+  transients is to consider that they occurs in a 
single compartment model  [  8  ] . Consider a cell (or subcellular location, e.g. den-
dritic segment) with a volume V and a Ca 2+  infl ux (j 

in
 ) as consequence of a stimulus 

which will produce an increase in the total Ca 2+  concentration. These Ca 2+  ions will 
be partitioned in the cytoplasm between the endogenous Ca 2+  buffer component (S) 
and the exogenous Ca 2+  indicator/buffer (B) with constant Ca 2+ -binding ratios  k  

S
  

and  k  
B
 , respectively. The Ca2+ removal (j 

out
 ) is modeled as a linear extrusion mecha-

nism with rate constant  g . 
 The next equation describes the kinetics of Ca 2+  changes (with conservation of 

total Ca 2+ )  [  27  ] :

     

2
in outi ( j j )d[Ca ] d[BCa] d[SCa]

dt dt dt V

+ −
+ + =

   
(20.1)

  

where [BCa] is the concentration of a mobile buffer (such as fura-2) in its Ca2+-
bound form, [SCa] is the concentration of fi xed (endogenous) Ca 2+  buffer in the 
Ca2+-bound form, and V is the accessible volume of the cell (or compartment). 

 The Eq.  20.1  can be expressed in function of calcium binding capacities of B and 
S as

     
( )

2
in outi

B S

( j j )d[Ca ]
1

dt V

+ −
+ + =κ κ

   

where

     
κ +=B 2

i

d[BCa]

[Ca ]    

and

     
κ +=S 2

i

d[SCa]

[Ca ]    

Thus, to calculate changes in free Ca 2+  concentration we need to know the pro-
portion of current carried by calcium, the accessible cell volume, and the cellular 
Ca 2+  binding ratio.  

   Ca 2+ -Binding Ratio 

 Several experimental approaches have been employed to estimate Ca 2+  fl uxes and 
free Ca 2+  concentration in cells being the most popular the combination of fl uores-
cent imaging using Ca 2+  indicators dyes with the electrophysiological measure-
ments. But, these Ca 2+  indicators are exogenous Ca 2+  buffers that contribute to 
cytoplasmic Ca 2+  binding capacity. 
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 In 1995, E. Neher developed the “added buffer method” to estimate the endogenous 
component of Ca 2+  buffering [ 13 ]. It consists to measure the Ca 2+  transient in 
response to different exogenous Ca2+ indicator concentration making possible to 
extrapolate to zero concentration of added exogenous indicator to estimate endog-
enous Ca 2+  buffering. 

 The differential Ca 2+ -binding ratio of a Ca 2+  buffer X (previously termed Ca 2+ -
binding capacity) is defi ned as  k  

X
  = d[XCa]/d[Ca2+] 

i
 . In the practice, to calculate  k  

S
  

we need to measure changes in both the fl uorescent signal and in the total calcium 
entering into the cytosol (valid for short time intervals and small incremental eleva-
tions in [Ca 2+ ] 

c
 ). As explained before,  k  

S
  can be estimated by different approaches 

like the analysis of Ca 2+  signal or the amount of Ca 2+  bound to buffer (see  [  8,   13  ]  for 
alternative methods and problems measuring Ca 2+ -binding ratio).       
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  Abstract   Ca 2+  release events underlie global Ca 2+  signaling yet they are regulated 
by local, subcellular signaling features. Here we review the latest developments of 
different elementary Ca 2+  release features that include Ca 2+  sparks, Ca 2+  blinks (the 
corresponding depletion of Ca 2+  in the sarcoplasmic reticulum (SR) during a spark) 
and the recently identifi ed small Ca 2+  release events called quarky SR Ca 2+  release 
(QCR). QCR events arise from the opening of only a few type 2 ryanodine receptors 
(RyR2s) – possibly only one. Recent reports suggest that QCR events can be com-
mingled with Ca 2+  sparks and may thus explain some variations observed in Ca 2+  
sparks. The Ca 2+  spark termination mechanism and the number of RyR2 channels 
activated during a Ca 2+  spark will be discussed with respect to both Ca 2+  sparks and 
QCR events.  
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  Abbreviations  

  AP    Action potential   
  CICR    Ca 2+ -induced Ca 2+  release   
  CRU    Ca 2+  release unit   
  EC coupling    Excitation-contraction coupling   
  ER    Endoplasmic reticulum   
  FWHM    Full-width at half maximum   
  LCC    L-type Ca 2+  channel   
  QCD    Quarky SR Ca 2+  depletion   
  QCR    Quarky SR Ca 2+  release   
  RyR2    Type 2 ryanodine receptor   
  SR    Sarcoplasmic reticulum   
  fSR    Free SR   
  jSR    Junctional SR   
  SERCA2a    SR/ER Ca 2+  ATPase2a   
  TT    T-tubule         

   Introduction 

 Cardiac contraction underlies the pumping of blood needed to perfuse tissues and 
thereby deliver nutrients and oxygen. The cardiac action potential (AP) regulates 
contraction through the process of excitation-contraction (EC) coupling. Invagina-
tions of the plasma membrane extend the surface membrane into the cardiomyocytes 
through the T-tubule (TT) network found in mammalian ventricular myocytes, 
enabling the AP to control EC coupling throughout the cell. The intracellular Ca 2+ -
rich organelle, the sarcoplasmic reticulum (SR), is organized so that the primary Ca 2+  
release component, the junctional SR (jSR), forms a thin pancake like structure that 
wraps around the TT and that remains within 15 nm of the TT membranes. The Ca 2+  
release channels (RyR2s) reside in the jSR and span the gap (the subspace) between 
the TT and jSR membranes. During EC coupling, activation of L-type Ca 2+  channel 
(LCC) by the AP enables a small “puff” of Ca 2+  to enter the subspace and activate 
RyR2s. The activated RyR2s open and permit Ca 2+  to move from the jSR lumen into 
the cytosol. The local [Ca 2+ ] 

subspace
  bathes the other RyR2s in the same subspace and 

they in turn are activated. This process is called Ca 2+ -induced Ca 2+ -release (CICR) 
and it amplifi es the initial Ca 2+  entry into the cytosol. The measured increase of cyto-
solic [Ca 2+ ] 

i
  due to the activation of RyR2s in one jSR is seen as a Ca 2+  spark. The 

unit of such Ca 2+  release, including the LCC, the jSR with its cluster of RyR2s and 
local structures are called a Ca 2+  release unit (CRU). Depending on species, 70–90% 
of the Ca 2+  released during EC coupling is through the SR  [  3  ] . CICR is therefore an 
important part of the EC coupling. During EC coupling, a [Ca 2+ ] 

i
  transient is actually 

composed of thousands of Ca 2+  sparks  [  6,   7,   19  ] .  
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   Ca 2+  Spark 

 Ca 2+  sparks can arise when the LCC are opened by depolarization, when local [Ca 2+ ] 
i
  

is elevated by some other mechanisms but they can also open “spontaneously”. 
Such spontaneous openings occur because each RyR2 has a fi nite probably of 
opening even when the diastolic [Ca 2+ ] 

i
  is low. While that probably is low, it is suf-

fi cient in rat heart cells to underlie a spontaneous Ca 2+  spark rate of about 100 per 
cell per second. In all cases of Ca 2+  spark occurrence, there is a component of 
CICR. Given that [Ca 2+ ] 

i
  in the subspace is elevated by the opening of a local LCC 

or the probabilistic RyR2, this elevated [Ca 2+ ] 
subspace

  increases the likelihood that 
another RyR2 opens. In this manner, CICR is a key element in the generation of a 
Ca 2+  spark  [  21  ] . 

 Ca 2+  sparks typically are small with a diameter at the peak [Ca 2+ ] 
i
  of the spark 

characterized by the “full width at half-maximum” or FWHM (2–2.5  m m). They 
also have a variable amplitude (ΔF/F 

0
  up to about 4) and a short duration (half time 

of decay of about 20–30 ms,  [  9  ] ), suggesting a strong termination mechanism  [  25, 
  30  ]  (Fig.  21.1a ). The kinetics of Ca 2+  sparks refl ect the duration of release, the local 
diffusion of the released Ca 2+  and the cytosolic buffering of Ca 2+ . In the steady-state, 
the Ca 2+  that is released by Ca 2+  sparks is balanced by restorative mechanisms such 
as reuptake of Ca 2+  into the SR by the SR/endoplasmic reticulum (ER) Ca 2+ -
ATPase2a (SERCA2a) and extrusion of Ca 2+  from the cell into the extracellular 
compartment by the plasmalemmal sodium-calcium exchanger and the plasmalem-
mal Ca 2+ -ATPase. The mitochondria takes up virtually no Ca 2+   [  1  ] .   

   Ca 2+  Blink 

 In cardiac cells, even if the volume of the SR accounts only for a few percent of the 
total volume of the cell, it has a major role, essentially as a dynamic Ca 2+  store. It 
releases Ca 2+  when the RyR2s open and reacquires Ca 2+  by means of SERCA2a. 
The [Ca 2+ ] 

SR
  is around 1 mM, about 10,000 times higher than [Ca 2+ ] 

i
  in the cytosol. 

The SR is composed of two compartments: the jSR at the z-bands and the free SR 
(fSR) that connects the jSRs. In rabbit heart cells, the fSR is connected to the jSR 
by 4–5 diffusional strictures of only 30 nm in diameter  [  4  ] , slowing down Ca 2+  dif-
fusion into the jSR during a spark and thereby allowing isolation of Ca 2+  signaling 
in the jSR (also relevant for spark termination). The fSR and jSR are interconnected 
within the cell and form a single network that includes the ER and the nuclear enve-
lope  [  31  ] . The fSR forms a diffuse network composed of interconnected narrow 
tubules whereas the jSR is composed of enlarged cisternae (as much as about 
592 nm in diameter and 30 nm in thickness). The RyR2s in the jSR face the TT and 
LCC. The number of RyR2s at a jSR is comprised between 30 and 300 and forms a 
2D paracrystalline array  [  12  ]  although recent fi ndings  [  2,   16  ]  suggest that these 
arrays are incomplete and may arise from an assemblage of incomplete subclusters. 
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The jSR not only contains the RyR2s but also the high capacity Ca 2+  buffer 
calsequestrin  [  11  ] . 

 The use of the low affi nity Ca 2+  indicator fl uo-5N which can be targeted to the SR 
by “loading protocols”, has allowed the visualization of Ca 2+  within the SR (when 
the dye can be accumulated preferentially in the jSR)  [  17,   24  ] . The visualization of 
the depletion of Ca 2+  within a jSR during a spark, called Ca 2+  blink, was possible 
because of the diffusional strictures between the fSR and jSR  [  4  ] . The simultaneous 
visualization of sparks (on the cytosolic side) and blinks (on the intra-SR side) has 
allowed a better understanding of the Ca 2+  dynamics during a spark  [  5  ] . The sharpness 

  Fig. 21.1     Examples of different elementary Ca   2+    release events.  ( a ) Spark-blink pair. Linescan 
images of a Ca 2+  spark ( left panel ) and its companion Ca 2+  blink ( mid left panel ) after background 
subtraction with the corresponding time courses ( right ) in an intact rabbit ventricular myocyte. The 
enrichment of the fl uo-5N dye in the junctional sarcoplasmic reticulum ( jSR ) can be seen on the 
unsubtracted fl uo-5N image ( mid-right ). The spark-blink pair is centered on the jSR band identi-
fi ed as “J”. ( b ) Quarky SR Ca 2+  release ( QCR ) events. Succession of Ca 2+  sparks and QCR events 
on the same jSR ( top left ) and their companion Ca 2+  blinks and quarky SR Ca 2+  depletion ( QCD ) 
events ( bottom left ), with the corresponding time courses ( right ). The arrows indicate the position 
of QCR and QCD events on the images and time course plots. ( c ) Long spark-blink pair. An 
example of a long spark ( left ) and long blink ( middle ), with the corresponding time courses ( right ). 
The  dashed lines  on the traces show the correspondence between bumps on the spark and dips on 
the blink       
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of blinks (FWHM = 1  m m), suggests that SR Ca 2+  depletion is largely confi ned to a 
single jSR during a spark and therefore that Ca 2+  sparks are the result of the activa-
tion of a single CRU. The amplitude of jSR Ca 2+  depletion during a Ca 2+  blink was 
about 80–85% of the SR Ca 2+  depletion during a full-fl edged transient, indicating 
that the jSR was largely depleted of Ca 2+  during a spark.  

   Quarky SR Ca 2+  Release (QCR) Event 

   Activation of a Single or a Few RyR2s During a QCR Event 

 The simultaneous recording of cytosolic [Ca 2+ ] and intra-SR [Ca 2+ ] was the tool 
needed for a more adequate understanding of the Ca 2+  release process. This approach 
allowed us to examine the distinction between genuine small Ca 2+  release events and 
out of focus sparks. An out of focus Ca 2+  spark does not reveal Ca 2+  blink signal 
since the jSR from which the Ca 2+  blink signal arises is out of the plane of focus. 
Indeed, because of the localized FWHM of Ca 2+  blinks, this technique has allowed 
the detection of very small Ca 2+  release events (from 1/3 to 1/10 of a spark) with 
very rapid kinetics (t 

67
  = 20 ms,  [  5  ] ) (Fig.  21.1b ). Interestingly, these small spontane-

ous events look similar to previously described sparkless Ca 2+  release (quarks) trig-
gered by CICR in guinea-pig under two photon photolysis of caged Ca 2+   [  18  ] .  

   How Can a Single RyR2 Be Activated Without Activating 
the Array of RyR2s? 

 The smallest of the SR Ca 2+  release events, now identifi ed as “quarky SR Ca 2+  
release events” or QCR events, refl ect the release of Ca 2+  from a range of RyR2s – 
one to a few RyR2s. This raises the question of how can a single RyR2 or a very few 
RyR2s be activated within a full array of RyR2s without activating the rest of the 
array by CICR. One possibility is that not all RyR2s behave the same way within an 
array of RyR2s. For example, it is possible, in principle, that there is a mixture of 
naive RyR2s and inactivated RyR2s that exist within a cluster of RyR2s at the jSR. 
If such a condition could occur, then one or a few RyR2s could be activated while 
the remaining RyR2s may be “pre-inactivated”. However, Ca 2+  spark properties can 
be fully modeled without inactivation  [  26  ] . Another possibility is that RyR2s within 
the large array may not be activated by opening of a single (or few) RyR2 because 
of the weak negative allosteric effect of the binding of Mg 2+  to RyR2 on the transi-
tion of the RyR2 to the open state  [  34  ] . The most likely explanation, however, is that 
one RyR2 may activate the RyR2 cluster with a probability signifi cantly less than 
one  [  30  ] . Our preference for the Williams model arises because it so nicely repro-
duces diverse experimental fi ndings (e.g. Ca 2+  spark rate, variability and modulation 
as well as SR Ca 2+  leak through RyR2s). 
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 In addition to the explanation of Williams et al .   [  30  ] , the geometry of the RyR2s 
within the jSR may importantly contribute to Ca 2+  spark features including QCR. 
Using EM tomography and PALM (photo-activated light microscopy), it has been 
shown that the organization of the RyR2s within the RyR2 cluster at the jSR is one 
that is not fully packed  [  2,   16  ] . Instead, RyR2s at a jSR appear to be grouped in large 
numbers of small arrays of RyR2s of different sizes (from 1 to >100 RyR2s) close one 
from another. The average RyR2s per array was 14 with larger arrays of 25 RyR2s 
on average and some superclusters (association of clusters within 100 nm of each 
other) averaging 22 RyR2s. The physical distance between these arrays of RyR2s of 
different sizes may then contribute to the diversity in QCR events and Ca 2+  sparks.  

   Spark Initiation 

 The existence of these QCR events raises the question of Ca 2+  spark initiation. As 
one RyR2 within a CRU opens, the probability of other RyR2s opening is increased 
due to CICR  [  8,   30  ] . The amount of Ca 2+  fl ux into the subspace is roughly the same 
as the amount of Ca 2+  infl ux into the subspace due to the opening of the LCC. The 
probability of a Ca 2+  spark increases signifi cantly as additional RyR2s are activated 
and as the [Ca 2+ ] 

subspace
  increases. We imagine that QCR events would initiate Ca 2+  

sparks in a similar manner. However, it would be very diffi cult experimentally to 
observe QCR initiated Ca 2+  sparks because of the rapidity of successive activation 
of RyR2s within the CRU and the signal-to-noise ratio. 

 During diastole and in the absence of a triggering LCC, Ca 2+  sparks and QCR 
events still occur. This can happen because there is a fi nite opening rate of RyR2s 
that depends on many factors including the phosphorylation state  [  13,   20,   29,   33  ] , 
[Mg 2+ ] 

i
  , RyR2 oxidation and nitrosylation states, [Ca 2+ ] 

SR
  and many more  [  22,   28  ] . 

The estimated opening rate of RyR2s under diastolic physiologic conditions is about 
10 −4  s −1  which corresponds to a diastolic Ca 2+  spark rate of about 100 sparks per cell 
per second in rat ventricular myocytes. During diastole, Ca 2+  sparks are initiated by 
the opening rate of the RyR2s. Briefl y, then, Ca 2+  sparks are initiated by LCC during 
an AP. As noted above, however, and as modeled by Williams et al .   [  30  ] , neither 
LCC nor RyR2s entrain Ca 2+  sparks with 100% fi delity. QCRs arise when the Ca 2+  
sparks are not triggered.   

   Complex Features of Ca 2+  Sparks 

   Mixture of Activation of Array and Rogue RyR2s During a Spark 

 The simultaneous measurement of spark and blink allows a more comprehensive 
understanding of the Ca 2+  release process during a spark. Recent experiments have 
shown that the duration of Ca 2+  release during a spark could be similar to the phase 
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of Ca 2+  depletion within the SR during a blink  [  5  ] . Differences in the kinetics of 
cytosolic and SR Ca 2+  diffusion and Ca 2+  buffering may have led to differences in 
the signals. Importantly, when EGTA was increased in the buffer, the duration of the 
trailing part of a spark and recovering part of a blink became shorter, suggesting a 
CICR mechanism during the tail of a spark enabling the Ca 2+  spark to last longer. 
However the rising phase of the Ca 2+  sparks was invariant in the presence or absence 
of EGTA. These results suggest that during the rising phase of a spark, the main 
array of RyR2s produced enough Ca 2+  to sustain the activation. Sobie et al .   [  26  ]  
suggested that large arrays of RyR2s would be less sensitive to Ca 2+  at low Ca 2+  than 
single RyR2 but more sensitive to Ca 2+  at high Ca 2+ . This depended on the coopera-
tivity of RyR2s in a cluster. The large clusters would thus fl icker less at low [Ca 2+ ] 

i
  

and be more constantly activated at high [Ca 2+ ] 
i
 . Therefore, despite the decrease of 

Ca 2+  within the jSR during a spark, rogue RyR2s could be repetitively activated dur-
ing the tail of a spark, prolonging the spark duration, whereas the probability of a 
large array of RyR2s to be re-activated would be minimal (Fig.  21.2 ). Thus QCR 
would have greater variability in Ca 2+  spark duration than Ca 2+  sparks that originate 
from within a cluster and that could then explain the variability observed in spark 
duration (90% of spark t 

67
  between 25 and 95 ms  [  5  ] ).  

 This phenomenon may also contribute to the explanation of the occurrence of 
rare sparks with long kinetics characterized most of the time by a peak followed by 
an extended plateau  [  5,   9,   32,   35  ]  (Fig.  21.1c ). The variation in the amplitude of the 
plateau suggests that this plateau could correspond to the maintaining of a varying 
number of opened RyR2s corresponding to small clusters of RyR2s (and not the 
main cluster anymore) for an extended period of time. Indeed, the absence of these 
long events in the presence of high EGTA (2 mM) further reinforces the notion of 
a CICR mechanism in the plateau phase of these long sparks. The similar and 
simultaneous variation in the amplitude of sparks and blinks during the plateau 
phase also indicates quick Ca 2+  dynamics between the release and refi lling of Ca 2+ , 
suggesting that the SR is not fully depleted of Ca 2+  during the plateau phase of 
these long events.  

   Spark Termination and Refractoriness 

 The possible opening of small array or rogue RyR2s on the tail of Ca 2+  sparks sug-
gests that I 

spark
  is not a square function but rather a triangle function or decreasing 

function of time  [  25,   30  ] . How can then one explain the duration of sparks and its 
powerful termination scheme? Several mechanisms of spark termination have been 
proposed over the years. These different mechanisms include the jSR Ca 2+  depletion 
during a spark (Ca 2+  blink) that could lead to reduced Ca 2+  effl ux and RyR2 activa-
tion or that may underlie deactivation of the RyR2s from the intra-SR side  [  14  ] . 
Furthermore, it has been shown that addition of a Ca 2+  buffer within the SR pro-
longed the spark duration, suggesting that SR Ca 2+  depletion is an important factor 
for spark termination  [  27  ] . Therefore, a possible mechanism for spark termination 
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could be that as depletion of the SR Ca 2+  occurs during a spark, the RyR2s become 
deactivated from the intra-SR side  [  25  ] . Rogue RyR2s or small clusters of RyR2s 
being less sensitive to Ca 2+  alterations  [  30  ]  could then shape the kinetics of a spark 
by being reactivated during the tail of a spark. The plateau phase of long sparks 
could also be explained by re-activation of small array(s) of RyR2s and rogue RyR2s 
because of their apparent reduced refractoriness (see below). According to Williams 
et al .   [  30  ] , spark termination could be explained by the reduction of Ca 2+  in the jSR 
(affecting RyR2 Ca 2+  sensitivity and Ca 2+  effl ux) and also by the RyR2 cooperativity 
(a stochastic version of coupled gating). 

  Fig. 21.2     Chronology of the events happening during the time course of a Ca   2+    spark . Organization 
of the different clusters of type 2 ryanodine receptors ( RyR2s ) at a jSR ( top ). Before the burst of a 
Ca 2+  spark, all the RyR2s are in a closed state ( top left column ). The jSR is fully loaded of Ca 2+  ( mid 
left column ) and the open probability of RyR2s is very low for large array and below 0.5 for rogue 
RyR2s ( bottom left column ). During the burst of a Ca 2+  spark, the increase in cytosolic Ca 2+  acti-
vates the large array of RyR2s (open probability very high) and most of the small arrays or rogue 
RyR2s (open probability superior at 0.5, bottom middle column). The [Ca 2+ ] at the jSR reaches its 
nadir ( mid middle column ) whereas the [Ca 2+ ] in the cytosol attains its peak ( top middle column ). 
Once the Ca 2+  blink has reached its nadir, the low SR [Ca 2+ ] has shifted the activation curves of the 
large array and rogue RyR2s to the right. The open probability of RyR2s is then very low for large 
array and below 0.5 for rogue RyR2s ( bottom right column ). Therefore, only some small array or 
rogue RyR2s will be activated during the tail of a spark (the large array also become refractory). 
The [Ca 2+ ] in the SR will then increase ( mid right column ) at the same time as [Ca 2+ ] in the cytosol 
will diminish ( top right column )       
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 However, there are several counter-examples that raise important questions. In 
our experiments, spark restitution can be longer than blink recovery – as much as 
three times in rabbit  [  4,   5  ] . Complex Ca 2+  spark restitution can also arise when 
RyR2 behavior is changed  [  9  ]  and spark termination and refractoriness may also be 
affected by “adaptation” of the RyR2s  [  15,   29  ] . Phosphorylation of RyR2s can 
depend on PKA and CaMKII and these changes may occur dynamically and affect 
termination and refractoriness  [  23  ] . Recent experiments also show that Ca 2+  spark 
rate can change when RyR2s are oxidized or nitrosylated  [  10,   22  ] . Thus, refractori-
ness of local CICR and of Ca 2+  sparks will vary as diverse spatial, sensitivity, chemi-
cal and triggering features of the CRU may change – including those of rogue 
RyR2s or small arrays of RyR2s  [  4,   5  ] . In this manner repetitive QCR events may 
be observed during long sparks  [  5  ]  and the kinetics of restitution may be dynamic 
and complex.  

   How Many RyR2s Are Activated During a Spark? 

 The existence of QCR events suggest that there may be diversity of SR Ca 2+  release 
events and that, in addition to Ca 2+  sparks which are the classic SR Ca 2+  release event 
at the 20,000 CRUs per cell, there is an additional population of smaller events with 
diverse kinetics. As noted above, new imaging approaches that include EM and 
super-resolution imaging suggest that in addition to the “classic” CRU  [  12  ] , there are 
additional organization themes in the CRU  [  2,   16  ] . These themes include RyR2 
arrays that are spread out as well as those with missing elements. How rogue RyR2s 
contribute to QCR and normal Ca 2+  sparks must still be investigated by those of us 
examining Ca 2+  release by all experimental means and by mathematical modeling. 

 This brings up the question of how many RyR2s open to produce a spark. With 
the initial Sobie model of the Ca 2+  spark  [  25  ] , a very broad range of RyR2s could 
underlie a Ca 2+  spark (e.g. 10–100). In order to better characterize the quantitative 
nature of Ca 2+  sparks, Williams et al .   [  30  ]  have recently investigated how Ca 2+  sparks 
may arise, how individual RyR2s within the CRU may open and fail to activate a 
Ca 2+  spark and how Ca 2+  sparks terminate. This model was based on the latest set of 
information characterizing RyR2 behavior and information on cardiac ion channels 
and ion transporters. As with the earlier Sobie model, a wide range of RyR2s may 
contribute to the Ca 2+  spark but the character of the “Ca 2+  leak” was better shown 
with the Williams model. Depending on the spatial geometry, the sensitivity of the 
RyR2s and the dynamics of the signal regulation, this modeling may help us under-
stand QCR and their dynamics. 

 In conclusion, our understanding of RyR2 geometry in the CRU (with both tight 
clusters and loose clusters and with rogue RyR2s) provides an important back-
ground. It complements new information on the dynamic modulation of RyR2 sen-
sitivity. Together they provide a background that will enable us to account for QCR 
events and organize experiments to investigate how QCRs contribute to Ca 2+  sparks, 
normal Ca 2+  signaling and pathological behavior.   
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  Abstract   Calcium plays important role in biological systems where it is involved 
in diverse mechanisms such as signaling, muscle contraction and neuromodulation. 
Action potentials are generated by dynamic interaction of ionic channels located on 
the plasma-membrane and these drive the rhythmic activity of biological systems 
such as the smooth muscle and the heart. However, ionic channels are not the only 
pacemakers; an intimate interaction between intracellular Ca 2+  stores and ionic 
channels underlie rhythmic activity. In this review we will focus on the role of Ca 2+  
stores in regulation of rhythmical behavior.  

  Keywords   Ca 2+  oscillations  •  Ca 2+  stores  •  Synchronization  •  Coupled oscillators  
•  Slow waves  •  Lymphatics  •  Pacemaking  •  Long-range signaling  •  Smooth muscle  
•  Sinoatrial node  

  Abbreviations  

  IP 
3
     Inositol 1,4,5-trisphosphate   

  CICR    Ca 2+ -induced-Ca 2+  release   
  ER    Endoplasmic reticulum         

    M.  S.   Imtiaz   (*)
     Department of Physiology & Pharmacology, Faculty of Medicine ,  University of Calgary, 
Health Sciences Centre ,   3330 Hospital Drive NW ,  Calgary ,  AB   T2N 4N1 ,  Canada    
e-mail:  mimtiaz@ucalgary.ca   

    Chapter 22   
 Calcium Oscillations and Pacemaking       

       Mohammad   S.   Imtiaz         

M.S. Islam (ed.), Calcium Signaling, Advances in Experimental 
Medicine and Biology 740, DOI 10.1007/978-94-007-2888-2_22, 
© Springer Science+Business Media Dordrecht 2012



512 M.S. Imtiaz

   Introduction 

   Maintenance    of Dynamic of Ca 2+  Concentration 

 Ca 2+  concentration in the extracellular space is in the millimolar range, while Ca 2+  
concentration inside the cell is maintained within nanomolar range  [  1  ] . Transient 
elevations in cytosolic Ca 2+  are employed by the cell as a signaling mechanism. 
A system of pumps, stores, receptors and ionic channels are involved in controlling 
Ca 2+  concentration in the cell  [  1–  4  ] . A Ca 2+  “event” or signal is generated when an 
increase in cytosolic Ca 2+  is followed by subsequent resolution to resting level. Ca 2+  
is elevated in the cytosol by infl ux from extracellular space or through release of 
Ca 2+  from intracellular stores. 

 Infl ux of extracellular Ca 2+  can occur through voltage operated Ca 2+  channels, 
such as L-type and T-type Ca 2+  channels. These ionic channels open in response to 
membrane depolarization and allow infl ux of Ca 2+  into the cytosol. Sodium-calcium 
exchanger (NCX) is a pump located on the membrane which also can allow infl ux 
of Ca 2+  when working in reverse mode. The other source of cytosolic Ca 2+  increase 
is release of Ca 2+  from intracellular Ca 2+  stores located in the endoplasmic/sarco-
plasmic reticulum (ER/SR). A store operated Ca 2+  infl ux through membrane located 
channel can also be a source of cytosolic Ca 2+  increase. 

 Removal of Ca 2+  occurs when (1) Ca 2+  is pumped to the extracellular space via 
membrane located channels, such as the NCX and Ca 2+  ATPase, (2) by uptake into 
the Ca 2+  stores and mitochondria through ATPase pumps (SERCA) located in the 
membrane of the endoplasmic reticulum or through the mitochondrial uniporter in 
mitochondria.   

   Ca 2+  Stores 

 High concentration (milliMolars range) of Ca 2+  is found within intracellular Ca 2+  
stores. Ca 2+  is released from these stores upon second messenger binding through 
two types of receptors, (1) inositol 1,4,5-trisphosphate (IP 

3
 ) receptor (IP 

3
 R) and (2) 

ryanodine receptor (RyR). The IP 
3
 R is regulated by both Ca2+ and IP3  [  5,   6  ] , while 

the RyR is regulated by Ca 2+   [  7–  10  ] . 

   Cyclical Ca 2+  Release from Ca 2+  Store 

 An interesting feature of both the IP 
3
 R and RyR is a bell shaped open probability. 

This causes the receptors to open regeneratively to release Ca 2+  and then close when 
cytosolic Ca 2+  reaches high concentration around the receptor, thus resulting in a 
Ca 2+  spike. Ca 2+  release from the store is also terminated due to decrease of Ca 2+  
within the store. Ca 2+  is pumped back into the store through the SERCA raising the 
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store Ca 2+  concentration while lowering Ca 2+  cytosolic concentration. This primes 
the store for the next release, and this cycle can continue if suffi cient Ca 2+  and IP 

3
  

are present in the cytosol. Ryanodine receptor operated stores also release Ca 2+  
cyclically if suffi cient Ca 2+  is present in the cytosol. 

 Ca 2+  released from store through IP 
3
 R or RyR can diffuse in the cytosol, raise 

local Ca 2+  concentration and cause adjacent receptors to release Ca 2+ . This process 
is called Ca 2+ -induced-Ca 2+  release (CICR)  [  9,   11,   12  ] . The Ca 2+  dependence of Ca 2+  
release from stores can result in propagation of Ca 2+  concentration wave within and 
across cells. Events have been variously named blips, sparks  [  13  ]  and puffs  [  14  ]  
based on the type of receptor involved, duration and spatial resolution. Longer last-
ing events that span larger regions can appear as propagating waves  [  9,   13,   15  ]  
showing spiral or longitudinal forms.   

   Intracellular Ca 2+  Store – Ionic Channel Interaction 

 Some ER/SR are located in close proximity to the cell membrane, within nanometers, 
resulting in very small local spaces known as nanodomains or microdomains  [  16–  22  ] . 
Due to the small volume of the microdomain, even minuscule fl ux of Ca 2+  can result 
in large changes in Ca 2+  concentrations. Thus these microdomains provide an effec-
tive environment for interaction between processes that are sensitive to Ca 2+  concen-
tration. Although changes in Ca 2+  concentration in the bulk of cytosol are responsible 
for a large number of biological processes, such as muscle contraction, we will limit 
the remainder of our discussion to Ca 2+  changes within the microdomain. 

 Ca 2+  entry during opening of voltage operated Ca 2+  channels (VOCC) such as 
L-type and T-type Ca 2+  channels cause increase in cytosolic Ca 2+  concentration. 
VOCC-dependent cytosolic Ca 2+  increase can trigger Ca 2+  release from the store 
because both IP 

3
  and ryanodine receptors are sensitive to cytosolic Ca 2+ . In this way 

VOCC can drive or pace the store Ca 2+  release (Fig.  22.1 ).  
 Ca 2+  released from the stores can interact with ionic channels, causing changes in 

the membrane potential. Store operated Ca 2+  increase in the microdomain can either 
hyperpolarize or depolarize the membrane depending on the proximity of ionic 
channels. When store interact with Ca 2+ -activated potassium channels, a transient 
outward current is generated which produce transient membrane hyperpolarizations 
 [  23–  25  ] . In contrast, when store released Ca 2+  activate inward current, such as by 
acting on Ca 2+ -activated chloride channel, a transient membrane depolarization is 
generated  [  26,   27  ] .  

   Role of Ca 2+  Store in Pacemaking 

 Many single and multicellular systems display activities that are rhythmic, such as the 
heart, gut, vascular vasomotion, and insulin secretion. On the cellular level, cyclical 
membrane potential depolarization or action potentials underlie such rhythms. 
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Action potential is generated due to the interaction of various voltage and/or Ca 2+  
activated membrane currents  [  28–  30  ] . We call this the membrane oscillator which 
arises due dynamic action of membrane located ionic channels. 

 As discussed earlier, Ca 2+  stores can release Ca 2+  cyclically due to the intrinsic 
properties of the store receptors and SERCA pumps. We call this the store oscillator. 
A crosstalk exists between the membrane ionic channels and intracellular Ca 2+  
stores due to which the store and membrane oscillator can infl uence each other   . This 
crosstalk occurs in the microdomain, as discussed in the last section; e.g. Ca 2+  entry 
through VOCC can cause release of Ca 2+  from the Ca 2+  store through CICR, and 
Ca 2+  release from store can polarize the membrane through activation of Ca 2+  sensi-
tive ionic channels. Given the restricted space in the microdomain, these interaction 
occur without signifi cant delays. Below we discuss a few rhythms that occur as a 
result of interaction between the store and membrane oscillators. 

   Smooth Muscle 

 Ca 2+  store have been shown to drive spontaneous contractions in various smooth 
muscle, such as the blood and lymphatic vessels, gastrointestinal system, prostate 
and urethra  [  31–  36  ] . The current generated by store release is not suffi cient to depo-
larize the membrane to threshold for opening of voltage activated channels. Thus a 
question arises as to how stores can act in a concerted manner to achieve effective 
depolarization  [  37,   38  ] . The manner in which stores achieve synchrony varies in 
different systems, the details are discussed below. 

  Fig. 22.1     A schematic showing interaction of store and membrane oscillator . Two cells are 
shown where each cell is a local oscillator composed of a cytosolic-store Ca 2+  excitable system. 
The cytosolic Ca 2+  of each oscillator is transformed into membrane potential (V) oscillations by a 
Ca 2+ -activated inward current. The membrane potentials of the cells are strongly linked. Each local 
oscillator is weakly linked to the membrane potential by a voltage-dependent feedback loop such 
as voltage-dependent IP 

3
  synthesis or voltage-dependent Ca 2+  infl ux. IP 

3
 R is the IP 

3
  receptor, 

ATPase is the ATPase pump (Adapted from  Imtiaz   [  76  ] )       
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   Gastric 

 Rhythmic electrical depolarizations, called slow waves, control the mechanical 
activity of many smooth muscles  [  34,   39–  41  ] . It has been shown that release of Ca 2+  
from IP 

3
 -sensitive Ca 2+  stores underlie generation of slow waves  [  33,   34,   41,   42  ] . 

Ca 2+  released from the stores depolarize the membrane and generate rhythmic pace-
maker depolarization  [  38,   43–  45  ] . 

 Ca 2+  stores can couple by diffusion of IP 
3
  or Ca 2+  (CICR) or by voltage coupling 

where membrane depolarization activates store release  [  46,   47  ] . Ca 2+  and IP 
3
  cou-

pling is weak due to their limited effective diffusion (~5  m m)  [  48  ] , however, voltage 
coupling is suffi ciently strong to provide functional store pacemaking in cellular 
syncytia  [  47,   49  ] . 

 A coupling mechanism has been proposed that combines the Ca 2+ /IP 
3
  dependent 

excitability of Ca 2+  stores and electrical coupling across cells to generate an effective 
pacemaker, Fig.  22.1 . In this mechanism oscillatory store Ca 2+  release generates 
inward current and resultant depolarization, the conducted depolarization in turn leads 
to activation of other Ca 2+  stores, Fig.  22.2 . This latter step could be mediated by 
depolarization-induced Ca 2+  entry and/or production of IP 

3
   [  49,   50  ] . Thus, a synchro-

nized action of Ca 2+  stores through an electrochemical coupling acts a pacemaker.   

   Lymphatic Smooth Muscle 

 Lymphatic vessels propel fl uid by a rhythmic constriction-dilation cycle, a process 
known as lymphatic pumping. Lymphatic vessels are divided into chambers by 
interconnecting valves. Constriction and relaxation of these chambers propels 
lymph fl uid through the lymphatic vessels. 

 IP 
3
 -receptor operated Ca 2+  release from intracellular Ca 2+  stores has been found 

to generate a pacemaker mechanism that drives these rhythmic constrictions  [  37  ] . 
Spontaneous Ca 2+  release events from IP 

3
 R operated Ca 2+  stores activate a transient 

inward current causing a spontaneous transient depolarization (STD). The coupling 
mechanism of store release is similar to that described above for the gastric smooth 
muscle, except Ca 2+  entry through voltage operated Ca 2+  channel activates further 
store release and a summation of STDs occur resulting in activation of action poten-
tial  [  51  ] . This same mechanism appears to be involved in vasomotion in both blood 
and lymphatic vessels  [  46,   49,   52,   53  ] .   

   Cardiac Pacemaking: Sinoatrial Node 

 Earlier models of sinoatrial node (SAN) pacemaking in the heart were based on inter-
action of various voltage-activated membrane currents  [  28,   29  ] , i.e. the membrane 
oscillator model. In this model pacemaker currents such as the hyperpolarization-
activated HCN current (I 

f
 ), along with other low threshold voltage-activated currents 

such as the T-type Ca2+ channel current (IT-Ca) triggered action potential  [  54,   55  ] . 
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 Studies from various groups have now shown that SAN rhythm is generated by a 
cooperative interaction between the ryanodine receptor operated Ca 2+  stores and the 
classical membrane oscillator  [  56–  65  ] . Ca 2+  release from ryanodine receptor operated 
Ca 2+  stores depolarize the membrane through the NCX, which then accelerates the 
diastolic potential towards threshold for generation of action potential. Thus along 
with the I 

f
  and T-type Ca 2+  channel, store release acts as a pacemaker mechanism.  

   Future Directions 

   Store Operated Ca 2+  Entry 

 Store operated Ca 2+  entry (SOCE) has been found in various cell types  [  66–  70  ] . Since 
Ca 2+  release from stores is sensitive to Ca 2+ , SOCE can infl uence cell dynamics. Further-
more, under pathological conditions SOCE could alter pacemaking signifi cantly.  

  Fig. 22.2     Model illustration of cell pair synchronization . A two-cell system shows how synchrony 
can be achieved through voltage-dependent modulation of store release. [Ca 2+ ] 

c
  plot of Cell 1 and 

Cell 2 before ( a ) and after ( b ) coupling. Panels ( c ) and ( e ) show [Ca 2+ ] 
c
  and [IP 

3
 ] 

c
  respectively for 

the two cells after they are coupled. Note that the membrane potential ( d ) for both cells are same 
due to large electrical coupling. Note that changes in [IP 

3
 ] 

c
  for both cells follow changes in the 

membrane potential (Adapted from  Imtiaz  et al.  [  77  ] )       
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   Capacitive Store Coupling Mechanism 

 Recent studies by M. Yamashita and colleagues  [  71,   72  ]  shows that coupling 
between stores can occur though capacitive coupling across cell membrane without 
the need for gap junctions. It is possible that such coupling occurs in many cell 
types and augments coupling through gap junctions.  

   Ca 2+  Stores in Pathology 

 Altered store Ca 2+  release dynamics can signifi cantly alter normal physiology, for 
example in the heart muscle, increased Ca 2+  store excitability can cause emergence 
of unwanted pacemakers that result in pathological waves of contractions known as 
arrhythmias  [  73,   74  ] . Similarly, changes in intracellular buffers can create abnormal 
store release resulting in pathological heart conditions  [  65,   75  ] . Studies that increase 
our understanding of store dynamics and its interaction with the membrane oscilla-
tor are critical to fi nding treatments for such diseases.        
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  Abstract   From beginning of the life to fi nal moment of the life, Ca 2+  functions as 
an important signaling messenger. The intracellular Ca 2+  concentration, [Ca 2+ ] 

i
 , in 

resting cells is normally maintained at around 100 nM with a very steep ~20,000 
times concentration gradient of Ca 2+  between extracellular and intracellular com-
partments. Ca 2+  signals in the form of time-dependent changes in [Ca 2+ ] 

i
  appear as 

brief spikes that are organized into regenerative Ca 2+  waves. The release of Ca 2+  
from internal stores plays a key role in regulating such Ca 2+  signals. Since global 
Ca 2+  oscillations arise from Ca 2+  waves initiated locally, it results in generation of 
stochastic Ca 2+  oscillations. In addition, the hierarchical organization of signaling 
structures translate the molecular fl uctuations of single channels to the whole cell 
leading to formation of stochastic media. Several recent observations indicate that 
[Ca 2+ ] 

i
  changes are fl uctuation driven as opposed to a typical deterministic intracel-

lular reaction–diffusion system model. Elucidation of this signaling mechanism can 
provide detailed knowledge of relationship between cell signaling and cell physiol-
ogy of living systems.  

  Keywords   Calcium ions  •  Calcium wave  •  Deterministic  •  Endoplasmic reticulum  
•  G-protein coupled receptor • GPCR  •  Inositol-3-phosphate  •  Inositol-3-phosphate 
receptors  •  Mitochondria  •  Oscillations  •  Signaling  •  Stochastic      
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   Introduction 

 Ca 2+  regulates several processes such as egg fertilization, cell differentiation, energy 
transduction, secretions, apoptosis, muscle contraction, chemotaxis and neuronal 
synaptic plasticity in learning and memory  [  1–  7  ] . The intracellular Ca 2+  concentra-
tion, [Ca 2+ ] 

i
 , in resting cells is normally maintained very low at around 100 nM 

which is approximately 10,000–20,000 times lower than the extracellular Ca 2+  ions 
concentration  [  1–  7  ] . Ca 2+  signaling in cells is generally presented as changes in Ca 2+  
concentration as brief spikes which are often organized as regenerative Ca 2+  waves 
 [  5–  7  ] . The intracellular Ca 2+  waves can induce changes in the gene expression and 
thus regulate several signal-transduction pathways  [  8–  17  ] . 

 The general mechanism for Ca 2+  signaling involves the release of Ca 2+  from 
intracellular Ca 2+  stores such as the endoplasmic reticulum (ER) or the sarcoplasmic 
reticulum (SR). The binding of various agonists to the G-protein coupled receptors 
(GPCRs) can activate phospholipase C (PLC) which then cleaves phosphatidylinos-
itol 4, 5-bisphosphate (PIP 

2
 ) into 1,4,5-inositol trisphosphate (IP 

3
 ) and diacylglyc-

erol (DAG). IP 
3
  binding to the IP 

3
 R channels causes effl ux of Ca 2+  from the ER or 

SR to the cytoplasm resulting in increase in [Ca 2+ ] 
i
  from ~100 nM to ~1  m M for 

several seconds  [  5,   7  ] . The higher cytoplasmic levels of Ca 2+  stimulate rapid uptake 
of the Ca 2+  ion by mitochondria, and oscillations in Ca 2+  levels in mitochondria can 
be observed in response to those in the cytoplasm  [  18–  20  ] .  

   Generation of Calcium Oscillation and Waves 

 Direct visualization of a Ca 2+  rise at fertilization has been shown in the medaka fi sh, 
sea urchin, and  Xenopus oocytes   [  21–  24  ] . Ca 2+  rise in the form of oscillatory Ca 2+  
signal have also been observed in other cell types such as astrocytes, articular chon-
drocytes, and cardiac myocytes  [  25–  28  ] . As shown in Fig.  23.1 , the stimulation of a 
single astrocyte in an acutely isolated rat retina caused increases in [Ca 2+ ] 

i
  in the 

stimulated cell as well as in neighboring astrocytes and Muller cells  [  25  ] . This in 
turn caused the outward propagation of Ca 2+  wave from the site of stimulation to the 
entire retinal surface (Fig.  23.1 ). Similarly, in the egg of the medaka fi sh,  Oryzias 
latipes,  the fertilization-induced Ca 2+  increases in the form of a propagating wave 
swept through the entire egg  [  29  ] . Further studies characterized the fertilization-
dependent Ca 2+  release in mammals and other vertebrates and showed specifi city in 
the spatial and temporal pattern of these signals. In mammals, an oscillatory Ca 2+  
signal lasting several hours is observed, whereas in the frog  X. laevis , for example, 
only a single Ca 2+  transient is induced at fertilization and takes the form of a sweep-
ing Ca 2+  wave  [  30  ] .  

 As mentioned above, the binding of a specifi c agonist to its plasma membrane recep-
tor activates PLC resulting in production of IP 

3
  that diffuses from the plasma mem-

brane into the cytoplasm and then binds to IP 
3
 R channels located on the ER  [  31–  34  ] . 
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The binding of IP 
3
  and Ca 2+  to an IP 

3
 R, opens the channel and Ca 2+  diffuses from the 

ER into the cytoplasm that is primarily driven by the large concentration difference 
of approximately three orders of magnitudes between the ER and the cytoplasm. 
The Ca 2+  release from internal stores like the ER into the cytoplasm is a nonlinear 
process. In addition, the biphasic dependence of the IP 

3
 R open probability on 

the cytoplasmic Ca 2+  concentration leads to Ca 2+  induced Ca 2+  release (CICR)  [  35  ] . 
The open probability of the IP 

3
 R increases nonlinearly with the IP 

3
  concentration as 

well as the Ca 2+  concentration  [  36  ] . Hence, Ca 2+  released by one IP 
3
 R channel 

increases the open probability for neighboring IP 
3
 R channels thereby initiating a 

self-amplifying release mechanism. Very high Ca 2+  concentrations can inhibit the 
IP 

3
 R channel and terminate the Ca 2+  release from the ER. 
 In the cytoplasm not only do Ca 2+  ions bind to several Ca 2+  buffers but also these 

Ca 2+  ions diffuse to adjacent channels and increase their open probability resulting 
in further Ca 2+  release throughout the whole cell. The inhibition of IP 

3
 R by high 

cytoplasmic Ca 2+  concentrations and depletion of the ER Ca 2+  store fi nally termi-
nates the release of Ca 2+ . The cytoplasmic Ca 2+  is removed from the cytoplasm by 
the action of sarcoplasmic endoplasmic reticulum Ca 2+ -ATPase (SERCA) pumps 
that pump in Ca 2+  into the ER as well as by the activity of plasma membrane Ca 2+ -
ATPase (PMCA) that pump out Ca 2+  into the extracellular space. 

 In cells, the IP 
3
 R channels form clusters of 1–30 Ca 2+  channels that are separated 

by 1–7  m m and these clusters are inhomogeneously distributed in space resulting in 
a typical hierarchal organization of Ca 2+  signals  [  37,   38  ] . Since the open probability 
of the IP 

3
 R Ca 2+  release channels depends on the cytoplasmic Ca 2+  concentration, 

the interactions between the channels results in the formation of hierarchal spatio-
temporal patterns of intracellular Ca 2+  release. The triggering of the smallest event 
is the opening of a single channel, called a “blip” as shown in Fig.  23.2 . The blip in 
turn can activate other channels within the same channel cluster leading to the for-
mation of the next larger event called “puff”. This results in a large concentration 
increase in Ca 2+  that is restricted to a small region close to the active cluster because 
of presence of SERCA pumps and Ca 2+  buffers which can cause steep concentration 
gradients of up to four orders of magnitudes within 2  m m. The local self-amplifi ed 

  Fig. 23.1     Calcium wave propagation in glial cells of acutely isolated rat retina . The confocal 
fl uorescence image of the vitreal surface of the rat retina labeled with a fl uorescent probe Calcium 
Green-1. The application of mechanical/chemical/electrical stimulus resulted in the spread of a Ca 2+  
wave propagating at 23  m m/s. The fl uorescence image shown in  black  and  white  with superimposed 
 yellow rings  indicating the leading edge of the Ca 2+  wave. The interval between panels was 0.93 s 
and the scale bar shown is 50  m m. The confocal fl uorescence images were acquired at the video rate 
using video-rate confocal microscopy (Adapted with permission from Newman and Zahs  [  25  ] )       
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signal of a “puff” can be detected by neighboring IP 
3
 R clusters and “puffs” can 

cooperate to set off a wave travelling through the cell. The resulting waves appear 
as an elevation of the Ca 2+  concentration engulfi ng the whole volume in cells. The 
periodic occurrence of such waves result in global oscillations.  

 Several theoretical studies have shown that the hierarchical organization of the 
structure of Ca 2+  signals and the random behavior of IP 

3
 R channels can cause spik-

ing events and such spiking events have also been observed experimentally  [  39  ] . 
Such spiking events are formed from the wave nucleation in a stochastic medium 
due to simultaneous opening of several IP 

3
 R clusters resulting in the formation of a 

critical nucleus that then forms a global wave  [  40–  42  ] . Marchant and Parker  [  43  ]  
have observed this experimentally in  Xenopus oocytes . 

 Falcke et al.  [  44  ]  have proposed a model that takes into account the Ca 2+  uptake 
and release by mitochondria to explain the role of increased mitochondrial activity 
on Ca 2+  wave patterns. 

 It is assumed that the IP 
3
 R channel has a binding site for IP 

3
 , an activating bind-

ing site for Ca 2+  and an inhibiting binding site for Ca 2+ . The channel opens upon 
binding of IP 

3
  to its binding site on IP 

3
 R channel and binding of Ca 2+  to the activat-

ing binding site for Ca 2+  of the IP 
3
 R channel. The binding of Ca 2+  to the inhibiting 

site closes the IP 
3
 R channel. However, the binding of Ca 2+  to the inhibiting site 

occurs slowly with a lower affi nity as compared to the activating site. The IP 
3
  mol-

ecules bind to four receptor sites on the IP 
3
 R, one on each subunit of the tetramer 

  Fig. 23.2     The generation of Ca   2+    wave in cells . The binding of IP 
3
  and Ca 2+  to an IP 

3
 R, opens the 

IP 
3
 R channel and Ca 2+  diffuses from the ER into the cytoplasm in a nonlinear process. The open 

probability of the IP 
3
 R increases nonlinearly with the IP 

3
  concentration as well as the Ca 2+  concen-

tration. At lower IP 
3
  concentrations, the release of Ca 2+  from an open IP 

3
 R channel produces a 

stochastic event called “blip”. At higher concentrations of IP 
3
 , the “blip” can activate other IP 

3
 R 

channels within the same channel cluster leading to the formation of “puff”. At further higher 
concentrations of IP 

3
 , the local self-amplifi ed signal of a “puff” can be sensed by the neighboring 

IP 
3
 R clusters and “puffs” cooperate to produce a Ca 2+  wave travelling through the cell       
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resulting in opening of the IP 
3
 R and consequently highly co-operative nonlinear 

release of Ca 2+  from the ER  [  7  ] . Small perturbations in ambient [Ca 2+ ] 
i
 , [IP 

3
 ], and 

various regulators can cause uncoordinated bursts of local release of Ca 2+  across a 
cell. Such uncoordinated bursts of Ca 2+  are called “sparks” due to their appearance 
in Ca 2+  imaging fl uorescence microscopy as shown in Fig.  23.2   [  45  ] . The brief 
opening of these channels produces localized Ca 2+  pulses (Fig.  23.2 ) such as the 
sparks or blips and puffs  [  46  ] . Such a production of sparks or blips and puffs causes 
increase in the [Ca 2+ ] 

i
   [  46,   47  ] . At higher concentrations of IP 

3
 , these blips grow into 

larger puffs that then act as initiation sites for the onset of Ca 2+  waves (Fig.  23.2 ). 
Upon suffi cient sensitization of the IP 

3
 Rs, these IP 

3
 Rs respond by diffusing the Ca 2+  

from a puff site and thereby propagating the signal through a process of CICR as 
shown in Fig.  23.2 . These Ca 2+  waves are the mechanisms that coordinate the release 
of Ca 2+  by all the IP 

3
 Rs. Therefore, increasing spark frequency can cascade and 

become regenerative and is seen as two- or three- dimensional waves of changes in 
[Ca 2+ ] 

i
  that propagate within cells (Fig. 23.2 ). Ca 2+  oscillations, therefore, depend 

upon both the spatial organization of IP 
3
 Rs and their regulation by Ca 2+  although the 

links between IP 
3
 R activities and Ca 2+  oscillations are not fully understood.  

   Stochasticity of Calcium Waves 

 As a result of the coordinated action of many stochastic elemental events such as puffs 
and sparks, the released Ca 2+  from intracellular storage compartments generate spa-
tiotemporal patterns called Ca 2+  concentration spikes. For the last more than 20 years, 
the sequences of such Ca 2+  concentration spikes have been described using determin-
istic rate laws. However, recent experiments in fi ve different cell types have shown 
that the Ca 2+  concentration spikes are driven by fl uctuations causing the formation of 
stochastic media thereby suggesting stochastic resonance phenomena  [  43,   48–  53  ] . 

 But how are random molecular events such as blips and puffs presented as global 
intracellular Ca 2+  oscillations in the cells? It is generally assumed that if many IP 

3
  

molecules are involved in these processes, the cell behaves like a continuously 
stirred reactor and the law of large numbers can be used to predict such Ca 2+  oscil-
lations  [  54  ] . Although most models of the dynamics of intracellular Ca 2+  release use 
the law of large numbers, it is not consistent with experimental analyses that show 
that global oscillations arise from Ca 2+  waves initiated locally  [  43  ] . Hence such a 
local initiation of Ca 2+  waves is predicted to lead to stochastic oscillations because 
although each cell has many IP 

3
 Rs and Ca 2+  ions, the law of large numbers is not 

applicable to the initiating event, which is restricted to very few IP 
3
 Rs and a very 

steep concentration gradients of Ca 2+   [  39  ] . These IP 
3
 R channels are closely packed 

into clusters on the ER membrane  [  55  ] . The maximal number of channels in a clus-
ter is not known but is estimated to be in the range of 20–30  [  56  ] . The clusters are 
randomly distributed with areas of high cluster density called focal sites. Average 
distance of clusters outside focal sites in  Xenopus  oocytes has been determined as 
7 . 3  m m and inside focal sites as 5  m m. Opening and closing of IP 

3
 R channels occur 
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stochastically. Such a stochastic behavior of IP 
3
 R channels results in spontaneous 

release events through single channels or several channels in a cluster  [  56  ] . 
 Marchant and Parker  [  43  ]  have investigated such hierarchal pattern of spatio-

temporal structures in detail in  Xenopus  oocytes whereas Bootman et al. have car-
ried out studies in HeLa cells  [  57,   58  ] . Marchant and Parker  [  43  ]  have suggested 
that the elapsed time between two consecutive waves is determined by two pro-
cesses namely the recovery from inhibition caused by the fi rst wave and the creation 
of a supercritical nucleus for the second wave. Therefore, the probabilistic character 
of such nucleation processes introduces signifi cant variations in the wave period. 

 The processes that produce random behavior in intracellular Ca 2+  dynamics are 
the transitions between the different states of the IP 

3
 R channel subunits in the IP 

3
 R 

channel. Since the IP 
3
 R channels open and close randomly, the opening and closing 

probability depends on the state of the IP 
3
 R channel subunits. The opening probabil-

ity of IP 
3
 R channel is the highest when a minimum number of subunits are activated 

with an assumption that subunits of IP 
3
 R channel are identical and independent of 

each other. In this model shown in Fig.  23.3 , the stochastic events are binding of 

  Fig. 23.3     The four Ca   2+    binding states model of the stochasticity of Ca   2+    wave . In this model 
it is presumed that each IP 

3
 R channel has a binding site for IP 

3
 , an activating binding site for Ca 2+ , 

and an inhibiting binding site for Ca 2+ . The IP 
3
 R channel opens upon binding of IP 

3
 , binding of 

Ca 2+  to the activating site, and when Ca 2+  is not bound to the inhibiting site. The binding of Ca 2+  to 
the inhibiting site closes the IP 

3
 R channel. However, the binding of Ca 2+  to the inhibiting site 

occurs slowly with a lower affi nity as compared to the activating site. In this model the stochastic 
events are binding of Ca 2+  and IP 

3
  to and dissociation from the IP 

3
 R channel subunits. The model 

also assumes that the rates of IP 
3
  binding occur with a two orders of magnitude faster than the other 

reaction rates       
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Ca 2+  and IP 
3
  to and dissociation from the channel subunits. In addition, there is a 

timescale separation between IP 
3
  binding and dissociation on one side and Ca 2+  

binding and dissociation on the other. This suggests that the binding state of IP 
3
  will 

be in a stationary distribution most of the time and pairs of states with identical Ca 2+  
binding confi guration can be combined into one state. Such a combination of bind-
ing produces four different states of IP 

3
 R channel subunits (see Fig.  23.3 ) that cor-

respond to Ca 2+  bound or not bound to the activating and inhibiting binding sites. 
Given one of these four states, the subunit is in one of the substates of IP 

3
  binding 

with the probability given by the stationary distribution. The probability for transi-
tions corresponding to binding of Ca 2+  ions depends on the concentration of free 
Ca 2+  at the location of the IP 

3
 R channel.   

   Conclusions 

 The intracellular Ca 2+  waves generated as a result of concerted activities of several 
cellular Ca 2+  channels and pumps provides for a very effective and fast signaling 
that is needed at every step of the way in the day-to-day life of a living organism. 
The intracellular Ca 2+  dynamics show both the stochastic and deterministic features. 
Stochasticity appears in global events as well in the form of period distributions 
instead of regular oscillations and as the wave creation mechanism. The results of 
deterministic and stochastic modeling can complement each other.      
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  Abstract   Ca 2+  is not only one of the most versatile and ubiquitous second messengers 
but also a well-established representative example of cell signaling. The identifi ca-
tion of most key elements involved in Ca 2+  signaling enables a mechanistic and 
quantitative understanding of this particular pathway. Cellular behavior relies in 
general on the orchestration of molecular behavior leading to reliable cellular 
responses that allow for regulation and adaptation. Ca 2+  signaling uses a hierarchical 
organization to transform single molecule behavior into cell wide signals. We have 
recently shown experimentally that this organization carries single channel signa-
tures onto the whole cell level and renders Ca 2+  oscillations stochastic. Here, we 
briefl y review the co-evolution of experimental and theoretical studies in Ca 2+  
 signaling and show how dynamic bottom-up modeling can be used to address 
 biological questions and illuminate biological principles of cell signaling.  

  Keywords   Calcium signaling  •  Hierarchical modeling  •  Noise induced spiking  
•  Emergent behavior  •  Spatial properties of pathways      

   Introduction 

 In 1883, Sidney Ringer was the fi rst who found that Ca 2+  is not only needed as a 
structural element for bones and teeth, but it also has a crucial physiological role in 
heart contraction. From this coincidental empirical observation, it took more than 
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60 years until the molecular link from Ca 2+  liberation to ATP induced activity of 
myosin and the subsequent contraction of muscle fi bers was found. Today, we know 
that Ca 2+  is one of the most versatile and universal second messengers in eukaryotic 
cells, serving as a critical link between extracellular signals and intracellular responses. 
It plays a major role in many signaling pathways throughout physiology and develop-
ment and has led to the paradigm of Ca 2+  being a “life and death” signal  [  1–  4  ] . 

 The most astonishing property of Ca 2+  signaling is that such a simple bivalent ion 
is involved in such a huge number of different signaling cascades. It is generally 
assumed that this versatility is achieved by a rich spatiotemporal spectrum of the 
intracellular concentration dynamics that allows triggering different physiological 
processes. Due to its frequent appearance and importance, Ca 2+  signaling has been 
under intensive scientifi c investigation for many decades, and most of the molecular 
key elements are identifi ed and referred to as the Ca 2+  signaling tool kit. Despite 
these large efforts and the increasing molecular knowledge, the dynamic interplay 
of the different kit elements and their regulation are only rarely understood. 

 This discrepancy makes Ca 2+  a highly interesting objective for interdisciplinary 
research. On the one hand, the complexity and diversity of the biological system can 
hardly be deciphered by pure experimental investigations, since some aspects are 
out of the experimental possibilities. On the other hand, the detailed studies of the 
isolated building blocks offer the opportunity for detailed modeling approaches and 
theoretical analyses. The cross-disciplinary research relies on the repeated compari-
son between model based hypotheses and experimental validations. Thereby the 
well-established experimental methods in Ca 2+  imaging and the plethora of pharma-
cologic antagonists and modifi ers allow for effi cient connections between the two 
different disciplines. Moreover, mechanisms identifi ed in Ca 2+  signaling may hold 
for other pathways as well and may guide experiments in less accessible biological 
systems and thereby illuminate biological design principles in general. 

 The Ca 2+  pathway translates external signals into intracellular responses by 
increasing the cytosolic Ca 2+  concentration in a stimulus dependent pattern. 
The concentration increase can be caused by Ca 2+  entry through plasma-membrane 
channels from the extracellular space, where the Ca 2+  concentration is in the range 
of mM and thus much larger compared to the cytosolic resting concentration of tens 
of nM. Another main mechanism is Ca 2+  release from internal storage compart-
ments. While the vacuole is the major Ca 2+  store in plant cells, muscle cells use 
mainly the sacroplasmic reticulum (SR) for Ca 2+  storage. In the following, we’ll 
focus on the inositol 1,4,5-trisphosphate (IP 

3
 ) pathway which is the most pre-

dominant Ca 2+  release mechanism in many cell types and depicted in Fig.  24.1a . 
The main Ca 2+  storage compartment in this pathway is the endoplasmic reticulum 
(ER). The signal cascade starts typically at a plasma-membrane receptor, which is 
most often a G-protein coupled receptor. Due to binding of an agonist, the receptor 
activates phospholipase C (PLC) that produces IP 

3
  at the cell membrane. From there 

IP 
3
  diffuses into the cytosol and can bind to IP 

3
  receptor (IP 

3
 R) channels. These 

channels connect the cytosol and the endoplasmic reticulum   . Once an IP 
3
 R is acti-

vated by IP 
3
  and Ca 2+ , it opens and induces a Ca 2+  infl ux into the cytosol due to the 

large concentration differences between the two compartments, which is in the 
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  Fig. 24.1     Mechanism of Ca   2+    signaling . ( a ) Ca 2+  signals are generated by the release and uptake 
of Ca 2+ . The main mechanism is Ca 2+ -induced Ca 2+  release from the endo/sarcoplasmic reticulum 
(ER) into the cytosol. This is typically initiated by a G-protein coupled plasma membrane receptor 
(magenta) that leads to IP 

3
  production after binding its corresponding agonist. IP 

3
  favors Ca 2+  

release from the ER by IP 
3
 R channels. Early models assumed that the cell is a well-stirred reactor 

and thus described Ca 2+  dynamics mainly by the interplay of spatially homogeneous release (J 
channel

 ) 
and uptake (J 

pump
 ) fl uxes, which obey non-linear dependencies on the cytosolic Ca 2+  concentration 

enabling the large dynamical spectrum of Ca 2+  signals. ( b ) Concentration dynamics of the Goldbeter 
model  [  20  ] . The oscillatory behavior of the cytosolic Ca 2+  concentration ( black line ) is caused by 
the repetitive emptying and refi lling of the endoplasmic reticulum shown by the luminal concentra-
tion ( cyan line ). This kind of oscillation relies on well-tuned parameter sets and produces a specifi c 
kind of signals only. ( c ) Hierarchical organization of the Ca 2+  pathway. The elementary building 
block of IP 

3
  induced Ca 2+  signals is the IP 

3
 R channel ( bottom ). It opens and closes stochastically 

due to the random binding of signaling molecules. An open channel induces a Ca 2+  infl ux into the 
cytosol by the large concentration difference between the ER and the cytosol. Since channels are 
clustered, opening of a single channel, which is called a blip, leads to activation of other channels 
in the cluster ( middle ). The resulting puff corresponds to a source region with a radius R 

cl
  that 

depends on the number of open channels. The stochastic local events are orchestrated by diffusion 
and self-amplifi cation by channel properties in cell wide Ca 2+  waves, which correspond to spikes 
on the level of the cell ( top ). ( d ) Corresponding simulated Ca 2+  signals. The Green’s Cell simula-
tions  [  29  ]  are able to model all corresponding levels of a Ca 2+  signal – from single channel dynam-
ics ( bottom ) to puffs ( middle ) and whole cell behavior ( top ). This bottom – up approach is able to 
resolve the different scales of the pathway. The hierarchical mechanism generates Ca 2+  signals in a 
more robust way compared to the homogeneous models described in ( a ) and ( b ) and points to 
general principles how to produce reliable signals from molecular fl uctuations       

range of 3–4 orders of magnitude. The released Ca 2+  is removed from the cytosol 
either by Sarco-Endoplasmic Reticulum Ca 2+  ATPases (SERCAs) into the ER or by 
Ca 2+  ATPases into the extracellular space. A similar scenario occurs in muscle cells 
where Ca 2+  release from the SR is induced by Ryanodine receptors.  

 In the IP 
3
  pathway, the major elementary building block of a Ca 2+  signal is the 

IP 
3
 R channel  [  5,   6  ] . It consists of 4 identical subunits with many different regulatory 
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binding sites. Most mathematical models (see  [  7,   8  ]  for review) consider one site for 
IP 

3
  binding that sensitizes the subunit, one for Ca 2+  that activates the subunit and 

another one for Ca 2+  that inhibits the subunit dominantly. In the DeYoung-Keizer-
model  [  9  ] , it is assumed that a channel opens if at least 3 subunits are in the active 
state. The different affi nities for Ca 2+  binding to the activating and inhibiting bind-
ing sites lead to a bell shaped stationary open probability of an IP 

3
 R  [  7,   10  ] . It is low 

for small Ca 2+  concentrations, increases for moderate concentrations due to Ca 2+  
binding to the activating site and decreases again for large concentrations due to 
inhibition by Ca 2+ . The biphasic dependence on Ca 2+  is the mechanism of Ca 2+ -
induced Ca 2+  release (CICR) since Ca 2+  released from one channel increases the 
open probability of others. This self-amplifying mechanism is enhanced by IP 

3
 R 

clustering. The channels form clusters on the membrane of the ER, which are sepa-
rated by some  m m and contain up to a few tens of channels  [  11–  16  ] . 

 This sketch of the Ca 2+  pathway already demonstrates the challenge we are faced 
to in understanding cell signaling: How do cells organize their molecular building 
blocks to form a functional, i.e. adaptive and reliable machine? This question is 
strongly related to the dynamic interactions of the diverse components. From a theo-
retical perspective, we know that systems with a wide dynamical range rely on 
specifi c internal structures. Thus, as a rule of thumb, regulatory mechanisms can be 
more versatile and robust when they obey non-linear interactions. As a simple illu-
minating example we might consider enzyme activity. The simplest assumption is 
that the activity is linearly dependent on the substrate concentration. This is indeed 
a reasonable assumption for small substrate concentrations but would lead to non-
physiologically high production rates for large substrate concentrations. This can be 
compensated for by the Michaelis-Menten kinetics  [  17  ] , which exhibit a saturated 
behavior due to non-linear dynamics. 

 The versatility of Ca 2+  signaling is based on the rich dynamics of the cytosolic 
Ca 2+  concentration. From the theory of complex systems we know that this kind of 
dynamics is only achievable by non-linear and dynamic feedback mechanisms. 
Thus, the described biphasic dependence of the channel opening on the cytosolic 
Ca 2+  concentration is an essential component of the Ca 2+  pathway since it carries 
non-linear feedback mechanisms required for Ca 2+  dynamics. We will demonstrate 
in the following how integrative experimental and theoretical approaches can be 
used to understand cell signaling by Ca 2+ .  

   The Rich Spectrum of Ca 2+  Dynamics 

 After a long and successful period of identifying experimentally the most important 
elements of the Ca 2+  pathway and its different downstream targets, it was in 1986 
when Woods et al.  [  18  ]  reported a fi rst example of non-trivial temporal Ca 2+  signals. 
They measured, by means of aequorin measurements, cytosolic free Ca 2+  in hepato-
cytes stimulated by noradrenaline. They observed series of transients in the Ca 2+  
concentration. Moreover, they found that the frequency of transients depends on 
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the concentration of the agonist. This oscillatory-like behavior gave fi rst evidence as 
to how Ca 2+  may control many different physiological processes by frequency 
encoding. 

 This milestone experiment raised the interest of the modeling community and 
was the starting point for the ongoing interdisciplinary research. From a rather sim-
ple perspective, Ca 2+  oscillations occur by the repeated release and uptake of Ca 2+  as 
depicted in Fig.  24.1a . The interplay between the release fl ux J 

channel
  caused by open 

channels and the Ca 2+  uptake by pumps determine the dynamics of the system. One 
of the fi rst theoretical considerations was done by Meyer and Stryer in 1988  [  19  ] , in 
which they used a non-linear dependence of the release fl ux and invented the neces-
sary feedback by IP 

3
  oscillations. This kind of hypothesized feedback could not be 

verifi ed experimentally and led to further model developments. 
 One of the most successful and popular model was already introduced 1990 by 

Goldbeter, Dupont and Berridge  [  20  ] . Their model relies on the repeated emptying 
and refi lling of the ER and introduced a feedback of the luminal concentration on 
the release current J 

channel
 . A typical behavior of the luminal (cyan) and cytosolic 

(black) Ca 2+  concentration dynamics is shown in Fig.  24.1b . The model is able to 
mimic a variety of experimental conditions; it gave some hypotheses about the 
infl uence of stimulation strength on the Ca 2+  signal and predicted downstream 
dynamics like Ca 2+  controlled protein phosphorylation dynamics. Despite its suc-
cess, the model could not cover all experimental observations. Moreover, the essen-
tial model assumption of strong coupling between ER and cytosol could not be 
verifi ed experimentally, and the dependency of channel opening on the luminal Ca 2+  
concentration is still under debate today. 

 A next major step regarding the diversity of Ca 2+  dynamics was the characteriza-
tion of intracellular Ca 2+  waves that emphasized the spatial aspect of Ca 2+  dynamics. 
Although observed already in the 1950s by secretion studies in large cells, Ca 2+  
waves were better described after the invention of Ca 2+  dyes in the 1980s. In 1991, 
Cornell-Bell and Finkbeiner  [  21  ]  observed, while measuring glutamate induced 
Ca 2+  oscillations in astrocytes, a spatial structure in the Ca 2+  concentration within 
the cell during a spike. They reported that Ca 2+  increase begins in one part of the cell 
and spreads through the rest of the cell as a wave even in such a small cell type. 
Nearly simultaneously, Lechleiter and coworkers found propagating spiral waves in 
 Xenopus laevis  oocytes by confocal microscopy  [  22  ] . In their analysis of the 
observed pattern they used also modeling approaches related to spatially homoge-
neous regenerative excitable media. With this integrative approach they were able to 
estimate internal parameters like the refractory period for Ca 2+  stores by comparison 
of experiments with modeling results. In the same year, Lionel Jaffe  [  23  ]  found a 
temperature dependence of wave speed and already hypothesized that intracellular 
calcium pulses generally take the form of cytosolic Ca 2+  waves. This perspective 
was often dropped in the following years since the diffusion of Ca 2+  was assumed to 
be fast enough to describe the concentration homogeneously in models for small 
cells. The wave propagation mechanism in larger cells was analyzed by a variety of 
spatially resolved modeling concepts under the assumptions of continuously distrib-
uted Ca 2+  release sites. For a more detailed review see  [  7  ] . 
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 The increased imaging technology has led to better resolution with which 
 subcellular structures as well concentration dynamics and in particular Ca 2+  con-
centration dynamics could be visualized. This has revealed the hierarchical orga-
nization of the Ca 2+  pathway depicted in Fig.  24.1c . The molecular structure of 
IP 

3
 R channels could be determined by X-ray experiments and atomic force micros-

copy. Thus, Taylor and coworkers and Suhara et al. have identifi ed independently 
the 4  subunits of isolated IP 

3
 Rs  [  24,   25  ] . Mikoshiba et al. have shown the channel 

clustering in COS7 cells by antibody staining  [  26  ] . While these studies determined 
stationary morphological properties, Marchant and Parker have shown the func-
tional consequences for the cytosolic Ca 2+  dynamics induced by these two key 
features. They measured the free concentration in  Xenopus oocytes  by line scans 
to obtain a fi ne temporal solution  [  12,   27  ] . In their experiments, they could follow 
the signal generation from its origin at a single channel cluster to the cell wide Ca 2+  
wave, which corresponds to a concentration spike. Thereby they observed very 
steep concentration differences close to an open cluster. A consequence of these 
gradients is that a cell is not describable as a homogenous medium. But global 
Ca 2+  release relies on the concerted opening of many IP 

3
 Rs, which is achieved by 

Ca 2+ -induced Ca 2+  release and thus by the coupling of the different release sites. 
This emphasizes the key role of IP 

3
 Rs as the elementary building blocks of the 

Ca 2+  pathway, as described more completely e.g. in reviews by Berridge and Taylor 
 [  2,   5,   28  ] . 

 The small number of subunits of a channel with only a few binding sites each 
renders single channel opening (often referred to as a blip) highly random since 
stochastic binding of a few IP 

3
  molecules and Ca 2+  ions can induce state changes. 

This discreteness prevents smearing out fl uctuations by the law of large numbers. 
The strong coupling between channels in a cluster by Ca 2+  leads to almost simulta-
neous opening of all channels in a cluster, which is called a puff. Marchant et al.  [  12, 
  27  ]  characterized the puff-to-wave nucleation by high-resolution fl uorescence 
microscopy: Several channel clusters have to open in synchrony in order to activate 
all other IP 

3
 R clusters. This leads to the three levels of a cell wide Ca 2+  signal shown 

in Fig.  24.1c , d – the triggering event is opening of a single channel (blip) that is 
amplifi ed to a puff on the channel cluster level. The orchestrated opening of several 
clusters leads to a cellular (or global) Ca 2+  spike. Figure  24.1d  exhibits typical signal 
forms with their different characteristic scales for each level obtained by detailed 
simulations as described in  [  29  ]  and below. 

 These experiments shed new light on the mechanistic question about the spike 
generating process raised by Jaffe. The concentration gradients induced by cluster-
ing, SERCA pumps and Ca 2+  buffers suggest that Ca 2+  dynamics cannot be described 
by homogeneous models. This was further emphasized by detailed numerical stud-
ies about the cytosolic concentration dynamics induced by single channels  [  30  ] . 
Furthermore, the feedback mechanism of Ca 2+ -induced Ca 2+  release on the single 
IP 

3
 R level and its stochastic opening led to the assumption that cytosolic Ca 2+  

behaves like a stochastic medium even in smaller cells. The theoretical frame-
work of a stochastic medium corresponds to the puff-to-wave experiment. In con-
trast to homogeneous models where all channels feel the same Ca 2+  concentration 
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instantaneously, a stochastic medium takes the spatial dimension into account on 
which diffusion occurs. The stochasticity is described by excitable elements that 
can be activated by noise. The channel clustering emphasizes the random character-
istics since even if one cluster is activated it does not necessarily lead to a wave 
throughout the whole cell but may also lead to an isolated local event that corre-
sponds to a puff. Moreover, the spatial heterogeneity challenges spatially continu-
ous model approaches even more.  

   Ca 2+  Oscillations Are Stochastic 

 A direct consequence of this perspective is that described oscillations should not 
carry characteristics of periodic signals but of stochastic single channel dynamics. 
Recent studies have focused on this hypothesis by analyzing variations in Ca 2+  sig-
nals of single cells. Marhl and coworkers used methods from time series analysis to 
test for stochasticity in hepatocytes stimulated by phenylephrine and ATP  [  31  ] . 
Their results give strong evidence for noise induced excitation dynamics of a Ca 2+  
spike but do not give a mechanistic picture of the underlying process. We used a 
more mechanistic approach in relation to the above described puff-to-wave nucle-
ation process. We analyzed interspike intervals (ISIs) of individual cells in a variety 
of cell types. This is depicted in Fig.  24.2a  exemplarily for a single human embry-
onic kidney (HEK) cell stimulated with 30  m M CCh. The upper panel exhibits the 
fl uorescent signal measured with FURA2, and the lower panel shows the time 
between two specifi c concentration spikes defi ning the interspike intervals (ISIs). 
Although the fl uorescent signal seems not to be too noisy at all, the variation in the 
ISIs appears rather random even by simple visual inspection.  

 For a systematic analysis, we analyzed the dependence of the standard deviation 
 s  on the average ISI T 

av
   [  32,   33  ] . For complete deterministic oscillatory dynamics, 

we expect no standard deviation at all. The general assumption of an oscillatory 
system with an additional noise term should lead to an unspecifi c pattern of this 
dependency since unspecifi c noise should not correlate with the dynamical process. 
In Fig.  24.2b , c the relation between  s  and T 

av
  is shown for astrocytes and HEK 

cells, respectively, where each dot corresponds to the spike sequence of a single 
cell. The relation obeys four main features. First, the standard deviation  s  exhibits 
a linear dependence on the average ISI as indicated by large linear correlation coef-
fi cients close to values of 0.9. Second, we observe an offset on the T 

av
  axis, which 

corresponds to a refractory period following a spike. This time is needed to bring 
the cell into the excitable state again by removing the released Ca 2+  form the cytosol 
and to recover channels from inhibition. Furthermore, we see that  s  is in the same 
range as the average spiking period T 

av
 , which is typical for stochastically driven 

excitation processes. A more careful inspection of the linear shapes reveals different 
slopes of the relation for the different cell types. This fourth feature may refl ect 
 differences of the internal signaling networks in terms of feedbacks and different 
environments cells are exposed to. 
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 In order to understand these observed features in a more mechanistic way, we 
built a heuristic model that starts from the puff-to-wave nucleation mechanism and 
takes the experimentally observed refractory time into account  [  32  ] . A simple nucle-
ation process obeys the features of a Poisson process, which describes random 
processes with rare events. To refl ect the observed recovery process of cells, we 
extend the stationary rate of a pure Poisson process by recovery dynamics leading 
to a time dependent probability of observing a spike at time  t  after the previous one. 
The resulting probability distribution has two parameters   l   and   x  . While   l   is the 
asymptotic nucleation rate and depends on coupling between release sites as well as 
on stimulation strength, the regeneration rate   x   describes the dynamics of the recovery 

  Fig. 24.2     Ca   2+    oscillations are stochastic.  ( a ) Representative time series of a single HEK cell 
stimulated by 30  m M CCh. The upper panel exhibits the fl uorescent signal, which looks rather 
regular. By analyzing the individual interspike intervals (ISI) defi ned as the time between 2 fl uo-
rescent maxima, we see that also this quite regular signal includes fl uctuations. ( b ), ( c ) Dependence 
of standard deviation  s  on the average ISI T 

av
  of individual cells. The standard deviation depends 

linearly on the average period and is in the same range for both spontaneously spiking astrocytes 
( b ) and HEK cells stimulated with 30  m M CCh ( c ). This demonstrates the stochastic nature of Ca 2+  
spiking. ( d ) Theoretical prediction of the  s  − T 

av
  relation by the heuristic spiking model using a 

time dependent Poisson process. The model includes spatial coupling and stimulation strength by 
the asymptotical nucleation rate   l   and the recovery process by the regeneration rate   x  . From this 
model we see that stronger coupling and higher stimulation lead to faster coupling by large   l   
values. Furthermore, we observe that the slope of the relation depends on the regeneration rate   x  . 
For fast regeneration rates the slope is close to one corresponding to a pure Poisson process. The 
slope decreases with decreasing   x   leading to more regular spiking. This illustrates how feedback 
mechanisms may tune Ca 2+  signals for different downstream targets. For more details see  [  32  ]        

 



53924 Calcium Signaling: From Single Channels to Pathways

process. With this probabilistic model, we are able to predict the relation between 
the standard deviation and the average period as shown in Fig.  24.2d . If regeneration 
is fast (  x   >> 1) the  s  − T 

av
  relation has a slope close to one and corresponds to a pure 

Poisson process. For small values of the regeneration rate, the slope decreases which 
corresponds to a more regular spiking behavior. Thus, cells can tune their spike 
 pattern by the dynamic interplay between excitation and recovery. 

 One prediction obtained from the probabilistic model above is that changing the 
spatial coupling between channel clusters should shift cells along straight lines in 
the  s  − T 

av
  plane since coupling does not infl uence the recovery process. This 

hypothesis was tested in Ca 2+  buffer experiments where spiking of specifi c cells 
was fi rst measured under constant conditions for reference values  [  32  ] . Subsequently, 
an additional Ca 2+  buffer was loaded to the cells before restarting the measurement 
with the same cells. In these experiments, we used again a variety of cell types and 
both BAPTA-AM as well as EGTA-AM buffers in smaller concentrations than usu-
ally used to suppress any Ca 2+  signal. Indeed, we found that the slope of the shifting 
relation of individual cells coincides with the one of the  s  − T 

av
  relation of the cell 

population. This demonstrates that the wave nucleation mechanism occurs also in 
smaller cells and that the spatial dimension is an important property of the Ca 2+  
pathway. 

 In similar experiments, Dupont and coworkers  [  34–  36  ]  have analyzed the sto-
chastic aspects of oscillatory Ca 2+  in hepatocytes stimulated with norepinephrine 
(NOR). They characterize the fl uctuation by the coeffi cient of variation ( CV ) which 
is the normalized standard deviation  CV  =   s  /T 

av
 . Also these experiments exhibit a 

signifi cant noise level of around 10% for the  CV . They complement their study by a 
modeling approach in which they use a spatially homogeneous model of the form 
depicted in Fig.  24.1a . The model uses non-linear relations for the fl uxes and molec-
ular fl uctuations are incorporated by the use of a discrete Markov chain gating 
scheme for the channel induced fl ux J 

channel
 . This model fi ts the experiments and is 

able to analyze the dependence on stimulations strength and channel numbers. Thus, 
they show that the  CV , in correspondence to their experiments, decreases from 35% 
to 17% with increasing NOR concentration from 85 to 95 nM. These results empha-
size the role of the discrete channel opening further. The decrease in  CV  can be 
understood by the interplay of the recovery period and the nucleation time which is 
needed to initiate a global wave  [  33  ] . While the recovery period is rather indepen-
dent of the stimulation strength, the nucleation time decreases for higher stimula-
tions. This means that for higher stimulation the deterministic recovery period 
contributes with a relatively larger amount to an ISI compared to smaller stimula-
tion levels where the nucleation time represents the main part of an ISI and thus 
leads to higher values of  CV . Moreover the study quantitatively analyzed how the 
 CV  decreases with increasing number of release sites in simulations. Since they use 
a spatially homogeneous model, they do not describe the puff-to-wave nucleation 
mechanism and their analysis is mainly valid for the case of strong coupling between 
release sites. This is the case for tiny SERCA activity and Ca 2+  buffering effects as 
well as for very fast diffusion of Ca 2+ . Under these circumstances, the law of large 
numbers leads to more regular spiking for more release sites. 
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 These experiments have led to a new perspective in modeling Ca 2+  dynamics. 
While earlier models described Ca 2+  spiking in a pendulum manner as self-sustained 
oscillations, recent experimental and modeling results indicate that Ca 2+  signals 
occur by the hierarchical organization channel – cluster – cell as illustrated in 
Fig.  24.1c , d. Thus, mechanistic modeling must take the stochastic channel behavior 
as well as the spatial dimension of the Ca 2+  pathway into account.  

   Change of Modeling Paradigm – Ca 2+  Signals 
as a Hierarchical System 

 A mechanistic approach raises a couple of challenges since a large range of spatial 
and temporal dimensions must be covered. First, the steep spatial concentration 
gradients close to open channels require a tiny spatial discretization in order to 
guarantee numerical stability of partial differential equation solvers. Even with 
more sophisticated methods like fi nite elements solver this leads to extremely high 
computational costs  [  30  ] . On the temporal dimension, the stochastic binding and 
unbinding of IP 

3
  and Ca 2+  to the subunits of IP 

3
 R and the induced state changes lead 

to very small time steps of the Gillespie algorithm. 
 This is even strengthened by the locally high Ca 2+  concentrations at the (open) 

channel’s locations. Solovey et al.  [  37  ]  use a coarse-grained approach, which sepa-
rates the active channel cluster regions from the bulk. Within the cluster region a fi ne 
numerical grid is used and the dynamics are simplifi ed to the main release terms. For 
the concentration outside a cluster region they use a full reaction–diffusion system 
where open channel clusters act as source terms. The separation of the two regions 
leads to matching conditions at the boundary where spatial discontinuities occur. 

 We avoid this kind of inconsistency by our recently developed  Green’s Cell  (GC) 
algorithm combining several multi-scale techniques as depicted in Fig.  24.1c  
 [  29,   33  ] . We describe a single channel by a Markov chain according to the DeYoung-
Keizer model. Thus, binding of an IP 

3
  molecule or Ca 2+  ion is explicitly determined 

by a hybrid version of a Gillespie algorithm in dependence on the local concentra-
tion. An open channel leads to a blip and might activate other channels in the clus-
ter. The resulting local puff concentration is determined by a quasi-steady state 
approximation derived in ref.  [  38  ] . On the cell level, the concentration dynamics are 
described by a spherical reaction–diffusion system, which describes free Ca 2+  as 
well as a mobile and immobile Ca 2+  buffer. For this 3-component system we derived 
an analytical mathematical solution in terms of a multicomponent Green’s function 
where open clusters act as stochastic source terms. The analytical solution has the 
advantage that we do not have to deal with any discontinuities and that we only have 
to calculate the concentrations at cluster locations for possible channel transitions 
whereas numerical solvers always have to update the concentration at each grid 
point due to numerical stability criteria. 

 The model is able to reproduce all experimentally known Ca 2+  signals in depen-
dence on physiological parameters including diffusion and buffer properties, cell 
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radius and cluster arrangement as well as SERCA activity and IP 
3
 R properties  [  29  ] . 

The mechanistic approach allows us to follow a Ca 2+  spike from its triggering event, 
the stochastic opening of a fi rst channel, all the way along the CICR pathway as 
shown in Fig.  24.1c . Since we can control and monitor all dynamic processes in the 
model we can estimate the role of the different building blocks for the different 
signal forms. Figure  24.3a  exhibits a representative time series obtained by GC 
simulation, which is in good agreement to experimental measurements shown in 
Fig.  24.3a . By varying parameters, this rather regular spiking can be tuned into more 

  Fig. 24.3     Modeling the hierarchy of the Ca   2+    pathway by the Green’s cell algorithm . ( a ) The 
simulated Ca 2+  dynamics of a Green’s cell exhibit a behavior similar to typical experimental time 
series. Analogously to Fig.  24.2a , the  upper panel  shows the free cytosolic Ca 2+  concentration and 
the  lower panel  the individual interspike intervals. ( b ) The  s  − T 

av
  relation obtained from simula-

tions. By varying IP 
3
 , buffer and cytosolic calcium resting concentration, the Green’s cell method 

produces a variety of different spike patterns from nearly regular oscillations to slow and random 
spiking. From the resulting spike trains, the standard deviation  s  and the average period T 

av
  were 

determined. The obtained linear dependence has a slope close to one and thus corresponds to spon-
taneously spiking cells in experiments. The coincidence of this bottom-up approach with experi-
ments indicates further that the puff-to-wave nucleation mechanism produces reliable relations 
between statistical quantities. ( c ) Evidence for functional robustness. In extensive parameter scans, 
we analyzed the behavior of the  s  − T 

av
  relation. Interestingly, we found that the slope of the rela-

tion is rather robust for variations over one magnitude regarding the spatial cluster arrangement, 
IP 

3
  concentration and SERCA activity. For standard values leading to a single channel current of 

0.12 pA the slope was always close to 1 whereas a ten times higher current of 1.2 pA leads to a 
slope of around 0.6 what is comparable to the one observed in stimulated HEK cells (Fig.  24.2c ). 
For more details see  [  29  ]        
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irregular and slower spiking or into a plateau response with superimposed oscilla-
tions. In this way we produced a variety of different Ca 2+  spiking  signals and deter-
mined analogously to experiments the dependence of the standard deviation  s  on 
the average period T 

av
  of the resulting spike trains. This is shown in Fig.  24.3b  where 

again each dot corresponds to such a spike train of one  in silico  cell. Like in the 
experimental analysis, we observe an offset on the T 

av
  axis that corresponds to the 

deterministic recovery period. The slope of this relation is close to one and is thus 
in accordance to spontaneous oscillation in astrocytes and obeys the characteristics 
of a Poisson process with a regeneration period. Moreover, we could reproduce the 
experimentally observed effect that loading additional Ca 2+  buffer renders spiking 
slower and more irregular. This consistent incidence emphasizes the spatial charac-
ter of the Ca 2+  pathway further.  

 In extensive simulations, we used fi xed cellular setups and varied only one  specifi c 
parameter leading to parameter specifi c  s  − T 

av
  relations. Interestingly, it turns out 

that the slope of the  s  − T 
av

  dependency seems to be highly conserved. Thus, varying 
the spatial distance between channel clusters, the stimulation level in terms of the IP 

3
  

concentration or the pump strength over one magnitude has always led to a similar 
slope for a population of cells that only differs in the mobile buffer concentration. For 
standard values leading to corresponding single channel fl uxes of 0.12 pA, the slope 
was always close to 1 and therefore in the range of spontaneous oscillation as shown 
in Fig.  24.3c . When we used a ten times larger channel current, either by increasing 
the concentration difference between the ER and the cytosol or by increasing the 
channel permeability, the slope decreased to around 0.6 what is comparable to exper-
iments with stimulated HEK cells. We call this conserved relation between the statis-
tical moments “functional robustness”  [  29  ] . This integrative approach may give fi rst 
evidence how intrinsic feedbacks may be used to tune the Ca 2+  pathway in depen-
dence on diverse external signals and corresponding downstream targets. 

 The detailed physiological model can also be used to analyze phenomena, which 
are not easily accessible by experiments. Thus, the Green’s cell method was used to 
study the effect of the experimental observation that the open time of IP 

3
 Rs 

depends on their location  [  16  ] . We found in patch clamp experiments that isolated 
channels have a mean open time of 10 ms whereas open times of single channels 
located in a channel cluster have a halved open time of 5 ms. The question arose if 
such a change on a very fast time scale can infl uence the global dynamics which 
occurs on a time scale which is 3 order of magnitudes larger. This question is hard 
to answer in experiments since channel arrangement is not easy, if at all, to control. 
Moreover, such a study would have to monitor besides the channel arrangement also 
the opening behavior of each channel as well as to measure the global Ca 2+  dynam-
ics. This is out of the experimental possibilities but can be done with the bottom-up 
approach of the Green’s cell algorithm. We performed parallel simulations of identi-
cal  in silio  cells with different IP 

3
 R properties. We compared global Ca 2+  signals 

from cells with only isolated channels with cells having the same number of chan-
nels arranged in clusters and obeying the different opening times. It turns out that 
clustering and the change on a microscopic time scale have major impacts on 
the global dynamics. For isolated and diffusively arranged channels no global 
Ca 2+  spikes were observed in the physiological parameter range. Due to clustering 
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of these channels, the cell exhibits Ca 2+  spikes even with a halved open time. 
The  corresponding cellular setups with a hypothetical doubled open time lead to 
more frequent spiking with a on average 4 times faster mean period. 

 These examples demonstrate how mechanistic modeling of physiologic systems 
can be used to address biological questions. Here the hierarchical modeling frame-
work was fi rst used to test the hypothesis of the oscillation mechanism. The agree-
ment of the simulation with experimental results strongly supports the validity of 
the puff-to-wave nucleation process being the general mechanism to generate cyto-
solic Ca 2+  concentration spikes. Moreover, the modeling framework allows for esti-
mation of internal cell properties by comparing simulations with experimental 
results. The overall message of this interdisciplinary approach is that understanding 
Ca 2+  signals requires both analyses of the local IP 

3
 R properties as well the cellular 

dynamics building a hierarchical cell signaling system.  

   A Closed Stochastic Theory Reveals Robustness 
and Adaptivity of the Calcium Signal 

 Although the Green’s cell approach enables very detailed simulations and allows for 
studies that are beyond the experimental possibilities, it does not provide a closed 
mathematical framework. But such a framework is needed to uniquely proof 
assumed mechanisms of cell signaling. Moreover, even with the thoughtful imple-
mentation of the Green’s cell model (see above), solving the concentration dynam-
ics of a hierarchical system remains numerically extensive. In this section, we 
describe a recently developed strategy to obtain a closed theory of the core process 
generating stochastic Ca 2+  signals  [  39  ] . 

 For a reduced, but realistic description of the core process, we need to ask: Which 
are the key ingredients that determine the type of dynamics? For IP 

3
 -induces Ca 2+  

signals, it is clear that clustered IP 
3
 Rs are the most important molecules. Single 

IP 
3
 Rs are activated by IP 

3
 , and the activation strength is biphasically regulated by 

the cytosolic Ca 2+  concentration  [  2,   7  ] . This mechanism is experimentally accessible 
by patch-clamping and is well understood in terms of mathematical models like the 
DeYoung-Keizer model  [  9  ] . But how can we incorporate the spatial organisation, 
i.e. the clustering? Standard techniques fail due to specifi c properties of the system. 
On the one hand, we cannot consider each IP 

3
 R-subunit individually, because this 

leads to an astronomically high number of possible system states. On the other 
hand, methods based on the assumption of a large number of clusters are not appro-
priate, because the number of clusters is only of the order of 10  [  7,   13  ] . 

 The challenge encountered here is not at all exceptional in biology: It is an 
instance of the principle of emergent behavior  [  40,   41  ]  – coupling and spatial 
arrangement of single molecules induce a new type of dynamics that cannot be 
inferred from the single molecules. This type of complex behavior leads us to a new 
strategy to gain a mathematical description. We switch to the next higher level of the 
dynamics and directly consider the channel clusters, not the individual channels 
(Fig.  24.4a ). In fact, for the cytosolic Ca 2+  dynamics in the whole cell, it is only 
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important whether a cluster is open and releases Ca 2+  ions into the cytosol or not at 
a given time. We do not need to know which particular subunit of which channel 
binds which regulatory molecule. Even though we are not interested in the full 
microscopic dynamics, we cannot neglect them: Of course, the state of the whole 
cluster (open or closed) depends on the states of all subunits. However, not every 
microscopic state-change (like unbinding of Ca 2+  from an IP 

3
 R-subunit) causes the 

whole cluster to start or stop releasing Ca 2+  ions. Therefore, we can focus on the 
macroscopic cluster dynamics, if we keep in mind that the shape of the functions 
determining cluster state transitions depends on the microscopic dynamics. This 
leads to a mathematically more complex model as  compared to many other stochas-
tic descriptions in biology since it is non-Markovian, which means that a process 
does also depend on the history of the system and not only on the recent state  [  42  ] . 
But still we can obtain a full analytical description of the core process. We call this 
strategy hierarchic stochastic modeling  [  39,   43  ] .  

 To gain a specifi c model from the new strategy, we need to specify the cluster 
arrangement and some other system parameters (see Ref.  [  39  ]  for details). 

  Fig. 24.4     Hierarchic stochastic modeling of Ca   2+    spikes.  ( a ) The new modeling strategy  subsumes 
the dynamics of the lower structural level into waiting time distributions on the next higher level. 
Thus, we follow emergent behavior over three levels, from single Ca 2+  channels over single clus-
ters to coupled clusters. The waiting time distributions on the cluster level can be measured in vivo. 
That circumvents the problem arising from using parameter values from in vitro experiments for 
cell simulations, as rate equation models usually do. ( b ) The model with 4 clusters arranged as the 
vertices of a tetrahedron is the simplest non-trivial implementation, because all confi gurations with 
the same number of open clusters are equivalent. Events with one open cluster correspond to puffs, 
and with 4 open clusters to spikes. ( c ) In the model with 8 clusters forming the vertices of a cube, 
although the number of possible system confi gurations is much larger, the number of events with 
all clusters open (Ca 2+  spikes) is similar to the tetrahedron model. Reprinted from Ref.  [  39  ]        
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  Fig. 24.5     Ca   2+    spikes are functionally robust despite the high variability in the spike  frequency.  
( a ) The average interspike interval T 

av
  depends sensitively on cellular parameters. ( b )  The slope of 

the  s  − T 
av

  relation is one for all values of model parameters.  Upper triangles : cluster distance 
a = 1.5  m m;  lower triangles : a = 5  m m;  black symbols : tetrahedron model;  red  symbols : regular cube 
model;  pink symbols : irregular cube model with randomly shifted vertex positions;  blue circles : 
analytical solution of the tetrahedron model with a = 1.5  m m. ( c ) The  s  − T 

av
  relation can be adapted 

by global feedback, implemented here by inhibition of the puff-rate after a global spike and recov-
ery with rate  x . All  upper triangles :   x   = 0.1 s −1 ; all  lower triangles :   x   = 10 −3  s −1 . The relations are 
identical for the tetrahedron model ( black symbols ), the cube model ( red ) and the irregular cube 
model ( pink ). Reprinted from Ref.  [  39  ]        

Importantly, the qualitative dynamics arising from the model are independent of the 
detailed cluster arrangement (though they depend on the next-neighbour distance 
between clusters): For the same set of system parameters, events with most of the 
clusters open, calcium spikes occur at almost the same frequency in the tetrahedron 
model and in the cube model (Fig.  24.4b , c, see also Fig.  24.5b ). The reason for this 
is that once a critical number of clusters is open, the cytosolic Ca 2+  concentration 
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reaches such high values that the other clusters open as well with high probabil-
ity, due to Ca 2+ -induced Ca 2+  release. Therefore, we can do most calculations with 
the simpler tetrahedron model.  

 With hierarchic stochastic modeling, we have developed a strategy to fully 
describe stochastic dynamics arising by emergent behavior of subsystems. Apart 
from the conceptual advantage for the mathematical model, a description in terms 
of cluster dynamics also has practical implications: Opening events of single clus-
ters can be followed by live cell fl uorescence microscopy, even in mammalian cells 
 [  13–  15,   44  ] . Therefore, not only the model output (whole-cell Ca 2+  dynamics), but 
also the model input in form of the cluster dynamics are experimentally accessible, 
and thus we have the unique opportunity to follow emergent behavior of an impor-
tant biological process over several levels of molecular organisation. Indeed, by 
statistical analysis of Ca 2+  puffs in two mammalian cell lines, we found that cellular 
Ca 2+  dynamics are a consequence of true emergent behavior  [  45  ] , providing further 
evidence that a hierarchic stochastic modeling strategy is appropriate. 

 We have seen that Ca 2+  spikes can be characterized by the relation of standard 
deviation  s  and average interspike interval T 

av
 . In the hierarchic stochastic model, 

we fi nd that T 
av

  depends sensitively on details like cluster size and cluster distance, 
which are different from cell to cell (Fig.  24.5a ). This is consistent with experiments 
showing huge cell-to-cell variability in T 

av
  (Fig.  24.2a ). The same experiments 

revealed that the  s  − T 
av

  relation is not an individual cell property, but contains infor-
mation on the cell population (Fig.  24.2b , c): All cells in a clonal population scatter 
along one straight line in the  s  − T 

av
  plot, i.e. the relation is robust to cell-to-cell vari-

ability. Although the experimental results could be reproduced with the detailed 
modeling of the Green’s cell algorithm, this framework does not give a sound expla-
nation of this phenomenon. The most exciting result of the hierarchic stochastic 
model was that it shows this robustness in respect to all relevant system parameters, 
like stimulation strength, cluster size and even cluster distance (Fig.  24.5b ) indepen-
dently of explicit noise realizations of the Gillespie algorithm used in the Green’s 
cell method. This strongly supports the modeling strategy, and more important – we 
have found a mathematical formulation that allows us to study and rationalise 
robustness arising from molecular fl uctuations. 

 We did not postulate any assumptions about robustness to cell-to-cell variability 
when formulating the model. In the contrary, we assumed the highest possible 
irregularity (Poisson statistics  [  42  ] ) for the dynamics of the single clusters  [  39  ] . 
An important assumption was however the coupling of the individual active ele-
ments, the IP3Rs. More specifi cally, we assumed that microscopic dynamics of 
channels in a cluster generate relatively simple probability distributions, which gov-
ern the dynamics of channel clusters. This assumption could be supported by analy-
sis of data from live cell imaging  [  45  ] . Thus, we fi nd that highly stochastic molecular 
dynamics in combination with emergent behavior can result in robustness. 

 Ca 2+  signals carry information in their frequency  [  2,   7  ] , which in our analysis 
translates to the distribution of stochastic interspike intervals. What is then the advan-
tage of a robust  s  − T 

av
  relation for Ca 2+  signaling? The slope of this relation is identi-

cal to the coeffi cient of variation, which is a measure for the noise-to-signal ratio. 
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Therefore, a robust slope means robust signal quality, and thus  functional robustness  
 [  46–  48  ]  of the mechanism, as its function is signal transduction. In the basic hierar-
chic stochastic model, the slope is always one (Fig.  24.5b ), but in many experiments, 
the slope is smaller than one (Fig.  24.2c ) corresponding to better signal quality. 
How can cells improve signal quality? We found only one possibility – global nega-
tive feedback. In the basic model, we only considered local feedback on the level of 
the individual clusters, namely Ca 2+ -induced Ca 2+  release and Ca 2+ -mediated inhibi-
tion. However, real Ca 2+  signaling pathways also contain global feedbacks from a 
cellular spike onto the activity of the clusters, like Ca 2+ -activated Protein kinase C 
inhibiting G-protein coupled receptors  [  49  ] . Including such global negative feedback 
into the model substantially reduced the slope of the  s  − T 

av
  relation (Fig.  24.5c ). 

 Thus, the stochastic Ca 2+  signaling pathway is not only functionally robust, it is 
also  adaptive : In many cases it might be suffi cient for downstream signaling to 
obtain a rather noisy and unspecifi c Ca 2+  signal, which is the most economic mode 
of signaling. However, if more regular spike frequencies are required, this can be 
achieved by strengthening global negative feedback in the pathway, in the course of 
evolution. This conclusion is in agreement with the experimental fi nding that the 
slope is cell-type specifi c as indicated in Fig.  24.2b , c. Functional studies pointing 
into this direction are still missing. Nevertheless, it has been shown that small and 
unidirectional changes in the genetic code can be realised in time-frames which are 
short for evolution (~100 generations) in the appropriate conditions  [  50,   51  ] . 
Furthermore, it has been argued that functionally robust and adaptive core units are 
the pacemakers of evolution on the larger scale  [  52  ] . Since the analyses above reveal 
that stochastic Ca 2+  signals are functional and robust, this could be an explanation 
for the universality of the Ca 2+  signaling toolkit in cell physiology  [  2  ] .  

   Conclusion 

 To persist in evolution, eukaryotes, and especially multicellular organisms, need 
precise signaling mechanisms to synchronise and adjust action of different cellular 
compartments or different cells. There is a variety of signaling pathways transmit-
ting signals from the plasma membrane to the nucleus, and Ca 2+  signaling is an 
integral part of many of those  [  4  ] . Biological pathways are always embedded in an 
environment largely determined by molecular fl uctuations  [  53,   54  ] . Signaling path-
ways on the scale of single cells can be tuned to high accuracy only at very high 
costs in terms of energy consumption  [  55  ] . Therefore, apart from precise function, 
evolutionarily conserved biological systems also must be robust to noisy fl uctua-
tions  [  46–  48  ] . Indeed, it recently became evident that intracellular Ca 2+  signals 
exhibit huge variability  [  32,   34  ] . Therefore, it can be expected that the Ca 2+  signal-
ing mechanism is not only specifi c, but also robust: Its biological function should 
not depend on high precision. In this context, a mechanistic understanding of Ca 2+  
signals is indispensable. In this chapter, we have shown how interdisciplinary 
research is able to understand the essential mechanisms. While early studies have 
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revealed the general architecture of a cellular feedback mechanism, more recent 
studies go after a complete molecular description. The enhanced experimental tech-
niques of the last decade have identifi ed the hierarchy of the Ca 2+  signaling pathway. 
This basis enables detailed modeling approaches and theoretical hypotheses, which 
may initiate further experimental studies. 

 A mechanistic understanding of the hierarchical organization has led to the 
assumption that single channel fl uctuation should be carried up on the cell level by 
the nucleation process. Indeed, our experimental analysis has demonstrated that 
Ca 2+  oscillations are stochastic and depend on the spatial coupling between release 
sites. Moreover, we found that it is probably not the frequency itself that is con-
served, but the relation between the noise level in form of the standard deviation  s  
and the average period T 

av
 . Interestingly, a heuristic 2-parameter model can explain 

this empirical observation. The model is based on the interplay between excitability 
and regeneration. While excitability relates to spatial coupling between release sites 
and stimulation level, the regeneration processes may refl ect additional pathway 
interactions. This point of view is emphasized by the experimental observation that 
different cells of one type differ in their excitability whereas different cell types 
exhibit distinct regeneration characteristics. By decomposing the Ca 2+  pathway into 
its elements and compiling it into a mechanistic model, we could illuminate this 
behavior. The bottom-up approach of the Green’s cell method is able to reproduce 
experimental observations in a nearly perfect manner and clearly demonstrates that 
the Ca 2+  pathway has a spatial dimension. It shows how the puff-to-wave nucleation 
process leads to a conserved  s  − T 

av
  relation for a large parameter regime, and facili-

tates detailed analyses of the dependency of this process on biological parameters 
like buffer concentrations. 

 With the closed model of the hierarchic stochastic system, we have a mathemati-
cal formulation at hand, which allowed us to prove functional robustness of the Ca 2+  
signaling pathway based only on basic principles like Ca 2+ -induced Ca 2+  release and 
channel clustering. This demonstrates that functional robustness is a generic prop-
erty of the system, which naturally emerges from the stochastic dynamics. 

 Signaling mechanisms like the Ca 2+  signaling toolkit are not only functional and 
robust, but they also must be adaptive to changing needs in a changing world, a 
property sometimes referred to as evolvability  [  46,   56  ] . We found that the signal 
quality can be adjusted by modifi cation of global feedback processes in the path-
way, and that signal quality is a cell type specifi c property. This suggests that the 
Ca 2+  system is indeed highly adaptive to specifi c needs in a specifi c pathway, which 
underpins its importance for intracellular signal transduction. 

 The results presented in this chapter illustrate how theory and experiment can 
complement each other to decipher the cascade of emergent behavior from single 
molecules to pathways. We found that the hierarchic structure of the Ca 2+  system 
allows for functional robustness despite high variability of its components. It has to 
be elucidated by future research how this property affects specifi c signaling cas-
cades and how far it applies to other biological mechanisms.      

  Acknowledgments   We would like to thank Rüdiger Thul for helpful comments on the manuscript.  



54924 Calcium Signaling: From Single Channels to Pathways

   References 

    1.    Berridge MJ, Bootman MD, Lipp P (1998) Calcium – a life and death signal. Nature 395:
645–648  

    2.    Berridge MJ, Lipp P, Bootman MD (2000) The versatility and universality of calcium signal-
ling. Nat Rev Mol Cell Biol 1:11–21  

    3.    Taylor CW (2002) Controlling calcium entry. Cell 111:767–769  
    4.       Lodish H, Berk A, Kaiser CA, Krieger M, Scott MP, Bretscher A (2007) Molecular cell biol-

ogy. Palgrave Macmillan, Basingstoke  
    5.    Taylor CW, Tovey SC (2010) IP3 receptors: toward understanding their activation. Cold Spring 

Harb Perspect Biol 2:a004010  
    6.    Taylor CW, Laude AJ (2002) IP 

3
  receptors and their regulation by calmodulin and cytosolic 

Ca 2+ . Cell Calcium 32:321–334  
    7.       Falcke M (2004) Reading the patterns in living cells – the physics of Ca 2+  signaling. Adv Phys 

53:255–440  
    8.    Schuster S, Marhl M, Hofer T (2002) Modelling of simple and complex calcium oscillations. 

From single-cell responses to intercellular signalling. Eur J Biochem 269:1333–1355  
    9.    De Young GW, Keizer J (1992) A single-pool inositol 1,4,5-trisphosphate-receptor-based 

model for agonist-stimulated oscillations in Ca 2+  concentration. Proc Natl Acad Sci USA 
89:9895–9899  

    10.    Bezprozvanny I, Watras J, Ehrlich BE (1991) Bell-shaped calcium-response curves of 
Ins(1,4,5)P3- and calcium-gated channels from endoplasmic reticulum of cerebellum. Nature 
351:751–754  

    11.    Yao Y, Choi J, Parker I (1995) Quantal puffs of intracellular Ca 2+  evoked by inositol trisphos-
phate in Xenopus oocytes. J Physiol 482(Pt 3):533–553  

    12.    Marchant JS, Callamaras N, Parker I (1999) Initiation of IP 
3
 -mediated Ca 2+  waves in  Xenopus  

oocytes. EMBO J 18:5285–5299  
    13.    Smith IF, Wiltgen SM, Parker I (2009) Localization of puff sites adjacent to the plasma mem-

brane: functional and spatial characterization of Ca 2+  signaling in SH-SY5Y cells utilizing 
membrane-permeant caged IP 

3
 . Cell Calcium 45:65–76  

    14.    Bootman MD, Berridge MJ, Lipp P (1997) Cooking with calcium: the recipes for composing 
global signals from elementary events. Cell 91:367–373  

    15.    Tovey SC, de Smet P, Lipp P, Thomas D, Young KW, Missiaen L, De Smedt H, Parys JB, 
Berridge MJ, Thuring J, Holmes A, Bootman MD (2001) Calcium puffs are generic InsP(3)-
activated elementary calcium signals and are downregulated by prolonged hormonal stimula-
tion to inhibit cellular calcium responses. J Cell Sci 114:3979–3989  

    16.    Taufi q Ur R, Skupin A, Falcke M, Taylor CW (2009) Clustering of InsP 
3
  receptors by InsP 

3
  

retunes their regulation by InsP 
3
  and Ca 2+ . Nature 458:655–659  

    17.    Heinrich R, Schuster S (1996) The regulation of cellular systems. Chapman & Hall, New York  
    18.    Woods NM, Cuthbertson KS, Cobbold PH (1986) Repetitive transient rises in cytoplasmic free 

calcium in hormone-stimulated hepatocytes. Nature 319:600–602  
    19.    Meyer T, Stryer L (1988) Molecular model for receptor-stimulated calcium spiking. Proc Natl 

Acad Sci USA 85:5051–5055  
    20.    Goldbeter A, Dupont G, Berridge MJ (1990) Minimal model for signal-induced Ca 2+  oscilla-

tions and for their frequency encoding through protein phosphorylation. Proc Natl Acad Sci 
USA 87:1461–1465  

    21.    Cornell-Bell AH, Finkbeiner SM (1991) Ca 2+  waves in astrocytes. Cell Calcium 12:185–204  
    22.    Lechleiter J, Girard S, Peralta E, Clapham D (1991) Spiral calcium wave propagation and 

annihilation in Xenopus laevis oocytes. Science 252:123–126  
    23.    Jaffe LF (1991) The path of calcium in cytosolic calcium oscillations: a unifying hypothesis. 

Proc Natl Acad Sci USA 88:9883–9887  
    24.    Taylor CW, da Fonseca PC, Morris EP (2004) IP(3) receptors: the search for structure. Trends 

Biochem Sci 29:210–219  



550 A. Skupin and K. Thurley

    25.    Suhara W, Kobayashi M, Sagara H, Hamada K, Goto T, Fujimoto I, Torimitsu K, Mikoshiba K 
(2006) Visualization of inositol 1,4,5-trisphosphate receptor by atomic force microscopy. 
Neurosci Lett 391:102–107  

    26.    Tateishi Y, Hattori M, Nakayama T, Iwai M, Bannai H, Nakamura T, Michikawa T, Inoue T, 
Mikoshiba K (2005) Cluster formation of inositol 1,4,5-trisphosphate receptor requires its 
transition to open state. J Biol Chem 280:6816–6822  

    27.    Marchant JS, Parker I (2001) Role of elementary Ca 2+  puffs in generating repetitive Ca 2+  oscil-
lations. EMBO J 20:65–76  

    28.    Berridge MJ (2009) Inositol trisphosphate and calcium signalling mechanisms. Biochim 
Biophys Acta 1793:933–940  

    29.    Skupin A, Kettenmann H, Falcke M (2010) Calcium signals driven by single channel noise. 
PLoS Comput Biol 6:e1000870  

    30.    Rudiger S, Shuai JW, Huisinga W, Nagaiah C, Warnecke G, Parker I, Falcke M (2007) Hybrid 
stochastic and deterministic simulations of calcium blips. Biophys J 93:1847–1857  

    31.    Perc M, Green AK, Dixon CJ, Marhl M (2008) Establishing the stochastic nature of intracel-
lular calcium oscillations from experimental data. Biophys Chem 132:33–38  

    32.    Skupin A, Kettenmann H, Winkler U, Wartenberg M, Sauer H, Tovey SC, Taylor CW, Falcke M 
(2008) How does intracellular Ca 2+  oscillate: by chance or by the clock? Biophys J 94:
2404–2411  

    33.    Skupin A, Falcke M (2009) From puffs to global Ca 2+  signals: how molecular properties shape 
global signals. Chaos 19:037111  

    34.    Dupont G, Abou-Lovergne A, Combettes L (2008) Stochastic aspects of oscillatory Ca 2+  
dynamics in hepatocytes. Biophys J 95:2193–2202  

    35.    Dupont G, Combettes L (2009) What can we learn from the irregularity of Ca 2+  oscillations? 
Chaos 19:037112  

    36.    Dupont G, Erneux C (1997) Simulations of the effects of inositol 1,4,5-trisphosphate 3-kinase 
and 5-phosphatase activities on Ca 2+  oscillations. Cell Calcium 22:321–331  

    37.    Solovey G, Fraiman D, Pando B, Ponce Dawson S (2008) Simplifi ed model of cytosolic Ca 2+  
dynamics in the presence of one or several clusters of Ca 2+  -release channels. Phys Rev E Stat 
Nonlin Soft Matter Phys 78:041915  

    38.    Bentele K, Falcke M (2007) Quasi-steady approximation for ion channel currents. Biophys 
J 93:2597–2608  

    39.    Thurley K, Falcke M (2011) Derivation of Ca 2+  signals from puff properties reveals that path-
way function is robust against cell variability but sensitive for control. Proc Natl Acad Sci USA 
108:427–432  

    40.    Penzlin H (2009) The riddle of “life,” a biologist’s critical view. Naturwissenschaften 96:1–23  
    41.    Laughlin RB, Pines D (2000) The theory of everything. Proc Natl Acad Sci USA 97:28–31  
    42.    Van Kampen NG (2002) Stochastic processes in physics and chemistry. Elsevier Science B.V., 

Amsterdam  
    43.    Thul R, Thurley K, Falcke M (2009) Toward a predictive model of Ca 2+  puffs. Chaos 19:

037108  
    44.    Smith IF, Parker I (2009) Imaging the quantal substructure of single IP3R channel activity 

during Ca 2+  puffs in intact mammalian cells. Proc Natl Acad Sci USA 106:6404–6409  
    45.      Thurley K, Smith IF, Tovey SC, Taylor CW, Parker I, Falcke M (2011) Timescales of IP 

3
 -evoked 

Ca 2+  spikes emerge from Ca 2+  puffs only at the cellular level. Biophys J 101:2638–2644  
    46.    Wagner A (2005) Robustness and evolvability in living systems. Princeton University Press, 

Princeton  
    47.    Kitano H (2004) Biological robustness. Nat Rev Genet 5:826–837  
    48.    Stelling J, Sauer U, Szallasi Z, Doyle FJ 3rd, Doyle J (2004) Robustness of cellular functions. 

Cell 118:675–685  
    49.    Taylor CW, Thorn P (2001) Calcium signalling: IP3 rises again…and again. Curr Biol 11:

R352–R355  
    50.    Dekel E, Alon U (2005) Optimality and evolutionary tuning of the expression level of a  protein. 

Nature 436:588–592  



55124 Calcium Signaling: From Single Channels to Pathways

    51.    Kashtan N, Noor E, Alon U (2007) Varying environments can speed up evolution. Proc Natl 
Acad Sci USA 104:13711–13716  

    52.    Gerhart J, Kirschner M (2007) The theory of facilitated variation. Proc Natl Acad Sci USA 
104(Suppl 1):8582–8589  

    53.    Rao CV, Wolf DM, Arkin AP (2002) Control, exploitation and tolerance of intracellular noise. 
Nature 420:231–237  

    54.    Delbruck M (1945) The burst size distribution in the growth of bacterial viruses (bacterio-
phages). J Bacteriol 50:131–135  

    55.    Lestas I, Vinnicombe G, Paulsson J (2010) Fundamental limits on the suppression of molecular 
fl uctuations. Nature 467:174–178  

    56.    Kirschner M, Gerhart J (1998) Evolvability. Proc Natl Acad Sci USA 95:8420–8427      



553M.S. Islam (ed.), Calcium Signaling, Advances in Experimental 
Medicine and Biology 740, DOI 10.1007/978-94-007-2888-2_25, 
© Springer Science+Business Media Dordrecht 2012

  Abstract      In this article, we present an overview of simulation strategies in the 
context of subcellular domains where calcium-dependent signaling plays an impor-
tant role. The presentation follows the spatial and temporal scales involved and 
represented by each algorithm. As an exemplary cell type, we will mainly cite work 
done on striated muscle cells, i.e. skeletal and cardiac muscle. For these cells, a 
wealth of ultrastructural, biophysical and electrophysiological data is at hand. 
Moreover, these cells also express ubiquitous signaling pathways as they are found 
in many other cell types and thus, the generalization of the methods and results 
presented here is straightforward. 

 The models considered comprise the basic calcium signaling machinery as found 
in most excitable cell types including Ca 2+  ions, diffusible and stationary buffer 
systems, and calcium regulated calcium release channels. Simulation strategies can 
be differentiated in stochastic and deterministic algorithms. Historically, determin-
istic approaches based on the macroscopic reaction rate equations were the fi rst 
models considered. As experimental methods elucidated highly localized Ca 2+  sig-
naling events occurring in femtoliter volumes, stochastic methods were increasingly 
considered. However, detailed simulations of single molecule trajectories are rarely 
performed as the computational cost implied is too large. On the mesoscopic level, 
Gillespie’s algorithm is extensively used in the systems biology community and 
with increasing frequency also in models of microdomain calcium signaling. To 
increase computational speed, fast approximations were derived from Gillespie’s 
exact algorithm, most notably the chemical Langevin equation and the  t -leap algo-
rithm. Finally, in order to integrate deterministic and stochastic effects in multiscale 
simulations, hybrid algorithms are increasingly used. These include stochastic models 
of ion channels combined with deterministic descriptions of the calcium buffering 
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and diffusion system on the one hand, and algorithms that switch between determin-
istic and stochastic simulation steps in a context-dependent manner on the other. 
The basic assumptions of the listed methods as well as implementation schemes are 
given in the text. We conclude with a perspective on possible future developments 
of the fi eld.  

  Keywords   Calcium  •  Calcium channel  •  Microdomains  •  Intracellular signaling  
•  Stochastic simulation  •  Deterministic simulation  •  Gillespie algorithm  •  Chemical 
Langevin equation  •  Tau-Leap  •  Binomial leap     

    Canonical Models of Calcium Microdomains 

 Identical subcellular compartments and systems have been modelled using different 
stragtegies. Synaptic activation including vesicle release at the neuronal synapse, 
for instance, has been modelled with different approaches  [  1,   2  ]  ranging from simu-
lations at the scale of individual molecules to deterministic reaction rate equations. 
Similarly, different model classes of subcellular calcium dynamics in cardiomyo-
cytes and skeletal muscle fi bers are still being evaluated for their explanatory and 
predictive power. The simulated volume and average reactant concentrations can 
help to decide which simulation strategy is the most adequate for a given problem. 

 Virtually all cell types share a common family of molecules involved in the 
regulation of the local, subcellular calcium concentration and many cell lines even 
share common modules, i.e. small signaling networks that regulate key processes 
such as cell cycle regulation, adaptation of the metabolic rate, vesicle secretion, 
motility and excitability  [  3  ] . In order to keep the presentation of simulation strate-
gies compact, we here focus on some key molecular species, in particular calcium 
buffers and calcium channels, from where the transfer to more specifi c problems 
should be easy. 

 The presentation and the implementation of the models used here is further facil-
itated by the fact that it is suffi cient to take into account chemical reactions of sec-
ond order, at most. In this context, zero-order reactions model the constant generation 
or degradation of a molecular species at a fi xed rate, for instance, when a molecule 
is assumed to be unstable on time scales relevant for the simulation. Zero-order 
reactions also come into play when certain reaction networks are not simulated in 
detail but one of their products (resp. educts) appears as a reaction partner in the 
system that is simulated in detail. Also ion channel currents can be modeled as zero-order 
reactions occurring in time intervals when the channel is in an open state. Modeling 
ion channel currents as chemical reaction events has the advantage that the inclusion 
of channel currents does not require major modifi cations of the computational 
model but only the addition of another reaction type. First-order reactions are mainly 
concerned when a calcium-bound molecular complex dissociates and thereby liber-
ates a calcium ion. Second-order reactions describe the corresponding association 
reaction of a calcium ion and a calcium-binding molecule such as buffer proteins, 
calcium-sensitive enzymes, membrane constituents, ion channels or fl uorescent 
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dye molecules. In principle, any of these calcium-binding molecules can be consid-
ered a calcium buffer. 

 The molecular species used in this presentation are calcium ions (Ca 2+ ), a set of 
calcium buffers (B 

i
 , i = 1,…,N 

B
 ) that can be either diffusible or immobile and 

calcium-regulated ion channels (Ch). In the case of ion channels, those regulated by 
calcium ions but conducting another ionic species (e.g. calcium regulated chloride 
or potassium channels) must be distinguished from calcium-regulated calcium 
channels. The latter, e.g. IP 

3
 - and RyR-channels, provide a highly localized, nonlin-

ear calcium-sensitive feedback system since these channels have activating as well 
as inhibitory calcium binding sites.  

   Microscopic Simulation 

 To achieve a maximum of spatial detail, one has to simulate the Brownian motion 
of all molecules and introduce reaction events whenever a molecular collision of 
suffi ciently high energy (the activation energy of the reaction) occurs  [  4  ] . The price 
of this level of detail is paid in computation time. Runtime scales unfavorably with 
increasing simulation volume and increasing number of reactants as diffusion events 
occur at much higher rates than chemical reactions and the number of trajectories 
grows linearly with the number of reactants. In the context of calcium dynamics, 
simulations of individual molecular trajectories are used less frequently than the 
approaches explained below. They can be found mainly in the context of calcium-
regulated synaptic signaling  [  1,   5,   6  ] . Practically, these systems can be implemented 
with the freely available software package MCell developed by the Salk Institute 
(  www.mcell.cnl.salk.edu    ).  

   Mesoscopic Stochastic Simulation 

 Mesoscopic simulation approaches have been the fastest growing area in computa-
tional cell biology in the past 15 years  [  7  ] . Using the mecoscopic perspective, the 
fl uctuating number of molecules of each type is tracked by one of several stochastic 
algorithms. 

 To better understand different mesoscopic algorithms, it is necessary to intro-
duce some notation and a few defi nitions. The state of a given model system of     N    
molecular species     1,..., NS S   will from here on be described by the time-dependent 
 state vector      1( ) [ ( ),..., ( )]Nx t x t x t=   that contains the  copy number      ( )ix t    of each spe-
cies (index     i   ) at time     t   . By copy number, we understand the number of molecules 
of a certain molecular species in a defi ned volume at a given time, e.g. a Ca 2+  con-
centration of 100 nM in a 1 fl  volume yields a copy number of 60. The term copy 
number is mostly used in the context of small reaction volumes and low molar 
concentrations resulting in relatively few molecules of each type. The     N   chemical 
species in our model system interact through     M   types of chemical reactions 
    =, 1,...,jR j M   . Next, a  state change vector      jv   is introduced for each reaction     jR   . 

http://www.mcell.cnl.salk.edu
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The component     jiv   describes the change in the copy number of species     iS   caused by 
a single reaction     jR .    After a reaction     jR   occurs, the state vector is updated according 
to     jx t x t v← +( ) ( ) .    Furthermore, we assume that given a state     x t( ),    there is a 
defi ned probability for each reaction     jR   to occur within a small (infi nitesimal) time 
interval     t t dt+[ , ].   In the context of chemical reactions, this probability equals 
    ( )ja x dt    and     ( )ja x   is called the  reaction propensity  of reaction     jR   . As the state 
vector     ( )x t   is time-dependent, the reaction propensity     ( )ja x   is also time-dependent, 
however, this notation is often suppressed for the sake of simplicity. 

 The following stochastic algorithms can all be derived from the chemical master 
equation (CME). The CME is a differential (or difference) equation that describes the 
temporal evolution of the probability density     p x t( , ),   i.e. the multivariate distribu-
tion of the state vector     x t( ).    Using the notation introduced above, the CME reads:

     ( ) ( ) ( )
1

, , ( ) ( , ) .
M

t j j j j
j

p x t a x v p x v t a x p x t
=

⎡ ⎤∂ = − − −⎣ ⎦∑    (25.1)   

 In words, the CME states that the change in     ( , )p x t   is calculated as the net prob-
ability fl ow conveyed by fl ows from state     − jx v    into state     x    (via reaction     jR   ) and 
the reverse fl ows out of state     x.    A closed-form, analytical solution for     ( , )p x t   is 
only accessible for very simple systems  [  8  ] . As for many other stochastic systems, 
this is where Monte Carlo sampling schemes come into play.  

   Gillespie’s Algorithm 

 Gillespie’s algorithm provides a Monte Carlo simulation scheme that samples the 
time-dependent probability density     ( , )p x t    exactly  [  9  ] . The crucial point in 
Gillespie’s algorithm is the insight that the evolution of the state vector     ( )x t    follows 
a multivariate Markov process on the     N   -dimensional integer lattice    Z N  The transi-
tion rate between the lattice points     x    and     + jx v    is given by the reaction propen-
sity     ja   . As Markov processes are characterized by exponential waiting time 
distributions, the waiting time until the next reaction event can be calculated in 
a single step. The waiting time distribution is parametrized by the cumulative reac-
tion rate

     
=

= ∑0
1

( ) ( ).
M

j
j

a x a x    (25.2)   

 The rate     0 ( )a x    determines the probability     ( , | , )p j x tτ    that, given state     x   at time 
    t  , the next reaction event will be of type     jR   and will occur in the small time interval 

    [ , ]t t dt+ + +τ τ   :

     ( ) ( )= − 0, | , ( )exp ( ) .jp j x t a x a x tτ    (25.3)   
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 In the actual algorithm, the probability is factored in two parts. First, the waiting 
times     τ    for the next event are obtained as samples from an exponential distribution 
with parameter     0 ( )a x   according to

     τ
−=

0

ln( )

( )

r

a x    (25.4)  

where     [ ]0,1~r U    is a uniformly distributed random variable. Next, the reaction 

type     jR   is determined according to the ratio     
0

( )

( )
ja x

a x
  . Thus, the complete Gillespie 

algorithm reads:

    1.     Initialization : initialize the state vector components     ( )= 0ix t   with the copy 
number of chemical species     iS   expected in equilibrium or any other desired ini-
tial condition. Calculate all individual reaction propensities     ( )ja x    and the cumu-
lative propensity     a x0 ( ).     

    2.     Waiting time and reaction selection : sample a waiting time     τ    and a reaction 
index     j   from the distribution Eq.  25.3 .  

    3.     Update state and time :     ← +( ) ( ) jx t x t v   and     τ← +t t   .  
    4.     Exit condition : if     > maxt T    where     maxT    is the desired length of the simulation.  
    5.     Update propensities : recalculate the propensities of all reactions affected by 

the last state change.  
    6.    goto step 2.     

 An effi cient implementation based on the dependency structure between reactions 
and the reuse of random numbers was developed later  [  10  ] . The result of Gillespie’s 
algorithm is a set of     N    time series refl ecting the fl uctuating copy number of each 
molecular species     iS   . The advantage of the algorithm becomes most clear when 
compared to earlier approaches. An alternative approach to simulate the reaction 
process relies on the fact that the probability of reaction     jR    to occur in a small 
interval     [ , ]t t dt+    equals     ( )ja x dt  . If     dt    is chosen small enough to ensure that 
    <<( ) 1ja x dt    one can iteratively advance the simulation time by     dt    and accept or 
reject reaction events by comparison with the value of a uniformly distributed ran-
dom variable     r.    This strategy is not recommended however, as one will fi nd that 
most time steps     dt    will pass without any reaction event happening. The problem 
becomes even worse when the desired precision demands a small time step     dt  . 
Gillespie’s algorithm overcomes the problem by sampling the exponential waiting 
time distribution directly and by jumping to the next event time without further 
checks. Moreover, no fi xed integration time step     dt    has to be chosen and therefore, 
the algorithm is stochastically “exact”. 

 Though widely used in systems biology, there are comparatively few examples 
for the use of Gillespie’s algorithm in the modeling of intracellular calcium dynam-
ics. Gillespie’s algorithm has been used to model stochastic resonance effects in 
whole cells  [  11,   12  ] , calmodulin-dependent synaptic plasticity in dendritic spine 
microdomains  [  2  ]  and to model calcium microdomains in the vicinity of indi-
vidual L-type calcium channels  [  13  ] . Although the algorithm can be used for 
arbitrary simulation volumes, computation time quickly increases for larger 
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volumes because the copy numbers enter the propensity terms in a combinatorial 
way. Therefore, several approximations of the exact simulation algorithm have 
been developed.  

   The Binomial and the  t -Leap Methods 

 For small time steps     dt   , the probability for a reaction     jR    to occur in the next time 
interval     [ , ]t t dt+   is given by     ja x dt( ) .    Assuming that the propensity     ja   remains 
approximately constant during the time span     τ ,   the number of times the reaction     

jR    
occurs during the span     τ    is a Poisson-distributed random variable with expected 
value     ( )ja x t     [  14  ] . Now, if     τ    is small enough to guarantee approximately constant 
reaction propensities     ja    and at the same time large enough so that  a  

j 
( x )  t   >  > 1, i.e. 

a signifi cant number of reactions will occur during the time interval of length     τ ,  then 
Gillespie’s algorithm can be accelerated by using the larger time step     τ    and by 
sampling the number of reactions from Poissonian distributions with parameters 
    ( )ja x t    directly. This procedure is called the   t -leap method   [  7  ] . Obviously, the 
main task is to set the right time step     τ    adaptively throughout the simulation. Small 
time steps will produce low numbers of reactions (even zero), and in this situation 
the exact Gillespie algorithm could be used instead. Too large time steps however, 
lead to a larger error compared to the exact solution and furthermore, can lead to 
negative molecule numbers. A detailed discussion of  t -selection procedures can be 
found in the literature  [  15  ] . Using Poisson random numbers, there is always a risk 
of producing negative entries in the state vector as Poisson variables range from 
zero to infi nity. As an alternative, the  binomial leap method  has been proposed. 
Instead of Poisson variables, appropriately parametrized binomial random variables 
are used, the main advantage being that the range of the variable can be bounded by 
the current copy number of each molecule  [  16  ] . 

 Irrespective of the method used, the update rule can be written as

     ( ) ( )τ ξ
=

+ = + ∑
1

( ) ( )
M

i i ji j j
j

x t x t v a x    (25.5)  

where     ξ j    represents either a Poissonian or a binomial random variable. Applications 
and systematic evaluations of these methods for the simulation of calcium microdo-
mains are still scarce, a comparative study can be found in  [  17  ] .  

   The Chemical Langevin and Fokker-Planck Equations 

 The approximation of the number of reactions that occur in a given time interval by 
samples from a defi ned probability density can be taken a step further. In the case of 
the chemical Langevin equation (CLE), the number of reactions     jR    occurring in a 
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small time interval of length     dt    is sampled from a normal distribution with mean 
and variance equal to     ja x dt( ) .    From a statistical point of view, this approach is 
justifi ed as the Poisson random variable introduced in the last paragraph converges 
to a normal distribution in the case of a large mean value. When the expected num-
ber of reactions is too small, the symmetric normal distribution does not yield a 
good approximation of the corresponding right-skewed Poisson distribution and 
negative molecule counts can be obtained. The most important differences of the 
CLE approach are (i) that the time interval     dt   is fi xed, and (ii) that, due to the nor-
mally distributed random variable, the copy numbers are real numbers rather than 
integers. The updating rule is given by

     ( )
= =

+ = + +∑ ∑
1 1

( ) ( ) ( ) ( )
M M

i i ji j ji j
j j

x t dt x t v a x dt v a x dB t    (25.6)  

where     ( )dB t   are the increments of a standard Brownian motion  [  8  ] . The fi rst sum in 
Eq.  25.6  contains the deterministic dynamics that will be discussed in the following 
paragraph while the second sum adds appropriately scaled stochastic fl uctuations. 
Compared to the algorithms discussed so far, the CLE provides an extremely fast 
way to obtain an approximate solution of the CME. A basic result in the theory of 
stochastic processes allows a transformation of the Langevin equation to an associ-
ated Fokker-Planck equation (FPE) that describes the temporal evolution of the 
probability density     ( , )p x t    [  8  ] . 

 As most applications are interested in sample paths of the modeled system rather 
than in probability distributions, the CLE approach is more widely used. 
Implementations of the CLE approach have been presented for calcium-dependent 
signaling pathways in neurons  [  18  ]  and IP 

3
 -mediated calcium sensitive pathways in 

non-excitable cells  [  11,   19,   20  ] . An example of the FPE method to calcium dynam-
ics in the dyadic cleft of cardiomyocytes is given in  [  21  ] .  

   Deterministic Simulation 

 When stochastic effects in the dynamics of the modeled system are ignored, the 
classical deterministic reaction-rate equations are recovered. These correspond to 
the deterministic terms found in the chemical Langevin Eq.  25.6 . From a statistical 
physics point of view, the deterministic dynamics refl ect the limit of an infi nitely 
large simulation volume while keeping all reactant concentrations constant.

     
1

) ( ) ( )(
M

i i ji j
j

x t dt x t v a x dt
=

+ = + ∑    (25.7)   

 As stochastic effects are no longer present, a set of ordinary differential equations is 
obtained that can be conveniently integrated using standard schemes as implemented 
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in most numerical software packages. If diffusion is included in the model, an addi-
tional term arises for each diffusible species with diffusion constant     iD   

     
2

1

) ( ( ) ( )( )
M

i i ji j i i
j

x t dt x t v a x dt D x t
=

+ = + + ∇∑    (25.8)  

and the model is now described by set of partial differential equations. Deterministic 
methods represent the major part of the literature on calcium dynamics in excitable 
and non-excitable cells. In the context of microdomain calcium dynamics in cardiac 
and skeletal muscle cells, we list only a small selection of representative and land-
mark studies  [  22–  26  ] .  

   Hybrid Simulation 

 Complex subcellular systems often generate patterns across several temporal scales, 
especially when the participating reactions have rate constants that span several 
orders of magnitude. In these cases, it may happen that Gillespie’s exact algorithm 
performs quite slowly due to the exact tracking of effectively irrelevant fl uctuations 
while the system’s dynamics may perform in an almost deterministic way. Moreover, 
models of subcellular calcium dynamics often contain plasma membrane or endo-
plasmic reticulum ion channels that modulate the local calcium concentration or are 
modulated by Ca 2+  ions. As ion channel gating is almost exclusively described with 
stochastic methods, mainly with Markov chain models, the introduction of ion 
channels in deterministic models is not obvious. For these cases, hybrid models 
combining several of the aforementioned techniques have been developed. For 
instance, hybrid models using deterministic reaction dynamics for the subset of 
calcium diffusion, permeation and buffering reactions and stochastic models of ion 
channel gating have successfully been used for the modeling of skeletal and cardiac 
muscle cells  [  27,   28  ]  as well as for generic cell types with an     3IP    regulated calcium 
signaling system  [  29  ] . Other approaches switch adaptively between deterministic 
dynamics and the CLE-approximation  [  30  ] , or between the Gillespie algorithm, the 
CLE-approximation and the  t -leap method  [  17  ] .  

   Reaction Propensities for Calcium Microdomains 

 In the preceding sections, reaction propensities were introduced in an abstract way 
to calculate certain probability densities. Now, we will give some explicit expres-
sions for reaction types essential to microdomain calcium signaling.

    1.     Chemical reactions .     ( ) ( )= ×, ,j j ja x t c h x t   where     jc    is the stochastic reaction 
rate and     ( ),jh x t    denotes the number of possible molecular combinations available 
for reaction     jR    at time     t.   The stochastic rates are calculated from the macroscopic 
reaction rate constants     jk    and the system volume     Ω   , for monomolecular reac-
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tions we get     =j jc k   , for bimolecular reactions     = Ω/j jc k   . Calcium buffering 
reactions consist of a pair of reactions, a second-order association reaction 
and a fi rst-order dissociation reaction. Calcium pumps can be modeled in the 
same way.  

    2.     Ion channel gating . Given a gating scheme and the associated transition rates, 
transitions between channel substates can be treated as fi rst-order chemical reac-
tions where the different channel states are seen as different chemical species 
that are transformed into each other as specifi ed by the gating scheme. Calcium-
sensitive gating steps are modeled as a second-order association reaction between 
a calcium ion and the unbound channel state. The propensity terms are identical 
to the preceding case.  

    3.     Ion channel currents . If the mean channel current amplitude is known, the pro-
cess of ion conduction and release from the channel pore can be simplifi ed as a 
zero-order reaction, i.e. a Poisson process with a fi xed rate  [  13  ] . Even though a 
constant release rate may only be a rough approximation of the real permeation 
process  [  31  ] , the model yields the correct mean current and furthermore takes 
into account the quantal nature (release of a single ion at a time) and stochasticity 
inherent to ion channel currents. Conversion of the current amplitude     chI    to a 
stochastic rate constant is achieved by

     

⎛ ⎞
= ⎜ ⎟×⎝ ⎠

ch
j

ion

I
c

e z
   

where     e    is the elementary charge and     ionz    is charge of the permeating ion. A cal-
cium current of     1pA   , for instance, has an “event rate” of     jc ms≈ 3000 / .    The 
factor     ( ),jh x t    is equal to the number of  open  channels at time     t,   which is easily 
implemented as each channel state is regarded as a separate chemical species.  

    4.     Diffusion . Assuming a multivoxel simulation, diffusion at the mesoscopic level 
can also be implemented using the concept of stochastic event rates  [  32  ] . In anal-
ogy to the previously introduced techniques, the diffusion event rate of species 
    iS    is calculated from the macroscopic diffusion constant     iD    in order to yield the 
correct behavior in the deterministic limit. At the microscopic level, the diffusion 
event constant controls the speed of the molecular random walk. Assuming a 
voxel side length     xδ ,   the rate is given by

     ( )2
( )i

j i

D
a x t

x
= ×

δ    

where     ix   is the copy number of species     iS   at time     t   . In practice, diffusion rates 
of small molecules often lie several orders of magnitude above the common reac-
tion rates. This can lead to a signifi cant increase in computation time. However, 
even in single voxel simulations the implementation of diffusion may be neces-
sary to avoid accumulation of e.g. calcium ions released from calcium channels 
 [  13  ] . In the single voxel case, this reduces to a fi xed effl ux rate of the ion.      
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   Working Examples 

  Example 1 : We consider a simple system that contains Ca 2+  ions and two buffers, 
called B 

1
  and B 

2
 . The model geometry is given by a cube with a side length of 1  m m, 

i.e. the system volume is 1 fl . The copy numbers of the fi ve molecular species, in the 
order     +2

1 2 1 2, , , ,Ca B B CaB CaB   are stored in the state vector     [ ]= 1 5( ) ( ),..., ( )x t x t x t   . 
We assume an equilibrium concentration of     +⎡ ⎤ =⎣ ⎦

2 0.1
eq

Ca Mm    (free Ca 2+ ), and 

total buffer concentrations of     [ ] [ ]= =1 2 100
T T

B B Mm   . The rate constants are set to 

    + − −= 1 1
1 0.1k M msm   ,     − −= 1

1 0.1k ms    for the reaction of     +2Ca    and the fi rst buffer     B1,    

and to     + − −= 1 1
2 0.01k M msm   ,     − −= 1

2 0.01k ms    for the reaction of     +2Ca    with the second 
buffer     B2 .    

 Thus, the four reactions read as follows. 
 Buffer 1:

     

+

+

+ →
→ +

2
1 1

2
1 1

Ca B CaB

CaB Ca B     

 Buffer 2:

     

+

+

+ →
→ +

2
2 2

2
2 2

Ca B CaB

CaB Ca B     

 The corresponding state change matrix     ( )= jiV v   with state change vector     jv    in 
the     −j th    row can be read off the stoichiometric coeffi cients directly:

     

− −⎛ ⎞
⎜ ⎟−⎜ ⎟=

− −⎜ ⎟
⎜ ⎟⎝ − ⎠

1 1 0 1 0

1 1 0 1 0

1 0 1 0 1

1 0 1 0 1

V

    

 If we want to start the system in equilibrium, we obtain the initial state vector 
(after rounding)     ( ) [ ]=0 60,54755,54755,5476,5476x   . The stochastic rate con-
stants     jc    are calculated as explained in the preceding paragraph and yield   
    c ms+ − −= × 4 1

1 1.66 10 ,        c ms− −= 1
1 0.1 ,        + − −= × 5 1

2 1.66 10c ms    and     c ms− −= 1
2 0.01 .    For 

convenience, we adapted the notation using superscripts in order to better recognize 
the relation with macroscopic rate constants, i.e.     +

1c    is the stochastic rate constant 
associated with the macroscopic rate     +

1k   . 
 The time and state dependent propensities     ja   are given by:     ( ) +=1 1 1 2, ( ) ( )a x t c x t x t   , 

    ( ) −=2 1 4, ( )a x t c x t   ,     ( ) +=3 2 1 3, ( ) ( )a x t c x t x t    and     ( ) −=4 2 5, ( )a x t c x t   . Finally, using the 
cumulative propensity     ( ) ( ) ( )= + +0 1 4, , ... ,a x t a x t a x t    and the initial state vector  
    ( )0x   , all parameters to run the Gillespie algorithm as defi ned above are given. 

 Using the state change matrix and the propensities defi ned above, we obtain the 
corresponding chemical Langevin Eq.  25.6 :
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( ) ( ) ( ) ( ) ( ) ( )
( ) ( ) ( )
( ) ( ) ( ) ( ) ( )
( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( )
( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( )
( ) ( ) ( )

( )

+ +
1 1 1 2 1 1 2 1

1 4 1 4 2

+ +
2 1 3 2 1 3 3

2 5 2 5 4

+ +
2 1 1 2 1 1 2 1

1 4 1 4 2

+ +
3 2 1 3 2 1 3 3

2 5 2 5 4

+
4 1

dx t = c x t x t dt c x t x t t

+c x t dt + c x t t

c x t x t dt c x t x t t

+c x t dt + c x t t

dx t = c x t x t dt c x t x t t

+c x t dt + c x t t

dx t = c x t x t dt c x t x t t

+c x t dt + c x t t

dx t = c x

− −

− −

− −

− −

− − ξ

ξ

− − ξ

ξ

− − ξ

ξ

− − ξ

ξ

( ) ( ) ( ) ( ) ( )
( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( )
( ) ( ) ( )

+
1 2 1 1 2 1

1 4 1 4 2

+ +
5 2 1 3 2 1 3 3

2 5 2 5 4

t x t dt c x t x t t

c x t dt c x t t

dx t = c x t x t dt c x t x t t

c x t dt c x t t

− −

− −

− ξ

− − ξ

− ξ

− − ξ
    

 Here, the random variables     ξ ( )j t    represent the increments of four independent 
Brownian motions, i.e. each     ξ ( )j t   is an independent and identically distributed 
Gaussian random variable with mean zero and variance     dt   . A fi rst-order, explicit 
Euler integration scheme is often satisfactory and allows a straightforward imple-
mentation of the above formulas in virtually any programming language. Sample 
code (Matlab®, Octave) can be obtained from the authors. 

  Example 2 : We consider a 1 fl  single voxel system of diffusible Ca 2+  ions and a 
single, immobile buffer B 

1
 . The simulation volume is surrounded by a “constant 

pool”, i.e. an infi nite volume with constant (equilibrium) calcium concentration. 
The state vector     [ ]= 1 2 3( ) ( ), ( ), ( )x t x t x t x t    represents the copy numbers of 

    +2
1 1, ,Ca B CaB   . We again set     

eq
Ca Mμ+⎡ ⎤ =⎣ ⎦

2 0.1 ,       [ ] =1 100
T

B Mm    and 

    + − −= 1 1
1 0.1k M msm   ,     − −= 1

1 0.1k ms    and set the diffusion coeffi cient of free calcium 

ions to     CaD m s= 2200 / .m    Including the diffusion reactions of Ca 2+  ions out of the 
simulation volume and infl ux of Ca 2+  ions from the constant pool into the simulation 
volume, we get the following set of reactions. 

 Buffer 1:

     

+

+

+ →
→ +

2
1 1

2
1 1

Ca B CaB

CaB Ca B     
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 Diffusion:

     

2

2

Ca

Ca

+

+

→ ∅
∅ →     

 The state change matrix     V    now reads:

     

1 1 1

1 1 1

1 0 0

1 0 0

 

 

 

V

− −⎛ ⎞
⎜ ⎟−⎜ ⎟=

−⎜ ⎟
⎜ ⎟⎝ ⎠     

 Under equilibrium conditions, we obtain the initial state vector 
    ( ) [ ]=0 60,54755,5476x   . The stochastic rate constants     +

1c    and     
−
1c    have the same 

magnitude as in the preceding example, and the stochastic diffusion rate     Dc   , calculated 
as explained in the preceding paragraph, evaluates to     Dc ms−= 10.2 .    The diffusion 
propensities     ja    are     ( )=3 1, ( )Da x t c x t    and     ( ) ( )=4 1, 0Da x t c x   . Note that the rate     4a    
is constant as the surrounding calcium concentration is assumed to be fi xed. The 
according chemical Langevin equation is

     

( ) ( ) ( ) ( ) ( ) ( )
( ) ( ) ( )
( ) ( ) ( )
( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( )
( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( )
( ) ( ) ( )

+ +
1 1 1 2 1 1 2 1

- -
1 3 1 3 2

1 1 3

1 1 4

+ +
2 1 1 2 1 1 2 1

- -
1 3 1 3 2

+ +
3 1 1 2 1 1 2 1

- -
1 3 1 3 2

0 0

D D

D D

dx t = c x t x t dt c x t x t t

+c x t dt + c x t t

c x t dt c x t t

+c x dt + c x t

dx t = c x t x t dt c x t x t t

+c x t dt + c x t t

dx t = c x t x t dt + c x t x t t

c x t dt c x t t

− − ξ

ξ

− − ξ

ξ

− − ξ

ξ

ξ

− − ξ
    

  Example 3 : In the last example, we extend the system considered in Example 2 by 
a single ion channel that has a closed (    C   ) and an open open substate (    O   ) and con-
ducts     +2Ca    ions. It is convenient to model the two substates as different molecular 
species that can be transformed into each other. Obviously, the channel substate 
species are not diffusible. The state vector     [ ]= 1 5( ) ( ),..., ( )x t x t x t    represents the 
copy numbers of     +2

1 1, , , ,Ca B CaB C O   . As we consider a single ion channel, both 
    4 ( )x t    and     5 ( )x t    must be equal to either zero or one and     + =4 5( ) ( ) 1x t x t    must be 
fulfi lled at all times     t  . 
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 Introducing an extra reaction that models     +2Ca    ion release from the     O    state 
(reaction 5), we extend the set of reactions introduced in the Example 2 by three ion 
channel related reactions. 

 Channel gating:

     

→
→

C O

O C     

 Calcium permeation:

     
+→ + 2O O Ca     

 The state change matrix     V    now reads:

     

1 1 1 0 0

1 1 1 0 0

1 0 0 0 0

1 0 0 0 0

0 0 0

   

  

  

  

  

  

1 1

0 0 0 1 1

1 0 0  0

 

   

   

   

   

   

  0 

− −⎛ ⎞
⎜ ⎟−⎜ ⎟

−⎜ ⎟
⎜ ⎟= ⎜ ⎟

−⎜ ⎟
⎜ ⎟−⎜ ⎟⎜ ⎟⎝ ⎠

V

    

 Reaction propensities for the new reactions are derived from the assumed chan-
nel kinetics and the channel permeability, respectively. As channel substate transi-
tions are fi rst-order reactions, we write     ( ) +=5 4, ( )Cha x t c x t    and     ( ) −=6 5, ( )Cha x t c x t   
where     + +=Ch Chc k   and     − −=Ch Chc k    and     + −,Ch Chk k    are the macroscopic rate constants for 
channel opening and closing as determined from electrophysiological measure-
ments for instance. Finally,     +2Ca    ion release is modelled by     ( )=7 5, ( )Pa x t c x t    with  
    ( )= / 2P chc I e   . 

 In this case, it is important to note that a chemical Langevin equation approach 
cannot be applied because the system contains only a single ion channel and due to 
the use of normally distributed random numbers, negative values for     4x    or     5x    are 
highly probable. Negative copy numbers in turn lead to negative reaction propensi-
ties and render the square root terms in the CLE undefi ned.  

   Outlook 

 Stochastic methods have received an increasing amount of attention in the modeling 
of subcellular signaling systems. Given the central role of calcium ions in the regu-
lation of many cellular functions and the very low number of calcium ions present 
in the relevant volumes, e.g. a calcium concentration of 100 nM translates to some 
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60 calcium ions in a     μ 31 m    volume, surprisingly few studies model the stochastic 
effects of calcium diffusion and buffering in small volumes  [  13,   21  ] . Here, it is 
important to note that possibly important effects such as bistability of a signaling 
pathway can even be missed completely when only deterministic dynamics are 
modeled  [  33  ] . The rising interest in simulating large systems with several interact-
ing subsystems in some of which deterministic dynamics may dominate while in 
others stochastic effects may be important will lead to novel approaches combining 
deterministic and stochastic simulations. Most importantly, the validity of different 
approaches on a given scale will have to be evaluated for numerous experimental 
systems. At the same time, stochastic models of subcellular reactions will help to 
estimate the parameters of experimentally recorded signals, in which stochastic 
effects are uncovered thanks to technical advances such as high-resolution laser 
microscopy.      
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  Abstract   Ca 2+  is a ubiquitous signaling ion that regulates a variety of neuronal 
functions by binding to and altering the state of effector proteins. Spatial relation-
ships and temporal dynamics of Ca 2+  elevations determine many cellular responses 
of neurons to chemical and electrical stimulation. There is a wealth of information 
regarding the properties and distribution of Ca 2+  channels, pumps, exchangers, and 
buffers that participate in Ca 2+  regulation. At the same time, new imaging tech-
niques permit characterization of evoked Ca 2+  signals with increasing spatial and 
temporal resolution. However, understanding the mechanistic link between func-
tional properties of Ca 2+  handling proteins and the stimulus-evoked Ca 2+  signals 
they orchestrate requires consideration of the way Ca 2+  handling mechanisms oper-
ate together as a  system  in native cells. A wide array of biophysical modeling 
approaches is available for studying this problem and can be used in a variety of 
ways. Models can be useful to explain the behavior of complex systems, to evaluate 
the role of individual Ca 2+  handling mechanisms, to extract valuable parameters, 
and to generate predictions that can be validated experimentally. In this review, we 
discuss recent advances in understanding the underlying mechanisms of Ca 2+  sig-
naling in neurons via mathematical modeling. We emphasize the value of develop-
ing realistic models based on experimentally validated descriptions of Ca 2+  transport 
and buffering that can be tested and refi ned through new experiments to develop 
increasingly accurate biophysical descriptions of Ca 2+  signaling in neurons.  
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   Introduction 

 Intracellular calcium dynamics are critical in the regulation of virtually all known 
cell functions. Calcium ions (Ca 2+ ) act as both charge carriers and chemical 
messengers that bind to and alter the conformational states of different Ca 2+ -sensitive 
proteins. At each instant in time, the probability of Ca 2+  ions to activate suffi cient 
number of specifi c target proteins depends on the occupancy of their Ca 2+ -binding 
sites and transition probabilities between states. Some of these transition probabili-
ties are a function of the local calcium concentration ([Ca 2+ ]) in the vicinity of each 
Ca 2+ -binding site. The [Ca 2+ ], in turn, is determined by the properties and spatial 
distribution of all Ca 2+  regulatory systems that control Ca 2+  entry, removal, buffer-
ing, and diffusion. Since multiple systems of Ca 2+  handling are interdependent and 
their activities depend nonlinearly on [Ca 2+ ], understanding the generation and evo-
lution of Ca 2+  signals requires consideration of the way these systems operate 
together at different spatial and temporal scales. 

 Mathematical modeling as a quantitative way to predict and explain the behavior 
of a complex system provides a powerful tool for addressing this problem. All 
mathematical models are idealizations that are based on a priori assumptions about 
the mechanisms under study and make simplifi cations about some issues in order to 
be able to explore other ones. The nature of the simplifi cations depends on the 
research objective and limitations in available information. When only few data are 
available or some particular behaviors, such as oscillations, are investigated, simple 
models of Ca 2+  dynamics that ignore spatial heterogeneity of Ca 2+  transport can, 
nevertheless, help build intuition regarding conditions that need to be imposed to 
observe certain qualitative patterns. More complex models can be used to design 
and interpret experiments, e.g., to determine if a particular collection of Ca 2+  han-
dling systems arranged with a particular geometry can reproduce a given set of 
observations. A concise description of the experimental data by itself does not guar-
antee the veracity of the model and may be consistent with multiple models. Thus, 
a model always is “a collection of hypotheses and facts”  [  1  ] . Models generate pre-
dictions that can be validated with new measurements under different experimental 
conditions (i.e., different from those that the model was designed to account for) 
when this is possible. When considering multiple competing models, a practical 
approach is to select the simplest available model that is consistent with available 
information. The ability of the model to predict the results of new experiments gives 
us confi dence in its usefulness. In this case, usually the simplest model that is con-
sistent with available data is chosen. If model predictions do not match experiment, 
it demonstrates incompleteness of our understanding and suggests new experiments. 
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Through cycles of experiment and model refi nement, a progressively more accurate 
description of Ca 2+  signal generation with increasing predictive power can be 
achieved. Clearly, one major challenge is to explain how measured Ca 2+  signals are 
defi ned by the Ca 2+  handling systems operating in the cell under study. Linking 
measured Ca 2+  responses to the underlying Ca 2+  transport and buffering systems 
requires information about the properties of these systems, including the way they 
contribute to [Ca 2+ ] and their spatial distribution within the cell. Until recently, 
approaches to characterizing these systems in intact cells have been limited, but 
recent developments in imaging and biology have provided new methods and infor-
mation. Models also can be helpful to estimate some valuable parameters, which are 
not accessible experimentally, and to extrapolate measured Ca 2+  kinetics to the case 
where exogenous buffers are absent. The interpretation of fl uorescence transients is 
especially important, because along with the development of Ca 2+ -imaging tech-
niques that permit measurements of [Ca 2+ ] measurements with a high (nanoscale) 
resolution  in vitro   [  2,   3  ]  and with greatly improved temporal resolution  in vivo   [  4  ]  
and optimization of synthetic and genetically encoded calcium indicators  [  5–  9  ] , the 
introduction of these indicators may signifi cantly disrupt Ca 2+  signaling and break 
down the compartmentalization of microdomains  [  10  ] . 

 The review focuses on recent advances in the development of biophysical models 
to describe Ca 2+  dynamics in neurons and does not include phenomenological mod-
els, which are usually used in the models of neuronal activity to simulate the activa-
tion of large conductance Ca 2+ -activated K +  channels. The reviewed models differ 
in their spatial (and temporal) resolution, from Ca 2+  nanodomains around single 
open Ca 2+  channels to models of Ca 2+  dynamics in neurons with complex morphology. 
In the following paper, we aim fi rst to discuss general features of Ca 2+  dynamics in 
neurons and non-neuronal cells and describe different types of models, including 
deterministic and stochastic models of Ca 2+  microdomains, spatial and compart-
mental models with uniform Ca 2+  entry, models with uniform and heterogeneous 
distribution of Ca 2+  handling systems, showing how the choice of the model  structure 
depends on the characteristics of the system and available experimental methods. 
Then, we will show the distinction between phenomenological and experimentally 
determined descriptions of transport and buffering mechanisms that coexist in real 
cells and outline the importance of constraining models with experimental measure-
ments and the use of models for designing new experiments. The most successful 
models that were obtained through a combination of experimental and theoretical 
approaches (e.g.,  [  11,   12  ] ) will be described in a more detail.  

   General Features of Cellular Ca 2+  Signaling in Neurons and 
Non-neuronal Cells – Requirements for Model Development 

 Molecular systems responsible for cellular Ca 2+  handling are limited to several 
protein families (Ca 2+  channels, exchangers, transporters, and buffers), which 
are expressed within virtually all cells  [  13  ] . Eucaryotic cells contain multiple 
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membrane-surrounded intracellular compartments, including the cytoplasm, 
mitochondria, endoplasmic reticulum (ER) or the equivalent organelle sarcoplasmic 
reticulum (SR) of muscle cells, acidic secretory vesicles, such as endosomes and 
lysosomes, nucleus, and Golgi apparatus, each with distinctive Ca 2+ -transport path-
ways. There is still incomplete agreement regarding contribution of some of these 
compartments to cytosolic Ca 2+  signaling and cell type specifi city of this contribu-
tion, although the nucleus is thought to have an autonomous Ca 2+  signaling system 
that can generate its own Ca 2+  transients  [  14  ] . Within each intracellular compartment, 
the total calcium concentration changes at a rate that depends on the net Ca 2+  fl ux 
entering this compartment and the compartmental volume. The dynamics of the free 
Ca 2+  concentration depends additionally on buffering. Thus, at a minimum, to under-
stand the spatiotemporal properties of the Ca 2+  concentration within a given mem-
brane-delimited compartment, it is necessary to have information about the Ca 2+  
transporters that regulate Ca 2+  movement into and out of that compartment, as well as 
the Ca 2+  buffering systems that determine the relationship between free and bound 
Ca 2+  levels. Understanding Ca 2+  dynamics at the whole-cell level requires such infor-
mation for  all  relevant compartments. This especially complicated because Ca 2+  
dynamics in all compartments are functionally coupled. The net Ca 2+  fl ux that drives 
changes in Ca 2+  concentration within the cytosol depends on Ca 2+  transport across the 
plasma membrane (PM) and between the cytosol and organelles, such as mitochon-
dria and the ER, which in turn depend on intraluminal Ca 2+  concentration within 
these organelles. In neurons, the net fl ux across the PM may include Ca 2+  infl ux 
through voltage-sensitive, synaptic, and leak channels and Ca 2+  effl ux via PM Ca 2+ -
ATPases and Na + –Ca 2+  exchangers. The dynamics of Ca 2+  within the organelles 
depend on their own specifi c collections of transporters and buffers (Fig.  26.1 ).  

 Although Ca 2+  signaling in various cell types shows many common features, 
there are differences in channel and receptor composition (different isoforms) as 
well as in the relative contribution of the various Ca 2+  handling systems not only 
between different cell types, but even between species. In addition, studies over the 
last few decades have revealed the enormous diversity of proteins contributing to 
Ca 2+  signals  [  15–  17  ] . Neurons along with muscle cells and some secretory cells, 
such as the cells in anterior pituitary gland and pancreatic  b -cells, are electrically 
excitable, and their Ca 2+  dynamics are largely controlled by generated membrane 
potential and Ca 2+  entry through voltage-dependent Ca 2+  channels. In contrast, store-
operated Ca 2+  entry is thought to be a major Ca 2+  entry mechanism in non-excitable 
cells  [  18  ] . Mechanisms fundamental to the control of Ca 2+  release from the ER (SR), 
which are executed mainly by two families of Ca 2+  channels, the ryanodine recep-
tors (RyRs) and inositol-1,4,5-trisphosphate (IP3) receptors, are distinctly different 
in different cell types. RyR isoform in skeletal muscles can be activated solely by 
membrane depolarization due to a direct link with the plasmalemmal L-type Ca 2+  
voltage-dependent channels. Cardiac cells use a related L-type channel to activate 
ryanodine receptors through Ca 2+ -induced Ca 2+  release (CICR). Neurons express 
multiple types of Ca 2+  channels and both pathways of Ca 2+  release via RyR and IP3 
receptor channels. The main function of neurons is to process and transmit informa-
tion. This transmission occurs via chemical and, in few locations, via electrical 
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synapses. A typical neuron has complex morphology and possesses a soma, branched 
dendrites, and a long axon. Moreover, spatial compartmentalization may result in 
local [Ca 2+ ] gradients within extremely confi ned spaces (e.g., dendritic spines). Ca 2+  
entry in neurons is generated also by Ca 2+  activation of synaptic (mainly, NMDA) 
receptors. Local calcium signaling is especially prominent at presynaptic active 
zones where calcium triggers neurotransmitter release and at postsynaptic densities 
where calcium signaling proteins are localized. Therefore, detailed neuronal models 
often have multiple electrical and several intracellular compartments. Other cell 
types, with the exception of skeletal muscle, are connected through gap junctions 
that allow direct electrical and chemical communication. For these cells, multicel-
lular models coupled through the gap junction diffusion of Ca 2+  and IP 

3
  can be cre-

ated to study the propagation of intercellular Ca 2+  waves  [  19–  21  ] . 

  Fig. 26.1    Calcium handling in a neuron.  CaCh  voltage-gated Ca 2+  channels,  NMDAR  NMDA 
receptors,  AMPAR  AMPA receptors, Glu  glutamate,  MGluR  metabotropic glutamate receptors, 
 PMCA  plasma membrane (PM) Ca 2+  ATPase,  NCX  PM sodium–calcium exchangers,  NCKX  PM 
potassium-dependent sodium–calcium exchangers,  PLC  phospholipase C,  PIP  

 2 
  phosphatidylinositol-

4,5-bisphosphate,  IP  
 3 
  inositol-1,4,5-trisphosphate,  DAG  diacylglycerol,  IP  

 3 
  R  IP 

3
  receptors,  RyR  

ryanodine receptors,  SERCA  sarco/endoplasmic reticulum Ca 2+ -transporting ATPases,  ER leak  
leak pathways from the endoplasmic reticulum,  MitUni  mitochondrial electrogenic Ca 2+  uniport-
ers,  MitNaCa  mitochondrial Na + –Ca 2+  exchangers,  SOC  store-operated channels,  B  endogenous 
buffers. Although most non-NMDA-type glutamate receptors exhibit minimal Ca 2+  permeability, 
Ca 2+  infl ux via AMPARs has been directly demonstrated in some types of neurons       
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 Development of neuronal Ca 2+  dynamics models was strongly infl uenced by 
comprehensive biophysical models of muscle, pancreatic  b -cells, and non-excitable 
cells. For example, models in cardiac myocytes have included a time-dependent 
description of Ca 2+  fl uxes across the sarcoplasmic reticulum with descriptions of 
electrical activity  [  22,   23  ] . Integrated models of calcium dynamics and mitochon-
drial energy metabolism have been developed for both cardiac myocytes  [  24  ]  and 
pancreatic  b -cells  [  25–  28  ] . Three-dimensional fi nite-element methods have been 
employed to model intracellular calcium responses in non-excitable cells using 
physiologically realistic ER geometry  [  29  ] . The latter models have no parallels in 
neurons. However, since intracellular Ca 2+  fl uxes were not measured in these stud-
ies, only semiqualitative comparisons between measured and simulated [Ca 2+ ] 
responses were possible, making it diffi cult to rigorously evaluate the correspond-
ing models. Numerous models of Ca 2+  oscillations have also been developed 
mainly for non-excitable cells (e.g.,  [  30–  38  ] ), cardiac myocytes (e.g.,  [  39–  45  ] ) 
and pituitary gonadotrophs  [  46,   47  ] . Moreover, experimental and theoretical anal-
yses of Ca 2+  oscillations in these cells have shown that global oscillations arise 
from locally initiated Ca 2+  waves, and that such a local mechanism leads to sto-
chastic oscillations  [  48–  51  ] . The dynamic compartmentalization of the cell by 
concentration gradients (microdomains) may prevent the establishment of deter-
ministic dynamics by the law of large numbers  [  52  ] . The multiplicity of length 
and time scales in such processes poses specifi c demands on the development of 
modeling tools that can deal effi ciently with the large concentration gradients and 
with the time scale range from molecular transitions to cell behavior. One of the 
recently developed approaches in this direction is to simulate active molecules 
individually as stochastic Markov chains while describing diffusion and bulk reac-
tions deterministically  [  52,   53  ] . This modeling paradigm  [  54  ]  may be useful also 
in neurons where spontaneous elementary Ca 2+  release events at dendritic branch 
points and locally initiated Ca 2+  waves were reported  [  55  ] . For now, such model-
ing platforms as NEURON  [  56  ] , GENESIS  [  57  ] , Virtual Cell  [  58,   59  ] , and MCell 
 [  60  ]  are available for simulating of deterministic and/or stochastic Ca 2+  dynamics 
in neurons.  

   Neuronal Ca 2+  Models: From Microdomains 
to the Whole Neurons 

 Computational modeling of Ca 2+  signaling in neurons dates from the works of 
Hodgkin and colleagues  [  61,   62  ]  where Ca 2+  diffusion and binding with immobile 
targets were modeled in the squid axon. Some later Ca 2+  diffusion, buffering and 
extrusion processes were simulated in the spherical neurons  [  63–  65  ]  and in the pre-
synaptic terminal ( [  66,   67  ] ; see  [  65  ]  for more comprehensive list of early models of 
Ca 2+  diffusion). 
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   Microdomain Models 

   Deterministic Models 

 Ca 2+  microdomains, or local elevations of [Ca 2+ ] 
i
  generated around the mouth of 

open ion channels, represent the basic building blocks of cytosolic Ca 2+  signals. 
Many computational models, the so-called “microdomain models”, have been 
developed to describe Ca 2+  signals produced by Ca 2+  entry restricted to discrete 
points. A very high Ca 2+  concentration of more than 100  m M in the immediate 
neighborhood of open Ca 2+  channels was fi rst postulated on the basis of numerical 
simulations of Ca 2+  diffusion at the presynaptic terminal  [  68,   69  ] . The existence of 
nanoscale coupling between Ca 2+  and Ca 2+ -activated K +  channels was soon experi-
mentally demonstrated by Roberts  [  70  ]  in saccular hair cells. Despite progress in 
improving the resolution of optical microscopes  [  3  ] , many features of neurons such 
as thin dendritic spines and the organization of presynaptic terminals as well as the 
very localized Ca 2+  transients within nanodomains caused by the infl ux of Ca 2+  
through a single Ca 2+  channel and within microdomains arising from the spatial 
summation of Ca 2+  entering from multiple channels  [  71  ]  are still inaccessible to 
direct experimental measurements. Therefore, investigation of local [Ca 2+ ] 

i
  dynam-

ics in these cases still relies on quantitative models. Extensive theoretical work has 
been done to obtain analytical steady-state solutions and approximations to Ca 2+  
buffering and diffusion  [  72–  79  ] . The simplest numerical models were developed for 
simulation of buffered Ca 2+  diffusion in a hemisphere around a source of Ca 2+  entry 
 [  80–  85  ] . Similar model geometry was utilized for simulating local [Ca 2+ ] 

i
  dynamics 

in a spine head following Ca 2+  entry through a cluster of NMDA receptor channels 
 [  86  ] . A number of comprehensive deterministic models examined buffered Ca 2+  dif-
fusion near an array of voltage-dependent Ca 2+  channels or separate active zones in 
hair cells  [  80,   87,   88  ] , chromaffi n cells  [  89  ] , neuromuscular junctions  [  90–  97  ] , and 
the calyx of Held  [  98  ] . Integrating the three-dimensional reaction–diffusion prob-
lem in Ca 2+  microdomains was facilitated by development of the CalC (“Calcium 
Calculator”) software  [  93  ] . These models did not include intracellular stores. Indeed, 
experimental studies show that synaptic microdomains do not depend on mitochon-
drial transport or Ca 2+ -induced Ca 2+  release (CICR;  [  99,   100  ] ). 

 Microdomains were modeled to help investigate the effects of free cytosolic 
[Ca 2+ ] ([Ca 2+ ] 

i
 ) on vesicle release or activation of large-conductance Ca 2+ -activated 

K +  channels. For example, the model of Roberts  [  80  ]  successfully predicted milli-
molar concentrations of a mobile endogenous buffer in frog saccular hair cells 
 [  101  ] , although the kinetic properties of calbindin signifi cantly differed from the 
values determined later by fl ash-photolysis of caged Ca 2+   [  102  ] . The differential 
ability of the fast chelator BAPTA and slow chelator EGTA to buffer Ca 2+  in the 
vicinity of channel pore, which was fi rst simulated by Stern et al.  [  73  ] , has been 
widely used for estimating the distance between the Ca 2+  channels and their targets 
(e.g.,  [  74,   83,   84,   98,   103  ] ). A Ca 2+  balance across the entire cell after Ca 2+  entry 
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through an array of individual Ca 2+  channels and its infl uence on vesicle release was 
examined in a model introduced by Klingauf and Neher  [  89  ] . To reproduce some 
properties of Ca 2+  transients at a release site, only a small fraction of the release-
ready pool was suggested to be colocalized with Ca 2+  channels. The model correctly 
predicted the observation that single action potentials (APs) evoke near-synchronous 
transmitter release with low quantal yield, whereas AP trains lead to desynchro-
nized release, but with severalfold increased quantal yield. Proposed on purely 
theoretical grounds, a mechanism for facilitation of AP-evoked Ca 2+  transients 
caused by the gradual saturation of endogenous buffers  [  89  ]  was later shown to 
underlie facilitation in neocortical terminals  [  104  ] . Matveev et al.  [  105  ]  used three-
dimensional modeling of buffered Ca 2+  diffusion to analyze the sensitivity of exocy-
tosis to Ca 2+  infl ux probed by different experimental protocols and demonstrated the 
distinction between the Ca 2+  current cooperativity, defi ned by the relationship 
between exocytosis rate and the whole-terminal Ca 2+  current magnitude, and the 
underlying Ca 2+  channel cooperativity, defi ned as the average number of channels 
involved in the release of a single vesicle. 

 Some microdomain models were used for testing hypothesis. Cooper et al.  [  90  ]  
tested the hypothesis that two active zones of a single synapse in close proximity 
can enhance the local increase in [Ca 2+ ] 

i
 . However, uncertainties in the values of 

endogenous buffering implied uncertainties in the estimation of the mean diffu-
sional distance between the fusion machinery and Ca 2+  channels and attempts to 
derive the topography of release sites in these studies was unsuccessful. In the 
model of Meinrenken et al.  [  98  ] , Ca 2+  infl ux, three-dimensional buffered Ca 2+  dif-
fusion, and the binding of Ca 2+  to the release sensor for the calyx of Held were 
simulated. Parameters in the simulations were constrained by electrophysiological 
and morphological measurements of the calyx. The concentration and the binding 
kinetics of the endogenous buffers and ATP were varied in the model to estimate 
the sensitivity of the predicted release probability to these parameters. The only 
crucial unknown parameters were the conductance of single Ca 2+  channels and the 
channel-vesicle topography at release sites. Initially, topography was assumed and 
subsequently the single Ca 2+  channel conductance was set to obtain the experimen-
tally observed release probability. Release was then simulated under nonphysio-
logical conditions, including added exogenous Ca 2+  buffers, lowered [Ca 2+ ] in the 
extracellular solution, and reduced open probability of Ca 2+  channels. The results 
of the model were compared with the experimental data and used to infer which 
topography was likely to be present at the calyx. Several other modeling studies 
focused on biophysically realistic implementation of mechanisms of synaptic 
facilitation. Using computer models of a crayfi sh motor bouton, the phenomenons 
of facilitation of Ca 2+  transients resulting from the two-site mechanism  [  92,   93  ] , 
the saturation of an endogenous Ca 2+  buffer  [  87  ] , and from slow Ca 2+  unbinding 
 [  94  ]  were examined. All these models can successfully reproduce the magnitude 
and the time course of facilitation recorded in the crayfi sh inhibitor neuromuscular 
junction as well as the reduction of facilitation by fast Ca 2+  buffers. However, the 
third hypothesis is most consistent with the experimental data and better repro-
duces the biphasic decay of facilitation.  
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   Stochastic Models 

 Given the relatively small number of Ca 2+  ions and buffer molecules involved, the 
stochastic nature of signaling becomes important, and Monte Carlo methods that 
rely on the simulation of random numbers and probabilities, are usually used. 
Simulating the Brownian motion of all individual molecules provides an accurate 
model of Ca 2+  dynamics, but for more than 10,000 molecules, this method becomes 
very time consuming. For a large number of molecules, it is suffi cient to integrate 
the reaction–diffusion equations directly, to use Monte Carlo methods that follow 
the fate of mass elements instead of individual molecules  [  106  ] , or to perform hybrid 
stochastic and deterministic simulations  [  53,   107  ] . The stochastic motion of Ca 2+  
ions, their binding to fi xed buffers and their release can also be described by the 
stochastic differential equations (Langevin equations;  [  108  ] ). 

 A stochastic approach was applied to modeling buffered diffusion of calcium 
ions near channel pores  [  109  ] , quantal vesicle secretion near microdomains  [  92, 
  96,   110–  119  ] , and calcium dynamics within single spines  [  120,   121  ] . In these stud-
ies, Monte Carlo methods were used to simulate the random-walk Brownian 
motion of individual molecules or groups of molecules, stochastic chemical inter-
actions, and the stochastic fl ickering of channels. Stochastic simulations have 
shown that deterministic calculations describe suffi ciently accurately average cal-
cium concentrations in the submembrane domain, at least for regions of 50–100 nm 
thickness, but stochastic channel openings and the possibility to study different 
confi gurations of channels gives a more realistic description of calcium dynamics 
near Ca 2+  channels  [  98,   105  ] . Moreover, the fl uctuations arising from the diffusion 
process only play a signifi cant role when the concentration of Ca 2+  at the calcium 
sensor is small, whereas stochastic openings of the Ca 2+  channels within the cluster 
have a large effect on the vesicle release probability when the cluster is located 
close to the sensor  [  117  ] . 

 Gil and Gonzalez-Velez  [  119  ]  simulated a set of experimental depolarizing-pulse 
protocols adopting a stochastic computational approach for determining the kinetic 
cooperativity of secretion at the calyx of Held where calcium thresholds are low in 
comparison to other presynaptic terminals and a low cooperativity for [Ca 2+ ] 

i
  was 

observed. The authors found that a reduction of the apparent value of the kinetic 
cooperativity can be obtained for a non-uniform spatial distribution of channels and 
for low calcium infl ux. Keller et al.  [  121  ]  used Monte Carlo simulations to develop 
an advanced model of Ca 2+  dynamics in such a spine (Fig.  26.2 ) that included volt-
age-gated Ca 2+  channels, NMDA receptors, Ca 2+  pumps, buffering by endogenous 
and exogenous buffers and extrusion by PM Ca 2+ -ATPases and Na + -Ca 2+ - exchang-
ers. In such a spine with the volume 0.125 fL, a resting calcium concentration of 
50 nM entails an average of only 4 free calcium ions. The model simulated the time 
series of open-closed transitions of voltage-dependent calcium channels and NMDA 
receptors, the random-walk Brownian motion of discrete diffusing molecules and 
concomitant chemical reactions in a complex three-dimensional environment refl ect-
ing realistic cell geometry. The simulations reproduced fl uorescence recordings in 
spines following both an AP and an excitatory postsynaptic potential. After matching 
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measurements at larger spatial scales, the model was used to investigate calcium 
dynamics at higher spatial and temporal resolution. The simulation results showed 
that approximations based on the assumption that calcium is well mixed within the 
spines are invalid. Strong calcium gradients can persist long enough to activate calm-
odulin in microdomains under conditions that lead to long-term depression or poten-
tiation. This suggests a possible mechanism underlying the induction of long-term 
changes in synaptic strength.  

 Monte Carlo methods are also useful for simulating with great accuracy three-
dimensional diffusion of large numbers of molecules with realistic cell geometries. 
Bortolozzi et al.  [  122  ]  recently developed a novel method that combines electro-
physiological recordings, fl uorescence imaging, and numerical simulations to 
deconvolve Ca 2+  signals within cytoplasmic microdomains that are not directly 
observable using available techniques. The method relies on the comparison of 
experimental data with calculations obtained using Monte Carlo simulation of dif-
fusion and chemical reactions and a realistic reconstruction of the relevant cell 
boundaries in three dimensions.   

  Fig. 26.2    Schematic representation of the model of Keller et al.  [  121  ] . To model a system with 
MCell, it is necessary to specify: (1) the geometry of the sub-cellular structures of the system, 
(2) the diffusion constants and initial locations of diffusing molecules, (3) the locations of trans-
membraneous molecules, (4) the reaction mechanisms and kinetic rate constants governing the 
interaction of diffusing molecules with each other and effector molecules ( a ) A segment of dendrite 
with a single spine ( grey ). A presynaptic bouton ( green ) was separated from the synaptic face of 
the spine by a 20 nm cleft. ( b ) Voltage-dependent calcium channels ( yellow ) were randomly dis-
tributed at low densities across the spine and dendrite membranes, whereas NMDA receptors ( red ) 
and AMPA receptors (not shown) were restricted to a patch centered on the synaptic face of the 
spine. ( c ) Calcium pumps were distributed evenly on the cell membrane. ( d ) Ca 2+  binding proteins 
were uniformly distributed in the interior (Reprinted from Keller et al.  [  121  ]  in accordance with 
open-access publication policy of PLoS ONE journal)       
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   Ca 2+  Dynamics in Compartmental and Spatial Models 
with Uniform Ca 2+  Entry and Uniform Distribution 
of Ca 2+ -Handling Systems 

 In this section we shall consider models with uniform Ca 2+  entry everywhere on the 
cell surface, which is not restricted to discrete points, and with uniformly distributed 
Ca 2+ -handling systems. Models with heterogeneous distribution of Ca 2+ -handling 
systems will be presented in a separate section below. If the processes under inves-
tigation are slow compared to the time required for diffusion and spatial equilibration 
of Ca 2+  and mobile buffers within cellular compartments, it may be feasible to use 
the spatial average of [Ca 2+ ] within compartments modeling a system by ordinary 
differential equations that contain functions of only one independent variable (time). 
A compartmental model contains one or several compartments, each containing 
well-mixed material. If Ca 2+  gradients are not negligible for time and spatial scale 
of signal development, a system is described by partial differential equations. In 
spatial models, an area is divided into a large number of similar units. The three 
choices for the numerical solution of partial differential equations are the fi nite dif-
ference method, the fi nite element method, and the fi nite volume method. The latter 
two methods are better suited to handle complicated geometry. 

   Compartmental Models of Ca 2+  Oscillations 

 If the goal is to investigate a particular behavior, e.g., Ca 2+  oscillations, developing 
a model that displays similar behavior may be useful even if precise knowledge of 
parameter values is lacking. A traditional approach is to consider a simplifi ed 
system and seek conditions and parameters that produce the behavior of interest. To 
simulate self-sustained Ca 2+  oscillations by a system of kinetic equations, at least 
two variables are needed. Several models  [  123,   124  ] , utilizing a single Ca 2+  pool to 
represent the ER, produced [Ca 2+ ] 

i
  oscillations and rhythmic membrane hyperpolar-

ization like those observed in bullfrog sympathetic ganglion cells in the presence of 
caffeine. The models included CICR via ryanodine receptors, active uptake into the 
ER, and Ca 2+  entry and extrusion across the PM. The model of Kuba and Takeshita 
 [  123  ]  employed nonlinear descriptions of Ca 2+  transport based on studies in other 
cells. The model of Friel  [  124  ]  was based on analysis of measured [Ca 2+ ] 

i
  relax-

ations following small perturbations that altered Ca 2+  entry across the PM and Ca 2+  
release from the caffeine-sensitive pool. It was found  [  124  ]  that these relaxations 
were quantitatively consistent with a one-pool model that described transport equa-
tions that are linear functions of the cytosolic and ER [Ca 2+ ] to approximate Ca 2+  
transport near the resting state. With the addition of a nonlinear [Ca 2+ ] 

i
 -sensitive 

Ca 2+  permeability to represent the caffeine-sensitive CICR pathway, it was possible 
to account for [Ca 2+ ] 

i
  oscillations. It was found that three measured components of 

the net Ca 2+  fl ux varied during the oscillatory cycle in a way that agreed with the 
corresponding fl uxes in the model. These results indicated that the oscillations are 
consistent with the interplay between a nonlinear CICR mechanism and a collection 
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of Ca 2+  transport and buffering systems operating within a range of the cytosolic and 
ER [Ca 2+ ] around the resting state. However, since the experimental observations 
that provided the basis for the modeling effort were spatial averages of cytosolic 
[Ca 2+ ], the results did not address subcellular non-uniformities in [Ca 2+ ] 

i
  during the 

oscillations. Subsequent studies revealed radial Ca 2+  gradients during the oscilla-
tions, indicating spatial non-uniformity of Ca 2+  transport in these cells  [  125,   126  ] . 

 Several other studies in neurons have shown that slow subcellular dynamics, i.e., 
the exchange of calcium between an intracellular store and the cytoplasm, may be 
responsible for the origin and control of the chaotic bursting activity in stomatogastric 
neurons  [  127,   128  ] . The models incorporated membrane conductances with intrac-
ellular Ca 2+  dynamics in the soma involving IP 

3
 -induced Ca 2+  release, Ca 2+  uptake 

into the ER, leak from the ER and extrusion across the PM. These models had a 
speculative character since the properties and the role of IP 

3
  receptors in stomato-

gastric neurons are still unknown.  

   Models as a Tool for Interpretation of Fluorescence Measurements 

 Ca 2+  indicators can signifi cantly disrupt normal Ca 2+  signaling since they directly 
bind Ca 2+  and, thus, act as Ca 2+  buffers. They decrease the amplitude, prolong the 
time course, and extend the spatial spread of intracellular [Ca 2+ ] 

i
  in comparison to the 

unperturbed state. If the Ca 2+  indicator is diffusible, even the localized detection of 
its signal does not report the local [Ca 2+ ]. Therefore, as long as synthetic Ca 2+  indica-
tors are used, Ca 2+  measurements have to rely on computer simulations to predict 
Ca 2+  diffusion in the absence of exogenous buffers. Genetically encoded indicators 
have the great advantage that they can be targeted to sites of interest with the means 
of molecular biology  [  129  ] . An ideal strategy to measure local [Ca 2+ ] 

i
  signals would 

be to target genetically encoded, non-diffusible Ca 2+  indicators, but the use of such 
indicators may create even more complicated problem since they can potentially 
interact not only with Ca 2+ , but also with other endogenous proteins  [  130  ] . 

 A number of models have been developed for interpretation of raw fl uorescence 
measurements. Some of these models represented a cell body subdivided into well-
mixed concentric shells (so-called, shell models) and a uniform calcium infl ux over 
the cell surface. These models were used to study distortions introduced by syn-
thetic Ca 2+  indicators on Ca 2+  signals, the role of immobile and mobile buffers, and 
the formation and dissipation of radial Ca 2+  gradients in the soma  [  131–  133  ]  and 
presynaptic terminal  [  134  ]  as well as of axial Ca 2+  transients in dendrites  [  135  ] . To 
create a model with a realistic three-dimensional geometry for prediction of calcium 
signals in the absence of indicator dye not only in the cytosol, but also in the nucleus, 
a uniform three-dimensional array of cubical voxels in the Virtual Cell modeling 
environment was used  [  136  ] . However, this model did not include intracellular Ca 2+  
stores. In contrast, Ca 2+  changes in sympathetic neurons were simulated using 
compartmental and spatial shell models that included both the cytosol and intra-
cellular pools. Some of these models were homogeneous, i.e. the cytosol, ER and 
mitochondria were assumed to coexist at every spatial point (e.g.,  [  12  ] ; see for 
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details below). In the other type of models (e.g.,  [  137  ] ), the cytosol and ER were 
treated as separate spatial domains. 

 Because of the resolution limits of confocal microscopy, models with uniform 
Ca 2+  changes in a small cell compartment, e.g., presynaptic bouton, spine, or 
dendritic segment, have been used to translate experimental fl uorescence measure-
ments into underlying calcium dynamics  [  138  ]  or to explore non-equilibrium 
dynamics of Ca 2+  binding  [  85,   139  ] . When the volume of the region of interest is 
substantially larger than the resolution limits of optical recordings, such a region 
has been represented by several well-mixed compartments, e.g. the spine and the 
region of the parent dendrite  [  140–  145  ] . This approach could be applied only to 
well-mixed systems, such as Purkinje neurons, which have a high Ca 2+  buffering 
capacity and, therefore, a large number of molecules, buffers and Ca 2+  ions within 
small volumes  [  142  ] . Compartmental models were also used to understand how dif-
ferent factors interact to determine Ca 2+  decay kinetics in the spines and dendrites of 
neocortical pyramidal  [  143  ]  and Purkinje cells  [  142  ]  and to extrapolate measured 
Ca 2+  kinetics to the case where exogenous buffers are absent.  

   Models as Tools for Analyzing the Role of Ca 2+  in the Induction 
of Synaptic Plasticity 

 For predicting Ca 2+  signals in hippocampal spines during different stimulation pat-
terns that lead to long-term synaptic changes, the simulation of Ca 2+  diffusion in the 
spine head and neck  [  146,   147  ]  or in the spine head, neck, and dendritic shaft  [  148, 
  149  ]  was performed. In these models, Ca 2+  entered through NMDA receptor-gated 
channels on the distal part of a spine head, diffused along the length of the spine to 
the dendritic shaft, and was also buffered and pumped out in each compartment. 
Ca 2+  diffusion was modeled using a one-dimensional diffusion equation. In some of 
the models, intracellular Ca 2+  stores  [  147,   150  ]  were included and/or diffusion of 
Ca 2+  and buffers was modeled in a three-dimensional space using fi nite element 
methods  [  141,   150  ] . Schmidt et al.  [  141  ]  showed that, as long as detailed informa-
tion on the localization of the Ca 2+ -dependent downstream signaling processes is 
unavailable, a two-compartmental model of Ca 2+  dynamics in the spine and the adja-
cent dendritic compartment and a spatially resolved fi nite element model yield 
strongly overlapping results. Cornelisse et al.  [  151  ]  measured both rise and decay 
kinetics of calcium in neocortical spines and dendrites by focusing a two-photon 
laser specifi cally on spines and their adjacent dendrites. The spine was modeled as 
a separate sphere and the dendrite was modeled as a separate cylinder. Radial diffu-
sion, buffering and extrusion were included in each cell compartment. The model 
showed that diffusion cannot explain faster Ca 2+  dynamics in spines and confi rmed 
the experimental fi ndings that a higher surface-to-volume ratio and a lower buffer 
capacity in spines both contribute to faster rise time kinetics. 

 Another spectacular modeling achievement is the simulation of signaling path-
ways in neurons. Because many signal transduction pathways interact with each 
other and often exhibit nonlinear dynamics, it is diffi cult to understand complex 
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cellular information processing on the basis of experiments alone. Computational 
kinetic simulation may make it possible to determine whether known signaling 
pathways are suffi cient to reproduce cellular events of interest. A kinetic model of 
Ca 2+  dynamics within a Purkinje dendritic spine  [  152  ]  contained 21 species, such as 
sarco/endoplasmic reticulum Ca 2+ -ATPases (SERCA), PM Ca 2+ -ATPases, Na + –Ca 2+  
exchanger, IP 

3
  receptor, AMPA receptors, etc. Ca 2+  signal transduction pathways, 

including release from the ER through IP 
3
  receptors, were simulated in full detail. 

A mature Purkinje dendritic spine was divided into three compartments, i.e. the 
cytosol, postsynaptic density, and ER. Because of the small volume of the spine, all 
compartments were assumed to be well-mixed and contain uniform concentration. 
From 96 parameters, only 13 were taken from the studies of Purkinje cells, while 
the others were estimated from experimental studies obtained in other cells, chemi-
cal reactions in test tubes and other molecular subtypes, or were simply assumed. 
The simulations reproduced the supralinear Ca 2+  response to conjunctive parallel 
fi ber and climbing fi ber stimulation and predicted that IP 

3
  receptors themselves may 

detect the temporal order of the changes in IP 
3
  and Ca 2+ . But this model did not take 

into consideration the diffusion out of the spine into the adjacent dendritic shaft or 
the unique  in vivo  sensitivity and density of IP 

3
  receptors in Purkinje cells. Certainly, 

with tens of equations and kinetic parameters, it is diffi cult to assess the reliability 
of the model. Recently, considerable progress has been made in the use of optimiza-
tion algorithms to automatically explore the whole model parameter space  [  153  ] . 
For example, the complex electrical activity of neurons can be reproduced with very 
different combinations of ionic channel maximum conductances, suggesting that a 
large parameter space is available for homeostatic mechanisms  [  153  ] . In the future, 
different parameter combinations will have to be tested systematically. However, 
parameter optimization is best carried out after establishing by experiment the valid-
ity of the descriptions of all transporters and buffers. 

 Simulations of the supralinear calcium spike observed experimentally during 
coincident activation of the parallel and climbing fi bers were carried out also in the 
spatial and compartmental models by Hernjak et al.  [  144  ] . All parameters describ-
ing IP 

3
 -induced Ca 2+  release, ER Ca 2+  uptake, and PM Ca 2+  extrusion were taken 

from neuroblastoma and chromaffi n cells. However, such properties of IP 
3
  recep-

tors, which are expressed in Purkinje cells, as a high density and a low sensitivity, 
were included in the models and the supralinear calcium response was successfully 
simulated. It was concluded that the features of Purkinje cells that contribute to the 
ability to generate localized Ca 2+  spikes in dendritic spines range from the bio-
chemical effects of buffer capacity and the unique properties of the IP 

3
  receptors to 

the diffusional barrier imposed by the spine neck. Volfovsky et al.  [  150  ]  in cultured 
hippocampal neurons and Schmidt and Eilers  [  142  ]  in Purkinje cells tested different 
spine-neck lengths and showed that a long neck isolates Ca 2+  signaling and calm-
odulin activation to the spine while stubby spines produce strong coupling between 
spines and the dendrite.  
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   Simulation of Calcium Dynamics in Large Neuronal Models 

 The construction of biophysical models of Ca 2+  dynamics in Purkinje cells, which 
have very complex morphology of their dendritic trees, was attempted by De 
Schutter and Smolen  [  154  ] . Their model included Ca 2+  infl ux through voltage-
dependent Ca 2+  channels, an immobile endogenous Ca 2+  buffer, an indicator dye, 
Ca 2+  extrusion by Ca 2+  pumps and Na + –Ca 2+  exchangers across the PM, CICR, IP 

3
 -

induced Ca 2+  release, Ca 2+  uptake, and leak from the ER. Some model parameters 
were taken from cardiomyocytes and most of the parameters of the CICR model 
were simply estimated. Moreover, Ca 2+  uptake compensated Ca 2+  release since its 
affi nity was lower whereas the experimental fi ndings show quite the opposite  [  155  ] . 
Only radial Ca 2+  diffusion was modeled. This model was considered as the same 
fi rst step towards understanding the Ca 2+  dynamics in Purkinje cells. Anwar et al. 
 [  156  ]  showed in their study that detailed Ca 2+  dynamics models that include endog-
enous Ca 2+  buffers identifi ed in Purkinje cells, calbindin and parvalbumin  [  140  ] , 
have signifi cantly better control over Ca 2+ -activated K +  channels and lead to physi-
ologically more realistic simulations of Ca 2+  spikes and bursting than phenomeno-
logical models. However, even without inclusion of CICR and IP 

3
 -induced Ca 2+  

release, computations of detailed models including various buffers and pumps 
appeared to be very time-consuming because of the radial diffusion in large cell 
compartments. Using a compensation mechanism to replace radial diffusion by an 
additional buffer largely eliminates the effect of removing diffusion from the model 
and reduces signifi cantly the program run time  [  156  ] .    

   Distinction Between Phenomenological and Experimentally 
Determined Descriptions of Transport and Buffering 

 Rigorously tested models require information about the quantitative properties of 
Ca 2+  handling in the cell under study. Unfortunately, a general problem in most 
existing models of Ca 2+  dynamics is a lack of experimental data that specify the 
properties and distribution of all Ca 2+  transport systems in the same cell type. Model 
parameters that have not been directly measured are usually taken from other cells 
or chemical reactions in test tubes. Using descriptions of Ca 2+  handling from mul-
tiple sources is potentially problematic, because due to the nonlinear nature of the 
Ca 2+  regulatory systems, errors arising from combining transport description from 
different cell types and from extrapolating measurements in reduced preparations to 
intact cells may result in different qualitative features of simulated Ca 2+  dynamics as 
compared with Ca 2+  dynamics in intact cells  [  157  ] . Transport parameters may be 
estimated from experimental results, but this requires that the correct Ca 2+  handling 
systems are included in the model, since otherwise the physical interpretation of 
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the fi tted parameters may be ambiguous. For example, Ca 2+  extrusion across the PM 
by Ca 2+ -ATPases and Na + -Ca 2+  exchangers is often modeled as one lumped process 
that may include Ca 2+  uptake into intracellular Ca 2+  pools (e.g.,  [  89,   138–  140  ] ). In 
this section, achievements in the realistic description of Ca 2+  handling systems and 
in the development of realistic integrated models of Ca 2+  dynamics will be 
described. 

   Realistic Description of Endogenous Ca 2+  Buffers 

 Much information has accumulated indicating that it may be unreasonable to model 
endogenous Ca 2+  buffers as a single buffer with a fast Ca 2+ -binding kinetics (e.g.,  [  89, 
  132  ] ) or to model buffering implicitly using a fast buffering approximation  [  75  ] . 
First, such a simplifi cation may miss important time-dependent events controlled by 
the kinetics of buffering. Second, the effects of Ca 2+  buffers during rapid neuronal 
Ca 2+  signaling are determined by nonequilibrium Ca 2+  dynamics, and it is possible 
to speak only about dynamic Ca 2+ -binding ratio in the nonequlibrium phase of Ca 2+  
transients. All endogenous Ca 2+  buffers have more than one Ca 2+ -binding site. 
Parvalbumin, one of the three most abundant Ca 2+ -binding proteins in neurons 
 [  158  ] , is a slow-onset buffer at physiological concentrations of Mg 2+ ; the other two 
proteins, calbindin-D28k and calretinin, have Ca 2+ -binding sites with slow and fast 
kinetics and bind Ca 2+  cooperatively  [  159  ] . Calmodulin and neuronal Ca 2+  sensors, 
which may also function as Ca 2+  buffers if present at suffi ciently high concentra-
tions, also bind Ca 2+  cooperatively  [  17  ] . For now, the fast kinetics of cooperative 
Ca 2+  binding has been resolved only for calretinin  [  160  ] . Recent simulations have 
shown that an essential property of calretinin is a delayed equilibration with Ca 2+ , 
which occurs only in several tens of milliseconds after a single AP ( [  85  ] ; Fig.  26.3 ). 
This happens because of the competition for Ca 2+  ions between Ca 2+ -binding sites 
with different kinetics. The buffering effect of calretinin depends on the initial 
[Ca 2+ ] 

i
   [  160  ] , speed of Ca 2+  infl ux, stimulus conditions, localization and presence of 

other buffers and can be mimicked, although incompletely, by a very wide range of 
the concentrations of fast synthetic indicators under different conditions  [  85  ] . The 
model predictions can be easily verifi ed by substituting known concentrations of 
recombinant calretinin in patch pipettes. Previously, the implications of nonequilib-
rium dynamics of Ca 2+  binding to numerous Ca 2+ -binding proteins for dendritic Ca 2+  
signaling following APs were explored numerically by Markram et al.  [  139  ] . It was 
suggested that nonequilibrium calcium dynamics is a potential mechanism for 
differential and conditional activation of intradendritic targets. Competitive Ca 2+  
binding was then demonstrated experimentally using Ca 2+  indicators with different 
kinetic properties  [  139  ] . In the study of Bortolozzi et al.  [  122  ] , it was shown that 
equilibrium conditions for an average whole-cell [Ca 2+ ] 

i
  are heavily perturbed by Ca 2+  

infl ux in response to 50 ms depolarization even in the presence of millimolar concen-
trations of fast buffers. Therefore, simulation of all endogenous Ca 2+  buffers with 
realistic kinetics is an important, but quite challenging task since the identifi cation 
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and localization of all Ca 2+  buffers as well as the concentrations and properties of 
identifi ed Ca 2+  buffers are not currently available for any neuronal types.  

 Nevertheless, considerable progress has been made by characterizing experimen-
tally the Ca 2+ -binding properties of calbindin-D28k and parvalbumin  [  102,   161  ] , 
estimating their diffusion constants from fl uorescence recovery after photobleaching 
recordings  [  162,   163  ] , and estimating the concentrations of these buffers in Purkinje 
cells  [  162,   164  ]  and the concentration of calbindin-D28k in hippocampal neurons  [  82  ] . 

  Fig. 26.3    Simulation of the equilibration of Ca 2+  with calretinin during and after a brief Ca 2+  infl ux 
evoked by an action potential in the presynaptic boutons of cerebellar granule cells. ( a ) Deviation 
of the calretinin Ca 2+ -bound sites from the instantaneous equilibrium with [Ca 2+ ] 

i
  in the absence of 

exogenous buffers. ( b ) Deviation of the Ca 2+ -bound sites of calretinin and Fluo-5F from the instan-
taneous equilibrium with [Ca 2+ ] 

i
  in the presence of 250  m M Fluo-5F. The concentration of calretinin 

was set at 700  m M. The kinetic schemes of Ca 2+  binding with calretinin are shown in the  upper 
panel . Calretinin is a Ca 2+ -binding protein with two pairs of cooperative binding sites (I-IV) with 
indistinguishable properties and one independent binding site (V) for Ca 2+ . The percentage devia-
tion from equilibrium of a given species of buffer at a given time was calculated as 100% (1 − [CaB]/
[CaB] 

EQ
 ), where [CaB] is the concentration of the buffer or Ca 2+ -binding sites and [CaB] 

EQ
  is the 

concentration of the buffer or Ca 2+ -binding sites that would be bound with the [Ca 2+ ] 
 i 
  under equilib-

rium conditions.  [Ca  
 2 
  (B  

 I 
  B  

 II 
  )]  is the concentration of all cooperative pairs of the Ca 2+ -binding sites 

of calretinin with two Ca 2+  bound,  [Ca(B  
 I 
  B  

 II 
  )]  is the concentration of the cooperative pairs with one 

Ca 2+  bound,  [CaB  
 V 
  ]  is the concentration of the Ca 2+ -bound form of independent Ca 2+ -binding sites 

of calretinin,  [CaFluo]  is the concentration of Ca 2+ -bound Fluo-5F,  k  
 on 

  (R and T) and  k  
 off 

  (R and T) 
are the association and dissociation rate constants for two identical pairs of cooperative binding sites 
((B 

I
 B 

II
 ) = (B 

III
 B 

IV
 )) depending on their Ca 2+ -binding status (“tensed” with a low affi nity for Ca 2+  or 

“relaxed” with a high affi nity for Ca 2+ ) and  k  
 on 

 (V) and  k  
 off 

  (V) are the rate constants for the indepen-
dent site (B 

V
 ) (Adapted from Saftenku  [  85  ] . With permission from Springer)       
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These buffers were explicitly included in the models of Ca 2+  dynamics in dendrites 
and spines of Purkinje cells  [  140–  142,   144,   145,   152,   165  ]  and in the model of Ca 2+  
microdomains in hippocampal neurons  [  82  ] . Although the exact quantity and local-
ization of the ubiquitous Ca 2+  sensor calmodulin remains poorly-characterized exper-
imentally, the kinetics of cooperative Ca 2+  binding of this buffer is suffi ciently well 
established, and this buffer was included, together with calbindinn-D28k, in the 
model of Ca 2+  dynamics in the spines of neocortical pyramidal cells  [  121  ] . 

 At present, uncertainties remain regarding uncharacterized Ca 2+  buffers. Another 
problem that may be important for realistic description of endogenous Ca 2+ -binding 
proteins is that the kinetic parameters of endogenous buffers and Ca 2+  indicators are 
often obtained in a test cuvette. There are only a few examples where the forward 
binding rate constants and dissociation constants of Ca 2+  indicators and lumped 
endogenous buffers were obtained experimentally  in vivo  (e.g.,  [  166,   167  ] ), but factors 
that infl uence indicator performance, such as ionic strength, osmolarity, pH, and pro-
tein environment, may differ from conditions  in vivo   [  168  ] . Cooperativity of Ca 2+  
binding  in vivo  also may differ from the cooperativity of Ca 2+  binding  in vitro   [  168  ] .  

   Models Based on Separation of Ca 2+  Fluxes in Intact Cells 

 Only a limited number of studies have addressed how Ca 2+  responses are defi ned by 
the Ca 2+  transport and buffering systems that operate in the same cells. It would 
seem that the simplest way to carry out an  in situ  characterization of Ca 2+  fl uxes 
generated by individual transport pathways would be to inhibit them selectively and 
observe the resulting changes in evoked Ca 2+  signals. However, because Ca 2+  han-
dling systems are functionally coupled through their dependence on the [Ca 2+ ], 
blocking one system has the potential to influence transport by other systems. 
A similar problem encountered in the study of membrane potential dynamics was 
solved by the introduction of the voltage-clamp technique. This technique made it 
possible to measure ionic currents at a constant membrane potential, thereby uncou-
pling the activity of different populations of voltage-sensitive ion channels and 
greatly facilitating analysis of the currents carried by these channels. Ideally, an 
analogous technique would make it possible to measure the net Ca 2+  fl ux across a 
cell membrane while fi xing the Ca 2+  concentration on both sides of that membrane. 
If this were possible, the component of the total fl ux generated by a particular trans-
porter could be determined based on the difference in the total fl ux before and after 
applying a specifi c Ca 2+  transport inhibitor. Moreover, by measuring the fl ux at 
different [Ca 2+ ] levels, it would be possible to characterize how Ca 2+  transport rate 
depends on [Ca 2+ ]. Unfortunately, such a technique has yet to be devised. 
Nevertheless, the formal similarity between Ca 2+  and voltage dynamics is strong 
enough to suggest that pursuing this line of reasoning might be productive. Just 
as the total charge fl ux (current) that drives changes in membrane potential is the 
sum of macroscopic currents carried by different populations of ion channels, the 
total Ca 2+  fl ux that changes the [Ca 2+ ] in a given cellular compartment is the sum 
of macroscopic Ca 2+  fl uxes representing the activity of different transporters. 
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Therefore, given specifi c Ca 2+  transport inhibitors, it should be possible to eliminate 
individual components of the total Ca 2+  fl ux, using the consequences to provide 
information about the corresponding fl ux component. Indeed, these ideas served as 
a foundation for classical work on Ca 2+  dynamics in skeletal  [  169–  172  ]  and cardiac 
muscle  [  173  ] . However, the question remains: how can one measure Ca 2+  fl ux com-
ponents in intact cells without a “Ca 2+  clamp”? 

 One approach to characterizing the component of current carried by voltage-
sensitive ion channels under voltage clamp is to start with a measure of the “leak” 
current carried by voltage-insensitive channels. The leak current can be measured 
based on the total current that fl ows when voltage-sensitive ion channels do not con-
duct current, either because they are blocked or permeant ions are absent. The critical 
property of the leak current that makes it useful for characterizing voltage-sensitive 
currents is that it depends only on voltage and not explicitly on time. This could hap-
pen if the underlying conductances are insensitive to voltage, or more generally, 
depend on voltage but adjust rapidly (or instantaneously) as the voltage changes. If 
the leak current has this property (the term “leak current” means that this property is 
satisfi ed), the component of the total current carried by voltage-sensitive channels at 
a particular voltage can be determined by measuring the total current before and after 
blocking the voltage-sensitive channels and taking the difference between the two. 
Such a current component may vary with voltage, and with time in a way that pro-
vides information about channel gating kinetics. This method requires that the leak 
current measured in the presence of channel blockers is the same as the current that 
fl ows via the same pathway in the absence of blockers, i.e. that the treatment used to 
block voltage-sensitive channels is selective. In much the same way, if there were a 
“leak” Ca 2+  fl ux that depends only on [Ca 2+ ] but not explicitly on time (e.g., because 
the underlying Ca 2+  transporters adjust rapidly to changes in [Ca 2+ ]), it would greatly 
simplify characterization of other components of the net Ca 2+  fl ux, e.g. those gener-
ated by Ca 2+  uptake and release by intracellular stores. These other fl ux components 
could be determined as the difference between the total Ca 2+  fl ux before and after 
blocking the “other” fl uxes, at corresponding values of [Ca 2+ ]. 

 An approach motivated by these concepts was used for separation and character-
ization of Ca 2+  fl uxes in fura-2 loaded sympathetic neurons  [  12,   155,   174–  177  ] . 
Flux characterizations were based on analysis of spatially averaged [Ca 2+ ] 

i
  during 

the recovery after depolarization-induced Ca 2+  entry. The net fl ux representing the 
rate at which Ca 2+  enters or leaves the cytoplasm per unit time per unit volume 
(scaled by a factor describing buffering strength) was determined by calculating the 
time derivative of [Ca 2+ ] 

i
 , which provides a measure of the net Ca 2+  fl ux entering the 

cytosol, and plotting this fl ux versus [Ca 2+ ] 
i
  throughout the response; this is analo-

gous to current–voltage relations used to characterize membrane currents. To study 
Ca 2+  dynamics without contributions from Ca 2+  uptake and release by internal stores, 
cells were stimulated after inhibiting mitochondrial and ER Ca 2+  uptake. Cells were 
depolarized under voltage clamp to open voltage sensitive Ca 2+  channels, leading 
to Ca 2+  entry and a rise in [Ca 2+ ] 

i
 . Following repolarization and Ca 2+  channel clo-

sure, the Ca 2+  current fell to zero, followed by a slower decline in [Ca 2+ ] 
i
  refl ecting 

a net fl ux that was uniquely defi ned by [Ca 2+ ] 
i
  at each point in time, making it suit-

able as a “leak Ca 2+  fl ux” for measuring other fl ux components ( [  175  ] ; Fig.  26.4 ). 
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  Fig. 26.4    Analysis of a measured Ca 2+  response elicited by membrane depolarization in a sympa-
thetic neuron under voltage clamp when [Ca 2+ ] 

i
  dynamics depend on voltage-sensitive Ca 2+  entry, 

Ca 2+  extrusion and cytoplasmic Ca 2+  buffering strength (see diagrams,  top right ). Ca 2+  uptake by 
mitochondria and endoplasmic reticulum were inhibited with the protonophore FCCP and thapsi-
gargin, respectively. ( a ) Depolarization-induced [Ca 2+ ] 

i
  response, illustrating from top to bottom, 

voltage protocol, Ca 2+  current (I 
Ca

 ) and time course of [Ca 2+ ] 
i
 . Points show [Ca 2+ ] 

i
  based on fura-2 

fl uorescence measurements. Numbers 1–5 indicate stages of the response that can be related to the 
underlying fl uxes. Continuous curve is a reconstruction of the response based on measurements of 
Ca 2+  handling in the same cell. ( b ) Plot of net Ca 2+  fl ux versus [Ca 2+ ] 

i
  . Net fl ux (J 

Net
 ) was measured 

from the Ca 2+  response by taking the time derivative of [Ca 2+ ] 
i
  at each time with the negative sign. 

The derivative represents the net cytoplasmic Ca 2+  fl ux (Ĵ 
net

 , mol/s) divided by compartmental vol-
ume (v 

i
 ) scaled by (1 + k 

i
 ), where k 

i
  is the cytoplasmic Ca 2+  buffer ratio describing the relationship 

between changes in bound and free calcium concentrations. During the recovery, measurement of 
J 

Net
  provides a quantitative description of the rate of Ca 2+  extrusion (J 

Extru
 ,  red ) and its dependence 

on [Ca 2+ ] 
i
 . Fitting a smooth curve to J 

Net
  during the recovery ( top ) provides a quantitative description 

of the [Ca 2+ ] 
i
  dependence of J 

Extru
 . This can be used to calculate the Ca 2+  fl ux component (J 

VSCC
 ) 

representing Ca 2+  entry via voltage sensitive Ca 2+  channels as the difference between J Net  during 
depolarization and after repolarization at corresponding values of [Ca 2+ ] 

i
  . ( c ) Plot of Ĵ 

net
 /v 

Cell
  and 

its components versus [Ca 2+ ] 
i
  . These fl uxes were obtained from the fl ux measurements in ( b ) 

by multiplication with the measured buffering factor f 
i
 (1 + k 

i
 ). Ĵ 

net
 /v 

Cell
  follows I 

Ca
  during depo-

larization. ( d ) Time course of Ĵ 
net

 /v 
Cell

  and its components during the response, illustrating how the
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The net mitochondrial Ca 2+  fl ux was determined as the difference between the net 
cytosolic Ca 2+  fl ux before and after blocking mitochondrial Ca 2+  transport, at cor-
responding values of [Ca 2+ ] 

i
 , under conditions where ER transport is blocked. An 

analogous approach was used to characterize the net ER Ca 2+  fl ux, during cells were 
exposed to an inhibitor of mitochondrial Ca 2+  transport.  

 To study components of the net mitochondrial Ca 2+  fl ux, this fl ux was measured 
under conditions that prevent Ca 2+  release by the mitochondrial Na + –Ca 2+  exchanger, 
using either Na + -free pipette solutions or treatment with the specifi c Na + –Ca 2+  
exchange inhibitor CGP 37157. The remaining Ca 2+  fl ux showed a steep [Ca 2+ ] 

i
 -

dependence as expected for the mitochondrial uniporter. One intriguing fi nding was 
that mitochondrial Ca 2+  uptake occurs at low Ca 2+  levels, as low as 200–300 nM. 
The rate of Ca 2+  release via the mitochondrial Na + –Ca 2+  exchanger was measured as 
the CGP-sensitive component of the total mitochonrial Ca 2+  fl ux in cells where the 
exchanger was enabled by including Na +  in the pipette solution. This fl ux was found 
to increase in a saturable manner as the mitochondrial Ca 2+  load increeased, as 
expected based on known properties of the exchanger  [  175,   176  ] . Descriptions of 
ER Ca 2+  uptake and release fl uxes can be obtained in a similar manner  [  177  ] . 

 The next step was to determine whether characterizations of the Ca 2+  fl uxes are 
suffi cient, when taken together, to account quantitatively for depolarization-induced 
Ca 2+  responses in the absence of transport inhibitors. In each case, measured Ca 2+  
responses were compared with calculated responses deduced through simulation 
using quantitative descriptions of Ca 2+  transport and buffering. Since the predomi-
nant cytosolic buffer in the experiments was fura-2, which acts as a fast, mobile 
buffer, the fast buffering approximation was implemented, and quantifi ed based on 
the relationship between the rate at which [Ca 2+ ] 

i
  rises under the infl uence of Ca 2+  

entry at different [Ca 2+ ] 
i
  levels. It was shown  [  12  ]  that when these characterizations 

were incorporated into a model that assumes cytoplasmic Ca 2+  is uniformly distrib-
uted, it was possible to account quantitatively for responses to weak depolarization, 
but not responses to stronger depolarization when radial [Ca 2+ ] 

i
  gradients are 

expected to be steep. However, a diffusion model that incorporated the same trans-
port and buffering descriptions but considered radially non-uniform Ca 2+  signals 
accounted for the observed responses elicited by strong depolarization. 

Fig. 26.4 (continued) interplay between these fl uxes accounts for the dynamics of [Ca 2+ ] 
i
  during 

and after depolarization. (Inset between ( b ) and ( c )) Plot of buffering factor f 
i
 (1 + k 

i
 ) versus [Ca 2+ ] 

i
 . 

Smooth curve shows fi t by an equation describing the [Ca 2+ ] 
i
  dependence of buffering strength 

derived using the fast buffer approximationthat includes both endogenous and exogenous (fura-2) 
Ca 2+  buffers. The measure of buffering strength is the product of (1 + k 

i
 ) and the fraction of cell 

volume (f 
i
 ) occupied by cytoplasm. Using the [Ca 2+ ] dependencies of J 

Extru
  ( b ) and buffering 

strength (inset), along with the measured time course of I 
Ca

  ( a ) to describe Ca 2+  entry, it is possible 
to reconstruct the entire response (see smooth curve, ( a )). This provides validation for the methods 
used to measure and characterize the fl ux and buffering systems (J 

Extru
 , JVSCC and buffering 

strength) and the use of the same description of J 
Extru

  throughout the response (Reprinted from Friel 
and Chiel  [  157  ] . With permission from Elsevier)       
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 This approach for measuring and characterizing Ca 2+  fl uxes in intact cells can be 
applied to other cells, subject to the conditions that (i) the Ca 2+  concentration is 
approximately spatially uniform within membrane delimited compartments, which 
can be promoted by inclusion of a fast, rapidly diffusing, Ca 2+  indicator/buffer, (ii) 
the fast buffer approximation applies, and (iii) a component of the net Ca 2+  fl ux can 
be isolated that depends on [Ca 2+ ] but not explicitly on time. Extension to the more 
general case where [Ca 2+ ] is spatially non-uniform within compartments, buffering is 
slow, and transport systems are non-uniformly distributed, is possible as long at mea-
surements of [Ca 2+ ] 

i
  at the sites of transport and buffering are available. For adequate 

description of Ca 2+  transport pathways on high Ca 2+  microdomains  [  178  ] , e.g., 
between the ER and mitochondrial membranes, more complex models combining a 
detailed model of a microdomain with a model of entire cell may be necessary.   

   Models of Ca 2+  Dynamics with Heterogeneous 
Distribution of Ca 2+  Handling Systems 

 There is mounting evidence that selective triggering of neuronal functions is 
achieved through spatial localization of Ca 2+  signals  [  19,   71,   179  ] . The heteroge-
nous subcellular distribution of Ca 2+  channels, pumps, exchangers, ER, and 
mitochondria allows extracellular stimuli to induce Ca 2+  signals with highly defi ned 
spatial and temporal patterns  [  180  ] . However, the distribution of all Ca 2+  handling 
systems is rarely known. Moreover, it is necessary to predict how all these systems 
will interact to obtain a specifi c Ca 2+  response. 

 Several models studied the formation of localized Ca 2+  transients in dendrites. 
Goldberg et al.  [  181  ]  examined which parameters most profoundly affect spatial 
localization of Ca 2+  transients in aspiny dendrites of neocortical interneurons, and 
found that it is most sensitive to fast calcium infl ux through calcium-permeable 
AMPA receptors, calcium extrusion, and fi xed buffer capacity. In cerebellar stellate 
cells, the diffusion of Ca 2+  is severely retarded due to interactions with parvalbumin 
and a general restriction of small molecule mobility  [  182  ] . The calculation of the 
Ca 2+  spread showed that, in the absence of Ca 2+  indicators, Ca 2+  is highly localized 
to small stretches of dendrite near the active synapse even during prolonged, repeti-
tive stimulation. By combining two-photon calcium imaging experiments in acute 
slices with computer simulations, Schmidt et al. [  165  ]  studied the formation of a 
standing gradient of Ca 2+  in distal dendrites of Purkinje cells evoked by a stimula-
tion paradigm, which is known to induce parallel fi ber-mediated long-term depres-
sion. The numerical simulations suggested that Ca 2+  extrusion and calbindin-based 
Ca 2+  transport balance each other and determine the steepness of the gradient over a 
distance of ~13  m m, while the amplitude of the plateau Ca 2+  and the Ca 2+  buffer 
parvalbumin are of minor importance. The predicted role of buffered diffusion was 
tested by performing experiments with a substantially increased amount of exogenous 
buffer in the pipette solution. Saftenku  [  183  ]  examined whether heterogeneities in 
the distribution of Ca 2+ -handling systems or cell morphology can account for the 



59126 Combined Computational and Experimental Approaches…

formation of [Ca 2+ ] 
i
  gradients in the dendrites of cerebellar granule cells during 

depolarization and synaptic stimulation, exploiting various combinations of Ca 2+  
handling systems (endogenous buffers, calcium channels, extrusion mechanisms, 
and mitochondria). For this purpose, the following integrated approach was applied 
 [  184  ] : (i) investigating the cases of increasing complexity, comparing the measured 
and simulated [Ca 2+ ] 

 i 
  responses; (ii) testing various hypotheses about the distribu-

tion and properties of Ca 2+  handling systems in the context of a realistic description 
of cell morphology and model parameters and rejecting those hypotheses that do 
not match experimental results; (iii) simulations within all the space of allowable 
ranges of uncertain parameters and their combinations; (iv) in the case of the absence 
of experimental data, the use of the least favorable for a particular hypothesis 
parameters. This approach is likely to be useful for the initial stage of spatial model-
ing in the absence of complete experimental data. The results of simulations 
supported the hypothesis that fi xed Ca 2+  buffers and Ca 2+  channels are very hetero-
geneously distributed in granule cells. The critical measurements to discriminate 
between different hypotheses were proposed. 

 The model of Fink et al.  [  11,   185  ]  represents one of the most successful exam-
ples of combined experimental and computational approaches for explanation of 
the spatial and temporal patterns of intracellular calcium signals. In neuroblastoma 
cells, saturating levels of bradykinin stimulate robust and reproducible calcium 
waves that always follow the geometric pattern of initiating in the neurite and 
propagating to the growth cone and soma. To understand how a particular agonist 
triggers a specifi c cellular calcium response, a series of calcium imaging experi-
ments were performed. At fi rst a model with the simplest possible set of assump-
tions was built. This model suggested that bradikynin receptors were evenly 
distributed along the PM, the ER was uniformly distributed within the cytosol, and 
the SERCA and IP 

3
  receptors were both evenly distributed within the ER mem-

brane. This initial model produced a much higher calcium signal in the neurite 
than in the soma (Fig.  26.5 ). This result was a consequence of the higher levels of 
IP 

3
  in the neurite compared to the soma and this, in turn, was a consequenceof the 

higher surface to volume ratio in the neurite. Then, it was suggested that higher 
transient levels of IP 

3
  in the neurite are compensated by a higher density of the ER 

in the soma. This hypothesis was tested by extensive immunofl uorescence imaging 
of ER markers, IP 

3
  receptors, bradykinin receptors, and pumps. It was found that 

the ER density was, indeed, approximately twofold higher in the soma than in the 
neurite, while SERCA and IP 

3
  receptors appeared to be evenly distributed along 

the ER membrane. The concentration of bradykinin receptors was the highest in 
the neurite.  

 Although the distribution of bradykinin receptors initially seemed strikingly cor-
related with the initiation point of the calcium wave, the ER distribution was dem-
onstrated to bias the initiation point toward the soma. Additionally, the simulations 
predicted the high surface-to-volume ratio in the thinnest part of the cell and most 
rapid IP 

3
  accumulation in this part of the cell. The hypothesis that the concentration 

of IP 
3
  in the cytosol ([IP 

3
 ] 

i
 ) is biased toward the neurite was supported by uncaging 

experiments. When uniform [IP 
3
 ] 

i
  was produced throughout the cell by global 
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uncaging, [Ca 2+ ] 
i
  was signifi cantly higher in the soma than in the neurite. The simu-

lations suggested the possibility of estimating experimentally inaccessible compo-
nents (such as [IP 

3
 ] 

i
  and open probability of the IP 

3
 -gated channel) and showed that 

literature-based estimates of IP 
3
  concentration for the bradykinin-induced IP 

3
  sig-

nals were too low to evoke calcium release in the model. Therefore, the measure-
ments using standard radioligand binding assays on a cell population were carried 
out. The basal IP 

3
  concentration was measured to be 15-fold higher than the previ-

ous estimate, and the maximum stimulated level was almost two orders of magni-
tude higher. These levels provided a suffi cient stimulus for calcium release in the 

  Fig. 26.5    Simulation results for the cytosolic [Ca 2+ ] following stimulation by external application 
of 500 nM bradykinin. Simulations were run for the best-fi t parameters to match experimental 
results, and four variations of this simulation (with all other features being identical): uniform 
bradykinin receptor distribution across the plasma membrane, uniform endoplasmic reticulum 
(ER) (and inositol 1,4,5-trisphosphate and sarcoplasmic/endoplasmic reticulum Ca 2+  ATPases) dis-
tribution throughout the cytosol, absence of calcium indicator (fura-2), and no calcium diffusion 
(which entails the absence of calcium indicator along with setting the diffusion coeffi cient of cal-
cium to zero). [Ca 2+ ] has been pseudocolor-scaled with each column so that the maximum value is 
 red . The fi rst row shows the ER distribution that pertains to each column . The lower is the ER 
distribution, the darker is the  gray  scale. Below each column are plots of the cytosolic [Ca 2+ ] versus 
time for a point in the soma or neurite (indicated by the  yellow  or  green dots  on the 0.8 s image of 
the fi rst column) (Reprinted from Fink et al.  [  11  ] . With permission from Elsevier)       
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model and were later confi rmed via quantitative IP 
3
  uncaging experiments. Results 

from the simulations supported the hypothesis that an interplay of cell shape (sur-
face-to-volume ratio of neurite versus soma) and intracellular distribution of ER is 
suffi cient to explain the pattern of calcium release. The model was able to predict a 
number of experimental results, e.g., the altered spatial pattern of the calcium signal 
for uncaging IP 

3
 , the spatiotemporal pattern of calcium dynamics for cells with dif-

ferent morphologies, and the calcium responses to focal applications of bradykinin. 
This study clearly demonstrated the power of image-based spatial modeling when 
used together with measurements based on Ca 2+  imaging.  

   Conclusions 

 The use of detailed computational models with biologically realistic features is 
fruitful for interpreting optical imaging data and understanding how the specifi c 
Ca 2+  regulatory mechanisms defi ne [Ca 2+ ] elevations in the cells. Many models 
have been developed to account for Ca 2+  dynamics in neurons, but a general prob-
lem of most of these models is a lack of parameters derived from the experiments 
with the same whole cells. Recently developed methods for measuring and charac-
terizing Ca 2+  fl uxes  in situ  can be used to provide rate descriptions of Ca 2+  transport 
in isolated neurons  [  157  ] . This approach helps to explain how the distribution and 
interplay between Ca 2+  transport systems described in the same cells orchestrate 
measured Ca 2+  responses. Moreover, it gives the possibility to predict the infl uence 
of pharmacological perturbations or specifi c mutations linked to human genetic 
diseases on calcium levels in the cell. Although the application of this approach is 
still limited when Ca 2+ -handling systems are distributed heterogeneously and when 
neurons, especially with large dendritic trees, are studied in slices, the develop-
ment of optogenetic techniques provides a promising tool for determining distribu-
tions of Ca 2+ -handling systems and properties of endogenous calcium buffers and 
other proteins  in vitro  and  in vivo . Future models, probably, will incorporate 
detailed structural information about an entire cellular cytosol, organelles, and 
about the properties and distribution of the sets of regulators of Ca 2+  handling. 
Considerable progress of making faster and higher resolution Ca 2+  measurements, 
on the one hand, and continual growth in computer power and creation of new 
integrated simulation algorithms that can run realistic models within reasonable 
computation time, on the other hand, result in merging of theory with experiment. 
This process is accelerated by the development of model description languages 
based on XML (Extensible Markup Language) that enables interoperability across 
multiple simulation environments  [  186  ] . Hopefully, computational science and 
cell biology will develop with a close interdependence, such that model predictions 
will inspire new experiments with discrepancies between theory and experiment 
serving as the impetus for model refi nement.      
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  Abstract   The spatiotemporal distribution of cytosolic Ca 2+  ions is a key determinant 
of neuronal behavior and survival. Distinct sources of Ca 2+  ions including ligand- 
and voltage-gated Ca 2+  channels contribute to intracellular Ca 2+  homeostasis. Many 
normal physiological and therapeutic neuronal functions are Ca 2+ -dependent, how-
ever an excess of cytosolic Ca 2+  or a lack of the appropriate balance between Ca 2+  
entry and clearance may destroy cellular integrity and cause cellular death. Therefore, 
the existence of optimal spatiotemporal patterns of cytosolic Ca 2+  elevations and 
thus, optimal activation of ligand- and voltage-gated Ca 2+  ion channels are postu-
lated to benefi t neuronal function and survival. Alpha7 nicotinic  acetylcholine 
receptors (nAChRs) are highly permeable to Ca 2+  ions and play an important role in 
modulation of neurotransmitter release, gene expression and neuroprotection in a 
variety of neuronal and non-neuronal cells. In this review, the focus is placed on  a 7 
nAChR-mediated currents and Ca 2+  infl ux and how this source of Ca 2+  entry com-
pares to NMDA receptors in supporting cytosolic Ca 2+  homeostasis, neuronal func-
tion and survival.  
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   Ligand- and Voltage-Gated Sources of Ca 2+  Ions 

   Background 

 Changes in cytosolic Ca 2+  levels act as a messenger relaying information from the 
cellular membrane to the cellular cytoplasm and the nucleus. In neurons and other 
excitable cells, this message encodes the amplitude and duration of activation of 
voltage- and/or ligand-gated ion channels. The cellular response then includes a 
sequence of intracellular biochemical reactions that alter the expression and func-
tion of genes and proteins. In healthy neurons, the expression of different Ca 2+  
sources and the spatiotemporal patterns of Ca 2+  entry are well-balanced and an ade-
quate match between Ca 2+  demand and supply is usually observed. However, when 
Ca 2+  sources become dysfunctional due to age, disease, or trauma, persistent imbal-
ance in Ca 2+  entry and clearance destroys cellular integrity, leading to cellular 
 damage, dysfunction, and excessive proliferation or death depending on the type of 
cells and the strength of the insult. Neuronal damage or loss may result in severe 
chronic neurodegenerative conditions including sensorimotor defi cits and dementia. 
Therefore, a tight but subtle control of cytosolic Ca 2+  levels is required for neuronal 
health, development and function. Understanding the pharmacology and mecha-
nisms of cytosolic Ca 2+  messaging is essential for developing successful preventa-
tive strategies and treatments for neurodegenerative conditions associated with 
aging, dementia and brain trauma.  

   Inadequate vs. Optimal Ca 2+  Entries and Neuronal Fate 

 An important common motif in the livelihood of central neurons is the existence of 
an optimum in the cytosolic Ca 2+  concentration ([Ca 2+ ] 

i
 ) and the spatiotemporal pat-

terns of cytosolic Ca 2+  elevations. This optimum promotes neuronal survival and 
delivers functional benefi ts to neurons. The farther [Ca 2+ ] 

i
  is from its optimum, the 

greater is the likelihood of neuronal damage and death. Accordingly, excessive ele-
vations in [Ca 2+ ] 

i
  mediated by excessive activation of ligand- and/or voltage-gated 

Ca 2+  ion channels have been associated with a loss of neuronal function and neu-
ronal death (see, for instance,  [  1–  11  ] ). Moreover, in a number of  in vivo  and  in vitro  
experimental models of normal aging and Alzheimer’s disease (AD), elevated levels 
of cytosolic Ca 2+  have been linked to age- and disease-related dysregulations in the 
function of voltage-gated Ca 2+  ion channels (VGCCs) and N-Methyl-D-Aspartate 
(NMDA) receptor-mediated ion channels  [  2,   3,   6,   7,   10–  17  ] . Conversely, moderate 
elevations in [Ca 2+ ] 

i
 , for example, via a K + -induced depolarization or weak persis-

tent activation of highly Ca 2+ -permeable  a 7 nicotinic acetylcholine receptors 
(nAChRs) have been shown to protect neurons from death in a variety of toxicity 
models  [  18–  28  ] . In addition, some biologically active  compounds (e.g., estrogen, 



60527 α7 nAChRs and Ca2+ Optimum

insulin-related growth factor 1 and positive allosteric modulators of  a 7 nAChRs) 
potentiate Ca 2+  permeable voltage- or ligand-gated ion channels and increase Ca 2+  
infl ux  [  29–  37  ]  which can be neuroprotective and cognitively benefi cial. 

 Originally, the concept of excitotoxicity linked neuronal injury to excessive ele-
vations in [Ca 2+ ] 

i
  which resulted from activation of a variety of Ca 2+  sources includ-

ing ligand- and voltage-gated Ca 2+  ion channels  [  38  ] . As such, the “Ca 2+  set-point” 
hypothesis was introduced, proposing four stages of neuronal responsiveness to 
elevation in [Ca 2+ ] 

i
  elicited by K + -dependent depolarization or electrical stimulation 

 [  1,   22,   39  ] : (1) a lack of neuroprotection in the near absence of cytosolic Ca 2+  regard-
less of neurotrophic support (stage 1); (2) neuronal survival in the presence of nor-
mal cytosolic Ca 2+  (~100 nM) with neurotrophic support (stage 2); (3) neuronal 
survival in the presence of moderate elevation in cytosolic Ca 2+  (~200 nM) regard-
less of neurotrophic support (stage 3) and (4) an excess (>1  m M) of Ca 2+  and neu-
ronal death (stage 4). Although the Ca 2+  set-point hypothesis supported the concept 
of Ca 2+  optimum for neuronal survival and function, it did not explain the role of 
specifi c pathways of Ca 2+  entry leaving a key question unanswered: can an elevation 
in [Ca 2+ ] 

i
  be optimal regardless of the pathway of Ca 2+  entry?  

   Role of NMDARs 

 Further studies revealed that elevations in [Ca 2+ ] 
i
  are derivatives of a more ele-

mentary chain of events consisting of Ca 2+  entry and intracellular Ca 2+  processing. 
According to this concept, neuronal fate (i.e., survival or death) is predominantly 
determined by the source of Ca 2+  entry rather than [Ca 2+ ] 

i
   [  40  ] : i.e., Ca 2+  ions 

entering the cell via NMDARs are much more likely to cause damage to the cell 
than similar amounts of Ca 2+  ions entering the cell via VGCCs. In fact, VGCC-
mediated elevations in [Ca 2+ ] 

i
  are more likely to be neuroprotective than neuro-

toxic (see above and  [  1,   20,   22,   24,   39,   41  ] ). However, moderate activation of 
NMDARs during preconditioning in low concentrations of glutamate (<50  m M) 
as well as activation of nAChRs by nicotine have also been found to promote 
neuronal survival (see below and  [  41–  44  ] ). In general, a proper investigation of 
neuroprotective and neurotoxic effects of individual Ca 2+  sources requires selec-
tive pharmacological tools because multiple Ca 2+  sources often act in conjunction 
resulting in a cumulative elevation in [Ca 2+ ] 

i
  and emergent response properties 

 [  45–  48  ] . 
 The NMDAR-dependent pathways of cytosolic Ca 2+  regulation are complex as 

both excessive activation and blockade of NMDARs promote neuronal death 
 [  5,   49–  51  ] , while moderate activation of NMDARs is absolutely required for normal 
neuronal development and function. As a result, a key challenge in development of 
NMDAR-based therapies is introduced by a possibility that the same agent (e.g., 
NMDAR antagonist) or process (e.g., NMDAR activation) can be both neuroprotec-
tive and neurotoxic depending on the neuronal status and the phase, intensity and 
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duration of ongoing neuronal damage. Therefore, the therapeutic index (i.e., the 
ratio of the lethal dose to the therapeutic dose) of many NMDAR agents would be 
expected to be variable, case-dependent and  £ 1 on average. 

 A pool of functional NMDARs can be subdivided into synaptic and extrasynaptic 
based on their location relative to the synaptic cleft. Recent studies have started to 
explore an intriguing possibility that activity of synaptic and extrasynaptic NMDARs 
defi nes neuronal fate  [  50,   51  ] : activation of synaptic NMDARs leads to neuropro-
tection, while activation of extrasynaptic NMDARs is neurotoxic. Therefore, the 
overall intensity of NMDAR activation may not be as defi ning for the fate of neu-
rons as the fraction of synaptic vs. extrasynaptic NMDAR activation. According to 
this hypothesis, Ca 2+  ions entering neurons through extrasynaptic NMDARs are the 
most harmful. The basis for differences between the effects of synaptic and extra-
synaptic NMDARs is not well-understood, but may include at least three factors, as 
discussed by  [  50  ] : (1) differences in the intracellular signaling pathways; (2) differ-
ences in the NMDAR subunit composition; and (3) differences in the activation 
profi les (e.g., synaptic NMDARs are typically activated by high transient concentra-
tions of synaptic glutamate (~1 mM); while extrasynaptic NMDARs are activated 
by persistent, but relatively low concentrations ( £ 1  m M) of ambient glutamate). 
However, the division of NMDARs into synaptic and extrasynaptic may be rather 
provisional because NMDARs can move laterally between synaptic and extrasynap-
tic sites  [  52  ] . This behavior is not unique to NMDARs and has also been observed 
in  a -amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs) 
 [  53  ]  and  a 3-/ a 7-containing nAChRs  [  54  ] . 

 Moreover, direct measurements of extracellular glutamate levels  [  55  ]  as well as 
experimental and computer modeling of glutamatergic synaptic transmission and 
spillover  [  56–  58  ]  suggest that even after relocation to extrasynaptic sites (i.e., up to 
several micrometers away from presynaptic release site), NMDARs do not become 
independent of synaptic stimulation as they can still be activated by synchronous 
glutamate spillovers originating from multiple active glutamatergic synapses 
 [  59,   60  ] . The effectiveness of glutamate spillover in activation of extrasynaptic 
NMDARs and cross-talk between adjacent synapses directly results from morpho-
logical and release properties of central punctate glutamatergic synapses  [  56,   61  ]  
and kinetic properties of NMDARs: i.e., high potency (EC 

50
  ~ 3  m M,  [  62  ] ) and 

incomplete desensitization  [  63,   64  ] . Consistent with these views, the otherwise low 
levels of extracellular glutamate in hippocampal slices (e.g., ~25 nM;  [  65  ] ) can be 
substantially enhanced in the vicinity of active glutamatergic synapses  [  55  ]  or dur-
ing the reversal of neuronal/glial glutamate transporters that may take place under 
ischemia and other pathological conditions  [  66,   67  ] . However, what happens to 
intracellular pathways linked to an individual receptor as it switches teams (i.e., 
from synaptic to extrasynaptic) remains unknown (see more discussions on this 
topic in  [  50,   68,   69  ] ). 

 This apparent ambiguity in the role of NMDARs in neuronal death and survival 
should not derail the ongoing search for a therapeutic optimum in the level of 
NMDAR activation and Ca 2+  entry while the fact that, to date, clinical trials have 
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been mostly unsuccessful in identifying effective NMDAR-based therapies against 
ischemia and other neurodegenerative conditions invites discoveries of new 
approaches and nontrivial solutions like never before. One of these promising emer-
gent approaches termed “pathologically activated therapeutics”  [  70  ]  makes use of 
low-potency open-channel NMDAR blockers, such as memantine  [  71  ] . These com-
pounds may have neuroprotective properties as their inhibitory effects do not 
 preclude the physiologically benefi cial low-intensity activation of NMDARs, but 
substantially reduce the excessive activation of NMDARs which is neurotoxic. 
However, memantine has been also shown to inhibit  a 7 nAChRs with a similar or 
even greater potency (IC 

50
  ~ 0.3–5  m M) than NMDARs (IC 

50
  ~ 1–10  m M)  [  72–  74  ] . In 

some cases, inhibition of  a 7 nAChRs by memantine may be counterproductive 
because moderate activation of  a 7 nAChRs is usually neuroprotective and cogni-
tively benefi cial (see below). Despite numerous reports of positive effects of meman-
tine on patients with AD, non-AD dementias and other neurodegenerative disorders 
 [  75–  81  ] , the effectiveness, consistency and safety of memantine-based therapies 
have been questioned on multiple occasions  [  72,   82–  85  ]  and neurotoxic effects of 
therapeutic doses of memantine (~20 mg/kg) have been reported, for example, due 
to a drug interaction between memantine and common acetylcholine esterase inhib-
itors, such as donepezil  [  82,   86  ] . Accordingly, targeting intracellular sites down-
stream of NMDAR activation may present an alternative and possibly, more promising 
therapeutic approach  [  87  ] .   

    a 7 nAChRs 

   Background 

 Neuronal nicotinic AChRs are cation-selective and Ca 2+  permeable ion channel 
complexes. Twelve genes encoding for neuronal nAChR subunits have been identi-
fi ed to date  [  88  ] . Four of these genes encode for  a 7,  a 8,  a 9, and  a 10 subunits that 
may form functional homomeric nAChRs when expressed alone. The family of 
functional heteromeric nAChRs is more diverse: these functional receptors are 
required to have two principal  a  subunits (i.e.,  a 2,  a 3,  a 4 or  a 6) and two or three 
complementary  b  subunits (i.e.,  b 2 or  b 4). In addition, one structural subunit (i.e., 
 a 5 or  b 3) may also be present  [  89  ] . Among nAChRs, the  a 7 nAChR exhibits the 
highest permeability ratio of Ca 2+  over Na +  ions (P 

Ca
 /P 

Na
 )  [  90–  97  ] . The high Ca 2+  

permeability of  a 7 nAChRs suggests important roles for this receptor in modulation 
of neurotransmitter release, gene expression, neuroprotection and neurotoxicity 
 [  98–  101  ] . The existing evidence indicates that  a 7 nAChRs maintain a high degree 
of functional homology, including Ca 2+  permeability, across species and prepara-
tions  [  102,   103  ] . Therefore, the properties of  a 7 nAChRs expressed in heterologous 
systems are expected to be comparable to native  a 7 nAChRs expressed in various 
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brain regions. However, although  a 7 nAChRs can form functional homomeric 
nAChRs, there is a growing pool of evidence for the existence of functional hetero-
meric  a 7-containing nAChRs resulting from co-expression of  a 7 and non- a 7 subunits 
(e.g.,  a 5,  b 2 and  b 3 subunits). These native  a 7-containing heteromeric receptor ion 
channel complexes exhibit pharmacological, kinetic and desensitization properties 
somewhat different from those of homomeric  a 7 nAChRs expressed in heterologous 
systems  [  104–  112  ] . 

 The early studies of Ca 2+  permeability of  a 7 nAChRs used primarily heterologous 
systems expressing homomeric  a 7 nAChRs and reported the permeability ratios for 
Ca 2+  over Na +  ions substantially greater than those for NMDARs: P 

Ca
 /P 

Na
  ( a 7R) ~ 15–20 

vs. P 
Ca

 /P 
Na

  (NMDAR) ~ 8–10  [  93–  95,   113  ] . However, more recent studies used hip-
pocampal cultured neurons and acutely dissociated hippocampal and hypothalamic 
neurons to report more modest values: P 

Ca
 /P 

Na
 ( a 7R) ~ 6 vs. P 

Ca
 /P 

Na
  (NMDAR) ~ 8–10 

 [  90,   97  ] . Moreover, in these experiments the Ca 2+  permeability of NMDARs was 
found to be signifi cantly greater than that of  a 7 nAChRs  [  97  ] . The observed 
 discrepancies between the early and more recent studies may have resulted from dif-
ferences in agonist application techniques, data analysis and estimates of ionic activi-
ties and liquid junction potentials. Alternatively, it is possible that native, possibly 
heteromeric,  a 7-containing nAChRs exhibit a lower Ca 2+  permeability than homo-
meric  a 7 nAChRs. However, a direct comparison of Ca 2+  permeabilities of native 
and heterologous  a 7 nAChRs using identical experimental techniques and data anal-
ysis has not been conducted. 

 Because of their high permeability to Ca 2+  ions, NMDARs and  a 7 nAChRs 
form excellent examples of ligand-gated Ca 2+  ion channels. As discussed, moder-
ate activation of these receptors and thus, moderate elevation in [Ca 2+ ] 

i
  have been 

found to be neuroprotective in a number of  in vitro  and  ex vivo  toxicity models as 
well as  in vivo  settings  [  18,   21,   23,   25–  27,   41–  44,   114–  116  ] . Moreover, both types 
of receptors appear to employ Ca 2+ -PI3K-Akt-dependent pathways for mediation 
of neuroprotective effects  [  41–  43,   49,   101,   117  ] . However, despite these important 
similarities, NMDARs and  a 7 nAChRs belong to different families of ligand-gated 
receptors  [  62,   118  ]  and their kinetic and pharmacological properties are quite 
 different. For instance, the mean open time of  a 7 nAChR-mediated channels 
(~100–400  m s,  [  119–  121  ] ) is at least tenfold shorter than that of NMDAR channels 
 [  63,   122  ] . In addition, in the continuous presence of agonist,  a 7 nAChR-mediated 
currents (but not NMDAR-mediated currents) can be completely inhibited by 
desensitization and/or agonist-mediated open channel block  [  123,   124  ] . The short 
open time and rapid desensitization act as mechanisms that protect  a 7 nAChR-
expressing cells from excessive and thus, damaging Ca 2+  infl ux. The open channel 
Mg 2+  block plays an analogous role for NMDAR-mediated ion channels. By con-
trast, Mg 2+  ions do not signifi cantly alter the function of  a 7 nAChRs at negative 
membrane potentials, although they induce rectifi cation at depolarized membrane 
potentials  [  125  ] .  
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   Ca 2+  Permeability of  a  7 nAChRs and NMDARs 

 The sensitivity of  a 7 nAChR- and NMDAR-mediated whole-cell responses to 
external Ca 2+  ions (i.e., [Ca 2+ ] 

o
 ) have also been found to be different (Fig.  27.1 ,  [  97  ] ). 

The whole-cell conductance of  a 7 nAChR-mediated responses in tuberomamm-
millary (TM)  neurons was signifi cantly greater at low [Ca 2+ ] 

o
  (i.e., 2 mM) than at high 

[Ca 2+ ] 
o
  (i.e., 20 mM)  [  97  ] . This difference was not due to a current rundown because 

experiments in low [Ca 2+ ] 
o
  that gave larger currents were conducted after experi-

ments in high [Ca 2+ ] 
o
  that gave smaller currents  [  97  ] . By contrast, a tenfold increase 

in [Ca 2+ ] 
o
  from 2 to 20 mM did not signifi cantly reduce the whole-cell conductance 

of NMDAR-mediated responses near their reversal potential in acutely dissociated 
hippocampal CA1 neurons  [  97  ] . Similar observations have been made in single-
channel  [  126  ]  and whole-cell  [  90,   127  ]  experiments in cultured hippocampal neurons. 
However, a 67-fold increase in [Ca 2+ ] 

o
  from 0.3 to 20 mM has been reported to 

reduce the whole-cell conductance of NMDAR-mediated currents by 32% in 
cultured spinal cord and hippocampal neurons  [  128  ] . These differences in Ca 2+  
sensitivity of  a 7 nAChR- and NMDAR-mediated ion channels may refl ect different 
affi nities with which Ca 2+  ions block monovalent permeation  [  129  ] , and/or a poten-
tial Ca 2+ -dependent modulation of  a 7 nAChR-channel kinetics and/or binding. All 
of these effects would be expected to make excessive activation of  a 7 nAChRs 
somewhat less damaging than equivalent activation of NMDARs. These views are 
consistent with recent experimental results  [  41,   43  ] : in these experiments, pre-
conditioning of retinal ganglion cells in very high concentrations of nicotine 
(i.e., <500  m M), but not glutamate, was neuroprotective against glutamate toxicity.  

 In addition to Ca 2+  permeability, the impact of activation of ligand-gated Ca 2+  
channels on cellular behavior and survival is affected by the channel distribution 
within the cell and the cell surface  [  50,   54,   130–  132  ] . As mentioned, synaptic 
NMDARs promote neuroprotection, while extrasynaptic NMDARs may be neuro-
toxic  [  133  ] . By contrast, functional neuronal  a 7 nAChRs are predominantly pre- or 
extrasynaptic with only a handful of known exceptions  [  134–  137  ]  and yet, moder-
ate activation of  a 7 nAChRs is usually neuroprotective. The reason for this impor-
tant difference between NMDARs and  a 7 nAChRs is unknown and it is likely that 
other receptor properties (e.g., kinetic and desensitization properties) in addition to 
receptor location and ion channel Ca 2+  permeability contribute to determining the 
receptor role in neuronal survival.  

   Desensitization vs. Open-Channel Block of  a  7 nAChRs 

 In the continuous presence of nicotinic agonists, activation of  a 7 nAChRs is reduced 
naturally by two independent processes: desensitization and open channel block by 
agonist molecules. It is important to distinguish between these processes, especially 
if high concentrations of agonists are used (e.g., >2 mM ACh). At negative  membrane 
voltages, positively charged agonists (e.g., ACh, choline) elicit both desensitization 
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and open channel block of  a 7 nAChR ion channels  [  123  ] . The desensitization 
 component of  a 7 nAChR-mediated responses elicited by ACh or choline can be iso-
lated by conducting electrophysiological experiments at positive membrane voltages 
 [  123  ] . At negative membrane voltages, when high agonists concentrations are used 
(e.g., >2 mM ACh), open channel block is nearly complete although fully reversible. 
To minimize open channel block at negative membrane voltages, lower agonist con-
centrations should be used (e.g., <200  m M ACh) because the block is low-potency. 
By contrast, if weakly charged agonists are used (e.g., [3-(2,4-dimethoxybenzylidene)-
anabaseine, i.e., DMXBA, the code name GTS-21], pK 

a
  ~ 7.4,  [  138  ] ), the separation 

of desensitization from open channel block is more challenging as open channel 
block is less dependent on the membrane voltage. In these cases, low agonist concen-
trations (e.g., <30  m M DMXBA) need to be used to reduce the contribution of open 
channel block to current decay  [  123  ] .  

   Effects of Activation and Inactivation of  a  7 nAChRs 

 While in some models of neurotoxicity high concentrations of  a 7 nAChR agonists 
caused cellular death  [  25  ] ; in other models, even very high concentrations of nico-
tine (e.g., 500  m M) promoted neuronal survival  [  41  ] . These discrepancies in results 

  Fig. 27.1     The whole-cell conductances of  a 7 nAChR- and NMDAR-mediated responses near the 
reversal potential . The mean and standard deviation of the slope conductance near V 

rev
  built for TM 

 a 7 nAChR- ( a ) and hippocampal CA1 pyramidal NMDAR-mediated responses ( b ). 
A signifi cant [Ca 2+ ] 

o
 –dependent decrease in the whole-cell conductance of TM  a 7 nAChR-, but 

not CA1 NMDAR-mediated responses was observed  [  97  ] . This decrease was not due to a current 
rundown because it persisted in experiments where high (i.e., 20 mM) [Ca 2+ ] 

o
  was used before low 

(i.e., 2 mM) [Ca 2+ ] 
o
   [  97  ] . Examples of TM  a 7 nAChR-mediated currents obtained by applications 

of choline at various positive and negative membrane voltages in voltage-clamp in 2 mM [Ca 2+ ] 
o
  

( c ) and 20 mM [Ca 2+ ] 
o
  ( d ). The whole-cell conductance of TM  a 7 nAChR channels in high [Ca 2+ ] 

o
  

was always lower than that in low [Ca 2+ ] 
o
 , presumably due to a Ca 2+ -dependent block of monova-

lent ion permeation. ( e ) The current–voltage relationship for responses illustrated in ( c ) and ( d ). 
No considerable current rectifi cation was observed owing to Mg 2+ -free external and internal solu-
tions and the presence of F −  ions in the internal solution. The I-V curves were fi tted with second-
order polynomial equations. Panels ( c – e ) illustrate data obtained from the same acutely dissociated 
TM neuron. Examples of CA1 NMDAR-mediated currents obtained by applications of NMDA 
plus glycine at various positive and negative membrane voltages in voltage-clamp in 2 mM [Ca 2+ ] 

o
  

( f ) and 20 mM [Ca 2+ ] 
o
  ( g ). ( h ) The current–voltage relationship for responses illustrated in ( f ) and 

( g ). The whole-cell conductance of NMDAR channels in 20 mM [Ca 2+ ] 
o
  was similar to that in 

2 mM [Ca 2+ ] 
o
 , indicating a lack of signifi cant Ca 2+ -dependent block of monovalent ion permeation. 

The I-V curves were fi tted with second-order polynomial equations. Panels ( f – h ) illustrate data 
obtained from the same acutely dissociated hippocampal CA1 neuron. Note that although the 
application pipettes were fi lled with 40 mM choline or 200  m M NMDA + 20  m M glycine, the effec-
tive concentrations of choline or NMDA+glycine near the recorded neurons were unknown and 
considerably lower than the concentrations of agonists in application pipettes. However, in each 
given experiment these concentrations were very stable evidenced by stable responses  [  97  ]  
(Reprinted from Uteshev  [  97  ]  with permission from Blackwell Publishing in the format Journal 
via Copyright Clearance Center)       
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may be linked to differences in the agonist concentration and time course of agonist 
application, as well as inactivation, desensitization and other kinetic properties of 
 a 7 nAChRs, e.g., open channel block by nicotinic agonists  [  123,   124,   139,   140  ] . 
Notably, low concentrations of nicotinic agonists such as those observed in the cere-
brospinal fl uid (CSF)  in vivo  (e.g., <1  m M nicotine or <100  m M choline) are more 
likely to cause desensitization than activation of  a 7 nAChRs  [  124,   140  ] . Accordingly, 
it has been hypothesized that it is desensitization or inhibition and not activation of 
 a 7 nAChRs that may trigger intracellular events responsible for neuroprotection 
and cognitive benefi ts  [  141–  143  ] . This hypothesis, however, cannot explain a num-
ber of recent experimental fi ndings. For instance, systemic administration of PNU-
120596, a nicotinic agent that considerably reduces  a 7 nAChR desensitization (see 
below), produced positive behavioral effects restoring auditory gating defi cit in a 
mouse model of schizophrenia  [  32  ] . Moreover, a direct testing of this hypothesis 
using structurally similar high-effi cacy (i.e., full) and low-effi cacy (i.e., partial)  a 7 
nAChR agonists clearly demonstrated that activation of  a 7 nAChRs is essential for 
cognitive enhancement in a rat model of inhibitory avoidance  [  144  ] . Similarly, the 
eye-blink conditioning response is improved by  a 7 nAChR agonists, but impaired 
by antagonists  [  145–  147  ]  and in  a 7 knock-out animals  [  148  ] . Finally, cell death 
induced by excessive, but not moderate activity of  a 7 nAChRs in the NGF/serum-
withdrawal toxicity model in pheochromocytoma-12 (PC-12) cells expressing func-
tional  a 7 nAChRs supports the need for activation rather than desensitization of  a 7 
nAChRs for survival of PC-12 cells  [  25  ] . 

 By contrast, the role of  a 7 nAChRs in the pathophysiology of AD is less defi ned, 
primarily because of the limited understanding of how  a 7 nAChRs interact with 
A b  

1-42
 . For example, both activation and blockade of  a 7 nAChRs inhibits A b  

1-42
 -

induced phosphorylation of tau proteins in PC-12 cells  [  143  ] . One hypothesis is 
that although activation of  a 7 nAChRs is neuroprotective and cognitively benefi -
cial in some experimental models  [  23,   149–  153  ] , in mouse models of late stages of 
AD, which correlate with an excessive accumulation of A b  

1-42
 , the role of  a 7 

nAChRs reverses. The mechanism of this role reversal may include continuing 
high-affi nity binding of A b  

1-42
  to  a 7 nAChRs and formation of  a 7-A b  

1-42
  com-

plexes which inhibit and even reverse the physiological function of  a 7 nAChRs 
and thus, the neuroprotective binding of nicotinic agonists to  a 7 nAChRs becomes 
impaired  [  150,   154–  161  ] . This hypothesis received additional support from a num-
ber of recent studies that demonstrated that blocking or eliminating  a 7 nAChRs 
could alleviate some symptoms of AD. Specifi cally, (1) deletion of the  a 7 nAChR 
gene ameliorates certain behavioral defi cits in a transgenic mouse model of AD 
 [  162  ] ; (2) intracellular accumulation of A b  

1–42
  that occurs predominantly in  a 7 

nAChR-expressing neurons is blocked by  a -bungarotoxin, a selective  a 7 nAChRs 
antagonist and by phenylarsine, an inhibitor of endocytosis  [  163  ] ; and (3)  a 7 
nAChRs mediate A b  

1-42
 -induced phosphorylation of tau proteins  [  154,   155  ] . These 

experiments supported the idea of high-affi nity binding of A b  
1–42

  to  a 7 nAChRs on 
neuronal cell surfaces  [  164  ] , subsequent endocytosis of the resulting  a 7-A b  

1-42
  

complex and its accumulation within the lysosomal compartment provoking intra-
cellular toxicity  [  163,   165  ] .  
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  Fig. 27.2     Therapeutic approaches aimed at rescuing the brain  a 7 nAChR activation . The left most 
pathway: ACh esterase inhibitors (e.g., donepezil) increase the CSF level of ACh and promote 
activation of both nAChRs and mAChRs. Despite cognitive benefi ts ( dashed line ), the lack of 
selectivity may cause considerable side effects (e.g., autonomic). The right most pathway:  a 7 
nAChR agonists. A moderate activation of  a 7 nAChRs by selective agonists (e.g., DMXBA) pro-
tects neurons, benefi ts cognition and appears to be clinically safe. The middle pathway: positive 
allosteric modulators (PAMs) of  a 7 nAChRs. Choline is a low-potency endogenous selective ago-
nist of  a 7 nAChRs, but its potency can be considerably increased by Type-II  a 7-PAMs, such as 
PNU-120596.  a 7-PAMs do not activate  a 7 nAChRs in the absence of nicotinic agonists. Instead, 
 a 7-PAMs lower the energy barrier, allowing lower concentrations of nicotinic agonists to activate 
the receptor. In the presence of Type-II  a 7-PAMs, endogenous choline may become effective in 
producing moderate persistent activation of native  a 7 nAChRs. This type of activation of  a 7 
nAChRs may promote neuroprotection and benefi t cognition       

    a  7 nAChRs as a Therapeutic Tool 

 There is a substantial body of supportive evidence linking age-, disease- and trauma-
related alterations in the expression and function of  a 7 nAChRs to neurodegenerative, 
sensorimotor and psychiatric disorders associated with cognitive decline and attention 
defi cits  [  101,   166–  180  ] . By contrast, activation of  a 7 nAChRs by nicotine and selective 
 a 7 nAChR agents has been shown to produce neuroprotection  in vivo   [  26,   150,   181  ] , 
 ex vivo  and  in vitro   [  18,   21,   23,   25–  27,   182–  189  ]  and enhance cognitive performance 
in patients and animal models of neurodegenerative disorders including AD, schizo-
phrenia, brain trauma and aging  [  32,   101,   148,   181,   183,   189–  209  ] . 

 Defi cits in hippocampal  a 7 nAChR activation are a key accompanying factor in 
certain cognitive disorders and enhancing this activation by nicotinic agonists has 
been shown to produce neuroprotection and cognitive benefi ts. Currently available 
therapeutic approaches aimed at rescuing the brain  a 7 nAChR activation include 
(Fig.  27.2 ): (1) ACh esterase inhibitors (AChE; e.g., donepezil) – the left most 
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 pathway; (2)  a 7 nAChR agonists – the right most pathway; and (3) positive allosteric 
modulators (PAMs) of  a 7 nAChRs – the middle pathway. The rationale for thera-
peutic use of  a 7 nAChR agonists and modulators arrives from observations that in 
neurological disorders such as dementia and schizophrenia as well as after brain 
trauma, functional  a 7 nAChRs expressed in central neurons do not vanish but their 
number may decline in a region-specifi c manner  [  167,   168,   171,   173,   177,   178,   180, 
  210  ] . Therefore, a moderately enhanced activation of  a 7 nAChRs can be achieved 
by pharmacological tools and this enhancement may benefi t patients with neurode-
generation and cognitive decline (see Sects.  3.1 ,  3.2 ,  3.3 ,  3.4 ,  3.5 ).  

 Positive cognitive effects of inhibitors of AChE result from inhibition of the 
hydrolysis of ACh and thus, enhanced activation of both muscarinic AChRs (i.e., 
mAChRs) and nAChRs, including  a 7 subtype (Fig.  27.2 , the left most pathway). 
Similar to  a 7 nAChRs, activation of mAChRs and non- a 7 nAChRs has been 
reported to be cognitively benefi cial (horizontal dashed path, Fig.  27.2 )  [  211–  217  ] . 
However, the lack of specifi city may cause autonomic adverse effects. For exam-
ple, donepezil and other AChE inhibitors have been reported to cause centrally-
mediated nausea, vomiting and diarrhea  [  218,   219  ] . 

 As discussed earlier, a moderate activation of  a 7 nAChRs by selective agonists 
(e.g., DMXBA, the right most pathway, Fig.  27.2 ) protects neurons, benefi ts cogni-
tion and appears to be clinically safe. For example, no major central side effects have 
been linked to oral administration of large doses of DMXBA (e.g., <450 mg/day, 
 [  138,   192  ] ). In hippocampal slices, activation of  a 7 nAChRs by therapeutic nicotinic 
agonists, such as DMXBA, can be potentiated by PAMs  [  220  ] . PAMs would also be 
expected to enhance activation of  a 7 nAChRs by physiological levels of endogenous 
nicotinic agonists (i.e., ACh and choline)  [  34,   35  ]  released naturally as needed.   

   Effects of PAMs on  a 7 nAChR Activation and Ca 2+  Infl ux 

   PAM Hypothesis 

 Choline is an endogenous selective agonist of  a 7 nAChRs  [  221,   222  ] . The cerebro-
spinal fl uid (CSF) contains choline at concentrations much lower (~5–10  m M,  [  169, 
  223–  227  ] ) than its EC 

50
  (~0.5–1.5 mM;  [  222,   228  ] ). Moreover, choline exhibits a 

much greater potency for desensitization (IC 
50

  ~ 40  m M,  [  124  ] ) than activation of 
 a 7 nAChRs. Therefore, the endogenous concentration of choline in the CSF 
appears to be too low to activate  a 7 nAChRs  [  34,   35,   124  ]  and in the past, endog-
enous choline has not been seriously considered as a therapeutic candidate  [  186  ] . 
However, the ambient levels of choline can be elevated 3–4-fold under conditions 
associated with ischemia, stroke, and substantial plasma membrane damage  [  223, 
  224,   226,   227,   229  ] . Cell death also creates a large source of choline causing a 
breakdown of phosphatidylcholine, the principle plasma membrane phospholipid, 
into choline and  diacylglycerol. Given the low ambient concentrations of choline 
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in the CSF under physiological conditions  [  169,   225  ] , it is unlikely that in the 
absence of cholinergic synaptic inputs or exogenous nicotinic agents, native  a 7 
nAChRs are persistently activated by endogenous choline  [  124  ] . However, the 
effects of endogenous choline may be notably different in the presence of Type-II 
 a 7-PAMs, such as PNU-120596, which signifi cantly enhances the responsiveness 
of  a 7 nAChRs to nicotinic agents (see Sects.  3.2 ,  3.3 ,  3.4 ). PNU-120596 is a posi-
tive allosteric modulator of  a 7 nAChRs that reduces desensitization of  a 7 nAChRs 
and thus, increases the potency of nicotinic agonists enhancing the responsiveness 
of functional  a 7 nAChRs  [  32,   34,   220,   230,   231  ]  and producing behavioral 
improvements in animal models  [  32  ] . PNU-120596 has been shown to increase the 
mean open time of  a 7 nAChR channels without producing signifi cant changes in 
ion channel selectivity, single channel conductance and Ca 2+  permeability  [  32  ] . 
PNU-120596 does not activate  a 7 nAChRs in the absence of nicotinic agonists. 
Instead, it lowers the energy barrier, allowing lower concentrations of nicotinic 
agonists to activate the receptor  [  232  ] . Intravenous administration of 1 mg/kg PNU-
120596 elevates the concentration of PNU-120596 in the brains of rats to ~1.5  m M 
 [  32  ] . This value falls near the EC 

50
  for potentiating effects of PNU-120596 

(EC 
50

  ~ 1.5  m M)  [  233,   234  ] . Concentrations slightly lower than the EC 
50

  (i.e., 1  m M 
PNU-120596) have been shown to enhance the effects of sub-threshold concentra-
tions of choline allowing physiological levels of choline to become effective in 
activation of native  a 7 nAChRs in the absence of exogenous nicotinic agents  [  34,   35  ] . 
Therefore, in the presence of PNU-120596, endogenous choline may become 
effective in producing moderate persistent activation of  a 7 nAChRs and the cor-
responding elevation in the Ca 2+  infl ux and neuronal excitability (see Sects.  3.3  and 
 3.4 ) supporting neuroprotection and cognition (see Sect.  2.5 ). 

 There are two types of PAMs  [  235  ] : Type I – these compounds enhance the 
amplitude of  a 7 nAChR-mediated currents without affecting the current duration; 
and Type II – these compounds dramatically reduce desensitization and thus, pro-
long the duration of activation of  a 7 nAChRs in the constant presence of agonists 
(Fig.  27.3 ). The Type-II PAMs (e.g., PNU-120596) are most interesting because 
these compounds not only reduce desensitization of  a 7 nAChRs but also allow 
nicotinic agonists to activate already desensitized  a 7 nAChRs  [  32  ] . Therefore, in 
the presence of Type-II  a 7-PAMs, desensitization does not contribute to  a 7 nAChR 
activation defi cits and previously desensitized  a 7 nAChRs can be successfully 
recruited for activation. Recent studies have also demonstrated that PNU-120596 is 
able to increase the activation potency of choline, allowing low sub-threshold (for 
activation) physiological concentrations of choline (~10  m M) to become effective in 
activation of  a 7 nAChRs  [  34,   35  ] . This fi nding suggests an intriguing possibility of 
using endogenous choline (in the presence of Type-II  a 7-PAMs) as a therapeutic 
agent for enhancing activation of  a 7 nAChRs and thus, Ca 2+  infl ux in neuronal sys-
tems characterized by cholinergic defi ciency.  

 A reduced version of this hypothesis has been tested in  ex vivo  electrophysiologi-
cal experiments using hypothalamic and hippocampal brain slices  [  34,   35  ] . Under 
this scenario, endogenous levels of choline were modeled by the addition of physi-
ological concentrations of choline (5–10  m M) to artifi cial cerebrospinal solution 
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  Fig. 27.3     Examples and illustrative effects of Type-I and Type-II  a 7-PAMs.  ( a ) NS-1738, 5-HI, 
Invermectin and Genistein represent the family of Type-I  a 7-PAMs. Schematic current traces 
illustrate the effects of Type-I  a 7-PAMs on  a 7 nAChRs: Type-I  a 7-PAMs increase the peak of  a 7 
nAChR-mediated responses but do not alter the rate of desensitization of  a 7 nAChRs. ( b ) PNU-
120596, TQS, A867744, JNJ-1930942 represent the family of Type-II  a 7-PAMs. Schematic 
 current traces illustrate the effects of Type-II  a 7-PAMs on  a 7 nAChRs: Type-II  a 7-PAMs increase 
the peak of  a 7 nAChR-mediated responses and considerably reduce the desensitization of  a 7 
nAChRs       

(ACSF) and whole-cell voltage- and current-clamp recordings were conducted in 
the presence and absence of 1–5  m M PNU-120596 to determine the effects of 
enhanced activation of native  a 7 nAChRs by choline on the electrical activity of 
hypothalamic and hippocampal neurons in brain slices (Figs.  27.4  and  27.5 ).    

  Fig. 27.4     Step-like current and voltage deviations in the presence of 10  m M choline and 1  m M 
PNU-120596 in ACSF . ( a – c ) Current deviations were completely and reversibly blocked by 20 nM 
MLA, confi rming the involvement  a 7 nAChRs. All current traces in ( a – c ) were obtained from the 
same TM neuron. ( d, e ) Step-like responses were observed in both voltage- ( d ) and current-clamp 
( e ) recordings. Traces in ( d ) and ( e ) were obtained from the same TM neuron 1 min apart. In these 
experiments, the frequency of step-like current events appeared to be sensitive and rapidly respon-
sive to changes in the ACSF concentrations of choline and PNU-120596  [  34,   35  ] . Activation of  a 7 
nAChRs in current-clamp elicited transient repetitive step-like depolarizations: ~4 mV for indi-
vidual events and ~25 mV for simultaneous multiple events ( e ). The bottom trace in ( d ) and the top 
trace in ( e ) share the same time scale shown between these traces. The vertical scale bar indicates 
either 20 pA (for traces in  d ) or 20 mV (for traces in  e ). In experiments shown in ( d, e ), 0.3  m M 
TTX was continuously present in ACSF and the internal pipette solution contained CsMeSO 

3
 . In 

voltage-clamp experiments, the membrane voltage was held at −60 mV. ( f ) To visualize individual 
step-like depolarizations, a small continuous hyperpolarizing current (−5 pA) was injected into the 
recorded neuron resulting in cessation of spontaneous fi ring. Under these silent conditions, tran-
sient step-like depolarizations triggered short trains of action potentials ( open arrows ). However, 
occasionally, depolarizations did not trigger action potentials or triggered only a single action 
potential per depolarization ( fi lled arrows ). Step-like voltage and current deviations were resistant 
to 20  m M gabazine, 15  m M DNQX, 50  m M AP-5, 40  m M picrotoxin, and 0.3  m M TTX applied to 
ACSF (Reprinted from Gusev and Uteshev  [  34  ]  with permission from ASPET)       
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   Synergistic Action of Physiological Choline and PNU-120596 

 Intriguingly, current and voltage deviations recorded in voltage- and current-clamp, 
respectively, resulting from a synergistic action of 10  m M choline plus 1–2  m M 
PNU-120596 were step-like and thus, reminiscent of and postulated to be single  a 7 
nAChR ion channel openings detectable in whole-cell patch-clamp confi guration 
(Fig.  27.4a–e ). These experiments revealed that in the presence of PNU-120596 and 
5–10  m M choline, even very low densities of  a 7 nAChRs such as the expression 
found in hippocampal CA1 pyramidal neurons (only ~5% of that found in hip-
pocampal CA1 interneurons  [  35  ] ) generate persistent step-like currents which cause 
transient step-like depolarizations and occasionally, trigger bursts of action poten-
tials. This persistent current would be expected to generate a persistent Ca 2+  infl ux 
(see Sects.  3.4  and  3.5 ). A similar activity was detected under slightly hyperpolar-
ized conditions in hypothalamic TM neurons (Fig.  27.4f ). Moreover, activation of 
TM  a 7 nAChRs by 10  m M choline plus 1  m M PNU-120596 enhances spontaneous 
fi ring of TM neurons (Fig.  27.5a–d ). In current-clamp, when a hyperpolarizing cur-
rent (~ −40 pA) was injected in the recorded TM neuron (the injection time is 
marked by * (Fig.  27.5e )) during a prolonged interval of increased frequency (the 
interval between open and fi lled triangles), it resulted in cessation of spontaneous 
fi ring, allowing detection of the fi nal portion of an underlying step-like depolariza-
tion. Therefore, a prolonged step-like depolarization was observed as an increase in 

  Fig. 27.5     Activation of TM  a 7 nAChRs by 10  m M choline plus 1  m M PNU-120596 enhances 
spontaneous fi ring of TM neurons in current-clamp . The spontaneous fi ring of TM neurons was 
native as current injections were not applied (i.e., 0 pA). Horizontal bars indicate −65 mV. In cur-
rent-clamp, in the absence of PNU-120596 and choline, TM neurons exhibited regular patterns of 
spontaneous fi ring ( a ). In these control experiments, when the membrane voltage was hyperpolar-
ized to −65 mV by injections of a small current, step-like depolarizations were not observed ( b ). 
Recordings in ( a ) and ( b ) were obtained from the same TM neuron 1 min apart. After the sustained 
repetitive activation of TM nAChRs was observed in voltage-clamp upon administration of 10  m M 
choline plus 1  m M PNU-120596 ( c ), current-clamp recordings were conducted using the same TM 
neuron ( d ). In current clamp, activation of TM  a 7 nAChRs resulted in transient repetitive increases 
in the frequency of spontaneous fi ring of TM neurons ( d ,  fi lled arrows ). Traces shown in ( c ) and 
( d ) were obtained from the same TM neuron 1 min apart. The framed insert in ( d ) illustrates at a 
higher time resolution a portion of recording containing one transient excitation. ( e ) The effects of 
individual step-like depolarizations in current clamp. When a hyperpolarizing current (~ −40 pA) 
was injected in the recorded TM neuron (the injection time is marked by *) during a prolonged 
interval of increased frequency (the interval between  open  and  fi lled triangles ), it resulted in ces-
sation of spontaneous fi ring, allowing detection of the fi nal portion of an underlying step-like 
depolarization. Therefore, a prolonged depolarization was observed as both an increase in sponta-
neous fi ring in the beginning of depolarization ( open triangle ) and a depolarizing step at the end of 
depolarization ( fi lled triangle ). Subsequent step-like depolarizations are also seen between the two 
dashed lines in insert. The insert illustrates this transition process at a higher resolution. In these 
experiments, ACSF contained 20  m M, gabazine, 15  m M DNQX, 50  m M AP-5 and 40  m M picro-
toxin. The internal solution was K-gluconate-based (Reprinted from Gusev and Uteshev  [  34  ] . With 
permission from ASPET)       
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spontaneous fi ring in the beginning of depolarization (Fig.  27.5e , open triangle) and 
a depolarizing step at the end of depolarization (Fig.  27.5e , fi lled triangle). 

 In these experiments, the frequency of step-like current events appeared to be 
sensitive and rapidly responsive to changes in the ACSF concentrations of choline 
and PNU-120596  [  34,   35  ] . Therefore, the synergistic action of endogenous choline 
and Type-II  a 7-PAMs may cause a sustained activation of  a 7 nAChRs and the cor-
responding persistent Ca 2+  infl ux (see Sects.  3.4  and  3.5 ). These observations 
 suggest that the net depolarization, excitation and Ca 2+  infl ux could be modulated 
and optimized by tuning the administration doses of dietary choline  [  189  ]  and 
Type-II  a 7-PAMs  [  34,   35  ] .  

   Detection of Activity of Individual  a  7 nAChRs in Whole-Cell 

 It is this capability of as few as only one individual functional  a 7 nAChR to depolar-
ize and excite the entire neuron that makes it possible for a low density expression 
of functional  a 7 nAChRs to be effective in enhancing the excitability of hippocam-
pal CA1 pyramidal neurons in the presence of PNU-120596  [  35  ] . Therefore, high 
levels of expression of  a 7 nAChRs and synchronization of their activity may not be 
required for signifi cant depolarizing and excitatory effects of physiological concen-
trations of choline in the presence of PNU-120596. The excitability of hippocampal 
CA1 pyramidal neurons positively correlate with cognitive performance and has 
been shown to decline with age likely due to an age-dependent enhancement of 
inhibitory effects of the Ca 2+ -dependent potassium conductance  [  236,   237  ] . 
Therefore, therapeutic approaches that provide neuroprotection and restore excit-
ability of hippocampal CA1 pyramidal neurons may benefi t patients with various 
forms of dementia and brain trauma. 

 Detecting activity of individual  a 7 nAChR ion channels in whole-cell patch-
clamp experiments appears to be possible if the probability of ion channel openings 
is suffi ciently low and the channels remain open for a prolonged period of time 
during which the ionic gradient across the membrane and thus, the ionic current, 
remain relatively constant. These requirements appear to be fulfi lled for  a 7 nAChRs 
activated by physiological concentrations of choline in the presence of 1–5  m M 
PNU-120596 in hippocampal CA1 pyramidal neurons  [  35  ] , hippocampal CA1 
interneurons (Kalappa and Uteshev, unpublished observations) and hypothalamic 
TM  a 7 nAChRs  [  34  ] . 

 In current-clamp patch-clamp experiments using hippocampal CA1 pyramidal 
neurons that express a very low density of functional  a 7 nAChRs  [  35  ] , individual 
step-like voltage deviations triggered action potentials in 7 out of 13 cells tested 
(Fig.  27.4b ,  c ). When these deviations failed to cause action potentials, they gener-
ated small step-like depolarizations whose amplitudes (~3–5 mV) could be pre-
dicted from the neuronal input resistance (~500 M W ), the amplitude of step-like 
currents (~8 pA) and the Ohm’s law (500 M W  × 8 pA ~4 mV). These estimates sup-
port the hypothesis that the observed single channel openings were most likely 
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 generated by  a 7 nAChRs expressed in both proximal and distal regions of the 
 neuronal membrane and not generated only by  a 7 nAChRs located in the immediate 
vicinity of the recording patch electrode. An additional support to this hypothesis 
comes from the observation that in current-clamp experiments with hippocampal 
CA1 pyramidal neurons, recorded action potentials were triggered by  a 7 nAChR-
mediated step-like depolarizations, while action potentials in between step-like 
depolarizations were not detected  [  35  ] . Therefore, it is unlikely that step-like depo-
larizations generated by distal  a 7 nAChRs (e.g., located far away from the record-
ing pipette) have been routinely undetected (due to, for example, electrotonic 
fi ltering) because action potentials generated by distal  a 7 nAChRs would have 
occurred randomly including in between detected step-like depolarizations and this 
has not been observed. 

 These fi ndings support the hypothesis that in the presence of PNU-120596, 
whole-cell patch-clamp recordings are able to detect  a 7 nAChR-mediated single ion 
channel openings from the entire cell surface. This conclusion justifi es use of this 
approach for estimation of the total whole-cell infl ux of Ca 2+  ions (see Sect.  3.4 ).  

   Current Net Charge and Ca 2+  Infl ux 

 The mean net charge per min generated by hippocampal CA1 pyramidal  a 7 nAChR 
ion channels in response to 10  m M choline plus 2  m M PNU-120596 was estimated 
to be ~9.3 pC/min = 0.16 pA  [  35  ] . This value is nearly tenfold smaller than the mean 
net charge of TM  a 7 nAChR-mediated responses elicited by 10  m M choline plus 
1  m M PNU-120596 which was estimated to be ~84 pC/min = 1.4 pA  [  34  ] . Therefore, 
given the 10% fractional Ca 2+  current, Ca 2+  ions would be expected to enter hip-
pocampal and TM neurons at a rate of ~0.93 pC/min and ~8.4 pC/min, respectively, 
which translates into a sustained Ca 2+  current ~0.016 pA and ~0.14 pA, respectively. 
These Ca 2+  currents were elicited by physiological concentrations of choline and 
concentrations of PNU-120596 that restored the auditory gating defi cit in mice  [  32  ] . 
Therefore, it is reasonable to expect that in  in vivo  settings, similar rates of Ca 2+  
entry in neurons expressing very low (such as hippocampal CA1 pyramidal neu-
rons) and very high (such as hypothalamic TM neurons) densities of functional  a 7 
nAChRs would contribute to behavioral improvements. However, a prolonged expo-
sure of neurons to nicotinic agonists in the presence of Type-II  a 7-PAMs may be 
cytotoxic because of excessive accumulation of Ca 2+  in the cytosol and possible 
activation of Ca 2+ -dependent apoptotic pathways (see Sects.  1.1  and  1.2 ). 

 The mean number of  a 7 nAChR ion channels opened in hippocampal CA1 pyra-
midal and hypothalamic TM neurons at any given time were estimated to be 
N 

pyr
 P 

open
  ~ 0.029 (i.e., 0.16 pA/5.5 pA) and N 

TM
 P 

open
  ~ 0.27 (i.e., 1.4 pA/5.1 pA), 

respectively, where N 
pyr

  and N 
TM

  are the total number of detectable functional  a 7 
nAChRs in a pyramidal and TM neuron, respectively. Note that in experiments with 
TM neurons, 10  m M choline plus 1  m M PNU-120596 were used  [  34  ] , whereas in the 
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hippocampal study, the concentration of PNU-120596 was increased to 2  m M 
because of the substantially lower levels of expression of functional  a 7 nAChRs in 
hippocampal CA1 pyramidal neurons compared to TM neurons  [  35  ] .  

   Direct Measurements of  a  7 nAChR-Mediated Ca 2+  Infl ux 
in the Presence of PNU-120596 

 Openings of individual  a 7 nAChR-mediated ion channels recorded in whole-cell 
confi guration would be expected to produce transient focal entries of Ca 2+  ions. 
These near-membrane Ca 2+  blinks have indeed been observed in fl uorescent Ca 2+  
imaging experiments conducted in fi lopodia of human neuroblastoma SH-SY5Y 
cells and in chick retinal ganglion cells expressing  a 7-nAChR  [  238  ] . In the pres-
ence of PNU-120596, activation of individual and/or clusters of  a 7 nAChRs by 
nicotine resulted in transient and very focal elevations of [Ca 2+ ] 

i
  (Fig.  27.6 ). These 

Ca 2+  blinks lasted for a few seconds and were clearly observed in the presence and 
absence of PNU-120596, but in the presence of PNU-120596, the frequency and the 
duration of Ca 2+  blinks were considerably increased  [  238  ] . The Ca 2+  blinks were 
resistant to hyperpolarization induced by valinomycin (a K +  ionophore), but van-
ished upon removal of external Ca 2+   [  238  ] . Ryanodine (1  m M) failed to inhibit the 
Ca 2+  blinks indicating that Ca 2+  ions do not enter cells from ryanodine-sensitive 
cytosolic Ca 2+  stores  [  238  ] . Figure  27.6  illustrates that, although the location and 
amplitudes of the Ca 2+  blinks were variable in the presence of PNU-120596, spa-
tiotemporally discrete Ca 2+  blinks could be clearly resolved in the same fi lopodia 
during nicotine application. While certain distinct regions (#2 and #4) produced 
repetitive Ca 2+  blinks, neighboring regions (#1, #3, and #5) did not display any Ca 2+  
events (Fig.  27.6a , b). The regions of brief Ca 2+  elevations were localized to a sub-
micron dimension (Fig.  27.6c ). These observations further support the novel con-
cept (see Sects.  3.1 – 3.4 ) that in the presence of Type-II  a 7-PAMs, individual 
functional  a 7 nAChRs generate distinct current events that may affect the behavior 
of the entire neuron  [  34,   35,   238  ] .    

  Fig. 27.6     The spatiotemporal profi le of the unitary Ca   2+    events (“blinks”) . ( a ) Sequential images 
from a time series showing two Ca 2+  blinks separated by 1.1  m m in a single fi lopodia. Top left 
image shows the regions used for measurements overlaid on the fl uorescence image, subsequent F/
F0 images were captured every second during application of nicotine + PNU-120596. ( b ) Time-
course of the F/F0 in two regions (#2 and #4) that exhibit repetitive Ca 2+  elevations lasting ~3 s and 
in contiguous regions (#1, #3, and #5) that did not display considerable Ca 2+  activity. ( c ) Intensity 
profi le of the F/F0 signal at  t  = 1 s in regions #2 and #4, showing the spatial spread of the Ca 2+  
elevations. The cross-section at >20% of the peak fl uorescence averaged 0.67  m m and 0.64  m m for 
regions #1 and #2, respectively. Cell calcium by CHURCHILL LIVINGSTONE (Reproduced 
from (Gilbert et al., 2009) [ 238 ] with permission of CHURCHILL LIVINGSTONE in the format 
Journal via Copyright Clearance Center)       
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   Non-neuronal NMDARs and  a 7 nAChRs 

 In addition to being broadly expressed in the central and peripheral nervous systems 
of mammals, functional NMDARs and  a 7 nAChRs are expressed in the immune 
system  [  186,   239–  250  ] , cancer cells  [  251–  257  ]  and other non-neuronal cells that 
promote angiogenesis and proliferation of cancer. Activation of  a 7 nAChRs in non-
neuronal systems inhibits infl ammation and promotes development of cancer. 
Although the exact role of NMDARs and  a 7 nAChRs in immune and cancer cells 
is not well understood, the high permeability of these receptor ion channels to Ca 2+  
ions suggest important implications for cellular function, survival and proliferation. 
Therefore, activation, inhibition and modulation of NMDARs and  a 7 nAChRs in 
immune and cancer cells can be used for therapeutic purposes to regulate immune 
defense mechanisms, reduce infl ammation, inhibit proliferation or induce apoptosis 
of cancer cells.  

   Conclusions and Future Directions 

 In central neurons, there appear to be multiple ways of achieving optimal levels of 
Ca 2+  entrance and [Ca 2+ ] 

i
  to support neuronal function and survival. Among these 

are inhibition of excessive Ca 2+  infl ux through NMDAR channels by low-potency 
use-dependent blockers, such as memantine, and enhancement of defi cient Ca 2+  
infl ux through  a 7 nAChR channels by partial agonists of  a 7 nAChRs, such as 
DMXBA. Moderate activation of highly Ca 2+ -permeable NMDAR- and  a 7 nAChR-
mediated ion channels has been shown to support neuronal function and is crucial 
for neuronal survival. Recently, positive allosteric modulators (PAMs) of  a 7 
nAChRs have been identifi ed as a promising pharmacological tool that can be used 
to enhance defi cient activation of  a 7 nAChRs associated with certain neurodegen-
erative disorders.  a 7-PAMs do not activate  a 7 nAChRs and thus,  a 7 nAChRs are 
activated by endogenous cholinergic agonists released naturally as needed. 
Activation of functional  a 7 nAChRs is neuroprotective and thus, benefi cial to neu-
rons that express these receptors. Although some neurons that experience age- or 
trauma-related defi cits in excitability (e.g., hippocampal CA1 pyramidal neurons 
 [  236,   237,   258  ] ) express only very low densities of functional  a 7 nAChRs  [  35  ] , in 
the presence of Type-II  a 7-PAMs, these neurons may also become eligible for ben-
efi ts from expression and activation of functional  a 7 nAChRs  [  35  ] . 

 Recent experimental results indicated that Type-II  a 7-PAMs may convert endog-
enous choline and ACh into effi cacious therapeutic agents by enhancing their 
potency for activation of  a 7 nAChRs. Therefore, in the presence of Type-II PAMs, 
such as 1 mg/kg PNU-120596, endogenous choline may produce moderate persis-
tent activation of  a 7 nAChRs and thus, moderately enhance Ca 2+  infl ux and neu-
ronal excitability in the absence of exogenous nicotinic agonists – effects that in 
 in vivo  settings may produce neuroprotection and cognitive benefi ts. Treatments 
involving endogenous choline may be safer than those involving synthetic  a 7 
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nAChR agonists. Hypothetically, activation of  a 7 nAChRs by endogenous nicotinic 
agonists can be moderately enhanced by optimal doses of  a 7-PAMs and a balanced 
choline diet  [  189  ] . Ideally,  a 7-PAM-based therapeutic interventions should be able 
to deliver neuroprotective and cognitive benefi ts by optimizing activation of  a 7 
nAChRs and  a 7 nAChR-mediated Ca 2+  infl ux in neuronal systems characterized by 
defi cient activation of  a 7 nAChRs. In addition, an intriguing possibility exists for 
 a 7-PAMs to join a cohort of projected drug candidates for enhancement of cogni-
tion in healthy individuals  [  259  ] . 

 Interestingly, only ~10% of hippocampal  a 7 proteins are surface-expressed  [  132  ]  
and therefore, the CA1 hippocampal region may contain a large pool of unused  a 7 
proteins. It is intriguing to speculate that under certain physiological conditions, this 
pool of dormant  a 7 proteins could be recruited to become functional and cell 
 surface-expressed. It is also reasonable to expect that certain endogenous compounds 
could enhance  a 7 nAChR activity in a manner similar to  a 7-PAMs. Finding these 
conditions and mechanisms of regulation of  a 7 nAChR surface expression and func-
tion may have a very positive impact on the future of cholinergic therapies aimed at 
restoring and boosting cognition in dementia patients and healthy individuals.      
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  Abstract   This review gives a basic introduction to the biology of protein kinase C, 
one of the fi rst calcium-dependent kinases to be discovered. We review the structure 
and function of protein kinase C, along with some of the substrates of individual 
isoforms. We then review strategies for inhibiting PKC in experimental systems and 
fi nally discuss the therapeutic potential of targeting PKC. Each aspect is covered in 
summary, with links to detailed resources where appropriate   .  

  Keywords   Kinases  •  PKC Alpha  •  PKC Beta  •  PKC Gamma  •  PKC Delta  
•  PKC Epsilon  •  PKC Eta  •  PKC Theta  •  PKC Iota  •  PKC Zeta  •  PKC Inhibitors      

   Introduction    

 Intracellular protein phosphorylation and dephosphorylation is a major mechanism 
by which external stimuli are transformed into cellular events. Phosphorylation is 
performed by protein kinases which phosphorylate their substrates on serine, threonine 
or tyrosine residues. The effect of phosphorylation is to stabilize certain conforma-
tional states of substrate molecules and thus alter their biological activity  [  1  ] . 

 Protein Kinase C (PKC) was one of the very fi rst kinases to be discovered  [  2  ]  and 
we now know that “Protein Kinase C” is actually a family of closely related serine/
threonine kinases with at least ten different isoforms having been discovered to 
date. The isoforms can be split into three families according to their requirement for 
different co-factors: The conventional, or classical (c)PKCs:  a ,  b I,  b II and  g , the 
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novel (n)PKCs:  d ,  e ,  h  and  q , and the atypical (a) PKCs:  z  and  l  (referred to as 
PKC i  in murine systems). Differential splicing gives rise to the two forms of  b :  b I 
and  b II, which differ only in their extreme  C -terminal ends  [  3  ] , while a, shortened, 
constitutively active form of PKCzeta is expressed from an internal promoter within 
the PKCzeta gene and is known as PKMzeta  [  4  ] . A further isoform, PKC m , was 
originally thought to belong to the PKC family but is now referred to as protein 
kinase D and will not be discussed further  [  5  ] . 

 The principal co-factors required for PKC activity are Ca 2+ , phosphatidylserine 
(PS) and diacylglycerol (DAG), although the requirement for these co-factors varies 
by isoform as discussed below. The activation of certain PKC isoforms by DAG can 
be exploited in experimental systems by the use of DAG mimics, typically a class 
of molecules known as the phorbol esters. Distribution of different PKC subtypes 
varies greatly among different tissues and cell types. For example, the expression 
patterns of the  a ,  d  and  z  isoforms are fairly widespread  [  6  ] , whereas PKC g  expres-
sion is restricted to tissues of the central nervous system  [  7,   8  ]  and PKC q  is 
predominantly found in T-cells  [  9  ] .  

   PKC Domain Function 

 Each PKC family contains slightly different domains, resulting in the aforemen-
tioned differences in co-factor requirements. For a detailed review of the different 
domains please see  [  10  ] . The function of some of the key relevant domains of PKC 
are summarised below and represented in Fig.  28.1 .  

  PS: Pseudosubstrate Domain . The PS region interacts with the kinase domain, form-
ing a hairpin structure which blocks kinase activity in the unactivated molecule. The 
pseudosubstrate site contains a PKC phosphorylation consensus sequence except that 
the phosphorylatable serine/threonine residue is replaced with an unphosphorylatable 
alanine  [  11  ] . The kinase-blocking property of the pseudosubstrate domain has been 
exploited in the development of specifi c PKC inhibitors. The PKMzeta form of PKCzeta 
lacks this pseudosubstrate domain and so is thought to be constitutively active  [  4  ] . 

  C1 :  DAG/Phorbol Ester Binding Domain . These domains confer upon cPKCs and 
nPKCs the ability to bind diacylglycerol/phorbol esters, with the C1b region being 
critical for this function. These domains were originally discovered in PKCs but are 
now known to be found in multiple other DAG-binding proteins (reviewed in  [  12  ] ). 
In cPKCs and in nPKCs the C1 domain is present as a tandem repeat (C1a and C1b). 
In the atypical PKCs, the ligand-binding pocket of the C1 domain does not allow the 
entry of DAG nor phorbol esters  [  13,   14  ] . C1b also appears to be the key region involved 
in the stereospecifi c interaction of PKC with phosphatidylserine (PS)  [  15  ]  although 
the C2 domain interacts with anionic phospholipids in a Ca 2+ -dependent manner. 
In PKCepsilon there is a 22 amino acid actin-binding sequence located between the C1a 
and C1b domains that is unique to this PKC isoform, although other isoforms bind to, 
and are activated by, F-actin. Both the affi nity for F-actin, and the activity induced as a 
result of PKC binding to F-actin, are potentiated by the presence of PMA/Ca 2+   [  16  ] . 
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  C2: Binds Ca   2+    and phospholipids . A detailed review of the C2 domain by Farah 
and Sossin can be found in Chap.   28     of this book. Briefl y, the presence of aspartate 
residues in the C2 domain of cPKCs confers upon them the ability to bind Ca 2+ , 
which is then crucial for activation. In the novel PKCs, these aspartate residues are 
absent and the nPKCs do not require Ca 2+  for activation. Perhaps related to this, 
nPKCs have a two-fold greater affi nity for DAG than cPKCs  [  17,   18  ] . 

 Both the C2 and C1 domains are involved in the interaction of activated PKC with 
the plasma membrane: C1 in a DAG/PMA and phospholipid dependent manner and 
C2 in a Ca 2+  dependent manner. aPKCs do not have a C2 domain (Fig.  28.1 ). 

  PB1 : aPKCs differ from other PKC types in containing a PB1 domain (Fig.  28.1 ). 
This scaffolding domain of approximately 80 amino acids is found in many differ-
ent protein types and is thus thought to facilitate the formation of aPKC-containing 
complexes, perhaps providing a means by which target specifi city is achieved  [  19  ] . 

  V3: Hinge Region . The V3 region forms the “hinge” of the molecule, allowing the 
pseudosubstrate to interact with the kinase domain (see above). The V3 region is 

  Fig. 28.1     Domain structure of the different subgroups of the PKC family . Classical (cPKCs):  a , 
 b I,  b II and  g , novel (nPKCs):  d ,  e ,  h  and  q , and atypical (aPKCs):  z  and  l  (referred to as PKC i  in 
murine systems). For detail of domain function please refer to section  “Introduction” . Adapted 
from references cited in the text       
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susceptible to proteolytic cleavage  [  7  ] , which frees the catalytic domain and, for 
some isoforms, generates a constitutively active form of the kinase  [  10  ] . The V3 
region may also be important for the targeting of certain isoforms to specifi c 
intracellular locations  [  20  ] . 

  Catalytic Domain : This domain is highly conserved between the PKCs, indeed it 
is highly conserved between many families of kinase, meaning that reagents which 
target this region have poor specifi city (see section  “Strategies for Developing PKC 
Inhibitors” ). 

  V5 : This region contains some of these sites which are phosphorylated as part of 
the activation of PKC (section  “Regulation of PKC” ). It is the principal region 
which varies between the  b I and  b II isoforms  [  21  ] , in fact the extreme C-terminus 
of the domain is the most variable between isoforms and as a consequence it is often 
a region against which isoform specifi c antibodies are raised  [  10  ] .  

   Regulation of PKC 

   Regulation by Phosphorylation 

 PKC undergoes a highly regulated sequence of phosphorylation steps which must 
occur before it can become fully active and thus able to transduce extracellular sig-
nals  [  22,   23  ] . Phosphorylation occurs at three sites: the activation loop, which is in 
the kinase domain, and the “turn” and “hydrophobic” motifs, which are in the V5 
region.  [  24,   25  ] . When PKC is fi rst synthesized, it is weakly attached to the mem-
brane in an open conformation, meaning that the pseudosubstrate is not in the 
active site and the activation loop is exposed and can be phosphorylated  [  26  ] . 
Phosphoryation of the activation loop is achieved by PDK1  [  27–  29  ]  and is essential 
to the survival of the PKC. Unphosphorylated PKCs are quickly degraded, and it 
has been demonstrated that cells defi cient in PDK1 have reduced levels of PKC 
 [  30  ]  .  Phosphorylation of the activation loop by PDK1 is followed by the phospho-
rylation of the turn motif which turns PKC into a thermally stable, closed state  [  25  ]  .  
This phosphorylation is critical for the enzymatic function of PKCs, as dephospho-
rylation abolishes activity  [  25,   31  ]  .  Although the mechanistic detail has not 
been fully elucidated, it has been shown that the mTORC2 complex, comprising 
of mTOR kinase, rictor, mLST8, and Sin1, is required for this phosphorylation 
 [  26,   32,   33  ] . Cells lacking any protein within the mTORC2 complex cannot process 
PKC and unphosphorylated species of PKC are degraded  [  33,   34  ] . Additionally, 
cells lacking mTORC2 have signifi cantly reduced PKC levels  [  33–  35  ] , demonstrating 
the important role that phosphorylation plays in stabilizing the peptide. The last 
step in the maturation process is phosphorylation of the hydrophobic motif. The 
hydrophobic motif is situated at the C terminal and is a ser/thr that is fl anked by 
lipophilic residues. The mechanisms by which phosphorylation of the hydrophobic 
motif is achieved have not been fully determined, although roles have been postu-
lated for autophosphorylation and for mTORC2, among other kinases  [  24,   33,   36  ] . 
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It is important to note that this applies only to cPKCs and nPKCs because aPKCs 
are not phosphorylated at the hydrophobic motif. 

 The activity of the mature PKC is regulated by secondary messengers, namely 
calcium, DAG and phosphatidylserine (PS). The hydrolysis of phosphatidylinositol 
4,5-bisphosphate (PIP2) generates inositol 1,4,5-trisphosphate (IP3) and DAG. IP3 
translocates to the cytosol to unlock a pool of intracellular calcium while DAG 
remains at the plasma membrane. Calcium binds to the C2 domain of cPKCs and 
targets them to the plasma membrane, where they bind to anionic phospholipids 
such as PS. Once tethered to the membrane, the C1 domain binds with membrane 
DAG, and interaction with the plasma membrane thermodynamically shifts the 
autoinhibitory PKC pseudosubstrate out of the active site. As previously mentioned, 
the C1 domain of nPKCs has twice the affi nity for DAG as that of cPKCs, which 
signifi cantly localizes nPKCs to the Golgi apparatus where the membrane is rich 
in DAG  [  37  ] . 

 The function and targeting to substrates of activated PKC is facilitated by 
Receptors for Activated C Kinase (RACKs). Pioneering work from the laboratory 
of Daria Mochly-Rosen identifi ed RACKs, to which PKCs bind once activated  [  38  ] . 
RACKs appear to be isoform-specifi c and serve to anchor PKC in close proximity 
to its substrates  [  39  ] . Short peptides based upon the RACK-interacting motifs of the 
different PKCs have proved to be useful tools to inhibit the translocation, and thus 
the activation, of PKC in an isoform specifi c manner. This is an active area of drug-
discovery, targeting PKC for therapeutic benefi t  [  40  ]  (see also sections  “Strategies 
for Developing PKC Inhibitors”  and  “PKC as a Therapeutic Target” ).   

   PKC Targets, Substrates and Binding Partners 

 Substrates of PKC contain a consensus phosphorylation sequence which varies 
slightly among isoforms  [  41  ] , but generally requires that there to be a basic residue 
in close proximity to the serine/threonine being phosphorylated  [  42  ] . Identifi cation 
of a substrate  in vitro  does not necessarily mean that the same protein is a PKC 
substrate  in vivo.  In fact, to conclusively demonstrate  in vivo  phosphorylation is 
very diffi cult. Nevertheless a broad range of putative substrates have been identifi ed 
and their regulation by individual isoforms is discussed below. The list is broad and 
includes a wide range of receptors, regulatory enzymes, and cytoskeletal proteins. 

 Only a handful of examples are included for each isoform, to give an idea of the 
range of potential substrates. Some additional substrates are discussed in section  
 “PKC as a Therapeutic Target” . 

   PKC Alpha 

  DGK zeta . PKCalpha phosphorylation negatively regulates diacylglycerol kinase 
(DGK) zeta. DGK converts DAG to phosphatidic acid, thereby terminating DAG 
signaling. Activation of PKCalpha attenuates DGK zeta activity. Creating a 



644 L. Zeng et al.

phospho-mimic of DGK zeta by converting a phosphorylatable serine to an aspartate 
residue results in increased cell growth  [  43  ] .  Filamin A  is a structural component of 
the cytoskeleton, anchoring membrane proteins to the actin fi lament network. 
Filamin A was identifi ed as a phosphorylation target for PKC alpha by yeast 
two-hybrid analysis  [  44  ] . Filamin A is indispensible to normal development  [  45  ] . 
A consistent theme in the biology of cell signaling is the inter-regulation of different 
protein kinases and their pathways.  Raf-1  is a kinase which is part of the MAPK/
ERK signaling pathway. PKCalpha directly phosphorylates and activates Raf-1 
 in vitro  and  in vivo . PKCalpha phosphorylates Raf-1 at multiple sites, of which 
serine 499 seems to be the most important. Activation of Raf-1 induces activation 
of a protein kinase cascade by the direct phosphorylation of MAP kinase resulting 
in the phosphorylation of ternary complex factor and Jun by MAP kinase. This 
pathway is crucial to cell proliferation  [  46  ] . PKC alpha, along with the beta I and II, 
and eta isoforms, phosphorylates the protein-tyrosine-phosphatase (PTP)  SHP2  on 
serine residues 576 and 591  [  47  ] . SHP2 is thought to play a role in many disease 
states, including cancer  [  48  ] , diabetes and obesity  [  49  ] .  

   PKC Beta 

  F1/GAP 43 , is a cytoskeletal regulator which is highly enriched in neuronal growth 
cones mutation of GAP 43 at ser 41, a PKC phosphorylation site, demonstrates that 
phosphorylation of GAP 43 regulates the biology of neurons  [  50  ] .  In vitro  phospho-
rylation experiments suggest that F1/GAP 43 is selectively phosphorylated by PKC 
beta  [  51  ] . PKC beta phosphorylates serine residues 505 and 509 in the cytoplasmic 
domain of  tyrokinase  to activate it. Tyrokinase is the rate-limiting enzyme in 
melanogenesis  [  52  ] .  Phospholipase D  – sustained stimulation of PKC alpha and 
beta II leads to localization of these isoforms to the juxtanuclear region. PKCbeta II 
activates PLD during the translocation and inhibition of PLD using a dominant 
negative construct prevents this translocation  [  53  ] .  

   PKC Gamma 

  RC3  is a neural specifi c protein that is phosphorylated by PKC following the post-
synaptic activation of metabotropic glutamate receptors. The failure of PKC stimu-
lation to increase phosphorylated RC3 in PKCgamma knockout mice suggests that 
RC3 may be a substrate of PKCgamma. This could contribute to the spatial learning 
defi cits and impaired hippocampal LTP seen in PKCgamma knockout mice  [  54  ] . 
A form of spinocerebellar ataxia (SCA14) arises from mutations in the gene encoding 
PKCgamma. In one family of sufferers it has been determined that a deletion muta-
tion in PKCgamma elongates the enzyme by 13 amino acids. The resulting enzyme 
is hyperactive and results in a hyperphosphorylation, on Thr 111, of the DNA repair 
enyzme  aprataxin . Phosphorylation of aprataxin prevents its entry into the nucleus 



64528 The Biology of Protein Kinase C

and results in increased cell death, establishing a putative mechanism by which 
PKC gamma mutation contributes to spinocerebellar ataxia  [  55  ] .  

   PKC Delta 

 PKC delta has many roles in cell growth, survival, differentiation and apoptosis. 
Many of the substrates which mediate these effects have been identifi ed and include 
transcription activators such as STATs (Signal Transducer and Activator of 
Transcription) and heat-shock proteins (HSPs). 

 Treatment with Interferon-alpha triggers the phosphorylation of  STAT1  on ser-
ine 727 via a process which requires PKCdelta, although it is not clear that PKCdelta 
directly phosphorylates STAT1  in vivo . This phosphorylation is essential to the tran-
scriptional activity of Stat1 and is a crucial part of Type 1 Interferon signaling  [  56  ] . 
 STAT3  is also phosphorylated on ser 727 through a process which is induced by 
interleukin-6 (IL-6) and again appears to be mediated by PKCdelta. In several cell 
types, stimulation by IL-6 leads to the association of Stat3 with PKCdelta. Also, 
PKCdelta phosphorylates Stat3  in vitro , and  in vivo  phosphorylation of Stat3 is inhib-
ited by expression of dominant negative PKCdelta. This phosphorylation negatively 
regulates the transcriptional activity of STAT3  [  57  ] .  HSP25  interacts with PKCdelta 
to inhibit apoptosis. HSP25 binds to the V5 region of PKCdelta and inhibits both its 
kinase activity and membrane translocation. The interaction between PKCdelta and 
HSP25 induces the phosphorylation of HSP25 at serine 15 and serine 86, allowing 
the HSP to then “unbind” PKCdelta. This helps explain the cytoprotective role of 
HSP25  [  58  ] . PKCdelta also interacts with HSP27 through the carboxyl terminus of 
PKCdelta, hindering the activity of PKCdelta and its role in cell death  [  59  ] . 

  P47 Phox . The phosphorylation and translocation of p47 phox in activated 
human monocytes requires PKCdelta. P47phox is an important component of 
NADPH oxidase activity in monocytes and is part of the complex that produces the 
superoxide O2-  [  60  ] .  P60TNFR  is a proinfl ammatory molecule whose phosphory-
lation leads to the degranulation of neutrophils. PKCdelta is the only isotype that 
associates with p60TNFR within the appropriate time frame for phosphorylation to 
occur and is the only isozyme capable of phosphorylating p60TNFR  in vitro , 
suggesting that P60TNFR is a PKCdelta substrate  in vivo   [  61  ] .  

   PKC Epsilon 

 PKCepsilon is expressed throughout the body. The substrates and binding partners 
for PKC-epsilon have been recently reviewed in detail  [  62  ] . PKCepsilon phospho-
rylates a variety of substrates which fall into a few key classes – including ion 
channels such as the  GABA-A receptor ,  cytoskeletal proteins , and other intracel-
lular signaling molecules such as  Protein Kinase B  and  STAT3 .  
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   PKC Eta 

 PKC eta is highly expressed in epithelial tissue and there is evidence that it 
phosphorylates the tight-junction protein  occludin   [  63  ]  in cultured cells. Inhibition 
of PKC-eta mediated occludin phosphorylation alters the distribution of occludin in 
tight junctions and compromises the epithelial barrier. Conversely, constitutively 
active PKCeta elevates levels of phosphorylated occludin and strengthens tight 
junctions. This phosphorylation is thought to occur on Thr 403 and Thr 404. 
A Thr403/404A mutation results into the inability to localize to the tight junction 
complex whereas a Thr 403/404D mutation alleviates the effects PKCeta inhibition 
has on tight junction assembly  [  64  ] .  

   PKC Theta 

 PKC theta is predominantly expressed in lymphocytes, skeletal muscle, and 
platelets.  [  62,   65,   66  ] . The best described role for PKC-theta is in the activation of 
T-cells, where it participates in a number of cell signaling pathways which 
ultimately result in the activation of transcriptional changes leading to T-cell 
activation (recently reviewed in  [  67,   68  ] ).  

   PKC Iota 

 Much of the attention paid recently to the biology of PKC iota has focused on its 
identifi cation as a human oncogene and thus its role in cancer  [  68  ] . A number of 
putative substrates have been identifi ed, including  interleukin receptor-associated 
kinase (IRAK) . It’s been previously shown that IRAK is critical for NGF induced 
activation of NF-kappa B, and thus necessary for cell survival  [  69  ] . NGF signaling 
results in the formation of an IRAK-PKCiota complex that is recruited to the p75 
neurotrophin receptor. The putative phosphorylation site is Thr66. Mutation of this 
threonine to alanine reduces the IRAK-PKCiota association  [  70  ] . Another well-
described role for the aPKCs (iota and lambda) is in the regulation of cell polarity, 
achieved through interaction with proteins in the  PAR complex   [  71,   72  ] .  

   PKC Zeta 

 Protein kinase C zeta is implicated in the regulation of a wide variety of intracellular 
signaling mechanisms  [  73  ] , some of which are summarized below. 

 Vascular endothelial growth factor (VEGF) is a cytokine that promotes angio-
genesis and vascular permeability. VEGF also activates  eNOS,  producing nitric 
oxide (NO) to augment its effects on the vasculature. Angiopoietin-1 (Ang-1) 
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antagonizes VEGF by interrupting its signaling to eNOS, thus stabilizing vessels 
and preventing plasma leakage. Ang-1 appears to stimulate PKCzeta-mediated 
phosphorylation of eNOS at Thr497. Furthermore, following PKCzeta knockdown, 
Ang-1 is unable to inhibit the actions of VEGF and NO  [  74  ] .  Insulin-responsive 
aminopeptidase (IRAP)  and the type 4 glucose transport (GLUT4) are the two 
major constituents of the GLUT4 storage vesicle and are recruited to the plasma 
membrane in response to insulin  [  75  ] . Experiments with rat adipocytes suggest that 
IRAP is a direct substrate of PKCzeta with Ser80 as the most likely phosphorylation 
site  [  76  ] .  P47phox.  P47 is a component of the multi-protein NADPH oxidase com-
plex. PKCzeta is expressed abundantly in neutrophils, a cell type in which NADPH 
oxidase plays a major role.  In vitro  incubation of recombinant p47phox and PKCzeta 
increases the phosphorylation of p47phox that is dependent on both time and 
concentration. Treatment with synthetic chemoattractants like fMLP stimulates 
translocation of PKCzeta and p47phox to the plasma membrane. Inhibition of 
PKCzeta prevents the translocation and phosphorylation of p47phox and results in 
a reduction in oxidant production. Mutagenesis studies suggest that ser 303/304 and 
ser 315 may be the phosphorylated residues  [  77  ] .   

   Strategies for Developing PKC Inhibitors 

 Given the wide variety of aforementioned substrates, it is unsurprising that the PKC 
family has been the target of medications development efforts – see  [  78  ]  and  [  40  ]  
for recent reviews on this topic. There are several aspects of PKC biology which 
could be targets for pharmacological intervention. These include (1) The ATP and 
substrate binding domains (2) effector binding domains (3) scaffold mimics that 
activate or inhibit the binding of PKC to RACKs and (4) the 3 ¢ UTR of PKC 
mRNA. 

 Many of the fi rst PKC inhibitors identifi ed, such as staurosporine and bisindolyl-
malemides, act at the catalytic domain. It has subsequently been discovered that the 
catalytic domain is highly conserved across many different kinase families and thus 
selectivity is a signifi cant concern for this class of inhibitors (e.g. see  [  79  ] ). Concerns 
over selectivity and potency result in a narrow therapeutic window and thus 
catalytic-site inhibitors are currently most useful as research tools rather than 
therapeutic agents. Inhibitors targeting the substrate binding site, as well as the C1 
and C2 domains, have been developed. The majority of peptide-based substrate site 
inhibitors mimic the substrate recognition sequence of PKC isoforms, with the 
exception of an alanine at the target site, thereby making them non phosphorylat-
able. Limited isoform selectivity is a signifi cant concern with this class of inhibi-
tors. Specifi city is also an issue for these small molecule substrate site inhibitors, 
such as the alkaloid chelerythrine  [  80  ] . 

 Inhibition of PKC can also occur at the C1a/b domain. Examples of this type of 
inhibitor are bryostatin  [  81  ]  and Calphostin C  [  82  ] . Calphostin C binds to C1 
domains, competing with DAG and phorbol esters for this site. Bryostatin also binds 
to C1 domains and has actions similar to those of phorbol esters. 
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 A third way to inhibit PKC is by preventing scaffolding proteins, which are 
necessary for the continuation of downstream signal transduction, from binding to 
the C2 domain. In the closed/inactive conformer of PKC, C2 is bound to a sequence 
called pseudoRACK  [  38  ] . This knowledge has also been exploited to design PKC 
activators by locking PKC into the open confi guration by an activator that disen-
gages the intramolecular interactions between C2 and pseudoRACK. Work by 
Ponting and Stallings-Mann  [  83,   84  ]  and Regala  [  85  ]  on PKC-iota has demonstrated 
that the PB1 domain may also be targeted for PKC inhibition. 

 Antisense oligonucleotides can be generated to recognize the 3 ¢ UTR of PKC 
mRNA, and target it for degradation. Antisense ogligonucleotides against 
PKCalpha have been particularly used in research on treatments for different 
types of cancer  [  86–  88  ] .  

   PKC as a Therapeutic Target 

 PKCs are found in all eukaryotes and in a very wide variety of cell types and ana-
tomical locations. Multiple disease states have been identifi ed where PKCs play a 
role. Here we review some of these. 

   Addiction 

 Multiple PKC isozymes have been identifi ed as playing a role in the development 
and maintenance of addictive behaviour in animal models. Perhaps the best described 
of these is PKCepsilon, deletion of which causes an increase in sensitivity to 
morphine  [  89  ] , cannabinoids  [  90  ]  and allosteric GABA-A receptor modulators such 
as ethanol and benzodiazepines  [  91–  93  ] . Follow up studies have shown that 
ethanol-drinking behaviour in mice is reduced by a selective reduction of PKCepsilon 
levels in the amygdala  [  94  ]  and that the GABA-A receptor is a substrate for 
PKCepsilon  [  95  ] . Biological responses to ethanol are also regulated by PKC gamma 
 [  96–  99  ]  and PKC delta  [  100  ]  and both of these effects also appear to be correlated 
with, at least in part, the regulation of GABA-A receptors by these isozymes. 

 The role of PKC isozymes in mediating biological responses to drugs of abuse 
and the therapeutic implications of these effects have been recently reviewed  [  101  ] .  

   Neurodegenerative Diseases 

 PKC activators have potent neurotrophic and neuroprotective effects in animals, 
making them candidates for the treatment of neurodegenerative diseases, stroke, 
and traumatic brain injury. PKC activators can induce synaptic maturation, inhibit 
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apoptosis, increase neurotrophin levels and reduce beta-amyloid levels  [  102  ] . 
Beta-amyloid is a toxic peptide that’s believed to be important in the progression to 
Alzheimer’s Disease (AD) and dementia. It has been shown that overexpression of 
PKCepsilon reduces levels of amyloid beta in a mouse model of AD  [  103  ] . One 
possible mechanistic explanation for these effects comes from observations that 
PKC activators including phorbol esters  [  104  ] , bryostatin  [  105  ] , and benzolactam 
derivatives  [  106  ]  promote the activity of alpha secretase. Alpha secretase converts 
the amyloid precursor protein (APP) into a non-toxic form called sAPPalpha. In 
fact, abnormal function in the PKC signaling cascade is one of the earliest changes 
in patients with AD  [  107  ] . 

 A mechanistic theory to explain the biology of AD suggests that increased levels 
of Abeta suppresses PKC activity. Since PKC isozymes are important in synapto-
gensis, blockade of PKC activity leads to synaptic loss. And synaptic loss is one of 
the hallmarks of AD. However, high levels of PKC also suppress the precipitation 
of amyloid beta  [  107  ] . 

 Lines of transgenic mice have been created that mimic Alzheimer’s Disease by 
carrying specifi c mutations in the gene encoding for APP: APV717I and K670N/
M671L (Tg2576)  [  105,   108  ] . Using APV717I transgenic mice, it has been shown 
that PKC activators, given over a period of several months, provide signifi cant 
longevity benefi ts  [  105  ] . Administration of bryostatin results in increased sAPPal-
pha and decreased beta amyloid levels in the brain, and a concomitant increase in 
life expectancy  [  105  ] . Bryostatin also confers a neuroprotective effect in a different 
mouse model using Tg2576 mice. Administration of byrostatin restores PKC activity, 
which in turns reduces levels of soluble Abeta. Furthermore, bryostatin is able to 
prevent synaptic loss in the hippocampus and thus ablate the memory defi cits that 
are seen in AD  [  108  ] . 

 PKC activators can also ameliorate some of the neurological injury caused by 
combination of ischemia and hypoxia, a model of stroke in rats  [  109  ] , suggesting 
they could be of therapeutic potential in the treatment of stroke. Recent studies suggest 
that PKCepsilon might confer protection against ischemic injury by decreasing 
post-ischemic cerebral blood fl ow  [  110  ] .  

   Memory 

 PKC inhibition can reduce spatial learning  [  111  ] , although PKCs activators can 
improve learning which is independent of protein synthesis  [  112,   113  ] . In rats 
trained in a spatial memory task, bryostatin increases the rate of learning and the 
number of mushroom spines in the hippocampus. Importantly, the effects of bry-
ostatin can be blocked by PKC inhibitors; supporting the hypothesis that bryostatin 
enhances learning and memory by specifi cally activating PKC  [  102  ] . 

 PKMzeta is highly expressed in neuronal tissues  [  4  ]  and is thought to be a key 
enzyme involved in mediating various aspects of synaptic plasticity, where the 
characteristics of various synaptic phenomena are altered in a manner which is 
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hypothesized to underly the molecular basis of certain types of memory. These 
hypotheses are supported by studies showing that inhibition of PKMzeta has 
profound effects on memory in animal models. The molecular biology of PKMzeta 
has been extensively studied within these processes, although the specifi c 
PKMzeta substrates involved have yet to be elucidated  [  114  ] .  

   Hematological Malignancy 

 Much of the literature about the biology of PKCs suggests that they play a role in 
cancer. Much of the work to develop pharmacological reagents which manipulate 
PKC has thus focused on experimental models of cancer. 

 Curcumin [1,7-bis-(4-hydroxy- 3-methoxyphenyl)-1,6-heptadiene-3,5-dione] is 
a biologically active component of the spice turmeric. Both  in vitro  and animal 
models have demonstrated that curcumin has antiproliferative, anti-invasive and 
antiangiogenic effects  [  115,   116  ] . Curcumin inhibits PKC by oxidizing the vicinal 
thiols present within the catalytic domain. Curcumin has already been evaluated in 
clinical trials for the treatment of multiple myeloma’s and myelodysplastic syn-
dromes  [  117,   118  ]  as well as other infl ammatory and chronic diseases  [  119–  122  ] . 

 Enzastaurin (LY317615) inhibits PKC by competing with ATP for the nucleotide 
triphosphate-binding site. Experimental evidence has shown that Enzastaurin 
potently inhibits multiple PKC isozymes including PKC-beta, -alpha, delta, gamma, 
and epsilon  [  123  ] . Recent studies in preclinical trials show have demonstrated that 
Enzastaurin has anti-tumor activity  [  123,   124  ] . Enzastaurin either alone or in com-
bination with chemotherapeutics is currently undergoing phase I and II clinical trials 
for use in patients suffering from for various malignancies including leukemia and 
non-Hodgkin’s lymphoma  [  125  ] . 

 Enzastaurin can also inhibit the survival, proliferation, and migration of multiple 
myeloma cell lines and primary tumor cells  [  126  ] , and abolish tumor cell growth angio-
genesis and survival  in vivo.  Furthermore,  in vitro  studies demonstrate that enzastaurin 
has a synergistic antitumor effect with drugs currently approved for the treatment of 
hematalogical malignancies such as rituximab and dexamethasone  [  127  ] . 

 Promising results have also been obtained in studies using bryostatin in the treat-
ment of treatment-resistant acute leukemias and insidious forms of lymphoma and 
leukemia  [  128–  130  ] . Bryostatin has been studied with TNF-related apoptosis inducing 
ligand (TRAIL) and with anti-TRAIL receptor agonistic antibodies  [  131  ] . For example 
the combination of AS101, an immunomodulator that potentiates TNF-alpha function, 
and bryostatin prolongs the longevity of mice in a murine model of leukaemia  [  132  ] . 

 Another drug whose actions are enhanced by the co-administration of bryostatin 
is rituximab. Rituximab is an agent for the treatment of non-Hodgkin’s lymphoma, 
however only about 50% of patients respond to rituximab. Experimental studies 
have demonstrated that cells pretreated with bryostatin are more susceptible to the 
pro-apoptotic action of rituximab, suggesting that the combination of drugs may be 
useful in the treatment for B cell malignancies  [  133  ] . This hypothesis is currently 
being tested in a clinical trial  [  134  ] .  
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   PKC Isozyme-Selective Activators and Inhibitors 
in the Treatment of Reperfusion Injury 

 Patients who suffer from acute myocardial infarction or have undergone cardiac 
surgery can accrue damage to the heart in two ways: ischemic injury and reperfusion 
injury, collectively called ischemia-reperfusion (IR) injury. While the myocardium 
can activate anaerobic fuel catabolism during brief periods of oxygen deprivation, 
long term deprivation result in irreversible cell injury, and ultimately death. Upon 
reperfusion, the rapid generation of ATP in combination with elevated calcium con-
centration can result in hypercontracture and also apoptosis. This injury can spread 
throughout the syncytium via gap junctions  [  135  ] . Both ischemia and reperfusion 
need to be addressed in order to minimize cardiac damage in patients. A number of 
studies have identifi ed roles for PKC isozymes in IR injury. Activation of PKCepsilon, 
for example using psi(e)RACK  [  136–  138  ] , is important for the phenomenon of 
ischemic preconditioning (IPC) where brief ischemic events offers protection from a 
subsequent and sustained ischemic insult  [  139  ] . Selective inhibition of PKCdelta with 
deltaV1-1  [  140  ]  reduces reperfusion damage  [  137  ] , likely through inhibiting the pro-
apoptotic role for PKCdelta  [  140  ] . Interestingly, it was recently shown that chronic 
intermittent hypoxia, which instills protection against ischemia-reperfusion injury, 
increases PKC delta expression  [  141  ] . PKC beta II may also play a role in the cardio-
protective effects of chronic intermittent hypoxia/hypoxic preconditioning  [  142  ] .  

   PKC theta as an Anti-infl ammatory Target 

 As mentioned previously, PKC theta is predominantly expressed in lymphocytes, 
skeletal muscle, and platelets  [  62,   65,   66  ] . It is thought that inhibition of PKCtheta 
has anti-infl ammatory potential, based upon studies using PKCtheta KO mice. 
Early work in these mice has demonstrated that they exhibit reduced eosinophil 
infi ltration and lung infl ammation, while T cells from these mice exhibit reduced 
proliferation and production of cytokines  [  143,   144  ] . This was also apparent in a 
model of antigen-induced arthritis, in which PKCtheta −/−  mice develop a markedly 
less severe form of the disease compared to their wild type counterparts  [  145  ] . 
PKCtheta  −/−  mice also exhibit a delayed rejection of a cardiac allograft  [  146,   147  ] , 
while in these mice a dose of an immunosuppressant, that would normally have 
been subtherapeutic, suffi ciently prevents the rejection of the graft  [  146  ] .  

   PKC and Insulin Resistance 

 Type-II diabetes is characterized by insulin resistance and hyperglycemia. The 
serious complications of type-II diabetes include large and small vessel diseases, like 
cardiovascular disease and atherosclerosis, and neuropathy and nephropathy  [  148  ] . 
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Multiple isoforms of protein kinase C have been shown to play a role in the transition 
from healthy to hyperglycemic. For instance, phosphorylation of insulin receptor 
substrate-1 is linked to insulin resistance. PKCs, including alpha  [  149  ] , beta  [  150  ] , 
delta  [  151  ] , and zeta  [  152  ] , are involved in the phosphorylation of IRS-1 either 
directly or indirectly. Another protein involved in insulin resistance is 14-3-3, which 
is part of the IRS-1 complex and is regulated by PKC alpha  [  153  ] . MARCKS, which 
also play a role in insulin resistance, is regulated by PKC beta  [  154  ]  and delta  [  154  ] . 
PKC delta has been reported to associate tightly with insulin receptors  [  155  ] . Thus 
PKCs form an attractive target for therapeutic intervention in acquiring diabetes and 
reducing hyperglycemia. Several PKC inhibitors have been tested in clinical trials 
already- recently reviewed in  [  148  ] .  

   Pain 

 PKCgamma is a major PKC isoform expressed in the spinal cord. Its strategic 
distribution in the outer lamina of the dorsal horn implies its important regulatory 
role in the somatosensory pathways, especially in nociception  [  156  ] . PKCgamma 
has a well-established role in moderating the biological response to opiates (reviewed 
recently in  [  101  ] ). The analgesic effects of mu-opioid receptor agonists are enhanced 
in PKCgamma knock-out mice. Deletion of PKCgamma also results in an increased 
binding of enkephalin to the mu-opioid receptor in spinal cord membranes from 
knockout mice  [  156  ] . The molecular biology of this effect is poorly understood. 
PKCepsilon null mice also show an increase in sensitivity to the analgesic effects of 
morphine, while PKCepsilon inhibitors and activators have been shown to modulate 
many different aspects of chronic pain in animal models  [  157  ] .       
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  Abstract   More than two decades ago, the discovery of the fi rst C2 domain in 
conventional Protein Kinase Cs (cPKCs) and of its role as a calcium-binding motif 
began to shed light on the activation mechanism of this family of Serine/Threonine 
kinases which are involved in several critical signal transduction pathways. In this 
chapter, we review the current knowledge of the structure and the function of the 
different C2 domains in PKCs. The C2 domain of cPKCs is a calcium sensor and its 
calcium-dependent binding to phospholipids is crucial for kinase activation. While 
the functional role of the cPKC C2 domain is better understood, phylogenetic analy-
sis revealed that the novel C2 domain is more ancient and related to the C2 domain 
in the fungal PKC family, while the cPKC C2 domain is fi rst associated with PKC 
in metazoans. The C2 domain of novel PKCs (nPKCs) does not contain a calcium-
binding motif but still plays a critical role in nPKCs activation by regulating C1-C2 
domain interactions and consequently C2 domain-mediated inhibition in both the 
nPKCs of the epsilon family and the nPKCs of the delta family. Moreover, the C2 
domain of the nPKCs of the delta family was shown to recognize phosphotyrosines 
in a novel mode different from the ones observed for the Src Homology 2 (SH2) and 
the phosphotyrosine binding domains (PTB). By binding to phosphotyrosines, the 
C2 domain regulates the activation of this subclass of PKCs. The C2 domain was 
also shown to be involved in protein-protein interactions and binding to the receptor 
for activated C-kinase (RACKs) thus contributing to the subcellular localization of 
PKCs. In summary, the C2 domain is a critical player that can sense the activated 
signaling pathway in response to external stimuli to specifi cally regulate the different 
conventional and novel PKC isoforms.  
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   Introduction 

 Protein kinase Cs (PKCs) are a family of lipid activated Serine/Threonine kinases 
which are involved in several critical signal transduction pathways including cell 
division, differentiation, migration, apoptosis and synaptic plasticity underlying 
learning and memory formation  [  1–  7  ] . There are four known families of PKC iso-
forms in vertebrates: the conventional or Ca 2+ -activated PKCs (cPKCs) family 
which includes PKC  a ,  b 1,  b 2 and  g , the novel or Ca 2+ -independent PKCs (nPKCs) 
of the epsilon family which includes PKC  e  and  h  also referred to as novel type I, 
the nPKCs or Ca 2+ -independent PKCs of the delta family which includes PKC  d  
and  q  also referred to as novel type II and the atypical family (aPKCs) which 
includes PKC  z  and  i  (Fig.  29.1 ;  [  2,   8  ] ). All isoforms have a catalytic domain 
located at the C-terminal and a regulatory domain located at the N-terminal. In the 
inactive form of the kinase, the pseudosubstrate ( P  in Fig.  29.1 ) located in the 
regulatory domain is lodged in the active site located in the catalytic domain and 
blocks it sterically keeping the enzyme inactive. In order for PKCs to become 
active, a conformational change is required to move the pseudosubstrate away 
from the active site and allow binding of the substrate  [  9,   10  ] . Conventional PKCs 
contain two tandem C1 domains which can bind to diacylglycerol (DAG)/Phorbol 
esters in the regulatory region and a C2 domain which mediates calcium-dependent 
binding to the membrane lipid phosphatidylserine (PS) and to phosphoinositide-
4,5-bisphosphate [PIP2]  [  11–  13  ] . Novel PKCs also contain two C1 domains that 
coordinate binding to DAG/Phorbol esters and a C2 domain but their C2 domain is 
located N-terminal to the C1 domains and lacks the critical aspartic acid residues 
required for coordinating Ca 2+  ions in cPKCs  [  14  ] . In the nPKCs of the delta fam-
ily, the C2 domain can also bind phosphotyrosines  [  15  ] . Atypical PKCs have one 
C1 domain which is said to be atypical because it cannot bind DAG/Phorbol esters 
and do not have a C2 domain but rather a PB1 domain in the regulatory region 
which mediates protein-protein interactions  [  16–  18  ] . In  Aplysia californica , our 
model system to study memory formation, there are three nervous system specifi c 
PKC isoforms one from each major class, namely the conventional PKC Apl I, the 
novel PKC Apl II which is homologous to the nPKCs of the epsilon family in ver-
tebrates and the atypical PKC Apl III  [  2,   19,   20  ] . The present chapter will focus on 
the role of the C2 domains in PKC signaling. Therefore, the activation mechanisms 
of atypical PKCs will not be discussed in this chapter.   
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  Fig. 29.1    Structure of PKC isoforms. Representative structures from each family are shown. 
Note that the C2 domains of nPKCs of the epsilon family and nPKCs of the delta family are 
located N-terminal to the C1 domains and lack the critical aspartic acid residues critical for coor-
dinating Ca 2+  in cPKCs. The C2 domain of nPKCs of the delta family can also bind to phospho-
tyrosines. Atypical PKCs don’t contain a C2 domain but a PB1 domain that mediates protein-protein 
interactions. HR1 domains in yeast PKCs and PKNs bind to small GTP-binding proteins such as 
Ras and Rho. EF hands are calcium-binding domains related to the domains in calmodulin. SH2 
(Src homology 2) domains are phosphotyrosine binding domains fi rst defi ned in Src.  P , 
pseudosubstrate       
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   Evolution of C2 Domains 

 C2 domains are ancient and are found throughout eukaryotes in a wide variety of 
proteins  [  21  ] . In trying to understand the role of C2 domains in PKCs, it would be 
helpful to know whether the C2 domains in novel type I, novel type II, and conven-
tional PKCs are directly related to each other and how the connection between the 
C2 domains and PKC evolved. We have previously used bioinformatics to probe the 
origins of the PKC family and found that (1) the four families of PKCs were already 
well established by the bilaterian ancestor; (2) The catalytic domains of PKCs and 
the related kinase protein kinase N (PKN)s are equally similar to fungal PKCs, and 
thus in early metazoans, the family fi rst diverged into PKCs and PKNs; (3) atypical 
PKCs diverged from both conventional and novel PKCs before conventional, type I 
and type II PKCs diverged  [  2  ] . Since this study, the genomes of a number of primi-
tive metazoans or species closely related to metazoans, including the choanofl agel-
lates, Salpingoeca and Monosiga brevicollis as well as Capsaspora owczarzaki have 
been sequenced. We probed these organisms using Blast searches with the C2 
domains from type I, type II and conventional PKCs as well as the fungal and PKN-
C2 domains and examined proteins that contained C2 domains linked to a catalytic 
domain with strong homology to PKCs. We then used these C2 domains, as well as 
an assortment of other metazoan C2 domains from PKCs and PKNs as well as C2 
domains from fungal PKCs to probe the evolutionary relationship of C2 domains. 
We used two additional well-conserved C2 domain families as reference points, the 
C2a domain from rabphilin, and the C2 domain from the ras GTPase-activating 
protein 3. These were chosen as the closest C2 domains to the novel and conven-
tional C2 domains observed in blast searches. This analysis (Fig.  29.2 ) shows that 
C2 domains of fungal PKCs, PKNs, type I and type II PKCs form a well supported 
family of related C2 domains that presumably descended from a common ancestor. 
In contrast, the conventional PKC-C2 domain is fi rst found associated with the cata-
lytic domain of PKCs in choanofl agellates and is not directly related to the C2 
domains in novel PKCs.  

 In Capsaspora owczarzaki, an organism that diverged from metazoans soon after 
the split between metazoans and fungi  [  22  ] , there are three proteins with a catalytic 
domain most similar to PKCs/PKNs. One (gb/EFW44540) has the structure of a 
novel PKC (C2 domain N-terminal to tandem C1 domains), and the C2 domain of 
this protein segregates in the analysis with type I novel PKCs or epsilon-like novel 
PKCs (Figs.  29.1  and  29.2 ). Additionally, a protein is found (gb/EFW40430.1) with 
a PB1 domain and a kinase domain segregating with atypical PKCS (Fig.  29.1  
and data not shown); notably this protein retains tandem C1 domains predicted 
to bind diacylglycerol, similar to yeast and animal PKCs, unlike the single atypical 
C1 domain found in all metazoan atypical PKCs. The third kinase has both the HR1 
domains associated with mammalian PKNs and a C1 domain associated with 
PKCs (gb/EFW43140). The C2 domain in this protein segregates with the PKN 
C2 domains (Figs.  29.1  and  29.2 ), and thus we assume that this protein represents 
the PKN ancestor that had not yet completely lost its C1 domains. 
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  Fig. 29.2    Evolution of C2 domains .  Sequences were obtained either from the NCBI site,   http://
blast.ncbi.nlm.nih.gov/Blast.cgi    , or the JGI Genome site,   http://genome.jgi-psf.org    . Sequences 
were aligned with Clustal-W, 300 replicates were generated with the Phylip program Seqboot 
and then the Phylip program ProtDist was used with the Jones-Taylor-Thornton model to generate 
a Distance Matrix. The Phylip program Neighbor was then used to generate trees from each repeti-
tion, the program Consense to generate the consensus tree and Drawgram to make the fi nal 
tree shown. Confi dence numbers are given for critical nodes and represent the percentage of 
total trees that gave the tree shown. For more information on the workings of these programs, 
please see   http://evolution.genetics.washington.edu/phylip/phylipweb.html    .  Abbreviations  for 
species are:  Apl  Aplysia (Mollusk),  Bra  Brachiostoma (Lancelet, cephalochordate),  Cas  Capsaspora 
(Fungi/Metazoan),  Cer  S. Cervisiae (yeast),  Cpt  Capitella (Annelid),  Dan  Danio (Zebrafi sh; 
Chordate),  Dap  Daphnia (Crustacean),  Dro  Drosophila melanogaster (Fruit Fly),  Hom  Homo 
(Human; Chordate),  Hyd  (Hydra; Cnidaria),  Lot  Lottia (Mollusk),  Mon  Monosiga Brevicollis 
(Choanofl agellate),  Nem  Nemostella (Sea Anemone; Cnidaria),  Sal  Salpingoeca (Choanofl agellate), 
 Spo  S. Pombe (yeast),  Sub  Suberites domoncula (Sponge). The number of trees that matched the 
consensus tree is shown. *Other possible trees with close, but lower scores; Fungal PKCs with 
PKNs (20%); Type I and Type II PKCs (15%)       

 

http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://genome.jgi-psf.org
http://evolution.genetics.washington.edu/phylip/phylipweb.html
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 The choanofl agellate Salpingoeca also contains a protein with the structure of a 
novel PKC whose C2 domain segregates with novel type I PKCs (gb/EGD78676; 
Fig.  29.1 ). Unlike Capsaspora, it contains a kinase, EGD75514, with a C2 domain 
that segregates with conventional PKCs (Fig.  29.2 ) connected to a catalytic domain 
that also segregates with conventional PKCs (data not shown). However, this kinase 
does not contain C1 domains, but instead EF hands at the N-terminal. There is an 
additional protein, EGD77978 that also has a C2 domain attached to a kinase domain 
most similar to PKCs, although this C2 domain and kinase domain was diffi cult to 
assign to a particular group and is not included in the analysis in Fig.  29.2 . This 
protein has a Src homology (SH2) domain at the carboxy-terminal of the kinase 
domain (Fig.  29.1 ). Similar kinases are found in the other choanofl agellate Monosiga 
brevicollis. We did not fi nd a C2 domain that segregated with atypical PKCs, PKNs 
or type II novel PKCs in choanofl agellates. 

 In the Phylip analysis, the C2 domain of type II novel PKCs segregate with the 
PKN C2 domains, although this was not a strong association (Fig.  29.2 ). While it is 
conceivable that novel type I PKCs diverged from PKNs after the divergence of 
PKCs and PKNs, the previous analysis of kinase domains gave the opposite result 
 [  2  ] . The fi rst appearance of two novel PKCs that are clearly related to the delta 
novel PKCs or type II nPKCs is in sponge and nematostella, a cnidarian. It is pos-
sible, and perhaps likely, that the divergence occurred earlier but in those genomes 
examined, type II PKCs were lost in the species whose genome has been sequenced. 
Thus, while this analysis does not determine at what point type I and type II novel 
PKCs diverged (either before conventional PKCs diverged or afterwards), it seems 
clear that the C2 domains of both of these proteins, and of PKN are ancestral, while 
the C2 domain of conventional PKCs became joined with the kinase domain in early 
metazoans. Thus, the C2 domain N-terminal to the C1 domain arrangement in novel 
PKCs is the ancestral arrangement, while the conventional PKCs represent a newer 
evolutionary event. 

 Recently, Zhang and Aravind  [  23  ]  performed sequence-structure analysis of the 
C2 domain combined with phylogenetic analysis to infer the ancestral functions and 
subsequent diversifi cation of C2 domains during eukaryotic evolution. They identi-
fi ed several novel versions of the C2 domain and their analysis shows that all fami-
lies of C2 domains, except for PKC-C2 domains, lack the calcium-binding signature 
 [  23  ] . In agreement with our fi ndings, they suggest that the common ancestor of all 
C2 domains probably did not bind calcium  [  23  ] .  

   C2 Domain Structure 

 The C2 domain comprises about 130 residues and was fi rst identifi ed as the second 
of four conserved domains in the mammalian calcium-activated PKCs (Fig.  29.3 ; 
 [  26,   27  ] ). The notion that this domain could act as a calcium-binding motif came 
from the observation that cPKCs which contained a C2 domain were regulated by 
calcium whereas nPKCs which were originally thought to lack a C2 domain, were 
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  Fig. 29.3    Sequence alignment of the C2 domains and a representation of the overall structure of 
the C2 domains in PKCs. ( a ) Comparison of the C2 domains from vertebrate ( Mus musculus ) and 
invertebrate ( Aplysia californica ) conventional and novel PKCs of the epsilon family as well as 
from vertebrate ( Mus musculus ) and invertebrate ( Lottia ) novel PKCs of the delta family. The 
sequence of the conventional Ca 2+ -dependent PKC a  was aligned with that of PKC Apl I, the novel 
Ca 2+ -independent type I PKC e  with that of PKC Apl II and the novel Ca 2+ -independent type II 
PKC d  with that of the Lottia PKC d -like protein.  CBR , calcium-binding region. ( b ) Three-
dimensional representation of the structure of the different C2 domains based on the C2 domain of 
PKC a  ( left panel ,  [  24  ] ), the C2 domain of PKC e  ( middle panel ,  [  25  ] ) and the C2 domain of PKC d  
( right panel ,  [  15  ] ). The structures were generated using CN3D 4.1 (produced by the National 
Center for Biotechnology Information;   http://www.ncbi.nlm.nih.org    ). CBR1 and CBR3 are high-
lighted in  purple  in PKC a -C2 domain ( left panel ).  Loop 1  and  loop 3  are highlighted in  purple  in 
PKC e  ( middle panel ) and PKC d  ( right panel ) C2 domains. In PKC d -C2 domain ( right panel ), the 
residues that interact with the phosphates are highlighted in  red  and the residues that make contact 
with the peptide are highlighted in  dark blue   [  15  ]        

 

http://www.ncbi.nlm.nih.org
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calcium-independent  [  26,   27  ] . We later reported that nPKCs do contain a 
phylogenetically conserved C2 domain that doesn’t bind calcium  [  14,   19,   28  ] . The 
topology of the  b -strands that form the C2 domains in conventional and novel PKCs 
is different  [  8  ] . The conventional C2 domains have a type I or a synaptotagmin-like 
topology whereas the novel C2 domains have a type II or phospholipase C (PLC)-
like topology, consistent with their lack of common ancestry (see above). Topology 
I and topology II have a similar structure but differ in the orientation of the eight 
 b -strands that form the C2 domain.  

   Calcium-Binding C2 Domain 

 The fi rst C2 domain structure to be elucidated was that of PKC b   [  29,   30  ] . The crys-
tal structure of the C2 domain complexed with Ca 2+  and o-phospho-L-serine has 
been determined to 2.7 Å resolution. The C2 domain of PKC b  is an antiparallel  b  
sandwich similar in structure to the fi rst C2 domain of synaptotagmin I with which 
it shares 28% amino-acid sequence identity. Each of the two sheets is composed of 
four antiparallel  b  strands. The Ca 2+ -binding sites are located between the polypep-
tide loops that connect  b 2 to  b 3 and  b 6 to  b 7 and have been designated calcium-
binding regions (CBRs; Fig.  29.3 ) I and III, respectively  [  31  ] . Three Ca 2+ -binding 
subsites are arranged linearly within a broad trough lined by aspartate residues in 
loops  b 2– b 3 and  b 6– b 7 and a phosphoserine molecule binds to a lysine-rich cluster 
in C2. The authors suggested by model building that the C1 domain could provide 
carboxylate and carbonyl ligands for two of the three calcium sites and that Ca 2+ -
mediated interactions between the C1 and the C2 domains could contribute to 
enzyme activation as well as to the creation of a positively charged PS-binding site. 
Verdaguer and colleagues  [  32  ]  later elucidated the three-dimensional structure of 
the Ca 2+ -bound PKC a -C2 domain in the absence or presence of 1,2-dicaproyl- sn -
phosphatidyl-L-serine (DCPS) by X-ray crystallography at 2.4 and 2.6 Å resolution 
respectively. The structure of PKC a -C2 domain retains most of the features found 
in the C2 domain of PKC b  including the organization of the calcium-binding region. 
However, only two calcium ions were found to bind to PKC a -C2 domain. The loca-
tion corresponding to the third PKC b -C2 calcium-binding subsite is occupied by a 
water molecule in PKC a -C2. In this study, a different model was suggested to 
explain the interaction of cPKCs with membranes. In this model, one calcium ion 
directly mediates the PS-specifi c recognition while the CBR3 might penetrate into 
the phospholipids bilayer  [  32  ] . Ochoa and colleagues  [  33  ]  later determined the 
structure of PKC a -C2 domain crystallized in the presence of Ca 2+  with either 
1,2-diacetyl-sn-phosphatidyl-L-serine (DAPS) or 1,2-dicaproyl-sn-phosphatidic 
acid (DCPA) at 1.9 and 2.0 Å respectively. The structures showed the presence of an 
additional binding site for anionic phospholipids. The additional site was not located 
inside the calcium-binding pocket but in the vicinity of the conserved lysine-rich 
cluster in the concave surface of the C2 domain. In the DCPA complex, the absence 
of the serine headgroup and of its specifi c interactions seems to reduce the affi nity 
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for the binding site inside the calcium pocket. Furthermore, in the DAPS-C2 domain 
complex, a third Ca 2+ , which binds an extra phosphate group, was identifi ed in the 
CBRs. In the complex with DCPA, the third Ca 2+  might be present with partial occu-
pancy. The third calcium ion is likely to bind with extremely low affi nity in solution 
but might become trapped physiologically in a ternary C2 domain–membrane com-
plex similar to what has been proposed to happen in PKC b   [  34  ] . Finally, Guerrero-
Valero and co-workers  [  24  ]  determined the 3D structures of the ternary and 
quaternary complexes of the C2 domain of PKC a , crystallized in presence of Ca 2+  
and 1,2-diayl- sn -glycero-3-[phosphoinositol-4,5-bisphosphate] [PtdIns(4,5)P2] or 
Ca 2+ , PtdIns(4,5)P2 and 1,2-dihexanoyl- sn -glycero-3-[phospho-L-serine] (PtdSer). 
They showed that PtdSer binds specifi cally to the calcium-binding region, whereas 
PtdIns(4,5)P2 occupies the concave surface of strands  b 3 and  b 4 allowing for the 
domain to be anchored to the membrane by two points. They further show that Tyr-
195 and Trp-245 directly interact with the phosphate group of the inositol ring and 
mutating those residues impairs the ability of PKC a  to localize to the plasma mem-
brane  [  24  ] .  

   Calcium-Independent C2 Domain 

 Ochoa and colleagues have determined the crystal structures of PKC e -C2 domain 
crystallized both in the absence and in the presence of the two acidic phospholipids, 
1,2-dicaproyl-sn-phosphatidyl-L-serine (DCPS) and DCPA at 2.1, 1.7 and 2.8 Ǻ 
resolution, respectively  [  25  ] . PKC e -C2 domain structure is an eight-stranded, anti-
parallel,  b -sandwich with a type II topology similar to that of the C2 domains from 
PLC and from novel PKC d  (Fig.  29.3 ). Site-directed mutagenesis experiments and 
structural changes in the PKC e -C2 domain from crystals with DCPS or DCPA indi-
cated that loops joining strands  b 1- b 2 and  b 5- b 6 participate in the binding to anionic 
membranes (Fig.  29.3 ;  [  25  ] ). The pocket situated between loops 1 and 3 in the C2 
domain of PKC e  presents major differences with the corresponding pocket, the 
Ca 2+ -binding pocket, defi ned by the CBRs in conventional PKCs. Ca 2+  ions bind to 
the Ca 2+  binding C2-domain in conventional PKCs mainly through the carboxylate 
groups from fi ve conserved aspartate residues (187, 193, 246, 248 and 254 in PKC a ) 
situated in CBR1 and CBR3. Three of the fi ve conserved Ca 2+  binding aspartate 
residues, 187, 246 and 248 in PKC a , are replaced by residues Phe36, His85 and 
Ala87, respectively, in PKC e . The two aspartate residues still present in PKC e , 
Asp39 (from loop 1) and Asp93 (from loop 3), appear to play only a structural role 
 [  25  ] . Furthermore, Asp86 and Asp92 in the  b 5- b 6 loop help coordinate a magne-
sium (Mg 2+ ) ion one directly and one indirectly. A model for binding of PKC e -C2 
domain to membranes was proposed by Ochoa and colleagues who stipulated that 
loop 1 would remain mostly on the surface of the membrane while loop 3 would 
insert into the membrane. 

 The crystal structure of PKC h -C2 domain was later elucidated by Littler and 
colleagues  [  35  ] . The structure is similar to that of PKC e -C2 domain except for 
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differences in the loop regions C-terminal to the two  a -helices: the structure of 
PKC e  becomes fl exible for several residues immediately C-terminal to  a 1 following 
Asp-27, PKC h  instead forms a loosely structured but well-defi ned helical turn  [  35  ] . 
The authors further identifi ed two potentially phosphorylated serine residues 
contained within helix  a 1 which might regulate PKC h .  

   Phosphotyrosine-Binding C2 Domain 

 Even though PKC e -C2 and PKC d -C2 domains share the same type II topology and 
diverged from a common ancestor (see above), they are considered to be representa-
tives of different PKC subclasses. Indeed, they share only a 19% sequence identity 
with a number of insertions and deletions that correspond to large structural differ-
ences observed  [  25  ] . These differences include the presence in the PKC d -C2 domain 
structure of a helix, between strands  b 6- b 7, and of a protruding  b  hairpin with a 
mostly basic sequence that might defi ne an interaction site with anionic membranes 
unique to PKC d -like molecules (Fig.  29.3 ;  [  36  ] ). Most importantly, the C2 domain 
of PKC d  directly binds to phosphotyrosine peptides in a sequence specifi c manner 
as shown by Benes and colleagues  [  15  ]  who elucidated the crystal structure of 
PKC d -C2 domain bound to a peptide containing phosphotyrosine. Prior to the Benes 
study, the only signaling domains known to recognize phosphotyrosine were the 
SH2 and the phosphotyrosine binding domains [PTB]  [  15,   37–  39  ] . Benes and colleagues 
showed that PKC d -C2 domain mediates the association of PKC d  with a transmem-
brane protein overexpressed in colon cancer, CDCP1. The activity of Src promotes 
this interaction by phosphorylating key residues on CDCP1, which leads to the 
formation of a CDCP1-Src-PKC d  complex  [  15  ] . Moreover, the crystal structure of 
PKC d -C2 domain bound to a substrate peptide revealed a novel mode of phospho-
tyrosine recognition, different from the ones observed in SH2 and PTB domains. 
Indeed, the interaction with the tyrosine is maintained by stacking against a histidine 
residue. Overall, the structure of PKC d -C2 domain is signifi cantly divergent from other 
C2 domains only in the region where phosphotyrosine binding occurs which is situated 
on the opposite side of where calcium and phospholipids bind in cPKCs.   

   Functions of the Different C2 Domains 

   Calcium-Dependent Binding to Phospholipids 

 Conventional PKC-C2 domains clearly function as a Ca 2+ -regulated membrane 
anchor. Coordination of calcium in the C2 domain causes a dramatic increase in the 
affi nity of cPKCs to phospholipids  [  13,   32  ] . Binding to calcium is thought to be 
the primary step in kinase activation. First, it transiently recruits the enzyme to 



67329 The Role of C2 Domains in PKC Signaling

the membrane where its physiological activator, DAG, resides. Second, in 
conjunction with the C1 domain interacting with DAG, binding of the C2 domain to 
PS and PIP2 provides the energy to release the autoinhibitory pseudosubstrate 
sequence from the substrate-binding cavity, allowing substrate phosphorylation 
 [  11–  13,   24,   32,   40–  43  ] . As such, vertebrate cPKCs as well as the cPKC Apl I from 
 Aplysia californica  both require calcium in association with DAG for translocation 
to membranes and activation  [  44,   45  ] . 

 It is important to note that while both PS and PIP2 bind to the conventional PKC-C2 
domain in a calcium-dependent manner, they bind in different ways. PS binds to the C2 
domain through the Ca 2+ -binding region with calcium acting as a bridge between the 
protein and the membrane lipid while in the PIP2 binding mode, Ca 2+  is needed but does 
not directly mediate the phosphoinositide-domain interaction, since PIP2 binds to the 
lysine-rich cluster which is more distant  [  11,   13,   24,   32,   41,   43  ] . Furthermore, PS and 
calcium binding seems to be a prerequisite for productive phosphoinositide binding 
 [  41  ] . Indeed, PIP2 alone cannot drive the membrane attachment of the domain but fur-
ther stabilizes the Ca 2+ - and PS-dependent membrane binding  [  41  ] . 

 Multiple studies have suggested that the C1 domain of cPKCs is masked in the 
inactive form of the kinase by the C2 domain and is inaccessible to DAG  [  8,   12  ] . 
This phenomenon was fi rst described for cPKC g , when Oancea and Meyer showed 
that the isolated C1 domain translocated to cellular membranes with exogenous 
DAG far more quickly than did the full-length PKC g , while, in response to Ca 2+ , the 
isolated C2 domain translocated to membranes with the same kinetics as the full-
length protein  [  46  ] . They postulated that the region N-terminal to the C1 domain 
encompassing the pseudosubstrate acts as a clamp to keep the C1 domain inacces-
sible to DAG. The clamp is released when the C2 domain binds to membranes. 
Slater and co-workers later demonstrated that the complete C1 domain of PKC a  
was able to bind and activate the full-length enzyme in a phorbol ester/DAG-
dependent manner in the absence of phospholipids. Furthermore, it was found that 
the C1 domain bound to a protein fragment containing the C2 domain of PKC a , and 
they proposed that the activating conformational change in PKC a  results from the 
dissociation of intramolecular interactions between the C1 and C2 domains  [  47  ] . 
Stahelin and co-workers further performed homology modeling and a docking anal-
ysis of C1A and C2 domains of PKC a  which revealed a highly complementary 
interface that comprised Asp55-Arg252 and Arg42-Glu282 ion pairs  [  48  ] . Mutations 
of these residues in the predicted C1A-C2 interface showed large effects on  in vitro  
membrane binding, enzyme activity, PS selectivity and cellular membrane translo-
cation of PKC a  supporting their involvement in interdomain interactions  [  48  ] . 
Finally, Stensman and Larsson  [  49  ]  showed that acidic residues in the C-terminal 
tail of PKC a  bind basic residues in the C2 domain, and that this interaction main-
tains the kinase in a closed conformation that masks the C1a domain. The C1a 
domain is presumably revealed when the basic patch on the C2 domain engages 
PIP2 in the membrane  [  49  ] . This model is strengthened by the evidence that, while 
mutation of residues in either charged region to Ala residues sensitizes the enzyme 
to exogenous DAG, swapping the residues in the basic and acidic patches restores 
DAG insensitivity  [  49  ] . 



674 C.A. Farah and W.S. Sossin

 While the above studies are in favor of C1-C2 domain interactions and C2 
domain-mediated inhibition, a recent study by Leonard and co-workers  [  50  ] , who 
elucidated the crystal structure of PKC b II, suggested the conformation of PKC b II 
is best described by a single closed auto-inhibited state in which the C2 domain 
projects away from, and has limited contact with, the rest of the structure  [  50  ] . In 
their model, PKC b II translocates to the membrane upon Ca 2+  release in the cell, 
where the calcium-binding regions of its C2 domain mediate bridging to PS, with an 
adjoining site on the C2 domain binding PIP 

2
   [  50  ] . Subsequent binding of DAG to 

the C1A domain results in disengagement of the C1A domain, which in turn forces 
the removal of the pseudosubstrate from the catalytic cleft. There are a number of 
possible explanations for the discrepancy between this model (C2 domain as a sepa-
rate module) and the earlier studies (C2 domain interacting with the C1 domains). 
First, since the C2 domain in the crystal was implicated in the intermolecular inter-
actions involved in generating the crystal, its placement in the native protein may 
not be the same as in the crystal. Second, C1-C2 domain interactions may be 
isozyme specifi c in cPKCs. Indeed, Johnson and co-workers  [  51  ]  showed that the 
C1 and C2 domains of PKC b II were independent membrane-targeting modules, 
with each, independently of the other, containing determinants for membrane rec-
ognition  [  51  ] . More crystallization studies of the different PKC isoforms will help 
to address this issue.  

   Calcium-Independent Binding to Phospholipids 

 While structure analysis (see above) revealed binding of the novel C2 domain to 
phospholipids, several studies reported a low binding affi nity or no binding to phos-
pholipids both  in vitro  and  in vivo   [  48,   52–  55  ] . As such, Jose Lopez-Andreo and 
colleagues reported that the C2 domain of PKC e  can bind to PA but the amount of 
PA required to bind to the C2 domain is high compared to that for the Ca 2+- dependent 
binding of the C2 domains of cPKCs to PS  [  48,   55–  58  ] . Furthermore, Giorgione and 
co-workers showed that C2 domain deletion in PKC e  showed no effect on binding 
to PS/DAG containing membranes  [  48,   55  ] . However, in this study, saturating 
amounts of DAG were used, and this might have compensated for the lack of the C2 
domain. In  Aplysia , deleting the C2 domain in PKC Apl II did not affect transloca-
tion in response to 1,2-dioctanoyl- sn -glycero-3-phosphate (DiC8-PA), a cell perme-
able analog of PA  [  54  ] . 

 Whereas C2 domain seems to bind poorly to lipids, Pepio and Sossin have shown 
that phosphorylation of PKC Apl II-C2 domain greatly increases its binding affi nity 
to phospholipids  [  59  ] . However, a PKC Apl II with the C2 phosphomimetic muta-
tion showed less translocation than the wild type protein in Sf9 cells and in isolated 
sensory neurons from  Aplysia  (Farah, CA and Sossin, WS, in preparation). It rather 
seemed that phosphorylation of the C2 domain was acting on C2 domain-mediated 
inhibition and that lipid binding to the C2 domain of PKC Apl II is dissociated from 
protein translocation in vivo (Farah, CA and Sossin, WS, in preparation). 
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In agreement with this, mutating isoleucine 89 to an asparagine in loop 3 of the 
vertebrate PKC e  decreases translocation in response to DOG and to DiC8-PA in 
RBL-2H3 cells but does not affect PKC e  activation by PA in an  in vitro  assay  [  58  ] . 

 While the contribution of lipid binding to the C2 domain to protein translocation 
of nPKCs  in vivo  remains unclear, there seems to be a consensus that the novel C2 
domain acts as an autoinhibitory module that impedes DAG binding to the C1 
domains  [  12,   48,   53–  55,   60  ] . Indeed, For PKC Apl II, removal of the C2 domain 
lowered the amount of lipid required to activate the enzyme  [  52,   61  ] . Furthermore, 
Pepio and Sossin showed using mixed micelle assay that the presence of the C2 
domain lowers the affi nity of the C1 domain to phorbol esters and this inhibition is 
removed by PA demonstrating that C2 domain-mediated inhibition could be regu-
lated  [  53  ] . Farah and colleagues later confi rmed that the C2 domain of PKC Apl II 
interacts with its C1 domain to inhibit DAG binding and that PA activates the kinase 
by binding to the C1b domain and removing C2 domain-mediated inhibition in live 
cells  [  54  ] . Binding to PA was mediated by Arg-273 in the C1b domain and this resi-
due is conserved in the nPKC e  suggesting this mechanism is conserved through 
evolution. In agreement with this, the C1b domain of PKC e  was shown to preferen-
tially bind to PA-containing vesicles  [  62  ] . 

 In vertebrates, evidence for C2 domain-mediated inhibition of nPKCs came from 
a study by Stahelin and coworkers who reported that the deletion of the C2 domain 
of PKC e  induced a faster membrane translocation in HEK293 cells  [  48  ] . Furthermore, 
the C2-deleted construct had a higher affi nity (~60%) for PS/DAG membranes and 
a higher level of activity (<50%) than the PKC e  wild type. Moreover, Melowic and 
colleagues reported that the deletion of the C2 domain of PKC q  greatly enhanced 
its affi nity to PS/DAG-containing membranes. The authors proposed that the C2 
domain of PKC q  is involved in keeping the enzyme in an inactive conformation, 
presumably by interacting with the C1a and C1b domains  [  60  ] . For PKC d , removal 
of the C2 domain induces a faster response of the protein to C1 ligands  [  55  ] . 

 Both PKC e  and PKC Apl II require PA production for translocation in cells and 
it was shown that DAG synergizes with PA for translocation of both proteins  [  54,   58  ] . 
However, the model proposed for translocation of PKC e  stipulates that synergism is 
due to PA binding to the C2 domain  [  58  ] . The main justifi cation for this model was 
the  in vitro  binding of the C2 domain of PKC e  to PA and the lack of translocation 
when residues in the C2 domain responsible for PA binding were mutated. While 
these mutations decreased the affi nity of the C2 domain for PA, they also could have 
strengthened C1-C2 domain interactions, and this could be the reason for their effect 
on translocation. For PKC Apl II, it was suggested that PA binds fi rst to the C1b 
domain to remove C2 domain-mediated inhibition and allow for DAG binding to the 
C1 domains  [  54  ] . One possible model that would encompass the two suggested 
ones is that PA would bind to the C1 domain fi rst removing C2 domain-mediated 
inhibition and disengaging the C1 domains. Once C2 domain-mediated inhibition is 
removed, the C2 domain would bind to PA and assist in protein translocation and 
activation along with DAG binding to the C1 domains. In favor of this model, 
Farah and co-workers reported that PKC Apl II R273H, in which C2 domain-
mediated inhibition is removed, translocates slightly better in response to 5HT in 
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isolated sensory neurons than PKC Apl II ΔC2-R273H suggesting a small positive 
contribution of the C2 domain once C2 domain-mediated inhibition has been 
removed  [  54  ] .  

   Phosphotyrosine Binding 

 PKC d  can be activated by tyrosine phosphorylation independently of cleavage or 
production of DAG and this mechanism is specifi c to this class of PKCs  [  63,   64  ] . 
Different tyrosine residues were shown to be phosphorylated in PKC d  depending on 
cell stimuli  [  64–  67  ] . PKC d  can be phosphorylated by various tyrosine kinases and 
can even associate with tyrosine kinases such as Src, Fyn, Lyn, Abl, PYK2, Lck, 
and growth factor receptors  [  64,   65,   67–  76  ] . The mechanism of interaction of PKC d  
with tyrosine kinases remained unclear until Benes and co-workers discovered that 
the PKC d -C2 domain was a phosphotyrosine-binding domain  [  15  ] . Indeed, phos-
phorylation of PKC d  on tyrosines was facilitated by binding of activated tyrosine 
kinases to the C2 domain of PKC d   [  15  ] . The effects of tyrosine phosphorylation on 
PKC d  activity are diverse. Indeed, the catalytic activity of PKC d  was shown to be 
reduced by tyrosine phosphorylation in  v-ras -transformed keratinocytes  [  77  ] , and in 
epidermal cell treated with epidermal growth factor  [  69  ] . However, tyrosine phos-
phorylation enhanced PKC d  enzymatic activity in various cell lines following stim-
ulation with phorbol esters, growth factors and hormones  [  65,   68,   78–  83  ] . In 
particular, phosphorylation of PKC d  at Tyr-311 located in the hinge domain led to, 
and was critical for, activation of the kinase in response to H 

2
 O 

2
  in COS-7 cells  [  64  ] . 

Thus, by interacting with phosphotyrosines, PKC d -C2 domain controls activation 
of the kinase and allows for cross-talk between two distinct signaling pathways. 
Preliminary results indicate that PKC q , which is a member of the same family and 
shares 70% homology with PKC d , also contains a phosphotyrosine binding domain 
and is likely to be regulated by the same mechanism  [  15  ] .  

   Other Protein–Protein Interactions 

 Mochly-Rosen and co-workers discovered that translocation of PKC was associated 
with binding of each activated PKC isozyme to a corresponding anchoring protein, 
which they termed RACK, for receptor for activated C-kinase  [  84–  86  ] . Examples of 
RACK proteins include RACK1 for PKC b  and  b ’cop (RACK2), which is a member 
of the coatomer complex COPI that binds several coatomer proteins and the small 
G protein ARF, for PKC e   [  87–  92  ] . Mochly-Rosen and co-workers showed that 
RACKs bind to a site on PKC, which is only exposed when the enzyme is activated 
by binding to its cofactors such as DAG and PS. This is consistent with the concept 
that in the inactive form of the enzyme, the C2 domain interacts with the C1 domain, 
and the C2 domain is then released after enzyme activation. Such binding brings 
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PKCs closer to their cellular substrates  [  93,   94  ] . The C2 domain was shown to be 
critical for binding to RACKs and peptides derived from RACK-binding site were 
shown to act as selective inhibitors of their respective PKC isozymes  [  85,   95,   96  ] . 
RACK binding site was also suggested to be masked in the inactive form of the 
kinase by intramolecular interactions taking place with a pseudo-RACK site also 
located in the C2 domain which resembles and mimics a sequence in the RACKs 
 [  85,   95,   96  ] . Peptides derived from the pseudo-RACK site were shown to be selec-
tive activators of their respective PKC isozymes. 

 Schechtman and co-workers demonstrated that mutating Asp-86 to an asparag-
ine in the pseudo-RACK domain of PKC e  inhibits protein translocation  [  97  ] . They 
proposed a model in which Asp-86 would be involved in the intramolecular interac-
tions between RACK and pseudo-RACK sites  [  97  ] . While this in an attractive idea, 
it is also possible that this mutation is acting on C1-C2 domain interactions to 
increase C2 domain-mediated inhibition. Studies with pharmacological peptides 
derived from C2-RACK and C2-pseudo-RACK domains have allowed tremendous 
insight into the role of the different PKC isoforms in various pathological condi-
tions and many of those peptides are currently in clinical trials, emphasizing the 
important role of C2 domain in PKC regulation  [  95  ] . 

 One issue with the model of RACK binding is the cellular localization of 
RACKs. RACK1 is a ribosomal protein  [  98  ]  that may be more important for PKC 
regulation of translation  [  99,   100  ] , while  b ’cop is involved in retrograde traffi cking 
from Golgi to ER, and may be important for PKC regulation of Golgi traffi cking 
 [  87,   101  ] . However, PKC translocation to different subcellular compartments, 
including the plasma membrane cannot be solely explained by these protein-protein 
interactions. It is possible that additional RACKs play important roles in PKC trans-
location. It is also possible that some of the actions of the peptides derived from 
RACK and pseudo-RACK domains are due to regulation of C1-C2 domain interac-
tions, and not C2 domain-protein interactions.   

   Conclusions 

 In this chapter, we have described the multiple functions of the C2 domain in con-
ventional, novel type I and novel type II PKCs. The C2 domain seems to act as a 
sensor of the intracellular signaling cascade activated in response to external stim-
uli. When calcium is produced as a second messenger, its binding to the conven-
tional C2 domain along with DAG binding to the C1 domains will activate cPKCs. 
When PA is produced as a second messenger, its binding to the C1 domains of 
nPKCs will remove C2 domain-mediated inhibition and allow for binding of DAG 
to the C1 domains thus activating the kinase. Association of the C2 domain of 
nPKCs of the delta family with phosphotyrosines specifi cally regulates the activa-
tion of this subclass. Finally, protein-protein interactions involving the C2 domain 
were shown to be critical for kinase activation and for its subcellular localization in 
response to external stimuli. 
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 It is worthwhile emphasizing that PKC can transduce signals not only in the 
plasma membrane but also in other subcellular compartments such as the Golgi, 
mitochondria and the nucleus in response to different stimuli  [  55,   102–  104  ] . 
Interestingly, the magnitude and the duration of PKC signaling at these different 
compartments seems to be differentially regulated  [  105  ]  and it will be interesting to 
determine the contribution of the C2 domain to the differential activation of PKC in 
those subcellular regions.      
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  Abstract   Aim of this review is to give an overview and discuss recent fi ndings on 
the role of Ca 2+ /calmodulin-dependent protein kinase II (CaMKII) in the heart. 
Special attention is drawn to excitation-contraction coupling (ECC) and excitation-
transcription coupling (ETC). Because CaMKII expression and activity are increased 
in cardiac hypertrophy, heart failure, and during arrhythmias both in animal models 
as well as in the human heart a clinical signifi cance of CaMKII is implied.  

  Keywords   Ca 2+   •  Calmodulin  •  Ca 2+ /calmodulin-dependent protein kinase II 
(CaMKII)  •  Excitation-contraction coupling (ECC)  •  Excitation-transcription 
coupling (ETC)  •  Heart  •  Heart failure  •  Hypertrophy  •  Sarcoplasmic reticulum (SR)  
•  SR Ca 2+  leak      

   Introduction 

 Ca 2+ /calmodulin-dependent protein kinases (CaMK) are intracellular proteins acti-
vated by Ca 2+  bound calmodulin (Ca 2+ /CaM). There are several CaMK which either 
phosphorylate specifi c substrates or act as multifunctional kinases (e.g. CaMKII 
and IV) ( [  1  ] , for review see  [  2  ] ). In the heart, CaMKII is the major isoform involved 
in excitation-contraction coupling (ECC) and excitation-transcription coupling 
(ETC). ECC is described by an increase in intracellular Ca 2+  concentration ([Ca 2+ ] 

i
 ) 

during the action potential (AP), thereby activating myofi laments leading to con-
traction. ETC describes the process of Ca 2+ -dependent activation of transcription 

    L.  S.   Maier, MD, FESC, FAHA     (*)
     Heisenberg-Professor, Department of Cardiology and Pneumology/Heart Center , 
 Georg-August-University Göttingen ,   Robert-Koch-Str. 40 ,  37075   Göttingen ,  Germany    
e-mail:  lmaier@med.uni-goettingen.de   

    Chapter 30   
 Ca 2+ /Calmodulin-Dependent Protein Kinase II 
(CaMKII) in the Heart       

       Lars   S.   Maier           



686 L.S. Maier

resulting in cardiac hypertrophy which often progresses towards heart failure. Initial 
CaMKII activation by Ca 2+ /CaM is followed either by autophosphorylation or oxi-
dation. Independent of the means of CaMKII activation several Ca 2+  handling pro-
teins are regulated by CaMKII which are centrally involved in ECC including SR 
Ca 2+  release channels (ryanodine receptors, RyR2), phospholamban (PLB), L-type 
Ca 2+  channels (LTCC), as well as Na +  and K +  channels with multiple functional 
consequences (for review see  [  3  ] ). CaMKII activity and expression are increased in 
cardiac hypertrophy, heart failure, and during arrhythmias both in animal models as 
well as in the human heart ( [  4,   5  ] , for review see  [  6  ] ) implying a clinical signifi cance 
of CaMKII.  

   CaMKII Activation 

 There are four CaMKII genes ( a ,  b ,  g ,  d ) with the  d  isoform being the major, 
although not exclusive, isoform in the heart (for review see  [  2,   3  ] ). The splice 
variant CaMKII d  

B
  is compartmentalized to the nucleus (as is CaMKIV) and 

CaMKII d  
C
  is found in the cytosol  [  7  ] . The multimeric CaMKII enzyme consists 

of homo- or heteromultimers of 6–12 subunits forming a wheel-like structure. 
Each CaMKII monomer contains an amino-terminal catalytic domain, a regula-
tory domain with partially overlapping autoinhibitory and CaM binding regions, 
and a carboxy-terminal association domain responsible for oligomerization (for 
review see  [  2,   3  ] ). The autoinhibitory region of the regulatory domain sterically 
blocks access to substrates (see Fig.  30.1 ). When [Ca 2+ ] 

i
  increases during systole, 

CaM binds its four Ca 2+  ions  [  8  ]  and attaches to the regulatory domain of CaMKII. 
By displacing the autoinhibitory domain the enzyme is activated (half maximal 
activation at [Ca 2+ ] 

i
  of ~0.5–1  m M)  [  9  ] . Upon autophosphorylation of Thr-286/287 

on the autoinhibitory segment CaMKII can lock itself into an activated state (for 
review see  [  2,   6  ] ). Autophosphorylation increases the affi nity of the Ca 2+ /CaM-
kinase complex thereby trapping Ca 2+ /CaM on the autophosphorylated subunit 
 [  10  ] . Even when [Ca 2+ ] 

i
  declines to resting levels during diastole (i.e. ~0.1  m M), 

Ca 2+ /CaM is trapped for seconds. As a result, the kinase remains fully active as 
long as Ca 2+ /CaM is trapped, regardless of the [Ca 2+ ] 

i
  level. In addition, autophos-

phorylation disrupts autoinhibition, such that even after Ca 2+ /CaM has dissociated 
from CaMKII the enzyme remains partially active  [  11–  13  ] . For inactivation to 
occur, CaMKII must be dephosphorylated by protein phosphatases (e.g. PP1, 
PP2A, PP2C) (for review see  [  6  ] ).  

 In addition to phosphorylation, CaMKII can be activated by methionine oxida-
tion at residues 281/282  [  14  ]  e.g. during elevated levels of reactive oxygen species. 
This is clinically important because pro-oxidant conditions occur in heart failure, 
during myocardial infarction and due to increased Angiotensin II levels as in arterial 
hypertension. CaMKII oxidation is reversed by methionine sulfoxide reductase A. 
Nevertheless, initial sarcoplasmic reticulum (SR) Ca 2+  release to activate Ca 2+ /CaM 
seems to be a prerequisite for CaMKII oxidation  [  15  ] . 
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 Whether there is direct ß-adrenergic activation of CaMKII was unclear. It seems 
likely, however, that some ß-adrenergic effects on EC coupling are mediated by 
CaMKII as it was shown for SR Ca 2+  leak  [  16  ] . Recently, the guanine nucleotide 
exchange factor (Epac) which is activated by cyclic adenosine 3 ¢ ,5 ¢ -monophosphate 
(cAMP) upon ß-adrenergic stimulation was shown to activate CaMKII  [  17–  19  ]  
although the exact mechanism of activation is unknown. 

 Various CaMKII inhibitors exist including KN-93 (and KN-62) which competi-
tively inhibit Ca 2+ /CaM binding to CaMKII (for review see  [  2,   3,   6  ] ). Unfortunately, 
these compounds have unspecifi c side effects on ion channels  [  20  ] . In contrast, 
autocamtide-2 related inhibitory peptide (AIP) and autocamtide-2 inhibitory pep-
tide (AC3-I) are nonphosphorylatable, competitive substrates for autophosphoryla-
tion of CaMKII  [  21  ] . Potential clinically relevant CaMKII inhibitors are not 
available at the moment.  
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  Fig. 30.1    Activation and inhibition of CaMKII (only the two main domains of the CaMKII mono-
mer are indicated). Activation of CaMKII occurs by Ca 2+ /CaM binding to the regulatory domain 
thereby opening the catalytic domain and making ATP binding possible and target protein phos-
phorylation. Subsequently autophosphorylation at Thr-286/7or oxidation at Met-281/2 occurs. 
CaMKII can be inhibited by KN-93 binding to the Ca/CaM binding site whereas AIP binding 
inhibits autophosphorylation (but not oxidation)       
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   CaMKII in Excitation-Transcription Coupling (ETC) 

 Several original reports and reviews concentrated on the effects of CaMKII on 
transcription and hypertrophy  [  6,   22  ] . Initial studies in CaM overexpressing mice 
showed that cardiac hypertrophy resulted from downstream activation of CaMKII 
 [  23  ] . Specifi c activation of nuclear CaMKII d  

B
  in cultured neonatal myocytes leads to 

hypertrophic gene expression  [  24  ]  and transgenic CaMKII d  
B
  mice resulted in cardiac 

hypertrophy  [  25  ] . CaMKIV overexpression with nuclear localization also induced 
hypertrophic responses in cultured cardiomyocytes and transgenic mice  [  26  ]  but this 
mainly resulted from parallel CaMKII activation  [  27  ] . An even more severe cardiac 
phenotype through transgenic overexpression of cytosolic CaMKII d  

C
  resulted in 

massive cardiac hypertrophy, dilatation, and heart failure  [  28  ] . Chronic CaMKII 
inhibition in a mouse model by AC3-I prevents cardiac remodeling during infarction-
induced hypertrophy and heart failure  [  29  ] . Specifi c CaMKII d  knockout in afterload-
induced mouse models also prevents hypertrophy and heart failure  [  30,   31  ] . 

 For the human heart, it was shown that CaMKII expression and activity are 
increased in end-stage heart failure  [  4,   5  ] . But even during compensated cardiac 
hypertrophy in patients without heart failure, CaMKII expression is increased in 
human myocardium  [  32  ] . More importantly, CaMKII phosphorylation seems to be 
stress-specifi c because it was shown to be increased due to increased afterload (TAC 
mouse model) but not when preload was increased (shunt mouse model). 

 But how does CaMKII induce hypertrophic signaling? CaMK has been sug-
gested to modulate gene expression via different transcription factors including 
myocytes enhancer factor 2 (MEF2): Studies in crossbred mice expressing both 
CaMKIV and a MEF2-reporter supported the idea that MEF2 is a downstream tar-
get for CaMK  [  26  ] . Several recent studies showed that HDACs, a family of tran-
scriptional repressors, serve as links between CaMK and MEF2  [  33,   34  ] . Class II 
histone deacetylases (HDAC4, 5, 7, 9) are expressed in the heart and have a unique 
MEF2 binding domain. MEF2-HDAC interaction can be disrupted by phosphoryla-
tion of two HDAC serine residues, resulting in nuclear export of an HDAC/14-3-3 
complex, freeing MEF2 to drive downstream gene transcription. CaMKII may be 
such a class II HDAC kinase (for review see  [  35  ] ). Indeed, CaMKII was shown to 
phosphorylate HDAC4 and 5 leading to its transport from the nucleus thereby acti-
vating transcription  [  36  ] . In addition, a CaMK-independent mechanism to control 
class II HDAC function was suggested to exist in heart because HDAC was resistant 
to CaMK inhibitors  [  37  ]  which may be due to a possible role of PKD for hypertro-
phic signaling  [  38  ] . An alternative prohypertrophic pathway may be through Epac-
induced CaMKII and HDAC4 activation leading to MEF2  [  39  ] . 

 In the nucleus, CaMKII may be part of a local signaling complex because 
CaMKII associates with inositol 1,4,5-trisphosphate (IP 

3
 ) type 2 receptor in the 

nuclear envelope  [  40  ] . IP 
3
  production occurs upon activation of sarcolemmal 

G-protein coupled receptors, e.g. through hypertrophic neurohumoral agents such 
as endothelin-1 (ET-1). This causes local Ca 2+  release from nuclear IP 

3
  receptors 

and the activation of CaMKII d  
B
  within the nucleus which phosphorylates HDAC 

triggering its nuclear export  [  41  ] . 
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 Whether CaMKII only plays a role in pathological hypertrophy is unclear. There 
are a few reports that exercise training which usually leads to physiological hyper-
trophy also activates CaMKII but improves SR Ca 2+  handling due to phosphoryla-
tion of PLB  [  42  ] . Also, in mice with type-2 diabetes with reduced contractile 
function and altered Ca 2+  handling, exercise training resulted in reduced levels of 
CaMKII and improved contractile function and Ca 2+  handling  [  43  ] .  

   CaMKII in Excitation-Contraction Coupling (ECC) 

 During an AP, Ca 2+  enters the cell through LTCC triggering subsequent Ca 2+  release 
from the SR via RyR2 (Ca 2+ -induced Ca 2+ -release; see Fig.  30.2 ). The resulting 
increase in [Ca 2+ ] 

i
  causes Ca 2+  binding to troponin C which activates the myofi la-

ments leading to contraction during systole. Diastolic relaxation occurs when Ca 2+  
is removed from the cytoplasm. The SR Ca 2+ -ATPase (SERCA2a) and the sarcolem-
mal Na + /Ca 2+ -exchanger (NCX) are the main mechanisms for Ca 2+  removal from the 
cytosol (for review see  [  44  ] ).  

 LTCC and RyR2 are co-localized forming a local SR Ca 2+  release unit called 
junction or couplon. This local functional unit can be monitored by confocal micros-
copy measuring elementary SR Ca 2+  release events (Ca 2+  sparks) occurring sponta-
neously in cardiac myocytes and summating during normal Ca 2+  transients in ECC. 
Of pathophysiological relevance is a CaMKII-dependent increased Ca 2+  spark fre-
quency responsible for SR Ca 2+  leak and subsequent decreased SR Ca 2+  load (for 
review see  [  3,   44  ] ). This is interesting because under normal conditions Ca 2+  spark 
frequency depends on SR Ca 2+  load and follows a positive correlation (SR Ca 2+  
load-leak relation). 

 CaMKII can also modulate ECC by phosphorylating several important Ca 2+  han-
dling proteins in the heart in response to Ca 2+  signals, including RyR2, PLB, and 
LTCC with signifi cant functional consequences  [  45–  48  ] . These proteins are involved 
in Ca 2+  infl ux, SR Ca 2+  release, and SR Ca 2+  uptake. In addition, CaMKII-dependent 
regulation of Na +  and K +  channels occurs.  

   Ca 2+  Infl ux and I Ca  Facilitation 

 Voltage gated LTCC (Ca 
v
 1.2) are modulated by CaMKII thereby increasing Ca 2+  

current (I 
Ca

 ). This is most clearly seen as a positive staircase of I 
Ca

  with repeated 
depolarizations, a process termed Ca 2+ -dependent I 

Ca
  facilitation. Several groups 

demonstrated that I 
Ca

  facilitation is mediated by CaMKII  [  49–  51  ] . CaMKII tethers 
to the pore forming  a  

1C
  subunit of the LTCC to phosphorylate the  a  

1C
  subunit at both 

amino and carboxy tails  [  52  ] . However, it was also reported that CaMKII appears to 
phosphorylate a site on the  b  

2a
 -subunit (Thr-498), which may be involved in I 

Ca
  

facilitation  [  53  ] . At the single channel level longer channel openings are found  [  54  ] . 
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  Fig. 30.2    ( a ) Effects of CaMKII d  
C
  on excitation-contraction coupling ( ECC ). CaMKII phospho-

rylates several Ca 2+ -handling proteins including phospholamban ( PLB ), SR Ca 2+  release channels 
( RyR ), and L-type Ca 2+  channels responsible for Ca 2+  infl ux ( I  

 Ca 
 ). In addition, Na +  channels and K +  

channels are also regulated by CaMKII. During an action potential, Ca 2+  enters the cell via L-type 
Ca 2+  channels and reverse-mode of the Na + /Ca 2+ -exchanger ( NCX ) thereby triggering Ca 2+  release 
through RyR from the SR (fi lled with Ca 2+ ,  red dots ). This Ca 2+  then activates the myofi laments 
during systole leading to contraction (not shown). During diastole, Ca 2+  is taken up back into the 
SR by the SR Ca 2+  ATPase ( SERCA ) and is transported outside the cells mainly by NCX, leading 
to relaxation. PLB inhibits SERCA when PLB is dephosphorylated. In addition, CaMKII phospho-
rylates HDAC activating transcription during excitation-transcription coupling ( ETC ). ( b ) Effects 
of CaMKII d  

C
  on intracellular Ca 2+  handling, hypertrophy development, and heart failure         
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 [  55,   56  ] . Interestingly, enhanced open probability of LTCC due to increased CaMKII 
activity seems to contribute to afterdepolarizations and to the increased propensity 
for arrhythmias in CaMKIV transgenic mice that also showed increased CaMKII 
activity in parallel  [  27  ] . 
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 In line with this, it was shown that Timothy syndrome a disease of excessive cellular 
Ca 2+  entry and life-threatening arrhythmias caused by a mutation in the cardiac 
LTCC exhibited increased CaMKII activity and a proarrhythmic phenotype that 
included AP prolongation, increased I 

Ca
  facilitation, and afterdepolarizations. 

Intracellular dialysis of a CaMKII inhibitory peptide reversed I 
Ca

  facilitation, nor-
malized the AP, and prevented afterdepolarizations  [  57  ] . 

 Interestingly, it was shown recently that CaMKII can also lead to downregulation 
of LTCC expression acting as a feedback mechanism enabling the heart to adjust 
increased I 

Ca
   [  58  ] .  

   SR Ca 2+  Release and SR Ca Leak 

 Initially, it was reported that CaMKII phosphorylates RyR2 at one site (i.e. Ser-
2808 or 2809 depending on species) activating SR Ca 2+  release  [  45  ] . However, there 
may be four additional CaMKII phosphorylation sites  [  59  ] . The specifi c effects of 
CaMKII on RyR2 was highly controversial. CaMKII either increased or decreased 
RyR2 open probability  [  45,   46,   60  ] . In intact cardiac myocytes endogenous CaMKII 
increased the amount of SR Ca 2+  release for a given SR Ca 2+  content and I 

Ca
  trigger 

 [  20  ] . However, other studies found opposite results suggesting that CaMKII nega-
tively regulates SR Ca 2+  release  [  61,   62  ] . 

 New evidence was provided in isolated myocytes showing that CaMKII is 
directly associated with RyR2: CaMKII d  

C
  overexpression in mice increases frac-

tional SR Ca 2+  release during ECC and spontaneous SR Ca 2+  release (i.e. Ca 2+  spark 
frequency) for a given SR Ca 2+  load  [  55,   63,   64  ] . These results were confi rmed by 
CaMKII d  

C
  overexpression in rabbit myocytes and direct application of activated 

CaMKII to permeabilized mouse myocytes  [  56,   65  ] . In contrast, AIP depresses Ca 2+  
spark frequency and ryanodine binding to RyR2, indicating that CaMKII activates 
RyR2  [  64  ] . Using single channel measurements, it was shown that CaMKII increases 
RyR2 open probability and that CaMKII-dependent RyR2 phosphorylation occurs 
at Ser-2815 (or 2814 depending on species), rather than Ser-2809  [  63  ] . 

 In a rabbit heart failure model with increased CaMKII expression and activity 
more CaMKII is associated with RyR2  [  66  ] . Moreover, the enhanced diastolic SR 
Ca 2+  leak could be reversed by CaMKII inhibition  [  66,   67  ] . This CaMKII-dependent 
enhancement of SR Ca 2+  leak in heart failure may contribute to both the diminished 
SR Ca 2+  content characteristic of this disease, and also diastolic SR Ca 2+  release 
which can activate transient inward Na + /Ca 2+  exchange current resulting in arrhyth-
mias. Indeed, CaMKII inhibition increases SR Ca 2+  content  [  66  ] . In isolated muscles 
from patients with heart failure it was recently shown that CaMKII inhibition is 
associated with positive inotropy most likely due to a reduced diastolic SR Ca 2+  leak 
thus enhancing SR Ca 2+  content  [  68  ] . In summary, CaMKII most likely enhances 
RyR2 activation during ECC thus infl uencing fractional SR Ca 2+  release during 
systole but also spontaneous SR Ca 2+  release (i.e. SR Ca 2+  leak) during diastole, 
when it may unload Ca 2+  from the SR and also contribute to arrhythmias  [  69  ]  as it 
was recently also shown by van Oort et al.  [  70  ] . 
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 In addition, novel data suggests that CaMKII activation of mutant RyR2 pro-
motes ectopic activity and atrial fi brillation in a transgenic mouse model  [  71  ]  and in 
the human heart  [  72  ] . These authors also found that inhibiting CaMKII using KN-93 
may prevent SR Ca 2+  leak through RyR2 and thus atrial fi brillation.  

   SR Ca 2+  Uptake and Relaxation 

 Upon phosphorylation of PLB, SERCA2a activity and thus SR Ca 2+  uptake are 
enhanced. PLB is phosphorylated by PKA (Ser-16) and CaMKII (Thr-17). CaMKII 
enhances SR Ca 2+  uptake  [  73,   74  ]  and therefore CaMKII-dependent PLB phospho-
rylation might be responsible for the frequency-dependent acceleration of relax-
ation (FDAR) of twitches and SR Ca 2+  uptake seen typically at increasing heart 
rates. Indeed, the level of Thr-17 phosphorylation correlates directly with the rate of 
relaxation  [  75  ] . However, FDAR is still prominent in PLB-KO mice  [  76  ] . Also, the 
time course of FDAR development is much faster during changes in frequency than 
that of PLB phosphorylation and in atria of transgenic mice overexpressing the 
CaMKII inhibition protein AC3-I no difference in FDAR was observed as com-
pared to control mice  [  77,   78  ] . Thus, CaMKII-dependent PLB phosphorylation 
might contribute to FDAR but is unlikely to be the sole mechanism for FDAR. 
These observations are also supported by the fact that FDAR can be suppressed by 
CaMKII inhibitors in some reports whereas other reports could not detect FDAR 
inhibition  [  73–  76,   79–  81  ] .  

   Na +  Channels 

 CaMKII also targets cardiac Na +  channels  [  82,   83  ] . The isoform Nav1.5 (SCN5A) 
of the  a -subunit is the predominant isoform in the heart. However, other isoforms 
such as Nav1.1, Nav1.3, and Nav1.6, mainly expressed in the brain, were also found 
in the heart. 

 At resting membrane potentials (~−90 mV), cardiac Na +  channels are in closed-
available resting states. During depolarization the channels activate. Subsequent to 
channel activation, the channels enter inactivated states that are non-conducting for 
Na +  ions. In this state, the channels are refractory to immediate depolarization, they 
require time for recovery at resting membrane potentials to be available for a subse-
quent depolarization. 

 A slow or late component of Na +  current inactivation (hundreds of milliseconds) 
named I 

Na,late
  was described which seem to contribute to EADs and DADs and might 

even play a role for arrhythmias in heart failure  [  84  ] . Interestingly, a novel drug 
named ranolazine  [  85,   86  ]  can be used to specifi cally inhibit I 

Na,late
 . 

 Auxiliary  b -subunits are important modulators of Na +  channel gating and expres-
sion. The  b 1-subunit is widely expressed in the heart and encoded by a single gene 
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(SCN1B). In contrast to brain and skeletal muscle where the association of both 
subunits increases current density, activation and inactivation gating, the conse-
quences of noncovalent association in the heart are controversially discussed. An 
 a - b  interaction has been suggested to be important for the maturation of Na chan-
nels from immature slow gating to mature rapid gating  [  87  ] . 

 Most importantly, Na +  channel activity may be regulated by CaMKII, as these 
channels are multiprotein regulatory complexes  [  88,   89  ] . First evidence for CaMK-
dependent regulation of cardiac Na +  channels was provided by Deschênes et al .  
 [  90  ]  showing that the KN-93 slowed current decay, consistent with an inhibition of 
fast inactivation. Additionally, the steady-state voltage dependence of inactivation 
was shifted in the depolarizing direction resulting in an increased channel avail-
ability. Entry into the intermediate inactivated state was slowed, while the recov-
ery from inactivation was hastened. However, KN-92 (the inactive analogue of the 
CaMKII inhibitor KN-93) also had effects on Na +  channel gating, and the specifi c 
CaMKII-inhibitor AIP did not appear to affect Na +  current. Therefore, the authors 
concluded that a kinase other than CaMKII might modulate Na +  channels (sug-
gesting CaMKIV)  [  91  ] . However, the expression levels of CaMKIV in the heart 
are low. 

 We recently examined Na +  channel gating in rabbit myocytes overexpressing 
CaMKII d  

C
 . CaMKII d  

C
  overexpression resulted in a leftward-shift in the steady-state 

voltage dependence of inactivation. The development of intermediate inactivation 
was enhanced and recovery from inactivation was prolonged (loss of function). 
All effects were reversible with CaMKII-inhibition using either KN-93 or AIP. 
In contrast, increased persistent I 

Na
  or I 

Na,late
  was found (gain of function) thereby 

contributing to increased intracellular Na +  accumulation and AP prolongation. 
These effects argue for specifi c CaMKII-dependent modulation of Na +  channels. 
Moreover, we also found a direct association of CaMKII with the Na +  channel and 
phosphorylation of Na +  channels by CaMKII  [  82  ] . Indeed, recently Hund et al .  
reported a ß 

IV
 -spectrin-dependent CaMKII-regulation of Ser571  [  92  ] . 

 This new evidence for additional CaMKII-dependent effects besides other well 
known effects on Ca 2+ -handling proteins may be of pathophysiological importance 
since upregulation of CaMKII activity and expression seem to occur in patients with 
heart failure and animal models  [  4,   5,   55,   66,   93  ] . Altered Na +  channel function may 
therefore be associated with arrhythmogenic processes. 

 Several human cardiac Na +  channel mutations have been linked to either Brugada 
or long-QT (LQT3) syndromes with life-threatening arrhythmias  [  88  ] . One such 
human mutation (Asp insertion at 1795 in the C-terminus, 1795InsD), shows simul-
taneous LQT3-like and Brugada-like phenotypes in the same individuals  [  94  ] . 
Remarkably, Na +  channels bearing this mutation expressed in mammalian cells 
exhibit the same phenotype that we found for CaMKII-modifi ed normal Na +  
channel above  [  82,   94,   95  ] . At low stimulation frequencies, the prolonged inactiva-
tion and I 

Na,late
  can cause APD lengthening consistent with LQT3 syndrome. 

However, at higher heart rates, incomplete I 
Na

  recovery and limited I 
Na

  availability 
further shorten action potential duration, slow propagation and increase dispersion of 
repolarization similarly found for Brugada syndrome. The intriguing thing is that 
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CaMKII-dependent I 
Na

  modulation due to upregulated CaMKII could constitute a 
common acquired form of arrhythmia, in otherwise normal Na +  channels (without 
1795InsD mutation). Such an acquired Na +  channel dysfunction may contribute to 
arrhythmias under conditions when CaMKII effects are enhanced, as in heart failure 
or during atrial fi brillation  [  96  ] . In addition, recent experimental and simulated data 
suggests that CaMKII inhibition may be of relevance as a possible antiarrhythmic 
intervention  [  97,   98  ] .  

   K +  Channels 

 CaMKII regulates transient outward K +  current (I 
to
 ) in myocytes from patients 

with atrial fi brillation  [  99  ]  because CaMKII inhibition results in faster I 
to
  inacti-

vation. Further evidence for a CaMKII-dependent regulation of I 
to,fast

  came from 
human atrial myocytes showing that CaMKII inhibition accelerated I 

to,fast
  inacti-

vation, whereas okadaic acid (phosphatase inhibitor) had opposite effects  [  100  ] . 
Similar results were obtained from rat ventricular myocytes  [  101  ]  and in heter-
ologeous expression of KV4.2/KV4.3  [  101,   102  ] . There is even evidence sug-
gesting that CaMKII directly phosphorylates Kv4.3 at Ser-550, thereby 
prolonging open-state inactivation and accelerating the rate of recovery from 
inactivation  [  102  ] . CaMKII-dependent regulation of I 

to
  is interesting in so far that 

in heart failure, I 
to,fast

  mainly mediated by Kv4.2/3 is functionally reduced and 
expression of the channel proteins is lower. A recent study suggests that I 

to
  chan-

nels are a functional reservoir of CaMKII and that downregulation of I 
to
  results 

in an increase in CaMKII activity leading to hypertrophy and heart failure. In 
line with this, the authors found that overexpression of the I 

to
  channel Kv4.3 

signifi cantly reduced the autonomous CaMKII activity without changing the 
total CaMKII expression  [  103  ] . Similarly, it was also shown that inhibition of 
CaMKII with KN93 prevented I 

to
  downregulation following sustained tachycar-

dia  in vivo   [  104  ] . In myocytes acutely overexpressing CaMKII d  
C
 , we found 

CaMKII-dependent enhancement of I 
to
  consistent with increased Kv1.4 function, 

and consequent APD shortening  [  105  ] . However, it was also reported that chronic 
CaMKII inhibition shortens AP due to upregulation of I 

to,fast
  and the inward recti-

fi er current I 
K1

   [  106  ]  suggesting that CaMKII overexpression would increase 
APD as also shown by chronic CaMKII overexpression  [  55  ] . Indeed, further 
studies need to be performed to elucidate the role of CaMK-dependent K +  chan-
nel regulation.  

   Role of CaMKII for Arrhythmias 

 Several animal models have linked increased CaMKII expression with arrhythmias 
 in vivo   [  92,   107,   108  ] . 
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 Arrhythmia mechanisms  in vitro  are thought to be important as initiating 
mechanisms for focal arrhythmias and for initiating impulses  in vivo  that lead to 
arrhythmias sustained by reentrant circuits such as ventricular tachycardia in post 
myocardial infarction border zone scar areas. These triggers are due to increased net 
inward current and have been differentiated between EADs and DADs. EADs occur 
early relative to the completion of AP repolarization mostly during the AP plateau 
or during the early phases of AP resolution (so-called phase II and III) and are most 
often associated with repetitive LTCC openings  [  109  ]  but also increased I 

Na,late
   [  86, 

  96  ] . Signaling events that favor so-called mode 2 gating are associated with genera-
tion of EADs. Under experimental conditions EADs are independent of the release 
of intracellular Ca 2+  stores  [  110  ]  but it was shown that blocking SR Ca 2+  cycling also 
prevents the development of EADs and arrhythmias  [  111  ] . One possible reason for 
the blockade of EADs and arrhythmias by inhibitors of SR Ca 2+  cycling is that SR 
Ca 2+  release is the predominant source of Ca 2+  for CaMKII activation  [  112  ] . CaMKII 
inhibitory drugs or dialysis of highly specifi c CaMKII inhibitory peptides effec-
tively inhibit EAD formation and arrhythmias even without shortening AP or QT 
intervals  [  69  ] . 

 DADs are named because they take place during late repolarization of the AP. 
These afterdepolarization are mainly linked to conditions that favor SR Ca 2+  over-
load. A common example of a circumstance favoring DADs occurs during digitalis 
toxicity where Ca 2+  loading occurs due to poisoning of the Na +  gradient across the 
cell membrane and secondary reduction in the ability of the electrogenic NCX to 
clear cytoplasmic Ca 2+  to the extracellular space during its forward mode of opera-
tion. CaMKII inhibition leads to a reduction in SR Ca 2+  content, at least in structur-
ally normal myocardium  [  29  ]  and this is one potential mechanism for CaMKII 
inhibition reducing DADs  [  113  ] . On the other hand, DADs can occur simultane-
ously with AP prolongation and EADs so that CaMKII could contribute to SR Ca 2+  
overload through enhanced cellular Ca 2+  entry e.g. by way of LTCC during EADs 
 [  112  ] . These studies show that Ca 2+  loading during a prolonged AP is capable of 
overloading the SR with Ca 2+  and producing DADs. Although many inward currents 
have been considered candidates for generating DADs most data point to the NCX 
as the source of inward current for DADs  [  113  ] . Cellular arrhythmia triggers are a 
plausible initiating mechanism for arrhythmias, but in contrast to macro reentrant 
circuits, which are relatively easy to measure in an integrated preparation such as a 
whole heart or even a patient, it is not possible to directly measure cellular afterde-
polarizations in situ. Some studies in patients have pointed to a potential role for 
initiation of reentrant arrhythmias by highly focal triggers that are consistent with 
initiation by earlier DADs. Furthermore, it is well accepted that conditions such as 
excessive QT interval prolongation and Ca 2+  overload are associated with both 
afterdepolarizations and with enhanced susceptibility to arrhythmias in patients. 
In this regard, a rabbit model of excessive QT interval prolongation and Torsade de 
Pointes shows that CaM or CaMKII inhibitors can prevent arrhythmias, suppress 
prominent secondary U waves that are linked to afterdepolarizations, and prevent 
arrhythmias without shortening the QT interval. These same conditions suppress 
EADs in cellular and isolated heart studies. 
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 Taken together, these fi ndings show that CaMKII can facilitate EADs and DADs 
and plausibly link these afterdepolarizations to arrhythmias in animal models. 
Further studies and possibly newer “mapping” techniques applicable to patients will 
be necessary before afterdepolarizations are defi nitively linked to arrhythmias in 
patients. Until then, also mathematical models will help understand the role of 
CaMKII for ECC and arrhythmias in heart disease  [  97,   98,   114  ] . 

 Very recently, CaMKII oxidation also was described to be involved in sinus node 
dysfunction upon angiotensin II infusion and CaMKII inhibition as a basis for ther-
apy for patients with sinus node dysfunction  [  115  ] .  

   Summary 

 CaMKII in the heart has gained tremendous attention over the last few years. Its 
involvement at multiple levels in ECC and arrhythmogenesis indicate that it is an 
important protein for cellular signaling and regulation in the heart. Moreover, since 
CaMKII expression and activation may be elevated in important pathophysiological 
situations (e.g. heart failure and hypertrophy), investigating CaMKII regulation in 
the heart will help to understand the pathophysiology of the heart and may identify 
new modalities of treatment for arrhythmias in heart failure.      
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  Abstract   Calcium/calmodulin-stimulated protein kinases can be classifi ed as one 
of two types – restricted or multifunctional. This family of kinases contains several 
structural similarities: all possess a calmodulin binding motif and an autoinhibitory 
region. In addition, all of the calcium/calmodulin-stimulated protein kinases exam-
ined in this chapter are regulated by phosphorylation, which either activates or 
inhibits their kinase activity. However, as the multifunctional calcium/calmodulin-
stimulated protein kinases are ubiquitously expressed, yet regulate a broad range of 
cellular functions, additional levels of regulation that control these cell-specifi c 
functions must exist. These additional layers of control include gene expression, 
signaling pathways, and expression of binding proteins and molecular targeting. All 
of the multifunctional calcium/calmodulin-stimulated protein kinases examined in 
this chapter appear to be regulated by these additional layers of control, however, 
this does not appear to be the case for the restricted kinases.  

  Keywords   Phosphorylase kinase  •  eEF2K  •  Myosin light chain kinase  •  CaMKK  
•  CaMKI  •  CaMKII  •  CaMKIV  •  Casein kinase I  •  Targeting  
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  AMPK    AMP-activated protein kinase   
  APC    Adenomatous polyposis coli-associated protein   
  ATP    Adenosine triphosphate   
  Ca 2+     Calcium ions   
  CaM    Calmodulin   
  CaMK    Calcium/calmodulin stimulated protein kinases   
  CaMKI    Calcium/calmodulin stimulated protein kinase I   
  CaMKII    Calcium/calmodulin stimulated protein kinase II   
  CaMKIII    Calcium/calmodulin stimulated protein kinase III   
  CaMKIV    Calcium/calmodulin stimulated protein kinase IV   
  CaMKK    Calcium/calmodulin stimulated protein kinase kinase   
  CK1    Casein kinase 1   
  CLK2    CDC-like kinase 2   
  eEF2K    Elongation factor 2 kinase   
  G    Glycine   
  GSK-3    Glycogen synthase kinase 3   
  HSF1    Heat shock factor 1   
  kDa    Kilodalton   
  MAPKAP-K2/K3    Mitogen-activated protein kinase-activated protein kinase 2/

kinase 3   
  MDa    Megadalton   
  Mg 2+     Magnesium ions   
  MLCK    Myosin light chain kinase   
  mRNA    Messenger ribonucleic acid   
  PhK    Phosphorylase kinase   
  PKA    cAMP-dependent protein kinase   
  PKB    Protein kinase B; Akt   
  PP2A    Protein phosphatase 2A   
  PSD    Post-synaptic density   
  RLC    Regulatory light chain   
  RSK    Ribosomal S6 kinase   
  S    Serine   
  S6K1    Ribosomal protein S6 kinase-1   
  SAPK4    Stress activated protein kinase 4   
  T    Threonine         

   Introduction    

 Calcium is a major second messenger in all cells, and is integral in many important 
signaling pathways. Changes in intracellular Ca 2+  regulate many biological pro-
cesses, including neurotransmitter release, gene expression, and the cell cycle. 
Though free Ca 2+  can activate a number of proteins directly (for example myosin, 
phospholipase A 

2
 , and protein kinase C), it regulates the activity of many enzymes 



70531 The Role of Molecular Regulation and Targeting in Regulating Calcium…

indirectly via a number of low molecular weight Ca 2+  binding proteins, the most 
abundant of which is calmodulin (CaM). CaM consists of two globular lobes, each 
of which contain two Ca 2+ -binding sites. Binding of Ca 2+  dramatically changes the 
conformation of CaM, allowing Ca 2+ /CaM to interact with a variety of other proteins, 
including several classes of protein kinases. 

 Many proteins that bind Ca 2+ /CaM contain an  a -helix region consisting of 
approximately 20 amino acids, which contain positively charged amino acids among 
hydrophobic residues. There are two types of CaM binding motif classes  [  1  ] . The 
 IQ motif  (IQXXXRGXXXR) indicates the binding of CaM in the absence of Ca 2+ . 
The majority, if not all, of the proteins that contain this motif are not enzymes, and 
appear to limit the concentration of diffusible CaM during periods of low intracel-
lular Ca  2+ . The second class of motifs are related to each other, and indicate CaM 
binding in the presence of Ca 2+ . These motifs include  1 - 12 ,  1 - 14 ,  1-5-10 , and  1-8-14  
(named based on the conserved hydrophobic residues within these motifs). 
However, several identifi ed/putative CaM binding sites have sequence motifs 
that are called  unclassifi ed  because they do not conform to either of the preceding 
sequence motifs. 

 Ca 2+ /CaM stimulated protein kinases are classifi ed based on their specifi city, 
and there are two main types:  restricted  kinases, which only phosphorylate one, 
or a small number, of substrates, and  multifunctional  kinases, which have broad 
substrate specifi city (Table  31.1 ). A number of these kinases share several struc-
tural and regulatory features, including an autoinhibitory pseudosubstrate domain. 
This domain, as its name implies, acts like a substrate and binds to the active site 
of the kinase, thereby inhibiting the kinase until activation displaces the domain. 
In the case of the Ca 2+ /CaM stimulated protein kinases discussed in this chapter, 
it is the binding of Ca 2+ /CaM that causes the displacement of the autoinhibitory 
pseudosubstrate domain and activates the kinase.  

 There are multiple levels of control that regulate the functions of Ca 2+ /CaM 
stimulated protein kinases. The most coarse method of controlling kinase function 
is via the regulation of Ca 2+  dynamics, specifi cally the frequency, amplitude and 
duration of oscillations in the intracellular concentration of Ca 2+ . This is most com-
monly controlled by ion channels and many kinases can be directly regulated by 
intracellular Ca 2+  fl uxes. For example, the multifunctional Ca 2+ /CaM-stimulated 
protein kinase II (CaMKII) can decode the frequency of Ca 2+  spikes into distinct 
amounts of kinase activity  [  2  ] . However, several additional mechanisms exist that 
produce extra forms of control of kinase activity. Modulation of the response to 
changes in Ca 2+  can be controlled by phosphorylation and/or splicing of the kinase, 
or by the kinase becoming autonomously active (i.e. no longer require Ca 2+ /CaM 
for activity)  [  3–  5  ] . Another level of control has also been identifi ed that provides 
both temporal and site-specifi c control of kinase function. This mechanism is 
termed “targeting”, and involves the interactions between kinases and specifi c 
binding proteins. This chapter will examine how Ca 2+ /CaM stimulated protein 
kinases are regulated, with a particular focus on the role of molecular regulation 
and targeting in controlling the function of Ca 2+ /CaM stimulated protein kinases 
(Table  31.1 ).  
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   Restricted Calcium/Calmodulin Stimulated Protein Kinases 

   Phosphorylase Kinase (PhK) 

 Phosphorylase kinase (PhK) is a 1.3 MDa hexadecamer, and is encoded by fi ve 
genes (PHKA1, PHKA2, PHKB, PHKG1, PHKG2). PhK was the fi rst protein 
kinase to have its function identifi ed  [  6  ] , and is a key enzyme in the control of gly-
cogenolysis, as PhK phosphorylates inactive glycogen phosphorylase b, thereby 
converting it to active phosphorylase a. PhK is expressed in many tissues  [  7  ] , and 
multiple tissue-specifi c isoforms exist in muscle and liver  [  8  ] . 

   Structure 

 PhK is one of the largest and most complex protein kinases. Four copies of four dif-
ferent subunits ( a ,  b ,  g ,  d ) are arranged as a dimer of ( a  b  g  d ) 

2
  octamers  [  8  ] . However, 

 a  g  d  heterotrimers and  g  d  heterodimeric subcomplexes have also been identifi ed  [  9  ] . 
Based on electron microscopy images, the structure of the PhK complex is a pseudo-
tetrahedron, consisting of two lobes interconnected by central bridges  [  10–  14  ]  and 
resembling a butterfl y. 

 The  a  (138.4 kDa) and  b  (125.2 kDa) subunits are regulatory inhibitory subunits 
(Fig.  31.1 ). Little is known about the structure of the  a  and  b  subunits. Sequence 
comparisons with known proteins suggest that aa 1–436 ( a  subunit) and aa 40–477 
( b  subunit) share sequence similarities with 15 glycosyl hydrolases  [  15  ] . In addi-
tion, residues 1,066–1,237 ( a  subunit) and aa 918–1,093 ( b  subunit) share similari-
ties with the calcineurin B-like proteins  [  16  ] . Several autoinhibitory domains have 
also been proposed, including one on the  b  subunit (aa 420–436) that has homology 
to glycogen phosphorylase  [  17  ] . The  g  subunit (44.7 kDa) is the catalytic subunit, 
and contains a catalytic domain (aa 20–276) and a CaM-binding and autoinhibitory 
domain (aa 298–396) (Fig.  31.1 ). The  d  subunit (16.7 kDa) is an endogenous mol-
ecule of CaM, which binds to PhK, even in the absence of Ca 2+  (Fig.  31.1 ). When 
isolated as a single  g  subunit, the kinase domain is constitutively active. Therefore, 
the role of the  a  and  b  subunits is to inhibit the activity of the kinase.   

   Regulation 

 The activation of PhK is complex, and several layers of control exist. PhK can also 
be activated  in vitro  by increases in pH  [  18  ] , autophosphorylation, limited proteoly-
sis and adenosine-5 ¢ -diphosphate (ADP)  [  19  ] . Phosphorylation by PKA increases 
the activity of PhK, however, PhK remains Ca 2+ -dependent. PKA phosphorylates 
PhK on at least two sites, and one well-characterised site has been observed on each 
of the  a  (S1018) and  b  (S27) subunits  [  8  ] . PKA phosphorylation of the  b  subunit 
increases the activity of PhK. Phosphorylation of the  a  subunit amplifi es this affect, 
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but does not directly activate PhK  [  20,   21  ] . Autophosphorylation of PhK also 
increases activity  in vitro   [  22  ] . However, the correlation between phosphorylation 
of specifi c sites and activation has not been examined. The activity of unactivated 
PhK can be increased via interacting with exogenous CaM (also called  d  ¢ ) or tro-
ponin C, both of which bind to PhK in a Ca 2+ -dependent manner  [  8  ] . In addition, 
there is evidence to suggest that troponin C is able to compete with CaM for binding 
to the  g -subunit  [  23  ] . However, interaction with exogenous CaM has no effect on 
PhK activity once PhK is phosphorylated  [  8  ] . 

 The role of targeting in regulating PhK function has not been examined. However, 
no evidence exists to indicate that interactions with binding proteins or subcellular 
location infl uence PhK function. It is therefore unlikely that targeting plays a sig-
nifi cant role in regulating PhK  in vivo .   

   Elongation Factor 2 Kinase (eEF2K) 

 Elongation factor 2 kinase (eEF2K) is also known as Ca 2+ /CaM stimulated protein 
kinase III (CaMKIII)  [  24  ] , and is a novel kinase that is unrelated to other Ca 2+ /CaM 

  Fig. 31.1     Schematic diagram of the domain structure of Phosphorylase Kinase (PhK) subunits . 
PhK is one of the largest and most complex protein kinases currently known. Four different sub-
units ( a ,  b ,  g ,  d ) are arranged as a dimer of octamers. The  a  and  b  subunits are regulatory inhibi-
tory subunits, and little is known about their structure. Both the  a  and  b  subunits contain multiple 
phosphorylation sites, and the  b  subunits also contains two variable regions ( V1  and  V2 ). The  g  
subunit contains an N-terminal catalytic domain ( red ), and a C-terminal calmodulin ( CaM ) bind-
ing and autoinhibitory domain. The  d  subunit is an endogenous molecule of CaM       
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stimulated protein kinases  [  25  ] . It is a monomer with an apparent molecular weight 
of 95–103 kDa  [  26  ] . eEF2K is ubiquitously expressed in eukaryotic cells, however, 
tissue specifi c isoforms have been identifi ed  [  27  ] . eEF2K negatively regulates 
eukaryotic messenger ribonucleic acid (mRNA) translation, by phosphorylating and 
inactivating elongation factor 2 (eEF2), which is the only known substrate of eEF2K 
 [  28  ] . eEF2 mediates the translocation step in which the ribosome moves along 
mRNA during translation. 

   Structure 

 The structure of eEF2K is unrelated to that of other serine (S)/threonine (T) kinases 
(Fig.  31.2 ). The only kinase that possesses any homology with eEF2K is 
 Dictyostelium  myosin heavy chain kinase, which is not Ca 2+ /CaM dependent  [  29  ] . 
The catalytic domain lies in the N-terminal half of eEF2K, and it possesses none of 
the conserved catalytic subdomains usually present in serine/threonine kinases, 
apart from a GXGXXG motif that may be involved in binding Mg 2+ /adenosine 
triphosphate (ATP)  [  30  ] . A putative pseudosubstrate and autoinhibitory domain are 
present C-terminal to the catalytic domain  [  25  ]  and the CaM binding region is 
immediately N-terminal to the catalytic domain (aa 77–99)  [  31  ] .   

   Regulation 

 eEF2K is activated by binding Ca 2+ /CaM, resulting in partial Ca 2+ /CaM indepen-
dence of the kinase  [  24,   26  ] . The subsequent regulation of eEF2K is primarily by 
phosphorylation at a number of sites by a number of kinases. cAMP-dependent 
protein kinase (PKA) and AMP-activated protein kinase (AMPK) phosphorylate 
eEF2K at S499  [  32  ]  and S398  [  33,   34  ]  respectively, thereby activating eEF2K and, 

  Fig. 31.2     Schematic diagram of the domain structure of Elongation Factor 2 Kinase (eEF2K) . The 
structure of eEF2K is unrelated to other serine/threonine protein kinases. The N-terminal catalytic 
domain ( red ) contains none of the conserved subdomains usually present in serine/threonine pro-
tein kinases. A C-terminal regulatory domain ( purple ) contains multiple phosphorylation sites, and 
a putative autoinhibitory domain. A calmodulin ( CaM ) binding region has also been identifi ed 
N-terminal to the catalytic domain       
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in the case of S366 and S499, making it partially autonomous  [  35  ] . By contrast, 
phosphorylation at S377 by mitogen-activated protein kinase-activated protein 
kinase 2/kinase 3 (MAPKAP-K2/K3)  [  36,   37  ] , S359 by stress activated protein 
kinase 4 (SAPK4; also called p38 d ), or S366 by ribosomal protein S6 kinase-1 
(S6K1) or ribosomal S6 kinase (RSK)  [  38  ] , inhibits eEF2K activity. Molecular reg-
ulation of eEF2K by these kinases alters physiological outcomes. For example, 
AMPK is activated in anoxic hepatocytes. Under these anoxic conditions, eEF2K 
is activated by AMPK, which results in the phosphorylation and inactivation of 
eEF2 thereby inhibiting protein synthesis  [  33  ] . 

 The role of targeting in regulating eEF2K function has not been examined. 
However, no evidence exists to suggest that interactions with binding proteins or 
subcellular location infl uence eEF2K function. Therefore, it is unlikely that target-
ing plays a role in regulating its function.   

   Myosin Light Chain Kinase (MLCK) 

 Myosin light chain kinase (MLCK) is an ubiquitously expressed protein kinase that 
is found in virtually all eukaryotic cells. Molecular and biochemical studies have 
characterised MLCKs from a variety of species, including rat  [  39  ] , rabbit  [  40  ] , 
chicken  [  41  ] , and human  [  42  ] . It is encoded by at least two genes ( mylk1  and  mylk2 ) 
 [  43–  45  ] , which yield both muscle and non-muscle isoforms that range from 69 to 
220 kDa in size, depending on the species and isoform.  Mylk2  encodes an isoform 
expressed exclusively in skeletal muscle  [  46  ] , whereas  mylk1  products are ubiqui-
tously expressed  [  47,   48  ] . MLCK phosphorylates the regulatory light chain (RLC) 
of myosin II in the presence of Ca 2+ /CaM and no other substrates have been 
identifi ed. 

   Structure 

 Inactive (non-CaM bound) MLCK exists as a mixture of oligomeric (hexamer; 2% 
of MLCK in solution), dimeric (53%), and monomeric (45%) suprastructures  [  49  ] . 
The vertebrate MLCKs are all structurally similar (Fig.  31.3 ), with a catalytic 
domain that binds Mg 2+ , ATP and the RLC, and a regulatory domain that contains 
autoinhibitory and CaM binding domains. Interestingly, the autoinhibitory domain 
was fi rst suggested to act as a pseudosubstrate in MLCK  [  50  ] . This was due to the 
fact that the autoinhibitory region lies, in the absence of Ca 2+ /CaM, in the substrate 
binding region. The majority of the Ca 2+ /CaM stimulated protein kinases possess 
such a pseudosubstrate/autoinhibitory domain. The C-terminal 150 amino acid resi-
dues of the smooth muscle MLCK isoform is also expressed as an independent 
protein, termed telokin  [  51  ] . Telokin inhibits MLCK activity towards MLCK sub-
strates, and activates myosin light chain phosphatase, and can thereby modulate the 
contractile properties of smooth muscle  [  52  ] . The different isoforms are encoded by 
mRNAs arising from promoters within different introns of the  mlck  gene  [  45,   51  ] .   
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   Regulation 

 Vertebrate forms of MLCK are completely dependent on Ca 2+ /CaM for activity. 
Several studies  [  50,   53–  55  ]  indicate that MLCK is inhibited by a pseudosubstrate 
domain that has a sequence highly homologous to the phosphorylation site of RLC 
(aa 1–19). Furthermore, the CaM binding site overlaps with this autoinhibitory 
domain. Therefore, upon binding to CaM, the autoinhibitory domain is displaced, 
and MLCK becomes activated. 

 In the absence of CaM, phosphorylation of MLCK occurs on a serine at the 
C-terminus of the CaM binding domain. PKA  [  56  ] , protein kinase C (PKC)  [  57  ]  
and CaMKII  [  58  ]  can phosphorylate MLCK on this serine site. Phosphorylation at 
this site increases the K 

CAM
  (the concentration at which the rate of the enzyme 

reaction is half the maximal rate) approximately tenfold. This decreases the activ-
ity of MLCK  [  56  ] . However, when CaM is associated with MLCK, phosphoryla-
tion at this site is blocked  [  59  ] . Additional phosphorylation sites have been 
identifi ed on MLCK  in vivo   [  60  ] . However, the kinases involved and the potential 
physiological functions associated with these phosphorylation events have not 
been identifi ed. 

 Whilst the role of targeting in regulating MLCK function has not been examined, 
different expression patterns have been noticed for the small (130 kDa) and large 
(220 kDa) forms of MLCK. For example, the large and small MLCKs are differen-
tially distributed during cytokinesis  [  61  ] . In addition, while the small and large 
MLCKs have identical biochemical properties  in vitro , their subcellular localisation 
and expression patterns  in vivo  are distinct  [  62  ] . This suggests that the small and 
large forms of MLCK are targeted to different intracellular locations by binding to 
different proteins and may elicit different cellular functions  in vivo . However, 
whether these different forms of MLCK are regulated differently is yet to be 
identifi ed.    

  Fig. 31.3     Schematic diagram of the domain structure of Myosin Light Chain Kinase (MLCK) . 
The vertebrate MLCKs are structurally similar. The catalytic domain ( red ) binds ATP, magnesium 
ions, and the regulatory light chain ( RLC ) of myosin II. The regulatory domain ( purple ) contains a 
phosphorylation site, and autoinhibitory and calmodulin ( CaM ) binding domains       
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   Multifunctional Calcium/Calmodulin Stimulated 
Protein Kinases 

   Calcium/Calmodulin Stimulated Protein Kinase Kinase (CaMKK) 

 Calcium/calmodulin stimulated protein kinase kinase (CaMKK) is a multifunctional 
protein kinase that is encoded by two genes (CAMKK1 and CAMKK2) that pro-
duce CaMKK a  and CaMKK b , respectively. The CAMKK2 gene also generates 
several splice isoforms  [  63  ] , which are between 54 and 68 kDa in size. CaMKK is 
primarily expressed in the brain, but is also present in the thymus, spleen, and testis 
 [  64–  67  ] . The expression pattern of CaMKK b  appears to parallel that of CaMKIV 
 [  68  ] . CaMKK phosphorylates Ca 2+ /CaM stimulated protein kinase I (CaMKI) and 
Ca 2+ /CaM stimulated protein kinase IV (CaMKIV), but can also phoshorylate other 
proteins, such as AMP activated protein kinase (AMPK)  [  69  ]  and protein kinase B 
(PKB; also known as Akt). 

 CaMKK, CaMKI and CaMKIV have been shown to form a signaling pathway 
termed the Ca 2+ /CaM-dependent kinase cascade, which has been implicated in sev-
eral cellular processes, including normal neuronal function  [  70  ] , the cell cycle  [  71  ] , 
and normal immune cell function  [  72  ] . An unusual aspect of this cascade is that 
binding of Ca 2+ /CaM to both CaMKK and its substrates (CaMKI and CaMKIV) is 
required for phosphorylation of their activation loops  [  73  ] . Whilst unusual, this 
mechanism has been noted in other signaling pathways, including the AMP-kinase 
cascade  [  74  ] . 

   Structure 

 The domain structure of CaMKK, CaMKI, and CaMKIV are similar  [  75  ]  (Fig.  31.4 ), 
with all possessing a C-terminal regulatory domain that contains an autoinhibitory 
region, which keeps the kinase inactive until Ca 2+ /CaM binds, and a conserved CaM 
binding region. All family members also have an N terminal catalytic domain.   

   Regulation 

 CaMKK require Ca 2+ /CaM for maximal activity  [  73  ] . However, CaMKK b  exhibits 
partially autonomous activity in the absence of Ca 2+ /CaM (50–70% Ca 2+ /CaM-
independent activity), whereas CaMKK a  is completely dependent on the binding of 
Ca 2+ /CaM for activity  [  68,   76  ] . CaMKK can autophosphorylate at S74 in the pres-
ence of Ca 2+ /CaM, however, it is very slow, substochiometric, and does not appear 
to effect catalytic activity  [  68,   77  ] . 

 CaMKK a  can be phosphorylated at both activating and inhibitory sites. PKA 
can phosphorylate S52, S74, T108, S458, and S475 on CaMKK a   [  78  ] , however, 
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phosphorylation of CaMKK b  by PKA has not been reported  [  79  ] . However, binding 
of Ca 2+ /CaM blocks phosphorylation at S52, S74, T108, and S458, but enhances 
phosphorylation at S475  [  78  ] . CaMKK a  activity is negatively regulated by phos-
phorylation on S74, T108 and S458  [  80–  82  ] . In addition, cyclin dependent kinase 5 
(CDK5) phosphorylates CaMKK b  at S137, therefore priming CaMKK b  for phos-
phorylation by glycogen synthase kinase 3 b  (GSK-3 b ) at S129 and S133  [  79  ] . 
Phosphorylation at these sites decreases the autonomous activity of CaMKK b , and 
regulates its half-life. In addition, phosphorylation of CaMKK b  by GSK-3 b  and 
CDK5 is critical for its role in neurite development  [  79  ] . 

 Evidence suggests that targeting may play a role in regulating CaMKK function, 
as CaMKK a  is known to translocate to the nucleus  [  83  ] . Furthermore, inhibition of 
this translocation prevents type-II monocytic cells from being activated  [  83  ] . 
However, whether this is regulated by phosphorylation has not been identifi ed.   

  Fig. 31.4     Schematic diagram of the domain structure of the multifunctional Ca   2+   /CaM stimulated 
protein kinase (CaMK) family . All of the CaMKs, except CaMKII, have similar overall domain 
structures. CaMKK, CaMKI, CaMKII, and CaMKIV possess an N-terminal catalytic domain 
( red ), and a regulatory domain ( purple ), which is comprised of autoinhibitory and calmodulin 
( CaM ) binding domains. CaMKII has an additional C-terminal association domain ( blue ). In each 
instance, phosphorylation sites are number according to the  a  isoform       
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   Calcium/Calmodulin Stimulated Protein Kinase I (CaMKI) 

 CaMKI is encoded by four genes ( a ,  b ,  g , and  d ), with each gene producing at least 
one splice variant. All members of this family are monomeric and are between 38 
and 42 kDa in size, except for CaMKI g , which is 53 kDa. The various isoforms of 
CaMKI are expressed in the brain and other tissues, with CaMKI a  being found in 
most mammalian cells  [  84  ] . CaMKI has been implicated in a variety of cellular 
functions, including the control of synapsin in nerve terminals  [  85  ] , growth cone 
motility and axon outgrowth  [  86  ] , aldosterone synthase expression  [  87  ] , and the cell 
cycle  [  88–  90  ] . 

   Structure 

 CaMKI is monomeric, and is structurally similar to CaMKK and CaMKIV. CaMKI 
subunits are comprised of a regulatory domain, which contains autoinhibitory and 
CaM binding regions, and a N-terminal catalytic domain  [  75  ] . In addition, the 
crystal structure of CaMKI in its autoinhibited form has been elucidated  [  91  ] . The 
C-terminal regulatory domain forms a helix-loop-helix segment, which functions as 
an autoinhibitory domain.  

   Regulation 

 Phosphorylation of the conserved T (T174 to T180, depending on the isoform) in the 
activation loop by CaMKK is required for maximal CaMKI activity  [  92  ] , although 
this depends on the substrate  [  93  ] , suggesting that targeting may also be involved in 
the regulation of CaMKI. Various isoforms of CaMKI have been shown to translo-
cate to the nucleus. For example, the translocation of CaMKI a  to the nucleus (medi-
ated by interacting with a CRM1 complex) is enhanced by Ca 2+ /CaM, suggesting 
that nuclear export may be enhanced by activation of the kinase  [  94  ] . Furthermore, 
nuclear translocation of CaMKI d  is triggered by stimuli that produce an infl ux of 
intracellular calcium (potassium depolarisation or glutamate stimulation)  [  95  ] . The 
mechanisms and functions involved, however, remain to be determined.   

   Calcium/Calmodulin Stimulated Protein Kinase II (CaMKII) 

 Ca 2+ /CaM stimulated protein kinase II (CaMKII) is encoded by four genes ( a ,  b ,  g , 
and  d )  [  96  ] , which produce over 30 isoforms ranging in size from 50 to 60 kDa. One 
or more members of this family are found in virtually every tissue, and mediate 
diverse physiological functions. CaMKII is expressed most abundantly in neurons, 
and is involved in regulating many aspects of neuronal function, including neu-
rotransmitter synthesis and release, cellular morphology and neurite extension, 
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long-term plasticity, learning, memory consolidation, and memory erasure following 
retrieval  [  97–  102  ] . Non-neuronal CaMKII has been implicated in the regulation of 
other biological processes, such as fertilisation  [  103  ] , osteogenic differentiation 
 [  104  ] , the maintenance of vascular tone  [  105  ] , normal cardiac function and heart 
failure  [  106  ] , and cell proliferation  [  107  ] . 

   Structure 

 Each isoform of CaMKII can be divided into three domains (Fig.  31.4 ): a C-terminal 
association domain, a N-terminal catalytic domain, and a regulatory domain in 
between. An autoinhibitory domain at aa 282–300 (numbered according to the  a  
isoform) within the regulatory domain has been identifi ed that interacts with the 
catalytic domain to block the ATP binding site, thereby inhibiting the kinase activity 
of the enzyme  [  108,   109  ] . The amino acid sequence 293–310 binds Ca 2+ /CaM and 
partially overlaps with the autoinhibitory domain  [  110  ] . There are four main vari-
able regions (V1–4) through which alternative splicing produces more than 30 iso-
forms. The V1 region, located between the regulatory and association domains, is 
the primary site for divergence among the four CaMKII genes  [  111  ] . 

 The three-dimensional structure of CaMKII is in fact highly unusual  [  112  ] . The 
CaMKII a  crystal is an asymmetric unit that consists of two autoinhibited catalytic 
domains in a symmetric dimer held together by interactions between anti-parallel 
coiled-coil structures formed by the regulatory domains. The regulatory domains 
are joined by a hinge to the C-terminus of the catalytic domain. The regulatory 
domain functions like a gate (with T286 as its hinge), so that it is positioned to block 
the protein substrate and ATP binding sites when CaMKII is autoinhibited, and is 
“open” when CaMKII is autophosphorylated at T286. Therefore, CaMKII is com-
prised of six mutually inhibited dimers. Homomers of  a ,  b ,  g , and ∂ all exhibit the 
same basic structure. Whilst heteromultimers are known to exist  [  113  ] , their struc-
tures are unknown.  

   Regulation 

 The biological properties of CaMKII are regulated by multi-site phosphorylation 
and targeting to specifi c subcellular locations through interactions with other pro-
teins. These two control mechanisms can also infl uence one another, as the interac-
tion between CaMKII and some binding partners can be modifi ed by the 
phosphorylation state of the kinase, as well as by phosphorylation of the binding 
partner  [  3,   107  ] . 

 Purifi ed CaMKII requires the presence of Ca 2+ /CaM for initial enzyme activity. 
Binding of two CaM molecules to two adjacent subunits within a holoenzyme 
allows autophosphorylation of one or both of these subunits to occur at T286  [  114  ] . 
Autophosphorylation of T286 in CaMKII a  (T287 in CaMKII b ,  g , and ∂) occurs 
quickly and produces changes in the affi nity for Ca 2+ /CaM, enzyme activity, and 
targeting to specifi c subcellular sites. CaMKII phosphorylation at T286 allows the 
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enzyme to remain active even after CaM has dissociated from it (autonomous 
activity), and can also regulate the function of the enzyme by increasing the binding 
of CaMKII to specifi c subcellular sites  [  115–  117  ] . However, phosphorylation of 
T286 is not required for kinase activity. 

 Once the kinase activity of CaMKII is Ca 2+ -independent (autonomous), and Ca 2+ /
CaM is no longer bound to the kinase, secondary sites that are within the CaM-
binding site can be phosphorylated (T305/306 in CaMKII a , and T306/307 in 
CaMKII b ,  g , and ∂)  [  118,   119  ] . Once these sites are phosphorylated, CaM can no 
longer bind so CaMKII becomes insensitive to changes in Ca 2+ /CaM  [  120  ] . 

 Recently, a new phosphorylation site on CaMKII at T253 was identifi ed  in vivo  
 [  121  ] . T253 has previously been overlooked as a phosphorylation site of interest as 
it has no direct effect on the kinase activity of CaMKII  in vitro . However, T253 
phosphorylation has marked effects on CaMKII targeting  [  107,   121  ] . Furthermore, 
the overall stoichiometry of T253 phosphorylation is relatively low in the cell as a 
whole because it occurs only in a subpopulation of CaMKII molecules at particular 
cellular locations  [  121  ] . 

 Other sites, such as S279 and S314, are phosphorylated both  in vitro   [  122–  124  ]  
and  in vivo   [  125–  127  ] , but the stoichiometry of phosphorylation is relatively low 
and phosphorylation does not affect CaMKII activity  in vitro . Although these sites 
have not been investigated for their effects on targeting, it is possible that, along 
with T253, they may belong to a new class of phosphorylation site that has its major 
functional role in regulating targeting rather than directly modifying enzyme 
activity. 

 There are two lines of evidence that led to the recognition of the importance of 
targeting in the regulation of CaMKII in cells: the differences in kinase properties 
between splice isoforms, and the phenomenon of subcellular translocation. 

 All four CaMKII genes undergo alternative splicing in their variable regions 
 [  128  ] , which produces some variability in the kinase properties  in vitro . However, 
the number of splice variants is much greater than the differences observed in 
enzyme activity and the splicing occurs in parts of the molecule well away from the 
catalytic and regulatory domains suggesting that the primary function of many of 
the isoforms is not to alter enzyme activity. The  a CaMKII-anchoring protein 
( a KAP), provides an unusual example of targeting. RNA splicing of CaMKII a  pro-
duces  a KAP as a truncated, enzymatically inactive protein, which is mostly com-
prised of the association domain of CaMKII a , and an N-terminal lipid tail.  a KAP 
is found in skeletal muscle and the heart, and is expressed at low levels in the lung, 
kidney, and testis  [  129  ] .  a KAP can form heteromultimers with full length CaMKII, 
thereby targeting the active kinase subunits to the sarcoplasmic reticulum mem-
brane in rat skeletal muscle  [  130  ] . 

 A small number of splice variants of CaMKII contain a consensus nuclear locali-
sation sequence and others contain specifi c binding sites for individual proteins (for 
example, the binding sequence for actin is specifi c to the CaMKII b  isoform  [  131  ] ). 
The fact that the association domain contains all the main sequence variations 
between isoforms of CaMKII suggests that most of the binding sites for other mol-
ecules are contained in this region. 
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 A constitutively active 30 kDa fragment of CaMKII is generated by limited 
proteolysis following autophosphorylation  [  132  ] . This fragment is completely Ca 2+ /
CaM-independent, however, autophosphorylation sites (e.g. T286) are not contained 
in this fragment. This fragment exhibits a tenfold increase in V 

max
  (the maximal rate 

of the enzyme reaction) and a 50% decrease in the K 
M

  for synthetic peptide sub-
strates, when compared to full length CaMKII  [  132  ] . A slightly larger fragment 
(32 kDa) is generated when limited proteolysis occurs prior to autophosphorylation. 
This fragment, however, is inactive  [  132  ] . These fragments have been identifi ed 
 in vivo , however, specifi c physiological functions have not been attributed to these 
fragments. 

 CaMKII translocation to the post-synaptic density (PSD) in neurons has been 
well characterised (reviewed in  [  133,   134  ] ), and CaMKII phosphorylated at dif-
ferent sites (T253, T286, and T305/306) alters the amount of CaMKII that is 
bound to the PSD. This translocation to the PSD can occur rapidly in response to 
hypoxia or post-mortem delay and may involve self-assembly of CaMKII  [  117, 
  135,   136  ] . Phosphorylation of T305/306 decreases the amount of CaMKII bound 
to the PSD, stimulating translocation from the PSD to the cytosol  [  137  ] . By con-
trast, phosphorylation of either T286 or T253 enhances binding to the PSD, 
stimulating translocation from the cytosol to the PSD and the effects appear to be 
through independent binding proteins since phosphorylation at both sites results 
in an additive effect  [  121  ] .   

   Calcium/Calmodulin Stimulated Protein Kinase IV (CaMKIV) 

 CaMKIV is encoded by one gene ( a ), which produces at least one splice variant ( b ). 
All splice variants are monomeric and are between 65 and 67 kDa in size. CaMKIV 
is primarily expressed in the brain, but is also present in immune cells and the testis/
ovary  [  64–  67  ] . As mentioned previously, the CaMKIV expression pattern is similar 
to that of CaMKK b . The  CAMK4  gene also encodes calspermin, a Ca 2+ /CaM bind-
ing protein of unknown function that is expressed exclusively in spermatids in the 
testes  [  67  ] . CaMKIV has been implicated in the regulation of cyclic AMP element 
binding protein (CREB)  [  138  ] , neurite outgrowth  [  139  ] , immune and infl ammatory 
responses  [  140  ] , and cell cycle control  [  88,   90  ] . 

   Structure 

 The subunits of all CaMKI, CaMKIV, and CaMKK are similar (Fig.  31.4 ). CaMKIV 
subunits consist of a regulatory domain, which contains autoinhibitory and CaM 
binding regions, and a N-terminal catalytic domain  [  75  ] . Truncation experiments 
have demonstrated that the autoinhibitory region of CaMKIV encompases aa 
305–317  [  141,   142  ] . Residues 319–325 have been identifi ed as the CaM-binding 
domain, which is highly homologous to other characterised CaM binding sites. 
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In addition, phosphorylation of S332 within the CaM binding region prevents CaM 
binding  [  143  ] . The two protein isoforms, CaMKIV a  and CaMKIV b , are identical, 
except CaMKIV b  contains a 28 aa N-terminal extension, of unknown function.  

   Regulation 

 CaMKIV requires Ca 2+ /CaM to become active, as well as phosphorylation of the 
conserved T in the activation loop (T200 in human CaMKIV) by CaMKK  [  5  ] . This 
phosphorylation generates an autonomously active kinase. Phosphorylation at this 
site (T196 in CaMKIV a ) enhances glucokinase promoter activity  [  144  ] , suggesting 
that CaMKIV phosphorylation can regulate insulin secretion and glucose homeo-
stasis. CaMKIV can translocate between the cytoplasm and nucleus, and catalytic 
activity is required for this translocation, as catalytically inactive CaMKIV remains 
in the cytoplasm  [  145  ] . This suggests that targeting also plays a role in regulating 
CaMKIV function, however this requires further investigation.   

   Casein Kinase 1 (CK1) 

 The casein kinase 1 (CK1) family of multifunctional serine/threonine protein 
kinases are abundantly expressed in all eukaryotic organisms  [  146  ] , and in a variety 
of tissues  [  147  ] . All organisms contain several isoforms  [  148  ] , and seven isoforms 
have been identifi ed in vertebrates ( a ,  b ,  g 1,  g 2,  g 3,  d ,  e ), some of which exhibit 
specifi c physiological functions  [  149–  151  ] . In addition, several splice variants 
exhibiting different biochemical and cellular properties also exist  [  152  ] . The molec-
ular weight of mammalian isoforms varies between 37 and 51 kDa. CK1 phospho-
rylates a variety of proteins that are involved in many cellular processes, including 
cell division, differentiation, circadian rhythms and metabolism  [  153  ] . 

 CK1 phosphorylates a wide range of substrates bearing either canonical or non-
canonical consensus sequences  [  154–  159  ] . In addition, CK1 shows a strong prefer-
ence for “primed” pre-phosphorylated substrates at N-3 (e.g. pS/T-X-X-S/T). 
However, CK1 can also phosphorylate unprimed substrates that contain a cluster of 
acidic amino acids in the N-3 position. Furthermore, CK1 purifi ed from erythro-
cytes and Xenopus oocytes is able to phosphorylate tyrosine residues  in vitro   [  160, 
  161  ] , though it has not been determined whether this activity occurs  in vivo . 

   Structure 

 The different isoforms/variants of CK1 are highly conserved within their cata-
lytic domains, but vary signifi cantly in the length and structure of their regula-
tory domains  [  162–  164  ]  (Fig.  31.5 ). The catalytic domain of CK1 is similar to 
other kinases, with a smaller N-terminal lobe, a large C-terminal lobe, and an 
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intermediate catalytic cleft where ATP and substrates bind. CK1 d ,  e , and  g 3 have 
large C-terminal domains, which have been suggested to function as pseudosub-
strates  [  162,   165,   166  ] . The CK1 family of kinases have been described as mono-
meric, constitutively active enzymes. However, CK1 d  has been suggested to form 
dimers  [  166  ] , with this dimerisation potentially inhibiting its activity. This hypoth-
esis has yet to be proven.   

   Regulation 

 The precise mechanisms involved in regulating CK1 function are unclear, and have 
only recently begun to be identifi ed. CK1 was initially identifi ed as being stimu-
lated by Ca 2+ /CaM  [  167,   168  ] . However, unlike many other kinases, CK1 activity 
does not depend on an activation mechanism controlled by second messengers. 
The function of CK1 is regulated via a combination of phosphorylation and target-
ing to specifi c subcellular locations and via interactions with specifi c binding 
proteins. In addition, CK1 e  can undergo limited proteolysis, which produces a 
protease-resistant core kinase with increased activity  [  163  ] . 

 CK1 does not require phosphorylation on its activation loop for activity. CK1 can 
be autophosphorylated, or phosphorylated by PKA, PKB/Akt, CLK2 (CDC-like 
kinase 2) and PKC. However, phosphorylation by these kinases decreases CK1 d  
phosphorylation effi ciency  [  169  ] . Although CK1 can autophosphorylate  in vivo , it 
is actively maintained in its dephosphorylated, active state by protein phosphatases 
 [  170,   171  ] . Inhibitory autophosphorylation occurs most commonly in the C-terminal 
domain of CK1  [  151,   165,   172–  174  ] , however, phosphorylation in the catalytic 
domain has also been noted  [  164  ] . 

 Similarly to CaMKII, there is a large body of evidence demonstrating that target-
ing is an important regulatory mechanism for controlling CK1 function  in vivo . 
Studies in yeast  [  175–  177  ] , and more recently in higher organisms  [  178,   179  ] , have 
demonstrated that the function of constitutively active CK1 is regulated by its sub-
cellular localisation. For example, CK1 a  exhibits a cell cycle dependent subcellu-
lar distribution, interacting with cytosolic vesicles and nuclear structures during 

  Fig. 31.5     Schematic diagram of the domain structure of casein kinase I (CK1) . The different 
isoforms of CK1 are highly conserved within their catalytic domains ( red ), but vary considerably 
in the length and structure of their regulatory domains ( purple ), which contain multiple phospho-
rylation sites. CK1 d  is represented in this diagram       
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interphase, and the mitotic spindle during mitosis  [  180–  182  ] , with this localisation 
being controlled by the activity of CK1  [  178  ] . In addition, domain swapping exper-
iments performed with yeast CK1 demonstrate the interaction between CK1 and 
its substrates is controlled by subcellular distribution. Yeast encode four homo-
logues of CK1, three of which localise to the plasma membrane, with the fourth 
being located at the nucleus  [  176,   183  ] . However, these homologues functionally 
complement each other when the localisation signals are switched  [  176  ] , strongly 
supporting a role for subcellular targeting in regulating the function of CK1. 
Furthermore, alternative splicing of isoforms infl uences substrate binding and sub-
cellular location  [  152,   184–  186  ]  highlighting another layer of complexity in the 
regulation of CK1. 

 In addition, the function of CK1 varies depending on the proteins with which it 
is associated. For example, CK1 can only phosphorylate  b -catenin when it is associ-
ated with axin. Furthermore, CK1 e  only phosphorylates CRY when both proteins 
are bound to PGR  [  187  ] . The phosphorylation state of CK1 can also affect its ability 
to interact with proteins. For example, the interaction between CK1 a  and 14-3-3 is 
dependent upon phosphorylation of CK1 a   [  188  ] . By contrast, dephosphorylation of 
CK1 e  increases activity towards the SV40 large T antigen, I k B and Ets-1  [  163  ] . 
These examples highlight the importance of molecular targeting in mediating cell 
and tissue specifi c CK1 function  in vivo .    

   Conclusions 

 Ca 2+ /CaM stimulated protein kinases are one of the most abundant classes of 
enzymes in cells. They can be broadly classifi ed as one of two types: restricted 
(phosphorylate only one or a few substrates) or multifunctional (phosphorylate 
many substrates). Multifunctional Ca 2+ /CaM stimulated protein kinases are ubiqui-
tously expressed, and regulate a broad range of physiological functions. This there-
fore raises the question of how ubiquitously expressed kinases can elicit cell and 
stimulus-specifi c functions. The answer lies in how these kinases are regulated. 

 All Ca 2+ /CaM stimulated protein kinases are regulated by phosphorylation (either 
autophosphorylation, or phosphorylation by other kinases), and these phosphoryla-
tion events in some instances, can make the kinases autonomously active. However, 
with multifunctional kinases that are able to phosphorylate a number of substrates 
in a variety of cell types, other layers of regulation exist to control which substrate 
the kinase will interact with in different tissues and subcellular compartments. 
A number of levels of control exist that can elicit these tissue or location specifi c 
responses, including molecular regulation and targeting. Whilst the multifunctional 
kinases outlined in this chapter all appear to be regulated by targeting, this is not 
true for restricted Ca 2+ /CaM stimulated protein kinases. 

 It is well established that the protein with which a kinase is associated can 
infl uence its function  in vivo . As different cells express different complements of 
binding proteins, the microenvironment in which the kinase is located will affect 
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its functional outcome. Understanding molecular targeting will allow us to better 
comprehend complex signaling pathways and biological processes, and hence 
provide a better understanding of molecular mechanisms underlying normal and 
pathological cellular events. In addition, if cell specifi c mechanisms controlling 
kinase function can be identifi ed, then drugs can be designed that will selectively 
disrupt interactions between kinases and substrates only in specifi c tissues.      
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  Abstract   Neurotransmitters, neuropeptides and hormones are released through 
regulated exocytosis of synaptic vesicles and large dense core vesicles. This com-
plex and highly regulated process is orchestrated by SNAREs and their associated 
proteins. The triggering signal for regulated exocytosis is usually an increase in 
intracellular calcium levels. Besides the triggering role, calcium signaling modu-
lates the precise amount and kinetics of vesicle release. Thus, it is a central question 
to understand the molecular machineries responsible for calcium sensing in exocy-
tosis. Here we provide an overview of our current understanding of calcium sensing 
in neurotransmitter release and hormone secretion.  
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   Exocytosis and Calcium Signal 

 Exocytosis    is a process by which a cell releases the contents of secretory vesicles out 
of the plasma membrane. The contents in these membrane bound vesicles differ sig-
nifi cantly from one type of vesicles to the next, and from cells to cells. In addition to 
various concentrations of salts, secretory vesicles store high concentrations of enzymes 
(e.g. zymogen granules in exocrine pancreas), neurotransmitters (e.g. synaptic vesi-
cles in neurons), and/or polypeptide hormones (e.g. glucagon- and insulin-granules in 
pancreatic  a - and  b -cells). For the contents to be released into extracellular space, the 
vesicle membrane must fuse with the plasma membrane. As such, the word “exocyto-
sis” sometimes is used in a narrower sense to refer to the fi nal fusion step. 

 Exocytosis, a conserved function of all eukaryotic cells, includes constitutive 
and regulated forms. The two forms of exocytosis have distinct physiological roles 
and characteristics (Table  32.1 ). In neurons and neuroendocrine/endocrine cells, 
tight regulation of stimulated release is necessary to achieve coordinated action 
and to avoid unwanted and possibly deadly consequences. The trigger for regu-
lated exocytosis is usually an increase in cytoplasmic calcium concentrations, a 
phenomenon that was fi rst discovered by Bernard Katz and colleagues in 1952. 
In these landmark studies, Katz and colleagues established the quantum nature of 
neurotransmitter release and the pivotal role of calcium in regulating the probabil-
ity of a given quantum being released  [  1–  3  ] . These fundamental fi ndings, particu-
larly the calcium function in exocytosis, were later extended and confi rmed in 
neuroendocrine and endocrine systems  [  4–  7  ] . As it was discovered later, the role 
of calcium is not limited to triggering exocytosis. Calcium signaling also controls 
the precise amount and speed of vesicle release,  i.e.  cells sense increases in cal-
cium concentration and respond by exocytosis of a certain number of vesicles at a 
certain rate. It remains one of the most fundamental biology questions to under-
stand the molecular machineries responsible for sensing calcium changes and 
executing exocytosis.  

 In neurons and neuroendocrine cells, calcium enters the cells through voltage-
gated calcium channels on the plasma membrane upon membrane depolarization. 
The elevated calcium levels induce vesicle fusion, which is mediated by a complex 

   Table 32.1    Comparison of regulated and constitutive exocytosis   

 Categories  Regulated exocytosis  Constitutive exocytosis 

 Cargo  Neurotransmitters, neuropeptides 
and hormones 

 Plasma membrane proteins, 
extracellular matrix proteins 

 Production  Via Golgi and re-uptake  Via Golgi 
 Carrier  Synaptic vesicles and secretory granules  Microvesicles 
 Triggering signal  Yes  No 
 Control  Membrane traffi cking and exocytotic 

machinery 
 GTP-binding proteins 

 Speed  Microseconds to tens of seconds after 
stimulation 

 Continuous, in the absence 
of a stimulus 
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of proteins on vesicles and the plasma membrane. These proteins, which are highly 
conserved throughout evolution from yeast to man, include synaptobrevin, syntaxin 
and SNAP-25 (synaptosomal-associated protein of 25 KDa) and are collectively 
named SNAREs (soluble N-ethylmaleimide sensitive factor attachment protein 
receptors)  [  8–  14  ] . Although the precise mechanisms as to how SNAREs execute the 
fusion process remain under intense investigations, it is well established that 
SNAREs are the minimal machinery responsible for the fi nal fusion step. However, 
SNAREs cannot act directly as calcium receptors in exocytosis  [  15  ] . So which pro-
teins function as calcium sensors in exocytosis in neurons and endocrine cells? 

 For many years since the work that defi ned calcium’s role in neurotransmission 
by Katz and colleagues, the identities of proteins that sense calcium changes in the 
cytoplasm and transduce that to exocytotic machineries and the mechanisms of their 
action have been a topic of immense interest in cell biology and neuroscience. To be 
a suitable candidate as a calcium sensor, a protein must be able to bind calcium at 
the appropriate calcium concentrations at which exocytosis is triggered, to be 
located near or on the secretory vesicles or the plasma membrane, and to bind the 
membrane to initiate or facilitate exocytosis. Two groups of proteins fi t these crite-
ria: (1) proteins that contain calcium-binding C 

2
  domain, such as synaptotagmins, 

Doc2s (double C 
2
 -domains), and ferlins; and (2) EF-hand proteins, such as calm-

odulin (Table  32.2 ). Some of these proteins have been shown to be important in 
regulated and non-regulated exocytosis. Among these proteins, synaptotagmins 
appear to be the most probable candidates and their role in regulated exocytosis is 
most extensively studied for neurotransmitter and hormone release  [  8,   16–  20  ] .  

 In this chapter, we will discuss calcium sensing in neurotransmitter release and 
hormone secretion, with a particular focus on several C 

2
 -domain containing proteins 

that have been shown to regulate neuronal and endocrine exocytosis in biochemical 
and genetic studies.  

   Neurotransmitter Release 

 Regulated exocytosis is crucial for survival and advanced functions in animals, and thus 
requires tight control and coordination of highly specialized machineries. Neurons rep-
resent the most sophisticated example of such a system. Neurotransmitter (NT) is stored 
in synaptic vesicles (~40 nm in diameter) that are located near their release sites of the 
pre-synaptic membrane, called active zones. Neurons form chemical synapses where, 
upon arrival of an electrical impulse, neurotransmitter is released from pre-synaptic 
membrane of an axon terminal into the synaptic cleft and then binds to specifi c receptors 
on post-synaptic membrane of a target neuron. Neurotransmitter release is comprised of 
at least two kinetically distinct components: a major synchronous component and a 
delayed asynchronous component  [  21–  23  ] . As neurotransmitter release and synaptic 
transmission constitute the most fundamental function of the nervous system, consider-
able efforts have been devoted to studies on mechanisms governing synaptic vesicle 
exocytosis including calcium sensing in neurons. 
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   Synchronous Neurotransmitter Release 

 Synchronous neurotransmitter release coincides with the arrival of an action poten-
tial at the synapse, which results in membrane depolarization, opening of voltage-
sensitive calcium channels on the membrane and consequently, calcium infl ux into 
the cell. During the exocytotic process, the vesicular SNARE, synaptobrevin-2 and 
target SNAREs, SNAP-25 and syntaxin-1 form a tertiary complex to merge the 
apposing membrane bilayers of vesicle and plasma membrane. Besides the three 
SNARE proteins that form the core machinery, a number of other proteins interact 
with the SNARE proteins, participate and regulate the fusion process. For example, 
Munc-18, an SM (Sec1/Munc18) protein that interacts with syntaxin, is an indis-
pensible protein for vesicle exocytosis in neurons  [  24–  26  ] . The exocytotic machin-
ery in neurons is extremely effi cient, making neurotransmitter release the fastest 
process in cell biology. The shortest time that has been recorded in some synapses 
is only 60 microseconds, during which time thousands of vesicles are released  [  27  ] . 

 Because of the extreme fast speed of neurotransmitter release and the buffering 
properties of the cytoplasm, it is diffi cult to accurately measure the calcium response 
within the fi rst few 100 microseconds using a fl uorescent calcium indicator. Sakmann 
and colleagues developed a technique by combining calcium uncaging by photoly-
sis and rapid fl uorometry to determine calcium concentrations at the synapse  [  28  ] . 
They show that in neurons, the time course and magnitude of neurotransmitter 
release are dependent on the duration of the calcium transient, and the calcium sen-
sor is equilibrating, supralinearly amplifying the local [Ca 2+ ] 

i
  transient  [  28  ] . 

Furthermore, synchronous NT release requires calcium concentrations in the range 
of 10–40  m M with a cooperativity of ~5 as determined by photolysis of caged cal-
cium in giant synapse of Calyx of Held, the best and most extensively analyzed 
system to date  [  18,   28–  34  ] . The derived calcium concentration and calcium coop-
erativity represent the best estimate of the properties of a calcium sensor in synchro-
nous neurotransmitter release. 

 Among the calcium binding proteins, synaptotagmin-1, the most prominent 
member of the synaptotagmin family, is one of the few that satisfy these require-
ments, and the best candidate as the calcium sensor for synchronous neurotrans-
mitter release based on biochemical and structural studies  [  35,   36  ] . Synaptotagmin-1 
was fi rst described as p65, a secretory vesicle-specifi c membrane protein, in an 
antibody-binding study  [  37  ] . The molecular structure of synaptotagmin-1 suggests 
its potential as a calcium-sensor in mediating membrane fusion: an N-terminal 
transmembrane region and two functional calcium-binding C 

2
  domains: C 

2
 A and 

C 
2
 B (Fig.  32.1 )  [  35,   36  ] . Protein structure and nuclear magnetic resonance (NMR) 

studies showed that C 
2
  domains of synaptotagmin-1, homologous to the regulatory 

C 
2
 -domain of protein kinase C, bind to calcium  [  38  ] . Subsequent atomic structure 

analysis of synaptotagmin-1 at 1.9 Å resolution indicated that its C 
2
  domains are 

composed of a stable eight-stranded  b -sandwich with fl exible loops emerging from 
the top and bottom  [  39,   40  ] . NMR studies of synaptotagmin-1 revealed that cal-
cium binds exclusively to the top loops, and the binding pockets are coordinated by 
fi ve conserved aspartate residues: three calcium ions bind to C 

2
 A via D172, D178, 
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  Fig. 32.1     Domain structure of synaptotagmins and top loops of synaptotagmin-1 C  
 2 
  -domains . 

( a ) Schematic diagram of domain structures of synaptotagmins. ( b ) Calcium-binding loops in 
synaptotagmin-1 C 

2
 A and C 

2
 B domains. Three calcium ions bind to C 

2
 A domain via fi ve conserved 

aspartate residues (D172, D178, D230, D232 and D238) and 1 serine residue (S235), while two 
calcium ions bind to C 

2
 B domain via fi ve conserved aspartate residues (D303, D309, D363, D365 

and D371)       

D230, D232, S235 and D238, and two calcium ions bind to C 
2
 B via D303, D309, 

D363, D365 and D371 (Fig.  32.1 )  [  41–  43  ] . The structures fl anking the calcium-
coordinating amino acid residues and sequences differ in C 

2
  domains of individual 

synaptotagmins, which give rise to diverse calcium affi nities in different synap-
totagmins, i.e. calcium binding at either low or high calcium concentration 
(Fig.  32.2 )  [  16,   36  ] . In fact, out of the 16 synaptotagmins, only eight have func-
tional calcium-binding C 

2
  domains: synaptotagmin-1, -2, -3, -5, -6, -7, -9 and -10, 

while the other eight synaptotagmins do not bind to calcium  [  16,   36  ] . The diverse 
calcium affi nity among the calcium-binding synaptotagmins enables them to cover 
the full range of calcium concentrations required in regulated exocytosis in a wide 
range of cell types  [  16,   36,   44–  46  ] .   

 Although biochemical and structural analyses support that synaptotagmin-1 functions 
as a calcium sensor in neurotransmission, direct evidence for an essential role of synap-
totagmin-1 in neurotransmission came only later from a series of elegant studies that 
combined genetics and electrophysiological characterizations  [  16,   47–  53  ] . In particular, 
deletion of synaptotagmin-1 in mice results in complete loss of the major synchronous 
component of neurotransmitter release in hippocampal neurons  [  18,   47,   48  ] , and a mutation 
in the synaptotagmin-1 C 

2
 A domain that alters the overall calcium affi nity of synaptotag-

min-1 produces an identical shift in synaptic vesicle exocytotic response to calcium  [  53  ] . 
Moreover, re-introduction of synaptotagmin-1 into synaptotagmin-1-defi cent neurons 

 



738 N. Gustavsson et al.

restores the exocytotic ability  [  54  ] . These studies establish synaptotagmin-1 as the calcium 
sensor for synchronous neurotransmitter release. 

 Synaptotagmin-1 expression is mostly limited to neurons in rostral brain regions, 
and functions specifi cally in synchronous neurotransmitter release. These fi ndings 
prompted intense research efforts to identify calcium sensors for synchronous neu-
rotransmitter release in other brain regions, and for other forms of neurotransmitter 
release. Through mouse genetic and electrophysiological studies, synaptotagmin-2 
was found to be the principal calcium sensor for synchronous release in neurons of 
caudal brain regions, and synaptotagmin-9 appeared to act in a similar fashion in neu-
rons in the limbic system  [  16,   55,   56  ] . In the central nervous system, synaptotagmin-1, 
-2 and -9 function as low affi nity calcium sensors for synchronous neurotransmitter 
release in respective brain regions with distinct properties: synaptotagmin-2 triggers 
release much faster than synaptotagmin-1, and operates in synapses relying on fast 
signaling, such as the calyx of Held synapse or the neuromuscular junction  [  57  ] . 
In contrast, synaptotagmin-9 triggers release with a signifi cantly slower time course 
than either synaptotagmin-1 or -2, and was found to be primarily expressed in dop-
aminergic neurons of the reward pathway, part of the mesolimbic pathway  [  58  ] .  

   Asynchronous Neurotransmitter Release 

 In addition to tightly regulated synchronous exocytosis, neurons also release neu-
rotransmitters in a slower asynchronous way. Asynchronous release remains to be 
calcium-dependent, and refers to synaptic vesicle exocytosis that is not in sync 

  Fig. 32.2     Sequence alignments of C  
 2 
  -domains of calcium-binding synaptotagmins . Sequence 

alignment showing amino acid residues coordinating calcium binding ( inverted red triangles ) and 
fl anking residues in C 

2
 A and C 

2
 B domains       
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with action potentials  [  33,   57  ] . Cultured hippocampal neurons show a greater 
degree of asynchronous release than excitatory synapses in neurons recorded 
 in situ . As a result, cultured hippocampal neurons are used as a model to study the 
mechanisms of asynchronous release  [  21,   59  ] . Asynchronous release is thought to 
be sustained by residual Ca 2+  in the presynaptic terminal after the synchronous 
phase. It is elevated during repetitive stimulations and therefore likely to signifi -
cantly contribute to synaptic transmission  in vivo  where neuronal activity mostly 
occurs in trains  [  59  ] . The precise physiological role of this type of exocytosis is 
not known. 

 The calcium requirement for the asynchronous neurotransmitter release is 
estimated to be in the range of several  m M to several tens of  m M and a cooperativ-
ity of 2–3  [  16,   18,   33  ] . The wide range of calcium affi nity and low cooperativity, 
coupled with the fact that asynchronous neurotransmitter release is not abolished 
in neurons lacking synaptotagmin-1, -2 or -9, suggests that asynchronous release 
is mediated by calcium sensors other than synaptotagmin-1, -2 and -9  [  47,   55,   56, 
  58  ] . Based on the working calcium concentrations and predicted calcium-binding 
properties, synaptotagmin-3, -5, -6 and -10 have the appropriate affi nity for cal-
cium during asynchronous release; however, these synaptotagmins, similar to 
synaptotagmin-1, have calcium cooperativity of 5, much higher than the required 
cooperativity of 2–3  [  16,   36,   46  ] . Several proteins have been proposed as calcium 
sensors in asynchronous release, but so far very little, if any, defi nitive evidence 
is available for any of these proteins  [  60,   61  ] . 

 At least in the Calyx of Held synapse, both synchronous and asynchronous 
release operate on the same vesicle pool  [  33  ] . So then what determines whether a 
particular vesicle undergoes synchronous or asynchronous release? One hypoth-
esis is the so-called “dual sensor model”. According to this model, calcium sen-
sors for synchronous and asynchronous release operate in competition with each 
other. The slower asynchronous sensor binds to calcium at lower concentrations 
and cooperativity, whereas the faster synchronous sensor binds at higher concen-
trations and cooperativity  [  33,   62,   63  ] , and may inhibit the asynchronous calcium 
sensor  [  57  ] .  

   Spontaneous Neurotransmitter Release 

 Spontaneous neurotransmitter release is a calcium-dependent process, although it 
occurs at low calcium concentrations and in the absence of neuronal stimulation 
 [  2,   64  ] . Postsynaptic currents resulting from fusion of single synaptic vesicles 
 during spontaneous neurotransmitter release are referred to as miniature excitatory 
or inhibitory postsynaptic currents or “minis”. Spontaneous release has been 
described in cultured neurons and its role  in vivo  is yet to be determined.  In vitro  
data suggest that dendritic spine maintenance may be supported by spontaneous 
glutamate release  [  64  ] . Because of the small amplitude, spontaneous release does 
not affect large, principal neurons, but it appears to modulate the processing of 
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synaptic inputs in small interneurons and their ability to fi re action potentials  [  64  ] . 
Although the calcium-dependence of spontaneous release has been established, 
exact calcium concentrations during spontaneous neurotransmitter release have 
not been determined. 

 Two proteins, synaptotagmin-1 and Doc2b, have been suggested to function as 
calcium sensors for spontaneous release  [  65,   66  ] . In addition to the complete loss of 
synchronous neurotransmitter release  [  47,   51,   52  ] , deletion of synaptotagmin-1 is 
associated with increases in spontaneous release in the same neurons  [  47–  50  ] . 
Furthermore, calcium binding to synaptotagmin-1 is required for >95% of sponta-
neous neurotransmitter release in murine cortical neurons, and synaptotagmin-1 
mutants with differing calcium affi nities cause altered spontaneous and evoked 
release correspondingly  [  66  ] . These results support that synaptotagmin-1 mediates 
the spontaneous release, possibly as a calcium sensor, and at the same time, as an 
inhibitor of a second, unknown calcium sensor  [  51,   66–  68  ] . That second calcium 
sensor was recently suggested to be Doc2b  [  65,   69  ] . Doc2a and Doc2b are soluble 
proteins that contain C 

2
  domains with high similarity to that of synaptotagmins  [  70  ] . 

Doc2s are expressed in nerve terminals and interact with exocytotic proteins  [  39, 
  71,   72  ] . Unlike synaptotagmins, Doc2b is not associated with synaptic vesicles and 
has a calcium affi nity of less than 1  m M. It is possible that Doc2b competes with 
synaptotagmin-1 for SNARE complex binding and trigger spontaneous neurotrans-
mitter release upon small Ca 2+  increases. However, the view that Doc2b functions as 
a calcium sensor for spontaneous release is challenged by a recent study. In this 
study, although spontaneous release is reduced by Doc2 knockdown, the reduction 
is fully reversed by mutant Doc2b lacking calcium-binding sites, thus suggesting 
Doc2s regulate spontaneous neurotransmission by a calcium-independent mecha-
nism  [  73  ] . Future studies are needed to defi ne the identities of calcium sensors for 
spontaneous release.   

   Calcium Sensing in Neuropeptide and Hormone Secretion 

 Neuropeptide and hormone secretion from neuroendocrine and endocrine cells is 
fundamentally similar to neurotransmitter release in neurons (Table     32.3 )  [  16  ] . 
For example, like neurons, neuroendocrine and endocrine cells are electrically 
excitable, and express voltage-gated calcium channels, which allow calcium infl ux 
upon membrane depolarization. Another key common feature is that secretory 
vesicle fusion in these cells is also triggered by calcium, and mediated by SNARE 
proteins  [  16  ] . However, there are several important differences between neuroen-
docrine/endocrine cells and neurons: (1) Neuropeptides and hormones are stored 
in large dense core vesicles, which are also referred to as secretory granules; (2) 
Only a small fraction of secretory granules is close to the plasma membrane and 
ready to be released during stimulation, whereas synaptic vesicles are located 
close to the active zone; (3) The release kinetics is much slower in neuroendocrine 
and endocrine cells. It may take several seconds after stimulation for released 
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contents to be detected, and the release process may last for tens of seconds in 
neuroendocrine/endocrine cells. In contrast, neurotransmitter release occurs within 
as short as tens of microseconds after stimulation, and lasts only a second or two; 
(4) Intracellular calcium concentrations at the peak of stimulation are generally 
lower in neuroendocrine/endocrine cells than in neurons, usually at low micromo-
lar levels  [  74–  76  ] . Compared to Ca 2+  levels during neurotransmitter release, cal-
cium levels that trigger insulin release in pancreatic  b -cells and their derived cell 
lines are much lower  [  77,   78  ] . The differences between exocytosis requirements in 
neurons and endocrine cells suggest differences in exocytotic machinery and 
 calcium sensing. The existence of plasmalemmal microdomains with very high 
calcium concentration in endocrine cells suggests that a fast calcium sensor(s) 
(synaptotagmin-1, -2 or -9) may participate in hormone release  [  79  ] . However, a 
“slow” sensor, acting at lower calcium concentrations likely mediates the majority 
of release.  

 Among synaptotagmins, synaptotagmin-3, -5, -6, -7, and -10 have higher cal-
cium affi nities and may function as slow sensors  [  16,   36,   46  ] . Of these isoforms, 
synaptotagmin-7 has the highest calcium-affi nity in phospholipid binding in the low 
micromolar range  [  46  ] , and has been shown to be a principal regulator of peptide 
hormone release in several endocrine systems, making it the most signifi cant cal-
cium sensor in endocrine secretion. Interestingly, synaptotagmin-7 is ubiquitously 
expressed during early stages of development, but becomes restricted to secretory 
cells after birth  [  54  ] . 

   Catecholamine Secretion 

 Adrenal chromaffi n cells resemble neurons in secreted compound and rate of release. 
This, along with the general availability of catecholamine-secreting cell lines and pri-
mary adrenal chromaffi n cells makes catecholamine release an attractive cellular 
model to study neuronal release. Therefore, more studies have been done on calcium 
sensing in adrenal chromaffi n cells than in any other endocrine cells  [  80–  83  ] . 

   Table 32.3    Comparison of neuronal and endocrine secretion   

 Categories  Neurotransmitter release  Peptide/hormone release 

 Cargo  Neurotransmitters  Peptides/hormones 
 Storage and traffi cking  Synaptic vesicles  LDCVs or secretory granules 
 Vesicle size  Small (40–50 nm)  Large (200–350 nm) 
 Recycling pathway  Locally or through endosomal pathway  Via Golgi complex 
 Speed  Fast (~60  m s to 6 ms)  Slow (up to tens of s) 
 Release site  Synaptic active zone  Plasma membrane 
 Action site  Postsynaptic receptors  May be far from release site 
 Duration of action  Short  Long 
 Calcium requirement  Tens of  m M  Lower (several to tens of  m M) 
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 Similar to neurotransmitter release, catecholamine release from adrenal chromaffi n 
cells is composed of rapid and delayed phases  [  84–  86  ] . Calcium concentration can 
reach 10  m M, which is comparable to neurons. These features of exocytosis and 
calcium signal suggest that both high- and low-affi nity calcium sensors operate in 
chromaffi n cells. Indeed, the fi rst genetic study on calcium sensing in adrenal chro-
maffi n cells showed that calcium sensing in fast burst of exocytosis is regulated by 
synaptotagmin-1  [  87  ] . The other two calcium sensors that regulate neurotrans-
mitter release, synaptotagmin-2 and -9, are not detected in adrenal chromaffi n cells 
 [  58,   88  ] . In contrast, synaptotagmin-7 is present and its deletion resulted in 
~50% reduction of calcium-dependent catecholamine release in mice  [  88  ] . Although 
synaptotagmin-7 shares the same domain structure with synaptotagmin-1, synap-
totagmin-7 has higher calcium affi nity and slower calcium binding kinetics 
(Fig.  32.1 )  [  46,   88  ] . Deletion of synaptotagmin-1 or -7 in chromaffi n cells impairs 
the fast or slow phase of LDCV exocytosis, respectively, and deletion of both syn-
aptotagmin-1 and -7 inhibits both phases, suggesting that the two synaptotagmins 
mediate different phases of catecholamine release  [  88  ] . Furthermore, in chromaffi n 
cells from synaptotagmin-7 knockin mice, which express normal levels of a mutant 
synaptotagmin-7 whose C 

2
 B domain does not bind calcium, secretory granule exo-

cytosis was reduced in both fast and slow phases, reminiscent of the fi ndings in 
synaptotagmin-7 KO mice  [  88  ] . The fi ndings that the secretory defects in synap-
totagmin-7 KO mice can be largely reproduced when synaptotagmin-7 is unable to 
bind to calcium provide clear and convincing evidence in support of synaptotag-
min-7’s function as a major calcium sensor for chromaffi n granule exocytosis.  

   Insulin Secretion 

 Because of the great importance of insulin secretion in normal physiology and 
pathophysiology such as diabetes, pancreatic  b -cells are the most extensively 
studied system in understanding stimulus-secretion coupling  [  89–  91  ] . Insulin 
release is a complex and highly regulated process (Fig.  32.3 ). Glucose, the main 
stimulus of insulin secretion, initiates a cascade of metabolic events resulting in 
increased ATP/ADP ratio. This leads to K 

ATP
  channel closure and membrane 

depolarization, which opens voltage-gated calcium channels and increases the 
cytoplasmic calcium concentration  [  90  ] . Cytoplasmic calcium concentration in 
 b -cells can reach low micromolar levels at peak of stimulation  [  74–  76,   92  ] . 
Insulin secretion has a rapid fi rst phase and sustained second phase, which has an 
oscillatory pattern  [  93  ] . It is generally believed that the fi rst phase of insulin 
secretion requires a rapid calcium rise of high amplitude, while the second phase 
requires amplifying signals from glucose metabolism in addition to increase in 
intracellular calcium  [  94  ] . The exocytotic machinery in insulin secretion includes 
SNARE proteins, similar to neurotransmitter release  [  4,   8,   95  ] . Many other exo-
cytotic proteins have been found in  b -cells and functions of some of these pro-
teins are beginning to emerge  [  16,   89,   95  ] .  
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 Of all the synaptotagmin isoforms, synaptotagmin-7 has the highest transcript lev-
els in pancreatic  b -cells and is located to insulin granules  [  96  ] . Several studies have 
shown that synaptotagmin-7 regulates insulin secretion in insulin-secreting cell lines 
 [  97,   98  ]  and in mouse islets  [  96  ] . In mice, deletion of synaptotagmin-7 results in 
impaired glucose tolerance and acute insulin response  in vivo , as well as reduced glu-
cose-stimulated insulin secretion from isolated islets  [  96  ] . The secretory defect is pres-
ent only at a late exocytotic step as insulin synthesis, metabolic and calcium responses 
to glucose stimulation are normal, consistent with the notion that synaptotagmin-7 
functions as a high-affi nity calcium sensor in insulin secretion (Fig.  32.3 )  [  96  ] . 

 Similar to adrenal chromaffi n cells, deletion of synaptotagmin-7 only reduces 
insulin secretion by 40–50% in  b -cells  [  96  ] . So which protein(s) function as cal-
cium sensors regulating the remainder of stimulated insulin secretion? While it is 
established that catecholamine release in chromaffi n cells is also regulated by syn-
aptotagmin-1, this isoform is not present in  b -cells  [  88,   96  ] . Synaptotagmin-9 is 
expressed at comparable level as synaptotagmin-7 in mouse and rat islets. Although 
the calcium affi nity of synaptotagmin-9 is rather low (10–30  m M), knockdown of 
synaptotagmin-9 impairs insulin secretion from rat islets and INS-1 cells  [  89,   99  ] . 
On the other hand, a study on pancreas-specifi c synaptotagmin-9 KO mice showed 
that the KO mice have no defects in insulin secretion  [  100  ] . Furthermore, double 
KO of synaptotagmin-7 and -9 does not result in further impairment of insulin 

  Fig. 32.3     Cellular and molecular regulation of insulin secretion . The cellular events leading to 
insulin secretion start with a rise in blood glucose level, which quickly leads to glucose uptake into 
pancreatic  b -cells. Glucose in the cells then undergoes glycolysis and TCA cycle to produce ATP, 
resulting in an increased ATP/ADP ratio, and consequent closure of K 

ATP
 -channels. Membrane 

depolarization from K 
ATP

 -channel closure opens L-type calcium channels, allowing calcium infl ux 
into the cells and the rise in intracellular calcium levels. Calcium, mediated at least in part by 
synaptotagmin-7, then triggers insulin granule exocytosis and the release of insulin into blood. 
Many of the steps leading to insulin secretion are regulated by metabolic and neurohormonal sig-
nals.  GluT-2  glucose transporter 2,  TCA  tricarboxylic acid cycle,  Syt7  synaptotagmin-7,  K-ATP  
ATP-sensitive potassium channel,  L-Ca  L-type calcium channel       
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secretion than deletion of synaptotagmin-7 alone  [  100  ] . It is therefore likely that 
proteins other than synaptotagmin-9 serve as calcium sensors to regulate the fi nal 
step in insulin secretion. The molecular structures of synaptotagmin-3, -5, -6 and -10 
suggest similar calcium-and SNARE-binding properties to synaptotagmin-1, -2, -7 
and -9. These synaptotagmins thus represent the best candidates as calcium sensors 
in regulating insulin granule exocytosis. Although some cell line studies suggest a 
role for some of these synaptotagmins in insulin secretion regulation, no defi nitive 
 in vivo  evidence supporting their role as calcium sensors in insulin secretion has 
been described for synaptotagmin-3, -5, -6 or -10  [  97,   98,   101–  103  ] .  

   Glucagon Secretion 

 Glucagon is another important hormone regulating glucose homeostasis. Glucagon 
is produced by islet  a -cells and stored in large dense core vesicles. However, unlike 
insulin secretion, the precise mechanisms of glucagon secretion are less well stud-
ied  [  5  ] . Some recent studies highlight the importance of glucagon secretion regula-
tion in diabetes development, re-affi rming that diabetes is a bi-hormonal disease 
 [  104–  106  ] . Although stimulus-secretion coupling in glucagon secretion is not fully 
defi ned, it is clear that glucose and other secretagogues can directly modulate glu-
cagon secretion  [  5,   107  ] . Furthermore, pancreatic  a -cells receive inhibitory para-
crine infl uence from neighboring  b - and  d -cells, to reduce glucagon secretion and 
prevent the excessive action of glucagon on the liver. Among the substances released 
by  b -cells, insulin, GABA and zinc have been shown to reduce glucagon release 
from  a -cells  [  5,   108  ] . In addition, other circulating hormones and the autonomic 
nervous system regulate glucagon secretion as well  [  5  ] . 

 Although both insulin and glucagon secretion is triggered by an increase of cyto-
plasmic calcium levels, calcium-infl ux is mediated by N-type calcium channels in 
 a -cells, and L-type calcium channels in  b -cells  [  107,   109,   110  ] . So far, only one 
study has been reported on calcium sensing in glucagon secretion  [  111  ] . Pancreatic 
 a -cells contain high levels of synaptotagmin-7, and deletion of synaptotagmin-7 in 
mice led to nearly abolished hypoglycemia- or depolarization-induced glucagon 
secretion  [  111  ] . As glucagon synthesis, glucagon granule distribution,  a -cell electri-
cal activity and calcium channel currents are not affected in synaptotagmin-7 KO 
mice, the glucagon secretion results from the KO mice establish that synaptotag-
min-7 is the principal calcium sensor for glucagon secretion  [  111  ] .  

   GLP-1 Secretion 

 GLP-1 (Glucagon-like peptide-1) is a polypeptide hormone secreted by enteroendo-
crine L-cells in intestinal mucosa of mainly ileum and colon  [  112  ] . GLP-1 belongs 
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to a group of hormones called incretins, which also includes GIP (glucose-dependent 
insulinotropic peptide) released from K-cells in duodenum and jejunum of the 
gastric-intestine tract  [  112  ] . The incretins are potent stimulators of insulin secretion 
and effective suppressors of glucagon secretion, making them an ideal target for 
type 2 diabetes therapies  [  113  ] . In addition to their effect on insulin and glucagon 
secretion, the incretins inhibit gastric emptying and reduce appetite  [  112,   113  ] . 

 The release of GLP-1 is stimulated by nutrients, such as glucose, fats and amino 
acids from intestinal lumen  [  114  ] . Intestinal L-cells also receive neuronal and para-
crine input  [  112  ] . There are several subpopulations of L-cells. Some L-cells secrete 
only GLP-1, and some secrete both GLP-1 and peptide YY or GLP-1 and cholecys-
tokinin  [  115  ] . Furthermore, these cells are scattered among other enterocytes and 
have similar morphology to neighboring cells. As such, it is a challenging task to 
obtain a pure culture of L-cells to study molecular control of GLP-1 secretion. 
Most of the previous studies on L-cell physiology and the regulation of GLP-1 
secretion have been done on GLP-1 producing cell lines, such as the widely distrib-
uted GLUTag cells developed in Daniel Drucker’s laboratory  [  116  ] . Recently, a 
transgenic mouse line with expression of a fl uorescent protein in L-cells was gener-
ated, and thus allowing examination of these questions in primary cells  [  117  ] . 
Considering that GLP-1 secretion is regulated by the activity of sodium-glucose 
co-transporter 1 and ATP-sensitive K + -channels, and requires membrane depolar-
ization and calcium entry through L-type calcium channels, it is tempting to pro-
pose that GLP-1 secretion may be regulated in a similar fashion as insulin secretion 
from pancreatic  b -cells: both insulin and GLP-1 secretion is stimulated by glucose, 
requires a glucose transporter and glucose metabolism, ATP-sensitive K + -channels, 
as well as membrane depolarizations and Ca 2+  entry through L-type Ca 2+ -channels 
 [  117,   118  ] . To date, the only study on calcium sensing in L-cells was done very 
recently to test the role of synaptotagmin-7  in vivo  and in GLUTag cells  [  119  ] . 
Synaptotagmin-7 is expressed in GLP-1 granules of intestinal L-cells and in 
GLUTag cells. Deletion of synaptotagmin-7 in mice and lentiviral silencing of syn-
aptotagmin-7 in GLUTag cells result in reduced, but not abolished stimulated 
GLP-1 secretion without affecting calcium signals  [  119  ] . These fi ndings demon-
strate that in L-cells, like in islet  b -cells and adrenal chromaffi n cells, synaptotag-
min-7 is a major calcium sensor, and additional proteins are also involved in 
regulating GLP-1 release. In addition to synaptotagmin-7, several other synap-
totagmins are also expressed in GLUTag cells (unpublished observations). However, 
it is not clear whether the other identifi ed synaptotagmins are involved in GLP-1 
secretion in these cells.   

   Regulation of Synaptotagmin Activity 

 Although many of the players involved in the regulation and execution of neu-
rotransmitter and peptide hormone release have been identifi ed and a number of 
plausible models have been proposed  [  8,   57,   120,   121  ] , there remain numerous 
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details as to how these proteins work together to orchestrate the very finely 
controlled exocytotic process, for example, (1) how many SNARE complexes are 
needed and whether different number of SNAREs are involved in synchronous 
and asynchronous neurotransmitter release and hormone secretion? (2) How do 
synaptotagmins trigger the membrane fusion upon receiving the calcium signal? 
(3) Are non-calcium binding synaptotagmins involved in regulating asynchro-
nous neurotransmitter release, possibly by collaborating with calcium-binding 
synaptotagmins? 

 To add to the complexity of exocytosis regulation, some of the SNAREs and 
associated proteins, including synaptotagmins, have been shown to undergo 
post-translational modifi cations. How do these various modifi cations fi ne-tune, 
or even control the exocytosis process? This is a largely unexplored area, and 
likely will be a major excitement in exocytosis research, especially after a con-
sensus on exocytotic mechanism is reached. In addition to the well-known and 
omnipresent phosphorylation, other post-translational modifi cations, such as 
acetylation, palmitoylation  [  122–  126  ] , sumoylation/ubiquitination  [  127  ] , and 
glycosylation  [  54,   128–  130  ]  may have signifi cant effects on their target pro-
teins’ subcellular localization, and interaction with other proteins. Several 
in vitro studies indicate that synaptotagmins are phosphorylated by various pro-
tein kinases with diverse consequences  [  131–  135  ] , for example, phosphoryla-
tion of synaptotagmin-2 and -9 affects their subcellular localization  [  131,   136  ] , 
leads to changes in calcium-binding properties  [  136  ]  and interactions with 
SNARE proteins  [  137  ] . In contrast, phosphorylation of synaptotagmin-1 and -2 
in mouse chromaffi n cells had no effect on exocytosis  [  138  ] . Palmitoylation has 
been described for synaptotagmin-1 and -7, which may be important for its 
intracellular sorting into correct vesicles and protein-protein interactions  [  122, 
  124,   139  ] .  

   Other Calcium-Binding Proteins 

 In addition to the eight calcium-binding synaptotagmins, a number of other proteins 
are shown to have calcium-binding properties and, therefore, calcium-sensing 
potential (Table  32.2 ). There are several other families of membrane proteins with 
sequence and structure similarities to synaptotagmins. Two other protein families, 
rabphilin and Doc2 (double C 

2
  proteins), also contain two C-terminal C 

2
  domains 

but lack transmembrane regions  [  140–  143  ] . The involvement of rabphilin in cal-
cium sensing has not been established, while Doc2b may function as a calcium 
sensor in spontaneous neurotransmitter release  [  65  ] . Doc2b may also have a role in 
chromaffi n cells  [  144  ] , pancreatic  b -cells  [  145,   146  ]  and adipocytes  [  145,   147  ] , 
although these remain to be confi rmed by genetic studies. E-Syts (extended synap-
totagmin-like proteins) contain an N-terminal transmembrane region, but more than 
two C 

2
  domains  [  148,   149  ] . Copines are soluble double C 

2
 -domain proteins that can 
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also bind to phospholipids  [  150  ] . No functional data on E-Syts and copines have 
been reported. 

 Ferlins contain six C 
2
  domains and a C-terminal TMR  [  151  ] , and MCTPs (mul-

tiple C 
2
  domain proteins with two transmembrane regions) contain three C 

2
  domains 

and two transmembrane regions (Table  32.2 )  [  152  ] . Little information is available 
regarding precise tissue distribution, cellular localization and functions of the 
Ferlins and MCTPs, although certain Ferlins are linked to muscular dystrophy, pos-
sibly a result of impaired membrane fusion and consequent defects in plasma mem-
brane repair  [  148,   151,   152  ] .  

   Summary 

 Over the past 20 years, signifi cant progress has been made in understanding the 
molecular mechanisms of calcium sensing in the regulation of neurotransmission 
and hormone secretion. It is clear now that calcium sensing is mediated by calcium-
binding proteins with a unique property to bind phospholipids at a defi ned range of 
calcium concentrations. These proteins function together with SNARE proteins and 
promote vesicle fusion upon Ca 2+  rise in the cytoplasm. A number of these calcium-
binding proteins have been characterized and their functions in vesicle exocytosis 
in neurons and endocrine cells have been defi ned in biochemical, structural and 
genetic studies. Among these proteins, synaptotagmins appear to be the principal 
calcium sensors in neurotransmitter and peptide hormone release (Table  32.4 ). 
Synaptotagmins have distinct properties, including a wide range of calcium affi ni-
ties that meet the requirements as calcium sensors in individual exocytotic systems. 
So far, synaptotagmin-1, -2 and -9 have been established as calcium sensors in syn-
chronous neurotransmitter release in brain and neuromuscular junctions, synap-
totagmin-7 as the calcium regulator for chromaffi n, islet  b -and  a -cells, and intestinal 
L-cells, and synaptotagmin-10 as the calcium sensor for IGF-1 release in olfactory 
bulb neurons  [  153  ] . These fi ndings support the synaptotagmin-calcium-sensor para-
digm, which states that synaptotagmins serve as individually acting calcium sensors 
in neurotransmitter and peptide hormone release  [  16  ] .  

 As we begin to piece together the puzzle in understanding the molecular mecha-
nisms of calcium regulation in neurotransmission and hormone secretion, and in 
exocytosis in general, much remains to be done in identifying the players involved 
in calcium-dependent vesicle exocytosis, and in understanding the intricate details 
of how calcium signal is translated into the precise pattern of exocytosis. Calcium 
sensors for many types of release and cell types need to be identifi ed. Interaction 
and cooperation of different calcium sensors in mediating exocytosis are not under-
stood. Last but not least, how these calcium sensors are regulated in response to 
different environment cues remain largely unknown. Post-translational modifi ca-
tions on exocytotic proteins, including calcium sensors are potential mechanisms 
that well deserve further investigations.      
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  Abstract   Calcium entry through neuronal voltage-gated calcium channels into 
presynaptic nerve terminal is a key step in synaptic exocytosis. In order to receive 
the calcium signal and trigger fast, effi cient and spatially delimited neurotransmitter 
release, the vesicle-docking/release machinery must be located near the calcium 
source. In many cases, this close localization is achieved by a direct interaction of 
several members of the vesicle release machinery with the calcium channels. In turn, 
the binding of synaptic proteins to presynaptic calcium channels modulates channel 
activity to provide fi ne control over calcium entry, and thus modulates synaptic 
strength. In this chapter we summarize our present knowledge of the molecular mech-
anisms by which synaptic proteins regulate presynaptic calcium channel activity   .  

  Keywords   Calcium channel  •  Cav2.1 channel  •  Cav2.2 channel  •  Cav2.3 channel  
•  SNARE  •  Syntaxin  •  SNAP25  •  Neuron  •  Exocytosis  •  Neurotransmitter  •  Synaptic 
transmission      

   General Overview 

 Depolarization-evoked neurotransmitter release relies on the Ca 2+ -regulated release 
of quantal packets of neurotransmitters following the fusion of presynaptic vesicles 
with the plasma membrane  [  1  ] . It is well known that neuronal voltage-gated Ca 2+  
channels play a key role in the fi rst steps of this process by supporting a transient 
Ca 2+  microdomain of high (10–50  m M) concentration  [  2  ]  within the active zone of 
the synapse that is essential for synaptic exocytosis  [  3–  5  ] . To date, ten distinct 
voltage-gated Ca 2+  channel isoforms have been described in mammals (not including 
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splice variants) and fi rst classifi ed based on their voltage-dependence properties of 
activation into high voltage-activated (HVA) and low voltage-activated (LVA) 
channels, and then subdivided according to their pharmacological properties into 
specifi c subtypes  [  6  ] . Hence, the HVA family is comprised of the Ca 

v
 1 channels 

(Ca 
v
 1.1 through Ca 

v
 1.4, all of which conduct L-type currents) and Ca 

v
 2 channels 

(Ca 
v
 2.1 through Ca 

v
 2.3, which respectively conduct P/Q-, N- and R-type currents), 

whereas the LVA family is comprised of the Ca 
v
 3 channels (Ca 

v
 3.1 through Ca 

v
 3.3 

which conduct T-type currents) (diversity and structural organization of voltage-
gated Ca 2+  channels is presented in Fig.  33.1 ). Immunohistochemical characterization 

  Fig. 33.1     Structural organization and diversity of voltage-gated calcium channels . Voltage-gated 
Ca 2+  channels are composed of a Ca 

v
  pore-forming  a 1 subunit, surrounded by auxiliary subunits 

( b ,  a  
2
  d  and in some cases  g ) which modulate channel traffi cking and gating. ( a ) Putative mem-

brane topology of the Ca 
v
  subunit according to the recent structure of a voltage-gated sodium 

channel  [  153  ] . It consists of four repeat homologous domains (I to IV), each composed of six 
transmembrane segments (S1 to S6). Whereas the S4 segments presumably constitute the voltage-
sensor, the P loops between segments S5 and S6 form the divalent cation selectivity fi lter. 
Furthermore, the Ca 

v
  a 1 subunit presents large intracellular loops linking the different transmem-

brane domains (loop I-II to III-IV) and two intracellular amino and carboxy terminal domains 
important for channel modulation. Specifi cally, binding of synaptic proteins to the Ca 

v
  a 1 subunit 

occurs at the  syn aptic  pr otein  int eraction site ( synprint ) located within the intracellular loop link-
ing domains II and III (loop II-III). ( b ) Schematic representation of the voltage-gated Ca 2+  channel 
macromolecular complex in association with the auxiliary subunits. ( c ) Overview of the diversity 
and localization of the various voltage-gated Ca 2+  channels       
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of the subcellular distribution of the various voltage-gated Ca 2+  channels  [  7–  11  ]  
combined with pharmacological studies using selective Ca 2+  channel antagonists 
 [  12–  14  ]  have identifi ed Ca 

v
 2.1 and Ca 

v
 2.2 channels as the predominant Ca 2+  channels 

involved in synaptic transmission. Whereas Ca 
v
 2.1 channels play the major role at 

excitatory synapses of the central nervous system, Ca 
v
 2.2 channels are mainly 

involved at the peripheral synapses, and in some inhibitory synapses where they 
work together with Ca 

v
 2.1 channels to cause the release of GABA  [  15  ] . 

Immunohistochemical studies have also revealed a presynaptic localization of 
Ca 

v
 2.3 channels in central neurons  [  11,   16  ]  where they contribute in some extent to 

the Ca 2+  infl ux into presynaptic terminals  [  17,   18  ]  to mediate neurotransmitter 
release  [  19–  21  ] . However, Ca 

v
 2.3 channels trigger neurotransmission less effi ciently 

than Ca 
v
 2.1 channels, possibly because of the distant localization of these channels 

from the release sites  [  22,   23  ] . Moreover, the presynaptic localization of Ca 
v
 2.3 

channels exhibits developmental changes (e.g. in the calyx of Held Ca 
v
 2.3 channels 

are replaced by Ca 
v
 2.1 channels during postnatal development  [  24,   25  ] ), suggesting 

that Ca 
v
 2.3 channels may contribute to synaptic transmission predominantly in 

immature terminals. Finally, although a specifi c synaptic distribution has not yet 
been established, there is increasing evidence that low voltage-activated Ca 

v
 3 chan-

nels can trigger fast and low-threshold exocytosis  [  26–  29  ] .  
 Considering the limited diffusion of free Ca 2+  ions due to the high Ca 2+  buffering 

capacity of neurons  [  30  ] , the vesicle-docking/release machinery must be located 
near the source of Ca 2+  in order to effi ciently receive the Ca 2+  signal. In mammalian 
synapses, this close association is mainly achieved by direct interaction of the Ca 2+  
channels with several member of the vesicle release machinery which is essential 
for fast (within 200  m s after the arrival of the action potential) and spatially delim-
ited neurotransmitter release  [  31,   32  ] . In turn, the vesicle release machinery modu-
lates Ca 2+  channel activity to fi ne tune Ca 2+  entry and thus modulating synaptic 
strength. Although it is beyond the scope of this review, interested readers may refer 
to the works of Atlas et al., for a discussion of other possible role of biochemical 
coupling of voltage-gated Ca 2+  channels and synaptic proteins  [  33–  40  ] .  

   Interaction of Voltage-Gated Ca 2+  Channels 
with SNARE Proteins 

 SNARE proteins (soluble NSF ( N -ethylmaleimide-sensitive fusion protein) attach-
ment protein receptor) are a key component of the vesicle release machinery  [  41,   42  ] . 
They encompass a family of proteins essential for membrane fusion and are classi-
fi ed according to the crystal structure of the heterotrimeric synaptic fusion complex 
into Q-SNAREs and R-SNAREs based on the amino-acids (glutamine (Q) or arginine 
(R)) involved in the formation of the macromolecular SNARE protein complex 
 [  43,   44  ] . The neuronal Q-SNARE family is comprised of syntaxin-1 (syntaxin-1A 
and -1B isoforms) and SNAP-25 (synaptosomal-associated protein of 25 kDa), and 
the R-SNARE family includes synaptobrevin-2. Consistent with their key implica-
tion in synaptic transmission, Ca 

v
 2.1 and Ca 

v
 2.2 channels colocalize with syntaxin-1A 
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at the presynaptic nerves terminal  [  7,   8,   45  ]  and can be isolated in a complex with 
SNARE proteins  [  46–  48  ] . This interaction relies to the specifi c binding of syntaxin-
1A and SNAP-25 (but not synaptobrevin-2) to a  syn aptic  pr otein  int eraction site 
( synprint ) located within the intracellular loop between domains II and III of the 
Ca 

v
 2.1  [  49  ]  and Ca 

v
 2.2  [  50  ]  channels. Biochemical studies have mapped two sepa-

rate microdomains separate by a fl exible linker within the  synprint  site that each 
binds independently syntaxin-1A and SNAP-25  [  49,   51  ] . Hence, disruption of the 
Ca 2+  channel-SNARE coupling by peptides derived from the  synprint  domain, or by 
direct deletion of the  synprint  site, alters synaptic transmission  [  52–  55  ] .  

   Modulation of Voltage-Gated Ca 2+  Channels by SNARE Proteins 

 Besides linking the vesicle release machinery to presynaptic voltage-gated Ca 2+  
channels, SNARE proteins also modulate channel gating, thus fi ne tuning the 
amount of Ca 2+  that enters the synaptic terminal. 

   Modulation by Syntaxin-1 

 Electrophysiological studies using heterologous expression systems have shown 
that binding of syntaxin-1A to Ca 

v
 2.1 or Ca 

v
 2.2 channels reduces channel availabil-

ity by shifting the voltage-dependence of inactivation toward more hyperpolarized 
membrane potentials  [  56–  59  ] , thus reducing Ca 2+  entry into synaptic terminals. 
Additional evidence of a syntaxin-1A-dependent inhibition of voltage-gated Ca 2+  
channels comes from recordings on chick ciliary ganglion neurons and isolated 
mammalian nerve terminals (synaptosomes) where application of the botulinium 
neurotoxin C1 (which cleaves syntaxin-1A from its membrane anchoring domain) 
shifts the voltage-dependence of inactivation of the channel toward depolarized 
potentials,  [  60,   61  ] . Although it remains unclear how syntaxin-1A modulates chan-
nel gating, the transmembrane region of syntaxin-1A and a short region within the 
H3 helical cytoplasmic domain are critical for channel modulation but not for the 
biochemical association with the  synprint  site  [  62,   63  ] . Structure-function studies 
have identifi ed two cysteines (C271 and C272) in the transmembrane domain of 
syntaxin-1A (and absent in syntaxin-2 which is unable to inhibit Ca 2+  channel) as 
critical for channel modulation  [  64  ] . A recent study also identifi ed the 10 amino-
terminal residues of syntaxin-1A as being involved in the binding to the synprint site 
of Cav2.2 and as potentially important for syntaxin-1A mediated inhibition of the 
channel  [  65  ] . These results indicate that syntaxin-1A is engaged in two different 
kinds of interactions, an anchoring interaction via the  synprint  site and a modulatory 
interaction possibly involving additional yet unknown channel molecular determi-
nants. In addition, syntaxin-1A exists in  open  and  closed  conformational states, with 
different abilities to modulate Ca 2+  channel gating. In isolation or when inter-
acting with munc18, syntaxin-1A adopts a  closed  conformation, whereas an  open  
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conformation is preferentially adopted upon binding of SNAP-25 or synaptobrevin-2 
 [  66,   67  ] . While coexpression of  closed  syntaxin-1A with Ca 

v
 2.2 channels strongly 

modulates channel gating, coexpression of an  open  syntaxin-1A (permanently 
locked by introducing two point mutations  [  66  ] ) has no signifi cant effect  [  63  ] . Given 
that syntaxin-1A undergoes a conformational switch from a  closed  to an  open  con-
formation during the vesicle release cycle  [  66,   68,   69  ] , this suggests that syntaxin-
1A may be able to dynamically regulate Ca 2+  channel availability during various 
stages of exocytosis. Interestingly, a familial hemiplegic migraine mutation (A454T) 
located in the intracellular loop between domains I and II of the Ca 

v
 2.1 channel 

prevents syntaxin-1A modulation and exocytosis  [  70  ] , suggesting that the I-II loop 
could play an important role in mediating syntaxin-1A modulation of channel gating. 
Although Ca 

v
 2.3 channels lack a  synprint  site, several reports indicate that a similar 

functional regulation must occur. Hence, coexpression of syntaxin-1A with Ca 
v
 2.3 

channels decreases Ca 2+  current amplitude  [  71,   72  ]  whereas treatment of synapto-
somes with the botulinium neurotoxin C1 promotes Ca 2+  entry through Ca 

v
 2.3 chan-

nels  [  61  ] , suggesting a functional regulation that occurs independently of a direct 
binding of syntaxin-1A on the conventional  synprint  site.  

   Modulation by SNAP-25 

 Like syntaxin-1A, when coexpressed with Ca 
v
 2.1 or Ca 

v
 2.2 channels SNAP-25 

decreases channel availability by shifting the voltage-dependence of inactivation 
toward more hyperpolarized membrane potentials  [  57,   58  ] . SNAP-25-dependent 
inhibitory activity of Ca 2+  channels was recently confi rmed in glutamatergic neurons 
where silencing of SNAP-25 leads to an increase of Ca 2+  currents carried by Ca 

v
 2.1 

channels due to a depolarizing shift of the voltage-dependence of inactivation  [  73, 
  74  ] . Interestingly, in expression systemsSNAP-25 prevents syntaxin-1A-dependent 
inhibition of Ca 

v
 2.1 and Ca 

v
 2.2 channels  [  57,   58,   75  ] , suggesting that formation of 

a stable syntaxin-1A-SNAP-25 complex during the vesicle release cycle may favor 
Ca 2+  infl ux into nerve terminal, thus increasing the release probability of docked 
vesicles  [  76  ] . Interestingly, recent genetic studies revealed that mutations in the 
gene encoding SNAP-25 which alter the structure or expression of the protein lead 
to various neuropsychiatric and neurological disorders, possibly by altering SNAP-
25-dependent regulation of presynaptic voltage-gated Ca 2+  channels  [  77  ] .   

   Modulation of Calcium Channels by Non SNARE Proteins 

   Modulation by Synaptotagmin-1 

 The vesicle-associated synaptotagmin-1 is not as critical as syntaxin-1A or SNAP-
25 for synaptic exocytosis  [  78  ] , but several studies have proposed that synaptotag-
min-1 may be the Ca 2+  sensor for fast and synchronous neurotransmitter release, 
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linking Ca 2+  influx to vesicle fusion  [  78–  85  ] . Synaptotagmin-1 has two rich 
negatively charged domains (C2A and C2B), each capable of binding Ca 2+ . Whereas 
Ca 2+  binding on the C2A domain allows insertion of synaptotagmin-1 into the 
plasma membrane  [  83  ] , the C2B domain binds to the  synprint  site of Ca 

v
 2.1 and 

Ca 
v
 2.2 channels  [  86  ] . Although the binding of synaptotagmin-1 has no major infl u-

ence on channel gating, it reduces syntaxin-1A-dependent inhibition of Ca 
v
 2.2 

channels  [  87,   88  ] . Reversal of syntaxin-1A inhibition by synaptotagmin-1 may be 
due to competition for the  synprint  site in a Ca 2+ -dependent manner  [  89  ] . Hence, at 
low Ca 2+  levels, syntaxin-1A preferentially binds to the  synprint  site whereas 
increasing Ca 2+  concentration favor its interaction with synaptotagmin-1. This Ca 2+ -
dependent switch may provide an important regulatory mechanism of synaptic 
activity, such that at low Ca 2+  concentration syntaxin-1A prevents channel activity, 
whereas at higher Ca 2+  concentration when vesicles are docked to the plasma mem-
brane this inhibition is relieved thus allowing Ca 2+  infl ux for fi nal steps of vesicle 
release. Moreover, it was also shown that synaptotagmin-1 can directly interact with 
the Ca 

v
  b  

4a
  auxiliary-subunit of voltage-gated Ca 2+  channels in a Ca 2+  dependent 

manner (this interaction being more effective at low Ca 2+  concentrations)  [  90  ]  
suggesting that interaction of synaptotagmin-1 with the Ca 

v
  b  could create another 

dynamic interaction linking voltage-gated Ca 2+  channels to the vesicle release 
machinery  [  91  ] .  

   Modulation by Cysteine String Proteins (CSP) 

 Cysteine String Proteins (CSP) are vesicle-associated protein with a key chaperone 
role at the synapse  [  92  ] . It was proposed that CSP may serve as a link between 
Ca 

v
 2.2 channels and presynaptic vesicles  [  93  ] . Indeed, CSP interacts with the  syn-

print  motif of Ca 
v
 2.1  [  94–  96  ]  and Ca 

v
 2.2 channels  [  96  ] . Moreover, it was shown that 

CSP promotes presynaptic Ca 2+  infl ux by recruiting dormant Ca 2+  channels  [  97  ] . 
Considering that CSP interacts with syntaxin-1A  [  98,   99  ] , it is tempting to propose 
that CSP-dependent increases in presynaptic Ca 2+  current are due to its competition 
with syntaxin-1A for binding to the channel. Like synaptotagmin-1, CSP may act as 
a molecular switch in channel activity between undocked and docked vesicles 
release, thus timely controlling Ca 2+  infl ux.  

   Modulation by Munc-18 

 Munc-18 plays a critical role in the assembly/disassembly of the exocytotic machin-
ery  [  100,   101  ]  and knockout of the protein in mouse leads to a complete loss of 
synaptic transmission  [  102  ] . Munc-18 directly interacts with the intracellular loop 
between domains II and III of the Ca 

v
 2.2 channel  [  103  ] , but coexpression of munc-18 
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with Ca 
v
 2.2 channels has no infl uence on channel gating  [  104  ] , indicating the 

munc-18 by itself is not a direct modulator of channel activity. However, as previ-
ously mentioned, munc-18 plays a critical role in the conformational switch of 
syntaxin-1A during the vesicle release cycle  [  66,   67  ] . Hence, in interaction with 
munc-18, syntaxin-1A adopts a  closed  conformation, incompatible with an interac-
tion with the proteins of the vesicle core complex but highly favorable for Ca 2+  
channel inhibition  [  63  ] . In contrast, an  open  conformation of syntaxin-1A, favor-
able for an interaction with SNAP-25 or synaptobrevin-2, is unable to bind munc-
18 and incapable of modulating Ca 

v
 2.2 channel activity  [  63  ] . Hence, munc-18 may 

play an important role in regulating Ca 2+  infl ux into nerve terminals by stabilizing 
syntaxin-1A in a  closed  state to inhibit channel activity in the absence of docked 
vesicle.  

   Modulation by Rim-1 

 Rim (Rab-3 interacting molecule) is part of a family of vesicle-associated proteins 
whose members share C2 domains (C2A and C2B) at their C-termini. It forms a 
protein scaffold in presynaptic nerve terminals by interacting with numerous other 
protein components of the active zone and participates in the docking and fusion of 
secretory vesicles  [  105–  110  ] . Rim proteins were found to be essential for short- 
and long-term synaptic plasticity by affecting the readily releasable pool of vesi-
cles  [  108,   111–  114  ] . Moreover, Rim proteins were found to be required for Ca 2+  
channel targeting to presynaptic active zones  [  113  ]  and normal Ca 2+ -triggering of 
exocytosis  [  115  ] . It was shown that Rim Binding Proteins directly interact with 
Ca 

v
 2.2 channels (and possibly with Ca 

v
 2.1 channels), suggesting a molecular link 

between voltage-gated Ca 2+  channels and Rim proteins  [  116  ] . Whereas biochemi-
cal studies using synapstosome membranes failed to demonstrate the existence of 
a Ca 

v
 2.2/Rim complex  [  117  ] ,  in vitro  studies indicate a direct interaction of Rim-1 

with the  synprint  site of Ca 
v
 2.2 channels  [  109  ]  as well as with SNAP-25 and syn-

aptotagmin-1 via the C2 domains in a Ca 2+ -dependent manner. At low Ca 2+  concen-
trations Rim-1 thus preferentially binds SNAP-25 whereas an increase in Ca 2+  
concentration (>75  m M) favors its interaction with synaptotagmin-1  [  109  ] . 
Moreover, Rim-1 also interacts with the  b -subunit of voltage-gated Ca 2+  channels, 
slowing Ca 

v
 2.1, Ca 

v
 2.2 and Ca 

v
 2.3 channel inactivation when coexpressed in heter-

ologous systems, thereby increasing Ca 2+  infl ux during trains of action potentials 
 [  118  ] . A mutation in Rim-1 (R655H) associated with an autosomal dominant cone-
rod dystrophy was found to alter Rim-1-mediated regulation of Ca 

v
 2.1 channels 

 [  119  ]  and shown to lead to a progressive loss of photoreceptors along with retinal 
degeneration  [  120,   121  ] . This then suggests that Rim-1-dependent regulation of 
Ca 2+  channel activity may be critical for normal Ca 2+  homeostasis at the nerve ter-
minals. However, it remains unknown if binding of Rim-1 to SNAP-25 or synap-
totagmin-1 affects Rim-1-dependent or syntaxin-1A-dependent regulation of Ca 2+  
channel activity.   
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   Crosstalk Between SNARE Modulation and Other 
Signaling Pathways 

   G-Protein Regulation 

 Presynaptic voltage-gated Ca 2+  channels are also regulated by second messenger 
pathways which add to the direct regulation by the vesicle release machinery 
 [  122  ] . The release of neurotransmitters initiates a feedback regulation of voltage-
gated Ca 2+  channel activity mediated by activation of specifi c G-protein coupled 
receptors that inhibits Ca 2+  infl ux and hence terminates neurotransmitter release 
 [  123  ] . This spatially delimited regulation  [  124  ]  relies on the direct binding of free 
G-protein  b  g  dimers  [  125,   126  ]  to specifi c cytoplasmic regions of the channel 
 [  127–  130  ] . Based on the observation that cleavage of syntaxin-1A by the botulin-
ium neurotoxin C1 in chick calyx synapses prevents G-protein-dependent inhibi-
tion of Ca 2+  currents, it was initially proposed that syntaxin-1A is required for 
G-protein regulation of presynaptic voltage-gated Ca 2+  channels  [  131,   132  ] . 
Further studies have then revealed that syntaxin-1A is not critical but facilitates 
G-protein regulation of Ca 

v
 2.2 channels by interacting with G-protein  b  g  dimers 

 [  75,   133,   134  ]  while binding of CSP to G b  g  potentiates tonic G-protein inhibition 
of Ca 

v
 2.2 channels  [  96  ] . Besides interacting with syntaxin-1A, G b  g  also interacts 

with SNAP-25 and it was proposed that binding of G b  g  to the carboxy-terminal 
domain of SNAP-25 mediates presynaptic inhibition  [  135  ] . Furthermore, G b  g  and 
synaptotagmin-1 compete for binding to the core SNARE complex in a Ca 2+ -
dependent manner such that at high Ca 2+  concentration synaptotagmin-1 can dis-
place G b  g  binding  [  136  ] . Hence, an increase in presynaptic Ca 2+  concentrations 
may prevent G b  g -dependent inhibition of exocytosis perhaps by Ca 2+ -dependent 
competition between G b  g  and synaptotagmin-1 for SNARE binding  [  136  ] . Finally, 
it was recently reported that Rim-1 prevents direct G-protein inhibition of Ca 

v
 2.2 

channels  [  137  ] . These results clearly highlight an interplay between direct 
G-protein signaling pathway and the proteins of the exocytotic machinery, provid-
ing a second level of complexity in the regulation of presynaptic voltage-gated 
Ca 2+  channels.  

   Phosphorylation 

 Biochemical studies have evidenced that the protein kinase C (PKC) and the Ca 2+ -
calmodulin-dependent kinase II (CaM-KII) phosphorylate the  synprint  site of 
Ca 

v
 2.2 channels  [  51,   138  ] . Interestingly, phosphorylation of the  synprint  peptide by 

PKC or CaM-KII strongly inhibits binding of recombinant syntaxin-1A and SNAP-
25  [  138  ] . Hence, PKC phosphorylation of Ca 

v
 2.2 channels antagonizes the syn-

taxin-1-mediated hyperpolarized shift in the voltage dependence of inactivation of 
the channel  [  75  ] . In contrast, phosphorylation of syntaxin-1A and SNAP-25 by 
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PKC or CaM-KII does not alter interaction with the  synprint  site  [  138  ] , indicating 
that phosphorylation-dependent modulation of SNARE protein interaction with 
Ca 

v
 2.2 channels is an intrinsic feature of the  synprint  site. 
 Hence, PKC- and CaM-KII-dependent phosphorylation of the  synprint  site may 

serve as a biochemical switch for interaction/modulation of voltage-gated Ca 2+  
channels with SNARE protein complexes. However, it was demonstrated that phos-
phorylation of SNAP-25 by PKC is required for SNAP-25-dependent inhibition of 
voltage-gated Ca 2+  channels  [  139  ] , suggesting that like syntaxin-1A, SNAP-25-
dependent modulation of channel activity may involve molecular determinants other 
than the  synprint  site. Besides PKC and CaM-KII, it was also shown that phospho-
rylation of the  synprint  site of Ca 

v
 2.1 channels by the glycogen synthase kinase-3 

(GSK-3) prevents interaction of syntaxin-1A, SNAP-25 and synaptotagmin-1 with 
the channel and inhibits presynaptic vesicle exocytosis possibly by interfering with 
SNARE-dependent regulation of channel activity  [  140  ] .  

   Huntingtin 

 Huntingtin, extensively studied for its key implication in Huntington’s disease  [  141  ]  
has been found to interact directly with at least 20 proteins involved in various cel-
lular functions such as transcription, transport or cell signaling. Interestingly, hun-
tingtin also directly interacts with the  synprint  region of Ca 

v
 2.2 channels via its 

amino-terminal domain  [  142  ] . Whereas coexpression of huntingtin with Ca 
v
 2.2 

channels has no effect on channel activity, it prevents syntaxin-1A-mediated inhibi-
tion of Ca 2+  current  [  142  ] , most likely by displacing syntaxin-1A binding from the 
channel  [  143  ] . Although it remains unclear if huntingtin is permanently present in 
the active zones of the synapse or if it could be targeted under particular physiologi-
cal or pathological conditions, it may infl uence synaptic activity by modulating Ca 2+  
infl ux into presynaptic nerve terminals.   

   Concluding Remarks 

 Besides localizing the exocytosis machinery close to the Ca 2+  source, interactions of 
presynaptic voltage-gated Ca 2+  channels with various synaptic proteins provide an 
important regulatory feedback onto channel activity and thus neurotransmitter 
release. This regulation appears highly complex, with intricate interplay between 
different types of synaptic proteins and second messenger signaling pathways 
(Fig.  33.2 ). To further add to this complexity, Ca 2+  entry through Ca 

v
 2.1 channels 

induces Ca 2+ -dependent gene transcription of synaptic proteins such as syntaxin-1A 
 [  144  ]  providing another degree of regulation of synaptic activity. However, although 
much effort has been invested in studying the functional regulation of voltage-gated 
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Ca 2+  channels by synaptic proteins, an integrated view of the structural organization 
and dynamic regulation still remains to be established. Moreover, the molecular 
mechanisms involved in the regulation of voltage-gated Ca 2+  channels by synaptic 
proteins remain largely to be explored. Previous studies have demonstrated the exis-
tence of various intramolecular interactions within the intracellular loops of the 
Ca 

v
 2 channels, and that these interactions alter channel gating  [  145–  152  ] . 

Considering that the functional regulation of voltage-gated Ca 2+  channels by SNARE 
proteins likely involves modulatory channel determinants other than the anchoring 
 synprint  interaction site, channel remodeling upon SNARE protein interaction may 
represent an exciting concept by which synaptic proteins modulate Ca 2+  channel 
activity.       
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  Fig. 33.2     Functional interactions between presynaptic voltage-gated Ca   2+    channels, synaptic pro-
teins and second messengers . Individually, syntaxin-1A (in its closed conformational state), 
SNAP-25 and G b  g  inhibit Ca 2+  channels. Channel phosphorylation by PKC on different residues 
(including the  synprint  site) prevents syntaxin-1A and G b  g -dependent inhibition, while phospho-
rylation of SNAP-25 favors its inhibitory effect. Furthermore, synaptotagmin-1, CSP and hunting-
tin prevent syntaxin-1A-dependent inhibition of the channel while Rim-1 potentiates Ca 2+  infl ux. 
Abbreviations:  Stx1A  syntaxin-1A,  Syt-1  synaptotagmin-1,  Rim-1  Rab-3 interacting molecule-1, 
 CSP  Cysteine String Proteins,  Htt  huntingtin,  PKC  protein kinase C.  Arrow  in  red  indicates an 
inhibitory regulation whereas  arrow  in  green  indicates a potentiation       
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  Abstract   The synchronization of numerous cellular events requires complex 
electric and metabolic cell-cell interactions. Connexins are a family of membrane 
proteins that constitute the molecular basis of two kinds of channels: gap junction 
channels (GJCs), which allow direct cytoplasm-cytoplasm communication, and 
hemichannels (HCs) that provide a pathway for exchanges between the intra and 
extra-cellular milieu. Both kind of connexin-based channels support intercellular 
communication via intercellular propagation of calcium waves. Here, we review 
evidence supporting the role of Ca 2+  in the regulation of GJCs and HCs formed by 
connexins. Also it is speculated how these connexin-based channels could contrib-
ute to the propagation of intercellular Ca 2+  signals.  
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   Introduction 

 The synchronization of numerous cellular events requires complex electric and 
metabolic cell-cell interactions. In vertebrates, these cellular interactions are in part 
mediated by low-resistance intercellular channels that most frequently are located at 
gap junctions. The latter are plasma membrane specializations formed by the aggre-
gation of tens to thousands intercellular channels (gap junction channels, GJCs), 
which are believed to provide direct but selective cytoplasmic continuity between 
communicating cells. Each GJC span the appositional plasma membranes of con-
tacting cells and is formed by the serial docking of two hemichannels (HCs) 
(Fig.  34.1 ). Each HC is composed of six protein subunits termed connexins, a fam-
ily of highly conserved proteins encoded by at least 21 different genes in humans 
 [  1  ] . Connexins are named after their predicted molecular mass expressed in kDa, so 
that Cx43 has a molecular mass of ~43 kDa. GJCs allow the intercellular exchange 
of metabolites, such as ATP, ADP, glucose, glutamate and glutathione, and second 
messengers including cAMP and inositol 1,4,5-trisphosphate  [  2–  7  ] . In addition, 
these channels permit the intercellular spread of electrotonic potentials in excitable 
and non-excitable tissues  [  8–  10  ] .  

 In the last decade, a new pathway for exchange of ions and molecules between 
the intra and extracellular milieu constituted by connexin HCs has received progres-
sive attention  [  11  ] . For a long time, the HC docking in apposed membranes to form 
intercellular GJCs was the only function assigned to HCs (Fig.  34.1 ). However, 
diverse evidence obtained in mammalian cells during the last decade indicate that 
nonjunctional HCs can open at the unapposed cell surface, forming aqueous con-
duits permeable to ions and small molecules (e.g., ATP, glutamate, NAD +  and PGE 

2
 ) 

that allow diffusional exchange between the intra and extracellular compartments 
constituting a route for autocrine/paracrine cellular communication  [  11  ] . Pioneering 
fi ndings by Paul et al.  [  12  ]  identifi ed the fi rst nonjunctional currents mediated by 
connexin HCs in an exogenous expression system and supported the rational that 
opening of these channels was incompatible with cellular life. Nevertheless, recent 
evidence indicate that HCs are involved in several physiological cell and tissue 
functions and/or responses, including cellular proliferation  [  13–  16  ] , regulation of 
aqueous humor outfl ow  [  17  ] , ischemic tolerance  [  18,   19  ] , and adhesive cell-cell 
interactions  [  20  ] . More recently, another gene family encoding a set of three mem-
brane proteins, named pannexins, has been identifi ed  [  21  ]  (Fig.  34.1 ). So far, the 
absence of ultrastructural evidences for gap junction formation in mammalian cells 
suggests that the main function of pannexin-based channels is paracrine/autocrine 
communication acting predominantly in the form of HCs  [  22  ] . 

 Changes in GJC and HC open probability can result from changes in covalent 
modifi cations of connexin subunits (e.g., phosphorylation, nitrosylation and 
S-glutathionylation) or variations in transmembrane physicochemical conditions (e.g., 
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transmembrane voltage, pH and concentration of cations) that affect the pore forming 
proteins. Here, we review the evidence supporting the role of Ca 2+  in the regulation of 
GJCs and HCs formed by connexins. Also, it is speculated how these connexin-based 
channels could contribute to the propagation of intercellular Ca 2+  signals.  

   Gating of Connexin-Based Channels by Ca 2+  

   Gap Junction Channels 

 Closure of GJCs presumably via a “gating mechanism” mediated by Ca 2+  is a 
 conserved mechanism in several connexin-based GJCs. Usually, an increase in 

  Fig. 34.1     Scheme showing the membrane topology of pannexins, connexins, hemichannels and gap 
junction channels .  Top and bottom right  correspond to pannexin and connexin proteins in the cell 
membrane, respectively. Both protein types have four transmembrane domains ( M1-4 ) with amino 
( −NH2 ) and carboxy ( −COOH ) termini in the cytoplasmic side, two extracellular loops ( E1  and  E2 ) 
and one cytoplasmic loop ( CL ).  Top and bottom centers  show hemichannels formed by six pannexin 
or connexin subunits each. The  middle center  shows an aggregate of connexin GJCs, namely a sec-
tion through a gap junction “plaque”, at a close contact between cells 1 and 2 as shown in the  left . 
Each gap junction channel is formed by two hemichannels docked in the same plane (and rotated 
30 o  with respect to one another). Each adjoining cell contributes with one of the hemichannels       
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intracellular free Ca 2+  concentration ([Ca 2+ ] 
i
 ) induces closure or drastic reduction 

gap junctional communication. The [Ca 2+ ] 
i
  that triggers this response in cell-cell 

communication via gap junction vary from nanomolar to micromolar range  [  23  ] , 
and could occur by direct binding to connexins or indirectly, activating modulatory 
proteins. 

   Possible Direct Ca 2+  Gating 

 Under physiological conditions, the [Ca 2+ ] 
i
  is tightly regulated by several mecha-

nism. Thus, if Ca 2+  directly affects connexin GJCs, a localized increase in [Ca 2+ ] 
i
  is 

likely to occur  [  23  ] . Once the increase in [Ca 2+ ] 
i
  is confi ned to a specifi c area, Ca 2+  

could bind directly to connexins that form GJCs. However, up to now there is no 
evidence of “calcium sparks” close to gap junctions. Moreover, Ca 2+  binding sites 
usually consist of acidic residues contributed by carboxylate oxygen  [  24  ] . However, 
the variability of different connexins makes hard to indentify a potential conserved 
binding site. Therefore, due to the reasons mentioned above and the absence of 
crystal structures of different connexin-based GJCs the identifi cation of a direct 
Ca 2+  binding site at the cytoplasmic side of GJCs has been diffi cult  [  23  ] . 

 A proposed mechanism for direct Ca 2+ -dependent gating of GJCs involves the 
action of calmodulin (reviewed by  [  23,   25  ] ). Calmodulin contains specialized 
domains in the N- and C-lobes that follow the -NH 

2
  terminus and Ca 2+  binds to these 

domains, inducing conformational changes in the protein, enabling its interaction 
with several receptors. Such interaction has been observed with Cxs 38  [  26  ] , 32 
 [  27  ] , 37  [  28  ] , 43  [  28  ] , 44  [  29  ] , and 50  [  30  ] . Moreover, a calmodulin mutant with 
high Ca 2+ -sensitivity drastically increases the Ca 2+  gating sensitivity of Cx32 GJCs 
and decreases their Vj sensitivity  [  28  ] . This was observed only when calmodulin is 
expressed before Cx32, suggesting that it interacts with Cx32 before gap junction 
formation  [  28  ] . Moreover, constructs of calmodulin and Cx32 tagged with fl uores-
cent proteins show co-localization of both proteins when expressed in HeLa cells 
 [  28  ] . Similar results obtained in HeLa cells transfected with Cx50 were reported by 
Zhang and Qi  [  31  ] . They proposed the involvement of a Ca 2+ -independent interac-
tion between C-terminal and cytoplasmatic loop regions as mediator of a Ca 2+ -
dependent binding of calmodulin to Cx50 that induces closure of GJCs. In addition, 
Cx32 has two calmodulin interaction sites, one in the N-terminus and the other 
close to the C-terminal domain  [  32  ] , while Cx43 has only one site in its N-terminus 
 [  23  ] . Moreover, the Cx32 HC activity induced by EGF is inhibited by W7, a calm-
odulin antagonist  [  33  ] , suggesting that calmodulin could bind to Cx32 HCs, and 
potentially to GJCs.  

   Possible Indirect Ca 2+  Gating 

 Indirect gating of connexin GJCs by Ca 2+  might occur through activation of kinases, 
phosphatases or generation of metabolites/second messengers that modulate these 
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channels. Several connexins contain phosphorylation sites for more than one protein 
kinase, many of them with Ca 2+ -dependent activity. These consensus sites vary 
between connexins and have been preferentially identifi ed in their C-terminal domain 
 [  34  ] . The functional consequence could be an increase or decrease of junctional 
communication, response that depends on the connexin type and cell condition. 

 Calcineurin, a Ca 2+  activated phosphatase highly localized in the central nervous 
system, is vulnerable to ischemic and traumatic insults particularly in neurons, and 
it is believed to play important roles in neuron-specifi c functions  [  35  ] . Rat astro-
cytes, normally expressing phosphorylated forms of Cx43, present a reduced a 
reduced gap junctional communication and increased Cx43 dephosphorylation 
when exposed to chemical hypoxia  [  36  ] . This condition rapidly increases the [Ca 2+ ] 

i
  

 [  37  ] , and while calcineurin inhibition with cyclosporin A or FK506 reduces the 
dephosphorylation of Cx43, okadaic acid or calyculin A, inhibitors of protein phos-
phatases 1 and 2A, had little effect. These results suggest that phosphorylated Cx43 
GJCs might be substrates of calcineurin under conditions of cell stress, but perhaps 
not in normal astrocyte cultures, where calcineurin inhibitors had no effect on the 
phosphorylation state of Cx43  [  13  ] . This would be consistent with the calmodulin-
dependent activation of calcineurin  [  38,   39  ] , suggesting that a calmodulin-depen-
dent signaling systems play a relevant role in regulating GJCs. 

 Elevated [Ca 2+ ] 
i
  can lead to activation of calmodulin-dependent protein kinase II 

(CAM kinase II) that can phosphorylate Cx36  [  40  ]  and activation of CAM kinase II is 
associated to increase in electrical synapsis mediated by the Cx35 (ortholog of mam-
malian Cx36) in Mauthner neurons of the goldfi sh subjected to repetitive electrical 
stimulation that induces long term potentiation  [  41  ] . However, it remains unknown 
whether the increase in electrical coupling is due to a gating mechanism that activates 
more GJCs already present at the cell-cell interface or increase in number of GJCs due 
to reduced degradation and/or increased recruitment. 

 Ca 2+  can induce the generation of arachidonic acid (AA), which, in turn, promotes 
closure of GJCs. AA is generated by activation of Ca 2+ -dependent lipases during 
hypoxia-reoxygenation events and blocks intercellular coupling via GJCs in astro-
cytes  [  42  ]  and in mouse hepatocytes expressing connexins 26 and 32  [  43  ] . Blocking 
metabolization of AA with cyclooxygenase and lipoxygenase inhibitors preserve the 
GJC activity in astrocytes treated with AA, suggesting that downstream metabolic 
products of AA induce rapid channel closure or removal of Cx43 GJCs  [  42  ] .   

   Hemichannels 

 A distinctive functional feature of connexin HCs is their sensitivity to variations in 
both extra and intracellular concentrations of divalent cations. In particular, homo-
meric HCs formed by all studied connexins are rapidly activated by reduction or 
removal of extracellular Ca 2+  and Mg 2+ , and their open probability is markedly 
reduced upon exposure to extracellular divalent cations  [  44  ] . However, the blocking 
effect of extracellular Mg 2+  is less pronounced and possibly less functionally  relevant 
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than that of Ca 2+   [  45–  49  ] . Conversely, HCs formed by some connexins (e.g., Cxs 43 
and 45) but not others (e.g. Cx26) increase the cell membrane permeability to dyes 
upon rises in [Ca 2+ ] 

i
  and this has been associated to increased level of HCs present 

at the cell surface  [  15  ] . The molecular mechanisms and functional implications of 
the complex/dual effect of Ca 2+  on connexin HCs are not completely understood, 
but they are believed to be involved in both physiological and pathological regula-
tion of HCs  [  50–  53  ] . 

 The fi rst observation on connexin HC activation by reduction of extracellular 
Ca 2+  concentration ([Ca 2+ ] 

e
 ) came from studies by DeVries and Schwartz  [  54  ] . In 

their seminal article using electrophysiological recordings and Lucifer yellow 
uptake by solitary horizontal cells of the catfi sh retina, they recognized undocked 
HCs working as single units by showing their increasing activation upon progres-
sive reduction in [Ca 2+ ] 

e
  from 2 mM to <10  m M  [  54  ] . Afterwards and using diverse 

experimental models including mammalian cells with endogenous connexin expres-
sion and exogenous expression systems, HCs formed by diverse connexins were 
shown to be functionally modulated by variations in the [Ca 2+ ] 

e
 , including HCs 

formed by Cxs 23  [  55  ]      [  56  ] , 26  [  15,   37,   57–  60  ] , 30  [  61  ] , 30.2  [  62  ] , 31.9  [  62  ] , 32 
 [  33,   37,   47  ] , 35  [  63  ] , 37  [  48  ] , 38  [  64–  66  ] , 43  [  15,   67–  75  ] , 45  [  15,   76,   77  ] , 45.6  [  78  ] , 
46  [  45,   46,   79–  82  ] , 50  [  83  ] ; 52.6  [  84  ]  and 56  [  85  ] . 

 Homomeric HCs formed by Cxs 26 or 43 rapidly and reversibly increase their 
internal pore diameter upon extracellular Ca  2+   removal [variation from 0.5 to 1.3 nm 
 [  86  ]  and 1.8 to 2.5 nm  [  87  ] , respectively] as measured by high-resolution atomic 
force microscopy. The latter fi ndings support a prominent structural change of 
 connexin-based hexamers induced by [Ca 2+ ] 

e
  variations. 

 Although the mechanism of HC blockade induced by extracellular Ca 2+  is not 
completely understood, it is unlikely to occur solely as a consequence of conforma-
tional changes but rather involves direct polyvalent cation binding to the mouth of 
the HC pore. Indeed, extracellular Ca 2+  and voltage sensitivities of Cx32 HCs in 
 Xenopus  oocytes are modifi ed by substitution of two aspartate residues (D169 or 
D178) located at the second extracellular loop by uncharged asparagines  [  47  ] . In 
homomeric Cx32 HCs, these residues are believed to form a 12 aspartate ring 
located at the external vestibule of the pore. Binding of Ca 2+  to these negatively 
charged aspartate residues could explain the blocking effect of Ca 2+  through reduc-
tion of the effective pore diameter or stabilization of the close confi guration of HCs 
as it has been reported for other ion channels  [  88,   89  ] . Interestingly, one naturally 
occurring mutation due to substitution of the aspartate residue located in position 
178 by a neutral tyrosine residue (D178Y) of human Cx32 is associated to a com-
plex human genetic disease termed X-linked Charcot-Marie-Tooth  [  90  ] . However 
and despite the high sequence homology of extracellular E1 and E2 loops among 
connexins subunits, only HCs formed by few connexins [e.g. human Cxs 30, 32, 43; 
rat Cxs 32, 43 and 46; mouse Cx30  [  47  ] ] share this 12 aspartate extracellular ring 
but those connexins lacking it are still Ca 2+  sensitive. In addition, while mutations of 
the positioned E2 aspartates (D169 and D178) alter the Ca 2+ -sensitivity of Cx32 
HCs, they do not abolished the Ca 2+  block entirely, indicating the involvement of 
additional molecular mechanisms. Alternatively, the presence of other negatively 
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charged amino acid residue such as glutamate or variations in the Ca 2+  binding sites 
around or close the pore edge could account for the extracellular Ca 2+  blockade of 
HCs formed by connexins lacking the anionic gate. In this regard, homomeric HCs 
formed by human Cx37 [lacking the anionic pore ring  [  47  ] ] expressed in  Xenopus  
oocytes are blocked by extracellular Ca 2+  going through the pore (open by mem-
brane depolarization) and reaching binding sites located at the cytoplasmic side, 
presumably acidic residues located in the N- and C-termini of the subunits  [  48  ] . In 
addition, single recordings of homomeric rat Cx46 HCs [possessing the 12 aspartate 
anionic pore ring  [  47  ] ] expressed in Xenopus oocyte showed that divalent cations 
do not block directly, but rather modify the intrinsic electric gating though confor-
mational stabilization of fully closed HCs  [  49  ] . Using excised patches, divalent cat-
ions are only effective from the extracellular side, implying that the binding sites are 
extracellular. Unfortunately, all available studies aimed to address the mechanism of 
extracellular Ca 2+  blockade have been performed using electrophysiological mea-
surements of HCs exogenously expressed in  Xenopus  oocytes and using membrane 
depolarization as activating stimulus. Several intra/extracellular molecules (e.g. 
ions, protons, nucleotides and cytokines), intracellular proteins (e.g. protein kinases 
and phosphatases) and binding partners (e.g., tight junction associated proteins and 
cytoskeleton proteins) have been shown to affect connexin HC structure and func-
tion  [  11  ]  and may additionally be involved in the extracellular Ca 2+  sensitivity and 
blocking effect. In addition, multiple gating mechanisms (e.g. chemical gating) 
have been identifi ed for GJCs  [  91  ]  and HCs might show similar functional complex-
ity. In this regard, it was shown that replacement of extracellular Na +  by K +  (and 
other monovalent cations) modulates the extracellular Ca 2+  sensitivity of homomeric 
Cx46 and Cx50 HCs, an effect residing in the cytoplasmic N-terminal domain of 
connexins  [  92  ] . In addition, diverse stimuli have been recently shown to overcome 
the extracellular Ca 2+  blockade of connexin HCs even at resting negative transmem-
brane potentials (e.g. chemicals, mechanical stimulation, ischemia-like conditions, 
cytokines and growth factors)  [  15,   36,   93–  97  ] . 

 Augments in [Ca 2+ ] 
i
  increase connexin HC activation in the presence of physio-

logical concentrations of extracellular divalent cations, possibly acting in an indi-
rect fashion. In particular, cells expressing homomeric HCs formed by Cxs 32 or 43 
increase their membrane permeability to cationic dyes and the HC-mediated ATP 
release in response to higher [Ca 2+ ] 

i
  and buffering the intracellular Ca 2+  with chelat-

ing agents prevents HC activation in diverse experimental models  [  15,   33,   37,   74, 
  98  ] . In cells expressing Cx32 HCs, the intracellular Ca 2+  activating concentration 
lies at ~500 nM and the HCs response is abolished by a selective calmodulin inhibi-
tor  [  33  ] . Moreover, Cx32 HC activation induced my metabolic inhibition is partially 
prevented by a p38 MAP kinase inhibitor, totally prevented by intracellular Ca 2+  
chelators and mimicked by a Ca 2+  ionophore in HeLa cells  [  37  ] . In HeLa cells 
expressing Cx43, increase HC activation induced by rising the [Ca 2+ ] 

i
  with FGF-1 

or a Ca 2+  ionophore is associated with higher surface HC levels, increased HC open 
probability and requires p38 MAP kinase activation  [  15  ] . Moreover, Cx43 HC acti-
vation is also triggered by intracellular concentration of ~500 nM Ca 2+  and involves 
activation of complex intracellular signaling cascades including calmodulin, 
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 calmodulin-dependent kinase II, p38 MAP kinase, phospholipase A 
2
 , arachidonic 

acid, lipoxygenases, cyclooxygenases, reactive oxygen species, nitric oxide and 
membrane depolarization  [  97  ] . Finally, release of ATP and proliferation of the reti-
nal pigment epithelial cells also requires Cx43 HC activation induced by increased 
[Ca 2+ ] 

i
   [  74  ] . 

 Interestingly, preventing the intracellular Ca 2+  mobilization with BAPTA-AM or 
thapsigargin in cultured astrocytes does not inhibit glutamate release after exposure 
to a divalent cation free solution  [  73  ] , indicating interdependence of the HC 
responses induced by extra and intracellular Ca 2+ . However, the fact that at least 
some HCs are Ca 2+  permeable  [  37,   99,   100  ] , suggest possible activating loops and 
complex regulation of the HC responses by this cation.   

   Permeation of Calcium Ions Through Connexin-Based Channels 

   Gap Junction Channels 

 Up to now, only a couple of studies indicate that GJCs are permeable to Ca 2+   [  4,   101  ] , 
meanly because it is diffi cult to rule out the involvement of cytoplasmic Ca 2+ -
mobilizing second messengers such as inositol (1,4,5)-trisphosphate (IP 

3
 ) and 

cyclic-ADP-ribose (cADPR)  [  102  ] . Moreover, another puzzle piece is that high 
[Ca 2+ ] 

i
  has been shown to reduce GJC activity in several cell types  [  103–  105  ] . 

Nevertheless, the [Ca 2+ ] 
i
  required to block GJCs appears to be well above 1  m M 

 [  106  ] , far higher than normal resting [Ca 2+ ] 
i
  that is between 50 and 100 nM. 

Therefore, it is expected that low Ca 2+  concentrations could permeate GJCs. In fact, 
it has been reported that Ca 2+  microinjected into individual hepatocytes or smooth 
muscle cells immediately increase the [Ca 2+ ] 

i
  in the injected cell  [  4,   101  ] . Importantly, 

the [Ca 2+ ] 
i
  increased within seconds in the contacting cells, while the initial rise in 

the [Ca 2+ ] 
i
  induced by IP 

3
  microinjection occur in discrete regions of the cytoplasm, 

which is inconsistent with simple diffusion of Ca 2+ . The abovementioned studies 
indicate that IP 

3
  diffuses between cells to cause localized Ca 2+  release from intracel-

lular stores. Whereas changes in [Ca 2+ ] 
i
  seen in adjacent cells after Ca 2+  microinjec-

tion in cells bathed in Ca 2+  free solution are due to transjunctional Ca 2+  diffusion 
from the injected cell and not to uptake from the extracellular solution  [  4,   101  ] . 
Accordingly, computational modeling of intercellular Ca 2+  wave propagation sup-
port that both IP 

3
  and Ca 2+  diffusion occur through GJCs  [  107–  110  ] .  

   Hemichannels 

 Most connexin HCs are highly sensitive to fl uctuations in [Ca 2+ ] 
e
  and their open 

probability decreases in the presence of increasing concentrations of this cation  [  11  ] . 
Thus, HCs have been considered as Ca 2+  sensors implicated in the mechanism by 
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which the [Ca 2+ ] 
e
  modulates the intracellular signaling  [  111  ] . Diverse studies have 

shown that ATP released via HCs increases the [Ca 2+ ] 
i
  via P2 receptor activation 

 [  14,   60,   74,   112–  114  ]  and thus, excluding the HC contribution as route for Ca 2+  
infl ux to the cytoplasm. The fi rst experimental evidence suggesting Ca 2+  infl ux 
through HCs was observed in cardiomyocytes subjected to metabolic inhibition. 
Under this treatment, cardiomyocytes exhibit an increase in intracellular free Ca 2+  
and Na +  concentration, which are partially reduced by halothane or 1-heptanol, two 
HC and GJC blockers  [  73,   115  ] . However, voltage-operated Ca 2+  and Na +  channel 
blockers also reduce the intracellular increase of both cations, suggesting that HCs, 
as well as Ca 2+  and Na +  channels contribute to this phenomenon  [  115  ] . In support to 
the relevance of HCs in this response, the increase in [Ca 2+ ] 

i
  of cardiomyocytes sub-

jected to ischemia is inhibited by Gap26  [  116  ] , a connexin mimetic peptide that 
blocks Cx43 HCs. Most experiments designed to elucidate the role of connexin HCs 
in Ca 2+  infl ux induced by pathological or physiological conditions have been con-
ducted in HeLa cells transfected with connexins  [  117,   118  ] , since they possess all 
the cellular machinery required for Ca 2+  signaling  [  119  ] . In fact, HeLa cells trans-
fected with connexins 26, 32 or 43 exhibit Ca 2+  waves in response to mechanical 
stimulation or extracellular ATP application that differ from those observed in paren-
tal HeLa cells  [  120  ] . Recent studies in HeLa cells transfected with mouse Cx43 and 
loaded with Fluo 4 used as calcium indicator, show that extracellular alkalinization 
increases the [Ca 2+ ] 

i
  in an [Ca 2+ ] 

e
 -dependent way  [  100  ] . More relevant to this point, 

the alkalinization-induced rise in [Ca 2+ ] 
i
 , was closely related to the level of Cx43 

HCs present at the cell surface, suggesting that Ca 2+  mobilization from the extracel-
lular milieu is mediated by Cx43 HCs  [  100  ] . To demonstrate directly that Cx43 HCs 
are permeable to Ca 2+ , purifi ed Cx43 HCs were reconstituted into unilamelar lipo-
somes loaded with Green-2 as Ca 2+  indicator. When the [Ca 2+ ] 

e
  was increased from 

5 to 20  m M the fl uorescence of Green-2 increased almost twofolds. In contrast, lipo-
somes without Cx43 HCs did not exhibit changes in [Ca 2+ ] in their interior, indicat-
ing that Cx43 HCs are permeable to Ca 2+   [  100  ] . 

 Cx43 HCs are not the only HCs permeable to Ca 2+ . Cx32 HeLa transfectants 
subjected to metabolic inhibition show elevated [Ca 2+ ] 

i
 , which does not occur within 

the same time course in parental cells, suggesting that Ca 2+  infl ux could occur 
through Cx32 HCs  [  37  ] . Recently, Sánchez et al.  [  37  ]  showed that activation of an 
endogenous Ca 2+ -activated chloride channel in  Xenopus  oocytes occurs when Cx26 
HCs are activated upon depolarization, suggesting that they allow the infl ux of Ca 2+ , 
which further activates the chloride currents. Interestingly, a mutation positioned 
near TM1/E1 domain of Cx26 (G45E) associated with the Keratitis Ichthyosis 
Deafness syndrome (KID) leads to formation of HCs with increased Ca 2+  permea-
bility refl ected by a robust chloride channel activation compared HC formed by with 
wild Cx26  [  99  ] . Mutations in genes of Cxs 26, 32 and 43 have been associated with 
several human diseases, and some of them form HCs with aberrant conductances in 
exogenous expression systems. In light of the abovementioned fi ndings, it is possi-
ble that altered permeability to Ca 2+  occurs as a common mechanism for the devel-
opment of these diseases  [  47,   99,   121  ] . Relevant to the lack of demonstration of this 
possibility are the experimental limitations of each approach used to demonstrate 
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Ca 2+  infl ux via HCs. Reconstitution in liposomes might be a good approach since it 
discard other possible routes of Ca 2+  infl ux that might be present in endogenous and 
exogenous expression systems and also eliminate all intracellular elements that 
regulate the functional state of HCs (e.g., kinases, phosphatase and scaffolding pro-
teins)  [  44,   122  ] . An experimental strategy used to sense the direct passage of Ca 2+  
through GJCs has been the use of connexin-aequorin chimeras. However, in these 
studies it was found that some connexin-aequorin chimeras do not form functional 
GJCs, and remains to be demonstrate if they form functional HCs  [  123  ] . Therefore, 
this experimental strategy must be reviewed and its usefulness in studying the HC 
permeability to Ca 2+  needs to be reevaluated.   

   Do Gap Junction Channels and Hemichannels Play a Role 
in the Propagation of Intercellular Calcium Waves? 

 Up to now, two mechanisms for intercellular calcium wave propagation have 
received more attention. One of them occurs between contacting cells and involves 
the diffusion through GJCs of cytoplasmic Ca 2+ -mobilizing second messengers such 
as inositol (1,4,5)-trisphosphate (IP 

3
 )  [  4,   124  ] , cDAPR  [  125  ]  and Ca 2+   [  4,   101  ]  

(Fig.  34.2 ). The another one is related to the activation of P2 purinergic receptors in 
neighbor cells by extracellular ATP released through vesicles  [  126  ]  and/or HCs 
 [  112  ]  (Fig.  34.2 ). Evidence supporting the fi rst mechanism includes that the waves 
are: (i) gap junction dependent; (ii) not blocked upon ATP hydrolysis; (iii) not 
blocked by purine-receptor antagonists and (iv) do not jump a gap between cells 
 [  127,   128  ] . Whereas facts sustaining the second mechanism comprise: (i) hemi-
channel blockers prevent the waves; (ii) ATP is released by the initiator cell, and the 
calcium waves extend as far as the ATP diffuses; (iii) the waves are blocked by 
extracellular apyrase and by inhibitors of P2 receptors; (iv) the waves jump cell-free 
gaps and are defl ected by fl ow of medium  [  129–  132  ] . It is possible that these mech-
anisms coexist under physiological conditions. In support to this possibility, an 
organotypic model of mice cochlea show propagation of intercellular calcium waves 
at long distances through ATP released via Cx30 and Cx26 HCs, whereas GJCs 
composed by the same Cxs allow the simultaneous diffusion of IP 

3
  across coupled 

cells  [  133  ] . Importantly, both mechanisms occur in response to activation of P2Y/
PLC/IP 

3
 /Ca 2+  signaling cascade and are propagated normally in cultures lacking 

either P2X 
7
  receptors or Panx1, indicating that the phenomena is not related to 

Panx1 based channels  [  133  ] . Moreover, intercellular Ca 2+  waves induced by mechan-
ical stimulation depend of GJCs and paracrine ATP-mediated signaling in human 
urothelial cells  [  134  ] . Similar calcium wave propagation has been proposed to occur 
in osteocytes  [  135  ] ; ciliated tracheal epithelial cells  [  136  ]  and astrocytes  [  137  ] . An 
alternative mechanism proposed for propagation of intercellular calcium waves is 
through the release of NAD +  via HCs  [  138  ] . Most of cells, express CD38, an ectoen-
zyme that cycles NAD +  to form cADPR, then cADPR cross the cell membrane to 
reach ryanodine receptors in the endoplasmic reticulum (ER), triggering release of 
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Ca 2+  into the cytoplasm. Afterwards, subsequent release of NAD +  via HCs and/or 
cADPR diffusion through GJCs  [  125  ]  would propagate a calcium wave.  

 It is interesting that [Ca 2+ ] 
i
  at ~500  m M induces opening of HCs and closing of 

GJCs. This fi nding could have pathophysiological implications. For example, astro-
cytes subjected to ischemic-like conditions exhibit an increase in Cx43 HCs activity 
and decrease in intercellular gap junctional communication  [  36  ] . During these con-
ditions a fast increase in [Ca 2+ ] 

i
  has been documented  [  37  ] , while exposure to Ca 2+  

ionophore induces rapid closure of Cx43 GJCs  [  130  ] . A recent work from the group 
of Li and co-workers  [  139,   140  ]  has elegantly demonstrated that only capacitative 
Ca 2+  entry via store-operated channels is effective in blocking gap junctional com-
munication, while Ca 2+  ionophores were without effect. How [Ca 2+ ] 

i
  changes are 

linked to HC opening and GJC closure is currently unknown, but could depend on 
differential distribution of intracellular regulatory proteins in different microdo-
mains, which may also vary in different cell types and physiological or pathophysi-
ological states. Opening of HCs could be necessary to release toxic metabolites to 
the extracellular medium, and accelerate the intake of energetic metabolites. At the 
same time, closing GJCs might help to avoid the spreading of death signals from 
damaged to healthy cells, as occurs during propagation of spreading depression in 
nerve tissue.      

  Fig. 34.2     Two models for conduction of Ca   2+    waves in astrocytes . ( a ) Upstream receptor stimula-
tion leads to activation of phospholipase C ( PLC ) and formation of cytoplasmic inositol (1,4,5)-tris-
phosphate ( IP  

 3 
 ), which promote the release of Ca 2+  stored in the endoplasmic reticulum. Both IP 

3
  

and Ca 2+  diffuse to neighboring cells through gap junction channels generating waves of rises in 
intracellular Ca 2+  concentration [Ca 2+ ] 

i
 . ( b ) ATP released from vesicles and/or ion channels diffuses 

through the extracellular space and activates membrane purinergic (P2) receptors. Stimulation of 
metabotropic P2Y receptors leads to activation of phospholipase C ( PLC ) and formation of IP 

3
 . 

Whereas, activation of ionotropic P2X receptors leads to Ca 2+  infl ux. The increase in free [Ca 2+ ] 
i
  

induced by IP 
3
  and P2X receptor opening could promote ATP release through Cx43 and Panx1 

hemichannels, extending the Ca 2+  wave to neighboring cells       
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  Abstract   Cyclic variations in calcium (Ca 2+ ) concentrations, through a process 
called excitation-contraction coupling, allow regulation of vascular smooth muscle 
cells contractility and thus modulation of vascular tone and blood pressure. As a 
second messenger, Ca 2+  also activates signaling cascades leading to transcription 
factors activation in a process called excitation-transcription coupling. Furthermore, 
recent evidences indicate an interaction between post-transcriptional regulation by 
microRNAs (miRNAs) and Ca 2+  signaling. All these actors, which are frequently 
altered in vascular diseases, will be reviewed here.  

  Keywords   Calcium signaling  •  Excitation-contraction  •  Excitation-transcription  • 
 microRNA  •  Physiopathology  •  Vascular smooth muscle      

   Introduction 

 The arterial vascular smooth muscle cells (VSMCs) provide structural integrity to 
the vessel and regulate vascular tone and blood pressure. Normal arteries VSMCs 
have a contractile/quiescent phenotype whereas VSMCs switch to a proliferative/
synthetic phenotype leading to vessel remodeling in diseases such as atherosclerosis, 
systemic or pulmonary artery hypertension (PAH) and injury-induced restenosis. 
This phenotypic modulation is accompanied by multiple alterations in calcium 
(Ca 2+ ) cycling that may precede changes in phenotype and may contribute to vascular 
remodeling. 
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 One important role of Ca 2+  in VSMCs is to participate to the excitation-contraction 
(EC) coupling. There are two types of smooth muscles differing by their contraction: 
some have a phasic contraction, mainly dependent on Ca 2+  through Ca 2+ /calmodulin 
activation of the myosin light chain kinase (MLCK), such as cerebral arteries. 
Others, like the large arteries, are characterized by a slow rise in Ca 2+  and a sus-
tained tonic contraction mainly dependent on phosphorylation/dephosphorylation 
processes  [  1  ] . In addition to its effect in the EC coupling, Ca 2+  is also involved in 
modulation of gene expression in a process now called excitation-transcription (ET) 
coupling. Finally, few studies have begun to emphasize the link between post-
transcriptional regulation by microRNA (miRNA) and Ca 2+ , frequently showing 
regulatory loop between a Ca 2+  activated transcription factor and a miRNA. These 
different aspects of Ca 2+  signaling will be reviewed.  

   Excitation-Contraction Coupling 

 In vivo, VSMCs are partially constricted with resting Ca 2+  concentrations around 
100–300 nM  [  2  ] . Increasing intraluminal pressure causes gradual depolarization of 
arterial smooth muscle. It is suggested that the transient receptor potential (TRP) 
channels play a crucial role in translating the luminal pressure increase into a depo-
larization of VSMCs via Na +  entry. This activates the voltage-gated, dihydropyri-
dine-sensitive L-type calcium channels (LTCCs), Cav 

1.2
,  located at the sarcolemma 

 [  3,   4  ] . Global rise in intracellular Ca 2+  leads to the initiation of the contractile response 
through activation of Ca 2+ /calmodulin-dependent myosin light chain kinase (MLCK). 
On the other hand, Ca 2+  activates the ryanodine receptors (RyR) leading to Ca 2+  
release from the sarcoplasmic reticulum (SR), a phenomenon known as the calcium-
induced calcium release (CICR). Paradoxically, the small release of Ca 2+  through the 
RyR, called Ca 2+  sparks, negatively regulates contraction by activating the plasma 
membrane Ca 2+ -sensitive potassium channels (K 

Ca
  channels). The transient outward 

K +  current generated, referred as STOC (Spontaneous Transient Outward Current) 
 [  5  ] , hyperpolarizes the membrane closing LTCCs hence decreasing voltage-depen-
dent Ca 2+  entry. Afterwards, Ca 2+  store depletion may induce an increase in Ca 2+  
entry through non voltage-dependent channels which display a large inward rectifi -
cation. Reduced Ca 2+  levels are also achieved through extrusion of cytoplasmic Ca 2+  
by the plasma membrane Ca 2+  ATPase (PMCA) and the Na + /Ca 2+  exchanger (NCX) 
and the re-uptake by the sarco/endoplasmic reticulum Ca 2+  ATPase (SERCA). 

   Voltage-Dependent Ca 2+  Entry Through L-Type Calcium Channels 

 LTCCs are composed of pore-forming  a  
1
 -subunits and four additional accessory 

subunits ( a  
2
 ,  b ,  g ,  d )  [  6  ] . Cav 

1.2
  is the predominant isoform of LTCCs in arterial 

smooth muscle  [  7–  9  ] . These channels are broadly expressed throughout the sarco-
lemma. However, application of novel imaging approaches revealed single or small 
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clusters of LTCCs operating in a high probability mode that creates sites of nearly 
continual Ca 2+  infl ux within specifi c regions of the arterial myocytes’ sarcolemma 
 [  8,   10–  12  ] . These persistent Ca 2+  sparklets, mainly regulated by Cav 

1.2
  channels, 

contribute to steady state local and global calcium in arterial SMCs under physio-
logical conditions  [  11  ] . It is proposed that regional variations in Ca 2+  sparklets activity 
are due to local targeting of protein kinase C alpha (PKC a ) by the scaffolding pro-
tein AKAP150 (the rodent ortholog of human AKAP79) to specifi c regions of the 
surface membrane of arterial myocytes  [  13  ]  thus allowing to phosphorylate nearby 
LTCCs  [  12,   14  ] . The effects of PKC a  on Ca 2+  sparklets activity are counterbalanced 
by the Ca 2+ -sensitive protein phosphatase calcineurin. Hence, the level of Ca 2+  spar-
klets activity varies regionally depending on the relative activities of PKC a  and 
calcineurin  [  11  ] . 

 Ca 2+  sparks frequency and STOCs are modulated by protein kinases in cerebral 
and coronary vascular smooth muscle. cAMP-dependent protein kinase (PKA) and 
cGMP-dependent protein kinase (PKG) increase STOC frequency via an increase in 
Ca 2+  sparks frequency while an increase in STOC amplitude appears to occur via a 
direct activation of plasmalemmal K 

Ca
  channels by PKA and PKG  [  15,   16  ] .  

   Voltage–Gated T-Type Calcium Channels 

 T-type calcium channels (TTCCs) are low voltage-activated, fast-activating and 
fast-inactivating channels characterized by their small unitary conductance, and 
relative insensitivity to agents that block L-type and other high voltage-activated 
Ca 2+  channels  [  17  ] . There are three types of TTCCs: Cav 

3.1
  and Cav 

3.2
 , mainly 

expressed in the cardiovascular system, and Cav 
3.3

  which are more commonly found 
in cerebral VSMCs  [  18  ] . The functional role of this specialized class of Ca 2+  chan-
nels in VSM is still unclear. However, it is generally accepted that TTCCs are not 
involved in vasoconstriction, with the possible exception of the renal microcircula-
tion, but appear to be important for local electromechanical coupling in VSMCs. 
TTCCs are also present in some veins that display spontaneous contractile activity, 
where they likely generate pacemaker activity. Cav 

3.1
  and Cav 

3.2
  −/− mice have 

unchanged blood pressure  [  19,   20  ] . In addition, coronary arteries isolated from 
Cav 

3.2
 −/− mice showed normal contractile response but reduced relaxation. This 

could be due to a functional coupling between TTCCs and the large-conductance 
Ca 2+ -activated K +  (BK 

Ca
 ) channel  [  21  ] . Thus Ca 2+  infl ux through TTCC seems 

essential for relaxation in coronary arteries. TTCC expression has also been associ-
ated with pathological proliferation of VSMCs as well as cellular growth.  

   Non-voltage Gated Calcium Entry 

 Store-operated Ca 2+  entry (SOCE) is the pathway by which the depletion of intracel-
lular Ca 2+  stores activates extracellular Ca 2+  entry to subsequently refi ll the emptied 
Ca 2+  stores. It is an ubiquitous agonist-evoked Ca 2+  entry pathway fi rstly named 
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capacitative Ca 2+  entry (CCE)  [  22  ] . SOCE is activated by the actual fall of the Ca 2+  
concentration within the lumen of the sarco/endoplasmic reticulum (SR/ER) through 
the activation of the inositol 1,4,5 trisphosphate (IP 

3
 ) receptor (IP 

3
 R). Upon agonist 

stimulation (such as angiotensin II, endothelin-1), Ca 2+  entering through the Gq/Gi 
phospholipase C (PLC)-activated channels is referred to as receptor-operated Ca 2+  
entry (ROCE). The relative contribution of SOCE to EC coupling depends on the 
smooth muscle type and appears to be greatest in tonic smooth muscle  [  23  ] . Both 
SOCE and ROCE participate in hyperplasia, remodeling, arterial blood pressure 
regulation, blood vessel integrity and myogenic tone  [  24  ] . ROCE identity and role 
in VSMCs are still debated due to their plasticity and variability according to the 
SMC types  [  25  ] . 

   STIM1   /ORAIs/TRPCs/ARCs 

 A major breakthrough in SOCE understanding has been the discovery of STIM1 
(stromal interaction molecule 1) as a Ca 2+  sensor in the ER  [  26,   27  ] . Although SOCE 
has been long described in VSMCs, the molecular identity and role of SOCE in 
VSMC function remain highly contentious issues. Orai proteins (Orai1-3) are the 
principal candidates. Silencing Orai1 inhibits SOCE whereas silencing Orai2 and 
Orai3 has no effect  [  28,   29  ] . However, ectopic expression studies showed that, not 
only Orai1, but also Orai2 together with STIM1 enhanced SOC entry in HEK293 
but not in RBL 2H3 cells, suggesting that the capability of Orai2 to form CRAC 
channels depends on the cell background  [  30,   31  ] . Furthermore, Orai1 knockout 
mice showed alteration of CRAC currents in mast cells but not in T cells, suggesting 
that SOC entry appears to be fulfi lled by Orai2 which is more highly expressed than 
Orai1 and Orai3 in these cells  [  32  ] . STIM1 also heteromultimerizes with canonical 
TRP (TRPC) channels to determine their function as store-operated channels (SOC) 
 [  33  ] . TRPCs are non voltage-gated, Ca 2+  permeable and non selective cation chan-
nels. TRPCs implications in SOCE and ROCE still need to be clarifi ed. TRPC 1/4/5 
are suggested as candidates for SOCE  [  34  ]  but VSMCs from TRPC1-defi cient mice 
have normal contractility and intact SOCE  [  35  ] . Furthermore, contradicting results 
were obtained using knock-down strategy. Whereas silencing TRPC1, TRPC4 and 
TRPC6 had no effect on SOCE  [  29  ] , other studies reported that TRPC1 or TRPC6 
knock-down attenuates SOCE  [  29,   36,   37  ] . Differences in the cell type (rat aorta  vs  
human pulmonary artery), the silencing method (siRNA  vs  antisens oligonucle-
otides) and the level of silencing might be at the origin of the discrepancy. Liao 
suggested that a TRPC/Orai complex mediates SOCE and ROCE  [  38  ]  whereas oth-
ers found that TRPCs function independently of STIM1 and Orai1  [  39  ] . The reverse 
mode of the NCX is another source of cytoplasmic Ca 2+  infl ux. Na +  entry, mediated 
by SOC, infl uences Na +  pump activity and Na + /Ca 2+  exchange and has unexpectedly 
large effects on cell-wide Ca 2+  signaling  [  40  ] . Local coupling of NCX with TRPC 
and Orai1 could account for agonist-induced Ca 2+  infl ux in VSMCs  [  28,   41  ] . Two 
recent studies also reported that STIM1 directly suppresses depolarization-induced 
opening of Cav 

1.2
  while activating Orai channels  [  42,   43  ] . In addition STIM1 
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regulates the arachidonic acid dependent and store depletion independent Ca 2+  
selective (ARC) channels  [  44,   45  ] ; ARC channels being hetero-pentameric assem-
blies of three Orai1 and two Orai3 subunits  [  46  ] . This arachidonic acid mediated 
non-capacitative Ca 2+  entry has been reported in DDT1 MF2 and A7r5 smooth 
muscle cells, where it is closely related to the capacitative one  [  47,   48  ] .  

   Other Ca 2+  Selective and Non Selective Channels: TRPVs/TRPMs/TRPP 

 They are also implicated in VSMCs Ca 2+  homeostasis  [  49  ] . TRPM4 (melastatin) 
and TRPV1 (vanilloid) are activated after intra-luminal pressure elevation, and con-
tribute to the control of cerebral and mesenteric arteries myogenic tone  [  3  ] . TRPV2 
is a swelling-activated channel in mouse aortic SMCs, while TRPV4 forms a signal-
ing complex with RyR and the large-conductance Ca 2+ -activated K +  (BK 

Ca
 ) channel 

causing membrane hyper-polarization and dilation of cerebral arteries  [  50,   51  ] . 
Polycystins (TRPP1, 2) also play a pivotal role in the maintenance of vascular integ-
rity and resistance to hemodynamic stress  [  52  ] .   

   Sarcoplasmic Reticulum Ca 2+  Cycling – Extrusion 
Through the Membrane 

 The SERCA pump is encoded by a family of three genes SERCA1-3. Quiescent 
SMC express two splice variants of the SERCA2 pre-mRNA: 2a and 2b  [  53  ] . The 
two SR Ca 2+ -release channels, the RyR and the IP 

3
 R, are expressed in VSMC. Three 

RyR genes (RyR 1–3), and splicing variants of each have been described. RyR 2 is 
widely expressed in VSMC but some studies also reported the presence of RyR1 
and RyR3. The IP 

3 
R is also encoded by three genes giving rise to more isoforms by 

alternative splicing of pre-messengers. 
 Intracellular Ca 2+  is extruded to the extracellular space by PMCA and NCX with 

a respective contribution of 70% and 30%. PMCA is a high-affi nity Ca 2+  pump 
regulated by calmodulin, kinases and other signaling proteins. In mammals, 4 genes 
encode PMCA isoforms 1–4 which are expressed in medial SMC. PMCA1 seems to 
be involved in the repression of VSMC proliferation  [  54  ] . PMCA regulates Ca 2+  
locally thus leading to specifi c cellular responses. Indeed, calcineurin is recruited in 
a low Ca 2+  environment by PMCA4b to prevent NFAT activation  [  55  ] . 

 NCX is a bidirectional transporter of Na +  and Ca 2+  depending on the electro-
chemical gradient of the substrate ions. Three NCX genes (NCX1-3) have been 
identifi ed: NCX1, which is ubiquitously expressed, is the only isoform expressed 
in VSMC. NCX expression is restricted to plasma membrane microdomains that 
overlie junctional ER thus controlling Ca 2+  concentration in specialized cellular 
regions. NCX is involved in controlling vasoconstriction of smooth muscle and 
blood pressure  [  56,   57  ] .   
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   Excitation-Transcription Coupling 

 Recent evidences show a regulation of transcription factors by calcium in VSMC. 
This phenomenon known as E-T coupling involves in particular CREB, NFAT and 
NFkB. 

   cAMP Response Element Binding Protein (CREB) 

 CREB is highly expressed and active in quiescent smooth muscle cells. It promotes 
smooth muscle gene expression program and decreases proliferation by modulating 
the expression of multiple cell cycle regulatory genes, as well as genes encoding 
growth factors, growth factor receptors, and cytokines  [  58  ] . cAMP/PKA pathway, 
MAPK pathway and calcium/calmodulin (CaM) kinases pathway promote phos-
phorylation of CREB at Ser133 leading to its activation  [  59  ] . Activation of LTCCs 
increases cytoplasmic Ca 2+  which activates calmodulin translocation to the nucleus. 
The Ca 2+ /calmodulin complex activates the calmodulin kinase II (CaMKII), which 
in turn phosphorylates CREB and activates its transcriptional activity  [  60,   61  ] . On 
the contrary, Ca 2+  sparks were shown to have an inhibitory effect on CREB  [  62  ] . 
This may be due to the activation of BK 

Ca
  and their hyperpolarizing effect.  

   Nuclear Factor of Activated T Cells (NFAT) 
and Nuclear Factor-kappa B (NF k  B) 

 The NFAT transcription factor family consists of fi ve members NFATc1, NFATc2, 
NFATc3, NFATc4 and NFAT5. Only NFATc1-4 are regulated by Ca 2+  signaling and 
among them NFATc3 is the most abundant in native SMC  [  63  ] . In resting cells, 
NFAT is phosphorylated by various kinases and remains in the cytoplasm. When 
VSMCs are stimulated by different stresses and growth factors, Ca 2+  infl ux activates 
calcineurin, a calcium/calmodulin dependent phosphatase, which dephosphorylates 
NFAT allowing its translocation to the nucleus. NFAT then activates proliferation 
and infl ammatory cytokines  [  64  ] . NF k B is important in mediating stress and infl am-
matory-induced signals which also participate to VSMC proliferation. 

 These transcription factors were shown to be optimally activated in response to 
different patterns of Ca 2+  oscillations. Transient high Ca 2+  spikes induce activation 
of NF k B while NFAT is activated by prolonged low increase in intracellular Ca 2+  
concentration  [  65  ] . 

 The balance between Ca 2+ -regulated and other transcription factors (for example 
serum response factor, SRF, myocardin- Histone deacetylase, HDAC – myocyte 
enhancer factor 2, MEF2 – hypoxia-inducible factor, HIF) in VSMCs can lead to 
differentiation or proliferation depending on their expression and activity levels. 
The interactions between all these different factors could allow a fi ne-tuning of the 
VMSCs phenotype but still remain to be clarifi ed.   
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   Post-transcriptional Regulation by microRNAs (miRNA) 

 miRNA are endogenous 18–24 nucleotides-long non coding RNA that have been 
studied in mammals since a decade. They are implicated in gene silencing by target-
ing mRNAs with complementary sequences in their 3 ¢ untranslated regions (UTR). 
This post-transcriptional regulation of gene expression is conserved among species 
ranging from plants to mammals and miRNA appear to be an important way of 
regulation in many physiological and pathological situations  [  66  ] . About 1,000 dif-
ferent miRNA are predicted in humans and could regulate more than 30% of all 
genes. Bioinformatic and basic studies have revealed that a single miRNA can regu-
late many genes and that one gene can be modulated by different miRNAs  [  67  ]  
leading to specifi c regulations of biological processes  [  68  ] . miRNAs seem to be 
critical modulators of many vascular cell functions like cell differentiation, migra-
tion, proliferation and apoptosis  [  69  ] . miR-143 and miR-145 are highly expressed 
in normal vascular walls. Their expression is suffi cient to induce differentiation, 
repression of VSMCs proliferation and migration  [  70–  72  ] . Since Ca 2+ -calmodulin 
dependent protein kinase II delta (CamkII d ) is directly inhibited by miR-145, this 
could explain the effects of this miRNA in VSMCs  [  70  ] . Presently, cardiac studies 
show evidences for interactions between several miRNAs and Ca 2+  signaling con-
tributing to pathological development, but these regulations are likely to be con-
served in the vascular system.  

   Alteration of Ca 2+  Signaling in Vascular Diseases 

   Alteration in E-C Coupling 

 Vascular proliferative diseases are characterized by VSMCs proliferation accompa-
nied by loss of the major actors of the contractile phenotype  [  73  ] . The importance of 
LTCCs in maintaining the vascular tone is reduced in proliferative VSMCs whereas 
TTCCs become prevalent and control progression through the cell cycle  [  74,   75  ]  
possibly through the activation of calcineurin/NFAT pathway. Indeed, Cav 

3.2
 −/− mice 

are protected from cardiac hypertrophy and NFAT activation in pressure-overload 
model  [  19  ] . Persistent Ca 2+  sparklets appear during VSMCs proliferation and control 
calcineurin as well as NFATc3 activation during hypertension  [  76  ] . 

 Furthermore, arterial SMC proliferation is associated with enhanced SOCE 
 [  77,   78  ] . This is consistent with data showing that STIM1 and Orai1 are up-regulated 
during VSMCs proliferation  in vitro  and  in vivo   [  29,   78–  80  ] . STIM1-silencing pre-
vents VSMCs migration and proliferation as well as injury-induced restenosis  [  78–
  80  ] . In agreement with the increased SOCE, TRPC1, 4 and 5 are also up-regulated 
during VSMCs migration and proliferation  [  24,   81–  85  ] . TRPC3 and TRPC6 are 
up-regulated in systemic and idiopathic pulmonary hypertension where angiotensin 
II and endothelin-1, respectively, are essential agonists  [  86,   87  ] . NCX1 is up-regulated 
in arteries from hypertensive rats and in human PAH  [  88  ] . Since NCX interacts with 
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Orai, these results point towards the increase in SOCE during vascular proliferative 
disease  [  28  ] . 

 Proliferation of aortic SMC is associated with loss of the contractile isoform of 
SERCA, SERCA2a  [  53,   89,   90  ] . Restoring its expression inactivates calcineurin 
and NFAT, thus inhibiting VSMCs proliferation and migration  in vitro   [  89,   91  ]  .  
Besides, restoring SERCA2a in proliferating SMC  in vitro  modifi es agonist-induced 
IP 

3
 R Ca 2+  release from steady-state to oscillatory mode and suppresses SOCE by 

preventing interactions between STIM1 and the pore forming unit Orai1  [  91  ] . 
SERCA2a overexpression also inhibits neointimal formation in a model of resteno-
sis  in vivo   [  89  ] . RyR2 expression also disappears progressively in proliferating 
VSMCs whereas expression of RyR3 and IP 

3
 R is increased  [  53,   81,   90,   92  ] . PMCA1 

and PMCA4 expression is decreased during proliferation  [  54  ] . 
 In conclusion, it seems that in quiescent/contractile VSMCs, most of the Ca 2+  is 

devoted to the contractile function. On the contrary, when cells proliferate Ca 2+  is 
more implicated in transcription modulations.  

   Alteration in E-T Coupling 

 In agreement with its activation by LTCCs, and the reduced importance of LTCCs 
during proliferation, CREB was shown to be down-regulated in different vascular 
diseases  [  58,   93  ] . However, CREB activation was sometimes associated with prolif-
eration and migration and activated in the neointima after balloon injury  [  94–  96  ] . 
CREB inhibition was accompanied by an increase in apoptosis and suppressed 
neointimal formation  [  96  ] . This suggests that CREB plays a role in the balance 
between survival and proliferation. A different pattern of expression of its co-regu-
lator CREB Binding Protein (CBP), which is essential for proliferation  [  97  ] , may 
explain the apparent contradictory results. 

 In addition to NFATc3, NFATc1 and NFATc2 are induced by different activators 
of SMC proliferation  [  98  ] . These proteins are activated by Ca 2+  entry through SOCs. 
Indeed, silencing STIM1  [  79  ]  or overexpressing SERCA2a inhibits NFAT activity 
 [  89  ]  by suppressing SOCE  [  91  ] . In arterial SMCs, Ca 2+  sparklets are not suffi cient 
to induce NFAT nuclear translocation but in hypertension their activity are persis-
tent leading to calcineurin and NFATc3 activation  [  76  ] . 

 Inhibition of calcineurin/NFAT interaction completely abolished NFAT nuclear 
translocation and thus VSMC proliferation or injury-induced neointima formation 
 [  89,   99,   100  ] .  

   miRNA and Ca 2+  Signaling Interactions 

 Vascular miR-143 and miR-145 expression is strongly decreased during VSMCs 
proliferation. In accordance with this, CAMKII delta isoform which is a direct tar-
get of miR-145 is specifi cally induced in proliferative cells  [  101  ] . On the contrary, 
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other miRNAs like miR-21  [  102  ] , miR-221/miR-222  [  103  ]  and miR-146a  [  104  ]  are 
considered as pro-proliferative. Their expression increases during neointimal hyper-
plasia. Preventing these up-regulations inhibits neointima formation. Some miR-
NAs seem to be protective against pathological deregulations by interacting with 
Ca 2+  signaling. miR-1 plays an anti-hypertrophic role in cardiac myocytes by tar-
geting calmodulin and Mef2a genes  [  105  ] . MiR-133 and calcineurin repress each 
other expression in a balance leading to progressive hypertrophy  [  106  ] . NFATc4 is 
also a direct target of miR-133 in cardiac myocytes  [  107  ] . Other miRNAs induced 
by Ca 2+  signaling are implicated in disease progression: miR-199b targets the 
nuclear kinase Dyrk1a (which normally phosphorylates and inactivates NFAT) in an 
auto-amplifi cation loop promoting calcineurin/NFAT signaling  [  108  ] . miR-23a is 
also a downstream target of NFATc3 and inhibits the anti-hypertrophic protein 
MuRF1  [  109  ] . As many signaling pathways are conserved between cardiac myo-
cytes and VSMCs, the same process may be at play in vascular tissues: miR-1 and 
miR-23a for example are expressed in vascular cells. However, the precise Ca 2+  
signaling pathways involved in miRNA regulation have not yet been studied.   

   Conclusion 

 Figure  35.1  summarizes our current view of the alteration in Ca 2+  signaling which 
occurs during VSMC proliferation. In quiescent VSMC, Ca 2+  entry through LTCCs 
activates the CICR and contraction. Relaxation occurs by activation of SERCA, 
extrusion of Ca 2+  by the NCX and the PCMA. In addition, Ca 2+  sparks activate the 
BK 

Ca
  channels thus hyperpolarizing the VSMC and inactivating LTCC. Ca 2+  entry 

through LTCCs induces CaM translocation to the nucleus which then activates 
CaMKII, CREB phosphorylation and the activation of the contractile phenotype.  

 In proliferating VSMC, the Ca 2+  actors of contraction: LTCC, RyR2, SERCA2a 
and PMCA are down-regulated. Furthermore, the activation of the PLC/IP3 path-
way and the down-regulation of SERCA2a results in depletion of SR/ER Ca 2+  lead-
ing to activation of STIM1. In addition, expression of TTCC, STIM1, Orais and 
TRPCs is up-regulated leading to an increase in Ca 2+  entry by SOCE and ROCE. 
The reverse mode of the NCX may also contribute to Ca 2+  entry. Calcineurin, nor-
mally restricted to a region of low Ca 2+  due the proximity with PMCA4b, becomes 
activated and induces NFAT dephosphorylation and translocation to the nucleus 
where it activates proliferative genes and expression of new miRNAs such as 
miR-23a. miR-145 downregulation allow upregulation of one of its main targets 
CaMKII d , contributing to the proliferative phenotype. 

 To sum-up, it is now clear that small alterations in Ca 2+  in VSMCs activate, either 
spatially or temporally, signaling pathways leading to gene expression regulation. 
These mechanisms are particularly important for pathological proliferation as inhi-
bition of SERCA2a and activation of STIM1 increases cytosolic Ca 2+  which acti-
vates NFAT transcription factor. Controlling Ca 2+  signaling to prevent vascular 
disease is therefore an interesting strategy for therapeutic applications. More studies 
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are needed to identify all components (proteins-transcription factors-miRNAs-epigenetic 
modifi cations) implicated in Ca 2+  regulations in VSMC and how they interact with 
each-others. Combinatorial modulations should be an interesting strategy for future 
therapeutic assays.      
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  Abstract   Vascular tone refers to the balance between arterial constrictor and dilator 
activity. The mechanisms that underlie tone are critical for the control of haemody-
namics and matching circulatory needs with metabolism, and thus alterations in 
tone are a primary factor for vascular disease etiology. The dynamic spatiotemporal 
control of intracellular Ca 2+  levels in arterial endothelial and smooth muscle cells 
facilitates the modulation of multiple vascular signaling pathways. Thus, control of 
Ca 2+  levels in these cells is integral for the maintenance of tone and blood fl ow, and 
intimately associated with both physiological and pathophysiological states. Hence, 
understanding the mechanisms that underlie the modulation of vascular Ca 2+  activ-
ity is critical for both fundamental knowledge of artery function, and for the devel-
opment of targeted therapies. This brief review highlights the role of Ca 2+  signaling 
in vascular endothelial function, with a focus on contact-mediated vasodilator 
mechanisms associated with endothelium-derived hyperpolarization and the longi-
tudinal conduction of responses over distance.  
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   Introduction 

   Anatomy and General Function 

 The vascular endothelium consists of a single layer of squamous cells lining the 
vessel lumen, with their long axis running (1) parallel with the longitudinal arterial 
axis and (2) perpendicular to the alignment of the smooth muscle cell layer/s 
(Fig.  36.1 ). Vascular endothelium is a semi-permeable barrier between the blood 
and smooth muscle and is separated from the blood column on the luminal surface 
by the glycocalyx, a layer of proteoglycans and glycoproteins. Blood travels up 
the centre of the luminal glycocalyx-lined column ( in vivo ) and is not in direct con-
tact with the endothelial surface  [  2–  4  ] . The abluminal endothelial surface is sepa-
rated from the medial smooth muscle cells by the internal elastic lamina (IEL), a 
‘continuous’ or intermittent layer of microfi brils and insoluble elastin  [  5  ] , whose 
thickness is generally proportional to vessel size. The IEL is ‘continuous’ in larger 
diameter vessels, and intermittent to absent in small diameter arterioles. The IEL 
has intermittent holes or ‘fenestrae’, of a size and density that may be related to 
vessel function in health and disease  [  6,   7  ] . Further, such IEL holes represent poten-
tial low resistance pathways for the diffusion of vasoactive substances that infl uence 
endothelial and smooth muscle activity, whereas the dense elastin of the IEL is a 
likely signifi cant barrier to such processes  [  6,   8–  12  ] .  

 In many resistance and larger conduit arteries, a proportion of IEL holes encom-
pass projections from endothelial- and smooth muscle cells that form myoendothe-
lial contact sites, where localized signaling between the two cell layers occurs 
( [  13,   14  ] ; Fig.  36.2 ). Such contact sites can retain gap junction intercellular channels 
that consist of connexin (Cx) proteins (Figs.  36.1 ,  36.2  and  36.3 ) and facilitate elec-
trical coupling between the two cell layers; with the density of these myoendothelial 
gap junctions showing variability between vascular beds  [  6,   14  ] . In general, gap junc-
tions between adjacent endothelial cells are large, whilst those between adjacent 
smooth muscle cells are small; with the implication of size being proportional to the 

Fig. 36.1 (continued) smooth muscle cell layer/s ( left panel ,  red ;  right panel , lucifer  yellow  fi lled 
smooth muscle bundle in whole mount) of the vessel wall ( a );  left panel ; from Sandow and Hill  [  1  ] . 
In cross section through the vessel wall, endothelial cells line the vessel lumen (( b );  left panel ,  green ; 
 right panel , low magnifi cation electron microscope image), with the internal elastic lamina acting as 
a semi-permeable barrier from the adjacent smooth muscle layer/s (( b );  left panel ,  red ;  right panel , 
low magnifi cation electron microscope image). Endothelium-dependent pathways ( c ) associated 
with vessel dilation include nitric oxide ( NO ), prostacyclin ( PGI  

 2 
 ) and non-NO/PGI 

2
  endothelium-

derived hyperpolarization ( EDH ) whilst those associated with arterial constriction include endothelin 
( ET ), superoxide, thromboxane ( TxA  

 2 
 ) and prostaglandins ( PGH  

 2 
 ). Endothelium-derived hyperpolar-

ization ( EDH ) activity results from agonist-induced release of intracellular calcium, which activates 
endothelial small and/or intermediate conductance calcium-activated potassium channels ( S/IK  

 Ca 
 ), 

with the net effect being smooth muscle relaxation and vasodilation ( c )       
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  Fig. 36.1     Artery morphology and mechanisms of endothelium-dependent dilation and constric-
tion . The long axis of endothelial cells (( a );  left panel ,  green ;  right panel ,  silver  stained artery and 
far  right , Cx-fl uorophore labelled endothelial cell gap junctions in whole mount) is aligned parallel 
to the longitudinal vessel axis and at ~90 o  perpendicular to the alignment of the primary 
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  Fig. 36.2     Mechanism of endothelium-derived hyperpolarization (EDH) . The mechanism/s that 
underlie EDH involve contact- and/or diffusion-mediated pathways ( a ,  b ). The specifi c contribu-
tion of components of the individual and respective pathways can differ between vascular beds, 
species, animal strains and during development, ageing and disease. For contact-mediated EDH, 
myoendothelial contact sites of different vessels can have a differential mix of spatially localized 
gap junction connexins ( Cx/s ), intermediate- (and perhaps small)-conductance Ca 2+ -activated 
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degree of coupling. Indeed, the size, location and the expression of specifi c Cx subtypes 
 [  17–  20  ]  vary signifi cantly within and between vascular beds, species, development, 
ageing and disease  [  21–  24  ] .   

 The arterial endothelium consists of a phenotypically diverse cell population, 
with characteristics that differ within and between vascular beds, species, animal 
strains and during development, ageing and disease  [  25–  27  ] . Endothelial cells are 
involved in a diverse range of functions including, but not limited to, the production 
of antithrombotic, pro-coagulant, matrix products, infl ammatory mediators and 
growth factors, as well as an involvement in lipid metabolism. In addition, the 
endothelium plays a critical role in the control of vasomotor tone, via the initiation 
of mechanisms that contribute to the balance of vasoconstrictor and vasodilator 
activity  [  28,   29  ] . Such mechanisms thus play a role in the control of blood fl ow and 
pressure in health and disease. 

  Fig. 36.3     Endothelium-mediated conduction of vasomotor responses . Vasomotor responses could, 
in theory, conduct along the endothelial ( green ,  horizontal arrow ) or smooth muscle cell layers 
( red ,  dashed arrows ). However, as the long axis of endothelial cells aligns with the long axis of a 
vessel (Fig.  36.1a ), and these cells are exceedingly well coupled, the primary pathway for conduc-
tion over considerable distance is the endothelium. In this scenario agonist-induced hyperpolariza-
tion of the endothelium (Fig.  36.2b ) initiates a dilation that spreads along the vessel wall via the 
endothelium       

Fig. 36.2 (continued) potassium channels ( S/IK  
 Ca 

 ), endoplasmic reticulum ( ER ) 1,4,5-triphosphate 
receptors ( IP  

 3 
  R ), Na + /K + -ATPase and inward rectifying potassium channels ( K  

 ir 
 ), and likely tran-

sient receptor potential ( TRP ) channels that in part underlie ER calcium store refi lling. Such myo-
endothelial microdomain sites can facilitate localized S/IK 

Ca
 -mediated K +  effl ux to activate smooth 

muscle cell Na + /K + -ATPase, and/or enable transfer of an EDH current to the adjacent smooth mus-
cle cell layer/s. The net effect is smooth muscle hyperpolarization, closure of voltage-dependent 
Ca 2+  channels ( VDCCs ) and inhibition of phospholipase C ( PLC ), and subsequent smooth muscle 
relaxation and vessel dilation. In theory, the S/IK 

Ca
 -IP 

3
 R-TRP complex and the gap junction Cx 

components can operate separately or synergistically and confer signifi cant potential for plasticity 
and heterogeneity in the signaling mechanism that underlies EDH.  DAG  diacylglycerol,  MEGJ  
myoendothelial gap junction,  PLC b   phospholipase C-beta (modifi ed from Sandow and Tare  [  15  ]  
and Sandow et al.  [  16  ] )       
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 Endothelium-dependent pathways associated with arterial constriction include 
endothelin, thromboxane and superoxide  [  28  ] ; whilst those associated with vessel 
dilation include nitric oxide (NO), prostacyclin (PGI 

2
 ) and non-NO/PGI 

2
  endothelium-

derived hyperpolarization (EDH;  [  15,   30  ] ; Figs.  36.1  and  36.2 ). The specifi c mecha-
nisms that underlie vasoconstrictor and vasodilator activity, including that associated 
with EDH, vary within and between vascular beds and in disease and thus represent 
potential targets for therapy  [  28,   30–  32  ] . 

 The control of cellular Ca 2+  levels in arterial endothelial and smooth muscle cells 
is integral for control of vascular tone, including for endothelium-dependent vaso-
dilator activity. Mechanisms of initiating endothelium-dependent vasodilator 
responses, including EDH and conduction of signals over distance, involve the acti-
vation of endothelial small and intermediate conductance Ca 2+ -activated potassium 
(SK 

Ca
  and IK 

Ca
 ) channels. Subsequent hyperpolarization of the endothelium spreads 

to the adjacent smooth muscle layers via myoendothelial coupling, resulting in ves-
sel dilation by limiting smooth muscle Ca 2+  infl ux through voltage-dependent Ca 2+  
channels (VDCCs; Figs.  36.1c  and  36.2 ). 

 This brief review highlights the role of the endothelium and myoendothelial 
microdomains in facilitating EDH at a local level and the conduction of responses 
over distance. Further, the primary experimental and physiological pathways that 
activate these two properties of the endothelium are emphasized.   

   Physiological and Experimental Agonist-Induced Mechanisms 

 The vascular endothelium responds to a wide variety of neural, humoral and physical 
stimuli, with blood fl ow through shear stress being of primary functional impor-
tance  in vivo   [  21,   25,   33  ] . However, whilst agonists such as acetylcholine (ACh), 
bradykinin (BK) and ATP are useful for examining vascular endothelial vasodilator 
function in experimental settings, knowledge of their  in vivo  physiological role in 
such activity is limited. Indeed, although variable between vessels, the signal trans-
duction pathways for agonist-induced activity involving substances such as ACh, 
BK and ATP are clearly present in the endothelium. Thus, a key question in vascular 
biology relates to what might be the physiological role, if any, of such substances in 
endothelial function? 

   Flow 

 Arguably the most important physiological stimulus of the endothelium is fl owing 
blood  [  25,   33  ] . Increased blood fl ow within vessels and the resulting increase in the 
frictional, shearing force or stress on the endothelial cells causes an endothelium-
dependent vasodilation  [  34,   35  ] . Flow-induced increases in endothelial cell [Ca 2+ ] 
have been shown  in vitro  (i.e. in cell culture  [  35–  37  ] ); and in endothelial cells  in situ  
(within functioning blood vessels  [  38–  40  ] ). Compared with agonist-induced 
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Ca 2+  signaling, relatively little is known regarding the mechanisms that underlie 
fl ow-induced increases in endothelial cell [Ca 2+ ]. The increase is dependent upon 
extracellular Ca 2+  entry and may be enhanced by depletion of the intracellular Ca 2+  
store  [  38,   39  ] , suggesting a store-operated component. The identity of the channel(s) 
responsible and their mechanism of action is not clear. Flow-induced Ca 2+  entry 
may be blocked by La + , Ni +  and other metal ions, suggesting a possible role for 
transient receptor potential (TRP) channels, and at least ten TRP channel subtypes 
are sensitive to mechanical stimuli including shear stress  [  41  ] . Recent studies sug-
gest TRPV4 partly mediates fl ow-induced Ca 2+  entry in endothelial cells of the 
mouse mesenteric  [  40  ]  and coronary artery  [  42  ] . Kwan and colleagues  [  17  ]  main-
tain that the channel(s) underlying this effect is sensitive to cyclic GMP and/or 
cGMP-activated protein kinase. Some studies suggest that fl ow-induced increases 
in endothelial cell [Ca 2+ ] are mediated by localized release of ATP or other adenine 
nucleotides (i.e. purinergic receptor agonists; see section “ ATP ”, below), from the 
endothelial cells  [  43,   44  ] . Burnstock and colleagues took this idea further  [  18  ]  and 
suggested that ATP, ACh, substance P and 5-HT could all be released from endothe-
lial cells and act as ‘paracrine’ mediators of fl ow-induced vasodilation and, presum-
ably, via a Ca 2+ -dependent signaling mechanism in endothelial cells, although to 
date evidence is strongest for ATP acting in this manner, and specifi c data on the 
role of ACh in this process is limited  [  45  ] . Furthermore, in some circumstances 
fl ow-induced vasodilation may occur without an increase in endothelial cell [Ca 2+ ]; 
for example, in rabbit coronary arterioles the Ca 2+  chelator BAPTA inhibited 
endothelium-dependent vasodilation caused by ACh and substance P, but did not 
alter fl ow-induced dilation  [  46  ] . Shear stress may activate numerous signaling 
pathways in endothelial cells  [  33,   35  ] , such as NOS being activated through the PI3-
kinase/Akt pathway, without an increase in cell [Ca 2+ ]  [  19,   47  ] .  

   Agonist-Stimulated Ca 2+  Signaling 

 A large variety of substances increase endothelial cell [Ca 2+ ] through interaction with 
specifi c receptors. The most commonly utilized and investigated include ACh, ATP 
and related purinergic receptor agonists, histamine, BK, substance P, thrombin and 
other protease-activated receptor ligands, ACh, 5-hydroxytryptamine, adrenaline and 
noradrenaline. For a number of these endothelium-dependent vasodilator agonists, 
such as ACh, their physiological role  in vivo  has not been defi nitively demonstrated. 
However, given that the mechanisms for production, receptor activation and degrada-
tion (as per ACh in many vascular beds; e.g. choline acetyltransferase (ChAt), vesic-
ular acetylcholine transporter (vACht), muscarinic and nicotinic ACh receptors (m/
nAChR), and acetylcholinesterase (AChE)) are generally present in intact artery 
endothelium, it follows that such agents likely have a physiologically relevant role in 
intact artery endothelial function; albeit a role that needs to be clarifi ed. 

 In general, these substances act through G 
q/11

 -protein coupled receptors and bring 
about increased endothelial cell [Ca 2+ ] through activation of phospholipase C (PLC), 
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subsequent IP 
3
 -mediated release of intracellular Ca 2+  stores and extracellular Ca 2+  

entry. Extracellular Ca 2+  entry is not through VDCC as vascular endothelial cells 
typically do not express them. Ca 2+  entry is sensitive to the electrochemical gradient 
across the membrane, such that Ca 2+  entry is enhanced by hyperpolarization and 
reduced by depolarization of endothelial cells; thus agents which increase endothe-
lial cell [Ca 2+ ] and activate K 

Ca
  may further increase intracellular [Ca 2+ ] through the 

resulting hyperpolarization of the cell. 
 For most of these receptor-coupled stimuli, extracellular Ca 2+  entry consists of a 

capacitative store-operated component (store-operated Ca 2+  entry or SOCE) and/or 
entry through receptor-operated channels  [  20  ] . The mechanism of SOCE into vas-
cular endothelial cells is not fully understood and is somewhat controversial  [  48  ] . 
TRP channels have been identifi ed as being involved in the process, in particular 
TRPC1, C3 and C4  [  49–  52  ] . Recent studies have suggested the proteins crucial for 
operation of the Ca 2+  release-activated current (I 

CRAC
 ), as the Ca 2+  sensor STIM-1, 

and the Orai-1 channel, are involved in SOCE in vascular endothelial cells  [  53,   54  ] , 
whilst in human endothelial cells a combination of TRP channel and STIM-1-
mediated mechanisms is apparently required  [  55  ] . A receptor-operated channel 
mechanism is also involved and is also primarily associated with the activity of vari-
ous TRPC and TRPV subtypes  [  20  ] . TRPC and TRPV may be activated by diacyl-
glycerol, produced as a result of PLC activation and hydrolysis of phosphatidylinositol 
4,5-bisphosphate. 

 Evidence linking particular endothelium-mediated vasodilator signaling mecha-
nisms to specifi c channel and receptor activity is discussed in more detail below. 
Indeed, studies demonstrate signifi cant variation between vascular beds in the 
mechanisms that underlie the local regulation of intracellular calcium ([Ca 2+ ] 

i
 ) 

which are refl ected by signifi cant variation in the distribution of ion channels, recep-
tors and associated Ca 2+  stores expressed in the endothelium and the mechanisms of 
Ca 2+  signaling (see  [  56–  59  ] ). Thus, care should be taken to characterize these fac-
tors for a given tissue or cell culture system before concluding which vasodilator 
signaling pathways are of physiological relevance in a given tissue (see  [  56–  59  ] ). 

 The mechanisms of agonist-induced activity discussed below are a non-exhaustive 
list, and includes those that are most commonly used to stimulate Ca 2+  responses in 
the vascular endothelium.  

   Acetylcholine (ACh) 

 The agonist or agent most commonly used to stimulate endothelium-dependent 
vasodilation is ACh. The muscarinic receptor subtypes M 

1
 , M 

3
  and M 

5
  are coupled 

to PLC b  
1
  and subsequently generate inositol-1,4,5-trisphosphate (IP 

3
 ), which in 

turn results in endoplasmic reticulum (ER)-mediated intracellular Ca 2+  release. The 
M 

3
  subtype mediates ACh-induced endothelium-dependent vasodilation in most 

vascular preparations studied, although there is evidence implicating a role for M 
1
  

and M 
5
  receptors in some vascular beds  [  60  ] . Interestingly, M 

5
  receptors have been 
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shown to mediate ACh-induced responses in cerebral arteries of humans, cattle and 
mice  [  61,   62  ] , suggesting regional heterogeneity in the distribution of endothelial 
cell muscarinic receptor subtypes  [  60  ] . Acetylcholine is infrequently used to stimu-
late endothelial cells in culture as M 

3
  receptor expression declines rapidly with suc-

cessive passages  [  63  ] . Acetylcholine causes a typically biphasic increase in [Ca 2+ ] 
in vascular endothelial cells  in situ  (ie. in whole vessel preparations  [  64–  67  ] ), con-
sisting of intracellular Ca 2+  release and extracellular Ca 2+  entry; this latter compo-
nent featured both SOCE and a receptor-mediated component, with recent evidence 
suggesting a role for TRPV4 channels in mouse mesenteric and carotid arteries  [  68, 
  69  ] ; although it was noted that TRPV4 could not account for the entire extracellular 
Ca 2+  infl ux. Acetylcholine-induced Ca 2+  entry into aortic endothelial cells was also 
impaired in a TRPC4 knockout mouse model  [  49  ] .  

   ATP 

 ATP and related compounds (adenine nucleotides) act upon various purinergic P2Y 
or P2X receptor subtypes on endothelial cells, depending upon the vascular bed 
under study  [  70–  73  ] . P2X receptors are ligand-gated ion channels and thus increase 
intracellular [Ca 2+ ] through extracellular Ca 2+  infl ux, sensitive to membrane poten-
tial. P2X 

4
 , P2X 

5
  and P2X 

7
  are expressed in endothelial cells including those derived 

from human tissue  [  70,   73  ]  with the strongest evidence for P2X 
4
  as a physiological 

mediator of endothelial cell [Ca 2+ ]  [  44  ] . P2Y-induced increases in intracellular 
[Ca 2+ ] involve both IP 

3
 -mediated intracellular Ca 2+  release and a delayed or second-

ary infl ux of extracellular Ca 2+  in vascular endothelial cells  [  74–  76  ] . The Ca 2+  infl ux 
consists primarily of SOCE  [  75  ] , although the channel(s) involved in this process 
are not clear. Some studies have demonstrated a role for TRPC1  [  77  ]  and TRPC3 
channel activation in this process  [  78  ] , while ATP-induced SOCE was abolished in 
endothelial cells from the aorta of TRPC4 knockout mice  [  49  ] . Metabolically active 
smooth muscle cells or clotting erythrocytes may release ATP and as discussed 
above, shear stress may release ATP from endothelial cells which mediates subse-
quent fl ow-induced increases in endothelial cell [Ca 2+ ], suggesting a prominent 
physiological role for ATP in activating the endothelium.  

   Bradykinin (BK) 

 Bradykinin stimulates endothelial cell Ca 2+  signaling through the activation of the 
B2 receptor  [  79–  81  ]  and also features intracellular Ca 2+  release and SOCE compo-
nents  [  82  ] . The SOCE component has not been studied extensively, although BK 
was shown to activate TRPC3 secondary to PLC activation in endothelial cells 
derived from bovine pulmonary artery  [  78  ] . In vascular endothelial cells non-selective 
TRP channel inhibition using Ni +  or SKF96365 reduced extracellular Ca 2+  entry 
stimulated by BK  [  83  ] .  
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   Substance P 

 Substance P may have a physiological role in stimulating the endothelium due to its 
function as a neurotransmitter. Activation of the tachykinin receptor NK1 by sub-
stance P or other agonists brings about an increase in endothelial cell [Ca 2+ ] through 
both intracellular release and extracellular Ca 2+  infl ux  [  46,   84–  86  ] , with the extra-
cellular infl ux containing a signifi cant element of SOCE  [  84  ] . Substance P evokes 
strong endothelial cell hyperpolarization in several preparations, suggesting the 
Ca 2+  infl ux is closely linked to K 

Ca
  channel activation. In the mouse aorta, ATP- and 

ACh-evoked signifi cantly greater increases in endothelial cell [Ca 2+ ], in a greater 
proportion of cells, than substance P or BK  [  58  ] ; yet in endothelial cells in primary 
culture derived from the pig coronary artery, substance P evoked a twofold increase 
in [Ca 2+ ], whereas ACh had no effect  [  57  ] , emphasizing the importance of charac-
terizing specifi c signaling pathways in different experimental models.  

   Thrombin 

 Thrombin has been used extensively to investigate Ca 2+  signaling associated with 
endothelial vasodilator activity. Thrombin stimulates endothelial cell proteinase-acti-
vated receptor type-1 (PAR1) and possibly PAR3  [  87  ] , as receptors involved in the 
vascular component of infl ammatory responses  [  88  ] . Thrombin also stimulates a 
biphasic increase in intracellular [Ca 2+ ], with intracellular release and subsequent 
extracellular infl ux components. In terms of TRP channel involvement in extracellular 
Ca 2+  entry, thrombin was shown to stimulate TRPC1 activity through protein kinase-
C a   [  89,   90  ] , while over-expression of TRPC1 enhanced thrombin-induced SOCE in 
various human-derived endothelial cell lines  [  50  ] . Thrombin was also shown to acti-
vate TRPC6 in human pulmonary artery endothelial cells  [  91  ]  and the intracellular 
SOCE protein STIM-1 in porcine aortic endothelial cells  [  54  ] , supporting the idea that 
TRP channels and STIM-1 may combine in forming a SOCE-complex  [  20  ] .   

   Localized Myoendothelial Microdomain Signaling 

 The primary channels and receptors involved in the modulation of endothelial cell 
Ca 2+  associated with EDH are S/IK 

Ca
 , ER inositol-1,4,5-trisphosphate receptors 

(IP 
3
 R), Na + /K + -ATPase and inward rectifying potassium channels (K 

ir
 ), and likely 

specifi c subtypes of the TRP channel family; that may facilitate ER Ca 2+  store refi ll-
ing (Fig.  36.2 ). 

 In many vascular beds, mechanisms associated with EDH activity occur at 
specialized myoendothelial microdomain contact sites  [  16,   92–  94  ] . The presence of such 
close contact sites between the arterial endothelium and smooth muscle confers 
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signifi cant potential for functional plasticity and heterogeneity. Myoendothelial gap 
junction Cxs and/or potassium release at localized sites facilitate the transfer of 
endothelial hyperpolarization to initiate smooth muscle relaxation and vessel dila-
tion, with activity at such sites underlying vasodilation via contact-mediated EDH 
(Fig.  36.2 ). 

   Calcium Dependence of the Endothelium-Derived 
Hyperpolarization (EDH) Mechanism 

 Potassium release via SK 
Ca

  and IK 
Ca

  activation is a ubiquitous step in the generation 
of an EDH, and subsequent vasodilation. The likely primary source of Ca 2+  for 
endothelial SK 

Ca
  and IK 

Ca
  activation is via ER-IP 

3
 R-mediated stores, as suggested 

by the spatial localization of these channels and stores with the S/IK 
Ca

  channels 
( [  16  ] ; Fig.  36.2 ); as well as via functional observations of IP 

3
 R-mediated ER Ca 2+  

release and its association with SK 
Ca

  and IK 
Ca

 -mediated EDH  [  64,   95  ] . The mecha-
nisms that underlie the refi lling of such localized ER-Ca 2+  stores are a current area 
of investigation and may involve spatial localization and activity of specifi c TRP 
channels with the S/IK 

Ca
 -ER-IP 

3
 R complex (Fig.  36.2 ). Differential expression and 

distribution of key components of the above channel, receptor and Ca 2+  store with 
their associated differential functional activity provide signifi cant potential for plas-
ticity and heterogeneity in function, consistent with differential EDH activity in 
different vascular beds in health and disease. 

 The original mechanism of EDH was suggested to be due to diffusion-mediated 
processes; with the primary pathway reported to involve endothelial potassium ion 
release into the so-called IEL space, which would then diffuse through the dense 
elastin of the IEL to form a ‘potassium cloud’ around the adjacent smooth muscle 
 [  96,   97  ] . Such studies were consistent with an additional role for myoendothelial 
gap junction Cxs in EDH activity  [  98  ] . A role for diffusible epoxyeicosatrienoic 
acids (EETs) is implicated in EDH activity in several vascular beds  [  99  ] ; perhaps 
being related to the regulation of myoendothelial gap junction Cx activity  [  100  ] . 
However, with gap junction Cx activity, contact-mediated mechanisms involving 
highly localized potassium release represent a more conceivable pathway to under-
lie EDH activity than the ‘cloud’ scenario  [  13,   14,   16,   23,   94  ] . This latter process 
primarily involves potassium release at discrete IEL hole and close myoendothelial 
contact sites where myoendothelial microdomain signaling sites are present 
(Fig.  36.2 ;  [  16,   93,   94  ] ). In this scenario, SK 

Ca
  and IK 

Ca
  are present at a low level on 

the endothelial cell membrane, with a higher localization at a proportion of IEL hole 
sites, including some as myoendothelial contact sites  [  94,   101–  103  ] . 

 Myoendothelial gap junction Cxs facilitate the transfer of an endothelium-
derived hyperpolarizing current to the smooth muscle (Fig.  36.2 ;  [  16,   23,   104  ] ), as 
the primary contact-mediated EDH mechanism. In addition, potassium release 
from endothelial SK 

Ca
  and/or IK 

Ca
  results in the subsequent activation of smooth 

muscle Na + -K + -ATPase  [  102,   105  ] . Further, the SK 
Ca

 /IK 
Ca

 -mediated K +  outfl ow 
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activates closely associated inward rectifying potassium channels (K 
ir
 ) located on 

the endothelial projection (Fig.  36.2 ;  [  94,   102  ] ), with some activity also potentially 
occurring at K 

ir
  diffusely distributed on the endothelial cell membrane, as well as 

with smooth muscle K 
ir
  in some vessels. The overall result of myoendothelial Cx 

and potassium-mediated signaling is hyperpolarization of the adjacent smooth 
muscle, closure of smooth muscle VDCC, inhibition of PLC  [  106  ] , and smooth 
muscle dilation and vessel relaxation. 

 In theory, there is potential for three basic types of myoendothelial microdomain 
signaling sites (Fig.  36.2 ), as myoendothelial gap junction/Cx based sites facilitat-
ing current transfer; as IK 

Ca
 -ER-IP 

3
 R and/or SK 

Ca
 -ER-IP 

3
 R based sites facilitating 

K + -mediated signaling, or as a synergistic combination of the two mechanisms 
(Fig.  36.2 ;  [  16,   102,   105  ] ). Indeed, as such sites maintain the ability to sustain their 
contribution to vascular reactivity, the involvement of a regenerative mechanism for 
refi lling the localized ER Ca 2+  store is implicated, with this latter mechanism likely 
being associated with TRP channel activity.  

   TRP Channels – A Mechanism for Ca 2+  Entry Directed 
to Store Re-fi lling? 

 Transient receptor potential channels are a group of generally non-selective cation 
channels that play a signifi cant role in cellular Ca 2+  homeostasis  [  107–  109  ] . Such chan-
nels are activated and regulated by a wide variety of stimuli, and a role for several 
TRP channel subtypes in vascular EDH-type function has been suggested. These 
include canonical type 3 (C3   ;  [  110,   111  ] ), TRP vanilloid type 3 (V3;  [  112  ] ), TRPV4 
 [  40,   113,   114  ] , and TRP ankyrin type 1 (A1;  [  112,   115  ] ). 

 The potential role of TRPC3 in myoendothelial microdomain signaling comes 
primarily from the observations of Isakson and Duling  [  106  ] . At sites of close myo-
endothelial association in co-cultured mouse aortic endothelial and smooth muscle 
cells (which are notably absent in the intact aorta of non-diseased adult mouse;  [  6  ] ), 
TRPC3 is in close proximity to IP 

3
 R  [  110  ] . Such an arrangement has the potential 

to facilitate TRPC3 and IP 
3
 R interaction, where localized TRPC3-mediated Ca 2+  

entry likely refi lls the nearby IP 
3
 R-mediated ER stores. When subsequently acti-

vated these closely localized stores provide the necessary Ca 2+  to facilitate endothe-
lial S/IK 

Ca
  activity (Fig.  36.2 ;  [  16  ] ). 

 In rat cerebral artery, TRPV3 appears to facilitate endothelial cell Ca 2+  infl ux for 
EDH-type vasodilator activity  [  112  ] , whilst Ca 2+  entry through endothelial TRPV4 
are reported to underlie an NO-dependent relaxation in carotid artery from rat, and 
EDH- and NO-type relaxation in arterioles of rat gracilis muscle  [  114  ] . A role for 
TRPV4 in EDH-type relaxation has also been suggested in cerebral artery from rat 
 [  113  ] ; with a further role for TRPV4 being suggested in NO- and EDH-type relax-
ation in the mesenteric artery of the mouse  [  40  ] . However, in the above TRPV3 and 
V4 studies, an unequivocal relationship to myoendothelial S/IK 

Ca
 -ER-IP 

3
 R micro-

domain activity was not clarifi ed. 



82336 Calcium and Endothelium-Mediated Vasodilator Signaling

 Of interest, an interaction of IP 
3
 R and TRPC3 has been observed in endothelial 

cells of the uterine artery of sheep  [  111  ] ; although a localization to microdomain 
sites was not examined. Further, a potential spatial association and functional link 
between IP 

3
 R-K 

Ca
  and TRPC3 has been observed in a number of cell systems, such 

as cultured endothelial cells from bovine pulmonary artery  [  78  ]  and in transfected 
HEK cells  [  116  ] ; as well as in the smooth muscle of rat cerebral and rabbit coronary 
artery  [  117,   118  ] . Functional interaction large conductance (B) K 

Ca
  and IP 

3
 R has 

also been demonstrated in smooth muscle cells of the rat basilar artery  [  119  ] ; and an 
association of IK 

Ca
  and IP 

3
 R also being found in smooth muscle cells of the guinea 

pig antrum  [  120  ] . Thus, a relationship between the functional activation of K 
Ca

 -IP 
3
 R 

and TRPC3 and their spatial association exists in selected systems, and supports the 
proposition of a role for a similar complex in EDH activity in the control of vasodi-
lator activity and vascular tone.   

   The Endothelium and the Conduction of Vasomotor Responses 

 The preceding sections highlight key endothelial properties and how they contribute 
to arterial vasodilation. The focus of these was on the ability of agonists (e.g. sec-
tion “ Physiological and Experimental Agonist-Induced Mechanisms ”, above) to 
increase the intracellular endothelial cell [Ca 2+ ], and the role of myoendothelial sig-
naling microdomains in initiating and transferring the endothelial hyperpolarization 
to the smooth muscle layers; a response that dilates resistance arteries by limiting 
Ca 2+  infl ux through VDCC (Fig.  36.2 ). While radial charge movement to the smooth 
muscle layer has garnered considerable attention in the vascular literature, charge 
spread along the long axis of an artery is equally important from a functional per-
spective ( [  121–  123  ] ; Fig.  36.3 ). Such movement enables vasomotor responses to be 
coordinated among multiple vessel segments. Coordination is an essential element 
for the optimization of blood fl ow dynamics, a principal demonstrated by Segal and 
Jacobs  [  121  ] . In particular, by selectively damaging specifi c cell layers, these inves-
tigators showed that by discretely compromising longitudinal communication to 
important resistive elements, such as external feed arteries, hyperemic responses in 
contracting skeletal muscle could be reduced by as much as 50%. 

 The ability of vasomotor responses to longitudinally conduct along an arterial 
wall was fi rst described in detail by Segal and Duling  [  122  ]  using a hamster cheek 
pouch preparation. Generally speaking, the stimulus for conducted responses under 
experimental conditions is initiated by applying endothelial-selective agents to a 
small portion of an artery such that they induce a range of Ca 2+  events such as pul-
sars, waves and oscillations  [  124–  126  ] . Through discrete targeting, these events 
selectively augment the activity of SK 

Ca
  and IK 

Ca
  channels in a manner that results 

in a localized hyperpolarization  [  127,   128  ] . Once initiated, this hyperpolarizing 
response preferentially conducts along the endothelium and subsequently spreads 
to the overlying layer(s) of smooth muscle via myoendothelial gap junctions 
( [  129–  131  ] ; Figs.  36.1 ,  36.2  and  36.3 ); although, of note, additional pathways have 
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been proposed  [  23  ] , and to some extent, likely refl ect apparent agonist-specifi c 
activity, and potentially methodology  [  130  ] . 

 The preferential spread of charge along the endothelium refl ects the low resistivity 
of this layer due to robust gap junctional expression of the longitudinal orientation 
of endothelial cells with the arterial wall ( [  129,   131–  133  ] ; Fig.  36.3 ). As conducted 
responses are non-regenerative, they decrease in magnitude as they longitudinally 
spread, due to charge loss through endothelial ion channels and myoendothelial gap 
junctions  [  129,   131,   134  ] . This characteristically sets the extent of electrical decay. 
Studies performed over the last two decades indicate that conduction decay varies 
among vessel classes, with arteries from the mesentery and cheek pouch displaying 
greater decrement to those isolated from skeletal muscle  [  126,   128,   135,   136  ] . 
Functional work has also noted that conduction decay can be altered by changing 
the ion channel conductance or the coupling resistance among endothelial cells or 
between the two cell layers  [  134,   137,   138  ] . With respect to ion channels, the work 
of Jantzi et al.  [  135  ]  is of particular note as it was the fi rst to highlight that a speci-
fi ed conductance (i.e. inwardly rectifying K +  channels) could ‘facilitate’ the con-
duction of hyperpolarization and dilation. With regard to gap junction resistivity, the 
use of genetically modifi ed mice has been insightful with Cx40 knockout mice 
displaying an attenuated conducted response ( [  138  ] ; Fig.  36.3 ). While investigators 
recognize that electrical responses originating in the endothelium can conduct 
several millimeters along an arterial wall, there is, at present, little evidence that 
Ca 2+  responses spread in an equally robust manner  [  127,   139  ] . Indeed, fi ndings indi-
cate that robust endothelial Ca 2+  responses extensively decay as they spread to 
neighboring cells such that they are unmeasurable at sites 200  m m distal to the point 
of agent application  [  127,   139  ] . 

 Since the inception of work on the conducted vasomotor response, experimental 
efforts have steadily advanced from basic characterization to mechanistic biophysi-
cal examinations. While foundational knowledge has progressively increased, 
investigators have only begun to apply this knowledge and address whether this 
biological response is altered by the onset of vascular disease. Genetic models of 
hypertension have received some attention with existing work noting that the con-
duction of ACh-induced responses is modestly attenuated during the early stages of 
hypertension  [  140  ] . In theory, this attenuation could refl ect increased gap junctional 
resistivity among endothelial cells. This perspective is consistent with biochemical 
observations from large conduit arteries which show that gap junctional expression 
is reduced in the hypertensive state  [  141  ] . While the preceding work illustrates that 
longitudinal conduction is potentially susceptible to dysfunction, it would be impru-
dent to suggest that any disease processes, retaining a signifi cant vascular element, 
will equally effect on this key biological response. Indeed, as mouse models of 
severe hypercholesterolemia highlight, endothelial-initiated conduction remains 
largely unaffected  [  142  ] .  
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   Concluding Remarks 

 The primary channels and receptors involved in the modulation of vascular endothelial 
cell Ca 2+  and vasodilator function are likely associated with the formation of micro-
domain signaling complexes. Alterations in the specifi c expression, distribution and 
function of the channels, receptors and associated calcium stores in such complexes 
are likely a key factor underlying the signifi cant plasticity and heterogeneity in 
myoendothelial signaling mechanisms associated with vasodilator activity and the 
control of vascular tone. Determining the specifi c properties of these signaling path-
ways and how they might be altered in disease is an avenue for research to identify 
novel therapeutic targets for the control of specifi c artery function.      
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  Abstract   The tight coupling of regional neurometabolic activity with synaptic 
activity and regional cerebral blood perfusion constitutes a single functional unit, 
described generally as a neurovascular unit. This is central to any discussion of 
haemodynamic response linked to any neuronal activation. In normal as well as in 
pathologic conditions, neurons, astrocytes and endothelial cells of the vasculature 
interact to generate the complex activity-induced cerebral haemodynamic responses, 
with astrocytes not only partaking in the signaling but actually controlling it in 
many cases. Neurons and astrocytes have highly integrated signaling mechanisms, 
yet they form two separate networks. Bidirectional neuron-astrocyte interactions are 
crucial for the function and survival of the central nervous system. The primary 
purpose of such regulation is the homeostasis of the brain’s microenvironment. In 
the maintenance of such homeostasis, astrocytic calcium response is a crucial vari-
able in determining neurovascular control. Future work will be directed towards 
resolving the nature and extent of astrocytic calcium-mediated mechanisms for gene 
transcription, in modelling neurovascular control, and in determining calcium sensi-
tive imaging assays that can capture disease variables.  
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•  Cyclooxygenase  •  dHb  •  Functional hyperemia  •  Functional magnetic resonance 
imaging  •  G protein coupled receptor (GPCR)  •  Gliotransmitter  •  Glutamate  
•  Inositol (1,4,5) triphosphate (IP3)  •  Metabotropic glutamate receptor (mGluR)  
•  Neurovascular control  •  Nitric oxide  •  Regional cerebral blood fl ow (rCBF)  • 
 Voltage gated calcium channel (VGCC)  •  Vascular smooth muscle cell (VSMC)      
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   Introduction 

 Cerebral arterioles in the brain are surrounded by foot processes that originate 
mostly from astrocytes and to some extent, from the pericytes and macrophages 
 [  1–  4  ] . Such astrocytic foot-processes also extend to hundreds of synapses  [  5  ]  and 
other cellular elements in the brain including oligodendricytes, NG 2+  cells, and 
microglia. The resulting dual contact with neurons and cerebral vasculature pro-
vides astrocytes with the unique architectural advantage for sensing neuronal activ-
ity, integrating electrochemical information and communicating with arterioles in 
the parenchyma  [  6  ] . This advantage is apparently a restatement of Cajal’s idea of 
complex structure-function relationship between astrocytes and vascular cells  [  4  ]  
that extends to physiological domain as well and helps transduce signals from the 
source i.e., activated neurons to the cerebral microcirculation. In response to the 
electrochemical stimulation the foot-processes in astrocytes release vasoactive fac-
tors, thus leading to vasodilation in the vascular cells. Such a structural-functional-
blend is called “neurovascular coupling,” and its components (i.e., neuron, astrocyte, 
and vascular cells) are referred to as the “neurovascular unit”  [  7–  9  ]  (see Fig.  37.1  
where the components of the neurovascular unit exhibit a direct relationship between 
local perfusion and corresponding local neuronal requirements).  
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  Fig. 37.1    Schematic diagram of the neuron-astrocyte-capillary system used to describe the 
three-compartment “neurovascular unit” ( grey neuron  = postsynaptic);  CaM  calmodulin,  CaN  
calcineurin, BAD products are related to the apoptotic pathway       
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 Cerebral circulation also exhibits a unique multi-segmental architecture of the 
arteriolar system. In the cerebral cortex, the parenchymal arterioles arise from 
surface (pial) arterioles as two separate segments, linked by penetrating arterioles. 
A thick layer of astrocytic processes termed the  glia limitans  isolates pial arterioles 
anatomically from the neurons below, barring any direct transmission of neuronal 
signals to the pial vasculature. However, pial arterioles have been shown to dilate in 
association with a variety of neuronal activation models  [  9  ]  and respond to various 
shear-related factors  [  10  ] . Thus, intercellular conduction between the segments is 
essential for supporting upstream dilation in the pial arterioles, with vascular 
endothelium and astrocytes as the potential signaling conduits  [  11  ] . To achieve an 
effective communication in such a multi-segmental system, cerebrovascular pro-
cesses need a common messenger in these signaling conduits that allows both short 
range and a long range crosstalk to achieve effective vasoregulation. 

 Calcium (Ca 2+ ) is the ubiquitous second messenger that plays a crucial role in 
cerebrovascular processes i.e., the neurons, astrocytes and blood vessels in the brain 
 [  12–  15  ]  that can regulate different cellular functions and intercellular crosstalk. 
Neurons have a host of Ca 2+  modulators in the plasma membrane, endoplasmic 
reticulum (ER) and mitochondria that regulate the intracellular calcium concentra-
tion  [  16–  21  ] . Similarly both astrocytes and cerebrovascular processes have an inde-
pendent Ca 2+  modulating mechanism as well  [  18,   22–  27  ] . In addition, extracellular 
Ca 2+  modulation has also been indicated  [  28–  30  ]  that alters the neuronal response or 
triggers vasoregulation. The multi-layer Ca 2+  signaling is augmented by the pres-
ence of astrocytes and their foot-processes in the cerebral cortex. A suffi ciently 
large increase in Ca 2+  in an astrocyte may introduce a spreading wave of increased 
Ca 2+  in adjacent astrocytes  [  31  ]  (short-range communication) depending on the 
localized burst release of ATP  [  32  ] , which further acts on purinergic receptors on 
adjacent astrocytes proximal to gap junctions  [  33  ] .  In vitro , these Ca 2+  waves show 
an ability to spread rapidly (in time frame of a few seconds) over hundreds of 
micrometers aiding in long-range communication. This multi-dimensional intercel-
lular communication i.e., neuron-astrocyte-astrocyte and neuron-astrocyte-vascular 
cell, provides a basis for astrocytes to act as syncytium for possibly modulating 
neuronal and vascular function. In the present review, we look at the role of Ca 2+  
signaling in such a multi-dimensional vasoregulatory system; more specifi cally, 
neuronal effects on vascular cells and astrocytic effects on vascular cells via Ca 2+  
induced mediators.  

   Involvement of Ca 2+  Signaling Pathway in Vasoregulation 

 The evidence of a possible involvement of Ca 2+  in vasodilation comes from a series 
of pathbreaking studies  [  34–  36  ] . Two of these studies merit special mention here. 
With electrical stimulation of cortical slices, Zonta et al.  [  34  ]  demonstrated that the 
elevations in intracellular Ca 2+  in astrocyte cell bodies and in astrocyte foot pro-
cesses situated on blood vessels was followed temporarily by an increase in the 
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diameter of the arterioles. Astrocytes are known to express metabotropic glutamate 
receptors (mGluRs) of the subtypes that mediate an increase in Ca 2+  through cou-
pling to PLC and increased inositol (1,4,5) triphosphate (IP3). Administration of 
mGluR agonists reduced both the evoked increase in the Ca 2+  and the arteriolar 
dilation seen with electrical activation. Further, direct stimulation of perivascular 
astrocytes during membrane patching also resulted in vasodilation in the adjacent 
blood vessels. Another study has temporally linked the increase of Ca 2+  in astro-
cyte cell body and astrocyte foot-processes with subsequent suppression of spon-
taneous periodic Ca 2+  waves in the neighbouring arterioles with thromboxane 
analog U-46619  [  37  ] . It also indicated that there might be more than one mecha-
nism of increasing cytosolic Ca 2+  in astrocyes apart from mGluR-induced increase 
of Ca 2+ . Further, the study demonstrates an important infl uence of increased Ca 2+  in 
astrocytes during activation on dynamic Ca 2+  transients in parenchymal arterioles. 
In both these studies, tetrodotoxin induced removal of vascular responses to elec-
trical fi eld stimulations showed that the neuronal action potentials play a crucial 
role in making the stimulus effective. However, fl ash photolysis of caged Ca 2+  in 
green fl orescent protein (GFP)-labelled astrocytes to increase Ca 2+  in individual 
astrocytes in brain slices demonstrated a direct role of Ca 2+  in vasodilation when 
both electrical stimulation of neurons and pharmacological activation of the astro-
cytes were absent  [  37  ] .  

   Ca 2+  Signaling Pathways in the Neuron-Astrocyte Cell System 

 It is well known that communication through Ca 2+  between neurons and astrocytes 
occur in brain slices and  in vitro , e.g., Dani and co-workers  [  31  ]  described astro-
cytic calcium changes in response to neuronal activity in cultured brain slices. 
Ca 2+  communication from astrocytes to neurons has also been demonstrated in 
co-cultures  [  35,   38,   39  ] . Gap junctions though initially thought to aid in astrocyte-
neuron Ca 2+  signaling  [  39  ]  have evolved as a controversial area of astrocyte-
neuron signaling debate  [  40  ] . Further studies show that the bidirectional 
communication system is mainly carried by the extracellular messengers released 
from astrocytes or neurons. Various mediators such as glutamate, acetylcholine, 
GABA, ATP or NO, released by neurons through calcium-dependent exocytosis 
in cortical astrocytes  [  36  ] , in hippocampal astrocytes  [  41,   42  ]  and in Bregmann 
glia  [  43  ] . In addition, Ca 2+  dependent glutamate and ATP release from the astro-
cytes also trigger changes in neurons in mixed cortical cultures  [  35  ] , hippocampal 
cultures  [  44,   45  ] , and in hippocampal or cortical slices  [  36,   46  ] . Such a bidirec-
tional fl ow has led to propositions that a feedback system via the astrocytic gluta-
mate release exists that modulate the synaptic transmission  [  36,   47  ] . Clearly Ca 2+  
signal transduction mechanisms are of crucial importance between neuron-astro-
cyte communications. 

 Astrocytes express a large number of GPCRs that mobilise Ca 2+  from caged internal 
stores, most of them Gq-coupled GPCRs (Gq GPCRs) that respond to exogenous 
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agonists  [  40,   48  ]  and neurotransmitters  [  42,   49,   50  ]  alike. Astrocytic excitability 
from neurotransmitters demonstrates the existence of neuron-astrocyte interactions 
 [  2,   16  ] , with the Gq GPCRs being the putative link between neuronal activity and 
astrocytic Ca 2+  levels  [  3,   9,   10,   13  ] . Reciprocal effect of conditioned media released 
by astrocytes containing neuroactive molecules (or “gliotransmitters”) elicited eleva-
tions in Ca 2+  in neurons and a simultaneous increase in lactate levels assayed with 
1H-NMR  [  51  ] . The release of these gliotransmitters is also mediated by Gq GPCRs 
and is Ca 2+ -dependent, which correlated to changes of neuronal ionotropic glutamate 
receptor (iGluR) activity  [  36  ] . In addition, elevated Ca 2+  levels under certain condi-
tions  in situ  can result in the release of gliotransmitters, including glutamate, ATP, 
and D-serine, which can bind to receptors in pre- and/or post-synaptic terminals of 
synaptic boutons to modulate synaptic transmission and NMDAR-mediated neu-
ronal activity  [  52,   53  ] . This has led to the proposal of the astrocyte being a functional 
component of the synapse in addition to pre- and post-synaptic compartments, thus 
leading to a “tripartite synapse”  [  52,   54  ]  (see Fig.  37.1  for schematics). 

 However, astrocytic Ca 2+  elevations are by itself insuffi cient to produce gluta-
matergic modulation of neuronal iGluR-mediated synaptic activity during  in situ  
experiments involving brain slices from transgenic mice that express Gq GPCR 
only in astrocytes  [  55  ] . Widespread Ca 2+  elevations in stratum radiatum astrocytes 
in such acute hippocampal slices do not increase neuronal Ca 2+   [  5,   55  ] , thus contra-
dicting the emerging consensus that Ca 2+  elevations in astrocytes modulates synap-
tic activity  in situ . 

   Ca 2+  Signaling Pathways in the Astrocyte-Vascular Cell System 

 The search for Ca 2+  signaling pathways in astrocyte-vascular communication started 
with the question whether astrocytes further propagate the signal communicated 
between neurons and astrocytes to the cerebral blood vessels. The question is the 
next logical step as astrocytes circumscribe the smooth muscle cells of arterioles 
which determine the diameter and thus the blood fl ow, and endothelial cells of the 
capillary vessels which form the blood brain barrier. Recent research has estab-
lished several Ca 2+  signaling pathways for astrocyte to vascular cell and endothe-
lium transport that are reviewed in the subsequent sections.  

   Glutamate Induced (Ca 2+ ) 
i
  Increase as Mediator for K  

Ca
2+     Release 

 Glutamate receptor systems expressed in astrocytes are linked to calcium regulation 
and remain stable  in vitro  for several weeks even in the absence of neurons  [  56  ] . 
Astrocytes produce Ca 2+  spikes at glutamate concentrations of 100 nM or higher, 
with 50% of the cells in a culture responding at 300 nM  [  57  ] . Further, glutamate 
concentrations also infl uence presence of oscillations, the frequency of oscillations 
and occurrence of intracellular and intercellular Ca 2+  waves  [  57  ] . The average period 
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of oscillation has been shown to decrease with increasing agonist concentrations. 
However, coupling between oscillations in neighbouring cells has not been estab-
lished, and oscillations within individual astrocytes demonstrate either constant or 
monotonically decreasing frequency  [  57,   58  ] . 

 In addition, the pattern of intracellular Ca 2+  (Ca 2+ )
 i 
 signaling has been shown to 

be dependent upon the concentration of extracellular glutamate. For example, at 
concentrations of glutamate less than 1 mM small regions of the astrocyte cyto-
plasm fl icker asynchronously, with propagation of the intracellular Ca 2+  wave occur-
ring in contained areas of the cytoplasm. If the extracellular glutamate concentrations 
are increased to between 1 and 10 mM, propagation of Ca 2+  in waves is more com-
mon, and these waves travel throughout the cell, often propagating into neighbour-
ing cells  [  57  ] . The locus of origin and the regions of calcium spikes with the highest 
amplitude remained invariant during the propagation of successive intracellular cal-
cium waves  [  59  ] . Calcium waves have also been shown to be initiated at discrete 
regions of the cells where the calcium concentrations were highest, and they were 
propagated in a saltatory manner through the cytoplasm to other loci, where the ris-
ing calcium from the approaching wave front provoked a large Ca 2+  increase. Models 
of intracellular wave propagation indicated that the propagation was dependent 
upon a Ca 2+ -sensitive autocatalytic step  [  60,   61  ] . Glutamate was shown to stimulate 
the release of Ca 2+  from intracellular stores in astrocytes  [  62  ]  (Box     37.1 ). 

   Box 37.1    Hungry Neurons and the Supply of Nutrients 

 It is likely that the canonical PLC/IP3 pathway is critically involved in the 
astrocytes providing metabolic support to active neurons even before the vas-
culature can deliver nutrients to the neuronal tissue. Three major metabolic 
cycles take part in this support mechanism: (1) the malate-aspartate cycle, (2) 
the glutamate-glutamine cycle, and (3) the lactate shuttle. Among these, the 
lactate shuttle is particularly important as it transfers lactate from astrocytes 
to the energy-hungry neurons (also known as “astrocyte-neuron lactate shut-
tle,” ANLS)  [  67  ]  in a Ca 2+ -dependent manner. A part of the glutamate released 
during synaptic activity binds to metabotropic glutamate receptors (mGluR5) 
residing on the astrocytic cell surface causing an upregulation of IP3. This 
causes the Gq GPCR activation, which leads to increases in astrocytic Ca 2+  at 
specifi c sites within astrocytic processes and then are spread to other regions 
of the astrocytes  [  55  ] . This helps in the propagation of Ca 2+  waves along 
organised clusters of IP3Rs residing on the ER surface, causing a unique Ca 2+  
“fi ngerprint” following Gq GPCR activation during high synaptic activity. It 
has been proposed that glutamate, released from neurons during such intense 
synaptic activity, is taken up by astrocytes in a sodium-coupled process, and 
the ensuing sodium-dependent activation of the Na + /K + -ATPase trigger glucose 
uptake, resulting in the rapid formation and release of lactate from astrocytes. 

(continued)
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(continued)

The primary purpose of such regulation is the homeostasis of the brain’s 
microenvironment, and is central to the understanding of the haemodynamic 
response due to neuronal activation. The ANLS hypothesis also predicts that the 
rates of astrocytic glutamate cycling should be equal to the rate at which the 
metabolised glucose enters the neuronal tricarboxylic acid (TCA) cycle. This is 
because of a 1:1 stoichiometric relationship that exists between oxidative glu-
cose metabolism and glutamate recycling  [  68  ] . However, it still did not conclu-
sively prove that anaerobic glucose metabolism in astrocytes accounts for most 
of the lactate supplied to the neurons, as neither the site nor the mode of glucose 
uptake was determined. Consequently, the complex mechanisms that link 
energy metabolism (see Fig   .  37.2 ) to neuron-astrocyte signaling are poorly 
understood. Hence, the ANLS hypothesis has remained controversial  [  69  ] .  

 An important constituent of the lactate shuttle is the enzyme lactate dehy-
drogenase (LDH), which links pyruvate and lactate fl uxes. Lactate concentra-
tions are dependent on LDH buffers, and are characterized by metabolic 
competition for pyruvate among its various isoenzymes. The “metabolic sig-
nature” of any tissue will therefore vary with relative intracellular expression 
levels of the LDH isoenzyme subtypes, which may range from lower for 
LDH1 (adapted to functioning in an aerobic cell such as cardiac tissue) to 

Box 37.1 (continued)

  Fig. 37.2    Energy budget of neurons (Figure courtesy: Soumya Iyengar)       
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higher for LDH5 (adapted to functioning in an anaerobic cell such as muscle 
tissue). Therefore, a higher LDH1/LDH5 ratio in any tissue indicates that it 
may be under anaerobic stress, which may lead to increased lactate production. 
Changes in mRNA subtype expressions of LDH isoenzymes in astrocytes can 
thus lead to differential lactic acid metabolism. This difference has important 
consequences for cellular physiology. In humans, for instance, LDH1 mRNA 
subtype is exclusively found in neurons, while both LDH1 and LDH5 and 
their respective mRNA subtypes may be present in astrocytes  [  70,   71  ] . 
Computer simulations of the IP3-mediated pathway of calcium signaling 
reveal that in the event of the astrocytes not being connected through gap 
junctions, intracellular Ca 2+  concentration (Ca 2+ ) 

 i 
  in individual astrocytes con-

tinue to oscillate. Delayed coupling of astrocytes tends to damp these astro-
cytic Ca 2+  oscillations, eventually reducing the amplitude of (Ca 2+ ) 

 i 
  to zero 

 [  51,   72  ] . A similar oscillatory response has been suggested for NADH (which 
refl ects mitochondrial activity, the key variable for understanding the relation-
ship between Ca 2+  oscillations and brain activation)  [  67  ] , and has been also 
established experimentally in mouse hippocampal brain slices  [  73  ] . In pre-
pared brain slices or  in situ , the sudden increase in the demand for energy 
imposed on the neuronal tissue as a result of synaptic signaling (measured by 
evoked-fi eld excitatory post-synaptic potentials, fEPSP) causes elevation of 
astrocytic Ca 2+  in a PLC-dependent manner, and probably also results in an 
increase of CBF owing to the resulting oxygen and glucose defi cits. However, 
CBF increases evoked by neuronal activity may originate from synaptic neu-
rotransmitter-based signaling, but could easily be caused by neuronal meta-
bolic demands. Because cytosolic NADH/NAD +  ratio can act as a sensor for 
the coupling of CBF to the redox state of astrocytes (through lactate-pyruvate 
cycling in astrocytic mitochondria as a consequence of astrocytic TCA cycle), 
the NADH/NAD +  ratio can indicate the astrocytic energy metabolism. 
Specifi cally, monitoring the NADH fl uorescence (indicative of the astrocyte’s 
oxidative metabolism) in regions of intense neuronal activation, will provide 
the link between astrocytic metabolism and neuronal activity. In sum, eleva-
tions in extracellular lactate concentrations may occur due to anaerobic 
glycolysis, and serves as an indicator of increased astrocyte-mediated neu-
rotransmission rather than energy compensation for neurons, since ATP gen-
eration is much less effi cient through non-oxidative glycolysis. Under 
anaerobic conditions, therefore, the neuronal energy demand can still be met 
through oxidative metabolism at different levels of neuronal activities despite 
the signifi cant observed elevation of (Lac); however, lactate is also reported to 
decrease at the onset of neural activity. Hence lactate concentration levels in 
astrocytes can act as a possible metabolic “sensor” linked to biphasic NOS 
levels, determining the polarity of astrocyte response  [  74  ]  and may become 
the basis of functional biomarkers in different pathologies.  

Box 37.1 (continued)
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 Further, Mulligan and MacVicar  [  63  ]  also showed that with the increase in laser 
intensity induced Ca 2+  wave spreading to the astrocyte end-feet, arteriolar constric-
tion occurred and degree of constriction increased with astrocyte Ca 2+  concentra-
tion. Application of norepinephrine to the culture produced increases in astrocyte 
Ca 2+  which led to vasoconstriction within 1–2 s depending on the time of transmis-
sion of Ca 2+  wave to the end feet. As a confi rmatory test to vasoregulation, the study 
blocked the uncaging of Ca 2+  by phospholipase A 

2
  (PLA 

2
 ) inhibitor and 

20-hydrooxyeicosatetraenoic acid (20-HETE) (   a known constrictor in smooth mus-
cle cells that acts by blocking the calcium-sensitive K channels (K 

ca
 ))  [  64,   65  ] . The 

study therefore led the authors to believe that Ca 2+  waves propagating to the end-feet 
activate PLA 

2
  and mobilise arachidonic acid (AA), which then is transported to the 

smooth muscle of the blood vessels to act as a substrate for CYP  w -hydroxylase 
formation of 20-HETE (see Fig.  37.3 ).    

  Fig. 37.3    The neurovascular unit and the role of Ca 2+  signaling from Carmignoto and Gómez-
Gonzalo  [  66  ]  (Used with permission from Elsevier)       
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   EET Induced Ca 2+  Release 

 Conversion of arachidonic acid to EETs has been described in cultured astrocytes 
and in brain parenchyma  [  75–  77  ] . Further, expression of CYP 2C11 in rat brain 
colocalizes with glial fi brillary acidic protein-positive astrocytes, including perivas-
cular astrocytes  [  78  ] . EETs are stored in the phospholipid membrane, including 
astrocyte membranes, and thus do not require any  de novo  synthesis before mobiliza-
tion  [  79  ] . Within astrocytes, release of Ca 2+  from internal stores induced by thapsi-
gargin causes arachidonic acid to be mobilized followed by formation of EETs and 
Ca 2+  infl ux  [  80  ] . Moreover, EETs can promote the opening of iberiotoxin-insensitive 
K 

Ca
  channels  [  81  ] . The resultant effl ux of K +  is expected to partially offset the infl ux 

of Ca 2+  and maintain a hyperpolarized membrane for sustaining Ca 2+  entry  [  82  ] . 
Addition of glutamate to cultured astrocytes causes release of EETs into the media 
 [  83  ] . The release of EETs evoked by a mGluR agonist is reduced by an inhibitor of 
K 

Ca
  channels, suggesting a link between hyperpolarization induced by K 

Ca
  channel 

opening, sustained Ca 2+  infl ux, and release of EETs by astrocytes  [  82  ] . 
 In vascular smooth muscle, EETs cause hyperpolarization by opening of K 

Ca
  

channels  [  75,   84,   85  ]  and dilation of cerebral arteries  [  84,   86,   87  ] . Thus it has been 
proposed that EETs might serve as an astrocyte-derived vasodilator  [  85  ] . In support 
of this hypothesis, increases in CBF elicited by topical glutamate application to the 
brain surface or by dialysis of NMDA into striatal tissue are markedly reduced by 
inhibitors of epoxygenase activity  [  83,   88  ] . Furthermore, epoxygenase inhibitors 
applied to the cortical surface reduced the CBF response to whisker stimulation  [  89  ]  
and to electrical stimulation of the forepaw  [  78  ] . Therefore, an astrocyte-based 
epoxygenase pathway appears to be critical in the coupling of CBF to neuronal 
activation in cortex. 

 Prostaglandins are released due to Ca 2+  dependent breakdown of arachidonic 
acid (AA) and are proposed to induce vasodilation in the vascular cells. The changes 
in astrocytic Ca 2+  are crucial for regulating synthesis and/or release of AA by the 
Ca 2+ -mediated stimulation of phospholipase A2 (PLA2). Calcium dependent AA 
elevations trigger different metabolic cascades that synthesises vasoactive agents 
acting on the neurovasculature. In mice, for instance, cytochrome oxidase 1 (COX-
1) oxidises AA to prostanoid precursor PGH2, which is then acted upon by specifi c 
prostanoid synthases within astrocytic endfeet.  [  3,   90,   91  ]  Other isoforms of COX, 
viz., the highly inducible COX-2, and COX-3 (alternative splice variant of the  COX-
1  gene), also exist in the cerebral cortex of humans. But although the role of COX-3 
in NVC is not very well known, all COX isoforms catalyse the conversion of AA to 
PGH2, which can be further converted to vasoactive products: (1) Vasodilatory AA 
metabolites that dilate VSMC by opening Ca 2+  sensitive K +  channels (K

Ca
) in the 

VSMC membrane  [  92  ] . Glutamate triggered vasodilation also releases prostaglan-
din E2 (PGE2) from the astrocyte that might further mediate K

Ca
 opening  [  93  ] , fol-

lowing the switch from oxidative to glycolytic metabolism to overcome tissue 
oxidative stress as a coping strategy, which has been proposed to be the basis of 
neurovascular coupling, because the lactate produced by glycolysis inhibits reuptake 
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of PGE2 from extracellular medium into astrocytes  [  74  ] , (2) Vasodilatory prostacy-
clin and prostaglandin I causes relaxation of cerebral arterioles by signaling cas-
cades involving cAMP and NO formation along with K +  regulation, (3) 
vasoconstrictive factors thromboxane A2 (TXA2) and prostaglandin F2 a   [  46,   93  ] . 
Alternative pathways can convert AA into (4) vasodilatory epoxyeicosatrienoic 
acids (EETs) by cytochrome P450 2C11, or AA can diffuse into the VSMC from 
astrocytic endfeet where cytochrome P450 4A ( w -hydroxylase), thus generating 
20-hydroxyeicosatetraenoic acid (20-HETE) that is vasoconstrictive by effecting 
the closure of K

Ca
 in VSMC  [  63,   74  ]  (see Fig.  37.4 ).    

   Extracellular ATPs as Mediators in Ca 2+  Signaling 

 ATP is now emerging as the extracellular signaling element that drives astrocytic 
Ca 2+  waves. They can proceed via an extracellular pathway as shown by continuous 
propagation of Ca 2+  waves between astrocytes in cultures  [  94  ]  and they are known 
to cross cell-free gaps. Additionally they are affected by the direction and strength 
of a perfusion bath  [  94  ] . Guthrie et al.  [  95  ]  demonstrated that subsequent calcium 
waves are produced if naïve cells are exposed to the medium collected from the 
cultures that previously supported a propagating wave, thus providing a compelling 
evidence of the existence of an extracellular mediator for calcium wave propaga-
tion. Subsequent chemiluminescence and Fluo3M calcium imaging studies  [  96  ]  at 
millisecond temporal resolution demonstrated extracellular ATP mediated intracel-
lular calcium wave propagation. The purinergic receptors (P2Y) function as 
G-protein coupled Ca 2+  mobilizing ATP receptors operating via the stimulation of 
phospholipase C (PLC) and formation of IP3 and diacylglycerol (DAG). IP3 induces 

  Fig. 37.4    Calcium activity and metabolism of arachidonic acid ( AA ) through the cytP450 pathway 
that releases NO through the production of eNOS       
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release of Ca 2+  from intracellular stores of calcium. P2X-type receptors act as 
ligand-gated ion channels and P2Z receptors are involved in ATP-induced pore for-
mation  [  97  ] . Astrocytes demonstrate an ability to both release ATP (paracrine 
behaviour) and respond to ATP (autocrine behaviour) and have two potential path-
ways from the cell i.e., either a passage through anion channels formed by connexin 
hemichannels  [  98–  100  ]  or Ca 2+ -dependent and quantal release of vesicularly stored 
ATP  [  101  ] . 

 The release of vesicular ATP has also been demonstrated by Coco et al.  [  101  ]  
from primary cultures of hippocampal rat astrocytes. This study reported that apart 
from the usual cytosolic release of the Ca 2+  which is enhanced during Ca 2+  depletion 
there is a gap junction-independent, Ca 2+ -dependent release of ATP. This release is 
inhibited by bafi lomycin, an inhibitor of ATP uptake into secretory granules. 
Furthermore, astrocytic Ca 2+  elevations can lead to secretion of other  [  102  ]  vasodi-
latory substances from perivascular endfeet, such as adenosine and nitric oxide 
(NO) synthesised by neuronal or endothelial nitric oxide synthase (nNOS, eNOS), 
resulting in inhibition of 20-HETE, thus increasing local blood fl ow. This mecha-
nism also permits EET-dependent vasodilation  [  103  ] . Regulation of localised extra-
cellular K +  concentrations also plays a role in neurovascular coupling  [  104,   105  ] . 
Several neuropeptides have been shown to exert vasoactive effects, for example, 
neuropeptide Y, somatostatin (both vasoconstrictive), and vasoactive intestine pep-
tide (vasodilatory). Thus, astrocytes by releasing vasoactive molecules and gliotrans-
mitters mediate the neuron-astrocyte-endothelial signaling pathway and play a 
profound role in coupling blood fl ow to neuronal activity (see Fig.  37.4 ).  

   Ca 2+  Signaling Pathways in the Astrocyte-Astrocyte Cell System 

 Synaptically released neurotransmitters regulate astrocytic calcium levels, thus 
making astrocytes sensitive to neuronal signals  [  106  ] . Ca 2+  signals in response to 
these signals travels in astrocytes as waves where increases in free cytosolic (Ca 2+ ) 

i
  

spreads from initially stimulated cell across an astrocytic syncytium  [  107  ] . A wide 
array of studies in cultured and  in situ  astrocytes has pointed to the canonical phos-
pholipase C (PLC)/IP3 pathway as the widely accepted mechanism for astrocytic 
Ca 2+  signaling  [  108  ] . Following Gq GPCR activation, PLC-mediated hydrolysis of 
phosphatidylinositol 4,5-bisphosphate yields diacylglycerol (DAG) and IP3. The 
latter binds to IP3Rs, and also releases Ca 2+  inside the astrocyte from the ER. The 
activity of IP3Rs could be infl uenced by several factors: (1) the astrocyte’s cytoplas-
mic Ca 2+  elevations themselves that activate IP3Rs due to the coagonistic action of 
Ca 2+  on these receptors, (2) the continuous metabolism of IP3 through the Ca 2+ -
dependent activation of PLC, and (3) the phosphorylation and consequent potentia-
tion of IP3Rs following ATP binding to its receptor  [  109  ] . In addition, the DAG/
protein kinase C (PKC) pathway may be involved in the termination of astrocytic 
Ca 2+  transients  [  110,   111  ]  (Fig.  37.1 ).   
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   Role of ER and Mitochondria in Calcium Signaling 

 In neurons, ER is a continuous membrane system extending from the nucleus in the 
cell soma to the dendrites and synapses  [  13  ]  and acts both as a major source and sink 
for Ca 2+  in neurons  [  112,   113  ] , acting to buffer Ca 2+  signals by rapidly pumping Ca 2+  
into the ER lumen. The existence of such a reservoir has a signifi cant effect in shap-
ing neuronal signals  [  114  ]  allowing localized increase or decrease in concentration 
of Ca 2+  or global calcium waves. The Ca 2+  is modulated by a set of ER receptors such 
as IP3R and RyR channels by initiating Ca 2+  release into the cytosol, SERCA Ca 2+  
pump initiating Ca 2+  uptake into the ER lumen. Recently, presenilins (PS) have also 
been shown to form passive Ca 2+  leak channels in the ER membrane. 

   ER as a Source of Ca 2+  Release 

 The phosphoinositide system is well developed in the neurons  [  13  ]  and IP3Rs show 
relatively wide distribution in the brain, particularly in cerebral Purkinje cells, hip-
pocampal CA1 pyramidal cells and pyramidal cell bodies and proximal dendrites of 

  Fig. 37.5    Relationship between neuronal activity, calcium dynamics, evoked changes in haemo-
dynamic response, and the estimated BOLD, CBF and other parameters.  Solid lines  are expected 
relationships, and  dotted lines  are confounding variables that complicate the interpretation of 
HDR. The relationship between activity-dependent responses and BOLD responses are determi-
nants of theoretical limits that lead to interpretation of the parameter estimates. The interplay of 
calcium-dependent mechanisms introduces additional theoretical constraints on the interpretatibil-
ity of parameter estimates       
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the cortex  [  115  ] . When activated, IP3Rs allow release of Ca 2+  in the cytosol from the 
ER lumen down the electrochemical gradient  [  116  ] . IP3, the physiological ligand 
for IP3R, is produced in the cytoplasm. Apart from IP3R, many different receptors 
trigger IP3 mediated release of Ca 2+  from the IP3R receptors  [  13  ] . However for an 
effective activation of IP3R, Ca 2+  and IP3 have to be present together suggesting a 
possible role of coincidence detector  [  116  ]  and a trigger for increasing Ca 2+  sensitiv-
ity of IP3R  [  117  ] . Ryanodine receptors (RyRs), large calcium release channels in 
the membrane of ER, are very sensitive to both extracellular or receptor mediated 
Ca 2+  infl ux  [  118  ] . Multiple isoforms of the receptor exist, with the RyR3 type 
(OMIM 180903) expressed most widely in the brain. The Ca 2+  entering though 
either VGCCs or receptor mediated channels (RMCs) serves a trigger for Ca 2+  
release from the ER lumen, often known as Ca 2+  induced Ca 2+  release (CICR)  [  119  ] . 
The CICR amplifi es the Ca 2+  signals in response to action potentials or neurotrans-
mitters in neurons  [  13  ] . In a RyR cluster, the rise in calcium levels establishes a 
positive feedback loop resulting in a spatio-temporally restricted CICR known as a 
“calcium spark”. All three isoforms for the RyRs are expressed in dentate gyrus, 
CA3/4 areas of the hippocampus, and long thin apical dendrites of cortical pyrami-
dal cells  [  119  ]  suggesting distinct roles of IP3R and RyR Ca 2+  pools in neuronal 
processes. Several endogenous modulators of RyR activity are also present such as 
ions (e.g., Ca 2+ , Mg 2+ , H + , Fe 2+ , and inorganic phosphate), adenine neucleotide, 
calmodulin, cyclic adenine diphosphate ribose and protein kinase dependent phos-
phorylation and redox state of the cell  [  120  ] . Presenilin (PS) Ca 2+  leak channels 
(PSCL) result due to the formation of low- conductance cations permeable ion 
channels in planar lipid bilayers  [  121  ] . PSCL acts as a passive Ca 2+  leak channel on 
the ER membrane as the knockout of PS in MEF cells results in the overload of Ca 2+  
stores in the ER  [  121  ] .  

   ER as a Sink Triggering Ca 2+  Uptake 

 Sarco/Endoplasmic reticulum Ca 2+  ATPases (SERCA) can boost Ca 2+  uptake into 
the lumen rapidly against an electrochemical gradient from the cytoplasm (2 Ca 2+  
ions to 1 ATP hydrolysed)  [  122  ] . For example, in the neocortical pyramidal neu-
rons, a large proportion of the Ca 2+  entering the dendrites during back-propagating 
action potential are pumped into the ER  [  123  ]  thus acting as a major buffering sys-
tem  [  124  ] . By soaking up and storing the brief pulses of Ca 2+  associated with each 
action potential, the ER may keep track of the brief neuronal bursts of localized Ca 2+  
pulses and relay regenerative global signals to the nucleus via periodic Ca 2+  bursts 
generated as a result of prolonged fi ring of the neurons  [  13  ] . Apart from these, the 
L-Type ER voltage-gated calcium channels (VGCCs) bind with Ca 2+  binding pro-
tein calmodulin (CaM) to trigger a signaling cascade from the plasma membrane to 
the nucleus as shown by the depolarization-induced phosphorylation of the cAMP 
response element binding protein (CREB)  [  125  ] .  
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   Ca 2+  Modulators in Mitochondria 

 Mitochondria are the primary generators of energy and are found widely distributed 
in the brain, particularly concentrated in the areas where the neurons have high 
metabolic demands such as nodes of Ranvier, and the myelination/demyelination 
interfaces  [  23  ] . Apart from the role of ATP generators, they also contribute sig-
nifi cantly to the neuronal Ca 2+  signaling. They can modulate the amplitude of 
Ca 2+  signals through rapid infl ux of cytosolic Ca 2+  into the mitochondrial lumen 
 [  126  ] . Interestingly, mitochondria do not require large global Ca 2+  signals, but in 
fact produce highly spatially restricted increases in Ca 2+  due to increased Ca 2+  
uptake in these regions, possibly using CICR as the mechanism of choice  [  127  ] . 
Several channels such as voltage dependent anion selective channel (VDAC), 
Mitochondrial Ca 2+  uniporter (mUP), mitochondrial Na 2+ /Ca 2+  exchanger (mNCX), 
mitochondrial permeability transition pore (mPTP), cytosolic Ca 2+  binding pro-
teins, and ER Ca 2+  binding proteins are all involved in Ca 2+  modulation in mito-
chondria. VDAC transports the Ca 2+  from the cytoplasm across the outer 
mitochondrial membrane. Given its small size Ca 2+  pass through the VDAC dur-
ing both the closed and open conditions  [  128  ] . mUP is selectively Ca 2+  transporter 
that sequesters Ca 2+  to pass through the inner mitochondrial membrane to the 
lumen  [  129  ] . If blocked, they may induce CBF changes  in vivo   [  130  ] . The mUP 
requires an electrochemical gradient (at ~500 nM of cytoplasmic Ca 2+  in the vicin-
ity of mitochondria) to allow Ca 2+  infl ux into the mitochondrial lumen  [  131  ]  and 
serves as mitochondrial Ca 2+  sink. Mitochondrial Na 2+ /Ca 2+  exchanger (mNCX) 
may also be present as studies have shown effl ux of Ca 2+  ions in exchange for Ca 2+  
ions  [  132–  134  ] . There is also evidence for the existence of a H + /Ca 2+  exchanger 
(mHCX) that mobilizes protons into the mitochondrial lumen in exchange for 
Ca 2+  ions. Mitochondrial Permeability Transition Pore (MPTP) is another non-
specifi c pore in the connecting junctions of the outer and inner mitochondrial 
membrane that allows effl ux of Ca 2+  ions out of the mitochondrial lumen with 
increased concentration of Ca 2+  (~1–3  m M)  [  135  ] . Apart from these, cytosolic ER 
Ca 2+  binding proteins (such as parvabumin and calbindin-D28K in the cytoplasm) 
also participate in the modulation of amplitude and duration of Ca 2+  signals by 
binding to the rapidly incoming Ca 2+  ions  [  29,   136,   137  ] .   

   Contribution of Neuronal Signals in Vasoregulation 
in Pial Arteries 

 Several key indications about the nature of propagation of neuronal signals in the 
pial arterioles leading to vasodilation have arisen in recent studies  [  11  ]  using activa-
tion models. Some of them are elicitation of consistent, reversible and repeatable 
pial arteriolar dilations and neuronal activity dependent dilations. It has also been 
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shown that selective injury to the  glia limitans  prevents neural activation induced 
pial arteriolar dilation. The role of astrocytes seems to be crucial here, with the par-
ticipation of a diffusible mediator like NO  [  66  ] . The role of Ca 2+ , though not estab-
lished so far, cannot be ruled out  [  11  ] . In neocortical and hippocampal tissue slices 
too, glutamate has also been found to have a signifi cant vasodilatory effect. In addi-
tion, exogenous glutamate application or selective GluR agonists dilate pial arteri-
oles and precapillary microvessels  [  138  ] .  

   Modelling Vasoregulation 

 Brain imaging technique like functional magnetic resonance imaging (fMRI) relies 
heavily on the fact that vasoregulatory effects seen after focal stimulation of brain 
areas contain information on neuronal activity. It has now become clear that in the 
event of any brain region activating, it consumes oxygen and energy, which must be 
delivered by fresh oxygenated blood supply. The initial consumption of oxygen 
leads to an initial increase in deoxyhaemoglobin (dHb), which is more than com-
pensated for by the rush of oxygenated (HbO2) blood about 2–3 s later. This 
sequence of events forms the basis of the blood-oxygenation level dependent 
(BOLD) signal, changes of which give rise to the signal dephasing of protons cap-
tured by fMRI. Again, it is an advantageous fact of biophysics that dHb is paramag-
netic as compared to HbO2, leading to generation of blood vessel contrast in the two 
conditions. Ogawa and Lee  [  139,   140  ]  fi rst took advantage of this fact to generate 
images of neuronal activation localised to a particular brain region based on the 
oxygenation contrast. The primary physiological variables that are responsible for 
neuronal activity-dependent blood oxygenation changes are the fraction of oxygen 
extracted (OEF) due to increase in metabolic demand (cerebral metabolic rate of 
oxygen consumption, CMRO2), and increased regional cerebral blood fl ow (rCBF) 
that also transports HbO2 to the needy tissue. The interplay of these counteracting 
forces determines local BOLD signal amplitude as a surrogate of neuronal activity 
via concomitant dHb concentration level changes. 

Quantitative modelling of the BOLD phenomenon has been successful to a large 
extent using windkessel models  [  141,   142  ] , models using optical imaging to con-
struct pseudo-Bayesian statistics,  [  143  ]  and linear time invariant dynamic state 
space models of dilation-constriction interactions  [  144  ] . However, interpretations 
of, and comparisons between, these modelling results are diffi cult since many basic 
questions regarding the origin of these signals remain unanswered. In this review 
we have seen how the complex calcium-dependent signaling pathways can modu-
late the contributory parameters to infl uence neurovascular coupling by controlling 
the production of vasoactive molecules in astrocytes. On the other hand, interneu-
rons of the neocortex directly contact vascular processes and can directly provoke 
dilatory or Ca 2+  constrictory effects on the adjacent blood vessels  in vitro , showing 
that they may also be players in the signaling orchestra. A recent report  [  70  ]  showed 
that fMRI (illustrating neurometabolic coupling) refl ects synaptic rather than 
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 spiking activity. It has also been shown recently that blood fl ow changes in parts of 
the cortex, e.g. the visual cortex  in vivo,  refl ect changes in astrocyte activation 
closely tuned, or sometimes better tuned, the local neuronal activity they surround 
 [  145  ] . These facts raise several interesting questions regarding which aspects of 
neuronal or astrocytic activity (presynaptic, postsynaptic, spiking, maintaining local 
fi eld potentials, excitatory, inhibitory, modulatory, metabolic etc.) are more closely 
related on a spatio-temporal scale to calcium-dependent vasoregulation. The precise 
tuning of the astrocytes  [  145  ]  with respect to orientation preference demonstrates 
that astrocytes located tens of micrometers apart can have different behaviours, call-
ing into question broadly interconnected astrocytic networks. It remains to be seen 
whether groups of closely located astrocytes form local synctia that interact only 
with a small number of neurons surrounded by it. Understanding astrocytic calcium 
responses will be the crucial step in understanding micro-level cerebral haemody-
namic regulation, as captured in BOLD functional magnetic resonance imaging. 

 In sum, the research highlighted in this review confi rms the complex nature of 
the astrocyte’s interactions with neurons and VSMCs in normal and pathological 
states. It reveals that astrocytes respond rapidly to their environment with Ca 2+  tran-
sients, affecting functional hyperemia, as well as synchronous somato-dendritic 
activity of the neurons. Future research will thus be directed towards examining the 
precise location and timing of synaptic activity concurrent with changes in CBF 
patterns by multiphoton imaging and functional neurovascular coupling (esfMRI) 
that maps spontaneous cortical activity with Ca 2+  reporters in fMRI in health and 
disease highlighted in the next section.  

   Outstanding Issues and Future Directions 

 Five major areas of research beg immediate attention:

    1.    While the  molecular target(s) of MAPK/PKC phosphorylation  in the vaso-
regulatory mechanism remain undetermined, the two most likely candidates are 
either Gq GPCRs or the IP3R itself. Furthermore, the role of Ca 2+  in lending such 
signaling support within the astrocyte is also not fully known, and new investiga-
tions will be needed to unravel the  full range of signaling repertoire  available 
to astrocytes and neurons. The  role of GABAergic interneurons in neurovas-
cular coupling  has also been highlighted in the past, but has not been explored 
in great detail so far. As more functions of interneurons in different areas of the 
brain get elucidated, combining electron microscopy with superresolution 
microscopy using multiphoton excitation and Ca 2+  reporters, can provide relevant 
data about correlations between brain microstructure and cellular function. This 
will go a long way in defi ning the  functional brain connectome .  

    2.     Neuronal activity dependent on astrocytic calcium signal gives dendritic 
metabolic readout.  

 Functional hyperemia is linked to metabolic adaptations and adjustments that 
take place in the brain in normal tissue and neurodegenerative diseases like 
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Alzheimer’s Disease (AD) and ischaemia, tumours and/or traumatic brain injuries 
(TBI), or during increased astrogliosis following viral infection, followed by 
upregulation of glutamate transporter proteins GLT-1 and GLAST. Such changes 
are accompanied by the enhanced ability of astrocytes to detoxify glutamate, 
inactivate free radical and produce neurotrophic factors that are involved in neu-
roprotection. The neuroimaging community is currently looking for physiologi-
cal evidence of the involvement of calcium-dependent synaptic mitochondrial 
pathways to determine whether the functional signal is a surrogate of  metabolic 
readout and indicative of the state of tissue excitability and thus (possibly) 
linked to tissue health, and whether this information could be useful for 
monitoring metabolism-linked diseases such as diabetes, or even infl amma-
tory responses in neurodegeneration . On the other hand, the expression levels 
of VGCC in the dendritic membrane also provide direct molecular readout of 
electrical excitability. In particular,  dendritic calcium signals  activated by back-
propagating action potentials reliably encode the level of axonal spike fi ring in 
apical dendrites of pyramidal neurons. This measure therefore provides an indi-
rect “frequency code” where fi ring rate, which could be interpreted either as a 
readout of dendritic biochemical signal, or as a surrogate of synaptic information 
processing  [  146  ] , and needs to be thoroughly investigated. This readout can also 
have nonlinear frequency dependence if it involves activation of  dendritic 
calcium spikes . The  calcium signal  can in turn activate voltage-gated potassium 
currents, thus acting as a feedback regulator of excitability, which changes the 
input–output gain of the neuron, which might be affected in brain pathology. 
A similar readout of dendritic excitability can be provided by dendritic Na+ signals 
in intracellular environments, in turn regulating axonal excitability via activation 
of Na+-activated K+ channels. Alternatively, the biochemical intracellular signal-
ing pathways in dendrites may themselves contribute to the metabolic state 
detection in unique ways. For example, the IP3R is cooperatively activated by 
both Ca 2+  and IP3, which allows for detection of Ca 2+  and IP3 delivered by dif-
ferent sources, such as action potentials and synaptic mGluR activation. The 
proposal that processing by intracellular networks can implement a second layer 
of dendritic signaling coupled to, but semi-independent from, the electrical sig-
naling in the cell membrane is promising, but has not received much attention. 
However, some recent reports of neuronal excitability being sensed and modu-
lated by astrocytic Ca 2+  could provoke renewed interest, since such a Ca 2+  meta-
bolic sensor, combined with NADH and lactate readouts could have enormous 
disease detection/identifi cation power through techniques available already (e.g. 
MRS, fMRI). This approach will lead to brain tissue metabolism based assays 
that might be helpful in understanding functional recovery after stroke/TBI or 
even state of cognitive or motor decline in AD/PD patients. Clinical correlations 
with such novel procedures may be helpful in disease monitoring and prediction 
of neurodegeneration among at-risk populations.  

    3.    Do calcium signaling pathways regulating  membrane-to-nucleus signaling  
offer a mechanism for VGCCs to interact with Ca 2+ /CaM in novel ways? For 
example, Ca 2+  entry via P/Q-type VGCCs might affect the transcription of a 
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unique set of genes. Given that human genome sequencing has identifi ed numerous 
calcium-related proteins associated with neuronal structure, function and devel-
opment  [  147  ] , many of them with undertemined activity, a large number of 
potential associations between Ca 2+  and VGCC-related gene transcription is open 
to investigation. Molecular differences could be correlated with phenotypic dif-
ferences to reveal cellular and developmental processes unique to individuals 
and unique to different brain pathologies, which will provide ways to targeted 
treatments. The need of the hour is to determine how these factors modulate 
cerebral vasoregulatory mechanisms to establish the ground truth.  

    4.     Imaging Genetics/Genomics  approach  [  148,   149  ]  (the use of fMRI, MRS, 
VBM, PET techniques to determine (potentially) imbalanced NVC mechanisms 
for therapeutics, disease prediction and monitoring) opens up the possibility of 
exploring, selecting and  evaluating gene variants of interest that affect neu-
rovascular coupling . Functional haemodynamic phenotyping may thus be of 
clinical interest in many diseases assayed by neuroimaging, especially using 
allelic variations and frequencies as covariates. For instance, a single nucleotide 
polymorphism (SNP) related to the popular antipsychotic drug olanzapine was 
identifi ed in the drug metabolizing enzyme cytochrome P450 3A43 (CYP3A43; 
rs472660), which accounts for racial variations in olanzapine response  [  150  ] . 
Further, since cytochrome P450 is involved in the metabolism of EETs, it is 
possible that SNPs and allelic variations may modulate Ca 2+  signaling in astro-
cytes, and such effects on neuronal signaling may infl uence the CBF in various 
disease pathologies. These variations could be mapped in different ways using 
calcium weighted functional neuroimaging (next subsection). This will be a 
completely different way to look at a disease, and is an hence an exciting 
research possibility.  

    5.     Neuroimaging approaches with molecular probes  (contrast agents) sensitive 
to aspects of neurophysiological changes is the next big thing in fMRI research. 
These bioactive, responsive or “smart” contrast agents (SCA) are able to pro-
duce signals that are directly linked to neuronal processing, for example, spe-
cifi c gadolinium based tissue level markers responsive to the fast physiological 
Ca 2+  fl uctuations have been designed, e.g. calcium sensitive contrast agent for 
T2* relaxation - superparamagentic iron oxide nanoparticles (SPIO) that deliver 
better contrast-to-noise ratio (CNR) of haemodynamic response (HDR) from 
EPI data as seen from relaxometric Ca 2+  titrations of Gd    

2
  L 1  and Gd 

2
  L 2   [  151  ] . 

The fi eld of fMRI research will benefi t from future research directed towards 
the design, synthesis, and the  in vitro  and  in vivo  characterization of such novel 
molecules.     

 To conclude our review, it is our understanding that the role of calcium in neuro-
vascular coupling will benefi t immensely from attempts to calibrate the BOLD sig-
nal using marker proteins, in order for the latter to refl ect as closely as possible the 
actual energy metabolism in neuronal tissue using novel reporter assays. These pro-
posed techniques will be able to unravel novel roles of calcium-dependent processes 
involved in the complex neurovascular and fl ow-metabolsim coupling.      
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  Abstract   Calcium (Ca 2+ ) is a crucial intracellular messenger in physiological 
aspects of cell signaling. Adrenal chromaffi n cells are the secretory cells from the 
adrenal gland medulla that secrete catecholamines, which include epinephrine 
and norepinephrine important in the ‘fi ght or fl ight’ response. Bovine adrenal 
chromaffi n cells have long been used as an important model for secretion 
 (exocytosis) not only due to their importance in the short-term stress response, but 
also as a neuroendocrine model of neurotransmtter release, as they have all the 
same exocytotic proteins as neurons but are easier to prepare, culture and use in 
functional assays. The components of the Ca 2+  signal transduction cascade and it 
role in secretion has been extensively characterized in bovine adrenal chromaffi n 
cells. The Ca 2+  sources, signaling molecules and how this relates to the short-term 
stress response are reviewed in this book chapter in an endeavor to generally 
 overview these mechanisms in a concise and uncomplicated manner.  

  Keywords   Bovine adrenal chromaffi n cells  •  Calcium  •  Ca 2+   •  Ca 2+  signaling  
•  Neuronal calcium sensor-1  •  NCS-1  •  Ca 2+  microdomains  •  Ca 2+  transients  •  Ca 2+  
stores  •  Intracellular signaling  •  Splanchnic nerves      

   Overview 

 Bovine adrenal chromaffi n cells are a classical well-established model for the study 
of neuroendocrine physiology. They are the cells made even more famous by Nobel 
prize laureates Erwin Neher and Bert Sakmann, as they used bovine adrenal chromaffi n 

    J.  L.   Weiss   (*)
     Department of Biology ,  William Paterson University ,   300 Pompton Road ,  
 Wayne ,  NJ 07470 ,  USA    
e-mail:  weissj7@wpunj.edu   

    Chapter 38   
 Ca 2+  Signaling Mechanisms in Bovine Adrenal 
Chromaffi n Cells       

       Jamie   L.   Weiss         

M.S. Islam (ed.), Calcium Signaling, Advances in Experimental 
Medicine and Biology 740, DOI 10.1007/978-94-007-2888-2_38, 
© Springer Science+Business Media Dordrecht 2012



860 J.L. Weiss

cells to help develop the patch-clamp technique  [  1–  3  ] . Adrenal chromaffi n cells are 
an extensively characterized model system for secretory cells  [  4,   5  ] . These cells, 
which are found in the adrenal medulla, are derived embryonically from the neural 
crest that contain the same precursor cells that give rise to sympathetic neurons. 
Chromaffi n cells are used as neuronal cell models because they contain many of the 
same proteins that are involved in neuronal function and share common mecha-
nisms for regulated exocytosis  [  6  ] . They are used as a model for exocytosis or neu-
rotransmission and Ca 2+ -signaling and are relatively easy to isolate, culture and 
manipulate  [  7  ]  as compared to neurons. Although neurons are very highly special-
ized cells, with each type of neuron having signaling mechanisms specifi cally tar-
geted to its neuronal network in its region of the CNS or PNS, they do share common 
Ca 2+ -signaling mechanisms  [  8  ] . Therefore it is highly likely that if a novel mecha-
nism is found in a chromaffi n cell it can also be found in one or more specifi c neu-
ronal cells. For example Neuronal Ca 2+  Sensor-1 (NCS-1) was fi rst shown to 
modulate exocytosis and regulate Ca 2+  channels in bovine adrenal chromaffi n cells 
 [  9–  11  ] . NCS-1 was later shown to have the same role in neurons and other animal 
models having important roles in neurotransmission and synaptic plasticity  [  12  ] . 
Bovine adrenal chromaffi n cells are also used as models for toxicological studies 
 [  13  ]  and are also a terrifi c cell type to use for the ‘three Rs’ in animal research- 
reduction, refi nement, and replacement  [  14  ]  as they come from the same animals 
that are slaughtered for meat. These bovine adrenal glands are often discarded after 
the skirt meat has been removed. Therefore not only are using these bovine adrenal 
chromaffi n cells thought to be more humane as compared to primary cells obtained 
from other sources, they also keep biomedical research costs down as they avoid the 
additional funds necessary for the upkeep of laboratory animals. 

 In this chapter an attempt has been made to not only succinctly generally review 
Ca 2+ -signaling mechanisms by way of Ca 2+  stores and sources as well as the signal-
ing proteins channels and receptors that are important cellular tools for Ca 2+ -
signaling mechanisms but also to relate this to the physiology of the cell type and 
how this translates to overall animal/Human physiology of the stress response  [  15–
  17  ] . Chromaffi n cells secrete epinephrine and norepinephrine that are very impor-
tant for the ‘fi ght or fl ight’ and the stress response. This chapter will not cover 
Ca 2+ -evoked-exocytosis in bovine adrenal chromaffi n cells in detail as this has been 
extensively reviewed elsewhere  [  18,   19  ] . These cells are also useful because they 
have neuronal lineages having come from the same precursors sympathetic neurons 
they can be treated with neurotrophic factors such as Nerve Growth Factor (NGF) 
or high K +  to emit neurites  [  12,   20,   21  ] . They are currently being used for regenera-
tion studies in animals in vivo or in culture with the right factors and environment 
to facilitate neural progenitor cell survival  [  22  ] . Chromaffi n cells can be thought of 
in some ways as stem cells to help the survival of neurons that are lost in spinal cord 
injury or neurological disorders such as Alzheimer’s and Parkinson’s  [  22–  24  ] . 

 There are different Ca 2+  stores or sources that have been characterized in many 
cell types especially in neuronal cells, the most famous classical Ca 2+  store being the 
Endoplasmic Reticulum or ER  [  8,   25  ] . Mitochondria are also another important 
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Ca 2+  store/source  [  26,   27  ]  important for exocytosis in chromaffi n cells as well as 
Ca 2+  buffering  [  28  ] . The nucleus has a nuclear envelope that has nuclear pores 
through which Ca 2+  can enter  [  29  ] . When the Ca 2+  concentration levels become high 
enough Ca 2+  can enter and get into these pores. There is evidence that these Ca 2+  
sources (mitochondria and nucleus) may help to maintain and Ca 2+  transients and 
waves that are crucial to Ca 2+  signaling in many cell types including bovine adrenal 
chromaffi n cells  [  30–  33  ] . In addition to the ER, the nucleus, mitochondria  [  32  ]  and 
even the Golgi-apparatus  [  34  ]  are considered to be important Ca 2+  sources for main-
taining Ca 2+  microdomains (Fig.  38.1 ). These Ca 2+ -microdomains  [  35  ]  are vital for 
activating and regulating a variety of signaling proteins, receptors and channels 
( [  36  ] ; Fig.  38.2 ). This then leads to changes in response to environmental signals 
important in adrenal chromaffi n cell physiology such as exocyotosis and endocrine 
release crucial in the stress response ( [  15,   18  ] ; Fig.  38.3 ).     

  Fig. 38.1     Ca   2+    stores/sources that have been identifi ed in bovine adrenal chromaffi n cells . 
The relative Ca 2+  concentration has been listed to give an idea of how the Ca 2+  sources maintain 
Ca 2+  transients that contribute to Ca 2+  signaling and physiological functions of chromaffi n cells 
such as exocytosis of catecholamines. Organelles sizes are not meant to be an accurate representa-
tion of relative size. Figure based on Montero et al.  [  27  ]  and Garcia et al.  [  18  ] . Cav – voltage-gated 
Ca 2+  channels, CRAC – Ca 2+  Release Activated Channels. [Ca 2+ ]o – relative Ca 2+ concentration 
outside the cell. [Ca 2+ ]m – relative Ca 2+  concentration in mitochondria. [Ca 2+ ]ER – relative Ca 2+  
concentration endoplasmic reticulum. [Ca 2+ ]n – relative Ca 2+  concentration in the nucleus       
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   The Ca 2+  Signaling Cellular Apparatus 

   Ca 2+  Stores, Sources and Transients 

 Evidence in many cell types including bovine adrenal chromaffi n cells suggests that 
cellular organelles stores or sources of Ca 2+  contribute to shaping Ca 2+  signals and 
exocytosis  [  8,   18,   25,   35,   37  ] . Ca 2+  transients are localized increases in Ca 2+  concen-
tration that are crucial for cellular physiological processes in spatial- temporal 
aspects of cellular signaling  [  37  ] . The main source Ca 2+  entry into chromaffi n cells 
and neuroendocrine cells is Ca 2+  entry through voltage-gated Ca 2+  channels (Cavs; 
 [  38  ] ). Large amounts of Ca 2+  coming through Cav channels are crucial to supporting 
the Ca 2+  needed for ER Ca 2+  store and Ca 2+  sources in organelles such as mitochon-
dria  [  18,   32,   38,   39  ] . Cytosolic Ca 2+  transients, buffering and diffusion in bovine 

  Fig. 38.2     The best-characterized Ca   2+    signal transduction pathways in bovine adrenal chromaffi n 
cells, which control both paracrine and autocrine signaling . Chromaffi n cells in culture and in the 
adrenal medullar signal to each other via catecholamines and ATP. These act on G-Protein-Coupled 
Receptor ( GPCR ) s, which in turn act on and/or crosstalk with voltage-gated Ca 2+  channels ( Cavs ), 
Ca 2+ -release activated channels ( CRAC ) and Receptor Tyrosine Kinases ( RTKs ). Ca 2+  sensors/
binding proteins such as Calmodulin ( CaM ), NCS-1, Calneuron, CaBP-1 and buffers such as 
Calbindin further mediate these Ca 2+  signaling pathways. Which in turn provide feedback to the 
membrane receptors/channels and secretion       

 



86338 Ca 2+  Signaling Mechanisms in Bovine Adrenal Chromaffi n Cells

adrenal chromaffi n cells Ca 2+  dependence of exocytosis has also been examined 
 [  40,   41  ]  and continues to been an important active area of study  [  18  ] . 

 In Fig.  38.1  a stereotypical chromaffi n cell is depicted. The approximate Ca 2+  
concentrations are shown the outside of the cell at approximately 1000  m M and the 
approximate Ca 2+  concentration in organelles are also depicted such as ER, mito-
chondria and nucleus. Ca 2+  release channels such as Ryanodine (RyR) and IP3 
receptors located the ER membrane are shown. In Fig.  38.1  the Ca 2+  stores that are 
detected in bovine adrenal chromaffi n cells are depicted. These include the ER, 
mitochondria and nucleus. When Ca 2+  enters through channels the mitochondrial 
Ca 2+  concentration can be as high as 500  m M. It is thought that the ER and nucleus 
are in close proximity to each other. There is no known Ca 2+  pump to bring Ca 2+  into 

  Fig. 38.3     Bovine adrenal chromaffi n cells physiological responses to sympathetic innervation of 
the adrenal medulla . The splanchnic nerve–chromaffi n cell synapse, which is cholinergic, is 
depicted in the adrenal medulla showing the location of the adrenal gland anatomically as it sits on 
top of the kidney. Nerve impulses from the hypothalamus travel to splanchnic nerve terminals 
(sympathetic preganglionic axons) innervating the adrenal medulla and the subsequent action 
potentials cause release of acetylcholine ( Ach ). Functionally adrenal chromaffi n cells are postsyn-
aptic to sympathetic preganglionic axon terminals. The adrenal chromaffi n cell membrane becomes 
depolarized in response to prolonged release of Ach or other stimulatory chemicals. This causes 
activation of Cavs and the Ca 2+  signaling pathways shown in Fig.  38.2 . This leads to secretion of 
catecholamines including epinephrine and norepinephrine that are crucial to the ‘fi ght or fl ight’ 
response       
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the nucleus as there is in the ER (Sarco/Endoplasmic Reticulum Ca 2+ -ATPase; 
SERCA) as such, however this close proximity of the ER to the nucleus may help 
Ca 2+  to enter the nucleus by through pores in the nuclear membrane or nuclear enve-
lope. Research by Villalobos et al.  [  30  ] , using bovine adrenal chromaffi n cell and 
Ca 2+  imaging examined the ER the uptake of Ca 2+  mitochondria and nucleus in 
response to depolarizing stimulation. Neher and colleagues fi rst described the idea 
that transient opening of Cavs during action potentials generate high Ca 2+  transient 
microdomains near Cav channel pores  [  41  ] . These Ca 2+  microdomains are focal to 
Ca 2+  signaling being regulated both spatially and temporally as the Ca 2+  rapidly dif-
fuses to be adjacent cytosol. However due to Ca 2+  entry into organelles such as 
mitochondria and their role to act as a delay barrier to buffer the Ca 2+  waves, the 
Ca 2+  transients can longer lasting. There are also Ca 2+  binding proteins and buffers 
such as Calbindin that restrict Ca 2+  transients  [  42  ] . 

 It has been found in chromaffi n cells, which rely very fast catecholamine release, 
that there is a very tightly controlled infrastructure of spatial-temporal organization 
of these Ca 2+  transients so that the sustained Ca 2+  entry via Cav channels can allow 
highly concentrated cytosolic Ca 2+  microdomains that are high enough to trigger 
exocytosis. This complex and tightly controlled Ca 2+  wave network expedites reac-
tions to physiological changes. There is also evidence that these Ca 2+  microdomains 
are essential in the interplay between these Ca 2+  stores and sources in the organelles 
that is especially important for the chromaffi n cell reserve pool of exocytotic vesi-
cles  [  33  ]  in order to respond quickly to physiological stimuli such as in the ‘fi ght or 
fl ight’ response  [  18,   30,   32  ] .  

   Ca 2+  Channels and Receptors 

 Voltage-gated Ca 2+  channel (Cav)s are crucial components of excitable cells  [  43, 
  44  ] . The channel complexes have 3–4 subunits made up of pore forming  a  subunits, 
with auxiliary subunits  b ,  a 2 d  and sometimes  g   [  38,   45  ] . The L, N and P/Q-subtypes 
of Cavs are subject to various forms of modulation including inhibition via 
G-Protein-Coupled Receptor (GPCR) signaling pathways  [  46  ] . The best studied is 
direct binding of G-proteins to Cav channels rendering them reluctant to open. This 
type of GPCR inhibition is relieved by applying a large depolarizing prepluse (i.e. 
+90 mV) and as such is called voltage-dependent inhibition  [  46,   47  ] . GPCR medi-
ated Cav inhibition can also be relieved by affecting component(s) of the signaling 
pathway and there is a subsequent increase in the Ca 2+  channel current. For example, 
application of antagonists to GPCRs at the top of this pathway will yield a Cav cur-
rent increase  [  18,   48  ] . These GPCR pathways for Cav regulation are extensively 
studied in both neurons and neuroendocrine cells such as bovine adrenal chromaffi n 
Cells  [  49–  51  ] . Several types of Cavs, including L, N and P/Q-types, have been well 
characterized in bovine adrenal chromaffi n cells  [  18,   39  ] . 

 In chromaffi n cells GPCR inhibition is controlled by an autocrine/paracrine 
feedback loop where cells undergoing exocytosis co-release ATP and opioids along 
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with catecholamines  [  18  ] . The ATP and opioids act on P2Y purinergic and  m - and 
 d -opioid receptors, which activate the GPCR pathway and inhibit N- and P/Q-type 
Cav channels. This voltage-independent inhibition  [  18,   52  ]  of Ca 2+  infl ux exerts a 
tonic regulation of neurotransmitter release that is insensitive to neuronal fi ring or 
depolarization. The voltage-independent pathway is dependent on Ca 2+  as it is 
blocked by Ca 2+  ion chelators  [  53  ] . The Ca 2+  sensor NCS-1 has been shown to play 
a role in the voltage-independent inhibitory GPCR mediated-pathway in bovine 
adrenal chromaffi n Cells  [  10,   12,   54,   55  ] . 

 There is evidence that Ca 2+  from intracellular stores and Ca 2+  release activated 
currents (CRAC) have an important role in exocytosis in bovine adrenal chromaffi n 
 [  56,   57  ]  and are also key players in intracellular Ca 2+  signaling  [  36  ] .  

   Ca 2+  Binding Proteins and/or Sensors 

 There are many Ca 2+ -binding proteins that have been characterized in different cell 
types including bovine adrenal chromaffi n cells  [  12,   58  ] . There is an important dif-
ference between Ca 2+  binding proteins and Ca 2+  sensing proteins. Some Ca 2+  bind-
ing proteins bind Ca 2+  but do not pass the signal on. They are mainly present to act 
as biological buffers  [  42  ]  to control Ca 2+  transients and microdomains  [  35  ] . In con-
trast to buffers, Ca 2+  sensing proteins will bind Ca 2+  and then undergo a conforma-
tional change to pass the signal on  [  59  ] . In this manner Ca 2+  sensing proteins are 
signal transducers. For example when there is resting levels of Ca 2+ , at approxi-
mately 100  m M, the Ca 2+  sensing proteins would not have its Ca 2+  binding domains 
fully bound to Ca 2+  and would interact with a number of different signaling proteins. 
However when the Ca 2+  levels increase, the Ca 2+  sensor binds Ca 2+  fully then under-
goes a confi rmation change, which can change its protein-protein interactions to 
some binding partners when the Ca 2+  concentration is low as compared to different 
binding partners when Ca 2+  is fully bound  [  10,   12,   60  ] . This could inhibit or enhance 
an activity depending on the concentration level of Ca 2+ . The way Ca 2+  sensing pro-
teins respond when they bind Ca 2+  is more complex than the Ca 2+  buffers for exam-
ple in the Neuronal Ca 2+  sensor family, which is a subfamily of the CaM superfamily 
of EF-hand Ca 2+  binding proteins, there is a Ca 2+ -myristoyl-switch that occurs 
 [  61,   62  ] . Evidence for cooperative binding of to the EF-hands of the NCS family 
members involving the myristoyl group has been described and is especially inter-
esting in regard to Ca 2+  regulation of NCS-1 activity and how this infl uences its 
Ca 2+ -dependent interactions with other signaling proteins  [  61,   63  ] . 

 Recent studies have demonstrated that Calmodulin and other EF-hand Ca 2+ -
sensing proteins are involved in Cav modulation  [  55,   61  ] . NCS-1, a member of a 
family of myristoylated, EF-hand Ca 2+  sensing proteins  [  62  ]  plays an essential role 
in the tonic inhibition of P/Q channels in bovine adrenal chromaffi n cells specifi -
cally in the voltage-independent pathway  [  10  ] . This pathway for autocrine inhibi-
tion requires exocytosis and relies on the activity of a Src-like kinase  [  54  ] . 
Calmodulin (CaM) has been shown to be important for the regulation of N-type 
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channels in bovine adrenal chromaffi n cells. It was shown that there is differential 
regulation of Cav subtypes by CaM and that this impacts on the ability of these 
channels to regulate neurotransmitter release in chromaffi n cells  [  64  ] . Ca 2+  binding 
protein-1 (CaBP-1) has been shown to inhibit Cav channels and exocytosis in bovine 
adrenal chromaffi n cells  [  65  ] . In addition Calneuron I has been show to also inhibit 
bovine N-type Cavs in chromaffi n cells and its subcellular localization is important 
for this regulation  [  66  ] .  

   Signaling Molecules 

 There are many signal transduction pathways that are activated with elevated Ca 2+  
levels. These Ca 2+  activated signal transduction pathways can cross talk with each 
other and other signaling pathways. The main Ca 2+  signal transduction pathways 
are: Phosphatidyl Inositol (PI)s, PhosphoLipase C (PLC), Inositol Triphosphate 
(IP3) pathway, Protein Kinase C (PKC) pathway, and Calmodulin(CaM)/Calmodulin 
Kinase II pathway. These signaling pathways can also crosstalk with GPCR signal-
ing pathways such as Protein kinase A pathways and with Receptor Tyrosine Kinase 
(RTK) pathways  [  36  ] . 

 Activation of GPCRs and their downstream signaling pathways can lead to acti-
vation of PLC, which cleaves DAG into PIP2 and IP3. IP3 can bind to receptors on 
the ER store and release internal Ca 2+  into the surrounding area. PI signaling is 
important in exocytosis in bovine adrenal chromaffi n cells  [  57,   67  ] . PIP2 itself is 
also a critical signaling molecule and has been shown to be vital not only to exocy-
tosis in chromaffi n cells  [  11  ]  but also for the stability of Cav channels in the plasma 
membrane  [  12  ] . There are several IP3 receptor isoforms characterized in bovine 
adrenal chormaffi n cells  [  68  ] . There is also some data that Store Operated Channels 
(SOC) or Ca 2+  Activated Release Channels (CRAC) can also contribute to Ca 2+  
signals in bovine adrenal chromaffi n cells  [  56  ] . IP3 receptors in chromaffi n cells 
have been localized to the ER, nucleus and secretory granules. However the high-
est percentage of IP3 receptors are found on the secretory granules themselves 
(58–69%;  [  68  ] ). Therefore there are two main sources of Ca 2+  for Ca 2+  signals in 
bovine adrenal chromaffi n cells, (1) Entry of external Ca 2+  via Ca 2+  channels (Cavs 
or CRACs) and (2) internal Ca 2+  release by the IP3 receptors located in the ER 
store and secretory granules. Since NCS-1 has been shown to regulate or interact 
with TRPC1/5 channels  [  12,   69  ]  and is also a regulator of PIP2 levels there is 
ample opportunity for crosstalk between these signaling pathways in response to 
Ca 2+  levels  [  12,   69  ] . 

 Evidence for Ryanodine receptors and caffeine sensitive stores has also been 
found in both PC12  [  21  ]  and chromaffi n  [  70,   71  ]  cells. In Fig.  38.2  the main signal-
ing pathways that are activated by Ca 2+  or that use Ca 2+  as an intracellular messenger 
are depicted (E.g. GPCR Signaling, PI/IP3 Signaling, PKC Signaling and crosstalk 
with RTKs). Only the main pathways are shown and the main receptors and chan-
nels types. GPCRs can regulate Cavs and activate Ca 2+  release activated pathways 
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with IP3. These in turn stimulate SOC or CRAC channels. These pathways can 
converge with RTKs  [  8,   36  ] . Ca 2+  sensors and buffers can regulate all of these 
pathways and link them to Ca 2+  signaling pathways  [  42,   59  ] .   

   Cellular Physiology of Ca 2+  Signaling in Chromaffi n Cells 

   Control of Neurite Outgrowth 

 Chromaffi n cells like their cell line counter part PC12 cells can be treated with NGF 
or high K +  to emit neurites  [  12,   20,   21,   69  ] . PC12 cells also have similar Ca 2+  signal-
ing mechanisms  [  72  ] . There is evidence in bovine adrenal chromaffi n cells that 
Cavs are located in neurites and that exocytosis is important to the outgrowth pro-
cess  [  20  ] . 

 We have shown that a Ca 2+  defi cient mutant of NCS-1 NCS-1(E120Q)  [  10  ]  is 
observed to translocate into the fi lopodia and lamellipodia region of both PC12 
and bovine adrenal chromaffi n cells when overexpressed with DNTRPC5  [  69  ] . It 
is not apparently an overexpression effect as neither the overexpressed wild-type 
NCS-1/DNTRPC5 nor NCS-1 (E120Q)/wild- type TRPC5 combinations yielded 
the same staining pattern. To explain this phenomenon, we hypothesize that Ca 2+  
entry through TRPC5 channels is required when inhibition of neurite elongation 
is needed. When enhanced neurite outgrowth occurs due to DNTRPC5, more 
TRPC5 channels are required to insert into the growth cone fi lopodia and lamel-
lipodia regions. Therefore the NCS-1(E120Q) bound to the TRPC5 channels are 
enriched in the same locations. In the experimental groups where wild-type NCS-1 
was co-expressed with DNTRPC5 or NCS-1 (E120Q) with TRPC5 are co-
expressed, the neurite elongation effect was rescued and therefore, there was no 
translocation for the NCS-1-TRPC5 complex. Similar results were obtained in 
transfected chromaffi n cells differentiated by NGF or K +  depolarization  [  12  ] . We 
also speculate that TRPC and Cavs signaling may crosstalk in order to help regu-
late neurite outgrowth  [  12  ] .  

   Control of Secretion 

 Exocytosis and its control by Ca 2+  has been and still is a controversial and exten-
sively studied subject in neurons and in chromaffi n cells  [  18,   19  ] . The SNARE 
complex forms the directly exocytotic machinery, which is brought into close 
proximity to Cav channels and sources of Ca 2+  entry in order to tightly control 
exocytotic vesicle fusion with the plasma membrane  [  18  ] . The cell cytoskeletal 
network is thought to play a crucial role in this process  [  73  ]  and is essential for 
vesicle docking  [  74  ] . 
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 There is much debate over the existence and Ca 2+− dependence of different exocytotic 
vesicle pools and this continues to be an extremely active area of study  [  75  ] . Which 
Ca 2+ -sensors and proteins contained within and outside the SNARE complex that 
regulate this exocytotic vesicle docking is not well understood  [  76,   77  ] . Nevertheless 
Sec1/Munc18 proteins are thought to have an important role in this process  [  78  ] . 
Detailed mechanisms of Ca 2+  evoked release in bovine adrenal chromaffi n cells 
have been well reviewed elsewhere  [  18,   73  ] .  

   Role in the Stress Response 

 Corticosteroids have many roles in physiology including the regulation of sex 
hormones, ion balance, and the long-term stress response. There are three main 
stages of stress after a stress-inducing situation, real or perceived, is encountered. 
(1) Activation of the ‘fi ght or fl ight’ response for the short-term stress response, (2) 
Circulating levels of corticosteroids inhibit the immune system in the long-term 
stress response and (3) Homeostatic mechanisms attempt to restore the body back 
to the pre-stress state. The long-term stress response is activated by Adrenocorticotropic 
hormone (ACTH) coming from the anterior pituitary gland (via hypothalamic con-
trol) and is mediated by glucocorticoids released by the adrenal cortex  [  79  ] . 

 This chapter focuses on the adrenal medulla chromaffi n cells, which secrete epi-
nephrine and norepinephrine that mediate the short-term stress response. Epinephrine 
and noreepinephrine mediate the short-term stress response via endocrine release by 
binding to receptors located in cells in many target organs of the body. This allows 
many simultaneous physiological responses to occur by speeding up metabolism, 
increasing mental alertness, to quickly make a decision to ‘fi ght or fl ight’, both 
breathing and heart rate increase and there is a dilation of blood vessels. The contin-
ued release of catecholamines sustain this sympathetic nervous system response 
 [  15,   79  ] . 

 The role of Cavs and their regulation in the ‘fi ght or fl ight’ response has been 
reviewed elsewhere  [  17  ] . This chapter will focus on the role of acetylcholine (Ach) 
release onto chromaffi n cell of the adrenal medulla and Ca 2+  entry into chromaffi n 
cells and subsequent secretion of catecholamines crucial to the stress response 
(Fig.  38.3 ).  

   Ach Secretion and Ca 2+  

 Ach is released at the splanchnic nerve terminal-chromaffi n cell synapses due to the 
incoming action potentials arising from the nerve impulses initiated in the hypo-
thalamus ( [  15,   79  ] ; Fig.  38.3 ). Ach released from the splanchnic nerve, which ter-
minates (axons of preganglion nerves) with chromaffi n cells in the adrenal medulla, 
acts on act on both nicotinic and muscarinic Ach receptors. Activation of nicotinic 
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Ach receptors in bovine adrenal chromaffi n cells leads to an increase from resting 
levels of Ca 2+  at approximately 100  m M to as high as 10,000  m M while activation of 
muscarinc Ach receptors leads to a doubling of resting Ca 2+  levels ( [  16,   67,   80  ] ; 
Figs.  38.1  and  38.3 ). There is also some evidence that there may be differential 
expression of nicotinic and muscarinic Ach receptors on adrenal chromaffi n cells 
and that this is linked to epinerphrine versus norepinephrine secreting chromaffi n 
cells  [  81  ] . Action potentials are elcited in chromaffi n cells via Ach acting on its 
receptors and this is thought to cause depolarizations which open Cav channels 
 [  15  ] . There are elevated Ca 2+  levels via this Ca 2+  entry through Cavs, which increase 
concentration near the mouth of the channel up to 10,000  m M. This rise in Ca 2+  
stimulates exocytotic vesicles to fuse and dock with the plasma membrane to secrete 
epinephrine and norepinephrine, which then go into the blood stream to ‘rev-up’ the 
sympathetic nervous system  [  15  ]  to prepare to ‘fi ght or fl ight’.   

   Summary and Conclusions 

 Bovine adrenal chromaffi n cells are excellent models for signaling and exocytosis-
giving clues to mechanisms of neurotransmitter release in neurons and helping us to 
further understand the cellular physiology of the short-term stress response. However 
more physiologically relevant studies may be achieved by comparing their cellular 
mechanisms of cultured chromaffi n cells to adrenal gland slices  [  15  ] .      
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  Abstract   This review lays out the emerging evidence for the fundamental role of Ca 2+  
stores and store-operated channels in the Ca 2+  homeostasis of rods and cones. Calcium-
induced calcium release (CICR) is a major contributor to steady-state and light-evoked 
photoreceptor Ca 2+  homeostasis in the darkness whereas store-operated Ca 2+  channels 
play a more signifi cant role under sustained illumination conditions. The homeostatic 
response includes dynamic interactions between the plasma membrane, endoplasmic 
reticulum (ER), mitochondria and/or outer segment disk organelles which dynamically 
sequester, accumulate and release Ca 2+ . Coordinated activation of SERCA transporters, 
ryanodine receptors (RyR), inositol triphosphate receptors (IP3Rs) and TRPC channels 
amplifi es cytosolic voltage-operated signals but also provides a memory trace of previ-
ous exposures to light. Store-operated channels, activated by the STIM1 sensor, pre-
vent pathological decrease in [Ca 2+ ]i mediated by excessive activation of PMCA 
transporters in saturating light. CICR and SOCE may also modulate the transmission 
of afferent and efferent signals in the outer retina. Thus, Ca 2+  stores provide additional 
complexity, adaptability, tuneability and speed to photoreceptor signaling.  

  Keywords   Calcium store  •  Light  •  Photoreceptor  •  Retina  •  Ryanodine receptor      

   Introduction 

 Visual behavior in diurnal vertebrates is guided by two classes of retinal photore-
ceptor. Rods subserve highly sensitive black-and-white vision at starlight and moon-
light whereas daytime vision is mediated by cones which provide color vision and 
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spatial resolution. As is the case with all primary sensory neurons, both photoreceptor 
cell types are compartmentalized into input (outer segment, OS) and output domains 
that are distinct in terms of anatomy, physiology, molecular composition and ion 
homeostasis. The distinguishing characteristic of photoreceptor signaling is that 
release of the neurotransmitter glutamate occurs in the absence of external input 
(light) whereas absorption of photons in the OS elicits an intensity-dependent 
decrease in exocytosis. Signaling mechanisms that affect photoreceptor [Ca 2+ ]i 
levels inevitably modulate retinal output and perception of light by regulating light 
adaptation, gene expression, metabolic function and transmitter release in rods and 
cones. In particular, Ca 2+  release from internal stores has been shown in recent years 
to modulate tonic signaling at photoreceptor synapses in a manner that is unparal-
leled in the CNS (reviewed    in  [  32,   53,   96  ] ). Ca 2+  release from ER stores has a pro-
found and non-redundant role in sustaining neurotransmitter release in darkness 
 [  52,   90  ]  whereas light causes closure of voltage-operated Ca channels, resulting in 
depletion of Ca 2+  stores in the endoplasmic reticulum (ER). The resultant infl ux of 
Ca 2+  through store-operated channels (SOCs) replenishes the stores but may also 
modulate synaptic transmission  [  94  ] . By dynamically regulating release and seques-
tration of Ca 2+  and activation of SOCs, Ca 2+  stores control the amplitude, response 
speed and sensitivity of photoreceptor signals  [  12,   90,   95  ] . Critical for photorecep-
tor cell health, ER and mitochondrial stores also maintain proper basal calcium 
levels within photoreceptor cytosol     [  4,   5,   92  ] . This essay reviews the current 
information regarding how Ca 2+ stores participate in and maintain Ca 2+  homeostasis, 
cellular adaptation and synaptic function.  

   Photoreceptor Ultrastructure Is Designed for Local 
Ca 2+  Store Signaling 

 The ultrastructure of rod and cone photoreceptors follows the general design of 
primary sensory neurons. A vertebrate photoreceptor cell is constructed of two 
separate anatomical/functional compartments that process signal input and output, 
respectively (Fig.  39.1 ). An “outer segment” (OS) is uniquely designed to carry out 
transduction of the photon energy into an electrical signal, whereas the downstream 
“inner” regions host transcriptional, translational, metabolic and synaptic functions. 
Rod OSs differ from cone OSs in that they are tightly packed with hundreds of 
membrane sacs (“disks”), rather mysterious organelles spaced at ~0.3 nm that con-
tain a high density of the visual pigment opsin ( [  8,   70  ] ; Fig.  39.1a ). The inner pho-
toreceptor region consist of ellipsoid, subellipsoid and cell body domains connected 
to a synaptic terminal through a short but thick axon (Fig.  39.1 ). Unless otherwise 
indicated, the cell compartment downstream from the outer segment will be referred 
to as the “inner segment (IS)”.  

 The OS and IS compartments are separated by a thin nonmotile cilium which 
represents a bottleneck for diffusion of ions and molecules but also supports 
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continuous translocation of proteins and lipids into the OS via specialized dynein/
kinesin motors and Ca 2+  buffers such as centrin, calmodulin, kinesin II, unc117 and 
myosin VII (e.g.,  [  61,   106  ] ). The ellipsoid region represents the cell’s powerhouse 
with up to 80% of its overall volume fi lled with mitochondria  [  34,   70,   76  ] . In some 
species (such as mouse), mitochondria are also found in synaptic terminals where they 
may occupy up to 25% of the volume  [  42  ] . The subellipsoid region near the per-
ikaryon contains rough ER sacs and tubules which extend into the smooth ER that 
spans the entire IS (including the synaptic terminal) but does not enter the OS  [  66  ] . 
Transitional smooth ER, localized close to the Golgi apparatus in the subellipsoid 
space, regulates the incessant traffi cking of proteins into the OS. Proximal to the 
inner segment is the perikaryon composed of the nucleus surrounded by ER-like 
membranes. The synaptic region also contains copious smooth ER tubules and 
sacs  [  66  ] , which may play a role in the presynaptic synthesis of proteins (e.g.,  [  29  ] ) 
and transmitter release (see below).  

  Fig. 39.1    ( a ) Schematized generic rod photoreceptor. The outer segment (OS) is fi lled with 
stacked disk organelles ( arrows ) containing the visual pigment rhodopsin. The inner segment (IS) 
downstream from the OS is formed by three anatomically distinct domains: (i) ellipsoid, which 
contains most of cell’s mitochondria; (ii) the cell body, which contains the cell nucleus, nuclear 
envelope formed by the ER cisternae and (iii) the synaptic terminal, packed with synaptic vesicles 
and cisternae of smooth ER. ( b ) Dissociated salamander rod and ( c ) Salamander cone photorecep-
tor. Abbreviations:  PMCA  plasma membrane Ca 2+ ATP-ase,  CaBP4  calcium binding protein iso-
form 4,  IP3R  IP3 receptor,  RyR  ryanodine receptor,  SERCA  sarcoplasmic-endoplasmic reticulum 
Ca 2+  ATPase,  VGCC  voltage-gated channel,  ER  endoplasmic reticulum, Ca 2+  sequestration and 
release from the mitochondria occurs via Ca 2+  uniporter channels and Na + /Ca 2+  transporters, 
respectively. Scale bars = 5 mm       
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   Brief Overview of Ca Homeostasis in Photoreceptors 

 Calcium regulation lies at the heart of photoreceptor signaling. The spatiotemporal 
properties of Ca 2+  signals in rods and cones are specifi c to each subcellular location 
and are markedly infl uenced by light/dark adaptation and metabolic status of the 
cell. In turn, changes in [Ca 2+ ]i spanning ~10–25-fold dynamic range play a key role 
in the biological regulation of these processes that include phototransduction, energy 
metabolism, cytoskeletal dynamics and transmitter release (reviewed in  [  23,   32, 
  93,   96  ] ). The peculiar feature of photoreceptor signaling is that “resting” [Ca 2+ ]i 
levels are high in darkness (estimated at ~300–700 nM) whereas the encoding of 
light is associated with a decrease in [Ca 2+ ]i (to ~5–50 nM;  [  81  ] ). The functional 
separation between input and output regions is mirrored by molecular separation 
between different types of plasma membrane and intracellular store transporters and 
ion channels (   Križaj and Copenhagen, 1998; 2002). These impart domain-specifi c 
amplitude and frequency modulation of light-evoked [Ca 2+ ]i levels with voltage-
sensitivity, Ca 2+  affi nities, transport and modulation properties particular to each 
segment. The quasi-independent regulation of Ca infl ux and clearance allows for 
specifi c tuning a wide array of Ca 2+  signaling systems that use sensors with differing 
affi nities (Križaj and Copenhagen, 1998;  [  93  ] ).  

   The Outer Segment 

 The sole function of the outer segment is to intercept photons and transduce photon 
energy into graded changes in the membrane potential. The OS possesses a single 
plasma membrane Ca 2+  entry pathway (the cGMP-gated [CNG] channel) and one 
Ca 2+  clearance pathway, the Na, K + -Ca 2+  exchanger [NKCX] driven by combined 
Na +  and K +  gradients (NCKX1 in rods; NCKX2 in cones)  [  45,   69,   73  ] . In darkness, 
[Ca 2+ ]i is high due to sustained cation infl ux through CNG channels which are regu-
lated by the dynamic equilibrium between cGMP synthesis and hydrolysis. Because 
both cation infl ux through CNG channels and cGMP synthesis are directly sup-
pressed by Ca 2+ , light-regulated [Ca 2+ ]i levels in the OS are essential for the ability 
of rods and cones to adapt to ambient light levels  [  23,   45,   102  ] . 

 Using suction electrodes, Matthews and Fain  [  63  ]  observed that the outer seg-
ment Ca 2+  concentration in salamander rods was strictly proportional to the Ca 2+  
fl ux across the OS plasma membrane. There was no evidence of contributions from 
IP3-sensitive stores, leading them to conclude that intracellular compartments 
(i.e., disks) do not contribute to light-evoked changes in [Ca 2+ ] 

OS
 . Despite the nega-

tive fi ndings obtained through mostly electrophysiological means  [  41,   63  ] , the 
exclusivity of the CNGC/NKCX mechanism has been challenged by biochemical 
and molecular data accumulated over the past 30 years. ROS disks were suggested 
to be close to impermeable in the darkness [ 109 ]. Early studies showed that disks 
are capable of accumulating signifi cant amounts of Ca 2+   [  21,   44,   84  ]  which was 
released in response to light. More recently, light was shown to  increase  cytosolic 
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[Ca 2+ ] 
OS

  in rods and cones by releasing as much as 10–50  m M Ca 2+  per liter tissue 
volume from some type of still uncharacterized buffer or store  [  10,   62,   63  ] . This 
phenomenon was sensitive to BAPTA and depletion of Ca 2+  from intracellular stor-
age sites. Although the intensity of light required to induce it was too strong to regu-
late physiological rod [Ca 2+ ] 

OS
 , the mechanism could be more physiologically 

relevant for cones as it occurs at intensities that bleach only a few percent of the 
cone photopigment  [  10,   15  ] . Its independence of photochannel-mediated infl ux and 
cone phototransduction argues for the presence of a new signaling mechanism that 
could be associated with a new buffer site or store but is also likely to involve Ca 2+  
diffusion from mitochondrial stores within the adjacent ellipsoid. 

 Schnetkamp  [  84  ]  estimated that the intradiskal [Ca 2+ ]i is ~3 orders of magnitude 
higher than in the cytosol (15–25  m M) with a capacity of 8–9 Ca 2+  binding sites per 
rhodopsin molecule. This was confi rmed by the Koutalos group which used fl uores-
cent Ca 2+  and pH dyes to measure [Ca 2+ ]i and pH within the intradiskal space. They 
found that concentrations of these two ions differ markedly from cytosolic and 
extracellular [Ca 2+ ] and pH values with high intradiskal [Ca 2+ ] at an acidic pH of 6.5 
 [  13,   56  ] . Thus, with respect to Ca 2+  and proton regulation, disks may not act as pas-
sive sacs but rather comprise an active cellular organelle. While the molecular iden-
tity of putative disk Ca 2+  sequestration and release mechanisms has not been 
determined, circumstantial evidence has implicated ryanodine receptor, IP3 recep-
tor and/or SERCA mechanisms ( [  20,   86,   87,   101  ] ; but see  [  15,   41,   63  ] ). Biochemical 
studies have suggested that Ca 2+  fl uxes into the disks might be driven by a SERCA-
like Ca 2+  pump  [  18,   75,   87  ] . Conversely, cADPR, a known physiological activator 
of ryanodine receptor (RyR) channels, evoked Ca 2+  release from suspensions of 
osmotically intact disks prepared from bovine ROS; ADPR cyclase activity was 
detected in disk, but not cytosolic ROS fraction  [  20  ] . Finally, isolated disks contain 
a protein with high molecular weight similar to RyRs (~520 kDa; [ 119 ]) whereas 
RyR1 was localized to the disk rim using antibody staining and electron microscopy 
 [  87  ] . Taken together, these fi ndings suggest that rod disks express the typical ER-like 
Ca 2+  signaling arrangement possibly associated with SERCA3 and RyR1  [  51,   87  ] . 

 Another unresolved issue pertains to the role of phospholipase C (PLC) signaling 
in the OS. Phospholipase C plays a key role in Ca signaling through its hydrolysis 
of the membrane phospholipid phosphatidylinositol 4,5-biphosphate (PIP 

2
 ) to inosi-

tol 1,4,5-triphosphate (IP3; an agonist of IP3 receptors) and diacylglycerol (DAG; 
an activator of protein kinase C and TRPC3/6/7 channels). The enzyme has been 
localized to OSs membranes with molecular, biochemical, physiological and genetic 
approaches. PLC b 4 and/or PLC g 1 activity was observed in rod disks and the plasma 
membrane ( [  27,   28  ] ; Gehm et al., 1992), apparently under control of light ( [  31  ] ; 
[ 118 ];  [  28  ] ), visual pigment  [  11  ]  and Ca 2+   [  25  ] . Activation of PLC b 4 triggered Ca 2+  
release from bovine OS membranes  [  44,   84  ] . PLC b 4 was proposed to colocalize 
with G 

 a q11
   [  74  ] . Consistent with such an arrangement, PLC function in light-acti-

vated ROS was suppressed by addition of GTP g S [ 114 ]. While a number of studies 
suggested that light activates PLC in parallel to transducin activation and cGMP hydro-
lysis ( [  26  ] ; 1985; [ 108 ] 1987;  [  43  ] ; [ 118 ];  [  48  ] ), the physiological function of such 
a mechanism in the OS is completely unknown. A potential clue may originate in 
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measurements of light responses from PLC b 4 knockout mice which showed that the 
a-wave component of the ERG (thought to refl ect the compound light response of 
retinal photoreceptors) is four times smaller in knockout eyes than in wild type eyes 
 [  40  ] . Taken together, biochemical studies seem to argue that rod OSs are capable of 
sequestering and releasing Ca2+, however, this process may only be detected under 
appropriate experimental conditions that preclude dialysis of cytosol with patch 
pipettes (e.g.,  [  41  ] ).  

   The Cilium and the Ellipsoid 

 From the viewpoint of Ca 2+  and pHi regulation, the outer and inner segment 
compartments are separated by a ciliary barrier that limits diffusion of H + , Ca 2+  and 
cGMP  [  46  ] . A patch pipette fi lled with cGMP, when applied to the inner segment, is 
not very effective in increasing the concentration of cGMP and the photocurrent in 
the outer segment, in contrast to patched OSs when whole cell mode can sustain 
cGMP-induced currents of >1 nA for up top 30 min [ 112 ]. Likewise, linescan con-
focal imaging showed that large-scale Ca 2+  release from internal stores in the rod IS 
does not affect Ca 2+  signals in the OS  [  54  ] . It remains to be seen whether diffusion 
diffusion of Ca 2+  across the cilium plays a greater role in intact tissue undergoing 
light–dark transitions. 

 The gatekeeper for Ca 2+  diffusion across the cilium are the ellipsoid mitochon-
dria. These organelles, which generate ATP required to drive the circulating dark 
current, possess a remarkable capacity for Ca 2+  sequestration  [  92  ]  which serves to 
protect the gain control mechanisms in the OS from interference by Ca 2+  fl uxes in 
the IS. On the other hand, it is not inconceivable that these mitochondria represent 
a releasable Ca 2+  store that liberates Ca 2+  in response to light (e.g.,  [  15  ] ).  

   ER Ca 2+  Stores in the IS 

 Photoreceptor ER is a continuous, dynamic, constantly rearranging network of 
smooth cisternae that extend from the synaptic terminal to the subellipsoid space. 
This multifunctional organelle represents the site of synthesis and proper folding of 
newly synthesized proteins, phospholipids and glucosylphosphatidylinositols as 
well as a graveyard for unwanted molecules and toxins ( [  35,   64  ] ; [ 121 ]). In addi-
tion, ER cisternae contain the highest intracellular Ca 2+  content in photoreceptor 
cells  [  89,   98,   99  ] , consistent with their function as a cellular Ca 2+  reservoir that rep-
resents the second line of defense, after the cytosolic buffer proteins, against patho-
logically high or low [Ca 2+ ]i  [  93  ] . 

 ATP-dependent Ca 2+  uptake into IS ER  [  99  ]  is mediated by the SERCA 
(sarco-endoplasmic reticulum calcium ATPase) family mostly represented by the 
SERCA isoform    2  [  2,   50,   51  ] . SERCA2 (Kd ~ 0.7  m M) shares Ca 2+  clearance from 
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the cytosol with high-affi nity PMCA1 and PMCA2 pumps (Kd ~ 0.2  m M)  [  54,   94  ] . 
Under light-saturated conditions, Ca 2+  sequestration into the ER lowers the steady-
state [Ca 2+ ] 

IS
  by ~25–40 nM; that is, SERCAs contribute ~50% to baseline [Ca 2+ ]i 

 [  54,   94  ] . SERCA contribution is considerably higher in depolarized cells where it 
can reach hundreds of nM (Fig.  39.2a ). Episodes of darkness reload ER stores and 
consequently the ER reverts from a sink to source (e.g.,  [  36  ] ). The amount of releas-
able Ca 2+  refl ects the magnitude of the depolarizing stimulus and the amplitude of 
[Ca 2+ ]i. ( [  52,   54  ] ; Fig  39.2b ). CICR contributes to steady-state [Ca 2+ ]i, as suggested 
by ~20–50% reduction in the magnitude of depolarization-evoked [Ca 2+ ]i elevations 
in rod and cone perikarya following SERCA blockade  [  2,   54,   92  ] .  

 Amphibian and mammalian photoreceptors express RyR1 and RyR2 isoforms 
(detailed descriptions of expression profi les, biophysical activation properties, 
mechanisms of activation and function of the 3 known RyRs are provided else-
where; e.g.,  [  58  ] ). As in most brain regions, RyR2 are the dominant isoform in 
photoreceptors  [  51,   55  ]  which may express a new retina-specifi c variant of RyR2 
that includes a 21 bp deletion from exon 4  [  87  ] . Physiological studies showed that 
CICR in the IS was a smoothly graded function of Ca 2+  infl ux  [  52  ] , a characteristic 
typical of RyR2  [  88  ] . RT-PCR, in situ hybridization and antibody staining suggest 
mammalian photoreceptors might also express the skeletal RyR1 isoform ( [  86, 
  87  ] ; [ 113 ]). RyR1s are typically Ca 2+  -independent but can also participate in 

  Fig. 39.2    CICR in rod photoreceptor under hyperpolarized and depolarized conditions. The fura-
2-loaded cell was stimulated with puffs of 10 mM caffeine to stimulate ryanodine receptors. 
Sustained superfusion with 20 mM KCl activated voltage-operated Ca 2+  entry, resulting in a tran-
sient increase in [Ca 2+ ]i followed by a gradual decline to a stable plateau due to Ca 2+ -dependent 
VOCC inactivation. Caffeine puffs evoked substantially lager [Ca 2+ ]i transients under depolarized 
conditions. Each transient response was followed by an undershoot caused by SERCA activation 
( arrows ), and a transient overshoot resulting from the activation of store-operated Ca 2+  entry 
( arrowhead ). ( b ) The magnitude of caffeine-evoked Ca 2+  release depends on the magnitude of the 
conditioning depolarization. Rod photoreceptor inner segment. Conditioning steps of high K +  were 
followed by superfusion with 10 mM caffeine. Each  star  represents a single 128 ms KCl puff; bars 
denote superfusion. Increase in the duration of conditioning [Ca 2+ ]i steps caused a subsequent 
increase in the magnitude of caffeine-evoked [Ca 2+ ]i responses. These occurred after [Ca 2+ ]i 
returned to the baseline, implying a form of intracellular “memory”       
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CICR, when in the “uncoupled mode” ([ 110 ];  [  71  ] ). The retina also expresses 
RyR3 mRNA and protein ( [  86  ] ; [ 113 ]), a developmentally regulated isoform that 
can be co-expressed with RyR2  [  64  ] . Surprisingly, developing avian photorecep-
tors were reported to express a thapsigargin-sensitive pool that does not contain 
RyRs or IP3Rs ( [  17  ] ; but see  [  39  ] ). 

 In contrast to voltage-operated entry that is characterized by rapid, local Ca 2+  
infl ux at the active zone  [  3,   65,   96  ] , release from ER stores mediated by RyRs and 
possibly IP3Rs participates in slower, longer-range Ca 2+  signaling. Under strong 
illumination when the resident L-type voltage-operated channels are closed and 
[Ca 2+ ]i is low, RyRs are likely to be constitutively active at a random frequency 
within the range of homeostatic fl uctuation of the hyperpolarized membrane poten-
tial (~−60 to −70 mV; e.g.;  [  7  ] ) whereas in the darkness, sustained Ca 2+  release from 
ryanodine stores represents a signifi cant additional source of cytosolic [Ca 2+ ]i 
 [  52,   54  ] . Release from ryanodine stores may contribute to the membrane potential 
either as positive or negative feedback, depending on the pattern of activation of 
Ca 2+ -dependent K +  and Cl −  conductances, and Ca 2+ -induced inactivation of voltage-
operated L-type channels  [  2,   52  ] . Given that CICR acts as an amplifi cation device, 
its contribution is most pronounced in depolarized rods responding to fl ashes that 
evoke small changes in presynaptic voltage  [  90  ] . Parenthetically, the majority of 
studies that focused on photoreceptor CICR used pharmacological agents such as 
caffeine, ryanodine, Ruthenium Red, 2-APB and/or SERCA antagonists. These 
non-physiological modulators are often non-specifi c and/or have multiple targets. 
There is a pressing need to determine the function of physiological modulators such 
as NAAD + ; cADP ribose and/or  b -NAD + . 

 CICR signals are far more prominent in rods than in cones. Stimulation with 
caffeine produced small [Ca 2+ ]i elevations in a tiny subset of amphibian cones 
whereas the majority of cells evinced no response whatsoever  [  54  ] . Consistent 
with this observation, the time course of depolarization-induced [Ca 2+ ]i elevations 
in rods, but not cones, was strongly dependent on store release  [  92  ] . The absolute 
capacity of cones to sequester Ca 2+  in intracellular compartments appears to be 
comparable to rods, however, because exposure to thapsigargin elicits comparable 
(~50%) decreases in the size of the residual intracellular Ca 2+  pool  [  92  ] . This 
might suggest that the magnitude of caffeine-evoked Ca 2+  transients in cones is 
reduced by stronger PMCA-mediated Ca 2+  clearance (Križaj and Copenhagen, 
1998), activation of K + /Cl −  channels and/or by mitochondrial uptake through 
ER:mitochondrial microdomains. Consistent with this hypothesis, caffeine con-
sistently induced signifi cant Ca 2+  responses in cones in the presence of PMCA or 
mitochondrial blockers  [  54  ] . 

 While Ca 2+  sequestration into ER stores plays a crucial role in IS Ca 2+  homeo-
stasis and tonic neurotransmitter release, depletion of ryanodine-sensitive Ca 2+  stores 
empties only a fraction of total accumulated Ca 2+  in rods  [  54  ] . This suggests that 
IP3 stores, mitochondrial, lysosomal and Golgi apparatus also mediate Ca 2+  seques-
tration and release in rods and cones (e.g.,  [  92  ] ). In contrast to the clear evidence 
of PLC-IP3 signals in invertebrate photoreceptors  [  100  ] , physiological investiga-
tions of IP3R function in vertebrate photoreceptors have been lagging behind. 
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The available evidence suggests that IS regions express PLC and IP3 receptors 
 [  39,   55,   74  ]  that may be associated with metabotropic mGluR signaling  [  47  ] , syn-
aptic output  [  40  ]  and circadian rhythmicity mediated by presynaptic somatostatin 
2A receptors and PLC  [  39  ] .  

   Ca Stores and Neurotransmission at Photoreceptor Synapses 

 Ca 2+  release from intracellular stores was suggested to regulate the level of tonic 
neuronal activity at some central synapses by contributing to spontaneous neu-
rotransmitter release that sets the frequency of mEPSCs (reviewed in  [  9,   16  ] ). The 
role of Ca 2+  stores is particularly prominent in sensory “ribbon” synapses of photo-
receptors and hair cells  [  2,   12,   59,   90  ] . EM and X-ray diffraction analyses have 
identifi ed copious intracellular storage sites in synaptic terminals of rods and cones. 
These are represented mainly by smooth ER cisternae that contain both RyRs and 
IP3Rs ( [  66,   99  ] ; [ 120 ];  [  2  ] ). 

 The primary source of cytosolic Ca 2+  at ribbon synapses are dihydropyridine-
sensitive, L-type channels which are mainly localized at peri-ribbon sites near the 
active zone  [  65  ] . Within the synaptic terminal, release from Ca 2+  stores and subse-
quent infl ux through store-operated channels act in parallel with voltage-operated 
Ca 2+  entry. Wallace Thoreson’s group at the University of Nebraska used paired 
recordings from photoreceptors and postsynaptic cells to show that high concentra-
tions of ryanodine evince a reduction in the late component of the postsynaptic 
EPSC  [  12  ] . Calcium stores are located away from the active zone yet still within the 
diffusible distance of ~600 nm from the ribbon  [  2  ]  at which they could stimulate 
release from the reserve pool(s) of synaptic vesicles  [  97  ] . Capacitance recordings 
from dissociated salamander photoreceptors showed that photolysis of caged pre-
synaptic [Ca 2+ ]i can under certain conditions evoke slow exocytosis that presumably 
bypasses the early releasable pool  [  49  ] , offering an alternative parallel route 
possibly consisting of ectopic release of synaptic vesicles from non-ribbon sites 
(e.g.,  [  57,   105  ] ). 

 Presynaptic [Ca 2+ ]i drives the exocytotic process and information transfer across 
the photoreceptor synapse at the astonishing rate of 100–400 vesicles/s  [  14,   79,   97  ] . 
The high rate of release is presumably required to support reliable transfer of pre-
synaptic voltage changes in the order of 1  m V  [  22  ] . Indeed, the rod synapse was the 
fi rst documented case where synaptic release was shown to be driven by submicro-
molar to low micromolar levels of average cytosolic [Ca 2+ ]i  [  49,   79,   97  ]  rather than 
hundreds of  m M typically required at central synapses. In part, this is made possible by 
the high Ca 2+ affi nity of presynaptic SNAREs and buffering proteins (reviewed in  [  32  ] ) 
and in part by the close proximity of L-type channels to the ribbon  [  65  ] , which 
allows for the generation of local microdomains where [Ca 2+ ]i is likely to be sub-
stantially higher. In addition to high affi nity of Ca 2+  binding, the synapse is charac-
terized by its capacity for tonic release which is subserved by the resistance of 
presynaptic channels to inactivation (McRory et al., 2005) and by CICR which 



882 D. Križaj

boosts synaptic release when rods are maintained at physiological resting 
membrane potentials of ~−40 mV  [  12,   52,   90  ] . CICR is required for the mainte-
nance of tonic release at physiological membrane potentials whereas the presynap-
tic potential required non-physiological depolarizations to ~−20 mV in the absence 
of CICR  [  90  ] . Elimination of RyR-mediated Ca 2+  release converted a tonic synaptic 
signals into phasic bursts of vesicle release  [  90  ] . Hence, over most of the dynamic 
range, Ca 2+  release from internal stores is likely to contribute to maintaining linear 
synaptic transfer of information between photoreceptors and postsynaptic horizon-
tal/bipolar cells  [  97,   103  ] .  

   Store-Operated Channels 

 Although depolarization-evoked glutamate release from rods is completely sup-
pressed by L-type channel antagonists that inhibit voltage-dependent Ca 2+  entry, 
saturating white light blocked only a fraction of total released glutamate  [  82,   83  ] . 
This suggests that other, voltage-independent Ca 2+  infl ux pathways that are acti-
vated in light-adapted and strongly hyperpolarized cells, regulate the dynamic 
range of rod signaling. One such mechanism might consist of transient receptor 
potential (TRP) channels localized to photoreceptor terminals. Data from amphib-
ian and mammalian rods suggest that TRP-like channels contribute to baseline 
[Ca 2+ ]i  [  67,   94  ] . At least a subset of these channels appears to be regulated by 
depletion of intracellular Ca 2+  stores through the STIM1 sensor mechanism  [  4,   5, 
  94,   95  ]  (Fig.  39.3 ). While the physiological function of the SOCE is still unclear, 
depletion of ER cisternae in rod terminals caused an increase in presynaptic [Ca 2+ ]i 
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that was capable of modulating release of FM1-43 -labeled vesicles  [  94  ] . 
Consistent with this fi nding, inhibition of SOCE suppressed the slow component 
of the horizontal cell EPSC without having affecting voltage-operated signals 
 [  95  ]  (Fig.  39.3e ). The molecular identity of channel underlying SOCE has not 
been unequivocally established. Most retinal cells, including photoreceptors, 
appear to express multiple TRP subfamilies and isoforms  [  68,   80,   107  ] . TRPC1 
isoform-specifi c siRNAs reduced SOCE in rods but had no effect on cone SOCE 
 [  94  ]  whereas the TRPC3/6/7 channel antagonist diacylglycerol induces [Ca 2+ ]i 
elevations in mammalian rods and cones.   

   Summary 

 It has become increasingly clear that photoreceptor ER and mitochondria are capable 
of storing remarkable amounts of Ca 2+  in a compartment-specifi c manner and that 
calcium stores and store-operated channels play a signifi cant role in vertebrate pho-
toreceptors Ca 2+  homeostasis and synaptic signaling. Photoreceptor signaling in 
darkness is strongly associated with CICR whereas light-induced signaling is char-
acterized by depleted ER stores and activation of SOCE. Rod and cone cells exhibit 
differences both in the magnitude/kinetics of the releasable Ca 2+  pool, interactions 
with plasma membrane Ca 2+  signaling mechanisms and in the physiological mani-
festations of CICR and SOCE. Thus, Ca 2+  accumulation into and release from inter-
nal stores endow photoreceptor signaling with potential for far more complex, 
tunable and adaptable homeostatic regulation than believed so far.      

  Acknowledgements   The work was supported by the National Institutes of Health (EY13870, 
EY014800), Foundation Fighting Blindness, the Moran TIGER award and an unrestricted grant 
from Research to Prevent Blindness to the Moran Eye Institute at the University of Utah.  

   References       

    1.    Allbritton NL, Meyer T, Stryer LF (1992) Range of messenger action of calcium ion and 
inositol 1,4,5-trisphosphate. Science 258:1812–1815  

    2.    Babai N, Morgans CW, Thoreson WB (2009) Calcium-induced calcium release contributes to 
synaptic release from mouse rod photoreceptors. Neuroscience 165(4):1447–1456  

    3.    Babai N, Bartoletti TM, Thoreson WB (2010) Calcium regulates vesicle replenishment at the 
cone ribbon synapse. J Neurosci 30(47):15866–15877  

    4.    Barabas P, Cutler-Peck C, Križaj D (2010) Do calcium channels blockers rescue dying pho-
toreceptors in the Pde6b rd1  mouse? Adv Exp Med Biol 664:491–499  

    5.   Barabas P, Huang W, Xing W, Rao A, Le YZ, Chen CKJ, Križaj D (2010) Store-operated 
calcium entry increases calcium levels in photoreceptor cells and affects vision in mice. IOVS 
Abstract, Fort Lauderdale  

    6.    Belgum JH, Copenhagen DR (1988) Synaptic transfer of rod signals to horizontal and bipolar 
cells in the retina of the toad (Bufo marinus). J Physiol 396:225–245  

    7.    Berrout J, Isokawa M (2009) Homeostatic and stimulus-induced coupling of the L-type Ca 2+  chan-
nel to the ryanodine receptor in the hippocampal neuron in slices. Cell Calcium 46(1):30–38  



884 D. Križaj

    8.       Blaurock AE, Wilkins MH (1972) Structure of retinal photoreceptor membranes. Nature 
236(5345):313–314  

    9.    Bouchard R, Pattarini R, Geiger JD (2003) Presence and functional signifi cance of presynap-
tic ryanodine receptors. Prog Neurobiol 69(6):391–418, Apr  

    10.    Brockerhoff SE, Rieke F, Matthews HR, Taylor MR, Kennedy B, Ankoudinova I, Niemi GA, 
Tucker CL, Xiao M, Cilluffo MC, Fain GL, Hurley JB (2003) Light stimulates a transducin-
independent increase of cytoplasmic Ca 2+  and suppression of current in cones from the 
zebrafi sh mutant nof. J Neurosci 23(2):470–480  

    11.    Brown JE, Blazynski C, Cohen AI (1987) Light induces a rapid and transient increase in 
inositol-trisphosphate in toad rod outer segments. Biochem Biophys Res Commun 
146:1392–1396  

    12.    Cadetti L, Bryson EJ, Ciccone CA, Rabl K, Thoreson WB (2006) Calcium-induced calcium 
release in rod photoreceptor terminals boosts synaptic transmission during maintained depo-
larization. Eur J Neurosci 23:2983–2990  

    13.    Chen C, Jiang Y, Koutalos Y (2002) Dynamic behavior of rod photoreceptor disks. Biophys 
J 83(3):1403–1412  

    14.    Choi SY, Borghuis BG, Rea R, Levitan ES, Sterling P, Kramer RH (2005) Encoding light 
intensity by the cone photoreceptor synapse. Neuron 48:555–562  

    15.    Cilluffo MC, Matthews HR, Brockerhoff SE, Fain GL (2004) Light-induced Ca 2+  release in 
the visible cones of the zebrafi sh. Vis Neurosci 21(4):599–609  

    16.    Collin T, Marty A, Llano I (2005) Presynaptic calcium stores and synaptic transmission. Curr 
Opin Neurobiol 15(3):275–281  

    17.    Cristóvão AJ, Capela AN, Carvalho CM (2007) Ca 2+  stores in the chick embryo retina cells. 
Cell Signal 9(1):97–103  

    18.    Davis WL, Farmer GF, Martin JH, Bridges G (1988) Electron microscopic cytochemical localiza-
tion of Ca-ATPase in the rod outer segments of the toad Bufo marinus. Anat Rec 221:761–768  

    19.    Day NS, Koutz CA, Anderson RE (1993) Inositol-1,4,5-trisphosphate receptors in the verte-
brate retina. Curr Eye Res 12:981–992  

    20.    Fabiano A, Panfoli I, Calzia D, Bruschi M, Ravera S, Bachi A, Cattaneo A, Morelli A, 
Candiano G (2011) Catalytic properties of the retinal rod outer segment disk ADP-ribosyl 
cyclase. Vis Neurosci 28(2):121–128  

    21.    Fain GL, Schroder WH (1990) Light-induced calcium release and re-uptake in toad rods. 
J Neurosci 10:2238–2249  

    22.    Fain GL, Granda AM, Maxwell JM (1977) Voltage signal of photoreceptors at visual thresh-
old. Nature 265(5590):181–183  

    23.    Fain GL, Matthews HR, Cornwall MC, Koutalos Y (2001) Adaptation in vertebrate photore-
ceptors. Physiol Rev 81(1):117–151  

    24.    Gan J, Iuvone PM (1997) Depolarization and activation of dihydropyridine-sensitive Ca 2+  
channels stimulate inositol phosphate accumulation in photoreceptor-enriched chick retinal 
cell cultures. J Neurochem 68:2300–2307  

    25.    Gehm BD, Pinke RM, Laquerre X, Chafouleas J, Schultz DA, Pepperl DJ, McConnell DG (1991) 
Activation of bovine rod outer segment phosphatidylinositol-4,5-bisphosphate phospholipase C 
by calmodulin antagonists does not depend on calmodulin. Biochemistry 30:11302–11306  

    26.    Ghalayini A, Anderson RE (1984) Phosphatidylinositol 4,5-bisphosphate: light-mediated 
breakdown in the vertebrate retina. Biochem Biophys Res Commun 124:503–506  

    27.       Ghalayini AJ, Tarver AP, Mackin AM, Koutz CA, Anderson RE (1991) Identifi cation and immu-
nolocalization of phospholipase C in bovine rod outer segments. J Neurochem 57:1405–1412  

    28.    Ghalayini AJ, Weber NR, Rundle DR, Koutz CA, Lambert D, Guo XX, Anderson RE (1998) 
Phospholipase Cgamma1 in bovine rod outer segments: immunolocalization and light-depen-
dent binding to membranes. J Neurochem 70(1):171–178  

    29.    Giuditta A, Kaplan BB, van Minnen J, Alvarez J, Koenig E (2002) Axonal and presynaptic 
protein synthesis: new insights into the biology of the neuron. Trends Neurosci 25:400–404  

    30.    Haeseleer F, Imanishi Y, Maeda T, Possin DE, Maeda A, Lee A, Rieke F, Palczewski K (2004) 
Essential role of Ca 2+ -binding protein 4, a Cav1.4 channel regulator, in photoreceptor synap-
tic function. Nat Neurosci 7(10):1079–1087  



88539 Calcium Stores in Vertebrate Photoreceptors

    31.    Hayashi F, Amakawa T (1985) Light-mediated breakdown of phosphatidylinositol-4,5-bis-
phosphate in isolated rod outer segments of frog photoreceptor. Biochem Biophys Res 
Commun 128:954–959  

    32.    Heidelberger R, Thoreson WB, Witkovsky P (2005) Synaptic transmission at retinal ribbon 
synapses. Prog Retin Eye Res 24:682–720  

    33.    Henkart M (1980) Identifi cation and function of intracellular calcium stores in axons and cell 
bodies of neurons. Fed Proc 10:2783–2789  

    34.    Hoang QV, Linsenmeier RA, Chung CK, Curcio CA (2002) Photoreceptor inner segments in 
monkey and human retina: mitochondrial density, optics, and regional variation. Vis Neurosci 
19:395–407  

    35.    Holtzman E, Mercurio AM (1980) Membrane circulation in neurons and photoreceptors: 
some unresolved issues. Int Rev Cytol 67:1–67  

    36.    Hongpaisan J, Pivovarova NB, Colegrove SL, Leapman RD, Friel DD, Andrews SB (2001) 
Multiple modes of calcium-induced calcium release in sympathetic neurons. A [Ca 2+ ] 

i
 - and 

location-dependent transition from endoplasmic reticulum Ca accumulation to net Ca release. 
J Gen Physiol 118(1):101–112  

    37.   Huang W, Howell GJ, John SMW, Križaj D (2010) Differential expression of genes coding 
for internal calcium release is phenotype-dependent. IOVS Supplement, Proceedings of 
ARVO, Fort Lauderdale, 2010  

    38.    Jafri MS, Keizer J (1995) On the roles of Ca 2+  diffusion, Ca 2+  buffers, and the endoplasmic 
reticulum in IP 

3
 -induced Ca 2+  waves. Biophys J 69:2139–2153  

    39.    Jian K, Barhoumi R, Ko ML, Ko GY (2009) Inhibitory effect of somatostatin-14 on L-type 
voltage-gated calcium channels in cultured cone photoreceptors requires intracellular cal-
cium. J Neurophysiol 102(3):1801–1810  

    40.    Jiang H, Lyubarsky A, Dodd R, Vardi N, Pugh E, Baylor D, Simon MI, Wu D (1996) 
Phospholipase C b4 is involved in modulating the visual response in mice. Proc Natl Acad Sci 
93:14598–14601  

    41.    Jindrová H, Detwiler PB (1998) Protein kinase C and IP3 in photoresponses of functionally 
intact rod outer segments: constraints about their role. Physiol Res 47(4):285–290  

    42.    Johnson JE Jr, Perkins GA, Giddabasappa A, Chaney S, Xiao W, White AD, Brown JM, 
Waggoner J, Ellisman MH, Fox DA (2007) Spatiotemporal regulation of ATP and Ca 2+  
dynamics in vertebrate rod and cone ribbon synapses. Mol Vis 13:887–919  

    43.    Jung HH, Remé CE, Pfeilschifter J (1993) Light evoked inositol trisphosphate release in the 
rat retina in vitro. Curr Eye Res 12(8):727–732  

    44.    Kaupp UB, Schnetkamp PP, Junge W (1979) Light-induced calcium release in isolated intact 
cattle rod outer segments upon photoexcitation of rhodopsin. Biochim Biophys Acta 
554(2):441–459  

    45.    Korenbrot JI, Rebrik TI (2002) Tuning outer segment Ca 2+  homeostasis to phototransduction 
in rods and cones. Adv Exp Med Biol 514:179–203  

    46.    Koskelainen A, Donner K, Kalamkarov G, Hemilä S (1994) Changes in the light-sensitive 
current of salamander rods upon manipulation of putative pH-regulating mechanisms in the 
inner and outer segment. Vision Res 34(8):983–994  

    47.    Koulen P, Kihn R, Wassle H, Brandstatter JH (1999) Modulation of the intracellular calcium 
concentration in photoreceptor terminals by a presynaptic metabotropic glutamate receptor. 
Proc Natl Acad Sci 96:9909–9914  

    48.    Koyanagi M, Terakita A (2008) Gq-coupled rhodopsin subfamily composed of invertebrate 
visual pigment and melanopsin. Photochem Photobiol 84(4):1024–1030  

    49.    Kreft M, Križaj D, Grilc S, Zorec R (2003) Properties of exocytotic response in vertebrate 
photoreceptors. J Neurophysiol 90:218–225  

    50.    Križaj D (2005a) Compartmentalization of calcium entry pathways in mouse rods. Eur J 
Neurosci 22:3292–3296  

    51.    Križaj D (2005b) SERCA isoform expression in the mammalian retina. Exp Eye Res 
81:690–699  



886 D. Križaj

    52.    Križaj D, Bao JX, Schmitz Y, Witkovsky P, Copenhagen DR (1999) Caffeine-sensitive cal-
cium stores regulate synaptic transmission from retinal rod photoreceptors. J Neurosci 
19:7249–7261  

    53.    Križaj D, Demarco SJ, Johnson J, Strehler EE, Copenhagen DR (2002) Cell-specifi c expres-
sion of plasma membrane calcium ATPase isoforms in retinal neurons. J Comp Neurol 
451:1–21  

    54.    Križaj D, Lai FA, Copenhagen DR (2003) Ryanodine stores and calcium regulation in the 
inner segments of salamander rods and cones. J Physiol 547:761–774  

    55.    Križaj D, Liu X, Copenhagen DR (2004) Expression of calcium transporters in the retina of 
the tiger salamander ( Ambystoma tigrinum ). J Comp Neurol 475:463–480  

    56.    Križaj D, Mercer AJ, Thoreson WB, Barabas P (2011) Intracellular pH modulates inner seg-
ment calcium homeostasis in vertebrate photoreceptors. Am J Physiol Cell Physiol 
300(1):C187–C197  

    57.    Kuromi H, Kidokoro Y (2002) Selective replenishment of two vesicle pools depends on the 
source of Ca 2+  at the Drosophila synapse. Neuron 35(2):333–343  

    58.    Lanner JT, Georgiou DK, Joshi AD, Hamilton SL (2010) Ryanodine receptors: structure, 
expression, molecular details, and function in calcium release. Cold Spring Harb Perspect 
Biol 2(11):a003996  

    59.    Lelli A, Perin P, Martini M, Ciubotaru CD, Prigioni I, Valli P, Rossi ML, Mammano F (2003) 
Presynaptic calcium stores modulate afferent release in vestibular hair cells. J Neurosci 
23:6894–6903  

    60.    Leonelli M, Martins DO, Britto LR (2011) TRPV1 receptors modulate retinal development. 
Int J Dev Neurosci 29(4):405–413  

    61.    Liu Q, Tan G, Levenkova N, Li T, Pugh EN Jr, Rux JJ, Speicher DW, Pierce EA (2007) The 
proteome of the mouse photoreceptor sensory cilium complex. Mol Cell Proteomics 
6(8):1299–1317  

    62.    Matthews HR, Fain GL (2001) A light-dependent increase in free Ca 2+  concentration in the 
salamander rod outer segment. J Physiol 532:305–321  

    63.    Matthews HR, Fain GL (2003) The effect of light on outer segment calcium in salamander 
rods. J Physiol 552(Pt 3):763–776  

    64.    Meldolesi J (2001) Rapidly exchanging Ca 2+  stores in neurons: molecular, structural and 
functional properties. Prog Neurobiol 65:309–338  

    65.    Mercer AJ, Chen M, Thoreson WB (2011) Lateral mobility of presynaptic L-type calcium 
channels at photoreceptor ribbon synapses. J Neurosci 31(12):4397–4406  

    66.    Mercurio AM, Holtzman E (1982) Smooth endoplasmic reticulum and other agranular reticu-
lum in frog retinal photoreceptors. J Neurocytol 11:263–293  

    67.   Molnar T, Barabas P, Punzo C, Križaj D (2011) Store-operated calcium entry regulates intra-
cellular calcium levels in mouse rod photoreceptors. IOVS Abstract, Fort Lauderdale, 2011  

    68.    Morgans CW, Brown RL, Duvoisin RM (2010) TRPM1: the endpoint of the mGluR6 signal 
transduction cascade in retinal ON-bipolar cells. Bioessays 32(7):609–614  

    69.    Nakatani K, Yau KW (1988) Calcium and light adaptation in retinal rods and cones. Nature 
334(6177):69–71  

    70.    Nilsson SE (1965) The ultrastructure of the receptor outer segments in the retina of the leopard 
frog (rana pipiens). J Ultrastruct Res 12:207–231  

    71.    Ouardouz M, Nikolaeva MA, Coderre E, Zamponi GW, McRory JE, Trapp BD, Yin X, Wang 
W, Woulfe J, Stys PK (2003) Depolarization-induced Ca 2+  release in ischemic spinal cord white 
matter involves L-type Ca 2+  channel activation of ryanodine receptors. Neuron 40:53–63  

    72.    Ouyang K, Zheng H, Qin X, Zhang C, Yang D, Wang X, Wu C, Zhou Z, Cheng H (2005) Ca 2+  
sparks and secretion in dorsal root ganglion neurons. Proc Natl Acad Sci USA 102(34):
12259–12264  

    73.    Paillart C, Winkfein RJ, Schnetkamp PP, Korenbrot JI (2007) Functional characterization and 
molecular cloning of the K + -dependent Na + /Ca 2+  exchanger in intact retinal cone photorecep-
tors. J Gen Physiol 129(1):1–16  



88739 Calcium Stores in Vertebrate Photoreceptors

    74.    Peng YW, Rhee SG, Yu WP, Ho YK, Schoen T, Chader GJ, Yau KW (1997) Identifi cation of 
components of a phosphoinositide signaling pathway in retinal rod outer segments. Proc Natl 
Acad Sci USA 94(5):1995–2000  

    75.    Pepe IM, Panfoli I, Notari L, Morelli A (2000) ATP synthesis in rod outer segments of bovine 
retina by the reversal of the disk calcium pump. Biochem Biophys Res Commun 
268:625–627  

    76.    Perkins GA, Ellisman MH, Fox DA (2003) Three-dimensional analysis of mouse rod and 
cone mitochondrial cristae architecture: bioenergetic and functional implications. Mol Vis 
9:60–73  

    77.       Pozzo-Miller LD, Pivovarova NB, Connor JA, Reese TS, Andrews SB (1999) Correlated 
measurements of free and total intracellular calcium concentration in central nervous system 
neurons. Microsc Res Tech 46:370–379  

    78.    Rentería RC, Strehler EE, Copenhagen DR, Križaj D (2005) Ontogeny of plasma membrane 
calcium ATPase isoforms in the neural retina of the postnatal rat. Vis Neurosci 22:263–274  

    79.    Rieke F, Schwartz EA (1996) Asynchronous transmitter release: control of exocytosis and 
endocytosis at the salamander rod synapse. J Physiol 493:1–8  

    80.    Ryskamp DA, Witkovsky P, Barabas P, Huang W, Koehler C, Akimov NP, Lee SH, Chauhan 
S, Xing W, Rentería RC, Liedtke W, Križaj D (2011) The polymodal ion channel transient 
receptor potential vanilloid 4 modulates calcium fl ux, spiking rate, and apoptosis of mouse 
retinal ganglion cells. J Neurosci 31(19):7089–7101  

    81.    Sampath AP, Matthews HR, Cornwall MC, Bandarchi J, Fain GL (1999) Light-dependent 
changes in outer segment free-Ca 2+  concentration in salamander cone photoreceptors. J Gen 
Physiol 113:267–277  

    82.    Schmitz Y, Witkovsky P (1996) Glutamate release by the intact light-responsive photorecep-
tor layer of the Xenopus retina. J Neurosci Methods 68:55–60  

    83.    Schmitz Y, Witkovsky P (1997) Dependence of photoreceptor glutamate release on a dihydro-
pyridinesensitive calcium channel. Neuroscience 78:1209–1216  

    84.    Schnetkamp PP (1979) Calcium translocation and storage of isolated intact cattle rod outer 
segments in darkness. Biochim Biophys Acta 554(2):441–459  

    85.    Schnetkamp PP, Basu DK, Szerencsei RT (1989) Na + -Ca 2+  exchange in bovine rod outer seg-
ments requires and transports K + . Am J Physiol 257:C153–C157  

    86.    Shoshan-Barmatz V, Orr I, Martin C, Vardi N (2005) Novel ryanodine-binding properties in 
mammalian retina. Int J Biochem Cell Biol 37(8):1681–1695  

    87.    Shoshan-Barmatz V, Zakar M, Shmuelivich F, Nahon E, Vardi N (2007) Retina expresses a 
novel variant of the ryanodine receptor. Eur J Neurosci 26(11):3113–3125  

    88.    Solovyova N, Veselovsky N, Toescu EC, Verkhratsky A (2002) Ca (2+)  dynamics in the lumen 
of the endoplasmic reticulum in sensory neurons: direct visualization of Ca (2+) -induced Ca (2+)  
release triggered by physiological Ca (2+)  entry. EMBO J 21(4):622–630  

    89.    Somlyo AP, Walz B (1995) Elemental distribution in Rana pipiens retinal rods: quantitative 
electron probe analysis. J Physiol 358:183–195  

    90.    Suryanarayanan A, Slaughter MM (2006) Synaptic transmission mediated by internal cal-
cium stores in rod photoreceptors. J Neurosci 26:1759–1766  

    91.    Szikra T, Križaj D (2006) The dynamic range and domain-specifi c signals of intracellular 
calcium in photoreceptors. Neuroscience 141:143–155  

    92.    Szikra T, Križaj D (2007) Intracellular organelles and calcium homeostasis in rods and cones. 
Vis Neurosci 24:733–743  

    93.    Szikra T, Križaj D (2009) Calcium signals in inner segments of photoreceptors. In: Tombran-
Tink J, Barnstable C (eds) The visual transduction cascade: basic and clinical principles. 
Humana Press, Totowa, pp 197–223  

    94.    Szikra T, Cusato K, Thoreson WH, Barabas P, Bartoletti M, Križaj D (2008) Store-operated 
calcium channels regulate visual function. J Physiol 586:4859–4875  

    95.    Szikra T, Barabas P, Bartoletti T, Huang H, Akopian A, Thoreson WB, Križaj D (2009) 
Calcium homeostasis and neurotransmission in cone photoreceptors is regulated by interac-
tions between calcium stores and plasma membrane ion channels. PLoS One 4(8):e6723  



888 D. Križaj

    96.    Thoreson WB (2007) Kinetics of synaptic transmission at ribbon synapses of rods and cones. 
Mol Neurobiol 36(3):205–223  

    97.    Thoreson WB, Rabl K, Townes-Anderson E, Heidelberger R (2004) A highly Ca 2+ -sensitive 
pool of vesicles contributes to linearity at the rod photoreceptor ribbon synapse. Neuron 
42:595–605  

    98.    Ungar F, Piscopo I, Holtzman E (1981) Calcium accumulation in intracellular compartments 
of frog retinal rod photoreceptors. Brain Res 205:200–206  

    99.    Ungar F, Piscopo I, Holtzman E (1984) Uptake of calcium by the endoplasmic reticulum of 
the frog photoreceptor. J Cell Biol 98:1645–1655  

    100.    Walz B, Baumann O (1995) Structure and cellular physiology of Ca 2+  stores in invertebrate 
photoreceptors. Cell Calcium 18:342–351  

    101.    Wang TL, Sterling P, Vardi N (1993) Localization of type I inositol 1,4,5-triphosphate recep-
tor in the outer segments of mammalian cones. J Neurosci 19:4221–4228  

    102.    Weitz D, Zoche M, Müller F, Beyermann M, Körschen HG, Kaupp UB, Koch KW (1998) 
Calmodulin controls the rod photoreceptor CNG channel through an unconventional binding 
site in the N-terminus of the beta-subunit. EMBO J 17(8):2273–2284  

    103.    Witkovsky P, Schmitz Y, Akopian A, Križaj D, Tranchina D (1997) Gain of rod to horizontal 
cell synaptic transfer: relation to glutamate release and a dihydropyridine-sensitive calcium 
current. J Neurosci 17:7297–7306  

    104.    Woodruff ML, Lem J, Fain GL (2004) Early receptor current of wild-type and transducin 
knockout mice: photosensitivity and light-induced Ca 2+  release. J Physiol 557:821–828  

    105.    Zenisek D (2008) Vesicle association and exocytosis at ribbon and extraribbon sites in retinal 
bipolar cell presynaptic terminals. Proc Natl Acad Sci USA 105(12):4922–4927  

    106.       Zhang H, Constantine R, Vorobiev S, Baehr W et al (2011) UNC119 is required for G protein 
traffi cking in sensory neurons. Nat Neurosci 14:874–880  

    107.    Zimov S, Yazulla S (2004) Localization of vanilloid receptor 1 (TRPV1/VR1)-like immuno-
reactivity in goldfi sh and zebrafi sh retinas: restriction to photoreceptor synaptic ribbons. 
J Neurocytol 33(4):441–452  

    108.    Das ND, Yoshioka T, Samuelson D, Cohen RJ, Shichi H (1987) Immunochemical evidence 
for the light-regulated modulation of phosphatidylinositol-4,5-bisphosphate in rat photore-
ceptor cells. Cell Struct Funct 12(5):471–481  

    109.    Fain GL, Schröder WH (1985) Calcium content and calcium exchange in dark-adapted toad 
rods. J Physiol 368:641–665  

    110.    Fill M, Copello JA (2002) Ryanodine receptor calcium release channels. Physiol Rev 
82(4):893–922  

    111.    Gehm BD, Mc Connell DG (1990) Phosphatidylinositol-4,5-bisphosphate phospholipase C 
in bovine rod outer segments. Biochemistry 29(23):5447–5452  

    112.    Hestrin S, Korenbrot JI (1987) Effects of cyclic GMP on the kinetics of the photocurrent in 
rods and in detached rod outer segments. J Gen Physiol 90(4):527–551  

    113.    Huang W, Xing W, Ryskamp DA, Punzo C, Križaj D (2011) Localization and phenotype-
specifi c expression of ryanodine calcium release channels in C57BL6 and DBA/2J mouse 
strains. Exp Eye Res 93(5):700–709  

    114.    Jelsema CL (1989) Regulation of phospholipase A2 and phospholipase C in rod outer 
segments of bovine retina involves a common GTP-binding protein but different mechanisms 
of action. Ann N Y Acad Sci 559:158–177  

    115.    Krizaj D, Copenhagen DR (1998) Compartmentalization of calcium extrusion mechanisms in 
the outer and inner segments of photoreceptors. Neuron 21:249–256  

    116.    Krizaj D, Copenhagen DR (2002) Calcium regulation in photoreceptors. Frontiers in 
Biosciences 7:2023–2044  

    117.    McRory JE, Hamid J, Doering CJ, Garcia E, Parker R, Hamming K, Chen L, Hildebrand M, 
Beedle AM, Feldcamp L, Zamponi GW, Snutch TP (2004) The CACNA1F gene encodes an 
L-type calcium channel with unique biophysical properties and tissue distribution. J Neurosci 
24(7):1707–1718  



88939 Calcium Stores in Vertebrate Photoreceptors

    118.    Millar FA, Fisher SC, Muir CA, Edwards E, Hawthorne JN (1988) Polyphosphoinositide 
hydrolysis in response to light stimulation of rat and chick retina and retinal rod outer 
segments. Biochim Biophys Acta 970(2):205–211  

    119.    Panfoli I, Ravera S, Fabiano A, Magrassi R, Diaspro A, Morelli A, Pepe IM (2007) Localization 
of the cyclic ADP-ribose-dependent calcium signaling pathway in bovine rod outer segments. 
Invest Ophthalmol Vis Sci 48(3):978–984  

    120.    Peng YW, Sharp AH, Snyder SH, Yau KW (1991) Localization of the inositol 1,4,5-trisphos-
phate receptor in synaptic terminals in the vertebrate retina. Neuron 6(4):525–531  

    121.    Verkhratsky A (2005) Physiology and pathophysiology of the calcium store in the endoplas-
mic reticulum of neurons. Physiol Rev 85(1):201–279    



891

  Abstract   The increasing interest in stem cell research is linked to the promise of 
developing treatments for many lifethreatening, debilitating diseases, and for cell 
replacement therapies. However, performing these therapeutic innovations with 
safety will only be possible when an accurate knowledge about the molecular sig-
nals that promote the desired cell fate is reached. Among these signals are transient 
changes in intracellular Ca 2+  concentration [Ca 2+ ] 

i
 . Acting as an intracellular mes-

senger, Ca 2+  has a key role in cell signaling pathways in various differentiation 
stages of stem cells. The aim of this chapter is to present a broad overview of vari-
ous moments in which Ca 2+ -mediated signaling is essential for the maintenance of 
stem cells and for promoting their development and differentiation, also focusing on 
their therapeutic potential.  
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  Abbreviations  

  7TMS    7-transmembrane segment receptor   
  Akt    Protein kinase B   
  AM    Amplitude modulation   
  BDNF    Brain-derived neurotrophic factor   
  BMP    Bone morphogenetic protein   
  BMP4    Bone morphogenetic protein 4   
  CaMK    Calcium/calmodulin dependent kinase protein   
  CaR    Calcium sensing receptor   
  cAMP    Cyclic adenosine monophosphate   
  cGMP    Cyclic guanosine monophosphate   
  CREB    Binding element responsive to cAMP   
  DAG    Diacylglycerol   
  DKK1    Dickkopf 1   
  ECC    Embryonic carcimona cells   
  ECM    Extracellular matrix   
  ELK    Eph-related tyrosine kinase   
  ER    Endoplasmatic reticulum   
  ERK    Extracellular-signal-regulated kinase   
  ESC    Embryonic stem cells   
  ExEn    Extraembryonic endoderm   
  FGF    Fibroblast growth factor   
  FGF1    Fibroblast growth factor 1   
  FGF2    Fibroblast growth factor 2   
  FL    Fluorescein   
  FM    Frequency modulation   
  FZD    Frizzled   
  GFP    Green fl uorescent protein   
  GPCR    G protein-coupled receptor   
  hESC    Human embryonic stem cell   
  hHSC    Human hematopoietic stem cell   
  hMSC    Human mesenchymal stem cell   
  HSC    Hematopoietic stem cell   
  ICM    Inner cell mass   
  iMEF    Mitotically inactivated embryonic fi broblast   
  IP3    Inositol 1,4,5-triphosphate   
  IP3Rs    Inositol 1,4,5-triphosphate receptors   
  iPSC    Induced pluripotent stem cell   
  IVF     in vitro  fertilized   
  JAK    Janus kinase   
  Klf4    Gut-enriched Krüppel-like factor   
  LIF    Leukemia inhibitory factor   
  LPA    Lysophosphatidic acid   
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  MKK3    Mitogen-activated Protein Kinase Kinase 3   
  MAP    Microtubule-associated protein   
  MAP1B    Protein association with the microtubule 1B   
  MAP2    Protein associated with type 2 microtubule   
  MAPK    Pathways of mitogen-activated protein kinases   
  MAPKK    MAP kinase kinase   
  mESC    Mouse embryonic stem cell   
  NAAD    Nicotinic Acid Adenine Dinucleotide   
  NANOG    Nanog homeobox   
  NFAT    Nuclear factors of activated T-cells   
  NFκB    Nuclear factor κBl   
  NSC    Neural stem cell   
  OAP    Oct/octamer-associated protein   
  OCT-4    Octamer-binding transcription factor 4   
  PI3K    Phosphoinositide Kinase-3   
  PIP2    Phosphatidylinositol 4,5-biphosphate   
  PKA    Protein kinase A   
  PKC    Protein kinase C   
  PLC    Phospholipase C   
  PSC    Pluripotent stem cell   
  Ras    Rat sarcoma similar to G protein GTPase   
  Rcn2    Reticulocalbin-2   
  RyR    Ryanodine receptors   
  ROC    Receptor-operated channels   
  RTKs    Receptors tyrosine kinase   
  Stk40    Serine/threonine kinase 40   
  SOX2    Sex determining region Y box 2   
  SR    Sarcoplasmatic reticulum   
  SOC    Store-operated channels   
  SSC    Somatic stem cell   
  STAT3    Signal transducer and activator of transcription 3   
  Stk40    Serine/threonine kinase 40   
  TBX3    T-box transcription factor   
  Tc    Tetracycline   
  TGF- b     Transforming growth factor- b    
  TSC    Tumor stem cell   
  VOCC    Voltage-operated calcium channels         

   Introduction    

 Calcium (Ca 2+ ) is a ubiquitous intracellular signal responsible for controlling numer-
ous cellular processes such as cell differentiation, proliferation, and apoptosis. At 
one level, its action is simple: cells at rest have a Ca 2+  of 100 nM but are activated 
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when this level rises to roughly 1,000 nM. The immediate question is how can this 
elevation of Ca 2+  concentration regulate so many processes? The answer lies in the 
versatility of the Ca 2+  signaling mechanism in terms of speed, amplitude and spatio-
temporal patterning  [  1  ] . 

 It is well known that Ca 2+  is important for cell differentiation and proliferation in 
mammalian somatic cells. However, [Ca 2+ ] 

i
  in stem cells has not been investigated 

until recent years  [  2–  5  ] . This research has attracted a high interest in the fi eld 
because the evidence suggests that Ca 2+  signaling is related to cell proliferation and 
differentiation, which are important functions of stem cells. Recent studies have 
shown that stem cells have functional Inositol 1,4,5-trisphosphate receptor (IP3R)-
regulated intracellular Ca 2+  stores. They are sensitive to stimulation with ATP, hista-
mine, and platelet-derived growth factor and depend on Ca2+ entry through 
store-operated channels (SOC) entry for refi lling of their intracellular Ca 2+  stores. 

 The efforts of seeking a broader understanding about these cells are justifi ed by 
the promising scientifi c advance that they are able to provide. Besides that their use 
is still a very controversial topic, both in therapy (due to security in its use without 
the promotion of carcinogenic effect), and in research (mainly due to the source of 
the cells to be used in research). 

 Through the elucidation of the molecular mechanisms in which second messen-
gers (such as Ca 2+ ) act, the possibility of using stem cells can be improved, allowing 
better use of this important tool: in the repair of epithelial tissue after extensive 
lesions, in the treatment of degenerative diseases, in reduction on levels of immune 
rejection in transplantation, and even in research of mechanism of diseases, drug 
toxicology  screening , among other purposes  [  6  ] .  

   What Are Stem Cells and How to Classify Them? 

 Stem cells are unspecialized cells that can proliferate while remaining as stem cells, 
or adopt the process of differentiation: relying on signals received from their neigh-
borhood. To conceptualize them two main properties are considered: their ability to 
promote their self-renewal in an unlimited way and their ability to terminally dif-
ferentiate into a wide variety of specifi c cell types  [  7  ] . 

 The ways to classify such cells changes according to the scientifi c approach 
adopted by each group. In order to classify stem cells different classifying systems 
were suggested and to opt for one or other system, divide researchers’ opinion. In 
this chapter we present a merge of the classifi cation existing categories. 

   A Classifying System Based on the Obtaining Source of Stem Cells 

 The classifi cation is required to reassemble the origins of pluripotent cells popula-
tions, that can be obtained from natural (blastocyst ICM (inner cell mass), niches 
from adult body, populations of cancer cells) or not natural sources (using cell and 
molecular biology as tools) (Fig.  40.1 ).  
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 The stem cells derived from the ICM of blastocyst are said embryonic stem cells 
(ESC’s): widely found in the developing embryo. Then, pluripotent stem cells can 
be obtained from  in vitro  fertilized (IVF): the ICM can be extracted from the blas-
tocyst and cultured with a  feeder layer . 

 The pluripotent stem cells that remain in niches located in specifi c regions of an 
adult body are known as adult or somatic stem cells (SSCs); they are considered 
remnants of the ESC’s and are present in small proportions in tissues. 

 As will later be descript in this chapter, populations of cancer cells may include 
cells that dedifferentiated to a stage of stem cells, similar to the ESC’s stage (the gene 
expression profi le is similar); these are known as tumor stem cells (TSCs)  [  8  ] . 

 There are also not natural sources to obtain stem cells through methodology that 
involves the transfer of nuclear contents between cells  [  9  ] , cell fusion (e.g. of ESC-
extract with differentiated cell)  [  10  ]  or through genetic manipulation  [  11  ] .  

   A Classifying System Based on the Potency of Stem Cells 

 This classifi cation is based primarily on differences in stem cells’ differentiation 
potential. The classes of stem cells regarding potency of cell lines are: totipotent, 
pluripotent, multipotent, unipotent. And some scientists also consider the omnipo-
tent class. 

  Fig. 40.1     Origin of stem cells potency, and fates . Totipotent cells exist from the fertilized oocyte 
until the initial morula’s blastomeres during embryo development. When these cells proliferate and 
specialize they originate blastocyst, which has two different cell types including ICM cells. ESCs 
(embryonic stem cells) that are pluripotent, derive from the ICM. After the blastocyst there is the 
gastrula stage which has mesoderm endoderm and ectoderm cells (multipotent stem cells). These 
cells can be generated by ESC differentiation and can differentiate into cells from a specifi c tissue. 
So, stem cells can proliferate in symmetric self-renewal (diving into two identical daughter stem 
cells – increasing the stem cells pool) or asymmetric self-renewal (dividing into one differentiated 
daughter cell and one stem cell – maintaining the stem cell pool), differentiate through symmetric 
division without self-renewal (originating two differentiated daughter cells) and suffer apoptosis, 
besides staying quiescent       
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 Totipotent are the cells that exist from the zygote until the initial morula’s 
blastomeres; these cells have the ability to originate any cell type. This totipotence 
ends before the blastocyst stage because, at this stage, it is already possible to 
identify two different cell types: the trophectoderm’s cells and inner cell mass cells 
(pluripotent cells)  [  12  ] . Although omnipotent is not an universally accepted concept, 
there is still researchers who design this concept disagreeing with those who consider 
these cells totipotent. However, totipotent cells are capable of cellular self-organization 
(cells that have the ability to form a basic body plan through gastrulation) and 
omnipotent cells aren’t capable of this self-organization; they are cells with the 
potential to generate all cell types (as well as totipotent cells), but nevertheless not 
necessarily these omnipotent cells must have potential for self-organization (unlike 
totipotent)  [  13  ] . 

 The pluripotent ICM cells have the potential to generate many, but not all, cell 
types  [  13  ] . They have lost some of their differentiation potency compared to the 
totipotent cells. 

 Multipotent cells are stem cells capable of self renewal, and that can differentiate 
into various cell types, but these types are limited to a specifi c tissue, organ or sys-
tem; for example, the neural multipotent stem cells can differentiate into many cell 
types (glial cells and neurons), but all of them belong to neural lineage of cell dif-
ferentiation  [  13  ] . 

 Unipotent cells are those capable of generating only one cell type when they 
adopt a differentiation route  [  8  ] . So, it is remarkable, that as the body develops from 
the embryonic stage of early morula to adult stage, there is a reduction in the capacity 
of differentiation of stem cells from an individual. That’s because the genome, since 
the beginning of the progress of embryogenesis, becomes transcriptionally active 
and suffers epigenetic modifi cations with the passage of time; together these changes 
will control development since the embryonic stage until adult age. 

 As these changes occur, the vast majority of cells begin to originate specifi c 
transcriptomes, and differentiate into specifi c cell types; however, not all cells dif-
ferentiate terminally. There are still somatic stem cells (SSCs) in adults and this 
occurs because the stem cells can undergo changes in their genomes, but not suffi -
cient to promote total differentiation into a specifi c cell type; these changes in the 
genome can, nevertheless, promote a reduction in these cells potential for 
differentiation. 

 If stem cells do not receive signals to adopt a differentiation route it can continue 
as stem cells maintaining potency or adopt an alternative route: apoptosis (pro-
grammed cell death)  [  14  ] .   

   Alterations on Stem Cell’s Transcriptome 

 The mechanisms and signaling pathways involved in controlling growth and 
differentiation of stem cells, are not fully elucidated. The various types of tyrosine 
kinase receptors (RTKs) and G protein-coupled receptor (GPCR) in the membrane 
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of these cells allow a multitude of different ligands to join, specifi cally to their 
receptors, and trigger signaling pathways intracellularly. The different signaling 
pathways activated by these ligands, after integration of their individual messages, 
lead to a fi nal cellular response: to maintain stem cells in their undifferentiated 
state, to conduct the cells to apoptosis, or cause them to adopt a route of cell 
differentiation. As an example of ligands that interact with these receptors 
there are several growth factors (as fi broblast grow factor 2 – FGF-2) and cytok-
ines (as activin and leukemia inhibitory factor – LIF), among other signaling 
molecules  [  15  ] . 

 In this chapter will be addressed some signal transduction pathways, activated by 
these molecules, that lead to changes in gene expression profi le of stem cells induc-
ing: cellular differentiation, or the maintenance of these cells’ pluripotency.  

   The Embryonic Stem Cells 

 The interest to search and isolate pluripotent cells derived from blastocyst on preim-
plantation stage emerged from studies of tumors in mice gonads. In the 1960s was 
achieved isolation of undifferentiated cells with: remaining expansion capacity 
when in culture with mitotically inactivated embryonic fi broblasts (iMEF), and 
multi-lineage differentiation capacity; these were called embryonic carcinoma cells 
(ECC)  [  7  ] . 

 From this fi rst contact with these cells to the isolation of ESC in mice, it took 
more than 13 years  [  7  ] ; the fi rst human embryonic stem cells, in turn, were only 
isolated in the 1990s: in 1998  [  8  ] . As mentioned earlier in this chapter, the embry-
onic stem cells are derived from ICM, the blastocyst cell population responsible for 
originating extra embryonic tissue and tissues of the whole body. 

   How to Study ESC in Culture 

 To establish and maintain ESCs with normal karyotype and the ability to fully 
differentiate into functional cells, scientists generally start by plating undifferenti-
ated ESC with the supply of factors capable of maintaining them undifferentiated in 
the medium, but also capable of allow their proliferation. That’s way onto a  “feeder 
layer ” comprised of mouse embryonic fi broblasts, in addition to supplying as-yet-
unidentifi ed support factors also supplies LIF, which prevents ESC differentiation. 

 In order to maintain the undifferentiated status: LIF is added to the cultivation of 
mESC (mouse embryonic stem cell), or if the cells are hESC (human embryonic 
stem cell), and the cellular propagation takes place using manual microdissection; 
this latter procedure involves the use of a Pasteur’s pipette, for example, to dissect 
individual hESC’s colony into small fragments and then transfer them to new con-
tainers with fresh culture  [  6  ] . 



898 F.M.P. Tonelli et al.

 Although, besides keeping the cell on non-differentiated stage, it is also important 
to promote the generation of specialized functional cells from the ESCs. However 
one of the great challenges that scientists face is to make this differentiation process 
be controlled and directed to a specifi c and unique cell type. In the following topics 
covered in this chapter the reader can get an overview of which are the mainly path-
ways that promote stem cell’s differentiation into some specifi c cell types.   

   induced-Pluripotent Stem Cells (iPSCs) 

 The induced pluripotent stem cell (iPSC) is a kind of adult cells who suffered genetic 
reprogrammation to an embryonic stem cell–like state. These cells were fi rst 
obtained in 2006 from mouse somatic cells  [  16  ] . In 2007, Yu et.al. reprogrammed 
somatic human cell nuclei to an undifferentiated state, and according to them, four 
factors ( OCT4 ,  SOX2 ,  NANOG , and  LIN28 ) are suffi cient to reprogram human 
somatic cells to pluripotent stem cells embryonic stem cells-like  [  17  ] . Since these 
fi ndings, researchers are looking for new ways to generate these cells, like using 
adenovirus  [  18  ] , bacterial artifi cial cromossomes  [  19  ] , and recombinant proteins  [  20  ] . 

 The possibility of iPSCs generation from somatic cells, avoids ethical diffi culties 
on using embryonic stem cells in studies and future therapeutical applications; that is 
because iPSCs also have the ability to self-renew maintaining themselves undifferen-
tiated, and to differentiate into various different cell types  [  21  ] . 

 Today there is a large number of studies using these cells trying to understand 
mechanisms and to fi nd a treatment for degenerative and genetic diseases is huge 
 [  22  ] . But when it comes to the therapeutic use, iPSCs are not ready to be used; how-
ever are promising. It is expected that in a near future, iPSCs will be successfully 
used to treat, for example, brain tumor, neurological diseases  [  23  ] , and vascular 
diseases  [  10  ] .  

   Mechanistic Basis of Calcium Activity 

 Intracellular calcium controls many cellular processes, such as fertilization, gene tran-
scription, muscle contraction and cell death. Changes in calcium levels may occur in 
microseconds or hours, and can be propagated through cells and tissues  [  1,   24  ] . In the 
neuronal function, calcium regulates excitability, excitotoxicity, synaptic transmis-
sion, gene expression and as well as cell death  [  25  ] . Although many growth factors 
and neurotrophic factors can infl uence neuronal differentiation, diverse lines of 
evidence suggest that neurotransmitters, induce variations in intracellular Ca 2+ , which 
is a key regulator of differentiation. Changes in concentration of free intracellular 
calcium resulting from spontaneous events or from regulated cell cascades, have been 
shown to initiate specifi c courses of cell behavior in many circumstances, such as in 
osteo- and neuronal differentiation of mesenchymal stem cells  [  26,   27  ] . 
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 During advanced stages of development, intracellular calcium is involved in the 
induction of differentiation of individual cells. In contrast to the gradient of the 
calcium response for axial specifi cation, rapid calcium increases induce differentia-
tion, at least in neuronal and muscle cells  [  28  ] . In  Xenopus , spontaneous calcium 
events produced by Ryanodine receptors (RYRs) during a brief period of develop-
ment  [  29  ] , directs differentiation of myocytes in somites. The development of neu-
rons also is regulated by these calcium events, which control processes such as the 
expression of channels and specifi c neurotransmitters  [  30,   31  ] , establishment of 
growth cones  [  32  ]  and proper wiring of neuronal networks  [  33  ] . 

 It should be noted, however, that the elementary events that constitute intracel-
lular Ca 2+  signaling – Ca 2+  Blips or Quarks  [  34,   35  ] , Puffs or Sparks  [  36,   37  ] , 
Intracellular Waves  [  38  ]  – most probably form the basis of most of all subsequent 
intercellular signaling events  [  1,   39  ] . It is known that Ca 2+  has a regulatory function 
in the process of cell fate specifi cation in the nervous system. For example, in spinal 
neurons from  Xenopus  embryos it was possible to identify two types of spontaneous 
calcium events which have been characterized both  in vitro  and  in vivo : rapid 
increases of global [Ca 2+ ] 

i
  resembling action potentials, and small transient increases 

of calcium, called waves, which are generated in the growth cone. It has been dem-
onstrated that global increases in calcium usually control the production of neu-
rotransmitters and the maturation of potassium channels, while local calcium waves 
regulate neurite extension  [  30,   32  ] . Many of these effects of calcium are mediated 
by the regulation of phosphorylation of structural proteins  [  40  ] . Other effects, such 
as acquisition of a phenotype associated with the release of certain neurotransmit-
ters probably require transcription  [  41–  43  ] . 

 Increases in [Ca 2+ ] 
i
  occur due to infl ux of Ca 2+  through the plasma membrane or 

due to its release from intracellular stores, such as the endoplasmatic reticulum (ER) 
or, in muscle, from the sarcoplasmatic reticulum (SR). Calcium release from ER/SR 
is activated by many second messengers, among which is inositol-1,4,5-trisphos-
phate (IP 

3
 ) – a substance that stimulates and modulates activity of IP 

3
  receptor which 

release calcium from intracellular stores  [  44,   45  ] . When a calcium channel is 
opened, calcium levels increase in that region, and this micro-domain dissipates as 
soon as the channel is closed  [  45,   46  ] . 

 The highly localized events of opening and rapidly closing calcium channels are 
referred to calcium  sparks  or  puffs , depending on the nature and location of the 
channels. Calcium signals can appear for two purposes: for either activate processes 
in the micro-domain that has high calcium levels or to recruit other channels in the 
cell, thus promoting an increase of global [Ca 2+ ] 

i
 . However, prolonged increases in 

[Ca 2+ ] 
i
  may be lethal, so cells use low amplitude calcium signals, or transient cal-

cium signals, known as calcium oscillations. Cells can then use amplitude modula-
tion (AM) or frequency modulation (FM) to decode the information contained in the 
calcium signal. In AM signaling, it is the amplitude of the calcium signal that initi-
ates the cascade. This mode of signaling is generally considered less reliable than 
FM, leading to diffi culties in detecting small increases in calcium slightly above 
noise levels, but cells have been shown to be able to respond to small increases in 
calcium  [  47  ] . In FM signaling, the frequency of calcium oscillations is used to 
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propagate information. For example, in activated T cells it is used to optimize gene 
expression directed by nuclear transcription factors nuclear factors of activated 
T-cells (NF-AT) of the Oct/octamer-associated protein (OAP) and of nuclear factor 
 k B (NF- k B)  [  48,   49  ] . 

 Calcium could also be propagated from one cell to their neighboring cells through 
intercellular calcium waves. The spread of calcium waves across progenitor cell 
populations from brain could be exemplifi ed by radial glial cells. Radial glial cell 
gap junction coupling is greatest during mid-neurogenesis and decreases in late 
neurogenesis  [  50  ] . However, this decrease in overall cell coupling is accompanied 
by an increase in gap junction hemichannel-mediated Ca 2+  waves. It has been shown 
that gap junction hemichannels mediate Ca 2+  waves in the developing VZ through 
the release of ATP that binds to purinergic P2Y1 receptors on neighboring radial 
glia, thereby activating an IP3-mediated release of Ca 2+  from internal stores  [  51, 
  52  ] . Interestingly, Ca 2+  wave frequency, size and distance increase in late neurogen-
esis  [  52  ] .The observation that similar levels and types of Cxs are expressed in mid- 
and late neurogenesis  [  53–  55  ]  suggests that Cx proteins are regulated at a molecular 
level such that they underlie the formation of gap junction-coupled clusters of cells 
during mid-neurogenesis and the hemichannel-mediated spread of Ca 2+  waves 
during late neurogenesis. 

 In 2010 Resende et al. reported Ca 2+  transients in G1 to S transition during cell 
cycle progression in diverse cell lines, including undifferentiated cells; on these cells 
the oscillations involve inositol 1,4,5-triphosphate receptors (IP3Rs) and L-type 
channels. This was an evidence that transients may be involved in stem cell’s prolif-
eration  [  56,   57  ] . The cell large capacity of convey a wide range of different information 
through a common cellular second messenger (Ca 2+ ), can consist in the fact that 
distinct variations in length, frequency and amplitude of oscillations in intracellular 
Ca 2+  concentration, encodes for different cellular responses. Understanding the 
mechanisms that regulate these oscillations and the processes involved in converting 
its effects on cellular responses, still at large process of research and development. 

 Flow of cellular information requires coordinated activity of a wide network of 
signaling pathways. Interaction between pathways provides complex non-linear 
outputs for a given combination of stimuli. Examples on the density of these inter-
actions were shown by Natarajan and his group  [  58  ] . They demonstrated that vari-
ous receptors, separated or in groups are able to: mobilize calcium, initiate cyclic 
adenosine monophosphate (cAMP) and cytokines synthesis and also to promote 
phosphorylation of a variety of proteins involved in signalization. These fi ndings 
suggest that different external stimuli may converge in a relatively small number of 
interaction mechanisms to promote signaling. 

 In this way growth factors, hormones and drugs elicit cellular responses in the 
form of Ca 2+  oscillations, the frequencies of which are determined by the amount 
and type of the agent  [  59–  62  ] . Patterns of spontaneous and stimulated Ca 2+  tran-
sients drive transcription of specifi c genes  [  48,   62–  64  ] , and stimulated cAMP tran-
sients directly or through BDNF  [  64  ]  also regulate gene expression  [  65,   66  ] . It was 
shown that only certain bursts of Ca 2+  spikes generate a cAMP increase  [  67  ] . Which 
can be useful in understanding the coding of gene expression by interactions between 
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Ca 2+  transients and cAMP oscillations. Higher frequencies of Ca 2+  spikes have been 
shown to control gene expression more directly via Ca 2+ -dependent kinases that are 
not effi ciently activated by low frequencies of Ca 2+  transients. For example, cAMP 
increases induced by serotonin lead to translocation of PKA catalytic subunits into 
the nucleus of  Aplysia  neurons and gene expression underlying long-term facilita-
tion  [  66,   68  ] . The theoretical model combining Ca 2+  oscillatory machinery and feed-
back regulation of cAMP synthesis, studied by Gorbunova and Spitzer  [  67  ]  predicts 
the existence of low-frequency cAMP transients rather than high-frequency events 
 [  69,   70  ] . These results suggest that it could be fruitful to investigate interactions 
among other classes of second messengers, as tiers of messenger systems may be 
necessary to generate different patterns of transients that produce unique cellular 
responses to stimulation. 

 Some discussion and works involving the G a  
i/o

 -coupled receptors demonstrated 
that, activation of this signaling pathway, generating cAMP, would lead carcinoma 
stem cells to differentiate into neuronal cells  [  42,   71  ] , and neural stem cells to regu-
late neurite outgrowth  [  72  ] . 

   Expression Profi le 

 Correlations between spatial patterns of Ca 2+  signaling and those of developmental 
gene expression represent perhaps the most exciting areas of research at present. It 
has been known for some time, from work with cultured cells, that Ca 2+  can activate 
signaling pathways in both the nucleus and cytoplasm to stimulate gene expression 
by different pathways  [  73,   74  ] , that it can function as an inhibitor as well as an acti-
vator of gene expression  [  75,   76  ] , and that the frequency as well as the amplitude of 
Ca 2+  transients is important for the regulation of gene expression  [  48,   76–  78  ] . We 
suggest that many of the features of Ca 2+ -activated gene expression that are found in 
cultured cells might also be relevant to intact embryos. In T-cells, for example, 
oscillations enhance both the effi ciency and specifi city of signaling through the 
Ca 2+ -dependent transcription factors nuclear factor of activated T-cells (NFAT), Oct/
Oap and nuclear factor kappa B (NF kappa B) in ways that are consistent with each 
factor’s Ca 2+  dependence and kinetics of activation and deactivation  [  48  ] . In addi-
tion, in Xenopus embryos the expression of the early neural genes Zic3 and geminin 
were shown to be downregulated when Ca 2+  transients, which occurred at the right 
time and in the right place to be associated with neural induction, were blocked by 
specifi c L-type Ca 2+ -channel antagonists  [  79,   80  ] . 

 The expression profi le of differentiating cells can reveal key factors involved in 
the neuronal differentiation process. Observations based on the construction of net-
works from gene per gene analyses also suggest that hematopoietic sources activate 
multiple programs that compete subsequently with other programs, although the 
way in which this competition is resolved is not clear  [  81  ] . Comparisons of initial 
and late differentiation events reveal an increase in the number of genes differen-
tially regulated in the latter  [  82  ] . This can be explained by multiple initiating cell 
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lines: initial cells from the differentiation still express genes that correlate with 
multiple lineages, but throughout later stages of differentiation programs that are 
not required are inactivated, while end markers of differentiation are activated. 
Clearly, many late functions, such as cell cycle control and constitutive machinery, 
will be the same for all differentiated cells  [  82  ] . 

 In order to understand the topology and the dynamics of transcriptional regula-
tory networks that control biological processes, one must focus on the following 
issues:

    1.    The identity and expression levels of overlap and interaction  
    2.    How interactions change over time  
    3.    The phenotypic impact of interrupting key overlaping points     

 The complexity of the eukaryotic transcriptional regulatory machinery refl ects 
the many responses that it controls, but it also makes the understanding of these a 
networks a diffi cult task. This issue leads to obvious questions relates to the mecha-
nisms through which a specifi c transcriptional response is triggered, including how 
a signaling pathway activates a transcription factor, how temporal specifi city is gen-
erated, and the origins of a target. 

 For example, it is frequently assumed that the equilibrium state of a message 
RNA (mRNA) (measured in a microarray) is indicative of the rate at which tran-
scription or even translation of a protein occurs. Moreover, it is also assumed that if 
a transcription factor is expressed it is active, even though dimerization, post-trans-
lational modifi cations and cytolocalization should also be considered. Even in the 
absence of knowledge about the architecture of a network it is possible to use the 
gene expression patterns to prove that the structural state of a complex network is 
natural, and to extract characteristic signatures of high dimensional stable attractor. 
It is not evident that such stable behavior can arise from the interactions of a large 
number of irregularly connected elements  [  83  ] , but an important result of the analy-
sis of discrete genetic networks is that they provide the architectural characteristics 
of a global network. A complex network will produce spontaneously globally coher-
ent patterns of gene activation, such as rapid deceleration of a group of relatively 
small stable attractors, instead of eventually visiting all the possible states  [  84  ] . The 
architectural characteristics of a network known to increase the regime of ordered 
behavior includes:

    1.    Few interactions  [  84  ] .  
    2.    Preferential use of certain groups of functions for regulatory interactions between 

genes  [  84  ] .  
    3.    A topology without scale boundaries  [  85  ] .     

 These characteristics have been predominant in gene and protein networks. It has 
been verifi ed that differentiation of embryonic P19 cells into neurons, and of HL60 
cells into neutrophils  [  86  ]  does not result from a simple transition state of a bi-stable 
state as described in the traditional model  [  87,   88  ] . Instead, cell differentiation in 
mammals seems to be a process of many steps in high dimension, a result which is 
consistent with the high connectivity of the cellular complex that sustains the 
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regulatory genomic network. Studies in analysis revealed that differentiation is a 
process of many steps consistent with a model in which many keys are coupled 
along many states of space and dimensions, and that originates multiple stable 
stated which represent high dimensional attractors in the wide regulatory genomic 
network  [  84,   89  ] . Such an emphasis suggests a new way of specifying the many 
step processes of cell differentiation in a sequence of discrete meta stable interme-
diaries which evade conventional analysis of elapsed time of the entire population. 
The existence of a multi-stable and multi-dimensional behavior during cell differ-
entiation in mammals has important implications in the way in which differentia-
tion is interpreted and ultimately, in how commitment of stem cells during 
development occurs.   

   Major Pathways Involved in Maintaining Pluripotency 
of Embryonic Stem Cells in Culture 

 It is known today, as a result of various studies on embryonic stem cells of mice and 
humans, that the Wnt/ b -catenin pathway is involved in maintaining pluripotency in 
both human and mice stem cells. The Wnt signaling pathway can activate a cascade 
of intracellular reactions triggered by the binding of Wnt proteins, and palmiltolated 
glycoproteins, to their receptors on the cell’s membrane (Fig.  40.2 ).  

 In mouse embryonic stem cells LIF/Signal Transducer and Activator of 
Transcription (STAT-3), bone morphogenetic protein (BMP)/Id and LIF/phosphati-
dylinositol 3-kinases (PI3K)-protein kinase B (Akt) pathways are also involved in 
maintaining cell’s pluripotency and to study their infl uency on mESCs pluripotence, 
these cells can be cultured in the presence or absence of serum  [  90  ] ; when serum is 

  Fig. 40.2     Major pathways involved in maintaining pluripotency of embryonic stem cells, or 
promoting their differentiation in culture . Pathways in  blue  are from mESC; those in  red  are from 
hESC. In  purple  are the pathways observed in both cell types       
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present, the LIF (a serum derivative molecule) is responsible for triggering 
signaling pathways involving JAK, PI3K or mitogen-activated protein kinases 
(MAPK)  [  91  ] . In the fi rst two situations, this molecule acts promoting the mainte-
nance of cellular pluripotency, while in the latter situation, it induces their differen-
tiation. In the absence of serum in cell culture, the pluripotency can be maintained 
through the combined addition of LIF and BMP4 into culture. As BMP4 join to its 
receptors, it leads to activation of Smad1, 5, 8, which in turns induce the activation 
of the transcription factor Id, thus maintaining the cell’s pluripotency. 

 In hESC, the presence of LIF and BMP-4 in the culture medium is not suffi cient 
to maintain pluripotency; according to results reported by Wei and colleagues, this 
fact is justifi ed by differences in trancriptoma of murine and human cells .  In human 
cells exogenous or cells’ produced FGF-2, acts as an important signaling ligand for 
the maintenance of pluripotency  [  92  ] . This molecule can trigger the activation of 
MAPK and PI3K/Akt to do so  [  93  ] . Activin is also a ligand that leads to the main-
tenance of pluripotency through activation of Smad2, 3, which in turn lead to direct 
transcriptional activation of a gene for pluripotency:  Nanog   [  92  ]  .  Signaling path-
ways that increases the expression of other genes from the transcription factors 
Oct4, Sox2, Klf4, cMYC and Lin28 are also relationated with promotion of pluri-
potency  [  10  ] . 

 When it comes to calcium, according to Todorova et al., lysophosphatidic acid 
(LPA), a potent mitogen present in serum, can evoke Ca 2+  mobilization from the 
endoplasmic reticulum through the phospholipase C (PLC) pathway on mESC. 
After binding to a G-protein coupled receptor, LPA can induce the PLC activation 
and IP3 production. In the endoplasmatic reticulum IP3 fi nally stimulates Ca 2+  
release inducing a signaling cascade which leads to the induction of  cmyc  expression. 
Additionally, the DNA synthesis is also increased by this ligand on these cells: it 
stimulates maintenance of pluripotency and the cell proliferation  [  94  ] . 

   Wnt, Frizzled Receptors and Ca 2+  

 The Wnt family of glycoproteins are able to promote the activation of  Frizzled  
(FZD) receptors, a G protein-coupled receptors  [  95  ] , that are largely involved in 
embryonic development. The Wnt pathway, as seen earlier, is critical for mainte-
nance of undifferentiated murine and hESC, for maintenance of large populations of 
these cells by stimulating their proliferation and suppressing their apoptosis. 

 Three possible well-characterized signaling pathways can be activated by this 
ligand on FZD receptors: canonical pathway-Wnt/ b -catenin, FZD/planar cell polar-
ity pathway, and FZD/Ca 2+  pathway. 

 It is unclear whether the initiation of this signaling pathway involves activation 
of phospholipases by GPCR and/or an increase in cGMP. It is known, however, that 
atypical protein kinase C (aPKC, a.k.a. PKC z ) is activated in this signaling pathway 
in a Ca 2+ -dependent mechanism  [  95  ] .   
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   Major Pathways Involved in Differentiation of Embryonic 
Stem Cells in Culture 

 Through the MAPK pathway signaling cascade a ligand can trigger activation of 
cFos, cJun or Elk, thus inducing cell differentiation, and also inhibit the activity of 
transcription factor TBX3. This factor is responsible for activation of  Nanog  gene: 
a gene of paramount importance for the maintenance of pluripotency; then, with 
TBX3 inhibited the pluripotency is not maintained and the cell enters into a differ-
entiation route  [  8  ] . 

 In human embryonic stem cells, induction of cell differentiation can occurs 
through signaling triggered for the association of the ligand BMP-4 to its receptor 
on the cell surface; this signaling pathway involves the participation of transcription 
factors Smad1,5,8  [  8  ] . 

 Recently has been shown the involvement of REX1 on the regulation of pro-
liferation/differentiation of hMSCs through the suppression of p38 MAPK path-
way. REX1 represses the expression of MKK3 (or MAPKK3 – an activator of 
p38 MAPK in hMSCs); so when it is present in high concentration, cell differen-
tiation is suppressed and proliferation is stimulated. This marker also suppress 
Notch and STAT3 signaling  [  96  ] . 

 Li et al. results showed that in mouse embryonic stem cell besides being an 
important transcription factor for the maintenance of an undifferentiated state, Oct4 
is also related to Erk/MAPK pathway (that is involved on ESC differentiation). 
Oct4, after binding of tetracycline (Tc) on surface receptors, has serine/threonine 
kinase 40 (Stk40) gene as a target gene and Stk40 can activate the Erk/MAPK path-
way and induce extraembryonic–endoderm (ExEn) differentiation in mESCs. Stk40 
is also able to promote this kind of differentiation interacting with Rcn2 (a calcium 
binding protein), which activates Erk1/2 itself  [  97  ] .  

   Somatic Stem Cells 

 SSCs, or adult stem cells are found in already developed tissues and they are very 
rare which diffi cult their isolation for study. They have distinct characteristics from 
regular body cells due to their microenvironments and the expression of specifi c 
markers of some tissues, mainly related to the extracellular matrix (ECM)  [  98  ] ; 
these cells also have the ability to generate specialized cells of other tissues, a pro-
cess also known as transdifferentiation. 

 There are several examples of transdifferentiation of SSCs that occur naturally. 
The most common occurrence is probably in cancer, resulting in different types of 
tumors. In this case, the patterns of gene expression result in a change of morphol-
ogy and behavior, contributing to carcinogenesis. However, the mechanism by 
which transdifferentiation is activated is still unknown, although it is of great inter-
est for application in cellular therapies  [  99  ] . 
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 The interaction of stem cells with specifi c microenvironmental factors is a key 
mechanism in regulating the maintenance of their self-renewal and differentiation 
capacity. Many of the stem cells’ differentiation mechanisms are analogous to the 
pathways that promote tumoriogenesis, which leads scientists to consider, in some 
cases, that the formation of a neoplasm can occur initially from stem cells  [  2  ] . 

 There are several types of adult stem cells such as epidermal, hematopoietic, 
cardiac, neuronal and mesenchymal  [  100  ] . The latter are found in the stroma of 
organs and is therefore also known as stromal stem cells  [  101,   102  ] . In this chapter 
will be discussed only the main types of stem cells and their mechanism of prolif-
eration and differentiation, focusing on the ones related to Ca 2+ .  

   Ca 2+  Signaling in the Process of Hematopoietic Stem Cells’ 
Differentiation 

 Among SSCs, the best characterized with regard to its mechanisms of differentia-
tion are the hematopoietic stem cells (HSCs), found in bone marrow and umbilical 
cord blood. 

 The niche of HSCs is an anatomical unit located in the endosteum of the bone 
marrow cavity, which is composed of osteoblasts, osteoclasts and stromal fi bro-
blasts, beyond others cells. In some studies it is evident the importance of osteo-
blasts to the development of HSCs  [  103  ] . These osteoblasts express high levels of 
Jagged-1, a ligand for Notch receptors. Activation of Notch1 has been shown to 
result in a greater degree of self-renewal of HSCs, probably by inducing the expres-
sion of a set of self-renewal genes, including HES1. 

 The conditional suppression of BMPR1 also leads to increased numbers of 
N-cadherin  + CD45 −  osteoblastic. Thus, signaling by BMP type IA BMPR complex, 
regulates the population of HSCs and consequently the size of the niche. A sub-
population of murine LSK cells also expressed N-cadherin, which interacts and 
forms a complex with  b -catenin  [  90,   104  ] . 

 Wnt proteins have been used to maintain and expand mHSCs because they are 
potent inducers of  b -catenin signaling. It is possible that under certain conditions, 
some metalloproteinases such as ADAM10 cause the breakdown of membrane-
bound N-cadherin, thereby increasing  b -catenin cytoplasmic pool, which will now 
be available to work in the canonical Wnt pathway (inducing expression of target 
genes, including cell cycle regulatory proteins). Together with  b -catenin, cMYC, 
cMYB, JUNB, p18 and p27 are initially responsible by proliferation and differen-
tiation of HSCs. 

 HSCs are sensitive to high levels of Ca 2+ , mainly due to the GPCRs receptors 
expressed on their membranes  [  105  ] . This kind of receptor is required to maintain 
HSCs near to the endosteal surface of bone. The MUC1 protein can initiate Ca 2+  
signaling through association with its ligand ICAM-1; this suggests that MUC1 
mediates cytoskeletal rearrangements to facilitate the interaction between HSC and 
its niches. 
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 Once allocated and located within the niche, cytokines, and growth factors are 
secreted locally and direct the fate of stem cells, initiating a cascade of intracellular 
signals. 

 Transforming growth factor- b  (TGF- b ) is one of the few negative regulators of 
HSCs known. It keeps stem cells in a state of slow or idle activity partially blocking 
the expression of cytokine receptors on the cell surface  [  92  ] . The arrest of cell cycle 
regulation requires hHSCs p57. Furthermore, angiopoietin-1, produced by stromal 
cells, enhances HSCs capacity to become quiescent, through interaction with recep-
tor RTKs. 

 FGF-1 in stem cells has the role of self-renewal and proliferation. After binding 
to its receptors some signaling pathways can be activated, including MAPK, STAT 
and PI3Ks  [  15  ] . Recent evidence indicates that members of the protein complex 
PCG play key role in normal hematopoiesis, and repress the expression of HOX 
gene in mice  [  106  ] ; this HOX gene is an important regulator of differentiation path-
ways. However, overexpression of HOXB4 in human cells was not related to any 
increase in expansion or to the promotion of myeloid differentiation  [  107  ] .  

   Cardiac Stem Cells and Dependence of Ca 2+  Signals 

 Regenerative cardiovascular medicine hopes that it will be possible to use this 
type of stem cells for therapeutic purposes. However, although they have great 
chances of being employed in cardiac reparative therapies, it is necessary fi rst to 
confi rm its expansion  in vitro ; a clinical application may only be possible after 
intensive research on this expansion. The accurate control of proliferation of these 
cells is necessary, because their number in cardiac muscle tissue is vanishingly 
small  [  108  ] . 

 In cardiac stem cells differentiation into cardiomiocytes, FGF and TGF b  factor’s 
family are the main regulators. The activity of TAK, a protein that belongs to MAPK 
pathway, is stimulated by activation of TGF b  receptors. The TAK acts on the 
transcription factors ATF2 and CREB through the Ca 2+  responsive MAPK pathway 
 [  109  ] . ATF2 can also bind to the Smads to promote the expression of transcription 
factors responsible for the development of cardiac phenotype. P42/P44 MAPK 
pathway (ERK) is activated by FGFs, through Ras protein  [  110  ]  (Fig.  40.3 ).  

 Wnt11 also participates in the process, acting through activation of Ca 2+  depen-
dent pathway; this pathway include the participation of Ca 2+ /calmodulin-dependent 
protein kinase (CaMK)-II, PKC and JNK  [  111  ] . 

 Wnt proteins can also be repressors of cardiac differentiation and these proteins 
can be inhibited by antagonists such as Crescent and DKK1 ( Dickkopf ); the latter 
promotes differentiation into cardiomyocytes. However,  Dishevelled , a mediator of 
the canonical pathway Wnt/ b -catenin, which implies the  b -catenin and transcription 
factor family TCF/LEF, has recently been used to activate CaMK pathway by PCP 
(planar cell polarity)  [  108  ] .  
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   Neural Stem Cells and the Ca 2+  Signaling 

 Neural stem cells (NSCs) have the ability to guarantee the proliferation of cells in 
the adult nervous system, also being responsible for both the formation of neuronal 
and glial components. The process of neuronal differentiation, after embryonic 
development, is restricted to specifi c brain regions such as the dentate gyrus of the 
hippocampus and the subventricular zone (where this kind of stem cell was fi rst 
identifi ed)  [  112  ] . 

 In development of NSCs, when these cells receives an external stimulus, often by 
growth factor binding to their receptors, there is an suppression on the expression of 
genes responsible for the pluripontent phenotype (mainly components of the Wnt 
pathway and transcription factors), whereas the genes that confer typical neurons 
characteristics are now widely expressed  [  113  ] . Some factors that promote neuronal 
differentiation, such as NeuroD, begin to act on the cell that is now differentiating. 

 The NeuroD binds to specifi c sequences of DNA when phosphorylated by CaMK 
(enzyme whose modulation activity is dependent on intracellular Ca 2+ )  [  114  ] . At the 
same time begin to be expressed neuronal cytoskeleton binding proteins such as 
proteins from MAP family, for example MA1B; protein that is sensitive to Ca 2+   

  Fig. 40.3     Major pathways involved in maintaining pluripotency of cardiac stem cells, or promoting 
their differentiation . See text for more information       
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   Future Perspectives and Conclusions 

 The use of stem cells as an alternative to treatments for diseases will change the 
medicine concepts currently known. The implementation of stem cells in cell sub-
stitution therapies will require a detailed understanding of the effect of growth fac-
tors on proliferation and differentiation of these cells  in vitro  and  in vivo , particularly 
when it comes to be delivery to patient. 

 The proposed cell substitution in new clinical approaches involving the trans-
plantation of exogenous stem cells to sites of disease, should be viewed with cau-
tion; however this promising new form of treatment should be considered due to the 
large potential of bring benefi ts to society. 

 Use of linear signal transduction pathways for developmental and cell differen-
tiation control is dictated by the current information processing paradigm in cell 
biology lead us to rapidly reached its limits. The base of this paradigm emerged 
from experiments which demonstrated that soluble hormones and neurotransmitters 
present functional effects on cell regulation which are mediated by their binding to 
cell surface signaling receptors. However, more recent studies have clarifi ed that 
calcium signaling pathways induced by calcium oscillations play equally important 
roles in the control of the cellular phenotype  [  27,   115–  117  ] . Furthermore, cell shape 
regulates switching between different cell fates by inducing the same gene and 
 calcium-dependent signal protein activity profi les that are activated by cell binding 
to specifi c growth factors and oscillating patterns. These observations, which can be 
combined with the increasing information available, but not interconnected, the pro-
cessing of information within cell signaling networks emphasizes the need to build 
a more comprehensive and integrated model of cell regulation. 

 Calcium as an attractor in stem cells and progenitor cells drive the differentiation 
to great diversity of specialized neuronal cells and glial cells compositing a tridi-
mensional complex cyto-architecture called brain. A great intrinsic signaling process 
is activated composed by neurotransmitter receptors, CaR, ROC, RYR, SOC, 
VOCC, NAADP or second messengers such as – DAG, 1,4,5IP3, cAMP, PIP 

2
  or 

even by modulation of kinase proteins, ERK or MAPK and enzyme, PLC. All the 
process is regulated by wakes and peak of calcium localized in micro-domains or in 
the role cell. In addition of it there are events such as amplitude and frequencies of 
calcium signalization. The study of the network of signalization is complex because 
each part of it can be involved in different levels of organization in different nets, 
organized around different attractors composing regulatory genetic networks which 
can be helpful to try understand the role process. 

 We suggest that further technical advances in several key areas will add greatly 
to our understanding. The fi rst will be the continued development of Ca 2+  reporters 
that can be targeted to specifi c cell types within a developing embryo and to subcel-
lular compartments within these cells. There have been some encouraging advances 
in this area  [  118,   119  ] . The second area for advancement will be the generation of 
targeted reporters that can be used as probes for non-invasive imaging of gene expres-
sion patterns in living embryos. Once again, advances are being made on this front. 
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Dorsky et al. reported the development of a technique for long-term imaging of 
regulated gene expression in zebrafi sh  [  120  ] . Such probes could potentially be 
expressed in embryos along with a Ca 2+  reporter, and their activity simultaneously 
(or near simultaneously) imaged. The third area to be advanced will be the continu-
ation of the development of reporters to visualize the activation of Ca 2+ -sensitive 
targets that mediate the crosslinking between Ca 2+  signals and other developmental 
signaling networks. Encouraging advances, such as the use of fl uorescein (FL)- or 
green fl uorescent protein (GFP)-linked calmodulin (CaM) probes  [  121,   122  ] , and 
the development of fl uorescence resonance energy transfer (FRET)-based biosen-
sors to monitor agonist-induced phospholipase C activation  [  123  ] , have been made 
in this area. The future, therefore, looks encouragingly bright for the continued 
exploration of developmental Ca 2+  signaling.      
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  Abstract   Calcium (Ca 2+ ) signaling controls multiple cellular functions and is regulated 
by the release of Ca 2+  from internal stores and its entry from the extracellular fl uid. 
Ca 2+  signals in osteoclasts are essential for diverse cellular functions including dif-
ferentiation, bone resorption and gene transcription. Recent studies have highlighted 
the importance of intracellular Ca 2+  signaling for osteoclast differentiation. Receptor 
activator of NF- k B ligand (RANKL) signaling induces oscillatory changes in intra-
cellular Ca 2+  concentrations, resulting in Ca 2+ /calcineurin-dependent dephosphory-
lation and activation of nuclear factor of activated T cells c1 (NFATc1), which 
translocates to the nucleus and induces osteoclast-specifi c gene transcription to 
allow differentiation of osteoclasts. Recently, some reports indicated that RANKL-
induced Ca 2+  oscillation involved not only repetitive intracellular Ca 2+  release from 
inositol 1, 4, 5-triphosphate channels in Ca 2+  store sites, but also via store-operated 
Ca 2+  entry and Ca 2+  entry via transient receptor potential V channels during osteo-
clast differentiation. Ca 2+ -regulatory cytokines and elevation of extracellular Ca 2+  
concentrations have been shown to increase intracellular Ca 2+  concentrations 
([Ca 2+ ] 

i
 ) in mature osteoclasts, regulating diverse cellular functions. RANKL-

induced [Ca 2+ ] 
i
  increase has been reported to inhibit cell motility and the resorption 

of cytoskeletal structures in mature osteoclasts, resulting in suppression of bone-
resorption activity. In conclusion, Ca 2+  signaling activates differentiation in osteo-
clast precursors but suppresses resorption in mature osteoclasts. This chapter focuses 
on the roles of long-term Ca 2+  oscillations in differentiation and of short-term Ca 2+  
increase in osteoclastic bone resorption activity.  
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   Introduction    

 Maintenance of body calcium (Ca 2+ ) is of crucial importance for many physiologi-
cal functions, including neuronal excitability, muscle contraction, and bone forma-
tion. Bone is the major Ca 2+  store in the body and, together with the intestines and 
kidney, is responsible for regulating the whole-body balance. The principal Ca 2+ -
metabolizing hormones regulate Ca 2+  uptake and release in the kidney, intestine and 
bone. Bone mineral is also modifi ed by parathyroid hormone, vitamin D and calci-
tonin. In bone, adequate bone density and quality are crucial for maintaining the 
balance between bone formation and resorption. The cells in bone tissues control 
over 99% of the human body’s Ca 2+  content. Despite processing such massive quan-
tities of Ca 2+ , bone cells use Ca 2+  in their homeostatic control processes. The mas-
sive movement of Ca 2+  is carried out by specialized and regulated calcium 
transporters. Defects in these transporters cause diseases that can affect bone struc-
ture or function. Indeed, inborn errors have been very important in defi ning the 
calcium transport mechanisms in bone. 

 Calcium is a universal second messenger with a pivotal role in almost all cell 
types  [  1–  3  ] . Ca 2+  signaling also controls proliferation, differentiation, transcription, 
activation and apoptosis in bone cells such as osteoblasts, osteoclasts and osteocytes 
 [  4–  6  ] . The consequences of Ca 2+  signals can be classifi ed according to whether 
short- or long-term functions are affected. Furthermore, short- and long-term Ca 2+  
signaling are known to affect different physiological functions. Short-term func-
tions are generally infl uenced within minutes and are independent of new gene 
expression. They include the regulation of cell motility and the inhibition of bone 
resorption in mature osteoclasts. Hormonal/cytokine factors such as calcitonin, 
interleukin (IL)-4 and interferon- g , and elevation of extracellular Ca 2+  concentra-
tions ([Ca 2+ ] 

o
 ) induce a quick increase in intracellular Ca 2+  concentrations [Ca 2+ ] 

i
 , 

which suppress the motility of osteoclasts, destruction of resorbing cytoskeletal 
structure, and apoptosis, resulting in suppression of bone-resorption activity. The 
long-term functions downstream of Ca 2+  signaling include Ca 2+ -dependent phos-
phatase (calcineurin), transcription factors (nuclear factor of activated T cells, 
NFATc1), and the differentiation of osteoclast precursors into mature osteoclasts. 
These events all need sustained oscillatory Ca 2+  changes to maintain [Ca 2+ ] 

i
  after 

receptor activator of NF- k B ligand (RANKL) stimulation. 
 Ca 2+  signaling is regulated by Ca 2+  release from internal stores and entry through 

Ca 2+ -permeable channels in the plasma membrane. However, the molecular basis of 
the relationship between Ca 2+  signaling and intra- and extracellular Ca 2+  transporters 
remains largely unidentifi ed. 
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 Some studies have reported the expression of Ca 2+  transporters such as voltage-
operated Ca 2+  channels, store-operated Ca 2+  (SOC) channels and transient receptor 
potential (TRP) channels in various mammalian osteoclasts  [  7–  10  ] . However, the 
roles of short-term Ca 2+  increase in bone-resorption activity and long-term Ca 2+  
oscillation in differentiation remain unclear. 

 This chapter describes intra- and extracellular calcium transporters from the 
standpoint of short- and long-term cellular Ca 2+  regulation in osteoclasts, and dis-
cusses calcium-dependent cellular regulatory functions based on the framework of 
functional calcium transporters.  

   Role of Calcium Signaling in Osteoclast Differentiation 

 Osteoclasts are unique, multinucleated giant cells responsible for the decalcifi cation 
and resorption of the bone matrix. Osteoclasts differentiate from the monocyte-
macrophage lineage  [  11  ] . Their differentiation is dependent on the tumor necrosis 
factor-family cytokine, RANKL. RANKL induces osteoclast differentiation by acti-
vating the transcription factor NFATc1, which is required for osteoclastogenesis 
 [  12  ] . RANKL signaling is known to induce oscillatory changes in [Ca 2+ ] 

i
 , resulting 

in Ca 2+ /calcineurin-dependent dephosphorylation and activation of NFATc1, which 
translocates to the nucleus and induces osteoclast-specifi c gene transcription, allow-
ing the differentiation of osteoclasts. RANKL-induced Ca 2+  oscillation is initiated 
approximately 24 h after RANKL stimulation, when NFATc1 induction also 
becomes evident. Ca 2+  oscillation is subsequently sustained thereafter until the 
multinucleation stage. The differential activation of transcription factors is known 
to depend on the pattern of Ca 2+  signaling; NFATs are activated by a low but sus-
tained Ca 2+  activation  [  13  ] , while Ca 2+  oscillation reduces the effective Ca 2+  thresh-
old for the activation of transcription factors  [  14,   15  ] . Long-term Ca 2+  oscillation is 
thus thought to maintain NFATc1 in the nucleus and ensure the long-lasting tran-
scriptional activation of NFATc1 required for terminal differentiation during osteo-
clastogenesis  [  16  ] . Ca 2+  oscillation is thus a critical feature of osteoclastogenic 
signaling. The change in [Ca 2+ ] 

i
  occurs through the sequential operation of two pro-

cesses: Ca 2+  release from internal Ca 2+  store sites such as the endoplasmic reticulum 
(ER) and mitochondria, and Ca 2+  entry through Ca 2+ -permeable channels in the 
plasma membrane  [  6,   17  ] . However, the molecular basis of the relationship between 
Ca 2+  oscillations and intra- and extracellular Ca 2+  channels remains largely 
unknown. 

 In many non-excitable cells, inositol 1, 4, 5-triphosphate (IP 
3
 ) activates phospho-

lipase C (PLC)-mediated Ca 2+  signaling by binding to IP 
3
  receptors (IP 

3
 Rs)  [  18,   19  ] . 

IP 
3
 Rs function as major Ca 2+  channels, allowing the release of Ca 2+  from intracel-

lular Ca 2+  stores upon IP 
3
  binding. Three subtypes of IP 

3
 Rs are expressed in tissue- 

and development-specifi c manners, and the Ca 2+  signaling patterns depend on the 
differential expression of these IP 

3
 R subtypes. IP 

3
 R2 is the most sensitive to IP 

3
  and 

is required for long-lasting Ca 2+  oscillation  [  20  ] . RANKL stimulates PLC g , resulting 
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in Ca 2+  oscillations during the early stage of osteoclastogenesis (Fig.  41.1 ). IP 
3
 R2 

has been reported to be predominantly expressed in mouse osteoclasts, and RANKL-
induced Ca 2+  oscillations were abolished in bone marrow macrophages derived 
from IP 

3
 R2 and -3 knockout mice. The physiological role of IP 

3
 -mediated signals in 

the osteoclast lineage has been investigated, and Ca 2+  oscillations were impaired in 
osteoclast precursors derived from IP 

3
 R2 and IP 

3
 R2/3-defi cient mice, resulting 

in inhibition of osteoclastogenesis  [  21  ] . However, the differentiation of IP 
3
 R2/3-defi cient 

  Fig. 41.1     Molecular Ca   2+    signaling mechanism in osteoclastic differentiation/bone resorption . 
( a ) The oscillatory changes in intracellular Ca 2+  concentration (Ca 2+  oscillation) necessary for 
 NFATc1  activation during the early stage of osteoclast differentiation.  RANK  and immunoreceptor 
tyrosine-based activation motif ( ITAM )-associated immunoglobulin-like receptor ( IgLR ) signals 
cooperate to activate  PLC g  .  PLC g   produces  IP  

 3 
 , which evokes Ca 2+  release from the ER and sub-

sequently generates Ca 2+  oscillation.  SOC  entry and  TRPV2  are suggested to be involved in the 
activation of Ca 2+  oscillation. The Ca 2+  oscillations induce Ca 2+ /calcineurin-dependent dephospho-
rylation, resulting in activation of  NFATc1 . ( b ) The transition of Ca 2+  signaling pattern during 
osteoclast differentiation. Ca 2+  oscillation gradually disappears during differentiation, and infl ux of 
extracellular Ca 2+  via  TRPV4  becomes necessary for sustained Ca 2+  signaling during the later stages. 
The channels do not contribute to Ca 2+  oscillation during the early stage of osteoclastogenesis. 
( c ) During bone resorption,  TRPV5  and  NCX  are expressed on the ruffl ed border membrane and 
probably contribute to cytoplasmic Ca 2+  transcytosis.  TRPV4  and  TRPV5  channels in the basolat-
eral membrane may be necessary for the regulation of osteoclastic bone resorption. Termination of 
bone resorption occurs through sensing an increase in [Ca 2+ ] 

o
 . CaSRs are expressed on the plasma 

membrane of osteoclasts and are involved in the inhibition of bone resorption in response to the 
increase in [Ca 2+ ] 

o
 . These receptors mediate [Ca 2+ ] 

o
 -induced [Ca 2+ ] 

i
  increase through modulating 

 PLC g   activation, which leads to Ca 2+  release via  IP  
 3 
  production       
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osteoclast precursors into mature osteoclasts was largely unaffected in co-culture 
with osteoblasts. Bone mass and osteoclast number were normal in IP 

3
 R2/3-defi cient 

mice, suggesting that either IP 
3
 -mediated Ca 2+  signaling is dispensable for osteo-

clastogenesis or that IP 
3
 R2/3 are dispensable for transmitting IP 

3
 -mediated Ca 2+  sig-

nals  [  21  ] . However, PLC g -mediated IP 
3
  production and subsequent activation of 

Ca 2+  release from Ca 2+  store sites play signifi cant roles, because bone mass was 
increased in PLC g -defi cient mice  [  22  ] . IP 

3
 -mediated Ca 2+  signaling might occur via 

a compensatory mechanism. It is possible that IP 
3
 -independent Ca 2+  release is 

upregulated by an as yet unknown mechanism. It has emerged that IP 
3
  production 

does not always correlate with the magnitude of [Ca 2+ ] 
i
  increase, implying that other 

Ca 2+  channels may be involved. Ca 2+  release from Ca 2+  store sites is also induced in 
an IP 

3
 -independent manner through the ryanodine receptor (RyR) and/or nicotinic 

acid adenine dinucleotide phosphate receptors  [  23,   24  ] . Although Ca 2+  oscillation is 
likely to induce repetitive Ca 2+  release from Ca 2+  store sites, IP 

3
 -mediated Ca 2+  

release occurs in parallel with Ca 2+  entry through Ca 2+ -permeable channels in most 
cells  [  25  ] , and the way in which Ca 2+  enters osteoclasts through plasma membrane 
channels during osteoclast differentiation is therefore also important.  

 In hematopoietic cells, SOC channels represent the major means of Ca 2+  entry 
 [  1,   26  ] . Further, the type IA transmembrane protein Stim1 and the plasma membrane 
Ca 2+  channel Orai1  [  1,   27,   28  ]  have been defi ned as the molecular mediators of SOC 
channel activity. On Ca 2+  store depletion, Stim1colocalizes with the Orai1 Ca 2+ -
permeable channels  [  27,   29,   30  ] . Genetic deletion of Orai1 in mice abolishes SOC 
entry in some, but not all hematopoietic cells  [  31  ] . The silencing of Orai1 has been 
reported to abrogate osteoclast differentiation from human monocytes through sup-
pression of multinucleation  [  32  ] . Furthermore, RANKL activates a reactive oxygen-
species pathway through PLC g , and induces Ca 2+  oscillations via Stim1  [  33  ] . Stim1 
and Orai1 have also been reported to be transiently upregulated 24 h after RANKL 
in mouse osteoclast precursors. The silencing of Stim1 or Orai1 suppressed RANKL-
induced Ca 2+  oscillations, suggesting partial involvement of SOC channels in Ca 2+  
oscillation during the early stage of osteoclastogenesis  [  7  ] . However, the mecha-
nisms whereby SOC channels infl uence osteoclast differentiation remains unclear, 
and better understanding of the signifi cance of SOC channels in Ca 2+  oscillation-
dependent osteoclastogenesis may provide a more complete molecular picture of 
the mechanisms underlying Ca 2+  signaling in bone. Several recent studies have 
focused on TRP channels as candidates for the channels underlying Ca 2+  entry in 
RANKL-induced Ca 2+  oscillations. The TRP superfamily consists of seven sub-
families, namely TRPC, TRPV, TRPM, TRPA, TRPP, TRPN and TRPML. However, 
the Ca 2+ -permeable channels involved in controlling Ca 2+  signaling during osteo-
clast differentiation remain elusive. Among the TRP vanilloid (TRPV) members, 
TRPV5  [  10,   34  ] , TRPV4  [  8,   35  ]  and TRPV2  [  7  ]  have been reported to be involved 
in osteoclast differentiation. Transepithelial Ca 2+ -transport roles for TRPV5 and 
TRPV6 have been well documented, and these channels mediate the apical entry of 
Ca 2+  that is then extruded basolaterally by sodium-Ca 2+  exchangers and Ca 2+ -
ATPases  [  36  ] . TRPV5 channels are apparently expressed in human and murine bone 
samples and in cultured osteoclasts  [  10  ] . TRPV5 is localized to the ruffl ed border 
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membrane of osteoclasts, suggesting it plays a critical role in osteoclastic bone 
resorption  in vitro . TRPV5 mediates Ca 2+  entry into the cytoplasm where it can be 
transiently stored prior to basolateral extrusion. TRPV5 may therefore contribute to 
cytoplasmic Ca 2+  transcytosis, but have little involvement in Ca 2+  oscillation during 
osteoclastogenesis. TRPV4 channels have also been suggested to play a role in 
bone. No bone abnormalities have been reported in TRPV4-defi cient mice under 
normal conditions, but they show a blunted effect of mechanical unloading  [  35  ]  
correlated with a lack of increase in osteoclast numbers in the unloaded bones, 
indicating a differentiation defect. In contrast, osteoclasts in TRPV4-knockout 
mice show impaired bone-resorption activity, resulting in an increase in bone mass 
 [  8  ] . Although osteoblast phenotypes were unaffected in TRPV4-knockout mice, 
the expression of NFATc1 mRNA was attenuated in cultured TRPV4-knockout 
osteoclasts, suggesting that TRPV4 contributes solely to the differentiation and 
function of osteoclasts. However, TRPV4 defi ciency led to an impairment of 
mature osteoclast differentiation despite normal Ca 2+  oscillation in these cells dur-
ing the early stage of osteoclastogenesis, suggesting that TRPV4 is not required for 
the induction of Ca 2+  oscillation. This study showed that the Ca 2+  oscillation gradu-
ally disappeared during differentiation. TRPV4-mediated Ca 2+  entry has been sug-
gested to regulate terminal differentiation in osteoclasts after the disappearance of 
Ca 2+  oscillation. It is noteworthy that TRPV4-defi cient mice exhibited increased 
bone mass due to impaired bone resorption despite the increased number and size 
of osteoclasts  in vivo , suggesting the importance of Ca 2+  entry for resorption activ-
ity in mature osteoclasts  [  10  ] . These results suggest that other Ca 2+ -permeable 
channels and linked Ca 2+  oscillation may underlie Ca 2+  entry during the early stages 
of osteoclast differentiation. Whole-cell patch clamp and Ca 2+  imaging methods 
have demonstrated that murine osteoclast precursors and mature osteoclasts do not 
possess functional voltage-dependent Ca 2+  channels, but use alternative Ca 2+  per-
meable entry pathways  [  7  ] . TRPV2 was recently reported to be highly expressed in 
RANKL-treated osteoclast precursors using DNA microarray analysis. Although 
RANKL dominantly evokes Ca 2+  oscillation during osteoclastogenesis, inhibition 
or silencing of TRPV2 suppresses Ca 2+  oscillations, resulting in reduced NFATc1 
expression, its nuclear translocation, and osteoclastogenesis. These results suggest 
that RANKL-induced Ca 2+  oscillation involves not only repetitive Ca 2+  release 
from intracellular Ca 2+  store sites, but also Ca 2+  entry through TRPV2 channels 
during the early stage of osteoclast differentiation.  

   Calcineurin/NFATc1 Activation in Osteoclasts 

 The transcription factor NFAT has been identifi ed in the context of T-cell activation 
 [  37  ]  and is known to be involved in the function and development of diverse cells in 
the cardiovascular and muscular systems  [  4  ] . NFATc1 is most potently induced by 
RANKL and is regulated by the serine/threonine phosphatase calcineurin, which is 
in turn activated by increased [Ca 2+ ] 

i
 . Dephosphorylation of the serine residues in 
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NFAT by calcineurin leads to exposure of the nuclear-localization signal and 
 subsequent translocation into the nucleus. During osteoclast differentiation, NFATc1 
undergoes nuclear translocation in response to RANKL stimulation, suggesting the 
activation of Ca 2+ -calcineurin signals  [  38  ] . 

 Furthermore, signaling by the second messenger Ca 2+  is mediated by Ca 2+ -
binding proteins during osteoclastogenesis. A calcium-binding protein molecule 
A8/calgranulin A (S100A8) is reported to be upregulated during osteoclastogenesis 
 [  39  ] . Calmodulin is major Ca 2+ -binding protein that contains four Ca 2+ -binding EF 
hands arranged in pairs at both its N- and C-termini, linked by a helix. Ca 2+  interacts 
with the four Ca 2+  binding EF hands in response to transient increases in [Ca 2+ ] 

i
 , 

inducing a dramatic conformational shift. This Ca 2+ -dependent conformational 
change induces activation of its downstream effector proteins, the Ca 2+ /calmodulin-
dependent protein kinases (CaMKs), as well as the phosphatase calcineurin. 
Inhibition of CaMK results in inhibition of osteoclastogenesis through the reduced 
phosphorylation of cAMP-responsive element binding protein (CREB)-targeted 
CaMK. CaMK IV, a member of the CaMK family, was recently reported to be criti-
cally involved in osteoclast differentiation and function  [  40  ] . The report suggested 
that the Ca 2+ -CaMK-CREB pathway was important during the early stage of osteo-
clast differentiation. Furthermore, the CaMK-CREB pathway also regulates the 
expression of osteoclast-specifi c genes in cooperation with NFATc1. The two Ca 2+ -
regulated pathways were mediated by CaMK and calcineurin converge on the tran-
scriptional control of osteoclast-specifi c genes. 

 RANKL-induced Ca 2+  oscillation is initiated approximately 24 h after RANKL 
stimulation, when NFATc1 induction also becomes evident. Ca 2+  oscillation is sub-
sequently sustained until the multinucleation stage. Differential activation of tran-
scription factors is known to be contingent on the pattern of Ca 2+  signaling; NFATs 
are activated by low but sustained Ca 2+  activation  [  41  ] , while Ca 2+  oscillations reduce 
the effective Ca 2+  threshold for the activation of transcription factors  [  14,   15  ] . Long-
term Ca 2+  oscillation is therefore thought to maintain NFATc1 in the nucleus and 
ensure the long-lasting transcriptional activation of NFATc1 required for terminal 
differentiation, such as osteoclastogenesis  [  16  ] . However, although there is scant 
genetic evidence of the need for Ca 2+  oscillation in osteoclastogenesis, this process 
is impaired in virtually all cases where Ca 2+  oscillation is not induced  [  42,   43  ] . This 
suggests that Ca 2+  oscillation is essential for the NFATc1 induction required for 
osteoclastogenesis.  

   Role of Ca 2+  Signaling in Resorption and Motility 
of Mature Osteoclasts 

 Mature osteoclasts reorganize the actin cytoskeletal ring to form an osteoclast- 
specifi c structure, which enables cells to adhere to the bone surface via integrin 
receptors and to generate a specifi c microenvironment for bone resorption called 
Howship’s lacunae. Morphologically, these are characterized by ruffl ed borders and 
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a clear zone with a highly polarized cytoplasmic organization. After cytoskeleton 
formation, osteoclasts actively degrade the bone matrix proteins and decalcify the 
inorganic bone components through the release of proteolytic enzymes (such as 
cathepsin K and matrix metalloproteinases) and hydrochloric acid, respectively 
 [  44,   45  ] . Osteoclasts secrete protons and chloride ions to the resorption lacunae via 
V-ATPase and Cl -  transporters, especially Clcn7. Finally, osteoclasts complete the 
resorption and settle on a new surface area of the bone. 

 Hydrochloric acid and proteolytic enzymes solubilize large amounts of Ca 2+  (up 
to 40 mM) and organic breakdown products  [  46  ] . During bone resorption, osteo-
clasts dissolve the mineral components of the bone matrix, resulting in Ca 2+  accu-
mulation in the resorption lacunae. It is believed that much of these inorganic and 
organic components are transported through the osteoclast to the basolateral side of 
the cell by transcytosis  [  46,   47  ] . Although cellular collagen traffi cking only occurs 
after several hours  [  48  ] , it is unlikely that Ca 2+  and phosphate ions are completely 
prevented from entering the resorbing osteoclast. Thus, the plasma membrane Ca 2+ -
permeable channels characterized in osteoclasts are mainly involved in transporting 
extracellular Ca 2+  released during bone resorption during the process of transcyto-
sis. As expected, many of these Ca 2+  transporters are localized at the apical side of 
resorbing osteoclasts. Several Ca 2+ -transporting membrane proteins have been 
detected in osteoclasts using electrophysiology and calcium imaging techniques 
 [  49,   50  ] . In addition, as in other cells types, changes in [Ca 2+ ] 

i
  are also thought to act 

as an important second messenger regulating a number of functions, including cell 
motility and bone resorption in mature osteoclasts  [  9,   49,   51–  54  ] . 

 Many different stimuli have been shown to regulate Ca 2+  concentrations in mature 
osteoclasts. Application of ATP triggers a transient increase in [Ca 2+ ] 

i
  in rabbit 

osteoclasts  [  55  ] . Mechanical perturbation of osteoclasts induces a Ca 2+ -mobilization 
response, the amplitude and duration of which depend on the [Ca 2+ ] 

o
  concentration 

 [  56,   57  ] . Some hormonal/cytokine factors such as calcitonin and IL-4 also increase 
[Ca 2+ ] 

i
  in osteoclasts  [  58,   59  ] . High levels of [Ca 2+ ] 

o
  or potassium have also been 

reported to increase [Ca 2+ ] 
i
 , indicating the importance of cell membrane potential in 

Ca 2+  entry. Membrane depolarization has been reported to increase [Ca 2+ ] 
i
  by 

increasing Ca 2+  entry via a dihydropyridine (DHP)-sensitive pathway  [  9,   58  ] . In 
contrast, no DHP-sensitive Ca 2+  channels were detected in rodent osteoclasts, but a 
lanthanum-sensitive Ca 2+ -entry pathway suggested the presence of Ca 2+  permeable 
channels  [  53,   60  ] . Although the presence of voltage-activated Ca 2+  channels in 
osteoclasts remains unresolved, plasma membrane Ca 2+ -entry pathways must exist 
in mature osteoclasts during resorption. However, the molecular basis of the rela-
tionship between Ca 2+  entry and transcytosis and/or intracellular Ca 2+  change in 
mature osteoclasts remains unclear. Osteoclasts express several other Ca 2+  trans-
porter proteins, including a Ca 2+  ATPase  [  61  ]  and Ca 2+ -permeable TRPV channels 
 [  7,   8,   10  ] , which are involved in Ca 2+  transportation and may undertake signifi cant 
cytoplasmic calcium transcytosis. 

 In line with this fi nding, loss of TRPV5 led to reduced resorption and doubling 
of osteoclast numbers both  in vitro and in vivo , with increased multinuclearity 
compared with controls  [  10  ] . TRPV5 has been reported to reside in the ruffl ed 
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membrane of resorbing osteoclasts, and could therefore mediate the entry of Ca 2+  into 
the cytoplasm. This Ca 2+  could then be transiently stored in the ER before being extruded 
basolaterally. It is therefore not clear how far elevated osteoclast numbers mirror 
increased survival or just increased osteoclast formation. However, TRPV5-knockout 
animals have severe renal Ca 2+  wasting and high vitamin D levels, with a bone pheno-
type characterized by reduced trabecular and cortical thickness of long bones  [  34  ] . 
Furthermore, impaired osteoclast activity seems at variance with the observed bone 
phenotype in TRPV5 knockout mice. In contrast, although TRPV5 knockout does not 
cause osteopetrosis, rickets and hyperparathyroidism do occur  [  62  ] . 

 Silencing of TRPV5 using TRPV5-targeted siRNA also leads to inhibition of the 
RANKL-induced Ca 2+  infl ux in human osteoclasts, suggesting that TRPV5 is a 
major player in the RANKL-induced [Ca 2+ ] 

i
  increment in human osteoclasts  [  63  ] . 

However, despite the apparent role of TRPV5 in RANKL-induced Ca 2+  signaling in 
osteoclasts, silencing of TRPV5 has been shown to promote bone resorption, sug-
gesting that TRPV5 may function as a negative regulator of bone homeostasis  [  63  ] . 
In addition, osteoclasts are exposed to very high [Ca 2+ ] 

o
 , which regulates diverse 

cellular functions. Elevation of [Ca 2+ ] 
o
  concentration has been shown to increase 

[Ca 2+ ] 
i
  in mature osteoclasts. Sensitivity of this response to the non-selective Ca 2+  

channel blockers nickel and lanthanum  [  9,   64  ]  suggests that the [Ca 2+ ] 
o
 -induced 

[Ca 2+ ] 
i
  arises, at least in part, through channel-mediated infl ux of Ca 2+ . These obser-

vations led to the proposal that a low-affi nity receptor for external Ca 2+  exists on the 
osteoclast membrane, and that receptor occupancy is linked to activation of a Ca 2+  
channel and release of Ca 2+  from internal stores. 

 To complete Ca 2+  transport, the high Ca 2+  solution at the osteoclast attachment 
 [  65  ]  must be moved to and diluted in the extracellular space. Some Ca 2+  may be 
released when the osteoclast detaches, which occurs roughly once a day under nor-
mal circumstances, but the volume of solubilized bone producing Ca 2+  and phos-
phate is too great for this to be the sole mechanism. Studies using confocal imaging 
and labeled matrix showed that the transport of Ca 2+  and other degraded membrane 
components through the osteoclast by vacuolar transcytosis plays a role in this pro-
cess  [  47  ] . 

 The massive Ca 2+  movement involved in bone resorption requires the osteoclast 
to have a mechanism for protecting cytoplasmic and organellar Ca 2+  content, even if 
the transport is vesicular. Understanding the parallel contributions of transcytosis 
and cytoplasmic transport will thus require a quantitative analysis of their relative 
contributions. [Ca 2+ ] 

o
  must be maintained within a very narrow range (1.1–1.3 mM). 

The maintenance of [Ca 2+ ] 
o
  in bone largely controls bone remodeling, while [Ca 2+ ] 

o
  

controls bone remodeling through the regulation of osteoclasts and osteoblasts. 
Osteoclastic bone resorption results in increased [Ca 2+ ] 

o
  in resorption lacunae 

(>40 mM), which in turn triggers a rapid increase in [Ca 2+ ] 
i
 , leading to the inhibition 

of bone resorption through osteoclast dysfunction and apoptosis  [  49,   66  ] . The ele-
vated [Ca 2+ ] 

o
  subsequently stimulates migration, proliferation, and differentiation of 

osteoblasts for bone formation  [  67  ] . Thus, the Ca 2+  release caused by bone resorp-
tion may play an important role not only in the feedback inhibition of osteoclast 
activity, but also in the formal coupling of bone resorption to bone formation. 
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 The calcium-sensing receptor (CaSR), which is a G-coupled receptor, is abundantly 
expressed in the parathyroid gland and kidney, and controls systemic Ca 2+  homeo-
stasis through sensing changes in [Ca 2+ ] 

o
 . CaSR is also expressed in osteoclasts and 

negatively regulates osteoclast differentiation and bone resorption in response to 
increased [Ca 2+ ] 

o
   [  68,   69  ] . A study using CaSR-defi cient cells showed that Ca 2+  

infl ux in osteoclasts was mediated by the type II RyR (RyR2) at the plasma mem-
brane, and the RyR2 was therefore proposed to be involved in the [Ca 2+ ] 

o
 -induced 

[Ca 2+ ] 
i
  increase via Ca 2+  release from internal stores. However, it has reported that 

[Ca 2+ ] 
i
  stimulated by high [Ca 2+ ] 

o
  does not require Ca 2+  release from stores, and that 

TRP may support store-independent Ca 2+  entry  [  70  ] . Further studies are needed to 
elucidate the detailed molecular mechanisms underlying Ca 2+  sensing in osteoclasts 
throughout the entire differentiation process. 

 In addition to the Ca 2+  transporters described above, the expression of a Na + /Ca 2+  
exchanger contributes to the functional bone-resorbing activity in isolated murine 
osteoclasts  [  71,   72  ] . Na + /Ca 2+  exchanger variants NCX1.3, 1.41 and 3.2 have been 
reported to be expressed in mouse osteoclasts, and the inhibition of osteoclastic 
bone resorption by NCX inhibitors and siRNAs was therefore deemed to be due to 
reduced Ca 2+  infl ux. NCX is therefore an interesting candidate for the disposal of 
Ca 2+  from the osteoclastic resorption lacunae. Osteoclasts change their morphologi-
cal and functional properties between the resorbing and non-resorbing/motile states 
of the resorption cycle  [  73,   74  ] . Resorbing osteoclasts exhibiting a so-called actin 
ring have a resting membrane potential of −10 to approximately −20 mV  [  60,   75  ] , 
while non-resorbing/motile osteoclasts exhibiting pseudopodia have a resting mem-
brane potential of −50 to approximately −70 mV. The reversal potential of NCX was 
calculated according to published equations  [  76,   77  ] ; if NCX protein is located on 
the ruffl ed border of the osteoclast, the high Ca 2+  concentration (40 mM) in the 
resorption lacunae means that the calculated reversal potential of NCX would be as 
low as −70 to about −150 mV, which is far lower than the cell membrane potential. 
It can therefore be predicted that NCX on the ruffl ed border operates in the Ca 2+  
infl ux mode in resorbing osteoclasts, suggesting that it could play a very important 
role in the regulation of Ca 2+  transcytosis.  

   Role of Ca 2+  Signaling in Bone Resorption and Cell Motility 

 Several studies have shown that changes in [Ca 2+ ] 
i
  in mature osteoclasts results in 

inhibition of osteoclastic bone-resorption activities, such as cell motility  [  78  ] , inhi-
bition of enzyme release  [  79,   80  ] , and inhibition of pit formation  [  81,   82  ] . 

 Osteoclasts change their morphological and functional properties between the 
resorbing and non-resorbing/motile states of the resorption cycle  [  73,   74,   83  ] . 
Resorbing osteoclasts exhibit actin rings without pseudopodia, whereas non-resorb-
ing/motile osteoclasts have pseudopodia but not actin rings. In the resorbing state, 
osteoclasts recognize bone matrix proteins, adhere to the bone surface through inte-
grin receptors, and exhibit a ring formation of F-actin microfi laments with ruffl ed 
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borders and clear zones  [  84,   85  ] . Actin-ring formation correlates with bone-resorption 
activity, and disruption of actin rings results in suppression of pit-forming activity 
in osteoclasts  [  84–  86  ] . Actin-ring formation in osteoclasts is regulated by signaling 
pathways mediated by protein kinase A  [  87,   88  ] , protein kinase C  [  89  ] , phosphati-
dylinositol 3-kinase  [  84  ] , and [Ca 2+ ] 

i
   [  53,   90,   91  ] . [Ca 2+ ] 

i
  increase in mature osteo-

clasts induces disruption of actin-ring formation and subsequent inhibition of 
bone-resorbing activity. However, the effects of changes of [Ca 2+ ] 

i
  on osteoclast 

function vary, possibly because of differences in the origins and differentiation 
states of the osteoclasts investigated and the experimental setups. 

 Resorbing activity in osteoclasts gradually declines and the osteoclasts turn into 
non-resorbing/motile osteoclasts with pseudopodia, rather than actin rings, and they 
migrate and settle on a new surface area of the bone. RANKL-induced [Ca 2+ ] 

i
  

changes have been reported to regulate chemotactic migration and motility of osteo-
clasts: hepatocyte growth factor was reported to increase [Ca 2+ ] 

i
  and stimulate 

chemotactic migration in osteoclast-like cells obtained from human giant cell 
tumors  [  92  ] . The soluble laminin-2 (merosin), which is expressed in basement 
membranes and binds integrin receptors, increases [Ca 2+ ] 

i
  and stimulates the chemot-

actic migration of human osteoclast-like cells  [  93  ] . Resorbing osteoclasts with fl at, 
round morphology mostly had low basal [Ca 2+ ] 

i
  (around 50 nM), while non-resorbing/

motile osteoclasts with serrated edges had high basal [Ca 2+ ] 
i
  (around 100 nM)  [  60  ] . 

Membrane depolarization induced a decrease in [Ca 2+ ] 
i
 , which contributed to the 

suppression of cell motility. Furthermore, the reduction of cytosolic Ca 2+  has also 
been reported to facilitate actin-ring formation in avian osteoclasts  [  9  ] . In non-
resorbing/motile osteoclasts, higher basal [Ca 2+ ] 

i
  maintained a high level of motile 

activity, while [Ca 2+ ] 
i
  reduction induced by depolarization suppressed motility and 

promoted anchoring of the cells onto the bone surface and their conversion to resorb-
ing osteoclasts with actin rings  [  60  ] . 

 In conclusion, changes in [Ca 2+ ] 
i
  in mature osteoclasts contribute to the regula-

tion of motility in non-resorbing/motile osteoclasts and bone resorption in resorbing 
osteoclasts through the control of Ca 2+ -entry pathways.  

   Concluding Remarks 

 Ca 2+  has a unique function in living systems because of its dominant role in intracel-
lular signaling. Its regulation in bone cells, which need to handle massive amounts 
of this mineral, is therefore of particular importance. Ca 2+  signaling pathways play 
an important role in regulating osteoclast differentiation and bone resorption. Ca 2+  
signaling targets calcineurin/NFATc1 during differentiation and cytoskeletal struc-
ture during resorption. Ca 2  has a dynamic and direct effect on functional activities 
such as differentiation, motility and bone resorption. The discovery of RANKL/
RANK signaling has brought about a major breakthrough in the understanding of 
the regulatory mechanisms behind osteoclast differentiation. In particular, the iden-
tifi cation of NFATc1 as the master transcription factor in osteoclastogenesis led to 
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realization of the importance of Ca 2+  signaling in osteoclast differentiation. However, 
much remains to be learned regarding the functions of Ca 2+  signaling, and further 
progress in understanding the signifi cance of SOC entry and Orai channels in 
calcineurin/NFATc1-dependent osteoclast differentiation may provide a more 
complete molecular picture of the mechanisms underlying Ca 2+  signaling in bone. 
Further studies will thus not only improve our understanding of osteoclast differen-
tiation and function, but also provide an important molecular basis for the develop-
ment of novel therapeutic strategies for bone disorders.      
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  Abstract   The kidney handles calcium by fi ltration and reabsorption. About 60% of 
the plasma calcium is fi lterable, and 99% is reabsorbed in the tubule. In the proxi-
mal tubule, the reabsorption is passive and paracellular, but in the distal tubule is 
active and transcellular. Thus, renal tubular cells are exposed to very high concen-
trations of calcium in both, the extracellular and the intracellular compartments. 
Extracellular calcium signaling is transmitted by the calcium sensing receptor, 
located both in the luminal and basolateral sides of tubular cells. This receptor is 
able to control levels of extracellular calcium and acts in consequence to maintain 
calcium homeostasis. Furthermore, renal tubular cells possess several calcium chan-
nels that regulate some of the cell functions. Among those, voltage gated calcium 
channels, transient receptor potential channels and N-methyl-D-aspartate receptor 
channels have been reported to control several functions. Those functions include 
survival, apoptosis, differentiation, epithelial-mesenchymal transition, and active 
vitamin D and renin synthesis.  

  Keywords   Voltage gated calcium channels  •  TRP  •  NMDAR  •  Calcium sensing 
receptor      

   Introduction 

 Kidneys are essential excretory organs of the body that are responsible for preserving 
the internal environment of the organism. Alongside with bone and intestine, kidneys 
represent vital organs for the maintenance of overall calcium (Ca 2+ ) homeostasis. 
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Glomerular fi ltration, tubular reabsorption, and tubular excretion are the three 
mechanisms by which kidneys accomplish the homeostasis of the internal environ-
ment. The basic structural and functional unit of the kidney, the nephron, takes the 
responsibility of nearly all of the kidney’s functions, especially functions concerning 
reabsorption and secretion of different soluble substances. In order to maintain Ca 2+  
balance, >98% of the Ca 2+  fi ltered at the glomerulus must be reabsorbed along the 
nephron  [  1,   2  ] . This review will focus on the renal tubule, the part of the kidney nephron 
into which the glomerular fi ltrate passes after reaching the Bowman’s capsule. The 
renal tubule starts with proximal convoluted tubule (PCT), continues as the loop of 
Henle and through the ascending branch connects to the distal convoluted tubule 
(DCT). Many DCT converge into a single collecting duct leading to the renal pelvis. 
The main part of the calcium reabsorption takes place along the proximal tubule and 
thick ascending loop of Henle through a passive paracellular pathway  [  2  ] . The remain-
ing calcium reabsorption occurs in the distal part of the nephron such as DCT, connect-
ing tubules and the initial portion of the cortical collecting duct, where approximately 
10–15% of the total Ca 2+  is reabsorbed  [  1,   2  ] . Distal convoluted tubule (DCT) is the 
major site of hormone- and diuretic-regulated calcium transport in the kidney  [  3  ] . 

 A multitude of cellular responses such as sensory transduction, cell activation, 
degranulation and ion secretion, regulation of cell contraction, cell proliferation, and 
apoptosis  [  4  ]  are regulated by changes in intracellular free calcium levels, making 
this ion a universal intracellular mediator  [  5  ] . Ca 2+  ions participate in a large variety 
of structural and functional processes in the kidney and the infl ux of extracellular 
calcium is required for signal transduction in various renal tubular epithelial cells  [  6  ] . 
Entrance of calcium ions into the cell can be achieved through channel-mediated 
Ca 2+  infl ux and/or receptor-induced Ca 2+  release from intracellular stores  [  4  ] . 
Generally, calcium enters a cell by passing through a calcium channel that opens in 
response to different stimuli  [  7  ] . Membrane depolarization, ligand binding and 
release of intracellular stores are all capable of causing plasma membrane calcium 
channels to open  [  7,   8  ] . Calcium channels in the kidney play important roles in main-
taining the total body calcium homeostasis. Impairment of function of calcium chan-
nels in the kidney may be associated with several human diseases such as hypercalciuric 
nephrolithiasis, certain forms of osteoporosis, Gitelman’s disease and Bartter’s syn-
drome  [  9  ] , as well as with certain genetic disorders such as autosomal dominant 
polycystic kidney disease (ADPKD)  [  4,   10–  12  ] . Therefore, it is of vital importance 
understanding the mechanisms that control entry of calcium into renal tubular cells, 
as well as how tubular cell distinguishes between different Ca 2+  signaling pathways.  

   Calcium Channels in Renal Tubular Cells 

   Voltage-Gated Ca 2+  Channels 

 Voltage-gated calcium channels comprise a large group of transmembrane multi-
protein complexes that couple membrane depolarization to cellular calcium entry 
 [  13  ] . Voltage-gated Ca 2+  channels form a complex of different subunits:  a  

1
 ,  a  

2
  d ,  b  

1–4
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and  g , where  a  
1
  subunit form a central pore and contains the voltage sensor and drug 

receptor  [  6  ] . A large body of evidence implicates that voltage-gated Ca 2+  channels, 
including L-type, T-type, N-type, and P/Q-type, are present within renal tubular 
tissues and the blockade of these Ca 2+  channels produces different effects on renal 
microcirculation. The unique distribution of the mRNA for each calcium channel 
isoform in the kidney suggests that each calcium channel subunit isoform is prob-
ably coupled to unique calcium signaling pathways that in turn affect epithelial 
function  [  14  ] . 

 It has been demonstrated that the  a  
1C

  subunit of the L-type Ca 2+  channel was 
expressed in the whole rat kidney as well as in the proximal and distal tubules. In 
the proximal tubule  a  

1C
  subunit was found to be localized mainly in the intercellular 

compartments  [  14  ] . According to channel blocker studies, calcium infl ux via L-type 
Ca 2+  channels could be a necessary component of the volume regulatory machinery 
 [  14  ] . Furthermore, overactivation of the L-type calcium channels seems to be 
involved in ischemia-reperfusion injury in tubular cells, because inhibition of the 
pore attenuated the damage to the cells both,  in vitro  and  in vivo   [  15,   16  ] . Additionally, 
 a  

1C
  subunit was found to be highly expressed in both outer and inner medullary col-

lecting ducts  [  14  ] .  a  
1G

  subunit of T-type Ca 2+  channel was found in the inner medul-
lary collecting ducts, distal collecting ducts and connecting tubules, particularly on 
the apical site. Brunette et al.  [  17  ]  reported a dual kinetics of Ca 2+  transport by the 
luminal membrane of the distal tubule. Using several different calcium channel 
blockers they inhibited Ca 2+  transport through the membrane confi rming the role for 
L-type, P/Q-type and L-type Ca 2+  channels in the distal tubule of the kidney  [  17  ] . 
Another subtype of voltage-gated Ca 2+  channels, T-type channels (TCC), have been 
found to be present in renal tubules as well  [  18  ] . It has been suggested that TCCs 
participate in the release of renin and aldosterone, and conversely the effect of 
aldosterone on renal arterioles is mediated by TCCs  [  18  ] . Inhibition of T-type Ca 2+  
channels prevented the formation of nuclear factor- k B (NF- k B) and suppressed 
Rho-kinase, which subsequently ameliorated the infl ammatory process in the glom-
erulus and the interstitium  [  18  ] , showing benefi cial effect of Ca 2+  channel blockade. 
Although those effects were described to be secondary to a hemodynamic effect, 
studies by Sugano et al.  [  19  ]  demonstrated also a direct effect decreasing epithelial-
mesenchymal transition (EMT) in tubular cells. Barry et al.  [  3  ]  showed the presence 
of the  a  

1C
  and  b  

3
  subunits of L-type channels in mouse distal convoluted tubule 

(DCT) cells and demonstrated importance of  a  
1C

  subunit in the diuretic-mediated 
calcium infl ux and  b 3 subunit in both parathyroid hormone (PTH)- and drug-
induced Ca 2+  uptake  [  3  ] .  

   Transient Receptor Potential (TRP) Channels 

 Transient receptor potential (TRP) channels belong to a superfamily of multifunc-
tional cation channels  [  10  ]  that are present in a variety of organs, being kidney one 
of them. The TRP superfamily consists of seven families: TRPC (Canonical), TRPV 
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(Vanilloid), TRPM (Melastatin), TRPN (Nompc), TRPA (Ankyrin-like with 
transmembrane domain 1), TRPML (Mucolipin), TRPP (Polycystin) (reviewed by 
Giamarchi et al.  [  10  ] ). TRP proteins are nonselective cation channels with permea-
bility to diverse cations, including high permeability for Ca 2+  ions  [  4,   20  ] . TRPP1 or 
polycystin-1 (PC1) and TRPP2 or polycystin-2 (PC2) are members of the TRPP 
family of transient receptor potential superfamily of cation channels. TRPP1 has 
been found in the renal tubular epithelia, predominantly associated with the plasma 
membrane  [  21  ] , as well as on the lateral membrane  [  22  ] , at cell-to-cell junctions 
 [  23  ]  and in the primary cilia of mouse collecting duct cells  [  24  ] . TRPP2 is expressed 
in the tubules throughout the kidney, with highest expression levels in the medullary 
thick ascending limb and distal convoluted tubules  [  4,   23,   25  ] . Markowitz et al.  [  25  ]  
reported strong expression of TRPP2 in the maturing distal tubules and to a lesser 
degree in the proximal tubules of the elongating nephron and suggested a specifi c 
developmental role for TRPP2 in the mouse kidney, as well as in the maintenance 
of differentiated tubular architecture in the mature kidney. It has been shown that 
TRPP2 is important in the regulation of different physiological processes in the 
body, including renal tubular differentiation  [  10,   25  ] . TRPP1 and TRPP2 together 
make an obligatory functional channel complex implicated in the regulation of ion 
transport and cell signaling, activation of kinase cascades, as well as transduction of 
environmental signals into cellular events, renal epithelial cell growth and normal 
tubular morphogenesis (reviewed by Cantiello  [  4  ] ). It has been shown that muta-
tions of either PKD1 (gene coding TRPP1) or PKD2 (gene coding TRPP2)  [  10,   12  ]  
or disruption of stable heterodimeric complex of TRPP1 and TRPP2  [  22  ]  could be 
the main causes of different cases of autosomal dominant polycystic kidney disease 
(ADPKD), a syndrome characterized by extensive formation of renal cysts and pro-
gressive renal failure  [  26  ] . Loss of TRPP1-TRPP2 heterodimeric complex results in 
impairment of Ca 2+  signaling that regulates renal epithelial cell growth and pro-
motes normal tubular morphogenesis and function  [  27  ] . Stable over-expression of 
polycystin-1 in MDCK cells slowed their growth, protected them from apoptosis 
and induced spontaneous formation of branching tubules  [  28  ] . On the other hand, 
loss of polycystin-2 expression led to a loss of tubular epithelial phenotype and 
formation of renal cyst in mouse mutant model  [  29  ] . 

 The molecular identity of the apical Ca 2+  entry pathway in tubular cells remained 
elusive until the epithelial Ca 2+  channels TRPV5 and TRPV6 were identifi ed 
 [  30,   31  ] . These channels convey the rate-limiting step in active Ca 2+  transport and 
play, therefore, a pivotal role in Ca 2+  homeostasis. Alterations in channel expression 
and function are responsible for many human conditions, mainly related to defec-
tive Ca 2+  handling. Thus, Vitamin D-defi ciency rickets type I and type II (autosomal 
recessive diseases characterized by low or undetectable levels of 1,25(OH) 

2
 D 

3
  and 

mutations in the vitamin D receptor respectively) are related with lower expression 
of TRPV5 and 6 in tubular cells, which causes the characteristic hypocalcemia in 
the patients  [  32  ] . In addition TRPV5 and TRPV6 can be involved in calcium-related 
disturbances associated with sex. Thus, estrogen has a stimulatory effect on the 
expression of TRPV5 in the kidney  [  33,   34  ] , which may account for the protection 
shown by premenopausal women against Ca 2+  nephrolithiasis by increasing Ca 2+  
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reabsorption. Conversely, decreased active Ca 2+  transport through TRPV5 and 
TRPV6, as a result of estrogen defi ciency, would be in line with increased Ca 2+  
wasting and Ca 2+  malabsorption in postmenopausal women.  

   Calcium Sensing Receptor (CaSR) 

 Calcium sensing receptor (CaSR) is a member of the family of G protein-coupled 
receptors that binds calcium ions  [  35  ] . The extracellular Ca 2+ -sensing receptor plays 
an essential role in extracellular Ca 2+  homeostasis. It is located in key tissues regu-
lating extracellular calcium levels (parathyroid gland, kidney, thyroid, intestine and 
bone) and senses variations of extracellular calcium, thus regulating the function of 
those tissues aiming to correct the calcium imbalance. For instance, activation of the 
receptor by low calcium levels suppresses secretion of parathyroid hormone (PTH). 
It also regulates the rate of renal tubular calcium reabsorption in the kidney  [  36,   37  ] , 
the production of calcitonin in thyroid C cells  [  38  ]  and the reabsorption of bone by 
osteoclasts  [  39  ] . Binding of extracellular calcium or other CaR agonists to the extra-
cellular domain of the receptor triggers a number of intracellular signaling path-
ways, including PLC, PLA2, MAPK and protein kinases  [  35  ] . In the kidney, the 
CaSR is localized on the basolateral cell surface in the cortical thick ascending 
limb, as well as in the proximal and distal tubular segments  [  40,   41  ] . In the proximal 
tubule, CaSR protein is expressed on the apical membrane while in the distal con-
voluted tubule it is localized on the basolateral membrane  [  40  ] . Thus, this unique 
distribution pattern suggests that the receptor is capable of detecting changes occur-
ring both within the urinary space and in the interstitium. Potential roles for the 
CaSR in proximal tubule function have been proposed and include modulation of 
1-hydroxylation of 25-hydroxyvitamin D 

3
  and PTH stimulated second messenger 

production  [  42,   43  ] . The apical localization of the CaSR in proximal tubule also 
suggests potential roles for luminal divalent minerals and/or polyvalent cations in 
regulating solute reabsorption processes including bicarbonate or phosphate  [  44  ] , 
urine concentration  [  45  ]  and acidifi cation  [  46  ] . Furthermore, a role of CaSR in regu-
lating renin release has also been proposed  [  47  ] .  

   N-Methyl-D-Aspartate Receptor (NMDAR) 

 N-methyl-D-aspartate receptor (NMDAR) is a cation channel which belongs to a 
large family of excitatory ionotropic glutamate receptors (iGluRs) that has been exten-
sively studied in the nervous system. NMDAR is characterized by a specifi c molecu-
lar composition and unique pharmacological and functional properties  [  48,   49  ] . An 
essential feature of the NMDAR is that its activation and subsequent infl ux of calcium 
ions could trigger a series of Ca 2+ -mediated intracellular events and via this Ca 2+  entry 
NMDAR performs its important physiological functions. NMDAR is a heteromeric 
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protein complex composed of different subunits from two separate protein families, 
termed as NMDAR1 (NR1; zeta 1 for mice) and NMDAR2 (NR2; epsilon for mice) 
protein family  [  50,   51  ] . The channel properties are highly dependable on the subunit 
composition of the receptor  [  52  ] . Functional NMDARs usually require members from 
each family and probably exist as a tetramer  [  51  ]  that most often comprises of two 
NR1 and two NR2 subunits of the same or different subtypes  [  48,   53,   54  ] . 

 The NR1 subunit is the main subunit of the NMDAR and it is essential for chan-
nel activity  [  55–  57  ] , whereas the NR2 subunits have modulatory properties  [  58  ] . 
The NR2 subunit family is composed of four members (NR2A, 2B, 2C and 2D) 
produced from separate, but related genes  [  59–  61  ] . Within recent years, a novel 
subunit of the NMDAR family has been cloned and characterized  [  8,   62  ] . This sub-
unit, termed as NR3, is found in the form of NR3A and NR3B and has been demon-
strated to be developmentally and spatially regulated, as all other NMDAR subunits 
 [  63  ] . It has been shown that NR3A subunit, when forming the NMDAR complex 
together with NR1 and NR2 subunits, has the ability to decrease NMDA-evoked 
current  [  64  ]  and Ca 2+  permeability of the NMDAR in heterologous cells  [  65,   66  ] . 

 The NMDAR is a ligand-gated ion channel that requires simultaneous binding of 
two agonists, glutamate and glycine, for the proper channel activation and its open-
ing  [  48,   67  ] . Magnesium (Mg 2+ ) acts as a voltage-dependent antagonist of the 
NMDAR and depolarization of the membrane will relieve this block. Therefore, the 
full activation and opening of the NMDAR requires three distinct events – binding 
of two agonists and membrane depolarization  [  8  ] . 

 In addition to NMDAR’s broad distribution in neurons, it has become evident 
that functional NMDAR is also expressed in a variety of non-neuronal cells and tis-
sues, where numerous function have been ascribed to this receptor such as prolifera-
tion  [  68,   69  ] , apoptosis  [  68,   70  ] , cell adhesion and migration  [  68,   69,   71  ] , actin 
rearrangement  [  72,   73  ] , cell growth and differentiation  [  69  ]  and regulation of hor-
mone secretion  [  74  ] . Leung et al.  [  58  ]  demonstrated presence of NR1 in total rat 
kidney, cortex and medulla, while of other subunits of NMDAR, only NR2C was 
detectable in the rat kidney  [  58  ] . Both NR1 and NR2C are present in Madin-Darby 
canine kidney, opossum kidney and LLC-PK1 cells  [  58  ] . Importance of NMDAR in 
peripheral tissues, such as kidney, and its functional role has emerged as an interest-
ing research topic. It has been shown that the abundance of an essential NR1 subunit 
of the NMDAR increases with kidney development  [  58  ] . Results from Deng et al. 
 [  75  ]  showed the presence of NR1 subunit of NMDAR in the basolateral proximal 
tubules of the rat kidney where it plays an important role in regulation of the normal 
kidney function  [  76  ] . Functional NMDAR was found present in human  [  77  ]  and 
mouse  [  77,   78  ]  podocytes, where glutamatergic signaling driven by these visceral 
epithelial cells contributes to the integrity of the glomerular fi ltration barrier  [  78  ] . 
Recently, this group demonstrated that renal NMDARs independently stimulate 
proximal tubular reabsorption and glomerular fi ltration  [  76  ] . Sproul et al.  [  79  ]  
showed high expression of NMDAR subunits NR3A and NR3B in the neonatal 
kidney and suggested that there is continued expression of NR3A in the renal 
medulla and papilla of the adult mouse. These authors showed specifi c presence of 
NR3A in basolateral membrane of collecting duct cells where this subunit may play 
an important reno-protective role  [  79  ] . Recent data from Anderson et al.  [  77  ]  
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suggested that, as in the brain, basal activation of NMDAR may be essential for 
normal podocyte and kidney function, but excessive activation may trigger a num-
ber of pathophysiological processes  [  77  ] . 

 Recent results from our group pointed to an indispensable role of NMDAR in the 
preservation of normal epithelial phenotype of proximal tubular cells and in the 
modulation of important steps of tubular EMT  [  80  ] . Thus, knockdown of an essen-
tial NR1 subunit of the NMDAR induced remarkable changes in epithelial pheno-
type of HK-2 cells, evident as a decrease of E-cadherin and an increase of  a -SMA, 
alongside with the changes in cell morphology. Furthermore,  in vitro , HK-2 cells 
exposed to TGF- b 1 demonstrated downregulation of E-cadherin and membrane-
associated  b -catenin, F-actin reorganization,  de novo  expression of mesenchymal 
markers such as  a -SMA and vimentin, upregulation of Snail1 and elevated cell 
migration. Co-treatment with NMDA attenuated all described signs of EMT induced 
by TGF- b 1. Additionally, TGF- b 1 increased cell velocity on collagen and fi bronec-
tin matrices, which was inhibited by co-treatment with NMDA. The mechanism 
behind the effect of NMDA on TGF- b 1-induced tubular EMT seems to be related 
with the inhibition of the Ras-MEK pathway. In an  in vivo  study, administration of 
NMDA signifi cantly inhibited expression of  a -SMA in the obstructed mouse kid-
neys at 5 and 15 days after UUO. Collagen I expression was signifi cantly dimin-
ished in obstructed kidneys of NMDA-treated mice at day 15 after UUO. Furthermore, 
administration of NMDA blunted the downregulation of E-cadherin and an increase 
of FSP1 induced by UUO, pointing to a paramount role of NMDAR in the preserva-
tion of normal epithelial phenotype of proximal tubular cells and in the modulation 
of important steps of tubular EMT. 

 Furthermore, NMDAR activation in renal proximal tubular cells also infl uenced 
the synthesis of the active form of vitamin D and provoked hyperparathyroidism. 
Thus, treatment during 4 days caused downregulation of 1 a -hydroxylase expres-
sion in proximal tubular cells, both  in vivo  and  in vitro   [  81  ] . This downregulation 
resulted in a drop in 1,25(OH) 

2
 D 

3
  synthesis and in the blood levels of 1,25(OH) 

2
 D 

3
 . 

It is well known that low levels of 1,25(OH) 
2
 D 

3
  strongly affect the parathyroid gland 

stimulating the synthesis and release of PTH. Thus, the lack of inhibitory effect of 
vitamin D on the parathyroid gland in sustained treatments provoked an increase 
of PTH levels. Indeed when we treated animals with both, NMDA and 1,25(OH) 

2
 D 

3
 , 

PTH levels did not rise, confi rming that a decrease in circulating 1,25(OH) 
2
 D 

3
  levels 

is, at least in part, responsible for the increase in PTH induced by NMDA treatment. 
Furthermore, glutamate levels were increased in kidneys of animals with chronic 
kidney disease, pointing to glutamate and an overactivation of tubular NMDAR to a 
possible cause for the onset of secondary hyperparathyroidism.   

   Summary 

 Renal tubular cells are one of the main cell types regulating Ca 2+  homeostasis in the 
body. This specifi c function make them exposed to high Ca 2+ , because are respon-
sible for absorption of the most of the Ca 2+  fi ltered in the glomerulus. 
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 Most of the Ca 2+  is reabsorbed by paracellular ways in the proximal tubule, where 
extracellular CaSR acts. However, in the distal part of the nephron, transcellular 
absorption of calcium is the main pathway, making cells more exposed to high intra-
cellular calcium concentrations. Thus, the control of calcium signaling in renal 
tubular cells is a complicated issue that is not completely understood. Further 
research in this direction is needed to fully identify the complex actions of calcium 
in renal tubular cells.      
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    Introduction 

 Calcium    is the ubiquitous second messenger system in cell biology (e.g.,  [  1,   2  ] ), as 
shown in great detail in this volume. In contrast, calcium has been implicated in a 
host of functions in skin, which have seen only partial clarifi cation to date. Within 
this chapter, we will present an overview of known physiologic and pathophysio-
logic aspects to give a perspective of the overall role of calcium, in skin focusing on 
epidermis.  

   Global Calcium Distribution in Epidermis 

 The key event calcium controls in epidermis is epidermal barrier homeostasis and 
repair  [  3  ] . From a dermatologist’s point of view, barrier function is the occasionally 
overlooked key function of skin, or as it has been put pointedly before:

  The mechanisms whereby nutrients, electrolytes, and water are transferred from the envi-
ronment across the epithelia into the organism have been defi ned in varying detail for most 
epithelia and in a number of animal species. However, physiologists have paid less attention 
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to the other major function of epithelia: their ability to serve as barriers between the outside 
world and the internal milieu of the organism. No doubt this is because the epithelial prop-
erties that allow the frog skin to absorb sodium from concentrations as low as 1 mM in pond 
water or the rabbit urinary bladder “to prevent loss of Na+ from the body during Na+ deple-
tion” are the same properties that allow these epithelia to keep the pond out of the frog and 
the urine out of the rabbit  [  4  ] .   

 The viable epidermis is at the intersection of both these aspects: it does not 
contain a vascular network and keratinocytes obtain their nutrients by passive diffu-
sion from the underlying dermal compartment, with the compacted, enucleated 
Stratum corneum (SC) as the outward “seal” (for a historic overview refer to  [  5  ] ). 
This manifests itself in a calcium gradient in the epidermis with a relatively low 
calcium concentration in the basal epidermis, and possibly even lower concentra-
tion in the spinous layers, while the highest calcium concentrations are found in the 
granular layers. Calcium in the SC is very low for a possible conserving strategy  [  6  ] , 
and because the relatively dry and lipophilic SC may not able to solve the highly 
polar ions  [  7–  9  ] . 

 The physiologic role of this gradient has been established for keratinocyte differ-
entiation  [  10–  13  ]  on a cellular level, and in neonatal barrier establishment  [  14  ]  for 
the whole organ. Its function becomes more obvious when the permeability barrier is 
disrupted: After disruption there is infl ux of water into the SC and the ion gradient is 
lost. This depletion of calcium initiates barrier repair which comprises differentia-
tion from underlying epidermal layers including protein- and lipid synthesis, pack-
aging of lipids into lamellar bodies for subsequent exocytosis  [  3,   15–  19  ]  and 
replacement of cells in the SG which terminally differentiate to substitute cells lost 
at the surface  [  20  ] . Experimentally, this has been proven as occlusive therapy normal-
izes barrier function and the calcium-gradient  [  21  ] , and the transglutaminases neces-
sary for crosslinking of the cornifi ed envelope are calcium dependent  [  11,   22,   23  ] . 

 A change in calcium distribution has been shown to be connected to a host of 
pathologic states  [  24  ] , and a disruption of the gradient is among the features of a range 
of conditions: while the calcium gradient appears to be typical for young epidermis, 
in aged epidermis it is largely lost, with calcium distributed more evenly throughout 
the epidermis  [  25  ] . Altered calcium-distribution is a hallmark of two frequent derma-
tologic conditions: in Psoriasis, both global  [  9,   21,   26  ]  and intracellular levels  [  26  ]  are 
altered; in Atopic Eczema, both a global alteration and infl uence of external calcium 
have been demonstrated  [  27,   28  ] . In both conditions, treatment affects calcium and/or 
uses pathways involving calcium  [  29  ] . Finally, in patients undergoing dialysis, a con-
dition which may affect ionic balance globally, a number of calcium-related problems 
arise, such as pruritus  [  30,   31  ]  and calcinosis/calciphylaxis  [  32,   33  ] .  

   Calcium and Enzyme-Activity 

 A dysregulation in lipid processing has been credited with part of the barrier-abnor-
mality in Atopic Eczema. Although unclear at this time, the defective barrier and 
concomitant change in calcium levels in SC could differentially lower the activity 
of certain sphingomyelinases  [  34,   35  ]  and matrix metalloproteinases  [  36  ] , while 
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increasing other activities such as expression of antimicrobial proteins  [  37  ] . The 
latter is further compounded through their varying and multiple roles, and their 
proper regulations  [  38,   39  ] . Similarly, a host of proteases has been shown to be 
present in SC, although they have been mostly incompletely characterized to date. 
The role of transglutaminases in cornifi cation has been mentioned above, while the 
predominant role of proteases is presumed to lie at the other functional endpoint, i.e. 
in SC desquamation and its regulation. Factors that depend on the actual environ-
ment and thus suggest varying degrees of proteolytic activity are differing calcium-
requirements, pH, hydration state, and in case of a disrupted barrier also a rise in 
calcium, which may contribute to disease severity (e.g.  [  40–  42  ] ). Although activa-
tion or regulation of proteolytic activity through calcium is a generally accepted 
principle  [  43,   44  ] , it has not been assessed in its entirety for epidermis and SC, most 
likely due to the numerous enzyme families, the processes that regulate them, and 
their interconnectivity  [  42  ] . Lastly, such processes also may form an important 
factor in the above mentioned clinical challenges of pruritus and calciphylaxis.  

   Measurement Methodology 

 Despite the detailed knowledge about calcium distribution and its cellular regula-
tion, tissue- and cellular Ca 2+  concentrations in physiologic and diseased conditions 
are only partially known. This can be attributed to the very barrier properties of 
skin, which make it poorly accessible to conventional measurement procedures. 
Recent reviews on the topic point to an apparent lack of experimental options 
 [  45,   46  ] . In cell culture experiments regulation of proliferation and differentiation 
through calcium levels is standard procedure (e.g.,  [  47–  49  ] ), and intracellular con-
centration ranges are therefore established. Reports about Ca 2+ -concentrations in 
skin are somewhat divergent, hardly comparable qualitative ultrastructural methods 
(histochemical calcium-precipitation followed by transmission electron microscopy 
 [  3,   9  ] ) and quantitative PIXE-experiments (proton-induced x-ray emission; this 
method has rendered the detailed view about the epidermal calcium-gradient)  [  7–  9, 
  16,   50  ] . Together, these fi ndings have defi ned the view of calcium’s role in skin. By 
contrast, our recent work has focused on a novel method where close to in-vivo we 
map dynamic changes of calcium in skin  [  6,   51,   52  ] . Currently, observation in-vivo/
in-situ is only beginning, as specifi cally a close differentiation of intracellular 
changes compared to changes in the extracellular/interstitial compartment are lack-
ing (Fig   .  43.1 ).   

   Intracellular Calcium 

 While the conditions listed above entail rather global changes in calcium-distribu-
tion, the main constituent cells of epidermis, keratinocytes, are known to posses the 
full complement of metabolic pathways regulating calcium. E.g., locally produced 
1,25- dihydroxyvitamin D3 (1,25(OH)2D3) and extracellular calcium act jointly as 
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key regulators of cellular proliferation  [  53  ] , and while moderate expression of the 
VDR is found in nearly all tissues, highest expression is found, among others, in 
skin  [  54  ] , where it is involved in epidermis-specifi c Sphingolipid production essential 
for permeability barrier function  [  55  ] . Consequently, the 1 a ,25(OH)2D3-dependent 
balance between proliferation and differentiation of keratinocytes may be a basis for 
prevention and treatment of skin cancer  [  20,   56–  59  ] .  

   Implications from Hailey-Hailey and Darier’s Disease 

 A closer view on intracellular dysregulation and how intracellular calcium is con-
trolled by more than one mechanism has come through investigation of two distinct 
hereditary diseases, Hailey-Hailey disease (HHD) and Darier’s disease (DD), and 
their characteristic effects on skin. Hailey-Hailey disease (OMIM 169600) is an 
autosomal dominant blistering disease, traditionally termed familial benign chronic 
pemphigus; it was fi rst described in 1939  [  60  ] . The disorder usually presents in 
adulthood and is typically characterized by rather superfi cial vesicles and crusted 
erosions, as a result of impaired cell-to-cell adhesion (acantholysis), causing an 

  Fig. 43.1    Changes in the 
calcium gradient after barrier 
disruption regulate lamellar 
body secretion and epidermal 
differentiation. This fi gure 
depicts the established, global 
calcium-distribution in 
epidermis (e.g.,  [  16  ] ), 
with the caveat that recent 
advances  [  6,   52  ]  may alter 
this view, specifi cally 
differentiating intracellular 
and interstitial compartments       
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intercellular split among the suprabasal keratinocytes in the epidermis. In clinical/
histologic diagnosis, internalization of desmosomal components is the other typical 
fi nding in HHD, whereas adherens junctions and gap junctions are preserved 
 [  61–  63  ] . In normal keratinocytes in vitro, calcium stimulates the complexing of 
desmosomal components including E-cadherin,  a -,  b -, and  g -catenin, and actin 
polymerization, causing the formation of “adhesion zippers”  [  64  ] . Skin specimens 
from patients with HHD reveal defi cient actin reorganization with abnormal stress 
fi bers  [  63  ]  and abnormal localization of actin fi laments  [  65  ] , a feature that we could 
reproduce in vitro with calcium-induced cell-differentiation  [  66  ] . HHD is caused by 
mutations in ATP2C1 (in haploinsuffi ciency), which encodes an intracellular 
calcium pump  [  8,   67  ]  localized to the Golgi  [  68  ] . This is consistent with the location 
of its homolog in yeast, PMR1  [  69  ] , while studies in Caenorhabditis elegans 
demonstrate that this class of ATPases transports calcium from the cytosol into 
intracellular stores  [  70  ] . As a consequence of the Golgi being an inositol 1,4,5-
trisphosphate-sensitive calcium store (IP3)  [  71  ] , cytosolic calcium was abnormally 
high with lower Golgi-calcium-concentrations in keratinocytes cultured from HHD 
patients, and no calcium-induced calcium release (CICR)  [  8,   68  ] . 

 Disturbed regulation of calcium metabolism and increased TEWL occur in 
Darier’s disease  [  72  ] , a similar blistering skin disease which is also characterized by 
a loss of adhesion between suprabasal epidermal cells, but additionally shows 
abnormal keratinization. The gene for Darier’s disease (ATP2A2, OMIM 124200) 
encodes a calcium transport ATPase of the sarco (endo)plasmic reticulum (SERCA2) 
 [  73–  75  ] . Endoplasmic reticulum calcium stores also are present in keratinocytes, 
and pharmacologic blockade of the calcium ATPase ATP2A2 with thapsigargin 
prevents calcium-induced redistribution of E-cadherin to the cell periphery  [  49  ] . 

 Raised extracellular calcium acts through a well-defi ned cascade of signaling 
events, including binding to a plasma membrane calcium receptor, generation of 
IP3, release of intracellular calcium (CICR), and subsequent infl ux through plasma 
membrane channels and (re)fi lling or rather maintenance of intracellular stores. 
On the other hand, through fi ndings in both HHD and DD, consequences of 
intracellular calcium-dysregulation through defective intracellular stores are some-
what defi ned at the cellular level. Yet, just how this leads to the eventual disease-
phenotype is less evident. A recent report has begun to unravel the complexity of 
mechanisms involved in HHD: an alteration of Notch and p63 signaling based on 
the calcium-dysregulation compounded with oxidative stress led to the clinical 
phenotype in this subset of HHD patients  [  76  ] .  

   Conclusion 

 This chapter can but point out some of the multitudinous roles of calcium in skin, 
more specifi cally in epidermis. There are many excellent reviews on facets we 
barely touched upon; we recommend these reviews to the inclined reader, rather 
than to duplicate such efforts. Also, the comments on HHD and DD may help to 
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illustrate that despite the level of detail in knowledge in certain areas, we are far 
from understanding the entire complexity which governs calcium in skin, and by 
which it is governed. To truly explore this fi eld, an entire volume rather than a 
chapter would be needed, especially if it were to be extended to skin as a whole.      
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  Abstract   Mast cells play central roles in adaptive and innate immunity. IgE-dependent 
stimulation of the high-affi nity IgE receptor (Fc e RI) results in rapid secretion of 
various proinfl ammatory chemical mediators and cytokines. All of the outputs 
depend to certain degrees on an increase in the intracellular Ca 2+  concentration, and 
infl ux of Ca 2+  from the extracellular space is often required for their full activation. 
There is strong evidence that Fc e RI stimulation induces two different modes of Ca 2+  
infl ux, store-operated Ca 2+  entry (SOCE) and non-SOCE, which are activated in 
response to endoplasmic reticulum Ca 2+  store depletion and independently of Ca 2+  
store depletion, respectively, in mast cells. Although Ca 2+  release-activated Ca 2+  
channels are the major route of SOCE, recent evidence indicates that they are not the 
only Ca 2+  channels activated by Ca 2+  store depletion. The recent data suggest that 
L-type Ca 2+  channels, which were thought to be a characteristic feature of excitable 
cells, exist in mast cells to mediate non-SOCE, which is critical for protecting mast 
cells against activation-induced mitochondrial cell death. In this chapter, we provide 
an overview of recent advances in our understanding of Ca 2+  signaling in mast cells 
with a special attention to the emerging role for the L-type Ca 2+  channels as a regula-
tor of mast cell survival.  

  Keywords   Ca 2+  signaling  •  Mast cell  •  CRAC channel  •  L-type Ca 2+  channel      
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   Introduction    

   Mast Cells and Ca 2+  

 Mast cells play central roles in adaptive and innate immunity. Upon stimulation of 
the high-affi nity IgE receptor (Fc e RI), mast cells have remarkably diverse func-
tional outputs. These outputs include degranulation (secretion of pre-formed chemi-
cal mediators stored in granules such as histamine and serotonin), synthesis and 
secretion of arachidonate-derived mediators such as leukotrienes (LTs) and prosta-
glandins (PGs), and the production of cytokines and chemokines. These mediators 
cause various pathophysiological events, including vasodilation, vascular hyperper-
meability, and recruitment and activation of other infl ammatory cells, thereby 
contributing to acute and chronic allergic responses and diseases (1) (Fig.  44.1 ). All 
these outputs depend to certain degrees on an increase in the intracellular Ca 2+  
concentration ([Ca 2+ ] 

i
 ). In most cell types, including mast cells, the cytosolic Ca 2+  

concentration is maintained at low levels (50–150 nM) in resting cells. However, 
agonists including hormones, growth factors and antigens induce an increase in 

Cytokines

TNF-a, IL-4, IL-13

Degranuation;

Arachidonic acid-derived mediators, LTs, PGs

IgE receptor (FceRI)

Multivalent antigen

IgE

Recruitment, activation, and 
infiltration of other immune 
cell types

Mast Cell

Vasodilation, Vascular 
Hyperpermeability

Inflammation

Histamine, serotonin

  Fig. 44.1     IgE-dependent activation of mast cells.  Cross-linking of the high-affi nity IgE receptor 
(Fc e RI) by IgE plus a multivalent antigen results in mast cell activation pathways that lead to 
remarkably diverse functional outputs. These outputs include degranulation (i.e., the secretion of 
pre-formed chemical mediators stored in granules such as histamine and serotonin), the synthesis 
and secretion of arachidonic acid-derived mediators such as leukotrienes ( LTs ) and prostaglandins 
( PGs ) and the production of cytokines, such as tumor necrosis factor ( TNF )- a , interleukin ( IL )-4 
and IL-13, and chemokines. These mediators cause various pathophysiological events, including 
vasodilation, vascular hyperpermeability, and recruitment, activation and infi ltration of other 
infl ammatory cells, thereby contributing to acute and chronic allergic responses and diseases       
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[Ca 2+ ] 
i
  of up to 1  m M by stimulating the mobilization of Ca 2+  from intracellular 

stores such as the endoplasmic reticulum (ER) and mitochondria as well as the 
extracellular space. However, sustained infl ux of external Ca 2+  is considered to be 
mainly responsible for the elevation in [Ca 2+ ] 

i
  and secretory responses in rodent 

mast cells  [  1  ] . Similarly, infl ux of Ca 2+  from the extracellular fl uid is required for 
histamine release from human lung mast cells  [  2  ] . Therefore, the channels involved 
in Ca 2+  signaling are of great interest as novel targets for the development of anti-
allergic drugs. Mast cell degranulation involves the steps of translocation, docking 
and fusion of granules with the plasma membrane, and Ca 2+  is thought to play essen-
tial or important roles in these processes. It has been noted that degranulation is at 
least partly, similar to presynaptic Ca 2+ -triggered exocytosis  [  3  ] . Certain Ca 2+ -
sensing proteins such as synaptotagmins are involved in membrane fusion, and 
increases in [Ca 2+ ] 

i
  may activate or amplify this process  [  4  ] . Secretion of cysteinyl-

LTs requires their  de novo  synthesis and secretion, which involve complicated 
biochemical processes including cytosolic phospholipase A 

2
  (cPLA 

2
 )-mediated 

arachidonic acid (AA) release from the plasma membrane followed by oxidation by 
5-lipoxygenase (5-LOX). Ca 2+  is a key physiological regulator of LTC 

4
  synthesis, 

since Ca 2+  binds to the N-terminal C2 domain of cPLA 
2
 , thereby promoting its 

translocation and activation  [  5  ] . Moreover, in rat basophilic leukemia (RBL) mast 
cell line activated with thapsigargin or agonists, the recruitment of protein kinase C 
and components of the extracellular signal-regulated protein kinase (ERK)/PLA 

2
 /5-

LOX pathway is strictly dependent on a Ca 2+  infl ux  [  6,   7  ] . Ca 2+  also plays important 
roles in the production of cytokines via the Ca 2+ /calcineurin/NFAT pathway  [  1  ] . 
Figure  44.2  shows the possible Ca 2+  dependence of biochemical processes in mast 
cell outputs.   

 Fc e RI is a member of the immunoglobulin superfamily of antigen receptors, 
which also includes T and B cell receptors, and the signal transduction pathways 
present in mast cells have many similarities with those in T and B cells. Fc e RI is a 
tetramer consisting of an  a -chain, a  b -chain and a  g -chain homodimer, among which 
the  a -chain binds to IgE, and the  b - and  g -chains contain immunoreceptor tyrosine-
based activation motifs (ITAMs), which are critical for cell activation through cell 
surface receptors  [  1  ]  (Fig.  44.3 ).   

   Regulatory Mechanisms of Intracellular Ca 2+  in Eukaryotic Cells 

 A variety of different Ca 2+ -permeable channels are known to coexist in the plasma 
membrane and to play major roles in the entry of extracellular Ca 2+  into eukaryotic 
cells (Fig.  44.4 ). These channels include voltage-operated Ca 2+  (VOC) channels, 
receptor-operated Ca 2+  (ROC) channels, second messenger-operated Ca 2+  (SMOC) 
channels and store-operated Ca 2+  (SOC) channels such as Ca 2+  release-activated 
Ca 2+  (CRAC) channels. On the other hand, Ca 2+  is extruded through two molecular 
machineries, Na + -Ca 2+  exchangers (NCX) and plasma membrane Ca 2+ -ATPase 
(PMCA). The release of Ca 2+  from intracellular stores, mainly the ER, and clearance 
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of Ca 2+  from the cytosol by resequestration into organelles such as the ER and 
mitochondria are also important in the regulation of [Ca 2+ ] 

i
   [  8  ] . VOC channels or 

 voltage-gated Ca 2+  (Ca 
v
 ) channels are found in electrically excitable cells like nerve 

and muscle cells, become activated by membrane depolarization, and serve as the 
principal routes of Ca 2+  entry into these cells. ROC channels open rapidly upon 
binding of external ligands such as neurotransmitters and are predominantly found 
in excitable cells. SMOC channels are found in some excitable and nonexcitable 
cells, and are activated by any of a number of small second messenger molecules, 
typically inositol phosphates, cyclic nucleotides and lipid-derived messengers such 
as diacylglycerol and AA and its metabolites. In addition to its Ca 2+ -mobilizing 
activity from the ER, nicotinic acid adenine dinucleotide phosphate (NAADP) has 
been shown to evoke Ca 2+  entry in some cell types, although the localization and 
nature of its specifi c receptors, referred as to NAADP receptors (NAADPRs), are 
poorly understood  [  9,   10  ] . It is widely accepted that the ER plays a central role in the 
regulation of Ca 2+  infl ux in eukaryotic cells and the second messenger inositol-1,4,

[Ca2+]i↑

Degranulation
Production of cytokines

Synthesis of 
arachidonic acid-
derived metabolites

ERK/PLA2/5-LOX

Extracellular Ca2+ entry (Ca2+

channels)
Ca2+ release (Ca2+ stores)

Calcineurin/NFAT

PKC

PKCSynaptotagmins

FceRI stimulation

  Fig. 44.2     Ca   2+    entry from the extracellular space is essential for full mast cell activation.  
Fc e RI stimulation results in an increase in [Ca 2+ ] 

i
  by stimulating Ca 2+  mobilization from intracel-

lular stores and the extracellular space, but sustained infl ux of external Ca 2+  is usually required for 
full activation of the outputs. Ca 2+  can activate protein kinase C ( PKC ), an important player in mast 
cell signaling. Ca 2+  is also thought to play essential or important roles in each step of the transloca-
tion, docking and fusion of granules with the plasma membrane during degranulation. Degranulation 
is similar to presynaptic Ca 2+ -triggered exocytosis. Certain Ca 2+ -sensing proteins such as synap-
totagmins are involved in the membrane fusion and increases in [Ca 2+ ] 

i
  may activate or amplify this 

process. During  de novo  synthesis and secretion of cysteinyl-LTs, Ca 2+  mainly plays key roles in 
two different processes. Ca 2+  binds to the N-terminal C2 domain of cPLA 

2
 , thereby promoting its 

translocation and activation. Also the recruitment of PKC and components of the ERK/PLA 
2
 /

5-LOX pathway are strictly dependent on Ca 2+  infl ux. Ca 2+  also plays a critical role in the pro-
duction of cytokines via the Ca 2+ /calcineurin/NFAT pathway       
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5-triphosphate (IP 
3
 ) generated by surface receptor-mediated activation of phospho-

lipase C (PLC) is an essential component of this regulation  [  11  ] . IP 
3
  binds to IP 

3
  

receptors located on the surface of the ER and activates the release of Ca 2+ . In addi-
tion to IP 

3
 , two other intracellular Ca 2+  mobilizing agents, cyclic ADP ribose and 

NAADP are involved in the release of Ca 2+  from intracellular stores, by binding to 
ryanodine receptors and NAADPRs, respectively  [  12–  14  ]  (Fig.  44.4 ). Depletion of 
Ca 2+  stores in the ER results in store-operated Ca 2+  entry (SOCE) through the activa-
tion of SOC channels on the plasma membrane. These channels appear to be wide-
spread, and apparently exist in all eukaryotes from yeasts  [  15  ]  to humans  [  16  ] . Such 
channels are also activated by pharmacological emptying of intracellular Ca 2+  stores 
via the actions of pharmacological agents, such as the sarco/endoplasmic reticulum 
Ca 2+ -ATPase (SERCA) inhibitor thapsigargin (Tg)  [  17  ] . It is widely accepted that 
SOCE is the main mode of Ca 2+  infl ux in electrically non-excitable cells, including 
mast cells, and that CRAC channels are the major SOC channels  [  18  ] . A growing 
body of evidence suggests that store depletion also leads to the activation of other 
channels that are relatively non-selective for Ca 2+  but contribute to SOCE in several 
cell types, and transient receptor potential canonical (TRPC) channels are typical of 
this channel type. It has been shown that SOCE is not the only mode of Ca 2+  entry 
into mast cells. Recent evidence indicates that Ca 2+  entry into mast cells also occurs 
independently of Ca 2+  store depletion (non-SOCE) and that L-type Ca 2+  (LTCCs), 

  Fig. 44.3     Membrane topology and structure of Fc e RI . Fc e RI is a member of the immunoglobulin 
superfamily of antigen receptors, which also includes T and B cell receptors, and the signal trans-
duction pathways present in mast cells have many similarities with those in T and B cells. Fc e RI 
is a tetramer consisting of an  a -chain, a  b -chain and a  g -chain homodimer of which the  a -chain 
binds to IgE and the  b - and  g -chains contain immunoreceptor tyrosine-based activation motifs, 
which are critical for cell activation through cell surface receptors       
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which were thought to be a characteristic feature of excitable cells, mediate this 
mode of Ca 2+  infl ux. TRPC channels have also been proposed to be involved in not 
only SOCE, but also non-SOCE. We briefl y introduce recent developments in this 
fi eld of research with a special focus on CRAC channels and LTCCs in the following 
section, since there is evidence that the two types of channels are coordinately rather 
than independently regulated. Readers who are interested in more detailed informa-
tion about CRAC channels and TRPC channels should refer to two excellent recent 
reviews  [  19,   20  ] .    

   CRAC Channels 

 The best-characterized SOC channels, CRAC channels were originally identifi ed in 
a study on the currents passing through the channels,  I  

CRAC
  in RBL mast cells and 

display high Ca 2+  selectivity  [  21  ] . It is now well established that CRAC channels 

  Fig. 44.4     Ca   2+    infl uxes and effl uxes through the plasma membrane in a eukaryotic cell . [Ca 2+ ] 
c
  

levels are controlled by the balance between Ca 2+  entry into the cell and Ca 2+  extrusion from the 
cell. Ca 2+  enters the cell through voltage-operated Ca 2+  ( VOC ) channels, receptor-operated Ca 2+  
( ROC ) channels, second messenger-operated Ca 2+  ( SMOC ) channels and store-operated Ca 2+  
( SOC ) channels in the plasma membrane. It should be noted that these Ca 2+  channels are not neces-
sarily expressed and do not always operate in a given cell. On the other hand, Ca 2+  is extruded 
through two molecular machineries, Na + -Ca 2+  exchangers ( NCX ) and plasma membrane Ca 2+ -
ATPase ( PMCA ). Release of Ca 2+  from intracellular stores such as the endoplasmic reticulum ( ER ) 
and mitochondria and clearance of Ca 2+  from the cytosol by resequestration into these organelles 
are also important in the regulation of [Ca 2+ ] 

c
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account for the SOCE and cell function in T lymphocytes, mast cells, platelets and 
some types of smooth muscle and endothelial cells  [  22,   23  ] . It has recently been 
shown that the mammalian protein stromal interaction molecule 1 (STIM1) acts as 
a molecular sensor for Ca 2+  store emptying  [  24–  26  ] . STIM1 senses the status of the 
Ca 2+  stores in the ER via a luminal N-terminal Ca 2+ -binding EF-hand domain, and 
dissociation of Ca 2+  from this domain induces the oligomerization of STIM1 to the 
ER regions that are close to the plasma membrane, thereby regulating the CRAC 
channel activity. On the other hand, Orai1 is a pore-forming subunit of the CRAC 
channels  [  27–  30  ] . On the assumption that Orai1 and STIM1 play specifi c roles in 
CRAC channel function, the effects of their defects on cell function were analyzed 
using mast cells derived from Orai1- and STIM1-knockout mice. Mast cells lacking 
either STIM1 or Orai1 exhibited considerable defects in degranulation, while Fc e RI-
mediated in vivo anaphylaxis was strongly inhibited in Orai1-knockout mice and to 
a lesser extent in STIM1-knockout mice  [  31,   32  ] . Similar levels of Ca 2+  release from 
the ER stores were observed in the wild-type and Orai1-knockout mice, suggesting 
that Ca 2+  infl ux through the Orai1 channel is critical for degranulation. LT secretion 
is also strongly inhibited in Orai1-knockout mice  [  32  ] , consistent with a previous 
report that CRAC channels play key roles in LTC 

4
  secretion in RBL cells  [  6  ] . 

Increased [Ca 2+ ] 
i
  activates NFAT and NF- k B, which regulate the transcription of 

genes encoding cytokines. Therefore, the overall cytokine production was also 
expected to be affected in Orai1- or STIM1-knockout mice. However, the results 
revealed that individual cytokines were affected to different extents. For example, 
tumor necrosis factor (TNF)- a  secretion was much lower in Orai1- or STIM1-
knockout mice while interleukin (IL)-6 secretion was minimally affected  [  31,   32  ] , 
suggesting that the Ca 2+  infl ux pathways involved in the regulation of cytokine gene 
expression may be more complicated than previously thought. Collectively, the 
effects of the Orai1 and STIM1 defects were not necessarily identical, thereby argu-
ing against the view that both molecules are specifi c components of CRAC chan-
nels. In fact, the emerging view is that neither Orai1 nor STIM1 is specifi c for 
CRAC channels. A growing body of evidence suggests that TRPC proteins can also 
act as channel-forming molecules in CRAC channels (Fig.  44.5 ). There is also an 
increasing body of evidence that CRAC channels can exist in multimeric structures, 
and the molecular entities of the CRAC channels therefore remain a matter of debate 
 [  33  ] . On the other hand, STIM1 was shown to be a far more universal regulator of 
Ca 2+  entry pathways than previously thought. Strikingly, STIM1 was also shown to 
also regulate non-SOCE. AA-regulated Ca 2+ -selective (ARC) channels are a widely 
expressed mode of agonist-activated Ca 2+  entry in non-excitable cells and are acti-
vated completely independently of Ca 2+  store depletion  [  34  ] . Although agonists can 
activate both CRAC channel and ARC channel activities, activation of ARC chan-
nels specifi cally occurs at low agonist concentrations that are typically associated 
with oscillatory Ca 2+  signals  [  35  ] . In addition, the two types of channels are distin-
guishable in terms of their sensitivities to 2-aminoethoxydiphenyl borate (2-APB) 
and Gd 3+ , since the currents through ARC channels,  I  

ARC
 , but not  I  

CRAC
  were strongly 

blocked by Gd 3+  while the CRAC channel inhibitor 2-APB had no effect on  I  
ARC

   [  36  ] . 
As mentioned above, the sensing of Ca 2+  store depletion by its Ca 2+ -binding EF-hand 
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domain and its translocation to the plasma membrane are critical in the current 
models for the action of STIM1 on Ca 2+  entry. On the contrary, STIM1 regulation of 
ARC channels was shown to be independent of all these machineries and events 
 [  37  ] . Evidence suggests that there is a pool of STIM1 that constitutively resides in 
the plasma membrane and regulates the ARC channel activity through its extracel-
lular N-terminal domain, since antibodies against this domain and mutations in 
STIM1 that prevent its constitutive expression specifi cally inhibited the ARC chan-
nel activity without affecting the CRAC channel activity  [  37  ] . Interestingly,  I  

ARC
  

was successfully detected in RBL mast cells  [  36  ] . Moreover, our recent data 
showed that stimulation with antigen as well as AA evoked a robust Ca 2+  infl ux in 
RBL-2H3 cells, which was blocked by Gd 3+ , but not by 2-APB. Collectively, these 

Activated stateResting state

ER Ca2+ stores are repleted ER Ca2+ stores depleted

(STIM1: monomers or 
dimers?) 

Sensing Ca2+ depletion, Formation of 
STIM1 oligomers

Migation of STIM1 to ER-plasma membrane
appositions 

Recruitment of Orai1 to ER-plasma 
membrane appositions (by STIM1
binding to the Orai1 C terminus) 

Opening of Orai1 channels (possibly by
STIM1 binding to an N terminal region of 
Orai1) 

  Fig. 44.5     Regulation of Ca   2+    release-activated Ca   2+    (  CRAC  ) channels by STIM1 and Orai1 
in response to endoplasmic reticulum Ca   2+    stores depletion . The mammalian proteins stromal 
interaction molecule 1 ( STIM1 ) is a Ca 2+  sensor in the endoplasmic reticulum ( ER ), while Orai1 is 
a pore-forming subunit of  CRAC  channels. In resting state,  ER  Ca 2+  stores are replete and  STIM1  
exists as monomer of dimers. When  ER  Ca 2+  stores are depleted in response to receptor activation, 
 STIM1  senses the depletion via its a luminal N-terminal Ca 2+ -binding EF-hand domain and forms 
oligomers.  STIM1  oligomers migrate to ER-plasma membrane appositions and recruit Orai1 chan-
nels to the ER-plasma membrane appositions by binding to the Orai1 C-terminus. The  STIM1  
oligomers may open the Orai1 channels possibly by binding to an N-terminal region of Orai1       
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observations suggest that ARC channels may be activated in response to Fc e RI 
stimulation to regulate Ca 2+  infl ux in the cells, although further studies are needed 
to elucidate the role of ARC channels in mast cell Ca 2+  responses. Better under-
standing of the functions of the two Ca 2+ -selective Ca 2+  channels may clarify 
whether the aforementioned data from the STIM1-knockout mice can indeed be 
attributed to be dysfunction of CRAC channels alone rather than to dysfunction of 
multiple STIM1-regulated Ca 2+  entry pathways, including ARC channels.   

   LTCCs 

   Molecular Entities of LTCCs 

 There is some evidence that mast cells also utilize non-SOCE, as another mode of 
Ca 2+  entry, in the regulation of their Ca 2+  responses. Several Ca 2+  channels  [  38–  40  ]  
and non-selective cation channels  [  41  ]  have been shown to be activated to allow 
Ca 2+  infl ux independently of Ca 2+  store depletion. In particular, phosphatidylinosi-
tol-3,4,5- trisphosphate-sensitive Ca 2+  channels were reported to be activated inde-
pendently of Ca 2+  store depletion and PLC activation in RBL-2H3 cells  [  38  ] . 
Although the molecular entities of the channels remain unclear, they are distin-
guishable from SOC channels and TRPC channels in terms of their activation man-
ner. Nonetheless, little attention has been paid to the roles for non-SOCE in mast 
cell Ca 2+  signaling, probably because it has conventionally been thought that Fc e RI 
stimulation and pharmacological Ca 2+  store depletion (e.g. by SERCA inhibitors 
such as Tg) induce similar modes of Ca 2+  infl ux (i.e. SOCE). However, it was 
revealed that Fc e RI stimulation, but not Tg, induces robust non-SOCE  [  42  ] . This 
non-SOCE is minimally affected by 2-APB and SK&F96365 applied at concentra-
tions that block SOCE, indicating that the Ca 2+  channels responsible for non-SOCE 
are distinct from CRAC channels and TRPC channels. Instead, non-SOCE is 
strongly blocked by the dihydropyridine receptor (DHPR) antagonist nifedipine, 
and is remarkably augmented by its agonist (S)-BayK8644  [  42  ] . The DHPR was 
originally well known as the  a  

1
 -subunit of LTCCs in excitable cells  [  43  ] . LTCCs in 

neurons and myocytes are heterotetrameric polypeptide complexes consisting of a 
channel-forming  a  

1
 -subunit, including four subtypes of  a  

1 s 
  (Ca 

v
 1.1),  a  

1C
  (Ca 

v
 1.2),  a  

 
1D

  (Ca 
v
 1.3) and  a  

1F
  (Ca 

v
 1.4), and at least three auxiliary subunits ( a  

2
 / d ,  g  and  b ) that 

specifi cally modulate the activity and allow depolarization-induced Ca 2+  infl ux into 
the cytosol  [  43  ] . The predicted topology of the  a  

1
 -subunit has four repeated motifs 

(I-IV) and an inward-dipping loop between the S5 and S6 transmembrane segments 
that forms the channel pore, while the S4 transmembrane segment contains con-
served positively charged amino acids that are voltage sensors and move outward 
upon membrane depolarization to open the Ca 2+  channel by analogy with the voltage-
gated K +  channel  [  44  ] . The spectrum of DHP derivatives, which specifi cally bind 
with high affi nities to the  a  

1
  subunits of LTCCs and regulate their functional state 
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from closing to opening or vice versa, allows both the identifi cation and functional 
analyses of this class of molecules. 

 Given that DHPR was originally identifi ed as the  a  
1
  subunit of LTCCs in excit-

able cells, the modulation of non-SOCE by DHPR antagonists/agonists implies that 
LTCCs or their analogous molecules may exist in mast cells. In fact, RT-PCR analy-
ses revealed that substantial amounts of the  a  

1C
  subunit (Ca 

v
 1.2) and to a lesser 

extent the  a  
1D

  subunit (Ca 
v
 1.3) are expressed in RBL-2H3 cells and bone marrow-

derived mast cells (BMMCs)  [  45  ]  as well as the human mast cell line, LAD-2. 
In addition, the  a  

1C
  subunit with DHP binding capacity was shown to be expressed 

on the cell surface  [  45  ] . Thus, Ca 
v
 1.2 LTCCs appear to be ubiquitously and mainly 

expressed in various mast cell populations. Consistent with a role for Ca 
v
 1.2 LTCCs 

in non-SOCE, different LTCC-selective antagonists, diltiazem and verapamil block 
non-SOCE  [  45  ] . Gene silencing using small-interfering RNAs enabled us to prepare 
RBL-2H3 cells in which Ca 

v
 1.2 LTCC gene expression was downregulated at both 

mRNA and protein levels. In the Ca 
v
 1.2-knockdown cells, expression of the  a  

1C
  

subunit with DHP binding capacity on the cell surface was completely abolished. 
The downregulation of Ca 

v
 1.2 LTCCs abolished non-SOCE, with minimal effects 

on thapsigargin-induced SOCE  [  45  ]  (Fig.  44.5 ). Taken together, these observations 
show that Ca 

v
 1.2 LTCCs are mainly responsible for Fc e RI-mediated non-SOCE in 

mast cells. It has recently been shown that a variety of hematopoietic cells, includ-
ing B cells, T cells, neutrophils, dendritic cells and natural killer cells, express 
LTCCs or LTCC-like channels. Thus, the emerging view is that LTCCs comprise a 
general Ca 2+  entry mechanism in immune cells  [  46,   47  ] .  

   Activation Mechanisms of LTCCs 

   Role of Fc e RI b  

 The molecular basis of LTCC activation in immune cells upon antigen receptor 
stimulation is poorly understood to date. However, there is evidence that Fc e RI b  
is crucial for LTCC activation in mast cells upon Fc e RI stimulation. Lyn is a major 
Src family kinase (SFK) found in mast cells. This kinase loosely binds to the 
Fc e RI b  even in resting cells and is immediately activated upon Fc e RI stimulation to 
bind to Fc e RI b  tightly and transduce downstream signals. It is established that 
the Fc e RI b  ITAM is an important site of interaction with Lyn for signal transduc-
tion  [  48  ] . Tg cannot evoke tyrosine phosphorylation of Fc e RI b  and LTCC activa-
tion  [  49  ]  BMMCs expressing wild-type (YYY) Fc e RI b  or Fc e RI b  mutant in which 
all the tyrosine residues within the ITAM are replaced by phenylalanine (FFF 
mutant) were prepared. The FFF mutant lacked the Fc e RI b -Lyn interaction via the 
ITAM  [  50  ]  (Fig.  44.6 ). Analyses using these cells revealed that the Fc e RI b -Lyn 
interaction via the ITAM is essential for full activation of IgE-dependent Ca 2+  
infl ux, but not Tg-induced Ca 2+  infl ux. Subsequently, it was revealed that the 
Fc e RI b -Lyn interaction via the ITAM is essential for IgE-dependent activation of 
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LTCCs, but not CRAC channels  [  42  ] . Moreover, phosphatidylinositol-3-kinase 
(PI3K) is also essential for LTCC activation, and it appears to negatively regulate 
CRAC channel activation, since the PI3K-selective inhibitors wortmannin and 
LY294002 inhibit the former but enhance the latter  [  42  ] .   

   Role of Nitric Oxide (NO) 

 Another critical factor involved in LTCC activation is NO. NO is a potent radical 
with diverse roles in biological processes, including vasodilatation, platelet aggre-
gation and neuronal transmission. It also regulates the functions, death and survival 
of various cell types, including cells involved in immunity and infl ammation, 
depending on the cell type and concentration  [  51,   52  ] . NO also suppresses mast cell 
activation and the subsequent features of infl ammation as well as IgE-dependent 

  Fig. 44.6     Structure of the Fc e RI b  chain and its ITAM . The Fc e RI b - and  g -chains contain immu-
noreceptor tyrosine-based activation motif (ITAM), a conserved feature of many antigen receptors. 
The ITAM consensus sequence is (D/E) XX Y XX L X  

7–11
 –Y XX L(L/I), where the tyrosine residues are 

phosphoacceptor sites for the action of receptor-associated protein tyrosine kinases such as Lyn 
and Syk. Phospho-ITAMs provide a docking site for cytoplasmic proteins that contain the Src-
homology domain. Among the three tyrosine residues in the wild-type (YYY)  b -chain ITAM, the 
canonical tyrosine residues are thought to serve a docking site for Lyn and positively regulate cell 
activation, while the non-canonical residue (middle tyrosine residue) mediates an inhibitory signal 
for cell activation. In the FFF mutant, all three tyrosine residues are replaced by phenylalanine 
 (right, upper panel).  Immunoprecipitation with an anti-Lyn antibody followed by western blot 
analysis with an anti- b -chain antibody reveals that the Fc e RI b -Lyn interaction via the ITAM is 
completely abolished in the FFF mutant  (right, lower panel). WCL  whole cell lysate used as a 
control       
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degranulation, LT secretion and cytokine expression and secretion in mast cells 
 [  53,   54  ] . The emerging view is that mast cells themselves are NO producers in 
response to physiological stimuli. Mast cells can produce robust NO upon Fc e RI 
stimulation in RBL-2H3 cells and BMMCs  [  55  ] . This NO production is attributed 
to nitric oxide synthase (NOS) activated in a Ca 2+ -dependent manner (i.e. constitu-
tively expressed NOS isoform). Moreover, the NO production is accompanied by 
increased phosphorylation of endothelial NOS (eNOS) at Ser-1177 and Akt at Ser-
473, which are considered to comprise an important mechanism for increasing 
eNOS activity  [  56,   57  ] . Subsequent studies revealed that mast cells express eNOS 
but not neuronal NOS mRNA and that gene silencing of eNOS completely abol-
ishes IgE-dependent NO production  [  58  ] . In an expansion of the pharmacological 
data, downregulation of eNOS gene expression was found to completely abolish 
Ca 

v
 1.2 LTCC activation  [  58  ] . These observations strongly suggest that eNOS is 

essential for IgE-dependent Ca 
v
 1.2 LTCC activation. To date, the mechanisms by 

which NO stimulates Ca 
v
 1.2 LTCC activation are unclear. However, our recent data 

showed that eNOS can regulate cell membrane depolarization in mast cells (Suzuki 
et al., unpublished data). As described in the next section, an increasing body of 
evidence suggests that Ca 

v
 1.2 LTCCs can be activated in a voltage-gated manner in 

nonexcitable cells. In addition, eNOS is activated in a manner that is dependent on 
PI3K activity  [  55  ] , which is thought to be activated via the Fc e RI b -Lyn interaction. 
Collectively, it is possible that upon Fc e RI stimulation, the Fc e RI b -Lyn interaction 
triggers endogenous NO production by the PI3K-Akt-eNOS pathway, which acti-
vates Ca 

v
 1.2 LTCCs via cell membrane depolarization.   

   The Gating Mode of LTCCs: Voltage-Gated or Not? 

 Analyses using cell membrane potential-sensitive dyes showed that Fc e RI stimula-
tion results in immediate membrane depolarization, which reaches its maximum 
within 1 min, followed by repolarization but not hyperpolarization. On the contrary, 
Tg causes sustained hyperpolarization but does not evoke any membrane depolar-
ization  [  45  ] . Thus, Fc e RI stimulation specifi cally induces cell membrane depolar-
ization, although Fc e RI stimulation and Tg commonly activate CRAC channel 
activity. It was shown that T cells express both regulatory  b  and pore-forming  a  

1
  

subunits of LTCCs found in excitable cells. T cell receptor stimulation also results 
in similar patterns of cell membrane depolarization and LTCC activation  [  52  ] . 
Therefore, by analogy to LTCCs expressed in excitable cells, LTCCs expressed in 
mast cells and T cells are expected to be activated in a voltage-gated manner. 
Nevertheless, the issue of whether these channels open in a voltage-gated manner 
has been a matter of much debate, since K + -mediated depolarization causes a mini-
mal increase in [Ca 2+ ] 

i
  in these cells  [  45,   59  ] . However, K + -mediated depolarization 

was found to be capable of evoking robust Ca 2+  entry into mitochondria  [  45  ] . 
Moreover, a substantial increase in [Ca 2+ ] 

i
  was observed in response to depolariza-

tion when CRAC channel activity was impaired. These Ca 2+  responses are blocked 
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by LTCC antagonists and downregulation of Ca 
v
 1.2 LTCCs, and are enhanced by 

LTCC agonists. Collectively, these data show that in mast cells, Ca 
v
 1.2 LTCCs can 

be activated by membrane depolarization to allow Ca 2+  entry into the cytosol or 
mitochondria depending on the activation status of CRAC channels. Recent work 
has provided evidence that Ca 

v
 1.2 LTCCs can be activated by membrane depolar-

ization in nonexcitable cells  [  60,   61  ] . It is therefore, possible that LTCCs in mast 
cells are activated in a voltage-gated manner in response to cell membrane depolar-
ization upon Fc e RI stimulation. However, the term “voltage-gated channels” truly 
means those that are directly activated by membrane depolarization beyond a thresh-
old voltage. Hence, further studies are needed to confi rm that Ca 

v
 1.2 LTCCs in 

nonexcitable cells are identical to those in excitable cells at the molecular level. Cell 
membrane polarization is a driving force of Ca 2+  entry through CRAC channels and 
may hamper the activation of Ca 

v
 1.2 LTCC activity. Moreover, it may stimulate the 

gating of Ca 
v
 1.2 LTCCs, but inhibit Ca 2+  entry through CRAC channels. Consequently, 

the activities of the two channels may be coordinately rather than independently 
controlled. Indeed, it was recently shown that the activities of Ca 

v
 1.2 LTCCs and 

CRAC channels are reciprocally regulated by one another  [  60,   61  ] . This interesting 
issue will be discussed in more detail in section     “Coordinated regulation of CRAC 
channels and Ca

v
1.2 LTCCs” .  

   Role for LTCCs in Mast Cell Function 

 Analyses using pharmacological LTCC modulators and Ca 
v
 1.2-knockdown cells 

have revealed unique roles of Ca 
v
 1.2 LTCCs in mast cell function. The channels 

negatively regulate mast cell degranulation and positively control LTC 
4
  and cytokine 

production  [  45,   62  ] . It is of special interest that Ca 
v
 1.2 LTCCs regulate the produc-

tion of cytokines such as IL-13 and TNF- a , since LTCCs have been shown to play 
roles in the regulation of NFAT and cytokine production in TCR-activated T cells 
 [  59,   63  ] . Moreover, the DHPR, as the  a  subunit of LTCCs, was shown to be a selec-
tive marker of Th2 cells and to be involved in Ca 2+  responses, IL-4, IL-5 and IL-10 
productions and Th2-mediated pathologies  [  64  ] . Collectively, it is possible that in 
mast cells and T cells, LTCCs are involved in the regulation of antigen receptor-
mediated Ca 2+  signaling and cytokine production, thereby contributing to Th2-
cytokine secretion and Th2-mediated pathologies. Consistent with the roles of 
LTCCs in Th2-dependent pathologies, LTCC antagonists were shown to effectively 
prevent or revert airway infl ammation, remodeling and hyperresponsiveness in 
experimental models of Th2-driven asthma  [  65  ] .  

   Roles of LTCCs in Mast Cell Survival 

 Mast cells are described as being long-lived cells that are maintained at relatively con-
stant numbers in tissues under physiological conditions. Anti-apoptotic mechanisms 
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limit the initiation of programmed cell death, thereby contributing to the multiple 
pathological conditions that involve mast cell activation. Although CRAC channels 
were shown to play a critical role in regulating mast cell function, they appear to 
play minor roles in mast cell differentiation and survival, since the development and 
survival of mast cells derived from Orai1- and STIM1-knockout mice are normal 
 [  31,   32  ] . Despite their importance, there is little information regarding Ca 2+  chan-
nels regulating mast cell survival. In this regard, it should be noted that Ca 

v
 1.2 

LTCCs have an anti-apoptotic function. Ca 
v
 1.2 LTCCs were shown to protect mast 

cells against activation-induced cell death (AICD) following Fc e RI stimulation 
 [  66  ] . Tg induces considerable apoptosis of RBL-2H3 cells, while Fc e RI stimulation 
alone has minimal effects on their survival. However, when the Ca 

v
 1.2 LTCC activ-

ity is downregulated by LTCC antagonists or by Ca 
v
 1.2 gene silencing, RBL-2H3 

cells undergo substantial apoptosis after Fc e RI stimulation. On the contrary, activa-
tion of Ca 

v
 1.2 LTCC activity by extracellular K +  and (S)-BayK8644 protects the 

cells against Tg-induced apoptosis. Similar results were obtained for BMMCs  [  66  ] . 
These data strongly suggest that Ca 

v
 1.2 LTCCs are essential for the survival of acti-

vated mast cells. The anti-apoptotic function involves prevention of the intrinsic 
mitochondrial cell death pathway. Besides their well-known role as the power plants 
in eukaryotic cells, mitochondria are now recognized as central gateway controllers 
in the cell death pathway. Permeabilization of the outer mitochondrial membrane 
(OMM) by proapoptotic Bcl-2 family proteins promotes the release of a number of 
apoptosis-inducing proteins such as cytochrome c from the inner mitochondrial 
membrane (IMM) space into the cytosol. Cytochrome c interacts with the apoptotic 
peptidase activating factor 1, leading to the formation of the multimeric apoptosome 
in the presence of ATP/dATP  [  67,   68  ] . The apoptosome then activates the initiator 
caspase, caspase-9, which subsequently cleaves and activates effector caspases such 
as caspases-3 and caspase-7. A cytochrome c-independent apoptosis pathway has 
also been defi ned, and this pathway requires proteins such as endonuclease G and 
apoptosis-inducing factor to carry out apoptosis. Hence, in this paradigm, mito-
chondrial integrity disruption and downstream apoptogenic protein release and cas-
pase activation play pivotal roles. Although the molecular mechanisms underlying 
the OMM permeabilization are poorly understood, there is strong evidence that the 
mitochondrial permeability transition (MPT) plays a key role. The MPT was origi-
nally defi ned as a sudden increase in the IMM permeability to solutes with molecu-
lar masses of ~1,500 Da. It is now believed that opening of a putative megachannel 
referred as to the mitochondrial permeability transition complex (PTPC) is respon-
sible for the MPT  [  69,   70  ] . The PTPC is a high-conductance non-specifi c pore in the 
IMM that is composed of proteins that link the IMM and OMM. Several mitochon-
drial proteins localized in the IMM and OMM, such as voltage-dependent anion 
channels, adenine nucleotide translocase, hexokinase, peripheral benzodiazepine 
receptors and cyclophilin-D, are thought to constitute the PTPC, but the role of 
some components are a matter of debate. Under physiological conditions, the pro-
teins in the OMM and IMM that constitute the PTPC are believed in close proximity 
to one another and in a closed or low conductance formation, although the PTPC 
has not been isolated and the components of this complex remain controversial 
 [  69–  71  ] . When the PTPC changes to an open conformation, water and solutes with 



96944 Calcium Signaling in Mast Cells: Focusing on L-Type Calcium Channels

molecular masses of up to 1,500 Da enter the mitochondrial matrix, resulting in 
osmotic swelling of the mitochondrion. It has been believed that when multiple 
PTPCs open concurrently and extensive mitochondrial swelling takes place, physi-
cal disorganization of the OMM occurs and mitochondrial apoptogenic proteins are 
released, thereby triggering apoptosis  [  72  ] . There is some evidence indicating that 
PTPC opening and the downstream caspase cascade are critical for Fc e RI-mediated 
apoptosis of mast cells. In accordance with the requirement of NO for the survival 
of mast cells after Fc e RI stimulation  [  55  ] , substantial Fc e RI-mediated apoptosis 
occurs in eNOS-knockdown cells  [  58  ] . The apoptosis is accompanied by altered 
mitochondrial integrity, including increased cytochrome c release from mitochon-
dria and dissipation of the mitochondrial membrane potential (mitochondrial depo-
larization) and caspase-3/7 activation. Moreover, the apoptosis is completely 
prevented by the PTPC antagonist bongkrekic acid (BKA) and caspase-3/7-specifi c 
inhibitor, z-DEVD-fmk, and is enhanced by the PTPC agonist atractyloside  [  55,   58  ] . 
In addition, BKA and z-DEVD-fmk prevent the apoptosis even under conditions 
where eNOS gene expression is downregulated  [  58  ] . Taken together with the essen-
tial role of eNOS in Ca 

v
 1.2 LTCC activation, these observations suggest that Ca 

v
 1.2 

LTCCs regulate the open/-closed state of the PTPC and the downstream caspase 
cascade, thereby controlling cell survival.  

   Roles of LTCCs in the Regulation of the Mitochondrial Ca 2+  
Concentration ([Ca 2+ ] 

m 
 ) 

 The next question to be addressed is how Ca 
v
 1.2 LTCCs regulate the open-close 

state of the PTPC. One biochemical change that has been associated with the induc-
tion of apoptosis in several cell types is deregulation of the intracellular Ca 2+  con-
centrations. Excessive intracellular Ca 2+  levels, such as those induced by Ca 2+  
ionophores have been shown to induce apoptosis  [  73  ] . Moreover, apoptosis appears 
to involve a Ca 2+ -dependent endonuclease  [  74  ] , and intracellular Ca 2+  increases have 
been linked to apoptosis of both activated T cell hybridomas  [  75  ]  and immature 
thymocytes upon T cell antigen stimulation  [  76  ] . In addition to its pro-apoptotic 
effects, Ca 2+  has also been shown to act as an anti-apoptotic factor. IL-3-dependent 
primary cultured mast cells and cell lines can be protected against growth factor 
withdrawal-mediated apoptosis by the addition of Ca 2+  ionophores  [  77  ] , and pro-
grammed neuronal death is suppressed by an increase in intracellular Ca 2+   [  78  ] . 
Collectively, Ca 2+  appears to be necessary for both inducing and protecting against 
cell death, and the roles of Ca 2+  in regulating cell death therefore appear to be more 
complex than initially thought. There is no general model that can depict the dual 
effects of Ca 2+ . However, mitochondrial Ca 2+  handling seems to play a role in the 
dual effects. It is widely accepted that mitochondria play a key role in the deregula-
tion of intracellular Ca 2+  concentrations. It is quite likely that an appropriate eleva-
tion in the mitochondrial Ca 2+  concentration ([Ca 2+ ] 

m
 ) supports energy metabolism, 

cell activation and cell survival, while [Ca 2+ ] 
m
  overload causes increased cell death. 

[Ca 2+ ] 
m
  overload can damage mitochondrial integrity, thereby inducing PTPC opening 
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and resulting in the release of apoptogenic proteins  [  79,   80  ] . Therefore, [Ca 2+ ] 
m
  

appears to be necessary for both cell death and survival, although the precise mech-
anisms underlying the dual effects are currently unclear. It is noteworthy that a non-
apoptotic stimulus (Fc e RI stimulation) and an apoptotic stimulus (Tg) exert different 
effects on [Ca 2+ ] 

m
  in mast cells  [  55  ] . Although both stimuli induce a substantial 

increase in [Ca 2+ ] 
m
 , their modes are different. The [Ca 2+ ] 

m
  increase in response to 

Fc e RI stimulation is observed immediately, and is subsequently maintained at a 
higher level or gradually declines. Tg also induces an immediate and robust increase 
in [Ca 2+ ] 

m
  but the increase is less persistent and [Ca 2+ ] 

m
  returned to the resting levels 

within a few minute even in the persistent presence of Tg. Taking our recent data 
together with previous fi ndings  [  55  ] , Ca 

v
 1.2 LTCCs are involved in the [Ca 2+ ] 

m
  

increase induced by Fc e RI stimulation, but not by Tg. Moreover, in the presence of 
K +  or (S)-BayK8644, a more sustained [Ca 2+ ] 

m
  increase is observed after Tg treat-

ment, similar to the case for Fc e RI stimulation. In addition, downregulation of 
Ca 

v
 1.2 LTCCs by gene silencing reduces the Fc e RI- or K + -mediated [Ca 2+ ] 

m
  increase. 

Taken together, these fi ndings show that Ca 
v
 1.2 LTCCs activated by cell membrane 

depolarization are necessary for the maintenance of [Ca 2+ ] 
m
  in mast cells. In this 

regard, it should be noted that maintenance of [Ca 2+ ] 
m
  homeostasis is essential for 

cell survival, and that loss of [Ca 2+ ] 
m
  is closely correlated with cell death in cultured 

cells  [  81  ] . In addition, it was recently revealed that [Ca 2+ ] 
m
  effl ux through the mito-

chondrial Na + /Ca 2+ -exchanger (mtNCX) plays a pro-apoptotic role and that activa-
tion of Ca 

v
 1.2 LTCCs prevents the [Ca 2+ ] 

m
  effl ux. The extrusion of Ca 2+  from 

mitochondria is mediated by mtNCX, which is thought to allow continuous recy-
cling of Ca 2+  across the mitochondrial membrane, resulting in reciprocal changes in 
its concentrations in the mitochondria and cytosol. Enhanced mtNCX activity results 
in reduced [Ca 2+ ] 

m
  and cell survival as well as the pathological defects typically 

observed in human mitochondrial type I defi ciency  [  82  ] . Collectively, these fi ndings 
raises the intriguing possibility that Ca 

v
 1.2 LTCCs act as key players in the mainte-

nance of [Ca 2+ ] 
m
  homeostasis in conjunction with mtNCX. It should be noted that 

Ca 
v
 1.2 LTCCs are necessary for the survival of activated but not resting mast cells 

 [  66  ] , suggesting that they may be essential for preventing an excessive [Ca 2+ ] 
m
  effl ux 

by mtNCX upon cell activation. Since the absence of Ca 
v
 1.2 LTCCs is signifi cantly 

compensated for by blocking PTPC opening or inhibiting the downstream caspase 
cascade pathway, this type of Ca 2+  channel may prevent extensive PTPC opening, 
thereby playing a key role in the maintenance of mitochondrial integrity. Further 
studies are required to clarify the mechanisms underlying LTCC-mediated mainte-
nance of [Ca 2+ ] 

m
  and cell survival.   

   Coordinated Regulation of CRAC Channels and Ca v 1.2 LTCCs 

 It was recently reported that CRAC channels and Ca 
v
 1.2 LTCCs are reciprocally 

regulated by STIM1. STIM1 activation by Ca 2+  store depletion or mutational modi-
fi cations strongly suppresses voltage-operated Ca 

v
 1.2 LTCCs while activating 
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store-operated CRAC channels  [  60  ] . Both actions are mediated by the short STIM-Orai 
activating region of STIM1 and STIM1 appears to interact with Ca 

v
 1.2 LTCCs within 

the ER membrane junctions. Consequently, STIM1 knockdown enables K + -mediated 
plasma membrane depolarization to induce a robust Ca 2+  infl ux through Ca 

v
 1.2 

LTCCs. Another group reported that STIM1 can bind to the C-terminus of Ca 
v
 1.2 

LTCCs through the CRAC activation domain and inhibits gating of the channels 
through its long-term internalization  [  61  ] . Taken together, these data suggest a physi-
cal and functional association between CRAC channels and Ca 

v
 1.2 LTCCs. This 

enables coordinated control of the two types of Ca 2+  channels, which may be critical 
for the fi ne-tuning of Ca 2+  signals and Ca 2+ -dependent cellular outputs. Our fi ndings 
that Ca 

v
 1.2 LTCCs and CRAC channels reciprocally regulate mast cell degranulation 

while cooperatively controlling LTC 
4
  and cytokine production  [  45  ]  may be an exam-

ple of such coordinated regulation of mast cell functions by CRAC channels and 
Ca 

v
 1.2 LTCCs. Table  44.1  summarizes the survival and death of mast cells stimulated 

under various conditions. There is a tendency that the cells survive after activation 
under conditions in which both CRAC channels and Ca 

v
 1.2 LTCCs are activated, 

while they undergo cell death when biased activation of either channel is induced. 
Therefore, it is possible that the balanced activation of the two types of Ca 2+  channels 
is essential for maintaining the appropriate [Ca 2+ ] 

i
  required for cell survival.  

 A growing body of evidence suggests a close functional coupling between reac-
tive oxygen species (ROS) and Ca 2+  channels in mast cells. Fc e RI stimulation results 
in the generation of intracellular ROS, which are involved in the regulation of Ca 2+  
signals, mast cell degranulation, LT secretion and cytokine production and survival 
 [  83,   84  ] . Moreover, it was revealed that discrete generations of superoxide (O  

2
  −     ) and 

hydrogen peroxide (H 
2
 O 

2
 ) occur in mast cells following Fc e RI stimulation  [  85  ] . 

These fi ndings are similar to previous observations in T cells after TCR stimulation 
 [  86  ] , suggesting the involvement of similar mechanisms in the generations of the 
two oxidants between mast cells and T cells. The two oxidants appear to be gener-
ated by separate intracellular signaling pathways, since the H 

2
 O 

2
  generation is 

dependent on the SFK and PI3K activities, but independent of extracellular Ca 2+ , 
and the Fc e RI b  ITAM plays an essential role. On the other hand, the O  

2
  −   generation 

   Table 44.1    Activation of CRAC channels and Ca 
v
 1.2 LTCCs and the survival of activated mast 

cells   

 CRAC  Ca v 1.2  Survival/death  References 

 Fc e RI  Activated  Activated  Survival   [  66  ]  
 Fc e RI/nifedipine  Activated  Inactivated  Death   [  66  ]  
 Fc e RI/Ca 

v
 1.2-KD  Activated  Inactivated  Death   [  66  ]  

 Fc e RI/NOS inhibitors  Activated  Inactivated  Death   [  55  ]  
 Fc e RI/eNOS-KD  Activated  Inactivated  Death   [  58  ]  
 Tg  Activated  Inactivated  Death   [  66  ]  
 Tg/K +   Activated  Activated  Survival  Unpublished 
 Tg/(S)-BayK8644  Activated  Activated  Survival   [  66  ]  
 K +   Inactivated  Activated  Death  Unpublished 
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is strictly dependent on extracellular Ca 2+  but is negatively regulated by the SFK and 
PI3K activities and is independent of the Fc e RI b  ITAM  [  85  ] . In this regard, it is 
noteworthy that Ca 2+  infl ux through SOC channels, most likely CRAC channels 
results in the generation of O  

2
  −   within mitochondria in mast cells. Collectively, the 

most likely source of the PI3K-independent O  
2
  −   generation is mitochondria. 

Although the molecular entity of the source for H 
2
 O 

2
  remains unclear, a NOX family 

enzyme is a possible candidate, since the generation is strongly blocked by the NOX 
inhibitors diphenyleneiodonium and apocynin  [  49  ] . Analyses using Tg revealed that 
O  

2
  −   and H 

2
 O 

2
  may mediate different outputs. Tg can evoke mitochondrial O  

2
  −   gen-

eration but not PI3K-dependent H 
2
 O 

2
  generation, and can induce mast cell degranu-

lation and LTC 
4
  secretion more strongly than Fc e RI stimulation  [  49  ] . However, Tg 

is much less effective than Fc e RI stimulation for evoking TNF- a  and IL-13 produc-
tion. Regardless of the stimulus applied, mast cell degranulation and LTC 

4
  and 

cytokine production are strictly dependent on extracellular Ca 2+ . Therefore, the 
PI3K-independent O  

2
  −   generation rather than the PI3K-dependent H 

2
 O 

2
  generation 

is important for mediating the Ca 2+  infl ux required for mast cell degranulation. This 
is consistent with the fi nding that selective scavenging of H 

2
 O 

2
  by ebselen has mini-

mal effects on mast cell degranulation  [  83  ] . On the other hand, the PI3K-dependent 
H 

2
 O 

2
  generation appears to be critical for the Ca 2+  infl ux that leads to cytokine pro-

duction. Further analyses revealed that the two oxidants regulate different Ca 2+  
infl ux pathways. H 

2
 O 

2
  appears to be necessary for store-independent Ca 2+  infl ux but 

not Ca 2+  infl ux through SOC channels while O  
2
  −   is required for SOC channel activa-

tion  [  85  ] . As mentioned above, Ca 2+  infl ux through SOC channels may result in the 
generation of O  

2
  −   within mitochondria, suggesting the possible existence of a feed-

forward loop between the O  
2
  −   generation and SOC channels activation. Ca 

v
 1.2 

LTCCs are activated via the Fc e RI b  ITAM in a store-independent manner and are 
required for LTC 

4
  and cytokine production, but not degranulation  [  45  ] . Moreover, 

the Ca 
v
 1.2 LTCC activity is inhibited by ebselen. Therefore, Ca 

v
 1.2 LTCCs are the 

most likely targets of H 
2
 O 

2
  in mediating LTC 

4
  and cytokine production. It should be 

noted that the signaling pathways involved in the generation of H 
2
 O 

2
  such as SFK 

and PI3K activation negatively regulate the generation of O  
2
  −   and SOC channels 

(most likely CRAC channel) activity  [  85  ] . Recent experiments have revealed that 
O  

2
  −   generation and SOC channel activity are signifi cantly increased in Ca 

v
 1.2 

LTCC-knockdown cells compared with control cells (Suzuki et al., unpublished 
data). These fi ndings suggest that ROS may play an important role in the coordi-
nated regulation of the two modes of Ca 2+  infl ux pathways, which may be essential 
for the fi ne-tuning of Ca 2+  signals and diverse outputs.  

   Conclusions 

 Recent progress in the identifi cation of the molecular entities of the two CRAC 
channel components STIM1 and Orai1 were initially expected to provide a molecu-
lar basis for studying and manipulating their functions. However, it is becoming 
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increasingly evident that their functions are more complicated than previously 
thought. Both molecules can act as regulators in a wide range of Ca 2+  channels, 
including TRPC channels and ARC channels, rather than being specifi c for CRAC 
channels. The unanticipated discovery of the occurrence of functional Ca 

v
 1.2 LTCCs 

in nonexcitable mast cells opens a novel fi eld of research regarding Ca 2+  signaling 
in mast cells, especially the regulatory mechanisms for cell survival. Since CRAC 
channels and Ca 

v
 1.2 LTCCs operate in mutually regulated manners, rather than 

independently, it is possible that their balance and interplay are key determinants of 
the amplitude, timing and duration of Ca 2+  signals, thereby contributing to the fate 
decision of a given cell after cell activation. Thus, the two types of Ca 2+  channels 
may play more comprehensive roles in regulating Ca 2+  responses in eukaryotic cells. 
Therefore, clarifi cation of their interplay may afford novel insights into the spa-
tiotemporal regulation of Ca 2+  signaling and Ca 2+  regulation of physiological cell 
functions and pathological abnormalities.      
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  Abstract   Proteinase activated receptors (PARs), a small subfamily of G protein-
coupled receptors with four members, PAR 

1
 , PAR 

2
 , PAR 

3
  and PAR 

4
 , are expressed 

in various tumours from epithelial origin and can play an important role in tumour 
progression and metastasis. Within the complex intracellular PAR signaling net-
works triggered by PARs, an elevation in intracellular free calcium ion concentra-
tions represents a key second messenger system. In this review, we summarize 
current information about the mechanisms whereby PARs can signal via intracel-
lular calcium in the setting of cancer and we discuss possibilities for using the 
PAR-[Ca 2+ ] 

i
  signaling pathway as a target for the therapy of epithelial cancer.  
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   Proteinase Activated Receptors: A Specialized Subfamily 
of G Protein Coupled Receptors with Complex Intracellular 
Signal Transduction Pathways 

 Proteinase activated receptors (PARs) comprise a unique subfamily of G protein-
coupled receptors (GPCRs) with four subtypes, PAR 

1
 , PAR 

2
 , PAR 

3
  and PAR 

4
  [for 

reviews see:  [  1–  4  ] ]. Although PARs share basic structural features of all GPCRs, 
including seven putative hydrophobic transmembrane-spanning alpha helices, they 
exhibit a novel mechanism of activation that distinguishes them from all other 
GPCRs. While most GPCRs are activated reversibly by small hydrophilic molecules 
to elicit cellular responses  [  5  ] , PAR activation occurs through an irreversible prote-
olytic mechanism that involves the recognition and cleavage of the receptor by a 
proteinase at a specifi c ‘cleavage-activation’ site located at the extracellular amino-
terminus (Fig.  45.1 ).  

  This cleavage exposes a cryptic N-terminal domain that acts as a ’tethered ligand’ 
that binds to the receptor extracellular domains to trigger receptor signaling  [  3,   6–  8  ] . 
Remarkably, short synthetic peptides modelled on the sequences of the proteolyti-
cally-exposed tethered ligand sequences are capable of binding to PARs 1, 2 and 4, 
mimicking the actions of agonist proteinases [right-hand portion, Fig.  45.1 ;  [  9,   10  ] ]. 
However, the proteolytically exposed N-terminal sequence of PAR 

3
  and its corre-

sponding synthetic peptides appear to be incapable of causing PAR 
3
  signaling and 

instead are able to activate PAR 
1
  and PAR 

2
   [  11,   12  ] . As an alternative, a proteinase 

may cleave a PAR downstream of the ‘tethered ligand sequence’ (e.g. red arrow, 
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  Fig. 45.1     Model for activation and dis-arming of PAR  
 2 
  .  The scheme illustrates activation of the 

intact receptor ( left-hand panel ) by two distinct mechanisms: either (I) by proteolysis and unmask-
ing of the tethered ligand sequence ( middle Panel : green sequence, SLIGRL, also seen in the intact 
receptor) or (II) by a receptor-derived peptide (SLIGRL-NH 

2
 :  right-hand panel ) that activates 

signaling without the need for receptor proteolysis. The scheme also shows the ‘disarming’ site for 
the receptor, where cleavage removes the tethered ligand sequence and the ‘cleavage-activation’ 
site’, where a ‘blocking antibody’ can prevent proteolytic activation of the receptor (Redrawn from 
Hollenberg and Compton, Ref.  [  6  ] )       
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left-hand portion, Fig.  45.1 ), to as to ‘dis-arm’ and prevent activation of the PAR by 
an enzyme that would otherwise expose the tethered ligand. Thus, PARs have a 
variety of both endogenous ‘tethered ligand-exposing’ proteinase agonists as well 
as a number of endogenous proteolytic ‘antagonists’ that can ‘silence’ receptor acti-
vation by other proteinases. Therefore, in the setting of a tumour, both tumour-
derived and non-tumour-derived proteinases in the microenvironment can play roles 
as either PAR agonists or antagonists. 

 During the last few years it has become evident that PARs, which are triggered 
by endogenous serine proteinases, mediate hormone-like cellular responses. PAR 

1
  

 [  9,   13  ] , PAR 
3
   [  14  ]  and PAR 

4
   [  15,   16  ]  are targeted not only by the coagulation cas-

cade proteinases including thrombin, factor Xa and activated protein C, but also by 
other proteinases including cathepsin and matrix metalloproteinase-I  [  17–  19  ] . PAR 

2
  

 [  20  ]  can be activated by trypsin, mast cell tryptase, neutrophil proteinase 3, tissue 
factor/factor VIIa/factor Xa, human kallikrein-related peptidases, membrane-teth-
ered serine proteinase-1/matriptase 1 and by parasite cysteine proteinases, but not 
by thrombin  [  2,   3,   21,   22  ] . 

 The PAR family is able to stimulate a variety of intracellular signaling pathways 
which can be either overlapping or distinct for the different PARs, depending on the 
PAR subtype and the phenotype or stage of differentiation of its specifi c cellular 
‘host’ [e.g. platelets vs. hepatocytes: for reviews see:  [  4,   22–  28  ] ]. Like other 
‘GPCRs’, the PARs signal via a variety of heterotrimeric guanyl nucleotide-binding 
proteins (G proteins), including G 

q
 , G 

i
 , G 

12/13
  but not directly via G 

s
   [  7,   29  ] . In addi-

tion, PAR 
2
  and possibly the other PARs are able to signal via a non-G-protein mech-

anism that involves the beta-arrestin-mediated internalization of a PAR 
2
 -beta-arrestin 

signaling scaffold  [  30–  35  ] . The coupling of the PARs to either the G-proteins or 
arrestins is driven by ligand-triggered changes of receptor conformation that for 
other GPCRs is thought to involve the putative transmembrane helices 3 and 6 of the 
receptor  [  36,   37  ] . Of importance, different agonists are in principle capable of driv-
ing different conformational changes in the receptor to result in selective interac-
tions with different downstream ‘effectors’. This principle was outlined by the 
‘fl oating’ or ‘mobile’ receptor paradigm some time ago  [  38,   39  ] . More recently, the 
concept has evolved to encompass the concept of ‘biased receptor signaling’ or 
‘functional selectivity’ as outlined in detail elsewhere  [  40  ] . For G-protein-mediated 
signaling, the receptor acts as a ligand-triggered guanine nucleotide exchange fac-
tor (GEF), stimulating the exchange of GTP for GDP in the G 

 a 
  subunit of the het-

erotrimeric G-protein oligomer. This exchange enables the ‘release’ of the G 
 a 
  

subunit from its tight binding to the G 
 b  g 

  dimer subunit. Each of the G-protein moi-
eties (G 

 a 
 -GTP and G 

 b  g 
 ) is then independently able to interact with other select 

downstream signaling effectors like ion channels (G 
 b  g 

 ) or phospholipase C- b  (G 
q
 ). 

This ‘dual effector’ signaling resulting in principle from the same PAR-activated 
G-protein heterotrimer (e.g. G 

q
  G 

 b  g 
 ) can converge for complex downstream signal-

ing, for instance leading to NF- k B activation and ICAM-1 transcription by the 
engagement of parallel G 

q
 /PKC- and G 

i
 /PI3-kinase pathways that converge  [  41,   42  ] . 

Alternatively, via a ‘biased signaling’ process, PARs can be activated to affect selec-
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tively, MAPKinase signaling via a G 
12/13

 -triggered process, without causing a G 
q
 -

mediated calcium signaling event  [  31  ] . This kind of selective signaling can depend 
not only on the agonist per se [e.g. thrombin or activated protein-C (APC)] but also 
upon the membrane environment in which a PAR is localized. For instance, trigger-
ing of PAR 

1
  localized in the caveolae by APC can signal via a distinct set of down-

stream effectors that differ from those regulated when thrombin activates PAR 
1
  in a 

non-caveolar environment  [  29  ] . The PAR 
1
  signal pathways activated in these dis-

tinct membrane environments lead to a diametrically opposed set of responses that 
either increase or decrease endothelial barrier integrity. Thus in principle, it is pos-
sible to activate and/or inhibit selectively one or other of the downstream signaling 
pathways activated by PARs (e.g. calcium vs. MAPKinase signals).  

   PARs Are Involved in Cancer Progression 

 Local and systemic coagulation is a hallmark of cancer [review:  [  43  ] ]. In this com-
plicated scenario, tissue factor (TF) induces the formation of the complex TF-VIIa. 
Both the complex TF-VIIa-Xa and thrombin (factor IIa) can activate proteinase 
activated receptors. Thrombin can activate PAR 

1
  and PAR 

4
   [  44  ] , whereas the binary 

TF-VIIa enzyme complex is able to activate PAR 
2
  but not PAR 

1
   [  45,   46  ] . However, 

as a TF-VIIa-Xa complex, factor Xa effi ciently cleaves PAR 
2
  as well as PAR 

1
   [  47, 

  48  ] . In addition, a variety of other proteinases may also be important in the tumour 
microenvironment, where both stromal and tumour-derived cells can produce PAR-
regulating proteinases. Such enzymes can either, like tumour-derived tissue kal-
likreins  [  49–  51  ] , activate PAR 

2
 , or alternatively proteinases of tissue origin can 

‘dis-arm’ a PAR, by cleaving downstream of the ‘tethered ligand’ domain (Fig.  45.1 , 
left), thereby silencing a PAR from activation by its target proteinase (e.g. disarmed 
PAR 

1
  can no longer respond to thrombin). Moreover tumour-derived proteinases 

like matrix metalloproteinase-I can cleave the N-terminal domain of a PAR to 
unmask a ‘non-canonical’ tethered activating sequence different from the one 
revealed by serine proteinases  [  19,   52  ] . The ability of thrombin to act via PARs was 
highlighted by the demonstration of the ability of PAR 

1
  to stimulate tumour invasion 

 [  53,   54  ]  by its expression in carcinosarcoma and melanoma cells  [  55  ] . The exten-
sive work in this fi eld related to tumour tissue done over the past decade has there-
fore focused primarily on PAR 

1
  for which the expression and signaling at the 

cellular level have been characterized in tumour cells from different tumour entities 
including cancers of the larynx  [  56  ] , pancreas  [  57  ] , glioma  [  58,   59  ] , glioblastoma 
 [  60,   61  ] , meningioma  [  62  ] , prostate  [  63  ]  and colon  [  64  ] . In addition, PAR 

1
  activa-

tion has been observed to cause (I) increased tumour cell adhesion to the endothe-
lium, extracellular matrix and platelets, (II) enhanced metastatic capacity of tumour 
cells, (III) activated cell growth and (IV) increased angiogenesis  [  65–  67  ] . In breast 
and pancreatic carcinoma cells, the level of PAR 

1
  expression has been correlated 

with the degree of invasiveness  [  54,   68  ] . Furthermore, transfection of B16F10 mela-
noma cells with PAR 

1
 , compared with non-transfected cells, leads to a 2.5-fold 
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enhanced thrombin-induced tumour cell adhesion to fi bronectin and a 39-fold 
increase in pulmonary metastasis  [  69  ] . At present there is substantial evidence that 
thrombin acting via PAR 

1
  contributes to the metastatic process of certain epithelial 

tumours including breast  [  53,   54,   70  ] , colon  [  64  ] , kidney  [  71  ]  and liver  [  72  ] . 
However, PAR 

1
  is not the only functional receptor for thrombin in tumour cells 

since several reports have demonstrated that PAR 
1
  can cooperate with the other 

thrombin target, PAR 
4
 , to act as a ‘dual receptor system’ in human astrocytoma cells 

 [  73  ]  and in cells from liver cancer  [  72  ] . In addition to PAR 
1
 , PAR 

2
  is also known to 

be expressed in a variety of epithelial tumour cells from different origins  [  32,   74–
  82  ]  and to act as an upstream activator of promigratory signaling pathways  [  34,   75, 
  80,   83  ]  resulting in an enhancement of tumour progression. 

   Multiple Effects of PAR Activation on Cancer Cells 

 Studies dealing with a variety of tumour-related cells have observed important 
effects of PAR activation, several examples of which will be outlined in this para-
graph. Seminal work from the Bar-Shavit laboratory has demonstrated the key role 
that PAR 

1
  may exhibit in breast cancer cell invasion  [  53,   54,   70  ]  and recently Gonda 

et al. provided impressive data showing movements of breast cancer cells and PAR 
1
  

during metastasis  in vivo  using a highly sophisticated nano-imaging technique  [  84  ] . 
In breast carcinoma cells PAR 

1
  mediates both migratory and invasive effects  [  85  ] . 

These PAR 
1
 -mediated actions occur in cooperation with alpha-vbeta 5 integrin  [  53  ]  

and with the involvement of increases in intracellular calcium  [  86  ] . In 1321N1 
astrocytoma cells, Blum and colleagues demonstrated that PAR 

1
 -stimulated ATP 

release is Ca 2+ -dependent and that concurrent Rho signaling markedly potentiates 
this effect  [  87  ] . In keratinocyte-related HaCaT cells, PAR 

2
  activation by matriptase, 

a membrane-tethered serine proteinase released from the cell surface, has been 
shown to induce intracellular calcium mobilization and to inhibit proliferation. 
Based on this information, a role for PAR 

2
  signaling in skin cancer has been sug-

gested  [  82  ] . A substantial amount of data also exist pointing to a role for PARs in 
colon cancer. In cells from this tumour entity, PAR 

1
  and PAR 

2
  have been demon-

strated to signal via [Ca 2+ ] 
i
  and to induce migratory and proliferative effects that also 

involve both activation of p42/p44-MAPKinase and trans-activation of the receptor 
for epidermal growth factor (EGFR)  [  64,   74,   88,   89  ] . In addition, PAR 

4
  has recently 

surfaced as a new important player in the regulation of colon tumour-derived cells. 
In colon carcinoma cells activation of PAR 

4
  has been found to be involved in stimu-

lating mitogenesis. This stimulation is observed to occur in the setting of PAR 
4
 -

induced increases intracellular calcium and activation of p42/p44 MAPKinase along 
with trans-activation of ErbB-2, a member of the epidermal growth factor receptor 
B-2 receptor family, but not via trans-activation of the EGF-Erb-B1 homodimer 
receptor itself  [  90  ] . Since PAR 

4
  does not mediate an increase in cytoplasmic free 

Ca 2+  in hepatocellular carcinoma cells  [  72  ] , but does so in colon carcinoma cells, the 
ability of PAR 

4
  to stimulate increases in intracellular calcium appears to be dependent 
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upon the cellular context in which the receptor is expressed. Thus, different tumours 
with their unique expression of GPCR-regulated effectors have the potential to 
respond to PAR activation in a unique way that may or may not depend on calcium 
signaling.  

   PARs Are Relevant in Different Cells 
from the Tumour Microenvironment 

 Relatively recently, oncologists have begun to focus on the tumour microenviron-
ment as a major contributing factor to the development of cancer. Thus, in the set-
ting of a tumour, both the resident non-tumour cells as well as the tumour cells can 

400

High Ca2+Low Ca2+

200

0
0 50

Time (seconds)

[C
a2+

] i 
(n

M
)

P
A

R
2-

A
P

  Fig. 45.2     PAR  
 2 
   mediates [Ca   2+   ]  

 i 
   increase in LX-2 hepatic stellate cells.  LX-2 cells grown on Lab 

Tek chambered borosilicate coverglass were loaded with fl uo-4-AM (0.5  m M). For calcium mea-
surements, an inverted confocal laser scanning microscope LSM 510 was used. Fluorescence was 
monitored at 488 nm.  Upper part:  Fluorescence images, in pseudocolor, from an individual LX-2 
cell preloaded with fl uo-4-AM dye and stimulated with the PAR 

2
 -activating peptide, 2-furoyl-

LIGRLO-NH 
2
  (10  m M). The time sequence of three panels shows a transient fl uorescence increase 

30 s after PAR 
2
 -AP addition (0 s: time of addition of PAR 

2
 -AP), with a return to baseline fl uores-

cence at 1 min.  Lower part:  Time course of calcium response induced by the PAR 
2
 -activating 

peptide, 2-furoyl-LIGRLO-NH 
2
  (10  m M). The intracellular calcium concentration was calculated 

using the equation [Ca 2+ ] 
i
  = 345 (F–F 

min
 )/(F 

max
 −F)  [  104  ] . The Ca 2+  affi nity of fl uo-4 (Kd) is 345 nM 

 [  105  ] . Fmax was obtained by addition of 10  m M ionomycin (+6 mM CaCl 
2
 ), Fmin by addition of 

10 mM ethylene glycol-bis(2-aminoethylether)-N,N,N ¢ ,N ¢ -tetraacetic acid (EGTA). Data repre-
sent the mean ± SE from calcium measurements in 20 single cells. (LX-2 cells were a gift from 
Prof. Scott L. Friedman, Division of Liver Diseases, Mount Sinai School of Medicine, New York)       
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engage in signaling cross-talk (tumour cell to stromal cell and back) that changes 
the phenotype of the stromal cells and alters the growth and metastatic potential of 
the tumour cell  [  91–  93  ] . This cross-talk communication between tumour and 
stromal cells is mediated by a variety of hormone-like regulators, including secreted 
growth factors and proteinases  [  94–  96  ] . PAR expression and function in different 
cell types found in the stromal elements of the tumour microenvironment, including 
fi broblasts, infl ammatory leukocytes, platelets, macrophages, endothelial cells and 
smooth muscle cells has been documented in other contexts [reviewed:  [  1–  4  ] ]. 
Thus, the potential function of PARs in these stromal bystander cells is directly 
relevant to the malignant process and is currently under close scrutiny  [  97–  102  ] . For 
example, in the setting of hepatocellular carcinoma (HCC), one of the leading 
malignancies worldwide, recently published data suggest that activated stromal 
hepatic stellate cells (HSCs) in the tumour microenvironment may contribute to the 
promotion of HCC tumorigenicity  [  103  ] . As illustrated in Fig.  45.2  PAR 

2
  mediates 

calcium signaling in HSCs that could readily occur in the setting of a hepatic 
tumour.    

   Intracellular Calcium – A Key Secondary Messenger in Cancer 
and a Potential Target for Therapy 

 Ca 2+  is a ubiquitous intracellular signaling molecule that is involved in the regula-
tion of almost all cellular functions including gene transcription, metabolism, pro-
liferation and apoptosis [reviewed:  [  106–  110  ] ]. Since cancer growth is based on 
increased proliferation, decreased differentiation and decreased apoptosis, all of 
which processes involve a regulation of intracellular calcium concentrations, Ca 2+ -
homeostasis has become an important topic in current cancer research. Apart from 
the ‘calcium-sensing receptor’  [  111,   112  ] , G-protein-coupled receptor mechanisms 
involving G 

q
 -stimulated phospholipase C 

 b 
  and growth factor receptor mechanisms 

that trigger phospholipase C 
 g 
  represent key receptor mechanisms that regulate intra-

cellular calcium. These mechanisms are in addition to the voltage-regulated and 
other ion channel mechanisms that regulate the entry of calcium from the extracellular 
environment. The current knowledge in this area is well documented by several 
detailed and comprehensive review articles that are cited in the following text. Here, 
only a brief overview is provided that is relevant for understanding the rationale for 
targeting PAR-mediated Ca 2+  signaling as a possible therapeutic option for the 
treatment of cancer. 

 It is well known that an elevation of cytoplasmic [Ca 2+ ] 
i
  can result either from 

Ca 2+ -infl ux from the extracellular space through a variety of plasma membrane ion 
channels or from Ca 2+ -release from intracellular stores. More specifi cally, voltage- 
and ligand-gated Ca 2+  channels in the plasma membrane, along with intracellular 
ryanodine receptors and inositol (1,4,5)-triphosphate (InsP 

3
 ) receptors in the endo-

plasmic reticulum as well as mitochondrial voltage-dependent anion channels and 
calcium ion exchangers provide fl uxes of Ca 2+  to the cytoplasm  [  106–  108  ] . 
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 It has become evident that during the multistage process of carcinogenesis, the 
transformation of a normal cell into the malignant state is associated with a major 
change in the organization and expression of Ca 2+  pumps, Na/Ca exchangers and 
Ca 2+  channels. These changes occur in a setting that leads to the enhanced prolifera-
tion and impaired ability of the cancer cell to die  [  109  ] . In addition, work in this area 
done over the past decade has shown that altered intracellular Ca 2+  signaling stimu-
lated by G-protein coupled receptors via G 

q
   [  113–  115  ]  and involving tumour-asso-

ciated changes in calcium release depots like the ryanodine receptor  [  116  ]  can play 
a role in various tumourigenic pathways  [  117–  120  ] . Thus, modulation of [Ca 2+ ] 

i
  

signaling is a potential therapeutic option in cancer. In this regard, strategies can 
include specifi c blockade of membrane-localized calcium channels and targeting 
calcium release mechanisms via the InsP 

3
  and ryanodine receptors. Since many of 

these targets are expressed in a large number of cell types and organs where they 
may have essential functions, targeting specifi c Ca 2+  channels or pumps with 
restricted tissue distribution, altered expression in cancer and/or a role in the regula-
tion of tumourigenic pathways are a potential way to specifi cally disrupt intracel-
lular Ca 2+  homeostasis in cancer cells wherein different pharmacological strategies 
are possible  [  117–  120  ] . One approach makes use of a bystander enzyme mechanism 
that results in the metabolic conversion of a pro-drug to an active moiety specifi -
cally at a site of restricted expression of that enzyme. For instance, since the human 
kallikrein-related serine peptidase-3 (KLK3, also known as ‘prostate-specifi c anti-
gen’) is highly restricted in its expression to prostate tissue, it has proved possible 
to target the conversion of a thapsigargin ‘prodrug’ for activation in prostate cancer 
tissue, where the released thapsigargin can block the sarcoplasmic/endoplasmic 
Ca 2+  pump. This ‘smart-bomb’ targeting method has the ability to induce cell death 
in prostate cancer cells  [  121  ] . A second pharmacological approach involves the 
direct targeting of specifi c isoforms of Ca 2+  channels or pumps associated with a 
specifi c cancer type. There is yet another aspect in Ca 2+  signaling that makes Ca 2+  
channels and pumps highly attractive as therapeutic targets in cancer. While the Ca 2+  
signal in differentiated non malignant cells is spatially and temporally highly regu-
lated  [  106–  110  ] , in tumour cells there is a shift to a more global elevation of intrac-
ellular calcium with a sustained elevation of intracellular calcium. Therefore, cancer 
cells and their calcium-regulated signaling pathways may be more susceptible than 
normal cells to modulation of their Ca 2+  channels and pumps  [  117–  120  ] . Taken 
together the information obtained over the past decade, including quite recent data 
 [  122–  124  ]  suggest that the intracellular calcium-regulating machinery may repre-
sent a promising target for cancer therapy.  

   [Ca 2+ ] i  Is Involved in PAR Signaling in Cancer 

 As outlined above, one of the main cell signaling pathways triggered by activation 
of distinct PARs is the G 

q/11
 –mediated activation of phospholipase C 

 b 
 . This activa-

tion, leads to the formation of inositol (1,4,5)-triphosphate and diacylglycerol that 
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in turn cause the elevation of intracellular Ca 2+  (illustrated for LX-2 hepatic stellate 
cells in Fig.  45.2 ) and activation of protein kinase C. Indeed, the ability of the PAR 

1
  

receptor for thrombin to mobilize intracellular calcium was instrumental in its clon-
ing via an oocyte expression system  [  9  ] . 

 This G 
q/11

  calcium signaling pathway activated by PARs has been observed in a 
variety of cancer cell types as seen by the activation of calcium signaling by throm-
bin in glioma cells ostensibly via PAR 

1
   [  125  ] . The documentation of PAR-mediated 

calcium signaling in cancer-derived cells was greatly facilitated by the use of PAR 
subtype selective peptide agonists based on the sequences of the revealed PAR teth-
ered ligands and PAR 

1
 -targeted antagonists (see Table  45.1  for PAR-selective ago-

nists and antagonists).  
 The presence of a specifi c PAR in a target cancer cell and its ability to increase 

intracellular calcium can be established using a receptor cross-desensitization pro-
tocol with PAR-selective agonists and appropriate PAR-inactive ‘control’ peptides 
 [  126  ] . This approach that uses fl uorimetric methods to monitor calcium transients 
with different calcium sensitive fl uorescence dyes has documented PAR-mediated 
increases in [Ca 2+ ] 

i
  in cells from various malignancies including those from brain 

 [  53,   56,   57,   109  ] , colon  [  64,   74  ] , pancreas  [  127  ] , kidney [  128  ] , breast  [  19  ] , larynx 
 [  56  ] , prostate  [  112  ]  and liver  [  72  ] . Although all of PARs 1, 2 and 4 can couple with 
G 

q
  to elevate intracellular calcium in all PAR-expressing cells so far examined, the 

precise downstream consequences of elevated calcium  per se  have not been estab-
lished in any detail. Further, as already mentioned, upon enzyme or peptide agonist 
activation the PARs can activate multiple G-proteins leading not only to elevations 
of intracellular calcium but also to (I) a G 

i
 -mediated inhibition of adenylyl cyclase, 

(II) activation of MAPKinase [both G 
i
 -dependent as well as G-protein independent 

 via  beta-arrestin interactions: review:  [  35  ] ] and (III) a G 
12/13

 -mediated activation of 
Rho and its downstream targets. Thus, singling out the PAR-triggered signal path-
ways that are uniquely calcium-mediated represents a considerable challenge. 

   Ca 2±  and PAR 
2
 -Triggered p42/p44 MAPKinase Signaling 

 Increases in intracellular calcium result in a complex signaling network that 
includes p42/p44 MAPKinases as an intracellular effector system critically related 
to cell growth and transcriptional regulation  [  129,   130  ] . For prostate cancer PC3 
cells it has been shown that kallikrein related peptidase 4 (KLK4), one of the 15 
members of the human KLK family and a trypsin-like prostate cancer-associated 
serine protease, initiates Ca 2+  signaling via PAR 

1
  and PAR 

2
 . Stimulation of PAR 

2
  by 

KLK4 also results in p42/p44 MAPKinase activation  [  131  ] . Very recently, for hepa-
tocellular carcinoma where altered Ca 2+  signaling contributes to cancer develop-
ment and progression  [  132  ] , a PAR 

2
  dependent calcium-p42/p44 MAPKinase 

signaling axis was defi ned  [  133  ] . Since p42/p44 MAPKinases are established key 
players in HCC progression and invasive growth  [  134–  137  ] , and more specifi cally, 
since they contribute to a PAR 

2
 -mediated effect on HCC cell invasion, the results 
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suggest a role for both Ca 2+  and p42/p44 MAPKinase-driven signaling as an invasive 
axis in HCC cells. What is diffi cult to sort out is the signaling route whereby 
MAPKinase is activated in the HCC cells. Activation of p42/p44 MAPKinase could 
be (I) directly downstream of Ca 2+  signaling as a consequence of the activation of 
protein kinase C, (II) independent of G 

q/11
  Ca 2+  signaling, via a G 

12/13
 -Rho kinase 

mechanism or (III) via a G-protein-independent mechanism triggered by a beta-
arrestin-internalized signal scaffold  [  35  ] . In principle, all three mechanisms could 
result in the activation of MAPKinase signaling pathways in cancer cells. However, 
it is likely that the downstream effects of MAPKinase activation by these three dis-
tinct mechanisms will be found to differ (e.g. increase in transcription vs. activation 
of cytosolic phospholipase-A2 or changes in cell motility). Thus, identifying those 
events that result uniquely from elevations in intracellular calcium will be of much 
interest in the setting of tumour cell behaviour. To sum up, although Ca 2+  plays a 
central role in regulating cancer cell behaviour, it has not yet proved possible to 
single out the impact on tumourigenesis of blocking Ca 2+  signaling selectively, 
without affecting other PAR-triggered signaling events.  

   PAR-Mediated Increases in Cytoplasmic Free Ca 2± : 
Involvement of Both Extracellular and Intracellular Calcium 

 For numerous GPCRs it has been shown, as outlined above, that receptor-triggered 
increases in free intracellular calcium ion concentration can result from both infl ux 
of Ca 2+  across the plasma membrane and the release of Ca 2+  from intracellular stores 
 [  106,   138  ] . For PAR 

2
  this dual mechanism has been suggested for hepatocellular 

carcinoma cells, where PAR 
2
 -stimulated increases in intracellular calcium can be 

reduced either by removing extracellular Ca 2+  with the use of EGTA or by depletion 
of internal Ca 2+  stores with thapsigargin  [  133  ] . This ‘dual mechanism’ for calcium 
signaling very likely also occurs for PARs 1 and 4. Thus, to block calcium signaling 
completely in cancer cells, it may be necessary to inhibit not only the G 

q
 -triggered 

calcium signal that involves intracellular stores but also the receptor-mediated 
calcium entry process that occurs via receptor-regulated channels.  

   Intracellular Calcium Oscillations in Cancer-Derived Cells 

 Most of the knowledge about the effects of receptor agonists on [Ca 2+ ] 
i
  has come 

from studies on cell suspensions. In such experiments, the estimated [Ca 2+ ] 
i
  value 

represents the average value of [Ca 2+ ] 
i
  in all cells in the sample being explored. That 

response is represented by a peak of intracellular calcium that occurs within a min-
ute of cell activation and a return to baseline calcium concentrations over a 2–5-min 
time frame, as calcium is fi rst released and then rapidly taken back up into intracel-
lular stores. However, at the single cell level, agonists can also trigger persistent 
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oscillations in intracellular calcium ion concentrations that wax and wane with time. 
Agonist-induced oscillations in intracellular calcium concentrations have been 
observed in many excitable and non-excitable cells, wherein a number of mecha-
nisms have been proposed [for reviews see e.g.: [  107,   138–  140  ] ]. As an example, 
such oscillations have been observed in response to PAR 

1
  activation in glioblastoma 

cells. The oscillatory response was observed after treatment with either thrombin or 
by the dual PAR 

1–2
  activating peptide, SFLLRN-NH 

2
   [  60  ] . The relevance of these 

oscillating intracellular calcium concentrations to tumour cell behaviour has yet to 
be determined.   

   Can PAR-Mediated Calcium Signaling Be Selectively Blocked? 

 Given that PAR-triggered calcium signaling can be of importance for the oncogenic 
process, an important question to deal with is:  Can PAR-mediated calcium signaling 
be selectively blocked?  Studies with human PAR 

2
  have identifi ed a C-terminal 

domain that is directly involved in the ability of this receptor to stimulate elevations 
in intracellular calcium  [  141  ] . Thus, when activated by trypsin, a mutant PAR 

2
  miss-

ing a key C-terminal domain was able to stimulate MAPKinase and JNK, but not an 
elevation in intracellular calcium. In principle, this region of PAR 

2
  can thus be tar-

geted as a ‘calcium regulating domain’ for the development of receptor-selective 
antagonists that will potentially affect calcium transients only in PAR 

2
 -expressing 

tumour cells. A similar situation was found for the activation of PAR 
1
 . It has been 

shown that the C-terminal part of PAR 
1
  is a critical site for receptor coupling to 

phospholipase C activation and thus for Ca 2+ -signaling, while the third intracellular 
loop of PAR 

1
  is implicated in PAR 

1
  coupling to MAPkinase activation. Therefore, a 

strategy specifi cally targeting Ca 2+  signaling might be possible not only for PAR 
2
  

but also for the other PAR subtypes  [  142  ] . 
 One may readily ask: How might such signal-selective antagonists be developed? 

The answer lies in making use of (I) the concept of ‘biased’ signaling and (II) cell-
penetrating peptides. For instance, the PAR 

2
  antagonist, K-14585 can block PAR 

2
 - 

stimulated elevations of intracellular calcium and a concurrent activation of p42/44 
MAPKinase, but cannot block increases in p38 MAPKinase activation  [  143  ] . This 
compound therefore exhibits ‘biased’ antagonism for PAR 

2
 . In principle more potent 

antagonists of this kind can be developed to block calcium signaling selectively. 
The concurrent blockade of both MAPkinase and calcium signaling may be particu-
larly attractive in terms of targeting cancer cells. 

 “Pepducins” are cell-penetrating palmitoylated peptides based on sequences of 
the intracellular loops of G protein-coupled receptors. Due to the ability of their 
lipid moiety to anchor to the lipid bilayer of the plasma membrane these lipopep-
tides are thought to act by being internalized and then targeting the receptor-G pro-
tein interface  [  144,   145  ] . “Pepducins” based on the third intracellular loop of 
proteinase activated receptors have been successfully used for inhibition of PAR-
mediated effects on signaling and cellular level  [  146–  149  ] . The ‘pepducin GPCR 
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antagonist’ approach provides an excellent platform technology for the design of a 
variety of other PAR inhibiting cell-penetrating peptide variants corresponding to 
sequences of the intracellular receptor domains that are important for G protein 
coupling of GPCRs  [  150,   151  ] . It is known that for GPCRs, the C-terminus appears 
to be only of modest relevance for interacting with some G proteins  [  152–  154  ] . 
However, as outlined above, a sequence in the C-terminus of PAR 

2
  has been shown 

to be important for calcium signaling  [  141  ] . This C-terminal domain can be a target 
for palmitoylation that results in a potential ‘8th helix’ and a ‘fourth intracellular 
loop’ in G-protein-coupled receptors. Of particular note, a synthetic pepducin, 
termed jF5, targeted to this domain of GPCRs, including PAR 

1
  and the alpha-2A 

adrenoceptor, can selectively block GPCR-triggered calcium signaling, but not sig-
naling via G 

 a 12
   [  155  ] . It can be predicted that jF5 would also affect PAR 

2
  calcium 

signaling, which is dependent on a homologous sequence that can be a target for 
palmitoylation  [  141  ] . Finally, this ‘lipopeptide concept’ could also be expanded in 
principle to target PAR sequences within the transmembrane helical domains 3 and 
6 that are also known to regulate GPCR G-protein coupling  [  36,   37  ] .  

   Possible Impact of PAR-Triggered Calcium Signaling 
in Cancer Therapy 

 Data describing the PAR-induced effects in cancer published over the last 15 years 
clearly highlight PARs as possible targets in cancer treatment  [  156  ] . Given that PAR 

1
  

is an attractive therapeutic target for thromboembolic disease, a number of receptor-
targeted antagonists have been developed. Two PAR 

1
 -targeted antagonists, SCH 

530348 and E5555 or Atopaxar are currently in Phase III clinical trials for treating 
acute coronary syndrome  [  157–  159  ] . Whether these antagonists will prove of value 
in the clinic for cardiovascular disease is yet to be determined. The compounds may, 
however be considered for use in the prevention of cancer metastasis and invasion. 
In addition, novel PAR 

2
  antagonists containing nonpeptidic moieties have been 

developed very recently  [  160  ] . Their therapeutic potential should also be tested for 
epithelial carcinoma. Since PAR stimulation does activate calcium signaling and 
because calcium signaling  per se  can affect cancer cell migration and invasion, agents 
that also target intracellular Ca 2+ -signaling like those used in cardiovascular disease 
[for reviews see e.g.:  [  161–  164  ] ] may prove of value in the setting of cancer along 
with PAR antagonists. This possibility has yet to be considered. 

 Over the past decade there has been substantial success in targeting signal trans-
duction pathways for treating cancer  [  165–  167  ] . Impressive success can be seen in 
the use of the Abl-kinase-targeted imatinib-like inhibitors and their analogues, and 
a ‘multitarget drug’ that affects a number of signal pathways, sorafenib (BAY-43-
9006), a bis-aryl urea-type inhibitor that blocks several kinases involved in tumour 
proliferation and angiogenesis. This inhibitor can affect Raf, vascular endothelial 
growth factor receptor (VEGFR) and platelet derived growth factor receptor 
(PDGFR) signaling  [  168  ] . Data from several patient studies indicate that sorafenib 
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seems to be a promising drug for the treatment of various epithelial cancers including 
those from breast, colon, kidney and liver [for review see e.g.:  [  169  ] ]. Since target-
ing multiple signal pathways rather than a single enzyme may be advantageous in 
treating cancer, it can be suggested that in combination with other therapeutic 
agents, the selective blockade of PAR-mediated calcium signaling may be worthy of 
consideration for dealing with epithelial carcinoma.      
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  Abstract   Mechanotransduction describes the cellular process by which mechanical 
stimuli are translated into intracellular adaptive responses through biochemical sig-
nals. Current research has begun to focus on the once-forgotten organelle, the pri-
mary cilia, in this mechanotransduction process. Primary cilia are found on almost 
every cell type, with a functional role in transducing mechanical and extracellular 
signals towards intracellular responses through the ciliary extension into the extra-
cellular space. In this regard, the modulation of intracellular calcium signaling by 
various mechanical stimuli has generated an assortment of attractive models to 
understand this mechanotransduction process   .  

  Keywords   Cardiovascular  •  Polycystic kidney disease  •  Primary cilia  •  Sensory 
cilium      

   Introduction 

 Abnormal cellular responses to stress, whether mechanical, chemical, gravita-
tional, temperature or radiation, have the ability to contribute to pathology. Much 
work has been done in recent years to address the physiological and pathological 
signaling involved in these transduction pathways, with the goal contributing to 
innovative therapeutic approaches. In particular, work focusing on mechanotrans-
duction has contributed to an understanding of various disease etiologies including 

    T.  J.   Jones   •     S.  M.   Nauli ,  Ph.D.   (*)
     Department of Pharmacology ,  The University of Toledo ,   Health Science Campus; 
HEB 274, 3000 Arlington Ave.; MS 1015 ,  Toledo ,  OH   43614 ,  USA   

   Departments of Pharmaceutical Sciences ,  Northeastern Ohio Universities 
Colleges of Medicine and Pharmacy ,   Rootstown ,  OH   44272 ,  USA    
e-mail:  Surya.Nauli@UToledo.Edu   

    Chapter 46   
 Mechanosensory Calcium Signaling       

       Thomas   J.   Jones    and    Surya   M.   Nauli           



1002 T.J. Jones and S.M. Nauli

cardiovascular disease, diabetes, the encompassing metabolic syndrome. 
Mechanical forces have been found to be an important and at times critical regula-
tor of various cellular and molecular processes that can contribute to disease devel-
opment. Here we discuss the role of calcium as a signal transduction ion involved 
in many of these physiological responses.  

   Calcium Signaling 

 Calcium signaling regulates a large number of signaling pathways and can be con-
sidered a multipurpose intracellular signaling molecule. Calcium signaling is 
important for gene expression, neurotransmitter release, synaptic transmission, 
muscle contraction, metabolism, proliferation, fertilization, and many other pro-
cesses. Cytosolic calcium is buffered by the intraorganellar store and the extracel-
lular content (Fig.  46.1 ). Within the intraorganellar store, there are two calcium 
release channels that predominantly coordinate intracellular calcium signaling 

  Fig. 46.1     Schematic diagram of mechanotransduction-induced Ca   2 ±   signaling in the cell.  Shown 
on the apical membrane are the plasma membrane Ca 2+ -ATPase ( PMCA ), G-coupled protein recep-
tor ( GPCR ), and primary cilium. On the ciliary membrane, polycystin-1 ( PC1 ) and polycystin-2 
( PC2 ) interact through their coiled-coil domains. When the cilium senses fl ow, polycystin-1 is 
activated which opens polycystin-2 channel, allowing entry of Ca 2+  from extracellular space into 
the cytosol. This initial Ca 2+  entry can activate the ryanodine receptor ( RyR ) via Ca 2+ -induced Ca 2+  
release mechanism. When membrane bound  GPCRs  are activated, they activate Gq which stimu-
lates phospholipase C beta ( PLC b  ) to break down phosphatidylinositol-4,5-bisphosphate ( PIP2 ) 
into inositol 1,4,5-trisphosphate ( IP  

 3 
 ) and diacylglycerol ( DAG ).  IP  

 3 
  can then bind the  IP  

 3 
  receptor 

( IP3R ) and release Ca 2+  from the endoplasmic reticulum ( ER ) into the cytosol. Ca 2+  release through 
the  IP3R  can further activate polycystin-2 to potentiate Ca 2+  release from the  ER  stores       
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with regard to mechanosensing  [  1  ] . These receptor ion channels include inositol 
1,4,5-trisphosphate (IP3R) and ryanodine (RyR) receptors. In response to mechanical 
forces, both channels are associated with or regulated by mTOR  [  2  ] , polycystin-1  [  3  ] , 
polycystin-2  [  4  ] , and purinergic receptors  [  5  ] .  

 Movement of calcium into the cell from extracellular spaces can occur in response 
to stimulation by stretch or shear stress. Additionally, these mechanical stimulations 
have the ability to trigger and activate the IP3Rs and RyRs, stimulating the release 
of calcium from intracellular endoplasmic reticulum stores  [  6–  8  ] . Overall cytosolic 
concentration is determined by extracellular calcium entry and intraorganellar cal-
cium release  [  1  ] . 

 The endothelial infl ux of the extracellular calcium in response to mechanical 
stimuli is considered to be one of the fastest transitions to occur. When stimulated 
(Fig.  46.1 ), the plasma membrane allows the entry of calcium through three differ-
ent types of calcium channels: stretch-activated, store-operated, or voltage-operated 
 [  9,   10  ] . The calcium channels most closely associated with the endothelium are the 
transient receptor potential (TRP) channels along with the P2X4 purinoceptors. 
Additionally, intracellular calcium levels can be boosted by calcium release from 
intracellular stores. The endoplasmic reticulum stores the vast majority of intracel-
lular calcium, with the mitochondria also capable of functioning as high-capacity 
calcium store  [  11  ] . 

 The release of intracellular calcium can occur in response to mechanical stress-
induced activation of the IP3R and RyR  [  12  ] . IP3Rs are stimulated by inositol 
1,4,5-trisphosphate (IP3), which triggers the rapid release of stored calcium. IP3 
itself, is produced through the activation of G protein-coupled receptors (GPCRs), 
activated PLC-beta, or receptor tyrosine kinases (RTK’s) signaling to PLC-gamma 
 [  13–  19  ] . Intercellular calcium levels are buffered through the movement of intracel-
lular calcium to the extracellular space by the calcium ATPase Na + /Ca 2+  exchanger 
and/or through sarcoplasmic reticulum Ca +2 -ATPase (SERCA) pump mediated 
redistribution into the intraorganellar stores (Fig.  46.1 ). 

 The endothelial actions of shear and mechanical stimuli on extracellular and 
intracellular calcium fl ux provides us an opportunity to look at mechanotransduc-
tion and calcium signaling  [  18  ] . The Endothelium lining the lumen of vasculature is 
a focal point of shear and mechanical stress. Its response to shear mediating calcium 
fl uxes through both ligand-independent and -dependent pathways.  

   Mechanotransduction by Primary Cilia 

 Mechanotransduction describes the process of converting physical forces into bio-
logical signals. Mechanotransduction is diverse and includes osteoblast proliferation 
and cartilage synthesis in response to exercise  [  18,   20  ] , feeding induced shear stimu-
lating gut mucosal proliferation  [  21  ] , and mechanical stress in cardiac tissue leading 
to myocyte hypertrophy  [  22  ] . The primary cilium has been considered a key signal-
ing organelle capable of responding to both chemical and mechanical stimuli  [  23  ] . 
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The structural component responsible for this characteristic is cilia length  [  24  ] , 
which is responsive to shear  [  25,   26  ] . Additionally, these mechanosensitve responses 
can be impeded by the absence of or abnormal incidence of stress. An example of 
this is seen in the primary cilium disassembly that has been observed  [  27  ]  under 
conditions of high or disturbed oscillatory fl ow which can contribute to the develop-
ing atherosclerotic lesions  [  28,   29  ] . This phenomenon parallels the clinical observa-
tions of cardiovascular dysfunction and increased risk of hypertension in patients 
with polycystic kidney disease  [  30  ] . 

 The endothelial primary cilia form a direct connection to the extracellular envi-
ronment in addition to an indirect connection through their association with the 
glycocalyx or outermost boundary of the cell  [  31,   32  ] . Primary cilia directly con-
nected to the cytoskeleton through the basal body and interact with integrins and the 
extracellular matrix  [  33,   34  ] . This cytoskeletal interaction provides an uninterrupted 
link between the extracellular environment and cellular remodeling  [  35,   36  ] . The 
most studied ciliary signaling components revolve around their ability to fl ex or 
bend. This mechanical movement induces responses in various signaling pathways 
including mTOR  [  37  ] , PDGF receptor  a  (PDGFR a )  [  38  ] , and the purinergic recep-
tor family  [  39  ] . The eventual outcome of these signaling pathways can be the initia-
tion of calcium transients  [  40,   41  ] . 

   Polycystin in Calcium Signaling 

 Calcium signaling through the primary cilia has been studied robustly in polycystic 
kidney disease and can be reviewed in the work performed by Surya Nauli, in con-
junction with Donald Ingber and Jing Zhou  [  42,   43  ] . Their work demonstrated poly-
cystin-1 and -2 signaling does contribute to PKD, in addition to some of its associated 
cardiovascular abnormalities. 

 The observed changes in intracellular calcium are dependent on the localization 
of polycystin-1 and -2 to the primary cilia  [  44,   45  ] . The mechanosensing ability of 
primary cilia is important in the onset and development of a wide collection of dis-
ease states, termed “ciliopathies”  [  46  ] . These diseases range from the dominant and 
recessive forms of polycystic kidney disease (PKD) to Bardet–Biedl syndrome 
(BBS). Ciliopathies themselves tend to involve multisystem pathology with poly-
cystic kidney and liver disease being a commonality between them. One of the most 
studied ciliopathies is BBS, which involves obesity, Type 2 diabetes, hypertension, 
and cardiovascular disease. This global involvement of systems makes it a good 
candidate for understanding metabolic syndrome. The cystic kidney phenotype, on 
the other hand, is detected in all ciliopathies, although defects in polycystin-1 and/
or -2 are most commonly seen in the dominant form of PKD. The commonality in 
phenotypes of cilia defects demonstrates the importance of this organelle in the 
progression and development of the ciliopathy family of diseases. 

 Polycystin-1 and polycystin-2 constitute a mechanosensitive heterodimeric cal-
cium channel  [  47–  49  ] . Mechanical bending or fl uid fl ow-induced stimulation of 
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the primary cilium initiates the infl ux of extracellular calcium (Fig.  46.1 ), with the 
signal dispersion to adjacent cells through paracrine signaling  [  50  ] . However, poly-
cystin-2 is also found in multiple intracellular compartments, with its highest con-
centration in the endoplasmic reticulum  [  51  ] . The C-terminal domain of polycystin-2 
contains an endoplasmic reticulum retention sequence that prevents membrane traf-
fi cking in the absence of polycystin-1  [  47,   48,   52  ] . In the intracellular compart-
ments, polycystin-2 acts as a calcium release channel that can intensify calcium 
transients and mediate the calcium-induced calcium release seen in the IP3 and 
ryanodine receptors  [  47,   53  ] . However, when polycystin-2 is located on the cell 
surface, the increase in intracellular calcium results from the infl ux of extracellular 
calcium  [  54  ] .   

   Mechanotransduction by Calcium 

 The transient receptor potential (TRP) superfamily of proteins can regulate calcium 
entry and activity and is grouped into seven categories based on sequence homology 
and multimeric state. Dimerization, however, is the most common and harbors a 
predisposition to enhance channel activity  [  55  ] . TRPP2 (or polycystin-2) is one of 
these channels. It has the ability to dimerize and interact, through its COOH termi-
nals, with polycystin-1 forming the primary cilia mechanosensitive calcium channel 
complex  [  47,   49,   56  ] . Polycystin-2 itself, has substantial homology with the TRPC 
transient receptor potential (TRP) channels  [  57  ] . 

 The polycystin-1 and -2 heterodimeric calcium channel is opened by the mechan-
ical bending of the cilia initiating extracellular calcium entry and calcium-induced 
calcium release from ryanodine-regulated intracellular stores  [  42  ] . The physiological 
effect of endothelial calcium changes is seen in the augmentation of various cellular 
responses. The endothelium however, can also mediate calcium infl ux through 
ligand-dependent pathways, such as GPCR signaling of bradykinin 2 (BK-2)  [  58  ] . 
Stress can induce the ligand-dependent activation of BK-2, which in turn releases 
calcium from intracellular stores by the activation of PLC and the production of 
DAG. The consequence of the depletion in calcium stores is the infl ux of extracel-
lular calcium by store-operated calcium channels  [  59  ]  or from store-independent 
channels like bradykinin  [  60  ] . Alternatively, calcium can enter the cell through the 
actions of various mechanical sensitivity cell surface proteins  [  61,   62  ] . 

   Integrin Signaling 

 The extracellular matrix (ECM) is an important component in cellular mechan-
otransduction. In response to shear-induced increases in cytosolic calcium the ECM 
interacts with the integrin family of proteins. This interaction contributes to the 
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number of cellular adhesions to the substrate and diffuses the magnitude of the 
stress throughout the cell  [  35  ] . An example of this can be seen in coronary arteries 
where shear stress provokes an integrin-matrix interaction that, through focal adhe-
sions, elicits coronary vasodilation  [  63  ] . 

 The integrin family comprises a linage of transmembrane proteins containing 
alpha and beta subunits. Their extracellular domains bind to multiple components 
on the matrix including fi bronectin, vitronectin, and collagen. Their cytoplasmic 
domains can interact with multiple signaling molecules including focal adhesion 
kinase (FAK), c-Src of focal adhesions (FA), and the cytoskeletal proteins talin and 
alpha actinin  [  61  ] . The ability of integrins to connect the extracellular space to intra-
cellular compartments allows for an uninterrupted passage of extracellular mechan-
ical signals to the cytoskeleton and contributing to gene expression. Integrins also 
stabilize cells against various mechanical stresses through the formation of focal 
adhesions  [  22,   35,   64  ] . 

 Integrins can mediate the endothelial response to mechanical forces by augment-
ing cell membrane permeability and proliferation, in addition to cellular alignment 
and migration  [  61,   65  ] . Co-localization studies have demonstrated that alpha2beta1 
integrins interact with polycystin-1  [  66  ]  in addition to members of the focal adhe-
sion complex  [  67  ] . The focal adhesions regulate the cellular adaptive response 
through cytoskeletal-dependent actions and are the site of ECM-actin cytoskeleton 
contact  [  68  ] . Cellular calcium levels play a role in this response by contributing to 
the association of the mechanosensitive polycystin-1 protein and integrins. As cal-
cium levels increase, the association of polycystin-1 with E-cadherin and beta-
catenin also increases. This association of polycystin-1 with E-cadherin and 
beta-catenin predominantly occurs during development and migration, while poly-
cystin-1 and FAK association occurs mostly in adult tissue  [  67  ] .  

   Cytoskeleton 

 A key to regulating cytoskeletal proteins is intracellular calcium signaling. The 
cytoskeletal protein,  a -actinin, is a mechanosensory protein that is strongly infl u-
enced by calcium. This family of proteins links transmembrane proteins to the 
cytoskeleton, enabling them to function as a signaling conduit connecting the cytoskel-
eton to various signaling pathways  [  69  ] . Another calcium-regulated cytoskeletal pro-
tein is gelsolin. It is involved in actin growth, remodeling, and cell apoptosis. Gelsolin 
functions to regulate cytoskeletal remodeling by severing the actin fi laments and con-
trolling fi lament elongation though its capping function. Gelsolin’s activity is regu-
lated by calcium and phosphatidylinositol 4,5-bisphosphate  [  70  ] . Cell adhesions and 
contractility are also highly regulated by intracellular calcium  [  71  ] . Cells’ adhesion to 
other cells and to the substrate determines not only the shape of the cell but also its 
ability to move. The ability of a cell to migrate in a specifi c direction is determined by 
the concentration of calcium at the cell’s leading migratory edge  [  72  ] . Additionally, 
the turning ability of that cell in response to stimuli is controlled in part by calcium. 
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The highest microdomain concentration of calcium is located at a cell’s leading edge 
and directs the ability to turn  [  73  ] . 

 Cell morphology is likewise infl uenced by calcium. Generally, cells maintained 
under normal, static conditions adopt a consistent cobblestone cellular morphology 
 [  74  ] . However, in response to fl ow-shear stress, substantial remodeling and adapta-
tions occur, usually in the direction of the fl ow  [  75  ] . The goal of these changes is to 
adapt capacity of cells to respond to the stressful environments. An example of this 
can be seen when cells are exposed to mechanical stress. The induction of force 
upon the cell induces a time-dependent alignment and promotes a change in cell 
shape from “polygonal to ellipsoidal”  [  76  ] . These changes compelled by the restruc-
turing and adaptation of the cytoskeleton. The cytoskeleton, under conditions of 
mechanical stress, functions to redistribute the localized mechanical forces through-
out the entire cell by rearranging the intermediate fi lament network. Cytoskeletal 
changes are then communicated to adjacent cells though tight junctions. The forma-
tion of tight junctions generates a focal point for mechanical stresses, like fl ow, to 
induce cellular realignment and initiate a cellular tension that is propagated through 
the monolayer  [  77,   78  ] . Cytoskeletal changes are not limited to tight junction but 
can also be seen in reorganization of actin fi laments and their attachment to and 
formation of focal adhesions  [  79,   80  ] . The response of the actin cytoskeleton is typi-
cally to reorient and form stress fi bers in the direction of the mechanical force. 

 Mechanical forces imposed upon a cellular network tend to initiate change in the 
levels of intracellular calcium. Endothelial cells, which have tight junctions oriented 
in the direction of fl ow, have a reduced intracellular calcium response compared to 
cells with tight junctions oriented in the opposite direction  [  81  ] . This demonstrates 
a preconditioned response of “oriented” cells to fl ow. This orientation-dependent 
calcium response directly exposes a connection between cells’ mechanotransduc-
tion ability and tight junctions of the cytoskeleton. It further shows that a cells 
structural adaptability to shear stress results in a reduction in mechanosensitivity. 
This observation is consistent with the clinical model in which atherosclerotic 
lesions tend to develop in areas of disturbed fl ow and are rarely seen in regions of 
consistent laminar fl ow  [  82  ] . This postulates that the cellular adaptability to mechan-
ical shear invokes a protective effect upon the cell and tissues, which has been 
termed atheroprotective  [  83  ] . In areas of disturbed fl ow, the ineffi ciency in a cell’s 
adaptability increased the mitogenic and pathologic potential of the cell  [  84  ] . 
Consistent with this view, primary cilia are found to be located at the atherosclerotic 
predilection sites, where fl ow is disturbed  [  29  ] . 

 The modifi cation of cellular shape in response to mechanical forces through 
calcium is of great importance in the fi eld of vascular biology. Changes in cell 
shape are an adaptive response to long-term shear stress  [  85,   86  ] . The primary 
cilium contributes to this response by amplifying mechanical cues, at least in 
endothelial cells. Poelmann et al. suggested that this adaptive signaling is a two-
step process  [  87,   88  ] ; the immediate response involves primary cilium signaling 
and polycystin complex-mediating calcium signaling, and the long-term response 
is associated with cellular adaptation and cytoskeletal changes. In response to shear 
stress, vasoactive gene expression is modifi ed with the aim of alleviating the stress. 
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An example of this is seen with Kruppel-like factor-2 ( KLF2/LKLF ). KLF2 expression 
is enhanced under mechano-induced stress and modulates the expression of endothelin-1 
 [  89,   90  ] . Endotehlin-1 is down-regulated in the areas of high and pulsatile fl ow, 
while eNOS expression is up-regulated  [  91  ] . When KLF2 expression is down-
regulated, in those areas of oscillatory or disturbed fl ow, there is a tendency toward 
the development of atherosclerosis  [  92  ] . Consistent with this, the expression of 
primary cilia is down-regulated in these areas of disturbed fl ow, with an increase 
also in the infl ammatory response that contributes to plaque formation. However, in 
areas of extreme shear stress cells tend to disassemble their cilia  [  27  ] .  

   Nucleus 

 Mechanical stress can also infl uence the structural component of the nucleus  [  93  ] . 
Cells exposed to various mechanical stresses tend to increase their cell rigidity as a 
form of cellular adaptation  [  94,   95  ] . This change in cellular stiffness is also seen in 
the nucleus. The nucleus does adapt and change in response to mechanical forces. It 
spreads and elongates in response to fl ow  [  96  ] . Nuclear changes also alter chromo-
some assembly  [  97  ]  and gene expression  [  98  ] . Changes in cellular chromosome 
structure and gene expression also extended to changes in cell growth and differen-
tiation  [  99  ] . Maniotis et al. explains the continuity in the cellular, cytoskeletal, and 
nuclear changes by pointing out that the ECM, the actin cytoskeleton, and the 
nuclear compartment are connected  [  100  ] . This “connection” facilitates the ability 
for ECM strain to transmit any tension imposed upon it throughout the cell and 
nucleus  [  95,   100,   101  ] . However, this continuity of whole-cell stress signaling is not 
the only accepted model and suggest that the fl uid and membranes external to the 
nucleus form a mechanoprotective layer or buffer  [  102  ] .  

   Cell Motility 

 The regulation and contribution of cell motility to vascular remodeling, angiogen-
esis, and wound healing cannot be understated. Cellular mobility or mechanotaxis 
occurs in response to numerous cues, including mechanical, to which the endothe-
lium is constantly exposed. It involves the reorganization of the through changes in 
various signal transduction pathways and focal adhesions. The process encompasses 
the creation of adhesions at the leading edge of the moving cell, followed by cell 
contraction and the dissolution of the adhesion from the trailing edge  [  103,   104  ] . 

 Endothelial migration can be described with the conception of a cellular leading 
edge and a rear or trailing edge (Fig.  46.2 ). Under conditions of shear, the leading 
edge is formed in the direction of the fl ow by the production of lamellipodia with 
the retraction of the rear edge allowing for migration and movement  [  105  ] . This is 
regulated through the signaling of Rac and Rho  [  106  ] , in conjunction with phos-
phatidylinositol 3-kinase (PI3K) and ERK  [  107,   108  ] . Migration can be described 



  Fig. 46.2     A Schematic representation of the mechanotransduction process during endothelial cell 
migration.  The application of mechanical shear can be sensed by cell membrane and primary cilia. 
This mechanical force is transmitted throughout the cell to its adhesions and the underlying struc-
ture. Shear can induce directional migration of endothelial cells by the protrusion and the forma-
tion of focal adhesions at the front edge of the cell, in the direction fl ow. At the rear edge, 
disassembly of focal adhesion occurs. These changes contribute to directional migration through 
multiple signaling molecules and structural components including microtubules, RAC, actin and 
integrin complex. Microtubule elongation occurs at the front activating RAC to induce actin 
polymerization and projection of the cell forward. In addition, it recruits and activates in integrins 
forming new focal adhesions. At the rear, the microtubules shorten and activate the Rho-p160ROCK 
pathway inducing contraction to detach the focal adhesions. In addition, a shear induced Ca 2+  wave 
can be initiated to enhance the function of p160ROCK and the contraction. The polycystin hetero-
complex is a mechanosensitive channel activation located in primary cilia and in adherens junc-
tions. The mechanical force of shear induces conformational change in the microtubule-polycystins 
complex, activating the polycystin-2 calcium channel and inducing an inward Ca 2+  gradient that 
may regulate the cells response. The polycystin complex is also found on the plasma membrane, 
can interact with the adherens junction proteins  a -,  b -catenin and E-cadherin and may contribute 
to cellular focal adhesions.  V  vinculin,  FAK  focal adhesion kinase, E-cadherin,   a    a -catenin,  ß  
ß-catenin,  PC1  polycystin-1,  PC2  polycystin-2       
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in three-steps. The initial step involves formation of a protruding edge with new 
adhesions, followed by a second step of cell contraction and fi nally the release of 
the adhesions in the trailing edge  [  103,   104  ] . Additionally, intracellular calcium 
concentration is an integral part of this process  [  109–  111  ] .    

   Conclusions 

 Mechanoregulation is not limited to one cell or tissue type but is a systemic mecha-
nism that can regulate and coordinate structural and molecular changes throughout 
the body. Consequently, forces applied to an individual cell or tissue could be trans-
lated and transmitted throughout the body or system. Most cells contain stress-sen-
sitive ion channels or organelles that can respond to mechanical and chemical cues 
to modulate ion fl ux. The hope is that through future research, we can better under-
stand how the mechanical cues that the cell interprets are translated into biochemi-
cal and physiological responses. In this regard, a mechanosensitive organelle, the 
primary cilium, has gained considerable interest in recent years. This organelle has 
been shown to respond to mechanical and chemical cues with an ability to modulate 
calcium ion channel in response to stress, mediating a cell’s adaptation and cytoskel-
etal changes. There is no doubt that we are on the verge of understanding this unique 
organelle, and its mechanosensory roles in cell cycle  [  112  ]  with endothelial-to-
mesenchymal transition  [  113  ]  a future topic of discussion.      
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  Abstract   To assess the physiological role of intracellular Ca 2+  in the changes of 
microrheological red blood cell (RBC) properties (RBC deformability and aggrega-
tion), we employed several types of chemicals that can increase and decrease of the 
intracellular Ca 2+  concentration. The rise of Ca 2+  infl ux, stimulated by mechanical 
loading, A23187, thrombin, prostaglandin F 

2 
a

 
  was accompanied by a moderate red 

cell deformability lowering and an increase of their aggregation. In contrast, Ca 2+  
entry blocking into the red cells by verapamil led to a signifi cant RBC aggregation 
decrease and deformability rise. Similar microrheological changes were observed in 
the red blood cells treated with phosphodiesterase inhibitors IBMX, vinpocetine, 
rolipram, pentoxifylline. When forskolin (10  m M), an AC stimulator was added to 
RBC suspension, the RBC deformability was increased (p < 0.05). Somewhat more 
signifi cant deformability rise appeared after RBC incubation with dB-AMP. Red 
cell aggregation was signifi cantly decreased under these conditions (p < 0.01). On 
the whole the total data clearly show that the red cell aggregation and deformation 
changes were connected with an activation of both intracellular signaling pathways: 
Ca 2+  regulatory mechanism and Gs-protein/adenylyl-cyclase-cAMP system. And 
the fi nal red cell microrheological regulatory effect is connected with the crosstalk 
between these systems.  

  Keywords   Adenylyl cyclase  •  Ca 2+ - control mechanism  •  Red blood cell 
deformability and aggregation      
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   Introduction 

 In order to understand blood circulation, knowledge of the rheological properties of 
blood is required. One of the blood rheological properties is the deformability of 
erythrocytes. Erythrocyte deformability is an important determinant of red cell life 
span and depends on at least three key factors: shape, internal viscosity and mem-
brane mechanical properties     [  1,   2  ] . In the microcirculation, where cells must deform 
to pass through narrow capillaries (Fig.  47.1 ), cellular rheology (i.e. the deform-
ability of individual cells) is a major determinant of resistance to fl ow.  

 An unusual combination of membrane properties allows the RBC to undergo 
extensive deformation without cell fragmentation, enabling it to effectively perform 
its function of oxygen delivery during its long life span in circulation  [  3  ] . Another 
microrheological property of red blood cells (RBCs) is their ability to form aggre-
gates under the low fl ow conditions, mainly in form of rouleaux (Fig.  47.2 )  [  4,   5  ] .  

 Previous rotational viscometric studies showed that the apparent viscosity of 
blood increased at low shear rates and that this rise is primarily due to red blood cell 
aggregation. As this effect occurs in the physiological range of shear rates in venous 
vessels, it was believed that red blood cell aggregation is an important determinant 
of venous resistance  [  6  ] . 

 RBCs have traditionally been viewed as simple conduits for oxygen transport; 
however, these cells contain a broad range of signaling molecules  [  7–  10  ] . Some of 
the most well-studied signaling pathways in RBCs are mediated by the second mes-
sengers cyclic adenosine monophosphate (cAMP), generated by the conversion of 
adenosine triphosphate (ATP) to cAMP via membrane-associated adenylyl cyclase 
and Ca 2+ -Calmodulin  [  11,   12  ] . In recent years calcium has become recognized as an 
important “second messenger”, in that an increase in free intracellular calcium ion 
concentration is involved in many aspects of cellular activation. In excitable cells 
such as smooth muscle or cardiac tissue an infl ux of extracellular calcium ions 
through voltage sensitive calcium channels plays a major role in increasing the 
cytoplasmic free calcium concentration. It is now known that the activity of these 
calcium channels may be inhibited or stimulated by a range of ions, toxins and 
drugs  [  13  ] . The source of the Ca 2+  for the former mechanism is mainly extracellular 
 [  14  ] . Intracellular calcium regulates a number of membrane functions in the eryth-
rocyte, including control of shape, membrane lipid composition and cation perme-
ability  [  13  ] . Measurement of total red cell calcium has yielded values between 5 
and 15 nM/ml cells, and these low values in part refl ect the absence of Ca 2+ -
containing organelles. Most intracellular Ca 2+  is bound and the low cell ionized 

ba
  Fig. 47.1    ( a ) Scheme of red 
blood cell shape change in 
blood fl ow, ( b ) the deformed 
red blood cell in the fl ow 
microchamber (personal data)       
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Ca 2+  concentration (approximately 0.2  m M) is maintained by a combination of low 
membrane permeability and a powerful Ca 2+ -pump. This pump has been identifi ed 
with a (Ca 2+  + Mg 2+ )-stimulated ATPase, and both Ca 2+  transport and ATP splitting 
are stimulated by calmodulin, a low molecular weight protein which binds Ca 2+  
avidly and activates many Ca 2+ -dependent enzymes  [  10,   11,   13  ] . 

 Thus, in addition to a plethora of hormone receptors, mature RBCs contain sub-
stantial numbers of cyclases, phospholipases, kinases, phosphatases, and both 
ligand-gated and mechanically activated ion channels  [  15  ] . Although the responsive-
ness of RBCs to regulators of circulatory health and homeostasis is becoming more 
apparent, the signaling pathways that mediate the changes in RBC properties remain 
unresolved. One of the more common intermediates implicated in regulating RBC 
behavior is an infl ux of extracellular calcium and adenylyl cyclase activation  [  11  ] . 

  Fig. 47.2    Red blood cell 
aggregation, mainly in form 
of rouleaux: ( a ) light 
microscopy (MC20, 
MICROS, Austria; objective 
40, digital eyepiece, 
DCM-500); ( b ) Electronic 
microscopy (Electronic 
microscope Quanta 200, FEI 
Company, USA; 
Magnifi cation – 20,000×)       
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 The present study was designed to explore the adenylyl cyclase signaling 
pathway and Ca 2+  regulatory mechanism of RBCs together with their microrheo-
logical changes.  

   Alterations of Red Blood Cell Deformability 

  Methods . Blood samples for rheological measurements (10 ml) were drawn via 
sterile venipuncture using heparin (5 IU/ml) as the anticoagulant and used within 
4 h; all preparations and measurements were carried out at room temperature 
(20 ± 1°C). RBC were washed three times in PBS; following the third wash, the 
RBC were resuspended in the fi nal medium (autologous plasma) at hematocrit of 
40.0 ± 0.3% for aggregation and red cell suspension viscosity measurements. 

 Red cell suspension viscosity (Hct = 40%) was measured with capillary viscom-
eter under 6 shear rates. The reproducibility of the capillary viscometer system was 
ranged between 0.8% and 1.0% as indexed by the coeffi cient of variation for several 
repeated measurements of the same sample. 

 To estimate the deformability of RBCs they were placed into a fl ow microcham-
ber  [  16  ] . The cells were attached to the bottom part of the chamber with “one point” 
and then were deformed by shear fl ow (Fig.  47.3 ), under constant shear stress ( t ). 
At a given volume fl ow rate Q (determined by weighing the amount of saline which 
fl ows through the fl ow channel in a given time period) the shear stress at the surface 
  t   

 s 
 , is given by:

     
2

s 6 / ,= Q whτ h    

where   h   is the viscosity of the perfusate, and  w  is the width and  h  is the height of the 
fl ow passageway. In our experiments,   h   = 1.07 mPa.s,  w  = 0.90 cm,  h  = 0.01 cm.The 
length (L) and width (W) of each of about hundred cells were measured and elonga-
tion index (EI) as an index of red cell deformability was calculated according to: 
EI = (L−W)/(L + W).  

  Fig. 47.3    Red blood cells 
( RBCs ) under shear fl ow in 
the microchamber ( a ); RBC 
elongation index calculation 
( b ); the  arrow  (Fig.  47.1a ) 
shows fl ow direction       
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   The Change of Red Cell Deformability Under a Rise 
in Extracellular Ca 2+  Concentration 

 It is known that the mechanical stress of the cell membrane is accompanied by an 
infl ux of Ca 2+  into cells  [  11,   17  ] . We have found that after mechanical loading of red 
blood cells (RBCs) their deformability was decreased slightly (Fig.  47.4 ).  

 There was the lowering of red blood cell deformability (RBCD) after both cell 
mechanically loading and their incubation with Ca 2+  (50  m M). However these 
changes were also not signifi cant. While combined infl uence upon cells: the 
mechanical loading and Ca 2+  (100  m M) was accompanied by a marked red cell 
deformability lowering (by 13%, p < 0.05, Fig.  47.4 ). 

 We have measured Ca 2+  concentration in RBCs (confocal microscopy, Calcium-
green, the laser wave length – 488 nM) and have found its increase by 11% (p < 0.05) 
after combined infl uence (the mechanical loading and calcium) on the cells 
(Fig.  47.5 ).  

 Using atomic force microscopy (AFM) it has been found that a rise in intracel-
lular Ca 2+  concentration was accompanied by the red cell membrane rigidity 
increase. The increase of cell rigidity was in dose-dependant manner and the mem-
brane rigidity index was higher by 18% as comparison with control. Maximum 
effect was reached under Ca 2+  200  m M in incubation medium (Fig.  47.6 ). 
Y. Takakuwa et al. suppose  [  18  ]  that membrane deformability decreased only at 
Ca 2+  concentrations greater than 100  m M.   
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   The Change of Red Cell Deformability Under 
Ca 2+  Infl ux Stimulation 

 It has been found that a rise in intracellular Ca 2+  concentration, stimulated by A23187 
 [  19  ]  was accompanied by a decrease of RBCD, whereas red cell suspension viscos-
ity was changed insignifi cantly (Table  47.1 ). Contrasting with it a Ca 2+  chelator – 
EGTA changed RBC viscosity and their deformability signifi cantly (Table  47.1 ).  

 The activation of membrane-bound, Ca 2+  stimulating PKC by phorbol 12-myristate 
13-acetate (PMA, 3  m M) did not bring to the change of red cell deformability 
(Fig.  47.7 ). However PKC could down-modulate the activity of native Ca 2+  activated 
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  Fig. 47.5    The change in intracellular Ca 2+  concentration of red blood cell under the calcium incu-
bation (50  m M), mechanical loading and their combination of cell loading and Ca 2+  (L + Ca 2+ ) vs. 
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  Fig. 47.6    The change of red cell membrane rigidity (atomic force microscopy) under an increase 
of Ca 2+  concentration in incubation media ( a ) and linear regression dependence    of these alterations 
( b ), vs. control.  Abbreviations :  Ca   2+    50  50  m M calcium in media ( 2 ),  Ca   2+    100  100  m M calcium in 
media ( 3 ),  Ca   2+    200  200  m M calcium in media ( 4 )       
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K +  channels of human erythrocytes  [  20  ] . It has been confi rmed by the observation 
that clotrimazol (50  m M) as a blocker of these type of RBC membrane channels  [  21  ]  
raised the red cell deformability by 20% (p < 0.05; Fig.  47.7 ).  

 The similar microrheological effect was found when we incubated the native 
RBCs and their resealed ghosts with Ca 2+  sensitive K +  (Gardos) channel inhibitor 
clotrimazol (Fig.  47.8 ).  

 Although PMA did not alter RBCD signifi cantly both compounds – bisindolyl-
maleimide (BIM) and PMA increased red cell deformability by 10% (Fig.  47.9 ).  

 Small effect of PKC on red cell deformability might be connected with the dif-
ferent time course in the phosphorylation of 4.1R. Using antibodies raised against 
phosphopeptides of 4.1R and adducin, it was documented signifi cant differences in 
the time course of phosphorylation of adducin and 4.1R by PKC  [  22  ] . 

 Prostaglandin F 
2 a 

  (PGF 
2 a 

 ) also is known as a calcium cell entry stimulator  [  23  ] . 
Under the PGF 

2 a 
  erythrocyte incubation RBCD was decreased by 10% (p < 0.05). 

 Taken together our data for the fi rst time demonstrate that that the changes of 
Ca 2+  concentration in cell environment and calcium infl ux rise into cells lead to the 

   Table 47.1    Effect of Ca 2+  entry by ionophore (A23187) and EGTA on RBC microrheology (M ± m)   

 Parameters  Control  A23187  EGTA 

 SV, mPa s  3.40 ± 0.05  3.45 ± 0.08  3.12 ± 0.06* 
 EI  0.196 ± 0.003  0.182 ± 0.004*  0.268 ± 0.006** 

   Abbreviations :  SV  suspension viscosity of red blood cells under high shear rate,  EI  elongation 
index – a showing of red cell deformability 
 *it means p < 0.05; **it means p < 0.01  
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  Fig. 47.7    The red blood cell deformability ( RBCD ) changes after the cell incubation with Phorbol 
12-myristate 13-acetate ( PMA , 3.0  m M) and Clotrimazol (50  m M) vs. control       

 



1024 A. Muravyov and I. Tikhomirova

moderate cell deformability decrease. A probable change mechanism may be con-
nected with the protein phosphate activation and dephosphorylation of the key pro-
teins of membrane skeleton that is responsible for the cell elasticity on the whole 
 [  22  ] . The spectrin skeleton thus forms a point of convergence between kinase/phos-
phatase and Ca 2+ -mediated signaling cascades  [  24  ] . On the other hand beta-spectrin 
phosphorylation by casein kinase-I has been shown to decrease membrane mechan-
ical stability  [  22  ] .  
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  Fig. 47.8    The change of the red blood cell deformability the native human red blood cells ( RBCs ) 
and their resealed ghosts after incubation with Ca 2+  sensitive K +  (Gardos) channel inhibitor clotri-
mazol (25.0  m M) vs. control       
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  Fig. 47.9    The red blood cell deformability ( RBCD ) changes after the cell incubation with Phorbol 
12-myristate 13-acetate ( PMA , 3.0  m M), bisindolylmaleimide ( BIM , 3.0  m M) and  PMA  and  BIM  
combination ( PMA  +  BIM ) vs. control       
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   Role Ca 2+  Infl ux Stimulation on the Change 
of Red Cell Deformability 

 A Ca 2+  entering into cells can be intensifying under some membrane receptor acti-
vation, for example,  a  

1
 - adrenergic receptors. This subtype of adrenergic receptor is 

coupled with Ca 2+  channel  [  25  ] . The red cell membranes contain both  a  
1
 - and 

 b -adrenergic receptors  [  26  ]  and under the heightened sensibility of  a  
1
 -receptors 

adrenalin can activate them  [  27,   28  ] . It lead to the rise of Ca 2+  infl ux into red cells 
and a change of red cell microrheology  [  11,   16  ] . 

 Ca 2+  entry blocking into the red cells by verapamil  [  29  ]  led to the red cell deform-
ability rise (Fig.  47.12 ). Indeed the preincubation of RBCs with verapamil removed 
a small negative effect of  a  

1
 - adrenergic receptor agonist – phenylephrine on red 

cell deformability. Not only verapamil alone but their combination with phenyleph-
rine increased RBCD markedly (Fig.  47.10 ).  

 The adrenergic receptors are associated with stimulation of Gs-protein/adenylyl 
cyclase (AC) activity. In our experimental model a direct stimulation of adenylyl 
cyclase (AC) by forskolin and an increase of the intracellular cAMP level, by using 
its stable analog – dB-cAMP led to red cell deformability increase (Table  47.2 ).  
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  Fig. 47.10    The red blood cell deformability ( RBCD ) changes after the cell Incubation with phe-
nylephrine (1.0  m M), verapamil (10.0  m M) and their combination.  Abbreviations: Ph  phenyleph-
rine,  Ver  verapamil vs. control       

   Table 47.2    Effect of Ca 2+  independent protein kinase (PKA) activation by Forskolin, Db-cAMP 
and IBMX on RBC microrheology (M ± m)   

 Parameters  Control  Forskolin  Db-cAMP  IBMX 

 SV, mPa s  3.40 ± 0.05  2.60 ± 0.02  2.86 ± 0.12  3.18 ± 0.06 
 EI  0.196 ± 0.005  0.246 ± 0.005  0.242 ± 0.004  0.223 ± 0.005 

  For abbreviations, see Table  47.1   
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 Taken together these data and the results of the study of PDE inhibition support 
that the beta-adrenergic receptor – G-protein – AC complex is involved in the RBC 
microrheological control mechanisms. Since epinephrine can activate not only 
 a -adrenergic receptors but also  b -ones it is quite possible that its positive red cell 
deformability effect is connected with red cell membrane  b -receptor activation. 
On the other hand, elevation of the cAMP leads to cytosolic Ca 2+  decrease via 
inhibition of its entry into cells  [  30  ] . An increase in intracellular Ca 2+  concentra-
tion could be removed, if it was added to incubation medium preliminary phospho-
diesterase inhibitor or a permeable cAMP analog  [  31  ] . It was found that all four 
PDE inhibitors: isobutyl-methyl-xanthine (IBMX) – nonselective PDE inhibitor, 
vinpocetine, rolipram, pentoxifylline increased RBCD signifi cantly  [  16,   28  ] . All 
drugs having PDE activity increased red cell deformability in the similar mode 
(Fig.  47.11 ).  

 Na-vanadate is a commonly used Ca 2+  pump blocker, exerting a substantial effect 
on Ca 2+  extrusion at millimolar concentrations in human red cells. At such levels, 
Na-vanadate also seems to open an L type-like Ca 2+  channel in these cells  [  32  ] . We 
inhibited red cell tyrosine phosphatase activity by Na-vanadate and activated Lyn 
protein tyrosine kinase of Src family by cisplatin  [  33  ] . After that a signifi cant red 
cell deformability rise was observed (Fig.  47.12 ).  

 These chemicals induce protein tyrosine phosphorylation of a number of cellular 
proteins, which suggests involvement of protein tyrosine kinases in the activation 
process of red cell membrane  [  34  ] . The latter is expected to lead to a dissociation of 
ternary complex (band 3 – band 4.1R – spectrin) and to an increase of red cell mem-
brane plasticity  [  22  ] . In addition it was also observed that Ca 2+ /calmodulin and 
calmodulin-dependent kinases are involved in the regulation of cisplatin-induced 
Lyn expression and activation in erythrocytes  [  33  ] .   
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  Fig. 47.11    Red blood cell deformability change (vs. control) under incubation with: IBMX 
(100  m M), vinpocetine (10  m M); rolipram (10  m M), pentoxifylline (10  m M)       
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   Alterations in Human Red Blood Cell Aggregation 

  Methods . Red blood cell aggregation (RBCA) in native plasma was assessed by 
two methods  [  16,   28  ] : (1) direct microscopic method with computer image analysis. 
This method gives two indexes of red cell aggregation: (1) ratio of the number of 
aggregates to the number nonaggregated red blood cells; (2) a number red blood cell 
per one aggregate. 

 The second one was the use of the Myrenne Aggregometer (Germany) which 
provides an index of RBC aggregation facilitated by low shear. In brief, the suspen-
sion was subjected to a short period of high shear to disrupt pre-existing aggregates, 
following which the shear was abruptly reduced to 3 s −1  and light transmission 
through the suspension that was integrated for 10 s; the resulting index, termed 
“M1” by the manufacturer and “ARBC” herein, increased with enhanced RBC 
aggregation. There was a positive correlation between microscopic aggregation 
index and Myrenne aggregometer one (e.g. one of M indexes; r = 0.860) 

 The role of ionized calcium in intercellular interactions is well known, because 
any cellular contacts fail in the absence of calcium ions. Red blood cell aggregation 
is a special type of intercellular interactions, the mechanism and physiological 
importance of which are not clearly understood now, so this phenomena needs fur-
ther investigations. 

 Human erythrocytes join forming linear or branched aggregates when they are 
suspended in blood plasma or solutions containing macromolecular polymers 
(Fig.  47.13 ). The linear aggregates are often termed “rouleaux” since they resemble a 
stack of coins  [  35  ] . In vivo red blood cell aggregation occurs at low shear stress or 
stasis and is a major determinant of low shear blood viscosity and thus in vivo fl ow 
dynamics  [  36,   37  ] . Red blood cell aggregation in contrast to erythrocyte agglutination 
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  Fig. 47.12    Red cell deformability ( RBCD ) change under cell incubation with Epoetin (10.0 I.E./ml) 
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or blood coagulation is reversible process: aggregates may be dispersed by external 
(fl uid fl ow) forces and then reform when forces are removed.  

 Enhanced aggregation is found in many clinical and pathophysiological states, 
such as acute myocardial infarction  [  38  ] , angina  [  39  ] , cerebral ischemia  [  40  ] , 
chronic renal failure  [  41  ] , diabetes  [  42  ] , subarachnoid hemorrhage  [  43  ] , HIV infec-
tion  [  44  ] , cardiac syndrome X  [  45  ] . 

 The specifi c mechanisms determining the process of erythrocyte aggregation 
have not yet been elucidated, and thus the relation between pathology and red blood 
cell aggregation is not fully understood. In past most reports dealt primarily with the 
ability of plasma proteins (mainly fi brinogen) and higher macromolecular polymers 
to promote aggregation. Studies specifi cally focused on cellular factors and mecha-
nisms in RBC aggregation began in the late 1980s  [  46  ] . 

 The non-nucleated red cell is unique among human cell type in that the plasma 
membrane, its only structural component, accounts for all of its diverse antigenic, 
transport, and mechanical characteristics  [  47  ] . RBC’s have been traditionally con-
sidered as rather reduced (“dead”) cells because mature erythrocytes are devoid of 
a nucleus, mitochondria and other internal organelles and regarded as simple reser-
voirs for oxygen transportation (“bag of hemoglobin”)  [  48  ] . But are they dead? 
Recently, it has become increasingly clear that, in addition to passively carrying and 
delivering oxygen, the erythrocyte participates in the regulation of its own distribu-
tion within the microcirculation. ATP released from erythrocytes can be thought of 
as a component of a local hormonal signaling system whose purpose is to regulate 
the distribution of blood perfusion to precisely meet local tissue oxygen need  [  49  ] . 

 In addition it has been determined that red blood cells have a signifi cant number 
of signaling molecules  [  15,   50,   51  ] . It has been proven experimentally that RBC 
membrane contains  a - и  b -adrenoreceptors  [ 26,    52,   53  ] , insulin receptors  [  54,   55  ] , 
ceruloplasmin receptors  [  56  ] , endothelin-1 receptors  [  57  ] , cholinergic muscarinic 
receptors  [  58  ]  etc. These fi ndings suggest that RBC’s participate in regulatory pro-
cesses, which integrate body functions. 

 Blood is a liquid tissue, where erythrocytes are dispersed in plasma, so that the 
extracellular calcium could play the signifi cant part in RBC aggregation process. About 
one a half of total blood plasma calcium is free so that it is physiologically active. 

  Fig. 47.13    Normal erythrocyte aggregation in human blood ( a ); enhanced erythrocyte aggrega-
tion ( b )       
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Our experimental data indicated that even moderate elevation of the ionized calcium 
level in human blood plasma (up to 20.6%) caused signifi cant increase of red blood cell 
aggregability (by 80.4%, p < 0.01). It was shown that this Ca 2+ -induced growth of 
erythrocyte aggregability is dose dependent and the exponential relation between the 
extent of aggregation (EA) and pCa (−log [Ca 2+ ]) was revealed in physiological area of 
plasma calcium content (Fig.  47.14 ).  

 The Ca 2+ -induced increase of red blood cell aggregability was markedly inhib-
ited in presence of EGTA (Fig.  47.15 ).  

 Elevation of ionized calcium content in plasma leads to an increase of erythrocyte 
membrane-bound quantity of calcium. Calcium is capable to bind to cell membrane 
anions, mainly to carboxyl groups of proteins and acid phospholipids. It is known 
that EGTA treatment almost fully (up to 90%) removes the membrane-bound cal-
cium which is localized at the outer side of cell surface. Thus the inhibition of Ca 2+ -
induced growth of erythrocyte aggregability in presence of EGTA let us to suppose 
that membrane-bound calcium plays a major role in RBC aggregation process. 

y = 279,5e-2,602x

R2 = 0,329

0

0,1

0,2

0,3

0,4

0,5

0,6

2,5 2,6 2,7 2,8 2,9 3
pCa

EA

  Fig. 47.14    Relation between the extent of erythrocyte aggregation ( EA ) and free plasma calcium 
content ( pCa )       
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 Membrane-bound calcium is capable to change substantially not only the cell 
surface charge, but also it has infl uence on the structure and properties of cell mem-
brane and can facilitate calcium infl ux. Intracellular calcium regulates a number of 
membrane functions of erythrocytes, including maintenance of normal discoid 
shape, control of membrane lipid composition and permeability. 

 Measurement of total red cell calcium concentration has yielded values between 
5 and 50 nM  [  59  ] , while only a few percent of total red cell calcium is in ionized 
form. Most intracellular Ca 2+  is bound and the low cell ionized Ca 2+  concentration is 
maintained by a combination of low membrane permeability and a powerful Ca 2+ -
pump. This pump has been identifi ed with a (Ca 2+  + Mg 2+ )-stimulated ATPase, and 
both Ca 2+  transport and ATP splitting are stimulated by calmodulin  [  60  ] . 

 An elevation in intracellular Ca 2+  concentration accompanied by an increase of 
erythrocyte aggregability is fi xed in a number of pathological states and under red 
blood cell ageing or depletion  [  61–  63  ] . 

 There is an established functional connection between calcium infl ux and apop-
tosis-like events in mature erythrocytes (so called “eryptosis”)  [  64  ] . 

 When we studied the effect of catecholamines (adreanaline and noradrenaline) 
on erythrocyte aggregation, the signifi cant increase of red blood cell aggregability 
was registered in the presence of both substances (10 −6  M) (Figs.  47.16  and  47.17 ). 
This promoting action of adrenaline and noradrenaline was markedly inhibited by 
 a 1 blocker corynanthine, it led us to suppose that this proaggregative effect of cat-
echolamines was mediated by the activation of  a 1 adrenoceptors.   

 Alpha1 adrenoceptor activation is followed by the cascade of reactions with 
involvement of Ca 2+  and protein kinase C. Staurosporine aglycone is considered as 
nonselective PKC inhibitor and it inhibits calcium infl ux into erythrocytes  [  65  ] . 
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  Fig. 47.16    Extent of red blood cell aggregation ( EA ) under catecholamine ( CA ) action in presence 
of   a 1 blocker  corynanthine,   a 2 blocker  yohimbine and   b 2 blocker  propranolol       

 



103147 Role Ca 2+  in Mechanisms of the Red Blood Cells Microrheological Changes

In presence of staurosporin aglycone (2 nM) the stimulative effect of catecholamines 
on erythrocyte aggregation was neglected (Fig.  47.18 ), provided the conclusion that 
PKC and Ca 2+  play signifi cant role in this process.  

 Any rise in intracellular Ca 2+  in erythrocytes activates a specifi c K +  channel 
(“Gardos” channel) which normally makes little contribution to K +  fl uxes  [  66,   67  ] . 
To determine whether proaggregative effect of catecholamines is followed by the 
activation of Gardos channel, we added to blood plasma BaCl 

2
  (up to 2.5 mM) 

which prevented the Gardos effect. Again, the stimulating effect of catecholamines 
was neglected (Fig.     47.19 ).  

 Finally, the effect of controlled increase of intracellular calcium on red blood cell 
aggregability was studied in two cases: (1) under elevation of Ca 2+  infl ux caused the 
erythrocyte treatment by calcimycin A23187 1.0  m M, thrombin 0.05 U/ml or sodium 
fl uoride 1.0 mM and (2) under Ca-ATPase inhibition by sodium vanadate 0.1 mM, 
trifl uoperazine 10  m M or staurosporine aglycone 0.1  m M. Specifi c Ca-ATPase inhib-
itor is unknown, but it is known that this enzyme in erythrocytes is activated by 
calmodulin and PKC, so that we used inhibitors of these proteins – trifl uoperazine 
and staurosporine aglycone. Vanadate is a commonly used Ca 2+  pump blocker  [  32  ] . 

 Red blood cell treatment by stimulators of Ca 2+  infl ux as well as inhibition of 
calcium effl ux resulted in markedly increased erythrocyte aggregation (Figs.  47.20  
and  47.21 ).    

  Fig. 47.17    Red blood cell 
aggregation changes under 
incubation with noradrenaline 
(10 −6  M, 15 min, at 37°C)       
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  Fig. 47.19    Extent of red blood cell aggregation ( EA ) under catecholamine ( CA ) action in presence 
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   Conclusion 

 The mechanical properties of human erythrocyte membrane are largely regu-
lated by submembranous protein skeleton whose principal components are 
alpha- and beta-spectrin, actin, protein 4.1, adducin, and dematin. All of these 
proteins, except for actin, are phosphorylated by various kinases present in the 
erythrocyte  [  22  ] . 

 Our data for the fi rst time demonstrate that an increase of cytosolic Ca 2+  lead 
to the cell deformability lowering (Fig.  47.22 ). On the contrary the Ca 2+  cell 
entry blocking is accompanied by an improvement of red cell mechanical 
properties.  

 Thus the control of the main red cell microrheological properties are connected 
with oxygen transport effi ciency might be realized under an activation of the 
molecular signaling pathways. The increase Ca 2+  entry into cells was accompanied 
by a signifi cant RBCA rise and some deformability lowering. RBCs have already 
been reported to contain nonspecifi c, voltage-gated cation channels that favors 
monovalent cations, but can transport Ca 2+  as well  [  68  ] . The blocking Ca 2+  infl ux 
with verapamil leads to a decrease of RBCA. On the other hand there were posi-
tive changes of red cell microrheology after Ca 2+  entry blocking or under adenylyl 
cyclase activation. There is a particularly rich source of potential sites of crosstalk 
between the cAMP and the Ca 2+  signaling pathways. Potential sites of cross-talk 
between the Ca 2+  and cAMP signaling systems in red blood cells may be PDEs. 
For example, under basal conditions, the constitutive type 4 phosphodiesterase 
activity rapidly hydrolyzes cAMP so that the Ca 2+  inhibition of AC 

6
  is diffi cult to 

resolve, indicating that high phosphodiesterase activity works coordinately with 
AC 

6
  to regulate membrane-delimited cAMP concentrations, which is important 

for control of cell-cell apposition  [  69  ] . Moreover there are data that clearly indi-
cate that an activation of AC and cAMP increase lead to the Ca 2+  infl ux decrease 
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 [  70  ] . In our experiments it is accompanied by red cell aggregation lowering and 
deformability rise. The similar results were found under the blocking Ca 2+  entry 
into cell or PDE activity inhibition.  

 A probable molecular signaling pathway under a positive RBC microrheology 
response may include: the membrane receptor coupled with Gs-protein (e.g. 
 b -adrenergic receptor), AC, cAMP, PKA, band 4.1R (Fig.  47.23 ).  

 Erythrocyte membrane mechanical function is regulated by the spectrin-based 
membrane skeleton composed of alpha- and beta-spectrin, actin, protein 4.1R 
(4.1R), and adducin  [  70  ] . It has been showed that the phosphorylation of 4.1R by 
PKC results in its decreased ability to form a ternary complex with spectrin and 
actin as well as dissociation of glycophorin C from the membrane skeleton. Results 
show that phosphorylation of band 4.1 by cAMP-dependent kinase may be central 

Erythrocyte

Erythrocyte RBC deformability ↓

RBC aggregation ↑

PDE ↓

Gs→AC→cAMP 
↓

PKA

↓

Phosphorylation of
band 4.1R and band 3
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RBC aggregation ↓

Diphosphorylation of
band 4.1R and band 3

↑
Phosphatase↑

PDE ↑

PKA↓

Ca2+

  Fig. 47.23    Signaling pathway probably activated under red cell deformation increase and aggre-
gation lowering.  Abbreviations :  L  ligand,  R  membrane receptor,  PDE  phosphodiesterase,  Gs  
G- protein,  AC  adenylyl cyclase,  PKA  protein kinase A       
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to the regulation of red cell cytoskeletal organization and membrane mechanical 
properties  [  71,   72  ] . 

 A rise in intracellular Ca 2+  concentration of the erythrocytes may stimulate of 
PDE activity and PKA inhibition. It was accompanied by dephosphorylation band 
4.1R and formation of a ternary complex. It leads to membrane stability increase 
and red cell deformation lowering  [  22  ] . 

 Our data suggest that a simulation of red cell AC-cAMP-signaling system leads 
to change RBC microrheological properties. Spotlighting these important molecu-
lar loci at which cAMP and Ca 2+  signaling pathways converge in non-excitable 
cells should help us further understand and appreciate the complexity and specifi c-
ity of stimulus-response coupling in these cells. These processes will also be high-
lighted in an attempt to focus attention on important new directions for future 
research. 

 Thus Ca 2+  entry blocking into the red cells by verapamil or its chelating in medium 
by EGTA led to signifi cant RBCA decrease and deformability rise (p < 0.05). 

 On the whole the total data clearly show that the red cell aggregation and defor-
mation changes were connected with an activation of the intracellular signaling 
pathways. 

 It seems reasonable to suppose that RBCA increase was mainly associated with 
activation of Ca 2+  control mechanisms, while the red cell deformability was closely 
associated of the adenylyl-cyclase-cAMP system.      
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  Abstract   The zebrafi sh ( Danio rerio ) has emerged as a new model system during 
the last three decades. The fact that the zebrafi sh larva is transparent enables sophis-
ticated  in vivo  imaging. While being the vertebrate, the reduced complexity of its 
nervous system and small size make it possible to follow large-scale activity in the 
whole brain. Its genome is sequenced and many genetic and molecular tools have 
been developed that simplify the study of gene function. Since the mid 1990s, the 
embryonic development and neuronal function of the larval, and later, adult zebrafi sh 
have been studied using calcium imaging methods. The choice of calcium indicator 
depends on the desired number of cells to study and cell accessibility. Dextran indi-
cators have been used to label cells in the developing embryo from dye injection 
into the one-cell stage. Dextrans have also been useful for retrograde labeling of 
spinal cord neurons and cells in the olfactory system. Acetoxymethyl (AM) esters 
permit labeling of larger areas of tissue such as the tectum, a region responsible for 
visual processing. Genetically encoded calcium indicators have been expressed in 
various tissues by the use of cell-specifi c promoters. These studies have contributed 
greatly to our understanding of basic biological principles during development and 
adulthood, and of the function of disease-related genes in a vertebrate system.  

  Keywords   Calcium  •  Development  •  Genetically encoded calcium indicator  
•  Transgenic  •  Zebrafi sh      
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   Introduction 

 The zebrafi sh ( Danio rerio ) (Fig.  48.1 ) has emerged as a new model system during 
the last three decades. Its attractiveness as an experimental system stems from a 
number of factors that are pushing the zebrafi sh to the forefront as a model system 
for biomedical research. The fact that the zebrafi sh larva is transparent during its 
fi rst days, and can stay transparent longer with chemical treatment or as non-
pigmented strains (Fig.  48.1b )  [  2  ]  enables    sophisticated  in vivo  imaging. While being 
a vertebrate, the reduced complexity of its nervous system and small size make it 
possible to follow large-scale activity in the whole brain. Its genome is sequenced 
and many genetic and molecular tools have been developed that simplify the study 
of gene function. For example, a variety of mutants strains have been isolated in 
large mutagenesis screens. The identifi cation of cell-specifi c enhancers and promot-
ers has been used for the development of transgenic animals. Moreover, proteins 
can be easily overexpressed transiently or in stable lines using DNA injection into 
the fertilized egg. Similarly, proteins can be down-regulated during the fi rst 5 days 
by the use of morpholino oligonucleotides  [  3  ] .  

 Due to its external and fast embryonic development, the zebrafi sh initially 
attracted developmental scientists. With time, the zebrafi sh has showed usefulness 
in different areas, including cardiovascular research  [  4  ] , neurodegenerative diseases 
 [  5  ] , psychiatry  [  6  ]  and cancer research  [  7  ] . One quickly growing fi eld using the 
zebrafi sh is high-throughput chemical and toxicological screening benefi tting from 
the small size and simplicity of drug delivery through the skin  [  8,   9  ] . Also, various 
techniques such as electrophysiological recordings, calcium imaging and behav-
ioral tests have demonstrated the convenience of the zebrafi sh as a model system. 
Particularly, the combination of  in vivo  physiological and behavioral techniques in 
wild-type, mutated or transgenic zebrafi sh has made it possible to perform studies 
that would be hard or impossible in other preparations. 

 The aim of this chapter is to give a broad summary of the indicator dyes and label-
ing techniques used to record intracellular calcium in various zebrafi sh preparations 
and a review of fi ndings from projects using calcium imaging in the zebrafi sh.  

  Fig. 48.1    The zebrafi sh can be studied at various ages. ( a ) Photo of wild type zebrafi sh embryos, 
~24 h post-fertilization (Reprinted from Kaufman et al.  [  1  ]  by permission from Macmillan 
Publishers Ltd. Copyright 2009). ( b ) Zebrafi sh  nacre  mutant larva, ~72 h post-fertilization (Photo: 
Todd O. Anderson). ( c ) Adult male zebrafi sh (Photo: Todd O. Anderson)       
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   Calcium Indicators 

 The main advantages of using the zebrafi sh for calcium imaging are the variety of 
labeling methods and the small size, enabling  in vivo  imaging of many different 
structures in either anesthetized or awake animals. Since the mid 1990s, the embry-
onic development and neuronal function of the larval, and later, adult zebrafi sh have 
been studied using calcium imaging methods. Calcium indicators can be divided 
according to their chemical structure, optical properties and means of delivery  [  10  ] . 
Dextran-conjugated indicators, membrane-permeable acetoxymethyl (AM) ester 
dyes and genetically encoded calcium sensors have all been used in the zebrafi sh, 
studying phenomena ranging from the fertilization of the oocyte to following neu-
ronal activity in the adult animal. The choice of calcium indicator depends on the 
desired number of cells to study and cell accessibility. For example, dextran indica-
tors can restrict their labeling to a limited number of cells, or label cells in a cell 
lineage during development  [  11  ] . In contrast to dextrans, the perfusion of AM esters 
permits labeling of larger areas of tissue using multi-cell bolus loading  [  12  ]  or can 
be used to label isolated organs or cells in culture  [  13  ] . Genetically encoded indica-
tors can give precise labeling of identifi ed cell types by the use of cell-specifi c gene 
enhancers or promoters, either limited to a couple of specifi c neurons or labeling 
the whole brain or organ with a general promoter, such as the neuronal  HuC  pro-
moter  [  14  ] . 

   Dextrans 

 The water-soluble dextran-conjugated calcium indicators have a wide variety of 
applications, ranging from injection into developing eggs, dialysis into cells or 
injection into axonal pathways which leads to local dye uptake with subsequent 
anterograde and retrograde transport over hours and days. Dextran dyes can fi ll 
structures far away meaning that imaging can be done at a distance from the injec-
tion site where the tissue might be damaged and unspecifi cally stained, increasing 
the background fl uorescence. In comparison with the AM ester dyes they show no 
compartmentalization and have low toxicity. 

 Calcium Green-1 dextran is the most common visible light–excitable calcium 
imaging dye used in the larval zebrafi sh  [  15  ] . Injected into the axonal tracts of the 
spinal cord of larval zebrafi sh it can backfi ll neurons in the spinal cord, hindbrain 
and midbrain  [  16  ] . Injections of Calcium Green-1 dextran into eggs at the one-cell 
stage have helped showing calcium fl uctuations during fertilization, cleavage and 
blastula period. If injected embryos are let to develop, dye is retained in developing 
cells becoming for example neurons, which can then be optically recorded from. 
Calcium Green-1 dextran injections into the olfactory bulb in adult zebrafi sh have 
contributed to knowledge about processing in olfactory sensory neurons  [  17  ] . 
Dissociated muscle cells from zebrafi sh can also be dialyzed with Calcium Green-1 
dextran for imaging  [  18  ] . 
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 The related dye Oregon Green 488 BAPTA-1 has low calcium-binding affi nity, 
high fl uorescence yield and great resistance to photobleaching. It has been used simi-
larly to retrograde label neurons and to stain cells following egg injections. It has 
been used together with Texas Red dextran for ratiometric calcium measurements 
during gastrulation  [  19  ] . Similarly, Fluo-4 dextran has been used to monitor calcium 
events in the zebrafi sh blastula  [  20  ]  and in muscle fi bers after egg injections  [  21  ] . 
The ratiometric dextran-conjugated calcium indicators in the UV spectra, Fura-2 and 
Bis-Fura-2, have been used to image somitogenesis  [  22  ] .  

   AM Esters 

 Cell-permeable AM esters diffuse into cells where endogenous esterases will cleave 
the ester groups, trapping the indicators inside the cells. AM esters can simultane-
ously and nonselectively label numerous cells. On the other hand, AM esters serve 
as a faster means of labeling cells (30 min) than dextran dye backfi lling (12–24 h) 
 [  23  ] . AM esters are often mixed with pluronic acid, increasing the solubilization of 
water-insoluble dyes. 

 The fi rst attempt to label larger portions of the larval zebrafi sh spinal cord was 
done by Brustein and colleagues in 2003, using bolus injections of AM ester cal-
cium dyes  [  23  ] . However, this method to label the spinal cord failed to gain any 
success, perhaps due to the development of genetically encoded calcium indicators 
blooming around the same time. However, this technique has been useful when 
labeling structures in the tectum with Oregon Green 488 BAPTA-1 AM  [  24  ] . 
Embryonic hearts have been labeled with Fluo-4 and Calcium Orange AM esters 
before imaging  [  25,   26  ] . In the red spectra, rhod-2 AM labels the larval  [  27  ]  and 
adult  [  28  ]  zebrafi sh olfactory bulb.  

   Genetically Encoded Calcium Indicators (GECIs) 

   Bioluminescent Aequorins 

 Protein-based calcium indicators can be divided into being fl uorescent or biolumi-
nescent, i.e. either emitting light when excited by light, or emitting visible light 
following a chemical reaction in a living organism. The fi rst bioluminescent calcium 
sensitive photoprotein used in the zebrafi sh was aequorin derived from the jellyfi sh 
 Aequorea Victoria   [  29,   30  ] . The binding of calcium ions to the photoprotein starts 
an enzymatic reaction leading to an emission of blue light. In contrast with fl uores-
cent reporters, aequorin has no background light emission at basal calcium levels 
and does not require excitation light. Since no input of radiation energy is required, 
problems with photobleaching, phototoxicity and autofl uorescence are avoided. 

 Recombinant aequorin has been directly injected into the zebrafi sh egg before 
fertilization to study calcium patterns during the whole embryogenesis up to ~24 h 
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  Fig. 48.2    Localized calcium signaling events occur during the blastula period of zebrafi sh devel-
opment. ( a ) A bright-fi eld image of a blastula stage embryo (3.7 h) viewed from the animal pole. 
Scale bar is 200  m m. ( b ,  c ) Schematics of the embryo from animal pole ( AP ) views ( b ) and lateral 
views ( c ) to show the morphology of the blastula stage embryo more clearly.  BD  and  VP  are blas-
toderm and vegetal pole, respectively. ( d – m ) The patterns of aequorin-generated light that are 
emitted by groups of interconnected enveloping layer cells within the blastoderm of the embryo 
shown in  panel A . Each panel represents 240 s of accumulated luminescence with a 120 s gap 
between each image. Color scale indicates luminescence fl ux in photons/pixel (Reprinted from 
Webb and Miller  [  31  ] . Copyright 2006, with permission from Elsevier)       

(Figs.  48.2  and  48.3 ), from fertilization to the formation of somites  [  33,   34  ] . To 
allow calcium imaging at later stages, mRNA coding for the native apoaequorin 
has been injected into the fertilized egg, expressing the fl uorescent protein in 
somites and the trunk as late as 48 h  [  35  ] .   
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 Despite a good signal to noise ratio, the low quantum yield of aequorin has lim-
ited its use. However, aequorin naturally exists in complex with green fl uorescent 
protein (GFP), and energy from the chemical reaction of aequorin is transferred to 
GFP, leading to an emission of green light. This association with GFP is increasing 
the effi ciency of calcium-dependent photoemission from aequorin from 10% to 
90%, which inspired the development of a GFP-aequorin fusion protein  [  36  ] . 
Injection of chimeric GFP-aequorin mRNA gives protein expression as early as 
blastula stage  [  37  ]  until at least 48 h post-fertilization (hpf)  [  35  ] . Zebrafi sh with 
GFP-apoaequorin expression driven by the  neuro- b -tubulin  promoter in hypocretin 
neurons as late as 7 days post-fertilization (dpf) have been used to study neuronal 
activity during natural behaviors  [  38  ] .  

  Fig. 48.3    Non-propagating localized domains of calcium and pan-embryonic intercellular cal-
cium waves occur during the gastrula period of zebrafi sh development. ( a ) Schematic representa-
tion of the embryo illustrated in  panels B – I , to show its orientation and the direction of propagation 
of the calcium waves more clearly. AP, VP, D, V and S are animal pole, vegetal pole, dorsal, ventral 
and shield, respectively. ( b – i ) A representative example of two pan-embryonic intercellular cal-
cium waves at ~90% epiboly, recorded using aequorin. These waves are initiated at the embryonic 
shield, marked with an “ S ” in  panel C , and propagates both around the blastoderm margin and 
along the embryonic axis in an anterior direction. Examples of non-propagating localized domains 
of elevated calcium are marked with asterisks in  panel B . Each panel represents 120 s of accumu-
lated luminescence with a 30 s gap between each image. Color scale indicates luminescence fl ux 
in photons/pixel. Scale bar is 200  m m (Reprinted from Webb and Miller  [  32  ] . Copyright 2006, with 
permission from Elsevier)       
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   GFP-Derived Fluorescent Indicators 

   Cameleon 

 A majority of the fl uorescent GECIs are derivatives of GFP  [  39  ] . One of the fi rst 
genetically encoded calcium indicators to be developed was cameleon, a hybrid 
protein in which cyan fl uorescent protein (CFP) and yellow fl uorescent protein 
(YFP) are linked by calmodulin and a calmodulin-binding peptide of myosin light-
chain kinase (M13)  [  40  ] . When calcium levels are increasing, calcium binds to 
calmodulin, resulting in fl uorescence resonance energy transfer (FRET) from CFP 
to YFP  [  41  ] . When excited by a wavelength appropriate for CFP excitation, an 
increase in calcium concentration causes an increase in the YFP/CFP fl uorescence 
intensity ratio. Thus cameleon serves as a ratiometric calcium indicator. 

 Yellow cameleon 2.1 (YC2.1) has been generally expressed in the zebrafi sh brain 
using the  HuC  promoter, and specifi cally in spinal neurons using the  Islet-1  pro-
moter  [  42  ] . Injection of YC2.12 mRNA into the fertilized egg gives YC expression 
between 3 and 48 h and has helped researchers to follow calcium changes during 
gastrulation  [  41  ] . 

 The most recent YC indicators, the YC-Nano group of sensors, have an increased 
calcium affi nity and large signal change. Initial tests in the zebrafi sh where purifi ed 
YC-Nano proteins were injected in fertilized egg show calcium fl uctuations from 
spontaneous muscle contractions in embryonic fi sh  [  43  ] .  

   Pericams 

 Pericams  [  44  ]  are based on a circular permutated GFP mutant. In pericams, calcium 
binding opens and closes a structure in the molecule, causing large changes in fl uo-
rescence  [  45  ] . Three types of pericams were generated with distinct spectral proper-
ties: probes whose fl uorescence increases with calcium (fl ash pericam), decrease 
with calcium (inverse pericam) or undergoes a shift in excitation wavelength in a 
calcium-dependent manner (ratiometric pericam). Inverse pericam has been used to 
study calcium signaling in the olfactory bulb in both larval and adult zebrafi sh  [  46  ] .  

   GCaMP 

 In 2001, Nakai and coworkers developed a calcium probe based on a single GFP 
molecule with high calcium affi nity named GCaMP  [  47  ] . GCaMP expressed in 
larval hearts have illustrated muscle contractions  in vivo   [  48  ]  and the versions 
GCaMP1.6 and GCaMP3 have been expressed in the zebrafi sh tectum, a brain area 
responsible for visual processing  [  49  ] . The latest addition of GCaMP probes is the 
GCaMP-HS (GCaMP- h yper  s ensitive)  [  50  ]  which is brighter at the resting level 
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and more sensitive to the change of intracellular calcium concentrations than the 
previous version. It has been used to record spontaneous activity in motoneurons in 
larval zebrafi sh  [  50  ] . 

 SyGCaMP2, is a fusion of GCaMP2 to the cytoplasmic side of synaptophysin, a 
transmembrane protein in synaptic vesicles  [  51  ] . By imaging zebrafi sh  in vivo , it 
has been demonstrated that SyGCaMP2 can be used to monitor visual activity in 
synapses of spiking neurons in the optic tectum and neurons in the retina, sampling 
hundreds of terminals simultaneously (Fig.  48.10 )  [  51  ] . 

 In conclusion, depending on the cell-specifi city and temporal resolution required, 
calcium photoproteins can be delivered and used in different ways. Injecting a puri-
fi ed photoprotein enables detection of calcium signals already at fertilization, while 
injection of mRNA delays the time when the photoprotein is available, but gives a 
prolonged window of protein expression. DNA injections of the photoprotein gene 
driven by cell-specifi c promoters give a precise spatiotemporal pattern. Due to the 
external development of the zebrafi sh embryo, the ease of genetic manipulations 
and possible  in vivo  imaging, the zebrafi sh has been a valuable model system for 
the development of new calcium probes.     

   Calcium Imaging Studies in the Zebrafi sh 

   Development 

 The popularity of the zebrafi sh initially started among the developmental biologists, 
hence leading to the fact that the fi rst zebrafi sh calcium imaging experiments were 
studying calcium signaling in the zebrafi sh egg and early embryo  [  52  ] . Embryological 
studies of the zebrafi sh are particularly rewarding since the developmental process 
is done  ex utero . Fertilized eggs are collected from breeding couples in the morning 
and can then be studied throughout the day, reaching the segmentation period within 
the fi rst 24 h. The early development of the zebrafi sh embryo is comparably fast, 
and the speed of development can be manipulated by increasing or decreasing the 
temperature of the eggs/embryos. The precise developmental periods have been 
described by Kimmel and colleagues  [  53  ] . When incubated at 28.5°C the times for 
the developmental stages are the following: zygote (0–0.75 h), cleavage period 
(0.75–2.25 h), blastula period (2.25–5.25 h), gastrula period (5.25–10.33 h), seg-
mentation period (10.33–24 h), pharyngula period (24–48 h) and hatching period 
(48–72 h). 

 Calcium signaling has been studied throughout the whole development of the 
zebrafi sh embryo  [  34,   54,   55  ] . The zygote and cleavage periods are dominated by 
intracellular calcium signals, but as the embryonic cell number increases, there is an 
appearance of localized intercellular signals along with the intracellular ones  [  56  ] . 
This transition proceeds through the blastula and early gastrula periods. Then, 
as global patterning processes starts during the rest of the gastrula period, pan-
embryonic intercellular signals associated with the dramatic morphological events 
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of gastrulation can be observed  [  20  ] . Once the germ layers and major body axes are 
established, there is a return to localized intercellular signals associated with the 
generation of specifi c structures, for example somite formation, brain partitioning, 
eye development, and heart formation  [  33  ] . 

 Fluctuations in intracellular calcium during  fertilization  and later developmen-
tal periods have been studied using injections of recombinant aequorin  [  34,   57  ]  and 
Calcium Green-1 dextran, 10 kDa,  [  58  ] . Oocytes are held in place using an egg 
injection chamber  [  57  ]  when carefully injected with the calcium indicator without 
affecting the normal development of the oocyte. In the zebrafi sh oocyte, the blasto-
disc (animal pole) is located on top of the yolk cell (vegetal pole). Activation and 
fertilization of the oocyte are then done under the confocal microscope to monitor 
the fl uorescence during these processes. The unfertilized zebrafi sh oocyte exhibits 
little evidence of calcium signaling, however both activation with water and fertil-
ization trigger rapid increases in intracellular calcium in the oocyte cortex. This 
fl uorescence continues to increase during the fi rst 12–15 min post-insemination 
(mpi), particularly at the animal pole  [  58  ] . The initial transient is followed by a 
more prolonged transient reaching a higher amplitude with a maximum at 8–10 mpi 
 [  58  ] . These two initial transients are followed by later calcium oscillations (30–
60 mpi) associated with blastodisc expansion and cytokinesis  [  34,   57,   59  ] . 

 The zebrafi sh  cleavage period  is represented by six rapid and synchronical cell 
cleavages, with one blastomere division approximately every 15 min. The zebrafi sh 
embryo undergoes discoidal cleavage, meaning that the blastodisc is located at the 
animal pole and is divided with cleavage furrows that do not penetrate or divide the 
yolk. The cells remain interconnected by cytoplasmic bridges. Elevation of intrac-
ellular calcium can be seen at the cleavage furrow before the fi rst cell cleavage, i.e. 
the furrow positioning signal, then during the furrow formation and deepening of 
the furrow  [  60  ] . Next, calcium elevations can be observed along the equators of the 
dividing cells, where the second cleavage furrow emerges. Thus, it appears that 
there is a close spatial correlation between elevated calcium and the formation of a 
cell cleavage furrow  [  59,   61  ] . The calcium signals at cleavage furrows  [  62  ]  and 
subsequent cell divisions  [  59  ]  have indeed been prevented by injection of the cal-
cium chelator BAPTA into the embryo, indicating the importance of calcium for 
cell division  [  63  ] . 

 At the 256-cell stage, the  blastula period  begins with the start of asynchronous 
cell divisions and zygotic gene transcription. During this period, the yolk syncytial 
layer (YSL) forms, and epiboly begins. This means spreading and fl attening of the 
blastula to fi nally cover the whole yolk at the end of epiboly. During this period, 
there is a transition from intracellular signals to intercellular signals within the blas-
tula. Using 70 kDa Calcium Green-1 dextran, Reinhard and others  [  34,   56  ]  demon-
strated that localized elevations of calcium, so called calcium spikes, are generated 
in individual cells or small groups of cells in the blastoderm (Fig.  48.2 ). These sig-
nals are restricted to the enveloping layer (EVL) cells and appear to propagate as 
calcium waves  [  56  ] . 

 During the  gastrula period , each germ layer (endoderm, mesoderm, ectoderm) 
is spatially organized so that organs and tissues can form in the correct locations. 
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The morphogenetic movements of involution, convergence, and extension form the 
epiblast, hypoblast, and embryonic axis through the end of epiboly  [  19  ] . The level 
of intracellular calcium reaches a maximum during early gastrulation (6.5 h), when 
epiboly resumes and the embryonic shield starts to extend towards the animal pole 
 [  34  ] . Fast intracellular calcium waves have been observed around the blastoderm 
margin during late epiboly, moving up the trunk in an anterior direction (Fig.  48.3 ) 
 [  20,   54  ] . The function of these axial waves are unknown but are thought to contrib-
ute to the calcium waves that underlie the large-scale migrations of cells during this 
period. 

 Other calcium release events that are seen during gastrulation are aperiodic tran-
sient fl uxes found mainly in the EVL and dorsal forerunner cells becoming the 
Kuppfer’s vesicle, a structure implicated in laterality  [  64  ] . Kreilig et al.  [  19  ]  used 
ratiometric calcium measurements using Oregon Green 488 BAPTA-1 dextran and 
the calcium-insensitive control Texas Red dextran to investigate the role of calcium 
for lateralization during gastrulation (Fig.  48.4 ). They found that gastrula stage 
embryos maintain a distinct pattern of cytosolic calcium along the dorsal-ventral 
axis, with higher calcium concentrations in the ventral margin and lower calcium 
concentrations in the dorsal margin and dorsal forerunner cells. Suppression of the 
endoplasmic reticulum calcium pump with thapsigargin elevates cytosolic calcium 
in all embryonic regions, induces a randomization of laterality in the heart and brain 
and malformation of the Kupffer’s vesicle.  

 Following the dramatic global rearrangements during gastrulation, the embryo 
now undergoes a series of more localized morphogenetic movements that make up 
the  segmentation period . Somites and the neural cord develop during this period, 
as well as the primary organs. The earliest body movements can be seen at this time. 
At 10–11 h of development, distinct calcium patterns can be recognized along the 
antero-posterior axis of the embryo  [  34  ] . High calcium levels can be observed in the 

  Fig. 48.4    Ratiometric imaging of cytosolic calcium patterns during gastrulation. ( a ) Overlay of 
bright fi eld ( grey-scale ), the calcium indicator Oregon Green BAPTA-1 dextran ( green ), and the 
calcium-insensitive control Texas Red dextran ( red ) images of a 6-h-old embryo.  DFC  dorsal 
forerunner cells. ( b ) Overlay of Oregon Green BAPTA-1 dextran and Texas Red dextran. 
( c ) Pseudocolored ratiometric image ( green/red ). Scale bar is 200  m m (Reprinted from Kreilig 
et al.  [  19  ] . Copyright 2008, with permission from Elsevier)       
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presumptive mid- and forebrain in contrast to low calcium in the presumptive hind-
brain. This specifi c calcium pattern in the brain remains clearly visible for several 
hours and precedes morphological patterning of the brain  [  34  ] . Apart from the cal-
cium patterns in the head, various calcium waves, gradients, and spikes were 
observed in the trunk and tail region (Fig.  48.5 ). The most pronounced is an ultraslow 
calcium wave moving posteriorly along with the formation of the somites and neu-
ral keel at 10–14 h  [  34  ] .  

 Freisinger et al.  [  22  ]  used the ratiometric dextran-conjugated calcium indicators 
Fura-2 and Bis-Fura-2, injected into the developing oocyte to monitor calcium 
changes during somitogenesis (Fig.  48.5 ). They combined these recordings with 
down-regulation of specifi c genes using morpholinos to investigate their involve-
ment during segmentaton. Experiments showed that  rgs3  and  wnt5b  gene function 
are required for appropriate frequency and amplitude of calcium release activity in 
the embryo during segmentation  [  22  ] . 

 The zebrafi sh embryo enters the  pharyngula period  at 24 h when the body axis 
begins to straighten. The circulation system develops and the heart starts to beat. 

  Fig. 48.5    Calcium dynamics during zebrafi sh somitogenesis. ( a ) Illustration of the position of a 
10 somite stage (14 h post-fertilization) zebrafi sh embryo relative to the objective during calcium 
imaging. The embryo is labeled with injections of the ratiometric dye Fura-2 at the one-cell stage 
and imaged on an epifl uorescent microscope. ( b – e ) Representative ratio images, pseudocolored 
with low ratio ( low calcium ) represented by  blue  and high ratio ( high calcium ) represented by  yel-
low/red , of 3, 6, 9 and 13 somite stage embryos. (B’–E’) The forming somites and notochord can 
be identifi ed by the grey-scale fl uorescence images. (B”–E”) Overlay of grey-scale and ratio 
images illustrate the regions of calcium release activity relative to morphology. Arrowheads indi-
cate areas of sustained calcium activity between forming somites.  Ant.  Anterior,  Pos.  Posterior,  S  
somite number (Reprinted from Freisinger et al.  [  22  ] )       
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The brain has now fi ve distinct lobes and the pharyngula shows tactile sensitivity 
and uncoordinated movement. The  hatching  embryo (48–72 h) continues to form 
the primary organ systems and the sensory systems are complemented by hair cells 
and olfactory placodes  [  53  ] . The zebrafi sh is considered a  larva  from 72 h to 30 days 
(Fig.  48.1b ) when it grows in size to become an adult animal (Fig.  48.1c ). 
Pigmentation of the zebrafi sh skin starts around 24 h which requires 1-phenyl-2-
thiourea treatment to keep embryos transparent, or the use of non-pigmented strains 
like  nacre   [  2  ] . Calcium imaging of different parts of the nervous system and muscle 
cells during these later stages will be described in the next section of this chapter.  

   The Hindbrain and Reticulospinal Neurons 

 At the time when developmental biologists started to monitor calcium signaling 
events during development, physiologists started to inject dextran-conjugated 
Calcium Green-1 into the spinal cord to investigate fi ring properties of neurons in 
the spinal circuits and hindbrain  [  15,   65  ] . Since then, calcium imaging has been an 
important noninvasive tool in larval zebrafi sh to study neuronal activity and con-
nectivity, simultaneously from a population of neurons. 

 The Mauthner cell network is one of the fi rst circuits in the zebrafi sh brain that 
was studied using calcium imaging  [  15,   65  ] . The Mauthner cell is a large reticu-
lospinal neuron located in the hindbrain (Fig.  48.6b, c ) and responsible for the star-
tle response, elicited by various sensory stimuli such as touch, sound, and visual 
input. It has two prominent dendrites and its axon crosses over to the contralateral 
side where it activates motoneurons, contracting the muscles to propel the fi sh 
trough the water. Two homologous reticulospinal neurons, MiD2cm and MiD3cm, 
are located in adjacent segments (Fig.  48.6c ) and can elicit a startle response if the 
Mauthner cell is deleted  [  66  ] .  

 In the fi rst experiments labeling Mauthner cells by Fetcho and O’Malley, 10 kDa 
Calcium Green-1 dextran was injected into the spinal cord of anesthetized larvae 
 [  15,   65  ] . Animals of a few days up to 2 weeks were used. Due to the severing of 
axons, the water-soluble dye can enter and fi ll the Mauthner cell bodies even at a far 
distance. Using a 50% dye solutions, injections produced intensely labeled Mauthner 
cells that could be imaged within 12 h (Fig.  48.6a, b ). Neuronal activity correspond-
ing to an escape response was elicited in the imaged neurons by tapping the head of 
the fi sh with a small glass probe attached to a piezoelectric crystal. These initial 
confocal recordings showed that calcium responses in the Mauthner cell only 
occurred when an escape response was produced. Calcium transients in the Mauthner 
cell were elicited from both head and tail stimulations, while the homologs only 
responded to head taps. Using the same preparation, Gathan et al. discovered that a 
substantial majority of the ~220 descending neurons, spanning the rostral-caudal 
extent of the brain stem, are signaling during the startle response (Fig.  48.7 )  [  16  ] .  

 A later confocal imaging study used Oregon Green 488 BAPTA-1 dextran-
labeled Mauthner cells and homologs to investigate potential differences in their 
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responsiveness to various sensory inputs  [  67  ] . The authors showed that auditory or 
vestibular inputs lead to a Mauthner cell-mediated fast escape with short latency. In 
contrast to previous work by O’Malley et al.  [  65  ] , Kohashi et al. showed that a water 
pulse directed to the head did not induce Mauthner cell fi ring, but the homolog 
MiD3cm was more active than in the short-latency escape  [  67  ] . 

 Our knowledge of the structure and function of reticulospinal neurons has grown 
during the last two decades. The fact that these neurons are large and their mor-
phology easily distinguishable and their activation lead to a distinct response makes 
this system very useful to functional investigations of genetic modifi cations. With 
the discovery of a variety of mutant strains, generated in large-scale genetic screens, 
the possibilities to learn about the formation and function of the nervous system are 
unlimited. For example, in one large-scale screen for behavioral locomotive defects, 
over 150 motility mutants were identifi ed  [  68  ] . Interestingly, many of these mutants, 
including  orbiter ,  mercury  and  gemini , lack the ability to startle to vibrational 
stimuli, mediated by mechanosensory hair cells to the reticulospinal neurons. 
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  Fig. 48.6    Labeling of reticulospinal neurons in the larval zebrafi sh and recording of changes in 
intracellular calcium during the startle response. ( a ) Injection of a dextran dye (here calcium-
insensitive rhodamine dextran) into the spinal cord of a larval zebrafi sh. ( b ) Descending projection 
neurons labeled with Calcium Green-1 dextran (10 kDa) in a wild type larva with normal pigmen-
tation 24 h after injection. The pair of Mauthner cells is marked with a  red  asterisk and the 
midbrain neurons with a  green  asterisk. ( c ) Confocal microscopy image showing Mauthner cells 
and its homologs labeled with Calcium Green-1 dextran in a 5-day-old larva. Scale bar is 25  m m. 
( d ) The region of interest (ROI) 1 marks the Mauthner cell, ROI 2 the closest segmental homolog, 
MiD2cm, and ROI 3 the homolog MiD3cm. Background activity from non-labeled cells is recorded 
from ROI 4. Scale bar is 25  m m. ( e ) Graph of the changes in intracellular calcium levels from 
ROI1-4 during weak electrical stimulation of the skin. The X-axis indicates time. Two skin shocks 
to the head were delivered to the fi sh at the time points indicated by the blue arrows. The Y-axis 
indicates the fl uorescence intensity in arbitrary units. 0 represents no fl uorescence; the value of 
maximal fl uorescence is 256. The numbers and colors of the traces correspond to those for the 
ROIs in ( d ). Thus, trace 1 depicts the calcium response in ROI 1, trace 2 the calcium response in 
ROI 2, etc. The two skin shocks produced two fast peaks in intracellular calcium in the Mauthner 
cell and the segmental homologs. Each of the calcium transient lasted about 5 s       
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Using fl uorescent microscopy, the hindbrain activity of 5-day-old mutants labeled 
with egg injections of Calcium Green-1 dextran, was recorded  [  69  ] . By comparing 
the responsiveness of hindbrain neurons to either vibrational or acoustical stimuli, 
it was possible to distinguish between defects in hair cell function and events 
downstream of mechanotransduction. 

 Another mutant line, found in the large-scale screens, was the zebrafi sh  deadly 
seven/notch1a  ( des ) mutant resulting in supernumerary Mauthner cells  [  70  ] . 
Labeling of all these Mauthner cells with Calcium Green-1 dextran and subsequent 
confocal imaging revealed that they are all active during an escape response  [  71  ] . 

  Fig. 48.7    Examples of calcium-responsive neurons in the zebrafi sh hindbrain and midbrain. ( a ) A 
composite of two confocal image stacks, showing the rostral-caudal extent of neurons that project 
from the brain into the spinal cord, labeled with Oregon Green 488 BAPTA-1 dextran. The seg-
mental arrangement of the neurons is indicated alongside the image. ( b – d ) Examples of calcium 
responses from three neurons located in midbrain or hindbrain. Each neuron shows a robust cal-
cium response (plotted in the inset) in response to a tap to the head (during the frame marked by 
an asterisk). Frames were acquired at 450-ms intervals and are plotted from left to right in consecu-
tive rows. Fluorescence plots are background subtracted and normalized to the preceding baseline. 
Relative fl uorescence intensity is indicated by the color scale at the bottom.  nMLF  nucleus of the 
medial longitudinal fasciculus,  cMeL  medial-lateral cell,  MiV1  reticulospinal neuron in rhombom-
ere 4,  T reticular  T reticular interneurons (Reprinted from Gahtan et al.  [  16  ]  with permission from 
the American Physiological Society)       
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Similarly, overexpressing the  hoxb1b  gene via injection of  hoxb1b  mRNA into the 
one-cell stage resulted in ectopic Mauthner cells in rhombomere 2 in addition to the 
Mauthner cells in rhombomere 4  [  72  ] . Ratiometric calcium imaging comparing 
the fl uorescence from Calcium Green-1 dextran with the calcium insensitive Texas 
Red dextran in these animals showed that the ectopic Mauthner cells also responded 
to head taps. These two studies show how calcium imaging is a useful tool to inves-
tigate how network properties are adjusted when the number of homologous cells 
changes during evolution. 

 Soon, the fi eld of reticulospinal cell imaging expanded to involve networks feed-
ing into the Mauthner cell, regulating its function. For example, investigations were 
made of the three different inhibitory connections of the Mauthner cell network; 
recurrent inhibition mediated by an ipsilateral collateral of the Mauthner cell axon, 
feed-forward inhibition driven by sensory afferents, and reciprocal inhibition 
between bilaterally opposed Mauthner cells  [  73  ] . This inhibition could be confi rmed 
by confocal recordings of calcium signals in Mauthner cells when these inhibitory 
connections where stimulated. 

 With time, calcium imaging studies in the larval zebrafi sh have started to involve 
even larger networks around the Mauthner cell, aiming at explaining the complex 
mechanisms of sensory regulation  [  74,   75  ] . Orger et al.  [  74  ]  investigated which 
neurons control specifi c motor patterns by measuring calcium responses from the 
whole population of descending projection neurons during visually induced loco-
motor patterns, including swimming and turns. First, the specifi c visual patterns that 
evoked turns in freely swimming larval zebrafi sh were determined. Then, the same 
patterns were presented to Calcium Green-1 dextran-injected fi sh, identifying the 
neurons responding to the turn-evoking visual stimuli. To confi rm their involvement 
in turning, two-photon laser ablation of labeled neurons were done prior to behav-
ioral testing. It was found that stimuli that drive distinct behaviors activated distinct 
subsets of projection neurons, consisting, in some cases, of just a few cells. This 
stands in contrast to the distributed activation seen for more complex behaviors  [  76  ] . 

 One group of neurons that showed an optomotor response in the study by Orger 
et al. was the nucleus of the medial longitudinal fasciculus (nMLF), the most rostral 
of the descending projecting neurons (Fig.  48.8a ). They had previously been impli-
cated in escape, swimming and prey capture behaviors  [  16,   77  ] . Sankrithi and 
O’Malley performed calcium imaging in Oregon Green 488 BAPTA-1-labeled 
3–5 day-old-animals  [  75  ] . Calcium responses were monitored simultaneously with 
recording swimming, turning and struggling movements, elicited by head taps and 
abrupt illumination (Fig.  48.8b, c ). This type of preparation shows the advantage of 
using the transparent zebrafi sh larvae to study which cells are active during certain 
behaviors, which would be more complicated in other vertebrate systems.   

   Spinal Cord Neurons 

 In parallel with recording activity in reticulospinal neurons, recordings in the down-
stream spinal cord neurons started. Spinal cord neurons were labeled in the same 
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way as described previously for the Mauthner cells (Fig.  48.6 )  [  15  ] . The labeling 
depend on the injection site; muscle injections label only motoneurons and sensory 
Rohon-Beard cells, while spinal injections also label spinal interneurons. Head-taps 
lead to a calcium increase in the primary motoneurons downstream of the Mauthner 
cell. Similarly, the activation of interneurons can be followed during the elicited 
escape response and swimming, revealing that different interneuron classes are 
responsible for the two behaviors  [  78  ] . 

 Further improvement of this imaging method involved ratiometric imaging of 
Calcium Green-1 and Alexa Fluor 647 dextrans, which prevents fl uorescence fl uc-
tuations due to movements. Using low magnifi cation, Bhatt et al. were able to moni-
tor up to six body segments for simultaneous imaging  [  79  ] . From these recordings, 
it was possible to conclude that a group of identifi ed excitatory spinal CiD interneu-
rons is recruited differently depending of the location of the stimuli, i.e. the head or 
the tail. Head stimuli, which evoke stronger movements, involve activation of every 
CiD interneuron. Tail stimuli also massively recruit nearly the entire interneuronal 

  Fig. 48.8    Midbrain neurons are activated during struggling behavior. ( a ) Micrograph showing 
 in vivo  labeling of neurons in the nucleus of the medial longitudinal fasciculus ( nMLF ) and the 
hindbrain (Mauthner cell and  RoM2M ,  RoM3M  rhombomere-2 and rhombomere-3 Medial-Medial 
cells, respectively) using Oregon Green 488 BAPTA-1 dextran. The nMLF contains several clus-
ters of small neurons that can be individually identifi ed as  MeM  (medial-medial) and  MeL  (medial-
lateral) cells: MeLr, MeLc, and MeLm. They are readily distinguished in this larva with unilateral 
labeling. The large MeL cells have extensive lateral and ventral dendrites and project ipsilaterally. 
( b ) A sequence of trunk movements characteristic of a larval struggle is shown. Every third frame 
is shown from a representative struggling behavior recorded at 500 frames/s (time after the head-
tap stimulus is shown in ms). The arrows point to where the trunk is pressed fl at against the agar. 
( c ) In a concurrent calcium recording, this MeLm neuron shows a modest fl uorescence response 
during the struggling. The frames were collected at 440 ms/frame. The behavior occurred during 
the seventh confocal frame when a movement artifact can be observed (Reprinted from Sankrithi 
and O’Malley  [  75  ] . Copyright 2010, with permission from Elsevier)       
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pool, but with a lesser activation of the individual neurons. These fi ndings show that 
CiD interneurons do not follow the general principle to increase strength in move-
ments by the gradual recruitment of inactive motoneurons with larger motor units 
and by increased fi ring of active cells  [  80  ] . In CiD interneurons, no difference in 
size was distinguished between recruited neurons and fi ring frequency, correspond-
ing to higher calcium indicator ratios  [  79  ] . 

 The development of spinal cord networks is partly regulated by spontaneous 
activity. This activity can be studied during the pharyngula period following 
injection of dextran dyes into a single blastomere between the 32- and 128-cell 
stage  [  81  ] . This randomly labels cells in all regions of the developing embryo, 
such as spinal cord, muscle and skin. At this stage, the neurons have few pro-
cesses making it diffi cult to label them with dextran dye injection directly into the 
spinal cord. The activity in spinal cord neurons has been followed using confocal 
microscopy between 16 and 24 h, showing spontaneous calcium oscillations in 
precursor cells in the spinal cord  [  81,   82  ] . Also, increased calcium levels from 
muscle contractions during the escape response could be distinguished at this 
early stage  [  81  ] . 

 To shorten the fairly long labeling time using dextran dyes that could harm the 
early development by chelating intracellular calcium  [  82  ] , Brustein et al. developed 
a method for bolus injections of AM ester calcium indicators in 4–60 day-old-ani-
mals  [  23  ] . Dye was directly injected into the spinal cord at multiple sites using low 
pressure. Calcium recordings using a two-photon laser-scanning microscope could 
be started 30–60 min after dye injection. To elicit calcium spikes in spinal neurons, 
iontophoretic application of glutamate, GABA and glycine were given to the cells, 
and air puffs to the skin elicited a startle response. Moreover, long-term recordings 
revealed spontaneous calcium transients in individual spinal neurons. However, the 
use of this technique in the spinal cord since Brustein et al. has not been common. 
A possible reason could be that the dense labeling makes a morphological identifi -
cation of single neurons more diffi cult, than the relatively more sparse labeling fol-
lowing injection of dextran dyes. 

 The obvious direction after using synthetic dyes has been the use of GECIs to 
study spinal cord physiology. In the fi rst study of GECI used in the zebrafi sh, yellow 
cameleon 2.1(YC2.1) constructs were injected in zebrafi sh eggs at the one-cell 
stage, using different promoters to drive the expression in specifi c cells  [  42  ] . Sensory 
Rohon-Beard neurons in the spinal cord were labeled using the  Islet-1  promoter 
 [  83  ] , motoneurons and interneurons using the   a -tubulin  promoter and stable trans-
genic lines expressed YC2.1 in all neurons using the  HuC  promoter  [  14  ] . Confocal 
imaging at 2–3 days of development showed that Rohon-Beard neurons responded 
with calcium elevations to electrical skin stimulations. Similarly, primary motoneu-
rons and CiD interneurons responded to a head tap. 

 Recently, a new and brighter GECI, GCaMP-hyper sensitive, was expressed in a 
subset of spinal neurons, including the caudal primary motoneurons  [  50  ] . Similar to 
the fi sh labeled with synthetic dyes, spontaneous activity from the motoneurons 
could be detected in the developing spinal cord using a high-sensitivity cooled CCD 
camera.  
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   Tectum and the Visual System 

 The zebrafi sh retinotectal system is responsible for converting moving visual inputs 
to the appropriate motor output, thus analogous to the mammalian superior collicu-
lus  [  84  ] . The tectum is located just beneath the transparent skin and is therefore 
easily accessible to imaging and manipulations. The topographic map of the visual 
fi eld present in the retina is conveyed into the tectum. Each retinal ganglion cell axon 
is targeted to a single lamina and arborizes exclusively in this lamina. Information 
fl ows primarily from the superfi cial to the deeper layers in the tectum. In the deeper 
neuropil layers, information is transmitted from the axons of interneurons to tectal 
projection neurons reaching premotor areas in the midbrain and hindbrain  [  85  ] . 

 The fi rst recordings of calcium activity in the larval zebrafi sh tectum (Fig.  48.9 ) 
were done after bolus labeling of Oregon Green 488 BAPTA-1 AM into the tectal 
neuropil at 60 hpf to 9 dpf (Fig.  48.9c )  [  24  ] . Visual stimuli of vertically moving dots 
were presented using a miniature LCD screen (Fig.  48.9a ). Larvae were not anes-
thetized during imaging, as the agarose was suffi cient to restrain them and prevent 
eye movements. A two-photon microscope collected images of visually evoked cal-
cium fl uctuation in tectal neurons, showing that zebrafi sh receptive fi eld properties 
could be determined, such as visual topography, receptive fi eld width, and direction 
and size selectivity (Fig.  48.9d–f )  [  24  ] .  

 The function of the tectum is to localize and track moving prey  [  86–  88  ] . To 
reveal the size fi ltering required to detect small objects, the response of tectal 
neurons to different visual stimuli has been tested  [  89  ] . Cell-specifi c promoters 
expressed GCaMP1.6 and GCaMP3 in tectal neuropil, in superfi cial layers or in 
neurons projecting to premotor regions. Imaging of 6–8 dpf animals showed that 
small visual stimuli activated the deep layers and the dendrites of single tectal 
neurons. This size fi ltering relies on inhibitory interneurons that are located in the 
superfi cial input layer and respond only to large visual stimuli. Photoablation of 
these cells eliminated the size tuning of deeper layers and prevented prey capture. 

 The zebrafi sh retinotectal system is a useful network to study the neuronal wiring 
mechanisms that result in vision. Although the zebrafi sh tectum only receives mon-
ocular information from the contralateral retina, Ramyda and Engert  [  90  ]  were able 
to induce functional binocular projections in developing larvae. To induce a rewir-
ing from the ipsilateral eye, one tectal lobe was surgical removed at 2 dpf. Two-
photon calcium imaging using Oregon Green 488 BAPTA-1 AM ester in the rewired 
tectum confi rmed that ipsilateral tectal activity could be stimulated. When the eye 
was activated with a moving dot, directed waves of activity moving across the 
tectum could be observed. This implies that the functional topography of the rewired 
tectum was conserved. 

 In recent years, methods to study learning and memory in the larval zebrafi sh 
have emerged. Sumbre and coauthors  [  91  ]  presented a new preparation to investi-
gate a possible zebrafi sh correlate of working memory. In 3–15 dpf embryos loaded 
with Oregon Green 488 BAPTA-1 AM, calcium fl uctuations in the tectum were 
monitored by confocal or two-photon imaging upon visual stimulation. The fi sh was 
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given a repetitive visual conditioning stimulation of a moving light bar that the 
 tectal cells responded to rhythmically. After the end of visual stimulation, continued 
rhythmic activity up to three cycles could be observed in the tectal cells, corre-
sponding to the activity during the visual stimulation. 

 Apart from the tectal recordings, very few other calcium imaging experiments 
have been done in the zebrafi sh visual system. For example, calcium signals have 
been recorded from dissociated retinal ganglion cells from adult animals, incubated 
with Fluo-3 AM ester  [  92  ] . However, the recent development of GEICs means new 
ways to detect calcium signals from the cells in the visual system. SyGCaMP2  [  51  ] , 
the genetically encoded reporter of synaptic activity has been used to investigate 
synaptic events in the larval retina and tectum  [  93  ] . SyGCaMP2 constructs with the 
 ribeye  promoter for ribbon synapse cells and   a -tubulin  for tectal cells were injected 

  Fig. 48.9    Imaging calcium responses to visual stimuli from the tectum. ( a ) Schematic diagram of 
confi guration to provide visual stimuli from a miniature LCD screen while performing two-photon 
imaging. ( b ) Drawing of the zebrafi sh visual system, showing a retinal ganglion cell axon ( red ) and 
a tectal cell dendrite ( green ) projecting into the tectal neuropil.  Blue  box shows the region imaged 
in ( c – f ). ( c ) Fluorescence image of one tectal hemisphere loaded with Oregon Green 488 
BAPTA-1 AM. The periventricular cell body layer is located centrally, and the neuropil is on the 
upper right. Scale bar is 15  m m. ( d – f ) Fluorescence changes upon presentation of visual stimulus. 
Upper right-hand corner illustrates the stimulus being provided to the contralateral eye. Vertically 
moving spots at different anterior-posterior regions of the visual space activate different groups of 
neurons from rostral to caudal. Pseudocolor scale shows fractional change in fl uorescence intensity 
relative to an average baseline image (Reprinted from Niell and Smith  [  24  ] . Copyright 2005, with 
permission from Elsevier)       
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into the fertilized egg  [  51  ] . Animals of 8–9 days of age were immobilized in agarose 
and synaptic calcium signals were detected with a two-photon microscope upon 
light stimulation. By simultaneously recording activity across tens of bipolar cell 
terminals distributed throughout the inner plexiform layer of the retina, it was pos-
sible to make a functional map of the ON and OFF signaling cells. Synaptic activity 
could also be detected from tectal neurons when stimulated with light and electric 
fi eld (Fig.  48.10 ).   

   Olfaction 

 One of the few neural systems that has involved calcium imaging of adult zebrafi sh 
is the olfactory system, due to the small size, transparent nature, and accessibility of 

  Fig. 48.10    Monitoring synaptic activity in the optic tectum of zebrafi sh using a genetically 
encoded calcium indicator. ( a ) Fluorescence image of an optic tectum of a 9-day-old zebrafi sh 
transiently expressing SyGCaMP2 under the   a -tubulin  promoter. The red box in the schematic 
( bottom left ) indicates the area imaged in the head. Scale bar is 50  m m. ( b ) Magnifi ed fl uorescence 
image of the optic tectum shown in ( a ). Scale bar is 20  m m. ( c ) Regions of interest corresponding 
to single synapses in ( b ). Terminals responding to light are in amber. ( d ) Raster plots showing fl uo-
rescence responses from 100 terminals marked in ( c ), elicited by an electric fi eld ( E top ) SyGCaMP2 
signals averaged from 12 terminals (from different areas of the tectum, same fi sh). ( E middle ). 
Relative spike frequency ( RSF ) calculated by deconvolution using the minimum impulse response 
(rising and decay time constants of 50 and 350 ms). ( E bottom ) Pattern of fi eld stimulation 
( bottom ) (Reprinted from Dreosti et al.  [  51  ]  by permission from Macmillan Publishers Ltd. 
Copyright 2009)       
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the adult olfactory bulb for labeling, imaging and stimulation. In the nasal cavity, 
olfactory receptor neurons (ORNs) are stimulated by odors, and send a single 
unbranched axon to the fi rst relay station in central nervous system, the olfactory 
bulb (OB). ORN axons synapse onto mitral cells (MCs) and local interneurons in 
the olfactory glomeruli  [  94  ] . Each glomerulus receives convergent input from sen-
sory neurons expressing the same odorant receptor  [  95  ] . MC axons exit the OB and 
project to several higher brain areas, most of which are telencephalic  [  96  ] . 

 To stain the adult olfactory bulb, a solution of 12% Calcium Green-1-dextran, 
10 kDa, is injected into the nasal cavities and washed out after 4–6 min  [  97  ] . Within 
~8 h after injection, the dye distributes throughout ORN axons. The OB can then be 
imaged using a cooled CCD camera  [  97  ] . For odorant stimulation, all structures 
caudal to the telencephalon and ventral from the OB and the telencephalon are 
removed to give an intact preparation of the olfactory system. Alternatively, an 
explant of the intact zebrafi sh brain and nose is prepared  [  98  ]  and can be analyzed 
using a two-photon microscope  [  99  ] . Olfactory stimuli such as amino acids (AAs) 
and bile acids are applied to the naris of one olfactory epithelium. In this prepara-
tion, it is possible to monitor patterns of presynaptic activity in glomeruli induced 
by repeated applications in the same animal. In preparations where the telencepha-
lon is spared  [  99  ] , it is possible to record odor-generated activity in the telenceph-
alic targets, e.g. the fi sh homolog of the olfactory cortex. 

 Calcium imaging from the zebrafi sh OB has shown that AAs and bile acids stim-
ulate different parts of the OB. AAs induce complex patterns of active glomerular 
modules that are unique for different stimuli and concentrations. Interestingly, the 
similarity of odorant-induced activity patterns is the highest for AAs that are chemi-
cally close  [  97  ] . Using the same preparation, Fuss and Korsching described the 
specifi c chemical structure of odorants that activate AA-responsive receptors  [  100  ] . 
The activity patterns measured from the OB induced by a homolog series of AAs 
became more similar to each other at higher concentrations. At intermediate con-
centrations, patterns were unique across substances and across concentrations. 

 To investigate the neuronal representation of mixtures, mixtures of AAs and food 
extracts were given during calcium imaging of afferents to olfactory glomeruli in 
the OB and electrophysiological recordings from MCs  [  17  ] . These recordings 
showed that the patterns of afferent glomerular activity evoked by binary odor mix-
tures were similar to the patterns of the individual odors. In MCs however, the fi ring 
patterns were different for mixtures. Responses to mixtures of AAs were often dom-
inated by one of the component responses, while those of food extracts were more 
distinct from both component responses. 

 Yellow cameleon  [  41  ]  expressed under the control of the  HuC  promoter selec-
tively labels MCs in the zebrafi sh OB, but leaves interneurons (INS) transmitting 
 g -aminobutyric acid (GABA) unlabeled with YC. Odor-stimulated calcium activity 
in MCs and INs can be recorded using two-photon microscopy, to follow the forma-
tion of topological response patterns throughout the time of odor application  [  28  ] . 
Since the OB explant is fairly permeable, pharmacological treatment can be done 
during the calcium imaging recordings. In this way, Tabor et al.  [  101  ]  recorded 
odor-evoked activity from ORN terminals before and after application of GABA 
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antagonists, and concluded that inhibitory connections are important for regulating 
OB output activity and odor-encoding activity patterns. 

 The formation of the olfactory system has also been studied in zebrafi sh  [  46  ] . To 
label the developing OB, rhod-2 AM ester is carefully perfused in the larval OB. 
Alternatively, GECIs such as inverse pericam (IP) can be used. As in the adult fi sh, 
the neuronal  HuC  promoter labels mainly MCs. Odor responses from AAs and bile 
acids can evoke calcium responses in the larval OB between 2.5 and 4 dpf depend-
ing on the stimulus. Because the two-photon imaging procedure is noninvasive, the 
same larva can be analyzed repeatedly at later stages of development. At 3 dpf, clear 
regional differences in the distribution of activity evoked by different stimuli could 
be observed. Food extracts containing many different compounds evoked stronger 
and more widespread signals than AAs and bile acids. Already at this age, a coarse 
spatial organization of odor response patterns corresponding to activity patterns in 
the adult OB is present. Since the IP expression in adult zebrafi sh is suffi cient to 
monitor odor-elicited calcium responses using a CCD camera, comparison between 
larvae and adult animals can be made  [  46  ] . 

 To be able to follow IN development in the OB, constructs expressing GFP under 
the control of promoter of homeobox genes  dlx4  and  dlx6   [  102  ]  have be used  [  46  ] . 
This allows for the identifi cation of GFP-labeled INs when the whole OB is stained 
with the red-spectrum rhod-2 AM ester dye (Fig.  48.11 ). Animals of 3–6 days of 
age were investigated using two-photon calcium imaging  [  27  ]  and their odor-evoked 
response patterns indicated that the number of INs and their responses in larval fi sh 
are sparser than in the adult animal.   

   Muscle 

 So far, the use of the zebrafi sh to study muscle physiology  in vivo  has been restricted 
to a handful of cases despite the fact that the larval zebrafi sh muscle is easily imaged 
beneath a transparent skin layer. Créton et al.  [  34  ]  reported calcium transients from 
embryonic muscle during development, using injections of recombinant aequorin 
into the fertilized oocyte. Apart from calcium imaging recordings of somitogenesis 
 [  103  ] , the studies of calcium fl uctuations later in development have been sparse. 

 In 2005, Brennan et al. recorded calcium transients in muscles between 16 and 
22 h, when the fi rst functional neuromuscular synapses are established in the zebrafi sh 
 [  21  ] . Muscle fi bers were labeled via egg injections with the high affi nity calcium 
indicator Oregon Green 488 BAPTA-1 dextran or the low affi nity calcium indicator 
Fluo-4 dextran, both together with the calcium-insensitive tetramethylrhodamine 
dextran (all 10 kDa) for ratiometric analyses. Using confocal microscopy the authors 
characterized the dynamics of nerve-generated calcium signals in single muscle cells 
during the initial stages of slow muscle development. The earliest calcium transients 
were observed at 17.25 hpf when the fi rst muscle contractions could be distin-
guished. During the development, the frequency of calcium signals increased, peak-
ing at 19 h and the duration of peaks decreased throughout the test period (Fig.  48.12 ). 
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  Fig. 48.11    Development of interneuron responses in the larval olfactory bulb. ( a ) The  dlx4/6::GFP  
transgenic line, expressing GFP under the control of promotor regions of the homeobox genes  dlx4  
and  dlx6  marks interneurons ( IN ) in the olfactory bulb ( OB ) at 5 days post-fertilization. The  grey 
line  outlines the border of the forebrain. The  red curved line  delineates the border between the IN 
and glomerular/mitral cell ( Gl / MC ) layers. The  straight lines  demarcate the borders between the 
OB and telencephalon ( Tel. ) and the midline. The  red arrowhead  marks a dlx4/6::GFP-positive 
soma that corresponds to a focal calcium signal evoked by stimulation with food odor ( b ) and the 
bile acid mixture ( d ).  Pink arrowheads  depict examples of calcium signals that do not correspond 
to dlx4/6::GFP-positive somata. ( b ) Pattern of calcium signals in response to food odor stimulation 
in the same view as in  A , measured by two-photon imaging of rhod-2. ( c ,  d ) Response patterns 
evoked by mixtures of amino acids ( AA Mix ) and bile acids ( BA Mix ) in the same optical section. 
 A  anterior,  P  posterior,  L  lateral,  M  medial (Reprinted from Mack-Bucher et al.  [  27  ] . Copyright 
2007, with permission from John Wiley and Sons, Inc)       

 



1062 P. Kettunen

To confi rm that the calcium transients were produced by acetylcholine-transmitting 
nerve terminals, embryos were incubated in the acetylcholine receptor blocker 
 a -bungarotoxin, with their tails slit to enable the spread of the drug. In animals 
treated with the blocker, the calcium transients normally seen in the slow muscles 
were abolished.  

 Recently, the development of slow muscles was studied using the co-expression 
bioluminescent apoaequorin and enhanced GFP, driven by the muscle specifi c 
  a -actin  promoter (Fig.  48.12 )  [  104  ] . Stable transgenic lines were made and used for 
the confocal imaging studies. Using these embryos, Cheung et al. could confi rm that 
the previously reported duration of calcium signals decreased with age, and that the 
frequency maxima was observed around 19 hpf  [  21  ] . To check that the calcium 
signals did indeed originate from developing slow muscle cells, embryos were 

  Fig. 48.12    Calcium imaging from zebrafi sh muscle cells. ( a ) Schematic diagram showing the 
position of somite 10 ( red box ) in the at ~18.5-h-old zebrafi sh embryo where the calcium signal 
was recorded. ( b ) Bright-fi eld image of somite 10 with the position of the imaged cell indicated 
(see  red box ). Scale bar is 25  m m ( c ) Single confocal sections to show the calcium signal generated 
in the imaged cell over a period of ~8 s. Embryo was loaded with Calcium Green-1 dextran at the 
one-cell stage and images were acquired via confocal microscopy. The images were acquired every 
~0.58 s. The nucleus is outlined with a  white dashed line  in the fi rst panel. The color scale repre-
sents the level of intracellular calcium, where  red  indicates a high level and  blue  indicates a low 
level.  Ant.  and  Pos . are anterior and posterior, respectively. Scale bar is 10  m m. ( d ) Temporal pro-
fi les of the fold change in fl uorescence intensity in the nucleus and cytoplasm in this muscle cell 
for the duration of the calcium signal (Reprinted from Cheung et al.  [  104  ]  with permission from 
The International Journal of Developmental Biology)       
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treated with cyclopamine and forskolin, known to inhibit slow muscle formation 
 [  105,   106  ] . Chemically blocking the calcium release from intracellular stores 
affected the calcium transients, suggesting that these stores contributed to the cal-
cium spikes. 

 Calcium imaging from zebrafi sh muscles have been used for the characterization 
of mutant strains expressing muscle phenotypes. The  slow-muscle-omitted  ( smo ) 
gene encodes the zebrafi sh smoothened protein, which is required for the develop-
ment of the slow muscle cells  [  107  ] . In homozygous  smo  −/−  embryos injected with 
aequorin mRNA, the calcium transients normally observed at ~17.5–19.5 hpf were 
completely absent  [  104  ] . 

 The  accordion  mutant was found in a large-scale screen  [  68  ]  and it was deter-
mined that it carried a mutation in the  SERCA  gene, encoding a protein that is 
responsible for translocation and uptake of cytosolic calcium during muscle contrac-
tions  [  108  ] . The typical phenotype shows contracted muscles. A prolonged decay of 
intracellular calcium was confi rmed by recordings from isolated muscle fi bers from 
4 dpf  accordion  mutants dialyzed with Calcium Green-1 dextran. The same result 
was achieved  in vivo , when calcium signals were recorded from muscle fi bers in 24 
hpf animals injected with Calcium Green-1 dextran at one-cell stage  [  109  ] . 

 Finally, the  relatively relaxed  ( ryr ) mutant was identifi ed due to its slow swim-
ming due to weak muscle contractions  [  110  ] .  Ryr  has a mutation in the gene encod-
ing for the ryanodine receptor 1 that normally allows release of intracellular calcium 
to activate muscle contractions in fast muscle cells. To investigate the calcium 
signals from stimulated muscles, Calcium Green-1 dextran was injected into 8- to 
16- cell-stage progeny of  ryr  carriers. At 48 hpf animals were restrained and immo-
bilized with a muscle myosin inhibitor. Water jets to the tail of the fi sh stimulated 
calcium transients in the muscle fi bers without contractions due to the immobiliza-
tion. Confocal imaging experiments confi rmed that the  ryr  animals lacked calcium 
transients in the fast muscle fi bers, while the slow muscle fi bers signaled normally.  

   Heart 

 The development of the heart and cardiovascular system has been extensively stud-
ied in the zebrafi sh  [  48,   111  ] . Despite these efforts, there is not much known about 
the intracellular calcium handling in the zebrafi sh heart. One thorough study inves-
tigating the cardiac conduction system in the zebrafi sh was done by Chi et al.  [  48  ] . 
The authors had developed a cardiac-specifi c GECI zebrafi sh transgenic line, 
 Tg(cmlc2:gCaMP)   s878  , that was used for  in vivo  calcium imaging (Figs.  48.13  and 
 48.14 ). In this line, GCaMP is driven by the heart-specifi c  cmlc2  promoter  [  92  ] . 
Apart from describing the development of the cardiac conduction, authors also 
screened for a number of conduction specifi c mutations.   

 Two of the fi rst studies using calcium imaging to study heart function published 
back to back in 2005  [  26,   32  ] . They were analyses of the zebrafi sh  tremblor  ( tre ) 
mutant suffering embryonic lethal cardiac arrhythmia. The  tre  locus encodes the 
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zebrafi sh cardiac-specifi c sodium-calcium exchanger required for maintaining 
rhythmicity and calcium transients in the embryonic zebrafi sh heart  [  32  ] . Ebert 
et al. injected Calcium Orange AM into the pericardium of the larval heart and 
recorded calcium fl uctuations  in vivo  using a CCD camera  [  26  ] . The normal cal-
cium wave that is seen sweeping across the heart during a contraction in 48 hpf 
animals was absent in mutated animals. Instead, calcium levels appeared elevated in 
the ventricle.  tre  animals of the same age that had been injected with Calcium 
Green-1 dextran at the one-cell stage showed a similar lack of contractile calcium 
signals when studied with confocal imaging  [  32  ] . 

 Another mutant showing a heart phenotype,  dco   s226  , was isolated in the large-scale 
screen previously mentioned  [  48  ] . These animals showed dysynchronous ventricular 
contractions leading to hear failure, caused by a mutation in the  connexin48.5  gene. 
 dco   s226   animals carrying the  Tg(cmlc2:gCaMP)   s878   reporter in the ventricle were 

  Fig. 48.13     Recording calcium signals from a larval zebrafi sh heart using the genetically encoded 
calcium indicator GCaMP . Sequential calcium activation images (one every 60 ms) of a 24 h 
post-fertilization zebrafi sh heart expressing  Tg(cmlc2:gCaMP)   s878  . These experiments revealed 
that conduction travels unidirectionally in a relatively slow and linear pattern without signifi cant 
pauses from the sinus venosus ( right lower corner ) to the outfl ow tracts ( left top corner ) (Reprinted 
from Chi et al.  [  48  ] )       

 



106548 Calcium Imaging in the Zebrafi sh

used to investigate how this mutation affects cardiac conduction. Selective plane 
illumination microscopy  [  89  ]  of 60 dpf larvae revealed abnormal conduction through 
the ventricle. Additionally,  dco  cardiomyocytes carrying a dsRed marker were trans-
planted into wild type hearts, where they disrupted the electrical conduction  [  112  ] . 

 Preparations monitoring isolating zebrafi sh hearts have also been used to study 
the conduction properties. Jou et al.  [  25  ]  were interested in testing whether bleb-
bestatin, a drug that uncouple cardiac contractions, could be used to prevent heart 
contractions without eliminating calcium signals. Isolated hearts from 48 hpf larvae 
were incubated in Fluo-4 AM and blebbestatin with subsequent wash. Using con-
focal microscopy, it was possible to record simultaneous calcium signals from both 
the atrium and ventricle. The authors concluded that blebbistatin is a useful drug to 
remove motion artifacts during imaging. 

 Finally, enzymatically isolated zebrafi sh myocytes from adult animals have been 
used to study the cellular properties underlying excitation-contraction coupling 
 [  18  ] . Together with patch-clamp recordings and measurements of cell shortening 
changes in the cytosolic calcium were visualized with a resonance scanning confo-
cal microscope. While patching the myocytes they were perfused with Fluo-4 
through the patch pipette. By parallel electrical stimulation and calcium imaging it 
was possible to elucidate the relationship between electrical depolarization and 
intracellular calcium signals.   

  Fig. 48.14    Recording calcium transients from the atrium and ventricle myocardium from a 
zebrafi sh larva expressing GCaMP in its heart. ( a ) Optical section of a heart in a 48-h-old 
 Tg(cmlc2:gCaMP)   s878   animal. Numbers represent areas where calcium transients for the atrium, 
ventricle, and atrioventricular canal were recorded. ( b ) Fluorescence intensity of a single pixel 
from each region was recorded to obtain calcium transients and plotted over time in seconds. All 
plots are semilogarithmic and identically scaled (Reprinted from Chi et al.  [  48  ] )       
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   Conclusion 

 The described preparations and experiments show the diversity of studies that have 
benefi tted from calcium imaging in zebrafi sh cells, tissues and intact animals. These 
studies have contributed greatly to our understanding of basic biological principles 
during development and adulthood and the function of disease-related genes in a 
vertebrate system. However, it is evident that we still lack knowledge in certain 
biomedical areas, where new preparations of the zebrafi sh would be valuable. 
Nevertheless, the technical advances in biomedical research promise exciting 
possibilities. For example, the discovery of new cell-specifi c promoters in combina-
tion with GECIs will undoubtedly be important for future analyses of neuronal cell 
types and regions that so far have been unreachable by conventional labeling meth-
ods. Also, the combination of optogenetics with calcium imaging within the brain 
will mean valuable dissections of network function and connectivity. The develop-
ment of new microscopy techniques with increased resolution, speed and imaging 
depth will also be critical for the advancements of calcium imaging in the zebrafi sh, 
allowing the monitoring of processes in older animals and larger brain areas. New 
large-scale imaging methods  [  38,   91,   113  ]  and sophisticated analysis of activity 
from neuronal ensembles will bring our understanding of neuronal processing even 
further. The emerging use of the zebrafi sh as a model system for diseases, e.g. in the 
fi eld of psychiatry, will mean exciting fi ndings in the years to come. My hope is that 
this chapter will serve as an inspiration to continue the development of the zebrafi sh 
as a model organism to study the physiological processes and the complex biomedi-
cal mechanisms that are vital for biological beings.      
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  Abstract   Knowledge about calcium signaling had increased thanks to the development 
and manipulation of various cell models. Among all of these prototypes, Xenopus 
laevis oocyte appears to be one of the most relevant. The understanding of the role 
of calcium during oocyte oogenesis, maturation and fertilization is facilitated by the 
big size of the cell but also by using imaging and electrophysiological approaches. 
So, this chapter presents how recordings of calcium-activated chloride channels and 
Store-Operated Calcium Channels activities lead to demonstrate the implication of 
the MPF in the uncoupling between intracellular calcium releasing and capacitative 
calcium entry. Moreover, it will help us to understand the several reorganizations 
happening consequently to the pH variations of maturation or just at the moment of 
fertilization.  

  Keywords   Xenopus laevis  •  Oocyte  •  Calcium signaling  •  Maturation  •  pH  
•  Electrophysiology  •  Double electrode  •  Microinjection  •  Calcium-activated chlo-
ride  channels  •  Cell cycle  •  Meiosis  •  Germinal vesicle break down  •  G2/M transition  
•  MPF  •  Calcium entry  •  Calcium release  •  Store Operated Calcium Entry  •  IP3  
•  Fertilization    

   Abbreviations 

  CaCC    Calcium-Activated Chloride Channels   
  CRAC    Calcium Release-Activated Channels   
  GVBD    Germinal Vesicle BreakDown   
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  ICl    Calcium-activated chloride currents measured with the 
triple step protocol   

  IClCa    Calcium-dependent chloride currents   
  InsP3 & Ins(1, 4, 5)P3    Inositol 1,4,5-triphosphate   
  IP3R    IP3 Receptor   
  I 

SOCE
     SOCE Current   

  MAPK    Mitogen Activated Protein Kinase   
  MPF    M-phase promoting factor   
  pHe    Extracellular pH   
  pHi    Intracellular pH   
  PMCA    Plasma Membrane Calcium ATPase   
  RyR    Ryanodine Receptor   
  SERCA    Sarcoplasmic Endoplasmic Reticulum Calcium ATPase   
  SOCC    Store-Operated Calcium Channels   
  SOCE    Store-Operated Calcium Entry   
  VDCC    Voltage-Dependent Chloride Channels         

 This review is focused on the  Xenopus laevis,  a famous frog from South Africa, 
which proved, and still is, useful in many lines of researches. Especially, its oocytes 
are considered as a model of interest to investigate the role of calcium during the 
physiological events associated with the cell cycle regulation during meiotic pro-
gression and early development using biochemical and electrophysiological 
approaches. 

 The crucial cellular responses to both environmental and individual modifi ca-
tions are the result of numerous interacting and interconnecting signaling cascades. 
Among the second messengers known all over the animal kingdom, the intracellular 
ionic calcium seems to be one of the most widespread and may be the most impor-
tant one. Intracellular calcium signals are found from bacteria to human and have 
been implicated in many physiological and pathological cellular processes, encom-
passing gene expression, T-cell activation, cell cycle deregulation, pain signaling, 
muscle contraction, synaptic transmission or even oocyte maturation and fertiliza-
tion     [  1  ] . Here is presented in a fi rst section the model and its advantages for studying 
calcium signaling; the second section considers oocyte maturation, focusing on 
store-operated calcium entry and on the complex relationships between calcium and 
intracellular pH, and the third section presents the fi rst events of fertilization, that is 
to say the beginning of a long way towards organogenesis. 

   The  Xenopus oocyte , a Great Research Model 
for Calcium Signaling 

 Forty years ago, Dumont described  Xenopus laevis  oogenesis (Fig.  49.1 ). During 
this period, oocytes undergo morphological and biochemical modifi cations in 
order to be ready for maturation and fertilization. Ovary can be surgically collected 
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and hundreds of oocytes individualized and denuded easily by enzymatic and 
mechanic treatment  [  2  ] .  

 These cells were classifi ed in six stages, from I to VI (Fig.  49.1a ). Stage V or VI 
have a diameter ranging from 1 to 1.3 mm with a highly folded plasma membrane 
with an area of about 20 mm². Stage VI oocytes are blocked at prophase of meiosis 
I (in a G2-like arrest), and are considered as “immature oocytes”. This meiotic arrest 
could be released in response to the natural hormonal inducer, progesterone (meta-
phase/anaphase or G2/M transition)  [  3,   4  ] . Then, “immature oocytes” could continue 
meiosis until a second block in metaphase of meiosis II, waiting for fertilization. 
Such oocytes are called “mature oocytes” or “eggs” (Fig.  49.1b ) and could be 
identifi ed by a “white spot” at the top of the animal pole which corresponds to the 
germinal vesicle breakdown (GVBD   ) (Fig.  49.1b ). The egg is ready for fertilization 
that is the fi nal trigger that allows the completion of meiosis. 

 Many characteristics specifi c to the  Xenopus  oocyte make it an excellent experi-
mental system. The large size makes the oocyte easy to dissect manually as well as 
to carry out various assays within single oocytes  [  5,   6  ] . 

 The  Xenopus laevis  oocyte is an important model for the study of the huge 
diversity of calcium signaling, ranging from “hot spots” to calcium oscillations and 
waves that sweep across the whole cytosol. Calcium oscillations could be induced 
in  Xenopus  oocytes under various conditions, including injection of Ins(1, 4, 5)P3 

  Fig. 49.1     Xenopus laevis  and its oocytes. ( a ) typical features of oocyte in terms of stage, diameter 
and appearance according to ( 2 ). ( b ) the frog,  Xenopus laevis  ( 1 ),  stages I to VI  oocytes in the 
ovary ( 2 ), defolliculated  stage VI  – immature – oocytes ( 3 ), and mature oocytes – eggs –after pro-
gesterone treatment ( 4 ). Eggs are characterized by a white spot ( WS ) at the top of the animal pole       
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or Ins(l,4,5)P3-analogs  [  7  ] . Typically, calcium waves – travelling from animal to 
vegetal pole of the oocyte – are observed at fertilization or after stimulation of 
receptors linked to the inositol phosphate pathway or again directly after injection 
of Ins(1, 4, 5)P3 and analogs  [  8–  10  ] . Moreover, in most cell models, calcium itself, 
ionomycin, thapsigargin, caffeine, or ryanodine were able to induce calcium waves. 
What is striking and interesting with  Xenopus laevis  oocyte is the fact that the study 
of the elementary events of calcium signaling is facilitated by the lack of ER 
 calcium-release channels (e.g., ryanodine receptors (RyRs) and cADP-ribose recep-
tors) other than IP3Rs  [  11,   12  ]  even if RyRs have been implicated in oocyte 
maturation and/or activation/fertilization in other species (starfi sh and pig for exam-
ple) and very recently in  Bufo arenarum , another amphibian  [  13  ] . Moreover, in 
another species of  Xenopus ,  Xenopus tropicalis , genomic sequences have released 
about RyR-like receptors  [  14  ] . This should provide molecular tools to look further 
for the expression of such receptors in  Xenopus laevis  oocytes. In addition,  Xenopus 
oocyte  is favourable to understand store-operated calcium entry (SOCE) regulation 
because it was observed and demonstrated a decoupling between calcium release 
from intracellular stores and calcium entry via SOCE channels (see “ SOCE and 
maturation ” section for details). 

 The large size of the oocyte facilitates microinjection of either DNA into the 
nucleus or mRNA into the cytoplasm (the estimated volume of the oocyte is appre-
ciatively equivalent to 50,000 somatic cells). The oocyte contains large amounts of 
the components required for gene expression including RNA polymerases, ribonu-
cleotide triphosphates, transcription factors, histones, and ribosomes. Finally, the 
equipment required for  Xenopus  oocytes isolation, culture, manipulation and micro-
injection is relatively simple and inexpensive. Various protocols, outlining oocyte 
manipulation, microinjection and other techniques, like electrophysiological 
approach or imaging techniques, have been published  [  6,   15,   16  ] . Moreover, in good 
accordance with the literature, neither somatic cells nor  in vitro  systems offer a 
similar facility as  Xenopus  oocytes for  in vivo  studies of the mechanisms that 
control cell cycle and orchestrate cell reorganization at M-Phase. That is the reason 
why a lot of studies were carried out with the  Xenopus laevis  oocyte to decipher the 
function of calcium in the pathways of the cell cycle. Indeed, in addition to their 
high capacity of protein synthesis and their physiological synchronization,  Xenopus  
oocyte is also valuable to analyze the MAPK cascade in the morphological events 
of M-phase  [  17  ] .  

   Electrophysiological Features 

 Among the methods using  Xenopus  oocyte, electrophysiological approaches are of 
particular interest, since the oocyte is increasingly used in physiological, pharmaco-
logical and neuro-physiological research. In that way, studies typically used a con-
ventional two-electrode voltage-clamp technique. On the contrary to the whole-cell 
patch-clamp approach, the two-electrode method preserves intact the intracellular 
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medium and organelles during long recordings  [  18–  22  ] . Healthy cells survive electrode 
insertion and allow recordings lasting for tens of minutes without appreciable dete-
rioration. The electrical parameters of the oocytes (membrane resistance, membrane 
potential and membrane currents) are essential factors that are a reliable indicator of 
oocytes quality (Table  49.1 ). Of importance is the notion of the intrinsic diversity 
of the cells. Indeed, these various parameters differ from one oocyte to another 
within one batch coming from a single female and differences could be even larger 
in oocytes from different donors or at different seasons. In order to run experiments, 
homogeneity is desirable and the choice of oocytes is thus crucial. In general, elec-
trical membrane resistance of the oocyte is relatively high (ranging from 100 kOhms 
to 2 MOhms) and oocytes exhibiting signifi cantly lower resistance should not be 
used for microinjection and electrophysiological experiments. Furthermore, the lit-
erature indicated large differences in the membrane potential of the oocytes ranging 
from −27 to −90 mV, when determined in physiological Ringer solution  [  5,   30,   34  ]  
(Table  49.1C ). Finally, intracellular ion concentrations are very important for the 
investigation of passive or active transport systems since the rate and/or the direc-
tion of the respective transports are determined by the electrochemical gradients  [  5  ]  
(Table  49.1A ).  

 Often,  Xenopus  oocytes were and are always used as a heterologous expression 
system for the study of cloned ion channels. This appears to be essential in order to 
understand the structure and the function of ion channels and or receptors  [  35  ] , like 
potassium channels Kcv  [  36  ] , G-protein coupled receptors  [  37  ]  or transient receptor 
potential channels  [  38  ]  for example. 

 In order to analyze calcium signaling pathways in  Xenopus  oocyte itself, it 
appears important to describe some useful endogenously membrane transport systems. 
In the middle of the 1980s, Dascal and colleagues  [  39  ]  used the oocyte as a heter-
ologous expression system for calcium expression. They fi rst described different 
endogenous voltage-dependent calcium channels (VDCC). This was performed 

   Table 49.1    Concatenation of the electrophysiological features of stage VI  Xenopus  oocyte      

 A  Ion  Concentration (mM)  References 

 Intracellular concentrations of main ions, 
according to the literature 

 Na +   4 to 23   [  23–  25  ]  
 K +   76 to 48   [  23,   25,   26  ]  
 Cl −   24 to 62   [  23–  26  ]  
 Ca 2+   0.003 to 0.4   [  27,   28  ]  
 Mg 2+   >0.5   [  28  ]  

 B  Ion  E ion  (mV)  References 

 Various reversal potentials measured 
in different studies 

 E 
Na+

   46 to 61   [  23,   29  ]  
 E 

K+
   −95 to −108   [  30  ]  

 E 
Cl−

   −14 to −28   [  23,   29,   31  ]  

 C  E m   References 

 Membrane potential of  X. laevis  oocytes  −27 mV   [  23  ]  
 −50 mV   [  32  ]  
 −59 mV   [  33  ]  
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while abolishing (or simply decreasing) other conductances, in particular calcium-
activated chloride channels, that masked the calcium currents since studies showed 
that VDCC currents are usually rather small ranging from 10 to 100 nA. Endogenous 
VDCC are classically stimulated by InsP3, cAMP and are sensitive to Mn 2+ . They 
belong to L-type, T-type and N-type calcium channels . 

 Another major class of calcium channels largely studied in the  Xenopus  oocyte 
is Store-Operated Calcium Channels (SOCC) (Fig.  49.2 ). Initially identifi ed in 
somatic cells, these channels are activated by the depletion of intracellular calcium 
stores (notably the endoplasmic reticulum but also the mitochondria) evoked by 
InsP3. Calcium release results in an increase in intracellular calcium concentration 
which in turn modulates InsP3 production, contributing to the often durable and/or 
oscillatory nature of many calcium signals. Consequently, these sustained responses 
necessitate the refi lling of the empty stores, which is performed by calcium entry 
from extracellular medium, an entry itself activated by store-depletion through an 
obviously complex and still undeciphered mechanism. This neat auto-regulatory 
system is called Store-Operated Calcium Entry (SOCE) and mobilizes the SOCC. 
In 1997, Yao & Tsien showed that capacitative calcium entry  via  SOCC in the 
 Xenopus  oocyte behaves like CRAC in mast cells  [  22  ] . Nevertheless, even if this 
phenomenon is well described (in particular with the identifi cation of Stim1 and 
Orai1), in  Xenopus  oocyte the regulation of SOCC the coupling machinery involved 
and the role of calcium during meiosis are still a matter of debate (see section 
“ Calcium and Maturation ”).  

  Fig. 49.2    Calcium fl uxes in  Xenopus  oocyte. Stimulation ( 1 ) of IP3R is responsible for calcium 
stores depletion from endoplasmic reticulum ( 2 ). This effl ux activates ICl1-S and elicits calcium 
infl ux – I 

SOCE
  – ( 3 ) which in turns activates ICl2 and ICl1-T ( 4 )       
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 Originally, calcium fl uxes were indirectly measured by recording calcium-dependent 
chloride currents (also called calcium-activated chloride channels, CaCC). This 
could be done by using the triple step protocol developed by Parekh in 1995 and 
modifi ed by Kuruma & Hartzell in 1999  [  40,   41  ]  (Fig.  49.2 ). This protocol allows the 
discrimination of the source of calcium mobilized, between intracellular calcium 
stores and/or SOCE  [  31,   41–  43  ] . It was shown that ICl-1 and ICl-2 channels were 
asymmetrically distributed in  Xenopus  oocytes. In fact, (i) ICl1 density was found 
about fi ve times higher in the animal hemisphere than in the vegetal pole, and 
(ii) ICl-2 was “only” threefold. The difference in density of the currents in the two 
poles could in part be due to differences in the amplitude of the calcium signal in the 
two hemispheres: the levels of calcium release from endoplasmic stores and calcium 
entry from the extracellular medium in the animal hemisphere were about twofold 
higher in the animal versus the vegetal hemispheres. These data could account, at 
least partly, for the fi ve- and threefold difference observed for ICl-1 and ICl-2  [  40, 
  42,   44–  46  ] . Since  Xenopus  oocyte is a popular model system for studying calcium 
signaling, these observations provide additional information about spatial features of 
the calcium pathways in oocytes and highlight the question of how calcium release 
from reticular stores and calcium infl ux from extracellular medium could differen-
tially regulate two different chloride channels (ICl-1 and ICl-2 respectively). Another 
obvious question that is raised by these studies is about the physiological role(s) of 
these calcium-activated chloride channels. It is renowned that fertilization results in 
a calcium transient (activating CaCC)  [  11  ]  which triggers exocytosis of cortical 
granules and which participates to the block of polyspermy  [  47  ] . However, the role 
of these calcium activated chloride channels is not clearly defi ned yet  [  42,   48  ] . 

 In addition, the sole plasma membrane calcium fl uxes can also be directly measured 
by recording store-operated calcium entry currents  [  22,   49,   50  ] , but this necessitates 
slightly less physiological conditions. Store-Operated Calcium currents (Fig.  49.2 ) 
have been described in  Xenopus  oocyte by using the advantageous voltage-clamp 
technique  [  19,   21  ] . Since it is well-known that calcium-activated chloride currents are 
of large amplitude in this oocyte and mask calcium currents, I 

SOCE
  was isolated thanks 

to the inhibition of CaCC currents (microinjection of a calcium chelator like BAPTA or 
EGTA for example) and by rising extracellular calcium concentration  [  22  ] .  

   Calcium and Maturation 

 In a lot of animal models, calcium signals have been convincingly shown to play a 
role and being profoundly modifi ed during mitosis, meiosis and egg activation at 
fertilization. Indeed, during mitosis, calcium signals are involved in nuclear enve-
lope breakdown, anaphase onset and cell cleavage  [  51,   52  ] . This is the reason why 
the role of calcium signaling and its subsequent modifi cations have been of wide 
interest in  Xenopus laevis  oocyte as well (Tables  49.2  and  49.3 ). A variety of genetic 
and biochemical evidence supports a role for calcium and its downstream effectors 
calmodulin and CAMK2 in mitosis and following fertilization  [  64–  67  ] . By contrast, 
the role of calcium signals during mammals’ oocyte meiosis remains contentious 
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   Table 49.2    Diversity of the methods used to elicit calcium variations and/or maturation in 
 Xenopus  oocyte   

 Method  Results  Maturation  References 

 A23187 + high [Ca 2+ ] 
e
   Rise of [Ca 2+ ] 

i
   Spontaneous maturation 

without H 
  [  53  ]  

 Ionophoresis  Rise of [Ca 2+ ] 
i
   Spontaneous maturation 

without H 
  [  54  ]  

 TMB-8  No calcium release  NTR   [  55  ]  
 Extracellular EGTA  Decrease of [Ca 2+ ] 

e
   Delayed maturation   [  56  ]  

 Extracellular EGTA  Decrease of [Ca 2+ ] 
e
   No maturation   [  57  ]  

 O-[Ca 2+ ] 
e
  and extracellular 

EGTA or BAPTA 
 Decrease of [Ca 2+ ] 

e
   NTR   [  58  ]  

 EGTA injection 
and O-[Ca 2+ ] 

e
  

 Decrease of [Ca 2+ ] 
e
  

and [Ca 2+ ] 
i
  

 Delayed maturation   [  58  ]  

 IP3R antisens  No calcium release  Delayed maturation   [  59  ]  
 IP3 injection before 

maturation 
stimulation (H) 

 Rise of [Ca 2+ ] 
e
   Accelerated maturation   [  60  ]  

 Intracellular acidifi cation 
(NH 

4
 Cl) 

 Calcium release and 
calcium entry 

 Delayed maturation   [  31  ]  

 Intracellular alkalyzation 
(increase of pHe) 

 Calcium release and 
calcium entry 

 Accelerated maturation   [  61  ]  

 IP3R inhibition (antisens)  SOCE inhibition  Delayed maturation   [  59  ]  
 IP3R inhibition (antisens) 

AND RyR surexpression 
 Calcium release 

with caffeine 
 Comparable maturation   [  59  ]  

   NTR  nothing to report , H  hormonal stimulation (progesterone)  

   Table 49.3    Intracellular calcium concentration variations detections during oocyte maturation, 
are dependent upon technical approach ( 45 Ca, Aequorin or microelectrode)   

 Ca variation during oocyte maturation  Methods  References 

 NTR   45 Ca 2+    [  27  ]  
 Transient rise   45 Ca 2+    [  62  ]  
 Transient rise   45 Ca 2+    [  58  ]  
 NTR  Calcium imaging (Aequorin)   [  63  ]  
 Transient rise  Calcium imaging (Aequorin)   [  54  ]  
 NTR  Ion selective microelectrode   [  64  ]  

   NTR  nothing to report  

(Tables  49.2  and  49.3 ). In  Xenopus , early reports argued that a calcium rise is suf-
fi cient to induce oocyte maturation, and injection of calcium buffers block matura-
tion. However, even the activation of calcium signals downstream of progesterone 
is also controversial. These confl icting reports clearly indicate that in  Xenopus 
laevis  oocytes the relationship between calcium and oocyte maturation is complex. 
Studies regarding the role of calcium during mammalian oocyte maturation also 
produced confl icting results  [  68  ] . Does calcium play any role in releasing oocytes 
meiotic arrest? The preponderance of the evidence argues that this is not the case 
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and that release from meiotic arrest occurs independently from a calcium signal. 
However, there are also compelling reports arguing for a potential role of calcium 
signals in the initiation of oocyte maturation. Incubation of oocytes in high calcium 
concentrations in the presence of ionophore was reported to induce oocyte matura-
tion  [  53  ] . Similarly, calcium electroporation was also effective at inducing oocyte 
maturation  [  54  ]  (Table  49.2 ). If indeed calcium is important for the release from 
meiotic arrest, then one would expect calcium transient to be associated with oocyte 
maturation. Such calcium transients were reported following the induction of oocyte 
maturation in  Xenopus  by some groups  [  27,   62,   69  ] , but could not be confi rmed by 
others  [  55,   64  ] . In addition, injection of IP3 into the oocyte, which empties calcium 
from intracellular stores, did not release meiotic arrest.   

 Cellular and developmental decisions are the result of often competing and/or 
dialoguing signaling processes that include crosstalk, feedback activating and inhib-
iting mechanisms, allowing fl exible regulation of critical differentiation pathways. 
As stated before, while oocytes develop in the ovary to prepare for fertilization, they 
remain arrested at prophase of meiosis I in a G2-like state of the cell cycle with a 
visible nucleus (called germinal vesicle) and a potentially active transcription state. 

 In  Xenopus , meiotic arrest is released in response to progesterone (Figs.  49.1  
and  49.3 ). Ensuing, cell cycle proceeding is characterized by morphological, 
 biochemical and physiological changes, which include calcium signaling pathways 
 remodelling  [  61  ] . Other signal can trigger cell cycle resuming and all induce a 
complex kinase cascade that,  in fi ne , activates MPF (M-phase promoting factor) 

  Fig. 49.3    Molecular and signaling pathways during oocyte maturation. The meiotic arrest is 
released by the binding of progesterone to its membrane receptor. This activates various pathways 
responsible for intracellular calcium modifi cations. Calcium has a central role and could interact 
with the intracellular pH (H + ), the  MAPK  cascade and the  MPF  (Cyclin B-Cdk1 complex) path-
way. All these ionic and biochemical pathways play a role in the G2/M transition       
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and commits the oocyte to maturation  [  70,   71  ] . The details of this cascade are best 
defi ned in  Xenopus  oocyte with close parallels in mammals (Fig.  49.3 ). In  Xenopus  
oocyte, the activation of a progesterone cell surface serpentine G-protein coupled 
receptor leads to the accumulation of the oocyte specifi c MAPKK, Mos. Induction 
of the MAPK cascade culminates in activation of p90Rsk, which inhibits Myt1, a 
kinase that phosphorylates and inhibits MPF  [  72,   73  ] . A parallel pathway to the 
MAPK cascade is also activated leading to the induction of Cdc25, which dephos-
phorylates and activates MPF. Combined Cdc25 activation and inhibition of Myt1 
lead to a dramatic rise in MPF activity  [  50,   74  ] . What is MPF? It is a member of 
the cyclin-dependent kinase family or cell cycle regulators. Cyclin-dependent 
kinases are master regulators of entry and progression through both mitosis and 
meiosis  [  75  ] . In that capacity, MPF controls various cellular processes crucial for 
meiotic progression. For example, MPF induces GVBD and stabilizes Mos kinase, 
which is a component of CSF  [  76  ] . If MPF is necessary for cell cycle resumption 
– and the transformation of the oocyte in an egg apt to sustain egg activation – CSF 
is also necessary for the subsequent cell cycle arrest in metaphase II arrest until 
fertilization  [  77  ] .  

 Furthermore, injection of calcium chelators at high concentrations effectively 
blocked oocyte maturation  [  54,   58  ] . However, this inhibition is apparently not due 
to calcium chelation, but rather to chelation of transition metals, specifi cally zinc 
 [  78  ] . This is plausible since calcium chelators such as BAPTA are also powerful 
chelators of transition metals  [  79,   80  ] . Indeed, it was shown that these chelators 
when injected into the oocyte inhibit the activation of Cdc25, and hence MPF and 
commitment to meiosis  [  78  ] . Cdc25 directly binds zinc, and this is important for 
Cdc25 substrate recognition and dephosphorylation and activation of MPF. 
Additional support against a role for calcium signals in releasing meiotic arrest 
comes from a study where oocytes were completely deprived of calcium signals 
by emptying calcium stores and incubating the cells in nominally calcium-free 
media. Under these conditions, oocytes entered meiosis in response to progester-
one and underwent GVBD, with the associated activation of the kinase cascade 
that drives oocyte maturation  [  81  ] . However, in the absence of calcium signals 
such oocytes were not able to complete meiosis I because formation of the bipolar 
spindle and hence polar body extrusion was defective  [  81  ] . Similar results were 
obtained in mouse oocytes  [  82  ] . Together these data argue that calcium signals are 
not required for the release of meiotic arrest. This is especially the case when one 
evaluates the consistent effects of interfering with calcium signaling on fertiliza-
tion in different species as compared to release of oocyte meiotic arrest  [  66  ] .  

   SOCE and Maturation 

 Oocyte maturation entails a complex series of biochemical and morphological mod-
ifi cations that transform immature oocytes into fertilization-competent eggs, able to 
support embryonic development. Early electron microscopy studies have described 
morphological changes that occur concomitantly with  Xenopus  oocyte maturation 
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(for review see  [  83  ] ). Furthermore, extensive studies have characterized biochemi-
cal cascades that drive oocyte maturation  [  84  ] . There remains much to be learned 
about how these signal transduction cascades regulate physiologically relevant 
pathways during oocyte maturation. That is why the relationships between the 
Mos–MAPK–MPF kinase cascade and SOCE have been envisaged. 

 In the early 2000s, the oocyte maturation was considered as a new physiological 
context to revisit the issue of calcium infl ux during the M phase of the cell cycle. As 
well as during mitosis, it was shown, during  Xenopus  oocytes meiosis that SOCE 
inactivates completely. This inhibition is central in the overall calcium signaling 
remodelling that allows the fully mature oocyte the capacity to produce specialized 
calcium transient required at fertilization  [  66  ] . SOCE inactivates specifi cally at the 
GVBD stage of  Xenopus  oocyte maturation (Fig.  49.5 , personal data)  [  65  ] . Hence, 
inactivation of SOCE current (I 

SOCE
 ) at the GVBD stage, just after the entry into meio-

sis, might be assimilated to a protection to prevent early egg activation before fertil-
ization. Such inactivation were described for others ionic channels/currents in various 
models  [  85–  88  ] ; this demonstrates that such events are conserved and fundamental. 

 On the opposite, the level of calcium-activated chloride current does not decrease 
during maturation  [  65  ] . Therefore, during oocyte maturation, there is a specifi c regula-
tion of membrane proteins, not limited to  Xenopus  oocytes. So, SOCE has been shown 
to inactivate during mitosis of HeLa cells  [  89  ] , and membrane traffi cking in general is 
inhibited during mammalian cell mitosis  [  90  ] . Hence, determining the molecular mech-
anisms controlling SOCE inactivation during  Xenopus  oocyte maturation provides valu-
able insights into the regulation of plasma membrane protein levels during M phase. 

 Intracellular calcium concentration has been shown to negatively regulate 
SOCE current by inducing channel inactivation either directly or through store 
refi lling  [  18,   91,   92  ] ; nevertheless, intracellular calcium rise is not required for 
SOCE activation  [  93  ] . 

 In addition, in 2003, Machaca and colleagues showed that intracellular calcium 
could have a potentiating effect on SOCE. This is probably due to the result of CaMKII 
activation. Indeed, inhibition of CaMKII activity and expression of CaMKIIca is suf-
fi cient to potentiate I 

SOCE
 , in a manner independent of intracellular calcium  [  94  ] . 

Nevertheless, it is important to note that this activation needs stores depletion. These 
fi ndings about the effect of CaMKII are consistent with others in various cell types 
and argue that CaMKII modulation of I 

SOCE
  is a widespread mechanism that is not cell 

type-specifi c. Taken together, these data show that SOCE can be added to the catalog 
of cellular functions/pathways modulated by CaMKII  [  95,   96  ] .  

   MPF Activation Leads to Uncoupling Store 
Depletion from SOCE 

 The differentiation of calcium signaling pathways is an important element of 
 Xenopus laevis  oocyte maturation. It could also play a much larger role since, 
10 years ago, MPF has been shown to regulate calcium oscillations at fertilization 
in ascidians’ eggs  [  97  ] . 
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 During progesterone induced maturation, I 
SOCE

  inactivation at GVBD coincides 
with MPF activation (Figs.  49.3  and  49.5 ). Furthermore, regardless of the method by 
which we induced oocyte maturation (progesterone, cyclin B1, or Mos injection), 
every cell in which I 

SOCE
  was inactivated had high MPF activity. In addition, cells 

with low MPF activity always activated I 
SOCE

  in response to store depletion. 
Specifi cally blocking MPF activation under these conditions with Wee1, reversed 
I 

SOCE
  inactivation. This demonstrates that MPF activation during oocyte maturation 

is necessary for I 
SOCE

  inactivation. Moreover, Machaca and collaborators showed 
that (i) MPF activation is paralleled to SOCE current inhibition, (ii) on the contrary, 
any correlation between SOCE current density and MAPK/ Mos levels were found, 
and (iii) activation of MPF after SOCE activation was unable to block I 

SOCE
   [  66  ] . 

Taken together, these studies allow concluding that MPF is suffi cient and necessary 
to uncouple store depletion from SOCE.  

   Calcium and pH 

 In addition to the classical benefi ts of the  Xenopus  oocyte (see the fi rst section), it is 
also a useful model for pH manipulation. Actually, intracellular pH in  Xenopus  
oocyte could be easily modulated by changing extracellular pH which consequently 
modifi es pHi  [  98  ] . Another mean to modulate intracellular pH is the use of various 
compounds. In that goal, in  Xenopus  oocyte, weak bases are the more used mean 
found to trigger a slow pHi acidifi cation associated with a large membrane resis-
tance decrease and an acidifi cation  [  99–  102  ] . For example, both NH 

4
 Cl and pro-

caine, in the same way, are able to induce intracellular acidifi cation (0.2–0.4 pH 
units) in few minutes with instantaneous electrophysiological modifi cations  [  23,   31, 
  103,   104  ] . Studies showed that acidifi cation activated a calcium-dependent chloride 
current, which can be recorded using the triple step protocol (see  electrophysiologi-
cal features ;  [  40  ] ) but also, that the intracellular pH decrease is responsible for 
intracellular calcium stores depletion and subsequent extracellular calcium entry, 
 i.e.  SOCE (Figs.  49.4  and  49.5 ). Such conclusions were confi rmed with calcium 
imaging approaches and in others cellular models  [  102,   105–  107  ] . Finally, it was 
shown that intracellular calcium concentration could regulate the MAPK-MPF cas-
cade, as well as intracellular acidifi cation  [  61  ]  by mobilizing various calcium 
sources  [  31  ] . These concomitant events are associated to crucial events in  Xenopus  
oocyte maturation and mitosis during early embryogenesis  [  108,   109  ]  and seem to 
be connected to cyclic activity like MPF one  [  110  ] . Finally, calcium pathways acti-
vated by intracellular acidifi cation could be hypothesized to be relevant in cell 
adjustment to variable environmental conditions  [  44  ] .   

 It is well known that all the phases of the cell cycle are characterized by changes 
in intracellular pH (pHi) and intracellular calcium mobilization  [  111,   112  ] . More 
precisely, these ionic actors contribute to crucial events allowing transition between 
the phases of the cell cycle, particularly during G2/M transition, that is to say during 
M-phase entry  [  113  ] . What is true during mitosis is also the case for meiosis. 
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So, Lee and collaborators fi rst described a transient alkalization during  Xenopus  
oocyte maturation  [  114  ] . This alkalization occurs before germinal vesicle break-
down (GVBD), could be mobilize in germinal vesicle migration towards animal 
pole and appears as a widespread mechanism since it was observed in other species 
like urodels or starfi sh  [  115  ] . Moreover, calcium signaling pathways could partici-
pate to the regulation of the MAPK-MPF cascade or to the completion of meiosis 
I  [  50,   61,   116,   117  ] . 

 Even if, separately, both intracellular pH and calcium signals appeared like 
crucial events of the cell cycle, the mechanisms driving interplay between the two 
remain unclear and are largely a matter of debate. For example, it was both shown 

  Fig. 49.4    Effect of intracellular calcium stores depletion on calcium-activated chloride currents 
(ICl). ( a ) typical triple step protocols. Oocytes were held at −40 mV and stepped to +40 mV for 
1 s, to −140 mV for 1 s and then back to +40 mV (modifi ed from  [  40,   41  ] ). ( b ) typical current 
recording after triple step stimulation. The protocol allows respectively the recording of a non-
inactivating outward current ( ICl1-S , measured at the end of the fi rst pulse at +40 mV), a slow 
inward current ( ICl2 , measured at the end of the −140 mV pulse) and a transient outward current 
( ICl1-T , calculated by measuring the peak transient current during the second pulse at +40 mV and 
subtracting  ICl1-S ). All three components are carried by chloride  [  31  ] . ( c ) the fi gure depicts repre-
sentative recordings before ( black dotted line ), during ( black line ) and after ( grey line ) calcium 
store depletion       
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that intracellular acidifi cation is associated with a rise of intracellular calcium 
 [  31,   118,   119  ] , while calcium variations are also strongly coupled to intracellular 
alkalization  [  120–  123  ] .  

   Readiness for Fertilization and Embryogenesis? 

 Oocyte maturation corresponds clearly to a cellular differentiation period that pre-
pares the immature oocyte for fertilization. On the opposite, egg activation could 
rather to correspond to the fi rst cellular events following fertilization which allows 
the transition from the egg to the embryo  [  124  ] . This includes the onset of the dif-
ferent polyspermy blocks, the completion of meiosis and the onset of embryonic 
mitosis  [  68,   124,   125  ] . 

 The egg activation is mediated by a rise in intracellular calcium concentration 
with specialized spatial and temporal dynamics  [  124  ] . In  Xenopus  the specialized 
fertilization-specifi c calcium signal looks like a slow sweeping calcium wave 
 followed by a high calcium plateau that lasts for several minutes  [  11,   49,   126  ]  
(Fig.  49.6b ). As discussed in the maturation section, immature oocytes possess a 

  Fig. 49.5    Uncoupling between store depletion and store-operated calcium entry during oocyte 
maturation (personal data). I 

SOCE
  were recording as described in  [  50  ] . Before Germinal Vesicle 

Breakdown ( GVBD ), calcium stores depletion elicits a typical SOCE current ( grey trace ), inhibited 
by lanthanum or 2-APB. On the contrary, after  GVBD , calcium stores depletion is unable to acti-
vate calcium entry ( black line )       
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strong and well defi ned SOCE current, whereas in mature oocytes – arrested in 
metaphase II of meiosis – SOCE could not be activated any more as a consequence 
of MPF activation  [  65  ] . Therefore, the calcium signaling pathways associated with 
oocyte egg activation is generated without any contribution of SOCE channels.  

 So, it appears that the actors responsible for this calcium signal at fertilization are 
reorganized during the maturation of the oocyte. Maturation implies, among  multiple 
phenomena, the internalization of the plasma membrane calcium ATPase (PMCA) 
 [  125,   127  ]  (Fig.  49.6 ). Therefore, if PMCA is localized at the cell membrane in 
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  Fig. 49.6    Calcium signaling modifi cations after ( a ) and before ( b ) oocyte maturation. ( a ) calcium 
store depletion is responsible for store-operated calcium entry. The intracellular calcium concen-
tration is regulated by the plasma membrane calcium ATPase ( PMCA ) which extruded calcium out 
of the cell, and by the calcium ATPase of the endoplasmic reticulum ( SERCA ) which refi lls cal-
cium stores. This is why the typical calcium signal is a transient one (inset on the  right ) ( b ) during 
maturation, activation of MPF leads to the uncoupling of store depletion from SOCE; the PMCA 
is internalized and IP3 receptors are clustering at the membrane of the endoplasmic reticulum. 
These modifi cations would be central in the shift to a long lasting signal (inset on the  right ) accord-
ing to the literature (see  [  126  ] )       
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immature oocytes, it is translocated in intracellular vesicles in mature eggs. Hence, 
calcium could be no longer extruded out of the oocyte, which is consistent with the 
sustained intracellular calcium rise triggered by fertilization (Fig.  49.6 ). PMCA is 
not the only transporter internalized during oocyte maturation. This is consistent 
with a strong decrease of membrane area could be observed during maturation. The 
internalization of specifi c ionic transporters into an intracellular vesicular pool, in 
addition to the membrane properties restructuration, generates a pool of membranes 
and membrane proteins that can be incorporate into the newly formed blastomeres 
during the rapid early embryonic mitotic divisions  [  128,   129  ] . Despite, the internal-
ization of many proteins, transporters and channels, others are functionally enriched. 
This is the case for calcium-activated chloride channels, which are critical actors for 
the block of polyspermy  [  113,   130  ] . Indeed, calcium-activated chloride channels 
are activated and responsible for membrane depolarization which inhibits voltage-
dependent sperm fusion  [  126  ] . How to block polyspermy in such a big cell, with 
such a large area? What a challenge! In fact, this corresponds to an electrical block, 
also called fertilization potential  [  131  ] . Thus, after a lot of morphological, biochem-
ical and ionic modifi cations and reorganizations, the egg is now ready to undergo 
development. However, more considerable events await the cells (embryogenesis, 
organogenesis for example) in which calcium would have, again, a key role. 

 To conclude, it appears that the  Xenopus laevis  oocyte is a very good model to 
study calcium signaling. It is essential to decipher the pathways implicated in oocyte 
physiology in order to transpose them to other research models.      
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  Abstract   In mammals, gamete fusion initiates a succession of oscillations in the 
intracellular concentration of calcium within the oocyte, prompting a series of 
events to occur that are collectively known as “oocyte activation”. Such events are a 
fundamental necessity for the initiation of cell division and subsequent embryogen-
esis. Compelling evidence now indicates that these calcium oscillations are caused 
by a testis-specifi c phospholipase C (PLC) termed PLCzeta (PLC z ), released into 
the oocyte following gamete fusion. A series of recent studies indicate that abnor-
mal expression or aberrant activity of PLC z  is linked to certain types of human male 
infertility, where oocyte activation ability is impaired or absent altogether. In this 
chapter, we discuss the critical role of calcium oscillations in the process of oocyte 
activation, review the role of PLCs in this fundamental biological reaction, describe 
how PLC z  has been formally linked to male infertility, and postulate the potential 
roles for PLC z  in terms of clinical diagnosis and therapy.  

  Keywords   Sperm  •  Oocyte  •  Calcium  •  Phospholipase C (PLC)  •  Phospholipase C 
zeta (PLCzeta)  •  Fertilisation  •  Oocyte activation  •  Infertility  •  Assisted reproductive 
technology (ART)  •  Assisted oocyte activation (AOA)      

   Fertilisation and Oocyte Activation 

 At fertilisation, the fusion of mammalian gametes ensures the successful initiation 
of development. Mammalian oocytes remain arrested for most of their existence at 
the dictyate stage of prophase I  [  74  ] . These then undergo fi rst meiotic division 
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within the ovary, immediately after which, and just before ovulation, oocytes 
become arrested at metaphase of the second meiotic division (MII), following the 
exclusion of the fi rst polar body  [  70,   71  ]  (Fig.  50.1 ). This arrest is maintained by 
stabilization of the M-Phase promoting factor (MPF), the universal driver for the 
transition of the cell cycle from the G2- to the M-phase (G2/M transition). MPF is 
a heterodimer consisting of a regulatory cyclin subunit, cyclin B, and a catalytic 
subunit, Cdc2 kinase. Active Cdc2 drives entry into M-phase by phosphorylating 
substrates which lead to nuclear envelope breakdown and spindle formation  [  54  ] . 
Successful sperm/oocyte fusion at fertilisation must alleviate this MII arrest to pro-
ceed with embryogenesis.  

 Alleviation of MII arrest occurs through a series of events, collectively termed 
“oocyte activation”. Characterized by the formation of the second polar body and 
the male and female pronuclei  [  105  ] , oocyte activation also involves cortical gran-
ule exocytosis, progression of the cell cycle (Fig.  50.2a ), and maternal mRNA 
recruitment, collectively resulting in cell division and embryogenesis (Fig.  50.2b ) 
 [  79,   105,   123,   144,   145  ] . The sperm nucleus is remodelled, permitting DNA replica-
tion and fusion with the female pronucleus. The sperm nuclear envelope is removed, 
and sperm-specifi c protamines or histones are replaced by maternal histone variants 
 [  54  ] . Maternal mRNAs and proteins then undergo several dynamic changes, includ-
ing regulated degradation, translation, or post-translational modifi cation. The dura-
tion and initiation of these events differ between species, beginning at day 1 (2-cell 
stage) in the mouse. Cytoskeletal rearrangements also occur, presumably to support 
zygotic growth and development  [  54  ] .   

  Fig. 50.1    Representative 
fl uorescence micrograph of a 
normal MII arrested mouse 
oocyte. Inset shows 
brightfi eld image of the same 
oocyte.  Green :  b -tubulin 
(polymerized microtubules); 
 red / orange : pericentrin 
(microtubule organizing 
centers);  blue : chromatin.  PB  
polar body (Reproduced from 
Swain et al.  [  143  ]  with 
permission)       
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   The Role of Calcium in Oocyte Activation 

 Several key experiments have established that the mechanisms underlying mam-
malian oocyte activation are induced by repeated oscillations in the concentration 
of intracellular calcium (Ca 2+ )  [  79 ,  123 ]    , while in many non-mammalian species 
such as sea urchins and frogs, there is only a single Ca 2+  transient (Fig.  50.3 )  [  159  ] . 
Experiments involving the application of Ca 2+ -sensitive dyes to oocytes and eggs 

  Fig. 50.2    Representative images showing key stages of oocyte activation. ( a ) Fluorescent micro-
graph of an activated mouse zygote with two pronuclei.  Right panel : ( yellow / green : larger male 
pronucleus;  red : smaller female pronucleus). The nucleus of the second polar body (2PB) is visible 
above the female pronucleus.  Left panel : A zygote with a single large pronucleus resulting from 
male and female pronuclei fusion. The male chromatin ( yellow / green ) occupies half of the pronu-
cleus, while the other half is occupied by maternal chromatin ( red ). The nucleus of the 2PB ( red ) 
is apparent above the pronucleus, slightly to the  right . ( b ) Scanning electron micrographs of (i) an 
unfertilised mouse oocyte, and (ii) the early mouse embryo at the 2 cell stage following removal of 
the zona pellucida (Reproduced from Phillips and Shalgi  [  121  ] , Liu et al.  [  96  ] , Krukowska and 
Tarkowski  [  83  ]  with permission)       
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  Fig. 50.3    ( a ) Calcium wave as observed using calcium-green-1-dextran in a  Xenopus  egg. Time 0 
shows the egg’s resting levels of calcium. The sperm-induced calcium wave was initiated by sperm 
entry (indicated by  white arrow ), and traversed the entire egg. ( b ) Ca 2+  responses at fertilization in 
eggs and oocytes of several species (Reproduced from Fontanilla and Nuccitelli  [  39  ] , Miyazaki 
 [  104  ] , Miyazaki and Ito  [  105  ]  with permission)       
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from a wide range of species, established the importance of Ca 2+  transients in oocyte 
activation and embryogenesis  [  31  ] , while the microinjection of Ca 2+  ions alone trig-
gered embryo development up to the blastocyst stage in mice  [  44,   145 ]. Repetitive 
Ca 2+  oscillations at oocyte activation are thus necessary to alleviate MPF-mediated 
MII arrest, an insuffi ciency which may result in altered oocyte to embryo transition 
 [  30  ] .  

 Ca 2+  oscillations within the oocyte are commonly accepted to occur as a direct 
result of inositol triphosphate (IP 

3
 )-mediated Ca 2+  release  [ 117,    119,   133,   146,   148, 

  159  ] . Blocking IP 
3
  receptors (IP

3
Rs) within oocytes using specifi c antibodies  [  108  ] , 

down-regulating IP 
3
 Rs using adenophostin  [  12,   68  ] , and reducing the expression of 

IP 
3
 Rs by siRNA  [  164  ] , all lead to the inhibition of Ca 2+  oscillations. Studies have 

also reported cytosolic increases in the concentration of IP 
3
  during fertilization in 

mammalian oocytes  [  146  ] , compounding the importance of IP 
3
  levels and IP3-

mediated Ca 2+  release within this process. 
 While the type 1 isoform of IP3Rs (IP 

3
 R1) appears predominant in human and 

mouse oocytes  [  38,   46,   102,   120  ] , it is thought that cells may express and redistrib-
ute ion channels. It is therefore likely that differential localization of such channels 
may impact upon developmental events  [  152,   155  ] . Indeed, the dynamic phospho-
rylation of IP 

3
 R1 during maturation may increase IP 

3
 R1 sensitivity, while sustained 

release of IP 
3
  during oocyte activation may lead to an overall reduction in IP3R1 

number, a mechanism possibly responsible for the regulation of Ca 2+  oscillations 
during oocyte activation  [  61,   93,   154  ] . 

 Mammalian oocytes are released from MII arrest through the degradation of 
cyclin B1 by proteolysis, mediated by ubiquitin/proteasome activation via Ca 2+  
oscillations at fertilisation  [  105  ]  (Fig.  50.4 ). Binding of Ca 2+  to calmodulin activates 
calmodulin-dependent kinase II (CaMKII)  [  97,   105  ] , a repetitive process which re-
occurs coincident with each Ca 2+  peak in fertilised mouse oocytes  [  100  ] . Cyclin B1 
is then poly-ubiquitinated by the anaphase promoting complex or cyclosome 
(APC/C), an E3 ubiquitin ligase, resulting in degradation of cyclin B1. This process 
is prevented in unfertilised oocytes by cytostatic factor (CSF), which assists MPF in 
maintaining MII arrest  [  57,   69,   105  ] . Upon mammalian fertilisation, CaMKII is 
thought to inhibit CSF components Emi 1, Mad2, or Bub1  [  57  ] .  

 Persistent Ca 2+  oscillations are thought to be responsible for pronucleus forma-
tion via the reduction of mitogen-associated protein kinase (MAPK) activity 
 [  30,   105  ] . The temporal pattern of Ca 2+  oscillations is largely species-specifi c in 
terms of amplitude, duration, and frequency  [  30,   31,   72,   106  ] . Remarkably, oocytes 
appear to “count” each wave of oscillations, with early events such as cortical 
granule exocytosis requiring fewer oscillations than later events such as the alle-
viation of MII arrest  [  98,   140  ] . Indeed, the frequency and amplitude of Ca 2+  oscil-
lations have been reported to affect early embryo protein profi les in mice  [  30  ] , and 
embryonic development in rabbits, playing a role in compaction, blastocyst forma-
tion, and the rate of successful transplantation of 4-cell embryo to host mothers 
 [  105,   145  ] . 

 Spatial and temporal Ca 2+  and IP 
3
  gradients assist in the establishment of the 

dorsal–ventral axis of various developing embryos  [  118,   158  ] , with similar roles 
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for the velocity and duration of Ca 2+  waves  [  65,   160  ] . Experiments inducing a 
variety of Ca 2+  release profi les did not all induce good quality embryos  [  44,   84, 
  128,   153  ] . Ca 2+  transients at fertilization are also responsible for the activation of 
Ca 2+ -sensitive genes or proteins important in subsequent embryo development, 
such as CAMKII  [  28,   55  ] . Indeed, CaMKII g  (the predominant CamKII isoform in 
mouse oocytes) is thought to specifi cally control mouse oocyte activation via cell 
cycle resumption  [  3  ] . 

 Although it is well-established that Ca 2+  oscillations are of the utmost impor-
tance for oocyte activation, the precise mechanism responsible has been the subject 
of intense debate, particularly in relation to the relative roles played by both gam-
etes during gamete fusion. Three predominant models have been hypothesized: (1) 
the Ca 2+  conduit model, (2) the membrane receptor model, and (3) the soluble sperm 
factor model  [  119,   133,   148  ] . 

  Fig. 50.4    Schematic representation of the signaling mechanism, downstream of Ca 2+  release at 
fertilisation, thought to alleviate MII arrest in mammalian oocytes and leading to subsequent 
embryogenesis       
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   The Ca 2+  Conduit Model 

 This model hypothesizes the introduction of a bolus of Ca 2+  directly into the oocyte 
following gamete fusion, leading to Ca 2+ -induced Ca 2+  release  [  62,   64  ] , and was 
subsequently modifi ed, based on sea urchin sperm-egg binding, to suggest that 
channels on the surface of the sperm membrane acted as a conduit following gamete 
fusion, allowing Ca 2+  infl ux into the oocyte (Fig.  50.5a )  [  23,   24  ] . While an attractive 
model initially, particularly for sea urchin egg activation, this model did not take 
into account mechanisms of activation in other species such as mice or ascidicans. 
Experimental evidence strongly implicated that IP 

3
 -mediated Ca 2+  release was an 

integral aspect of oocyte activation. Furthermore, direct injection of Ca 2+  into 
oocytes failed to induce further Ca 2+  increase  [  145  ] , whilst other studies failed to 
detect localised elevations in cytoplasmic concentrations of Ca 2+  during mouse 
gamete fusion  [  72  ] . Furthermore, sea urchin eggs can be activated by acrosome-
reacted sperm in seawater lacking Ca 2+   [  35,   159  ] , rendering it diffi cult to envisage 
how Ca 2+  fl ux through the sperm could be sustained where Ca 2+  concentrations are 
lower or similar to resting concentrations within the egg  [  72  ] .   

   The Membrane Receptor Model 

 This model proposed that an interaction between a ligand on the sperm surface 
and a corresponding receptor on the oocyte triggered activation (Fig.  50.5b ), and 
was the dominant hypothesis for many years  [  36,   63,   119,   134  ] . Adopting one of 
the most fundamental features of cell signaling in somatic cells, where such sur-
face mediated interactions are a normal feature, this model proposed that a signal-
ing cascade triggered by sperm/egg interaction, would lead to the activation of a 

Signaling
Cascade

Metaphase
chromosomes

Metaphase
chromosomes

Polar bady Polar bady

Sperm factor

Metaphase
chromosomes

Polar bady

Ca2+ Ca2+ Ca2+
Ca2+

a b c
Ca2+

  Fig. 50.5    Schematic representations of ( a ) Ca 2+  conduit, ( b ) membrane receptor, and ( c ) sperm 
factor models of oocyte activation (Figure adapted from Parrington et al.  [  119  ] )       
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phospholipase C (PLC) inside the oocyte  [  36,   63,   134  ] . At present, the proposed 
oocyte-sperm receptor is based on indirect evidence, arising from experiments 
involving the over-expression of G-protein-linked receptors in oocytes and corre-
sponding application of ligands (Santella et al. 2004). Furthermore, sperm-induced 
Ca 2+  transients were inhibited by the injection of G-protein antagonists in hamster 
oocytes, indicating that G-proteins may activate PLC b  in response to sperm-
oocyte interaction ( [  103  ] ; Santella et al. 2004), while injection of the hydrolysis-
resistant GTP analogue, GTP- g S, in sea urchin and frog eggs and mammalian 
oocytes elicited Ca 2+  release ( [  66  ] ; Santella et al. 2004). However, while these 
experiments indeed demonstrated Ca 2+  release, the transients observed were dis-
similar to those observed at fertilisation, particularly in the case of mammalian 
oocytes. Furthermore, despite many targeted research studies, such a sperm ligand/
oocyte receptor remains to be characterized  [  119  ] . Critically, the successful nature 
of intracytoplasmic sperm injection (whereby sperm is directly microinjected into 
the oocyte cytosol; ICSI) casts signifi cant doubt over such a mechanism as this 
method bypasses sperm/oocyte membrane interaction completely.  

   The Soluble Sperm Factor Model 

 This model proposed that oocyte activation is triggered by a soluble factor released 
from the sperm into the oocyte during, or immediately following, gamete fusion 
(Fig.  50.5c ). This was supported by the injection of sea urchin sperm extracts into 
eggs, which induced egg activation  [  26  ] , followed by similar observations using 
ascidian sperm  [  25  ] , suggesting that the activating stimulus was a protein or a Ca 2+  
mobilizing messenger. A series of studies, in which sperm extracts were injected 
into eggs of a variety of species, including marine worms, and ascidians, resulted in 
successful Ca 2+  release and oocyte activation  [  88,   141,   144  ] . Sperm extracts from 
frogs, chickens, and tilapia fi sh, have also been shown to trigger Ca 2+  oscillations in 
mouse oocytes  [  18,   29  ] , suggesting the existence of a similar sperm-based mecha-
nism throughout a wide spectra of species. However, the precise identity of this 
“sperm factor” remained a mystery for some time, although considerable research 
suggested that the IP 

3
 -dependant nature of oocyte activation depended upon a PLC-

mediated mechanism  [  119  ] . 

   PLCs at Fertilisation and Oocyte Activation 

 Phosphoinositide metabolism is a vital intracellular signaling system involved in 
many cellular functions including hormone secretion, neurotransmitter transduc-
tion, growth factor signaling, membrane traffi cking, cytoskeletal regulation, and 
have also been linked to fertilisation and embryogenesis ( [  15,   67,   135  ] ; for reviews 
see  [  43,   110  ] ). PLCs are key enzymes within this system, involved in the hydrolysis 
of phosphotidylinositol 4,5-bisphosphate (PIP 

2
 ) into IP 

3
  and diacylglycerol (DAG). 

DAG mediates protein kinase C (PKC) activation, and IP3 triggers Ca 2+  from 
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intracellular stores  [  8,   43,   113  ] . Ca 2+  is also a major player in many other aspects of 
sperm function, including chemotaxis     [  5,   9,   16,   32,   76,   138  ] . PLC and IP 

3
 R signal-

ing mechanisms are also involved in sperm thermotaxis, where elevated levels of 
Ca 2+  may modify fl agellar bending and sperm motion paths  [  4,   5,   10,   33,   53  ] . 

 Currently, there are 13 known mammalian PLC isozymes, categorized on the 
basis of structure and regulatory activation mechanisms: PLC-delta (PLC- d  1, 3, 
and 4), PLC beta (PLC b  1–4), PLC gamma (PLC g  1 and 2), PLC epsilon (PLC e ), 
PLC zeta (PLC z ), and PLC eta (PLC h  1 and 2)  [  43,   56,   109,   125,   175  ] . PLC 
isozymes may contain catalytic X and Y domains as well as various regulatory 
domains, including the C2 domain, EF-hand motif, and pleckstrin homology (PH) 
domain, in various conformations, depending on the isozyme. Some isozymes also 
consist of subtype-specifi c domains, thought to contribute to towards specifi c regu-
latory mechanisms. These include the Src homology (SH) domain in PLC  g  [ 125 ] 
and the Ras-associating and Ras-GTPase exchange factor-like domains in PLC  e  
 [  77,   137  ] . 

 Sperm from PLC d 4 knockout (KO) mice induced activation of fewer oocytes 
following  in vitro  fertilization (IVF), failing to elicit Ca 2+  oscillations, indicating an 
essential role in oocyte activation in sperm for PLC d 4  [  41  ] . Solubilized mouse zona 
pellucida (a protective glycoprotein layer surrounding the oocyte; ZP) was able to 
induce the acrosome reaction (an essential step in fertilization involving the diges-
tion of the ZP) in sperm from normal mice, but could not do so in PLC  d 4 KO 
sperm. Elevations of Ca 2+  levels were thought to have a primary role in this process 
 [  11,   27  ] , and sperm from normal mice treated with ZP exhibited continuous eleva-
tions in Ca 2+ , while incubation of ZP with PLC d 4 KO sperm induced only a small 
increase in Ca 2+ , suggesting a role for PLC d 4 in the ZP-induced acrosome reaction 
 [  42,   43,   110  ] . 

 Evidence suggests that PLC g 1, modulated by tyrosine phosphorylation, may be 
activated in mouse spermatozoa  [  37,   129,   151  ] . Immunostaining indicated that 
PLC g -1 was localised to the sperm head, and that capacitation induced a transloca-
tion of this localisation pattern  [  151  ] . An increase in PLC g  1 activity was observed 
following treatment with ZP, an observation prevented by suppressing ZP-induced 
acrosomal exocytosis  [  95,   129  ] . While there is no direct evidence supporting a role 
for PLC b  in sperm, both PLC b 1 and  b 3 have been identifi ed in acrosomal regions 
of mouse sperm, along with G a q/11  [  41,   157  ] . Considering that PLC b  is activated 
by pertussis toxin-insensitive GTP-binding proteins Gq and G11 in somatic cells, 
the observation that progesterone-stimulated DAG formation was not blocked by 
pertussis toxin may infer a possible role for PLC b  in acrosomal exocytosis  [  108, 
  129  ] . Indeed, sperm from PLC b 1 KO mice exhibited lower acrosome reaction rates 
than their normal counterparts  [  14  ] . However, more in-depth studies are required to 
further elucidate the exact roles of these PLC isozymes during fertilisation  [  129  ] . 

 Several observations suggest that there may be a role for endogenous oocyte 
PLCs during oocyte activation  [  132  ] . Oocytes contain signifi cant amounts of PLC 
isoforms, including  b ,  g , and  d , which may be regulated by the Ca 2+  oscillations at 
fertilisation  [  58  ] . Reduced levels of oocyte PLC b 1 decreased the amplitude of Ca 2+  
oscillations at oocyte activation, but did not change their duration or frequency. 



1104 J. Kashir et al.

Over-expression of PLC b 1 in oocytes prior to fertilization did not result in 
spontaneous Ca 2+  oscillations, but altered the Ca 2+  oscillation profi le following 
fertilization, indicating a role for oocyte derived PLCs in sperm-induced oocyte 
activation in mammals  [  58  ] . Furthermore PLC b 1 has been implicated in nuclear 
translocation following meiotic resumption in mouse oocytes, apparently to per-
ichromatin and interchromatin granules, followed by a subsequent shift to the 
nucleoplasm  [  2,   96  ] . 

 In starfi sh eggs, the Ca 2+  rise associated with activation requires an egg Src fam-
ily kinase (SFK) that activates PLC g  via a SH2 domain-mediated mechanism involv-
ing the endoplasmic reticulum (ER)  [  130,   150  ] . It is not yet known if PLC d ,  e , or  z  
are present in echinoderm oocytes. However PLC b  may be activated by heterotri-
meric G protein-coupled receptors, while PLC  g  may be activated by receptor and 
non-receptor protein tyrosine kinases (PTK), or via translocation to the plasma 
membrane  [  130,   166  ] . However, whether G protein-PLC b  or PTK-PLC g  plays a 
role during egg activation in other invertebrates, or whether these pathways function 
synergistically remains controversial  [  166  ] . 

 Coward et al.  [  20  ]  recently identifi ed a novel PLC d  isoform in sea urchin gam-
etes, termed PLC d su, although its precise role during fertilization and early embryo-
genesis remains unknown. While a green fl uorescent protein tagged PLC d su PH 
domain was observed to localise to the plasma membrane, increasing in intensity at 
fertilization, recombinant PLC d su failed to elicit Ca 2+  signals characteristic of fer-
tilization in mouse oocytes and sea urchin eggs, suggesting that PLC d su may not be 
directly involved in egg activation, but may play a role in further downstream extra-
cellular signals. Intriguingly, the  in vivo  expression of PLC d su cRNA did not result 
in Ca 2+  transients in either mouse or sea urchin eggs. This observation is consistent 
with the behaviour of recombinant PLC b 1, PLC g 1, PLC g 2, PLC d 1, PLC d 3 and 
PLC d 4 protein and cRNA, none of which cause Ca 2+  release in mouse oocytes. 
However, the specifi c PLC isozyme responsible for oocyte activation itself remained 
a mystery until Saunders et al.  [  132  ] , using mouse express sequence tag databases, 
identifi ed a novel, and importantly testis-specifi c, PLC, termed PLCzeta (PLC z ), a 
protein ~74 kDa in mice and ~70 kDa in humans, which was proven to play a key 
role in mammalian oocyte activation.  

   PLC z , the Mammalian Oocyte Activation Factor 

 General consensus agrees that the soluble factor which elicits Ca 2+  release within 
oocytes is sperm-specifi c, as extracts from other tissues do not induce Ca 2+  
increase upon oocyte injection  [  144,   162  ] . Data indicated that the mammalian 
sperm factor was a sperm-specifi c PLC possessing distinct enzymatic properties 
compared to other known PLCs  [  72,   73  ] . Indeed, this correlated with the hypoth-
esis that oocyte activation involved Ca 2+  oscillations generated in an IP 

3
 -mediated 

manner, supporting the notion that the soluble sperm factor was a PLC which 
mediated the hydrolysis of PIP 

2
  to IP 

3
  and DAG  [  106,   132,   146  ] . Expression stud-

ies in mice concluded that PLC z  mRNA was fi rst detectable in spermatids  [  132  ] . 
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More systematic studies of PLC z  mRNA expression during porcine spermatogen-
esis observed PLC z  mRNA translation in elongating spermatids  [  168  ] . Northern 
blot analyses of testes from post-natal hamsters showed that PLC z  mRNA was 
present as early as day 17  [  171  ] .  

 A large body of evidence supports the identity of the mammalian oocyte activa-
tion factor as PLC z . The injection of recombinant PLC z  RNA into mouse oocytes 
resulted in the initiation of Ca 2+  oscillations and supported embryonic development 
to the blastocyst stage  [  82,   132  ] . Immuno-depletion of PLC z  from sperm extracts 
suppressed their ability to release Ca 2+   [  132  ] , while sperm fractionation studies 
correlated the presence of PLC z  in sperm to their ability to induce Ca 2+  oscillations 
 [  40,   86  ] . Furthermore, RNA interference (RNAi) experiments yielded transgenic 
mice exhibiting disruption of PLC z  expression in the testis, while sperm from these 
mice induced Ca 2+  oscillations that ended prematurely, with a clear reduction in lit-
ter size  [  80  ] . Data strongly suggests that PLC z  may be a universal feature of verte-
brate oocyte activation. For example, sperm extracts and PLC z  cRNA from one 
species are able to elicit Ca 2+  release upon microinjection in oocytes from another 
species  [  7,   22  ] . Furthermore, non-mammalian PLC z  homologues have been identi-
fi ed in the chicken  [  19  ] , medaka fi sh  [  60  ] , and quail  [  107  ] . 

 Immunofl uorescence studies  [  40,   169,   171  ]  have shown that PLC z  is predomi-
nantly localized to post-acrosomal regions of the sperm head in mice, a pattern 
maintained following the acrosome reaction (Fig.  50.6a )  [  171  ] . Intriguingly, 
however, this pattern of PLC z  immunofl uorescence was reported to change 
during capacitation  [  171  ] , increasing in intensity and implying modifi ed PLC z  
structure or molecular interactions, or that PLC z  becomes more accessible to 
antibody following capacitation due to physiological changes within the sperm 
membrane  [  49,   156,   171  ] . Intriguingly a second acrosomal population of PLC z  
was also identifi ed, suggesting multiple roles for PLC z  besides oocyte activa-
tion, such as the acrosome reaction  [  171  ] . Immunoblots of porcine sperm extracts 
revealed a variety of isoforms  [  40  ] , ranging from the expected full length 74 kDa 
PLC z  to fragments ranging from 27 to 50 kDa, all of which may exist in a stable 
complex, retaining enzymatic activity  [  87  ] .  

 In non-capacitated human sperm, PLC z  is predominantly localized to equatorial 
regions of the sperm head (Fig.  50.6b )  [  47,   170  ] , an ideal location for a sperm factor 
since the equatorial segment of the sperm remains intact following the acrosome 
reaction  [  6,   47,   161  ] , allowing PLC z  to be one of the fi rst sperm proteins to be 
released into the oocyte following gamete fusion  [  47  ] . As in mouse and hamster 
sperm, a second population of PLC z  was also identifi ed in acrosomal regions of 
human sperm  [  47  ] , while capacitation resulted in dynamic changes in localization 
patterns in post-acrosomal/equatorial regions  [  47,   171  ] . 

 Studies suggest that human PLC z  may be much more potent that other isoforms 
at eliciting Ca 2+  release  [  173  ] . An interesting point to consider is the fundamental 
requirement of a specifi c amount of PLC z  for the initiation of Ca 2+  oscillations 
within the oocyte. Although, too little or too much PLC z  does indeed cause Ca 2+  
oscillations within the oocyte, it is clear that such oscillations are either not suffi -
cient to activate oocytes, or cause excessive Ca 2+  signaling, resulting in activation 
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failure  [  127,   173  ] . Different species have been shown to possess varying amounts of 
PLC z  within sperm, with species delivering “fi ne-tuned” doses of PLC z , with vary-
ing potencies adjusted via evolutionary processes to match the size and sensitivity 
of the oocyte being activated  [  148  ] . The varying solubility of PLC z  in sperm of vari-
ous species may also contribute to this inference. Hamster sperm initiates Ca 2+  
oscillations within approximately 10 s of gamete fusion, whereas there is a 1–3 min 
delay before Ca 2+  oscillations begin in mice  [  91  ] . It is therefore possible that PLC z  
activity and concentration in mammalian species has naturally been optimised to 
achieve the precise Ca 2+  oscillation profi le required for normal oocyte activation and 
embryo development within that species  [  17  ] . Recent data also suggests that PLC z  
RNA transcripts are present within sperm  [  89,   122  ] , which may be transcribed dur-
ing fertilization, sustaining a “long-lived” Ca 2+  response  [  89  ] , which may also 
explain the presence of varying PLC z  isoforms within the sperm. However, the role 
for PLC z  and other RNA transcripts within sperm remain elusive, and require fur-
ther examination  [  74  ] . 

 Interestingly, while all mammalian isoforms of PLC z  have been testis-specifi c, 
Coward et al.  [  21  ]  identifi ed ovarian and brain forms of PLC z  in puffer-fi sh. Injection 
of cRNA corresponding to the ovarian isoform into mouse oocytes did not result in 
Ca 2+  oscillations. This is particularly interesting given the debate regarding the 

  Fig. 50.6    Immunofl uorescent localization of PLC z  ( red ) in hamster ( a ) and human ( b ) sperm. 
Fluorescein isothiocyanate-conjugated peanut agglutinin (FITC-PNA)-lectin staining ( green ) 
identifi es the acrosome, and Hoescht-33342 staining ( blue ) identifi es the nuclei.  Arrows  indicate 
the immunolocalization of PLC z  within the acrosome and equatorial segment of hamster and equa-
torial segment of human sperm (Reproduced from Young et al.  [  171  ]  and Grasa et al.  [  47  ]  with 
permission)       
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mechanism responsible for oocyte activation  [  21,   36,   105,   119  ] . The discovery that 
PLC z  may be present in oocytes of some species raises the question of how a sperm 
stimulus may activate the oocyte. While the majority of scientifi c opinion agrees 
that PLC z  is the endogenous sperm factor, recent studies have demonstrated possi-
ble candidates for sperm factors apart from PLC z , which are able to induce meiotic 
progression or elicit Ca 2+  oscillations in a variety of species. Harada et al.  [  48  ]  iden-
tifi ed a new 45 kDa protein, termed citrate synthase, as the major component respon-
sible for egg activation in the newt  Cynops pyrrhogaster . Wu et al.  [  163  ]  also 
reported another possible candidate for the sperm factor, which resides in the post-
acrosomal sheath region of the perinuclear theca, termed post-acrosomal sheath 
WW domain-binding protein (PAWP), in bovine sperm and other mammalian spe-
cies. However, the molecular mechanisms underlying the precise function of both 
PAWP and citrate synthase are currently unknown  [  1,   163  ] . It is, of course, possible 
that oocyte activation involves the collective action of PLC z  and other sperm fac-
tors. However, this theory remains to be established  [  74  ] .  

   PLC z  Structure and Function 

 While general consensus now agrees that PLC z  is the physiological agent of mam-
malian oocyte activation  [  70,   74,   119,   148,   159  ] , many questions remain regarding 
its precise mechanism of action. PLC z  is unique from other PLC isoforms in its 
high sensitivity to Ca 2+  and Ca 2+  oscillation induction  [  81,   124  ] . In all species in 
which PLC z  has been characterized, PLC z  ranges from 70 to 75 kDa in molecular 
weight  [  148  ] , representing the smallest PLC isoform found to date. PLC z  exhibits 
typical PLC domain structure  [  132  ]  with closest homology to PLC d  isoforms  [  75,   124  ] , 
particularly PLC d 1  [  148  ] . PLC z  possesses characteristic X and Y catalytic domains 
which form the active site common to all PLCs  [  124,   148  ] , a C2 domain and a set of 
EF hands, similar to PLC d  (Fig.  50.7 ). 

 PLC z  is unique from other PLC isoforms in that it lacks a PH domain  [  124,   132  ] , 
and it is thus unclear as to how PLC z  targets its membrane-bound substrate PIP 

2
 . 

Intriguingly, experiments suggest that the PH domain is not integral to the mem-
brane localizing ability of PLC d 4  [  92  ] , leaving the possibility open that PLC z  local-
izes to the plasma membrane through an alternate mechanism. It is possible that 
indirect interaction binds PLC z  to the membrane, or indeed that PLC z  acts upon 
cytosolic PIP 

2
  instead of membrane-bound forms. Regardless, it would seem that 

the target of PLC z  is membrane-bound PIP 
2
 , since this would increase the local 

concentration of substrate for the enzyme to act upon, signifi cantly increasing 
hydrolysis rate  [  78,   101,   124,   125  ] . 

 PLC z  has four EF-hand motifs at the N-terminus, which are important for enzy-
matic activity  [  148  ] , and are arranged in a similar lobed way to the Ca 2+  binding 
domains of calmodulin and troponin  [  124,   148  ] . Deletion of the EF hands led to a 
reduction in Ca 2+  response upon injection of cRNA into mouse oocytes  [  114  ] , sug-
gesting that the EF hands play a structural role in maintaining PLC z  activity. 
However, there is some confl icting data with regards to the importance of EF hands 
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in the Ca 2+  oscillation producing ability of PLC z , where offspring were obtained 
following round spermatid injection (ROSI) in mouse oocytes, along with the injec-
tion of a truncated form of PLC z   [  111  ]  reportedly found in the testis where the fi rst 
three EF hands are lacking  [  40,   81,   86,   167  ] . 

 C2 domains are able to bind to phospholipid containing membranes, as is the 
case with PLC d 1 binding to phosphatidylserine or PLCA2 binding to phosphatidyl-
choline  [  126  ] . Deletion of the PLC z  C2 domain led to some loss of enzymatic activ-
ity, and only a slight reduction in Ca 2+  sensitivity. However, the injection of PLC z  
cRNA lacking the C2 domain in mouse oocytes did not induce Ca 2+  release, imply-
ing that the C2 domain is also required for oocyte activation  [  114,   148  ] . 

 A non-catalytic PLC z  domain possibly involved in the regulation of activity is a 
segment between the X and Y catalytic domains, referred to as the X-Y linker  [  115, 
  148  ] . This apparently unstructured cluster of residues shows greatest divergence 
between species, and is longest in  Macaca fascicularis , but shortest in humans  [  132, 
  148  ] . It remains unclear what these differences mean in terms of biological impor-
tance, but the proximity of the X-Y linker to the active site implies potential involve-
ment in regulating catalytic activity, or by sequestering PIP 

2
  in the locality of PLC z  

in an electrostatic manner  [  115,   148  ] . However, unlike PLC g , the PLC z  X-Y linker 
does not contain any regions of predicted secondary structure, casting doubt as to 
how the X-Y linker would play a role in anchoring PLC z  to PIP 

2
   [  148  ] . There is also 

evidence to suggest that PLC z  remains functional following proteolytic cleavage at 
the X-Y linker, which can form complexes that retain activity  [  87  ] . Indeed, prote-
olytic cleavage may be required for PLC z  to be able to bind to the membrane and 
act upon PIP 

2
   [  132  ] . Intriguingly, studies show that the X-Y linker in some, if not 

all, PLC isoforms play an auto-inhibitory role, the deletion of which results in ele-
vated activity  [  52  ] . 

 Following fertilization, Ca 2+  oscillations in the oocyte cease after pronuclei 
formation  [  99  ] , following which some oscillations are subsequently observed in 

  Fig. 50.7    Schematic illustrations of domain structure for PLC z  and it’s closest PLC homologue, 
PLC d        
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mouse zygotes during mitosis  [  13,   99  ] . One possible explanation of this cell-cycle 
dependant termination and resumption, was that PLC z  was localized to the pronu-
clei during interphase  [  13,   148  ] , resulting in the cessation of Ca 2+  oscillations which 
resume following pronuclear envelope breakdown during the oocytes entry into 
mitosis  [  148  ] . When pronuclear formation was inhibited, Ca 2+  oscillations persisted 
for much longer than normal  [  60,   99  ] . cRNA coding for mouse PLC z  tagged with 
either a Venus fl uorescent protein or a Myc epitope, revealed that PLC z  was associ-
ated with the nascent pronuclei  [  85,   90,   135,   167  ] . Tagged PLC z  was also observed 
to return to the cytoplasm during fi rst mitosis, coinciding with the resumption of 
Ca 2+  oscillations  [  90  ] . 

 This “nuclear sequestration” activity appears to be the result of a specifi c signal 
sequence within the X-Y Linker region of PLC z , termed the nuclear localisation 
signal (NLS)  [  85,   90,   148  ] . Mutational analysis of the NLS resulted in termination 
of PLC z  nuclear sequestration, but still induced Ca 2+  oscillations which continued 
beyond pronuclear formation, suggesting that PLC z  pronuclear sequestration plays 
a role in regulating Ca 2+  oscillations at fertilization  [  90,   148  ] . While a NLS has been 
predicted in a variety of mammalian PLC z s, located in a similar location within the 
PLC z  structure  [  148  ] , only the mouse PLC z  NLS has been shown to be functional 
in oocytes  [  148  ] ; further study is required for other species. Alternate explanations 
for the termination of Ca 2+  oscillations have also been reported. For example, 
changes in the cellular distribution of IP 

3
 Rs  [  46  ]  may also be involved. Indeed, IP 

3
  

is known to be down-regulated following fertilization  [  12,   68  ] . Alternatively, a neg-
ative feedback mechanism involving the production of DAG and subsequently pro-
tein kinase C (PKC) might affect PLC z  activity  [  172  ] . 

 PLC z  is known to re-accumulate in blastomere nuclei  [  85,   135  ] . It is therefore 
possible that PLC z  may promote further cell division during embryogenesis in a 
Ca 2+  dependant manner. As PLC z  targets nuclei specifi cally during interphase  [  135  ] , 
there may be a role for PLC z  at this stage of the cell cycle. Indeed, PLC b 1 translo-
cates to nuclei during G2 to M transition in immature mouse oocytes, contributing 
towards the breakdown of the germinal vesicle via DAG and PKC  [  2,   45,   142  ] . 
PLC d 1 also possesses a NLS  [  165  ] , which in a manner similar to PLC z , localises to 
nuclear structures at the G 

1
 /S phase boundary of the cell cycle  [  139,   142  ] . Suppressing 

PLC d 1 results in increased levels of cyclin E, thus inhibiting cellular proliferation 
 [  139  ] . When considered with reports that concentrations of nuclear PIP 

2
  are signifi -

cantly increased at the G 
1
 /S boundary, and at least doubled at G 

0
 , one can speculate 

that PLC d 1 may regulate certain nuclear functions  [  142,   174  ] , a possibility that 
should be investigated for PLC z .  

   The Role of PLC z  in Human Infertility 

 Considering the pivotal role of PLC z  in mammalian fertilisation, defective forms of 
PLC z  may contribute to cases of male infertility where oocyte activation is defi cient 
(OAD)  [  74  ] . Infertility represents a major problem to a growing proportion of the 
global population. Consequently, worldwide investment in assisted reproductive 
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technology (ART) has signifi cantly increased over recent years. ART now accounts 
for ~7% of all births in some developed countries  [  112  ] , and over eight million ART 
babies have been born worldwide thus far  [  59  ] . A key technique in ART is intracy-
toplasmic sperm injection (ICSI), whereby a sperm is microinjected directly into 
the oocyte cytosol. Predominantly used to treat male factor infertility following the 
failure of conventional  in vitro  fertilisation (IVF), ICSI remains a highly successful 
technique that, on average, results in normal fertilization in 70% of cases  [  112  ] . 
However, a noted phenomenon associated with male infertility is the failure of 
some oocytes to activate, even following ICSI (for review, see  [  74  ] ). Recent studies 
have successfully linked cases of oocyte activation failure to aberrant expression, 
localization and structure of PLC z  in sperm from patients diagnosed with oocyte 
activation defi ciency, particularly in cases of globozoospermia (round headed, 
acrosome-less sperm)  [  50,   170  ] . 

 Sperm from some infertile men who consistently fail IVF and ICSI are either 
unable to elicit Ca 2+  oscillations upon injection into mouse oocytes, or produce 
oscillations uncharacteristic of fertilisation, showing reduced frequency and 
amplitude (Fig.  50.8a ). Furthermore, immunofl uorescence and immunoblots have 
revealed that sperm from ICSI failed infertile patients showed abnormal PLC z  
expression (Fig.  50.8b )  [  50,   170  ] . Interestingly, and of crucial importance to 
future therapeutic options, the activating ability of ICSI failed human sperm can 
be rescued upon co-injection with mouse PLC z  mRNA (Fig.  50.8c )  [  170  ] . 
Interestingly, sperm from wobbler mice (a strain of mice which suffer from motor 
neuron disease caused by a naturally occurring mutation, in whom males are 
infertile) elicit low rates of fertilisation using ICSI, and exhibit an abnormal PLC z  
localisation profi le. Intriguingly, sperm from these mice produce healthy pups 
following ICSI and artifi cial oocyte activation (AOA)  [  51  ] . Taylor et al.  [  149  ]  
further showed that successful pregnancy and birth could be achieved using 
globozoospermic sperm lacking PLC z  by utilising ICSI and AOA  [  149  ]  (for 
review on AOA see  [  74,   112  ] ).  

 Importantly, Heytens et al.  [  50  ]  identifi ed a substitution mutation in a non-
globozoospermic infertile male within the Y domain of PLC z  at position 398, 
resulting in a histidine to proline substitution (H398P) (Fig.  50.9a ). Predictive mod-
elling suggested that this residue change may disrupt the active site loop (Fig.  50.9b ), 
and the ability of PLC z  to interact with PIP 

2
   [  116  ] . Multiple sequence alignments 

confi rmed that the histidine at this position is highly conserved across all mamma-
lian  [  22,   132,   168,   171  ] , chicken  [  19  ] , and medaka isoforms of PLC z   [  60  ] , as well 
as all PLC d  isoforms  [  34,   132  ] , indicating that this residue may play a critical role 
within the active protein  [  50  ] . Furthermore, the injection of H398P PLC z  cRNA 
into mouse oocytes resulted in highly abnormal Ca 2+  release which was insuffi cient 
for oocyte activation (Fig.  50.9c )  [  50  ] .  

 Yoon et al.  [  170  ]  and Heytens et al.  [  50  ]  provided the fi rst key link between 
defective PLC z  and human male infertility. However, further analytical studies are 
needed to explore the precise functional effects of the H398P mutation identifi ed by 
Heytens et al.  [  50  ] . Studies investigating larger cohorts of patients, from a range of 
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biogeographical regions, targeting specifi c male factor conditions, and utilizing 
high-throughput genetic screening techniques may be invaluable in discovering the 
prevalence of such mutations in human infertility. 

 Further analyses should also systematically map out specifi c clinical conditions 
in which aberrant forms or reduced expression of PLC z  may play a role, and thus 
provide the foundations for the development of a therapeutic version of PLC z  to aid 
such patients as an alternative to current AOA protocols which remain the source of 
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  Fig. 50.8    ( a ) Ca 2+  oscillation profi les following the injection of sperm from normal fertile humans 
( top panel ) and infertile patients who had previously failed or exhibited low fertilisation rates fol-
lowing ICSI ( bottom panel ).  Arrows  denote time of sperm injection, and  n  indicates the number of 
mouse oocytes exhibiting the corresponding Ca 2+  oscillation profi le. ( b ) Reduced PLC z  immunos-
taining ( red ) in sperm from infertile ICSI failed patients exhibiting abnormal morphology (in this 
case globozoospermia; acrosome-less, round-headed sperm) (i), and normal morphology (ii). 
Fluorescein isothiocyanate-conjugated peanut agglutinin (FITC-PNA)-lectin staining ( green ) 
identifi es the acrosome, and Hoescht-33342 staining ( blue ) identifi es the nuclei.  Arrow  indicates 
reduced PLC z  immunolocalisation of within the equatorial segment. Scale bars indicate 5  m m. 
( c ) ( Top panel ) Injection of a sperm from a fertile control was able to elicit Ca 2+  oscillations and 
activate mouse oocytes. ( Middle panel ) Sperm from an infertile patient with a history of ICSI 
failure was unable to elicit Ca 2+  oscillations, and was unable to activate mouse oocytes following 
injection, but was able to do so following the co-injection of PLC z  mRNA ( Bottom panel ).  Arrows  
denote time of sperm injection.  1st PB  fi rst polar body,  2PB  second polar body. TO-PRO-3 staining 
( blue ) stains chromatin.  Asterisk  in inset points to the persistence of the human sperm tail in mouse 
oocytes. Scale bar indicates 10  m m (Reproduced from Yoon et al.  [  170  ]  and Heytens et al.  [  50  ]  with 
permission)       
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some concern  [  74  ] . While Yoon et al.  [  170  ]  provided the fi rst real evidence the 
PLC z  as a novel therapeutic, Rogers et al.  [  127  ]  provided additional supportive 
evidence by activating aged human oocytes incapable of being activated by any 
other means. 

 Currently, we know little of the precise mechanisms of PLC z  action, the regula-
tory pathways involved, and the relative roles of the various localisation patterns 
reported in the literature. Systematic analysis of these issues represents a critical 
challenge in the translation of PLC z  into a routine therapeutic agent for the clinic. 
In addition, immunofl uorescence and immunoblot analysis of PLC z  expression and 
localization in human sperm, combined with assays of PLC z  enzymatic activity, 
may have potential use as diagnostic tools with which to identify and treat men with 
oocyte activation defi ciency. While much remains unknown with regards to PLC z  
and its mode of activity within oocytes, and in particular it’s potential role in 
embryogenesis, the utilization of PLC z  as a clinical therapeutic holds much promise 
for the future treatment of human infertility.        

  Fig. 50.9    Histidine > Proline point mutation (H398P) identifi ed by Heytens et al.  [  50  ]  in an infertile 
male patient diagnosed with oocyte activation defi ciency. ( a ) Model of human PLC z  functional 
domains ( green  – EF hands,  blue  – X catalytic domain,  yellow  – Y catalytic domain and  cyan  – C2 
domain). Histidine398 (H398) is shown in  red . ( b ) Close-up of H398 showing side-chain-side-
chain hydrogen bonds (bi), alongside a close-up of P398 in mutant PLC z  showing no side-chain-
side-chain hydrogen bonds (bii). ( c ) Microinjection of wild type and mutant PLC z  into mouse 
oocytes and resulting calcium release patterns (Reproduced from Heytens et al.  [  50  ]  with 
permission)       
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  Abstract   Calcium is a key second messenger in signaling pathways associated 
with developmental and adaptive processes in plants. Stimulus-specifi c calcium signals, 
considered as calcium signatures, are translated into appropriate cellular responses 
through the action of various calcium-binding proteins and downstream effectors. 
We review here recent progress made in calcium signaling in the nucleus of plant 
cell. Experimental evidences show that nuclei can generate calcium signals on their 
own and point out the importance of calcium in the regulation of gene transcription. 
Future directions are given concerning the need to elucidate the mechanisms 
involved in the regulation of nuclear calcium homeostasis, the conversion of cal-
cium signals into transcriptional responses or other fundamental downstream 
nuclear functions. Overall, a better understanding of nuclear signaling will be useful 
to get an integrated picture of the signaling network of the plant cell.  

  Keywords   Nuclear calcium signaling  •  Aequorin  •  Calcium sensors  •  Calmodulin  
•  Transcriptional regulation      

   Introduction 

 A chapter dealing with calcium signaling in plants could appear as an intruder in 
a textbook mostly dedicated to signaling in animals. However, a closer look at 
calcium signaling in plants reveals that generation of calcium signals and the way 
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they are shaped and decoded are roughly conserved in photosynthetic and non 
photosynthetic eukaryotes, thus making this chapter quite in the scope of this book. 
Nevertheless, plants also possess unique features that we will try to point out in this 
chapter. Calcium is a macronutrient with key structural and signaling roles that can 
act as an osmoticum in the vacuolar compartment, as a stabilizing agent in plant cell 
walls and of course as an ubiquitous second messenger     [  1  ] . In plants, calcium sig-
naling studies really emerged in the late 1980s early 1990s, thanks to the cloning of 
the natural calcium probe aequorin from the jellyfi sh  [  2,   3  ]  and the pioneering work 
performed by Anthony J. Trewavas and Marc Knight that used this calcium probe 
as a tool to monitor real-time calcium changes in plant cells in response to environ-
mental cues  [  4,   5  ] . The cloning of the aequorin gene was really a breakthrough in 
the way to approach free calcium measurements in plants because it immediately 
alleviated the diffi culties encountered using the fi rst generation of fl uorescent cal-
cium probes. Indeed, according to the tissues, the type of cells and the nature of 
plants used, free diffusion of these calcium probes was impaired by the thick cell 
wall and ionic charges. As an alternative, microinjection as performed in animal 
cells was really a challenge due to the necessity to thwart the high cell turgor 
encountered with plant cells. In addition, it is well known from animal studies that 
reliable monitoring of free calcium changes with fl uorescent chemical probes, gen-
erate problems specially in the nucleus where they appear brighter than in the cyto-
sol. Indeed, it is known that their affi nity for Ca 2+  is dependent on their environment 
 [  6–  8  ] . The discovery of aequorin as the fi rst calcium probe encoded by a specifi c 
gene immediately boosted the fi eld due to the fl exibility associated with genetic 
methods such as molecular engineering and the great ease to perform  Agrobacterium -
mediated transformation of model plants. These advantages stimulated some 
researchers to design new targetable calcium probes such as cameleon  [  9  ] , pericam 
 [  10  ] , easy to express in plant cells and able to overcome some limitations of the 
aequorin probe in calcium imaging. Most data concerning calcium measurements in 
plants were obtained with these encoded calcium probes. The diversity of calcium 
signals observed led to the conclusion that calcium signals generated in response to 
biotic or abiotic stimuli could encode specifi city through their spatio-temporal and 
amplitude parameters as previously noticed in animal cells  [  11,   12  ] . This concept of 
calcium fi ngerprint also accepted in plant fi eld  [  13–  15  ]  was concomitantly accom-
panied by the need to answer the crucial question of how these calcium signals are 
decoded to achieve specifi city. Key elements of the calcium toolkit as defi ned in 
animals  [  12  ]  are required to shape and relay the calcium signal to the fi nal adaptive 
response. Some of these tools (channels, transporters, calcium-binding proteins) 
were discovered upon the completion of the sequencing of plant genomes such as 
the one of  Arabidopsis thaliana   [  16  ]  .  Indeed, such available and complete database 
favored the  in silico  data mining using already known Ca 2+ -binding domains and 
motifs like the “EF-hand” motif  [  17  ] . This approach ended in the set up of a diversi-
fi ed repertoire of about 250 EF-hand proteins in  Arabidopsis , slightly larger than in 
animals, including calmodulin (CaM) and calmodulin-like proteins  [  18,   19  ] . In contrast 
to animals where only one CaM isoform is present unexpectedly 3 CaM isoforms 
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and 50 CaM-like proteins are encoded by the  Arabidopsis  genome  [  20  ]  and 
Table  51.1 . Furthermore, bifunctional calcium-sensors harbouring a CaM-like 
domain associated with a Ser/Thr protein kinase domain on a single polypeptide 
and known as CDPKs ( C alcium- D ependent  P rotein  K inase) are unique to plants 
 [  50  ] . Besides these plant specifi c calcium sensors, other calcium-regulated proteins 
are shared by plants and animals such as calcium-regulated transcription factors 
(TFs) belonging to the calmodulin binding transcription activator (CAMTA) group 
 [  51  ] . In this particular case, calcium studies devoted to plants have fi rst led to the 
demonstration that CAMTAs function as DNA-binding proteins.  

 From data associated with calcium signaling in plants, two main surprising points 
arose: the larger diversity of EF-hand proteins able to decode the calcium signals 
and the surprising lack of knowledge on the diversity and structures of calcium 
channels, in comparison to what is known in animals. More particularly, calcium 
channels associated with internal calcium pools such as the endoplasmic reticulum 
(ER) supposed to be stimulated by inositol 1,4,5 trisphosphate (IP 

3
 ) or cyclic ADP-

ribose (cADPR) are still undiscovered in plants. The large family of animal Ca 2+ -
permeable transient receptor potential (TRP) channels  [  52  ]  have no counterparts in 
the model plant  Arabidopsis thaliana , although some orthologous members have 
been found in the genome of the photosynthetic algae  Chlamydomonas   [  48  ] . 
Nevertheless, a pharmacological profi le similar to the animal TRPM3 channel  [  53  ]  
has been observed in isolated nuclei of tobacco cells  [  28  ] . 

 Although most of available data concerning calcium signaling in plants are 
related to calcium signals and their decoding processes in the cytosol only, studies 
of nuclear calcium signaling are now gaining interest because it is admitted that 
each cell compartment can use its own calcium signatures as part of the signaling 
pathway, to drive downstream signaling events such as modifi cation of gene tran-
scription. Analyzing gene transcription in hippocampal neurons, Hardingham and 
his collaborators could demonstrate that nuclear calcium signals activate gene tran-
scription by a mechanism that is distinct from gene regulation driven by cytoplas-
mic calcium signals  [  54  ] . This seminal result highlighted the role of calcium 
signatures and the importance of calcium compartmentalization in the mounting of 
cell responses. Two independent calcium signatures in two different compartments 
would help to explain how response specifi city could be achieved in response to 
various environmental stimuli using the calcium ion as an ubiquitous second mes-
senger. Due to the presumed importance of nuclear calcium signaling in regulating 
nuclear events associated with cell division, development, defense or programmed 
cell death, this facet of calcium signaling is presently gaining increasing attention in 
both animal and plant fi elds as highlighted by recent reviews  [  32,   55–  59  ] . For these 
reasons, we propose to give here the current view of nuclear calcium signaling in 
plants focusing on data reporting nuclear calcium signals both in whole cells and 
isolated nuclei in response to environmental cues. A particular emphasis will be 
given to possible decoding processes in the nucleus and their consequences on tran-
scriptional regulation.  



1126 B. Ranty et al.

   Ta
bl

e 
51

.1
  

  C
om

pa
ra

tiv
e 

   an
al

ys
is

 o
f 

th
e 

ca
lc

iu
m

 t
oo

lk
it 

co
nc

er
ni

ng
 c

al
ci

um
 t

ra
ns

po
rt

 a
nd

 c
al

ci
um

-b
in

di
ng

 p
ro

te
in

s 
fr

om
  A

ra
bi

do
ps

is
 t

ha
li

an
a  

an
d 

 H
om

o 
sa

pi
en

s    

 O
rg

an
is

m
 

  A
ra

bi
do

ps
is

 th
al

ia
na

  
  H

om
o 

Sa
pi

en
s  

 N
um

be
r 

of
 h

om
ol

o-
go

us
 p

ro
te

in
s*

 
 N

uc
le

ar
 lo

ca
lis

at
io

n 
 O

th
er

 lo
ca

lis
at

io
n 

 N
um

be
r 

of
 h

om
ol

o-
go

us
 p

ro
te

in
s*

 
 N

uc
le

ar
 

lo
ca

lis
at

io
n 

 T
ra

ns
po

rt
er

s:
 

 C
ha

nn
el

s 
  V

D
C

C
 ty

pe
 H

V
A

  (
L

) 
 1 

(T
PC

1)
 [  2

1  ]
  

 N
o 

 To
no

pl
as

t 
 6+

1 
(T

PC
1)

 
 N

o 
  R

O
C

C
  : 

 C
N

G
C

 
 20

 
 3 

Su
sp

ec
te

d 
 [  2

2  ]
   

 Pl
as

m
al

em
m

a 
 4 

 N
o 

 G
lu

R
 (

A
M

PA
) 

 20
 

 su
sp

ec
te

d 
 [  2

3  ]
  

 5 
 Y

es
  [

  24
,   2

5  ]
  

 R
ya

no
di

ne
 r

ec
ep

to
r 

 0 
 8 

 Y
es

  [
  26

,   2
7  ]

  
 IP

3 
re

ce
pt

or
 

 0 
 Su

sp
ec

te
d 

 [  2
8  ]

  
 3 

 Y
es

  [
  29

,   3
0  ]

  
 N

A
A

D
P 

re
ce

pt
or

 
 0 

 N
o 

 ? 
 Y

es
  [

  31
  ]  

 cA
D

PR
 r

ec
ep

to
r 

 ? 
 Su

sp
ec

te
d 

 ? 
 Y

es
  [

  31
  ]  

 Pu
m

ps
 

 P-
Ty

pe
 C

a 2+
  A

T
Pa

se
 

 6 
Su

sp
ec

te
d 

 [  2
2  ]

  
 Y

es
  [

  32
  ]  

 Ty
pe

 I
IA

 
 4 [

  33
  ]  

 E
ca

3 
(p

la
st

id
) 

 8 
 E

ca
1,

2 
(E

R
) 

 Ty
pe

 I
IB

 
 10

 [  3
3  ]

  
 A

ca
1 

(p
la

st
id

) 
 11

 
 A

ca
4,

11
 (

to
no

pl
as

t)
 

 A
ca

8,
9,

10
 

(p
la

sm
al

em
m

a)
 

 C
a 2+

  e
xc

ha
ng

er
s 

 C
a 2+

 /H
 +
  

 8 
an

d 
 6  

 [  3
4  ]

  
 ? 

 0 
 Y

es
  [

  35
  ]  

 C
a 2+

 /N
a +

  
 0 

 ? 
 3 

 C
a 2+

 /N
a +

 /K
 +
  

 5 
 ? 

 5 



112751 Nuclear Calcium Signaling and Its Involvement…

 C
al

ci
um

 b
in

di
ng

 
pr

ot
ei

ns
 

  E
F-

ha
nd

 p
ro

te
in

s  
 C

aM
 

 7 
 Y

es
  [

  36
  ]  

 Y
es

 (
pl

as
m

al
em

m
a)

 
 [  3

7  ]
  

 7 
? 

 Y
es

  [
  32

  ]  

 C
aM

-l
ik

e 
 50

 
 Y

es
  [

  38
  ]  

 0 
? 

 C
en

tr
in

 (
ca

ltr
ac

tin
) 

 2 
 Y

es
  [

  39
  ]  

 5 
 C

al
ci

ne
ur

in
 B

 
 0 

 5 
 C

al
ci

ne
ur

in
 B

-l
ik

e 
 10

 
 Y

es
  [

  40
  ]  

 Y
es

 (
to

no
pl

as
t, 

pl
as

m
al

em
m

a)
 

 [  4
0  ]

  

 0 
? 

 C
C

aM
K

 
 0 

bu
t 2

 in
 le

gu
m

es
 

 Y
es

 in
 le

gu
m

es
  [

  41
  ]  

 6 
 C

aM
K

 
 3 

 4 
 C

D
PK

 
 34

 
 Y

es
  [

  42
  ]  

 Y
es

 (p
la

sm
al

em
m

a,
 

pe
ro

xi
so

m
e)

  [  4
3  ]

  
 0 

 C
R

K
 (

C
D

PK
-r

el
at

ed
) 

 4 
 ? 

 0 
  C

al
ci

um
/p

ho
sp

ho
lip

id
 

bi
nd

in
g 

pr
ot

ei
ns

  
 ? 

 19
 

 A
nn

ex
in

s 
 8 

  [  4
4  ]

  
 ? 

 13
 

 Y
es

  [
  45

  ]  
 Ph

os
ph

ol
ip

as
e 

C
 

 6 
 ? 

 Y
es

  [
  46

,   4
7  ]

  
  C

al
ci

um
 s

to
ra

ge
 p

ro
te

in
  

 ? 
 2 

 C
al

re
tic

ul
in

 
 5 

 ? 

  Sp
ec

ifi 
c 

ce
ll 

su
bl

oc
al

iz
at

io
ns

 h
av

e 
be

en
 in

di
ca

te
d 

w
he

n 
kn

ow
n.

 *
 n

um
be

rs
 in

di
ca

tin
g 

th
e 

nu
m

be
r 

of
 h

om
ol

og
ou

s 
pr

ot
ei

ns
 a

re
 ta

ke
n 

fr
om

 th
e 

pr
ev

io
us

 w
or

k 
of

 
N

ag
at

a 
et

 a
l. 

 [  4
9  ]

  e
xc

ep
t f

or
 n

um
be

rs
 b

ea
ri

ng
 s

pe
ci

fi c
 r

ef
er

en
ce

s.
 A

dd
iti

on
al

 in
fo

rm
at

io
n 

ca
n 

al
so

 b
e 

ob
ta

in
ed

 f
ro

m
 th

e 
w

or
k 

of
 M

er
ch

an
t e

t a
l .  

 [  4
8  ]

   



1128 B. Ranty et al.

   Monitoring Calcium Signals in the Nuclei of Plant Cells 

 Different lines of evidence mainly obtained from animal systems have shown that 
nuclei contain calcium channels and transporters that could shape calcium signals 
within the nucleus  [  29,   30,   35,   60  ]  and Table  51.1 . The main calcium reservoir sup-
posed to be used by these channels and transporters is the nuclear envelope (NE), a 
double membrane that separates the cytoplasm from the nucleoplasm. The space 
between the inner and the outer membrane called perinuclear space or cisternae is 
in continuity with the lumen of the ER that contains high concentrations of calcium. 
Thus, this organelle is supposed to fuel the perinuclear space with calcium ions. 
However, the NE is punctuated with nuclear pores complexes (NPC) of wide diam-
eter (up to 110–120 nm in nuclei of  Xenopus  oocytes  [  61  ] , allowing the transloca-
tion of large molecules (proteins, RNAs) and suggesting, that ions such as calcium 
can freely diffuse. This assumption led to the idea that changes in free calcium con-
centration measured in the nucleoplasm could be the result of the free diffusion of 
calcium ions from the cytosol through NPCs, providing an alternative explanation 
for the generation of nuclear calcium signals. During years these two views of 
nuclear calcium signaling had their own supporters and detractors and the source of 
the nuclear calcium signals remained a very controversial issue, as reported in the 
successive symposia on calcium signaling  [  60,   62,   63  ] . 

 In plants, the origin of nuclear calcium may also be questioned because of the 
structure of the nuclear envelope which is similar to that of animal nuclei and is 
punctuated with one of the highest density of NPCs (40–50  per   m m 2 ) found so far in 
eukaryotes  [  64  ] . However, much less experimental evidences are available to sus-
tain a debate on the origin of nuclear calcium signals. As reported in the introduc-
tion, nuclear calcium studies in plants were really boosted by the emergence of 
aequorin constructs addressed to the nucleoplasm. Using  Nicotiana plumbaginifolia  
seedlings constitutively expressing a chimera aequorin, van der Luit and collabora-
tors reported calcium changes in the nucleus in response to either wind or cold 
shock  [  65  ] . This study was the fi rst report on nuclear calcium signals in plants but 
also the fi rst to suggest that transcription can be differentially regulated by nuclear 
calcium signals. These authors also suggested that wind-induced expression of the 
tobacco CaM isoform NpCaM1 is regulated by a signaling pathway depending on 
nuclear calcium whereas its expression in response to cold is regulated by a cytoso-
lic-dependent calcium pathway  [  65  ] . 

 At the same period, using protoplasts of tobacco BY-2 cells expressing a nucle-
oplasmin-aequorin construct, Pauly et al .  showed that mastoparan was able to induce 
a dose-dependent calcium response in the nucleus, delayed with respect to the cyto-
solic calcium response  [  66  ] . The higher the concentration, the higher the delay was 
shortened. Using the same biological model, they further investigated the nuclear 
response at the whole cell level using changes in osmolarity as an easily quantifi able 
physical stimulus. Lowering the osmolarity of the culture medium from 250 to 
100 mosmol by diluting the medium with water, induced an immediate cytosolic [Ca 2+ ] 
change with two successive calcium peaks appearing at 15 and 60 s respectively. 
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The cytosolic calcium level remained elevated (0.5  m M) even after 5 min of 
incubation while a rapid mono-phasic increase in nuclear [Ca 2+ ] concomitant with 
the fi rst cytosolic Ca 2+  peak, was observed. This nuclear peak reached its maximum 
amplitude at 46 s and the nuclear calcium level went down with the same kinetics 
than the cytosolic calcium. In contrast, increasing the osmolarity from 250 to 
400 mosmol elicited a smaller but identical biphasic response in cytosolic [Ca 2+ ] 
without inducing changes in nuclear [Ca 2+ ]  [  67  ] . These results pointed out that cyto-
solic calcium do not freely diffuse into the nucleoplasm through NPCs, even when 
cytosolic concentrations reached levels higher than 1  m M  [  67  ] .The second conclu-
sion drawn from these results was the ability of the plant cell to discriminate stimuli 
(hypo  versus  hyper osmotic shocks) and to transduce them as distinct cell calcium 
signatures involving either the two compartments, nucleus and cytosol, or only the 
cytosol. This ability of the nucleus to convert external stimuli into calcium responses 
was not restricted to abiotic stimuli. Using pathogen-derived elicitors such as cryp-
togein, a polypeptide secreted by the oomycete  Phytophthora cryptogea  able to 
promote defence responses in plants, it was possible to elicit calcium transients in 
the nucleus of tobacco cells in addition to those induced in the cytosol  [  68,   69  ] . 
Interestingly, nuclear Ca 2+  variations occurred 15 min after the cytosolic Ca 2+  peak, 
suggesting that increases in [Ca 2+ ] 

nuc
  were likely not due to a simple diffusion of 

cytosolic calcium through the NPCs. All together, these data obtained on tobacco 
cells demonstrated that changes in nuclear [Ca 2+ ] may be disconnected from cytoso-
lic Ca 2+  transients. Nuclear calcium responses are also observed in benefi cial plant-
microbe interactions. During the establishment of symbiosis between legumes and 
 rhizobia,  a molecular dialog takes place between the two partners. Flavonoïds are 
produced by the roots of the plant to attract the bacteria which in turn will produce 
specifi c lipochito-oligosaccharides signals known as nodulation factors (NFs)  [  70  ] , 
able to activate a plethora of events in the root hair cells  [  71  ] . A crucial role of 
the calcium signal has been demonstrated in the establishment of this symbiosis. 
The calcium signal is composed of an immediate cytosolic calcium fl ux followed by 
a delayed train of calcium oscillations that are absolutely required for the formation 
of the root nodule which is the nitrogen-fi xing organ  [  72,   73  ] . It was initially shown 
that NF-induced calcium spiking was taking place around the nucleus and was then 
diffusing through the cell  [  72  ] . Using a nucleoplasmin-cameleon fusion (Nup 
YC2.1) addressed specifi cally to the nucleus, Sieberer et al. showed that NFs trigger 
persistent nuclear calcium oscillations within the growing root hairs and that the 
initial increase in nuclear calcium originate from the nucleus periphery  [  74  ] . 
Similarly, occurrence of nuclear calcium signals was also observed during the 
arbuscular mycorrhizal symbiosis (AM) in legume and nonlegume plants. Upon 
contact between the hyphen and the root, an adhesion structure develops on non root 
hair epidermal cells referred to as atrichoblasts  [  75  ] . Using the nuclear-targeted 
“cameleon’ calcium probe, Chabaud et al .  reported sustained nuclear calcium spiking 
in atrichoblasts in both legume and non legume  [  76  ] . These studies showed that the 
nucleus can generate calcium signals in response to bacterial and AM symbiosis, 
but the relationship between cytosolic and nuclear calcium in this context is still an 
open question.  
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   Generating Nuclear Calcium Signals Independently 
of Cytosolic Calcium Signals 

 Among the available data concerning plant nuclear calcium responses, two scenarios 
have been reported: either the nuclear calcium response is lacking even when cyto-
solic calcium transient occurs, or the nuclear calcium response is delayed from sev-
eral seconds to several minutes with respect to the cytosolic calcium response. Both 
cases suggest that nuclear calcium does not diffuse freely through the NPCs. The 
autonomy of the nucleus in generating its own calcium signals was defi nitely con-
fi rmed in a situation where the nucleus compartment was shown to be able to gener-
ate calcium transients in the absence of any cytosolic calcium changes. Such a 
situation was encountered during a structure-function study using jasmonates deriv-
atives. These compounds are considered as important hormones involved in plant 
development and defence  [  77  ] . A series of biologically active or synthetic deriva-
tives of jasmonic acid were applied on tobacco cells constitutively expressing 
aequorin either in the cytosol or in the nucleus. The structure-activity analysis 
revealed that jasmonates fall into three distinct classes: (1) compounds inducing 
calcium changes both in the cytosol and the nucleus, (2) compounds inactive on 
either compartments and (3) compounds inducing calcium transients selectively in 
the nucleus  [  78  ] . Isoleucine conjugates only belong to the third class. Interestingly 
one of them, the natural compound jasmonoyl-isoleucine, was recently found to be 
the one able to bind the  S KP1  C ullin  F -box protein E3 ubiquitin ligase (SCF  COI1 ) 
and to promote its association with the  JA smonate  Z IM-domain (JAZ1) transcrip-
tional repressor in order to allow JAZ1 degradation through the 26S proteasome 
 [  79  ] . Upon proteolysis of the JAZ1 repressor, the MYC2 transcription factor 
enhances transcription of jasmonate-responsive genes  [  80  ] . These data unambigu-
ously demonstrate for the fi rst time in plants and in the context of a major signaling 
pathway associated with plant defense and development, that the nucleus is able to 
elicit its own calcium signals independently of cytosolic calcium  [  78  ] . 

 To investigate the possibility of the full autonomy of the nucleus in regulating its 
own calcium homeostasis, Xiong et al .  purifi ed functional nuclei from tobacco pro-
toplasts  [  28  ] . These nuclei were challenged with various stimuli, mechanical, chem-
ical (Long Chain Bases or LCBs) and physical ones (T°). All these stimuli externally 
applied to purifi ed nuclei induced dose-dependent calcium responses completely 
disconnected from the external sources of calcium, and were controlled by the pH 
of the incubation medium. An important property of the purifi ed nuclei was the lack 
of desensitization to successive mechanical stimulations indicating that a still 
unknown system was able to refi ll the calcium reservoir. A pharmacological 
approach performed to characterize the possible channel activities involved in the 
nuclear calcium responses suggested that IP 

3
  receptor (IP 

3
 R) and/or TRP-like cal-

cium activities could be involved in response to these stimuli. However, as men-
tioned in the introductory part, IP 

3
 R or TRP-like proteins have not been found in 

upper plants so far (Table  51.1 ). Finally, in a recent study devoted to understand the 
role of calcium compartmentalization associated with the programmed cell death 
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induced by dihydrosphingosine (DHS) in tobacco cells, it was possible to selectively 
inhibit nuclear calcium signals with blockers of ionotropic glutamate receptors 
without affecting the cytosolic calcium changes. Such blocking prevented pro-
grammed cell death even in the presence of an unchanged calcium response in the 
cytosol  [  23  ] . These data attributed a crucial role to nuclear calcium signals in 
promoting programmed cell death in plants.  

   Modeling the Nuclear Calcium Homeostasis 

 The control of nuclear calcium homeostasis was evaluated using a simple mathe-
matical model to simulate the data obtained with purifi ed nuclei from tobacco cells 
 [  28  ] . The model was based upon the assumption that nucleoplasmic calcium is 
shaped by the balance between activities of Ca 2+  channels and Ca 2+  transporters in a 
closed system,  i.e  being independent of external calcium concentration  [  81  ] . 

 Using such a model, the authors could fi t the experimental calcium traces assum-
ing the coordinated action of calcium channels and transporters likely located on the 
inner membrane of the NE. To be compatible with the measured kinetics, a very 
slow calcium buffer system was introduced in the model in addition to the calcium 
transporters. Such a system explains the continuous refi lling of the NE store. This 
refi lling is absolutely required to restore the resting level necessary to support suc-
cessive calcium transients observed in response to successive mechanical stimula-
tions. The average time constant of SERCA-ATPases  [  82  ]  being compatible with 
the time constant range observed for the calcium decrease measured in the nucleo-
plasm of purifi ed nuclei suggest their involvement. The modeling suggests that the 
variations of resting [Ca 2+ ] 

nuc
  induced by the temperature or the pH can be explained 

by an increase of the Ca 2+  channel kinetic constants rather than by a decrease in 
transport activity. In the same way, the pH-dependence of the nuclear calcium 
dynamics may be due to simultaneous changes of the Ca 2+ -binding capacity and the 
modulation of Ca 2+  channel activity rather than Ca 2+  re-uptake  [  81  ] . This model 
could explain the observed experimental results, but the molecular supports (chan-
nels, transporters) compatible with this model still remain to be characterized.  

   Sensing Calcium Signals in the Nucleus 

 How these nuclear calcium signals evoked by various stimuli can be decoded and 
used to control downstream events in the nucleus remains to be investigated. 
However some relevant data related to calcium binding proteins found in the nucleus 
can help to elucidate the putative role of these nuclear signals. Several nuclear pro-
cesses including DNA replication, DNA repair, DNA degradation during pro-
grammed cell death and gene transcription are known to be linked to calcium 
signaling in animal and plant systems. In plants, available data mainly describe the 
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regulation of transcription by calcium and the search for calcium-cis elements, for 
review see  [  83–  85  ] . Thus, data on the dynamics of the spatial distribution of cal-
cium-binding proteins in plant cells in response to various stimuli implicate diverse 
types of calcium sensors including calmodulin (CaM), calmodulin-like proteins 
(CMLs) and calcium-dependent protein kinases (CDPKs) that are supposed to take 
part in the recognition of nuclear calcium signals. The presence of CaM in the plant 
cell nucleus and the identifi cation of nuclear-localized CaM targets suggest the 
importance of CaM in nuclear calcium signaling  [  86  ] . In addition to CaM, CMLs 
and CDPKs, which belong to large protein families essentially found in plants, 
exhibit diverse sub-cellular localizations including the cytosol, the nucleus and the 
plasma membrane  [  87–  89  ]  and Table  51.1 . It is now clear that intracellular traffi ck-
ing of CMLs and CDPKs occurs in response to diverse stimuli and allows the for-
mation of nuclear pools of these calcium sensors when required. For example, the 
partitioning of the calmodulin-like protein CaM53 in petunia between the plasma 
membrane and the nucleus is governed by light/dark exposure and the carbon status 
of the cell  [  37  ]  (Fig.  51.1 ). Under light exposure or carbon-saturated conditions, 
CaM53 is associated to the plasma membrane through prenylation of its C-terminal 
extension whereas in the dark or under carbon starvation, the protein is targeted to 
the nucleus. Interestingly, the ectopic expression of the wild-type CaM53 or of a 
nuclear-localized mutant form in transgenic plants, promotes distinct phenotypes, 
suggesting that CaM53 controls specifi c signaling pathways in each cell compart-
ment. Nuclear translocation of several CDPKs were also reported in response to 
osmotic and salt stress  [  42,   90  ] . The growing list of CDPK substrates and CML-
interacting proteins including DNA-binding proteins, suggests a role for these cal-
cium sensors in the regulation of gene expression. Moreover, the co-localization of 
CDPKs and CMLs with their respective targets in plant cell nucleus supports their 
involvement in nuclear calcium signaling  [  38,   91  ] .   

   Converting Nuclear Calcium Signals 
into Transcriptional Responses 

   Calcium-Binding Proteins as Transcription Factors 

 In plants, accumulating data provide evidence for calcium-modulated transcrip-
tional regulation through processes involving calcium-dependent phosphorylation 
or dephosphorylation of TFs, the binding of calcium sensors to TFs or the direct 
interaction of calcium-binding proteins with gene promoters. As observed with 
DREAM, a well-characterized calcium-binding transcriptional repressor in animals 
 [  92,   93  ] , plant proteins bearing calcium-binding EF-hand motifs were identifi ed as 
transcriptional regulators.  AtNIG1 , a salt stress-responsive gene in  Arabidopsis 
thaliana , encodes a nuclear protein with a single EF-hand motif and a basic helix-
loop-helix domain which specifi cally binds the E-box DNA sequence found in the 
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promoter region of many stress-responsive genes  [  94  ] . Functional analysis of this 
gene revealed that an  atnig1  knockout mutant show enhanced sensitivity to salt 
stress, suggesting a signifi cant role for the calcium-binding protein in salt stress 
signaling. However, the direct role of calcium binding on the activity of AtNIG1 as 
a transcription factor in the expression of stress-responsive genes remains unclear 
(Fig.  51.1 ). 

  Fig. 51.1    Current view of nuclear calcium decoders able to regulate directly or indirectly gene 
transcription. The  cartoon  illustrates the absence of free diffusion of calcium through NPCs. 
 Dotted arrows  illustrate the translocation of calcium-sensing proteins.  Black dots  represent cal-
cium ions.  Coloured cylinders  represent various putative calcium channels located on the inner 
membrane of the envelope.  CAMTA  Calmodulin binding transcription activator,  CBK3  calmodulin 
binding protein kinase 3,  CDPK  Calcium-dependent protein kinase,  GmCaM1  Glycine max calm-
odulin 1,  GmCaM4  Glycine max calmodulin 4,  HSF  Heat shock transcription factor,  MYB2  MYB 
transcription factor,  PhCaM53  Petunia hybrida calmodulin 53,  PP7  calmodulin binding protein 
phosphatase 7,  TF  transcription factor,  WRKY7  WRKY transcription factor 7       
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 A recent study on the regulation of light-responsive genes led to identify AtCaM7, 
a typical CaM in  Arabidopsis thaliana , as a sequence-specifi c DNA-binding protein 
 [  36  ] . AtCaM7 was found to specifi cally recognize the Z-box and G-box motifs, two 
similar regulatory elements in light-responsive promoters, whereas AtCaM3, 
another isoform differing from AtCaM7 by a single amino acid, is unable to bind 
these promoters. Chromatin immunoprecipitation experiments confi rmed the  in vivo  
interaction of AtCaM7 with gene promoters. Furthermore, genetic evidence showed 
that AtCaM7 promotes the expression of light-inducible genes and photomorpho-
genesis even in the dark, suggesting a role for this CaM isoform in light/dark signal-
ing (Fig.  51.1 ). This unexpected fi nding reveals a novel mechanism of CaM action 
by a direct use of calcium signals to regulate gene expression. However, it is still 
unknown if AtCaM7 regulates gene expression by itself or associated to a transcrip-
tional complex.  

   CaM-Binding Transcription Factors 

 In addition to CaM as a direct regulator, a group of CaM-binding transcription fac-
tors referred to as CAMTAs, have been found in plants and belongs to a family of 
evolutionary conserved proteins from plants to animals  [  51,   95  ] . All CAMTAs share 
a conserved domain organization including a C-terminal calmodulin-binding domain 
and a CG-1 DNA-binding domain in the N-terminal end. Plant CAMTAs participate 
in diverse signal transduction pathways by integrating responses to phytohormones 
that are critical for plant growth and stress tolerance. A recent study revealed that 
CAMTA3 loss-of-function results in an enhanced resistance to pathogens and 
increased levels of salicylic acid, an hormone playing an essential role in plant immu-
nity  [  96  ] . Additional analysis showed that CAMTA3 repress the expression of 
“Enhanced Disease Susceptibility” 1 (EDS1) a positive regulator of salicylic acid 
synthesis, by direct binding to the EDS1 gene promoter. Importantly, genetic evi-
dences indicate that calcium/CaM binding to CAMTA3 is required for the function 
of the transcription factor in plant immunity, demonstrating a direct role for calcium/
CaM complex in regulating CAMTA3 activity. In the same way, recent data provided 
evidence for a role of CAMTAs in cold acclimation by demonstrating that members 
of the CAMTA family bind to regulatory elements in the promoter of  CBF2  gene, a 
master regulator of cold-inducible gene expression  [  97  ] . Cold induction of  CBF2  and 
other cold-responsive genes is reduced in the  camta3  mutant, and  camta1/camta3  
double mutants are impaired in their cold acclimation and freezing tolerance. Collec-
tively, these data indicate that direct decoding of stress-induced calcium signatures 
into the regulation of gene expression may occur through the calcium-dependent 
interaction of CaM with members of the CAMTA family (Fig.  51.1 ). 

 The function of CaM in the regulation of gene expression may involve other 
classes of transcription factors including MYBs, WRKYs, NAC domain containing 
transcription factors and GT-element-binding proteins  [  56,   83  ] . MYB proteins 
constitute a large family of transcription factors that contain a variable number of 
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adjacent repeats of the MYB DNA-binding domain. Two soybean CaM isoforms 
(GmCaM1 and GmCaM4) were reported to bind MYB2, a transcriptional regulator 
of salt- and dehydration-responsive genes  [  98  ] . The DNA-binding activity of MYB2 
was found to be enhanced in a calcium-dependent manner by its interaction with 
GmCaM4 whereas its activity was inhibited by GmCaM1. Furthermore, the ectopic 
expression of GmCaM4 increases the expression of MYB2 target genes and confers 
salt tolerance in transgenic plants whereas GmCaM1 does not (Fig.  51.1 ). This sug-
gests that a specifi c CaM isoform mediates salt-induced calcium signaling through 
the activation of a MYB transcription factor. The WRKY protein family is another 
large group of transcription factors that appears to be mainly implicated in the regu-
lation of transcriptional reprogramming associated with plant immunity  [  99  ] . 
WRKYs preferentially bind to the W-box element found in the promoters of a large 
variety of defense-related genes and the WRKY genes themselves. AtWRKY7, a 
representative member of a subgroup IId of the Arabidopsis WRKY family, was 
recently reported to interact with CaM in a calcium-dependent manner through a 
CaM-binding domain conserved in all WRKY subgroup IId proteins  [  100  ] . Although 
experimental evidence supports a role for AtWRKY7 as a transcriptional repressor 
that enhances plant susceptibility to pathogen invasion  [  101  ] , the regulation of 
AtWRKY7 function by CaM binding needs to be clarifi ed . 

 Overall, these results clearly establish a function of calcium/CaM complex in 
transcriptional regulation during plant response to environmental stresses, through a 
direct interaction of CaM with diverse types of transcription factors. Since biotic and 
abiotic stresses often promote calcium pulses in the cytosol and in the nucleus, the 
direct regulation of nuclear-localized proteins by nuclear CaM is a likely mechanism 
for decoding nuclear calcium signals triggered by stress. Further investigations are 
required to identify the target genes of the CaM-binding transcription factors in order 
to better understand this direct role of CaM in transcriptional regulation.  

   Calcium-Dependent Post-translational Modifi cations 
of Transcription Factors 

 Like in animals, several studies in plants suggest that calcium participates in tran-
scriptional regulation  via  phosphorylation/dephosphorylation of transcription fac-
tors. Phosphorylation can regulate transcription factors by modulating their 
DNA-binding affi nity, transcriptional activity, stability and sub-cellular distribution. 
As previously mentioned, a major group of calcium sensors in plants is represented 
by the CDPK family. Typically, CDPKs combine in a single polypeptide, a kinase 
domain, an autoinhibitory domain and a CaM-like regulatory domain bearing 4 
EF-hands. Binding of calcium to EF-hands results in the activation of the kinase by 
displacing the autoinhibitory domain from the active site. CDPKs are activated in 
response to various abiotic and biotic stimuli known to trigger calcium signals, and 
they have many different substrates which refl ect the diversity of their functions 
 [  88,   102  ] . CDPKs were shown to phosphorylate basic leucine-zipper (bZIP) 
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transcription factors that are key regulators in stress and hormone signaling pathways 
 [  91,   103–  106  ] . Phosphorylation of plant bZIPs can interfere with their DNA-binding 
activity and intracellular localization. 

 The calcium-dependent modifi cation of transcription factors can also be accom-
plished by CaM-binding protein kinases or phosphatases. Genetic dissection of 
heat-shock signal transduction in  Arabidopsis  identifi ed AtCaM3 and two CaM tar-
gets, the protein kinase AtCBK3 and the protein phosphatase AtPP7 as key compo-
nents of the heat-shock response acting on the regulation of heat-shock transcription 
factors (HSFs)  [  107  ]  (Fig.  51.1 ).  AtCaM3  mutants were found to exhibit a reduction 
in thermotolerance which correlates with a decrease in the activity of HSFs and the 
synthesis of heat-shock proteins. HSFs are known to be regulated by reversible 
phosphorylation  via  mechanisms involving multiple phosphorylation sites and dis-
tinct protein kinases/phosphatases. Interestingly, AtCBK3 and AtPP7 are nuclear-
localized CaM targets that were found to interact with HSFs, and knockout mutations 
in  AtCBK3  and  AtPP7  genes impair thermotolerance as observed for AtCaM3  [  108, 
  109  ] . Collectively, these data suggests that the calcium/CaM complex plays a major 
role in the heat-shock response and the synthesis of heat-shock proteins through the 
modulation of the phosphorylation status of HSFs.   

   Conclusions and Future Directions 

 This short review summarized by the cartoon depicted in Fig.  51.1  sustains the idea 
that the nucleus is an active and autonomous organelle able to generate and regulate 
its calcium signals in response to environmental cues. In plants, there are no clear 
data yet that could suggest a free diffusion of cytosolic calcium through the NPCs 
as observed in some animal cells  [  32,   110  ] . Available data rather support the hypoth-
esis of a strict control of calcium exchanges between the cytosol and the nucleo-
plasm. However, this lack of experimental evidences does not preclude that free 
calcium diffusion may occur in some circumstances. On the whole, these data are in 
good agreement with recent results obtained in the animal fi eld which are in favor 
of an independent intranuclear calcium signaling system  [  111  ] . The presence of a 
nucleoplasmic reticulum, a nuclear calcium store continuous with the endo/sarco-
plasmic reticulum and the nuclear envelope and harboring functional IP 

3
 R or ryano-

dine receptor (RyR), allows nuclear calcium to regulate cellular functions 
independently of the cytosolic calcium increase  [  111,   112  ] . Such structures have 
also been observed in plants  [  113  ]  but further data are needed to demonstrate their 
involvement in nuclear calcium signaling. 

 Considering the ability of the nucleus to decode its own calcium signals, numerous 
calcium-binding proteins are constitutively localized in the nucleus or are able to 
shuttle between the cytoplasm and the nucleus during the response to environmental 
cues (Table  51.1 ). Their presence at one time in the nucleus suggest that they could 
be involved in the decoding of nuclear calcium signals. Genetic evidences have 
been obtained for the CCamK (DMI3) in the legumes and its crucial role in symbiosis 



113751 Nuclear Calcium Signaling and Its Involvement…

but up to date no direct demonstration of nuclear calcium requirement for its activity 
has been brought. The current knowledge on nuclear calcium signaling in plants, 
points out the occurrence of several black boxes in the regulation of nuclear calcium 
homeostasis. What really are the actors (channels, transporters and/or exchangers) 
involved in the autonomous generation of nuclear calcium signals and in the regula-
tion of the calcium homeostasis? Based on the knowledge accumulated in the ani-
mal fi eld, one can envision characterizing these actors by using either targeted or 
global approaches. Targeted strategies will focus on already known tools of the 
calcium toolkit whose cDNA are already available. Such a strategy has been already 
performed by screening the plant genome. Using BLASTX program, Nagata et al. 
 [  49  ]  searched for sequence homologies at the amino acid level. They downloaded 
sequences data from NCBI’s Genbank and checked the alignment pattern of the 
query sequences at a similarity threshold of E < 10 −100 . From these data they could 
establish a comparative table between the calcium toolkit from  Homo sapiens and 
Arabidopsis thaliana  . Part of this table has been exploited in the construction of 
Table  51.1  of this manuscript  [  49  ] . It clearly appears from this table that some cal-
cium tools are very specifi c for plants but most of them are shared and conserved 
during evolution from plants to human. Others nevertheless still need to be discov-
ered in plants as proposed below. Similarly a screening of the plant  Arabidopsis  
genome was performed to sort out all the channels and pumps containing the canon-
ical bipartite Nuclear Localization Signal (NLS)-like sequences  [  22  ] . Using the 
INTERPRO domain database, these authors were able to fi sh out six P-type ATPases 
able to catalyze cation uptake and/or effl ux, 3 out of 19 probable cyclic nucleotide 
gated channels and 2 out of 15 K +  channels that could modulate calcium channels as 
suggested for CASTOR and POLLUX channels in  Lotus Japonicus   [  114  ] . However 
this method exclude the discovery of new possible actors containing non canonical 
NLS or still unknown calcium channel such as InsP3R or RyR found in the nucleus 
of most animal cells but still having no counterparts in plants. An alternative method 
would be to develop a non targeted approach using purifi ed membranes from puri-
fi ed nuclei and extract the inner and outer membrane of the envelope as already 
done by the group of Malviya using purifi ed rat liver nuclei  [  29  ] . From these mem-
branes, hydrophobic proteins should then be extracted and characterized through 
MS/MS analysis. Knowledge of these actors is completely required to study the 
regulation of nuclear calcium homeostasis and to design future projects devoted to 
investigate the role of nuclear calcium signals on nuclear downstream events. 

 Indeed, future work on nuclear calcium signaling in plants has to focus on the 
molecular mechanisms involved to shape and decode the nuclear calcium signals. 
This goal can be achieved by setting up new genetic screens to isolate mutants 
altered in the generation of nuclear calcium signals. The targets of nuclear calcium 
sensors need also to be investigated either by combined approaches of proteomics 
and cell biology in order to characterize the interactants and to visualize their inter-
action with the calcium sensors. Finally, all these studies should lead to a better 
comprehensive view of the nuclear calcium signaling integrated in the whole cell 
signaling network, during important steps of the plant life such as symbiotic or 
pathogenic plant-microbe interactions as recently reviewed  [  115  ]  .      
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  Abstract   Heart failure (HF) is an increasing public health problem accelerated by 
a rapidly aging global population. Despite considerable progress in managing the 
disease, the development of new therapies for effective treatment of HF remains a 
challenge. To identify targets for early diagnosis and therapeutic intervention, it is 
essential to understand the molecular and cellular basis of calcium handling and the 
signaling pathways governing the functional remodeling associated with HF in 
humans. Calcium (Ca 2+ ) cycling is an essential mediator of cardiac contractile func-
tion, and remodeling of calcium handling is thought to be one of the major factors 
contributing to the mechanical and electrical dysfunction observed in HF. Active 
research in this fi eld aims to bridge the gap between basic research and effective 
clinical treatments of HF. This chapter reviews the most relevant studies of calcium 
remodeling in failing human hearts and discusses their connections to current and 
emerging clinical therapies for HF patients   .  

  Keywords   Calcium  •  Remodeling  •  Heart failure  •  Human  •  Clinical treatment      

   Introduction 

 HF is a rising public health problem, with a prevalence of over 5.8 million in the 
USA, over 23 million worldwide, and continues to increase  [  1,   2  ] . The contractile 
dysfunction and arrhythmogenesis associated with HF is closely related to the 
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remodeling of calcium handling  [  3  ] , which, in turn, is partially controlled by several 
signaling pathways in which Ca 2+  has a prominent role  [  4  ] . Deriving a mechanistic 
understanding of alterations in calcium handling and calcium signaling is a critical 
step towards the development and improvement of physiology-based treatments 
for HF.  

   Overview of Cardiac Calcium Signaling 

 Ca 2+  plays a central part in regulating excitation-contraction (EC) coupling and in 
modulating systolic and diastolic function in the heart as shown in Fig.  52.1 . Ca 2+  
signal transduction in EC coupling comprises four steps  [  4–  6  ] . Firstly, the trigger 
Ca 2+  current ( I  

Ca
 ) is generated by the L-type Ca 2+  channels expressed in the trans-

verse tubules (T-tubules) and is initiated by membrane depolarization. Secondly, the 
Ca 2+  ions diffuse across the narrow junctional zone to activate ryanodine receptors 
(RyRs) and generate Ca 2+  sparks, which considerably amplifi es the original trigger 
Ca 2+  signal. This process is known as Ca 2+ -induced Ca 2+  release (CICR). Thirdly, the 
Ca 2+  effl ux from the sarcoplasmic reticulum (SR) then diffuses in the cytoplasm to 
activate contraction by Ca 2+  binding to troponin-C. Lastly, Ca 2+  is transported back 
to the SR by SR Ca 2+ -ATPases (SERCA) and out of cell via Na + /Ca 2+  exchangers 
(NCX). Abnormal handling of intracellular Ca 2+  at any of these steps can cause 
cardiac dysfunction  [  7  ] .  

 Intracellular Ca 2+  homeostasis of cardiac myocytes is regulated by the phospho-
rylation and dephosphorylation of several key Ca 2+ -handling proteins. One impor-
tant regulatory kinase is cAMP-dependant protein kinase (PKA), which has been 
shown to regulate L-type Ca 2+  channels, RyR and phospholamban (PLN). Despite 
the fact that global PKA activity is not changed in the failing human heart  [  8,   9  ] , its 
activity in the RyR macromolecular signaling complex might be locally increased 
 [  10,   11  ] . 

 Another important regulatory kinase is the Ca 2+ /calmodulin-dependent protein 
kinase II (CaMKII)  [  12  ] . CAMKII is a protein kinase that modulates several intrac-
ellular Ca 2+ -handling proteins such as RyR, PLN, L-type Ca 2+  channels as well as 
Na +  channels  [  12  ] . CAMKII is associated directly with the RyR and modulates the 
activity of RyR  [  13–  15  ] . Phosphorylation of PLN via CAMKII or PKA enhances 
the SR Ca 2+  uptake via increased SERCA activity. The activity of CAMKII was 
shown to be signifi cantly increased in the failing human heart and is correlated with 
the impaired ejection fraction  [  9,   16  ] . Both PKA and CAMKII can be activated by 
 b -adrenergic stimulation. 

 Finally, multiple isoforms of protein kinase C (PKC) might also play a role in 
regulating the Ca 2+  handling. PKC- a  is the dominant isoform of PKC in the human 
heart  [  17  ]  and its activity is triggered by the activation of G 

 a q
  coupled receptors 

(angiotensin II receptor, endothelin-1 receptor, and the  a -adrenergic receptor)  [  18  ] . 
PKC- a  can phosphorylate protein phosphatase inhibitor 1 (I-1), consequently 
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increasing the activity of protein phosphatase 1 (PP1), and leading to dephosphorylation 
of PLN and thus decreasing the activity of SERCA  [  19  ] . The level of PKC- a  is 
increased in human HF  [  20–  22  ] . The role of other isoforms of PKC in regulating 
calcium handling remains to be elucidated.  

  Fig. 52.1    Intracellular Ca 2+  cycling and regulation by signaling pathways. After the activation of 
sarcolemma (including T-tubules), Ca 2+  enters cytoplasm through L-type Ca 2+  channel. The enter-
ing Ca 2+  then induces a much larger Ca 2+  release from the sarcoplasmic reticulum ( SR ) via the 
ryanodine receptor ( RyR ). The released Ca 2+  binds with Troponin-C to activate contraction. 
Relaxation starts when Ca 2+  is returned by sarcoplasmic reticulum Ca 2+  ATPase ( SERCA ) to SR 
and via the Na + /Ca 2+  exchanger ( NCX ) to the extracellular domain. Some Ca 2+  enters mitochondria 
to stimulate the production of ATP which is utilized for contraction and transcription.  SERCA  is 
inhibited by the dephosphorylated phospholamban ( PLN ).  PLN  can be phosphorylated by protein 
kinase A ( PKA ) and Ca 2+ /calmodulin-dependent kinase ( CAMKII ), both of which can be activated 
by  b -adrenergic stimulation. PLN can be dephosphorylated by phosphatase 1 ( PP1 ), which can be 
activated through G a q-coupled receptors (angiotensin II receptor, endothelin 1 receptor, or 
 a -adrenergic receptor).   a   G-protein subunit  a ,   b   G-protein subunit  b ,   g   G-protein subunit  g ,  AC  
adenylate cyclase,  cAMP  cyclic adenosine monophosphate       
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   Alteration in Intracellular Ca 2+  and Functional 
Abnormality in Failing Human Heart 

   Abnormal Ca 2+  Handling and Mechanical 
Dysfunction in Human HF 

 The amount of Ca 2+  delivered to the cytoplasm and the rate of Ca 2+  removal from the 
cytoplasm are the two of the major factors determining the rate, intensity and dura-
tion of myocyte contraction  [  23  ] . Understanding of alterations in the intracellular 
Ca 2+  concentration ([Ca 2+ ] 

i
 ) and their causal roles in contractile dysfunction in the 

failing human heart has been greatly advanced by the use of fl uorescent [Ca 2+ ] 
i
  indi-

cators  [  5,   24–  32  ] , which refl ect changes in the free [Ca 2+ ] 
i
  necessary for the activa-

tion of contractile proteins  [  33,   34  ] . 
 In isolated cells and tissues from failing human hearts, decreased amplitude of 

Ca 2+  transient measured by the fl uorescent intracellular Ca 2+  indicators implies 
reduced Ca 2+  release from SR  [  28,   30,   35  ] . This is correlated with decreased peak 
stretch amplitude, a measure of myocardial contraction  [  6,   36  ] . The reduced ampli-
tude of Ca 2+  transient is associated with decreased EC coupling gain  [  37  ]  and 
decreased SR Ca 2+  content  [  30,   38–  42  ] . 

 Moreover, the Ca 2+  transient from failing human heart exhibits a reduced rate of 
Ca 2+  removal  [  24,   28,   30  ] . The slowed rate of recovery of Ca 2+  transient recovery is 
associated with a marked delay in tension relaxation in the failing human heart  [  24  ] . 
Finally, failing human heart exhibits increased resting intracellular Ca 2+  level, lead-
ing to diastolic dysfunction  [  27,   28  ] . 

 Altered [Ca 2+ ] 
i
  is frequency-dependent and most obvious at high heart rate  [  43  ] . 

Normally, the amplitude of the [Ca 2+ ] 
i
  transient is larger at higher stimulation fre-

quencies  [  33  ] . In human HF, however, the amplitude of Ca 2+  transient was decreased 
at faster stimulation rates, leading to reduced tension development at higher fre-
quencies  [  27,   29  ] . Increased resting [Ca 2+ ] 

i
  and a fusion of Ca 2+  transient at fast 

frequencies may also occur, leading to an increase of end-diastolic tension and a 
decrease of active tension generation associated with incomplete relaxation and 
twitch fusion  [  27  ] . The blunted or negative force frequency relationship (FFR) 
observed in both  in vivo  and  in vitro  studies of failing human hearts is in contrast 
with the positive FFR in non-failing human hearts,  [  27,   44–  46  ]  and is associated 
with altered Ca 2+  and Na +  homeostasis as well as an inability to increase the SR Ca 2+  
content at increasing stimulation frequencies  [  39,   42  ] . 

 The alteration of Ca 2+  transient in failing human hearts is also region-dependent. 
We recently demonstrated the transmural hetergeneous remodeling of Ca 2+  hand-
ing in the coronary-perfused left ventricular wedge preparations from failing and 
non-failing human hearts  [  31  ] . The sequence of Ca 2+  transient relaxation is from 
epicardium to endocardium in both failing and non-failing human hearts at a slow 
heart rate (e.g., 0.67 Hz/40 BPM) during endocardial pacing, because the difference 
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of Ca 2+  transient duration between subendocardium and subepicardium (or duration 
difference) is larger than the conduction time from subendocardium to subepicar-
dium (Fig.  52.2 ). Interestingly, this sequence is reversed at a fast heart rate (e.g., 
1.67 Hz/100 BPM) in the failing human heart due to a signifi cant decrease of this 
duration difference (Fig.  52.2c, d ). In contrast, this sequence is not reversed in the 
non-failing human heart because the duration difference is not signifi cantly 
changed at faster frequencies (Fig.  52.2b, d ). We hypothesize that this reversed 
sequence of relaxation at fast heart rates could contribute to the end-systolic dys-
function  [  44  ]  observed in the failing human heart. The maintenance of the normal 
relaxation sequence at slow heart rates in the failing hearts provides another 
mechanism for the benefi cial effects of the heart-rate reduction in the patients 
with HF  [  47  ] .   

  Fig. 52.2    Region-dependent and cycle-length-dependent calcium transient duration ( CaTD ) in 
failing human heart. ( a )  CaTD  was quantifi ed at 80% relaxation ( CaTD80 ). ( b )  CaTD80  at nonfail-
ing human hearts (n = 6) at subendocardium ( sub-ENDO ), midmyocardium ( MID ), and subepicar-
dium ( sub-EPI ). ( c ) CaTD80 at failing human hearts (n = 5). ( d ) The difference of  CaTD80  between 
 sub-ENDO  and  sub-EPI . It can be seen that this difference is signifi cantly reduced in failing heart 
at faster heart rate (cycle length at 600 ms)  [  31  ] . These data are obtained from Ca 2+  transient mea-
sured using Rhod-2 AM from the coronary-perfused wedge preparations from both failing and 
non-failing human hearts       
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   Abnormal Ca 2+  Handling and Arrhythmia in Human HF 

 While approximately 50% HF patients die from progressive HF, the remainders die 
suddenly, mostly due to arrhythmias  [  48  ] . The relevance of arrhythmia to HF is evi-
dent from the signifi cantly benefi cial effects of implantable cardioveter-defi brillator 
(ICD) on survival of HF patients  [  49  ] . Among multiple mechanisms contributing to 
the development of arrhythmia in HF patients  [  50  ] , changes in Ca 2+  handling in HF 
could provide both trigger and substrate for the induction of arrhythmia in HF. 

 Alterations in the Ca 2+  handling in HF could contribute to triggered activities 
arising from delayed after-depolarization (DAD) or early after-depolarization 
(EAD). DADs result from elevated intracellular Ca 2+  load and spontaneous SR Ca 2+  
release, which leads to activation of transient inward current presumably carried by 
NCX  [  51  ] . In a rabbit model of HF, enhanced NCX in HF was found to underlie 
increased propensity for DADs  [  51  ] . In a dog model of HF, increased RyR-mediated 
SR Ca 2+  leak was found to cause the arrhythmic DADs  [  52  ] . EAD could occur in the 
settings of enhanced lability of repolarization in HF  [  53  ] , and could result from 
synergistic activation of L-type Ca 2+  current and NCX during phase 2 and phase 3 
of action potential (AP)  [  54  ] . The cellular mechanisms of triggered activity have 
been reviewed elsewhere by Pogwizd and Bers  [  55  ] . 

 In contrast to the amount of work in animal models, our knowledge of triggered 
activity directly from human studies remains rather limited. Using three-dimensional 
intraoperative mapping, Pogwizd et al.  [  56  ]  found that focal mechanisms maintained 
the arrhythmia in end-stage HF patients with idiopathic dilated cardiomyopathy. 
However, whether these focal activations were triggered activities was not directly 
demonstrated in this study. Vermeulen et al.  [  57  ]  showed that both DAD and EAD were 
not observed when the ventricular trabeculae of failing human heart were perfused with 
normal Tyrodes’ solution. DAD was induced only during perfusion with a modifi ed 
Tyrode’s solution (mimic the extracellular milieu of patients with severe HF)  [  57  ] . EAD 
was never observed even in the modifi ed solution  [  57  ] . In the same study, EAD could be 
induced in 30% of failing rabbit trabeculae  [  57  ] . This difference between failing human 
heart and failing rabbit hearts asks for caution in using animal models and suggests the 
importance in conducting mechanistic studies directly in failing human hearts. 

 Abnormal Ca 2+  handling could also produce the substrate for arrhythmia by 
facilitating AP duration (APD) alternans (or repolarization alternans)  [  58,   59  ] , the 
relevance of which was implicated in the predictive power of T-wave alternans in 
the arrhythmic events in the HF patients  [  60  ] . Spatially discordant APD alternans 
increase dispersion of repolarization and promote unidirectional block and subse-
quent induction of arrhythmia  [  61  ] . In a dog model of HF, Wilson et al.  [  59  ]  showed 
that HF signifi cantly lowered heart-rate threshold for calcium transient alternans. 
They also demonstrated that calcium transient alternans enhancement was indepen-
dent from HF-associated changes in repolarization and appeared to be responsible 
for the enhanced APD alternans  [  59  ] . Improvement of Ca 2+  cycling through targeted 
SERCA2a gene expression was shown to retard the development of APD alternans 
 [  62  ] . It remains to be demonstrated how the altered Ca 2+  cycling leads to cellular 
alternans in the failing human heart.   
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   Molecular and Cellular Basis of Abnormal Calcium 
Handling and Signaling in Human HF 

 Alteration in the [Ca 2+ ] 
i
  is attributed to the abnormal calcium handling in the EC 

coupling process, which is operated by the sarcolemma and SR, including L-type 
Ca 2+  channels, RyR, NCX and SERCA2a. Altered EC coupling in HF have been 
reviewed in detail elsewhere  [  3,   18,   43  ] . Here we mainly focus on reviewing the 
results regarding the failing human heart. 

   Calcium-Induced Calcium Release (CICR) 

 Triggering of CICR (i.e.,  I  
Ca

 ) in the failing human heart is mostly unchanged  [  26, 
  28,   30,   63  ] , though inhibition of  I  

Ca
  was observed at higher frequencies  [  64  ] . Thus, 

the smaller Ca 2+  transient observed in HF is mainly due to a reduced capability of  I  
Ca

  
to trigger Ca 2+  release from the SR (or a reduced EC coupling gain). 

 The reduced EC coupling gain may result from the hyperphosphorylation of 
RyRs in the failing human heart  [  10  ] . PKA hyperphosphorylation of RyRs leads to 
the dissociation of the FKBP12.6 regulatory subunit, which inhibits the coupled 
gating of arrays of RyR channels and thus could result in a loss of EC coupling gain 
 [  10  ] . This is supported by the reduced amplitude and changed properties of Ca 2+  
sparks measured from isolated ventricular myocytes from failing human hearts  [  65  ] . 
More discussion of RyRs can be found in the section “ RyR ”. 

 Rapid activation of RyRs by  I  
Ca

  is facilitated by the close proximity of the L-type 
Ca 2+  channels and RyRs. Reduced EC coupling gain in HF could thus also originate 
from the geometric derangement of RyRs and L-type Ca 2+  channels, as suggested by 
the spontaneous hypertensive rat with HF (SHR-HF)  [  37  ] . Disorganization of 
T-tubules and a decrease in the colocalization of L-type Ca 2+  channels and RyRs 
have been demonstrated in fi xed ventricular samples from failing human hearts 
 [  66  ] . The actual loss of T-tubules in isolated myocytes from failing human heart was 
reported in one study  [  67  ]  but not in another  [  68  ] , fi ndings that might be explained 
by the large spatial variations in T-tubule remodeling in human HF  [  66  ] . 

 The ultrastructural defects in the T-tubule system were demonstrated to cause the 
dyssynchronous Ca 2+  release (or defective EC coupling) by confocal line scanning 
techniques in the isolated ventricular myocytes from SHR-HF, with Ca 2+  release 
being delayed in certain regions of a myocyte compared to the other normally cou-
pled areas  [  69  ] . Louch and coworkers showed modest dyssynchrony of Ca 2+  release 
in the isolated myocytes from failing human hearts  [  70  ] . While the local delayed SR 
Ca 2+  release was confi rmed in the whole heart level in SHR-HF  [  71  ] , no study has 
been done so far to demonstrate the dyssynchronous Ca 2+  release at the tissue level 
from the failing human hearts. However, the morphological changes of Ca 2+  
transient observed in our recent left ventricular wedge preparations from failing 
human hearts imply the potentially important role of dyssynchronous Ca 2+   [  31  ] . 
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We observed two components in the rising portion of Ca 2+  transient, with a slow 
rising component following an initial fast rising component (Fig.  52.3a, b )  [  31  ] . 
It is possible that the fi rst fast-rising component corresponds to the normally trig-
gered Ca 2+  release and the second slow-rising component corresponds to the 
delayed Ca 2+  release, which has been shown in SHR-HF  [  71  ] . Interestingly, this 
morphological change of Ca 2+  was only observed at the subendocardium in 60% of 
the studied failing human hearts  [  31  ] . This regional difference might result from 
the higher susceptibility to ischemia by the endocardium compared with epicar-
dium  [  72,   73  ] , and suggests that the extrapolation of results from one region (e.g., 
endocardium) to another region (e.g., epicardium) in human studies should be done 
with caution. This delayed Ca 2+  release might be also underlie the slower recovery 
of intracellular Ca 2+  relative to the recovery of the action potential observed in our 
study (Fig.  52.3a, c ). That is, the Ca 2+  transient outlasts the action potential at the 
subendocardium of the failing human heart, which might lead to phase three early 
afterdepolarization  [  74  ] .  

 The reduced EC coupling gain could also result from decreased SR Ca 2+  content, 
which has been extensively demonstrated in human HF  [  30,   38,   39,   41,   42  ] . The 
success of molecular therapies aimed at restoring SR Ca 2+  content further under-
scores the importance of SR Ca 2+  content  [  75,   76  ] . Reduced SR Ca 2+  content in the 
failing human heart could result from leaky RyRs, reduced SR Ca 2+  uptake via 
SERCA2a, and increased Ca2+ extrusion via NCX, which are reviewed in the sec-
tions below (“ RyR ” and ” SERCA2a, PLN and NCX ”).  

  Fig. 52.3    Morphological changes of calcium transient ( CaT ) and its relation to action potential 
( AP ). ( a ) Simultaneous recordings of AP and CaT at one site at subendocardium from a failing 
human heart (F,  top ) and a nonfailing human heart (NF,  bottom ). ( b ) The two CaTs from panel A 
are overlapped for easy comparison. Compared to the CaT from NF, there is a distinct second 
rising component (labeled by “II”) in the CaT from failing human heart. Note that this second 
component was only observed at the sub-endocardium in 60% of the studied failing human hearts. 
( c ) CaT duration at 80% relaxation ( CaTD80 ) minus AP duration at 80% ( APD80 ), summarized 
from fi ve nonfailing hearts and fi ve failing hearts (two ischemic cardiomyopathy and three idio-
pathic cardiomyopathy). It can be seen that this duration difference is signifi cantly longer at the 
subendocardium in the failing human heart compared with the non-failing human heart, which is 
refl ected in the example shown in  panel A   [  31  ]        
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   RyR 

 Most studies showed no change in the protein expression of RyR in human HF 
 [  3,   43  ] . However, the characteristics of Ca 2+  sparks are altered in isolated myocytes 
from failing human hearts  [  65  ] . Furthermore, RyRs in human HF are “leaky,”  [  10  ]  
contributing to a reduction of SR Ca 2+  content  [  77  ] . The SR Ca 2+  leak occurred 
despite reduced SR Ca 2+  loading in a canine model of HF  [  77  ] . 

 Leaky RyR is thought to result from hyperphosphorylation of RyR by PKA or 
CAMKII. Increased Ca 2+  sensitivity and higher probability of open RyR in failing 
human hearts was fi rst observed by Marx and coworkers  [  10  ] . They concluded that 
the increased local PKA-mediated phosphorylation of RyR in HF leads to the disas-
sociation of FKBP12.6 from RyRs, leading to higher open probability at rest  [  10  ] . 
They also observed decreased association of phosphatases (PP1, protein phos-
phatase 2A [PP2A]) to RyR, which may exacerbate PKA-mediated hyperphospho-
rylation of RyR  [  10  ] . The hyperphosphorylation of RyRs could also result from the 
defi ciency of phosphodiesterase 4D (PDE4D), which resides in the RyR macromo-
lecular signaling complex and regulates the local concentration of cAMP that acti-
vates PKA  [  11  ] . The impact of PKA phosphorylation in reducing the RyR/FKBP12.6 
association remains controversial  [  78,   79  ] . 

 Increased SR Ca 2+  leak in isolated myocytes from failing rabbit hearts was shown 
to relate to the hyperphosphorylation of RyR by CAMKII  [  80  ] . Ca 2+  leak was 
reduced by the inhibition of CAMKII but not altered by PKA inhibition  [  80  ] , sug-
gesting the potential role of CAMKII inhibition in improving the Ca 2+  handling in 
HF. This hypothesis is further supported by a recent study by Sossalla et al.  [  16  ]  
who showed a signifi cant increase in the expression the CAMKII in both left and 
right ventricles of the failing human heart, and observed that inhibition of CAMKII 
reduced the SR Ca 2+  leak and increased the Ca 2+  content. Importantly, they also 
showed that inhibition of CAMKII improved contractility in isolated ventricular 
trabeculae  [  16  ] . They reported that CAMKII inhibition restored the positive FFR 
 [  16  ] . This is in sharp contrast to the study by Kushiner et al.  [  81  ]  which showed that 
CAMKII inhibition completely abolished the positive FFR in mouse heart. The 
result from the latter study is consistent with the hypothesis that CAMKII is respon-
sible for sensing the frequency of Ca2+ oscillation  [  82  ]  as well as for causing the 
positive FFR via increased phosphorylation of RyR and PLN at increasing frequen-
cies  [  13,   83  ] . Kushiner and coworkers also showed that RyR phosphorylation by 
CAMKII was decreased in failing human hearts in despite of the global increase of 
CAMKII  [  81  ] , and suggested that the impaired RyR phosphorylation by CAMKII 
plays a role in blunted FFR in human HF. Further studies are needed to resolve these 
areas of controversy and clarify the molecular mechanism and the promise of 
CAMKII inhibition in improving the Ca 2+  handling in human HF. 

 While much evidence supports altered regulation and function of the RyR lead-
ing to abnormal Ca 2+  handling in failing human heart, there are studies indicating 
the opposite. Recordings of currents through the RyR from failing human hearts did 
not reveal any signifi cant alterations at a single channel level  [  84  ] . Jiang et al. 
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observed neither structural nor functional change of RyRs from the failing human 
heart but did report a signifi cant reduction in SERCA2a expression, suggesting that 
abnormal Ca 2+  uptake may contribute more to the altered Ca 2+  handling in human 
HF  [  78  ] .  

   SERCA2a, PLN and NCX 

 SR Ca 2+  uptake was reduced in the failing human heart  [  30,   46,   85,   86  ] . This might 
be due to depressed protein expression of SERCA2a. Hasenfuss et al. observed 
downregulation of SERCA2a expression as well as a signifi cant correlation between 
SERCA protein levels and SR Ca 2+  uptake in failing human hearts  [  46  ] . 
Overexpression of SERCA2a has been shown to restore the Ca 2+  handling and the 
contractile function with positive FFR in isolated failing human myocytes  [  87,   88  ] . 
While some studies observed the downregulation of protein expression of SERCA2a 
in the failing human heart, others did not fi nd any changes in the protein expression 
of SERCA2a  [  89  ] . This inconsistency might be explained by our recent fi ndings 
 [  31  ] . We observed down-regulation of SERCA2a expression in samples from the 
subendocardium of failing human hearts with ischemic cardiomyopathy but not in 
samples from epicardium or from failing hearts with dilated cardiomyopathy 
(Fig.  52.4a ), suggesting that the alteration of SERCA2a expression might be region-
dependent as well as HF etiology-dependent  [  31  ] .  

 Besides the potential decrease in protein expression, the decreased activity of 
SERCA2a in HF might also result from altered regulation. This is supported by the 
fi ndings that decreased SR Ca 2+  uptake was observed in despite unchanged protein 
levels of SERCA2a  [  85,   86,   90  ] . 

 SERCA2a is directly regulated by PLN which is mainly phosphorylated by PKA 
and CAMKII  [  89  ] . PLN inhibits SERCA2a activity when it is not phosphorylated, 
while its phosphorylated form disassociates from SERCA2a. In the failing human 
heart, majority of the studies indicate no change in the protein expression of PLN 
 [  31,   89  ] , which is consistent with our recent study (Fig.  52.4b )  [  31  ] . However, the 
phosphorylation state of PLN was decreased in the failing human heart  [  85,   90,   91  ] , 
suggesting increased inhibition of SERCA2a by PLN in the failing human heart. 
PLN is mainly phosphorylated by PKA at serine-16 and by CAMKII at threo-
nine-17. Phosphorylation at threonine-17 is decreased due to increased dephospho-
rylation by calcineurin in failing human hearts with dilated cardiomyopathy  [  92  ] . 
PLN phosphorylation at serine-16 is decreased presumably due to increased level of 
PP1 in the failing human heart,  [  90,   93  ]  which might be a result of increased PKC- a  
 [  19,   20  ] . Interventions to attenuate the inhibitory effect of PLN on SERCA2a have 
been tested in animal models. Minamisawa et al. found that knockout of PLN sig-
nifi cantly increased SR Ca 2+  content and completely rescued the spectrum of heart-
failure phenotype in a mouse model of HF  [  94  ] . Decreased PLN expression via 
adenoviral gene transfer of antisense of PLN was shown to improve both contraction 
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and relaxation in isolated myocytes from failing human hearts  [  88  ] . Inhibition of 
PKC- a  was shown to increase the SR Ca 2+  load and protect the mouse from HF  [  19, 
  95  ] . The importance of PKC- a  and other isoforms of PKC in the Ca 2+  handling in 
human HF remains to be determined. 

 While protein expression of NCX was found upregulated in most animal mod-
els of HF  [  3  ] , it is less consistent in the failing human heart, with most studies 
fi nding either increased or unchanged protein expression of NCX  [  43  ] . In con-
trast to reduced SR Ca 2+  uptake, the NCX current density as a function of [Ca 2+ ] 
was not changed in the failing human heart  [  30  ] . However, the contribution of 
NCX to the [Ca 2+ ] 

i
  relaxation was increased due to the depressed SR Ca 2+  uptake 

 [  30  ] . Furthermore, the preference of NCX current direction during the action 
potential plateau shifted from inward direction (Ca 2+  effl ux) to outward direction 
(Ca 2+  infl ux) due to a reduced submembrane [Ca 2+ ] 

i
  and increased [Na + ] 

i
  in the 

failing human heart  [  96  ] . The reversed-mode NCX during AP plateau could con-
tribute to a slow decay of [Ca 2+ ] 

i
  transient  [  41,   96  ] , which may facilitate contrac-

tion at slow heart rates but may also lead to diastolic dysfunction at faster heart 
rates  [  42  ] .  

  Fig. 52.4    Protein expressions of sarcoplasmic reticulum Ca 2+  ATPase 2a ( SERCA2a ) and phos-
pholamban ( PLN ). Representative examples of Western blots ( top ) and normalized protein expres-
sion ( bottom ) are shown for SERCA2a ( a ) and PLN ( b ).  NF (n = 6)  indicates the group of 
non-failing hearts,  Isch-F (n = 6)  the group of failing hearts with ischemic cardiomyopathy, 
Nonischemic-F (n = 6) the group of failing hearts with nonischemic/idiopathic cardiomyopathy 
 [  31  ] .  ENDO  indicates endocardium,  EPI  epicardium       
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   Loss of Metabolic Capacity 

 Ca 2+  handling and energy homeostasis are interdependent  [  97  ] . Ca 2+  homeostasis 
relies on effi cient energy-driven ionic fl uxes, i.e., through SERCA2a and Na + -K +  
ATPase, while [Ca 2+ ] 

i
  in turn determines energy consumption through contraction 

and Ca 2+  transport as well as energy production via the regulation of ATP generation 
in mitochondria  [  97,   98  ] . Disturbance of the fi nely tuned balance between the two 
could be responsible for the abnormal Ca 2+  handling and diminished contractility 
that are hallmarks of HF. 

 HF is associated with defects in energy metabolism, with decreased energy pro-
duction as well as impaired energy transfer and utilization  [  97  ] . These impaired 
cardiac energetics may represent the thermodynamic limit for Ca 2+  handling  [  99  ] . 
Reduced local ATP/ADP ratio, due to a local lack of creatinine kinase, could affect 
the kinetic and thermodynamic effi ciency of SERCA in HF  [  99  ] , providing another 
mechanism for impaired SR Ca 2+  uptake. Indeed, ATP was reported to protect 
SERCA2a from being denatured by hydroxyl radicals  [  100  ] , implying that energy 
starvation might render SERCA2a unprotected from increased oxidative stress in 
human HF. 

 Improving the myocardial energetics has been shown to normalize the Ca 2+  
cycling in isolated failing human myocytes  [  101  ] .  b -blockers, which decrease the 
energy demand and thus ameliorate the mismatch between energy production and 
consumption, has been shown to normalize the function and regulation of key 
Ca 2+  handling proteins in failing human hearts  [  102  ] . Similarly, left ventricular 
assist devices (LVADs), which unload the heart and support the circulation, impart 
improved Ca 2+  handling in human HF  [  10,   103  ] . Finally, hemodynamic improve-
ment by cardiac resynchronization therapy (CRT) is correlated with improved 
Ca 2+  handling in the subset of HF patients who respond to this therapy  [  104  ] . On 
the other hand, restoration of Ca 2+  homeostasis may result in improved cardiac 
energetics  [  105  ] .   

   Correcting Abnormal Calcium Handling in HF 

 While the causes of HF may differ, there is a common theme underlying the pro-
gression from normal to failing heart. An initial cardiac insult, which, in the United 
States is most commonly inadequate myocardial fl ow (myocardial infarction), pro-
longed pressure overload (hypertension), or abnormal fl ow through the heart valves 
(valvular stenosis or insuffi ciency), causes the heart to alter the shape of its principal 
pumping chamber, the left ventricle, and the surrounding organs to activate multiple 
hormonal systems in an attempt to maintain cardiac output. These compensatory 
changes are initially helpful in sustaining adequate cardiac output and blood pres-
sure  [  106  ] . Over time, however, these same changes become maladaptive. The 
remodeled ventricle becomes increasingly dilated and hypertrophied, resulting in 
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suboptimal pump geometry. In parallel, continuous activation of the sympathetic 
nervous system and the renin-angiotensin-aldosterone (RAA) axis  [  107,   108  ]  leads 
to increased oxygen consumption, increased metabolism and molecular changes 
that ultimately impair the contractile function of myocytes. In this manner, an 
initial cardiac insult initiates a cascade of events leading to reduced ejection frac-
tion, reduced myocardial contractility and poor cardiac output. Current clinical 
therapies aim to halt or reverse these maladaptive events. Myocardial revascular-
ization by coronary artery bypass grafting (CABG) and percutaneous coronary 
intervention (PCI) restores myocardial blood fl ow to ensure that adequate oxygen 
and metabolites are supplied to the myocardium. On the other hand, most medical 
therapies aim to block the deleterious effects of prolonged hormonal stimulation 
and the subsequent molecular changes that ultimately impair myocardial contrac-
tility and promote fatal cardiac arrhythmias. Importantly, reduced cardiac contractility 
and diminished contractile reserve are hallmarks of HF, and central to these pathol-
ogies is defective intracellular Ca 2+  handling  [  39  ] . Current and future medical 
strategies to restore the function of the key calcium handling molecules are dis-
cussed below. 

   Molecular Changes Due to Activation of the Sympathetic 
Nervous System 

 After an initial cardiac insult, the sympathetic nervous system is activated to main-
tain adequate cardiac output. This stress response, also known as the “fi ght or fl ight” 
response, is highly conserved evolutionarily and crucial to increasing cardiac stroke 
volume and heart rate  [  109  ] , the product of which is cardiac output. Catecholamines 
such as epinephrine and norepinephrine (adrenaline and noradrenaline, respectively) 
are released into the bloodstream where they effect changes on target organs, includ-
ing the heart. 

 In response to sympathetic stimulation, both heart rate and myocyte contractility 
are increased, the latter of which is directly related to changes in Ca 2+  handling. 
Epinephrine and norepinephrine bind to the  b -adrenoreceptor, leading to activation 
of several signaling pathways that ultimately increase the amount of intracellular 
Ca 2+  released by the RyR per amount of trigger Ca 2+  entering the cell through L-type 
Ca 2+  channels, thereby increasing EC coupling gain  [  37  ] .  b -adrenoreceptor binding 
also increases contractile force and allows more rapid release and reuptake of Ca 2+ , 
allowing more time for diastolic fi lling, increasing stroke volume and therefore 
increasing cardiac output  [  109,   110  ] . 

 Downstream effectors activated through these pathways include PKA via G pro-
tein activation of adenylate cyclase  [  106  ]  and increased CAMKII activity  [  13  ] , 
while activation of both the RAA axis or  b  

1
 -adrenoreceptor leads to activation of 

PKC  [  19,   111  ] . PKA and CAMKII phosphorylate L-type Ca 2+  channels, RyR and 
PLN. Many of these signaling events inherent to the “fi ght or fl ight” response are 
seen physiologically and in fact, are crucial for survival during isolated periods of 
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stress or exercise. However, the continuous activation of these pathways that occurs 
in HF ultimately leads to defective Ca 2+  handling and diminished contractility  [  112, 
  113  ] , and are therefore attractive targets of current and future medical therapies. 

 Chronic activation of G protein coupled  b -adrenoreceptors by sympathetic hor-
mones leads to several maladaptive changes including decreased expression and 
function of adenylate cyclase, increased expression of inhibitory proteins G protein 
G 

i
  and  b -adrenoreceptor kinase, and even decreased expression and coupling of 

the  b -adrenoreceptor itself  [  106,   114–  116  ] . Downstream of the  b -adrenoreceptor, 
additional changes occur. PKA hyperphosphorylates L-type Ca 2+  channels, RyR 
and NCX, while simultaneously, the protein levels of L-type Ca 2+  channels, RyR and 
SERCA2a are altered  [  10,   41,   117,   118  ] . In summary, chronic  b -adrenoreceptor 
activation induces numerous changes that alter the function of proteins critical to 
Ca 2+  handling. Determining which of these changes are causal for the diminished 
cardiac contractility seen in HF has proven far more challenging. Nonetheless, a 
number of pathways and targets have been elucidated.  

   Combating Chronic  b  -adrenoreceptor Stimulation 

 Blockade of  b -adrenoreceptors using a class of drugs known as  b -blockers restores 
cardiac function and signifi cantly increase the survival of patients with HF 
 [  119–  123  ] . The effectiveness of this therapy is somewhat counterintuitive since 
 b -blockers depress contractility and heart rate, two major determinants of car-
diac output. Indeed, physicians treating acute HF often temporarily discontinue 
 b -blockers to improve cardiac output and restore fl uid balance. After the acute 
volume overload has been corrected, however, treatment with  b -blockers is 
reinstituted. The reasoning behind this strategy is that chronic activation of 
 b -adrenoreceptors is ultimately maladaptive to the heart, and leads to the 
progression of HF.  b -blockers combat this chronic sympathetic stimulation. 
Mechanistically, they decrease intracellular cAMP concentration and thus 
decrease the activity of PKA, restoring physiologic function and expression 
levels of downstream effectors  [  102,   118,   124–  128  ] . Treatment with  b -blockers 
also reverses the hyperphosphorylation of RyR to improve binding of FKBP12.6, 
thereby restoring physiologic RyR function  [  102,   125,   128,   129  ] . Diminished 
SERCA2a protein levels are also restored by  b -blocker therapy, allowing appropri-
ate reuptake of Ca 2+  to allow adequate diastolic function and fi lling time  [  129  ] . 
Thus,  b -blocker therapy may halt or reverse disease progression and reduce mor-
tality by reversing the diminished Ca 2+  transient amplitude in systole, while simul-
taneously reversing increased intracellular Ca 2+  concentration and slowed rate of 
Ca 2+  transient decay in diastole  [  28,   130  ] . It is important to point out that despite 
numerous studies showing improvement in HF with the use of  b -blockers, the 
precise mechanisms responsible for their well established benefi cial effects remain 
controversial. And while effects on Ca 2+  handling have been demonstrated, 
improved organ level structural changes have also been observed  [  106  ] .  
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   Inhibiting the Effect of Angiotensin II 

 In addition to the sympathetic nervous system, another hormonal axis is chronically 
elevated in patients with HF. The renin-angiotensin-aldosterone (RAA) axis is cen-
tral to maintaining blood pressure. In response to low blood pressure, renin is 
released from the kidney and converts the pre-hormone angiotensinogen to angio-
tensin I. Angiotensin I is converted to Angiotensin II (ATII) in the lungs by angio-
tensin converting enzyme (ACE). ATII potently increase blood pressure by binding 
ATI receptors in the vasculature and causing constriction of blood vessels. ATI 
receptors are also located on myocytes, where they are acted upon by ATII. Two 
major categories of drugs designed to lower blood pressure by inhibiting this path-
way are angiotensin converting enzyme inhibitors (ACEI), which block the conver-
sion of ATI to ATII, and angiotensin receptor blockers (ARB), which inhibit the 
binding of ATII to ATI-receptors. 

 HF is a state of low cardiac output, which results in diminished blood pressure. 
However, low blood pressure is typically seen only at the last stages of HF. This is 
likely due to the maintenance of blood pressure by chronically elevated levels of 
ATII seen in HF patients  [  107,   108  ] . Importantly, the use of ACEIs and ARBs has 
been shown to further signifi cantly reduce mortality and fatal cardiac arrhythmias in 
patients with HF  [  122  ] . Hence, in addition to  b -blockers, ACEIs or ARBs are rec-
ommended fi rst line agents for the treatment of HF  [  108  ] . ACEIs and ARBs likely 
reduce mortality by lowering blood pressure and reducing myocardial fi brosis in 
patients with HF. More recently, however, they have been shown to alter signaling 
cascades that are involved in Ca 2+  handling. 

 ATII binding to ATI receptors on myocytes activates the G protein Gq, which has 
multiple downstream effectors that impact the progression of HF. One of these 
effectors is PLC, which, in turn, activates PKC a , the predominant cardiac PKC 
isoform  [  131  ] . PKC- a  activates I-1, which increases the activity of PP1 to dephos-
phorylate PLN  [  19  ] . In a mouse model of diastolic HF, ACE was overexpressed to 
increase levels of ATII, resulting in dephosphorylation of PLN and diastolic HF. 
 [  132  ]  Importantly, dephosphorylated PLN inhibits the ability of SERCA2a to pump 
Ca 2+  back into the SR, which may impair heart function by increasing the Ca 2+  tran-
sient duration and decreasing the SR Ca 2+  content. This alteration likely exacerbates 
the reduced diastolic fi lling time, stroke volume and contractility that are seen in 
heart failure. 

 ATII mediated Gq activation also causes activation of the downstream effectors 
calcineurin  [  133,   134  ]  and mitogen-activated protein (MAP) kinases such as extra-
cellular signal regulated kinases 1 and 2 (ERK1/2)  [  118,   135  ] , leading to pathologi-
cal hypertrophic ventricular remodeling. Calcineurin, a Ca 2+ -dependent phosphatase 
that regulates hypertrophic gene transcription by desphosphorylating transcription 
factors such as nuclear factor of activated T-cells (NFAT), has been identifi ed as a 
key enzyme involved in the induction of pathological cardiac hypertrophy. NFAT 
activity was upregulated in mouse models of pressure overload and HF but not in 
mice with exercise-induced physiological hypertrophy  [  136  ] . Supporting this notion, 



1160 Q. Lou et al.

inhibition of calcineurin prevented cardiac hypertrophy in rodent models of 
cardiomyopathy and pressure overload  [  137  ] . ACEIs and ARBs may thus impart 
some of their benefi cial effects on failing hearts by reversing maladaptive effects of 
ATII on Ca 2+  handling, which, in turn, may also ameliorate ventricular remodeling 
via the Ca 2+  dependent calcineurin pathway. Interestingly, all of these effects appear 
to occur through activation of major phosphatase, rather than kinase effectors. 

 Patients with HF exhibit elevated levels of reactive oxygen species (ROS)  [  138  ] . 
ATII has been shown to be a key player in producing destructive ROS that are 
involved in the progression of HF  [  139,   140  ] . ATII induces the production of ROS 
in the heart  [  141  ] , leading to damage to cellular components that are critical to cal-
cium handling in myocytes such as the outer and inner membranes of organelles 
such as the SR and protein involved in Ca 2+  signaling and handling  [  142–  145  ] . ROS 
alter the function of NCX, decrease L-type Ca 2+  channel currents and depress the 
activity of SERCA2a  [  146–  148  ] . Thus, blockade of ATII through ACEIs and ARBs 
provides clinicians a tool to reduce oxidative stress in failing myocytes and move 
closer to the goal of restoring calcium handling. 

 Interestingly, blocking ATII may also directly inhibit  b -adrenoreceptor overstim-
ulation. The ARB valsartan binds presynaptic ATI receptors to inhibit the release of 
norepinephrine while also stimulating its reuptake  [  149  ] , thereby reducing the 
amount of norepinephrine released into the bloodstream. Whether this holds true for 
other ARBs is unclear.  

   Calcium Channel Blockade 

 One of the disappointments of clinicians and researchers alike is the lack of benefi t 
and even detrimental effect of drugs that block L-type Ca 2+  channels (dihydropyri-
dine receptors). These drugs, used primarily to treat blood pressure, have dilatory 
effects on blood vessels inside and outside the heart. The vasodilatory action of Ca 2+  
channel blockers was theorized by many to improve cardiac performance and reduce 
myocardial ischemia. However, these theoretical advantages have not been trans-
lated into clinical benefi ts in controlled clinical HF trials, discussed in more detail 
below. 

 Ca 2+  channel blocking drugs have not improved symptoms of HF or enhanced 
exercise tolerance, and signifi cantly, both short- and long-term treatment with these 
drugs have increased the risks of worsening HF and death  [  150–  156  ] . L-type Ca 2+  
channel blockade is also ineffective in mild HF  [  157  ] , and non-dihydropyridine type 
Ca 2+  antagonists, including T-type Ca 2+  channel blockers, have also proven ineffec-
tive  [  158,   159  ] . Moreover, Ca 2+  channel blockers can have life threatening interac-
tions with  b -blockers and ACEIs, by inducing severe bradycardia (low heart rate) 
and hypotension (low blood pressure)  [  160,   161  ] . As a result, most Ca 2+  channel 
blockers are avoided in patients with HF, even when used for the treatment of chest 
pain or hypertension. Of available agents, only the dihydropyridine drug amlodipine 
has been shown not to adversely affect survival, although experience with the drug 
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exists largely in patients who are not taking  b -blockers  [  162  ] . In fact, current clinical 
HF guidelines state that Ca 2+  channel blocking drugs are contraindicated in the 
treatment for patients with current or prior symptoms of HF and reduced left ven-
tricular ejection fraction  [  108  ] .  

   Experimental Therapies Targeting Abnormal Calcium Handling 

 The limited medical therapies available for the treatment of HF and the signifi cant 
abnormalities in Ca 2+  handling observed in failing hearts has prompted signifi cant 
interest in developing therapies that directly target and correct these altered 
molecular pathways. A subset of some promising therapies and strategies are dis-
cussed below. 

   Sensitizing  b -adrenoreceptor Function 

 Restoring sensitization of  b -adrenoreceptors via new agents represents an attrac-
tive drug therapy. The desensitization of  b -adrenoreceptors is mediated in part 
by G-protein coupled receptor kinase (GRK, also known as  b -ARK). Activation 
of GRK desensitizes  b -adrenoreceptors in the heart  [  163  ] . In contrast, inhibition of 
GRK with concomitant  b -blocker therapy improves survival in a mouse model of 
HF  [  164,   165  ] . Currently, no drug has been developed to inhibit GRK pharmaco-
logically, but a dominant-negative GRK expressed in a mouse model of HF has 
been shown to prevent disease progression  [  165  ] . In the future, such a multi-
pronged approach to combat chronic  b -adrenoreceptor stimulation may provide 
signifi cant further benefi t in the treatment of HF.  

   Improving RyR Function 

 Hyperphosphorylation of RyR by PKA occurs due to chronic  b -adrenergic stimula-
tion and leads to Ca 2+  leak through the RyR  [  10,   166  ] , which contributes to contrac-
tile dysfunction and fatal ventricular arrhythmias  [  109,   167,   168  ] . These arrhythmias 
are a major cause of death in patients with advanced HF  [  108  ] . This knowledge 
has prompted efforts to design a small molecule that will improve RyR function. 
JTV519 is an experimental drug that enhances the binding of FKBP12.6 to RyR and 
reduces Ca 2+  leak from the SR. Encouragingly, this agent has been shown to suppress 
ventricular arrhythmias in a mouse model  [  168  ]  and improve contractile function in 
a canine model of HF  [  169  ] . Finally, Inhibition of CAMKII, which also hyperphos-
phorylates RyR, represents another strategy of reducing the RyR Ca 2+  leak seen in 
HF. Chemical or genetic inhibition of CAMKII prevented cardiac remodeling in a 
murine model of isoproterenol-induced cardiomyopathy  [  170  ] .  
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   Enhancing SERCA2a Reuptake of Calcium 

 As discussed above, diminished Ca 2+  reuptake in failing hearts is likely due to a 
combination of decreased levels of SERCA2a expression  [  29,   31,   43,   171  ]  and 
hypophosphorylation of PLN  [  172,   173  ] . Understandably, methods to increase 
SERCA2a expression and PLN phosphorylation are being actively pursued by 
investigators. 

 Attempts to overexpress SERCA2a in humans with advanced HF are currently 
underway  [  76  ] . In this study, a SERCA2a expression vector packaged in an 
Adenovirus-Associated Virus (AAV) envelope is administered by direct intracoro-
nary injection  [  76  ] . Of the 9 patients treated, 5 demonstrated improvements from 
baseline to month 6 across a number of parameters important in HF, including 
symptoms, 6-min walk test, oxygen consumption, and ejection fraction  [  76  ] . 
Notably, 2 patients who failed to improve had preexisting anti-AAV neutralizing 
antibodies, underscoring a limitation of such an approach  [  76  ] . 

 Selectively enhancing PLN phosphorylation is another avenue being actively pur-
sued. One such line of experiments involves the delivery of a pseudo-phosphorylated 
mutant of PLN into failing hearts using a viral vector. Interestingly, this mutant was 
demonstrated to suppress HF progression in hamsters  [  174  ]  and post-myocardial 
infarction rats  [  175  ] , and reversed HF in sheep with chronic pacing induced HF 
 [  176  ] . Decreasing the activity of PP1 (which dephosphorylates PLN) is another pos-
sible approach. Inhibitor-2 (INH-2) is an endogenous phosphatase that inhibits PP1 
that selectively decreases SR microvesicle-associated PP1 activity. Moreover, gene 
delivery of INH-2 was shown to increase PLN phosphorylation and increase survival 
in a hamster model HF  [  177  ] . Despite these encouraging studies, no small molecules 
that can selectively increase PLN phosphorylation have been developed to date.  

   Retarding ROS Effects 

 Established experimental studies showing that ROS are detrimental have prompted 
efforts to combat oxidative damage in patients with HF. The  b -blocker carvedilol 
has been proven effective in reducing the progression of HF, and notably, may exert 
some of its benefi cial effects through anti-oxidant activity  [  119  ] . Xanthine oxidase 
(X0), an enzyme involved in the synthesis of DNA precursors, has been shown to 
generate ROS, and has attracted the interest of researchers as a molecule to target 
with inhibitors  [  178,   179  ] . Encouragingly, inhibition of XO with the drug allopurinol 
improved myocardial effi ciency in patients with HF  [  180  ] , and prompted the initia-
tion of a large-scale clinical trial testing its safety and effi cacy in patients with 
advanced HF  [  181  ] . While this study did not show a reduction in morbidity or mor-
tality overall, post-hoc analysis revealed benefi t in a subset of patients with elevated 
levels of the XO product uric acid  [  182  ] . And while it will be helpful to determine 
the specifi c changes in Ca 2+  handling pathways that were affected in this subset of 
patient, this study also suggests that more robust improvements in HF may be elic-
ited in future trials by more specifi cally targeting the subset of HF patients with 
elevated ROS activity.   
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   Calcium Abnormalities in Human Ischemic 
and Nonischemic Cardiomyopathy 

 End-stage HF that is the result of myocardial infarction is known as ischemic car-
diomyopathy (ICM). HF in patients with no history of myocardial infarction is 
referred to as non-ischemic cardiomyopathy (NICM). Interestingly, distinct abnor-
malities in calcium handling have been demonstrated depending upon the etiology 
of HF. For example, mRNA expression of RyR is signifi cantly decreased in the 
hearts of patients with end-stage ICM, but increased (albeit nonsignifi cantly) in 
patients with NICM  [  183  ] . Similarly, ICM is associated with a decreased rate of 
calcium uptake into the SR, while NICM is associated with a decreased rate of 
calcium release from the SR  [  184  ] . The authors of the latter study concluded that 
abnormal SR calcium uptake may explain the contractile dysfunction seen in ICM, 
while abnormal SR calcium release may be the primary disruption in NICM. Thus, 
different insults leading to cardiomyopathy may do so by disrupting calcium handling 
via different mechanisms. 

 While different etiologies of HF exhibit different profi les of calcium handling 
abnormalities, there are no therapies to date that have been shown to improve cal-
cium handling in an etiology-specifi c manner. Recently, Sossalla and colleagues 
demonstrated that inhibition of CaMKII using two different small molecules sig-
nifi cantly increased contractility of isolated preparations of human failing heart 
tissue  [  16  ] . The increase in contractility was equally signifi cant in ischemic and 
non-ischemic cardiomyopathy. These studies suggest that in addition to the need to 
use human tissue to evaluate signaling pathways and small molecules for improved 
calcium handling, using an etiology-specifi c approach is sensible.   

   Conclusion 

 It has been well recognized that abnormal Ca 2+  handling is a key pathophysiological 
mechanism in human HF. However, our understanding of the underlying molecular 
and cellular mechanisms for the altered calcium handling in the failing human heart 
remains incomplete. 

 This is partly due to the complexity of the system, which involves the interplay 
between a number of signaling pathways that regulates the Ca 2+  homeostasis at dif-
ferent time scales  [  75,   185  ] . That is, while interrupting or augmenting one of path-
ways in the cascade might lead to expected benefi cial therapeutic effects, it might 
also produce unexpected deleterious effects  [  75  ] . Nevertheless, the overall structure 
of this complex system is continually being revealed by ongoing basic and clinical 
research, which carries the hope of facilitating the development of effective diag-
nostic and treatment modalities for HF. The progress is also slowed by limited data 
from human studies. While many mechanistic hypothesis and potential therapeutic 
intervention for the abnormal Ca 2+  handling in HF are being proposed and tested 
in animal models of HF, the examination of these hypothesis and therapies using 
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functional studies of isolated cells or tissues from the failing human heart are rather 
limited. Basic understanding and clinical translation can be greatly facilitated by 
testing these hypotheses in explanted human heart and human heart tissue donated 
for research by patients  [  186  ] . 

 Gaining a clearer understanding of the causative mechanisms of abnormal Ca 2+  
handling is crucial to developing promising new therapies to treat HF. Despite our 
best efforts, there are currently only two major medical pharmacological approaches 
available to the clinician for the treatment of patients with HF: blockade of the 
 b -adrenoreceptor and inhibition of the RAA axis. These therapies are used to treat 
non-ischemic (the majority of which are idiopathic), ischemic and valvular cardio-
myopathies, even though we recognize fundamental differences in the insults that 
cause these separate conditions. Such blanket approaches demonstrate the limits of 
our current knowledge, and the need for further observation and testing before new 
therapies can be delivered to the patient. Moreover, it is clear that many pathways 
involving Ca 2+  handling converge on and act through a few key molecules. Thus, the 
complex biological processes leading to HF must be further dissected with respect 
to specifi c isoforms, subcellular locations and etiology of HF. Similarly, it is impor-
tant to realize that individual drugs effects must be categorized based on the species 
and type of animal model used. Finally, we must recognize that the road to develop-
ing a human therapeutic agent, i.e., going from the bench to the bedside, is a time 
consuming and expensive one, and littered with failures. These complexities may 
explain why after years of research, the clinical armamentarium for reversing HF 
remains rather limited. Despite these drawbacks, it is encouraging that many prom-
ising new therapies to ameliorate abnormal calcium handling are visible on the hori-
zon, based on fi ndings in animal models of HF. Increased research on functional 
human heart tissue would facilitate translation of these fi ndings to the clinic.      
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  Abstract   During the last decades Ca 2+  has been found to play a crucial role in cardiac 
arrhythmias associated with heart failure and a number of congenital arrhythmia 
syndromes. Recent studies demonstrated that altered atrial Ca 2+  cycling may pro-
mote the initiation and maintenance of atrial fi brillation, the most common clinical 
arrhythmia that contributes signifi cantly to population morbidity and mortality. This 
article describes physiological Ca 2+  cycling mechanisms in atrial cardiomyocytes 
and relates them to fundamental cellular proarrhythmic mechanisms involving Ca 2+  
signaling abnormalities in the atrium during atrial fi brillation.  

  Keywords   Calcium  •  Atrial arrhythmias  •  Remodeling  •  Ion channels  •  Reentry  
•  Triggered activity      

   Introduction 

 Atrial fi brillation (AF) is a common and clinically-problematic arrhythmia that con-
tributes signifi cantly to population morbidity and mortality  [  1  ] . Current treatment of 
AF with traditional antiarrhythmic drugs is inadequate and is associated with lim-
ited effi cacy and a high risk of proarrhythmia  [  2  ] . Therefore there is a hope that 
novel mechanism-based approaches will offer more effective therapeutic options 
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with improved safety profi les. AF has been traditionally considered a “re-entrant” 
arrhythmia due to self-reexciting impulse propagation around a functional or ana-
tomically non-excitable obstacle. However, increasing evidence points to a central 
role of altered atrial Ca 2+  cycling in the generation of focal sources of excitation that 
may promote AF  [  3–  12  ] . The aim of this article is to describe physiological Ca 2+  
cycling mechanisms in atrial myocytes and to relate them to fundamental atrial-
cellular proarrhythmic mechanisms. We focus on key changes in atrial Ca 2+  cycling 
that predispose to AF induction and maintenance in the diseased heart.  

   Atrial Calcium Cycling and Excitation-Contraction Coupling 

 The cellular correlate of electrical excitation of cardiac myocytes is the “cardiac 
action potential” (AP), refl ecting characteristic time-dependent changes in cellular 
membrane voltage, starting from a negative resting membrane potential (RMP, ~−70 
to −80 mV in cardiac myocytes, Fig.  53.1 ,  [  13  ] ). The upstroke of the atrial AP is 
mediated by the fast sodium current (I 

Na
 ), whereas the AP “plateau” is due to Ca 2+  

infl ux through L-type Ca 2+  channels (LTCC). Repolarization is mediated by opening 
of a variety of K +  channels, with some of them being atrial-specifi c and contributing 
to the maintenance of the negative RMP during diastole  [  14  ] .  

200 ms 

IK1, IK,ACh

Final
repolarisation (3)Upstroke (0)

INa

0 mV

Ito, IKur

ICa,L

Early
repolarisation (1)

APD
Resting state (4)

- 80 mV

IKr, IKs

Plateau (2)

  Fig. 53.1     Atrial action potential (AP) and ion currents . The AP is controlled by ions fl owing 
through ion channels, whereby outward currents repolarize (more negative) and inward currents 
depolarize (more positive) the membrane potential. During diastole (phase 4, resting state) the 
membrane potential is mainly determined by inward rectifi er K +  channels I

K1
 and I

 K,ACh
 . The AP 

upstroke (phase 0), initiating cellular excitation, results from activation of fast sodium currents 
(I 

Na
 ). The following early repolarization (phase 1) is mainly due the transient outward (I 

to 
) and 

ultra-rapid delayed rectifi er potassium currents (I 
Kur

 ). Subsequent Ca 2+  entry through L-type Ca 2+  
channels (I

 Ca,L
 ) is the major depolarizing current responsible for the characteristic plateau phase 

(phase 2). Final repolarization (phase 3) is governed by several K +  currents including I
 Kur

 , rapid 
(I 

Kr
 ), and slow (I

 Ks
 ) delayed rectifi er currents. APD=action potential duration       
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 In cardiomyocytes, the L-type Ca 2+  current (I 
Ca,L

 ) fl owing through LTCC during 
the AP plateau triggers a much greater Ca 2+  release from the sarcoplasmic reticulum 
(SR) through Ca 2+ -release channels known as “ryanodine receptor channels” (RyRs, 
RyR2 = cardiac form), a process termed Ca 2+ -induced Ca 2+  release (CICR). The sys-
tolically released Ca 2+  (refl ected by the intracellular Ca 2+  transient) binds to troponin–
C in the myofi laments and initiates cardiomyocyte contraction (excitation-contraction 
[EC] coupling). During diastole the high transsarcolemmal Ca 2+ -gradient is restored 
by Ca 2+  reuptake into the SR, mediated via SR Ca 2+ -ATPase (“SERCA”, SERCA2a = 
cardiac form) and by Ca 2+  extrusion into extracellular space via forward-mode 
Na + -Ca 2+  exchanger (reviewed in  [  15–  17  ] ), bringing 3 Na +  ions per extruded Ca 2+  ion 
into the cell. In steady state, infl ux and effl ux of Ca 2+  are balanced to maintain physi-
ological levels of SR Ca 2+  content and intracellular Ca 2+  homeostasis  [  18  ] . 

 Although the CICR process is in principal comparable between atrial and ven-
tricular myocytes, there are some important differences in the subcellular architec-
ture (Fig.  53.2 ). Whereas in ventricular myocytes LTCC are primarily located in 
T-tubules, deep invaginations of the plasmalemma allowing membrane depolariza-
tion to quickly penetrate to the interior of the myocyte, atrial myocytes have only a 
rudimentary T-tubule system  [  3,   8,   9  ] . In ventricular myocytes, T-tubule system 
allows I 

Ca,L
  to initiate a simultaneous and uniform increase in intracellular Ca 2+  
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  Fig. 53.2     Subscellular architecture of excitation contraction coupling in the atrium.  During each 
action potential Ca 2+  infl ux through sarcolemmal L-Typ Ca 2+ -channels (I 

Ca,L
 ) triggers a larger ryan-

odine receptor ( RyR2 ) mediated Ca 2+  release from the subsarcolemmal sarcoplasmic reticulum 
( junctional SR ). The released Ca 2+  diffuses into the cell interior and activates RyR2 located in 
internal SR compartments ( corbular SR ), thereby creating a centripetal Ca 2+  wave. During diastole 
cytosolic Ca 2+  is extruded from the cell through Na + -Ca 2+  exchanger (NCX) or pumped back into 
the SR by SR-Ca 2+ -ATPase ( SERCA ), which is regulated by phospholamban (PLN) and sarcolipin 
( SLN ). The SR Ca 2+  release through RyR2 is amplifi ed by inositol 1,4,5-trisphosphate type-2 chan-
nels (IP 

3
 R2). See text for further details       
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([Ca 2+ ] 
i
 ) throughout the cardiomyocyte, whereas in atrial myocytes I 

Ca,L
  activation 

triggers SR Ca 2+  release only through RyR2 located in the subsarcolemmal 
(“junctional”) SR. The Ca 2+  wave then propagates from the junctional SR to the cell 
center, activating with some delay central (“corbular”) SR compartments  [  19–  21  ] . 
In addition, atrial myocytes possess inositol 1,4,5-trisphosphate type-2 receptors 
(IP 

3
 R2), which are located in the junctional SR in close vicinity to RyR2, amplify-

ing CICR and facilitating Ca 2+  wave propagation to cell centre  [  22–  24  ] . Modulation 
of atrial IP 

3
 R2 represents one key mechanism through which G 

q 
 protein-coupled 

receptors (e.g.  a  
1
 -, AT 

1
 - and ET1-receptors) regulate atrial Ca 2+  signaling and con-

tractility by increasing IP 
3
  availability  [  22,   25,   26  ] .  

 Homeostatic adaptation of atrial Ca 2+  cycling to changes in extracellular milieu 
occurs through a variety of additional mechanisms, one of which is post-translational 
modifi cation (e.g. phosphorylation) of key Ca 2+  handling and regulatory proteins. 
For instance, stimulation of  b -adrenoceptor signaling and the subsequent activation 
of protein kinase A (PKA), and to some extent of Ca 2+ -calmodulin-dependent 
protein kinase II (CaMKII), phosphorylate LTCC and increase amplitude of I 

Ca,L
  

 [  15  ] . In addition, SR Ca 2+  release is enhanced by PKA-mediated RyR2 phosphory-
lation at Ser2808 (2809, depending on species) and CaMKII-induced phosphoryla-
tion at Ser2814 (Ser2815 depending on species), both of which increase open 
probability and thus activity of RyR2  [  27  ] . Hence the phosphorylation of LTCC and 
RyR2 increases the strength of cardiomyocyte contraction. The  b -adrenoceptor-
mediated phosphorylation of phospholamban (PLN), an endogenous inhibitor of 
SERCA2a, at Ser16 (PKA-site) and at Thr17 (CaMKII-site), relieves SERCA2a 
inhibition, enhancing SR Ca 2+  uptake and accelerating relaxation during diastole 
 [  28  ] . In addition, the phosphorylation of RyR2 (at Ser2814) and PLN (at Ser16) are 
further amplifi ed by concomitant PKA-induced phosphorylation (activation) of inhibi-
tor-1 (at Thr35), a cytosolic protein that inhibits activity of the counterbalancing 
type-1 protein-phosphatase (PP1) exclusively at the SR  [  29–  31  ] . This effect shifts 
the balance between kinases and phosphatases, increasing steady-state RyR2 and 
PLN phosphorylation  [  31  ] . Thus, dynamic protein phosphorylation allows fi ne-
tuning of intracellular Ca 2+  signaling in cardiomyocytes.  

   Fundamental Mechanisms of Arrhythmogenesis 
and Role of Ca 2+  

 Abnormal atrial Ca 2+  handling can contribute to atrial arrhythmogenesis through 
multiple mechanisms (Fig.  53.3 ). For instance, changes in Ca 2+  cycling modify the 
function of cardiac ion channels and the shape and the dynamics of the AP, creating 
tissue properties (vulnerable “substrate”) that facilitate the initiation and mainte-
nance of reentry circuits (reviewed in  [  32  ] ). In addition, Ca 2+  handling abnormalities 
may promote nonphysiological impulse formation outside the sinus node (ectopic 
or triggered activity) by generation of abnormal oscillations of the myocyte mem-
brane potential (afterdepolarizations) that can trigger arrhythmias. In this article we 
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briefl y reviewed the details of the two major AF mechanisms; for further in-depth 
discussion of fundamental AF mechanisms we refer the reader to excellent previous 
reviews  [  33,   34  ] .  

   Ectopic Impulse Formation (Triggered Activity) 

 Ectopic activity is attributable to afterdepolarizations occurring during the repolar-
ization phase of the AP (early afterdepolarizations, EADs) or after completion of a 
regular AP (delayed afterdepolarisations, DADs). EADs are usually associated with 
bradycardia or pauses and result from factors that impair repolarization. At the 
molecular level reduction of rapidly or slowly activating delayed rectifi er potassium 
currents (I 

Kr
  and I 

Ks
 ) and enhancement of late sodium current (late I 

Na
 ) prolong APD 

and increase the likelihood of I 
Ca,L

  or I 
Na

  re-activation, thereby triggering a new AP 
(triggered AP,  [  35  ] ). These forms of EADs are a potential mechanism for AF associ-
ated with Long-QT syndrome  [  36,   37  ] . However, their role in common AF forms 
remains unclear. 

 DADs commonly appear at rapid heart rates and usually result from abnormal 
diastolic SR Ca 2+  release (SR Ca 2+  leak), which is caused by either SR Ca 2+  overload 
or RyR2 dysfunction  [  38  ] . Excess diastolic Ca 2+  is handled by NCX, creating a 
depolarizing transient inward current (“I 

ti
 ”) that can produce DADs (for details see 

below).  

DADs

AP

Triggered AP

Dispersion of
refractoriness

Ca2+-handling abnormalities

APD

Reentry

Trigger Substrat

  Fig. 53.3     Calcium handling abnormalities may contribute to both triggered activity and reentry . 
In addition to a susceptible substrate, which is characterized by shortened action potential duration 
(APD), reduced conduction velocity and increased dispersion of refractoriness, reentry induction 
requires a trigger, usually provided by an ectopic beat. Ca 2+  handling abnormalities in AF may 
contribute to both Ca 2+  dependent ion channel remodeling that underlies the inhomogeneous APD 
shortening, and through the increased diastolic SR Ca 2+  leak and NCX activation to the higher 
incidence of delayed afterdepolarisations (DADs), which may play an important role in ectopic 
impulse formation. Furthermore DADs are supposed to increase the dispersion of atrial refractori-
ness, which in turn creates a substrate supporting AF maintenance       
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   Reentry Mechanisms 

 Conceptually reentry describes continuous impulse propagation around functional 
and/or anatomical obstacles that requires a trigger (e.g. an extrasystolic beat) for 
induction and arrhythmogenic conditions (substrate) that support reentry mainte-
nance  [  33,   34  ] . The time during which the excitation travels along the potential 
reentrant circuit needs to be long enough for the initially activated tissue zone to 
regain excitability so that the excitation wave can reenter the circuit. The time 
period, in which tissue remains inexcitable after excitation is called the “refractory 
period”. Shortening of the refractory period increases the likelihood of reentry, 
because the excitation front encounters tissue with regained excitability. Thus the 
two major conditions favoring reentry include slow impulse conduction and/or an 
abbreviated refractory period  [  33  ] . 

 At the cellular level the refractory period is largely determined by the AP dura-
tion. After initial membrane depolarization, the Na +  channels are quickly inacti-
vated and the cell cannot be re-fi red until Na +  channels recovered from inactivation, 
which normally occurs after full repolarization. Thus in normal hearts, the relatively 
long APD protects cardiac tissue from reentrant excitations and arrhythmias. 
However, disease- and AF-related remodeling of atrial ion channels abbreviates 
atrial APD, creating a substrate for reentry (see below).   

   Ca 2+  Handling Abnormalities in Experimental 
AF Paradigms and AF Patients 

   Enhanced SR Ca 2+  Leak and Increased NCX 
Facilitate DAD Development 

 DADs associate with rapid rhythms and are therefore likely to occur during AF. 
They result from spontaneous (non-synchronized) diastolic SR Ca 2+  releases and SR 
Ca 2+  leak (Fig.  53.4a ). Although there is evidence for increased SR Ca 2+  leak in AF 
the underlying molecular mechanisms are incompletely understood (Fig.  53.4b , 
 [  6,   7  ] ). Mice with a gain-of-function mutation of RyR2 exhibit SR Ca 2+  leak and 
increased susceptibility to pacing-induced AF, suggesting that RyR2 dysfunction 
may contribute to SR Ca 2+  leak in AF  [  39  ] . Knock-out mice lacking FK-506 binding 
protein 12.6 kDa (FKBP12.6), a RyR2 stabilizing subunit, also exhibit increased SR 
Ca 2+  leak  [  40  ]  and enhanced vulnerability to pacing-induced AF. Interestingly, 
FKBP12.6 levels are reduced in patients with chronic AF (cAF), which may explain 
why RyR2 channels fail to remain closed during diastole. In addition, dogs with 
pacing-induced AF and patients with cAF exhibit increased RyR2 phosphorylation 
at Ser2808, which is suggested to enhance dissociation of FKBP12.6 from RyR2 
and to enhance its open probability  [  41  ] . Moreover, PKA-overexpressing mice with 
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PKA (Ser2808)-hyperphosphorylated RyR2 develop AF, pointing to potential 
signifi cance of Ser2808 hyperphosphorylation for AF promotion [ 42 ].  

 In atria of cAF patients, RyR2 is hyperphosphorylated at its CaMKII site 
(Ser2814)  [  7,   39  ]  and mice with an enhanced vulnerability to pacing-induced AF 
due to a gain-of-function mutation of RyR2 are less susceptible to inducible AF 
after pharmacologic or genetic inhibition of CaMKII. In addition, RyR2-Ser2814A 
knock-in mice, in which CaMKII-phosphorylation of RyR2 is genetically inhibited, 
are resistant to carbachol-induced AF, confi rming the importance of this phospho-
rylation site for the pathogenesis of atrial arrhythmias. The cAF associated hyper-
phosphorylation of RyR2 at Ser2814 may be due to increased expression and 
activity (autophosphorylation at Thr287) of CaMKII  [  39,   43,   44  ] . 

 Changes in PKA- and CaMKII-dependent RyR2 phosphorylation may result not 
only from changed kinase activity, but also from alterations in activity of the dephos-
phorylating phosphatases PP1 and type-2 protein phosphatase (PP2A). Although 
overall cellular PP1 and PP2A activities are increased in cAF  [  45,   46  ] , local PP1 and 
PP2A activities within the RyR2 macromolecular complex are unknown. It has been 
suggested that inhibitor-1, which specifi cally controls PP1 activity in the SR  [  47  ] , 
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ti
 ). 
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is PKA (Thr35)-hyperphosphorylated and thus maximally activated in cAF patients 
 [  45  ] . This should lead to strong inhibition of PP1-mediated dephosphorylation at 
Ser2814 of RyR2 and at Ser16 of PLN  [  29,   30  ] , additionally contributing to the 
enhanced phosphorylation of SR-located proteins. 

 Diastolic RyR2 openings in cAF may result not only from RyR2 hyperphospho-
rylation, but also from enhanced SR Ca 2+  releases through IP 

3
 R2, which should 

increase the Ca 2+  concentration in the RyR2-IP 
3
 R2 microdomain, promoting spon-

taneous RyR2 openings and increasing SR Ca 2+  leak  [  23,   24  ] . Consistent with this 
hypothesis, application of IP 

3
 R2 agonists like adenophostin increased Ca 2+  spark 

frequency and changed the spatiotemporal properties of Ca 2+  sparks in atrial myo-
cytes  [  22,   48  ] . Since expression of IP 

3
 Rs is increased in AF patients  [  49–  51  ]  and 

atrial myocytes from cAF patients exhibit a signifi cantly stronger cross-talk between 
IP 

3
 Rs and RyR2  [  22,   48  ] , it is possible, but not proven, that increased IP 

3
 Rs activity 

may contribute to RyR2-mediated SR Ca 2+  leak in AF. 
 At the cardiomyocyte level, SR Ca 2+  leak in AF patients appears as an increased 

rate of spatially localized elevations in cytoplasmic Ca 2+  (Ca 2+  sparks;  [  6,   7  ] ), 
which are believed to represent synchronous Ca 2+  release through a cluster of 
50–200 RyRs forming a so-called “couplon”  [  52  ] . Although Ca 2+  sparks are 
accepted as a surrogate of SR Ca 2+  leak, recent evidence suggests that Ca 2+  sparks 
may represent only a small part of the total RyR2-mediated Ca 2+  leak and that there 
is a clear Ca 2+ -spark independent component of RyR2-mediated leak  [  53–  55  ] . One 
way to quantify total SR Ca 2+  leak is the use of the tetracaine protocol established 
by Shannon et al.  [  56  ] , which exploits the ability of tetracaine to reduce Ca 2+  sen-
sitivity and thus open probability of RyR2 and to unmask SR Ca 2+  leak. Using this 
protocol in atrial myocytes from cAF patients, we showed increased total SR Ca 2+  
leak in cAF vs. sinus rhythm patients  [  11,   12  ] . At the single RyR2-channel level, 
open probability of RyR2 reconstituted in lipid bilayer membranes is enhanced 
during cAF in dogs and humans  [  11,   41  ] , representing the molecular correlate of 
increased SR Ca 2+  leak in cAF. Of note, discontinuous spontaneous Ca 2+  release 
events representing Ca 2+  microwaves travelling inside cells are more frequent in 
myocytes from cAF patients compared to sinus rhythm patients, and preliminary 
results suggest that these Ca 2+  release events may cause DADs and triggered APs 
in myocytes from cAF patients  [  11  ] . 

 In normal hearts, safety factors in the plasma membrane limit the ability of SR 
Ca 2+  leak to cause DADs and triggered activity  [  57  ] . The size of a DAD depends 
amongst others on the sensitivity of membrane voltage (V 

m
 ) to [Ca 2+ ] 

i
  ([Ca 2+ ] 

i 
–V 

m 
 

coupling “gain”), which is determined by the amplitude of depolarizing I 
NCX

  and the 
membrane resistance, set by background conductances like the inward rectifi er potas-
sium current I 

K1
 , with enhanced I 

NCX
  and/or reduced I 

K1
  both promoting DAD devel-

opment. Expression of NCX1 and [Ca 2+ ] 
i
 -corrected I 

NCX
  amplitude are greater in cAF 

than in sinus rhythm myocytes; however, I 
K1

  is upregulated in cAF patients, suggest-
ing that a higher incidence of spontaneous Ca 2+  release events and increased I 

NCX
 , 

rather than reduced I 
K1

 , accounts for the stronger [Ca 2+ ] 
i
 –V 

m 
 coupling “gain” in cAF 

myocytes.  [  7,   8,   12,   45,   58  ] .  
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   Role of SERCA2a and Phospholamban in SR Ca 2+  Leak 

 Diastolic SR Ca 2+  leak via RyR2 can only persist if a critical amount of SR Ca 2+  load 
is maintained to guarantee suffi cient RyR2 sensitization to intra-SR (luminal) Ca 2+  
 [  59  ] . Although SR Ca 2+  load appears normal in cAF (Fig.  53.4a ,  b ;  [  7,   8,   11,   12  ] ), 
the mechanisms that ensure maintained SR Ca 2+  load are not fully understood. In 
cAF patients, the hyperphosphorylation of PLN at both Ser16 (PKA-site) and Thr17 
(CaMKII-site) may prevent SR Ca 2+  depletion during AF, potentially explaining the 
normal SR Ca 2+  content  [  7,   11,   12,   45  ] . In addition, it has been demonstrated that the 
expression levels of sarcolipin (SLN), a SERCA2a inhibitor that like PLN loses its 
SERCA2a-inhibitory properties when phosphorylated by CaMKII at Thr5  [  60  ] , is 
decreased in cAF patients  [  61  ] . Reduced SLN binding to SERCA2a together with 
altered PLN regulation could theoretically enhance SR Ca 2+  reuptake, offsetting the 
Ca 2+  loss due to increased SR Ca 2+  leak. 

 As mentioned above, SR Ca 2+  leak that may cause DADs and triggered activity 
requires either RyR2 dysfunction or SR Ca 2+  overload. SR Ca 2+  load represents the 
balance between SR Ca 2+  release and Ca 2+  reuptake. In dogs and goats with short 
term AF, SR Ca 2+  content is reduced  [  9,   62  ] , suggesting ineffective compensation of 
increased SR Ca 2+  leak through defective RyR2 in early phases of AF. However, 
despite increased SR Ca 2+  leak due to RyR2 dysfunction, SR Ca 2+  load is normal in 
patients with cAF  [  6–  8,   12  ]  and sheep with persistent AF  [  8  ] , pointing to the pos-
sibility that the initial reduction in SR Ca 2+  load is offset by hyperphosphorylated 
(less inhibitory) PLN and decreased expression of SLN, both accelerating Serca2a 
mediated SR Ca 2+  reuptake. Thus, the preserved SR Ca 2+  content plays a permissive 
role in diastolic SR Ca 2+  leak by preventing depletion of SR Ca 2+  content.  

   Reduced Atrial I 
Ca,L

  and Increased K +  Currents Promote Reentry 

 In computer simulations, reduction of I 
Ca,L

  or increases of K +  currents abbreviate 
APD, promoting reentry that sustains AF  [  63  ] . Studies in various animal models 
and in patients with cAF show that decreased I 

Ca,L
  (reduced depolarisation power), 

increased inward rectifi er K +  current I 
K1

  and a constitutively-active form of the 
acetylcholine-gated K + -current I 

K,ACh
  (enhanced repolarization power) are major 

contributors to APD shortening  [  13,   64–  71  ] . Reduced I 
Ca,L

  and the associated abbre-
viation of APD protect the myocytes from the cytotoxic effects of excessive 
intra-cellular Ca 2+  load which may contribute to apoptosis and necrotic cell death 
found in atria from AF patients  [  72  ] . However, the protection against increased Ca 2+  
infl ux occurs at the expense of shorter effective refractory period which promotes 
AF maintenance and impairs atrial hypocontractility  [  9,   62,   73  ] , one major determi-
nant of AF-associated stroke  [  74  ] . Thus normalization of atrial cardiomyocyte Ca 2+  
infl ux might not be an advisable therapeutic option for AF patients. Of note, clinical 
AF usually occurs in context of cardiovascular diseases such as heart failure, hypertension 
or coronary artery disease, in which there is a complex interplay between electrical 
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and structural remodeling resulting in prolonged rather then abbreviated atrial APD. 
Therefore in AF patients with complex atrial remodeling the reduction of APD is 
much weaker compared to animal models with atrial tachycardia remodeling in 
which AF is induced in the absence of cardiovascular diseases. For further discus-
sion the readers are referred to a recent excellent review  [  34  ] . 

 The molecular basis of decreased I 
Ca,L

  in AF is complex and multifactorial 
(Fig.  53.5 ). During AF the high atrial rate increases intracellular Ca 2+  load, activating 
the Ca 2+ -dependent phosphatase calcineurin via the Ca 2+ /calmodulin system. 
Calcineurin stimulates nuclear translocation of NFAT (“Nuclear Factor of Activated 
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  Fig. 53.5     Ca   2+    handling abnormalities involved in remodeling of I  
 Ca,L 

   and I  
 K1 

 . The high atrial rate 
in atrial fi brillation (AF) increases intracellular Ca 2+ -load, activating the Ca 2+  dependent phos-
phatase calcineurin. Calcineurin stimulates nuclear translocation of Nuclear Factor of Activated 
T-Lymphocytes (NFAT), reducing transcription of the principal I 

Ca,L
  subunit, Cav1.2. In addition, 

increased mRNA-degradation/impaired protein-translation of Cav1.2 and breakdown of Cav1.2 
protein by calpains may also contribute to the lower Cav1.2 protein levels in AF. Increased expres-
sion of the Zinc transporter-1 (ZnT-1) may impair membrane traffi cking of Cav1.2. NFAT also 
reduces expression of Kir2.1-inhibitory microRNAs (miR-26, miR-1) leading to a higher expres-
sion of the major I 

K1
 -channel subunit Kir2.1. Both reduced I 

Ca,L
  and increased I 

K1
  are major con-

tributors to action potential duration (APD) shortening in AF       
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T-Lymphocytes”), which reduces transcription of Cav1.2, the major I 
Ca,L

 -channel 
subunit  [  75–  78  ] . In addition, increased degradation of Cav1.2 mRNA by miRNA-
328 and of Cav1.2 protein by Ca 2+ -dependent proteases like calpain are also 
described  [  79  ] . Increased expression of the Zinc transporter-1 (ZnT-1), an endoge-
nous inhibitor of I 

Ca,L
 , could impair membrane traffi cking of Cav1.2  [  80–  82  ] , addi-

tionally reducing Cav1.2 expression in the plasma membrane. Overall, studies at the 
mRNA and protein level are inconsistent, showing either reduced Cav1.2 abun-
dance  [  83,   84  ]  or preserved mRNA and protein levels of Cav1.2 in AF patients 
 [  46,   68,   85  ] , suggesting that functional mechanisms may contribute to I 

Ca,L
  down-

regulation. Consistent with this notion, enhanced activity of PP1 and PP2A has been 
shown to contribute to AF-associated Ca 2+ -channel dephosphorylation, which is 
expected to reduce open probability of I 

Ca,L
 , in AF  [  45,   46,   68  ] . In addition, oxida-

tive stress also affects I 
Ca,L

 , because increased S-nitrosylation of Cav1.2 has been 
associated with the I 

Ca,L
  reduction in AF patients  [  86  ] . Finally, there is evidence, that 

reduced I 
Ca,L

  is at least partially caused by decreased expression of accessory  b  
1
 ,  b  

2a
 , 

 b  
2b

 ,  b  
3
  and  a  

2
  b  

2
  LTCC subunits  [  68,   83,   85,   87,   88  ] . Collectively, these data suggest 

that a variety of mechanisms participate in the reduction of I 
Ca,L

  in an individual AF 
patient and that therapeutic approaches targeting common signaling pathways may 
be more effective than targeting individual contributors to decreased I 

Ca,L
 .  

 Ca 2+  cycling abnormalities contribute to atrial arrhythmogenesis in AF by 
causing Ca 2+ -dependent remodeling of additional ion channels. Here we describe 
Ca 2+ -dependent remodeling of I 

K1
  and the constitutively active I 

K,AChc
  (I

K,AChc
) 

because of their established contributions to electrical remodeling in AF. For 
other atrial ion channels like the transient outward potassium current I 

to
  and the 

ultra-rapid delayed inward rectifi er potassium current I 
Kur

  we refer the interested 
reader to other publications  [  43  ] . 

 The amplitude of I 
K1

  is increased in patients with cAF, contributing to the shorter 
APD and the more hyperpolarized RMP. The greater amplitude of I 

K1
  results from 

increased expression of the underlying Kir2.1 subunit, although the open probabil-
ity of single I 

K1
  channels also increases during cAF  [  66  ] . It was recently suggested 

that increased nuclear NFAT translocation, resulting from the high [Ca 2+ ] 
i
  during AF 

(see above), reduces the amount of Kir2.1-inhibitory microRNAs (miR-26 and 
miR-101, Fig.  53.5 ;  [  89  ] ). This results in increased translation or decreased degra-
dation of Kir2.1, the principal I 

K1
  channel subunit  [  13,   83,   90  ] , contributing to the 

greater I 
K1

  amplitude in AF. 
 There are emerging evidence to suggest that the development of constitutively 

active I
K,ACh

 (I
K,AChc

) that contributes to the larger I 
K1

  in AF patients and experimental 
AF models  [  65–  67,   69,   71  ]  likely results from abnormal Ca 2+  signaling. Recently, 
Makary et al. demonstrated that canine atrial myocytes develop constitutively active 
I 

K,AChc
  when paced in-vitro at 3 Hz for 24 h, which could be prevented with the cell 

permeable Ca 2+  chelator BAPTA-AM (1  m M), pointing to a critical role of altered 
[Ca 2+ ] 

i
  also for I 

K,AChc
  remodeling  [  91  ] . Taken together, these data indicate that 

abnormal Ca 2+ -dependent processes are critically involved in the AF-related changes 
of key reentry-promoting ion currents, pointing to the possibility that normalization 
of altered intracellular Ca 2+  cycling might be a viable therapeutic option for AF.  
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   Other Ca 2+ -Dependent Mechanisms of AF 

 Recently Burashnikov et al. suggested an alternative mechanism as the potential 
basis for the premature beats that re-induce AF after successful conversion to sinus 
rhythm  [  35,   92  ] . According to this theory, sympathovagal imbalances during the 
postcardioversion period may additionally shorten the remodeled (abbreviated) AP 
(parasympathetic effect) in combination with increased and prolonged intracellular 
Ca 2+  transients (sympathetic effect). The increased [Ca 2+ ] 

i
  during fi nal AP repolar-

ization at voltages negative to the equilibrium potential for I 
NCX

  (−40 mV), can gen-
erate a depolarizing I 

NCX
 , causing EADs and triggered activity. In contrast to 

DAD-induced triggered activity, these NCX-mediated EADs do not result from 
spontaneous (non-stimulated) SR Ca 2+  releases. In order to distinguish these EADs 
from the classical forms induced by reactivation of I 

Ca,L
  or I 

Na
 , they were termed 

“late phase 3” EADs. The precise role of late phase 3 EADs in AF pathophysiology 
needs to be established.   

   Conclusions 

 Ca 2+  regulates a variety of key cellular cardiomyocyte functions such as EC cou-
pling and gene transcription. Ca 2+  cycling abnormalities may underlie atrial arrhyth-
mogenesis through multiple mechanisms. It is well established that reduced I 

Ca,L
  

contributes to the shorter APD in AF, a major hallmark of atrial remodeling that 
facilitates reentrant mechanisms. More recent work has shown that Ca 2+  cycling 
abnormalities are involved in AF-associated dysregulation of I 

K1
  and I 

K,ACh
 , two 

other established determinants of functional reentry, and in the formation of ectopic 
impulses (via DADs), both contributing to AF initiation and maintenance. Since 
Ca 2+  regulates the function of other atrial ion channels  [  43  ] , abnormalities of Ca 2+  
signaling appear to have broader maladaptive consequences for atrial function dur-
ing AF than initially appreciated. Thus, a better understanding of the precise molec-
ular mechanisms underlying altered Ca 2+  cycling associated with atrial arrhythmias 
may open new avenues for the development of novel therapeutic strategies and 
more effi cient AF management.      
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  Abstract   Calcium plays a major role in normal functioning of the cells. Deregulation 
of calcium-mediated signaling has been implicated in many neurodegenerative 
diseases including Alzheimer’s disease. Studies in neurons and mice expressing 
Alzheimer’s disease-associated transgenes have shown that the expression of famil-
ial Alzheimer’s disease (FAD) mutants of presenilin (PS) and amyloid precursor 
protein (APP) alter calcium homeostasis and cause synaptic dysfunction and 
dendritic spine loss in neurons. Mechanistic studies have shown that FAD mutants 
of presenilin can affect the intracellular calcium levels by affecting the ER calcium 
stores. A function for presenilins as ER calcium leak channels has been established 
and studies show that presenilins affect ER calcium load through an effect on IP 

3
  

receptors, ryanodine receptors, or SERCA pumps. Even in the absence of an active 
gamma-secretase complex, presenilins seem to affect calcium homeostasis suggest-
ing that these two functions of presenilins are independent of each other. Studies 
using FAD mutants of APP have shown that unlike presenilins, FAD-APP do not 
affect calcium homeostasis in the absence of A b . Both A b  and presenilins seem to 
affect calcium homeostasis at very early stages of disease development affecting the 
synaptic transmission and function prior to neuritic plaque development. Altered 
calcium signaling differentially regulates genes such as calcineurin, calmodulin 
kinase II, MAP kinase etc and induces protein modifi cations and neurite degeneration. 
Since functional synapses and synaptic transmission are fundamental processes in 
memory formation, alterations in these processes can lead to neuronal dysfunction 
and memory defi cit as seen in Alzheimer’s disease. This chapter gives an overview 
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of calcium signaling in different systems, specifi cally neurons, the functioning of 
pre- and post-synaptic signaling, and how their deregulation infl uences pathology 
development in Alzheimer’s disease.  

  Keywords   NMDA receptors (NMDAR)  •  IP 
3
   •  Calcineurin  •  Calmodulin kinase  

•  LTP  •  LTD  •  Postsynaptic density (PSD)  •  IP 
3
  receptor (IP 

3
 R)  •  Ryanodine receptor 

(RyR)  •  Presenilin  •  FAD (familial Alzheimer’s disease) mutations  •  Amyloid 
precursor protein (APP)  •  Amyloid beta (A b )  •  Endoplasmic reticulum (ER)  
•  Mitochondria      

   Introduction 

 Calcium was primarily considered a structural element until the mid-twentieth century 
when seminal work by Weber, Ebashi and others suggested its potential role in 
signaling  [  1–  5  ] . Since then, the function of calcium as a second messenger in impor-
tant signaling pathways in the cell has been widely investigated. Some of the funda-
mental questions regarding calcium signaling pertain to the understanding of the 
mechanism of calcium-mediated signal transduction and regulation of intracellular 
levels of this element which lead us to identify its role in infl uencing the function, 
localization and interaction of different proteins in a cell. 

 Mechanisms of maintenance of calcium levels within the cytoplasm are a widely 
researched subject. It is well known now that cytoplasmic calcium level is main-
tained at approximately 100 nM (a few thousand fold less than extracellular regions 
~2 mM) and this is achieved by a constant expulsion of calcium ions from cytoplasm 
to the ER, mitochondria or the extracellular matrix via calcium channels and ion 
pumps (Fig.  54.1 ). The ER and mitochondria behave as the cell’s internal stores for 
calcium. ATPase pumps constitute an important factor in maintaining low levels of 
calcium within the cytoplasm over a long duration. These are considered high-affi nity, 
low-capacity channels that tirelessly pump out excess calcium that is constantly 
leaking into the cytoplasm from different sources within and around the cell. 
Sarcoendoplasmic Reticular Ca 2+  ATPase (SERCA) pumps calcium ions into the ER 
from the cytoplasm while Plasma Membrane Ca 2+  ATPase (PMCA) pumps calcium 
ions out of the cell. ATPase pumps are also present in the Golgi and nuclear envelope. 
As the name suggests, these ATPase pumps exchange calcium for protons and this 
process is accompanied with ATP hydrolysis  [  6–  9  ] .  

 Other calcium channels include the sodium-calcium (NCX) exchangers that are 
low-affi nity, high capacity pumps. These pumps are either NCX wherein one Ca 2+  
ion is exchanged for three Na +  ions or NCKX pumps which allow exchange of one 
K +  ion and one Ca 2+  ion for four Na +  ions. The NCX channels are present on the 
plasma membrane along with PMCA and they serve to rapidly adjust calcium levels 
within the cell during signaling  [  10  ] . 

 Perhaps the fastest calcium transporting channels are the voltage-gated channels 
 [  11  ] . These paddle-shaped transmembrane ion channels are normally closed but can 
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undergo a conformational change due to changes in membrane potential. This 
conformational change causes the channels to open and specifi cally allow a large 
number of calcium ions to fl ow down the ~20,000-fold gradient. These voltage 
channels are highly selective for calcium due to high binding affi nity for calcium 
within the pore but upon removal of extracellular calcium, these channels can 
conduct sodium or potassium ions as well. These voltage-gated channels play an 
important role in neuron excitation and muscle contraction. Voltage-gated chan-
nels have been classifi ed into several types on the basis of their structures, voltage 
range for activation and inactivation and pharmacological inhibition/activation. 
These are designated as L, T, P, Q, N and R-type channels  [  12  ] . Other channels and 
receptors such as ligand-dependent channels, ryanodine receptors and IP 

3
  recep-

tors regulate levels of calcium within the cytoplasm and ensure the maintenance of 
appropriate levels of calcium within the ER and mitochondria.  

  Fig. 54.1     Calcium signaling pathways and AD-associated changes:  Calcium ions are maintained at 
low levels in the cytoplasm by the tireless activity of several calcium pumps and channels which 
expel ions from the cytoplasm into the  ER , mitochondria and the extracellular matrix. Entry of 
calcium into the cytoplasm is a highly regulated process that occurs via cell surface receptors, such 
as  VGCC ,  NMDAR ,  AMPAR , and the endoplasmic reticulum ( ER ) receptors, such as  RyR  and  IP  

 3 
  R . 

G protein-coupled receptors on the membrane surface activate phospholipase C to cleave phos-
phatidylinositol-4,5-bisphosphate into  DAG  and  IP  

 3 
 .  IP  

 3 
  translocates to the  ER  and binds to  IP  

 3 
  R  

and activates it.  SERCA , on the other hand, pumps calcium from the cytoplasm into the  ER . 
Presenilins ( PS ) are associated with the  ER  membrane and mutations in  PS  are speculated to 
perturb the function of  RyRs ,  IP  

 3 
  Rs  and  SERCA  pumps, thereby disrupting calcium homeostasis. 

As part of the gamma secretase complex, presenilins also promote the formation of  A b   from  APP  
cleavage at the cell surface.  A b   has been shown to affect  NMDAR ,  AMPAR  and  VGCC . Deregulated 
calcium entry due to the infl uence of  A b   has been shown to affect gene expression and other signaling 
pathways within the cell. This includes inhibition of CAMKII phosphorylation, which in turn 
affects synaptic plasticity and memory formation. Expression of  CALHM1  on  ER  suggests its role 
as calcium leak channel similar to presenilins.  CALHM1  has also been shown to reduce  ER  
calcium uptake by affecting the  SERCA  pumps       

 



1196 N.K. Woods and J. Padmanabhan

   Calcium Signaling 

 In simple words, calcium signaling can be defi ned as a series of events wherein an 
external stimulus can lead to specific intracellular responses via changes in 
cytoplasmic calcium levels. Calcium enters the cytoplasm from external sources or 
intracellular calcium stores. A general mode of calcium signaling involves the 
release of calcium from the intracellular compartments upon external activating 
signals. In non-excitable cells, ligand binding causes the G-protein coupled receptors 
(GPCRs) and receptor tyrosine kinases (RTKs) to activate phospholipase C (PLC) 
to cleave phosphatidylinositol 4,5 bisphosphate (PIP 

2
 ) into 1,4,5-inositol triphos-

phate (IP 
3
 ) and diacylglycerol (DAG). IP 

3
  binds to IP 

3
  receptor (IP 

3
 R) on the ER and 

allows the diffusion of calcium from the ER into the cytoplasm such that the 
cytoplasmic calcium levels increase from 100 nM to ~1  m M  [  13  ]  (Fig.  54.1 ). 
Increased calcium in the cytoplasm triggers a cascade of signaling pathways that 
involve proteins that activate upon binding to calcium and amplify the calcium 
signal thereby affecting important processes involved in metabolism, transcription, 
motility, proliferation, etc.  [  14  ] . Meanwhile, the depleted stores in ER replenish 
their calcium levels via a mechanism called the store-operated calcium entry  [  15  ] . 
A small but highly selective Ca 2+  -release activated current (I 

CRAC
 ) is generated 

across the ER and with the help of transmembrane proteins STIM1 and Orai, the 
calcium reserves are replenished. 

 In excitable cells, calcium signaling is generally initiated by changes in membrane 
potential and introduction of calcium via different channels on the plasma membrane. 
Besides the IP 

3
  receptors, ER in these cells also express ryanodine receptors (RyR) 

 [  16  ] . These RyR are also Calcium-Induced Calcium Release (CICR) receptors. 
Calcium functions as the main ligand for RyR and low levels of cytoplasmic calcium 
open these channels to allow release of more calcium from ER/sarcoplasmic reticu-
lum into the cytoplasm. These RyRs are transmembrane homotetrameric channels 
that interact with a number of different proteins in the cytoplasm such as Calmodulin, 
CamKII, calcineurin, PKA, etc. IP 

3
 R can also exhibit CICR receptor behavior but 

usually some IP 
3
  is required for its activation  [  17  ] . It has been shown that small 

molecule cADPR (cyclic ADP Ribose) can sensitize RyR to calcium and allow for 
calcium release from ER via this channel  [  18  ] . Similarly, nicotinic acid adenine 
dinucleotide phosphate (NAADP) can sensitize IP 

3
  receptors and RyRs to calcium 

release although the mechanism by which it does so is not fully understood  [  19,   20  ] . 
 Calcium waves and oscillations have been observed in almost every type of cell. 

Calcium waves are usually a result of a cascade of calcium release and diffusion. 
The initial release of calcium from a site activates nearby stores that are sensitive to 
calcium and they further release calcium which subsequently diffuses and activates 
additional stores  [  21  ] . The strength of the wave depends on the sensitivity of the 
receptors of the additional stores and their proximity to the initial calcium release 
site. Release of calcium from clusters of IP 

3
 Rs is termed Ca 2+ “puffs” while RyRs 

give rise to Ca 2+ “sparks”  [  22  ] . These local calcium signals propagate to a global 
scale by activating calcium release from neighboring stores within the cells and 
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between cells. Calcium waves can be highly localized and intense if the initial 
calcium trigger and subsequent calcium signaling molecules (RyRs in ER/SR) are in 
close proximity. This phenomenon is usually observed in events such as muscle 
contraction or synaptic transmission. On the other hand, processes such as gene tran-
scription, post-translational modifi cations and cellular migration require pro-
longed and global calcium signaling and in such cases calcium waves are repetitive 
and not strictly spatially confi ned  [  21,   22  ] . 

 The remainder of this chapter is devoted to understanding the mechanism of 
calcium signaling in neuronal cells and its deregulation which has important 
implications in the pathology of Alzheimer’s disease.  

   Neuronal Calcium Signaling 

 Neurons are the basic units of the nervous system and these rely heavily on calcium 
for maintaining their function and homeostasis. Calcium regulates the cation channels 
in neurons, functions as an important second messenger in signaling pathways and 
gene transcription and promotes neurotransmitter release at synaptic junctions. 

   Calcium Channels 

 Calcium entry in neurons can be via voltage-gated calcium channels (VGCC) or 
ligand-gated ion channels. As described previously, VGCCs are regulated by 
changes in membrane potential. Conformational change in these channels allows 
for the entry of calcium which activates IP 

3
 Rs and RyRs to release more calcium 

from internal stores thereby increasing cytoplasmic levels and infl uencing impor-
tant signaling pathways. The general structure of a VGCC consists of fi ve subunits. 
The largest is the  a 1 subunit that forms the pore which is responsible for ion 
selectivity and conductance. This subunit has four domains, each with six trans-
membrane segments. The  a 1 subunit pore is also the binding site for agonists and 
antagonists. The  a 1 subunit associates variably with  a 2,  b ,  g  and  d  subunits to form 
the voltage-gated channel  [  11,   23,   24  ]  and this leads to the recognition of three 
families of VGCCs, i.e., Ca 

v
 1, Ca 

v
 2 and Ca 

v
 3  [  25  ] . On the basis of sensitivity to 

pharmacological drugs and other biophysical criteria, the VGCCs have been classifi ed 
into several subtypes. These are the L-, N-, P-, Q-, R-, T- type current conducting 
channels  [  26  ]  and they are sensitive to different toxins. The T-type currents are low 
voltage activated (LVA) that are activated slowly and inactivated rapidly. The other 
currents are generally considered as high voltage activated (HVA) which are activated 
rapidly and differ in their rates of inactivation. Ca 

v
 1 generally conducts L-type 

current while Ca 
v
 2 conducts N, P, Q and R-type currents. Ca 

v
 3 conducts T-type cur-

rent. The Ca 
v
 2 family of channels is most prominent in neurons and neuroendo-

crine cells. These channels are responsible for the release of neurotransmitters at 
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synaptic junctions, hormones and neuropeptides. As is understood, these channels 
are activated by membrane depolarization and this facilitates Ca 2+  currents. It has 
been shown that activated G-protein can regulate these channels by associating with 
them and slowing the rate of activation upon depolarization  [  27,   28  ] . In presynaptic 
nerve terminals, calcium can regulate these calcium channels as well. Initial entry 
of calcium into the cell allows for the binding of calcium/calmodulin to these 
channels which enhances Ca 2+  dependent facilitation of calcium current as well as 
voltage-dependent inactivation of these channels  [  29,   30  ] . At pre-synaptic terminals, 
voltage-gated calcium channels are the primary source of calcium entry that facili-
tate neurotransmitter release. Protein and lipid components that are involved in 
exocytosis and synaptic vesicles are organized in a region called the active zone  [  31  ] . 
Synaptogamins and SNARE protein complex composed of SNARE-25, syntaxin 
and synaptobrevin are all present in this active zone. It has been reported that 
synaptogamins bind to the calcium channels either directly  [  32  ]  or via the SNARE 
complex  [  33,   34  ] . Synaptogamins function as calcium sensors that bind lipids in a 
calcium-dependent fashion and allow for exocytosis and subsequent neurotrans-
mitter release from the synaptic vesicles  [  35  ] . 

 Calcium entry into neuronal cells can also be achieved by a different type of 
calcium channel, namely, the N-methyl D-aspartate receptor (NMDAR) (Fig.  54.1 ). 
NMDAR is a voltage as well as ligand-gated channel. The activation of this channel 
requires membrane depolarization as well as binding of the neurotransmitter 
glutamate  [  36  ] . At resting potential, the channel is blocked by Mg 2+  and upon 
membrane depolarization, the block is released to allow entry of calcium as well as 
sodium ions  [  37  ] . The NMDA receptors have transmembrane segments and intrac-
ellular domains that can be modifi ed by phosphorylation by enzymes such as protein 
kinase C (PKC)  [  38  ] . These channels can also be regulated by tyrosine phosphory-
lation which plays an important role in intracellular signaling pathways  [  39  ] . 
NMDARs play an important role in LTP and LTD. 

 Besides VGCC and NMDAR, neuronal cells also contain other calcium channels 
such as the neuronal acetylcholine receptor (nAChR), type 3 serotonin receptor 
(5HT 

3
 R) and the AMPA receptor.  

   Calcium Release from Intracellular Stores 
and Capacitative Calcium Entry 

 Cytoplasmic calcium levels are regulated by extracellular calcium entry as well as 
calcium release from internal calcium stores. As mentioned earlier, ER and mito-
chondria serve as the major intracellular calcium stores and they express channels/
receptors that allow for calcium release into the cytoplasm upon activation. Two 
major channels for calcium transport on ER include the ryanodine receptor and the 
IP 

3
  receptor  [  40,   41  ] . Interestingly, IP 

3
 R is most effi ciently activated to release 

calcium in the presence of both IP 
3
  and Ca 2+  and this mechanism of autoactivation 

is called Calcium Induced Calcium Release (CICR). CICR is the major mechanism 
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of activation for RyRs. In this case, calcium that enters the cytoplasm from external 
sources due to membrane depolarization sensitizes RyRs to release more calcium 
from the ER. However, cytoplasmic calcium concentrations above 10  m M inhibit 
the receptor to prevent further release of calcium from the stores. CICR are therefore 
responsible for regenerative calcium waves within the cell. Within the neurons, second 
messenger cyclic ADP ribose (cADPr) has been shown to increase the calcium 
sensitivity of RyRs such that they release more calcium upon depolarization  [  42  ] . 
Caffeine has also been shown to increase the sensitivity of RyRs to calcium. The 
extent of calcium release from ER upon membrane depolarization also depends on 
the calcium content within the ER. Through the SERCA pumps, calcium is constantly 
pumped back from the cytoplasm into the ER and this allows ER to behave as a 
large calcium sink. Hence, ER is capable of releasing calcium in response to periodic 
pulses of action potential thereby transmitting global calcium waves to promote 
signal transduction and gene transcription. 

 Discharge of calcium from internal stores causes ER to signal the cell membrane 
to allow calcium entry from extracellular space in order to replenish the stores. This 
form of regulated calcium entry is called ‘capacitative calcium entry’  [  43  ] . It was 
thought to occur only in non-excitable cells until recently when it was also discov-
ered in neurons and neuroendocrine cells  [  44  ] . The mechanism by which the ER 
communicates with plasma membrane regarding its depleted stores is not fully 
understood. It is speculated that either the communication occurs by a diffusible 
signal or via physical protein-protein interaction  [  45,   46  ] . A few mechanisms have 
been proposed to explain this phenomenon. The earliest explanation involved the 
presence of a calcium infl ux factor (CIF) that increased calcium entry in several cell 
types although how CIF was activated in response to calcium depletion was unknown 
 [  46  ] . Next, an exocytosis model was proposed wherein channels might be inserted 
into the membrane by vesicle fusion in response to depletion of internal calcium 
stores  [  47  ] . At present, the conformational coupling theory is being widely studied 
which suggests that the IP 

3
 -liganded IP 

3
  receptor undergoes a conformational 

change upon calcium depletion in the ER and this transmits information to the 
plasma membrane by protein-protein interaction  [  48,   49  ] .  

   Presynaptic and Postsynaptic Calcium Signaling 

   Neurotransmitter Release 

 Calcium infl ux has been implicated in neurotransmitter release from presynaptic 
terminals. Depolarization allows calcium to enter the cell via VGCCs and this 
stimulates RyRs and IP 

3
  receptors to release calcium from the internal stores. 

The sparks and puffs that result from multiple activated RyRs and IP 
3
 Rs greatly 

increase localized calcium levels which triggers exocytosis of synaptic vesicles to 
release neurotransmitters  [  50  ] . The effi ciency of this mode of regulation depends on 
the proximity of the internal stores to the plasma membrane and synaptic vesicles. 
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Hence, it has been observed that ER is very closely associated with the plasma 
membrane and the secretory vesicles in the synaptic regions  [  50  ] . cADPr has been 
shown to enhance vesicular exocytosis by promoting calcium release from the 
ryanodine receptors  [  51  ] . Certain synaptic proteins have been demonstrated to help 
localize the synaptic vesicle to the active zone of the presynaptic terminals. These 
include the synaptogamins and proteins of the SNARE complex (syntaxin1 and 
SNAP-25). These proteins bind to the  a 1 subunit of the N-type and P/Q-type 
calcium channels at the synprint site  [  52,   53  ] . Synaptogamins behave as calcium 
sensors and disruption of synaptogamin binding can alter the properties of the 
calcium channels and inhibit neurotransmitter release  [  54  ] .  

   Postsynaptic Calcium Signaling 

 Calcium functions as an important signaling molecule in postsynaptic processes and 
it can enter dendrites through voltage-gated channels as well as transmitter-gated 
channels. The neurotransmitter glutamate plays a crucial role in synaptic transmission 
as well as calcium signaling. Two major receptors that transduce the glutamate sig-
nal include the AMPA ( a  amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) 
receptor and the NMDA (N-methyl-D-aspartate) receptor (Fig.  54.1 ). The AMPA 
receptor is activated upon glutamate binding while the NMDAR, which is a calcium 
permeable receptor, is activated upon glutamate stimulation as well as membrane 
depolarization  [  37,   55  ] . Dendritic calcium signaling has been classifi ed into several 
types depending on the spatial range of the signals. Calcium action potential arises 
from regenerative activation of VGCCs. Generation of action potential requires acti-
vation of multiple synapses to achieve a threshold value. Action potentials can either 
be localized to the dendrites or can spread to the entire cell body  [  56  ] . Calcium 
waves result from intracellular calcium release that follows repetitive activation of 
metabotropic glutamate receptors (mGluRs). Activation of mGluRs induces the 
production of IP 

3
  that bind and activate IP 

3
  receptors thereby releasing calcium from 

internal stores and propagating the wave. Regional calcium signaling is generally 
non-propagating and localized within the dendritic spines and the dendrite from 
which they arise. Spine calcium signals are tightly restricted within the individual 
spine and these signals arise due to infl ux of calcium via VGCCs, NMDA receptors 
and internal stores  [  57  ] . The postsynaptic density (PSD) is a postsynaptic membrane 
associated concentration of proteins which extends into the cytoplasm. Within the 
PSD, a large number of proteins bind to important calcium and transmitter receptors 
such as the NMDAR, AMPA and mGluR  [  58,   59  ] . These include a number of 
calcium binding proteins and calcium activated proteins that propagate important 
signaling pathways. 

 Synaptic plasticity is considered to be the basis for memory and learning. It is 
defi ned as changes in the strength and effi ciency of synaptic transmission. Long-
term potentiation (LTP) and long-term depression (LTD) are the two forms of syn-
aptic plasticity  [  60  ]  and NMDA receptors play an important role in regulating these. 
LTP can be generated rapidly, is prolonged and found to be associated with memory 
formation. Initiation of LTP requires activation of NMDAR. When the cell is 
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suffi ciently depolarized, the Mg2+ block dissociates from NMDAR and this allows 
the entry of sodium and calcium ions into the dendritic spine. Resulting burst of 
calcium levels within the cytoplasm triggers LTP. LTP can be classifi ed into Early 
LTP (E-LTP) which occurs immediately in response to elevated calcium levels and 
lasts for an hour and Late LTP (L-LTP) which lasts much longer than an hour and 
involves gene transcription and protein expression  [  50  ] . Interestingly, NMDA 
receptor activation is also responsible for triggering LTD. It is believed that the 
spatial and temporal changes in calcium concentration and signaling can induce 
LTP or LTD  [  61  ] . Rapid and large infl uxes of calcium into the cytoplasm trigger 
LTP while prolonged and low infl uxes of calcium give rise to LTD. 

 NMDA receptors consist of four subunits: two are the NR1 subunits and the 
other two are regulatory subunits that can be NR2A to D or NR3A to D. Different 
combinations of the subunits alter the function of the NMDA receptor  [  62  ] . Synaptic 
and extrasynaptic NMDAR have been shown to activate different signaling path-
ways that affects initiation of LTP or LTD but these fi ndings are controversial 
 [  63,   64  ] . It has been suggested that extrasynaptic NMDAR is composed of NR2B 
subunit while NR2A is a subunit of synaptic NMDAR  [  65,   66  ]  but this subject is 
also controversial  [  67  ] . Several studies have suggested that NR2B-containing 
NMDAR mediates LTP because important LTP signaling molecule CAMKII pref-
erentially binds to NR2B  [  68  ] . Other studies have indicated that NR2A-subunit 
containing NMDAR mediates LTP  [  69  ] . Further research will hopefully solve these 
discrepancies. Finally, it has been speculated that higher ratios of NR2A/NR2B 
might favor LTD induction although this would still require that the above contro-
versies regarding NMDA subunit functions be fi rst resolved  [  70  ] . 

 Besides NMDA, the AMPA receptors also play a key role in initiating LTP and 
LTD. During basal synaptic transmission, glutamate acts on both the AMPA and 
NMDAR. Sodium ions fl ow through AMPA but not through NMDAR due to the 
Mg 2+  block. Upon membrane depolarization, the Mg 2+  block is released and 
NMDAR can transport sodium as well as calcium ions into the cytoplasm. These 
events trigger LTP. Biochemical studies show that there is an increase in minia-
ture electrophysiologic synaptic current (EPSC) in the postsynaptic cell in 
response to neurotransmitter release during LTP and this is an indicator of increase 
in number or function of postsynaptic receptors. The AMPA receptor subunit 
GluR1 is phosphorylated by CaMKII and this increases its channel conductance 
thereby contributing to the manifestation of LTP  [  71–  73  ] . AMPA receptors can be 
inserted into the postsynaptic membrane during LTP and this is facilitated by acti-
vation of Ras and CaMKII by NMDAR. Removal of AMPA from the synaptic 
plasma membrane by endocytosis is characteristic of LTD and this is brought 
about by activation of Rap  [  74–  76  ] . 

 Calmodulin Kinase II (CaMKII) is a key molecule in LTP associated signal 
transduction. It is autophosphorylated at several threonine residues which regulates 
its activity and sub-cellular localization  [  77  ] . Other important proteins are PKC and 
PKA. On the other hand, it has been suggested that protein phosphatases are prefer-
entially activated during LTD. This includes activation of calcium/calmodulin-
dependent phosphatase, calcineurin (or PP2B) and protein phosphatase 1 (PP1)  [  78  ] . 
PP1 is inhibited by phosphorylated inhibitor1. Activated calcineurin can 
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dephosphorylate inhibitor1 and release PP1 such that it can manifest the effects of 
LTD by promoting AMPA endocytosis at the postsynaptic terminals  [  55,   79  ] . PP2B 
has higher affi nity for calmodulin as compared to CaMKII. Hence, it can get activated 
by small increases in intracellular calcium levels to further activate PP1. However, 
a large increase in cellular calcium concentrations activates CaMKII as well as PKA 
which are associated with LTP. Increases in PKA activity leads to phosphorylation 
of inhibitor1 which inactivates PP1 and therefore inhibits LTD  [  78,   80  ] .  

   PSD Components and Signaling 

 The postsynaptic density (PSD) is a dynamic structure that reorganizes its signal 
transduction components during calcium signaling. The PSD contains receptors, 
scaffolding proteins and calcium binding and mobilizing proteins  [  55,   59  ] . 

 NMDAR is a key receptor in postsynaptic calcium signaling. The C-terminus of 
NMDAR associates with scaffolding protein PSD-95, cytoskeletal proteins and 
calmodulin and this allows it to remain integrated in the PSD  [  81  ]  (Fig.  54.1 ). 
Calcium-CaM-dependent kinase II (CaMKII) is an essential protein that mediates 
NMDAR-dependent LTP. The enzyme has an autoinhibitory domain that keeps 
the catalytic domain inactive  [  82  ] . Calcium ions entering PSD via NMDAR bind 
to calmodulin which in turn binds to CaMKII and releases the autoinhibition. Activated 
CaMKII is phosphorylated at Thr286/287 which makes it functional despite fall in 
calcium/clamodulin levels  [  83,   84  ] . CaMKII has been shown to enhance channel 
conductance of AMPAR by phosphorylating the AMPAR subunit GluR1  [  73  ] . In 
response to LTP, CaMKII induces insertion of AMPAR to the postsynaptic 
membrane surface by stimulating exocytosis of AMPAR containing vesicles by an 
undetermined mechanism  [  83  ] . PP1 has been shown to dephosphorylate CaMKII in 
PSD while PP2A is unable to do so  [  85  ] . Some research suggests that PP1 inhibits 
CaMKII activation because overexpression of inhibitor1 seemed to suppress PP1 
and enhance autophosphorylation of CaMKII, AMPAR and CREB  [  86  ] . PP1, 
calcineurin and PKA are localized within the PSD via interaction with anchoring 
proteins such as AKAP79  [  87,   88  ] . 

 PSD-95 is a key scaffolding protein in the postsynaptic density and it plays an 
important role in anchoring different proteins with the NMDAR-associated com-
plex. It is also referred to as SAP-90 and contains fi ve protein binding domains 
(three PDZ domains followed by SH3 and a GuK domain). The fi rst two PDZ 
domains bind to the C-terminus of NMDAR while the other domains interact with 
different signaling molecules  [  89  ] . Other proteins that bind to PSD-95 include 
nNOS, neuroligin and SynGAP  [  90,   91  ] . SynGAP is synaptic RasGAP. It enhances 
the GTPase activity of Ras which in turn regulates the MAPkinase pathway. SynGAP 
activity can be inhibited by phosphorylation by CaMKII upon stimulation of 
NMDAR thereby activating the MAPkinase pathway  [  92  ] . Calcium infl ux through 
NMDAR has been shown to activate Ras-GRF (guanine releasing factor) which 
stimulates Ras activity  [  93  ]  which subsequently promotes the insertion of AMPAR 
into the postsynaptic membrane  [  75  ] . The different components of the MAPkinase 
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pathway are present within the PSD as part of NMDAR complex  [  94  ]  and upon 
activation, they propagate signals generated by LTP. 

 Besides interacting with different PSD proteins, PSD-95 also associates with another 
set of scaffolding protein called Shank via guanylate kinase-associated protein or 
GKAP  [  95  ] . Shank can multimerize and associate with Homer which facilitates the 
important interaction of mGluR with IP 

3
  receptors  [  22  ] . Homer ensures the localization 

of IP 
3
 R in the spines and close to PSD such that calcium entry from mGluR and other 

receptors can trigger the formation of IP 
3
  and stimulate IP 

3
 R to release calcium from 

internal stores. This activates the calcium sensors within the PSD to promote calcium 
signaling. Thus, Shank-Homer complexes can successfully link the NMDAR, mGluR 
and IP 

3
 R in the PSD for effi cient calcium infl ux and signaling.   

   Calcium Signaling and Gene Expression 

 Calcium entry and signaling initiated at the postsynaptic membrane fi nally results 
in regulation of gene transcription in the nucleus for long-term effects of neurotrans-
mission. Central to the regulation of gene expression from calcium-dependent 
signaling is the posttranslational modifi cation of the transcription factor CREB 
(cyclic AMP response element binding) protein. Phosphorylation of CREB in the 
nucleus affects multiple transcription events. CREB is generally bound to the cyclic 
AMP response element (CRE) on the promoters of target genes. Upon calcium 
infl ux and stimulation of adenylate cyclase, cyclic AMP levels increase which drive 
the phosphorylation of CREB at Ser133  [  96,   97  ] . Subsequently, CREB recruits CBP 
(CREB binding protein) which is a transcriptional co-activator and it acetylates the 
histones at the target promoters as well as recruits RNA polymerase II to facilitate 
transcription of the gene  [  98,   99  ] . 

 Calcium infl ux triggers at least four different signaling pathways to phosphorylate 
CREB at Ser133 in order to activate it. Calcium enters through voltage or ligand-
gated channels and binds to calmodulin to activate CaM kinases. CaMKII and 
CaMKIV can translocate to the nucleus and phosphorylate CREB at Ser133  [  100  ] . 
Interestingly, CREB has been found to be phosphorylated at Ser142 as well but this 
phosphorylation inhibits its transcriptional activating function by disrupting the 
association of CREB with CBP  [  101  ] . This inhibitory phosphorylation appears to be 
mediated by CaMKII although it is less effective at modulating the function of 
CREB as compared to the activating phosphorylation at Ser133 by CaMKIV  [  102  ] . 
It has also been shown that after phosphorylation at Ser133, CREB can be phospho-
rylated at Ser129 by GSK3 (glycogen synthetase kinase 3). Phosphorylation at this 
site contributes to the activation of CREB  [  39  ] . The other important pathway that is 
activated upon calcium entry at PSD is the Ras/MAPK pathway. Activation of Ras 
stimulates the activation of subsequent downstream members of the pathway such 
as Raf, MEK, ERK1/2 and RSK kinase. RSK then translocates to the nucleus where 
it phosphorylates CREB at Ser133 to activate it  [  103  ] . It has been suggested that the 
Ras/MAPK pathway and CaMK pathway are activated simultaneously but CaMK 
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brings about rapid phosphorylation of CREB while phosphorylation by the Ras 
pathway is slower and effective after a long time post-stimulation  [  104  ] . 

 Another pathway that leads to phosphorylation of CREB is the cAMP-PKA 
pathway. Calcium infl ux infl uences levels of cAMP by activation of adenylate 
cyclase (AC). Increase in cAMP levels activates PKA which enters the nucleus and 
phosphorylates CREB to switch on its transcriptional activity  [  37,   105  ] . Additionally, 
calcium dependent calcium release from the internal stores such as ER also contributes 
to cellular calcium that diffuses into the nucleus and promotes gene transcription by 
associating with calcium binding transcription factors. The net result of phosphory-
lation and activation of CREB is the expression of important proteins such as BDNF 
(brain derived neurotrophic factor). BDNF binds to its receptor tyrosine kinase and 
neurotrophin receptor p75 to activate signaling pathways that promote survival of 
the neurons and modulate synaptic activity  [  106,   107  ] . Several studies have shown 
that the route of calcium entry affects the transcription of neuronal genes such as 
BDNF. Calcium entry into the cytosol can be either through the ion channels such 
as NMDAR and AMPAR, the voltage-dependent calcium channels or from receptors 
that release calcium from internal stores  [  108  ] . While the NMDA glutamate receptor 
is responsible for the major fraction of calcium entry that initiates LTP and tran-
scription of immediate-early genes, it is not the major driver of BDNF transcription. 
Calcium infl ux through the VGCC (L-type) induces CREB phosphorylation and 
BDNF transcription  [  109  ] . Calcium entering from both types of channels is capable 
of phosphorylating CREB at Ser133 but it has been speculated that NMDAR-
mediated calcium infl ux could either phosphorylate CREB at the inhibitory site of 
Ser142 or fail to phosphorylate at the positive regulatory site Ser129 and this could 
explain the differential expression of BDNF in response to different channel 
stimulation  [  37  ] . It has also been observed that embryonic neurons that were 
cultured for 7 days  in vitro  were able to initiate CREB phosphorylation from 
calcium infl ux via NMDAR but by day 14 this calcium infl ux could not sustain 
CREB phosphorylation. It was suggested that while L-type VGCC can induce 
sustained phosphorylation of CREB, calcium entry from NMDAR was unable to do 
so because this mode of entry activates PP1 that dephosphorylates CREB at Ser133 
 [  110  ] . Such mechanisms of differential gene regulation by the same calcium ion result 
in diverse outcomes that affect many aspects of the biology of neuronal cells. 

 Following sections in this chapter will address the deregulation of several points 
in the calcium signaling pathway and their effect in the manifestation of neurode-
generative diseases particularly, Alzheimer’s disease.   

   Deregulation of Calcium Signaling in Alzheimer’s Disease 

 The major pathological hallmarks of Alzheimer’s Disease are the presence of 
neuritic plaques and neurofi brillary tangles (NFTs) in the affected areas of the brain 
 [  111–  117  ] . The plaques are formed by the aggregation of a proteolytic fragment of 
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amyloid precursor protein (APP) known as amyloid beta (A b ), and NFTs are formed 
from the hyperphosphorylated microtubule associated protein, tau. Majority of the 
cases of AD are of late onset or sporadic in nature and the cause or mechanisms 
involved in the disease development are not clearly understood. 

 Approximately 5–10% of the total reported cases of AD are associated with 
mutations in the APP or presenilin (PS) genes. A b  is generated by sequential cleavage 
of APP by beta and gamma-secretases  [  116,   118  ]  (Fig.  54.1 ). Gamma-secretase is a 
complex of four different proteins, Aph1, Pen2, Disastrin, and presenilin (PS)  [  119, 
  120  ] . PS is essential for gamma-secretase activity and mutations in PS and APP 
have been associated with increased generation of A b  and early onset of AD (familial 
AD or FAD)  [  118  ] . 

 Calcium deregulation has been implicated in AD for quite some time and several 
laboratories are examining the mechanism by which the deregulation affects pathology 
development  [  118–  121  ] . It has been proposed that mutations in PS that cause auto-
somal dominant early onset AD (FAD) can induce perturbations in Ca 2+  homeosta-
sis in cells  [  122,   123  ] . This perturbation in calcium homeostasis can further induce 
A b  generation  [  124  ] , that can negatively affect synaptic plasticity and therefore 
neuronal function. 

 The long term effect of calcium deregulation is brought about by modulations in 
gene transcription and function. Studies by Wu and Colleagues  [  125  ]  have shown 
that A b  oligomers can activate the calcium-dependent phosphatase, CaN (PP2B), 
which in turn can induce the NFAT (nuclear factor of activated T cells) signaling 
pathway. Even in the absence of A b , activation of NFAT pathway can induce defects 
in neuronal activity by inducing neurite degeneration and dendritic spine loss, 
analogous to that brought about by A b . Inhibition of calcineurin ameliorates the 
morphological and functional defi cits in neurons suggesting that calcium overload 
may affect calcineurin activation and downstream signaling events that can cause 
neurodegeneration  [  125,   126  ]  

   Presenilins and Ca2+ Homeostasis 

 In addition to the generation of higher levels of A b , FAD mutations in PS (FAD-PS) 
can cause Ca 2+  signaling defects  [  122,   127–  133  ] . FAD-PS have been shown to 
deregulate Ca 2+  homeostasis by affecting IP 

3
 -mediated Ca 2+  release from ER stores, 

through perturbation of the store-operated Ca 2+  channels and by affecting Ca 2+  
entry from extracellular regions. In addition to the interaction of PS with IP 

3
  recep-

tor, it also interacts with ryanodine receptor (RyR) and enhances ER calcium 
release  [  122,   134–  137  ]  (Fig.  54.1 ). A role for presenilin as a passive ER calcium 
leak channel has been shown by Wu and colleagues  [  138  ] . Their studies in PS1 and 
PS2 double knockout (DKO) mouse embryonic fi broblasts (MEFs) showed that PS 
is essential for ER calcium homeostasis and deletion or mutation can lead to aber-
rant levels of ER Ca 2+  load. Calcium deregulation in DKO cells could be prevented 
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by expression of presenilin holoproteins confi rming that presenilins are essential 
for normal functioning and maintenance of ER calcium stores. Some of the prese-
nilin FAD mutations (PS1-M146V) failed to rescue the Ca 2+  defects suggesting 
that these mutations may prevent the presenelins from functioning as a Ca 2+  leak 
channel on ER membrane. Co-expression of mutant PS (PS1-M146V or PS2-
N141I) with WT PS did not rescue the defective calcium signaling, suggesting a 
dominant effect of this mutation over the WT presenilin gene. This validates that 
just one copy of the mutated gene is suffi cient to cause the deregulation in calcium 
and demonstrates why FAD patients, with just one copy of mutated presenilin 
gene, are not spared from getting the disease. Not all the mutations in PS are 
associated with an increase in ER calcium load. Expression of PS1-dE9 (PS1 exon 
9 deletion) mutant shows an increase in ER Ca 2+  leak channel activity, which 
encompasses that of WT-PS1, suggesting that the PS1-dE9 is a ‘gain of function’ 
mutation  [  138  ] . The gamma-secretase activity of presenilins did not seem to be 
necessary for its functioning as a passive ER Ca 2+  leak channel but the fact that A b  
can also induce calcium deregulation suggests that these two may act synergisti-
cally to induce calcium deregulation in FAD patients. 

 In addition to its role as a passive Ca2+ leak channel, PS can also affect calcium 
homeostasis through its association with SERCA (sarcoplasmic/endoplasmic 
reticulum calcium ATPase) pump (Fig.  54.1 ). Studies by Green and colleagues  [  139  ]  
showed that presenilins are required for proper functioning and activity of SERCA 
pumps. Presenilins physically associate with SERCA and modulate its function. 
Isoform specifi c knockdown of SERCA2b brought about similar disruption of Ca 2+  
dynamics as the presenilin-null cells suggesting that presenilins are necessary for 
the normal functioning of the SERCA. Similarly, studies using PS2 FAD mutations 
have shown a partial depletion of intracellular calcium stores due to reduced SERCA 
activity and increased calcium leak  [  140,   141  ] . This is also another example of a 
presenilin mutation that affects the ER calcium homeostasis by enhanced release 
and not accumulation of calcium in ER. 

 The activity of SERCA seems to affect generation of A b , with higher activity 
inducing and lower activity reducing the levels of A b . Thus, presenilin, indepen-
dently or through its association with other Ca 2+  operating pumps or through its 
functioning as a gamma-secretase, contributes signifi cantly to the regulation of Ca 2+  
in cells. A recent study suggested that presenilins can also affect neurotransmitter 
release through low level ionic calcium infl ux into presynaptic axon terminals  [  142  ] . 
This calcium infl ux did not depend on activation of voltage gated calcium channels, 
NMDA receptors or the intracellular stores of calcium suggesting a novel role for 
presnilin in calcium-dependent synaptic function. 

 Whether FAD mutations in APP affect calcium homeostasis similar to presenilins 
is not clearly understood. Although there are several studies that suggest that APP 
may directly affect calcium homeostasis independently of A b  production  [  143–  145  ] , 
a recent study suggests that unlike presenilins, FAD mutations in APP do not 
affect the intracellular Ca 2+  levels independent of A b   [  146  ] .  
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   Polymorphisms in CALHM1 Gene and Alzheimer’s Disease 

 Analysis of genes located at AD linkage region has shown an association between 
polymorphisms in calcium homeostasis modulator 1 (CALHM1) and development 
of sporadic AD (SAD). The correlation was mainly observed in healthy adults and 
not in the AD patients. Comparison of CSF samples from AD patients and healthy 
young individuals showed that while there was no association between CSF A b  and 
AD, CALHM1 polymorphism in normal adults was associated with increased 
levels of A b  42 and 40 in CSF and increased risk for AD  [  147  ] . Analysis of cellular 
distribution of CALHM1 in brains and cells of neuronal lineage showed that 
CALHM1 is mainly expressed in ER and plasma membrane. Ca 2+  infl ux through 
CALHM1 was shown to lower A b  generation by increasing sAPP-alpha secretion. 
Downregulation of CALHM1 led to an increase in A b  generation suggesting that it 
may affect the secretases that cleave APP. Since the majority of CALHM1 is 
expressed in ER, it is possible that it functions as an ER calcium leak channel 
similar to presenilins (Fig.  54.1 ). A recent study showed that, in addition to an 
increase in the calcium leak from ER, CALHM1 reduces ER calcium uptake by 
reducing the transport capacity and the calcium affi nity of the SERCA pump  [  148  ] . 
This led to a drastic reduction in the ER calcium concentration and increased ER 
stress leading to upregulation in expression of ER stress-related proteins. Thus, 
CALHM1 seems to play a central role in mediating calcium deregulation, ER stress, 
and cellular damage observed in Alzheimer’s disease.  

   Calcium Channels and Receptor Mediated Calcium Infl ux 
in AD Pathology Development 

 NMDA receptor-mediated calcium infl ux has been shown to affect the ryanodine 
receptor activation and ER calcium perturbation in dendritic processes, spine heads, 
and soma of pyramidal neurons in AD transgenic mice  [  149  ] . These mice also 
showed higher calcium response with synaptic or NMDAR stimulation suggesting 
an abnormal CICR effect within the spine and dendrites. This study proposes that 
presenilin associated disruptions in RyR signaling and the NMDAR-mediated 
calcium infl ux and CICR effect may induce synaptic dysfunction that serves as a 
causative factor for the early synaptic changes observed in AD. The exact mechanism 
by which RyR and NMDAR communicate with each other is not clear. 

 As we discussed earlier in the chapter, calcium infl ux requires repetitive activa-
tion of mGluRs which produce the second messenger IP 

3
  that binds to IP 

3
 Rs on ER. 

This leads to release of the ER pool of calcium into the cytosol which plays an 
important role in triggering LTD. Most of the intracellular calcium required for the 
manifestation of LTP and LTD is generated by its infl ux through the NMDA receptors 
on the postsynaptic spines  [  57  ] . Strong activation of NMDA receptors leads to LTP 
and weak and sustained activation leads to LTD. Several studies suggest that A b  can 
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perturb calcium signaling and affect NMDAR and the L-type voltage gated calcium 
channel at the dendritic spines thereby infl uencing LTP. Deregulated calcium 
entry has been shown to affect gene expression as well as activation or inhibition 
of different downstream signaling cascades such as MAP kinases, calcineurin, 
CaMKII, CREB etc. Some of these signaling pathways infl uence tau hyperphospho-
rylation and cytoskeletal defects leading to generation of dystrophic neurites and 
synaptic dysfunction in AD  [  150  ] . Activation of CamKII is essential for LTP 
generation through its effect on AMPA receptor, and activation of calcineurin has 
been shown to inhibit CaMKII  [  115,   151  ] . High levels of A b  can induce calcineurin 
and inhibit phosphorylation of CaMKII thereby causing a defi cit in synaptic plastic-
ity and memory formation  [  152  ]  (Fig.  54.1 ). Similarly, studies in AD transgenic 
mice have shown that calcineurin-dependent dephosphorylation of the CREB-
regulated transcription factor CRTC1 is disrupted by reduced calcium fl ux which 
was reversed by expression of an active CRTC1 S151A or mutants of calcineurin 
 [  153  ] . CRTC1 has been shown to regulate the expression of genes such as BDNF 
which play a role in memory formation and this suggests that A b -mediated calcium 
deregulation couples synaptic dysfunction to gene transcription required for 
hippocampus-dependent memory. 

 Studies in SH-SY5Y cells have shown that aggregated A b  can induce NMDAR 
activation which could be inhibited by neutralizing antibodies to beta-1 integrin and 
src inhibitor  [  154  ] . This suggests that A b  aggregates may bind the beta-1 integrin 
and induce src kinases dependent phosphorylation and activation of NMDAR. A b  
oligomers have also been shown to affect spontaneous synaptic activity by inhibiting 
P/Q-type calcium currents  [  155  ] . This is contributed by a reduction in vesicular 
release of GABAergic and glutamatergic synapses. In addition, a channel forming 
function for A b  has been suggested by Jang and colleagues  [  156  ]  where they showed 
that A b  forms dynamic cationic channels in the bilayer with strong affi nity for calcium 
ions. A b  has been shown to induce cytosolic levels of calcium even after depleting 
the intracellular calcium stores suggesting a role for this in calcium deregulation 
and membrane disruption  [  123  ] . 

 Examination of young triple transgenic mice (3x-Tg-AD) have shown a signifi cant 
increase in ryanodine receptor (RyR)-evoked Ca 2+  release in synaptic-dense CA1 
regions  [  137  ] . Presence of excess intracellular calcium affects the synaptic plasticity 
in these young mice and contributes to the development of extensive pathology and 
cognitive defi cits in the older AD mice. It has been shown that the NMDA receptor 
(NR2A) accumulates in the pre and post-synaptic sites in hippocampal CA1 with a 
concomitant decrease in the non-synaptic sites suggesting that the trapped NMDARs 
may contribute to the diminished synaptic plasticity at a very early age  [  157  ] .  

   Mitochondria and Calcium Signaling in AD 

 Mitochondria play a major role in buffering of cytosolic calcium and in determin-
ing cell fate by facilitating or inhibiting cell death  [  158  ] . Calcium entry into the 
mitochondria is mediated by the inwardly rectifying ion channel, mitochondrial 
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calcium uniporter (mCU) and through the Ca2+ infl ux pathway  [  159,   160  ] . Under 
apoptotic conditions, excessive calcium accumulation in mitochondria leads to 
formation of permeability transition pores and secretion of proapoptotic factors 
into the cytoplasm of the cells. Mitochondrial dysfunction has been reported in 
many neurodegenerative diseases including Alzheimer’s disease  [  108,   161–  164  ] . 
Studies in mouse models of AD have shown that synaptic mitochondria show 
age-dependent accumulation of A b  which occurs prior to mitochondrial altera-
tions such as upregulation of mitochondrial permeability transition pore, cyto-
chrome C release, and oxidative stress  [  158  ] . Studies conducted in rat cortical 
neurons have shown that A b  oligomers can induce inward current and increase 
intracellular calcium levels through NMDA and AMPA receptor-mediated path-
way. Excess calcium accumulates in mitochondria and affects mitochondrial 
function leading to oxidative stress, and mitochondrial membrane depolarization 
 [  165  ] . Prolonged treatment with even nanomolar concentrations of A b  induces 
the activation of NMDA and AMPA receptor activation and associated cell death 
supporting a role for calcium deregulation and receptor activation in mitochon-
drial dysfunction and neurotoxicity. 

 It is not clear how the FAD mutations in PS lead to the accumulation of cal-
cium in mitochondria. We discussed above that mutations in presenilin can affect 
the ER calcium homeostasis by affecting the calcium leak channel. Expression of 
presenilins has been shown to be high in domains of ER that preferentially inter-
act with mitochondria. This may allow the accumulated calcium in ER to get 
transferred to the mitochondria through ER-mitochondria cross-talk leading to 
mitochondrial accumulation of calcium and mitochondrial dysfunction  [  166  ] . 
Studies conducted in SY5Y and neuronal cells agree with this notion and show 
that overexpression or downregulation of PS2 results in calcium shuttling 
between ER and mitochondria with the FAD mutants favoring the calcium trans-
fer  [  167  ] . This calcium increase is caused by a physical interaction between ER 
and mitochondria. 

 In summary, it is clear that calcium homeostasis is important for normal func-
tioning of neurons. Alterations in the intracellular and synaptic calcium levels 
caused by mutations in APP or presenilin can induce synaptic defects at a very early 
age and development of neurodegeneration and Alzheimer’s pathology later in life. 
Maintenance of calcium homeostasis is central for normal functioning of neurons 
and drugs that are effective in protecting calcium homeostasis may prove to be 
benefi cial for prevention and treatment of synaptic dysfunction and neurodegenera-
tion observed in AD. Signifi cant research is being done in this fi eld and some drugs 
have been developed that have shown promising results in the treatment of AD. 
Memantine, for example, is a non-competitive antagonist of NMDA receptor and is 
currently in clinical trials  [  168  ] . Other NMDA receptor antagonists include APV 
and MK-801  [  169  ] . MEM-1003, an L-type VGCC inhibitor has also shown benefi -
cial effects in AD clinical trials  [  168  ] . Other potential targets for AD include the 
intracellular channels on the ER and SERCA pumps. Much work is needed to 
resolve the complex pathways that are deregulated in AD and targeting multiple 
points in the calcium signaling network will hopefully provide us with a better 
means of managing this disease.       
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  Abstract   Voltage- and ligand-gated ion channels are key elements in the etiopatho-
genesis of various forms of epilepsy. In this chapter, we present an overview of the 
functional implications of voltage-gated Ca 2+  channels in modulating internal Ca 2+  
level fl uctuations and generating ictiform/epileptiform cellular electrophysiological 
activity. A specifi c focus will be on the fascinating and evolving fi eld of high-voltage 
activated (HVA) Non-L-type Ca 

v
 2.3 R-type channels and low-voltage activated 

(LVA) Ca 
v
 3.1–3.3 T-type Ca 2+  channels in the genesis of plateau potentials and 

excessive rebound bursting. Plateau potentials have been characterised in the hip-
pocampus and were shown to be triggered by Ca 

v
 2.3 which subsequently activate 

CNG channels that mediate long-lasting plateaus. In the thalamocortical network, a 
complex ion channel armamentarium is involved in regulating a complex balance of 
burst and tonic mode activity. Recent fi ndings point to an outstanding role of R- 
and T-type channels in both thalamocortical eurhythmia and pathophysiological 
 aberrations. Thus, pharmacological modulation of voltage-gated Ca 2+ -channels 
might prove more and more important in treatment of neurological and psychiatric 
disorder such as schizophrenia, mania, dementia and epilepsy.  

  Keywords   Epilepsy  •  Hippocampus  •  Plateau potentials  •  Rebound burst fi ring  
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  Abbreviations  

  5-HT    Serotonin   
  AED    Antiepileptic drug   
  AHP    Afterhyperpolarisation   
  CNS    Central nervous system   
  DAG    Diacyl glycerol   
  GAERS    Genetic absence epilepsy rat from Strasbourg   
  HCN    Hyperpolarization and cyclic-nucleotide gated non-specifi c cation   
  HVA    High voltage activated   
  IC    Inferior colliculus   
  IGEs    Idiopathic generalized epilepsies   
  IP3    Inositoltrisphosphat   
  lh    Lethargic   
  LVA    Low voltage activated   
  M    Muscarinic receptor   
  PKA    Protein kinase A   
  PKC    Protein kinase C   
  PLC    Phospholipase C   
  RTN    Reticular thalamic nucleus   
  sAHP    Slow afterhyperpolarisation   
  SRS    Spontaneous recurrent seizures   
  stg    Stargazer   
  SWD    Spike-wave discharge   
  SWS    Slow-wave sleep   
  tg    Tottering mouse model   
  VGCCS    Voltage-gated calcium channels   
  WAG/RiJ    Wistar Albino Glaxo rats         

   Neuronal Calcium Channelopathies in Animal Models 
of Epilepsy and Human Disorders – Functional Role 
of Voltage-Gated Ca 2+  Channels 

 The frequency, importance and sociocultural effects of epilepsy in contemporary 
society can hardly be overestimated. While manifest epilepsy affects around 0.5–
1% of the population in North America and Europe  [  1  ] , almost 5% of the population 
perceive a single seizure in their lifetime and about 10% display increased seizure 
susceptibility. Epilepsy is characterized by a strong heterogeneity regarding etiology, 
age of onset, seizure classifi cation, responsiveness to pharmacological treatment, 
short- and long-term prognosis and occurrence of further disorders. Principally, epi-
leptic disorders can be differentiated into primary, idiopathic forms and secondary 
forms, e.g. due cerebral ischemia or brain macro-, micro-dysgenesis or neoplasm. 
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Regardless of this ethiopathogenetic heterogeneity, the fundamental electrophysio-
logical basis for hyperexcitability associated with ictogenesis/epileptogenesis are 
paroxysmal depolarization shifts in neuronal cell populations. Within the last decade 
a number of epileptic disorders originally termed idiopathic turned out to be due to 
ion channel dysfunctions, i.e. channelopathies triggering depolarization shifts. 
These ion channel entities comprise both voltage-gated Na + -, K + -, Ca 2+ -, Cl −1 -
channels and ligand-gated ion channels, e.g. GABA, glutamate, glycine and acetyl-
choline receptors  [  2  ] . It has been shown that voltage gated Ca 2+  channels (VGCCs) 
signifi cantly contribute to the etiology and pathogenesis of epilepsies, such as 
absence epilepsy or juvenile myoclonic epilepsy  [  3  ] . Besides mutations in 
 neuropeptides, vesicle docking complex proteins, transporters, signal transduction 
molecules and extracellular matrix proteins were also reported to be linked to an 
epileptic phenotype  [  4  ] . Physiologically VGCCs mediate and modulate Ca 2+  infl ux 
into living cells triggering a number of cellular processes, such as excitation–
contraction-coupling  [  5  ] , excitation–secretion-coupling  [  6  ] , neurotransmitter/
hormonal release  [  7  ]  and regulation of gene expression  [  8,   9  ] . Ten different pore-
forming  a  

1
 -subunits of VGCCs have been cloned so far which can be differentiated 

based on electrophysiological and pharmacological properties into high-voltage 
activated (HVA) L-type (Ca 

v
 1.1–1.4) and HVA Non-L-Type (Ca 

v
 2.1–2.3) Ca 2+  

channels, and LVA T-type channels (Ca 
v
 3.1–3.3)  [  10,   11  ] . In addition, a number of 

auxiliary subunits ( b  
1–4

 ,  a  
2
  d  

1–4
 ,  g  

1–8
 ) are associated with the ion-conducting Ca 

v
 - a  

1
 -

subunit capable of modulating fundamental electrophysiological and pharmaco-
logical properties of the Ca 2+  channel complex  [  12  ] . Recent studies point to an 
increasing number of mutations in both, ion-conducting and auxiliary subunits, 
i.e. calcium channelopathies resulting in various neurological, cardiovascular and 
muscular diseases not only in animal models but particularly in humans  [  13  ] . So far, 
neuronal calcium channelopathies in humans are primarily restricted to the Ca 

v
 2.1 

and Ca 
v
 3.2 VGCCs resulting in absence of epilepsy-like activity, episodic ataxia 

type 2, spinocerebellar ataxia type six or familial hemiplegic migraine  [  13  ]  in Ca 
v
 2.1 

or absence epilepsy in patients with Ca 
v
 3.2 mutations  [  14  ] . Furthermore, autoanti-

bodies against Ca 
v
 2.1 and Ca 

v
 2.2 are associated with Lambert-Eaton myasthenic 

syndrome  [  15  ]  and may also be of signifi cance in sporadic amyotrophic lateral scle-
rosis  [  16  ] . In the retina, which ontogenetically originates from the diencephalon, 
mutations in the Ca 

v
 1.4 VGCC are reported to cause congenital stationary night 

blindness in humans  [  17  ] . In addition, a gain-of-function missense mutation 
(G406R) of Ca 

v
 1.2 was recently described to cause Timothy syndrome, a multi-

system disorder in humans including complex neuropsychatric symptoms such as 
autism (60%), autism spectrum disorders (80%), mental retardation (25%) and 
seizures (21%)  [  18  ] . Several animal models with a complex neurological phenotype, 
including cerebellar ataxia, paroxysmal dyskinesia and absence epilepsy, have been 
described in the past based on mutations either in the pore-forming Ca 

v
  a  

1
 - subunit 

or auxiliary subunits. Most mutations are again restricted to the HVA Non-L-type 
Ca 

v
 2.1 VGCC, e.g. the tottering (tg)  [  19  ] , tottering leaner  [  19  ] , rolling Nagoya  [  20  ]  

and rocker  [  21  ]  mouse model, whereas others are related to mutations in accessory 
subunits, e.g. the  b  

4
 -subunit mutation in lethargic (lh) mice  [  22  ] , the  g  

2
 -subunit 
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mutation in stargazer (stg) mice  [  23  ] , and the  a  
2
  d  

2
 -subunit mutations associated 

with the ducky and entla phenotype  [  24–  27  ] . This apparently limited number of 
VGCC entities being affected is an astonishing observation, particularly as other 
VGCCs are also widely distributed throughout the brain, e.g. the Ca 

v
 2.3 E/R-type 

channel which is present in most basal ganglia regions, the thalamus, hypothalamus, 
amygdala, hippocampus and cortex  [  28  ] . The HVA L-type Ca 2+  channels Ca 

v
 1.1–1.4 

are not reported to be directly associated with primary or secondary forms of epi-
lepsy despite incidental occurrence of seizures in Timothy patients. In addition, no 
seizure phenotype has been associated with mutations in the Ca 

v
 2.2 and Ca 

v
 2.3 

VGCCs so far. Nevertheless, both HVA and LVA Ca 2+  channels represent potent 
targets for antiepileptic drugs (AEDs). Blockade of these channels can inhibit the 
release of neurotransmitter or modulate neuronal fi ring patterns such as burst activity 
or intrinsic oscillations  [  29  ] . Pharmacodynamically some newer AEDs directly tar-
get the pore-forming Ca 

v
 - a  

1
 -subunit of Ca 2+  channel complexes, e.g. levetiracetam, 

felbamate, lamotrigine and topiramate for HVA channels and ethosuximide or 
zonisamide for LVA T-type Ca 2+  channels  [  29–  31  ] . However, other AEDs were 
reported to interact with auxiliary subunits, e.g. gabapentin and pregabalin that 
interfere with the  a  

2
  d  subunit of VGCCs  [  32  ] . Constrictively, one has to state that 

most of these AEDs are broad-spectrum pharmacons that also exert complex effects 
on other voltage- and ligand-gated ion channels. In this chapter we will focus on 
new interesting fi ndings on the functional relevance of the HVA Non-L-type Ca 

v
 2.3 

VGCC as well as LVA T-type Ca 
v
 3.1–3.3. Ca 2+  channels in etiology and pathogen-

esis of seizures with a specifi c emphasis on non-convulsive absence seizures. Based 
on biochemical, molecular, electrophysiological and pharmacological analysis 
given, we will develop an integrative view of how Ca 

v
 2.3 and Ca 

v
 3.1–3.3 channels 

are capable of triggering epileptiform activity and why these channels are getting 
more and more important as a novel target in AED treatment in humans.  

   Distribution and Functional Characteristics of the HVA 
Ca v 2.3 E/R-Type VGCC 

 The Ca 
v
 2.3 VGCC is widely distributed throughout the organism, not only in the 

peripheral and central nervous system (CNS), but also the endocrine  [  33,   34  ] , 
cardiovascular  [  35,   36  ] , reproductive  [  37  ]  and gastrointestinal system  [  38  ] . Four 
groups independently generated mice lacking the Ca 

v
 2.3 VGCC. In the last few 

years, these knock-out mouse models provided detailed insight into the functional 
relevance of this intractable channel. Within the CNS, Ca 

v
 2.3 plays an important 

role in neurotransmitter release and presynaptic plasticity  [  39,   40  ] . Furthermore, 
Ca 

v
 2.3 was reported to be involved in the physiology of fear  [  41  ] , control of pain 

behaviour  [  42  ]  and myelinogenesis  [  43  ] . In addition, the channel is likely to exert a 
protective role in ischemic neuronal injury  [  44  ]  and to be involved in vasospasms 
following subarachnoid hemorrhage in humans  [  45  ] . The Ca 

v
 2.3 VGCC exhibits a 

dominant presynaptic expression, e.g. in mossy fi bers of the hippocampus  [  46  ]  
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and the pallidal globe  [  47  ] , besides Ca 
v
 2.1  [  48  ]  and Ca 

v
 2.2  [  49  ] . It can also be 

detected at the neuromuscular junction  [  50  ] . Presynaptically a smaller fraction of 
Ca 

v
 2.3 is restricted to the active zone of the vesicle fusion machinery and thus 

involved in neurotransmission  [  48  ] . Furthermore, a larger fraction of Ca 
v
 2.3 is local-

ized more distant in the synapse responsible for synaptic plasticity, e.g. long-term 
potentiation (LTP)  [  40,   51  ] . E/R-type Ca 2+  channels also exhibit a dominant expres-
sion on the soma and dendrites. Localization experiments revealed that Ca 

v
 2.3 is 

preferentially distributed homogeneously on the cell soma and the dendritic arbor. 
The dendritic expression appears to be the most complex and only specifi c CNS 
nuclei and certain cell types display positive staining in dendrites, e.g. CA1 neu-
rons, which will be discussed in more detail below. Depending on the cell type a 
distribution in proximal or distal dendrites is preferred. This is an observation that 
differs from other HVA Ca 2+  channels pointing out the highly organized spatial dis-
tribution of Ca 

v
 2.3  [  52  ] . Thus, Ca 

v
 2.3 was found to be involved in the generation of 

Ca 2+ -mediated action potentials that are conducted along the length of the dendritic 
arbor which is an important site of Ca 2+  entry and electrogenesis in neurons  [  53  ] . 
This somatic and dendritic role of Ca 

v
 2.3 is of special interest and likely to contrib-

ute to a number of electrical phenomena characteristic for ictiform/epileptiform 
activity which will be discussed later.  

   Novel Mechanisms of Ca v 2.3 and Ca v 3.2 Ca 2+ -Sensitivity 

 A number of splice variants of the Ca 
v
 2.3 Ca 2+  subunit have been described in the 

past  [  54  ] . This diversity could potentially be further amplifi ed by partnering with 
the various isoforms of the  a  

2
  d ,  b , and  g  Ca 2+  channel auxiliary subunits. On the 

biochemical level Ca 
v
 2.3 is subject to complex regulatory mechanisms, including 

phosphorylation and dephosphorylation. Such mechanisms are of particular impor-
tance as they may alter basic electrophysiological properties of a channel and induce 
epileptiform burst activity in neurons  [  31  ] . Interestingly, Ca 2+  infl ux through Ca 

v
 2.3 

E/R-type Ca 2+  channels has opposite effects on the channel activity itself. At lower 
cytosolic Ca 2+  concentrations, a positive feedback mechanism, which includes acti-
vation through protein kinase C (PKC) slows down inactivation and speeds up 
recovery from short-term inactivation  [  55,   56  ] . This positive feedback mechanism 
is dependent on the presence of the exon 19 encoded arginine rich insert 1 in the 
cytosolic II–III loop  [  54  ] . Ca 

v
 2.3e E/R-type Ca 2+  channels lacking exon 19 encoded 

insert 1 demonstrate a minor but still signifi cant phorbol ester mediated stimulation. 
We interpreted this as a reduced affi nity for scaffolding proteins, which bind PKC 
to the II–III loop of the Ca 

v
 2.3d splice variant containing insert 1  [  57  ] . This model 

is supported by the observation that co-expression of PKC a  with Ca 
v
 2.3e leads to 

similar kinetics of inactivation and recovery as recorded for the full length II–III 
loop splice variant Ca 

v
 2.3. Consequently, the pattern of Ca 

v
 2.3 splice variants in 

different brain regions is likely to be of tremendous importance in neuroprotection, 
icto-/epileptogenesis and seizure propagation  [  58  ] . It’s noteworthy that besides 
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Ca 
v
 2.3, a Ca 2+ -mediated positive feedback mechanism was also reported for HVA 

L-type Ca 2+  channels which are mediated through Ca 2+ /calmodulin kinase II  [  59  ] . 
However, at elevated cytosolic Ca 2+  concentrations, a prominent Ca 2+ -dependent 
inactivation renders the channel activity to further increase  [  60  ] . PKC-mediated 
phosphorylation is of substantial physiological relevance, mediating hormonal 
effects and those of intracellular messengers. VGCCs are effectors in various regulatory 
neurotransmitter and hormonal pathways initiated by G-proteins. Principally, this 
G-protein dependent regulation of VGCCs can either be indirect via second messen-
gers and/or protein kinases or direct via physical interaction between G-protein sub-
units and the Ca 

v
 - a  

1
  subunit. Functional studies elicited that G-protein interaction 

reversibly inhibits neuronal non-L-type Ca 2+ -channels. Peak current amplitude is 
reduced and activation kinetics are slowed. The effects of the heterotrimeric 
G-proteins on VGCC are well described for the G 

 b  g 
  dimer  [  61,   62  ] , whereas the role 

of G 
 a 
  is yet not well understood. There is evidence that G 

 b  g 
  directly interacts with 

the I–II linker of the Ca 
v
   a  

1
 -subunit  [  63,   64  ] . In addition, the N-terminus of Ca 

v
 2- a  

1
  

subunits also seems to be involved in G-protein coupled channel modulation  [  65  ]  
including Ca 

v
 2.3 channel. The G 

 b  g 
  interaction site within the I–II linker partially 

overlaps the AID ( a  
1
 -interacting domain) where  b -subunits bind suggesting a 

physical competition between the agonistic  b -subunits  [  65  ]  and the antagonistic 
effects of G  bg   ( [  66  ] ). Interestingly, G  b g  seems to exert inhibitory effects on LVA 
T-type Ca 2+ - channels via interaction with the II–III-loop  [  67  ] . Besides, there are 
hints of a complex interdependence between PKC and G-protein pathways as acti-
vation of PKC antagonizes adjacent receptor-mediated G-protein inhibition of 
VGCC  [  64,   68  ] . Thus, accumulation of internal Ca 2+  at low concentrations leads to 
tonic activation of Ca 

v
 2.3d resulting in augmented responses, slowed inactivation 

and accelerated recovery from inactivation  [  55  ] . According to Dietrich et al.  [  40  ] , 
Ca 

v
 2.3 contributes selectively to the so-called residual [Ca 2+ ] 

i
  which also underlies 

various forms of synaptic plasticity but contributes less to neurotransmitter release. 
However, this residual internal background Ca 2+  reaches concentration of up to 
0.5 mM  [  69  ]  and is in the same range as has been shown to facilitate Ca 2+  currents 
through Ca 

v
 2.3d channels  [  55  ] . Initial positive feedback mechanisms based on PKC 

activity might later be attenuated by negative feedback loops involving N-lobe 
calmodulin-dependent modulation as described previously by Liang et al. [  60  ]  and 
therefore help to maintain physiological [Ca 2+ ] 

i
  concentrations.  

   Functional Characteristics of Ca v 3.2 Ca 2+  Channels 

 L-type channels T-type VGCCs are also play a critical role in epilepsy. Thereby, it 
can be demonstrated that high cellular Ca 2+  currents of T-type channels occurring in 
increased intrinsic burst fi ring result from a selective or transient up-regulation 
of Ca 

v
 3.2 subunits on protein and mRNA level after status epilepticus  [  70  ] . 

Furthermore, a huge range of G protein coupled receptors such as corticotropin 
releasing factor (CRF) receptor 1, muscarinic (M 

1
 ) or serotonin (5-HT)-receptors 
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leading to the activation of different intracellular second messenger pathways are 
involved in the regulation of T-type channels. However, it has to be pointed out that 
by taking into consideration the different tissue types expressing T-type channels 
for the investigation of current properties of Ca 

v
 3.2 T-type channel currents, protein 

kinase A (PKA) regulation effects seem to be variable. 
 Taking a look at serine/threonine kinases, CamKs and tyrosine kinases it 

became obvious that CamKII, for example, causes a hyperpolarising shift in the 
activation curve of Ca 

v
 3.2 channels being due to a stronger availability for open-

ing of the channel pore  [  71  ] . In this regard, the domain II–III linker region serves 
as a key structure being involved in CamKII regulation  [  67  ] . Facilitation of the 
Ca 

v
 3.2 channel activation properties can either be managed by PKC effects being 

possibly linked to the domain II–III linker region of the channel  [  72  ]  or by the 
activation of PKA. Within the domain II–III linker region clusters of threonines 
and serines have been identifi ed as target sites for the action of Rho kinase medi-
ating a reversible inhibition and furthermore a shift towards more depolarized 
potential of the Ca 

v
 3.2 activation and inactivation curves  [  73  ] . Therefore, the 

domain II–III linker region plays an important role in regulation of the T-type 
channel functions and may provide clinical relevance in the genesis of epilepsy. 

 Another possibility for regulation of Ca 
v
 3.2 channels is the redox modulation by 

endogenous amino acid L-cysteine, resulting in an upregulation of T-type currents 
in nociceptive neurons  [  74  ]  as well as in reticular thalamic neurons  [  75  ] . The effects 
of redox modulation stress the important role of Ca 

v
 3.2 T-type channel being 

involved in pathophysiological neuronal states like epilepsy and pain. Regulation of 
Ca 

v
 3.2 channels can also be managed by selectively inhibition of the channel itself 

via CRF receptors  [  76  ] . Thereby, inhibition demonstrated by a decrease in size of 
the current window and reduced opening availability is dependent on G 

 b  g 
  subunits 

activated by a cholera toxin sensitive G 
 a 
  pathway. However, the effects of CRF dif-

fers depending on the T-type channel splice isoform. Recent investigations show 
that inhibition of T-type channels expressed in MN9D cells was also dependent on 
the activation of PKC activity. Therefore, cellular environment interferes with 
both CRF receptors and PKC mediated pathways  [  70  ] .  

   Internal Cell Calcium and Regulation of Neuronal Excitability 

 Numerous cell functions are regulated by the free cytosolic Ca 2+  concentration. 
Calcium ions can enter the cell through the plasma membrane or from internal stores 
via different types of Ca 2+  channels, the Na + /Ca 2+  exchanger, and through release 
channels from internal Ca 2+  stores (Inositoltrisphosphat (IP 

3
 )-receptor, Ryanodine 

receptor). The resulting cytosolic Ca 2+  signal is highly organized in space and time, 
i.e. frequency and amplitude because the localization and the integrated free cyto-
solic Ca 2+  concentration over time codes for specifi c information  [  16  ] . Action poten-
tials mediate Ca 2+  entry through HVA Ca 2+  channels in pyramidal cells  [  77  ] . Until 
cellular buffering mechanisms restore resting Ca 2+  levels  [  78  ] , cytosolic free Ca 2+  
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regulates critical cellular functions, including gene transcription, neurotransmitter 
release and channel modulation. Cytoplasmic Ca 2+  may also provide the cell with an 
index of recent spiking activity  [  77  ] . The calcium hypothesis of epileptogenesis 
implies that alterations in internal Ca 2+  play a tremendous role in the etiopathogenesis 
of epilepsy  [  79–  81  ] . Consequently, the extracellular Ca 2+  concentrations decrease 
during epileptiform activity  [  82  ] . Although numerous studies provide clear evidence 
for increased neuronal Ca 2+  infl ux during epileptiform activity, direct visualizations 
and measurements of the underlying [Ca 2+ ] 

i
  are rare and the molecular and struc-

tural basis of Ca 2+  infl ux is only partially known. HVA Ca 2+  channels are likely to be 
predominant candidates for [Ca 2+ ] 

i
  elevation during epileptiform activity  [  79,   83  ] , 

mediating both seizure initialization and propagation. In hippocampal tissue for 
example, Ca 2+  current density was reported to be upregulated during epileptogenesis 
 [  84  ]  and blockade of these channels also depressed epileptiform activity  [  85  ] . 
Recently, transcriptional up-regulation of Ca 

v
 3.2 T-type Ca 2+  channels was related 

to a rat model of pilocarpine induced chronic hippocampal seizures  [  84  ] . In addition, 
Berg et al.  [  86  ]  proved that seizure activity induced by kainate, e.g. in the hippocampus 
is strongly based on internal Ca 2+  which also plays a critical role in seizure-related 
excitotoxicity. Consequently, various AEDs were reported to exert neuroprotective 
effects in different animal models by inhibiting components of the excitotoxic 
cascade  [  87  ] . Besides HVA L-type and LVA T-type Ca 2+  channels, internal Ca 2+ -
levels were further shown to be regulated by Ca 

v
 2.3 R-type channels which are 

modulated by Ca 2+ /calmodulin and PKC  [  76  ].  Ca 
v
 2.3 Ca 2+  channels turned out to be 

key regulators in neuronal excitability triggering epileptiform activity, as discussed 
later for CA1 neurons.  

   The Ca v 2.3 and Ca v 3.2 VGCC in Neuronal Epileptiform Activity 

   Voltage-Gated Ca 2+  Channels in Plateau Potential Generation 

 Epilepsy marks a disorder in which disruption of normal neuronal activity pattern 
are common. As a combination of both, abnormal brain wiring and an imbalance of 
nerve signaling, epilepsy can result in the development of seizures being promoted 
by increased excitability of neurons as being previously described. Nowadays for a 
closer and better understanding of such distinct abnormalities, it is necessary to take 
a look at intrinsic properties on a molecular cell level. In this case VGCCs play a 
critical role in regard to regulation of oscillatory activity and transmitter release, 
infl uencing membrane currents that redound to hyperexcitability  [  88  ] . Hence, 
VGCCs contribute to the pathogenesis of various forms of epilepsies. Extracellular 
epileptiform/ictiform fi eld potentials can be based on various cellular epileptiform/
ictiform voltage changes, including plateau potentials, afterdepolarizations and 
excessive rebound bursting. 

 Abnormal burst activity is a characteristic feature of epileptiform, neuronal 
activity. Each cellular burst is sustained by a slow, persistent depolarization, 
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the so-called plateau potential  [  89  ] , which is initiated at the beginning of the burst 
and lasts for several hundred milliseconds to seconds  [  90  ] . The plateau is spike 
dependent and regenerative and is triggered by the summation of depolarising action 
potentials  [  91  ] . The depolarising action potentials that follow two or more closely 
spaced spikes sum up to a much larger afterpotential, and the resulting depolariza-
tion can take the cell above spike threshold. Additionally, a concomitant increase in 
internal Ca 2+  after multiple spikes further supports this process by inhibiting I 

K-leak
  

and so more strongly depolarizes the cell. If the resulting summed depolarising 
action potentials are then suffi cient to carry the cell above spike threshold, the 
resulting action potential brings in more Ca 2+  eliciting further depolarising action 
potentials via a positive feedback mechanism. Consequently, recurrence of the pro-
cess results in a sustained plateau potential which supports repetitive spiking  [  89  ] . 
After several seconds of activity, but long before termination, [Ca 2+ ] 

i
  attains a pla-

teau that is typically >200 nM above rest. However, the plateau potential quickly 
collapses, once the electrical activity has ceased and the membrane repolarises 
again  [  91  ] . The cause of plateau potential termination has not yet been fully estab-
lished, although an accumulation of [Ca 2+ ] 

i
  and the subsequent activation of a 

hyperpolarising Ca 2+ -dependent K + - mediated afterhyperpolarisation (AHP) has 
been proposed  [  92,   93  ] . A shift from Ca 2+ -dependent facilitation to Ca 2+  dependent 
inactivation of VGCCs at elevated [Ca 2+ ] 

i
  might also play a role. In neocortical 

pyramidal cells,  [  94  ]  have shown that there is a linear relationship between plateau 
[Ca 2+ ] 

i
  and fi ring frequency in soma and proximal dendrites. The rise in [Ca 2+ ] 

i
  

fi nally activates K +  channels underlying the AHP, consisting of two Ca 2+ -dependent 
components, medium and slow AHP. Principally, plateau potentials as outlined 
above, but also afterdepolarisations are a common feature of different neuronal cell 
types in various brain regions, e.g. spinal and brainstem motoneurons, spinal 
interneurons, dorsal horn neurons, subthalamic nucleus neurons, suprachiasmatic 
neurons, striatal cholinergic neurons, hippocampal pyramidal cells, subicular and 
entorhinal cortical cells  [  95  ] . Though a common phenomenon within the CNS, pla-
teau potentials and afterdepolarisations still harbor a plethora of secrets as the 
underlying ion channel entities are still not fully described. However, recent studies 
more and more point to the fact that Ca 

v
 2.3 indeed is a potent player in plateau 

potential and afterdepolarisation generation. In lumbar spinal cord motor neurons, 
plateau potentials were originally reported to be driven by L-type Ca 2+  channels in 
dendrites  [  96  ] . Li and Bennett  [  97  ]  have argued that a TTX-sensitive persistent 
sodium and L-type Ca 2+  current are responsible for plateau potentials in these 
cells. Both Cd 2+  (400  m M), a non-specifi c Ca 2+  channel blocker, and nimodipine 
(10–20  m M), a specifi c L-type Ca 2+  channel blocker, completely abolished this 
TTX-resistant plateau and therefore Li and Bennett  [  97  ]  concluded that it was medi-
ated by L-type Ca 2+  channels. However, the nimodipine- sensitive Ca 2+  current in 
this preparation was LVA (−50 mV) and concluded to be associated with the Ca 

v
 1.3 

Ca 2+  channel with low-voltage behaviour. This L-type current was usually fully acti-
vated at <−40 mV. Additionally, the authors clearly ruled out that other HVA Ca 2+  
channels, i.e. Ca 

v
 2.1 and Ca 

v
 2.2 are related to the persistent low-threshold inward 

Ca 2+  current by using various Ca 2+  channel blockers, e.g.  w -conotoxin GVIA (2  m M) 
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and  w -conotoxin MVIIC (1  m M). Although L-type Ca 2+  channels are conventionally 
considered as HVA channels, Li and Bennett  [  97  ]  demonstrated that the threshold of 
L-type Ca 2+  channels in their preparation is around the fi ring threshold of the 
motoneurons, which is similar to the lowthreshold obtained in other studies of plateaus 
in neurons (i.e., −45 to −55 mV)  [  98–  102  ] . Interestingly, other studies further elicited 
that these L-type like Ca 2+  channels involved in generation of plateau potentials 
require a higher concentration of dihydropyridines, e.g. 10  m M nimodipine  [  97  ] , 
15  m M nifedipine  [  98  ]  10  m M nifedipine  [  101  ]  or 50  m M nifedipine  [  99  ]  to be 
completely blocked than actually do conventional L-type Ca 2+  channels (1 mM) 
 [  103,   104  ] . However, one has to consider that these data were obtained from different 
tissue preparations from various species and that dihydropyridine action on VGCCs 
is further infl uenced by experimental conditions, such as cell membrane potential or 
penetration depth of these drugs in CNS slices. Similar studies were carried out 
 [  105  ]  in striatal medium spiny neurons of the rat. Again, L-type Ca 2+  channels were 
reported to be necessary for promoting the generation of plateau potentials from 
relatively depolarized holding potentials if elicited from the soma (−60 to −55 mV) 
 [  106,   107  ]  The application of the L-type Ca 2+  channel antagonist nitrendipine 
(5  m M) reduced plateau potentials in these and other cells tested  [  105  ] . A central 
question remains: what’s the nature of this low-dihydropyridine sensitive, L-type 
like Ca 2+  current? Fascinatingly, not only neurological but also cardiovascular 
studies suggest that Ca 

v
 1.3 is a possible candidate for a low-threshold and low-

dihydropyridine sensitive L-type Ca 2+  current component  [  108,   109  ]  and thus is 
likely to promote generation of plateau potentials in different studies on neuronal 
cell types. Whereas the characteristics of a LVA behaviour of Ca 

v
 1.3 have recently 

been described  [  108,   110  ] , Ca 
v
 2.3 has already been reported to conduct transient 

Ca 2+  currents with both activation and steady-state inactivation occurring at rela-
tively negative membrane potentials, thus sometimes called a low- to mid-voltage 
activated channel  [  111  ] . To determine, whether Ca 

v
 2.3 might be indeed a possible 

candidate for a low dihydropyridine sensitive VGCC, we recently performed dose–
response analyses of isradipine effects on two Ca 

v
 2.3 splice variants, Ca 

v
 2.3d and 

Ca 
v
 2.3e yielding IC 

50
  values of 9.1 and 14.6  m M, respectively  [  35  ] . Furthermore, 

when Ca 
v
 2.3 was co-expressed with  a  

2
  d  and  b  

1b
  in COS-7 cells the dihydropyridine 

nicardipine was reported to exert a 51 ± 7% inhibition of Ca 2+  infl ux at 1  m M  [  112  ] . 
In contrast, other studies failed to show an inhibitory effect of nifedipine or israd-
ipine on Ca 

v
 2.3 VGCCs expressed in Xenopus oocytes  [  28,   111,   113  ]  indicating that 

the expression system, splice variants and subunit distribution might be of central 
importance for dihydropyridine-sensitivity. Nevertheless, it is highly questionable 
whether low micromolar concentrations of dihydropyridines should be regarded as 
diagnostic for L-type Ca 2+  channels. Considering, that Ca 

v
 1.3 and Ca 

v
 2.3 are coex-

pressed in most regions capable of exhibiting neuronal plateau potentials, it becomes 
obvious, that Ca 

v
 2.3 is likely to contribute signifi cantly to plateau potential and 

afterdepolarisation generation. In 2005, Pierson et al.  [  95  ] , further corroborated this 
hypothesis by demonstrating that E/R-type Ca 2+  channels are likely to play a major 
role in the genesis of plateau potentials in hypothalamic suprachiasmatic neurons 
from rat. In contrast to most other studies carried out before, the authors used low 
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doses of isradipine (2 mM) which clearly failed to prevent or reduce Ca 2+ - dependent 
plateau potentials, whereas  w -conotoxin GVIA (1  m M) and  w -agatoxin IVA 
(200 nM) caused only a slight reduction in plateau potential duration. Based on this 
observation Pierson et al.  [  95  ]  concluded that E/R-type Ca 2+  channels signifi cantly 
contribute to plateau potential generation, particularly, as suprachiasmatic neurons 
seem to express large E/R-type Ca 2+  currents of up to 50%  [  114  ] . Thus, by contrib-
uting to sustained plateau potentials, E/R-type Ca 2+  channels might enhance neu-
ronal excitability and contribute to epileptogenic processes. Moreover, two recent 
publications directly proved that Ca 

v
 2.3 is involved in generation of plateau poten-

tials and afterdepolarisations and contributes to epileptiform burst activity in CA1 
neurons of the hippocampus  [  115,   116  ] . Early studies by Fraser and MacVicar  [  117  ]  
and Fraser et al.  [  118  ]  already elicited that cholinergic stimulation of hippocampal 
CA1 neurons using carbachol results in slow afterdepolarisation and longlasting 
plateau potentials resembling epileptiform activity. Principally, triggering the cholin-
ergic system is one wellknown mechanism to induce limbic seizure activity in vitro 
and in vivo  [  119,   120  ]  and plateau potentials are supposed to play an important role 
in this fi eld by Ca 2+  entry through VGCCs as well as muscarinic receptor-mediated 
activation of guanylate cyclase activity and subsequent increase in cGMP  [  121  ] . 
It is further known that E/R-type Ca 2+  channels are primarily responsible for the Ca 2+  
infl ux in dendrites and spines of CA1 neurons  [  122  ]  and therefore reduction of E/R-
type Ca 2+  current results in reduction of postsynaptic Ca 2+  accumulation, especially 
during repetitive synaptic activation  [  123,   124  ] . The role of Ca 

v
 2.3 seems to be par-

ticularly important during cholinergic stimulation, as in the absence of carbachol 
large plateau Ca 2+  spikes are based on L-, N-, and P/Q-type Ca 2+  channels, with E/R-
type Ca 2+  channels exhibiting only minor contribution  [  125,   126  ] . However, when 
carbachol is present, L-, N-, and P/Q-type VGCCs are depressed  [  127,   128  ]  whereas 
E/R-type-dependent spiking is unmasked and dramatically enhanced. In 2000 
Palmieri et al., reported that topiramate can depress carbachol-induced plateau 
potentials in subicular bursting cells  [  129  ] . Whereas the authors did not further 
investigate the ionic background of plateau potentials,  [  115  ]  directly proved that 
topiramate inhibits generation of plateau potentials by depressing E/R-type VGCCs. 
Topiramate itself is a newer AED, used in treatment of partial seizures, primary 
generalized tonic-clonic seizures and seizures associated with Lennox-Gastaut-
syndrome  [  130  ] . On the molecular level, topiramate is supposed to interfere with 
different systems, e.g. block of voltage-gated sodium channels, VGCCs, AMPA/
kainite receptors or GABA(A) receptors, although there are also contradictory 
reports  [  131  ] . Using Ca 

v
 2.3 expressing tsA-201 cells co-transfected with  b  

1b
  and 

 a  
2
  d  subunits, Kuzmiski et al.  [  115  ]  revealed that topiramate is capable of inhibiting 

Ca 
v
 2.3 mediated Ca 2+  currents at therapeutically relevant concentrations 

(IC 
50

  = 50.9  m M) and, in addition shifts the steady-state inactivation curve to more 
negative potentials supporting transition of the channel into the inactivated state. 
Interestingly, topiramate had no effect on Ca 2+  spikes under control conditions, but 
it reduced Ca 2+  spikes after cholinergic receptor stimulation which is in accordance 
with increased E/R-type activity after carbachol application. Carbachol-induced 
plateau potentials in CA1 neurons were completely depressed by topiramate at 
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therapeutically relevant concentrations (50  m M). Calcium spikes elicited in this 
study were high-threshold activated, transient Ca 2+ -dependent action potentials. 
Using a cocktail of TTX and various VGCC blockers (i.e. nifedipine    10  m M) the 
remaining Ca 2+  spike was E/R-type based and shown to be increased by carbachol. 
In addition, an increase in spike frequency and a decrease in threshold for Ca 

v
 2.3-

mediated spiking was observed upon carbachol administration. Again, topiramate 
resulted in a highly signifi cant reduction of E/R-type Ca 2+  spike amplitude. Although 
Kuzmiski et al.  [  115  ]  did not try to block this E/R-type Ca 2+  current component by 
SNX-482, a selective blocker of E/R-type Ca 2+  channels  [  132  ] , it is known that 
Ca 

v
 2.3 contributes at around 80% to the blocker-resistant E/R-type Ca 2+  current in 

CA1 neurons  [  133  ]  and in addition the E/R-type component turned out to be sensi-
tive to low concentrations of Ni 2+  (50  m M). Considering the fact that 10  m M nife-
dipine is likely to exert inhibitory effects on Ca 

v
 2.3  [  35,   112  ]  one could imagine that 

the real Ca 
v
 2.3-mediated topiramate effect on carbachol-induced Ca 2+  spikes is even 

more dramatic. Studies by Melliti et al.  [  134  ]  and Bannister et al.  [  135  ]  have pro-
vided fi rst detailed information how Ca 

v
 2.3 is actually regulated by M 

1
 , M 

3
  and M 

5
  

muscarinergic receptors, e.g. via carbachol. All three muscarinic receptors were 
proven to exert various effects on Ca 

v
 2.3 VGCCs. The G 

 b  g 
  subunit was reported to 

mediate inhibition of Ca 
v
 2.3 whereas the stimulation of Ca 

v
 2.3 involves a pertussis 

toxin-insensitive G 
 a q/11

  subunit, Phospholipase C (PLC 
 b 
 ), diacyl glycerol (DAG) and 

a Ca 2+  independent PKC mechanism. This PKC mediated stimulation might also 
have severe pharmacological implications regarding topiramate effects on Ca 

v
 2.3 

 [  136  ] . It is also possible that VGCCs, e.g. Ca 
v
 2.3 trigger further intracellular cas-

cades that effect other channel and receptor systems. In rats deep dorsal horn 
interneurons, it has been described that after initiation of plateau potentials, activa-
tion of a Ca 2+ -activated non-selective cation current can prolong existing plateau 
potentials  [  100  ] . Recently, muscarinic activation via M 

1
 /M 

3
 -cholinergic receptors 

was shown to enhance R-type, but not T-type, Ca 2+  currents in rat hippocampal CA1 
pyramidal neurons after N-, P/Q-, and L-type Ca 2+  currents were selectively blocked 
 [  137  ] . This muscarinic stimulation, e.g. using carbachol is capable of inducing 
sADP and PP on the cellular level but also bursts in extracellular recordings from 
the CA1 region. Hippocampal pyramidal neurons express high levels of postsynap-
tic M 

1
  and M 

3
  receptors  [  138  ]  which are G 

 a q/11
  coupled. Their activation results in the 

generation of DAG and IP3 following PLC activation. Subsequently, DAG activates 
Ca 2+ -independent group II PKCs, most probably PKC d   [  137  ] . In the presence of 
PKC inhibitors R-type Ca 2+ -currents were inhibited by muscarinic stimulation in 
CA1 neurons probably mediated by activation of pertussis toxin-sensitive G-protein-
coupled M 

2
 /M 

4
  receptors and G 

 b  g 
   [  135,   139  ] . The functional epileptogenic capacity 

of Ca 
v
 2.3 in triggering hippocampal seizure activity is further supported by the 

observation that M 
1
  receptor knock-out mice exhibit decreased seizure susceptibil-

ity to pilocarpine-induced seizures  [  140  ] . To provide a global view of Ca 
v
 2.3 

involvement in epileptogenesis one also has to consider secondary effects of VGCCs. 
In the rat hippocampus for example, the establishment of a focus of epileptiform 
activity was reported to lead to enhanced voltage-dependent Ca 2+  conductance of 
CA1 pyramidal neurones  [  141  ] . Hendriksen et al.  [  142  ]  induced epileptogenesis by 
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application of electrical tetanic stimulation of the Schaffer collateral/commissural 
fi bre pathway in the hippocampus. Interestingly, during the initial stages of epilep-
togenesis, Ca 

v
 2.1, Ca 

v
 1.3- and particularly, Ca 

v
 2.3 subunit mRNA levels were sig-

nifi cantly increased in the different hippocampal subareas compared to levels in 
control animals. Similar results were obtained from the hippocampus of seizure-
prone gerbils  [  143  ] . It becomes obvious that the complex regulation of the Ca 

v
 2.3 

VGCC by muscarinic receptors, including PKC mediated and Ca 2+ -dependent chan-
nel activation, harbours a potent and outstanding epileptogenic mechanism that will 
also enable pharmacological interference in the future. In total, VGCCs represent 
important molecular targets for multiple AEDs  [  29,   31  ]  and many AEDs described 
in the past were reported to inhibit LVA or HVA Ca 2+  channels.  

   Voltage-Gated Ca 2+  Channels in Excessive Rebound Burst 
Firing – The Ethiopathogenesis of Absence Epilepsy 

 Typical absence epilepsy is characterized by a paroxysmal loss of consciousness 
of sudden onset and termination that is normally accompanied by bilateral syn-
chronous spike-wave discharge (SWD) activity of species specifi c frequency 
 [  144  ] . Absence seizures are based on abnormal hypersynchronous activity in the 
thalamocortical-corticothalamic circuitry. This neuronal circuitry mainly consists 
of thalamic relay cells of the ventroposterolateral and ventroposteromedial thalamic 
region that exert glutamatergic projections on cortical pyramidal neurons, predomi-
nantly in layer III and IV. Pyramidal neurons within these layers either project 
directly or via GABAergic interneurons to pyramidal neurons in layer V and VI of 
the cortex and the latter fi nally re-innervate the ventrobasal thalamus using gluta-
mate as neurotransmitter. At the lateral edge of the thalamic region the shell-shaped 
reticular thalamic nucleus (RTN) is localized and functionally integrated into the 
thalamocortical circuitry. Being exclusively composed of GABAergic interneurons, 
the RTN receives glutamatergic collateral projections from both cortical pyramidal 
and thalamic relay neurons. In addition, RTN neurons synapse onto each other 
resulting in lateral inhibition  [  145  ] , and most importantly, RTN cells also innervate 
thalamic relay neurons. Not only GABA but also somatostatin, acetylcholine, and 
cholecystokinin can found in RTN neurons serving as neurotransmitters  [  146  ] . 
Furthermore, RTN neurons are morphologically diverse, classifi ed as round, small 
fusiform or large fusiform neurons  [  146  ] . RTN neurons, in general, exhibit complex 
dendritic ramifi cation allowing interaction between each other via both chemical 
and electrical dendrodendritic synapses  [  147–  149  ] . 

 Importantly, the thalamocortical circuitry is not structurally and functionally 
isolated. Various extrathalamocortical structures, such as the nucleus basalis 
Meynert, raphe nuclei, pedunculopontine and laterodorsal tegmental nuclei, and the 
cerebellum are known to project to and modify the activity of the thalamocortical 
circuitry via neuromodulators, such as noradrenalin, histamine, 5-HT and acetyl-
choline  [  144,   145  ] . Some brain structures like the hippocampus or cerebellum 
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classically not known to be involved in the production of absence SWDs, could in 
fact participate in the development of this phenotype  [  150  ] . 

 Both thalamocortical relay neurons as well as RTN cells harbour the capability 
to switch between different functional modes; tonic, intermediate and burst modes 
of action. At slightly depolarized membrane potentials, e.g. −55 mV, neurons exhibit 
tonic activity in which the cells serve as a sensory gate to the cortex processing 
peripheral receptive information encoded as action potential fi ring to the cortex 
 [  151  ] . The depolarisation of thalamic relay cells, at least in part, is due to the activating 
input of deeper brainstem structures, as the reticular formation, and disinhibition of 
RTN neurons that project to ventrobasal thalamic cells. The tonic fi ring mode is 
characteristic of stages of high vigilance. With decreasing activity from deeper acti-
vating brain regions, thalamic relay cells tend to re- and hyperpolarize passing through 
the intermediate mode fi nally reaching the so called rebound burst fi ring mode of 
action. This mode exhibits typical features of neuronal pacemaker activity and the 
underlying voltage- and ligand-gated ion channel armamentarium including T-type 
Ca 2+  channels,  h yperpolarization and  c yclic-nucleotide gated,  n on-specifi c cation 
(HCN) channels etc. clearly resembles the situation observed in cardiac pacemaker 
cells  [  152  ] . Beginning with a strong hyperpolarization, an oscillatory cycle starts 
with activation of HCN channels (HCN2 and HCN4), which in turn results in a 
slow, ramp-like depolarization. This next activates LVA Ca 

v
 3.1–3.3 T-type Ca 2+  

channels, resulting in so called low-threshold calcium spikes with superimposed 
bursts of conventional Na + /K +  action potentials (sodium spikes) in both thalamic 
relay and RTN cells. The cycle is completed by the inactivation of Na +  and Ca 2+  
channels and the opening of various K +  channels, both voltage and Ca 2+ -activated, 
resulting in the pronounced hyperpolarization initiating the next cycle. The underlying 
current entities are known as I 

A
  and I 

K(Ca2+)
  whereas the molecular ion channel 

entities still have to be determined. 
 T-type Ca 2+  channels thus play a pivotal role in this oscillatory burst pattern. They 

can be activated only from rather hyperpolarized membrane potentials, since negative 
potentials will allow them to undergo conformational changes from the inactivated 
state, after having been activated, to the resting state, a process known as  de-inactivation  
or  repriming   [  152  ] . The rebound burst fi ring mode leads to characteristic phenomena 
within the thalamocortical circuitry and is typical for low stages of vigilance, such as 
slow-wave sleep (SWS). At that stage, the electroencephalography is character-
ized by low-frequency, high amplitude theta- and delta-wave activity. Enhanced oscil-
latory discharges resulting in rebound burst fi ring of thalamic relay neurons and RTN 
cells has been clearly implicated to play a crucial role in the etiopathogenesis of 
absence epilepsy  [  153  ] . Under these condition, RTN neurons were reported to gener-
ate spontaneous oscillations, such as rhythmic spike-burst activities  [  154,   155  ]  which 
strongly inhibit ventrobasal relay neurons serving as a major driving force for rebound 
burst fi ring due to the hyperpolarization processes. Interestingly, absence epilepsy 
turned out to be the pathophysiological correlate of SWS as thalamocortical hyperos-
cillation results in hypersynchrony and SWD generation which can fi nally be recorded 
from the brain surface. Epicortical SWDs can indeed be interpreted as a pathophysio-
logical aberration of physiological sleep-spindles typical of stage C/2 of regular SWS. 
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VGCCs channels turned out to be of major relevance in the pathogenesis of absence 
epilepsy due to their unique electrophysiological properties and cellular distribu-
tion  [  11,   153,   156,   157  ] . In thalamic relay neurons, Ca 

v
 3.1 ( a  

1
 G) T-type Ca 2+  channels 

are expressed, whereas in the RTN cells, Ca 
v
 3.2 and Ca 

v
 3.3 can be found  [  158,   159  ] . 

In accordance with its selective expression in the ventrobasal thalamus, Ca 
v
 3.1 abla-

tion resulted in resistance to  g -hydroxybutyrolactone (GBL)- or baclofen induced 
SWDs  [  160  ]  and both reduction of SWS and alteration of sleep architecture  [  161  ] . 
In addition, crossbreeding of Ca 

v
 3.1 −/−  mice with various Ca 

v
 2.1 mouse mutants, e.g. tg, 

lh, stg or Ca 
v
 2.1 −/−  mice that display spontaneous SWD activity, resulted in offspring 

that were either free from absence seizures or exhibited signifi cant reduction in SWD 
severity  [  162  ] . Conversely, Ernst et al.  [  163  ]  reported that overexpression of Cacna1g 
gene for Ca 

v
 3.1 ( a  

1
 G) T-type Ca 2+  channels in two mouse lines resulted in bilateral 

cortical SWDs with behavioural arrest typical of pure absence epilepsy. This mouse 
model was the fi rst to show that selective overexpression of a thalamic T-type Ca 2+  
channel by itself can result in pure absence epilepsy not being associated with addi-
tional neurological defi cits typical for Ca 

v
 2.1 −/−  mice and Ca 

v
 2.1 mouse mutants. 

Recently, Powell et al.  [  164  ]  described a single-nucleotide missense mutation in the 
Ca 

v
 3.2 T-type Ca 2+  channel gene (Cacna1h) in  G enetic  a bsence  e pilepsy  r ats from 

 S trasbourg (GAERS) localized within the III–IV linker of the channel. This mutation 
is supposed to facilitate the expression of a Ca 

v
 3.2 splice variant containing exon 25 

which fi nally results in signifi cantly faster recovery from channel inactivation and 
greater charge transfer during high-frequency bursts. 

 In GAERS, an increase of T-type Ca 2+  current in the RTN has been described by 
Tsakiridou et al.  [  165  ] . Furthermore, in this animal model Ca 

v
 3.1 and Ca 

v
 3.2 transcripts 

were also shown to be increased in the relay neurons and RTN cells, respectively. In 
Wistar Albino Glaxo (WAG/Rij) rats, another rat model of absence epilepsy, multiple 
alterations in VGCCs have been described, including enhanced thalamic T-type Ca 2+  
current  [  166  ] , increased Ca 

v
 2.1 expression in the RTN and a lack of Ca 

v
 2.3 expression 

levels in the RTN at the time of seizure onset, i.e. three months of age  [  167  ] . 
 Thus, absence seizure activity can be substantially driven not only by the ven-

trobasal thalamus but also the RTN with latter turning out to be one of the critical 
factors in absence epileptogenesis. Gene ablation studies on Ca 

v
 3.2 and Ca 

v
 3.3 

T-type Ca 2+  channels in thalamocortical rhythmicity have not yet been published, 
but preliminary results indicate that Ca 

v
 3.2 VGCCs can essentially contribute to 

thalamocortical hyperoscillation induced by baclofen  [  153  ] . In humans, various 
gain-of-function missence mutations for Ca 

v
 3.2 have been described so far, which 

are associated with childhood absence epilepsy  [  153,   168,   169  ] . 
 The exact role of the high-voltage activated (HVA) Ca 

v
 2.1 Ca 2+  channel in 

absence epileptogenesis still remains to be determined. In some Ca 
v
 2.1 mutants, 

thalamic T-type current was reported to be secondarily increased, which is likely to 
serve as a pro-absence factor in these animals  [  162  ] . However, as Ca 

v
 2.1 −/−  X 

Ca 
v
 3.1 +/−  mice still exhibit absence seizures despite a 25% reduction in thalamic 

T-type Ca 2+  current compared to controls, the absence or impairment of Ca 
v
 2.1 itself 

should additionally contribute to their phenotype probably due to impaired excit-
atory neurotransmission in cortex or thalamus  [  13,   145  ] . 
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 In summary, the enhancement of LVA T-type Ca 2+  current in RTN neurons plays 
an essential role in absence epileptogenesis and inhibition of this phenomenon 
displays an effective anti-absence strategy. Thus it is obviously to conclude that the 
question of  to burst or not to burst  is based on the relation of LVA T-type – to HVA 
L/Non-L-type Ca 2+  currents. L-type Ca 2+  channels activate at more depolarized 
potentials and, more importantly, inactivate much more slowly resulting in pushing 
neurons into an overall more depolarized state for extended periods of time. Therefore, 
an alternative to pharmacological blockade of LVA T-type Ca 2+  current in order to 
prevent hyperoscillation, is facilitation of HVA Ca 2+  currents on the thalamic level. 
This approach represents an alternative strategy to shift the functional balance to the 
more depolarized state, thus favouring the tonic mode of action. This potential SWD 
suppressing effect of HVA Ca 2+  channel activation has been reported in GAERS, a rat 
model of absence epilepsy, in which SWDs are effectively diminished by administra-
tion of BayK-8644, an L-type Ca 2+  channel agonist, but enhanced by L-type Ca 2+  
channel blockers, e.g. dihydropyridines  [  170  ] . Thus, clinical use of HVA Ca 2+  channel 
blockers that can penetrate the blood-brain barrier in patients suffering from absence 
epilepsy should be avoided or carefully monitored. On the other hand, selective HVA 
Ca 2+  channel augmentation in the thalamocortical loop could serve as an alternative 
pharmacological strategy to control hyperbursting activity. 

 Recent studies demonstrate that the HVA non-L-type Ca 
v
 2.3 Ca 2+  channel is 

likely to play an important role in thalamocortical rhythmicity as well. The Ca 
v
 2.3 

Ca 2+  channel is expressed in GABAergic interneurons of the cortex and the RTN 
 [  156,   171  ] . Interestingly, de Borman et al.  [  172  ]  and Lakaye et al.  [  150  ]  detected a 
signifi cant reduction of Ca 

v
 2.3 transcript levels in both cerebellum and medulla of 

GAERS, two extrathalamocortical brain structures, the brainstem and cerebellum 
which project to the thalamocortical circuitry, capable of modifying its oscillatory 
behaviour  [  173,   174  ] . On the other hand, the WAG/Rij rat model of absence epi-
lepsy was also reported to exhibit altered VGCC expression. Development of spike-
wave discharges in these rats is concomitant with an increased expression of Ca 

v
 2.1 

in the RTN. Furthermore, van de Bovenkamp-Janssen et al.  [  167  ]  demonstrated that 
normal control rats exhibit an increase of Ca 

v
 2.3 expression within the RTN during 

development (from 3 to 6 months of age) whereas WAG/Rij rats were lacking this 
Ca 

v
 2.3 increase concomitant with the establishment of SWDs. These observations 

clearly point to a functional role of Ca 
v
 2.3 in etiology and pathogenesis of absence 

epilepsy like activity and, in addition might be related to sleep disorders. 
Pharmacological studies further support this observation. Lamotrigine for example, 
which exerts inhibitory actions on Ca 

v
 2.3 VGCCs  [  175  ]  was proven to be effective 

in suppressing spike-wave discharges in both GAERS and WAG/Rij rats  [  144,   176  ]  
and thalamocortical burst complexes in rat brain slices  [  177  ] . Analysis of absence 
seizure susceptibility in Ca 

v
 2.3 −/−  and control animals revealed fi rst hints that Ca 

v
 2.3 

defi cient mice exhibit altered thalamocortical rhythmicity and seizure susceptibility 
 [  171  ] . The role of Ca 

v
 2.3 Ca 2+  channels in thalamocortical rhythmicity was further 

elaborated in more detail on both the thalamic  [  178  ]  and cortical level  [  179  ] . In 
addition, mutations in EFHC1, a C-terminal interaction partner of Ca 

v
 2.3 are func-

tionally related to juvenile myoclonic epilepsy in humans  [  180  ] . An extensive 
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characterisation of Ca 
v
 2.3 in thalamocortical rhythmicity was carried out by Zaman 

et al.  [  181  ]  using a combination of in vitro and in vivo methods. Injection of a 
hyperpolarising current in a brain slice approach was capable of triggering a low-
threshold Ca 2+  spike with superimposed sodium bursts in RTN neurons from 
Ca 

v
 2.3 −/−  mice. Interestingly, subsequent oscillatory burst charges were strongly 

suppressed and slow afterhyperpolarisations (sAHP) reduced. About 51% of HVA 
Ca 2+  current in RTN neurons was SNX-482 sensitive and could be dedicated to 
Ca 

v
 2.3 VGCCs. Furthermore, Ca 

v
 2.3 mediated Ca 2+  infl ux was shown to interfere 

with voltage-insensitive SK2 channels that contribute to the generation of Ca 2+ -
dependent sAHP. Zaman et al.  [  181  ]  argue that T-type Ca 2+  channels per se are not 
suffi cient to maintain Ca 2+  levels to trigger sAHP, which are a prerequisite for rep-
riming T-type Ca 2+  channels and thus sustained rebound bursting. Consequently, 
Ca 

v
 2.3 −/−  RTN neurons display reduced oscillatory activity and reduced absence 

seizure susceptibility. Contemporaneously, Astori et al.  [  182  ]  analyzed the effects of 
Ca 

v
 3.3 VGCCs on the oscillatory activity of RTN neurons. Ca 

v
 3.3 channels turned 

out to be indispensible for RTN function and sleep spindles. Similar to Ca 
v
 2.3, 

Ca 
v
 3.3 ablation prevented oscillatory bursting as the remaining Ca 2+  infl ux obvi-

ously was not suffi cient to trigger small conductance-type 2 (SK2) K +  channels, 
which are important for facilitating burst activity. 

 Another important class of ion channels involved in the regulation of tonic and 
burst fi ring are the HCN channels, with HCN2 and HCN4 being predominantly 
expressed in the thalamus exhibiting pacemaker activity. When HCN2 is experi-
mentally ablated in mice, animals exhibit increased absence seizure susceptibility 
 [  183  ] . This is based on a marked hyperpolarization shift of the resting membrane 
potential and strong repriming of the crucial T-type Ca 2+  channel fraction  [  183, 
  184  ] . In WAG/Rij rats, Bude et al.  [  185  ]  observed increased HCN1 expression in the 
epileptic thalamus, associated with a decrease in cAMP responsiveness of I 

h
  current 

in thalamocortical neurons and subsequent impairment to control the shift from 
burst to tonic fi ring. Thus, burst activity is prolonged after recruitment of I 

h
  during 

absence seizures. The HCN4 channel effect in thalamocortical rhythmicity is still 
unclear as HCN4 channel knock-outs are lethal at the embryonic stage. 
Pharmacological interference with the HCN system to manage absence epilepsy in 
humans has not been established yet. Usage of newly developed HCN blockers, 
such as ivabradine, might be critical in patients suffering from absence epilepsy or 
exhibiting increased absence seizure susceptibility.   

   Future Perspectives 

 Within the recent years, studies on the involvement of VGCCs in etiology and 
pathogenesis of epilepsies have mainly focused on the non-L-type Ca 

v
 2.1 and the 

T-type Ca 
v
 3.2 VGCCs. Given the signifi cance of VGCCs, it is not surprising that 

acquired channelopathies can arise from transcriptional changes concerning differ-
ent VGCCs isoforms  [  164  ] . Hereby, the expression of VGCCs can be perturbed by 
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transcriptional upregulation of functionally different classes of channels and 
furthermore causing inhibitory and excitatory imbalance  [  186  ] . 

 Recent biochemical, molecular and electrophysiological fi ndings on cellular and 
whole animal level together with pharmacological analyses point the outstanding 
role of the Ca 

v
 2.3 E/R-type Ca 2+  channel in epileptogenesis and seizure propagation. 

In addition, the number of Ca 
v
 2.3 splice variants and their distribution throughout the 

brain in combination with their biochemical regulation via muscarinic receptors, 
PKC and Ca 2+ -dependent activation and inactivation processes make Ca 2+  channels 
key players. It is therefore plausible that mutations in Ca 

v
 2.3 will turn out to be 

responsible for different forms of epilepsies in humans in the future. Thus, genera-
tion of new AEDs specifi cally targeting Ca 

v
 2.3 becomes absolutely indispensable. 

Animal models of acquired epilepsy serve as excellent tools to study drug targeting. 
 Acquired channelopathies can be related to the basis of an enhancement of 

VGCCs or a reduced expression of ion channels extenuating electrophysiological 
activity of neurons  [  186  ] . Based on the pathological conditions of epilepsy, low-
threshold transient (T-type) Ca 2+  channels as one example of VGCCs can be seen as 
key generators which provide normal and balanced neuronal rhythms  [  186  ] . Given 
the special properties of these channel type to remove inactivation by hyperpolaris-
ing the cell membrane, its exceptional position in epileptogenesis becomes clearly 
obvious. From recent studies it is well known that these channels will be abnormally 
up-regulated in CA1 region of hippocampal dendrites during chronic SRS after an 
injection of pilocarpine. Hence, increased bursting rates in CA1 dendrites of the 
hippocampus as well as enhanced gene expression of Ca 

v
 3.2 genes contribute to 

status epilepticus. 
 Actually, it has to be taken into account that the hippocampus is not the only 

region being involved in epileptogenesis. Recent studies show that limbic as well as 
subcortical connections, as an extended neuronal network, have to be taken into 
consideration contributing to altered voltage-gated properties of Ca 

v
 3.2 channels. In 

this case, decreased appearance of Ca 2+ -dependent burst activity during latent period 
of SRS on the one hand or increased one during chronic SRS stadium on the other 
hand could by experimentally explored. The latter at this was distinguished in the 
reuniens nucleus of the thalamus. Consequently gene expression of Ca 

v
 3.2 channels 

and its effects on hyperexcitability has to be seen against the background of a global 
SRS generating network  [  186  ] . 

 In terms of such a good global functioning network of distinct brain regions, the 
rapidly activating A-type K +  channels shape up as another essential target concern-
ing the occurrence of seizures. K 

v
 4.2 channels promote the regulation of backpropa-

gation from the soma of CA1 neurons to the dendrites. Thereby, increased sensitivity 
of pyramidal neurons causes hyperexcitability of the membrane too. By taking a 
closer look at the K 

v
 4.2 channel itself, it becomes obvious that because of its Ca 2+  

binding domains dendritic Ca 2+  infl ux can be modulated. Increased Ca 2+  infl ux, as 
being evaluated in K 

v
 4.2 knockout mice, leads to seizure  [  186  ] . 

 Together with Ca 
v
 3.2 and Ca 

v
 3.3 Ca 2+  channel isoforms, K 

v
 4 channels form a 

signaling complex modulating the inactivation voltage of K 
v
 4.2 and furthermore 
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infl uencing the subthreshold membrane potential range. In this way fi ring properties 
of neurons can be regulated, exhibiting the importance of Ca 

v
 3-K 

v
 4 signaling 

complex in regard to cell latency and electrical properties  [  187  ] . Calcium channels 
and their contribution to epilepsy cannot only be examined on the transcriptional 
level, including upregulation,  [  188  ]  but also on an elementary molecular level itself. 
It is surely out of question, that for investigating the genetic determinants of idio-
pathic generalized epilepsies (IGEs), mutations in channel genes provide better 
insights to resolve the origins of this type of disorder. Studies using GAERS as a 
model of IGEs, clearly fi gure out that different splice variants leading to measure-
able functional changes of T-type Ca 2+  channels. T-type channels themselves are 
responsible for the low-threshold spikes contributing to oscillatory thalamocortical 
rhythms as well as burst fi ring and tonic patterns. Given the regulatory importance 
of these channels, altered electrophysiological properties occur if mutations in the 
channel gene (Cacna1h) of the IGEs rat model are confi rmed  [  164  ] . Ca 

v
 3.2 mutations 

(gcm) include substitution in exon 24 of the channel gene. Admittedly, it could be 
demonstrated that gcm codominantly segregating with the number of neuronal seizures, 
presume exon 25 to be existent for the development of seizures. In the presence of 
exon 25, T-type Ca 2+  channel splice variants cause an epileptic status based on the 
fact that hyperexcitability of neurons results in a faster recovery channel inactiva-
tion. Moreover, higher charge transference according to high-frequency bursts is 
given leading to functional disarrangement of Ca 2+  channels too  [  88,   186  ] . 
Depending on the splicing variations even missense mutations, having no greater 
direct impact on functional properties of Ca 

v
 3.2 channels, may interfere with regu-

latory sequences and therefore implicate an epileptic phenotype  [  188  ] . However, it 
has to be pointed out that even if the implications for IGEs is given, normal neuro-
logical functioning can be still preserved. In summary the gain-of-function mutation 
of the T-type Ca 2+  channel gene provides new insights into the genetic origin of 
absence epilepsy. By understanding and more accurate identifi cation of exonic 
splicing mechanism as well as its functional consequences, novel targets of pharma-
cological treatment could be developed. To verify seizure initiation in different 
neuroanatomical areas like the inferior colliculus (IC), the animal model of the 
genetically epilepsy-prone rat can be taken into consideration. Therefore, seizure 
initiation results in the enhancement of high voltage-activated Ca 2+  channels in IC 
neuronal cells, which markedly elevate enhanced Ca 2+  current density in turn. In 
comparison to control animals, the altered properties are changes in the pore-form-
ing  a  

1
 D (L-type) and the  a  

1
 E (R-type) subunit of calcium channels. This mecha-

nism of up-regulation in protein levels of Ca 2+  regulatory subunits contribute to the 
genetics of epilepsy and their seizure susceptibility  [  189  ] . 

 Taken the biochemical and molecular approaches together, we are now a step 
closer in comprehending the mechanisms of protein regulatory processes being 
involved in expression of Ca 2+  channels. Therefore, we can better understand the 
background of different forms of Epilepsy as well as its symptomatic outcome step 
by step.      
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