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  Abstract   Ca 2+  is a universal carrier of biological information: it controls cell life 
from its origin at fertilization to its end in the process of programmed cell death. 
Ca 2+  is a conventional diffusible second messenger released inside cells by the inter-
action of  fi rst messengers with plasma membrane receptors. However, it can also 
penetrate directly into cells to deliver information without the intermediation of  fi rst 
or second messengers. Even more distinctively, Ca 2+  can act as a  fi rst messenger, by 
interacting with a plasma membrane receptor to set in motion intracellular signaling 
pathways that involve Ca 2+  itself. Perhaps the most distinctive property of the Ca 2+  
signal is its ambivalence: while essential to the correct functioning of cells, Ca 2+  
becomes an agent that mediates cell distress, or even (toxic) cell death, if its concen-
tration and movements inside cells are not carefully tuned. Ca 2+  is controlled by 
reversible complexation to speci fi c proteins, which could be pure Ca 2+  buffers, or 
which, in addition to buffering Ca 2+ , also decode its signal to pass it on to targets. 
The most important actors in the buffering of cell Ca 2+  are proteins that transport it 
across the plasma membrane and the membrane of the organelles: some have high 
Ca 2+  af fi nity and low transport capacity (e.g., Ca 2+  pumps), others have opposite 
properties (e.g., the Ca 2+  uptake system of mitochondria). Between the initial event 
of fertilization, and the terminal event of programmed cell death, the Ca 2+  signal 
regulates the most important activities of the cell, from the expression of genes, to 
heart and muscle contraction and other motility processes, to diverse metabolic 
pathways involved in the generation of cell fuels.  

  Keywords   apoptosis  •  calcium  •  calcium buffering proteins  •  calcium sensor 
proteins  •  calmodulin  •  fertilization  •  gene expression  •  ion pumps  •  mitochondria  
•  protein dephosphorylation  •  protein phosphorylation 

 Please cite as:  Met. Ions Life Sci . 12 (2013) 119–168       

    1   Introduction 

 In the course of evolution, Ca 2+  has been selected as a universal carrier of signals. The 
selection occurred at the time of the transition from unicellular to multicellular life, 
when the division of labor among cells of the organisms brought with it the necessity 
of exchanging signals. As a rule, unicellular organisms do not require Ca 2+  (although 
some bacterial functions, e.g., chemotaxis, do require Ca 2+  and its manipulation) and 
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do not need to exchange signals, their interplay being restricted to the competition 
for nutrients. The selection of Ca 2+  as carrier of information has been dictated by 
coordination chemistry, which makes Ca 2+  ideally suited to be accommodated 
within the sites of irregular geometry offered by complex cellular molecules (pro-
teins)  [  1,  2  ] . A molecule selected to transmit signals within the cell must be tightly 
regulated. In the case of Ca 2+ , given its chemical properties, this is optimally achieved 
by binding it reversibly, and with the appropriate af fi nity and speci fi city, to cellular 
proteins. In the complexing proteins, oxygen is the preferred ligand atom for Ca 2+ : 
the introduction of nitrogen in the primary coordination sphere usually decreases the 
selectivity for Ca 2+ . In most cases, the coordination number for Ca 2+  is 8 (in some 
cases it may be 6 or 7): by comparison, the coordination number for the other abun-
dant cellular divalent cation, Mg 2+ , is only 6. The coordination stereochemistry of 6 
is that of a regular octahedron, implying that the Mg-O bond distances in the primary 
coordination sphere vary only little (between 0.200 and 0.216 nm), whereas the Ca-O 
bond distances vary over a much more extended range (between 0.229 and 0.265 nm). 
It follows that Ca 2+  can accept binding cavities of irregular shape, in which the ligand 
oxygen atoms can be at considerably variable distances from it. 

 The facility with which Ca 2+  becomes bound permits the lowering of its cell con-
centration to levels that are too low to trigger its precipitation as an insoluble phos-
phate salt. This is the extra dividend of the choice of Ca 2+  as a cellular signaling agent: 
if it were not possible to maintain its background concentration very low inside cells, 
phosphate could not be used as the energy currency. In addition to Ca 2+ , a number of 
other metals are essential to cell life, such as iron, zinc, copper, manganese. All of 
them are active-site metals that participate directly in the mechanism of enzyme catal-
ysis. Ca 2+ , instead, is not an active-site metal, it is an allosteric metal  par excellence , 
which binds to (enzyme) proteins at sites different from the active site, modulating 
their activities, namely, activating (in most cases) or inhibiting them. Modulation of 
enzyme processes is of utmost importance to cells, thus, the control of cellular Ca 2+  is 
of critical importance, as the array of Ca 2+ -regulated functions covers the entire spec-
trum of processes that are essential to cell life. The vital importance of the precise 
control of Ca 2+  is re fl ected in the multitude of systems developed by evolution to ful fi ll 
the task. Basically, these systems either transport Ca 2+  across membrane boundaries, 
or complex it reversibly in the cytosol or in the lumen of the organelles. 

 The transport of Ca 2+  across membranes is the ultimate way to buffer it; it is 
performed by channels, ATPases, exchangers, in which Ca 2+  is exchanged for 
another ion (usually Na + ), and by an electrophoretic uniporter in the inner mito-
chondrial membrane. The control of Ca 2+  by non-membrane proteins is performed 
within the organelles by low-af fi nity, large-capacity proteins, that, however, may 
also ful fi ll other cellular functions  [  3  ] . In the cytosol, Ca 2+ -binding proteins modu-
late the Ca 2+  signal spatially and temporally. Some are pure Ca 2+  buffers, e.g., par-
valbumin, calbindins, and calreticulin, others are classi fi ed as Ca 2+  sensors, since in 
addition to buffering Ca 2+ , they also process its signal. The most important and ver-
satile Ca 2+  sensor protein is calmodulin (CaM), which is expressed ubiquitously in 
cells, while other Ca 2+  sensors are tissue speci fi c, e.g., the neuronal Ca 2+  sensor 
proteins. The distinction between Ca 2+  buffering and Ca 2+  sensor proteins, while 
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justi fi ed in principle, is not absolute, as some cytosolic Ca 2+  buffers, e.g, calbindin 
D28K, may also have signal processing function  [  4  ] , and on the other hand even the 
prototypical Ca 2+  sensor protein, calmodulin, could under some circumstances act 
essentially as a Ca 2+  buffer  [  5  ] . 

 The array of processes that are controlled by Ca 2+  begins with the origin of cell 
life at fertilization, and ends with the process of programmed death that terminates 
life once cells have reached the end of their vital cycle. Between these two events, 
Ca 2+  controls processes that may be general to all cells, e.g., gene transcription, dif-
ferentiation, the generation of fuels in a number of metabolic pathways (essentially, 
by enzyme phosphorylation and dephosphorylation), motility in the cytoplasmic 
structures, and cell motility and migration in general. Other processes may be cell-
speci fi c, e.g., secretion of solutes (of neurotransmitters in neurons), contraction/
relaxation of skeletal muscles and heart. Figure  1  offers a comprehensive panorama 
of the cell processes that are under the control of Ca 2+ . Some of them demand rapid 
and transient exposure to large changes of Ca 2+  in the environment that may even be 
accomplished by the generation of repetitive substantial increases in the form of 
oscillations. Others demand instead a more sustained change of Ca 2+  in their vicinity. 
In all cases, however, it is of utmost importance that the long-term basal concentra-
tion of Ca 2+  in the bulk cytosol, after the transient elevation demanded by the activa-
tion of the target functions, is returned to the low/intermediate nM range. Cells will 

  Figure 1    A comprehensive scheme of the cell processes that are under the control of Ca 2+.        
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not tolerate protracted abnormal increases of Ca 2+  in the cytosol, where most targets 
of its signaling function are located. Should this happen, as is frequently the case in 
disease conditions, the correct functioning of Ca 2+ -controlled processes becomes 
compromised and Ca 2+  regulation comes to an end. Ca 2+  is thus an ambivalent mes-
senger: while essential to the correct functioning of cell life when tightly controlled, it 
becomes a conveyor of doom when control fails.   

    2   Distinctive Properties of the Ca 2+  Signal 

 The cellular transmission and processing of signals typically involves the interac-
tion of  fi rst messengers, i.e., compounds that interact with receptors on the plasma 
membrane of cells, e.g., hormones, followed by their processing in a form that acti-
vates internal signaling events that are mediated by diffusible molecules, termed 
second messengers, that are the result of the interaction of  fi rst messengers with 
their own plasma membrane receptors. This is the general rule for the exchange of 
information among cells, however, cells can communicate with each other in other 
ways as well, e.g., by direct contacts, in the form of gap junctions, or by means of 
surface proteins that recognize partner proteins on the surface of adjacent cells. 
However,  fi rst messengers may also bypass the plasma membrane and penetrate 
directly into cells to interact with receptors in various cell compartments without the 
intermediation of second messengers. Interesting as they may be, these alternative 
possibilities are the exception, the typical way to exchange information from cell to 
cell remaining that based on the  fi rst messenger/second messenger pattern of opera-
tion. Within this general background, Ca 2+  appears to be a typical diffusible second 
messenger generated within cells in response to the interplay of the plasma mem-
brane with external  fi rst messengers. However, in looking at the signaling function 
of Ca 2+  more closely, peculiarities emerge that cannot be reconciled with an exclu-
sive canonical second messenger role. 

 The canonical processing of the information of  fi rst messengers at the plasma 
membrane through the interaction with G-proteins and the activation of downstream 
enzymes does not directly “generate” Ca 2+ . It generates instead another second mes-
senger, e.g., inositol 1,4,5 trisphosphate (InsP

3
), which then liberates Ca 2+  from the 

endoplasmic reticulum (ER) store. One could thus de fi ne Ca 2+  as a “third” messen-
ger. But at the same time Ca 2+  could also be de fi ned as a bona  fi de “ fi rst” messenger, 
as it could penetrate directly into cells through a variety of channels, to modulate 
intracellular systems without the help of other second messengers. In a strict sense, 
however, the de fi nition of Ca 2+  as a  fi rst messenger based solely on its direct penetra-
tion into the cytoplasm could be questioned, as the opening of the plasma membrane 
Ca 2+  channels demands the intervention of external ligands or of physical events like 
membrane potential changes, that would be formally equivalent to  fi rst messengers. 
But the  fi rst messenger role of Ca 2+  is impeccably demonstrated on the plasma mem-
brane by the existence of a growing number of cell types of a classical G-protein-
linked seven-transmembrane domain receptor that recognizes Ca 2+  as its  fi rst 
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messenger  [  6  ] , to set in motion the conventional chain of phospholipase C (PLC) 
mediated events that results in the elevation of cytosolic Ca 2+ . The Ca 2+ -sensing 
receptor (CaR) is organized in the plasma membrane in three domains (Figure  2 ): a 
large (600 residues) extracellular domain that contains a number of acidic regions 
similar to those of the low af fi nity Ca 2+ -binding proteins, and which are likely to form 
binding sites for Ca 2+ , a mid-domain with the canonical 7 transmembrane helices of 
G-protein-linked receptors, and a 200 residue intracellular C-domain. The receptor, 
commonly called the “Ca 2+  sensor” was  fi rst recognized in the parathyroid cells that 
secrete the calciotropic hormones that regulate the organismic Ca 2+  homeostasis, and 
then discovered also in cells not directly involved in the regulation of organismic 
Ca 2+  homeostasis, e.g., the brain. It modi fi es the release of hormones in response to 
changes in extracellular Ca 2+   [  7  ] , i.e., it depresses the release of parathormone by 
parathyroid cells, and activates the release of calcitonin by the C-cells of the thyroid 
 [  8  ] . Clearly, then, Ca 2+  is not only an intracellular signaling agent, it is also an extra-
cellular carrier of information that transmits signals to cells involved in the produc-
tion of calciotropic hormones, but possibly to other cell types as well.  

  Figure 2    Schematic diagram of the 7-transmembrane domain plasma membrane Ca 2+ -sensing 
receptor. Symbols are given in the key at the lower left. The diagram highlights the abundance of 
negative charged residues in the N- and C-terminal portions of the protein. Adapted from  [  6  ] .       
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 Another distinctive property of the Ca 2+  signal, that sets it apart from other 
carriers of biological information is autoregulation, i.e., Ca 2+  itself controls the 
activity of the actors that transmit its information. Autoregulation occurs at both 
the transcriptional and post-transcriptional levels. Important early  fi ndings on 
transcriptional regulation are those showing that the long-term survival of 
cerebellar granule neurons in culture demands a modest increase of Ca 2+  in the 
cytosol. To change the set point of cytosolic Ca 2+  to the new modestly increased 
level, a complete reprogramming occurs in the transcription of its transporters in 
the plasma membrane and in the membranes of the organelles (see below)  [  9–  12  ] . 
The extensive transcriptional re-programming of the transporters to cope with an 
altogether minor cytosolic Ca 2+  increase may at a  fi rst glance seem excessive. 
However, it underlines in a striking way the importance of controlling Ca 2+ , espe-
cially in neurons, with utmost precision, i.e., it demands the concerted work of 
several systems. 

 Another important development related to the transcriptional autoregulation of 
the Ca 2+  signal is the control of a plasma membrane Ca 2+  transporter (isoform 3 of 
the Na+/Ca2+-exchanger, NCX3  [  13  ] ) which is crucial for the regulation of the 
homeostasis of Ca 2+  in neurons by the downstream regulatory element antagonistic 
modulator (DREAM)  [  14  ] . DREAM (see below) is a Ca 2+ -binding protein of the EF 
hand family that binds to a downstream regulatory element (DRE) site in the pro-
moters of a number of genes, silencing them in the absence of Ca 2+ . Upon binding 
Ca 2+  to the EF hand motifs DREAM leaves the DNA, relieving the genes from inhi-
bition. DREAM is a particularly interesting case of autoregulation of the Ca 2+  sig-
nal: it is itself Ca 2+ -regulated and it controls the transcription of an important Ca 2+  
transporter. More recent work has actually found that another system that controls 
cellular Ca 2+  homeostasis, a plasma membrane voltage-gated channel, is a target of 
the transcriptional regulation by DREAM  [  15  ] . 

 The examples of the post-trancriptional autoregulation of the Ca 2+  signal are also 
numerous. A classical case is the plasma membrane Ca 2+  pump, which is regulated 
by calmodulin  [  16  ] . A more recent autoregulation case is that of the neuronal plasma 
membrane Na+/Ca2+ exchanger, which is cleaved and inactivated by calpain  [  17  ] . 
Calpain itself is Ca 2+ -dependent, and becomes activated in response to the penetra-
tion of Ca 2+  induced in the neurons by glutamate to cleave NCX3. It is also worth 
mentioning that the plasma membrane Ca 2+  pump has been shown to modulate the 
activity of the Ca 2+ -dependent protein phosphatase calcineurin  [  18  ] , and that Ca 2+  
gates the Ca 2+  release channels of ER (see below).  

    3   The Ambivalent Nature of the Ca 2+  Signal 

 As brie fl y mentioned above, depending on a number of factors Ca 2+  can also trans-
mit negative signals, i.e., signals that activate processes that are detrimental to 
cells, and that can even lead to cell death. This ambivalence is perhaps the most 
striking distinctive property of Ca 2+  as a carrier of information. Its message must 
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be delivered to cells, and processed by them, in an exquisitely controlled way. Its 
level in the cytoplasm may be allowed to rise to levels above, even much above, 
the low-middle nM range that characterizes the resting state, but only if this occurs 
in a carefully controlled spatio-temporal way. This is the essential point: devia-
tions from the physiological Ca 2+  concentration at rest, even large deviations, may 
not only be tolerated, they may even be necessary to satisfy the physiological 
demands of cell processes, but they must be planned, and shaped by space and 
time coordinates that, one would be tempted to say, cells have learnt to apply 
intelligently. 

 The issue is essentially one of time: for instance, as mentioned, cells could use 
rapid repetitive Ca 2+  transient, i.e., oscillatory signals, as a device to deliver the mes-
sage to functions that require Ca 2+  concentrations much in excess to those of the 
normal cytosol at rest. The problem of ambivalence sets in when the increase of Ca 2+  
occurs in a way that is not planned, but induced by the interplay of toxicants with 
cells. Again, the issue is one of time: abnormal increases of Ca 2+  can be coped when 
their duration is short. The mitochondrial uptake system (see below) can accom-
modate them, as mitochondria would accumulate the extra Ca 2+  together with phos-
phate, to precipitate insoluble hydroxyapatite within their matrix. Mitochondria are 
thus safety devices that can buy precious time for the cell, enabling it to survive 
cytosolic Ca 2+  storms. But they can only do it for a short time, as they use the same 
energy to take up Ca 2+ , which they use to synthesize essential ATP. If mitochondria 
are forced to use energy to accumulate Ca 2+  for a protracted time a situation of ATP 
deprivation would ensue, that would even deprive of energy the ATP-dependent 
Ca 2+  pumps that would expel Ca 2+  from the cytosol. A negative vicious circle would 
thus be initiated that would lead to a situation of Ca 2+  overload, and would eventu-
ally result in cell death. This is so because all Ca 2+ -controlled stimulated functions 
would become activated under this condition, including potentially detrimental 
functions, like proteases, phospholipases, and nucleases. Their uncontrolled activity 
would damage the cell irreversibly, eventually ending with its death. 

 In a sense, then, having chosen Ca 2+  as a determinant for function, cells are forced 
to live in a state of permanent controlled risk, in which the possibility of a Ca 2+  
catastrophe, i.e., of the necrotic cell death resulting from the unwanted global and 
massive cytosolic Ca 2+  overload, is around the corner. But the Ca 2+ -mediated cell 
death can also result from the controlled decision of cells to commit suicide. This is 
the process of programmed cell death (apoptosis), which is one of the meaningful 
ways in which cells process the Ca 2+  signal to control essential processes such as 
tissue renewal and organ modeling. It has been calculated that a human body of 
about 70 kg loses (renews) each day a number of cells corresponding to about 
1.2 kg. Apoptosis is thus essential to the life of an organism and will be discussed 
in some more detail later on. 

 Cell Ca 2+ , however, may also be deranged in more subtle ways that do not lead to 
cell death. A number of cell distress conditions exists that may disturb the operation 
of individual actors in the Ca 2+  controlling and signaling operation. Most of these 
conditions are genetic, and affect proteins (enzymes) that process the Ca 2+  signal 
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and/or transport Ca 2+  across membrane barriers, thus regulating its homeostasis. 
These individual defects permit cell life to continue, albeit with various degrees of 
discomfort that can even be re fl ected in prominent general disease phenotypes. The 
area of Ca 2+  signaling and disease has now become a popular area of research; a 
recent book  [  19  ]  covers it comprehensively.  

    4   Regulation of the Ca 2+  Signal by Ca 2+  Buffering 
and Ca 2+  Sensor Proteins 

 As mentioned, the distinction between Ca 2+  buffers and Ca 2+  sensors now appears 
to be less absolute than originally accepted. Distinctive properties of Ca 2+  sensor 
proteins, i.e., the presence of large Ca 2+ -induced conformational changes, their 
interaction with speci fi c targets, and the ability to modulate their function as a 
result of the interaction, are known now to be shared by proteins hitherto classi fi ed 
as pure Ca 2+  buffers, e.g, CB-D28k  [  4,  20  ]  and calreticulin  [  21–  24  ] . Ca 2+  buffering 
proteins are conventionally de fi ned as fast or slow, depending on the rate with 
which they bind Ca 2+ . Parvalbumin (PV) is conventionally considered the proto-
typical slow Ca 2+  buffering protein ( K  

d
  of 4–9 nM), whereas CB-D9k ( K  

d
  of 200–

500 nM) and calreticulin ( K  
d
  of 2 mM) are routinely classi fi ed as fast Ca 2+  buffering 

proteins. The on rate for Ca 2+  binding ( K  
on

 ) is 2–3 orders of magnitude faster in 
CB-D9k than in PV. The speci fi c physiological attitudes and Ca 2+  signaling 
demands of cells determine the expression of slow or fast Ca 2+  buffering proteins. 
Thus, the expression of CB-D9k appears to be restricted to non-excitable cells 
involved in Ca 2+  re-adsorption, e.g., those of various kidney sectors  [  25  ] , that of 
PV, in addition to kidneys, to some subsets of neurons  [  26  ]  and to fast twitch 
muscles  [  27  ] . According to a generally accepted assumption, once Ca 2+  gains 
access to the cytosol it is rapidly buffered by (fast) Ca 2+  buffering proteins; the 
amount that escapes buffering will then activate the targets of the signaling func-
tion, for instance, the calmodulin-modulated processes. The list of Ca 2+ -binding 
proteins has now grown very impressively. For instance, the superfamily of EF 
hand proteins, which are the most important Ca 2+  sensor proteins, now numbers 
more than 600 members  [  28  ] . Table  1  groups the most important Ca 2+  buffering and 
Ca 2+  sensor proteins.  

 Proteins that are considered as pure Ca 2+  sensors may also ful fi ll an important 
Ca 2+  buffering role, particularly because they are routinely present in cells in high 
concentrations, on the order of 10  m M or more  [  4  ] . Recent work  [  5  ]  has actually 
shown that calmodulin, the most important and ubiquitous Ca 2+  sensor protein, buf-
fers Ca 2+  faster than any other Ca 2+  buffering protein. This has led to the proposal 
that calmodulin would rapidly bind incoming Ca 2+ , and then pass it on to other, 
slower, Ca 2+  buffers. The proposal is at sharp variance with the common conception 
according to which calmodulin would instead sense the lower Ca 2+  left free by the 
other Ca 2+  buffers. Thus, according to the proposal, slow Ca 2+  buffering proteins like 
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PV would regulate the amount of Ca 2+  bound to calmodulin, and in this way contrib-
ute directly to the regulation of the Ca 2+  signal. 

 However, even if the buffering of cell Ca 2+  by Ca 2+  sensor proteins may be quan-
titatively signi fi cant, it is not their most important role; as stated above, their pri-
mary role is the processing of the Ca 2+  signal. The transformation process has been 
studied in great molecular detail only in the most important sensor protein, calm-
odulin, but its general principles are likely to be valid for at least the hundreds of 
sensor proteins of the calmodulin family, the EF-hand proteins  [  29  ] . 

 Calmodulin is an elongated protein, in which two terminal lobes, each containing 
two Ca 2+ -binding helix-loop-helix motifs, are separated by a long 25-residue  a  
helix. When Ca 2+  becomes bound, the protein undergoes a  fi rst conformational 
change that exposes hydrophobic patches, mostly methionine pockets, on the sur-
face of the two lobes. The protein at this stage still maintains its length of 62 Å, but 
collapses instead around the binding domains of target proteins that have come in 
contact with it (Figure  3 ). At this point, the extended dumbbell-shaped calmodulin 
molecule has the conformation of a hairpin, and the Ca 2+  information it originally 
carried is transferred to the target protein. Calmodulin  processes and transmits the 
Ca2+ information to dozens of targets, i.e., it is not a Ca 2+  sensor committed to a 
single target partner. It becomes temporarily associated with them in its Ca 2+ -bound 
form as a separate subunit, and in a small number of cases the association may occur 
and persist even in the absence of Ca 2+  (see below).  

 Other sensor proteins of the EF hand group, e.g., recoverin or troponin-C, are 
instead committed to the modulation of the activity of a single target or of a lim-
ited number of them. Ca 2+  sensor proteins not belonging to the EF hand family, 
e.g., annexins, gelsolin, proteins containing C2 domains, are generally also com-
mitted, i.e., they transform Ca 2+  information for the bene fi t of a single target. The 
rule, however, is not absolute: important Ca 2+  sensor proteins exist that process 
the Ca 2+  signal directly and then act on numerous interacting targets, e.g., by 
phosphorylating them. A prominent example of Ca 2+  sensors of this type is protein 
kinase C (PKC). 

 Coming brie fl y back to calmodulin and the EF hand proteins, it is interesting 
that some target proteins of the signaling function of Ca 2+  possess their own “calm-
odulin” covalently integrated in the sequence (this is the case, for instance, for 
calpain). In these cases, the “calmodulin-like” processing of the Ca 2+  signal occurs 
directly within the target protein itself. The pattern of transmission and processing 
of Ca 2+  information is even more complex in other EF hand proteins, such as cal-
cineurin. This phosphatase, in addition to having its own “calmodulin” as a sepa-
rate subunit, also has a conventional calmodulin binding domain that senses real 
exogenous calmodulin with the larger subunit and it is, thus, under dual regulation 
by the Ca 2+  signal.  
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  Figure 3    The mechanism of the decoding of the Ca 2+  message by calmodulin.  (a)  The binding of 
Ca 2+  induces a conformational change of the calmodulin molecule that exposes hydrophobic 
patches on its surface (methionine pockets) without changing the overall shape of the molecule. 
 (b)  Ca 2+  saturates calmodulin which approaches its binding site of a target molecule (the red helix 
is the calmodulin-binding domain of myosin light chain kinase) collapsing hairpin-like around 
it. At this point the transmission of the Ca 2+  message to the target protein is complete.       
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    5   Regulation of the Ca 2+  Signal by Membrane Transport 
Systems 

    5.1   Ca 2+  Channels 

 Several plasma membrane Ca 2+  channels have been identi fi ed and in recent years the 
focus has moved towards the identi fi cation of their distinctive function. The channels 
have been historically divided in three major groups: the voltage-gated channels 
(VOCs), the receptor-operated channels (ROCs), and the store-operated Ca 2+  entry 
channels (SOCEs) (Figure  4 ).  

    5.1.1   The Voltage-Gated Channels 

 The VOCs are key transducers of membrane potential changes into intracellular 
Ca 2+  transients. They are the best characterized and are divided in subfamilies that 
have distinct roles in biological processes. Their Ca 2+  selectivity is high, thus mak-
ing Ca 2+  the preferred permeating species even in the presence of other abundant 
cations, i.e., Na +  and K + , in the extracellular ambient. They are complexes of 5 dis-
tinct subunits ( a 1,  a 2,  b ,  g ,  d ) encoded by different genes (Figure  5 ).  a 1 is the larg-
est subunit and forms the pore: it is organized in four repeated modules of six 
transmembrane domains (S1-S6), the fourth of which contains the voltage sensor, in 
analogy with the S4 domain of Na +  and K +  voltage-gated channels  [  30  ] . A mem-
brane-associated loop between the 4 S5 and S6 domains forms the channel properly. 
The  b  subunit has no transmembrane segments, whereas the  g  subunit is a glycopro-
tein with four transmembrane segments. The  a 2 subunit is an extracellular extrinsic 
glycoprotein, bound to the  d  subunit through a disul fi de linkage that is possibly 
linked to the membrane through a phosphatidylinositol anchor.  

 Based on physiological and pharmacological properties of the type of current 
carried, the VOCs can be divided in six classes, termed L, N, P, Q, R and T, distin-
guished on the basis of the  a 1 type subunit. In turn, they can be divided in three 
structurally and functionally related subfamilies: Cav1, Cav2, and Cav3. The Cav1 
subfamily initiates muscle contraction, secretion, regulation of gene expression, 
integration of synaptic signals, and mediates the L-type current. Cav2 subunits con-
duct N-type, P/Q and R currents, and are mainly responsible for the initiation of 
synaptic transmission at fast synapses. The Cav3 subfamily is important for the 
repetitive  fi ring of action potentials in cardiac myocytes and thalamic neurons and 
is responsible for the T-type current  [  31  ] . 

 The diversity of channels structure and function is further enhanced by the pres-
ence of multiple  b  subunits, that are encoded by four different genes  [  32,  33  ] . Cav1 
channels are more abundant in the cell bodies and proximal dendrites of neurons 
than Cav2 and Cav3 channels, which are instead predominant in nerve terminals 
and dendrites, respectively. Their preferential locations, coupled with the selective 



134 Brini, Calì, Ottolini, and Carafoli

  F
ig

ur
e 

4  
  Sc

he
m

at
ic

 r
ep

re
se

nt
at

io
n 

of
 th

e 
di

ff
er

en
t C

a 2+
  tr

an
sp

or
t p

ro
te

in
s 

of
 th

e 
pl

as
m

a 
m

em
br

an
e 

an
d 

th
e 

m
ai

n 
in

tr
ac

el
lu

la
r 

st
or

es
. F

or
 d

et
ai

ls
 s

ee
 th

e 
te

xt
. T

K
, 

ty
ro

si
ne

 k
in

as
e-

co
up

le
d 

re
ce

pt
or

; G
PC

R
, G

-p
ro

te
in

-c
ou

pl
ed

 r
ec

ep
to

r;
 P

L
C

, p
ho

sp
ho

lip
as

e 
C

, P
IP

 2 , 
ph

os
ph

at
id

yl
 in

os
ito

l 4
,5

-b
ip

ho
sp

ha
te

, D
A

G
, d

ia
cy

lg
ly

ce
ro

l.        



1355 Intracellular Calcium Homeostasis and Signaling

  F
ig

ur
e 

5  
  T

he
 m

em
br

an
e 

to
po

lo
gy

 o
f 

th
e 

5 
su

bu
ni

ts
 o

f 
th

e 
vo

lta
ge

-d
ep

en
de

nt
 p

la
sm

a 
m

em
br

an
e 

C
a 2+

  c
ha

nn
el

s.
 D

et
ai

ls
 a

re
 f

ou
nd

 in
 th

e 
te

xt
. T

he
 p

os
iti

ve
 r

es
id

ue
s 

in
 tr

an
sm

em
br

an
e 

he
lix

 4
 in

 e
ac

h 
of

 th
e 

6-
he

lix
 tr

an
sm

em
br

an
e 

do
m

ai
n 

4 
of

 th
e 

 a
 1 

su
bu

ni
t a

re
 th

e 
vo

lta
ge

 s
en

so
r. 

A
da

pt
ed

 fr
om

  [  3
1  ]

 .       

 



136 Brini, Calì, Ottolini, and Carafoli

local regulation of Ca 2+  by speci fi c buffers, confers speci fi city to the processes 
regulated by Ca 2+  entry, e.g., it confers to the L-type channels a privileged role in the 
regulation of gene transcription. Calmodulin binding to the proximal C-terminal 
domain of Cav1.2 channel is required for the regulation of transcription in neurons 
 [  34,  35  ] , and calcineurin binding to the distal C-terminus acts as a potential tran-
scriptional regulator as well. The distal C-terminus itself has also been proposed as 
transcriptional regulator  [  36  ] . 

 Cav1 channel activity is also involved in the secretion of hormones from endo-
crine cells, and is speci fi cally required for some type of synaptic transmission, i.e., 
in photoreceptors, when continuous neurotransmitter release is necessary. 

 Cav2 channels are the predominant pathways for Ca 2+  entry initiating synaptic 
transmission by the release of classical neurotransmitters like glutamate, acetyl-
choline and GABA. Ca 2+  entry through presynaptic P/Q and N-type channels initiates 
exocytosis by triggering the fusion of secretory vesicles with the plasma membrane 
through the action of the SNARE protein complex of syntaxin, SNAP-25 and 
VAMP/synaptobrevin  [  37  ] . Presynaptic Cav2.1 and Cav2.2 channels interact with 
SNARE, the interaction being regulated by Ca 2+  and protein phosphorylation. The 
interaction has a dual role. It favors the coupling of Ca 2+  channels with secretory 
vesicles, and it regulates channels activity. 

 Interestingly, N-type and P/Q-type Ca 2+  currents are also regulated by G-proteins, 
possibly through the activity of G b  g  subunits that shift the voltage dependence of 
Ca 2+  channel activation to more positive values of membrane potential through a 
mechanism of protein-protein interactions, thus slowing channel activation  [  38  ] . 

 Cav3 channels conduct a T-type current, which is activated in the same range of 
negative membrane potential of the Na +  channels, and it thus well suited to sustain 
the rhythmic  fi ring of action potential.  

    5.1.2   The Receptor-Operated Channels 

 The second class of Ca 2+  channels is activated by the interaction with ligands. Most 
prominent among them is l-glutamate, which is the most important excitatory trans-
mitter in mammalian brain. Glutamate activates two classes of receptors, the iono-
tropic receptors (iGluRs) and the metabotropic receptors (mGluRs). The iGluRs are 
ligand-gated non-selective cation channels and are divided in three groups on the 
basis of the activity of speci fi c agonist: AMPA (2-amino-3-hydroxy-5-lethyl-4-
isoxazolepropionic acid), NMDA (N-methyl-D-aspartate), and kainate (KA)  [  39  ] . 
iGluRs are macromolecular complexes composed of four or  fi ve subunits, and are 
predicted to have a bilobar structure, four membrane-spanning helices (however, 
M2 is not a bona fi de transmembrane domain but rather a hairpin loop), with a large 
extracellular N-terminal domain, and an intracellular C-terminal domain. They 
depend on ATP for full activity: phosphorylation of their C-terminal domain by 
PKA, but also PKC and CaMKII, increases currents in all types of glutamate recep-
tors  [  40–  43  ] . An interesting post-transcriptional mechanism regulates the Ca 2+  per-
meability of iGluRs. RNA editing occurs in the GluR2 subunit of AMPA receptors, 
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as well as in subunit GluR5 and GluR6 of KA receptors, leading to a Gln to Arg 
substitution in the M2 hairpin loop. The replacement of Gln with a positively 
charged amino acid is evidently essential to confer Ca 2+  impermeability to the chan-
nels. The ef fi ciency of editing is higher in the GluR2 subunit than in the GluR5 and 
GluR6 subunits, and, in the case of GluR6, the editing of other two residues in the 
M1 transmembrane domain also controls the Ca 2+  permeability. 

 KA and AMPA receptors are the primary receptors for rapid excitatory transmis-
sion in the central nervous system and, following glutamate activation, they are 
primarily permeable to Na +  and K + . However, AMPA and KA receptors may also be 
permeable to Ca 2+ . NMDA receptors respond to glutamate more slowly than AMPA 
and KA receptors, possibly because Mg 2+  inhibits them in a voltage-dependent man-
ner: membrane depolarization following AMPA and KA receptor activation relieves 
the Mg 2+  inhibition of NMDA receptors. 

 The mGluRs, instead, are coupled to G-proteins. Accordingly, they are organized 
with the canonical seven transmembrane domains. They are encoded by 8 genes 
(mGluR1-8) and exist as homodimers that generate Ca 2+  signals through the activa-
tion of distinct downstream signaling cascades that activate PLC and activate, or 
inhibit, adenylyl cyclase. They are expressed in neuronal and glial cells within the 
brain, spinal cord, and peripheral neurons and are involved in the pathophysiology 
of a number of diseases. 

 mGluR1 is the most abundantly expressed metabotropic receptor in the mam-
malian central nervous system, with highest expression in the Purkinje cells of the 
cerebellum. mGluR1 produces two types of neuronal depolarization, a rapid tran-
sient depolarization related to the release of Ca 2+  from intracellular stores, and a 
prolonged and larger depolarization resulting from the activation of transient recep-
tor potential (TRP) channels (see below).  

    5.1.3   The Store-Operated Ca 2+  Entry channels 

 The third class of Ca 2+  channels is that of the store-operated Ca 2+  entry channels 
(SOCEs), which are activated by the release of Ca 2+  from the ER. They were ini-
tially described in non-excitable cells, but they have now been documented in neu-
rons and skeletal muscle cells. The idea that ER Ca 2+  depletion could represent a 
signal for Ca 2+  entry can be traced back to early work that had proposed that the 
biphasic nature of agonist-activated Ca 2+ -mobilization was due to an initial empty-
ing of the intracellular Ca 2+  pool, e.g., by InsP

3
, followed by the rapid entry of Ca 2+  

into the cytosol in the continued presence of InsP
3
. The rapid entry of Ca 2+  from 

outside the cell continued until the Ca 2+  content of the store pool reached a level that 
inactivated it  [  44  ] . 

 Later on, it was reported that the depletion of intracellular stores induced by 
thapsigargin (TG), an inhibitor of the SERCA pump (see below) was  per se  able to 
induce Ca 2+  entry in different cell types. The identi fi cation of a small store-operated 
Ca 2+ current (the Ca 2+ -release activated current, CRAC)  [  45  ]  activated in mast and T 
cells independently of the occupancy of surface receptors or of changes in cytosolic 
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Ca 2+  enhanced the interest in the topic, but the pathway involved in the process 
remained obscure for a long time. Different mechanisms were proposed ranging 
from the existence of free diffusible messengers to a conformational coupling of 
CRAC channels and InsP

3
 receptors. A number of candidate genes were proposed as 

the putative messenger, among them those of the TRP channels, but the molecules 
involved in the pathway were identi fi ed only recently: a Ca 2+ -binding transmembrane 
protein of the EF-hand family (STIM proteins) serves as sensor of Ca 2+  within the 
ER. The protein communicates with the plasma membrane store-operated channel 
that is composed of ORAI subunits. 2 STIM isoforms (1 and 2) were identi fi ed and 
the ORAI protein family was found to be composed of three isoforms  [  46  ] , in which 
ORAI1 was demonstrated to be the pore-forming subunit of the channels  [  47  ] . Under 
resting condition, with the STIM proteins fully occupied by Ca 2+ , STIM1 and ORAI1 
would be diffusely localized at the ER and plasma membrane (PM) sites, respec-
tively. When store depletion occurs, STIM1 undergoes a conformational change that 
redistributes it to speci fi c districts forming “puncta” structures, that correspond to 
ER-PM junction, i.e., to specialized regions of the ER positioned within 10–20 nm 
of the PM. At the same time, ORAI1 accumulates at the corresponding PM sites, thus 
coupling with STIM1 and allowing the opening of the CRAC channels and the gen-
eration of localized Ca 2+  hot spots  [  48  ] . In a second phase, store re fi lling causes the 
return of STIM1 and ORAI1 proteins to the original states, thus dissolving the 
“puncta”. This model, based on distinctive rearrangements of STIM1 and ORAI1 in 
the cell, would require seconds for the activation of the channels. This timing has 
functional consequences, e.g., in T cells the “puncta” assembling and disassembling 
may generate Ca 2+  oscillations  [  49  ]  that would in turn drive gene expression through 
NFAT and other transcription factors  [  50,  51  ]  (see below).  

    5.1.4   Transient Receptor Potential Channels 

 Another class of channels, which had been originally related to the SOCE channels, 
and which can also generate changes in intracellular Ca 2+  concentration by mediat-
ing its entry across the PM are the TRP channels. 

 They constitute a large and functionally versatile family of cation-conducting 
channels, and are generally considered cell sensors. They are expressed in a large 
number of tissues and cell types (excitable and non-excitable) and, when activated, 
cause a cell depolarization that in turn may trigger the activation of different volt-
age-dependent ion channels. In mammals, 28 TRP channels have so far been found, 
classi fi ed according to their homology in 6 different subtypes: TRPC (canonical), 
TRPV (vanilloid), TRPM (melastatin), TRPA (ankyrin), TRPML (mucolipin), and 
TRPP (polycistin). The literature on TRP channels has now grown very impres-
sively and only a short overview can be given here. More detailed information can 
be found in a number of comprehensive reviews, e.g.,  [  52,  53  ] . 

 A common theme that links the TRP channels is their activation or modulation 
by phosphatidylinositol phosphates, such as phosphatidylinositol 4,5-bisphosphate 
(PIP

2
)  [  54  ] . However, they are also modulated by Ca 2+ , which is responsible for 

generating both a positive and a negative feedback. They are organized with six 
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transmembrane domains, and most probably assemble into tetramers to form non-
selective cationic channels. The TRP channels can contribute to change the intracel-
lular Ca 2+  concentration either directly by acting as a Ca 2+  entry pathway (even if 
their selectivity for Ca 2+  differs in the different subtypes), or indirectly by changing 
the membrane polarization. The TRPC-type channels have been claimed to have a 
special relationship with the SOCEs (and their constituents STIM1 and ORAI1); the 
issue has been a matter of vigorous discussion in the  fi eld of Ca 2+  signaling. It is now 
generally accepted that ORAI1 may interact with TRPCs and act as regulatory sub-
unit that confers STIM1-mediated store depletion sensitivity to them  [  55–  57  ] . Thus, 
in a sense, the TRPC channels might act as SOCEs, even if they are a distinct type 
of channel with their own properties: high Ca 2+  selectivity, very small single channel 
conductance, and different Ca 2+  modulation. 

 A  fi nal comment is necessary on TRP channels: even if it is clear that they have 
different functional effects depending on their strategic localization on the plasma 
membrane, most of them are also localized in the membrane of the intracellular 
organelles. Thus, TRPV and TRPP channels have been found on ER and Golgi 
membranes, and TRPMLs have been proposed to mediate a NAADP-activated 
intracellular Ca 2+  release from endosomes and lysosomes (see below).  

    5.1.5   The Intracellular Ca 2+  Channels 

 The endo/sarcoplasmic reticulum (ER/SR) and more recently, the Golgi apparatus 
(GA), are recognized as the main intracellular Ca 2+  stores. Two types of Ca 2+  recep-
tors/channels essentially operate Ca 2+  mobilization from them, the ubiquitous inositol 
1,4,5-trisphosphate receptors (InsP

3
R) and the ryanodine receptor (RyR), which is not 

present in all cell types. InsP
3
R and RyR are channels with large conductance. They 

are only relatively selective for Ca 2+ , at variance with the voltage-gated and store-
operated plasma membrane Ca 2+  channels that are more selective. However, consider-
ing that Ca 2+  is probably the only cation with an appreciable electrochemical gradient 
across the ER/SR membrane the lack of selectivity does not represent a problem. 

 The InsP
3
Rs are encoded by three different genes that have distinct patterns of 

tissue expression (however, some overlapping occurs, especially during cell differ-
entiation) and contribute to shaping different Ca 2+ -linked signaling pathways. The 
channels are constituted by homo- or hetero-tetramers of a large (2700 residues) 
protein spanning the membrane with a hydrophobic region containing six helices. 
A partial 3D structure of the channel has recently become available  [  58  ] . The 
N-terminus and the C-terminus of the protein are in the cytosolic region, the 
N-terminal region representing the portion of the protein, which contains the InsP

3
 

binding domain and the “regulatory” domain. The opening of the InsP
3
R is con-

trolled by the binding of the second messenger InsP
3
 (generated by activation of 

PLC enzymes), mainly PLC  b -stimulated by G-protein-coupled receptors, and 
PLC g  by tyrosine kinase receptors. 

 A  fl exible linker region, connecting the InsP
3
 binding domain with the  fi rst 200 

amino acids (residues 1–223 of isoform 1) of the protein, is essential for the modula-
tion of pore opening, possibly by decreasing InsP

3
 af fi nity. Several molecules interact 
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with the InsP 
3
 R and modulate its activity, e.g., homer family adaptor proteins, protein 

phosphatases (i.e., calcineurin), PKA, PKC, and CaMKII, the tacrolimus-binding 
immunophilin FKBP12, IRBIT, ATP, and Ca 2+ . Ca 2+  is probably the most important 
interactor as it has both stimulatory and inhibitory effects, however, the structural 
basis of its regulation is still not understood  [  59  ] . Cytosolic Ca 2+  is a co-agonist of the 
InsP

3
Rs, as it strongly increases its activity at concentrations up to about 300 nM. By 

contrast, at higher concentrations it inhibits the receptor. Luminal Ca 2+  also sensitizes 
the InsP

3
Rs, possibly by tuning its sensitivity to cytosolic InsP

3
. A Ca 2+ -mediated 

inhibition of the receptor is assumed to contribute to the termination of local cytosolic 
Ca 2+  signals. However, it is not clear whether this effect depends on the binding of 
Ca 2+  to the receptor or to an associated protein  [  60  ] . Calmodulin had been initially 
suggested as a candidate protein, but the suggestion has now lost momentum. 

 The RyRs are also encoded by three distinct genes with different tissue expres-
sion pattern. RyR1 is expressed in skeletal muscle, RyR2 in heart, cerebellum 
(Purkinije neurons), and cerebral cortex, and RyR3 is more ubiquitous, even if with 
low levels of expression. The RyRs are formed by homo-tetramers that associate to 
form the largest known channel (>2 MDa). Cryoelectron microscopy studies have 
contributed to the understanding of the functioning of this gigantic molecule 
(reviewed in  [  61  ] ). The C-terminal portion of the protein forms the pore and the 
large cytoplasmic region contains the sites where most RyR modulators interact. 
The major gating mechanism is the excitation-contraction (E-C) mediated coupling 
with the voltage-dependent Ca 2+  channel dihydropyridine receptor (DHPR) located 
in the T-tubules. The molecular mechanism of E-C coupling differs between skeletal 
and cardiac muscle  [  62  ] . In skeletal muscles a physical interaction (electromechani-
cal coupling) between the Cav1.1 DHPR and RyR1 is required; in cardiac muscle 
Ca 2+  release by the RyR2 is initiated by Ca 2+  in fl ux via Cav1.2, i.e., by the Ca 2+ -
induced Ca 2+  release (CICR). In heart, then, the interaction is functional rather than 
physical as in the case of RyR1. CIRC can also originate from the  fl ickering of ER 
Ca 2+  channels and, even if originally described for the gating of RyR2, is now rec-
ognized as the major gating mechanism for RyR3. Other agents can gate RyR2 and 
3, i.e., cyclic ADP ribose, cADPR, generated by ADP-ribosyl cyclases, in particular 
by their ectoenzyme form  [  63  ] . cADPR appears to act mainly in smooth muscle 
cells  [  64  ] , pancreatic acinar cells  [  65  ] , and in the nervous system  [  66  ] . 

 The InsP
3
R the channel activity of the RyR is also modulated by a number of 

molecules, e.g., PKA, FK506 binding proteins (FKBP12 and 12.6), calmodulin, 
Ca 2+ /calmodulin-dependent protein kinase II, calsequestrin, triadin, junctin, Mg 2+ , 
ATP, and Ca 2+  itself.   

    5.2   Ca 2+  Pumps 

 Animal cells express three Ca 2+  ATPases (pumps) in the PM (PMCAs), in the ER/
SR (SERCAs), and in the Golgi membranes (SPCAs). They lower the concentration 
of cytosolic Ca 2+  by exporting it to the external medium, or to the internal space of 
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the vesicles of the reticulum and of the Golgi system. The three pumps, like 
additional Ca 2+  pumps in plant cells and in cells of lower eukaryotes, which will not 
be discussed here, belong to the superfamily of P-type ATPases  [  67  ]  which conserve 
temporarily the energy liberated by the splitting of ATP in the form of an aspartyl 
phosphate in their reaction center. The superfamily now contains hundreds of mem-
bers, sub-grouped in at least 8 subfamilies (Figure  6 ).  

 The mammalian ATPases belong to sub-groups II A (the SERCA and SPCA 
ATPases) and IIB (the PMCA ATPases). They display signi fi cant sequence differ-
ences in regions not directly related to the catalytic mechanism, i.e., in areas related 
to regulation and interaction with inhibitors and other partners, but share essential 
properties, e.g., membrane topography and the general reaction mechanism. The 
reaction scheme of the three pumps (Figure  7 ) had initially predicted two func-
tional/conformational states: in the E1 state the pumps would have high af fi nity for 
Ca 2+  and would interact with it at one membrane side, and in the E2 state the 
af fi nity for Ca 2+  would become much lower, causing its release to the opposite side 
of the membrane  [  68  ] . The solution of the 3D structure of the SERCA pump at the 
atomic level 12 years ago  [  69,  70  ]  has con fi rmed the basic principle of the E1-E2 
reaction scheme, but has greatly increased the complexity of the catalytic mecha-
nism, showing that the binding of Ca 2+  at one side of the membrane induces a series 
of large conformational transformations that switch the extra-membrane portion of 
the pump from a compact to a more open structure. The conformational changes, 
however, also involve the transmembrane domains of the pump, leading to the 
phosphorylation of the catalytic aspartic acid by ATP and, in a series of docu-
mented conformational transitions, to the change of the high af fi nity phosphory-
lated E1 pump to a lower Ca 2+  af fi nity state that leads to the dissociation of Ca 2+ , 
regenerating the Ca 2+ -free E2 enzyme.  

 The cartoon of Figure  8   [  71  ] , which is reproduced with minor modi fi cations 
from a review by Toyoshima  [  72  ] , offers a pictorial view of the atomic path by 
which Ca 2+  crosses the membrane of the SR on its way from the cytosol to its lumen. 
It contains details on the atomic aspects of the transfer that cannot be described and 
explained in the context of this review. A full discussion of them can be found in 
 [  72  ] . The 3D structure has con fi rmed the existence, in the SERCA pump, of the two 
Ca 2+  binding sites that had been predicted by mutagenesis work  [  73,  74  ] . The two 
sites are a peculiarity of the SERCA pump; the PMCA pump has only one, corre-
sponding to site 2 of the SERCA pump, as it lacks an essential acidic residue in the 
transmembrane domain 5  [  75  ] . This residue is also absent in the SPCA pump, which 
also has only one Ca 2+  binding site.  

 The three mammalian pumps are all inhibited by the general inhibitors of P-type 
ATPases La 3+  and orthovanadate [(VO 

3
 (OH)]    -

2
  , although mechanistic differences in 

the case of La 3+  exist for the case of the PMCA pumps. The SERCA pump is also 
speci fi cally inhibited by compounds that are inactive against the other two pumps, 
e.g., TG. Inhibitors of similar speci fi city and potency are not available for the other 
two pumps. Interestingly, however, 2 peptides of the caloxin family (caloxin 2A1 
and caloxin 1A1) have been claimed to inhibit the PMCA pump by interacting with 
its extracellular domains 2 and 1, respectively  [  76,  77  ] . 
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  Figure 7    The reaction scheme of Ca 2+  ATPases. The scheme is simpli fi ed, the number of states of 
the ATPases has been greatly increased by the work on the three dimensional structure of the 
SERCA pump. See the text for details.       

 All Ca 2+  pumps interact with Ca 2+  with high af fi nity  [  71  ] , and are thus the  fi ne 
tuners of cell Ca 2+ . Their  K  

m
 (Ca 2+ ) is well below 1  m M. The af fi nity for Ca 2+  is 

particularly high in the SPCA pumps, whose  K  
d
  is about 10 nM in the SPCA1 

isoform, and even lower in the SPCA2 isoform  [  78,  79  ] . The extremely high Ca 2+  
af fi nity of the SPCA pumps, which have  K  

d
 s well below the concentration of Ca 2+  in 

the cytosol at rest, ensures that the Golgi vesicles will be always  fi lled with Ca 2+  
even in the absence of agonist-induced cytosolic transients. This is crucial, since 
Ca 2+  is required for the activity of enzymes within the Golgi vesicles, most notably 
the endoproteases that process the pro-hormones. Importantly, the SPCAs also 
transport Mn 2+ , which is essential inside the Golgi vesicles for the O- and 
N-glycosylations of a number of proteins  [  80,  81  ] . The Ca 2+  af fi nity of the PMCA 
pump requires another comment. The pump is a classical target of calmodulin regu-
lation (see above). In its absence it can still interact with Ca 2+ , but only with very 
low af fi nity, i.e., with a  K  

d
  between 10 and 30  m M  [  82  ] . The  K  

d
  drops to about 

0.5  m M in the presence of calmodulin  [  82  ]  which interacts with a C-terminal domain 
of the pump  [  83  ] , with a  K  

d
  in the nM range  [  84  ] .   This domain, however, also plays 

another role in the regulation of the activity of the pump. In the absence of calmodu-
lin it folds over, binding to two sites in the main body of the enzyme. It keeps the 
pump auto-inhibited until calmodulin removes it from the binding sites, relieving 
the autoinhibition  [  85,  86  ] . 

Of the 4 basic PMCA isoforms (see below), one, PMCA2, behaves peculiarly in 
its reaction to calmodulin  [  87,  88  ] ; it expresses very high activity even in its 
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  Figure 8    A cartoon illustrating the conformational changes of the main domain of SERCA pump 
during the reaction cycle. The model is based on the three dimensional structure of the SERCA 
pump. Adapted from  [  72  ] .       

absence. Since the PMCA2 calmodulin-binding domain does not differ from that of 
the other 3 basic PMCA isoforms, it is likely that the high activity in the absence of 
calmodulin re fl ects the suboptimal ability of the calmodulin-binding domain of 
PMCA2 to interact with the autoinhibitory site(s) in the main body of the pump. 
Another important aspect of the Ca 2+  af fi nity of the PMCA pump is its stimulation 
by acidic phospholipids, which decreases the  K  

d
  to values even lower than those 

achieved with optimal calmodulin (about 0.2  m M  [  89  ] ). The signi fi cance of the acti-
vation by acidic phospholipids, which bind to the basic calmodulin domain, but also 
to another domain in the  fi rst large cytosolic loop  [  90,  91  ]  is still obscure, but it 
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appears possible that phospholipids could activate the pump  in vivo  in alternative to 
calmodulin. 

 The three mammalian Ca 2+  pumps are the products of multigene families: 
separate genes express three basic isoforms of the SERCA pump, four of the PMCA 
pump, two of the SPCA pump. The basic isoforms of each pump type share reaction 
mechanism and membrane topology, but differ in tissue distribution, regulation 
properties, and in some details of activity, e.g., the af fi nity for Ca 2+ . Their number is 
greatly increased by the alternative splicing of the primary transcripts of all pumps 
(SPCA2 is the only exception), the functional differences among the splicing prod-
ucts being in general greater than those among the original basic gene products. A 
detailed discussion of all splicing variants of the pumps would be out of the scope 
of this contribution; the short description offered here will thus only underline 
aspects and variants that are particularly signi fi cant. 

 The transcripts of the SERCA genes are subjected to alternative processing at 
their 3’ end, generating a number of splice variants with speci fi c tissue distribution 
and activity. That of SERCA1 is spliced to generate the SERCA1a and 1b variants, 
which are expressed in adult and neonatal fast-twitch skeletal muscles, respectively. 
The change in expression pattern during development and tissue differentiation 
indicates that each isoform is adapted to speci fi c functions. The transcript of the 
SERCA2 gene is alternatively processed to generate the SERCA2a variant, which is 
expressed selectively in heart, slow-twitch skeletal muscles, and smooth muscle, 
and to the SERCA2b variant which is expressed ubiquitously and is thus considered 
as the housekeeping SERCA pump  [  92  ] . Interestingly, the extended, 49 amino acid 
long C-terminal portion of the SERCA2b pump, which contains a highly hydropho-
bic segment that forms an additional transmembrane domain (11th)  [  93  ] , confers to 
the variant higher af fi nity for Ca 2+  and lower catalytic turnover rate  [  92,  94  ] . Both 
SERCA2a and 2b are sensitive to the membrane protein phospholamban, which 
regulates their activity by becoming reversibly bound to them in a process that 
depends on its phosphorylation by PKA (possibly, also by a calmodulin-dependent 
protein kinase). Unphosphorylated phospholamban binds to the pump maintaining 
it inhibited, phosphorylated phospholamban leaves the binding site(s), restoring 
pump activity, for instance during  b -adrenergic stimulation  [  95–  97  ] . SERCA3 is 
expressed in a limited number of non-muscle cells, and the splicing pattern of the 
transcript of its gene is complex. All documented variants have lower Ca 2+  af fi nity 
than the other basic isoforms. SERCA3 seems to be specialized for the control of 
vascular and tracheal smooth muscles, its low Ca 2+  af fi nity suggesting that it would 
only become activated when cytosolic Ca 2+  reaches abnormally high levels. 

 The two basic products of the SPCA genes have different tissue distribution. The 
SPCA1 pump is ubiquitous, and is thus considered the housekeeping isoform. Its 
expression level varies with the tissue, and is particularly high in human epidermal 
keratinocytes  [  98  ] . The expression of SPCA2 is much more tissue restricted. Its 
transcript has been found in particularly high amounts in the mucus-secreting goblet 
cells of human colon  [  99  ]  indicating its possible role in the regulation of the secre-
tion of mucus. Alternative splicing has only been documented in the primary tran-
script of SPCA1, resulting in the generation of four transcripts. Very little is known 
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on their possible differential properties, although some kinetic differences have 
been described. 

 The four basic PMCA gene products differ in tissue distribution and calmodulin 
af fi nity. Pumps 1 and 4 are ubiquitous and have poorer calmodulin af fi nity than 
isoforms 2 and 3. They were both considered as housekeeping pumps, but recent 
work has indicated that PMCA4 could have more specialized roles, e.g., in the testis 
where it represents more than 90% of the total PMCA protein  [  100  ] . The ablation 
of the PMCA4 gene causes male infertility, due to the inability of the sperms to 
achieve hyperactivated motility, and thus to reach the eggs to perform the fertiliza-
tion  [  101  ] . PMCA2 and 3 have higher calmodulin af fi nity and their expression is 
restricted to a limited number of tissues; PMCA2 is expressed prominently in the 
nervous system and in the mammary gland, and PMCA3 in the nervous system and 
skeletal muscles  [  102  ] . The transcripts of all PMCA genes undergo alternative pro-
cessing at two sites. Site A corresponds to the portion of the pump located upstream 
of the phospholipid binding domain in the  fi rst cytosolic loop. Site A insertions lead 
to a number of variants depending on the number of exons inserted; the most impor-
tant is variant  w  in which the insertion of 3 exons directs the pump (the isoform 
tested was PMCA2) to the apical plasma membrane of polarized cells, whereas 
smaller inserts sort the variants to the basolateral domain  [  103  ] . Site C corresponds 
to the C-terminal calmodulin binding domain of the pump and generates a plethora 
of variants depending on the type of alternative processing, in which portions of 
exons can be inserted piecemeal. In most cases the result of the site C insert(s) is a 
change of the reading frame, and the creation of a premature stop codon that trun-
cates the resulting pump protein. Pumps in which no site C inserts occur are desig-
nated as  b  variants, whereas those with various inserts are designated as c, d, e, f, 
and a. The most important is variant  a , in which one full exon (PMCA1, 3, and 4), 
or two full exons (PMCA2) are inserted. 

 The alternative processing of the transcripts of the PMCA1, 3, and 4 genes occurs 
in an essentially similar way. That of the gene of PMCA2, however, has peculiar 
complexities. Together with other properties, for instance the ability of the pump to 
function at a very high rate in the absence of calmodulin (see above), the complexity 
of alternative processing singles out PMCA2 from the other 3 basic PMCA isoforms.  

    5.3   The Plasma Membrane Na + /Ca 2+  Exchanger 

 The plasma membrane of most animal cells contains a system with lower Ca 2+  
af fi nity than the PMCA pump that ejects Ca 2+  in exchange with Na +  (NCX). The 
system belongs to the SLC8 (solute carrier family 8) superfamily of Na + /Ca2+ 
exchangers. The superfamily also contains SLC24 that transports K +  as well; a clus-
ter of 23 orthologous genes (COG0530) are named Ca2+/Na+ antiporters, even if no 
functional data have so far been produced. The NCX is particularly active in the 
cells of excitable tissues, and uses the energy of the electrochemical Na +  gradient to 
allow Na +  to  fl ow into the cell across the PM in exchange for the export of Ca 2+ , with 
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a transport stoichiometry of 3 Na +  for 1 Ca 2+ . It has a much larger transport capacity 
than the PMCA, transporting thousands of Ca 2+  ions per second  [  104  ] , a property that, 
coupled to its low Ca 2+  af fi nity, allows it to return the cytosolic Ca 2+  concentration 
to its normal resting low levels after large physiological increases, for instance 
those produced by the neuronal action potentials. Since the operation of the NCX 
is electrogenic and voltage-sensitive, it can reverse during cell activation and lead to 
the intake of Ca 2+  into the cell  [  105  ] . The reversal of the canonical direction of the 
exchanger is also induced by changes in the concentration, i.e., the gradient, of the 
transported species. This occurs, for instance, in the case of heart cells exposed to 
the action of digitalis: the inhibition of the Na + /K + -pump increases Na +  in the sarco-
plasm, reversing the operation of the exchanger and inducing the well-known posi-
tive inotropic effect linked to the in fl ux of Ca 2+ . 

 Three genes code for distinct isoforms of the NCX in mammalian cells (NCX 1-3). 
They have variable tissue distribution and regulatory properties. NCX1 is distributed 
ubiquitously, whereas the expression of NCX2 and NCX3 is restricted to brain and 
skeletal muscles  [  106,  107  ] . All NCXs are predicted to contain nine membrane-spanning 
domains, separated in two parts of the sequence by a 500-residue intracellular loop 
 [  108,  109  ] . Interestingly, the loop can be removed still leaving behind an active exchanger 
 [  110  ] , showing that the transmembrane portion of the exchanger is the basic functional 
transport unit (the 3D structure of a prokaryotic exchanger has recently been published, 
showing 10 transmembrane domains instead of the 9 of the eukaryotic exchangers 
 [  111  ] ). Each exchanger protein contains two conserved homologous  a  repeats, one on 
each of the two transmembrane domains, arising from a gene duplication event, that are 
important for the binding and the translocation of ions  [  109  ] . The two motifs are also 
present in other members of the Na + /Ca 2+  exchanger superfamily, e.g., the NCKX, that 
also exchanges K +  and was  fi rst identi fi ed in the retina  [  112  ] , and in microbial exchang-
ers that lack the large intracellular loop  [  109,  113  ] . They are not present, however, in 
NCLX, a philogenetically ancestral branch of the Na + /Ca 2+  exchanger superfamily 
which also exchanges Li +   [  114,  115  ] , and which has recently been identi fi ed as the long 
sought mitochondrial Na + /Ca 2+  exchanger (see below). The number of exchanger iso-
forms is increased by alternative processing of the transcripts in a region corresponding 
to the C-terminal portion of the large cytosolic loop. The processing of the primary 
transcript of NCX1 gives rise to a complex set of splice variants that differ in the 561–
681 stretch of the protein. The transcript of NCX3 also undergoes alternative splicing in 
a region corresponding to a similar location in the protein as NCX1, whereas no splicing 
products have so far been described for NCX2. 

 Operationally, the NCX is activated by the binding of intracellular Ca 2+  to a Ca 2+ -
binding domain 1 (CBD1) in the main cytosolic loop that triggers a conformational 
change that transforms the NCX into an activated state. The 3D crystal  [  116  ]  and 
NMR  [  117  ]  structures of CBD1 have recently been solved, and shown to bind 4 Ca 2+  
to an immunoglobulin-like fold. A second Ca 2+ -binding domain was also identi fi ed 
 [  117  ]  (CBD2), and a structural model was built of the entire regulatory loop which is 
given in the cartoon of Figure  9 . A detailed discussion of the model is out of the 
scope of this contribution, but can be found in  [  117  ]  and  [  118  ] . Basically, in the 
model CBD1 and CBD2 are arranged in antiparallel fashion, the Ca 2+ -binding region 
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  Figure 9    A model for the structure of the plasma membrane Na + /Ca 2+  exchanger. The cartoon is a 
modi fi ed version of the model proposed by Hilge et al.  [  117  ] .       

of CBD1 unfolding when Ca 2+  is removed, possibly moving the exchanger into an 
inactive state. Hilge et al.  [  117  ]  have presented a structure for each of the two main 
splicing variants of the NCX, which contain the mutually exclusive CBD2 encoding 
exons A and B. At variance with CBD2A, CBD2B has unstructured Ca 2+ -binding 
sites under physiological conditions, suggesting lower Ca 2+   fl uxes in non-excitable 
cells that contain exon B compared with excitable cells that contain exon A.  
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 An interesting recent development relates NCX (or, rather, NCKX) to the color 
of the skin. The allelic frequency of a single nucleotide polymorphism (SNP) in the 
coding region of member 5 of SLC24A family (which contains 6 members) varied 
considerably between populations of Caucasian and African ancestry  [  119  ] . The 
study was extended to zebra fi sh  [  120  ]  and other human groups, and has shown that 
the SLCA24A5 encodes a protein similar to the K + -dependent members of the 
Na + /Ca 2+  exchanger superfamily.   

    6   Intracellular Organelles 

    6.1   Mitochondria 

 Mitochondria are intracellular organelles endowed with two membrane barriers 
with decreasing ion permeability properties: the outer mitochondria membrane 
(OMM) is freely permeable to ions and small molecules, and the inner mitochon-
drial membrane (IMM), which is folded into the internal invagination called “cris-
tae”, contains the multi-enzymatic complexes of the respiratory chain, of the ATP 
synthase and the Ca 2+  transport systems. 

 Mitochondrial Ca 2+  transport has unique characteristics. The uptake does not 
need ATP hydrolysis for Ca 2+  entry, but utilizes a uniporter and the membrane 
potential ( D Y, negative inside) maintained across the inner membrane by the respi-
ratory chain as the driving force. The uniporter has been proposed to be a gated and 
highly selective ion channel  [  121,  122  ] . For Ca 2+  ef fl ux, mitochondrial exchangers 
use the concentration gradient of Na +  (H +  as well in some mitochondrial types) 
across the inner membrane to cause the release of Ca 2+  back into the cytosol  [  123  ] . 
The cycle is then completed thanks to the ef fl ux of Na +  via the Na + /H +  exchanger 
(NHE) (Figure  10 )  [  124  ] . Under resting conditions the rates of Ca 2+  in fl ux and ef fl ux 
are slow and ensure the maintenance of a low matrix Ca 2+  concentration. The kinetic 
equilibrium between in fl ux and ef fl ux thus results in a futile (energy consuming) 
cycle of Ca 2+  across the mitochondrial inner membrane  [  125  ] . When cytoplasmic 
Ca 2+  increases above a given threshold (>10  m M) a rapid Ca 2+  accumulation by 
mitochondria is initiated and matrix Ca 2+  increases dramatically. Finally, excess 
Ca 2+  accumulation by mitochondria (mitochondrial Ca 2+  overload, MCO) may result 
in the opening of a large non-selective channel in the inner mitochondrial mem-
brane, the mitochondrial permeability transition pore (mPTP) that collapses the 
membrane potential, induces swelling of the inner membrane and rupture of the 
outer one, and releases proteins of the intermembrane space (IMS) into the cytoplasm.  

 After the discovery that isolated respiring mitochondria were capable to sustain 
Ca 2+  accumulation  [  126,  127  ] , many aspects of the mitochondrial Ca 2+  uptake and 
extrusion mechanisms were clari fi ed. Thus, it was established that Ca 2+  uptake was 
an electrogenic process, which was countered by Ca 2+  ef fl ux so that electrochemical 
gradient equilibrium did not occur  [  128  ] . 
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 However, the  fi nding that the uptake system operated with very low Ca 2+  af fi nity 
appeared dif fi cult to reconcile with its function in the extremely low cytosolic Ca 2+  
concentration. For a while, then, the idea that mitochondria could ef fi ciently control 
the homeostasis of Ca 2+  in the cell lost favor, even if research on the topic continued 
to produce information. Thus, patch clamp experiments on mitoplasts (swollen mito-
chondria without the OMM) showed that the uniporter (MCU) is a highly selective 
hardly saturable Ca 2+  channel with an activation domain and a transport site  [  121  ] . 
Pharmacological studies led to the identi fi cation of compounds able to either inhibit 
or activate the MCU, e.g., ions like lanthanides, Mg 2+ , ruthenium red (RR) and its 
derivate Ru360 (reviewed in  [  129  ] ), and the plasma membrane Na + /Ca 2+  exchanger 
inhibitor KB-R7943  [  130  ] . Physiological concentrations of polyamines, such as 
spermine and related compounds  [  131  ] , were instead shown to activate the MCU at 
Ca 2+  concentrations that would otherwise be too low to allow the uniporter to operate 
ef fi ciently: they could thus have a physiological role in intracellular Ca 2+  handling. 

 The ef fl ux route of Ca 2+  from mitochondria was documented as Na + -dependent 
pathway by the observation that the addition of Na +  to isolated mitochondria pro-
moted the ef fl ux of Ca 2+   [  123  ] . Further work then characterized the pathway as a 
Na + /Ca 2+  antiporter (NCLX)  [  132  ] . The transport was later found to be electrogenic 
with a probable transport stoichiometry of 3 to 1, as in the case of the plasma mem-
brane NCX  [  133,  134  ] . The NCLX was inhibited competitively by Sr 2+ , Ba 2+ , Mg 2+  
or Mn 2+ , and by many compounds of pharmacological interest including diltiazem, 
clonazepam, verapamil, tetraphenyl-phosphonium, tri fl uoperazine amiloride and its 
derivatives. In particular, the chloro-5-(2-chlorophenyl)-1,5-dihydro-4,1-benzothi-
azepin-2(3 H)-one (CGP 37157) inhibited it with high speci fi city and it is now 
widely used  [  135  ] . In the exchange process Na +  could be replaced by Li + , an obser-
vation that was later used in the work that identi fi ed the exchanger protein (see below). 

 A Na + -independent Ca 2+  extrusion mechanism has also been described in liver 
 [  136  ]  and some other mitochondrial types. It transports Ca 2+ , but also Sr 2+ , or Mn 2+  
from the matrix to the intermembrane space against the Ca 2+  electrochemical gradi-
ent. The rate of ef fl ux via this mechanism decreases with increasing  D pH (internally 
alkaline)  [  137  ] . The transport is electroneutral and it has been characterized as a 1 
Ca 2+  for 2 H +  exchanger  [  138  ] . Cyanide, low levels of uncouplers, and very high 
levels of RR inhibit it  [  139  ] . 

In spite of the large mass of information that was becoming available, the low 
Ca 2+  af fi nity problem led to the general assumption that Ca 2+  sequestration by mito-
chondria in living cells had no important role in the regulation of Ca 2+  homeostasis, 
unless in extreme conditions of Ca 2+  overload  [  140  ] . The very limited Ca 2+  transport 
activity (assumed to occur  in vivo ) was essentially only considered important for the 
activation of 3 matrix deydrogenases that have been found to be controlled by Ca 2+  
 [  141  ] . Thus, even if information had become available that mitochondrial Ca 2+  
transport did occur  in vivo  in spite of the insuf fi cient af fi nity of the system, skepti-
cism prevailed. At the beginning of 1990s the conundrum was solved by speci fi cally 
targeting a recombinant Ca 2+  sensor to the mitochondrial matrix. The work clearly 
demonstrated that in intact cells mitochondria promptly accumulated Ca 2+  follow-
ing cell stimulation  [  142  ] . The problem of the low af fi nity of the mitochondrial 
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uptake system was overcome by demonstrating that mitochondria could sense local-
ized microdomains at high Ca 2+  concentration generated close to the mouth of the 
ER Ca 2+  channels  [  143  ]  in close proximity to mitochondrial Ca 2+  uptake sites  [  144  ] , 
and presumably also by functional coupling with Ca 2+  entry channels at the plasma 
membrane  [  145,  146  ] . The  fi nding renewed interest in mitochondrial Ca 2+  and on its 
physiological role and sparked new research aimed at identifying the mitochondrial 
Ca 2+  transporters. 

 Their molecular identity had remained elusive for a long time (for comprehen-
sive reviews see  [  147,  148  ] ). Different actors had been proposed but none of them 
had survived conclusive tests. Only very recent research has eventually identi fi ed 
molecularly the NCLX and the MCU  [  149–  151  ] . A uniporter component (named 
MICU1) that may have a role in Ca 2+  sensing rather than in Ca 2+  transport has been 
identi fi ed in silico by developing a MitoCarta database  [  152  ]  as a 54 kDa protein, 
associated with the mitochondrial inner membrane. It has one putative transmem-
brane domain and two canonical EF hands. 

 Using the same database, two independent groups then identi fi ed an integral 
inner membrane protein that satis fi es the criteria for being the pore-forming 
subunit of the uniporter MCU  [  149,  150  ] . The 40 kDa protein is ubiquitously 
expressed in mammals, but missing in yeast (yeast mitochondria do not have a 
uniporter  [  153  ] ). It is predicted to have two transmembrane regions connected 
by an acidic loop, and it forms oligomers in the inner membrane. Its downregu-
lation drastically reduced mitochondrial Ca 2+  uptake and its overexpression 
enhanced it in intact cells. Most importantly, the channel activity of puri fi ed 
MCU reconstituted in a planar lipid bilayer revealed properties previously 
reported for the uniporter, thus de fi nitively demonstrating that MCU represents 
its pore-forming channel  [  149  ] . 

 The Na + /Ca 2+  exchanger (NCLX) has also been identi fi ed  [  151  ]  as a mammalian 
member of the phylogenetically ancestral Ca 2+ /anion exchanger family that cata-
lyzes Na +  (or Li + ) dependent Ca 2+  transport  [  113  ] . NCLX was found to be enriched 
in the mitochondrial cristae. As expected, it transported Li +  in addition to Ca 2+  and 
was sensitive to CGP-35137. Its size was very similar to that of a mitochondrial 
protein that, when puri fi ed and reconstituted, exhibited Na + /Ca 2+  exchange activity 
 [  154,  155  ] . 

 In addition to the antiporters, the other mechanism of Ca 2+  transport that may play 
a role in the mitochondrial Ca 2+  ef fl ux, especially in conditions in which mitochon-
drial Ca 2+  concentration in the matrix reaches threshold levels, is still molecularly 
unknown; this is the mPTP  [  156  ] . In addition to Ca 2+ , factors such as pH, adenine 
nucleotides, free radicals, and the mitochondrial membrane potential ( D  Y m) modu-
late its opening. Mitochondrial Ca 2+  overload and excess increases in reactive oxygen 
species (ROS) in the matrix would be the “point of no return” that causes permeabi-
lization of the inner membrane, proton electrochemical gradient dissipation, ATP 
depletion, further ROS production and organelle swelling. These events are collec-
tively termed “mitochondrial permeability transition” (MPT), a process that, in turn, 
causes the release of cytochrome  c  and culminates in cell death.  
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    6.2   The Acidic Compartments 

 In addition to the ER/SR and the GA, other acidic organelles, such as the acidic 
endosomes, lysosomes, and secretory granules are now also considered as pos-
sible Ca 2+  stores in mammalian cells. Their Ca 2+  transport functions are not yet 
well characterized and the literature on the “acidic Ca 2+  stores” has controver-
sial aspects, especially on the possibility of a still unknown, ATP-dependent 
Ca 2+  uptake mechanism, at least in lysosomes. The Ca 2+  uptake through this 
system appears to rely on the large proton gradient established by the vacuolar 
proton V-ATPase. A Ca 2+ /H +  exchanger has been proposed, but Ca 2+ /H +  exchang-
ers have so far only been found in protist, yeast and plant vacuoles  [  157  ] . The 
total Ca 2+  content in the acidic Ca 2+  stores changes with the organelle type, but 
has been claimed to be in the mM range. However, direct measurements of free 
Ca 2+  in the lumen of the organelles have reported values in the  m M range, the 
discrepancy being possibly due to the presence of Ca 2+ -binding proteins, such as 
chromogranins and secretogranins, with a large Ca 2+ -buffering capacity  [  158  ] . 
A direct measurement of lysosomal luminal Ca 2+  is dif fi cult, due to the very 
acidic environment and to the presence of proteolytic enzymes, however, a 
speci fi c localized probe has revealed a very high Ca 2+  concentration (about 
500  m M  [  159  ] ). 

 The acidic organelles have also been reported to be able to release Ca 2+ , sup-
porting a possible physiological role in modulating speci fi c cell function such as 
secretion, endosome-lysosome fusion and, possibly, maintenance of osmoregula-
tion. The release of Ca 2+  has been reported to be promoted by all canonical second 
messengers described for the ER/SR and the Golgi, i.e., InsP

3
, ryanodine, caf-

feine, and cADPR. Importantly, the most ef fi cient Ca 2+ -releasing agent is the 
novel Ca 2+ -linked messenger NAADP (nicotinic acid adeninedinucleotide phos-
phate)  [  160  ] , as mentioned, the ectoenzyme ADP-ribosyl cyclase, produces 
cADPR, but also produces NAADP from NADP and nicotinic acid. NAADP-
sensitive Ca 2+  release has been reported from endosomes  [  161  ] , lysosomes  [  162  ] , 
and secretory granules  [  163  ] , but the existence of a speci fi c NAADP receptor in 
the acidic organelles is still not conclusively established. cADPR and NAADP 
would operate on a non-selective cation channel, the transient receptor potential 
mucolipin 1 channel (TRPML1) which is present in lysosomes  [  164  ] . A new family 
of channels, called “two pore channels” (TPC) has also been proposed to operate 
in the membrane of acidic organelles. They are present ubiquitously in mamma-
lian cells and can be divided in three subtypes according to their speci fi c localiza-
tion: TPC1 and 3 are found in endosomes, TPC1 mainly in lysosomes  [  165  ] . An 
interesting aspect of these channels is that the release of Ca 2+  by TPC1 generally 
leads to a spatially restricted Ca 2+  signal, whereas that operated by TPC2 triggers 
ER Ca 2+  release by activating InsP

3
/ryanodine receptors, enhancing the propaga-

tion of a global signal  [  166  ] .  
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    6.3   Ca 2+  Regulation in the Nucleus: An Open Problem 

 The nucleus is the seat of numerous functions that are regulated by Ca 2+ . Some are 
speci fi c of the organelle, beginning with the expression of some genes, and which 
will be discussed in more detail later on. The presence of speci fi c Ca 2+  regulated 
functions would  prima facie  demand that Ca 2+  in the nucleoplasm be regulated 
independently of the cytosol. The problem is that the nuclear envelope, which is 
an extension of the ER that separates the nucleoplasm from the cytosol, is inter-
rupted by numerous nuclear pores, complex structures that form openings with a 
diameter of about 9 nm that allow the traf fi c of nucleic acids, proteins, and other 
macromolecules. If no mechanism existed to temporarily occlude the pores, 
nuclear Ca 2+  would thus instantaneously equilibrate with Ca 2+  in the cytosol. In 
line with this idea, numerous experiments with various Ca 2+  indicators, including 
some in which the indicator was selectively targeted to the nucleoplasm  [  167,  168  ] , 
have indeed shown that the kinetics of cytosolic and nuclear Ca 2+  increases induced 
by cell stimulation were temporally indistinguishable, suggesting that the enve-
lope did not represent a barrier to the free diffusion of Ca 2+ . Others, however, 
using the same technique found that the Ca 2+  signals evoked by the stimulation of 
cells were invariably lower in the nucleus  [  169  ] . Persistent gradients of Ca 2+  
between the nucleus and the cytosol were also observed by directly injecting Ca 2+  
dyes into the nucleus of star fi sh oocytes  [  170  ] . Patch clamp experiments on the 
envelope of isolated nuclei  [  171  ] , and even on the nuclear envelope  in situ   [  172  ]  
are also dif fi cult to reconcile with the idea of free diffusion of Ca 2+  between the 
cytosol and the nucleoplasm. They showed no  fl ow of current during long record-
ing periods in spite of the presence of hundreds of pores in the patch, but recorded 
instead the activity of selective K +  channels with multiple conductance states. The 
logical conclusion of this electrophysiological work would be that for signi fi cant 
periods of time the pore would remain sealed to ions, including Ca 2+ . The mecha-
nism of the putative gating of the pores is unknown, but atomic force microscopy 
work has shown that most pores contain a “plug” that could be part of the gating 
mechanism  [  173  ] , and that the conformation of the pores is altered by extranu-
clear Ca 2+  and ATP  [  174  ] . Thus, the matter of the Ca 2+  permeability of the nuclear 
envelope is still an open issue. Perhaps, a conciliatory view could propose that the 
pores would exist in freely permeable or gated states depending on physiological 
conditions and demands (see some comprehensive reviews for a full discussion of 
the issue  [  104,  175,  176  ] ). 

 A recent development on the matter of the role of Ca 2+  in the nucleus and on its 
release to it is the demonstration that the envelope folds inside the nucleoplasm 
forming invaginations (a “nucleoplasmic reticulum”)  [  176–  179  ] . Earlier work had 
shown that the nuclear envelope contains InsP

3
Rs and RyRs  [  180,  181  ]  and a Ca 2+  

pump predictably identical to that of the ER  [  182  ] . Early work had also found 
most enzymes of the phosphoinositide cycle in the nuclear envelope  [  183–  185  ] . 
A problem, here, is to understand how plasma membrane agonists that are known 
to initiate the phosphatidylinositol cycle would become activated in the nuclear 
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envelope. Irrespective of this problem, however, the structural arrangement of the 
invaginations would facilitate the agonist-induced delivery of Ca 2+  to selective 
sub-compartments of the nucleoplasm.   

    7   Physiology of the Ca 2+  Signal: A Selection of Cellular 
Processes Controlled by Ca 2+  

 As repeatedly underlined above, Ca 2+  controls a very large number of the processes 
that are essential to cell life. A detailed and comprehensive discussion of the physi-
ology of the signal would evidently be out of the scope of this contribution; here, 
only a succinct description of the most signi fi cant Ca 2+  regulated functions will thus 
be presented. 

 The discussion could be initiated with the process of fertilization, which origi-
nates new cell life. Vertebrate eggs remain arrested at the metaphase of the second 
meiotic division until sperm interacts with them to generate an increase of Ca 2+  that 
initiates at the sperm interaction site  [  186  ] . This triggers the exit from metaphase 
II arrest, and initiates the cell divisions which will eventually produce the multicellular 
organisms. In many invertebrates and non-mammalian vertebrates the Ca 2+  increase 
takes the form of a single transient, but in mammals the fertilizing Ca 2+  signal con-
sists of repetitive transients  [  187,  188  ] . The mechanism by which the Ca 2+  increase 
is generated has been controversial. One proposal suggested the direct  fl ow of Ca 2+  
into the egg during gamete fusion, another the role of a surface receptor activated by 
a sperm factor that would set in motion an intracellular signaling pathway linked to 
PLC and InsP

3
. A third proposal, which has now become generally accepted, sug-

gests instead that the fusion of the sperm with the egg delivers into the latter a 
sperm-speci fi c new isoform of PLC (PLC z ) which initiates the hydrolysis of PIP

2
 to 

produce InsP
3
  [  189,  190  ] . That InsP

3
 is involved in the Ca 2+  release in the fertilized 

egg is now broadly accepted. However, recent evidence suggests that the InsP
3
-

mediated global increase in Ca 2+ , at least in echinoderm eggs, could be preceded by 
a localized increase of Ca 2+  promoted by the recently discovered Ca 2+  messenger 
NAADP, that would be followed by the globalization of the Ca 2+  wave  [  191  ] . It 
should also be mentioned that recent work has underlined the importance of the 
dynamic rearrangement of the actin cytoskeleton produced by the increase of Ca 2+  
at fertilization in guiding sperm entry and in modulating the intracellular Ca 2+  sig-
naling  [  192  ] . 

 A second process in which Ca 2+  regulation is acquiring increasing importance is 
gene expression. A seminal report by Greenberg and coworkers in 1986  [  193  ]  had 
shown that acetylcholine receptor agonists induced the rapid transcription of the 
c-fos protooncogene in PC12 pheochromcytoma cells in a process that required 
Ca 2+  in fl ux. The work was then extended to neurons, and to numerous other genes 
involved in neuronal activity  [  194,  195  ]  underlining the special importance of the 
regulation of gene transcription by Ca 2+  to neurons (see  [  196  ]  for a review). Early 
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work showed that the Ca 2+  regulation of the transcription of (immediate early) 
genes could be mediated by phosphorylation/dephosphorylation reactions catalyzed 
by calmodulin-dependent kinases and the also calmodulin-dependent phosphatase 
calcineurin  [  197  ] . The most interesting extension of the work on gene regulation 
by Ca2+ is that on the EF-hand protein DREAM (see above) which acted as a gene 
silencer on the dynorphin gene  [  14  ] . As brie fl y mentioned above, Ca 2+ -free DREAM 
binds to a tandem of DRE sites in the promoter of the gene, repressing its transcrip-
tion. Binding of Ca 2+  to the EF motifs of DREAM promotes its detachment from 
the DRE sites, reactivating transcription. The list of genes controlled by DREAM 
has now increased substantially, and includes some that code for Ca 2+  regulating/
regulated systems, e.g., one of the Na+/Ca 2+  exchangers (NCX3)  [  13  ] , the L-type 
Ca 2+  channels  [  15  ] , and a nucleotidase that plays a role in the protein folding path-
way  [  198  ] . 

 That Ca 2+  plays a role in the contraction of muscles has been known for 130 
years. It was the  fi nding that Ca 2+  promoted the contraction of heart cells  [  199  ]  that 
of fi cially inaugurated the topic of Ca 2+  signaling. The story of the role of Ca 2+  in the 
regulation of heart, and then skeletal muscle, has progressed from the original days 
of Ringer through other seminal  fi ndings such as, to name only some, the discovery 
of the Ca 2+  receptor in the myo fi brils (the EF-hand protein troponin C), the  fi ndings 
on the Ca 2+   fl uxes in SR mediated by a Ca 2+  pump and by ligand-gated channels, the 
characterization of the regulatory roles of phospholamban and sarcolipin in the 
uptake of Ca 2+  in the ER/SR. Some of these aspects of the function of Ca 2+  in 
the regulation of muscle contraction have been already discussed in the sections 
above; appropriate details can be found in a number of recent comprehensive 
reviews  [  200  ] . 

 Protein phosphorylation/dephosphorylation is a universal mechanism by which 
the activity of enzymes is regulated. The large group of protein kinases and phos-
phatases includes important members that are activated by Ca 2+ -calmodulin  [  201  ] . 
While several calmodulin kinases are known, only one protein phosphatase (cal-
cineurin, also known as protein phosphatase 2B  [  202  ] ) is regulated by Ca 2+ -
calmodulin. Calmodulin (CaM) kinases phosphorylate Ser-Thr residues, however, 
calcineurin also dephosphorylates phosphorylated Tyr residues. The CaM kinases 
can have narrow speci fi city, i.e., they only phosphorylate one substrate. Myosin 
light chain kinase (MLCK)  [  203  ]  phosphorylates the light chain of myosin to initi-
ate smooth muscle contraction and potentiate the contraction of skeletal muscles. It 
exists in two gene products, one only expressed in skeletal muscles and one, termed 
smooth muscle MLCK, expressed in a number of tissues. Phosphorylase kinase 
 [  204  ]  phosphorylates and activates glycogen phosphorylase, thus accelerating gly-
cogen degradation to contributing to blood glucose homeostasis and providing an 
energy source for muscle contraction. The enzyme consists of 4 catalytic  g  subunits 
which form a holoenzyme complex with  a ,  b , and  d  regulatory subunits, each pres-
ent in 4 copies: the 4  d  subunits are calmodulin molecules which, interestingly, 
remain stably associated with the holoenzyme even when the concentration of Ca 2+  
in the ambient is very low. The binding of Ca 2+  to the  d  subunits activates the enzyme, 
which is further activated by the phosphorylation of the  a  and  b  subunits by PKA. 
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The elongation factor 2 kinase (also known as CaMK III  [  205  ] ) translocates along 
mRNA during translation and is inhibited by phosphorylation. 

 CaMK I  [  206  ]  is a ubiquitous cytosolic enzyme which exists in 3 isoforms,  a ,  b , 
and  g , which are the product of separate genes, which are processed alternatively to 
generate additional isoforms (a kinase originally termed CaMK V is actually a 
spliced variant of CaMK I). CaMK I is initially activated by the binding of calmodu-
lin, and further activated by an upstream kinase, the calmodulin-dependent kinase 
kinase (CaMKK). Not much is known on the substrates phosphorylated by CaMK 
I, but  in vitro  experiments have described phosphorylation of synapsin I and of 
CREB, to activate CREB-dependent gene transcription. 

 The activity of CaM kinases is not restricted to the phosphorylation of only one 
substrate. For instance, CaMK II is a ubiquitous enzyme that has been shown to 
phosphorylate over 50 protein substrates  in vitro  (only relatively few of them, how-
ever, have been shown to be phosphorylated within cells under physiological condi-
tions). It regulates diverse important physiological processes, among them neuronal 
plasticity, gene transcription, learning and memory, and exocytosis  [  207  ] . One of 
the best characterized substrates of CaMK II is the AMPA ionotropic glutamate 
receptor; its phosphorylation at Ser 831 plays an important role in synaptic trans-
mission. Four genes encode  a ,  b ,  g , and  d  isoforms of the kinase, and the alternative 
processing of the transcripts gives rise to nearly 30 variants of the enzyme, many of 
them with speci fi c tissue distribution. Some tissues contain very high amounts of 
CaMK II, for instance the brain, where the kinase accounts for 1–2% of the total 
protein. All CaMK II isoforms contain a catalytic domain, an autoinhibitory domain, 
a variable segment, and a self-association domain  [  207  ] . The autoinhibitory domain 
binds to the catalytic domain, blocking its activity  [  208  ] . Auto-phosphorylation of 
the autoinhibitory domain (Thr 286) in the presence of Ca 2+  and calmodulin removes 
the block, leading to persistent activation of the enzyme  [  209–  212  ] . The concentra-
tion of Ca 2+  in the vicinity determines the number of subunits that become auto-
phosphorylated on Thr 286, i.e., CaMK II is able to decode the frequency and 
amplitude of the Ca 2+  transients. This property may prolong the effects of the signal-
ing after transient Ca 2+  changes, as could for instance occur in learning and memory. 
The splice variants of the kinase could have speci fi c intracellular localization. For 
example, one splice variant of CaMK II  d  contains a nuclear localization signal and 
has been shown to regulate gene transcription. 

  a  CaMK IV  [  197  ]  is a monomeric enzyme expressed in the nervous tissue, in the 
testis, and in T-cells, while its  b  splice variant is expressed in the cerebellum during 
development. Like CaMK I, it is initially activated by calmodulin binding and fur-
ther activated by phosphorylation by CaMKK. Combined with N-terminal auto-
phosphorylation, this leads to Ca 2+ -independent activity of CaMK IV. CaMK IV 
contains a nuclear localization sequence and is thought to phosphorylate numerous 
transcription factors. 

 CaMKK exists in two isoforms ( a  and  b ) and increases the activity of CaMK I 
and IV in the presence of calmodulin. Unlike all other CaM kinases, CaMKK does 
not contain acidic residues that recognize basic residues close to its preferred phos-
phorylation site. 
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 Calcineurin, also called protein phosphatase 2B, is the only protein phosphatase 
whose activity is regulated by Ca 2+ . It was  fi rst identi fi ed in extracts of mammalian 
brain (hence its name) but was later found to be expressed in most tissues of eukary-
otes  [  202  ] . As mentioned above, it is a heterodimer of a catalytic subunit (CnA) 
tightly bound to a smaller, calmodulin-like regulatory subunit (CnB). Three basic 
isoforms of CnA ( a ,  b ,  g ) and two of CnB (CnB1 and CnB2) exist as the products of 
separate genes. Splicing variants, however, have only been detected at the transcript 
level. Structurally, the catalytic domain in the N-terminal two thirds of calcineurin, 
which contains a binuclear iron-zinc active center, is followed down in the sequence 
by a CnB-binding, a calmodulin-binding, and an autoregulatory domain. CnB binds 
4 Ca 2+  to canonical EF hand motifs. The activity of CnA requires the binding of CnB, 
which in turn only occurs if the latter has bound Ca 2+ . The binding of calmodulin to 
CnA increases the activity of the phosphatase 50-100 fold. 

 Importantly, calcineurin is the target of the immunosuppressive drugs cyclosporin 
A and tacrolimus (FK506) bound to their respective immunophilins  [  213  ]  and has 
thus a key role in the transduction pathway from the plasma membrane to the 
nucleus leading to T-cell activation  [  214  ] . This occurs by dephosphorylation of 
the transcription factor NFAT following Ca 2+  increase induced by the occupancy of 
the plasma membrane T-cell receptor. The activation of calcineurin promotes the 
dephosphorylation and the exposure of a nuclear localization signal in NFAT, pro-
moting its translocation together with calcineurin to the nucleus, where NFAT can 
then perform its gene regulation tasks. As mentioned, calcineurin was originally 
discovered in the brain, where it represents about 1% of the total proteins. In the 
brain, calcineurin dephosphorylates two inhibitors of protein phosphatase-1 
(Inhibitor 1 and DARPP32), inhibiting them. This triggers a phosphatase cascade 
that opposes the effects of cAMP and Ca 2+ -activated kinases, explaining for instance 
the antagonistic effects of Ca 2+  release induced by the occupancy of some receptors, 
e.g., the NMDA glutamate and dopamine receptors. Calcineurin, however, dephos-
phorylates a number of other substrates involved in the regulation of important neu-
ronal processes, including the expression and activity of ion channels, the release of 
neurotransmitters, and the outgrowth of neurites. 

 The mention of calcineurin’s role in the release of neurotransmitters introduces 
the secretion process, in which Ca 2+  has a crucial role, which was  fi rst described 
nearly 50 years ago by Katz and Miledi  [  215,  216  ]  for the release of neurotransmit-
ters at the neuromuscular junctions. The role was then extended to release processes 
in endocrine cells and in other cell types  [  217  ] . The basic mechanistic principle of 
the release process is the storage of the substance to be released in membrane vesi-
cles that will eventually fuse with the plasma membrane in a process mediated by 
Ca 2+  penetrating through activated plasma membrane channels, discharging their 
content, be it a neurotransmitter or a hormone, in the extracellular space; in the 
case of neurotransmitters, this is the synaptic cleft. The difference between the 
release by the synaptic terminals, and the release, for instance, by endocrine cells, 
is essentially one of time; the secretion by endocrine cells is a much slower process, 
with long latencies  [  218,  219  ] . Differences in the concentrations of Ca 2+ -buffering 
proteins may explain the delayed response in endocrine cells, but the distance 
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between the plasma membrane Ca 2+  channels and the storage vesicles may have a 
greater in fl uence on the secretory response. 

 It seems appropriate to close the description of the cellular processes controlled 
by Ca2+ with a brief description of the role of Ca 2+  in the controlled termination of 
cell life. There is growing consensus that the various forms of cell death (necrosis, 
apoptosis, and autophagy) do not occur through entirely separate pathways, but 
share molecular effectors and signaling routes. Among them, Ca 2+  plays a clear role. 
Apoptosis is the best characterized form of cell death from the standpoint of its 
relationship to Ca 2+  signaling. 

 Apoptosis (programmed cell death) involves the suicide of individual cells to 
guarantee normal tissue development and homeostasis in both vertebrate and inver-
tebrate species. However, it can also contribute to many forms of pathological cell 
loss as it can degenerate into necrotic death. Apoptosis probably plays a role in 
many chronic degenerative processes, for instance in neuron conditions like 
Alzheimer’s and Parkinson’s diseases and in heart failure. By contrast, inhibition of 
apoptosis can be at the basis of the abnormal cell growth in tumors. Apoptotic cells 
are classi fi ed on morphological characteristics that include condensation and mar-
gination of chromatin, cytoplasmic vacuolization, cellular shrinkage, increase in 
cellular density, nuclear fragmentation, and apoptotic body formation  [  220  ] . 

 The Ca 2+  link with the apoptotic pathways is now a large topic, which cannot be 
covered in detail in this contribution; a number of comprehensive reviews offer a 
more complete panorama of the topic  [  221,  222  ] . The idea of the involvement of 
Ca 2+  initiated with the  in vitro  demonstration that Ca 2+  ionophores, i.e., molecules 
capable of transporting Ca 2+  across membranes down its electrochemical gradient, 
are highly toxic to cells, and by the  fi nding that the neurotransmitter glutamate, or 
related compounds, have the ability to induce neuronal death as a result of excess 
Ca2+ penetration due to receptor overstimulation. Later on, both Ca 2+  release from 
the ER and capacitative Ca 2+  in fl ux through Ca 2+  release-activated Ca 2+  channels 
were shown to be apoptogenic  [  223–  225  ] . The discovery that important regulators 
of apoptosis, namely the proteins of the Bcl-2 family, are localized in organelles 
deeply involved in Ca 2+  handling (the mitochondria and the ER), and may modulate 
the ER content/release of Ca 2+ , de fi nitely established the Ca 2+  link to apoptosis. The 
current view is that Ca 2+  can sensitize cells to apoptotic challenges, acting on the 
mitochondrial “checkpoint”. Mitochondria are the site of several proapoptotic pro-
teins like Smac/DIABLO, Omi/HtrA2, AIF, and EndoG, which are maintained in 
equilibrium with antiapoptotic proteins like XIAP, cIAP-1, and cIAP-2 to  fi nely 
regulate the balance between cell death and life. Thus, the role of mitochondria and 
Ca 2+  appears to be a key determinant in the molecular events leading to cell death. 
Ca 2+  loads in the mitochondrial matrix have been shown to sensitize the mPTP to 
apoptotic stimuli, inducing its opening, causing mitochondrial changes in morphol-
ogy and the release of cytochrome  c   [  226  ] , followed by caspase activation 
 [  221,  227  ] . 

 The overall picture that emerges from a large number of contributions is that the 
release of Ca 2+  from the ER and its uptake into mitochondria are pivotal in initiating 
apoptotic signals, and that a mechanism through which the overexpression of 
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antiapoptotic proteins (or the ablation of proapoptotic proteins) counteracts cell 
death, is the reduction in the amount of Ca 2+  available in the ER for the release pro-
cess and the uptake into mitochondria. The amount of releasable Ca 2+  – rather than 
the Ca 2+  concentration of the ER – appears to be the important parameter for the 
transduction of the death signal, as it eventually controls the “amplitude” of the 
signal that reaches mitochondria.  

    8   Concluding Remarks 

 Ca 2+  signaling has become a topic too large to be covered comprehensively in a 
normal review. This contribution has thus singled out aspects of the Ca 2+  signal that 
distinguish it from all the carriers of biological information. Among them are the 
autoregulatory property, its ability to function both as a second and a  fi rst messen-
ger, and, especially, its ambivalence: Ca 2+  is not only a messenger without which 
correct cell life would not be possible, it also conveys negative signals, or even 
death signals, if its concentration and movements within cells are not carefully con-
trolled. However, if correctly controlled and delivered, the Ca 2+  signal modulates 
essentially all important aspects of cell life, from its origin at fertilization, to its end 
in the process of apoptosis.      

 Abbreviations  

  AMPA    2-amino-3-hydroxyl-5-ethyl-4-isoxazolepropionic acid   
  ATP    adenosine 5’-triphosphate   
  cADPR    cyclic adenosine diphosphate ribose   
  CaM    calmodulin   
  CaMK    calmodulin dependent kinase   
  cAMP    cyclic adenosine monophosphate   
  CaR    calcium receptor   
  CBD    Ca 2+ -binding domain   
  CICR    Ca 2+ -induced Ca 2+  release   
  CRAC    Ca 2+ -release activated current   
  CREB    cAMP response element binding   
  DHPR    dihydropyridine receptor   
  DRE    downstream regulatory element   
  DREAM    downstream regulatory element   
  ER    endoplasmic reticulum   
  GA    Golgi apparatus   
  GABA     g -amino butyric acid   
  GluR    glutamate receptor   
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  IMM    inner mitochondrial membrane   
  IMS    intermembrane space   
  InsP

3
    inositol 1,4,5-trisphosphate   

  InsP
3
R    inositol 1,4,5-trisphosphate receptor   

  KA    kainate   
  MCO    mitochondrial Ca 2+  overload   
  MCU    mitochondrial Ca 2+  uniporter   
  MICU1    mitochondrial calcium uptake 1   
  MPT    mitochondrial permeability transition   
  NAADP    nicotinic acid adenine dinucleotide phosphate   
  NADP    nicotinamide adenosine diphosphate   
  NCLX    mitochondrial Na + /Ca 2+  exchanger   
  NCX    Na + /Ca 2+  exchanger   
  NFAT    nuclear factor of activated T cells   
  NHE    Na + /H +  exchanger   
  NMDA    N-methyl-D-aspartate   
  OMM    outer mitochondrial membrane   
  PC12    pheochromcytoma cells   
  PIP2    phosphatidylinositol 4,5-bisphosphate   
  PKA    protein kinase A   
  PKC    protein kinase C   
  PLC    phospholipase C   
  PM    plasma membrane   
  PMCA    plasma membrane Ca 2+ -ATPase   
  PTP    permeability transition pore   
  PV    parvalbumin   
  ROC    receptor operated Ca 2+  channels   
  ROS    reactive oxygen species   
  RR    ruthenium red   
  RyR    ryanodine receptor   
  SERCA    sarco/endoplasmic reticulum Ca 2+ -ATPase   
  SLC    solute carrier   
  SNAP-25    synaptosomal-associated protein 25   
  SNARE    soluble NSF attachment protein receptor   
  SNP    single nucleotide polymorphism   
  SOCE    store operated Ca 2+  entry channels   
  SPCA    secretory pathway Ca 2+  ATPase   
  SR    sarcoplasmic reticulum   
  STIM    sensors stromal interaction molecule   
  TG    thapsigargin   
  TPC    two pore channel   
  TRP    transient receptor potential channels   
  VAMP    vesicle associate membrane protein   
  VOC    voltage operated Ca 2+ -channels    
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