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Foreword

The central role of the vasculature in the function of the human body has been 
appreciated, at least in certain circles, since the time of ancient Greece, when the 
first known anatomical treatise that was not based on mysticism was produced. 
Early anatomists got much wrong, of course, crediting blood vessels with carrying 
tears and urine (but not sweat) in addition to blood, and suggesting the more fantas-
tical role of conveying “breaths” of life and death (curiously these were said to be 
directed to right and left ears, respectively). Aristotle and his fourth century BC 
colleagues helped bring more empiricism to the subject, but their strictly anatomical 
approach based on animal dissections left much of vascular function to the imagina-
tion. Detailed studies of human cadavers, notably those performed by Leonardo da 
Vinci, the first to describe atherosclerosis, and later by Vesalius, considered by 
many to be the founder of modern human anatomy, dramatically advanced our 
understanding of the structure and basic responsibilities of the vascular system. 
However, medieval tools would prove to be no match for the twentieth century 
question of how various pieces and parts of the vascular system, though exquisitely 
detailed in exacting drawings, actually functioned.

If there is a consensus start to the modern era of functional vascular biology 
research, it is the publication in 1902 of a paper by William Bayliss, titled “On the 
local reactions of the arterial wall to changes of internal pressure,” which reported 
the counterintuitive finding that intravascular pressure causes healthy arteries to 
constrict. More than 100 years later, this process, termed the myogenic response, 
remains an area of active investigation—a testament to the complexity of the under-
lying mechanism. The concept that ion channels are fundamentally involved in this 
and other vascular processes—the topic of this book—would be developed much 
later, after the seminal work of Hodgkin and Huxley on action potentials in the 
1950s, made possible by the experimentally accessible neurons of their giant squid 
axon preparation, and after the confirmation of the existence of ion channels as 
specific molecular entities by Katz and Miledi in the 1970s. In fact, it wasn’t until 
the development of the “patch-clamp” technique by Neher and Sakmann in the late 
1970s and early 1980s that the study of ion channels in vascular cells would begin 
in earnest.
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Since that time, the body of literature on the subject has grown at a rate that 
threatens our ability to keep pace. No single volume can possibly convey any more 
than a small subset of the available information, and this book is no exception. 
However, our hope is that those with different backgrounds will find something to 
like here, whether it be big-picture topics of potential interest to general readers, 
such as ion channel repertoires in endothelial cells (Chap. 1), regulation and func-
tion of calcium channels in smooth muscle cells (Chap. 2), regional variation in 
arterial myogenic responsiveness (Chap. 6), ion channel trafficking in the control 
of contractility (Chap. 7), and calcium mobilization from intracellular stores 
(Chap. 11), or more specific offerings, such cholesterol-potassium channel interac-
tions (Chap. 15). As reflected in the title of this book, a number of chapters address 
the role of ion channels in the etiology of vascular diseases, including hypertension 
(Chaps. 8 and 14), cancer (Chap. 12), and metabolic diseases (Chaps. 17 and 18), 
or their potential as therapeutic targets in the treatment of disease (Chaps. 5 and 9). 
The book is organized into three main parts. Part I, “Ion channel regulation of vas-
cular tone and blood flow,” addresses aspects of endothelial cells (Part I) and 
smooth muscle cells (Part II) that regulate moment-to-moment changes in contrac-
tile state (tone) of arteries, and hence blood flow, as well as alterations associated 
with hypertension. Part III, “Ion channels in the regulation of cell proliferation, 
remodeling, hypertrophy and angiogenesis,” focuses on longer-term dynamics, 
particularly vascular remodeling, under pathological (tumor angiogenesis, pulmo-
nary hypertension) and physiological conditions. The final part (Part IV) presents 
selected topics in “Ion channel regulation by lipids and channel modifications in 
metabolic disease.”

Each chapter is the product of scientists who are actively engaged in the cutting-
edge work described and is a reflection of their individual research interests. The 
resulting book is thus an eclectic offering that allows each contributor to speak with 
his or her own voice, a feature that we like to think is part of its charm.

Burlington, VT, USA Mark T. Nelson
University of Vermont
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Preface

Ion channels are the major class of membrane proteins responsible for rapid and 
regulated transport of ions across biological membranes and for the generation and 
propagation of electrical signals in excitable tissues. Ion channels are also known to 
play critical roles in the regulation of cell proliferation, insulin secretion, and intra-
cellular signaling in a variety of cell types. During the last decade, since the first 
atomic structure of a potassium-selective channel has been solved in 2000 by the 
group of Roderick MacKinnon, a discovery that led to a Nobel Prize in Chemistry 
shortly after, there has been an explosion of studies on the structure-function rela-
tionship of ion channels leading to an unprecedented level of mechanistic under-
standing of channel function. This new era of ion channel research provided the 
basis for detailed analysis of the roles of ion channels in cellular and tissue physiol-
ogy. This book focuses on the roles of ion channels in vascular tissues under normal 
and pathological conditions.

Vascular abnormalities are known to underlie a plethora of severe pathological 
conditions, such as atherosclerosis, systemic and pulmonary hypertension, coronary 
or cerebral vasospasm, and diabetes. In addition, dysregulation of angiogenesis is 
one of the major contributors to tumor development. Therefore, it is clearly impera-
tive to obtain a better understanding of the molecular mechanisms that contribute to 
vascular disorders. This book is the first comprehensive assembly of assays to pres-
ent the studies that have been conducted during the last decade to elucidate the roles 
of ion channels in vascular physiology and in different vascular diseases.

Among the major concepts discussed in this volume are: the diversity of ion chan-
nels expressed in endothelial and vascular smooth muscle cells, and their roles in 
regulating arterial contractility and vascular tone in systemic, cerebral, and pulmo-
nary circulation, as well as in the regulation of cell proliferation, barrier function, and 
vascular remodeling. It is also highlighted that both plasma membrane and intracel-
lular ion channels, particularly in mitochondria, contribute significantly to the regu-
lation of vascular functions. Emerging topics include the roles of channel trafficking 
in regulation of vascular tone, local control and co-ordination of ion channel function 
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in different domains, and description of novel positive and negative gating modulators 
of the channels as innovative therapeutic tools to treat cardiac disorders and as anti-
vasospastic agents. The last part of the volume describes the latest insights into the 
mechanisms underlying lipid regulation of ion channels and the implications of these 
mechanisms for cardiovascular dysfunction in metabolic disease.

Chicago, IL, USA Irena Levitan 
Memphis, TN, USA Alex M. Dopico

Preface
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   Part I 
   Ion Channel Regulation of Vascular Tone 

and Blood Flow. Changes 
with Hypertension: Endothelial Cells        
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    Chapter 1   
 Endothelial Cell Ion Channel Expression 
and Function in Arterioles and Resistance 
Arteries                     

     William     F.     Jackson    

    Abstract     Ion channels importantly contribute to the function of endothelial cells. 
They serve as the major source of intracellular Ca 2+ , which, in turn, controls the 
production of endothelium-derived vasodilators, the permeability of the endothe-
lium, gene expression, and other properties of endothelial cells. In addition, the 
activity of ion channels determines the membrane potential of endothelial cells that 
serves as an important signal for cell-cell communication between endothelial cells 
and between endothelial cells and overlying smooth muscle cells, and may feed- 
back to regulate the activity of the ion channels themselves. This review provides an 
overview of the expression and function of endothelial ion channels that contribute 
to Ca 2+  and membrane potential signaling that is involved in the regulation and 
modulation of vasomotor tone of resistance arteries and arterioles. Channels dis-
cussed include inositol 1,4,5 trisphosphate receptors that mediate agonist-induced 
Ca 2+  release from endoplasmic reticulum stores; members of the transient receptor 
potential family and other channels that mediate agonist-induced Ca 2+  infl ux through 
the plasma membrane; Ca 2+ -activated K +  channels that mediate agonist-induced 
membrane hyperpolarization; and inward rectifi er K +  channels that serve as sensors 
for changes in extracellular K +  and amplifi ers of hyperpolarization induced by the 
activity of other ion channels. It is emphasized that all of these channels exist as 
members of macromolecular signaling complexes providing a rich environment for 
regulation of their activity and the function of endothelial cells in resistance arteries 
and arterioles.  

  Keywords     Vascular endothelium   •   Ion channels   •   Endothelium-dependent vasodi-
latation   •   Conducted dilatation   •   Potassium channels   •   Transient receptor potential 
channels   •   Calcium ions   •   Inositol 1,4,5 trisphosphate receptors   •   Calcium waves   
•   Calcium sparklets  

        W.  F.   Jackson      (�) 
  Department of Pharmacology and Toxicology ,  Michigan State University , 
  1355 Bogue Street, B429 Life Sciences ,  East Lansing ,  MI   48824 ,  USA   
 e-mail: jacks783@msu.edu  
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      Introduction 

    Endothelial cells express a diverse array of ion channels in their  plasma membranes   
and in the membranes of intracellular organelles that contribute to the function of 
these cells. These channels provide the major source of intracellular Ca 2+  that serves 
as an important second messenger controlling the activity of Ca 2+ -dependent ion 
channels and cell membrane potential [ 40 ], endothelial cell production of NO, pros-
taglandins and  epoxides of arachidonic acid (EETs)   [ 40 ] and regulating barrier 
function of the endothelium [ 52 ,  90 ].  Intracellular Ca 2+    is also an important signal 
controlling gene expression in [ 117 ,  130 ] and proliferation of [ 120 ,  123 ] endothelial 
cells. Ion channels also participate in  cell volume regulation   [ 70 ]. In addition,  plas-
malemmal ion channel activity   importantly contributes to the membrane potential 
of endothelial cells that serves as a major signal for  cell-cell communication   between 
adjacent endothelial cells and as well as overlying smooth muscle cells due to the 
expression of homocellular and heterocellular gap junctions in the vascular wall 
[ 29 ]. Membrane potential may also feedback to affect Ca 2+  infl ux through plasma-
lemmal Ca 2+  permeable ion channels by infl uencing the electrochemical gradient 
for Ca 2+  infl ux [ 65 ,  66 ,  69 ,  123 ], although this topic remains controversial [ 23 ,  34 , 
 108 ,  113 ,  158 ]. Thus, ion channels importantly contribute to the function of endo-
thelial cells in health and disease. This review will focus on the expression and 
function of endothelial ion channels involved in the regulation of  vasomotor tone   in 
resistance arteries and arterioles. Because there are considerable changes in ion 
channel expression and function during proliferation of cells in culture [ 11 ,  12 ,  20 , 
 123 ,  135 ], emphasis will be placed on evidence from intact blood vessels and from 
freshly isolated endothelial cells from the peripheral circulation. The reader is also 
directed to a number of outstanding earlier reviews of ion channels in endothelial 
cells for access to earlier literature on this topic [ 123 – 125 ].  

    Setting the Stage 

 Most  vasodilators   that produce endothelium-dependent  vasodilatation      (see [ 79 ]) act 
on Gα q -protein-coupled receptors which are linked to phospholipase C (PLC)-β 
producing  inositol-1,4,5-trisphosphate (IP 3 )   and  diacylglycerol (DAG)   from mem-
brane phospholipids [ 13 ] (Fig.  1.1 ).    The released IP 3  activates IP 3 R in the mem-
branes of the smooth endoplasmic reticulum, releasing stored Ca 2+  and increasing 
cytosolic Ca 2+  [ 13 ]. The activation of IP 3 R, loss of Ca 2+  from intracellular Ca 2+  
stores and the DAG produced by PLC-β, activate plasma membrane Ca 2+ -permeable 
ion channels [ 51 ], allowing Ca 2+  to diffuse down its electrochemical gradient into 
the cells, producing a steady-state increase in intracellular Ca 2+  (Figs.  1.1  and  1.2 ). 
      The sum of these two major events (the release of ER-stored Ca 2+  via IP 3 R and the 
infl ux of Ca 2+  via plasmalemmal ion channels) produces the well-described, agonist- 
induced cytosolic Ca 2+  transient in endothelial cells (see Fig.  1.2 ). The increase in 

W.F. Jackson
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intracellular Ca 2+  then activates plasmalemmal Ca 2+ -activated K +  channels to pro-
duce hyperpolarization of the endothelial cell membrane as shown in Fig.  1.2c , as 
well as activation of other Ca 2+ -dependent processes such as NO production and 
release of  arachidonic acid   from membrane phospholipids resulting in increased 
production of prostacyclin and epoxides of arachidonic acid [ 40 ] (Fig.  1.1 ). 

  Fig. 1.1    Endothelial cell ion channel  and Ca 2+  signaling   overview. Shown is a schematic represen-
tation of an endothelial cell and the ion channels and transporters relevant to agonist-induced Ca 2+  
signaling. Agonists of Gα q -coupled receptors activate PLC-β producing IP 3  and DAG  . IP 3  activates 
IP 3 R in the membrane of the endoplasmic reticulum (ER), releasing stored Ca 2+  and raising cyto-
solic Ca 2+  as shown. The released Ca 2+  and Ca 2+  entry through overlying plasma membrane Ca 2+  
permeable channels further stimulate Ca 2+  release via Ca 2+ -induced-Ca 2+ -release. The elevated 
cytosolic Ca 2+  will then activate plasma membrane K Ca  channels to produce membrane hyperpolar-
ization, an important signal for cell-cell communication in resistance arteries and arterioles. This 
hyperpolarization also has the potential to increase the electrochemical gradient for diffusion of 
Ca 2+  (and other cations) into the endothelial cell counter-acting the depolarizing effect of this cat-
ion infl ux. The DAG produced by the action of PLCs can activate TRPC3 and/or TRPC6 channels 
in the membrane, contributing to steady-state, agonist-induced Ca 2+  infl ux into the cells. The DAG 
can also activate PKC, which phosphorylates TRPV4 channels increasing their activity, also con-
tributing to Ca 2+  infl ux. Loss of Ca 2+  from the ER is sensed by STIM1, which clusters, interacts 
with and activates membrane ORAI1, TRPC1 and/or TRPC4 channels. The resultant Ca 2+  infl ux 
contributes to steady-state, agonist-induced Ca 2+  infl ux. The elevated cytosolic Ca 2+  from these 
processes also activates nitric oxide synthase (eNOS) to stimulate NO production, and phospholi-
pase A 2  (PLA 2 ) to produce arachidonic acid (AA) from membrane phospholipids. Arachidonic 
acid is then converted into vasodilator prostanoids, such as prostacyclin (PGI 2 ), by cyclooxygenase 
(COX), and epoxides (EETs) by cytochromes P450 (CYP). EETs may contribute to activation of 
TRPV4. Upon removal of agonist, Ca 2+  is pumped back into the ER by the smooth endoplasmic 
reticulum Ca 2+  ATPase (SERCA) and extruded from the cell by the Na + /Ca 2+  exchanger (NCX) and 
the plasma membrane Ca 2+  ATPase (PMCA). Sodium that enters the cells via TRP channels is 
extruded by the Na + /K +  ATPase (NKA) and NCX.  CAM  calmodulin.  PLB  phospholamban       
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  Fig. 1.2     Methacholine-induced global Ca 2+  transients in arteriolar endothelial cells     . Panel  a  shows 
an image of an endothelial cell tube enzymatically isolated from a  second order hamster cremaster 
arteriole   as described [ 23 ]. Panel  b  shows a representative Ca 2+  transient elicited by  the   muscarinic 
receptor agonist, methacholine (MCh) from an endothelial cell tube loaded with the ratiometric 
calcium indicator, Fura-2AM. Panel  c  shows the MCh-induced membrane hyperpolarization of an 
endothelial cell tube loaded with the potentiometric indicator, di-8-ANEPPs as described [ 23 ]. 
Panel  d  shows MCh-induced Ca 2+  transients, as in  a , under Control conditions, after brief exposure 
to solutions containing 0 mM Ca 2+  demonstrating the loss of the plateau phase of the Ca 2+  transient. 
After return to Ca 2+ -replete conditions (to obviate depletion of intracellular Ca 2+ ), subsequent 
exposure to 0 mM Ca 2+  and the IP 3 R-antagonist, xestospongin-D (Xsp-D; 10 μM) abolished the 
effects of MCh. Panel  e  shows inhibition of a MCh-induced Ca 2+  transient by Xsp-D in the pres-
ence of extracellular Ca 2+  (2 mM). Data shown in  a – e  are modifi ed from [ 23 ]       
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The remainder of this review will focus on the expression and function of ion chan-
nels responsible for agonist-induced Ca 2+  signals and membrane hyperpolarization 
in endothelial cells as shown in Fig.  1.2 , as well as other endothelial cell ion chan-
nels that appear important to the regulation of myogenic tone in resistance arteries 
and arterioles.

         What   Endoplasmic Reticulum Ion Channels Mediate 
Agonist- Induced Ca 2+  Signals? 

    Inositol-1,4,5-trisphosphate Receptors 

 Early studies demonstrated that agonists of Gα q -coupled receptors increased intra-
cellular Ca 2+  in endothelial cells that was due to an initial release of Ca 2+  from 
internal stores followed by Ca 2+  infl ux [ 18 ,  25 ,  59 ,  139 ,  142 ,  143 ] (Figs.  1.1  and 
 1.2 ).        Pharmacological studies   subsequently identifi ed IP 3 Rs as the primary Ca 2+  
release channel responsible (see [ 23 ,  143 ] and Fig.  1.2  for examples). Inositol- 
1,4,5-trisphosphate receptors are large (350 kDa)  tetrameric Ca 2+  release channels   
found in the endoplasmic reticulum of all mammalian cells [ 47 ,  104 ]. Each mono-
mer contains an IP 3 -binding domain that is located in  cytoplasmic N-terminus   of the 
proteins [ 47 ,  104 ]. Calcium appears to be the trigger for gating IP 3  channels to  open      
(see Table  1.1  for EC 50  values for activation of the channels) [ 47 ,  104 ]. However, the 
response to increases in Ca 2+  is biphasic, with higher concentrations of Ca 2+  becom-
ing inhibitory (Table  1.1 ) [ 47 ,  104 ]; Ca 2+  activates the channels at low concentra-
tions, but inhibits Ca 2+  release at high concentrations (see Fig. 7 in [ 47 ] for 
examples). It has been proposed that the concentration of IP 3  determines the affi nity 
of IP 3 Rs for the inhibitory effects of elevated Ca 2+ ; as the concentration of IP 3  
increases, higher levels of Ca 2+  are required to inhibit the channels (Table  1.1 ) [ 47 , 
 104 ]. Thus, the concentration of IP 3  effectively determines the range of cytosolic 
Ca 2+  concentration over which the IP 3 Rs will be active [ 47 ]. However, this has not 
been observed in all systems [ 171 ]. Nonetheless, in the presence of physiologically 
relevant concentrations of IP 3 , IP 3 R can undergo Ca 2+ -induced-Ca 2+  release ( CICR  )    
providing a positive feedback mechanism for release of Ca 2+  from adjacent IP 3 R (as 
in the case of Ca 2+  waves  ), as well as amplifi cation, with a limit, of Ca 2+  signals 
originating from Ca 2+  infl ux through overlying plasma membrane ion channels.

   There are three  isoforms   of IP 3 R, IP 3 R1, 2 and 3 originating from three genes 
with modestly different  characteristics         (see Table  1.1 ); IP 3 R2 and 3 appear to have 
the highest sensitivity for Ca 2+ -induced activation with IP 3 R3 having the lowest sen-
sitivity for IP 3  [ 47 ,  104 ,  171 ]. In addition to IP 3  and Ca 2+ , the activity of IP 3 Rs is also 
sensitive to cytoplasmic ATP concentrations [ 47 ,  104 ,  171 ]. In IP 3 R1 and 3, ATP 
produces a leftward shift in the Ca 2+ -activity relationship increasing the affi nity of 
the channels for Ca 2+ , with little effect on the maximal open-state probability [ 47 , 
 171 ]. In distinct contrast, ATP has no effect on Ca 2+ -sensitivity of IP 3 R2 receptors, 
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but has large effects on the maximum open-state probability of the channels; low 
ATP severely reduces the maximal activity of IP 3 R2 [ 104 ,  171 ]. Given that IP 3 Rs 
exist in signaling microdomains adjacent to ATPases in the ER and in the plasma 
membrane, local ATP concentrations could have a profound effect on IP 3 R function 
in an isoform-specifi c fashion. Finally, IP 3 R interact with a large number of proteins 
in the cytosol and in the lumen of the ER that can modulate the activity of these 
channels by protein-protein interactions, and phosphorylation/dephosphorylation in 
the case of protein kinases and phosphatases [ 47 ,  159 ]. 

 Freshly isolated rat aortic endothelial cells express transcripts for all three  iso-
forms   of IP 3 R with IP 3 R1 being most highly expressed [ 118 ,  119 ]. Endothelial cells 
from mouse mesenteric arteries express transcripts for all three isoforms with IP 3 R2 
being most highly expressed [ 93 ]. Mouse cremaster arteriolar endothelial cells also 
express transcripts for all three isoforms, but IP 3 R3 appears to be most highly 
 expressed   (Fig.  1.4a ), and protein expression for all three isoforms has been reported 
[ 77 ]. All three IP 3 R isoforms were detected in the endothelium of Wistar rat basilar 
and mesenteric arteries by immunocytochemistry [ 56 ]. Thus, it appears that there 
may be regional or species-dependent differences in the expression of IP 3 R iso-
forms, and little is known about the localization or function of the individual IP 3 R 
isoforms in native endothelial cells. 

 In co-cultures of smooth muscle and endothelial cells from  mouse cremaster 
arterioles  , and in intact vessels, it has been reported that IP 3 R1 localizes at sites of 
myoendothelial gap junctions ( MEJs  )       [ 77 ]. Similarly, in intact  mouse mesenteric 
resistance vessels  , there are clusters of IP 3 Rs near holes in the internal elastic lam-
ina [ 93 ], sites that have been correlated with projections of endothelial cells (myo-
endothelial projections,              MEPs  , Fig.  1.3 ) towards overlying smooth muscle cells and 
the localization of MEJs [ 136 ]. However, the IP 3 R  isoform   expressed in these clus-
ters was not identifi ed. Importantly, these sites were shown to generate localized 
endothelial cell Ca 2+  events that have been termed Ca 2+  pulsars [ 93 ]. These events 
are too small and rapid to be detected by global Ca 2+  measurements made with Fura 
2 (Fig.  1.2 , for example), but can be detected using Fluo-4 or genetic Ca 2+  sensors      
such as GCaMP2 and high-speed confocal imaging [ 83 ,  93 ]. Previous studies have 
shown that K Ca 3.1 channels also are clustered in the same microdomain [ 137 ] pro-
viding a means for Ca 2+  pulsars to be translated into, for example, changes in mem-
brane potential (see below for more on this topic). In addition, a growing list of 
proteins congregate in the vicinity of MEJs including TRPA1 channels [ 37 ], TRPV4 
channels [ 149 ,  150 ], anchoring proteins (e.g., AKAP150 [ 150 ]), protein kinases 
(e.g., PKC [ 150 ]), nitric oxide synthase [ 151 ], Na + /K +  ATPase [ 33 ] and other pro-
teins [ 152 ].

   Calcium  pulsars      [ 83 ,  93 ] and Ca 2+    waves [ 36 ,  83 ] are present under resting condi-
tions in endothelial cells of pressurized vessels [ 83 ,  93 ] and likely contribute to the 
resting activity of K Ca 3.1 channels (in the case of pulsars  and   waves) and K Ca 2.3 
channels (Ca 2+  waves) and endothelial cell membrane potential.     Endothelium- 
dependent vasodilators  , such as acetylcholine [ 93 ,  147 ] or adenosine [ 36 ], increase 
the number and frequency of Ca 2+  pulsars [ 93 ], and also recruit IP 3 R located 
throughout endothelial cells to produce asynchronous [ 93 ,  147 ] or synchronous [ 36 , 
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 147 ] Ca 2+    waves and increases in global Ca 2+  (Fig.  1.2 ). Thus, the global Ca 2+  signals 
that have been reported in native microvascular endothelial cells [ 23 ,  32 ,  107 ,  148 ] 
represent a complex mixture of local Ca 2+  pulsars and Ca 2+  waves in addition to 
more homogeneous increases in cytosolic Ca 2+ . Additional studies are needed to 
defi ne the precise localization of IP 3 R  isoforms   and their function related to 
endothelium- dependent vasomotor activity.  

  Fig. 1.3    Endothelial cell Ion channels  and cell-cell communication   in the vessel wall. Shown is a 
schematic representation of a longitudinal cross section through two endothelial cells and their 
relationship to overlying smooth muscle cells. Endothelial cells communicate with overlying 
smooth muscle cells via myoendothelial projections ( MEPs  )            , that pass through the internal elastic 
lamina to make contact with overlying smooth muscle cells, as shown. Gap junctions may form at 
MEPs to yield myoendothelial junctions ( MEJs  ) allowing endothelial cell hyperpolarization to be 
conducted to the smooth muscle cells, closing smooth muscle voltage-gated Ca 2+  channels 
(VGCCs) and leading to vasodilatation. Ion channels such as TRPV4, K Ca 3.1 and IP 3 R (as shown) 
may cluster in MEPs to form signaling complexes to direct the endothelial cell responses to vaso-
dilator agonists. Other ion channels such as TRPC3 and K Ca 2.3 may cluster elsewhere to form 
other signaling complexes. Abbreviations are as in Fig.  1.1        
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       Ryanodine Receptors 

 Ryanodine receptors (RyR) are composed of very large protein subunits (~500 kDa) 
that form  Ca 2+ -sensitive-Ca 2+ -release channels   in the endoplasmic reticulum [ 61 ]. 
Similar to IP 3 R, they are tetramers with three  isoforms   from three distinct genes: 
RyR1, RyR2 and RyR3 [ 61 ,  62 ,  185 ]. Skeletal muscle expresses predominantly 
RyR1, the heart expresses predominantly RyR2 and RyR3 is expressed in the brain 
and other tissues [ 61 ,  62 ,  185 ].  Vascular smooth muscle cells   may express all three 
isoforms, with RyR2 being predominant in resistance artery [ 166 ] and arteriolar 
smooth muscle cells [ 178 ].  Immunofl uorescence   demonstrated RyR expression in 
guinea pig endocardium and aortic endothelial cells [ 95 ], and ryanodine binding 
sites have been reported in porcine coronary artery endothelial cells [ 54 ]. Studies of 
cultured endothelial cells suggest expression of functional ryanodine receptors 
[ 191 ], and freshly isolated endothelial cells from rabbit aorta display  caffeine- 
induced Ca 2+  transients   implying the presence of RyR in these cells [ 132 ]. In por-
cine coronary artery endothelial cells, caffeine elicits a Ca 2+  transient in only 37 % 
cells studied suggesting heterogeneity of the distribution and function of endothelial 
RyR [ 55 ].  Transcripts   for RyR3, but not RyR1 or RyR2 have been reported in endo-
thelial cells freshly isolated from human mesenteric arteries [ 89 ]. Thus, RyR appear 
to be expressed and functional  in macrovascular endothelial cells  . However, there is 
little evidence for expression of ryanodine receptors in microvascular endothelial 
cells. In  mouse mesenteric resistance arteries  , where expression of IP3Rs are read-
ily detected, no message for the three RyR isoforms were found, and ryanodine had 
no effect on basal or acetylcholine-stimulated Ca 2+  events [ 93 ]. We have also found 
lack of expression of the three RyR  isoforms   in endothelial cells from mouse cre-
master  arterioles   (Fig.  1.4b ), and caffeine does not elicit a Ca 2+  transient in freshly 
isolated hamster cremaster arteriolar endothelial  cells   [ 23 ] (Fig.  1.5a ), although lack 
of effect of caffeine on global Ca 2+  levels does not completely exclude a role for 

  Fig. 1.4        Expression of transcripts      for IP 3 R and RyR in freshly isolated mouse cremaster arteriolar 
endothelial cells. Shown are means ± SE (n = 5 cell isolates for IP 3 R and n = 7 for RyR) abundance 
of transcripts for IP 3 R (panel  a ) and RyR (panel  b ) isoforms relative to eNOS in endothelial cell 
tubes isolated from second-order mouse cremaster arterioles. See [ 23 ,  178 ] for methodological 
details       
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RyR [ 126 ]. A lack of effect of the RyR antagonist, ryanodine, on Ca 2+  signals in 
endothelial cells in rat mesenteric arteries also has been observed [ 83 ]. Although 
species and regional heterogeneity in the expression of RyR cannot be excluded, 
these data suggest that RyR do not play a major role in Ca 2+  signaling in endothelial 
cells of resistance arteries and arterioles.   

         What Ion Channels Mediate Agonist-Induced Ca 2+  Infl ux?  

   TRP Channels 

    Endothelium-dependent vasodilators not only increase the activity of IP 3 R, by stim-
ulating the production of IP 3 , they also result in the activation of ion channels in the 
plasmalemma of endothelial cells that conduct Ca 2+  and are responsible for steady- 
state increases in intracellular Ca 2+  (i.e., the plateau phase of the Ca 2+  transient   
shown in Fig.  1.2 ). Early studies in cultured endothelial cells provided evidence that 
agonist-induced Ca 2+  entry was  electrophysiologically   and  pharmacologically   simi-
lar to the Ca 2+  entry induced by depletion of intracellular Ca 2+  stores [ 139 ,  142 ,  143 , 
 164 ,  165 ]. In primary  cultures of porcine coronary artery   endothelial cells, sub-
stance P activates a non-selective, inward whole-cell cation current that can be com-
pletely inhibited by blocking IP 3 -dependent activation of IP 3 R with heparin [ 143 ]. 
Similarly, block of IP 3 R with xestospongin-D abolishes methacholine-induced 
global Ca 2+  transients in arteriolar endothelial cells [ 23 ] (Fig.  1.2e ). These data sug-
gest that, at least under the conditions of these experiments, agonist-induced activa-
tion of  IP 3 R  , and likely release of Ca 2+  from internal stores is required to activate the 

  Fig. 1.5       Failure of caffeine to elicit  Ca 2+  transients in arteriolar endothelial cells   but not smooth 
muscle cells. Shown are representative responses of an endothelial cell tube (panel  a ) and a smooth 
muscle cell (Panel  b ) isolated by the same method from hamster cremaster arterioles [ 23 ], to the 
RyR agonist, caffeine (10 mM). Consistent with the lack of expression of RyR in arteriolar endo-
thelial cells (see Fig.  1.4b ), caffeine failed to elicit a Ca 2+  transient above baseline in endothelial 
cells in endothelial cells (n = 5 isolates from fi ve arterioles), but produced the expected response 
from smooth muscle cells isolated from the same vessels       
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Ca 2+  infl ux pathway that is responsible for the  plateau phase   of the agonist-induced 
global Ca 2+  transients, and hence the steady-state phase of agonist-induced endothe-
lial cell hyperpolarization. This does not exclude the activation of receptor, or 
second- messenger activated Ca 2+  infl ux as the currents activated may be too small 
to detect by conventional whole-cell methods, or may produce only local changes in 
Ca 2+  that do not infl uence global Ca 2+ , particularly as detected by Fura-2. 

 The ion channels that are responsible for agonist-induced Ca 2+  infl ux in native 
endothelial cells remain in question. Several members of the transient receptor 
potential (TRP)  family      of ion channels, in particular TRPC1, TRPC3, TRPC4, 
TRPC6 and TRPV4, along with members of the  stromal interaction molecule 
(STIM)   and  ORAI families   appear to be likely candidates, and it is also likely that 
multiple channels are activated and contribute to the Ca 2+  infl ux activated  by 
  endothelium- dependent vasodilators (Fig.  1.1 ). 

     The   TRP channel family form, in general, cation channels that are weakly Ca 2+  
selective (permeability for Ca 2+ /permeability for Na 2+  <10) [ 179 ]. The channel 
monomers are assumed to have six membrane spanning domains with the pore 
between segments 5 and 6, and both the C- and N-termini of the channels located 
intracellularly, with four monomers forming a functional channel [ 179 ]. 

 Endothelial cells express  TRPC1  , which may serve as store-operated Ca 2+  chan-
nels in endothelial cells [ 124 ]. However, their function in agonist-induced endothe-
lial hyperpolarization and vasodilatation remains unclear. This may partly be due to 
the observation that TRPC1 heteromultimerize with other members of the  TRPC 
family   (especially TRPC4) as well as STIM/ORAI containing channels [ 30 ]. Studies 
of cultured human pulmonary artery endothelial cells revealed expression of 
TRPC1, and that antisense oligonucleotide knockdown reduced Ca 2+  infl ux induced 
by Ca 2+  store depletion by about 50 % suggesting that TRPC1 contributes to the 
Ca 2+  infl ux pathway in these cells [ 17 ]. A similar conclusion was drawn in cultured 
bovine aortic endothelial cells using a TRPC1 antibody to inhibit basic fi broblast 
growth factor-induced Ca 2+  entry [ 7 ]. Studies of human and mouse pulmonary 
microvascular endothelial cells also support a role for TRPC1 in agonist- and Ca 2+  
store depletion-induced Ca 2+  entry and microvascular permeability [ 5 ,  92 ,  114 ,  155 , 
 156 ]. However, the roles played by TRPC1 in agonist-induced endothelial cell 
hyperpolarization and vasodilatation is not as clear. Study of carotid artery endothe-
lial cells from TRPC1 knock-out mice reveal enhanced acetylcholine-induced 
hyperpolarization, rather than decreased responses predicted based on studies of 
cultured cells and lung models [ 140 ]. Although compensatory upregulation of 
expression of other channels might explain these results, prior experiments failed to 
detect upregulation of  other   TRPC channels [ 31 ]. At the least, these results indicate 
that TRPC1 is not essential for agonist-induce endothelial cell hyperpolarization 
and that additional channels contribute to the Ca 2+  infl ux induced by agonists in 
native endothelial cells, although regional heterogeneity in expression and function 
cannot be excluded. In contrast, studies of native aortic endothelial cells  from   
TRPC1 −/−  mice demonstrated a small reduction of endothelial cell Ca 2+  transients 
induced by acetylcholine [ 87 ], suggesting that TRPC1 channels do participate, to a 
small extent, in agonist-induced Ca 2+  signals. A small reduction in  thrombin- induced 
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Ca 2+  transients was also observed after siRNA knock down of TRPC1 in cultured 
pulmonary microvascular endothelial cells [ 155 ].    Taken together, these data do not 
support a major role  for   TRPC1 in agonist-induced Ca 2+  entry into endothelial cells 
relevant to endothelial cell hyperpolarization and vasodilatation. 

  TRPC4   is another channel that has been implicated in agonist and store- depletion- 
induced Ca 2+  entry into endothelial cells [ 48 ,  155 ,  162 ]. In cultured aortic endothe-
lial cells isolated from TRPC4 −/−  mice, the plateau phase of agonist-induced Ca 2+  
transients and related endothelial cell hyperpolarization was substantially depressed 
(but not eliminated) [ 48 ], suggesting a major role for TRPC4 in agonist-induced 
Ca 2+  transients in macrovascular endothelial cells. Similarly, use of cultured, pul-
monary microvascular endothelial cells isolated from TRPC4 −/−  mice, as well as 
siRNA knock down of endogenous TRPC4 from cells isolated from wild-type mice 
demonstrated a major role for TRPC4 in thrombin- and Ca 2+ -store-depletion- 
induced Ca 2+  signals [ 155 ]. The authors also demonstrated that expression of STIM1 
was necessary for normal store-operated Ca 2+  entry and showed that STIM1 and 
TRPC4 interacted and that expression of both proteins was required for normal Ca 2+  
signaling [ 155 ].    Endothelium-dependent vasodilatation is also substantially reduced 
in vessels from TRPC4 −/−  mice [ 48 ]. These data support a role  for   TRPC4 as a Ca 2+  
infl ux pathway during agonist-induced Ca 2+  signaling, with activity triggered by 
loss of Ca 2+  from internal stores as sensed by STIM1 (Fig.  1.1 ). 

 In  human umbilical vein endothelial cells  , the Ca 2+  infl ux induced by agonists or 
depletion of intracellular stores depends on expression of STIM1 and ORAI1 with 
STIM1 serving as the sensor of ER Ca 2+  and ORAI1 forming the pore of the store- 
operated channels [ 1 ,  155 ,  190 ]. Furthermore, in contrast to the studies outlined 
above, it was shown that effective knock down of TRPC1 or TRPC4 had no effect 
on Ca 2+  store depletion-induced Ca 2+  signals in this model [ 1 ]. However, studies in 
 murine pulmonary microvascular endothelial cells   indicate that expression of 
ORAI1 is not required for normal endothelial cell Ca 2+  signaling [ 155 ]. These data 
suggest that there may be regional or species-dependent differences in the ion chan-
nels responsible for agonist-induced Ca 2+  signaling in endothelial cells. The role 
played by STIM1 and ORAI1 in agonist-induced endothelial cell hyperpolarization 
of endothelial cells in resistance arteries and arterioles has not been reported. 

  TRPV4 channels   also participate in agonist- and shear-stress-induced Ca 2+  sig-
nals in endothelial cells,  and   endothelium-dependent vasodilatation in intact vessels 
[ 8 ,  35 ,  39 ,  109 ,  149 ,  150 ,  187 ]. These channels are temperature sensitive [ 175 ], 
stretch-sensitive [ 170 ] and can be activated by EETs (Fig.  1.1 ) and phorbol ester 
derivatives [ 170 ]. Calmodulin interacts with the C-terminal domain and mediates 
Ca 2+ -dependent activation of these channels [ 153 ]. Activation of TRPV4 channels 
in endothelial cells increases intracellular Ca 2+  [ 109 ,  149 ,  150 ,  174 ,  187 ] and pro-
duces vasodilatation [ 39 ,  134 ,  149 ,  150 ,  187 ]. Importantly, the plateau-phase of 
vasodilator agonist-induced endothelial cell Ca 2+  transients are reduced in the endo-
thelium of vessels from TRPV4 −/−  mice [ 149 ,  150 ,  187 ]. In mouse mesenteric arter-
ies, TRPV4 channels cluster in the same microdomain as IP 3 R at  MEPs   (Fig.  1.3 ), 
and endothelium-dependent agonists activate these channels to produce TRPV4- 
Ca 2+  sparklets   at the sites of MEPs [ 149 ,  150 ]. Activation of Ca 2+  infl ux through only 
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a few TRPV4 channels per endothelial cell activates endothelial K Ca 2.3 and K Ca 3.1 
channels and can produce maximal vasodilatation, with activation of K Ca 3.1 chan-
nels, which also cluster at MEJ’s, occurring preferentially at low levels of TRPV4 
activation [ 149 ]. Block of TRPV4 channels with HC-067047 in mouse mesenteric 
arteries substantially inhibits the component of acetylcholine-induced vasodilata-
tion that is mediated by activation of endothelial K Ca 2.3 and K Ca 3.1 channels, sug-
gesting that TRPV4 channels play a major role in agonist-induced Ca 2+  infl ux that 
contributes to endothelial cell hyperpolarization and subsequent vasodilatation 
[ 149 ]. In mouse mesenteric arteries, muscarinic receptor agonists activate TRPV4 
channels through a signaling pathway involving PLC-β and activation of PKC that 
is targeted to the channel by the scaffolding protein, AKAP150 [ 150 ] (Fig.  1.1 ). 
Thus, TRPV4 appears to play a major role in agonist-induced endothelial cell Ca 2+  
signaling that is related to hyperpolarization and vasodilatation.    

 Evidence also has been presented suggesting that  TRPC3   is involved in agonist- 
induced Ca 2+  signaling in endothelial cells [ 75 ,  86 ,  87 ,  98 ,  141 ,  184 ]. These TRP 
channels can be activated by DAG formed through the action of PLCs on membrane 
phospholipids [ 71 ] (Fig.  1.1 ). In cerebral vascular smooth muscle, activation of 
IP 3 R1, independent from release of Ca 2+ , results in activation of TRPC3 [ 4 ]. It is not 
known if a similar interaction occurs in endothelial cells. TRPC3 is involved in 
fl ow- and bradykinin-induced vasodilatation in rat small mesenteric arteries, but not 
dilation induced by histamine, ATP or cyclopiazonic acid [ 98 ]. As with TRPV4, 
TRPC3 appears to cluster near  MEPs   in rat mesenteric resistance artery endothelial 
cells [ 141 ]. In rat mesenteric arteries, the TRPC3 blocker, Pyr3, inhibited endothe-
lial cell hyperpolarization and the portion of acetylcholine- induced   endothelium- 
dependent vasodilatation mediated by activation of K Ca 2.3 and K Ca 3.1 channels and 
the consequent endothelial cell hyperpolarization [ 141 ]. These data suggest a close 
physical and functional relationship between TRPC3 and the K Ca  channels that 
mediate agonist-induced endothelial cell hyperpolarization. In contrast, in porcine 
coronary arteries, the TRPC3 antagonist Pyr3 inhibited the portion of bradykinin- 
induced vasodilatation that is mediated by NO, NO production in isolated endothe-
lial cells and bradykinin-induced endothelial cell Ca 2+  transients suggesting that 
TRPC3 channels contributed to Ca 2+  signaling directed at NO production in this 
system [ 75 ]. In murine cerebral arteries, ATP-induced endothelial cell Ca 2+  tran-
sients are reduced by Pyr3 or in cells isolated from TRPC3 -/-  mice, and Ca 2+  entry 
through TRPC3 appears to selectively activate K Ca 2.3 channels during the plateau- 
phase of agonist-induced endothelial cell hyperpolarization [ 86 ]. Thus, there appear 
to be regional and likely species-dependent differences in the roles played by 
TRPC3 in endothelial cell Ca 2+  signaling and hyperpolarization. This likely repre-
sents differences in the localization of the channels and the  signaling   microdomains 
in which they are expressed. 

 Endothelial cells in cerebral arteries also express  TRPA1 channels   that, when 
activated, produce endothelial cell hyperpolarization  and   endothelium-dependent 
vasodilatation [ 37 ,  154 ]; the endothelium of mouse, rat or human coronary, renal or 
mesenteric arteries do not express transcripts or protein for TRPA1 [ 154 ]. The 
TRPA1 subunits have 14–18 ankyrin repeats at their amino-terminal that give the 
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channels their name, are activated by a diverse array of chemicals including pungent 
substances found in mustards and garlic and are heavily expressed in sensory nerves 
[ 9 ]. In endothelial cells of cerebral arteries, these channels cluster at  MEPs   and co- 
localize with K Ca 3.1 channels [ 37 ,  38 ,  154 ] (Fig.  1.3 ). Activation of TRPA1 leads to 
TRPA1-Ca 2+    sparklets [ 154 ]. Vasodilatation induced by activation of TRPA1 chan-
nels with allyl isothiocyanate (AITC) in substantially inhibited by the K Ca 3.1 
blocker, TRAM34 and abolished by the combination of TRAM34 and the K Ca 2.3 
blocker, apamin, but is unaffected by blockade of nitric oxide synthase or cyclooxy-
genase [ 37 ,  154 ]. These data indicate that Ca 2+  infl ux through TRPA1 primarily 
activates endothelial cell K Ca  channels to produce vasodilatation. Furthermore, as 
with TRPV4 channels [ 149 ], only a small number of active TRPA1 channel clusters 
per endothelial cell are required for maximal vasodilatation [ 154 ]. It was also shown 
that vasodilatation induced by AITC could be inhibited by Ba 2+  suggesting that 
inward rectifi er K +  channels either amplify the hyperpolarization induced by activa-
tion of endothelial cell K Ca  channels, or transduce the endothelial cell K Ca  channel 
activation by detecting the K +  released through the K Ca  channels [ 37 ] (Fig.  1.1 ). In 
the endothelium of cerebral arteries,    TRPA1 co-localizes with NADPH oxidase 
(NOX) isoform 2, and lipid peroxides produced by NOX2 activate these channels to 
produce vasodilatation [ 154 ]. 

 Expression and function of  TRPV3 channels   in rat cerebral artery endothelial 
cells also has been reported [ 38 ]. These channels appear to be more uniformly 
expressed than TRPV4 or TRPA1 [ 38 ]. Activation of TRPV3 with agents such as 
the oregano monoterpenoid phenol, carvacrol, increases endothelial cell Ca 2+  and 
activates endothelial cell K Ca  channels to produce endothelial cell hyperpolarization 
and  vasodilatation   [ 38 ]. 

 Finally, endothelial cells also express  TRPC6   that appears to contribute to Ca 2+  
signaling [ 21 ,  60 ,  100 ,  127 ,  145 ]. As for TRPC3, TRPC6 is activated by DAG pro-
duced simultaneously with the formation of IP 3  by PLCs [ 71 ] (Fig.  1.1  and Table 
 1.1 ). Human pulmonary artery endothelial cells express TRPC6, and siRNA knock-
down of this channel impairs Ca 2+  signaling and increases monolayer permeability 
induced by thrombin [ 145 ]. Human dermal microvascular endothelial cells in cul-
ture  express   TRPC6, but not TRPC3, and the plateau phase of the histamine-induced 
increase in Ca 2+  is reduced by SKF96365 in these cells. Furthermore, histamine- 
induced increases in microvascular permeability are abolished in TRPC6 −/−  mice 
supporting a role for this channel in regulation of microvascular Ca 2+  signaling and 
permeability [ 21 ]. Increased microvascular permeability induced by vascular endo-
thelial growth factor (VEGF) appears to be mediated by  TRPC6   [ 127 ], and VEGF- 
induced Ca 2+  transients are reduced in cultured human microvascular endothelial 
cells expressing a dominant-negative form of TRPC6 [ 60 ]. Mouse aortic endothelial 
cells express TRPC6 and TRPC3, but carbachol-induced Ca 2+  transients in isolated 
endothelial cells as well as carbachol-induced endothelium-dependent relaxation of 
aortas are reduced only in vessels isolated from TRPC6 −/−  mice [ 100 ]. The role of 
 TRPC6   in agonist-induced Ca 2+  signaling related to vasodilatation of arterioles and 
resistance arteries remains to be established. 
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 Taken together, these data suggest that it is likely that there are multiple ion chan-
nels in the plasma membrane of endothelial cells that conduct Ca 2+  into the cells to 
activate endothelial cell K Ca  channels (and other processes) to produce endothelial 
cell  hyperpolarization   (Fig.  1.1 ). Agonists that activate Gα q -coupled receptors 
appear to activate multiple channels including TRPC3, TRPC4, TRPV4 and possi-
bly TRPC6 (Fig.  1.1 ). However, the roles played by each of these channels, together, 
in concert, remains to be established. Regional and species dependent heterogeneity 
in expression and function of these channels cloud our view of the larger picture. 
The use of isolated, intact blood vessels using multiple approaches (as for studies of 
TRPV4 [ 149 ,  150 ]) appears to be a step in the right direction in solving this 
puzzle.  

    Voltage-Gated Ca 2+  Channels 

    The expression of voltage-gated Ca +  channels ( VGCC  )    in endothelial cells is con-
troversial. Capillary endothelial cells from bovine adrenal medullas were reported 
to express both L-type and T-type VGCC as assessed by patch clamp techniques 
[ 167 ]. However, the function of these channels was not defi ned. More recently, 
mouse and rat pulmonary microvascular endothelial cells have been shown to 
express CaV3.1-based T-type VGCC that appear to be involved in thrombin-induced 
Ca 2+  signals, cell adhesion, exocytosis of von Willebrand’s Factor and depolarization- 
induced Ca 2+  signaling [ 177 ,  180 ,  189 ]. Endothelial cells of mesenteric arterioles 
label with antibodies for CaV3.2, but not CaV1.2 or CaV3.1 and these channels 
were proposed to participate in  conducted vasomotor responses   [ 16 ]. 
Immunofl uorescence identifi ed CaV3.1 and CaV3.2 in endothelial cells in rat mid-
dle cerebral artery and its branches, although their function was not studied [ 91 ]. In 
mouse mesenteric arteries, CaV3.1 has been detected in the endothelium by immu-
nofl uorescence, was colocalized with eNOS and appeared to play a role in 
depolarization- induced NO synthesis based on studies employing CaV3.1 knockout 
mice [ 157 ]. In mouse cremaster muscle arterioles, CaV3.2 has been implicated in 
electrically-induced, conducted vasodilatation based on the pharmacology of this 
response [ 45 ]. However, the location of the channel was not established. Thus, there 
appears to be some evidence for expression of T-type channels in endothelial cells 
of resistance arteries and arterioles. However, their electrophysiological function 
has not been adequately explored in other than cultured cells, particularly in the 
peripheral microcirculation. Whether hyperpolarization of endothelial cells induced 
by vasodilators can activate current through T-type channels by reducing voltage- 
dependent inactivation and recruiting a window-current has not been established. 
Depolarization of freshly isolated hamster arteriolar endothelial cells does not, in 
and of itself, elicit a global change in intracellular Ca 2+  [ 23 ]. These data do not sup-
port a major role  for   VGCC in these endothelial cells.   
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    Which Ion Channels Mediate Agonist-Induced Endothelial 
Cell Hyperpolarization? 

 Early studies in endothelial cells from conduit arteries and in cultured cells showed 
that agonists of Gα q -protein-coupled receptors resulted in Ca 2+  signals in endothe-
lial cells [ 18 ,  25 ,  142 ], activation of endothelial cell Ca 2+ -activated K +  channels [ 18 , 
 24 ,  25 ,  53 ,  142 ] and endothelial cell hyperpolarization [ 18 ,  142 ]. 

     K Ca 2.3 and K Ca 3.1 Channels   

 Native endothelial cells in resistance arteries primarily express two types of K Ca  
channels: K Ca 2.3, the small-conductance, K Ca  ( SK Ca )    channel   and K Ca 3.1, the 
intermediate- conductance K Ca  ( IK Ca ) channel      [ 41 ,  57 ,  88 ,  137 ,  144 ,  160 ]. The chan-
nels are the products of  distinct genes   (KCNN3 and KCNN4, respectively [ 176 ]) 
(Table  1.1 ). Both channels are  voltage insensitive   and use  calmodulin   as the Ca 2+  
sensor, which interacts with the intracellular C-terminus of both channels to gate 
channel opening [ 44 ,  182 ]. The concentration of free Ca 2+  required for 50 % of 
maximal activation of both K Ca 2.3 [ 182 ] and K Ca 3.1 [ 78 ] is on the order of 300 nM, 
with the threshold for activity at approximately 100 nM and maximal activity at 
1 μM [ 78 ,  182 ]. These channels display distinct pharmacology that has aided in 
elucidating their function in intact vessels (Table  1.1 ). 

    Both K Ca 2.3 and K Ca 3.1 can contribute to endothelial cell hyperpolarization 
induced by agonists of  Gα q -protein coupled receptors  , such as acetylcholine acting 
at M 3 -muscarinic receptors: for example, in guinea-pig carotid artery [ 26 ], rat mes-
enteric arteries preconstricted with phenylephrine [ 27 ] and porcine coronary arter-
ies [ 19 ], inhibition of agonist-induced hyperpolarization requires block of both 
K Ca 2.3 and K Ca 3.1. However, in several systems, agonist-induced hyperpolarization 
of endothelial cells appears to be mediated by K Ca 3.1 alone. In  rat middle cerebral 
arteries  , block of K Ca 3.1 alone abolishes endothelial cell hyperpolarization and sub-
sequent vasodilatation induced by UTP [ 108 ]. Similarly, in  mouse carotid arteries 
and cremaster muscle microcirculation  , K Ca 3.1 appear to dominate acetylcholine- 
induced vasodilatation based on studies using knockouts of K Ca 2.3 or K Ca 3.1 [ 15 ]. 

    The  distribution   of K Ca 2.3 and K Ca 3.1 in the plasma membrane of endothelial cells 
is neither random nor uniform. In the endothelium of mouse [ 93 ] and rat [ 137 ] mes-
enteric resistance arteries and rat cerebral arteries [ 37 ], K Ca 3.1 appear to cluster at 
 MEPs   (Fig.  1.3 ), with some of these  MEPs   containing gap junction proteins (Connexin 
40 and 37) and forming gap junctions with overlying vascular smooth muscle cells 
( MEJs  ) (see [ 136 ] and references therein). At MEPs and MEJ’s, K Ca 3.1 likely exist in 
macromolecular signaling complexes with IP 3 Rs [ 93 ], TRPA1 channels [ 37 ], TRPV4 
channels [ 149 ,  150 ], anchoring proteins (e.g., AKAP150 [ 150 ]), protein kinases (e.g., 
PKC [ 150 ]) and likely G-protein coupled receptors [ 150 ]. This localization appears 
to facilitate activation of K Ca 3.1 channels by local Ca 2+  signals [ 37 ,  93 ,  149 ,  150 ] and 
 transmission   of K Ca 3.1-mediated hyperpolarization from endothelial cells to overly-
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ing smooth muscle cells via  MEJs   (Fig.  1.3 ). In addition, it has been proposed that 
activation of K Ca 3.1 channels by Ca 2+  infl ux through TRPV4 channels has a positive-
feedback effect on Ca 2+  infl ux through TRPV4 [ 128 ] (Fig.  1.1 ). 

    In contrast, K Ca 2.3 channels appear to localize on the periphery of endothelial 
cells [ 137 ]. These channels also likely exist in signaling microdomains. In  rat mes-
enteric arteries   K Ca 2.3 localizes in cholesterol-rich areas (caveolae or lipid rafts) and 
colocalizes with caveolin-1 [ 2 ]. In rat cerebral arteries, Ca 2+  infl ux through TRPC3 
channels selectively activates K Ca 2.3 [ 86 ], suggesting co-localization of the two 
channels. The localization of K Ca 2.3 in caveolae adjacent to gap junction plaques 
between endothelial cells also likely explains why  shear-stress-induced dilation   is 
severely attenuated in carotid arteries from mice with conditional knockout of 
K Ca 2.3 [ 15 ]. The differential  cellular distribution   of K Ca 2.3 and K Ca 3.1 and their 
respective signaling microdomains likely explain how these channels contribute to 
different aspects of agonist-induced endothelial cell hyperpolarization [ 27 ,  144 ]. 

 In addition to  agonist-mediated events  , endothelial cell K Ca 2.3 and K Ca 3.1 appear 
to be active at rest contributing to endothelial cell membrane potential and the regu-
lation of myogenic tone particularly in small resistance arteries and arterioles. For 
example, overexpression of K Ca 2.3 hyperpolarizes mouse mesenteric artery endo-
thelial cells and reduces myogenic tone, whereas conditional knockout depolarizes 
the cells and increases tone [ 160 ]. Similarly,  blockade   of either K Ca 2.3 or K Ca 3.1, or 
both channels increases myogenic tone in rat cerebral parenchymal arterioles [ 22 , 
 63 ]. It is noteworthy that in upstream middle cerebral arteries, under similar condi-
tions, inhibition of K Ca 2.3 and K Ca 3.1 had a smaller effect on myogenic tone than 
was observed in downstream parenchymal arterioles, despite their importance in 
agonist-induced vasodilatation [ 22 ]. These data suggest that there are regional dif-
ferences in the roles played by these channels with increased function in the 
microcirculation.     

     K Ca 1.1 Channels   

 The  expression   and function of Large-conductance Ca 2+ -activated K +  (K Ca 1.1) chan-
nels in endothelial cells remains controversial [ 135 ]. These voltage and Ca 2+ -
sensitive K +  channels have a much larger conductance (~250 pS) than K Ca 2.3 or 
K Ca 3.1, are intrinsically sensitive to Ca 2+  (i.e., they do not require association with 
calmodulin), and display distinct pharmacology [ 73 ] (Table  1.1 ). These channels 
are highly expressed in vascular smooth muscle cells [ 80 ,  122 ]. Studies of cultured 
endothelial cells have repeatedly demonstrated expression and function of K Ca 1.1 
channels (see [ 135 ] for references).    However, the function and expression of 
K Ca 1.1 in native and freshly isolated endothelial cells is not clear. For example, in 
patch-clamp studies of freshly isolated endothelial cells from bovine coronary arter-
ies [ 50 ], mouse carotid arteries [ 15 ], and rat  cerebral   parenchymal arterioles [ 63 ] no 
currents characteristic of K Ca 1.1 are detected and essentially all Ca 2+ -activated cur-
rents are inhibited by the combination of a K Ca 2.3 and a K Ca 3.1 blocker. However, 
currents through K Ca 1.1 have been recorded in endothelial cells isolated from rats 
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exposed to chronic hypoxia [ 76 ,  131 ] or from endothelial cells acutely exposed to 
β-methylcyclodextrin to deplete membrane cholesterol [ 131 ], effects that could be 
reversed by exposure of cells to a membrane permeant version of caveolin-1 [ 131 ]. 
These data are consistent with an earlier study in cultured endothelial cells indicat-
ing that K Ca 1.1 are targeted to caveolae and that caveolin-1 inhibited the function of 
K Ca 1.1 in that microdomain [ 173 ].    These data suggest that, in some endothelial 
cells, K Ca 1.1 channels may be silent under normal conditions, but can be upregu-
lated by conditions, such as chronic hypoxia, that disrupt membrane microdomains. 
This idea is consistent with the hypothesis that K Ca 1.1 expression and function in 
endothelial cells only occurs during stress or pathological conditions [ 135 ]. 
Immunohistochemical  localization   of K Ca 1.1 has been reported in rat cremaster 
arterioles [ 163 ]. There must be regional or species differences in expression of 
K Ca 1.1 because no transcripts or protein for K Ca 1.1 were detected in bovine coronary 
artery endothelial cells [ 50 ] excluding the possibility that there are silent K Ca 1.1 
present in these cells. We also have not detected transcripts for K Ca 1.1 channels in 
endothelial cells isolated from mouse cremaster arterioles or upstream feed arteries 
(n = 5 endothelial cell isolates from fi ve mice, Jackson, unpublished observations). 
Additional studies where message, protein expression, protein localization  and 
  electrophysiology are performed will be required to resolve this issue.     

     K IR 2.X Channels   

 Endothelial cells also express inward rectifi er K +  (K IR ) channels [ 123 ]. In  resistance 
arteries and arterioles  , endothelial cells appear to express two to four  isoforms   of K IR  
channels: strong inward rectifi ers, K IR 2.1, K IR 2.2, and K IR 2.3 (Table  1.1 ) and weak 
inward rectifi ers K IR 6.1 and K IR 6.2 that form ATP-sensitive K +  (K ATP ) channels. The 
function of K ATP  channels will not be addressed. In general, K IR  channels are  tetra-
mers   of K IR  subunits, with each subunit having two membrane-spanning domains 
with a pore-forming loop in between [ 68 ].    As shown in Fig.  1.6 ,  at   potentials more 
negative than the K +  equilibrium potential, K IR  channels have a higher conductance 
and pass current in the inward direction, whereas at more positive potentials, channel 
conductance is reduced. This  inward-rectifi cation   gives K IR  channels their name and 
results from voltage-dependent block of the channel pore by intracellular Mg 2+  and 
polyamines [ 68 ]. The  physiological function   of K IR  channels is predominantly medi-
ated by the outward “hump” in the  current-voltage relationship   (Fig.  1.6 ). Over 
membrane potentials that accompany this portion of the current-voltage relationship 
for K IR , outward currents through these channels will tend to hyperpolarize cells, 
driving the membrane potential towards the K +  equilibrium potential. It is this char-
acteristic of the strong inward rectifi ers like K IR 2.1 and 2.2 that sets the resting mem-
brane potential of cardiac muscle, skeletal muscle and nerves to be quite negative 
and near the K +  equilibrium potential [ 68 ]. Elevation of extracellular K +  increases 
the  conductance   of K IR  channels (Fig.  1.6 ) and shifts the outward hump to more posi-
tive membrane potentials which allows these channels to transduce changes in 
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extracellular K +  concentration into hyperpolarizing outward K +  currents (more on 
this below). The strong inward rectifi er K IR  channels can be blocked by micromolar 
concentration of Ba 2+  (Table  1.1 ), which has been the primary pharmacological tool 
used to study the physiological function of these channels.   

   In cultured endothelial cells, currents through strong  inward rectifi er   K IR  chan-
nels dominate the whole-cell, current-voltage relationship [ 3 ,  123 ], and from stud-
ies of cultured macrovascular and microvascular endothelial cells it was proposed 
that macrovascular, but not microvascular endothelial cells express K IR  channels 
[ 123 ]. However, studies of freshly isolated endothelial cells from  porcine brain cap-
illaries   [ 74 ], guinea pig coronary capillaries [ 169 ], rat mesenteric resistance arteries 
[ 28 ], rat cerebral resistance arteries [ 86 ], mouse cerebral penetrating arterioles 
[ 101 ] and hamster cremaster arterioles [ 81 ] (Fig.  1.6 ) all display  Ba 2+ -sensitive K IR  
currents  . Expression of message for K IR 2.1, 2.2 and possibly 2.3 has been reported 
in guinea pig coronary capillary endothelial cells [ 99 ]. Similarly, in primary cul-
tures of rat brain capillary endothelial cells K IR 2.1, 2.2 and a much lower level of 
K IR 2.3 have  been   detected [ 115 ]. In mouse and rat skeletal muscle arteriolar endo-
thelial cells, we have detected the expression of K IR 2.1, but not K IR 2.2 at the protein 
 level   (Fig.  1.7 ).

  Fig. 1.6    K IR  channel currents  in arteriolar endothelial cells  . Shown are mean ± SE (n = 5) current- 
voltage relationships recorded from freshly isolated hamster cremaster arteriolar endothelial cells 
(see Fig.  1.2  and [ 23 ,  81 ] for method details) with 5 or 15 mM K +  in the extracellular solution as 
indicated. At rest, these cells have a resting membrane potential of ~−30 mV [ 23 ], and K IR  chan-
nels contribute little to the resting membrane potential. However, note that membrane hyperpolar-
ization from this potential, due to opening of K Ca  channels, for example, will recruit current 
through K IR  channels, amplifying the original hyperpolarization. K IR  channels are also sensitive to 
increases in extracellular [K + ] as shown, which increases the conductance of these channels and 
shifts the reversal potential and the outward “hump” to more positive potentials as shown. Thus, 
increases in extracellular K + , due to release of K +  from active skeletal muscle, or from release of 
K +  from endothelial K Ca  channels, for example, will also recruit outward current through K IR  chan-
nels that will hyperpolarize endothelial cells. Figure modifi ed from [ 81 ]       
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  Fig. 1.7    Expression of K IR  protein in  skeletal muscle arterioles  . Top panels show western 
blots for K IR 2.1 and K IR 2.2 in mouse and rat skeletal muscle arteriolar whole homogenates dem-
onstrating expression of both proteins. In both panels each lane is as follows: Lane 1 = 1° + 2° 
antibody for indicated protein, Lane 2 = 2° antibody only, Lane 3 = 1° antibody only, Lane 
4 = 1° + 2° antibody for indicated protein and Lane 5 = 2° antibody only. Lanes 1–3 contain mouse 
abdominal arteriolar whole homogenate and Lanes 4 and 5 contain rat cremaster arteriolar whole 
homogenate. Representative of three experiments. Antibodies: 1° Kir2.1 (1:200) (Alomone) + 2° 
HRP- conjugated mouse anti-rabbit, light chain specifi c (1:25,000) (Jackson Immuno Research)1° 
Kir2.2 (1:400) (Alomone) + 2° HRP-conjugated goat anti-rabbit (1:2000) (Cell Signaling). 
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   The function of K IR 2.X channels in  endothelial cells of resistance arteries   has 
been understudied. Theoretically, the expression of these channels in endothelial 
cells could serve to amplify endothelial cell hyperpolarization induced by the acti-
vation of other K +  channels and also serve to transduce small increases in extracel-
lular K +  into cell hyperpolarization. In  blood vessels   where K IR 2.X channels are 
expressed in the vascular smooth muscle, evidence for both of these functions has 
been demonstrated: smooth muscle K IR  channels serve to amplify smooth muscle 
hyperpolarization induced by other means [ 82 ,  146 ] and it is well established that 
elevated extracellular K +  causes vasodilatation that is mediated, at least in part, by 
activation of smooth muscle K IR 2.X channels [ 85 ,  101 ,  122 ,  186 ]. It has been argued 
that endothelial K IR  channels do not play similar roles, primarily based on studies of 
 rat mesenteric arteries   in which the endothelial cells, but not the smooth muscle 
cells express functional K IR  channels [ 146 ]. However, this hypothesis has not been 
adequately tested, particularly in arterioles with only a single layer of smooth mus-
cle and strong expression of K IR  channels. Endothelial and smooth muscle-selective 
knockdown, as proposed by Longden and Nelson [ 101 ], would provide an appropri-
ate system in which  to   better evaluate the roles played by endothelial K IR  channels.   

    Concluding Remarks 

 Endothelial cells importantly contribute to the regulation of the vasomotor function 
of resistance arteries and arterioles, and it is clear that a number of ion channels in 
these cells contribute to this function. As noted throughout this chapter, there 
appears to be substantial regional and species differences in the expression and 
function of endothelial cell ion channels that clouds a clear view of the function of 
individual channels and the interplay among and between specifi c channels. It 
appears that many, if not all of these channels exist in macromolecular signaling 
complexes. This further complicates analysis of the individual roles played by spe-
cifi c channels. While knockout approaches are certainly an important tool in study-
ing the function of specifi c channels, given these macromolecular complexes, the 
likelihood of off target effects in disrupting other functions of such complexes is 
signifi cant, but usually overlooked, and may explain why different answers are 
achieved using knockout approaches vs. pharmacology. The use of cell-specifi c 

Fig. 1.7 (continued) Bottom panels show immunofl uorescence localization of K IR 2.1 and 
K IR 2.2 in mouse abdominal arteriolar smooth muscle cells and endothelial cells. Vessels were 
enzymatically dissociated to yield single smooth muscle cells and endothelial cell tubes (labeled 
ECs) as described [ 23 ], the cells were fi xed with 4 % paraformaldehyde and stained with the same 
antibodies as in top panels. Smooth muscle cells were identifi ed by staining for α-smooth muscle 
actin ( Green  in  middle  panels). Note that endothelial cells expressed only K IR 2.1, whereas smooth 
muscle cells expressed both K IR 2.1 and 2.2 ( Red  in  right  panels). Data are representative of three 
isolates. Similar results were obtained in cells isolated from rat cremaster arterioles       
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conditional knockouts, as well as knockins of dominant negative channels coupled 
with careful pharmacological approaches may help to resolve the questions that still 
remain. Because of the inherent heterogeneity of expression and function of ion 
channels in different vascular beds, the detailed study of individual beds among spe-
cies and particularly in humans is to be encouraged rather than stifl ed.     
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    Abstract     The endothelium is a highly metabolically active organ that plays a pivotal 
role in many physiological processes. Endothelial cells express a diversity of cal-
cium-permeable ion channels that can be activated in response to a variety of stimuli 
including Ca 2+  store depletion, oxidative stress, growth factors, and endotoxins. 
Emerging evidences have implicated the critical requirement of Ca 2+  signaling in 
numerous vascular functions including vasomotor tone, barrier function, leukocyte 
homing and adhesion, infl ammation, and hemostasis. The goal of this chapter is to 
present a comprehensive review of the expression and regulatory mechanisms of 
Ca 2+  channels in endothelial cells, and discuss their contribution to vascular endothe-
lial cell physiology and pathophysiology processes.  

  Keywords     Endothelial cell   •   Endothelium   •   Permeability   •   SOCE   •   TRPC channels   
•   TRPC1   •   Orai1   •   STIM1   •   Ca 2+  signaling   •   Cell function  

      Introduction 

  The   endothelium is the largest organ in the body forming a highly specialized cellular 
network that is composed of 1–6 × 10 13  endothelial cells (ECs) [ 1 ,  2 ] with an estimated 
surface area that exceeds 1000 m 2  [ 3 ]. ECs line the inner wall of the entire vascular 
tree, forming a critical interface between the circulating blood and the surrounding 
tissues [ 4 ], thereby playing a key role in various physiological and pathological pro-
cesses such as blood supply, nutrient delivery, metabolic homeostasis, immune cell 
traffi cking and infl ammation [ 5 – 7 ]. 

 Under physiological  conditions  , ECs exert a number of functions that are impor-
tant for normal homeostasis (see Fig.  2.1 ). The most important functions of the 
endothelium include regulating  vasopermeability   (i.e.  barrier function  ) [ 8 ], 
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 prevention of inappropriate coagulation [ 9 ], regulation of microcirculation bypro-
duction, and release of vasoactive mediators that can control the tones of underly-
ing vascular smooth muscles and modulate EC functions themselves [ 10 ]. However, 
these functions can be signifi cantly altered for adaptive responses under pathologi-
cal conditions [ 7 ]. Specifi cally, ECs are the fi rst cells exposed to invading patho-
gens circulating in the bloodstream, and have a prominent role in surveying the 
circulation of molecules of invading microbial pathogens. Furthermore, receptors 
of the innate immune system in EC scan be activated by microbial components and 
contribute to host-defense via the release of infl ammatory mediators, recruit leuko-
cytes and promote clotting as a measure to contain infections.

    Ca 2+  signaling   in ECs has been shown to be critically required for the  physiologi-
cal and pathological processes   described above [ 11 ]. In particular, it has been shown 
that release of vasoactive mediators is tightly governed by Ca 2+  signaling, and that 
the increase in endothelial permeability depends on both Ca 2+  release from the 
endoplasmic reticulum as well as Ca 2+  entry through the  plasma membrane (PM)   
[ 11 ]. The expression of adhesion molecules and the initiation of an infl ammatory 
cascade have also been shown to be facilitated by Ca 2+  signaling [ 12 ]. All these 
processes, which are vital for maintaining EC  homeostasis  , are interconnected via 
Ca 2+  signaling, underpinning the importance of ion channels in the regulation of EC 
function. In addition, the gating and activation of ion channels are rapid processes 
that enable ECs to react to changes in the local environment by adjusting their func-
tion in a timely manner. Elucidating the  mechanisms   of Ca 2+  signaling in ECs and 
the associated downstream signaling cascade promises to provide novel insights as 
to how these processes can be differentially regulated in a specifi c spatial and tem-
poral manner as well as identify checkpoints that are critical for particular 
functions. 

 Thus, in this review, we will focus on Ca 2+  entry pathways that have been 
reported in ECs. In particular, we will discuss store-operated calcium entry (SOCE) 
that has been shown to be critically required for multiple EC functions, and can 

Physiological homeostasis

Endothelium

Injury, Infection

Blood flow

Hemostatic function

Vascular tone control
Barrier function

NO, PGI2, EDHF

Anti-coagulation

Blood flow Proinflammatory
Cytokines Coagulation

ICAM-1, VCAM-1 ↑
Leukocyte recruitment

Hyperpermeability
Fluid, Protein, Edema Angiogenesis

Proliferation, tubulogenesis

Blood flow

  Fig. 2.1     Physiological and pathophysiology function   of endothelial cells. Schematic overview of 
the various functions mediated by endothelial cells that impact physiological homeostasis, and 
their response under pathological conditions       
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therefore provide insights into the role of Ca 2+  signaling in vasculature and shed 
light on the potential importance of ion channels as therapeutic targets for various 
cardiovascular diseases.  

    Ca 2+  Entry Pathway in Endothelial Cells 

    Store-Operated Calcium Entry 

    Store-operated calcium entry (SOCE) is an ubiquitous  Ca 2+  entry pathway   in all 
excitable and non-excitable cells that was fi rst  described   by Putney almost three 
decades ago [ 13 ]. The primary trigger for SOCE activation is the depletion of the 
 endoplasmic reticulum (ER) Ca 2+  store     . Conversely, refi lling this store leads to 
SOCE inactivation. Under  physiological conditions  , SOCE is activated in response 
to stimulation of  G-protein coupled receptors (GPCR)   in the plasma  membrane   that 
results in an increase in  phospholipase C (PLC) activity  , and facilitates PI(4,5)P 2  
hydrolysis, IP 3  generation, and IP 3 -mediated Ca 2+  release from  the    ER   (see Fig.  2.2 ). 
This decrease in ER Ca 2+  content subsequently leads to activation of SOCE through 
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  Fig. 2.2     Mechanism   of Store-operated Ca 2+  entry (SOCE) and  Receptor-operated Ca 2+  entry 
(ROCE)      in endothelial cells. (1) An agonist (e.g. thrombin,  VEGF  ) binds to G-protein coupled 
receptors or receptor tyrosine kinases. (2) Through the activation of phospholipase C (PLC), phos-
phatidylinositol 4,5-bisphosphate (PI(4,5)P 2 ) is hydrolyzed into the secondary messenger inositol 
1,4,5-trisphosphate (InsP3) and diacylglycerol (DAG). (3) IP3 rapidly diffuse across the cytosol and 
interact with IP 3  receptors (IP 3 R) located in the ER, which results in depletion of the calcium stored 
in the ER lumen through opening of the IP 3 R. (4) Ca 2+  dissociates from the EF-hand of STIM, facili-
tating STIM protein translocation and oligomerization in the plasma membrane ER junction. (5) 
The C-terminus of the STIM protein undergoes a conformational change to an extended structure, 
enabling it to directly gate plasma membrane SOCE channels ( Orai1  ,  TRPC1  /4). (6) DAG directly 
activates receptor-operated calcium (ROC) channel(s) (TRPC3/TRPC6)       
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the opening of transmembrane store-operated calcium (SOC) channels. Ca 2+  infl ux 
through these channels plays a primary role in refi lling the ER Ca 2+  store. Multiple 
studies have demonstrated that this Ca 2+  infl ux mechanism can also regulate a broad 
spectrum of cellular responses such as EC migration, proliferation, T cell activation 
and mast cell degranulation [ 14 ]. Yet, only following the recent identifi cation of the 
genes encoding the SOCE components, has it become possible to determine the 
structure of the fundamental units of SOCE. Furthermore, identifi cation of the sig-
naling mechanisms that underlie activation of SOC channels at the plasma mem-
brane as a function of the fi lling status of the ER Ca 2+  store, remain a major hurdle 
in SOCE research.

       Molecular Components of the SOCE 

       Canonical Transient Receptor Potential (TRPC) Channels 

 The search for SOC channels led to the discovery of the mammalian transient recep-
tor potential (TRP) channels. Among these,  TRPC1   was the fi rst mammalian TRP 
protein to be identifi ed. Subsequent research revealed that mammalian TRP genes 
encode a  superfamily of ion channels   that can be grouped into seven subfamilies: 
TRPC, TRPV, TRPM, TRPA, TRPN, TRPP, and TRPML. All TRP channels are 
 tetramers   comprised of four subunits arranged around a central pore [ 15 ]. The  trans-
membrane domain   of each subunit consists of six membrane-spanning domains. 
Different TRP subunits can assemble in homomeric and/or heteromeric  structures  . 
However, little is known about the subunit  stoichiometry and biophysical properties   
of native TRP channels expressed in different cell types. Yet, different combinations 
of TRP channels may confer specifi c cellular functions in a  cell-type and tissue- 
specifi c manner  . Therefore, the physiological implications of the diversity in hetero-
meric channel assembly, and its resultant variations in cation conductance have 
become a major interest in TRP channel research. 

    The canonical TRPC protein subfamily includes seven isoforms ( TRPC1   to 7)    with 
size range from 700 to 1000 amino acids. Members of the TRPC subfamily were pro-
posed as candidate channels for SOCE based on their activation by stimuli that lead to 
PI(4,5)P 2  hydrolysis. Indeed, all mammalian TRPCs require  PLC   for activation [ 16 ]. 
However, there is variability in their selectivity for Ca 2+  versus other cations, and in the 
mechanism coupling PLC activity to channel stimulation. Several TRPC proteins are 
stimulated through the SOCE mechanism including TRPC1, TRPC4, and TRPC5 in 
homomeric form, and TRPC3 and TRPC6 as a part of heteromultimers [ 17 ]. On the 
other hand, several mammalian TRPCs (TRPC3, TRPC6, and TRPC7) are coupled to 
 PLC   activation and activated in a store- independent manner by diacylglycerol (DAG). 
Whether these DAG-sensitive TRPC channels form homomultimers or heteromultimers 
remains unclear. It has also been reported that subunits from other TRP sub-families can 
form heteromeric channels with members of the TRPC family, and contribute to SOCE 
activity [ 18 ,  19 ]. However, this result is controversial, and additional studies are required 
to further investigate it.  
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     Expression   of TRPC Channels in Endothelial Cells 

    TRPC channels have been shown to be abundantly expressed in ECs obtained from 
a variety of sources. All TRPC isoforms were detected in primary ECs [ 10 ].  TRPC1   
and TRPC3 to TRPC6 were identifi ed in bovine aortic ECs [ 20 ]. In contrast, bovine 
pulmonary artery ECs did not express the TRPC3 isoform. Data from our group 
have demonstrated the expression of  TRPC1, TRPC3, TRPC4 and TRPC6   in human 
umbilical vein ECs ( HUVECs  )   ,  human dermal microvascular ECs (HDMECs)   and 
human pulmonary artery ECs ( HPAECs  )    [ 21 ]. In addition to cultured ECs, several 
studies examined the expression profi le of TRPC channels in ECs from intact ves-
sels. TRPC1 and TRPC3 have been shown to be expressed in human mesenteric 
arteries by using single-cell RT-PCR [ 22 ] whereas in another study, in situ hybrid-
ization yielded strong labeling of TRPC1,3-6 in endothelial and smooth muscle 
cells of human coronary and cerebral arteries [ 23 ]. TRPC7 labeling was exclusively 
found in ECs but not in smooth muscle cells [ 23 ]. These studies have shown that the 
expression profi le of TRPC channels may be different with respect to ECs derived 
from different vascular beds and/or from different animal species, suggesting that 
the function of ECs can be differentially regulated by expressing specifi c combina-
tions of TRPC channels such that ECs from different vascular beds can response to 
environmental stimuli in a distinctive spatial and temporal  manner  .     

    STIM Proteins and Orai Channels 

       STIM was fi rst identifi ed in 2005 by an RNAi screen as a regulator of SOCE in 
Drosophila and HeLa cells [ 24 ,  25 ]. In human, there are two STIM homologs, 
 STIM1   and STIM2.  STIM1   encodes a single-pass transmembrane protein of 
77 kDa, localized primarily in the ER membrane. Structural analysis of STIM1 
revealed a Ca 2+  binding EF-hand domain in the ER luminal residing portion imply-
ing that the protein functions as an ER Ca 2+  sensor [ 24 ,  26 ]. The cytosolic C-terminus 
of STIM1 is organized in several distinct modules, the most critical of which is a 
region that includes roughly 100 amino acid, and is referred to as the  STIM1-Orai 
Activation region (SOAR)   [ 27 ],  CRAC activation domain (CAD)   [ 28 ] or CCb9 
[ 29 ]. Overexpression of this region can facilitate spontaneous calcium induced acti-
vated calcium (CRAC) current (I CRAC ) in the absence of store depletion suggesting 
that this region is necessary for CRAC channel activation. The C terminal end of 
STIM1 contains a region with multiple lysine residues, which is referred to as the 
K-domain. The K-domain plays several roles. First, it interacts with PI(4,5)P 2  at the 
interface with the plasma membrane and stabilizes the STIM1 cluster at the ER-PM 
junction [ 30 ]. More importantly, the K-domain is required for gating TRPC chan-
nels via intermolecular electrostatic interactions [ 31 ]. Recently, the role of STIM1 in 
generating Ca 2+  infl ux been further clarifi ed and the underlying mechanism eluci-
dated [ 32 ]. Specifi cally, when the ER Ca 2+  store is fi lled, Ca 2+  is bound to the 
EF-hand of STIM1. Under these conditions,  STIM1   is uniformly distributed in the 
ER membrane. Upon agonist stimulation, generation of IP 3  will trigger IP 3 R 
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opening and lead to depletion of the ER Ca 2+  store. Ca 2+  will then dissociate from 
the EF-hand of STIM1 and mediate a conformational change resulting in oligomer-
ization of the STIM1 molecule.  STIM1   oligomers then translocate to the ER-PM 
junction forming puncta. These localized STIM1 clusters interact and activate store-
operated channels on the plasma membrane and generate Ca 2+  infl ux. 

        STIM2  , the second mammalian ER Ca 2+  sensor, exhibits high structural similar-
ity to  STIM1  . However, the Ca 2+  sensitivity and activation kinetics of STIM2 have 
been shown to differ from those of STIM1 [ 33 ]. STIM2 also oligomerizes and 
translocates to the ER-PM junction in response to store depletion. However, STIM2 
is a poor activator of  Orai1   channel compared to STIM1. The role of STIM2 has not 
yet been conclusively established but recent data have shown that STIM2 can 
recruit STIM1 to the ER-PM junction under low stimulus intensities, thereby pro-
moting assembly of the STIM1-Orai1 channel complex and fi ne tuning the agonist 
sensitivity of Ca 2+  signaling. Further insights into the mechanisms that govern the 
function of the STIM protein will undoubtedly continue to emerge as research in 
this fi eld continues. 

          The fi rst store-operated Ca 2+  current, I CRAC , was measured in mast cells and T lym-
phocytes [ 34 ]. However, the molecular identity of this channel remains unknown after 
almost a decade of characterization. In 2006,  Orai1   was identifi ed as the core compo-
nent of the CRAC channel through multiple studies using genome-wide RNAi screen-
ing in Drosophila [ 35 ,  36 ] and genetic linkage analysis in  severe combined immune 
defi ciency (SCID)   patients [ 35 ]. It was demonstrated that a point mutation in the 
Orai1 gene (R91W) of SCID patients leads to the loss of I CRAC  and SOCE in SCID 
T-lymphocytes. Notably, expression of WT Orai1 in these cells rescued RAC channels 
function, thereby restoring store-operated Ca 2+  infl ux [ 35 ]. Orai1 is a four-transmem-
brane domain protein primarily located on the plasma membrane. Early studies of the 
role of Orai1 in the SOCE mechanism suggested that Orai1 acts as a regulatory sub-
unit of TRP channel [ 37 ] or that it forms a complex with  STIM1   and  TRPC1   [ 38 ]. 
However, extensive studies using site-directed mutagenesis led to the identifi cation of 
a number of Orai1 mutants that were capable of altering the electrophysiological 
properties of I CRAC , suggesting that Orai1 is the pore-forming subunit of the CRAC 
channel [ 39 ]. Following this observation, it is currently widely accepted that Orai1 
alone constitute the I CRAC  channel pore and are responsible for SOCE.    

    Initial studies of  Orai1   have primarily focused on lymphocyte and immune function. 
Surprisingly, Orai1 is not only expressed in haematopoietic cells, but is also widely 
expressed in other cell types and tissues. Earlier studies have shown that vascular endo-
thelial growth factor ( VEGF  )  receptor   activation can facilitate Ca 2+  release from the IP 3  
receptor, and consequently induce a small Ca 2+  current across the plasma membrane 
[ 40 ]. Moreover, using  electrophysiology techniques  , the Nilius group demonstrated 
that depletion of the ER calcium store can facilitate an inwardly rectifying CRAC-like 
current in bovine pulmonary artery ECs [ 41 ]. More recently, extensive research aimed 
to characterize the expression of Orai1 in the vasculature, was carried out. Our group 
and the groups of Trebak and Beech demonstrated the expression of  Orai1 mRNA and 
protein    in    HUVEC   [ 42 – 44 ]. Additionally, it has also been shown that Orai1 is expressed 
in human lung microvascular ECs [ 42 ], rat pulmonary microvessel ECs [ 45 ], and 
immortalized mouse  lung         ECs [ 42 ].    
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          Channels Operated by Oxidative Stress 

 Oxidative stress can be generated in a variety of pathophysiological conditions 
including hypoxia, infl ammatory response and injury. It has been shown that 
oxidative stress can modulate EC function through the activation of ion channels 
through the production of  reactive oxygen species (ROS)  , subsequently leading 
to an increase in vascular endothelial permeability, thereby playing a crucial role 
in several lung diseases. The  TRPM2   (melastatin) channel is among the best 
characterized oxidative stress sensitive channels in ECs. TRPM2 is a voltage-
independent, oxidant-sensitive, nonselective cation channel that is uniquely 
gated by the binding of adenosine diphosphoribose ( ADP-ribose  ) to its C-terminal 
domain. Recent studies demonstrated that TRPM2 may facilitate  oxidative dam-
age   in the endothelium [ 46 – 50 ]. The proposed underlying mechanism suggested 
how oxidative stress could promote Ca 2+  entry and specifi c Ca 2+  dependent cel-
lular processes. Accordingly, oxidative stress can lead to the production of 
hydrogen peroxide (H 2 O 2 ) in the cytosol that would then result in nuclear and 
mitochondrial production of ADP-ribose.  ADP-ribose   would subsequently open 
the TRPM2 channel, resulting in increased cytosolic Ca 2+  concentration and 
inducing endothelial dysfunction. In addition to the TRPM2 channel, there is 
emerging evidence suggesting that other TRPM channels can also be activated in 
response to oxidative stress and alter EC function. Knockdown of  TRPM7       in 
   HUVEC   caused enhanced growth and proliferation, as well as increased expres-
sion of nitric oxide synthase and nitric oxide production [ 51 ]. In addition, knock-
down of TRPM7  protects   HUVEC from hyperglycemia- mediated injury [ 52 ]. 
      Together these data suggest that TRPM7 has a prominent role in angiogenesis 
and smooth muscle tone control in the vasculature. In addition, a recent study has 
demonstrated that TRPM4 channel is critical to oxidative stress- enhanced EC 
migration [ 53 ]. It should be noted that the biophysical property of these various 
TRMP subtypes shows difference in ion selectivity, TRPM2 is a non- selective 
channel which show a linear current-voltage (I-V) relation that allow Na +  and 
Ca 2+  to pass through, while TRPM4 are only permeable to monovalent cations 
(Na + , K + , Cs + ) and TRPM7 carry divalent cations including Mg 2+  as well as to a 
variable degree of Ca 2+ , the difference in their ion selectivity thus may explain 
how these oxidative stress regulated channel can differentially affect multiple 
downstream EC function.        

    Cyclic Nucleotide-Gated Channels 

 The cyclic nucleotide-gated ( CNG  )  channel   is a family of Ca 2+  permeable nonselective 
cation channels that open in response to elevated levels of cyclic nucleotides in the 
cytosol, particularly cAMP and cGMP.  CNG   channels were fi rst identifi ed in the visual 
and olfactory systems where they were shown to play pivotal roles in sensory detection. 
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Six CNG isoforms have been identifi ed. In native cells, CNG channels usually form 
heterotetrameric complexes consisting of A and B subunits [ 54 ]. The A1–A3 subunits 
may also form functional channels on their own, whereas the B and A4 subunits serve 
modulatory functions. CNG channels are widely expressed in vascular tissues across 
species [ 55 ,  56 ]. CNGA1 channels have been shown to be abundantly expressed in the 
endothelium layer [ 56 ]. They also express in smooth muscle cells albeit at a much 
lower level [ 56 ]. In contrast, robust expression of CNGA2 channel was shown in both 
the endothelium  and smooth muscle layers of human arteries   [ 55 ]. Moreover, the 
expression of CNGA2 in endothelium can be upregulated by nitric oxide (NO), and it 
has been shown that this leads to elevated cytosolic Ca 2+  concentration ([Ca 2+ ] i ) and 
SOCE in  porcine      PAEC [ 57 ].  

    Endothelial Cell Functions Regulated by Ca 2+  Signaling 

          Permeability 

    The  endothelium   serves as a selective barrier for the exchange of fl uid and 
 macromolecules from the circulation to the tissue environment.     Endothelial barrier 
function   can be adjusted in response to tissue injury or infections.  Infl ammatory 
mediators   (e.g. thrombin, TNF-α, histamine) bind to G-protein coupled receptors 
located on the EC plasma membrane, which then leads to an increase in [Ca 2+ ] i  via 
the SOCE machinery. The increase in [Ca 2+ ] i  facilitates cytoskeletal protein reorga-
nization by myosin light chain-dependent EC contraction and disassembly of vascu-
lar endothelial cadherin (VE-cadherin) at adherens junctions, subsequently leading 
to gap formation and an increase in endothelial permeability [ 11 ].  Thrombin  , the 
ligand of the  proteinase-activated receptor (PAR)  , has been extensively used by us to 
study the mechanism of endothelial permeability  in vitro  and  in vivo  [ 8 ]. We have 
shown that thrombin receptor cleavage and the consequent combined elevation of 
intracellular Ca 2+  and PKC activation is required for permeability increase in bovine 
pulmonary arterial ECs [ 58 ]. We also demonstrated that this process is mediated 
through activating the proteinase-activated receptor-1 ( PAR-1  )  GPCR   [ 59 ], and con-
fi rmed these observations by using a transgenic mouse model defi cient in PAR-1 
[ 60 ]. The question remaining to be answered is which Ca 2+  entry pathway, and more 
specifi cally, which Ca 2+  channel is responsible for this thrombin induced increase in 
endothelial permeability response. 

       Several reports from our group as well as others have demonstrated the involve-
ment of Ca 2+  entry through  TRPC1  , TRPC4 and TRPC6 channels in the disruption 
of the  barrier function in pulmonary arteries   [ 61 ,  62 ]. We have shown that  TRPC1 
channels   make a major contribution to the increase in vascular permeability induced 
by thrombin and  VEGF   through the activation of store-operated Ca 2+  infl ux [ 21 , 
 63 ]. The expression of TRPC1 channel is upregulated by infl ammatory mediators 
through the NF-κB pathway, and its activation can be controlled by Rho activation 
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[ 64 ] and PKCα phosphorylation [ 21 ,  65 ]. In addition, it has been reported that 
TRPC1 may have a role in cytoskeletal rearrangement [ 66 ], strongly supporting the 
role of TRPC1 in permeability regulation. We have also shown that  TRPC4- 
defi cient mice   were protected from thrombin-induced permeability  in vivo  [ 11 ,  62 ]. 
ECs generated from TRPC4−/− mice did not respond to thrombin or PAR-1 agonist 
 peptide      (Figs.  2.3  and  2.4 ). Furthermore,  ex vivo   lung   preparation from TRPC4−/− 
mice displayed a reduction in permeability increase in response to PAR-1 activa-
tion. In summary,    TRPC4 channel defi ciency led to reduced Ca 2+  entry in ECs, 
suppressed thrombin-mediated actin-stress fi ber formation and thus  reduced   perme-
ability increase (Fig.  2.5 ). These observations were further confi rmed by other 
research groups showing a direct interaction between TRPC4 and cytoskeletal pro-
teins in ECs [ 67 ,  68 ].

            TRPC6   is another non-selective Ca 2+  permeable ion channel involved in vascular 
permeability control. In contrast to  TRPC1   and TRPC4, which are regulated by the 
SOCE  mechanism  , activation of TRPC6 can also be triggered by Diacylglycerol 
(DAG), a second product of PLC activity, which is independent of store depletion 
[ 69 ]. It has been previously demonstrated that DAG or its analog 1-oleoyl-2-acetyl-
sn- glycerol (OAG) can induce EC contraction and subsequently gap formation 
through protein kinase C-α (PKCα)-dependent activation of RhoA. TRPC6 siRNA 
attenuated Ca 2+  entry induced by thrombin in concert with the decrease in permea-
bility [ 61 ]. It was later shown that the  phosphatase and tensin homolog (PTEN)   
exclusively interacts with TRPC6 and is necessary for OAG-induced calcium entry 
and the subsequent increases in  monolayer   permeability [ 70 ]. Consistent with this 
fi nding, ECs isolated from TRPC6−/− mice lungs displayed reduced Ca 2+  signaling 
as well as reduced permeability increase in response to ischemia and OAG 
 stimulation. Accordingly,    TRPC6−/− mouse lungs are protected from ischemia/
reperfusion- induced increases in lung permeability and edema [ 70 ]. 

       Although it has been demonstrated in multiple studies that  Orai1   and  STIM1   
form the core components of the CRAC channel, overexpression of these proteins 
are suffi cient to generate I CRAC  and SOCE  in T lymphocytes   as well as other cell 
types. However, the involvement of Orai1 and  STIM1   in generating SOCE in ECs 
as well as their role in permeability regulation yielded mixed results. The Trebak 
group fi rst showed that STIM1 and Orai1 mediate CRAC currents and store- 
operated calcium entry  in   HUVECs. RNA silencing of either STIM1 or Orai1 
essentially abolished SOCE  and I CRAC    in ECs [ 44 ]. Surprisingly, in another report by 
the same group, they challenged the requirement for Ca 2+  signaling in permeability 
control, and suggested that STIM1 alone controls endothelial barrier function inde-
pendently of Orai1 and Ca 2+  entry [ 71 ]. The authors’ rationale was based on the 
observations that  in   HUVECs, STIM1 directly coupled the thrombin receptor to 
RhoA activation and myosin light chain phosphorylation, leading to formation of 
actin stress fi bers, and loss of cell-cell adhesion. These data suggested that endothe-
lial permeability regulated by STIM1 was independent of Ca 2+  entry. In contrast to 
these studies, we observed that neither Orai1 knockdown nor expression of a 
dominant- negative Orai1 mutant could inhibit SOCE induced by either thrombin or 
Thapsigargin (Tg) in murine and human lung microvascular ECs. Whereas  inhibition 
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  Fig. 2.3    ( a ) Effects of  thrombin on [Ca 2+ ] i  in LECs  .  Thrombin  -induced increase in [Ca 2+ ] i  was mea-
sured. In each experiment, 25–35 cells were selected to measure changes in [Ca 2+ ] i . Extracellular Ca 2+  
concentration was 1.26 mmol/L. The  arrows  signify the time thrombin (5 U/mL) was added. Results 
are representative of four experiments. T indicates thrombin. ( b ) TRPC4−/− LECs fail to show 
thrombin-induced Ca 2+  infl ux. Thrombin-induced Ca 2+  infl ux was measured in wt and TRPC4−/− 
LECs. Fura 2-AM loaded cells were washed two times, placed in Ca 2+ - and Mg 2+ -free HBSS, and 
then stimulated with thrombin (5 U/mL). After return of [Ca 2+ ] i  to baseline levels, cells were stimu-
lated with CaCl 2  (1.5 mmol/L) and at the indicated time lanthanum chloride (1 μmol/L) was added to 
inhibit Ca 2+  infl ux. The experiment was repeated three times with similar results. ( c ) Effects of throm-
bin on Ca 2+  store depletion. Cells were fi rst stimulated with thrombin (5 U/mL) in the absence of 
extracellular Ca 2+ . After recovery to the base-line value, cells were challenged with ATP (5 μmol/L). 
Note that there was no signifi cant increase in [Ca 2+ ] i  in response to ATP. Experiment was repeated 
three times with similar results. [Adapted from Tiruppathi et al. [ 62 ]]       
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  Fig. 2.4     TRPC4 activation of store-operated Ca 2+  entry (SOCs) regulates microvessel permeabil-
ity  . ( a ) IP 3 -induced activation of lanthanum (La 3+ )-sensitive SOCs is shown as whole cell continu-
ous current recordings at a holding potential of −50 mV. The  traces  show that in endothelial cells 
isolated from wild-type (WT) mice, internal dialysis with IP 3  induced store-operated current, indi-
cating Ca 2+  entry. Deletion of TRPC4 in mice (TRPC4 −/− ) prevented the Ca 2+  entry in response to 
store depletion by IP 3 . Scale represents picoampere (pA) and picofarad (pf). ( b ) In WT mice, 
PAR-1 peptide induced a 2.5- to 3-fold increase in lung microvessel permeability, which was 
reduced to 50 % by La 3+ , the Ca 2+  channel blocker, indicating Ca 2+  entry contributes to the mecha-
nism of increased lung vascular permeability. However, in TRPC4 −/−  mice, the PAR-1 peptide 
only induced a 1.5-fold increase in permeability, which was not affected by La 3+ , indicating that 
Ca 2+  entry via TRPC4 contributes to the regulation of microvessel permeability. *Different from 
baseline value. **Inhibitory effect of La 3+ .  # Signifi cantly reduced response of TRPC4 −/−  for PAR-1 
agonist peptide compared with WT. [Adapted from Tiruppathi et al. [ 62 ]]       
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of Orai1 only reduced the initial peak of SOCE, the effect was not statistically sig-
nifi cant [ 42 ]. We further showed that knockdown of STIM1 or expression of the 
dominant-negative STIM1 mutant in ECs suppressed Ca 2+  entry secondary to store 
depletion. Moreover, our data conclusively indicated that STIM1 could interact 
with  TRPC1   and TRPC4 to form a functional SOC channel in ECs. Whereas both 
studies agreed regarding the requirement of STIM1 in permeability control, albeit 
through different regulatory pathways, our fi ndings that Orai1 does not  regulate 
  SOCE in native ECs differs from the fi ndings of Abdullaev et al. (2008) [ 44 ]. To 
address this difference, we also  knocked-down Orai1    in   HUVECs. Our data showed 
that in this cell type, and in agreement with the study of Abdullaev et al. [ 44 ], Orai1 
plays a similar role in regulating SOCE,    suggesting that the discrepancy was related 
to the origin of ECs being used in these studies. 
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  Fig. 2.5    Effects of  thrombin   on WT and TRPC4−/− LEC transendothelial monolayer electrical 
resistance values. LECs were grown to confl uence on gold electrodes. Before the experiments, 
cells were washed twice and incubated with 1 % FBS containing growth medium for 2 h before the 
addition of thrombin. The  arrow  indicate the time thrombin was added. Experiment shown is rep-
resentative of four trials. [Adapted from Tiruppathi et al. [ 62 ]]       
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        Orai channels   are highly Ca 2+  selective, whereas TRPC proteins are nonselective 
cation channels permeable to Ca 2+ , Na + , and Cs +  [ 72 ]. We observed expression of 
 Orai1  , Orai2, and Orai3 proteins  in   HUVECs. Accordingly, Orai proteins may con-
tribute to  Ca 2+ -selective SOC activity    in   HUVECs that may be required for special-
ized function of human umbilical veins. In contrast, exogenous expression of Orai 
isoforms or knockdown had no signifi cant effect on thrombin-induced Ca 2+  entry in 
both human and mouse primary ECs, indicating that TRPCs are the primary chan-
nels that conduct the nonselective cation current required for regulating native EC 
function. 

 As noted above,  SOCE      is activated in response to stimulation of G-protein cou-
pled receptors (GPCRs). In addition, however,  EC   permeability can also increase in 
response to environmental stress due to, for example, ROS generation and shear 
stress. Specifi cally,  ROS   can directly activate plasma membrane ion channels and 
mobilize [Ca 2+ ] i , and ECs exposed to shear stress show an increase in phospholipase 
activity that impacts membrane permeability [ 10 ]. Our group has also demonstrated 
that H 2 O 2  elicited Ca 2+  infl ux via  TRPM2   channel activation leading to an increase 
in endothelial permeability [ 49 ] (see Fig.  2.6 ). This process could be attenuated by 
inhibiting  TRPM2   using a pharmacological inhibitor or through the application of 
specifi c siRNA or a blocking antibody, thereby conclusively demonstrating a criti-
cal role for TRPM2 in the mechanism of endothelial barrier disruption following 
oxidative stress (Fig.  2.7 ). In addition to the full-length TRPM2 (TRPM2-L), we 
have also identifi ed a short spice variant of TRPM2 (TRPM2-S) [ 47 ,  73 ] that could 
serve as a negative regulator of TRPM2 channel activity in ECs via PKCα phos-
phorylation upon H 2 O 2  stimulation [ 48 ]. Further studies are needed to investigate 
the mechanism that underlies the regulation of  TRPM2-mediated   Ca 2+  entry and 
endothelial injury by PKCα.

          Permeability regulation through  GPCR-dependent and GPCR-independent 
mechanisms      merges at the calcium signaling level. An interesting question that 
remained to be elucidated is how ion channels can control multiple downstream 
processes through Ca 2+  signaling. It has been demonstrated that the maximum 
increase in [Ca 2+ ] i  occurs after the maximum increase in permeability [ 74 ], 
 suggesting that regulation of EC permeability may not be determined by the mag-
nitude of the increase in [Ca 2+ ] i , but rather by the unique Ca 2+  signature generated 
in distinct microdomains. For example, it has been shown that the expression of ion 
channels is highly compartmentalized in polarized exocrine acinar cells.  Orai1   is 
localized in the lateral membrane towards the apical region whereas various TRPC 
subtypes spread from the apical region towards the lateral membrane, thereby 
overlapping with  Orai1   in the luminal end of the lateral membrane [ 75 ,  76 ]. This 
implies that microdomains in different regions of the cell consist of specifi c com-
positions of ion channels. It is, therefore, not surprising that Ca 2+  signals generated 
from these distinct microdomains display unequivocal biophysical properties (acti-
vation and regression kinetics, frequency, amplitude of the oscillations, spatial and 
temporal profi le as well as the speed of the Ca 2+  wave, etc.), and can differentially 
regulate downstream processes. In support of this notion, a recent study has shown 
that although Orai1,  STIM1   and TRPC channels are all expressed in salivary gland 
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acinar cells and associated with SOCE activity, the Ca 2+  signal generated from 
these distinct channels can be differentially translated into diverse downstream 
processes [ 77 ]. Although the subcellular localization of these channels is not well 
 characterized   in ECs, the same rules are likely to apply. However, further studies 
are necessary to investigate the assembly and compartmentalization of these major 
Ca 2+  signaling components in ECs, and determine how they control vascular endo-
thelial permeability in a channel-specifi c manner.         

    Endothelium-Dependent  Vascular Tone Control      

 Vascular tone, the contractile activity of vascular smooth muscle cells in the walls 
of small arteries and arterioles, is the major determinant of the resistance to blood 
fl ow through the circulation. Thus, vascular tone plays an important role in the 

  Fig. 2.6    Concentration-dependent effects of H 2 O 2  on Ca 2+  entry. HPAE cells in culture were 
loaded with fura-2, washed, and transferred to Ca 2+ -free medium. H 2 O 2  (0–500 μmol/L) was added 
at the  arrow  and CaCl 2  (2.0 mmol/L) was repleted at the fi fth minute; the resulting Ca 2+ -repletion 
transient refl ects Ca 2+  entry. The Ca 2+  ionophore ionomycin (ion) was added at the end of the 
experimental recordings for calibration purposes. Each tracing is the average response of 60–99 
cells in HPAE monolayers. The abscissa indicates time in seconds; the ordinate, relative [Ca 2+ ] i  
level. Experiments were repeated 3–5 times with similar results. The  inset  displays the dose–
response curve of best fi t for the calcium-repletion transient (EC 50 , 58.6 μmol/L). The data points 
are mean values (n = 3 per point), and the bars indicate ± SEM. At >300 μmol/L, H 2 O 2  mobilized 
stored intracellular Ca 2+ . [Adapted from Hecquet et al. [ 48 ]]       
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regulation of blood pressure and the distribution of blood fl ow between and within 
the tissues and organs of the body. Vascular endothelium plays a key role in control-
ling vascular tone by secreting a variety of endothelium-derived relaxing factors 
such as nitric oxide (NO), and prostacyclin (PGI2) [ 78 – 80 ]. Various circulating 
vasoactive agents (e.g. bradykinin, ATP, substance P and acetylcholine) can bind to 
EC surface GPCRs and lead to elevation of EC [Ca 2+ ] i  and consequently activate 
NO synthase [ 81 ]. As noted above, TRPC channels play a critical role in agonist-
induced Ca 2+  entry in ECs. Several lines of evidence suggest that  TRPC1  , TRPC3 
and TRPC4 channels are required for endothelium-dependent vascular tone modu-
lation. Specifi cally, it has been shown that TRPC1 is responsible for 

  Fig. 2.7    H 2 O 2 -induced increase in endothelial  barrier   permeability depends on  TRPM2   expres-
sion. ( a ) Concentration-dependent action of H 2 O 2  on endothelial barrier function. HPAE cells were 
grown to confl uence on gold microelectrodes, the cells were treated with H 2 O 2  (concentration 
indicated), and TER was followed for 4 h. Each tracing is the average response of four wells. 
Experiments were repeated three times with similar results. The abscissa indicates time in hours; 
the ordinate, normalized resistance (relative to basal value). The  inset  shows the corresponding 
dose–response curve (n = 12; bars, ±SEM). H 2 O 2  (0–600 μmol/L) caused a rapid, dose-dependent 
decrease in TER with an EC 50  of 254 μmol/L. At <500 μmol/L, H 2 O 2  effects were transitory. ( b ) 
TER decrease on H 2 O 2  exposure (300 μmol/L).  Left , Note that TRPM2 silencing inhibits H 2 O 2  
responses relative to the untreated group (no transfection) or the negative control group (scrambled 
siRNA; n = 4 per group). The abscissa indicates time in hours; the ordinate, normalized resistance. 
 Right , Mean value (±SEM) of peak TER responses to H 2 O 2  (n = 12). Experiments were repeated 
three times with similar results. H 2 O 2 -induced TER decrease was signifi cantly attenuated in cells 
transfected by TRPM2-specifi c siRNAs compared with untreated control or negative control 
group transfected with a scrambled siRNA. [Adapted from Hecquet et al. [ 48 ]]       
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bradykinin-mediated Ca 2+  permeable currents in human mesenteric arteries ECs 
[ 22 ]. It was also demonstrated that in a bovine pulmonary artery EC line, overex-
pression of TRPC3 could enhance Ca 2+  entry in response to ATP and bradykinin 
stimulation [ 82 ]. Furthermore, in primary aortic ECs isolated from TRPC4−/− mice, 
acetylcholine-induced Ca 2+  entry was signifi cantly reduced compare to WT, leading 
to suppression of endothelium- dependent NO-mediated vasorelaxation of blood 
vessels [ 83 ]. Together, these studies indicate that there is a direct functional link 
between  endothelial   TRPC channels and  vascular tone control.   

 However, in addition to TRPC channels, other TRP isoforms may also contrib-
ute to endothelium dependent vasorelaxation. Endocannabinoids (AEA) and 2-AG 
as well as the 5′,6′-epoxyeicosatrienoic acid (EET) are potent vasorelaxants [ 84 ]. 
The Nilius group fi rst showed that TRPV4 channels are a molecular target for these 
vasorelaxants, and could be directly activated and generate Ca 2+ -permeable channel 
activity in ECs, thus suggesting a potential role for TRPV4 in vascular tone modula-
tion [ 85 ]. More recently, Sonkusare et al. demonstrated that TRPV4 channels were 
able to mediate local calcium sparks that activate Ca 2+  sensitive K +  channels (BK Ca ) 
and facilitate hyperpolarization, and induced maximal dilation of resistance arteries 
[ 86 ]. Furthermore, it has also been shown that TRPV4 forms heteromeric channels 
with  TRPC1   in vascular ECs and contributes to SOCE  and NO synthesis   [ 19 ]. 
These data further support the notion that other TRP isoforms may also be involved 
in the regulation of vascular function. In addition to TRP channel, other Ca 2+  entry 
mechanisms in ECs may also contribute to vasorelaxation. For example, endothelial 
cell  CNG   channels have been shown to play an important role in endothelium- 
dependent vascular dilation in response to a number of cAMP-elevating agents 
including adenosine, adrenaline  and    ATP   [ 87 – 89 ].  

     Vascular Remodeling        , Migration and Angiogenesis 

 Vascular endothelial growth factor ( VEGF  )   , basic fi broblast growth factor ( bFGF  )    
and platelet-derived growth factor ( PDGF  )    promote angiogenesis by enhancing EC 
proliferation and migration. These angiogenic factors can enhance the increase in 
intracellular Ca 2+  concentration in ECs through the activation of plasma membrane 
receptors and the release of Ca 2+  from the endoplasmic reticulum, which leads to 
activation of plasma membrane Ca 2+  channels via the SOCE  mechanism  . In addi-
tion,  receptor-operated Ca 2+  entry (ROCE)   that does not involve depletion of the ER 
Ca 2+  store has also been shown to play an important role. Several studies have high-
lighted the importance of TRP channel-mediated Ca 2+  signaling in the angiogenesis 
process [ 90 ]. TRP channels may play a major role in the initiation of vascular 
remodeling through two different mechanisms. First, proliferative factors may acti-
vate TRP channels and mediated TRP-dependent Ca 2+  entry, thereby modulating 
downstream signal transduction pathways and leading to vascular remodeling of 
ECs. Second, Ca 2+  infl ux through TRP channels may stimulate ECs to produce and 
release proliferative factors such as VEGF and PDGF, which subsequently impact 
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the growth, migration and differentiation of the underlying smooth muscle cells, 
which is critical for arterial remodeling. The interplay of these two distinct signal-
ing pathways allows control of angiogenesis in a vascular bed specifi c manner. Data 
generated by our group as well as by others have provided a detailed description of 
the mechanism of VEGF-stimulated Ca 2+  entry in human microvascular ECs 
( HMVECs  )    [ 63 ,  91 ,  92 ].          VEGF binding to the VEGF Receptor 2 (VEGFR2) facili-
tates tyrosine phosphorylation of the receptor, leading to the generation of IP 3  and 
diacylglycerol (DAG), which in turn results in the activation of TRPC3 and TRPC6 
via a store-independent mechanism [ 93 ,  94 ]. It has been reported that TRPC6 is 
required for the VEGF-mediated increase in cytosolic Ca 2+  and the subsequent 
downstream signaling that leads to processes associated with angiogenesis [ 95 ,  96 ]. 
Overexpression of a dominant negative TRPC6 construct  in   HMVECs inhibited the 
VEGF-mediated increases EC [Ca 2+ ] i , migration, sprouting, and its proliferation in 
matrigel. Conversely, overexpression of a wild-type TRPC6 construct increased the 
proliferation and migration  of   HMVECs [ 96 ]. The requirement for TRPC6 in angio-
genesis was further explored in another study that demonstrated that inhibition of 
TRPC6  in   HUVECs resulted in cell cycle arrestment at the G2/M phase and sup-
pressed VEGF- induced    HUVEC    proliferation   and tube formation [ 95 ]. Furthermore, 
inhibition of TRPCs abolished VEGF-, but not FGF-induced angiogenesis in the 
chick embryo chorioallantoic membrane. Together, these results suggest that 
TRPC6 plays a critical role in VEGF-mediated angiogenesis. 

           Hypoxia   is another major factor that promotes angiogenesis. Hypoxic conditions 
induce pulmonary artery smooth muscle cell ( PASMC  )    proliferation by promoting 
transcriptional activation of genes encoding vasoactive agonists such as endothelin-
 1 (ET-1), and mitogens such as the  VEGF   and  PDGF   growth factors. Hypoxia 
upregulates the mRNA and protein expression of TRPC4 in ECs resulting in ele-
vated SOCE together with increased synthesis and secretion of mitogenic and vaso-
active factors. This suggests that TRPC4 may play an important role in the 
development of hypoxia-mediated pulmonary vascular remodeling [ 97 ]. 

 Following the identifi cation of  Orai1   as the pore forming subunit of the I CRAC  
channel, its role in angiogenesis has been extensively studied. As noted above, it 
has been shown that  VEGF  , the primary growth factor that drives EC migration, 
proliferation and angiogenesis, can evoke Ca 2+  signaling through the SOCE 
 mechanism  . Notably, it has been shown that VEGF-mediated Ca 2+  entry  in 
  HUVECs was attenuated by knockdown of Orai1 using specifi c siRNA, by its 
inhibition using a dominant negative Orai1 mutant, and by application of a phar-
macological inhibitor. It has also been shown that Orai1 is necessary  for    HUVEC   
proliferation [ 44 ] as well as  in vitro  tube formation [ 43 ]. These results were chal-
lenged by Antigny et al. [ 98 ] who showed that in a HUVEC cell line (EA.hy926), 
TRPC3, TRPC4 and TRPC5 generated spontaneous Ca 2+  oscillation upon plating 
on matrigel and that Ca 2+  entry through these channels was necessary for tubulo-
genesis. In contrast, knockdown of Orai1 and  STIM1   had no effect. Interestingly, 
the only phenotype associated with Orai1 knockdown in this cell type was 
reduced proliferation, which is similar to the effect of knockdown of other TRPC 
channels. Antigny et al also studied  primary   HUVECs using the same approach 
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and demonstrated the involvement of STIM1,  TRPC1  , and TRPC4, but not 
Orai1 in endothelial tube formation [ 98 ].          The requirement of STIM1 was further 
corroborated in another study that showed that suppression of STIM1 inhibited 
angiogenesis  in vivo  [ 99 ]. In a different study using endothelial progenitor cells 
( EPCs  )   , it was shown that SOCE was associated with Orai1, STIM1 and TRPC1 
activity. Suppression of SOCE using the  SOCE inhibitor BTP-2   or by chelating 
intracellular Ca 2+  using BAPTA resulted in the inhibition of EPC proliferation 
and tubulogenesis [ 100 ]. These data collectively demonstrated the requirement 
for SOCE  in angiogenetic processes  . The discrepancy in the involvement of 
Orai1 in vascular remodeling may be due to the use  of   HUVECs from different 
sources or due to differences in experimental conditions (e.g. VEGF concentra-
tion). In addition, ECs generated from various vascular beds may display differ-
ent functional phenotypes as well as channel expression profi les due to 
heterogeneity [ 101 ]. Together, these factors may potentially contribute to the 
inconsistency in the fi ndings. Other than the contributions of SOCE and TRPC 
channels to the angiogenic process, it has also been suggested that other TRP 
channels may play an important role in this process.          In particular, the potential 
importance of TRPM6 and  TRPM7   channels, and especially of TRPM7 in regu-
lating angiogenesis and vascular remodeling has been proposed [ 102 ]. The 
underlying rationale in these cases is that both TRPM6 and TRPM7 are highly 
permeable to Mg 2+  [ 103 ], and Mg 2+  homeostasis has been directly linked to EC 
proliferation [ 104 ,  105 ]. 

          ECs derived from human breast carcinomas ( BTEC  ) exhibit enhanced angio-
genic properties and are thus a useful tool for studying the mechanisms involved in 
vascular remodeling.  Arachidonic acid (AA)  , a lipid second messenger released by 
different pro-angiogenic factors (e.g.  bFGF   and  VEGF  ), is actively involved in the 
early stages of the angiogenic process  in vitro , and mediates its effects by activating 
Ca 2+  entry via Ca 2+ -permeable plasma membrane channels [ 106 ]. It has been dem-
onstrated that the expression of endogenous TRPV4 is signifi cantly higher in 
BTECs compared with ‘normal’ ECs (   HMVEC) [ 107 ]. Moreover, knockdown of 
TRPV4 using siRNA resulted in decreased [Ca 2+ ] i  responses and a complete inhibi-
tion of AA-induced migration of BTECs. These data suggest that AA regulates 
angiogenesis by inducing remodeling of the cytoskeleton and stimulating TRPV4 
channel activity, both of which are critical for tumor derived EC migration.           

     Immune Function      and Infl ammation 

 The endothelium, positioned at the interface between blood and tissue, is equipped 
to react quickly to local changes in biological needs caused by trauma or infl amma-
tion. Under injury or infection, circulating infl ammatory mediators (e.g. endotoxins, 
cellular content released by damaged cells) can activate ECs and signifi cantly mod-
ify their normal physiological functions. This may result in increased leakiness, 
modifi cation of the vascular tone, enhanced procoagulant activity, and formation of 
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new vessels [ 9 ]. In addition, ECs can also directly contribute to the immune response 
by expressing cell surface-molecules that direct the traffi cking of circulating blood 
cells.       These  cell-adhesion molecules   determine the homing and migration of leuco-
cytes into specifi c organs that are under stress or infl ammatory conditions. ECs 
express a variety of pattern recognition receptors [ 108 ] that recognize pathogen- 
associated molecular patterns ( PAMPs  )   . Among these, Toll-like receptors ( TLRs  )    
are surface molecules that trigger signals resulting in proinfl ammatory gene expres-
sion, leukocyte chemotaxis, phagocytosis, cytotoxicity and activation of adaptive 
immune responses. 

       The immune response is tightly regulated by Ca 2+  signaling. Indeed, the I CRAC  
channel and  Orai1   were discovered during the course of studying T lymphocyte 
function [ 35 ,  109 ]. SOCE, TRP, Orai1 and  STIM1  -mediated Ca 2+  entry have been 
closely associated with adaptive immunity, and the molecular basis has been 
described in detail in numerous studies [ 32 ]. Although there are considerably less 
data describing the role of Ca 2+  signaling in innate immunity, particularly the 
involvement of Ca 2+  signaling in EC-mediated immune response, there is a strong 
indication that SOCE are involved in the pathogenesis of many infl ammatory dis-
eases [ 110 ]. In addition, a variety of infl ammatory substances cause an increase in 
intracellular Ca 2+ , which then leads to permeability changes in the  microvascular   
endothelium, and hence, to tissue edema [ 11 ]. Data generated by our group as well 
as others support the notion that Ca 2+  entry in ECs can modulate immunological 
function and the postulated involvement of ECs in contributing to the host-defense 
mechanism during pathological conditions. 

       TLR4 expression has been demonstrated in various ECs, and was found to be 
signifi cantly upregulated under infl ammatory conditions [ 111 ]. An increasing 
number of studies have indicated that TLR-mediated immune response is 
 associated with Ca 2+  signaling. Tauseef et al. [ 112 ] have shown that endotoxin 
(lipopolysaccharide;  LPS  ) induces DAG generation in a Toll-like receptor 4 
(TLR4)-dependent manner, and triggers Ca 2+  increase through the TRPC6 chan-
nel. Importantly, the authors showed that Ca 2+  entry through TRPC6 participates 
in mediating both lung vascular barrier disruption and infl ammation induced by 
endotoxin [ 112 ]. 

       The role of  STIM1   in TLR signaling was reported in another study [ 113 ]. By 
using EC-specifi c STIM1-knockout mice, the authors showed that  LPS  -mediated 
Ca 2+  oscillations are ablated in STIM1-defi cient ECs. ECs lacking STIM1 failed 
to trigger SOCE  and NFAT   nuclear translocation as well as receptor-interacting 
protein 3 (RIP3)-dependent cell death. Interestingly, LPS-induced vascular 
 permeability changes were reduced in EC-specifi c STIM1−/− mice. Furthermore, 
application of a CRAC channel inhibitor in WT animals also halted LPS-induced 
vascular leakage and pulmonary edema. Taken together, these results demonstrate 
that Ca 2+  signaling plays a critical role in promoting vascular barrier dysfunction 
during infection, and indicate that the SOCE machinery may provide crucial ther-
apeutic targets to limit edema and acute lung injury (ALI) [ 113 ]. The role of 
STIM1- dependent signaling in EC-dependent immune response was further 
explored recently by using a mouse sepsis model [ 114 ]. It was shown that  systemic 
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administration of bacterial endotoxin (LPS) enhances STIM1 expression in ECs. 
LPS also induced STIM1 mRNA and protein expression in human and mouse 
lung ECs. The induced STIM1 expression was associated with augmented SOCE 
as well as a permeability increase in both  in vitro  and  in vivo  models. Remarkably, 
inhibition of either NF-κB or p38 MAPK activation by pharmacological agents or 
siRNA prevented LPS-induced STIM1 expression and increased SOCE in ECs. 
These data suggest that TLR4-signaling mediated through cooperative signaling 
of NF-κB and AP1 (via p38α) amplifi es STIM1 expression in ECs, and thereby 
contributes to the lung vascular hyperpermeability response during sepsis [ 114 ]. 

       In addition to endotoxin, histamine and chemokines are important immuno-
modulators involved in allergic reactions, leukocyte homing and infl ammatory 
responses [ 111 ]. Notably, both histamine and chemokines can bind to specifi c 
GPCRs  and induce Ca 2+  signaling   through SOCE mechanism [ 115 ,  116 ]. It has 
been shown that the CXC chemokine stromal cell-derived factor 1 (SDF-1), also 
known as CXCL12, can bind to CXCR4 in ECs, leading to an increase in [Ca 2+ ] i , 
thus initiating signals related to chemotaxis, cell survival, proliferation and 
gene transcription [ 115 ]. Histamine has also been shown to be able to facilitate 
SOCE  in    HUVEC     , and is sensitive to SOCE inhibitor blockage, to knockdown 
of  Orai1   or  STIM1  , and to dominant negative expression of Orai1 mutant. It was 
therefore suggested that histamine- mediated Ca 2+  entry through  SOCE    in 
  HUVECs can facilitate NFAT activation as well as interleukin 8 production 
[ 116 ]. These results highlight the central role of Ca 2+  signaling in general, and 
of Ca 2+  entry through TRPC, STIM1 and Orai1 in particular, in mediating Ca 2+  
mobilization linked to infl ammatory signaling of ECs upon infl ammatory medi-
ator stimulation.        

    Conclusion and Future Perspective 

 ECs express a variety of Ca 2+  channels, which are involved in a variety  of   physi-
ological and pathophysiological processes (see Fig.  2.8 ). Despite remarkable 
progress in the understanding of the role of Ca 2+  signaling in regulating EC func-
tion, numerous aspects of the activation of Ca 2+  channels remain unclear. In par-
ticular, the involvement of the newly identifi ed SOCE core components, the Orai 
channels and the STIM proteins, in EC function needs to be further elucidated. 
SOCE has been linked to multiple physiological processes in ECs. Yet, the mech-
anisms that underlie the differential contribution of SOCE generated through spe-
cifi c microdomains to distinct cellular function have only recently been identifi ed 
[ 77 ]. Elucidating the roles of downstream molecules associated with specifi c ion 
channels is essential for refi ning our understanding of vasculature response to 
environmental stimuli. It is important to note that the endothelial lining of blood 
vessels shows remarkable heterogeneity in structure and function in time and 
space, and in health and disease. An interesting question is whether the 
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phenotypic and functional variation of ECs from different vascular beds is due to 
their distinct ion channel expression profi le. Emerging data support the notion that 
Ca 2+  signaling can be generated in a cell type and tissue dependent manner through 
distinctive expression patterns of Ca 2+  channels. The majority of the studies that 
addressed this aspect have been carried out in cultured EC lines or in primary 
cultured cells  in vitro  only. Furthermore,  in situ  detection of ion channels in ves-
sels across tissues has only been convincingly demonstrated in a few studies. It is 
thus of crucial importance to elucidate both the candidate channels architecture 
across different vascular tissues and their physiological function  in vivo . Indeed, 
understanding the molecular basis for phenotypic heterogeneity is a prerequisite 
for developing vascular bed-specifi c therapies for modulating specifi c EC 
responses in a clinical setting.
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  Fig. 2.8    Schematic representation of Ca 2+  channels and their functional role in endothelial  cells  . 
A variety of Ca 2+  permeable ion channels express in endothelial cells where they regulate differ-
ent physiological processes such as increase in permeability, vascular tone control, vessel 
growth and angiogenesis as summarized in the Table. The  numbers  in  parenthesis  indicate the 
respective reference. Abbreviations:  SOCE  Store-operated Ca 2+  entry,  ROCE  receptor-operated 
calcium entry,  AA  Arachidonic acid,  DAG  Diacylglycerol,   ADP-ribose    adenosine diphosphori-
bose,   VEGF    vascular endothelial growth factor,  Tg  Thapsigargin,   LPS    lipopolysaccharide, 
  bFGF    basic fi broblast growth factor,  ECM  extracellular matrix,  AEA  Endocannabinoids,  EET  
5′,6′-epoxyeicosatrienoic acid       
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    Chapter 3   
 Mitochondrial Depolarization in Endothelial 
and Other Vascular Cells and Their Role 
in the Regulation of Cerebral Vascular Tone                     

     David     W.     Busija      ,     Ibolya     Rutkai    , and     Prasad     V.     Katakam   

    Abstract     Mitochondrial initiated events of the diverse cells types comprising the 
neurovascular unit promote changes in cerebrovascular tone through multiple signal-
ing pathways. Activation of the adenosine triphosphate (ATP)-dependent potassium 
channels on the inner mitochondrial membrane (mitoK ATP  channels) leads to mito-
chondrial depolarization as well as activation of cell-specifi c signaling mechanisms 
in endothelium, vascular smooth muscle (VSM), and perivascular and parenchymal 
nerves resulting in an integrated dilator response of cerebral arteries. Activation of 
mitoK ATP  channels relaxes VSM via generation of calcium sparks and subsequent 
downstream signaling mechanisms, and this relaxation can be augmented by nitric 
oxide (NO) produced by mitoK ATP  channel activation in endothelium and adjacent 
neurons. Some research suggests that calcium activated potassium channels may also 
be present in mitochondria (mitoK Ca  channels) and may affect cerebral vascular tone, 
but more research is needed to support this view. Pre-existing chronic conditions 
such as insulin resistance (IR) and/or diabetes impair mitoK ATP  channel-relaxation of 
cerebral arteries. Surprisingly, mitoK ATP  channel function after intense stress such as 
ischemia appears to be retained in large cerebral arteries despite generalized cerebral 
vascular dysfunction. Production of vasoactive factors following activation of mito-
chondria in response to physiological stimuli in one or more of the cells comprising 
the neurovascular unit may represent the elusive signaling link between metabolic 
rate and blood fl ow. In addition, our data indicate that mitoK ATP  channels represent an 
important, but underutilized target toward improving vascular dysfunction and 
decreasing brain injury in stroke patients.  

  Keywords     ATP sensitive potassium channels   •   Calcium sparks   •   Sarcoplasmic 
reticulum   •   Calcium activated potassium channels   •   Insulin resistance   •   Strokes   • 
  Ischemia   •   Nitric oxide   •   Neurons   •   Vascular smooth muscle  
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      Introduction 

 The neurovascular axis/unit is an integrated system of vascular and parenchymal cells, 
including endothelium,  vascular smooth muscle (VSM)  , astroglia, perivascular 
 neurons  , parenchymal neurons, pericytes, and microglia which contributes to the 
coupling of blood fl ow to both metabolic demand and to cerebral vascular responses 
to physiological and pathological stimuli [ 9 ,  13 ]. Recent, but limited, evidence indi-
cates that mitochondria in each of these cell types are important elements in cerebral 
vascular control. The purpose of this review is to explore the evidence for an impor-
tant role of mitochondrial-based mechanisms independent of ATP production on the 
tone of cerebral resistance vessels. Of particular interest are the potassium channels 
which regulate  mitochondr  ial membrane potential. Specifi cally, we will examine 
how the selective targeting of mitochondrial ATP sensitive potassium (mitoK ATP ) 
channels in endothelium, VSM, and  neurons   leads to changes in cerebral vascular tone. 
This discussion is limited to the systemic circulation; mitochondrial mechanisms in 
the pulmonary circulation are very different [ 28 ]. We also will discuss the possible 
presence of other potassium channels such as calcium activated potassium (mitoK Ca ) 
channels in regulating mitochondrial membrane potential and affecting cerebral 
vascular tone. Additionally, we will show that even mild metabolic stress, such as 
occurs with insulin resistance (IR), a component of the metabolic syndrome, can 
dramatically affect mitochondrial related events in the cerebral vasculature. Lastly, 
we will present our recent unexpected fi ndings which indicate that mitochondrial 
based dilator pathways are intact following ischemic stress, and targeting these 
mechanisms may benefi t patients following  strokes  . Several excellent  reviews   on 
mitochondria in the peripheral endothelium [ 57 ,  89 ] or VSM [ 15 ,  73 ] have been 
published recently and emphasize the importance of this emerging research area. 
However, this is the fi rst review to explore the integration of mitochondrial based 
signals ranging from multiple cell types to the fi nal vascular diameter response in 
any regional circulation in normal and disease states. Previously, we have shown in 
neurons, astroglia, and cerebral vascular endothelium that activation of mitoK ATP  
channels protects cells of the neurovascular unit against potentially lethal stresses 
such as anoxia or experimental stroke [ 10 ,  23 – 26 ,  69 ,  70 ,  83 ].  

    Mitochondrial Essentials 

 Mitochondria are double membrane organelles which generate chemical energy in 
the form of ATP which promotes the varied activities of the diverse cell types of the 
neurovascular unit [ 27 ,  47 ]. Typical morphological features of mitochondria in cells 
of the neurovascular unit are presented in Figs.  3.1 ,  3.2 , and  3.3 . We have shown 
morphological features of mitochondria  in   cultured cortical neurons previously 
[ 88 ]. The mitochondrial membrane potential (Δψm) across the inner membrane, 
which is normally maintained at −120 to −180 mV, provides the proton difference 
used to drive the synthesis of   ATP     by the electron transport chain. Rather than being 
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static entities, mitochondria are dynamic structures. Mitochondria can move from 
one location to another within cells, form networks with other mitochondria or 
cellular structures and undergo replication and fi ssion/fusion to increase effi ciency 
of ATP production in response to physiological and pathological stimuli [ 21 ,  27 ,  29 , 
 30 ,  88 ,  93 ]. In some cell types, such as VSM, mitochondria do not appear to be 
mobile in the normal state, but this situation changes during VSM propagation and 
migration following vascular damage [ 16 ]. In addition to individual mitochondria 
forming networks within cells, the mitochondrial outer membranes are often con-
nected or closely juxtapositioned with the membranes of the endoplasmic/ sarcoplasmic 
reticulum   (ER/SR) (Fig.  3.2 ); cellular structures which are involved in calcium stor-
age and release [ 84 ]. The complex interplay among mitochondrial, ER/SR, and 
cytosolic calcium has been described in several recent reviews [ 15 ,  19 ]. In normal 
VSM, mitochondria and SR often appear to be “bundled” together (Fig.  3.2 ) and 
this structural feature may account for the lack of signifi cant movement of mito-
chondria under normal conditions in this vascular cell type as well as the functional 
interactions between mitochondria and SR. A systematic study is needed to com-
pare the mitochondrial morphology and function in the various cell types within the 
neurovascular unit.

VSM

Endo

Mitochondria

Mitochondria

100 nm 

  Fig. 3.1    Electron microscopy showing mitochondria in cerebral vascular endothelium (Endo). 
Mitochondria are located singly or in groups across the endothelial cells. Arteries were fi xed in 
2.5 % glutaraldehyde and post-fi xed in 1 % osmium tetroxide and embedded in Epon812. 
Ultrathin sections (80–90 nm) were mounted on formvar-coated nickel grids (200 mesh), air 
dried, and stained with 4.7 % uranyl acetate and lead citrate (at 10 min and 2 min, respectively). 
The sections were put on grids and viewed using a FEI Tecnai BioTwin 120 keV TEM with a digi-
tal imaging setup (Wake Forest University Health Sciences, Winston-Salem, NC).  VSM  vascular 
smooth muscle       
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  Fig. 3.2    Electron microscopy showing mitochondria vascular smooth muscle (VSM) from cere-
bral arteries from normal rats showing clustering of mitochondria (M) and sarcoplasmic reticulum 
(SR) in distinct locations. Mitochondria in VSM are much larger and of different confi gurations 
than in endothelial cells. Arteries were prepared as indicated in Fig.  3.1 .  Endo  endothelium       

Lumen

Astroglia Cell

Endothelium

Mitochondria

Neurophil
500 nmMitochondria

  Fig. 3.3    Electron microscopy showing a capillary in cross section surrounded by an astroglial 
cell. In close proximity to the capillary are neurons as well as glial cells which are rich in mito-
chondria. All parenchymal cerebral blood vessels are in close proximity to astroglia and neurons. 
Arteries were prepared as indicated in Fig.  3.1        
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    Mitochondria in quiescent neurons, VSM, and cerebral vascular endothelium are 
constant producers of ROS by the electron transport chain in the form of superoxide 
anion [ 36 ,  51 ,  78 ] and mitochondrial ROS appear to be important, if not essential, 
signaling agents involved in the maintenance of basal cell functions. Superoxide 
anion produced within the matrix from the respiratory complexes can leave the 
matrix [ 42 ,  45 ] following enzymatic conversion to hydrogen peroxide through 
aquaporin-like channels in the inner mitochondrial membrane [ 7 ,  14 ,  68 ]. Hydrogen 
peroxide in the intermembrane space, or superoxide anion released into the inter-
membrane space under certain conditions by Complex III, can transverse the mito-
chondrial outer membrane into the cytosol  via voltage dependent anion channels 
(VDACs)   [ 41 ,  67 ,  75 ]. Under certain conditions such as shear stress, a physical 
distortion of the relationship between the two mitochondrial membranes in the 
endothelium leads to even greater ROS release by mitochondria resulting in coro-
nary artery dilation [ 93 ]. 

 We were the fi rst to show that  mitochondrial depolarization and enhan  ced ROS 
production are not linked events in cells. In neurons, cerebral vascular endothelium 
and cerebral VSM, BMS-191095 causes mitochondrial depolarization without ROS 
production; thus, mitochondrial depolarization alone is suffi cient to activate distinct 
cellular signaling pathways [ 11 ,  12 ,  26 , 55]. Subsequent studies have supported our 
fi ndings [ 87 ]. The previous concept linking mitochondrial membrane potential and 
ROS release arose from experiments using inhibitors of the electron transport chain 
which reduced the ATP levels necessary for maintaining the very negative transmem-
brane potential. The independent signaling pathways arising from mitochondrial 
depolarization as well as ROS release underscore the importance of this organelle in 
mediating diverse cellular activities including regulation of vascular tone.  

    Mitochondrial Depolarization and  Related   Signaling Events 

 The most effi cient and reproducible approach to depolarize mitochondria is by 
activating mitoK ATP  channels on the inner mitochondrial membrane with drugs such 
as BMS-191095 or diazoxide. The physical structure of the mitoK ATP  channel is not 
known with certainty but appears to differ substantially from the previously 
described plasmaK ATP  channels [ 1 ,  35 ,  80 ,  92 ]. Foster et al. [ 4 ,  79 ] provided evi-
dence that the  renal outer medullary potassium channel (ROMK)   is a component of 
the K +  channel of the cardiac mitoK ATP . Succinate dehydrogenase might also be 
involved in either the assembly or function of the mitoK ATP  channel [ 79 ]. Additional 
studies are needed to elucidate the complete structure of the mitoK ATP  channels. 

 The consequences to the cell of activating mitoK ATP  or plasmaK ATP  channels are 
quite different. The matrix of the mitochondria has a very negative potential and 
opening of the mitoK ATP  channels allows potassium to enter the matrix making the 
potential less negative and thereby “depolarizing” the mitochondrion. In contrast, 
opening the plasmaK ATP  channels allows potassium to leave the cytosol into the 
extracellular space and makes the cytosol more negative and thereby “hyperpolarizes” 
the cell. 
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 Isolated mitochondria and mitochondria  in situ  in cultured endothelial cells and 
neurons as well as in endothelial and VSM cells in isolated cerebral arteries depolar-
ize in a dose-dependent manner to selective mitoK ATP  channel openers such as diazox-
ide and BMS-191095 [ 10 ,  11 ,  13 ]. The classical  K ATP  channel   antagonist glibenclamide 
as well as 5-hydroxydecanoic acid (5-HD), which needs to be metabolized before 
becoming active [ 43 ], block the actions of diazoxide or BMS-191095 [ 11 ,  36 ]. The 
mitoK ATP  channel activity also is affected by endogenous factors such as the ADP/
ATP ratio [ 1 ], peroxynitrite [ 61 ,  62 ], superoxide anion [ 60 ,  62 ], and cytosolic protein 
kinase C epsilon (PKCε) [ 77 ]. Other, yet unidentifi ed, physiological and pathological 
factors likely will be found to directly or indirectly activate or block the mitoK ATP  
channel. Diazoxide, a drug previously used in the treatment of acute hypertension or 
hypoglycemia in people, is the most commonly used mitoK ATP  channel opener [ 34 ], 
but it has the additional effect of inhibiting succinate dehydrogenase (SDH; complex 
II), especially at high doses [ 18 ,  54 ]. Diazoxide readily crosses the blood-brain barrier 
(BBB) and thus is effective in the brain when given intravenously [ 66 ]. 

 Although applications of diazoxide or BMS-191095 depolarize mitochondria, 
diazoxide, but not BMS-191095, also causes the liberation of ROS [ 14 ], which may 
be secondary to SDH inhibition. This view is supported by examination of the effects 
of the specifi c inhibitor of SDH, 3-nitropropionic acid (3-NPA), which increases 
ROS production by mitochondria [ 11 ] and changes cerebral vascular tone [ 49 ]. 
Nonetheless, the primary actions of diazoxide on the cells of the neurovascular unit 
 ex vivo  are still specifi c to mitochondria [ 12 ,  54 ], and the associated ROS increase 
appears to enhance the degree of depolarization [ 61 ,  62 ]. In contrast, BMS- 191095 
is very selective for mitoK ATP  channels and has no known non-specifi c effects to 
complicate the interpretation of the results [ 12 ,  39 ,  40 ]. 

 A potential role for  mitochondrial calcium activated potassium   (mitoK Ca ) channels 
in depolarizing mitochondria has been suggested based primarily on the use of the 
multiple target drug NS1619 [ 6 ,  59 ]. NS1619 is vasoactive in cerebral and peripheral 
[ 5 ,  44 ] arteries. Although NS1619 results in mitochondrial depolarization, it seems 
likely that, at least in neurons, mitochondrial effects are due to initiating factors such 
as inhibition of Complex I and subsequent increased release of ROS [ 37 ,  38 ,  53 ]. 
Given the multiple potential sites of action of NS1619 within various cell types, 
including mitoK Ca  channels, it is also possible that mitochondrial effects to this drug 
are secondary to non-mitochondrial events. Nonetheless, more research in this area is 
warranted and the development of a more specifi c agonist would aid these efforts.  

    mitoK ATP  Channels and Cerebral Vascular Tone 

 Although it is known that extracellular ATP, from either glycolysis or oxidative 
phosphorylation, as well as the metabolites  adenosi  ne, AMP, and ADP [ 2 ,  74 ] can 
alter cerebrovascular tone via plasma purinergic receptors [ 22 ], only a few studies 
have examined direct mitochondrial infl uences via opening of mitoK ATP  channels on 
the diameter of cerebral resistance vessels [ 16 ,  49 – 51 ,  91 ]. Thus, the study of direct 
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mitochondrial effects on the cerebral vasculature is a relatively new fi eld. Even 
fewer studies have examined mitochondrial infl uences on the cerebral vasculature 
during disease states, but increasing amounts of information are rapidly becoming 
available in other systemic circulations [ 39 ,  58 ,  89 ] and VSM [ 73 ]. 

    Vascular Smooth Muscle 

 Jaggar and colleagues [ 17 ,  91 ] were the fi rst to show that  a  ctivation of mitochondria 
by diazoxide promoted relaxation of VSM cells in endothelium-denuded cerebral 
arteries or freshly dissociated VSM via a mechanism primarily involving production 
and localized effects of ROS. Thus, diazoxide application enhanced the generation of 
ROS from mitochondria, which sequentially caused the activation of ryanodine-sen-
sitive Ca 2+  channels on the SR, the localized generation of Ca 2+  transients called 
“Ca 2+  sparks”, and the opening of adjacent large-conductance Ca 2+ -activated K +  
(BK Ca ) channels on the plasma membrane.  Calcium sparks   by themselves are insuf-
fi cient in the absence of BK Ca  channels to affect global intracellular Ca 2+ . The 
resulting K +  effl ux due to opening of BK Ca  channels by calcium sparks leads to VSM 
hyperpolarization, decreased global intracellular Ca 2+ , and VSM relaxation. We have 
reported similar fi ndings in endothelium denuded arteries with diazoxide and BMS-
191095 [ 49 ,  51 ]. The role of mitochondrial ROS in promoting VSM relaxation of 
cerebral arteries is also shown from experiments using 3-nitropropionic acid (3-NPA), 
an inhibitor of SDH [ 49 ]. 

 We recently found that BMS-191095 has a similar effect to diazoxide in VSM 
without the involvement of ROS-mediated infl uences [ 50 ]. Thus, BMS-191095 does 
not increase vascular cytosolic or mitochondrial levels of ROS in VSM and dilation of 
endothelium-denuded cerebral arteries to BMS-191095 is not affected by ROS scav-
engers. However, BMS-191095 via mitochondrial depolarization increases calcium 
spark activity in VSM, the opening of adjacent BK Ca  channels on the plasma mem-
brane application, and relaxation of endothelium-denuded cerebral arteries. The rea-
sons for these differences in experimental fi ndings are unclear, but cumulatively 
underscore the importance and diversity of mitochondrial mechanisms in promoting 
relaxation of VSM. We speculate that there is direct electrophysiological coupling 
between mitochondria and SR in VSM. The close physical association with the pos-
sibility of direct coupling of mitochondria and SR are clearly seen with electron 
microscopy in cerebral VSM (Fig.  3.2 ).  

     Endothelium   

 Mitochondrial content in  t  he cerebral vascular endothelium is higher than in endo-
thelium in other peripheral circulations (Fig.  3.1 ), probably due to the augmented 
transport requirements of the BBB [ 72 ,  76 ]. We investigated the contribution of 
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mitochondrial factors arising within the endothelium on the integrated response of 
intact cerebral arteries using several approaches. First, removal of the endothelium 
or inhibition of eNOS with L-NAME reduced the vasodilation to diazoxide and 
BMS-191095, implying that traditional endothelium-derived factors such as NO 
contribute to changes in vascular tone [ 51 ]. Second, fl uorescence and electron spin 
resonance measurements of NO in intact arteries or cultured cerebral microvascular 
endothelial cells confi rmed the production of NO in response to diazoxide and 
BMS-191095. Third, fl uorescence measurements showed that a global increase in 
free cytosolic calcium was temporally associated with increased NO production with 
diazoxide or BMS-191095 application. Fourth, BMS-191095 or diazoxide increase 
phosphorylation of eNOS, an event which has been shown to activate eNOS and 
enhance NO production. Thus, BMS-191095 and diazoxide application led to mito-
chondrial depolarization, activation of eNOS by increased cytosolic calcium as well 
as the phosphorylation of eNOS, enhanced production of NO and its diffusion to 
VSM, and relaxation of VSM [ 51 ; Fig.  3.4 ]. The increased production and diffusion 
of NO from endothelium augments the relaxation due to mitochondrial activation in 
the VSM (Fig.  3.5 ). Mitochondrial depolarization also can lead to the production of 
constrictor prostanoids [ 49 ], but the NO effects appear to be more important. Although 
it has been suggested that mitochondria contain a variant of NOS, there is signifi cant 
evidence against this view [ 63 – 65 ]. 

 Gutterman and colleagues [ 92 ] showed that a physiological stimulus such as 
increased shear stress is able to directly activate mitochondria in coronary endothe-
lial cells via fi lamentous connections and dilate coronary arteries via effects of 
hydrogen peroxide. Whether a similar endothelium-specifi c mechanism operates in 
response to increases in fl ow or shear stress in cerebral arteries is unclear, since alter-
native mechanisms promoting either dilation or constriction in cerebral resistance 
vessels of different sizes and locations have been proposed by Koller and Toth [ 58 ]. 
Nonetheless, the  com  mon feature is that stimulation of mitochondria is able to liberate 
substances by endothelium which can secondarily affect VSM tone.  
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  Fig. 3.4    Experiments conducted in cultured cerebral vascular endothelium or endothelium-intact 
cerebral arteries show that BMS-191095 depolarizes mitochondria without ROS production ( a ), 
and subsequently elicits an increase in global calcium ( b ) as well as the phosphorylation of Akt 
and eNOS ( c ). From [ 51 ]. *p < 0.05, compared to vehicle treated       
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    Perivascular and Parenchymal Nerves 

 New fi ndings indicate that mitochondrial infl uences from perivascular nerves or 
adjacent parenchymal neurons could have major effects on cerebral  vascula  r 
responses. Cerebral arteries receive dense innervation from sympathetic, parasympa-
thetic, and nitroxidergic nerves [ 3 ,  9 ,  20 ,  86 ]. Additionally, the entire cerebral vascu-
lature is in close contact with adjacent parenchymal neurons or astroglia (Fig.  3.3 ). 
BMS-191095 and diazoxide depolarize mitochondria in cultured cortical neurons 
and enhance NO production by these cells. As in endothelial cells, opening of mito-
K ATP  channels increases intracellular calcium levels and phosphorylates neuronal 
NOS. Furthermore, inhibition of nNOS with 7-NI in perivascular nerves inhibits 
dilation in both intact and denuded cerebral arteries to BMS-191095 [ 52 ]. Therefore, 
perivascular nerves, parenchymal neurons, and possibly astroglia as well [ 46 ,  78 ] can 
provide mitochondrial-initiated vasoactive signals to VSM [ 82 – 84 ] for the fi nal 
determination of integrated changes in cerebral vascular diameter in response to 
physiological and pathological challenges (Fig.  3.5 ).

  Fig. 3.5    Schematic illustration showing signaling events and ultimate mechanisms resulting in 
cerebral vasodilation in response to depolarization of one or more of the cells types comprising the 
neurovascular unit. Factors produced following activation of mitochondria by physiological, phar-
macological, and pathological stimuli in any of these cell types can affect VSM and the interaction 
of these factors will determine the fi nal, integrated arterial tone. Abbreviations: [ Ca   2+  ]  i   cytosolic 
calcium,  PI3K  phosphoinositide 3-kinase,  Akt  protein kinase B,  NO  nitric oxide,  NOS  nitric oxide 
synthase       
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         Vascular Mitochondria in Insulin Resistance 

 Insulin  resistan  ce often precedes the development of type II diabetes by years or 
decades, and is considered a relatively quiet phase of the metabolic syndrome despite 
vascular dysfunction and moderate arterial hypertension. We and others have charac-
terized many of the general cardiovascular effects of this disease [ 31 – 33 ,  49 ,  56 ,  90 ] 
and have shown that tissue and vascular infl ammation and increased basal levels of 
ROS from both mitochondrial and non-mitochondrial sources are responsible for 
vascular dysfunction [ 33 ,  34 ]. 

 We were among the fi rst investigators to demonstrate that insulin resistant is able 
to disrupt functioning of plasma K ATP  channels in cerebral and peripheral arteries 
[ 4 ,  31 ,  32 ] and therefore it is not surprising that mitoK ATP  channels could be affected 
in a similar manner. Thus, diazoxide-induced preconditioning fails to protect hearts 
from  ischemia  /reperfusion in IR, Zucker obese rats, whereas diazoxide limited 
infarct size in hearts from non-IR rats [ 48 ]. An additional fi nding from this study was 
that infarct size was enhanced in the hearts from Zucker obese compared with lean 
rats,  whi  ch is similar to that which we [ 71 ] and others [ 8 ] have found in brains of IR, 
obese mice following transient occlusion of the middle cerebral artery (MCAO). 
These fi ndings may indicate that normal protective mechanisms initiated at the level 
of the mitoK ATP  channels are impaired in many common disease states and thus the 
brain and other organs are more at risk during ischemic episodes. 

 Similar to ineffective preconditioning, mitochondrial-dependent vasoactive 
responses in cerebral arteries are impaired in IR rats [ 49 ]. This attenuation of dilation 
appears to be due to reduced mitochondrial depolarization of VSM as well as reduced 
ROS generation and calcium sparks generation in response to diazoxide. In addition, 
decreased NO production and/or bioavailability appears to contribute to diminished 
relaxation of VSM. We have found similar impairment of cerebral vascular dilation 
to BMS-191095 in IR animals [ 51 ]. The potential for the uncoupling of the tight 
relationship between metabolic need and blood fl ow in the brain due to impairment 
of mitoK ATP  channel function associated with IR may account for the increased risk 
and severity of neurological diseases and  strokes   in patients suffering from the meta-
bolic syndrome [85]. A possible new therapeutic approach would involve the early 
detection and treatment of IR individuals with the aim toward reducing vascular 
infl ammation and mitochondrial dysfunction prior to the further progression of this 
chronic disease. We have shown that treating IR rats with statins was effective in 
reducing cerebral vascular ROS levels and restoring normal plasma K ATP  and possi-
bly mitoK ATP  channel function as well as vascular responsiveness [ 33 ].

       Mitochondria and Cerebral  Ischemia   

 Although  mito  chondrial failure is a major cause of cell death due to ischemia, mito-
chondria in surviving endothelium may represent a useful target to prevent further 
cell death and restore cerebral blood fl ow even after the onset of stroke. In a recent 
study, we examined the effects of experimental stroke on middle cerebral artery 
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responses 2 days following reperfusion, and found that dilation to mitoK ATP  channel 
opening with diazoxide was retained on the side ipsilateral to the (MCAO) [ 81 ]. 
Mitochondrial mass and DNA were maintained or enhanced in middle cerebral 
arteries from the stroke side. At this time, dilator and constrictor responses to other, 
non-mitochondrial stimuli were reduced in middle cerebral arteries on the stroke 
side.  Retentio  n of dilator responses to mitoK ATP  channel opening appeared to be due 
primarily to enhanced contributions of endothelium (Fig.  3.6 ). Additionally, in sepa-
rate studies, we have found that post-conditioning of cultured cerebral vascular endo-
thelium increases viability following anoxic stress [13]. Thus, not only are endothelial 
cells responsive to mitochondrial-induced post-conditioning after anoxic stress [ 13 ], 
but cerebral vascular endothelium responsiveness to mitochondrial activators is 
also retained or enhanced [ 81 ]. Therefore, because  strokes   occur unpredictably, 
therapeutic targeting of mitochondria after the onset of ischemic stroke, especially 
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vasodilation following mitochondrial activation. Dilation of cerebral arteries to diazoxide is simi-
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and physical relationship to SR, is disrupted by ischemia ( d ). From [ 81 ]. *p < 0.05, compared to 
endothelium intact arteries;  † p < 0.05, compared to Sham denuded arteries       
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after delayed clot resolution, might be a clinically useful approach to prevent further 
injury to the endothelium and VSM, correct cerebral hypoperfusion, restore normal 
cerebral vascular responsiveness and the BBB, and restrict further neuronal and 
glia cell death.

       Conclusions, Signifi cance, and Perspective 

 A review of the available literature indicates that mitochondrial mechanisms, 
including the opening of mitoK ATP  channels, are important modulators of cerebral 
vascular function.  First , individual mitochondrial infl uences from endothelium, 
VSM, perivascular nerves, and parenchymal neurons as well as from other cell 
types such as astroglia contribute to mitochondrial-initiated relaxation effects of 
VSM into a fi nal, integrated change in cerebral vascular tone. Thus, production of 
vasoactive factors following activation of mitochondria in response to physiological 
stimuli in one or several of the cells comprising the neurovascular unit may repre-
sent the elusive signaling link between cerebral metabolic rate and blood fl ow. 
 Second , mitochondrial-derived mechanisms such as those that induce changes in 
cerebral vascular tone are disrupted by chronic disease processes such as IR or dia-
betes. Thus, direct or indirect targeting of mitochondria in the early stages of the 
metabolic syndrome might prove to be an effective treatment to reduce morbidity 
and mortality in these patients to reduce subsequent risk of cardiovascular disease, 
 strokes  , and dementias such as Alzheimer’s disease.  Third , mitochondrial mecha-
nisms promoting vasodilation and endothelial preconditioning are present following 
experimental  strokes  . Thus, targeting mitochondria following an ischemic injury, 
especially after delayed resolution of an occlusion, may restrict further neuronal, 
vascular, and glial cell death.     
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    Chapter 4   
 Ion Channels in Control of Blood Flow: 
Electrical Conduction Along Endothelium 
of Resistance Arteries                     

     Erik     J.     Behringer     and     Steven     S.     Segal     

    Abstract     The regulation of tissue blood fl ow in response to the metabolic demand 
of parenchymal cells is effected through changes in vascular resistance as governed 
by arteriolar networks and their proximal feed arteries. Vasodilation and vasocon-
striction must be coordinated among downstream and upstream segments to opti-
mize blood fl ow distribution within the tissue and to attain maximal perfusion of the 
vascular supply. Such coordinated vasomotor activity is promoted by the transmis-
sion of electrical signals (e.g., hyperpolarization and depolarization) through gap 
junctions from cell-to-cell along the vessel wall. Based upon underlying structural 
and functional relationships, we explore the biophysical basis of intercellular elec-
trical signaling along the endothelium of resistance arteries. The endothelium is 
presented as a cable, whereby electrical signals decay passively with distance from 
the site of initiation. Key to our fi ndings is how K +  channels expressed constitutively 
in endothelial cell membranes [e.g., K Ca 2.3 (SK Ca ) and K Ca 3.1 (IK Ca )] regulate the 
spatial domain of electrical signal transmission and how this role is effected during 
advanced age through the actions of hydrogen peroxide. New insights into the regu-
lation of electrical conduction along microvascular endothelium advance our under-
standing of how blood fl ow is governed by ion channels while providing mechanistic 
insight into how such processes can be affected during vascular disease.  
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      Introduction 

  Blood fl ow control requir  es dynamic responses of the resistance vasculature, perhaps 
best exemplifi ed by skeletal muscle, which can increase blood fl ow in excess of 
100-fold as it transitions from inactivity to maximal aerobic exercise [ 1 ,  48 ,  60 ] and 
vasodilation ascends from arterioles embedded within the muscle into their proxi-
mal feed arteries [ 69 ]. This chapter is concerned with the intrinsic properties of the 
endothelium as the principal cellular pathway for coordinating vasomotor responses 
along and among the branches of vascular resistance networks. Following a brief 
review of the ultrastructural properties and spatial relationships that underlie inter-
cellular conduction, we consider basic electrophysiological properties and cable 
theory in light of electrical signal transmission along the vessel wall. The use of 
endothelial “tubes” freshly isolated from resistance arteries of mouse skeletal muscle 
is presented as a model with which the effect of ion channel activation on electrical 
signaling has been resolved. Our discussion concludes with consideration for 
how advanced age can affect these relationships through the actions of hydrogen 
peroxide. These recent insights provide novel perspective for therapeutic interven-
tions aimed at restoring and sustaining tissue blood fl ow.  

    Functional Morphology 

 The intima of  arterioles and resistance arteries   is comprised of an  endothelial cell 
(EC)   monolayer that is well suited for the conduction of electrical signals in a man-
ner analogous to an electrical cable [ 5 ,  21 ]. Thus,  ECs ar  e aligned with the direction 
of blood fl ow, parallel to the vessel axis. Though only ~0.5 μm thick and ~5 μm 
wide, individual ECs can exceed 100 μm in length [ 29 ]. Each EC can thereby span 
~20 SMCs, an ideal morphological arrangement for signal transmission along and 
among vessel branches [ 16 ] while minimizing the number of cells required to  span   
each vessel segment. A complementary feature that facilitates direct intercellular 
signal transmission along the  endothelium   is the robust expression of gap junctions 
at EC borders [ 51 ,  85 ,  30 ]. 

 The media of resistance microvessels consists of a single layer of adjacent 
 smooth muscle cells (SMCs)   that wrap around the intima while oriented near- 
 perpendicul  ar to the vessel axis. When relaxed, individual SMCs are ~5 μm in diam-
eter and up to ~100 μm long. Under resting conditions in vivo, SMCs exist in a 
partially activated state (i.e., myogenic tone) and must relax (vasodilation) or con-
tract (vasoconstriction) in unison along the vessel axis to increase or decrease vessel 
diameter, respectively, to effect functional changes in vascular resistance. While 
physically separated from SMCs by the internal elastic lamina (IEL), cellular pro-
jections through holes (fenestrae) in the IEL enable ECs to directly contact SMCs at 
discrete, specialized signaling domains recognized as myoendothelial junctions. 
In addition to the bidirectional exchange of ions and small molecules (<1 kDa), 
the expression of gap junctions between ECs and SMCs enables electrical charge 
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originating in the  endothelium   to spread radially into SMCs [ 20 ,  67 ,  78 ]. For example, 
by transmitting a hyperpolarizing signal to successive SMCs through gap myoendo-
thelial gap junctions, intercellular conduction along the  endothelium   coordinates 
SMC relaxation over distances spanning several millimeters [ 19 ]. The high input 
resistance of SMCs promotes effective charge transfer [i.e., changes in membrane 
potential (V m )] from ECs while minimizing charge loss from the  endothelium  , 
thereby preserving the axial direction of current fl ow [ 16 ]. This key biophysical 
property of direct coupling through homocellular and heterocellular gap junctions 
enables electrical signals to travel rapidly along arterioles and their feed arteries, 
thereby coordinating vasomotor responses. Thus, conduction of hyperpolarization 
along the endothelium and into consecutive SMCs leads to vasodilation and an 
increase in tissue blood fl ow [ 11 ,  21 ,  27 ,  50 ]. Exemplary modeling studies [ 16 ,  31 , 
 43 ] and in-depth reviews [ 9 ,  45 ,  73 ] have addressed the role of myoendothelial com-
munication in greater detail. 

 In the context of exercise, vasodilation originating within arteriolar networks of 
active skeletal muscle can ascend into their proximal feed arteries, thereby increas-
ing the volume of blood fl owing through arteriolar branches and into capillary net-
works supplying oxygen to active skeletal muscle fi bers. Complementary 
mechanisms of “local” and “remote” coordination of vasoreactivity have also been 
developed for other tissue and organ systems including the brain [ 13 ,  36 ], mesentery 
[ 8 ,  33 ,  75 ], retina [ 87 ], kidney [ 53 ,  72 ], lung [ 82 ] and heart [ 23 ]. While recognizing 
that there are multiple mechanisms for relaxing vascular smooth muscle to produce 
vasodilation, and that the  endothelium   does more than conduct electrical signals, 
the present discussion is based on the nature of our electrophysiological studies of 
native intact  endothelium   freshly isolated from resistance (superior epigastric) 
arteries of mouse skeletal muscle. With the functional role of dynamically coordi-
nating changes in vascular resistance in mind, the present discussion is focused on 
answering the question: What is the biophysical basis for the initiation and trans-
mission of electrical signals along the endothelium of resistance microvessels? The 
modulation of gap junctions to regulate cell-to-cell coupling has been the focus of 
previous studies [ 26 ,  85 ]. In contrast, the present discussion centers on regulating 
the activity of plasma membrane K +  channels in light of their ability to modulate the 
electrical resistance of EC membranes and the effects of oxidative stress during 
advanced age.  

    Basis for Electrical Communication in the  Endothelium   
of Resistance Arteries 

 The fl ux of ions  through   plasma membranes underlies electrical signaling in cells. 
Despite the endothelium typically being considered electrically unexcitable, signal-
ing through ion fl ux—particularly hyperpolarization—is integral to endothelial 
function and its ability to both govern and coordinate vasodilation. The net fl ux of 
an ion across the plasma membrane is determined by its electrical driving force 
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(i.e., V m  relative to the Nernst potential of the ion), its chemical driving force (i.e., 
transmembrane concentration gradient), the number and conductance of permeant 
ion channels as well as their probability of being open (i.e., nP o ). At any instant, the 
integration of these variables for all permeant ions determines the plasma mem-
brane potential (V m ), which defi nes the electrical driving force of the cell interior 
(V in ) with reference to outside (V out ) the cell in the extracellular fl uid [see Fig.  4.1 ]. 
Resting V m  (i.e., V in  − V out ) of ECs ranges from −25 mV to −50 mV as recorded in 
native  endothelium   freshly isolated from resistance arteries [ 5 ,  6 ], intact resistance 
arteries [ 21 ,  20 ], or arterioles controlling blood fl ow  in vivo  [ 83 ,  84 ].

   The plasma membrane of ECs behaves as a capacitor for storing electrical charge 
in parallel with a resistor for dissipating electrical charge (i.e., current fl ow) through 
ion-permeant channels. In practice, membrane capacitance adds a temporal delay to 
the change in V m  in accord with the membrane time constant, tau (~240 ms; [ 19 ]). 
This effect is  apparent   during the transition from resting V m  to a more negative or 
more positive V m  in response to injecting square-wave pulses of current into the cell 
interior (Fig.  4.1 ). It will be recognized that the injection of hyperpolarizing current 
(i.e., of electrons into the cell interior) is analogous to the activation of K +  channels 
with K +  effl ux resulting in a more negative V m . Because of the constitutive expres-
sion of K +  channels in EC membranes coupled with high mobility of K +  in solution 
and the electrochemical potential for K + , these monovalent cations are the predom-
inant charge carrier for hyperpolarization (and thereby electrical signaling) in ECs. 
The monovalent anion Cl −  may also contribute to charge transfer along the endothe-
lium, though it remains to be defi ned in such context as its effect is likely to be pas-
sive in response to local shifts in the electrochemical potential of K + . During a 
square-wave hyperpolarizing stimulus of suffi cient duration (e.g., several times lon-
ger than tau), the absolute change in V m  is achieved when membrane capacitance 
has fully charged and all current fl ow through the membrane (I m ) occurs through the 
resistance of the membrane (R m ), with V m  stabilized at the new steady-state (i.e., 
V m  = I m R m ). In turn, when the hyperpolarizing current is removed (or K +  channels 
close), the charge stored in the membrane capacitance is dissipated through the 
membrane until resting V m  is restored (Fig.  4.1 ). In a passive, non-rectifying system 
(as applies here and discussed below), equal and opposite responses occur with 
injection of positive current.  

    Simple Cable Theory:  Electrical Conduction   and the Role 
of Ion Channels 

 Cell-to-cell  conductio  n of electrical charge (e.g., ion fl ux) through gap junctions is 
highly effective as a mechanism for coordinating vasomotor responses along arterioles 
and their feed (resistance) arteries. Such dynamic signaling in blood fl ow regulation 
effectively “tunes” local and regional perfusion according to the prevailing meta-
bolic demands. Linear cable theory (for complete texts dedicated to principles of 
electrical signaling in biology consult [ 34 ] and [ 42 ]) encompasses the passive fl ow 

E.J. Behringer and S.S. Segal



83

V
m

t

63
%

ΔV
mt=
RC

-4
0 

m
V

-6
0 

m
V

I m
0

nA

-1
nA

ou
ts

id
e

P
M

in
si

de
-

-
-

-
-

-
-

-
-

-
-

-

0
+

-

C
u

rr
en

t 
g

en
er

at
o

r:
 In

je
ct

 c
u

rr
en

t 
(I

m
)

E
le

ct
ro

m
et

er
: 

R
ec

o
rd

 m
em

b
ra

n
e 

p
o

te
n

ti
al

 (
V

m
)

G
ro

u
n

d
 e

le
ct

ro
d

e

  F
ig

. 4
.1

  
  T

he
 e

nd
ot

he
lia

l p
la

sm
a 

m
em

br
an

e 
as

 a
 c

ap
ac

ito
r 

an
d 

re
si

st
or

. T
he

 il
lu

st
ra

tio
n 

sh
ow

s 
de

ta
ils

 o
f 

th
e 

sh
ar

p 
el

ec
tr

od
e 

te
ch

ni
qu

e 
an

d 
th

e 
be

ha
vi

or
 o

f 
an

 
en

do
th

el
ia

l 
pl

as
m

a 
m

em
br

an
e.

 T
he

 s
ha

rp
 e

le
ct

ro
de

 a
pp

ro
ac

h 
en

ta
ils

 a
 c

ur
re

nt
 g

en
er

at
or

 a
nd

 a
n 

el
ec

tr
om

et
er

 t
o 

si
m

ul
ta

ne
ou

sl
y 

in
je

ct
 c

ur
re

nt
 a

nd
 r

ec
or

d 
V

 m .
 

T
he

 o
ns

et
 o

f 
a 

sq
ua

re
 w

av
e 

cu
rr

en
t i

nj
ec

tio
n 

pu
ls

e 
(e

.g
., 

−
1 

nA
) 

el
ic

its
 a

 c
ha

ng
e 

in
 V

 m .
 R

at
he

r 
th

an
 a

n 
ab

ru
pt

 tr
an

si
tio

n,
 c

ha
rg

e 
se

pa
ra

tio
n 

(i
.e

., 
hy

pe
rp

ol
ar

iz
a-

tio
n)

 e
nt

ai
ls

 c
ha

rg
in

g 
a 

ca
pa

ci
ta

nc
e 

(p
ro

po
rt

io
na

l 
to

 m
em

br
an

e 
su

rf
ac

e 
ar

ea
) 

as
 w

el
l 

as
 c

ur
re

nt
 fl

 o
w

 t
hr

ou
gh

 t
he

 m
em

br
an

e 
(p

ro
po

rt
io

na
l 

to
 e

le
ct

ro
ch

em
ic

al
 

dr
iv

in
g 

fo
rc

e 
an

d 
io

n 
fl 

ux
).

 O
nc

e 
ca

pa
ci

ta
nc

e 
is

 f
ul

ly
 c

ha
rg

ed
, V

 m  
st

ab
ili

ze
s 

at
 a

 n
ew

 s
te

ad
y 

st
at

e 
as

 d
et

er
m

in
ed

 b
y 

th
e 

re
si

st
iv

e 
pr

op
er

tie
s 

of
 t

he
 m

em
br

an
e.

 
U

po
n 

te
rm

in
at

io
n 

of
 th

e 
cu

rr
en

t p
ul

se
, c

ha
rg

e 
st

or
ed

 in
 m

em
br

an
e 

ca
pa

ci
ta

nc
e 

(c
 m )

 d
is

ch
ar

ge
s 

th
ro

ug
h 

th
e 

m
em

br
an

e 
re

si
st

an
ce

 (
r m

 ) 
as

 V
 m  

re
tu

rn
s 

to
 th

e 
in

iti
al

 
va

lu
e.

 T
he

 ti
m

e 
co

ns
ta

nt
, t

au
 (

τ =
 r m

 c m
 ) 

re
fl e

ct
s 

th
e 

tim
e 

re
qu

ir
ed

 f
or

 th
e 

fl o
w

 o
f 

cu
rr

en
t (

I m
 ) 

to
 a

lte
r 

V
 m  

63
 %

 o
f 

th
e 

to
ta

l c
ha

ng
e 

fr
om

 th
e 

in
iti

al
 s

te
ad

y 
st

at
e 

to
 

th
e 

ne
w

 s
te

ad
y 

st
at

e 
va

lu
e;

 τ 
al

so
 a

pp
lie

s 
to

 d
is

ch
ar

gi
ng

 th
e 

ca
pa

ci
ta

nc
e 

up
on

 r
em

ov
al

 o
f 

th
e 

cu
rr

en
t p

ul
se

       

 

4 Endothelial conduction



84

of electrical current along microvascular endothelium. The effective distance for 
non-regenerative  electrical conduction   is defi ned by the length constant, lambda 
(λ; =√r m /r a ), whereby r m  is membrane resistivity (i.e., “leakiness” to ion fl ux, deter-
mined primarily by nP o  of ion channels spanning the lipid bilayer) and r a  is the axial 
resistivity to current fl ow along the endothelium. Assuming negligible resistance 
imposed by the cytoplasm, r a  is determined primarily by the number and patency of gap 
junctions (see Fig.  4.2a, b ). Thus, in light of the functional morphology discussed 
above, long ECs with fewer gap junctions to traverse per unit distance effectively 
promotes  electrical conduction   along the vessel wall. Nevertheless, independent of 
changes in (or regulation of) cell-to-cell coupling through gap junctions, the distance 
that electrical current effectively travels along the vessel wall can be modulated by 

  Fig. 4.2    Electrical length constant and “passive” conduction. ( a ) The illustration is a simplifi ed 
schematic of a cable as refl ected by an electrically coupled cellular network. The length constant 
[λ = (r m /r a ) 1/2 ] is biophysical property analogous to the conduction of electricity along a cable. It 
refl ects the square root of the ratio of membrane resistance for current fl ow (r m , determined by the 
nP o  of ion channels) to the internal resistance for current fl ow (r a ) along the cable. For the endothe-
lium, r a  is determined primarily by gap junctions between neighboring cells. A relatively high r m  
and low r a  result in a longer λ. Activation of ion channels will alter r m , whereas modulation of gap 
junctions will alter r a  (See Fig.  4.8 ). ( b ) As a model of electrical signaling along the endothelium 
of resistance arteries, the illustration is a schematic of a cable indicating “passive” electrical con-
duction. Site “1” indicates cell receiving negative (hyperpolarizing, e.g., −1 nA) current injection 
and eliciting a local V m  response. Note that with increasing distance (approaching further towards 
the right of the fi gure, sites 2–5), the magnitude of the change in V m  decreases progressively. 
Embedded “disks” (individual cells) comprising the cable with associated arrows signifying signal 
transmission through gap junctions. Note that the plasma membrane of cells acts as a capacitor (c m ) 
and resistor (r m ) in parallel. Thus, the V m  response to a current stimulus becomes stable after the 
plasma membrane as a capacitor has been charged (see actual V m 2 recording of Fig.  4.3b )       
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nP o  [ 5 ] as discussed in the following section. An array of ion channels may be 
expressed in the plasma membrane of ECs [ 38 ,  62 ]. Here we focus on those 
concerned with the initiation of hyperpolarization and its conduction along the vessel 
wall leading to the coordinated relaxation of SMCs and vasodilation.

   In resistance vessels, SK Ca  (K Ca 2.3) and IK Ca  (K Ca 3.1) channels are expressed 
abundantly in the plasma membrane of ECs [ 50 ,  78 ]. The SK Ca /IK Ca  proteins con-
tains six transmembrane domains (pore between S5 and S6) and intracellular amino 
and carboxy termini [ 50 ]. In response to increases in intracellular calcium 
 concentration ([Ca 2+ ] i ), the Ca 2+  sensor protein calmodulin interacts with the carboxy 
terminus of SK Ca /IK Ca  to open the channel pore and thereby allow K +  effl ux according 
to its electrochemical potential [ 50 ]. In contrast to the large conductance Ca 2+ -
activated K +  channels (BK Ca ) typically located in SMC membranes, SK Ca /IK Ca  do not 
contain a voltage sensor to transduce changes in V m  towards affecting nP o  [ 49 ]. For 
ECs that contain the inward-rectifying K +  channel (K IR ; dominant isoforms are of the 
K IR 2.x family [ 18 ,  22 ,  62 ]), K IR  can serve as an extracellular K +  sensor to modulate 
K +  effl ux [ 61 ]. It should also be recognized that, with electrical coupling between 
ECs and SMCs via myoendothelial gap junctions, activation of K IR  in SMCs can 
contribute additional outward current fl ow and thereby enhance the conduction of 
hyperpolarization and vasodilation [ 40 ,  70 ]. 

 To enable charge transfer (i.e., current fl ow) between neighboring ECs, functional 
gap junction channels bridge respective plasma membranes. For a comprehensive 
review regarding role of gap junctions in regulating cellular communication along 
blood vessels, the confounding actions imposed by gap junction pharmacological 
manipulation of gap junctions and the genetic deletion of endothelial connexins con-
sult [ 9 ]. Each EC contributes a hemichannel (i.e., a connexon) which dock to form a 
pore that is physically shielded from the extracellular fl uid. Each connexon contains 
six connexin (Cx) subunits with Cx37, Cx40 and Cx43 the primary isoforms present 
in resistance microvessels [ 30 ,  51 ,  66 ]. The pore diameter of gap junctions is ~9 nm, 
which allows ions and second messengers having a mass <1 kDa to pass directly 
from within one cell to the next [ 79 ]. Thus, ions with high mobility (e.g., Na + , K + , 
Cl − ), second messengers (e.g., Ca 2+ , 1,4,5-inositol trisphosphate, cyclic adenosine 
monophosphate), or fl uorescent dye (e.g., propidium iodide; ~668 Da) can pass 
between ECs that are effectively coupled through gap junctions. 

 Given the integral role of the endothelium in conducting hyperpolarization, vaso-
dilation and increased tissue perfusion [ 20 ,  21 ,  69 ], we developed freshly isolated 
endothelial “tubes” as an experimental preparation that is free from potentially con-
founding infl uences that include transmural pressure and blood fl ow, SMCs and peri-
vascular nerves (via myoendothelial coupling), as well as signaling molecules 
contained within the blood or surrounding tissue. Using this preparation, the spread 
of electrical charge along native intact endothelium of resistance arteries was evalu-
ated for the fi rst time [ 5 ,  7 ]. Given the integral role of gap junctions in electrical 
signaling between coupled cells, previous studies of conducted vasodilation and sig-
nal transmission have focused on manipulating r a  through altering the expression 
profi le of connexin subunits [ 15 ,  26 ,  47 ,  85 ]. However, as alluded to above, r m  is a 
critical determinant of the length constant for  electrical conduction   and is governed 
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by ion channels in the EC plasma membrane. We have used the endothelial tube 
preparation to investigate whether—and if so, how—manipulation of SK Ca /IK Ca  (and 
thereby r m ) can affect the nature of  electrical conduction   along the endothelium.  

     Electrical Conduction   Along Endothelial Tubes 

 Given its role in  vasod  ilation, the conduction of hyperpolarization is typically 
emphasized when discussing endothelial signal transmission. However, experi-
ments have shown that the endothelium is equally profi cient in the conduction of 
depolarization. Thus, intracellular injection of positive current evokes a change in 
V m  equal and opposite to that obtained with negative current of the same magnitude 
and the amplitude of the V m  response changes directly with the magnitude and 
polarity of injected current through the range of ±3 nA (Figs.  4.3b  and  4.4a ). For 
example, injection of ±1 nA into a single EC changes V m  by ±8 mV when recorded 
at a distance of 500 μm, which corresponds to the distance of ~15 ECs (each ~35 μm 
long) positioned end-to-end along the vessel axis. At a separation distance of 500 μm, 

  Fig. 4.3    Sharp electrode recordings of electrical conduction along endothelium of resistance arter-
ies. ( a ) Brightfi eld image of endothelial tube showing dual intracellular electrodes (“Site 1”,  left  ( red 
oval ) and “Site 2”,  right  ( orange oval )) positioned in an endothelial tube isolated from a mouse 
superior epigastric artery. Illustration is from [ 5 ]. ( b ) Representative dual simultaneous intracellular 
recording illustrating V m  traces at Site 1 (V m 1; where current is injected) and Site 2 (V m 2) separated 
by 500 μm to evaluate electrical conduction along the endothelium. Current pulses (±0.1–3 nA, ~2 s 
each) were injected at Site 1 while V m  was recorded at Sites 1 and 2. Note that duration of current 
pulse was suffi cient for obtaining stable ∆V m 2 responses following charging of the plasma mem-
brane capacitance (see Figs.  4.1  and  4.2 ). These data are from [ 7 ]; with permission       
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the linearity in V m  responses (i.e., ∆V m  from the initial V m  at rest) encompasses a 
dynamic range of ~50 mV. As the distance between the local site of current injection 
and the remote site of recording V m  increases, the amplitude of bidirectional V m  
responses decays but remains proportional to the level of current  injected   (compare 
Figs.  4.4a and b ). It should be recognized that such linear behavior in the V m  
response to current injection at each distance away from the site of current injection 
(Fig.  4.4c ) indicates a lack of voltage-gated ion channels [ 49 ]. In contrast, if voltage- 
activated ion channels were present, rectifi cation (i.e., abrupt non-linearity in the V m  
response) would occur for either inward (e.g., per K IR ) or outward [e.g., per voltage- 
gated K +  channel (K v )] ionic currents. Thus, at each distance from the site of current 
injection, the linear slope of the current-voltage relationship is evaluated (e.g., in 
response to injecting −3 to +3 nA and recording V m  at distances 50–2000 μm from 
the injection site) and referred to as “Conduction Amplitude” [ 5 ,  7 ].

    Consistent with the passive spread of electrical signals along a cable, Conduction 
Amplitude decays mono-exponentially with distance along the endothelium (Fig.  4.4d ) 
with a λ of ~1.4 mm. Empirically, λ corresponds to the distance over which the 

  Fig. 4.4    Electrical conduction along the endothelium of resistance arteries. ( a ) Representative V m  
recording at site 2 during ±0.1–3 nA injected at site 1 (distance = 500 μm). ( b ) As in Panel  a , with 
a separation distance of 1500 μm. Note reduction in V m 2 responses compared with 500 μm dis-
tance illustrated in Panel  a . ( c ) Plot of summary data for current injected into Site 1 versus ∆V m  at 
Site 2.  Black line : recordings at 500 μm separation represents “Conduction Amplitude” ~8 mV/nA. 
 Grey line : recordings at 1500 μm separation. Slopes (linear regression, R 2   > 0.99) of respective 
lines are the “Conduction Amplitude.” ( d ) Conduction amplitude with increasing separation dis-
tance between Sites 1 and 2 (50–2000 μm). Length constant (λ) ~ 1.4 mm calculated from mono-
exponential fi t (R 2  = 0.99). Summary data in  c  and  d  refl ect means ± standard error (n = 11 at 
50–1500 μm; n = 7 at 2000 μm). These data are taken from [ 5 ,  7 ] with permission       
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electrical signal decayed to 37 % [(1/e) of the “local” ΔV m ]. Remarkably, this value 
for λ is similar to what has been determined for intact arterioles isolated from the 
guinea pig submucosa (1.1–1.6 mm [ 35 ]) and intact feed arteries isolated from 
the hamster cheek pouch retractor muscle (λ: 1.2 mm [ 19 ]). Our fi nding that the 
amplitude of the electrical signal decays by 4.4 % per 100 μm [ 5 ,  7 ] is also  consistent 
with the decay of ~5 % per 100 μm observed in retinal arterioles of the rat [ 87 ]. 
Thus, whether isolated or coupled with SMCs through myoendothelial gap junc-
tions, the endothelium of resistance microvessels effectively serves as the predomi-
nant cellular pathway for the transmission of electrical signals that underlie 
conducted vasodilation. This consistency across preparations supports a property 
stated earlier in this discussion; i.e., that the electrical signal is transmitted to SMCs 
with negligible charge loss due to the conductance of myoendothelial gap junctions 
in conjunction with the high input resistance of individual SMCs [ 16 ].  

    Diffi culties in Resolving the Role of Gap Junctions 
in Modulating Electrical Conduction 

 The use of pharmacologic agents to manipulate  gap junctions and g  enetic deletion 
of connexin subunits may have confounding effects (see [ 9 ,  41 ]). For example, 
several laboratories have identifi ed non-selective actions of the putative gap junc-
tion blockers carbenoxolone and β-glycyrrhetinic acid [ 7 ,  54 ,  65 ,  76 ,  80 ]. While 
these agents do block gap junctions, their unintended effects include the inhibition 
of K Ca  channels that initiate hyperpolarization in response to acetylcholine, as 
shown for guinea pig and rat arteries [ 76 ] as well as endothelial tubes freshly iso-
lated from mouse resistance arteries [ 7 ]. The implications of such fi ndings are 
considerable because these pharmacological agents have been used widely to 
assess the presence of endothelium-derived hyperpolarization and relaxation of 
vascular smooth muscle in response to acetylcholine [ 17 ,  54 ,  55 ,  76 ,  86 ]. Such 
non-junctional effects [e.g., transient hyperpolarization and/or depolarization; sup-
pressed activation of SK Ca /IK Ca ] at concentrations less than or equal to what is 
required for blocking gap junctions [ 7 ,  54 ,  76 ] indicates that glycyrrhetinic acid 
derivatives may not effectively resolve the role of gap junctions from other ion-
permeant channels in shaping electrical conduction along the endothelium. 
Nevertheless, intercellular conduction of electrical signals is blocked by carbenoxo-
lone and β-glycyrrhetinic acid as indicated by the inhibition of electrical conduction 
and loss of dye transfer (e.g., propidium iodide) from one cell to several neighboring 
cells (see Fig.  4.5c ) [ 7 ].

   It is reassuring that the inhibition of gap junctions with glycyrrhetinic acid deriv-
atives in our experiments is consistent with the fi ndings of others [ 17 ,  54 ,  76 ,  86 ]. 
Nevertheless, resolving the role of r a  in regulating electrical signaling along vascu-
lar endothelium remains a diffi cult challenge. Our experiments on endothelial 
tubes have shown that these agents can inhibit endothelium-derived hyperpolariza-
tion whether it is evoked indirectly with acetylcholine (via G q  protein-coupled 
muscarinic receptors) or via the direct action of the SK Ca /IK Ca  opener NS309 [ 7 ]. 
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Thus the  endothelial tube preparation   may serve as a useful experimental tool for 
characterizing the actions of agents purported to act selectively on gap junctions. 
It may also prove useful in assessing how the genetic manipulation of connexin 
expression affects the intercellular transmission of electrical signals, as such studies 
to date have focused on changes in the nature of conducted vasomotor responses 
along intact arteriolar networks [ 15 ,  25 ,  85 ].  

  Fig. 4.5    The role of K +  channel activation and r m  in governing electrical conduction. ( a )  Robust 
expression of IK   Ca   in endothelial tube.  Image depicts confocal slice image of an endothelial tube 
isolated from a male mouse superior epigastric artery indicating presence of IK Ca  ( green ) and 
nuclei of individual cells ( blue ). Expression of SK Ca  has been confi rmed in the same manner (not 
shown). ( b )  Effect of progressive activation of SK   Ca   /IK   Ca   on electrical conduction.  Plot of summary 
data (means ± standard error) for Conduction Amplitude (Site 2 located 500 μm from current injec-
tion at Site 1; refer to Fig.  4.3 ) during increasing [NS309]. Note that electrical conduction decreases 
with increasing [NS309] up to complete inhibition with 10 μM. *P < 0.05, signifi cantly different 
from control indicated as “C” (n = 6–8). ( c )  Intercellular dye transfer through gap junctions is 
maintained during maximal SK   Ca   /IK   Ca   activation with NS309.  Propidium iodide dye (0.1 % in 2 
mol/L KCl) was included in microelectrode during intracellular recording to evaluate intercellular 
coupling through gap junction channels.  Arrows  indicate impaled cell in each panel and recordings 
lasted 30 min. Dye transfer occurred during control conditions ( top ) or following 5 min of 10 μM 
NS309 treatment ( middle ) where V m  was ~−80 mV and conduction was abolished. In contrast, 
treatment with the gap junction blocker carbenoxolone (100 μM, 5 min) prevented dye transfer 
between cells. ( d )  Effect of SK   Ca   /IK   Ca   activation on spatial decay of electrical conduction.  Electrical 
conduction versus separation distance between intracellular microelectrodes before and during 
treatment with NS309. At each distance (50–2000 μm), continuous (paired) recordings were 
obtained under control conditions and during NS309 (1 μM, ~EC 50 ). With current injection 
adjusted to produce the same local V m  (control: −1 nA; NS309: −2 nA), the ∆V m 2 (resting V m  
minus peak response V m ) with distance indicates greater decay of hyperpolarization with NS309 
(Control λ: ~1.4 mm, NS309 λ: ~0.9 mm). *P < 0.05, control signifi cantly different from NS309. 
Summary data illustrate mean ± standard error (n = 11 at 50–1500 μm; n = 7 at 2000 μm). These 
data are taken from [ 5 ,  7 ] with permission       
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    Effects of SK Ca /IK Ca  Activation on Electrical Conduction 

 The activation of SK Ca /IK Ca  is integral to endothelial-derived hyperpolarization 
[ 3 ,  27 ]. Once hyperpolarization is initiated, the  endo  thelium serves as an effective 
cellular pathway for electrical conduction and coordinating vasodilatation as dis-
cussed above. It should also be recognized that the activity of SK Ca /IK Ca  has a direct 
effect on r m  and can thereby regulate the transmission of electrical signals along the 
endothelium. This role is now explored, with particular attention given to the effects 
of aging and oxidative stress. 

 The possibility of investigating how r m  could affect electrical signal transmis-
sion led us to the question: Can the effi cacy of electrical conduction along the 
endothelium be tuned according to the level of activation of ion channels in the 
plasma membrane? To provide an answer we focused on manipulating SK Ca /IK Ca  
activity as these channels are highly expressed in the endothelial tubes studied thus 
far (Fig.  4.5a ). Importantly, the open probability of SK Ca /IK Ca  can be controlled 
acutely during experiments via the addition of pharmacological agents that selec-
tively activate (e.g., NS309) or inhibit (apamin + charybdotoxin) respective channels 
[ 5 ]. The experimental approach entailed impaling endothelial tubes with dual 
simultaneous intracellular microelectrodes to inject current into one EC while 
recording V m  in a remote EC at a defi ned separation distance, typically 500 μm 
(see Fig.  4.3 ). The progressive activation of SK Ca /IK Ca  (e.g., with increasing concen-
trations of NS309 added to the tissue bath) resulted in progressive hyperpolariza-
tion. Concomitantly recording V m  from the remote EC demonstrated a progressive 
reduction in the effi cacy of electrical signal transmission (i.e., conduction ampli-
tude; Fig.  4.5b ). Remarkably, when the  r  emote response was completely abolished 
(using 10 μM NS309), gap junction patency remained fully intact as confi rmed with 
dye (propidium iodide) transfer from the injected EC to its surrounding neighbors 
as seen under control conditions (Fig.  4.5c , compare top and middle panels). 
Because cells hyperpolarized as electrical conduction was impaired during SK Ca /
IK Ca  activation with NS309, experiments were repeated under conditions that pre-
vented hyperpolarization. This was achieved through changing the Nernst potential 
for K +  by raising its bath concentration from 5 mM (control) to 60 mM, effectively 
clamping V m  at its resting level under control conditions. Remarkably, despite neg-
ligible change in V m , the activation SK Ca /IK Ca  consistently impaired electrical con-
duction along the endothelium, attributable to the increase in nP o  augmenting the 
ability of K +  diffuse through plasma membranes and dissipate longitudinal signal 
transmission. Thus, hyperpolarization  per se  is not required for attenuating cell-to-
cell electrical signaling through changes in r m  [ 5 ]. It should be recognized that (1) 
under physiological conditions, activating SK Ca /IK Ca  within a discrete location 
(analogous to injecting current into a single EC) will initiate hyperpolarization 
without altering signal transmission along the endothelium; and that (2) the effect of 
ion channel activation along the endothelium on the effi cacy of electrical signal 
transmission would apply to any permeant ion channel expressed by ECs. 

 The application of NS309 at a concentration that was half-maximally effective 
(~1 μM) decreased λ from the control value of 1.4 mm to 0.9 mm (Fig.  4.5d ). While 
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this effect was reproducible with another synthetic opener of SK Ca /IK Ca  (e.g., SKA 31), 
a critical question was whether the regulation of electrical conduction through 
changing r m  could be achieved using a physiological agent. Thus, acetylcholine, 
activates SK Ca /IK Ca  secondarily to an increase in [Ca 2+ ] i , also inhibited electrical 
conduction (e.g., by ~70 % in response to 3 μM, a concentration of acetylcholine 
that evokes maximal dilation) and did so when hyperpolarization was prevented by 
60 mM K +  as we had confi rmed for NS309. Further, when constitutive SK Ca /IK Ca  
activity was blocked during resting conditions with apamin + charybdotoxin the 
effi cacy of electrical conduction increased by ~30 % [ 5 ], an effect attributable to a 
reduction in nP o  and enhanced r m . Collectively these fi ndings were the fi rst to illus-
trate that, aside from initiating hyperpolarization, opening of SK Ca /IK Ca  also regu-
lates the effi cacy of electrical conduction along the endothelium. Thus, the activity 
of ion channels in the plasma membrane can govern both the initiation and the con-
duction of electrical signals in the endothelium of resistance vessels. In turn, these 
properties are likely to prove integral to the spatial and temporal regulation of tissue 
blood fl ow in accord with local and regional metabolic demand.  

    The Effect of Advanced Age on Electrical Conduction: 
Regulation by Hydrogen Peroxide 

 Older humans (e.g., >60 years) exhibit endothelial dysfunction [ 24 ,  68 ,  77 ,  81 ], a 
disorder characterized by impaired vasodilation in response  t  o acetylcholine [ 39 ,  46 , 
 74 ], to physical activity [ 46 ,  63 ] or to heating the skin [ 44 ]. Complementary fi ndings 
in comparatively older rats and mice (e.g., >20 months) support the use of animal 
models when investigating mechanisms underlying vascular dysfunction with 
advancing age [ 4 ,  14 ,  37 ,  58 ]. Nitric oxide bioavailability decreases in advanced age, 
with greater reliance on reactive oxygen species in mediating endothelium- dependent 
vasodilation [ 57 ,  58 ,  77 ]. Moreover, the function of SK Ca /IK Ca  in ECs may be altered 
in pathological states [ 10 ,  28 ,  52 ]. However, the impact of aging on SK Ca /IK Ca  func-
tion, particularly in light of impaired blood fl ow, is poorly understood. To address a 
translational application of our observations regarding SK Ca /IK Ca  activity and the 
regulation of conduction through changes in r m , we tested the hypothesis that  elect  ri-
cal conduction along the endothelium would be impaired in advanced age [ 6 ]. 

 As shown when comparing endothelial tubes from Young (4–6 months) versus 
Old (24–26 months) mice, the ability to evoke hyperpolarization via SK Ca /IK Ca  acti-
vation with either acetylcholine or NS309 is sustained in advanced age [Fig.  4.6a, b ]. 
However, more SK Ca /IK Ca  (primarily IK Ca ) were open at rest in the endothelium of 
Old compared to that of Young mice. This conclusion was based upon V m  being 5–10 
mV more negative in the endothelium of Old mice at rest and depolarizing by an 
additional 5–10 mV during application of apamin + charybdotoxin when compared 
to endothelium of Young mice. Further, the effi cacy of electrical conduction was 
reduced signifi cantly in endothelium of Old compared to Young mice [Figs.  4.6c  and 
 4.6d , control]. We hypothesized that these subtle alterations in SK Ca /IK Ca  activity 
during advanced age may be due, at least in part, to elevated oxidative stress.
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   Aging and endothelial  dys  function have been attributed to heightened oxidative 
stress [ 14 ,  32 ,  58 ] including excess production of hydrogen peroxide [ 2 ,  58 ,  59 ,  71 ]. 
The effect of aging and oxidative stress on impaired NO signaling is well documented 
[ 57 ,  58 ,  68 ,  77 ]. However, it was unclear how age-related oxidative stress may impact 
electrical signaling along the endothelium. Consistent with earlier reports [ 12 ,  56 ,  64 ], 
we determined that acute exposure to hydrogen peroxide (200 μM for 20 min) 
hyperpolarized ECs of Young mice to levels approaching the Nernst potential for K +  
(−90 mV) and did so through the activation of SK Ca /IK Ca  [ 6 ] (Fig.  4.7 ). Ensuing exper-
iments revealed that inhibiting SK Ca /IK Ca  (or even IK Ca  alone) as well as decomposing 
hydrogen peroxide with catalase restored the effi cacy of electrical conduction in the 
endothelium of Old to that recorded in Young (Fig.  4.6d ). Thus, constitutive produc-
tion of hydrogen peroxide in microvascular endothelium during advancing age can 
modulate SK Ca /IK Ca  activity in a manner similar to NS309 treatment [ 5 ], whereby 
resting V m  is greater (i.e., more negative) and the ability to spread vasodilatory 
electrical signals is depressed (Fig.  4.8 ). A key question for future studies is to 

  Fig. 4.6    The role of age-related oxidative stress in governing electrical conduction. ( a ,  b )  The 
ability to hyperpolarize the endothelium either indirectly  ( acetylcholine, ACh )  or directly  ( NS309 ) 
 through SK   Ca   /IK   Ca   activation is sustained with advanced age.  Plots of summary data indicating 
effects of ACh ( a ) and NS309 ( b ) on the change in membrane potential [∆V m  from control V m ] in 
endothelial tubes isolated from Young (4–6 months) and Old (24–26 months) mice (n = 6 per 
group). (C)  Electrical conduction along the endothelium of resistance arteries is impaired in Old 
vs. Young mice:  Plot of summary data indicating “conduction effi ciency” [conduction amplitude 
normalized to local (50 μm) site for each respective age group] in Young vs. Old with increasing 
distance. Note relatively greater decay with distance in Old (at 1500–2000 μm; Young λ: ~1.6 mm, 
Old λ: ~1.3 mm). *P < 0.05, Young (n = 12) vs Old (n = 9). ( d )  Catalase improves electrical conduc-
tion along endothelium of Old vs. Young mice.  Plot of summary data for conduction amplitude at 
500 μm distance under respective conditions for Young (n = 6) and Old (n = 7). *P < 0.05 vs. Old 
under Control condition;  # P < 0.05 vs. Old Control. All data indicate means ± standard error. These 
data are taken from [ 6 ]       
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determine whether the actions of hydrogen peroxide on SK Ca /IK Ca  activity are direct 
(e.g., via oxidation of cysteine residues  wit  hin channel subunits) and/or indirect due 
to local increases in [Ca 2+ ] i . Consistent with the latter effect, our recent fi ndings 
illustrate that acute exposure to hydrogen peroxide increases [Ca 2+ ] i  [ 71 ] with a time 
course that mimics its effects on V m  via SK Ca /IK Ca  activation [ 6 ].

        Summary and Conclusions 

 Electrical signaling is integral to the control of blood fl ow to tissues and organs 
throughout the body. A key determinant of electrical signaling is the V m  of ECs, 
which is regulated by the number and type of open channels and the electrochemical 
potential driving ion fl ux across the plasma membrane. Local changes in V m  give 

  Fig. 4.7    The role of hydrogen peroxide and oxidative stress in governing electrical conduction. 
( a ) Representative recording of V m  responses at 500 μm (V m 2) from current injected at Site 1 
before and during hydrogen peroxide (H 2 O 2 , 200 μM) exposure. Note progressive hyperpolariza-
tion and loss of V m 2 responses with residual capacitance spikes. ( b ) Plot of summary data 
(means ± standard error) before (Control) and during exposure to 200 μM hydrogen peroxide on 
Conduction Amplitude (Site 2 located 500 μm away from current injection at Site 1). Note that 
electrical conduction diminishes progressively over time during the 20 min exposure. *P < 0.05 vs. 
control;  + P < 0.05 vs. preceding time point (n = 6–8). These data are taken from [ 6 ]       
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rise to the conduction of electrical signals along the endothelium, analogous to the 
spread of electricity along a cable. Charge spreads to other cells via ion fl ux through 
gap junctions or leaks through the plasma membrane when its properties as an insu-
lator are compromised; e.g., through the opening of SK Ca /IK Ca . Herein, we have 
highlighted the unique morphological and electrical properties of microvascular 
endothelium that underscore its role as the principal pathway for initiating and 
transmitting changes in V m  along the intima of resistance vessels. We suggest that 
the ability of the endothelium to transmit the electrical signal for vasodilation can 
be regulated temporally and spatially in accord with the metabolic demand of tissue 
parenchymal cells. Underlying these physiological properties is the molecular 
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gap junction ra
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  Fig. 4.8    Biophysical determinants of electrical transmission along the endothelium of resistance 
arteries: role of oxidative signaling and enhanced K + channel activity during aging. Hyperpolarization 
[ circled negative symbols ; initiated by activation of negative current injection or activation of SK Ca /
IK Ca  spreads to neighboring cells through gap junctions. The effi cacy of conducted hyperpolariza-
tion between cells depends upon both gap junction patency (i.e., r a ) and “leakiness” of the plasma 
membrane (i.e., r m ) defi ned by SK Ca /IK Ca  activity. ( a ) In endothelium from Young, only a few SK Ca /
IK Ca  are open and gap junction patency is high, enabling effective conduction of hyperpolarization 
from cell to cell along the endothelium to govern conducted vasodilation. ( b ) During advanced age 
and constitutively elevated hydrogen peroxide (H 2 O 2 ), SK Ca /IK Ca  activity is enhanced; sustaining 
local signaling but reducing the strength of electrical conduction through gap junctions due to 
charge loss (leakage) through the plasma membrane. This effect may contribute to the diminished 
spread of vasodilation and blood fl ow limitations with advanced age       
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organization of endothelial plasma membranes as manifested through the expression 
of SK Ca /IK Ca  and connexin subunits of gap junctions. Further, the longitudinal 
orientation of ECs in contact with multiple SMCs encircling the intima favors inter-
cellular coordination of the electrical signals that are transduced (via myoendothe-
lial coupling to SMCs) into effective changes in vessel diameter. While the 
endothelium behaves electrically as a passive cable, the effi cacy of charge transfer 
can be fi nely tuned via graded activation of ion channels in the plasma membrane. 
Thus, even in the presence of fully patent gap junctions between neighboring cells, 
electrical signaling along and between vessel branches can be abolished when 
SK Ca /IK Ca  are maximally activated. Conversely, blocking constitutively active 
SK Ca /IK Ca  channels will enhance electrical conduction and promote the spread of 
vasodilation. Although the lack of selective gap junction inhibitors has limited our 
ability to acutely manipulate cell-to-cell coupling (i.e., r a ) in the manner we have 
done for r m  via K +  channel interventions, genetic deletion of connexin 40 (i.e., a pri-
mary protein subunit that forms EC gap junctions) has been shown to impair con-
ducted vasodilation in arterioles [ 15 ,  25 ,  26 ,  85 ]. The latter fi ndings illustrate that 
longitudinal conduction can also be governed through changes in r a . In turn, acute 
(i.e., physiological) regulation of r a  via changes in gap junction conductance may 
occur through phosphorylation and/or nitrosylation of connexin subunits [ 9 ]. 

 Our recent fi ndings confi rm the role of SK Ca /IK Ca  for initiating of EC hyperpo-
larization [ 11 ,  50 ] while revealing their role in governing the longitudinal trans-
mission of electrical signals [ 5 ]. Thus, SK Ca /IK Ca  channels serve to initiate smooth 
muscle relaxation (vasodilation) through myoendothelial coupling and to modu-
late the spread of vasodilation along resistance networks. With advancing age, 
attenuating the spatial domain of electrical conduction can restrict the spread of 
vasodilation and contribute to blood fl ow limitations [ 37 ]. This effect is attribut-
able to oxidative stress associated with greater availability of hydrogen peroxide, 
which activates SK Ca /IK Ca . In turn, enhanced charge dissipation restricts the spa-
tial domain of electrical signaling. Thus, we suggest that impaired tissue blood 
fl ow during endothelial dysfunction with advanced age refl ects enhanced ion 
channel activation (i.e., “leaky” plasma membranes) that impairs effective control 
of vascular resistance. Impaired longitudinal conduction associated with endothe-
lial dysfunction may also refl ect alterations in gap junction expression and/or 
regulation in accord with the nature of disease (e.g., hypertension, diabetes) and 
the underlying signaling pathways involved. Therapeutic interventions designed 
to restore tissue blood fl ow through modulating the activity of ion channels may 
prove most effective when striking a balance between generating local signals 
governing vasodilation and regulating the transmission of electrical signals along 
the intima.     
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    Chapter 5   
 Ca 2+ /Calmodulin-Gated Small- and 
Intermediate-Conductance K Ca  Channels 
in Cardiovascular Regulation: Targets 
for Novel Pharmacological Treatments                     

     Ralf     Köhler      and     Aida     Olivan-Viguera   

    Abstract     In vascular biology, the Ca 2+ /calmodulin-gated K +  channels, K Ca 3.1 and 
K Ca 2.3, produce membrane hyperpolarization in response to Ca 2+  mobilization events 
and thereby initiate endothelium-derived hyperpolarization (EDH)-type of arterial 
dilation. The physiological relevance of this system in-vivo is evidenced by the 
observation that genetically encoded loss of K Ca 3.1 and K Ca 2.3 caused channel- 
subtype specifi c cardiovascular phenotypes characterized by endothelial dysfunction 
to receptor stimulation or mechanical stress and blood pressure alterations. From the 
translational perspective, K Ca 3.1 and K Ca 2.3 dysfunctions are a feature of idiopathic 
cardiovascular disease, chronic infl ammation, atherosclerosis and organ fi brosis and 
K Ca 2.3 has been implicated in atrial fi brillation. Accordingly, K Ca 3.1 and K Ca 2.3 
emerge as possible drug targets. In this chapter, we would like to highlight our recent 
advances in K Ca 3.1 and K Ca 2 biology, pharmacology, as well as consequences of 
pharmacological manipulating K Ca 3.1 and K Ca 2.3 for systemic cardiovascular regula-
tion and cardiovascular health. Moreover, we explore impacts of innovative channel 
modulators on cardiac function, physical activity and behavior in keeping with the 
expression of K Ca 2-subtypes in the heart and neurons.  
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      Introduction 

  Ca   2+   -activated K   +    channels (K   Ca   )  are familiar to most electrophysiologists because 
K Ca  channels produce afterhyperpolarizations following an action potential (AP) in 
neurons and thereby infl uence fi ring pattern and neurotransmission [ 1 ]. 
Cardiovascular researchers recognize K Ca  as important effector proteins in endothe-
lial control of arterial tone [ 2 – 5 ]. This is based on observations that subtype- selective 
inhibition of the major vascular K Ca ,  K   Ca   3.1 ,  K   Ca   2.3 , and  K   Ca   1.1  impair the 
  endothelium- derived hyperpolarization   factor  ( EDHF )-  type vasodilation (involving 
smooth muscle K Ca 1.1 as target of a diffusible factor) and the   endothelium- derived 
hyperpolarization  ( EDH )-  type (involving endothelial K Ca 3.1/K Ca 2.3 as initiators 
and gap-junctional coupling of endothelium and smooth muscle) (Fig.  5.1 ). Both 
mechanisms have in common that they converge on hyperpolarization of smooth 
muscle leading to closure of voltage-gated Ca 2+  channels and the resulting drop in 
intracellular Ca 2+  causes fi nally myocyte relaxation and vasodilation. Hence, EDH 
or EDHF pathways are mechanistically different from pathways involving other 
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diffusible molecules like NO or prostaglandins, although the latter paracrine factors 
are also capable in some cases to induce smooth muscle hyperpolarization and thus 
to act as  EDHFs  and endothelial hyperpolarization stimulates Ca 2+ -dependent 
NO-synthesis by enhancing Ca 2+  dynamics after receptor stimulations.

   At present, the relative physiological signifi cance of either EDHF or EDH systems 
is still debated, when discussing the input of the respective systems to human vas-
culature and in cardiovascular disease [ 4 ]. Yet, it is clear that the EDHF- or EDH-
triggered hyperpolarization of smooth muscle is a potent mechanism that can stand 
on its own. However, it is not fully understood when and under what conditions 
EDHF and EDH mechanisms contribute alone, in parallel, or co-operate (or not) 
with NO-signaling or other diffusible dilating or contracting factors to vasoregula-
tion in the different vascular beds. But it is likely that they integrate in a very com-
plex fashion with NO being without any doubt a major player (for recent extensive 
review see [ 6 ]). 

 Here, we review mainly the contributions of the authors to their specifi c fi eld 
according to the Editors’ wish and start with a short introduction into K Ca  genes and 
their expression in the vascular wall, defects of EDH signaling and blood pressure 
alterations caused by K Ca 3.1/K Ca 2.3 defi ciency, followed by K Ca -pharmacology. In 
the following, the main focus will be on the cardiovascular actions of novel small 
molecule modulators (activators and inhibitors) targeting endothelial K Ca 3.1 and 
K Ca 2.3 channels in arteries and systemically. Finally, we explore potential therapeu-
tic possibilities and briefl y elaborate on possible impacts on cardiac and neurologi-
cal functions. For additional in-depth and complete reviews and to not diminish 
previous work by others and us, we wish to re-direct the reader to [ 4 ,  7 ,  8 ].  

    K Ca  Genes, General Biophysical Properties of K Ca , and Genetic 
Variations Relevant for Cardiovascular Disease 

 The gene family of  K Ca  channels   is divided into two subgroups according to phyloge-
netic relationships, small or large unitary conductance, and the mechanisms of Ca 2+  
activation [ 9 ] (Fig.  5.2a ). The fi rst group comprises four subtypes, of which three have 
a small unitary conductance of 5–10 pS (gene names: KCNN1, KCNN2, and  KCNN3  , 
protein names SK1-SK3, or  K   Ca   2.1-K   Ca   2.3 ) and one member with an intermediate 
conductance of 20–40 pS (gene name: KCNN4; protein name: IK, IK Ca , or  K   Ca   3.1 ). 
The functional channels are tetramers formed by four subunits and the four pore loops 
located between S5 and S6 of each subunit form the ion conduction pathway. Ca 2+  
sensitivity is conferred by four calmodulin molecules constitutively bound to the four 
CAM-bindings domains located in the cytosolic c-terminus.

   An important feature to understand the roles of these channels in cardiovascular 
biology is that the channels lack a voltage sensor and are thus voltage-independent, 
which means that the channels do not inactivate at negative membrane potential like 
e.g. voltage-gated K V  channels. This feature enables  K Ca 2   and K Ca 3.1 channels to 
produce long-standing K + -outward currents at potentials more negative than the 
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resting potential 1  and by this they produce persisting membrane hyperpolarization 
(e.g. to −50 up to max. −89 mV (K +  equilibrium potential) (Fig.  5.2b ). In vascular 
biology, such a durable hyperpolarization is required for complete closure of smooth 
muscle voltage-gated Ca 2+  channels and thereby for the  endothelium-dependent 
hyperpolarization (EDH)-  type of arterial dilation [ 8 ]. 

 In other tissues,  K Ca 2   (and possibly K Ca 3.1) produce afterhyperpolarization in 
neurons and thereby regulate fi ring frequency [ 1 ] and—in the heart—co-determine 
the length of the atrial action potential and thus atrial repolarization and the 
 contraction cycle [ 10 ]. In particular, the link between K Ca 2.3 and the heart is of interest 

1   Values for endothelial resting potentials vary considerably (from 0 to −89 mV), which very much 
depends on the preparation (intact vessel vs. cultured cells; observation by the authors’ group). In 
current-clamp experiments on morphologically intact endothelium of murine and human arteries 
we found values ranging from −25 to −45 mV that mirror the potential in smooth muscle of the 
same preparation (measured by sharp electrode techniques). 
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  Fig. 5.2    ( a ) Phylogenetic relationships of Ca 2+ -activated K +  channel genes. ( b ) Schematic represen-
tation of K Ca  currents and their sensitivity to peptide toxins.  Upper  panel: Illustration of voltage- 
independent Ca 2+ -activated K Ca 2.3/K Ca 3.1 currents in endothelial cells and inhibition by the peptide 
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activation of voltage-dependent K Ca 1.1 currents and inhibition by iberiotoxin (IbTx) or ChTx. Note 
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since a genome-wide association study (GWAS) identifi ed an association of the 
K Ca 2.3-encoding  KCNN3   gene with lone atrial fi brillation in humans [ 11 ]. In addition, 
pharmacological blocking of atrial K Ca 2 is currently studied as a way to prolong 
selectively atrial action potential length and thereby to stop atrial fi brillation [ 12 ]. 

 In respect to K Ca 3.1,  single-nucleotide polymorphisms (SNP)   in the KCNN4 
gene have been associated with cardiac infarction in a Japanese cohort [ 13 ] and in 
Crohn’s disease in the Australian and New Zealand population [ 14 ,  15 ]. Moreover, 
there are several reports, which have been reviewed in depth elsewhere, on reduced, 
increased, or conserved functions of K Ca 2.3 and K Ca 3.1 in cardiovascular disease 
and other diseases such as chronic infl ammation, allergy, organ fi brosis, and neuro-
degeneration [ 2 – 4 ,  16 – 18 ]. This assigns K Ca 2.3 and K Ca 3.1 as disease-relevant chan-
nels in idiopathic disease and targets in translational medicine. 

 The second subgroup of K Ca  channels, which is phylogenetically distantly 
related to the fi rst subgroup [ 9 ,  19 ], consists of the well known K Ca  with large uni-
tary conductance (200–300 pS; gene name KCNMA1, protein name: BK Ca , BigK, 
Maxi K, or K Ca 1.1), and three other members (KCNU1, KCNT1, and KCNT2), of 
which KCNT1 and KCNT2 (protein names: SLACK and SLICK) are in fact more 
distantly related Na-activated K channels (K Na ) with large conductance (150–300 
pS) [ 20 ]. 

 In contrast to K Ca 2 and K Ca 3.1 channels, K Ca 1.1 contains a voltage-sensor in S4 
producing gating by depolarization, particularly in a membrane potential range, in 
which voltage-dependent L-type Ca 2+  channels operate (Fig.  5.2b ). The  K Ca 1.1 
channel complex   recruits four beta-1 subunits that sensitize channel gating to Ca 2+  
and voltage by favoring channel opening at physiological internal Ca 2+  levels 
reached in the vicinity of the K Ca 1.1 channel Ca 2+  sensors. 

 In respect to gene expression of channels of this subfamily in the vasculature, 
K Ca 1.1 is predominant in smooth muscle and the CNS while other members (SLICK 
and SLACK) are predominantly expressed in neuronal tissues. K Ca 1.1 forms com-
plex functional units (“signalosomes”) with physical interactions with voltage- 
regulated L-type Ca 2+  channels [ 21 ,  22 ]. The electrical membrane events of such 
co-operations are spontaneous-transient-outward-currents (STOCs, mediated by 
K Ca 1.1) that are triggered by spatially co-localized Ca 2+  infl ux through L-type Ca 2+  
channels and small Ca 2+  release events from the sarcoplasmic reticulum, termed 
“sparks” [ 22 ,  23 ]. Physiologically, these K Ca 1.1-mediated STOCs are considered to 
provide a negative feedback on Ca 2+  infl ux through L-type Ca 2+  channels and thereby 
to limit depolarization and contractions or vasospasm [ 21 ,  24 ]. Presumably, diffus-
ible EDHFs, like epoxyeicosanoids augment K Ca 1.1-mediated STOCs and by this 
produce their vasorelaxing actions. 

 In contrast to K Ca 3.1 and K Ca 2.3 channels, K Ca 1.1 does not seem to be expressed 
under physiological conditions in human, rat, and murine arterial endothelium, 
although porcine endothelium could be an exception [ 25 ,  26 ]. 

 From the epidemiological perspective, SNPs in the K Ca 1.1-encoding KCNMA1 
gene causing “loss-of-function” or in the associated beta-subunit gene (KCNMB1) 
causing “gain-of-function” are associated with systolic hypertension (KCNMA1) or 
resistance to hypertension, respectively [ 14 ,  27 ,  28 ].  
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    K Ca  and Their Functions in Arterial Endothelium 

 In early nineties, the genes encoding for channels were still awaiting cloning 
(K Ca 3.1 in 1997 [ 29 ] and K Ca 2 in 1996, [ 30 ]) and K Ca  channels were pharmacologi-
cally characterized in endothelium and differentiated according to their sensitivity 
to the peptide toxins, apamin (K Ca 2), charybdotoxin (K Ca 3.1 and K Ca 1.1), and iberio-
toxin (K Ca 1.1), and the small molecules, clotrimazole (K Ca 3.1) [ 31 ], and paxilline 
(K Ca 1.1) [ 32 ]. K Ca 2-blocking compounds like UCL-1684 [ 33 ] have not been invented 
yet. Notably, in 1996, Marchenko and Sage were fi rst on providing comprehensive 
data on functional K Ca 3.1 and K Ca 2 by elegant in-situ patch-clamp electrophysiol-
ogy on intact endothelium of isolated rat aorta [ 34 ]. Almost contemporaneously, 
K Ca 3.1 currents were identifi ed in endothelia from different species and different 
vascular beds [ 2 ,  3 ,  35 ], for instance, in native bovine and rat aortic endothelial cells 
[ 36 ,  37 ], and rat brain capillaries [ 35 ]. In general, expression of K Ca 3.1 and K Ca 2.3 
is a common fi nding for endothelia of several species and is documented throughout 
the entire vascular tree, with no considerable differences (at least qualitatively) 
between arterioles, arterioles of the microcirculation, and veins. 

 Moreover, alterations of K Ca 3.1 currents have been documented in a model of exper-
imental hypertension, the spontaneously hypertensive rat [ 37 ]. This provided early 
electrophysiological evidence that endothelial K Ca 3.1 channels were altered in a hyper-
tension-associated fashion. Moreover, these fi ndings point to a capacity of endothelial 
channels to respond in a probably compensatory way to hypertension in this model. 
A few years later, the genes encoding for K Ca 3.1 and K Ca 2.3 currents were identifi ed by 
others [ 26 ,  38 ] and our group as KCNN4 and  KCNN3   using a single-cell RT-PCR 
approach combined with patch-clamp in endothelium from rats [ 39 ] and—importantly 
from the translational perspective—in human mesenteric endothelium [ 40 ,  41 ].  

     K Ca  and Endothelium-Dependent Vasodilation   

 In the eighties, combinations of peptide toxins in cardiovascular pharmacology were 
widely used to study endothelium-dependent vasodilator mechanisms by classical in-
vitro myography on large rodent arteries. A contribution of K Ca 3.1 and K Ca 2 to the 
“EDHF” has been deduced from the blocking actions of the combination of charydo-
toxin (K Ca 3.1 and K Ca 1.1) and apamin (K Ca 2). A contribution of K Ca 1.1 has been dis-
carded as iberiotoxin (K Ca 1.1) cannot replace charybdotoxin [ 4 ]. Yet, these peptide 
blockers are not fully selective and e.g. charybdotoxin—besides K Ca 3.1 and K Ca 1.1—
blocks some Kv channels that are present in arterial tissue. Interestingly, in coronary 
arteries of pigs, “EDHF” required reportedly smooth muscle K Ca 1.1 as the response was 
abrogated by iberiotoxin, which suggested K Ca 1.1 as target of a diffusible EDHF 
(Fig.  5.1 ) that has been later identifi ed as a P450-derived eicosanoids [ 42 ]. Still, vasore-
laxation that involves endothelial K Ca 3.1 and K Ca 2.3 is also present in porcine coronary 
artery as concluded from more recent studies by others and us [ 43 ,  44 ]. 

 It is noteworthy that P450-products and ω3 and ω6 fatty acids that activate K Ca 1.1 
and have been used as antagonist of EDHF-signaling—like 20-HETE [ 45 ]—inhibit 
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K Ca 3.1 [ 46 ], suggesting interactions between putative EDHF and EDH mechanisms 
(Fig.  5.1 ). Despite this evidence from in-vitro experimentation, the true contribution 
of EDH or possibly EDHF to circulatory regulation in humans is not established at 
present and a matter of ongoing debate. A main reason for the lack of knowledge is 
that we miss suffi ciently selective, potent, safe, and ethically approved pharmaco-
logical tools for in-vivo investigation. Yet, in the following paragraphs we explore 
potential utilities of novel small molecule activators and inhibitors.  

     Endothelial Dysfunction   Caused by Genetic 
K Ca 3.1/K Ca 2.3-Defi ciency 

 Since 2003, the availability of gene-targeted mice as tools provided more defi nite 
experimental evidence for the signifi cance of K Ca 3.1 and K Ca 2.3 channels for EDH- 
type dilation in-vitro and in-vivo [ 47 – 49 ]. Indeed, myography on conduit arteries 
and intra-vital microscopy on resistance-size skeletal muscle arterioles of K Ca 3.1−/−/
K Ca 2.3 T/T  + Dox mice with genetically encoded defi ciency of both endothelial chan-
nels revealed that loss of K Ca 3.1 and K Ca 2.3 impairs strongly endothelial and smooth 
muscle membrane hyperpolarization and EDH-type dilations in both vessel types 
[ 50 – 52 ] (Fig.  5.3a ). Interestingly, also NO-type dilations were disturbed in the 
mice, suggesting that K Ca 3.1 and K Ca 2.3-mediated hyperpolarization promotes Ca 2+  
infl ux and thereby stimulates also Ca 2+ -dependent NO production [ 50 ,  51 ,  53 ]. A 
candidate channel mediating the Ca 2+  infl ux during hyperpolarization is the TRPV4 
channel [ 54 – 56 ], which conducts considerably Ca 2+  at clearly negative potentials 
while it shows negative-feedback regulation by Ca 2+  at potentials near zero. In sup-
port of the above-mentioned, loss of K Ca 3.1 in K Ca 3.1−/− and pharmacological inhi-
bition of TRPV4 in mesenteric artery impaired Ca 2+  dynamics to acetylcholine [ 55 ].

   Moreover, our studies on single and double K Ca 3.1/K Ca 2.3-defi cient mice [ 50 ] 
revealed subtype specifi c roles of the channels for EDH-type dilation since K Ca 3.1 is 
of greater importance than K Ca 2 for acetylcholine-induced dilations while K Ca 2.3 is 
more important in dilations caused by mechanical stress acting on the endothelium 
(shear stress), for hyperemia during skeletal muscle twitching [ 52 ] and for a basal 
tonic dilator input from the endothelium [ 49 ]. Thus, a K Ca 2.3-EDH system is likely 
needed to regulate basal blood fl ow and the higher blood fl ow demand during exercise 
(metabolic demand) while K Ca 3.1-EDH is linked to muscarinic receptor stimulation 
and ER Ca 2+  release and to possibly sympathetic drive on resistance arteries. 

 Some of these subtype specifi c roles can be explained by a differential intracellular 
localization of K Ca 3.1 and K Ca 2.3 in the endothelial cell (Fig.  5.1 ). However, there are 
some caveats because of the uncertain specifi city of antibodies used to localize K Ca 3.1 
and K Ca 2.3 and of lack of approach validation in KO-controls. Regardless of these 
uncertainties, K Ca 3.1 has been localized in proximity to protrusions of the endoplas-
mic reticulum (ER) [ 57 ] where it senses Ca 2+  release events after e.g. muscarinic 
receptor (M3) stimulation by acetylcholine. Moreover, K Ca 3.1 has been reported to 
co-localize with myo-endothelial gap-junction proteins thus forming a functional unit 
for electro-tonic spread of EDH to smooth muscle (for review [ 2 ,  58 – 60 ]). 

5 Ca2+/Calmodulin-Gated Small- and Intermediate-Conductance…



108

 K Ca 2.3 has been found at intercellular junctions [ 61 ] where it is suggested to 
form a functional unit with TRPV4 [ 62 ] or possibly with another Ca 2+ -permeable 
channels. Interestingly, such a functional unit has recently been suggested to occur 
in the tubular system of the kidney [ 63 ] as well as in pulmonary and mesenteric 
arteries [ 62 ,  64 ], where TRPV4 uses K Ca 2.3 to produce vasodilation. Nevertheless, 
we need more defi nite visualization of K Ca 3.1 and K Ca 2.3 using gold-labeled AB, 
KO-controls, and transmission electron microscopy to ascertain the present view.  

    Interplay of K Ca 3.1/K Ca 2.3 Channels with Ca 2+ -Permeable 
Channels 

 Evidence from patch-clamp studies point at close functional interactions of endothe-
lial K Ca  with Ca 2+ -permeable channels (Fig.  5.1 ): While patch-clamping the endothe-
lium of intact vessel preparations or bovine endothelial cells in a fl ow chamber, 
we frequently observed that K Ca 3.1 gating and membrane hyperpolarization occurs 
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following stimulation of shear stress-activated or hyposmotic stress-activated Ca 2+  
permeable channels [ 65 ]. Moreover, these studies showed temporally fl uctuating Ca 2+  
release events that amplifi ed K Ca 3.1 activation. These fl uctuating Ca 2+  release events 
and concomitant K Ca 3.1-mediated currents and hyperpolarization were modulated in 
frequency and amplitude by the degree of shear force acting on the cells. Interestingly, 
these fl uctuating currents shared some similarities with  spontaneous transient outward 
currents (STOC)   seen in smooth muscle, although the endothelial STOCS were of 
longer duration and largely voltage-independent and did not involve K Ca 1.1 and 
K Ca 1.1-interacting L-type Ca 2+  channels as in smooth muscle. Today, one of the can-
didate MSCs triggering Ca 2+  signaling events and co- activation of K Ca 3.1 (and K Ca 2.3) 
to fl ow or shear stress stimulation is (again) TRPV4 as concluded from elegant in-situ 
imaging in cerebral and mesenteric arteries [ 66 ] and by the loss of shear stress-induced 
dilation in carotid arteries from TRPV4−/− mice [ 67 ]. 

 Thus, from the perspective of integrative cardiovascular physiology, the inter-
play of TRPV4 and K Ca 2.3 (K Ca 3.1) can be mechanistically important to fi ne-tune 
EDH and arterial tone in response to alterations of blood fl ow in e.g. the working 
skeletal muscle or the brain with their metabolic demands [ 52 ]. In terms of cross- 
reactivity with other vasodilator systems, TRPV4 has been proposed to physically 
interact with the scaffold protein caveolin-1 and thus the endothelial nitric oxide 
synthase (eNOS) [ 68 ] and the Ca 2+  infl ux through TRPV4 further stimulates Ca 2+ -
dependent NO synthesis [ 54 ] in addition to EDH, producing some redundancy in 
endothelial vasoregulator capacity and during exercise. 

 It should be noted that K Ca 3.1 and K Ca 2 channels are not considered “smooth 
muscle” channels. In fact, according to our electrophysiological studies, K Ca 3.1 chan-
nels are absent in contractile i.e., differentiated, vascular smooth muscle of rodents 
and this makes some physiological sense because the channels are highly Ca 2+ -
sensitive because of the Ca 2+  sensor, calmodulin, and, moreover, are voltage- 
independent. Functioning of K Ca 3.1 in smooth muscle would almost immediately 
abrogate any contraction because the relatively high Ca 2+  signaling in contracting 
smooth muscle would cause strong K Ca 3.1 activation and lasting hyperpolarization, 
which in turn causes cessation of Ca 2+  infl ux. In other words, K Ca 3.1 would provide a 
too strong negative feedback on Ca 2+ -dependent contraction. In contrast, the voltage- 
dependent and less Ca 2+ -sensitive K Ca 1.1—known as smooth muscle channel—is the 
better channel to mediate negative feedback during depolarization. With respect to 
K Ca 2 it is—because of the same theoretical considerations—rather unlikely that these 
closely related and similarly voltage-independent K Ca 2 channels are functionally 
expressed in contractile smooth muscle. We have not been successful in detecting 
K Ca 2 channel functions in vascular smooth muscle of the rat and mouse.  

    Systemic  Cardiovascular Alterations   
in K Ca 3.1/K Ca 2.3- Defi cient Mice 

 That K Ca 3.1 and K Ca 2.3 channels add signifi cantly to systemic cardiovascular reg-
ulation has been suggested by the higher blood pressure in K Ca 3.1−/− mice [ 50 ] and 
K Ca 2.3-defi cient mice (K Ca 2.3 T/T  + Dox) [ 49 ,  50 ] as found by blood pressure 
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telemetry in the freely moving animals (Fig.  5.3b ). The hypertension has been 
reported to be, however, mild and overt only during physical activity (for review 
see [ 7 ]). Still, the latter observation was particularly interesting as it could mean that 
K Ca 3.1 and K Ca 2.3 and the EDH-system are needed to adjust tone during exercise 
and sympathetic input while they are of less or no importance during rest. Recently, 
K Ca 3.1−/− and connexin(Cx)37−/− mice—Cx37 that has been considered a major 
constituent of myo-endothelial gap junctions—have been shown to exhibit lower 
ADP/ATP- receptor (P2Y 2/4 )-mediated fast depressor responses and secondary 
increases in pressure [ 69 ] in anesthetized mice, suggesting decreased responsive-
ness to evoked endothelial function. Responses to acetylcholine-infusion has been 
reported to also be reduced at low but not high concentrations, suggesting endothe-
lial dysfunction in vivo as it has been observed so far only in isolated 
K Ca 3.1−/− arteries. 

 Regarding the contribution of nitric oxide in these mice, inhibition by L-NAME 
has been shown to be still capable to increase blood pressure in K Ca 3.1−/−/
K Ca 2.3 T/T  + Dox mice [ 7 ], indicating that NO signaling is largely intact in these mice 
and it is therefore likely that NO- and EDH mechanisms act independently from 
each other to a large extent but are likely additive.  

    Other  Phenotypes   

 It is worth to mention that K Ca 3.1−/− mice have been shown to exhibit spontaneous 
physical hyperactivity (but without signs of general distress) and exhibited complex 
alteration in monoamine levels, with increased noradrenalin turnover in frontal cor-
tex and lower serotonin-turnover in frontal cortex, striatum and brain stem, and no 
change in dopamine turnover [ 70 ]. Plasma corticosterone has been found to be nor-
mal but increased to higher levels in K Ca 3.1−/− under stress as reported by others 
[ 71 ]. This suggests substantial alteration of neurotransmission and behavior in 
K Ca 3.1, which can add to the cardiovascular phenotypes in these mice. Another solid 
phenotype in K Ca 3.1−/− is progressive splenomegaly (Fig.  5.3b ) caused presumably 
by defects in erythrocyte volume regulation and a resulting increased erythrocyte 
degradation and turnover [ 72 ], producing a higher workload for the spleen and sec-
ondary adaptation of size to meet the demand. 

 Also K Ca 2.3 T/T  (+Dox/−Dox) have complex behavioral and morphological phe-
notypes (Fig.  5.3b ) [ 1 ,  70 ], which can be linked in K Ca 2.3 T/T −Dox to larger afterhy-
perpolarization, refractory periods, and thus fi ring frequencies. Locomotor 
hypoactivity is evident in K Ca 2.3 T/T +Dox and −Dox (Fig.  5.3b ). Moreover, there are 
signifi cant anatomical (developmental) changes in the vasculature and the heart, i.e. 
visible enlargement of diameters of mesenteric and uterine arteries and an enlarged 
heart with increased right ventricular wall thickness and altered atrioventricular 
morphology [ 49 ,  73 ,  74 ]. Postnatal development of retinal vessels has been found to 
be normal, although defi ciency of K Ca 2.3 (K Ca 2.3 T/T +Dox) increased branching 
(D. Rappert, 2011, German MD thesis; archiv.ub.uni-marburg.de/diss/z2011/0306/
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pdf/ddr.pdf). In sum, these anatomical changes suggest that alterations of K Ca 2.3 
expression levels can have a substantial impact on the development of the vascula-
ture. As possible pathophysiological consequences, the mice experience parturition 
defects [ 48 ] and sudden cardiac death [ 75 ] when over-expressing the channels 
(K Ca 2.3 T/T −Dox).  

    K Ca 3.1 and K Ca 2.3 in Cardiovascular and Other Disease States 

 There is growing evidence that  K Ca 3.1 and K Ca 2.3 channels   are differentially regu-
lated in disease. In fact, up-regulated K Ca 3.1 functions have been found to promote 
many disease states characterized by abnormal proliferative organ remodeling and 
infl ammation such as neointima formation [ 76 ,  77 ], atherosclerosis[ 78 ], fi brosis of 
lungs [ 79 ], fi brosis in damaged and diabetic kidneys [ 80 ,  81 ], possibly liver cirrho-
sis and portal hypertension [ 82 ], allograft vasculopathy [ 83 ], kidney allograft rejec-
tion [ 84 ], as well as in obliterated trachea transplants [ 85 ]. Such up-regulation of 
K Ca 3.1 in diseased tissues refl ected infi ltration of K Ca 3.1-expressing T cells and 
macrophages and on de-novo mRNA-expression of K Ca 3.1 in the tissue itself. The 
de-novo mRNA-expression was induced by actions of classical growth factors on 
smooth muscle, fi broblast, and endothelial cells  in vitro  [ 80 ,  86 ,  87 ]. Moreover, 
shear stress has been shown to induce K Ca 3.1 in human endothelial cells [ 88 ]. In 
general, the induction of K Ca 3.1-mRNA synthesis requires activation of the MEK/
ERK MAP kinase cascade and transcriptional mechanisms involving activator pro-
tein- 1 (c-jun) and repressor protein-1 as negative regulator of gene expression [ 87 ]. 
Also the Ca 2+ /calmodulin-dependent protein kinase kinase/Akt/p300 cascade has 
recently been reported to mediate the up-regulation of K Ca 3.1 in endothelial cells 
during shear stress stimulation [ 89 ]. 

 With respect to endothelial functions and cardiovascular disease, endothelial 
K Ca 2.3 function and EDH were reduced in regenerated endothelium [ 90 ], renal 
insuffi ciency [ 91 ], ageing [ 92 ], and ovariectomy [ 93 ], which could explain some 
aspects of the endothelial dysfunction reported in these conditions. However, up- 
regulation of gene expression of the channel has been documented in obese rats [ 94 , 
 95 ], in pulmonary hypertensive mice [ 74 ], and by shear stress [ 89 ] in vitro, suggest-
ing here compensatory roles of the channel to maintain/improve endothelial vasodi-
lator function under these conditions. The precise mechanisms of the altered gene 
expression in endothelium are not understood. However, estrogen is considered a 
major regulator of K Ca 2.3 expression and this positive regulation can be an addi-
tional explanation for pre-menopausal cardiovascular protection in women. 

 Interestingly, low K Ca 2.3 mRNA expression in mammary arteries correlated neg-
atively (r > −0.5) with blood pressure in a small Danish cohort of patients with or 
without renal failure (uremia) or of diabetic and non-diabetic patients (all, n = 55) 
(unpublished data provided by Dr. Lars Melholt Rasmussen, Director of the Odense 
Artery Biobank SDU, Denmark). 

 In contrast,  K Ca 3.1 expression   did not correlate with blood pressure. 
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 Regarding other tissue and disease states, it is worth to mention that, both, K Ca 2.3 
and K Ca 3.1 are highly expressed in some cancers [ 96 – 99 ] and have been implicated 
in cancer progression and metastasis (for review of the fi eld see also [ 100 ,  101 ]). In 
addition, K Ca 3.1 has been found to be up-regulated during immune responses and in 
chronic infl ammation such as in T cells within the chronically infl amed mucosa in 
ulcerative colitis [ 102 ] and in microglia after ischemic stroke [ 103 ], which is in line 
with the notion that K Ca 3.1 is an important regulator of immune cell function [ 18 ].  

    Endothelial K Ca 3.1 and K Ca 2.3, Their Pharmacological 
Manipulation, and Systemic Cardiovascular Consequences 

 From the pharmacological viewpoint, the introduction of TRAM-34 as a potent and 
selective K Ca 3.1 blocker in early 2000 by the laboratory of Heike Wulff provided a 
“modernized” pharmacological tool to defi ne mechanisms of EDH-type or EDHF- 
type dilation, in addition to TRAM-34’s value for testing roles of K Ca 3.1 in infl am-
matory and autoimmune disease [ 104 ]. TRAM-34 derived from the fungicide and 
P450-blocker, BayerAG compound clotrimazole that was the fi rst well studied 
small molecule blocker of K Ca 3.1 (Fig.  5.4a ). TRAM-34 is more selective for K Ca 3.1 
since the imidazole ring in clotrimazole—being required for P450-blockade—was 
replaced by a pyrazole ring. TRAM-34 was initially developed as possible immuno-
suppressant as it blocks K Ca 3.1 in T cells and macrophages and thereby prolifera-
tion, migration, and cytokine production of lymphocytes [ 104 ].

   The introduction of  TRAM-34   into the cardiovascular fi eld greatly helped to 
defi ne with more precision the requirement of K Ca 3.1 for EDH-type dilation in sev-
eral vascular beds and from different species, including human arteries. While it is 
clear that TRAM-34 reduces acetylcholine-induced vasodilations, this does not 
have any systemic consequences in vivo since TRAM-34 injections into mice or rats 
did not cause a change in blood pressure. Interestingly, blocking K Ca 3.1 in the 
blood-brain-barrier by TRAM-34 has been reported to reduce water movements 
into the brain and early edema formation after ischemic stroke [ 105 ]. Another struc-
turally different K Ca 3.1-blocker developed by the BayerAG was effective in reduc-
ing brain edema caused by trauma [ 106 ]. 

 Senicapoc (ICA-17043; Fig.  5.4a ), another K Ca 3.1-blocker similar to TRAM-34 
advanced into clinical trials as a treatment for sickle cell disease [ 107 ] and has been 
found to be cardiovascular-safe since it did not increase blood pressure in humans. 
Senicapoc has been proposed to be effi cient in sickle cell disease because blocking 
of the over-active K Ca 3.1 may hinder irreversible erythrocyte sickling (shrinkage) by 
blocking volume reduction by K Ca 3.1-mediated K effl ux. In Phase IIb and III clinical 
trials,  Senicapo  c was found to improve erythrocyte parameters and hemoglobin con-
tent, but, unfortunately, did not prevent but rather increased painful vaso- occlusive 
crisis as primary end point for unknown reasons. The disappointing outcome termi-
nated the development of Senicapoc at least for this indication. Whether endothelial 
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dysfunction was one reason why Senicapoc failed is not known and has not been 
studied further. 

 From a more general perspective, we may consider that—during K Ca 3.1- 
blockade—the other potent vasodilator system, the NO system and K Ca 2.3 channels 
are still functional and have the capability to compensate the inhibition of K Ca 3.1. 
Still, in the case of reduced NO-synthesis and/or NO-availability, inhibition of 
endothelial K Ca 3.1 (and K Ca 2.3) may aggravate the impaired endothelial vasodilator 
infl uence on tone and could represent a cardiovascular safety issue. 

 Senicapoc has been also tested as treatment for exercise and allergic asthma and 
failed. Still, this K Ca 3.1 blocker—albeit safe—may have other utilities as mild in the 
case of immunosuppressant in chronic infl ammatory disease, e.g. chronic infl amma-
tory bowel disease, in reducing astrocyte-mediated secondary damage after spinal 
cord injury [ 108 ] and microglia-mediated neurotoxicity [ 109 ] and neurodegenerative 
disease such as Alzheimer’s disease [ 110 ].  
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    Recent Developments: Positive- Gating Modulators   

 From the perspective of cardiovascular translational pharmacology, activators of 
K Ca 2.3 and K Ca 3.1 may have more therapeutic utilities in cardiovascular disease 
characterized by endothelial dysfunction than obviously blockers. However, the 
existing activators with reasonable potency have not been tested in humans. At pre-
sent all experimental evidence for their potential therapeutic utilities in cardiovascu-
lar disease relies on in-vitro experimentation and few in-vivo cardiovascular 
monitoring in rats, mice, and dogs [ 111 – 114 ]. 

 The  Neurosearch compound   NS309 (Fig.  5.4a ) has widespread use in in-vitro 
pharmacological experimentation. It has a high potency but a disadvantageous 
selectivity profi le as the compound, besides activating K Ca 3.1 and K Ca 2 channels, 
has additional blocking effects on voltage-gated Ca 2+  channels. Moreover, NS309 
blocks cardiac hERG channels that may impair ventricular repolarization, which 
can be regarded a severe safety issue. 

 The development of  SKA-31   (Fig.  5.4a ), using the ALS-drug Riluzole (a mixed 
glutamate antagonist, Na +  channel blocker and unselective K +  channel activator with 
low potency) as template, provides fi rst evidence that systemic activation of K Ca 3.1/
K Ca 2.3 improves endothelial vasodilator function, particularly in vivo. In fact, SKA-
31 displays fi vefold selectivity for K Ca 3.1 over K Ca 2, channels and has been shown to 
potentiate endothelial K Ca 3.1/K Ca 2.3 currents as well as EDH- vasodilation to acetyl-
choline in carotid arteries of mice [ 53 ,  111 ]. In the microcirculation of skeletal mus-
cle (cremaster muscle)  SKA-31   has be shown to induce vasodilation in its own right 
[ 115 ], suggesting that there is some basal Ca 2+  signaling or “Ca 2+  pulsar” activity that 
gives rise to some K Ca 3.1 activation, which can be potentiated by SKA-31. Moreover, 
SKA-31 has been found to improve coronary blood fl ow in rats [ 112 ], to potentiate 
bradykinin-induced relaxation and to reduce serotonin-induced contraction in large 
porcine coronary artery [ 44 ]. In a model of severe fatal hypertension, SKA-31 has 
been found to increase renal blood fl ow and to increase survival in mouse model of 
fatal hypertension [ 16 ,  116 ]. In other tissues, SKA-31 modulated bladder contractil-
ity and SKA-31 decreased human detrusor muscle excitability and contractility, 
suggesting utility of the activator in overactive bladder [ 117 ]. 

 Mechanistically, it should be noted, that SKA-31 and recently developed other 
SKAs [ 114 ] are not simple channel openers like other channel openers that activate 
the channel in the closed confi guration (no gating). Rather, SKAs act as positive- 
gating modulators that keep the Ca 2+ -gated channel in the open-confi guration and 
thereby shift Ca 2+  dependence of the channel to the left [ 114 ] (Fig.  5.5a ). In other 
words, the channel has a higher activity (open probability) at Ca 2+  concentrations 
that are normally not suffi cient to produce large channel activation on its own.

   The very elegant work by Michael Zhang’s group on crystals of the K Ca 2.2 
c- terminus has provided fi rst insight into molecular details and potential bindings 
domains. They showed that 1-EBIO, an early less potent precursor of DC-EBIO, fi ts 
into a pocket between calmodulin and the c-terminus [ 118 ] (Fig.  5.4c ). Moreover, 
they showed that NS309, the other activator of this compound class, stabilizes such 
interactions by stabilizing an intrinsically unordered linker between the CAM- binding 
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domain to S6, which can explain the molecular mechanics of channel activation 
([ 119 ] for details; for review see [ 120 ]). 

 What would be the advantage of a positive-gating modulator compared to a more 
classical activator such as e.g. activators of K ATP  channels in cardiovascular disease? 
A mechanistic advantage of the K Ca 2/3 activators is presumably that they act only 
when there is Ca 2+  mobilization, e.g. in form of “Ca 2+  pulsars” in the endothelium [ 57 ] 
and thus initiation of endothelial function. Here, we would stimulate the active endo-
thelium or potentiate endothelial function “when it is needed”. Indeed, at present we 
understand well how the endothelium regulates arterial tone  in-vitro  and inhibition of 
NO synthesis  in-vivo  clearly elevates blood pressure while NO-donors are in the 
clinics since long to alleviate angina pectoris and hypertensive crisis. This fosters the 
pivotal role of NO in the systemic circulatory regulation. However, we do not know 
when endothelial EDH-vasodilator function occurs in the organisms and under 
physiological conditions and what are the consequences systemically or locally. 

 In situation of  endothelial dysfunction/degeneration   with loss of both channels an 
activator would not make sense at all while some conserved K Ca 3.1/K Ca 2.3 functions 
could be potentiated and improve thereby endothelial vasodilator function.  
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    Systemic Effects of  Positive-Gating Modulation   

 What do we learn from cardiovascular telemetry? In freely moving unstressed mice 
that have a blood pressure similar to ours (around 120/85 mmHg Systole/Diastole), 
acute administrations of SKA-31 (30–100 mg/kg; giving plasma levels above the 
EC50 for K Ca 3.1 and K Ca 2 activation) caused a rapid drop (by approx. −30 mmHg) 
in systolic and diastolic pressures that persisted over 1–4 h, pending on dose [ 111 , 
 115 ]. In hypertensive mice, SKA-31 was similarly effective and lowered pressure to 
normotensive levels (mice treated with L-NAME or connexin(Cx)40−/− with 
angiotensin-II hypertension). Moreover, intra-vital microscopy on the microcircula-
tion of cremaster skeletal muscle in anesthetized mice reveals that SKA-31 was 
capable to produce substantial arteriolar dilation from basal tone that did not require 
NO, but was abolished by genetic K Ca 3.1 defi ciency [ 115 ]. This effect in resistance- 
size arteries explains to some extent the effi ciency of SKA-31 to produce hypoten-
sion or normotension from hypertensive levels. Thus, this positive-gating modulator 
of K Ca 3.1 and K Ca 2.3 is active and causes the expected decrease in blood pressure. 

 A major concern is, however, that the pressure drop in the mice is accompanied 
by strong bradycardia (300 bpm at 100 mg/kg vs. 600 bpm (normal)) [ 115 ]. This is 
also seen in K Ca 3.1−/−, suggesting that this bradycardia is not related to activation 
of K Ca 3.1 but was rather caused by K Ca 2 activation in atria of the heart ensuing loss 
of sinus rhythm, and/or block of transmission within the conduction system. 
Interestingly, genetically encoded K Ca 2.3 over-expression has been shown to 
increase atrioventricular refractory period in young K Ca 2.3-overexpressor (K Ca 2.3 T/T ) 
but decreased it in old K Ca 2.3 T/T  mice because of anatomical alterations related to 
K Ca 2.3-over-expression [ 75 ]. Moreover, genetic defi ciency of the K Ca 2.2 subtype 
causes prolonged the PR and RR intervals [ 121 ] and caused prolongation of atrio-
ventricular transmission, while over-expression of K Ca 2.2 had opposite effects. 

 Together, the data makes it likely that SKA-31 at K Ca 2-activating plasma concen-
trations affects the conduction system of the murine heart, which, unfortunately, may 
hinder a further development of this compound. Another, drawback is that SKA-31 
causes severe sedation (immobility) in a K Ca 3.1-independent fashion [ 70 ], which 
relies likely on the bradycardia and/or the activation of central K Ca 2 channels, slowing 
neurotransmission, or—possibly—skeletal muscle K Ca 2, producing paresis. 2  

 Interestingly, dogs that have a heart rate similar to us respond differently to SKA- 31 
(injected i.v.) because they show at K Ca 3.1/K Ca 2-activating plasma levels profound 
but short-lived hypotension and refl ex tachycardia [ 113 ], which may point to 

2   So far, there is no evidence that K Ca 3.1 is expressed in cardiomyocytes. In contrast, K Ca 2 channels 
are expressed cardiomyocytes. Moreover, K Ca 3.1 has been considered a non-neuronal channel as 
concluded form the absence of K Ca 3.1-mRNA in central neurons  [ 9 ,  29 ] . Interestingly, K Ca 3.1 pro-
tein has recently been documented in rat brain by immunohistochemical approaches  [ 122 ] . 
However, we could not clearly detect K Ca 3.1 in neuronal structures (but in the blood brain barrier) 
in murine brain and in human post mortem material using the current IHC approaches  [ 70 ] . Thus, 
there are apparently species differences and it remains still possible that K Ca 3.1 in neurons add to 
cardiovascular effects and sedation described here. 
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substantial species differences and request the need for thorough cardiovascular 
safety monitoring in large mammals. 

 Yet,  SKA-31   and an analogue of SKA-31, SKA-19 has been found effective in the 
NINDS-funded anti-convulsant screening program [ 123 ]. Nonetheless, the likely dis-
advantageous cardiovascular profi le of SKA-31 generates the need of a more selective 
K Ca 3.1-activator. Heike Wulff’s group at UC-Davis synthesized a series of SKA-
analogues [ 123 ], of which SKA-121 (5-methylnaphtho[2,1-d]oxazol- 2- amine; Fig. 
 5.4a ) has an improved selectivity profi le for K Ca 3.1 (approx. 40-fold higher for K Ca 3.1 
over K Ca 2). At the level of endothelium-dependent vasorelaxation, we fi nd that SKA-
121 does not act as vasorelaxant on its own in large coronary artery of the pig but 
potentiates the response elicited by bradykinin (Fig.  5.5a ). This can be reversed by 
TRAM-34 [ 123 ]. Moreover, the compound does not affect endothelium- independent 
contraction or relaxation. In telemetry (Fig.  5.5b ), SKA- 121 reduced blood pressure in 
normotensive mice and L-NAME-treated hypertensive mice over approx. 2 h and 6 h, 
respectively, but did not cause blood pressure alterations in K Ca 3.1−/− mice. Importantly, 
heart rate was insignifi cantly affected in this study, suggesting substantial improvement 
of selectivity and cardiovascular safety of SKA-121. Neurological effects still need 
to be investigated in details, but sedation can still be an issue because of the higher 
brain/plasma concentration ratio [ 123 ]. In sum, positive gating modulators like 
SKA-121 are likely to have some therapeutic utilities in cardiovascular disease 
(hypertensive crisis, vasospasm, and central and peripheral ischemia) (Fig.  5.6 ).
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  Fig. 5.6    Schematic illustration of systemic actions of the positive- and negative gating modulation 
of K Ca 2/K Ca 3.1 channels       
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       Recent Developments:  Negative-Gating Modulators   

 Besides the potential utility of positive-gating modulators of K Ca 3.1/K Ca 2 in cardio-
vascular pathophysiology—albeit counterintuitive at fi rst—also negative-gating 
modulators of K Ca 3.1/K Ca 2 channel activators are of potential pharmacological value, 
for instance in atrial fi brillation, hypotension and sepsis, hyperemia, atherosclerosis, 
and restenosis after balloon catheter intervention, but perhaps also in neurological 
disorders associated with microglia-activation, chronic infl ammation, and possible 
some cancer over-expressing K Ca 3.1/K Ca 2 channels. 

 The present selective  K Ca 3.1/K Ca 2 inhibitors   are mainly blockers that obstruct 
ion fl ow at the intracellular cavity below the selectivity fi lter (such as TRAM-34 on 
K Ca 3.1, Fig.  5.4c ) or from the outside as classical pore blockers such as UCL-1684 
(Fig.  5.4a, c ), structurally mimicking the peptide blocker, apamin. The utility of 
UCL-1684 for in-vivo experimentation is not clear, but this very large molecule is 
still not drug-like. TRAM-34 has been used frequently in experimental in-vivo 
intervention trials and has been proven to be effective to inhibit BCI-induced neo-
intima formation in rats and pigs [ 76 ,  77 ], neo-angiogenesis in Matri-gels [ 124 ], 
and experimental fi brosis in normal and diabetic kidneys [ 80 ,  81 ] and lungs [ 79 , 
 125 ], suggesting utilities of K Ca 3.1-inhibitors for the treatment of disease charac-
terized by pathological cell proliferation and pathological organ remodeling (for 
review see [ 8 ,  126 ]). However, TRAM-34 has been reported to be an inducer of 
P450 enzymes and looses selectivity for K Ca 3.1 over some other K channels at 
μmolar concentrations. Therefore, we have recently performed a small screening 
campaign focusing on another compound class (phenols and polyphenols with 
benefi cial properties as anti-oxidants) and fi nd 13b, tri-fl uoro-benzoate ester [ 44 , 
 127 ] as reasonably potent. Moreover, this compound turned out to act as negative-
gating modulator because it competes (in this regard unlike TRAM-34) with the 
positive-gating modulators, SKA-31 and SKA-121 (Fig.  5.4a, c ). Unfortunately, 
13b is a large and lipophilic molecule and bioavailability of 13b is presumably 
poor. To generate a new more drug-like analogue, we synthesized smaller and less 
lipophilic variants, of which RA-2 (1,3-phenylenebis(methylene)bis(3-fl uoro-
4-hydroxybenzoate) (Fig.  5.4a ) has acceptable drug likelihood and conserved 
potency (IC50 approx. 20 nM), a good selectivity over other K channel families, 
but also blocks with similar potencies all three K Ca 2-subtypes [ 128 ]. This can be 
explained by the negative-gating modulation at the level of calmodulin-activation 
(Fig.  5.4c ), which is alike in the complete K Ca 3.1/K Ca 2 family. As to be expected 
for a negative gating modulator, RA-2 shifts the concentration-response curve for 
Ca 2+  activation to the right (Fig.  5.5a ). 

 Thus, RA-2 is the first pan-negative gating modulator of K Ca 3.1 and K Ca 2. In 
in- vitro experimentation (Fig.  5.5b ), RA-2 has been found to inhibit bradykinin- 
induced EDH-type relaxation in porcine coronary artery and antagonizes 
potentiation of the bradykinin response by the positive-gating modulator, 
SKA-121 [ 128 ].  
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    Systemic Effects of  Negative-Gating Modulation   

 In respect to systemic cardiovascular regulation, RA-2 appears to be relatively safe 
since acute i.p. injections of up to 100 mg/kg did not produce hypertension or any 
disability in the mice (Fig.  5.5b ). Still, RA-2 caused lasting bradycardia (drop by 
150 bpm from the high levels of approx. 600 bpm, Fig.  5.5c ). The simplest explana-
tion for this bradycardia is that it mirrors baroreceptor-refl ex to a higher peripheral 
resistance caused by K Ca 3.1 and K Ca 2.3 inhibition in small resistance-size arteries 
(Fig.  5.6 ). Other possibilities are a direct effect on the heart conduction system, 
caused by action potential prolongation as a result of K Ca 2 inhibition. However, we 
do not wish to exclude other changes in sympathetic or parasympathetic drive on the 
heart or central and peripheral mechanisms. Interestingly, bradycardia was absent in 
K Ca 3.1−/− suggesting an effect that is selectively mediated by K Ca 3.1. Besides these 
cardiovascular actions of RA-2, our unpublished data demonstrate a higher locomo-
tor activity in RA-2 treated mice, which is, interestingly, also a feature of K Ca 3.1−/− 
mice and fosters the view of a participation of K Ca 3.1 in control of behavior and/or 
physical activity (Fig.  5.6 ).  

    Concluding Remarks 

 The current evidence derived from experimentation on gene-targeted mice and 
advance K Ca 3.1/K Ca 2.3 pharmacology assigns substantial impact of endothelial 
K Ca 3.1 and K Ca 2.3 in the endothelium on local arterial regulation as well as systemic 
cardiovascular regulation. Here, EDH and to some extent also NO are likely the 
downstream effectors. However, with respect to humans, we still need to be careful 
since the contribution of the channels to human systemic cardiovascular regulation 
remains unexplored although there is no doubt that human endothelium expresses 
these channels. 

 K Ca 3.1 and K Ca 2.3 are differentially regulated by cardiovascular disease at the 
functional and gene expression level and by other disease states. However, “loss-of- 
function” or “gain-of-function” (in the sense of monogenetic channelopathies) are 
unknown so far. Still, the K Ca 2.3-gene is linked to atrial fi brillation and K Ca 2 blockers 
are currently developed by the Danish Spin-off  Acesion  as novel types of atria- 
selective antiarrhythmic drugs. 

 Idiopathic forms of cardiovascular dysfunction in, particularly, human subjects 
go along with altered EDH and variable changes of K Ca 3.1/K Ca 2.3 gene expression 
and functions that could point at compensatory or pathogenic roles. This offers ven-
ues for endothelial selective treatment of endothelial dysfunction by activators like 
the positive-gating modulator, SKA-121 (Fig.  5.6 ). While the development of K Ca 3.1/
K Ca 2 channel activators as antihypertensive is unlikely considering the availability of 
several established medications including Ca 2+  antagonists and the—for activators—

5 Ca2+/Calmodulin-Gated Small- and Intermediate-Conductance…



120

potentially problematic tachyphylaxia, they may still be of use as alternative for the 
treatment of angina pectoris, local peripheral ischemia and pain, intra- surgical 
hypertension, and vascular protection of transplants. Not to forget that K Ca 3.1/K Ca 2-
activators may be of advantage in early ischemic stroke and cause neuroprotection 
by impeding Ca 2+ /Na +  overload in hypoxic neurons. Besides, such utilities in cardio-
vascular and cerebrovascular disease, they may also serve as targets in neurons to 
treat epilepsy and pain (Fig.  5.6 ). 

 In contrast, K Ca 3.1 and K Ca 2 inhibitors such as the pan-negative gating modulator 
of this channel class, RA-2, could have therapeutic value in situation of systemic 
hypotension as it occurs during sepsis, anesthesia accident, or after resurrection 
(Fig.  5.6 ). Moreover, it may have utilities for chronic infl ammatory processes and 
proliferative angiopathies and, if considering K Ca 2/3.1 expression in brain and skel-
etal muscle, for the treatment of motivation loss and muscle weakness (Fig.  5.6 ). 

 Yet, these gating-modulators of K Ca 3.1 and K Ca 2 channels may be of help to shed 
new light on physiological and pathophysiological roles of K Ca 3.1 and K Ca 2  channels 
in the organisms. Considering the complex tissue expression pattern of the chan-
nels, the effi cacy or undesired side effects of pharmacological manipulation remains 
to be tested in more detail. Still, the broad therapeutic utilities of K Ca 3.1/K Ca 2 gating 
modulation offers several attractive venues for further pharmaceutical 
development.     
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    Chapter 6   
 Regional Variation in Arterial Myogenic 
Responsiveness: Links to Potassium Channel 
Diversity/Function                     

     Michael     A.     Hill      ,     Yan     Yang    ,     Zahra     Nourian    ,     Barry     D.     Kyle    , 
    Kwangseok     Hong    , and     Andrew     P.     Braun   

    Abstract     Regional variation in small artery myogenic responsiveness is associated 
with differences in relationships amongst intraluminal pressure, smooth muscle cell 
(SMC) membrane potential (Em) and vessel diameter. For example, under  in vitro  
conditions, small arteries from cremaster muscle show a steeper relationship 
between Em and myogenic contraction compared with cerebral arteries. To explain 
this difference, we hypothesized that the function/regulation of the large conduc-
tance, Ca 2+ -activated, K +  channel (BK Ca ) differs between these vascular beds. This 
was based on previous observations by Nelson and colleagues that BK Ca , activated 
by sarcoplasmic reticulum (SR)-generated Ca 2+  sparks, exerts a hyperpolarizing 
infl uence that opposes myogenic constriction. To test this, studies were performed 
using Ca 2+  imaging, vessel myography, isolated cell electrophysiology and molecu-
lar biology techniques on small resistance arteries from the cerebral and cremaster 
muscle vasculatures. While BK Ca  in SMCs of both small arteries showed a similar 
conductance and voltage sensitivity, Ca 2+  sensitivity was 2–3-fold greater in cere-
bral SMCs. Single channel open times were greater in cerebral SMCs compared 
with those of cremaster SMCs. Conversely, closed times were signifi cantly shorter 
in cerebral SMCs. In addition to variation in biophysical characteristics, β 1 -BK Ca  
subunit expression was decreased in cremaster SMCs. Further, siRNA-induced 
knockdown of the β1 subunit of the BK Ca  holo-channel shifted gating behavior of 
cerebral BK Ca  channels to resemble that observed in cremaster SMCs. Collectively, 
the data indicate that while BK Ca  is present in both vascular preparations expression 
levels and modes of regulation differ. In particular, BK Ca  in small cerebral arteries 
is confi gured to show a higher Ca 2+  sensitivity resulting in greater opening at 
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 physiological levels of membrane potential. Heterogeneity in SMC ion channel 
function is not limited to BK Ca  as vascular bed differences are also apparent for 
other K +  channels including the voltage-gated Kv and Kv7 families of channels. 
With respect to the latter, Kv7 channels appear to play a greater role in cerebral 
vasculature compared to the coronary circulation. From a physiological perspective 
it is suggested that differences in local ion channel function allow for regional dif-
ferences in the regulation of myogenic tone and hence the control of tissue 
hemodynamics.  

  Keywords     Arterioles   •   Vascular smooth muscle   •   Signal transduction   •   Ion chan-
nels   •   Mechanotransduction  

   The ability of arterioles to constrict to acute increases in  intraluminal pressure   has 
been recognized for well over 100 years and is commonly referred to as the myo-
genic response [ 1 – 4 ]. The physiological signifi cance of this mechanically-induced 
contraction relates to its role in blood fl ow autoregulation, setting of basal vascular 
tone and its contribution to the regulation of capillary pressure and prevention of 
pressure-induced damage [ 2 ]. 

 Although the basic pathways underlying myogenic contraction are known to lie 
within the  vascular smooth muscle cells (VSMCs)   of the arteriolar wall, there 
remains doubt as to the precise molecular mechanisms by which the pressure- 
mediated mechanical stimulus is sensed and ultimately converted to an activation of 
the contractile proteins. Substantial evidence exists for a pivotal role of membrane 
depolarization, opening of voltage-gated Ca 2+  channels, increased intracellular Ca 2+  
(Ca 2+  i ) and Ca 2+ -dependent phosphorylation of the regulatory myosin light chain 
[ 5 – 11 ]. These events are supported by a number of other protein kinase-based 
mechanisms that involve pathways leading to alterations in Ca 2+  sensitivity and the 
rearrangement of cytoskeletal elements [ 8 ,  12 – 14 ]. 

 While the exact event(s) underlying the  pressure-induced regulation   of mem-
brane potential are uncertain they appear to involve a number of different ion chan-
nels (including stretch/mechanogated channels, various TRP channels and possibly 
 TMEM16A/ANO1 chloride channels  ) [ 15 – 20 ]. Activation of these channels occurs 
either by direct mechanical perturbation or in response to integrin and/or second 
messenger-mediated mechanisms [ 19 ,  21 ,  22 ]. In addition to contributing to the 
initial pressure-induced depolarization, various ion channels also underlie move-
ment of Ca 2+  from the extracellular space into VSMCs, release of Ca 2+  from the 
intracellular stores [ 2 ,  4 ] and to repolarization both following restoration of the 
initial pressure level and as a feedback mechanism controlling the extent of myo-
genic constriction [ 23 – 25 ]. It has also become evident that considerable complexity 
surrounds ion channel structure and regulation. Rather than being simple pores, ion 
channels and their gating behavior are regulated through their expression levels, 
existence of isoforms, splice variants and regulatory subunits, post-translational 
modifi cation, dynamic traffi cking to and from the cell surface, and spatial location 
within signaling microdomains [ 26 – 32 ]. 
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 This chapter will present evidence suggesting that heterogeneity in  K +  channel 
expression   and function may contribute to differences in how myogenic reactivity is 
controlled in different vascular beds. An underlying assumption is that this regional 
heterogeneity allows fi ne-tuning of the basic myogenic contractile mechanism to 
specifi cally serve local tissue requirements. A particular example of this is shown in 
small arteries from rat skeletal muscle (cremaster muscle) where there is a steeper 
relationship between Em and  myogenic contraction   compared with that in cerebral 
vessels (Fig.  6.1 ). It was suggested that such steeper relationship allows mainte-
nance of a high peripheral resistance in resting skeletal muscle vasculature while at 
the same time maintaining adequate cerebral perfusion [ 11 ,  33 ]. An additional 

  Fig. 6.1    Small arteries from skeletal muscle demonstrate a steeper Em-myogenic tone relation-
ship compared with cerebral vessels. Comparison of data from cerebral vessels ( squares ) [data 
replotted from Knot et al. [ 24 ]] with skeletal muscle arterioles ( triangles ) from Kotecha and 
Hill[ 11 ] shows an upward shift in the pressure-Em relationship for skeletal muscle arterioles with 
largest differences between data sets evident at pressures below approx. 80 mmHg ( a ). Above this 
pressure, cerebral vessels (approx. 200 μm diameter) exhibit a lesser extent of myogenic constric-
tion compared with skeletal muscle arterioles (approx. 150 μm diameter) ( b ). Note that for both 
vessel sets, active tone is plotted relative to the passive diameter at each pressure. Data are normal-
ized as cerebral vessels are slightly larger than cremaster muscle vessels.  Numbers  in  parentheses  
indicate intraluminal pressures (in mmHg). From Kotecha and Hill [ 11 ].  Em  membrane potential       

 

6 K+ Channel Diversity and Arteriolar Contractile Function



134

example of ion channel diversity affecting  myogenic reactivity   can be seen between 
branch orders within a vascular bed. Chen and colleagues thus showed that fi rst 
order mesenteric arteries from rats express higher levels of the voltage-gated K +  
channel (Kv) than do the smaller, more myogenically reactive third order vessels 
[ 34 ]. Further,  in vitro  treatment of the fi rst order vessels, for 48 h, with a targeted 
oligonucleotide decreased Kv channel expression at the protein level and increased 
myogenic reactivity. Similarly, Loutzenhiser and colleagues have shown variation 
in the expression and function of ion channels, including K ir  and  voltage-operated 
Ca 2+  channels (VOCC)  , in the renal vasculature of the rat [ 35 ,  36 ]. Thus, angiotensin- 
mediated constriction of the afferent arterioles was shown to be dependent on Ca 2+  
entry via VOCCs while that of the efferent arteriole showed a greater dependence 
on Ca 2+  release from intracellular stores and subsequent store-operated Ca 2+  entry 
[ 36 ]. In the interlobular artery the expression and function of K ir  increases along the 
length (proximal to distal) of the vessel. Interestingly, associated with this pattern 
of channel expression is a decrease in vessel diameter and increases in myogenic 
reactivity and vascular resistance [ 35 ].

   Ion channel diversity may also occur in regard to  intracellular channels  . Westcott 
et al. have shown variation in the expression of SR ryanodine receptors ( RyR  ; an 
intracellular Ca 2+  release channel) between mouse (C57Bl/6 strain) feed arteries 
(arteries entering a tissue such as a specifi c skeletal muscle; diameter approximately 
190 μm) and smaller intramuscular arterioles (diameter approximately 35 μm) [ 37 , 
 38 ]. Thus, the feed arteries demonstrated signifi cantly greater expression of the 
RyR2 isoform than did the smaller arterioles. From a functional perspective RyR 
contributed to Ca 2+  signals and myogenic tone in the larger vessels but not in the 
smaller arterioles. Both vessels exhibited similar complements of inositol trisphos-
phate receptors (IP 3 R1 dominant in both). 

 The following sections draw heavily on our comparisons of  BK Ca  expression   and 
function between cerebral and skeletal muscle circulations. Particular emphasis has 
been placed at the level of small arteries. It is, however, acknowledged that consid-
erable heterogeneity may also exist within the microvascular bed of any tissue. 
Supporting this latter point, and as outlined above, Westcott et al. have demon-
strated ion channel diversity within  mouse skeletal muscle   microvasculature. 

    Large Conductance,  Ca 2+ -Activated K +  Channels (BK Ca )   

 The BK Ca  channel is widely expressed in the body and vascular smooth muscle 
BK Ca  channels exhibit a single channel conductance of approximately 240 pS under 
conditions of symmetric 150 mM KCl [ 33 ,  39 – 41 ]. Its large conductance, along 
with its relatively high level of cellular expression, makes BK Ca  a dominant K +  
channel. In excitable cells, including VSMCs, BK Ca  plays a signifi cant role in the 
regulation of membrane potential. In doing so, BK Ca  contributes to the regulation of 
the open state of VOCCs, which are major contributors to Ca 2+  infl ux, intracellular 
Ca 2+  handling, contractile activity and thus artery/arteriolar tone [ 41 ]. In addition, 
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activation of BK Ca  by both depolarization and increased intracellular Ca 2+  results in 
hyperpolarization that conceivably acts to limit agonist and mechanically-induced 
vasoconstriction in small arteries and arterioles [ 25 ]. 

 An important question relates to whether the BK Ca  channel can be regulated 
locally or is simply ubiquitously expressed throughout the vasculature and regu-
lated on a more global level. While channel opening is affected by membrane 
potential and cytosolic free Ca 2+  the function of BK Ca  is regulated at a variety of 
other levels providing multiple mechanisms to fi ne tune channel activity in a dif-
ferential manner to meet local needs. As outlined above these levels of regulation 
include differences in expression [ 33 ,  42 ,  43 ], the existence of splice variants [ 28 ], 
subunit composition [ 33 ,  44 ,  45 ], modulation by phosphorylation and small mol-
ecules [ 46 ], traffi cking of subunits [ 27 ] and spatial distribution within the VSMC 
[ 47 ,  48 ]. 

 In support of local differences in channel activity, comparison of VSMCs from 
cerebral and cremaster muscle arteries shows a higher expression for β1:α BK Ca  in 
the cerebral vasculature, both at the mRNA and protein levels [ 33 ,  43 ]. Further, 
using a cell surface biotinylation assay the α subunit of BK Ca  was expressed at sig-
nifi cantly higher levels in cerebral vessel SMCs compared with that for cremaster 
VSMCs [ 43 ]. Coincident with this difference  is   a greater whole cell, iberiotoxin (a 
highly selective inhibitor of BK Ca )-sensitive, K +  conductance in cerebral VSMCs. 
Importantly, this electrophysiological difference persists when K +  current data are 
normalized for cellular capacitance indicating that the results cannot be explained 
by a difference in cell size between the two sites.  

    Molecular Heterogeneity BK Ca  Subunits 

 The functional BK Ca  channel is comprised of four α-subunits that assemble around 
a central axis forming a K + -selective conduction pore (Fig.  6.2 ). Each α-subunit 
contains seven transmembrane-spanning segments, denoted S0–S6, with an extra-
cellular amino terminus and a long intracellular carboxyl terminus. The S1 to S6 
membrane-spanning segments are a common structural feature of voltage-gated K +  
channels, in general, while the S0 segment located at the  amino terminus   is found 
only in BK Ca  (Slo1) and the related H + -gated large conductance K +  channel encoded 
by Slo3 [ 49 – 51 ]. The latter are not, however, gated by physiological calcium levels. 
The S0 segment of BK Ca  appears to be important for modulation of the channel by 
the associated β1 subunit (described below; [ 52 ]). Contained within the membrane 
spanning segments are the voltage sensor domain (S1–S4) and conduction pore 
(S5–S6); these assignments are based largely on recent crystal structure data from 
closely related voltage-gated Kv channels [ 53 ,  54 ] and are supported by a low reso-
lution (~20 Å) structure of the holo-channel in a cell membrane environment deter-
mined by electron cryo-microscopy [ 55 ]. The large intracellular domain accounts 
for approximately two-thirds of the  α-subunit amino acid sequence   and contains a 
number of known regulatory sites that are modulated by Ca 2+ , phosphorylation and 

6 K+ Channel Diversity and Arteriolar Contractile Function



136

a variety of small molecules (including lipids, reactive oxygen species, CO 2  and H + ) 
[ 46 ,  56 – 58 ]. Two RCK (regulators of K +  conductance) domains have been described 
in the large, intracellular C-terminal domain of each BK Ca  alpha subunit and contain 
functionally relevant, high affi nity Ca 2+  binding sites (Kd 1–10 μM). The Ca 2+  bowl 
region, denoted by its density of acidic amino acids, fl anks the C-terminal end of 
RCK2 and appears to be responsible for much of the Ca 2+  sensitivity exhibited by 
BK Ca  channels. Occupancy of these sites in the presence of micromolar levels of 
cytosolic Ca 2+  promotes opening of the channel’s C-terminal activation gate through 
an allosteric mechanism, leading to greater open probability. Electrophysiologically, 
this process is typically observed as a left- ward shift of the BK Ca  conductance-volt-
age (G-V) relationship to more negative voltages [ 59 ]. The proximal RCK1 domain 

  Fig. 6.2    Structure and regulation of BK Ca . ( a ) Smooth muscle cell BK Ca  holo-channel consists of 
α pore-forming subunits and the regulatory β1 subunit. The α subunit is characterized by seven 
membrane spanning segments (S0–S6); a pore region between S5 and S6; a long cytoplasmic tail 
containing a number of regulatory sites; and an extracellular amino terminus. The  red circle  
between RCK1 and two domains indicates the C2 region known to exhibit several splice variants 
including STREX (see text for more detail). The β1 subunit has two membrane spanning seg-
ments and intracellular amino and carboxy termini. ( b ) The functional smooth muscle cell chan-
nel typically consists of four α and four β subunits. ( c ) BK Ca  is regulated by Ca 2+  released from 
the SR in the form of Ca 2+  sparks and a number of intracellular signaling molecules including 
phosphorylation events mediated by various activated kinases.  BK   Ca   large conductance Ca 2+ -
activated K +  channel,  RCK  regulator of K +  conductance,  RyR  ryanodine receptor,  VOCC  voltage 
operated Ca 2+  channel       
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also contains a low affi nity (mM range) binding site for intracellular Mg 2+ ; occu-
pancy of this site by Mg 2+  increases BK Ca  open probability and shifts the channel’s 
G-V curve to more negative potentials. This effect of Mg 2+  on channel gating 
appears to occur via an electrostatic interaction between the Mg 2+  binding site in 
RCK1 and the intracellular face of the voltage sensor domain [ 59 ]; such coupling 
could allow for modulation of  voltage-dependent gating   by regulatory events within 
the C-terminal region. In the intact channel (containing four α-subunits) the 8 RCK 
domains form a ‘Ca 2+ -dependent gating ring’ the mobility of which is involved in 
regulating channel opening [ 60 ]. Recent crystallographic structures of the intracel-
lular gating ring apparatus in both the closed (Ca 2+ -free) and open (Ca 2+ -bound) 
confi gurations confi rm the critical involvement of this structure in the regulation of 
the ion conduction pore [ 61 ,  62 ].

   In VSMCs each α-subunit is often associated with a β1 subunit that, while not 
being absolutely necessary for channel activity, enhances Ca 2+  sensitivity and 
increases channel opening probability [ 61 ]. The  β1 subunit   has also been sug-
gested to infl uence traffi cking of BK Ca  and hence its distribution between the 
membrane and intracellular compartments [ 63 ]. More recently, an additional γ 
subunit, LRRC26 (a leucine-rich repeating-containing peptide), has been dem-
onstrated for BK Ca  channels [ 44 ,  64 ] and shown to markedly increase voltage 
sensitivity, thus allowing the channel to open at more hyperpolarized (and per-
haps physiological) membrane potentials. A schematic diagram illustrating the 
overall structure of the BK Ca  channel and the association of its subunits is shown 
in Fig.  6.2 . 

 The BK Ca  α-subunit is encoded by a single gene (also referred to as Slo 1 or 
KCNMA1) that contains 27 distinct exons [ 65 ]. Alternate splicing of BK Ca  α-subunit 
 pre-mRNA   allows considerable diversity of the ultimately translated protein and, to 
date, more than ten splice sites have been described for mammalian BK Ca  α subunit 
mRNA [ 66 ]. Particular focus has been placed on spliced variants involving the site 
designated C2 as at least fi ve variants have been described at this position and this 
region lies close to C terminal regulatory domains including RCK 1 and 2 and the 
so-called “Ca 2+  bowl” located at the distal end of RCK2 [ 67 ]. Diversity at the func-
tional protein level results from the splice variants showing differences in voltage 
and Ca 2+  sensitivity, regulation by phosphorylation and cellular localization/traf-
fi cking (including to the plasma and ER membranes) as described earlier. 

 Thus the existence of splice variants of αBK Ca  raises the possibility that these 
may impact channel function and that this could occur at a tissue-specifi c level. 
One splice variant that has received considerable attention is  STREX   (STRess 
axis regulated EXon) that encodes for a 59 amino acid insertion (relative to the 
ZERO variant that lacks the insertion) located between RCK1 and RCK2 in the C 
terminus of the α subunit. Importantly the STREX insert is of functional signifi -
cance as STREX- containing channels open at more negative potentials compared 
with the ZERO form [ 68 ]. Further, Shipston and colleagues, in particular, have 
shown that the STREX insert changes the response of BK Ca  channels to cAMP 
signaling relative to the variant lacking this exon ( ZERO  ) [ 69 ]. Thus, in BK Ca  
channels heterologously expressed in HEK293 cells, the STREX variant channel 
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is inhibited by the cAMP/protein kinase A (PKA) signaling pathway, while in the 
ZERO form cAMP/PKA signaling is associated with increased channel activity 
and larger whole cell currents [ 68 ]. 

 Studies in  non-vascular tissues   have examined the role of the STREX insert in 
the inherent mechanosensitivity demonstrated by BK Ca  [ 70 – 73 ]. In channels iso-
lated from chick ventricular myocytes and heterologously expressed in CHO cells 
(referred to as stretch activated BK Ca  channel, SAK Ca C), it has been suggested that 
the STREX sequence is critical for mechanosensitivity [ 70 – 73 ]. The mechanism by 
which STREX confers mechanosensitivity has been suggested to relate to the length 
of the linker region joining S6 and the RCK1 domain (see Fig.  6.2 ), but importantly 
occurs independently of intracellular Ca 2+  [ 70 – 73 ]. In apparent contrast to these 
observations, in studies of freshly isolated murine colonic SMCs, Wang et al. dem-
onstrated mechanosensitivity of native BK Ca  channels in freshly isolated murine 
colonic SMCs, in which only the ZERO variant was expressed and not STREX (as 
determined by end-point RT-PCR) [ 70 – 73 ]. Based on these observations, it was 
therefore concluded that the presence of the STREX insert was not an absolute 
requirement for BK Ca  mechanosensitivity. 

 In our own studies we have examined the relative  mRNA expression levels   of 
three splice variants within the C-terminus of the BK Ca  α-subunit; ZERO, STREX 
and SS4. ZERO is the predominant isoform of these variants in small arteries from 
both cremaster muscle and cerebral circulations of the rat although the STREX 
insert is signifi cantly more highly expressed in the vessels from cremaster muscle 
(approximately 29 compared with 16 % of total αBK Ca  α-subunit) [ 43 ]. Sequencing 
of PCR products generated from isolated VSMCs confi rmed that ZERO and STREX 
were identical in both vessel types [ 43 ]. While at this point in time, the functional 
signifi cance of these differences in expression levels is unclear, particularly as they 
relate to the generation of differing levels of myogenic tone, observed differences 
in ZERO/STREX expression did not alter the distribution of BK Ca  alpha subunits 
between the membrane and the cytosol. [ 43 ]. Interestingly, the vascular prepara-
tions contain a mixed population of STREX and ZERO BK Ca  α-subunits raising the 
possibility of there being both homomeric and heteromeric holo-channels. Studies 
are required to recapitulate these differences in expression systems and in fully 
functional arterioles, where levels of these variants can be manipulated. 

 In regard to modulation of BK Ca  function by  β accessory subunits  , four genes 
have been identifi ed and encode for the distinct proteins referred to as β1, β2, β3 
and β4. As stated above, arterial VSMCs typically express the β1 subunit. At the 
mRNA level both cerebral and cremaster VSMCs express predominantly the β1 
subunit although small amounts of β4 subunit can be detected. At the protein level 
the β1 subunit is seen in both vasculatures although signifi cantly greater levels were 
seen in small cerebral arteries [ 33 ]. Despite the presence of small levels of β4 sub-
unit mRNA measured using real time PCR, Western blotting analysis does not show 
measurable quantities of the protein in homogenates of cerebral arteries. Further, no 
evidence for β2 or β3 subunit mRNA expression was obtained in either vascula-
tures (unpublished observations). 
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 A cautionary note is that quantitative mRNA and, in particular, protein expres-
sion data are often necessarily derived from homogenates of whole microvessels 
and not purely from VSMCs. As native arterial endothelial cells are generally not 
thought to contain signifi cant levels of BK Ca  and they represent a relatively small 
component of the vessel wall, it is assumed that the bulk of the measured signal 
does, in fact, come from the VSMCs. This is, however, currently a matter of interest 
and debate, in part, because endothelial cell data have largely been derived from 
large vessels and expression of BK Ca  channels may be up-regulated when endothe-
lial cells are cultured or in pathophysiological states [ 74 ,  75 ]. Importantly though, 
vessel homogenates contain other cell types (for example neurons, fi broblasts and 
immune cells), which are resident in the adventitial layer of the vessel wall. More 
stringent studies are required, therefore, using purifi ed VSMCs and appropriate 
markers for non-smooth muscle cell contamination. 

 From a functional perspective the importance of the BK Ca  β1 subunit to arteriolar 
function was fi rst demonstrated in the β1 −/−  mouse [ 76 ,  77 ].  Cerebral blood vessels   
from the homozygous global knockout animal showed increased arterial tone in the 
face of decreased coupling between BK Ca  and SR-derived Ca 2+  sparks. The decrease 
in coupling between the Ca 2+  sparks and BK Ca  was further shown to be a result of a 
decrease in the Ca 2+  sensitivity of the channel resulting from the absence of the 
regulatory β1 subunit. 

 The BK Ca  β1 −/−  mouse has been reported to be either mildly hypertensive [ 76 ,  77 ] 
or not hypertensive at all [ 78 ]. This, in part, may relate to differences in methodolo-
gies for assessing blood pressure, namely direct cannulation, tail cuff, or telemetry. 
Interestingly, 24 h monitoring by telemetry (in the absence of anesthesia and stress 
due to handling) showed a mild increase in systemic blood pressure at night, but 
statistically unchanged when considered over the 24 h period [ 78 ]. It would be 
expected that, if BK Ca  activity were to oppose myogenic tone in all vascular beds, a 
higher blood pressure would be seen in the β1 −/−  mouse. Vascular heterogeneity in 
this feedback mechanism could conceivably, however, obscure such a relationship. 
Alternatively in the whole animal, compensatory mechanisms may develop in the 
knock-out model. 

 The complex  molecular composition   of BK Ca  also raises a number of questions 
as to whether channel subunit stoichiometry varies between cells or between chan-
nels within a given cell? For example in VSMCs is there always a 1:1 relationship 
between the α and β subunits in VSMCs and do heteromultimeric channels exist 
between the various α subunit splice variants (for example STREX and ZERO)? 
Are these relationships fi xed or do they vary on a more dynamic basis, particularly 
given the recent work of Leo and colleagues showing stimulus-dependent traffi ck-
ing of the β1 subunit? Substantial evidence exists for variation in β subunit expres-
sion in both physiological (for example pregnancy where both α and β subunits 
decrease prior to parturition [ 79 ]) and  pathophysiological states   (diabetes [ 80 ], 
hypertension [ 81 ] and increased vascular resistance associated with heart failure 
[ 82 ]). The existence of such variation raises additional questions as to their potential 
effects on electrophysiological properties and regulation by post-translational 
mechanisms (phosphorylation, palmitoylation, fatty acids, steroid hormones, redox 
state) and cellular location (traffi cking).  
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    BK Ca  Regulation by  Voltage and Ca 2+    

 BK Ca  is a member of the KV superfamily as indicated by similarities in amino acid 
sequence and biophysical properties [ 83 – 85 ]. Together with Slo 2 and Slo3, the mam-
malian Slo1 gene and its orthologs encode for potassium channels of large conduc-
tance [ 50 ,  51 ]. These channels share structural similarities with Slo 1 and 3 having an 
S0 membrane spanning segment at its amino terminus while Slo 1, 2 and 3 all exhibit 
a long intracellular carboxy terminus containing two RCK domains [ 50 ,  51 ]. However 
BK Ca  is distinct from other members of the Kv family of channels due to its regulation 
by intracellular Ca 2+  levels. A number of Ca 2+  (and divalent cation) binding sites have 
been identifi ed, particularly in the intracellular C-terminus of the α-subunit. Further, 
the presence of the β1 subunit facilitates Ca 2+  sensitivity in VSMCs. 

 In comparative studies, BK Ca  of cerebral and cremaster muscle VSMCs showed 
similar responsiveness to applied voltage steps. Thus, Boltzmann-type analysis of 
single channel openings activated by negative and positive voltage pulses showed 
similar Boltzmann constants (Z) over a [Ca 2+ ] range of 0.05–100 μM [ 45 ]. In con-
trast to voltage characteristics differences in BK Ca  Ca 2+  sensitivity were observed 
such that skeletal muscle VSMCs required a 2–3-fold increase in cytosolic Ca 2+  
concentration compared with cerebral VSMCs to affect half maximal channel open-
ing. Alternatively the differences in Ca 2+  sensitivity can be compensated for by an 
additional depolarization of approximately 30 mV. As membrane potential is 
approximately −35 to −45 mV in both vessels (as measured under  in vitro  pressur-
ized conditions [ 11 ,  24 ]) it is unlikely that voltage alone can compensate for the 
difference in Ca 2+  sensitivity between skeletal muscle and cerebral  BK Ca    channels. 
Alternatively, an argument can be made that in the presence of additional stimuli, 
particularly those resulting in the activation of PKA and PKG, may cause a leftward 
shift in the open probability-voltage relationship thereby allowing BK Ca  channels to 
open at more negative membrane potentials [ 39 ,  86 ]. 

 Single channel studies have further showed that cremaster VSMC BK Ca  channels 
exhibit shorter opening times and longer closed times compared with BK Ca  of cere-
bral vessels. Based on studies of expression systems [ 87 ] these differences could 
relate to variation in the number of β1 subunits within the holo-channel. These 
biophysical observations are also consistent with the molecular data showing 
decreased BK Ca  β1 subunit expression in cremaster VSMCs. 

 Supporting variation in β1 subunit expression between cremaster and cerebral 
VSMCs, acute (48 h)  in vitro  knockdown of cerebral VSMC β1 BK Ca  using specifi c 
siRNA resulted in decreased expression of the β1 subunit, attenuated whole cell K +  
currents and decreased responsiveness of BK Ca  channels to estrogen [ 45 ]. Further, 
knockdown of the β1 subunit decreased single channel open time and increased 
closed time while also decreasing the amplitude and frequency of BK Ca -dependent 
STOCs in whole cell recordings. From these data we concluded that following the 
decrease in BK Ca  β1 subunit expression the electrophysiological properties of cere-
bral VSMC BK Ca  activity more closely resembled those of cremaster muscle. This 
observation was taken to be further evidence that the cerebral VSMCs channel con-
tains a higher relative proportion of functional β1 subunit. 
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 While the modulatory roles of BK Ca  β-subunits in channel activity are well- 
recognized, recent data have revealed a novel set of γ-subunits that can also co- 
assemble with BK Ca  α-subunits and have a positive regulatory effect on channel 
activity [ 64 ,  88 ,  89 ]. These γ-subunits belong to a family of  leucine-rich repeat 
containing (LRRC)   proteins  and   Evanson et al. [ 44 ] have shown that the LRRC26 
variant is endogenously expressed in cerebral VSMCs and enhances the Ca 2+  and 
voltage-dependent gating of BK Ca  channels.  

    BK Ca  Regulation by Phosphorylation 

 As many vasoactive stimuli (including vasoactive hormones and locally acting fac-
tors including NO) result in the production of cyclic nucleotides and protein kinase 
activation (including protein kinases A, G and C), regional differences in  phos-
phorylation   could conceivably result in tissue-specifi c differences in BK Ca  activity. 
Using proteomics and radiolabeling approaches, numerous potential phosphoryla-
tion sites have been identifi ed in BK Ca  [ 90 ,  91 ]. In VSMCs stimuli elevating cAMP 
and cGMP typically activate BK Ca  and lead to vasodilatation while PKC activation 
often causes channel closure and vasoconstriction [ 86 ]. It should be noted, however, 
that PKC effects may be isoform specifi c as evidence has also been presented for it 
activating BK Ca  [ 92 ]. Further variation may exist in these relationships, however, as 
the expression of different splice variants (for example the STREX insert referred to 
earlier) can markedly change modulation of BK Ca  by cyclic nucleotides and 
phosphorylation. 

 An important question is how, at a mechanistic level, do cyclic nucleotides and 
protein kinases alter conductivity of BK Ca ? In regard to the action of NO/cGMP/
PKG signaling in VSMCs, Kyle, Braun and colleagues have identifi ed, using bio-
chemical, cellular and electrophysiological techniques, three specifi c serine phos-
phorylation sites (i.e. Ser691, Ser873 and Ser1111–1113) in the C-terminus of 
BK Ca  [ 91 ]. The data strongly suggested that maximal augmentation of BK Ca  cur-
rent by NO/cGMP signaling in A7r5 smooth muscle cells requires phosphoryla-
tion of all three Ser locations and that disruption of any one of the three sites by 
Ser to Ala substitution could prevent NO/cGMP stimulation of BK Ca  current. In 
both A7r5 cells and rat cerebral VSMCs, BK Ca  channels co-localize with PKGIα, 
as determined by proximity ligation assay analysis, and this co-distribution can be 
further augmented in the presence of a NO donor (Fig.  6.3 ). In rat brain, BK Ca  
channels appear to be constitutively phosphorylated at multiple Ser and Thr sites 
[ 90 ] and such modifi cations may help  to    stabilize the channel’s tertiary structure 
or create interacting sites for auxiliary proteins. The extent to which BK Ca  chan-
nels in other tissues or following heterologous expression undergo constitutive 
phosphorylation is presently unknown, along with the specifi c protein kinases 
responsible for these modifi cations.

   BK Ca  current is also augmented by cAMP/PKA signaling and Ser873 has been 
implicated as a putative phosphorylation site in the channel targeted by PKA [ 93 ]. 
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  Fig. 6.3     Immuno-detection of BK Ca  channels   and PKGIα in VSMCs. Native A7r5 aortic smooth 
muscle cells exhibit very low levels of BK Ca  channel expression, as revealed by immunostain-
ing of the BK Ca  α subunit, however, channels are more readily detected in these cells follow-
ing transient or stable expression of a cloned mammalian BK Ca  α subunit. The scale bar shown 
in each phase contrast micrograph represents 20 μm and also applies to the accompanying
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In STREX-containing BK Ca  channels, PKA signaling has the opposite effect 
and decreases current amplitude by modifying a serine residue within the STREX 
insert [ 69 ]. Functionally, STREX phosphorylation by PKA is reported to have a 
dominant- negative effect on BK Ca  channel regulation and is able to override any 
potential stimulatory effect of PKA-mediated phosphorylation at additional sites 
(e.g. Ser873). Moreover, the presence of only a single STREX-containing α-subunit 
within a BK Ca  tetrameric channel is suffi cient to change the effect of PKA-mediated 
phosphorylation on BK Ca  gating from positive to negative. This inhibitory effect of 
PKA signaling on STREX-containing BK Ca  channels also appears to require fatty 
acid modifi cation (i.e. palmitoylation) of the cysteine-rich STREX insert [ 29 ,  30 ]. 
Additional aspects of BK Ca  channel phosphorylation are described by Schubert and 
Nelson [ 86 ] and Kyle and Braun [ 46 ]. 

 Studies from our laboratory have shown that VSMCs from cremaster arterioles 
exhibit less activation of BK Ca  in response to forskolin (activator of adenylyl 
cyclase) as compared with cells isolated from small cerebral arterioles (Yang et al., 
unpublished data; Fig.  6.4 ). These observations at the whole cell level may thus 
refl ect differences in BK Ca  channel density/expression as mentioned earlier or regu-
latory differences at the single channel level. Interestingly, the BK Ca  response to 
forskolin stimulation was blocked by a PKG inhibitor (KT5823), suggesting a 
‘cross over’ between PKA and PKG-dependent pathways as reported earlier by 
Barman and colleagues [ 94 ]. The exact mechanism(s) by which evoked cAMP pro-
duction promotes PKG activity (e.g. direct binding and stimulation of PKG, indirect 
elevation of cellular cGMP via reduced breakdown, etc.) has not been fully 
elucidated.

   Additional post-translational enhancement of BK Ca  current occurs through 
direct tyrosine phosphorylation of the channel by c- Src    and Pyk2 tyrosine 

Fig. 6.3 (continued) fl uorescent image immediately above. Western blotting demonstrates that the 
expressed BK Ca  α subunit (~130 kDa MW) is comparable to that seen in rat brain (panel  a ). As 
shown in panel  b , endogenous PKGIα is readily detected in A7r5 cells by either western blotting 
or immunocytochemistry. Immunostaining of A7r5 cells using the PLA technique ( right-hand  
images) demonstrates co-localization (<40 nm) of BK Ca  channels with endogenous PKGIα, as 
revealed by the appearance of distinct  red fl uorescent dots  (panel  b ). Scale bar shown in each phase 
contrast micrograph represents 20 μm. BK Ca  channels and PKGIα co-localization can also be read-
ily detected by PLA staining in acutely isolated rat cerebral myocytes (panel  c ). The  third row  of 
images shows merged detection of BKα + PKGIα by PLA ( red  fl uorescence), along with DAPI 
staining for cell nuclei ( blue  fl uorescence), superimposed on phase contrast micrographs of 
cerebral myocytes.The scale bar depicted in each phase contrast micrograph represents 20 μm and 
applies to the accompanying images within the column. As quantifi ed in the histogram, the number 
of  red dots  was observed to increase following treatment with an NO donor, either SNP (100 μM) 
or sp nonoate (5 μM), suggesting that NO promotes BK Ca -PKG co-localization.  Red dots  are not 
observed in the absence of primary antibody versus BK Ca  α subunit or PKGIα. Data are presented 
as mean ± SEM, n = 10–15 cells under each condition.  Asterisk  indicates a statistically signifi cant 
difference compared with control, as determined by one-way ANOVA and a Dunnett’s post-hoc 
test; P < 0.05.  BK   Ca   large conductance Ca 2+ -activated K +  channel,  PKGIα  protein kinase G type Iα, 
 NO  nitric oxide,  PLA  proximity ligation assay,  SNP  sodium nitroprusside,  sp nonoate  spermine 
nonoate       
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kinases [ 95 ,  96 ]. These kinases have been implicated in integrin-based signaling 
and the subsequent modulation of BK Ca  current [ 97 ,  98 ], thereby providing a 
mechanism by which ion channel conductance and membrane potential can be 
infl uenced by the extracellular environment and mechanical forces. 

 Whole cell BK Ca  currents (and STOCs) in VSMCs isolated from both cremas-
ter and cerebral small arteries are increased by the PP1 and PP2 phosphatase 
inhibitor, okadaic acid, and decreased by the application of alkaline phosphatase 
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  Fig. 6.4    Forskolin increases BK Ca -mediated STOC activity in a PKG-dependent manner. 
Panels  a  and  b  show representative traces depicting STOC activity following forskolin (30 μM) 
stimulation in cremaster and cerebral VSMCs, respectively. STOCs were inhibited by the PKG 
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amplitude and frequency of STOCs consistent with earlier studies [ 33 ].  PKA  protein kinase A, 
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through a patch clamp pipette suggesting that channel activity can also be regu-
lated by dephosphorylation (unpublished observations; Fig.  6.5 ). Interestingly 
the effect of alkaline phosphatase on BK Ca  current appeared greater in cerebral 
VSMCs suggesting a higher level of basal phosphorylation. This suggestion is 
line with recent proteomic data demonstrating that BK Ca  channels in rat brain 
exhibit a high level of constitutive phosphorylation [ 90 ]. Further consistent with 
a basal level of phosphorylation our studies have shown that the PKG inhibitor, 
KT5823, reduces baseline levels of BK Ca -mediated STOCs (both in terms of 
amplitude and frequency). This effect occurred similarly in cremaster and cere-
bral VSMCs, although the absolute effect was greater in cerebral vessels due to 
their overall higher STOC activity.

       BK Ca  Regulation by Its Local Environment 

  BK Ca  channel function   is likely infl uenced by its local environment. For example, its 
regulation in VSMCs by elevated [Ca 2+ ] i  is facilitated by close proximity to the SR 
and focal Ca 2+  release. This arrangement is necessary for the channel to have access 
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  Fig. 6.5     Alkaline phosphatase   decreases whole cell currents to a greater extent in cerebral 
VSMCs compared with cremaster VSMCs. Electrophysiological recordings were conducted in 
whole cell mode with voltage ramps applied. Alkaline phosphatase (ALP; 350 U/ml) was deliv-
ered intracellularly via the patch pipette while the PKG inhibitor, KT5823 (300 nM), was added 
to the bath. At 70 mV AP decreased current by 49.3 ± 0.9 % in cerebral VSMCs and 28.6 ± 2.1 % 
in cremaster VSMCs (n = 13 cells per group; p < 0.05). Following treatment with ALP VSMCs 
from both vessel types no longer showed signifi cant inhibition by KT5823 consistent with a 
basal level of BK Ca  channel phosphorylation and PKG activity.  ALP  alkaline phosphatase,  BK   Ca   
large conductance Ca 2+ -activated K +  channel,  PKG  protein kinase G,  VSMC  vascular smooth 
muscle cells       

 

6 K+ Channel Diversity and Arteriolar Contractile Function



146

to local [Ca 2+ ]s in the range of 5–10 μM that are required to activate BK Ca  (at physi-
ological membrane potentials) while bulk cytosolic [Ca 2+ ] is typically <250 nM in 
myogenically active arteries [ 10 ] and only achieves levels of approximately 1 μM 
during maximal agonist stimulation. In addition to spatial considerations, BK Ca  is 
known to interact with ECM proteins [ 97 ,  98 ] and is also infl uenced by its local 
lipid environment [ 58 ]. As  an   example of the former fi bronectin potentiates BK Ca  
current at the single channel level through a mechanism involving integrin activa-
tion (α 5 β 1 ), the tyrosine kinase c-SRC and subsequent modulation of BK Ca  Ca 2+  
sensitivity [ 97 ,  99 ]. 

 As stated above, regulation of BK Ca  by intracellular Ca 2+  has been estimated to 
require local Ca 2+  concentrations in the order of 5–10 μM [ 47 ,  100 ]. As such Ca 2+  
levels, on a global cellular basis, would cause maximal VSMC contraction and 
likely activate Ca 2+ -dependent proteases and cell death pathways, a spatially 
restricted increase in Ca 2+  would be required to activate BK Ca  channels, thereby 
preserving cell viability. In this regard, Nelson and colleagues fi rst presented 
 evidence in VSMCs for Ca 2+  sparks as a regulatory process for BK Ca  activity. Sparks 
are spatially-restricted Ca 2+  release events from the SR that utilize a ryanodine- 
sensitive release mechanism [ 25 ,  101 ]. 

 Recent studies have shown, however, that while a number of vascular beds 
exhibit Ca 2+  spark- dependent regulation of BK Ca  [ 25 ,  100 ,  102 ,  103 ], this situation 
may not always be the case [ 37 ,  42 ]. In addition other studies have suggested that in 
contrast to promoting hyperpolarization and relaxation, Ca 2+  sparks may promote 
contraction, perhaps through summation to more global Ca 2+  events such as Ca 2+  
waves [ 103 ]. 

 In studies comparing VSMCs from cremaster muscle arterioles with those 
from cerebral vessels Ca 2+  sparks were only observed in the latter. It would 
appear that this result was unlikely to simply refl ect methodological differences 
as both cell preparations were studied using the same spinning disk confocal 
microscope system. That being said, both sets of VSMCs did exhibit an accepted 
electrophysiological correlate or readout of Ca 2+  sparks (i.e. the presence of 
STOCs) and, further, the STOCs observed in cremaster VSMCs were attenuated 
by both ryanodine (at concentrations that would be expected to deplete SR Ca 2+  
stores) and by the BK Ca  channel inhibitor, iberiotoxin. These latter observations 
strongly suggest that communication does occur between ryanodine-sensitive 
Ca 2+  stores in the SR and plasmalemmal BK Ca  channels in both cremaster and 
cerebral VSMCs. 

 As an additional example of BK Ca  regulation via the local cellular environment, 
BK Ca  channels are known to organize into macromolecular complexes consisting of 
various receptors, scaffolding proteins and specifi c membrane domains. For exam-
ple, β 2 -adrenoceptors, together with BK Ca , associate with  A-kinase anchoring pro-
teins (AKAPs)  , PKA and voltage-gated Ca 2+  channels [ 104 ]. Similarly, angiotensin 
II receptors (AT1R) have been reported to complex with BK Ca  through caveolin 1 
[ 105 ]. Further, BK Ca  associates with specifi c lipids [ 58 ] providing a further possible 
mechanism for the targeting/traffi cking of BK Ca  channels to spatially restricted 
domains/signaling complexes.  
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    Conclusion 

 The activity of BK Ca  shows considerable complexity due to regulation of the chan-
nel at multiple levels. This complexity likely contributes to tissue diversity in 
channel function and its contribution to vasoregulation, particularly as this relates 
to the control of myogenic tone. Thus, in comparing BK Ca  function in cremaster 
and cerebral VSMCs, a number of differences are apparent. Overall, mRNA and 
protein expression levels are less in cremaster VSMCs, subtle differences exist 
with regard to splice variant expression, channels differ in their activation by Ca 2+  
(both in terms of channel Ca 2+  sensitivity and reliance on Ca 2+  sparks) and phos-
phorylation status of the channel appears to be relatively higher in cerebral 
VSMCs. Similarities and differences in their cellular spatial localization are yet to 
be examined in any detail. An obvious question is whether these regional differ-
ences in the BK Ca  channel properties are of physiological signifi cance. Given the 
importance of this channel in the regulation of membrane potential and intracel-
lular Ca 2+  handling, along with vascular bed-specifi c differences in the relation-
ships between membrane potential and myogenic tone, it is tempting to speculate 
that differences in BK Ca  contribute to the local control of vessel diameter, and 
hence blood fl ow, in resistance vessels. Thus, variation in the molecular make-up 
of the channel along with differences in post-translational regulation would allow 
the same basic ion channel to contribute to differing degrees to VSM function 
within a given vascular bed. 

 An additional question in understanding the relevance of K +  channel distribution 
to vasoregulatory mechanisms relates to why BK Ca  is predominantly expressed in 
VSMCs while intermediate and small conductance, Ca 2+ -activated, K +  channels 
(IK Ca  and SK Ca ) are primarily located in endothelial cells. As endothelial cells do 
not typically exhibit sparks, it is conceivable that they express channels with higher 
Ca 2+  sensitivity as a refl ection of their more modest Ca 2+  dynamics. Activation of 
IK Ca  and SK Ca  in the endothelium tends to support the vasodilatory effects of Ca 2+ -
mobilizing stimuli and thus these channels function closely with other pathways, 
including eNOS, towards a common goal (i.e. vasodilation). Further, the higher 
Ca 2+  affi nity of IK Ca  and SK Ca  will provide a prolonged signal to support vasodila-
tion. Thus, endothelial cells do not appear to require two distinct Ca 2+  operated 
mechanisms, while in VSMCs, Ca 2+  evokes contraction at sub-micromolar levels 
and sparks evoke relaxation by locally increasing Ca 2+  to higher levels (approxi-
mately 10 μM). As a consequence there is a dichotomy in Ca 2+  signaling that 
requires two distinct pathways and sensors. The lower affi nity Ca 2+  sensor of BK Ca , 
together with its spatial localization, will limit its activation/opening thereby pre-
venting the channel from interfering with evoked contraction occurring at sub- 
micromolar Ca 2+  levels. However, the much higher conductance will provide a 
rapid and robust Vm change to oppose voltage-gated Ca 2+  channel activity when 
needed. As these mechanisms may also vary between tissues, understanding of the 
complexity of K +  channel distribution, molecular structure and function requires 
considerable further work so that these properties can be exploited in the develop-
ment of vascular bed- specifi c therapeutics.     
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    Chapter 7   
 Ion Channel Traffi cking and Control 
of Arterial Contractility                     

     M.     Dennis     Leo     and     Jonathan     H.     Jaggar    

    Abstract     Ion channels control many cellular processes, including neuronal excit-
ability and arterial contractility. Vascular smooth muscle cell (myocyte) plasma 
membrane ion channels regulate membrane potential and extracellular calcium 
(Ca 2+ ) infl ux, which alters regional blood fl ow and systemic blood pressure. Ion 
channels can be homomers or heteromers of several pore-forming subunits and may 
associate with auxiliary subunits that can modify channel properties, including 
activity and surface expression. Recent studies have investigated pathways that 
control the surface expression of some plasma membrane ion channels in myocytes. 
These fi ndings have also found that vasoregulatory stimuli can control the number 
of plasma membrane ion channels to regulate contractility. Here, we review current 
literature describing mechanisms of traffi cking of voltage-gated K +  (Kv), voltage- 
gated Ca 2+  (Cav1.2), large-conductance Ca 2+ -activated potassium (BK Ca ) and tran-
sient receptor potential (TRP) channels in arterial myocytes. These studies indicate 
that regulated ion channel traffi cking is a functional mechanism to control vascular 
contractility.  

  Keywords     Ion channel   •   Accessory subunits   •   Protein traffi cking  

      Introduction 

 Vascular smooth muscle (myocyte) ion channels regulate membrane potential and 
contractility [ 1 – 3 ]. Current ( I ) generated by a membrane ion channel population is 
the product of the number of channels ( N ), single channel open probability ( P   o  ) and 
single channel current ( i ), such that  I  =  N · P   o  · i . Vasoregulatory stimuli can modify 
 myocyte   ion channel function via transcriptional or post-translational modifi cation 
and by directly interacting with these proteins or auxiliary subunits. Myocyte ion 
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channel activity ( NP   o  ) can also be modulated by mechanisms that regulate the num-
ber of functional plasma membrane ion channels. This chapter will review studies 
that have investigated traffi cking pathways of several ion channels that are expressed 
in vascular myocytes. If available, functional signifi cance of these traffi cking mech-
anisms in the vasculature is provided.  

    L-Type Voltage-Gated Ca 2+  (Ca V 1.2)  Channels   

 Voltage-gated Ca 2+  channels are heteromeric complexes composed of a pore- 
forming α 1C  ( Ca V 1.2  ) and auxiliary α 2 δ and β  subunit  s (Fig.  7.1 ). Ca V 1.2 is encoded 
by the CACNA1C gene which has 55 exons in humans and 52 exons in rodents 
[ 4 ,  5 ]. Ca V 1.2 is a high voltage-activated, L-type Ca 2+  channel that is sensitive to 
several blockers, including antihypertensive dihydropyridines [ 3 ].  Membrane 

  Fig. 7.1    Ca V 1.2 traffi cking  in arterial myocytes  . α 2 δ-1 is required for functional surface expres-
sion of Ca V 1.2 subunits. Pregabalin, a α 2 δ-1 ligand, inhibits surface traffi cking of Ca V 1.2 channels, 
leading to vasodilation. α 2 δ-1 and Ca V 1.2 expression are both elevated in genetic hypertension, 
which promotes surface traffi cking of higher numbers of Ca V 1.2 channels, leading to an increase 
in current density and vasoconstriction.  Green arrow  indicates activation.  Red arrow  indicates 
inhibition       
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depolarization   activates Ca V 1.2 channels in arterial myocytes, leading to Ca 2+  
infl ux, an elevation in global intracellular Ca 2+  concentration, activation of Ca 2+ /
calmodulin- dependent myosin light chain kinase and vasoconstriction [ 6 ,  7 ].

   Ca V 1.2 channel surface expression and function is regulated by α 2 δ and β sub-
units, of which there are multiple isoforms [ 3 ]. Four different α 2 δ subunits (α 2 δ-1- 4  ) 
have been identifi ed that arise from alternative splicing of a single gene 
(CACNA2D1). Post-translational cleavage of α 2 δ results in a glycosylated extracel-
lular α 2  and a smaller membrane-spanning δ subunit, which then re-associate via a 
disulfi de bond to form a functional protein [ 8 – 10 ]. Structurally, α 2 δ subunits are 
type I transmembrane (TM)-spanning proteins [ 8 ,  11 ]. Arterial myocytes express 
only α 2 δ-1 [ 12 ]. α 2 δ-1 knockdown reduced Ca V 1.2 surface expression and decreased 
[Ca 2+ ] i  in cerebral artery myocytes, indicating that α 2 δ-1 is an important stimulator 
of Ca V 1.2 surface traffi cking [ 12 ].  Pregabalin (Lyrica™)  , a α 2 δ-1/2 ligand, is an 
antiallodynic and antihyperalgesic prescribed for the treatment of neuropathic pain 
in humans [ 13 ]. Pregabalin decreased surface expression of both α 2 δ-1 and Ca V 1.2 
channels without altering total protein in rat cerebral arteries [ 12 ] (Fig.  7.1 ). 
These data were consistent with those obtained in DRG neurons with gabapentin, 
another gabapentinoid compound, which reduced α 2 δ-2 surface expression by pre-
venting Rab11-dependent recycling to the plasma membrane [ 14 ]. Pregabalin is 
also a weak Ca V 1.2 channel pore blocker that does not directly affect channel 
voltage- dependence in cerebral artery myocytes [ 12 ]. Pregabalin caused 
concentration- dependent relaxation of pressurized (60 mmHg) rat cerebral arteries 
via a mechanism involving both inhibition of Ca V 1.2 anterograde traffi cking and 
surface channel pore block [ 12 ]. 

  Transcriptional upregulation    of   both α 2 δ-1 and Ca V 1.2 occurs in cerebral artery 
myocytes of the spontaneously hypertensive rat (SHR), a genetic model of hyper-
tension [ 15 ] (Fig.  7.1 ). α 2 δ-1 and Ca V 1.2 surface protein expression were also 
higher in SHR arteries, when compared with normotensive control arteries [ 15 ]. 
Pregabalin was more effective at inhibiting surface expression of α 2 δ-1 and 
Ca V 1.2 in SHR cerebral arteries than in normotensive controls [ 15 ] (Fig.  7.1 ). 
Conceivably, targeting of vascular α 2 δ-1 may represent a novel therapeutic approach 
for inducing vasodilation during hypertension. 

 Association with auxiliary β subunits can modify the biophysical properties and 
promote surface traffi cking of Ca V 1.2 channels. Binding of recombinant β subunits 
to the Ca V 1.2 I–II loop produces a  C-terminus-dependent conformational rearrange-
ment   that weakens the ER retention signal, leading to surface traffi cking [ 26 ]. It is 
possible, but not shown, that a similar mechanism exists in vascular myocytes. 
A decrease in whole-cell Ca V 1.2 currents, but an increase in local Ca 2+  sparklet 
activity was observed in mesenteric artery myocytes from a mouse model of genetic 
hypertension [ 27 ]. This was associated with a shift in channel composition from 
α 1 c/α 2 δ/β 3  to α 1 c/α 2 δ/β 2  in myocytes [ 27 ]. 

 Alternative splicing of Ca V 1.2 gives rise to several variants with different bio-
physical properties. 5′ RACE-PCR revealed the expression of a novel exon 1c 
(e1c) which encodes a cysteine-rich Ca V 1.2 N-terminus [ 16 ]. E1c was the principal 
 smooth   muscle Ca V 1.2 variant, with a small proportion of e1b-containing Ca V 1.2 in 
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rat cerebral artery myocytes [ 16 ]. Knockdown of Ca V 1.2 channels containing the 
e1c-encoded N-terminus reduced Ca V 1.2 protein and myogenic tone more than e1b- 
specifi c knockdown in cerebral arteries [ 16 ]. These data indicated that Ca V 1.2e1c 
was the principal functional Ca V 1.2 variant in arterial myocytes [ 17 ]. α 2 δ-1 more 
effectively surface-traffi cked Ca V 1.2e1c than Ca V 1.2e1b channels in cerebral artery 
myocytes, and evidence was provided to demonstrate that this association regulated 
contractility [ 17 ]. The Ca V 1.2 N-terminus also contains a α-CaMKII binding site 
that regulates surface expression of recombinant channels [ 18 ]. The amino acid 
sequence CISI located in the Ca V 1.2  distal N-terminus   mediated this function in an 
heterologous  expres  sion system [ 18 ]. 

 Ca V 1.2 α subunits are primarily plasma membrane-localized, with a small pro-
portion of total protein intracellular, in arterial myocytes [ 12 ]. Western blotting 
detected two distinct Ca V 1.2 bands, one at ~240 kDa and a second band at ~190 kDa 
in arterial myocytes [ 12 ,  17 ,  19 ,  20 ]. This difference occurs due to post-translational 
modifi cation that cleaves ~300 amino acids of the distal Ca V 1.2 C-terminus [ 20 , 
 21 ].   In vitro , proteolytic enzymes  , including calpain and chymotrypsin cleave the 
C-terminal fragment from full-length Ca V 1.2 protein [ 22 ,  23 ]. Enzymes responsible 
for this modifi cation  in vivo  have not yet been identifi ed. A proline-rich domain in 
the C-terminal fragment aids in its re-association with Ca V 1.2 [ 23 ]. Re-association 
of the fragment with the truncated Ca V 1.2 protein right-shifts voltage-dependent 
activation, including in arterial myocytes [ 19 ,  24 ]. Overexpression of the CCT 
 fragment   decreased Ca V 1.2 mRNA and total protein, reducing myocyte Ca V 1.2 
currents and myogenic tone in pressurized (60 mmHg) cerebral arteries [ 19 ]. 
These data indicated that CCT acts as a bimodal vasodilator, reducing both Ca V 1.2 
voltage- sensitivity and transcription, and thus surface expression, in cerebral artery 
myocytes. Ca V 1.2 gene expression is also modulated by mitochondria in arterial 
myocytes [ 25 ].  IP 3 R-mediated sarcoplasmic reticulum (SR) Ca 2+  release   elevates 
the Ca 2+  concentration within spatially localized mitochondrial Ca 2+  ([Ca 2+ ] mito ), 
which stimulates mitochondrial ROS production [ 25 ]. Endothelin-1, a  vasoconstric-
tor  , activates this pathway, leading to mitochondrial ROS-dependent activation of 
NF-κB, a transcription factor that stimulates Ca V 1.2 transcription, leading to  vaso-
constric  tion [ 25 ].  

    Voltage-Gated K +  (Kv)  Channels   

 Kv channels are a family of ~40 six transmembrane domain proteins that are subdi-
vided into 12 types (Kv1–12) [ 28 ]. Kv channels contain a gated pore domain that 
confers ion specifi city and a voltage-sensing domain (VSD) that responds to changes 
in membrane potential.  Membrane depolarization   causes translocation of the 
positively- charged S4 segment of the VSD to the extracellular surface of the plasma 
membrane, which elevates P o  [ 29 ,  30 ]. Kv channels are major contributors to rest-
ing membrane potential in vascular myocytes [ 31 ]. Kv channel activation induces a 
shift to more negative membrane potentials, which reduces voltage-dependent Ca 2+  
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channel activity in arterial myocytes, leading to myocyte relaxation and eventual 
vasodilation [ 32 ]. 

 Vascular myocytes express several Kv family members, including subtypes of 
Kv1-Kv4, Kv7, Kv9 and Kv11 [ 33 – 37 ]. Kv channels can form homo- or hetero- 
 tetramers  , which contributes to a vast array of Kv current phenotypes [ 38 ]. Amino 
acids located in the channel pore of Kv1, but not Kv2-4, regulate cell surface 
expression [ 39 ]. A consensus amino acid sequence ‘VXXSL’ in the C-terminal 
region of Kv1 channels regulated recombinant protein cell surface expression 
[ 40 ]. Caveolin-1  interacts   with recombinant Kv1.5 to target channels to plasma 
membrane lipid raft microdomains [ 41 ]. Kv1.5 co-localized with caveolin-1 and 
5-HT 2A  receptors in rat pulmonary artery myocytes with 5-HT-induced Kv1.5 
endocytosis suggested to contribute to the pathogenesis of pulmonary hyperten-
sion [ 42 ].  Postsynaptic density- 95 (PSD95)   is a scaffolding protein that anchors 
Kv1 channels to the plasma membrane in cerebral artery myocytes [ 43 ]. Kv1.2 
contains a high affinity binding site for PSD95, with evidence that PSD95 
interacts with Kv1.5 directly via its low affi nity binding site [ 43 ]. Transfection of 
a peptide corresponding to the Kv1.2 PSD95 binding motif suppressed Kv1.5 
currents, leading to myocyte depolarization and vasoconstriction in rat cerebral 
arteries [ 44 ]. Rab4 and Rab11 dominant- negative mutants decreased Kv1.5 
surface expression in atrial cardiomyocytes [ 45 ]. Recombinant Kv1.5 was also 
found to associate with Rab4, Rab5, Rab7 and Rab11 in H9c2 and HEK293 cells 
[ 46 ].  Oxyhemoglobin  , a blood component mediating the pathogenesis of cerebral 
vasospasm following subarachnoid hemorrhage, constricts cerebral arteries [ 47 ]. 
Oxyhemoglobin-induced tyrosine kinase activation reduced plasma  membrane 
  Kv1.5 expression in rabbit cerebral arteries [ 48 ]. Oxyhemoglobin-induced Kv1.5 
inhibition may therefore contribute to cerebral artery constriction following 
subarachnoid hemorrhage. 

 Kv2.1 is expressed in cerebral [ 49 ] and mesenteric arteries [ 33 ]. Hetero- 
multimeric Kv2.1/Kv9.3 channels contribute to opposition of the myogenic response 
in rat middle cerebral arteries [ 50 ]. In an heterologous expression system, interac-
tion between the N- and C-termini of Kv2.1 regulated cell surface expression [ 51 ]. 
 Src-dependent tyrosine phosphorylation   reduced surface expression of recombinant 
Kv3.1 channels [ 52 ]. Kv3.1 also possesses multiple zinc-binding sites that affect 
channel activity and localization in neurons, a property not yet described in arterial 
myocytes [ 53 ].  

    Large-Conductance Ca 2+ -Activated Potassium (BK Ca , BK, 
 Slo1 , K Ca 1.1)  Channels   

 BK channels have a high single channel conductance, can be activated by both 
intracellular Ca 2+  and membrane depolarization, and are expressed in many cell 
types [ 2 ,  54 ]. In vascular myocytes, BK channel activation leads to a shift to more 
negative membrane potentials, which reduces voltage-dependent Ca 2+  channel 
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activity, leading to  myocyte relaxation and eventual vasodilation   [ 55 ,  56 ]. A func-
tional BK channel consists of four pore-forming BK α-subunits [ 57 ]. Each α subunit 
is a seven transmembrane domain protein with an extracellular N-terminus and a 
long C-terminus. Accessory β subunits contain two transmembrane proteins with 
intracellular N- and C-termini, of which four have been identifi ed (β1–4) that 
exhibit tissue-specifi c expression [ 2 ,  54 ]. β1 is expressed in smooth muscle cells, 
including those in the vasculature [ 2 ]. Association of β1 with BKα increases appar-
ent Ca 2+ -sensitivity and slows channel activation and deactivation [ 54 ]. Recently,  γ 
subunits   have also been identifi ed, including in vascular myocytes [ 58 ,  59 ]. 
Association of BK channels with γ subunits elevates voltage-sensitivity, leading to 
activation and vasodilation [ 58 ]. 

 BK channels are encoded by the  KCNMA1 gene  , which is located on the long 
(q) arm of chromosome 10 at position 22.3. BKα has at least ten different splice 
variants that exhibit varying degrees of expression in different tissues [ 60 ]. 
The channel has been shown to undergo extensive splicing that can affect surface 
expression [ 61 ]. Recent reports also indicate functions for BK channels located on 
the inner mitochondrial and outer nuclear  membrane  s [ 62 ]. A BK channel 
N-terminal variant with a splice site located between the S0 and S1 transmembrane 
domains was fi rst identifi ed in rat myometrium and brain [ 63 ]. An endoplasmic 
reticulum (ER) retention  sequence   prevents this variant from traffi cking to the 
plasma membrane. Although not exclusive to vascular myocytes, two variants of 
BKα are commonly described, a ‘ZERO’ variant, and a STRess axis regulated 
EXon (STREX) variant, fi rst identifi ed in chromaffi n cells as a stress adaptive 
response to hypophysectomy [ 64 ]. The  STREX exon   is a 58 amino acid insertion 
between RCK1 and RCK2 in the BKα C-terminus. BK channels with this insertion 
exhibit increased apparent Ca 2+ - and voltage-sensitivity and are inhibited by pro-
tein kinase A (PKA), in contrast to  ZERO variant channels   which are activated by 
PKA [ 65 ]. The recombinant BKα-STREX variant demonstrated higher membrane 
expression than the ZERO variant when overexpressed in CHO-K1 cells [ 66 ]. 
Only a small proportion of BK channel mRNA contained the STREX insert in rat 
whole middle cerebral and cremaster arteries [ 66 ]. This study also raised the pos-
sibility that BK splice variants may differ between arteries of the cerebral and 
peripheral circulations with the latter expressing more of the STREX variant [ 66 ]. 
Another study found that BKα clones obtained from pure rat cerebral artery myo-
cytes did not contain the STREX variant [ 67 ].  Slo1  exons 18 and 19 encode part of 
the RCK1-RCK2 linker, a region that contains multiple traffi cking motifs required 
for cell surface expression of recombinant protein [ 68 ]. Exon 18- and 19-encoded 
amino acid sequences are present in myocyte BK channels, but physiological func-
tion is unclear. A novel C-terminal defi cient BK channel splice variant truncated at 
Gly781 was cloned from the rabbit medullary thick ascending limb (mTAL) cell 
line [ 69 ]. Overexpression studies in mTAL and HEK293 cells revealed that the 
protein is predominantly intracellular and is not traffi cked to the plasma membrane 
[ 69 ].  S-palmitoylation   of the S0-S1 segment also stimulates cell  surface   expression 
of recombinant BKα [ 70 ,  71 ]. BK channels are stretch-sensitive, a property 
that may involve close association with structural proteins, including actin [ 72 ]. 
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The distal end of the recombinant BK  channel C-terminal tail contains an actin 
binding domain that mediates this interaction and is suggested to play a key role in 
membrane traffi cking [ 73 ]. BK channels also interact with caveolin-1 through a 
caveolin-binding motif [ 74 ]. Although this association does not appear to regulate 
channel activity, it serves to anchor the channel to the plasma membrane and 
thereby plays an indirect role in surface expression [ 74 ]. 

 BK β1 subunits are expressed in  vascular myocytes   [ 2 ]. Association of β1 with 
BK channels elevates apparent Ca 2+ -sensitivity and enhances coupling of Ca 2+  
sparks to BK channels in arterial myocytes, leading to vasodilation [ 2 ]. β1 attenu-
ates cell surface expression of recombinant BK channels when expressed in HEK293 
cells [ 75 ]. This effect was attributed to an endocytic signal present in the β1 
C-terminus. In contrast, β1 co-expression stimulated surface traffi cking of a 
“VEDEC” variant of recombinant BK channels in HEK293 cells [ 76 ]. The amino 
acid sequence VEDEC located at the BK channel C-terminal end prevents exit from 
the ER [ 76 ]. A recent article from our group revealed that although most BKα sub-
units are plasma membrane-resident, only a small fraction of β1 subunits are located 
at the cell surface in cerebral and mesenteric artery myocytes, including human 
cerebral artery myocytes [ 77 ]. Nitric oxide (NO), a principal endothelium-derived 
vasodilator, stimulated rapid (<1 min) PKG-mediated surface traffi cking of intracel-
lular β1 subunits, which associated with BKα to increase apparent Ca 2+ -sensitivity, 
thereby elevating open probability [ 77 ] (Figs.  7.2  and  7.3 ). Concanavalin A, 

  Fig. 7.2     BK β1 and Rab11A   are located in close spatial proximity in arterial myocytes. ( a ) 
Immunofl uorescence and immunoFRET images of Rab11A and BK β1 in the same arterial myo-
cyte indicates close spatial proximity of these proteins. ( b ) Immunofl uorescence and N-FRET 
images for BKα and β1 proteins in cells treated with control or Rab11A shV in the presence of 
sodium nitroprusside (SNP), a NO donor. Scale bar, 10 μm. Modifi ed from [ 77 ]       
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an endocytosis inhibitor, increased surface β1 protein, indicating that β1 is  constantly 
recycled and that NO shifts this equilibrium in favor of β1 surface expression [ 77 ]. 
Iberiotoxin, a selective BK channel inhibitor, Rab11A knockdown and brefeldin A, 
a traffi cking inhibitor, each reduced NO-induced cerebral vasodilation ~60 %, 
indicating that stimulated β1 surface traffi cking is a principal mechanism by which 
NO promotes vasodilation in cerebral arteries [ 77 ]. This study also provided the fi rst 
evidence that different native ion channel subunits can traffi c independently and 
that physiological stimuli can regulate mobility of an auxiliary subunits to acutely 
control functional surface ion channel activity (Fig.  7.3 ).

    Rab GTPases are a large family of small Ras-like GTPases, with more than 60 
identifi ed members [ 78 ]. Rab proteins cycle between a GDP-bound ‘inactive’ state 
and a GTP-bound ‘active’ form. They are present on many organelles and modulate 
vesicular protein transport between different cellular compartments [ 78 ,  79 ]. 
In arterial myocytes, intracellular β1 was associated with rab11A-positive recycling 
endosomes, which controlled surface expression [ 77 ]    (Figs.  7.2  and  7.3 ).    Rab11B 
was not involved in either BKα or β1 traffi cking in arterial myocytes [ 77 ], but this 
GTPase regulated recombinant BK channel surface expression in CHO cells [ 80 ]. 
These studies suggest that differences may exist in ion channel traffi cking pathways 
in native tissues and  heterolog  ous expression systems.  
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α2δ-1
Hyperpolarization
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SR
Rab11A

  Fig. 7.3    Schematic representation of BK channel regulation by β1 surface traffi cking and γ1 
subunits in  arterial myocytes  . Nitric oxide (NO) stimulates rapid (<1 min) surface expression of β1 
subunits located within Rab11A-positive recycling endosomes (RE) which then associate with 
BKα to increase apparent Ca 2+ -sensitivity, leading to a shift to more negative membrane potentials 
and vasodilation. γ1 subunits are surface expressed and elevate BK channel voltage-sensitivity, 
leading to activation and vasodilation.  SR  sarcoplasmic reticulum.  Green arrow  indicates activa-
tion.  Red arrow  indicates inhibition       
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    Transient Receptor Potential (TRP)  Channels   

 TRP proteins are a large family of  non-selective cation channels   that can respond to 
a wide variety of stimuli, including temperature, pressure and vasoregulatory agents 
[ 81 ]. TRP  proteins   are divided into several families that include canonical (TRPC), 
vanniloid (TRPV), polycystin (TRPP) and melastatin (TRPM) [ 81 ]. Mechanisms of 
recombinant TRP channel traffi cking have been described, but few studies have 
investigated TRP channel traffi cking in arterial myocytes. As similar pathways may 
also exist in native arterial myocytes, data obtained in recombinant expression 
systems and non-vascular cells will be discussed here. 

 TRPC channels contain seven family members (TRPC1–7), several of which 
are expressed in vascular myocytes [ 81 ]. Plasma membrane insertion and retention 
of recombinant TRPC1 is dependent on its interaction with STIM1 and Orai1 [ 82 ]. 
Orai1-mediated local Ca 2+  entry stimulated plasma membrane insertion of TRPC1 
channels in human submandibular gland cells [ 83 ]. TRPC3 is primarily located in 
the plasma membrane of arterial myocytes [ 84 ]. A  TRPC3 C-terminal calmodulin 
and IP3R binding (CIRB) domain   can directly interact with IP 3  receptor-1 (IP 3 R1) 
[ 85 ]. Endothelin-1, a vasoconstrictor, stimulated physical coupling between 
TRPC3 and IP 3 R1, leading to channel activation in myocytes and cerebral vaso-
constriction [ 85 ]. TRPC3 protein expression was elevated in SHR mesenteric 
artery myocytes, leading to enhanced coupling with IP 3 R1 and vasoconstriction 
associated with hypertension [ 84 ]. TRPC3 associates with Rab7 in rat brain [ 86 ]. 
Rab7 is implicated in endocytosis and lysosome formation, indicating that TRPC3 
expression is likely regulated by Rab7-mediated endocytosis and degradation [ 87 ]. 
In hippocampal neurons, TRPC3 associated with VAMP2, a SNARE complex 
protein that is involved in plasma membrane vesicle fusion [ 88 ]. β 2  adrenergic 
receptor stimulation of a Gα s -cAMP pathway potentiated plasma membrane 
TRPC5 channel traffi cking in HEK293 cells [ 89 ]. TRPC5 activation has not been 
described to induce vasoconstriction, although TRPC5 activity was important for 
motility of human saphenous vein myocytes [ 90 ]. Experiments in  HEK293 cells   
revealed a single conserved cysteine residue at position 553 in TRPC5 to control 
multimer formation and plasma membrane traffi cking [ 91 ]. Inhibition of PI3 
kinase decreased TRPC6 plasma membrane localization in A7r5 cells, a smooth 
muscle cell line derived from rat thoracic aorta [ 92 ]. Recombinant TRP channels 
also interact with cytoskeletal proteins, including actin and caveolin-1, that can 
affect cell surface expression [ 93 ,  94 ]. 

 TRPV proteins consist of six members of which TRPV1, V2 and V4 have been 
identifi ed in vascular myocytes [ 95 ]. TRPV4 is expressed in rat cerebral and mouse 
mesenteric artery myocytes [ 96 ]. TRPV4 activation stimulates Ca 2+  sparks and BK 
channel activity, leading to a shift to more negative myocyte membrane potentials 
and vasodilation [ 95 ,  97 ]. Mutation analysis of recombinant TRPV4 revealed 
C-terminal residues 838–857 to be critical for protein folding, maturation and ER 
exit [ 98 ].  Intracellular Ca 2+  store depletion   stimulated plasma membrane insertion of 
TRPV4-TRPC1 heteromeric channels in HEK293 and human endothelial cells [ 99 ]. 
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 TRPP family members TRPP1 and TRPP2 are expressed in vascular myocytes 
[ 100 ,  101 ]. TRPP1 is proposed to be a mechanical sensor that regulates activity of 
the TRPP2 ion channel [ 102 ]. TRPP2 was the predominant TRPP isoform and was 
primarily located in the plasma membrane in rat cerebral artery myocytes [ 100 ]. 
TRPP2 knockdown decreased swelling-induced cation currents (I Cat ) in rat cerebral 
artery myocytes [ 100 ] but elevated stretch-induced I Cat  in murine mesenteric artery 
myocytes [ 101 ]. These data suggest that TRPP2 may differentially regulate I Cat  in 
different species and/or vascular beds. 

 All eight TRPM subfamily members are expressed in vascular myocytes [ 81 ]. 
TRPM4 has two splice variants, TRPM4a and 4b [ 103 ]. The function of TRPM4a 
is unclear [ 103 ]. TRPM4b, which is typically referred to as TRPM4, is selective 
for monovalent cations and requires high [Ca 2+ ] i  for activation [ 95 ]. TRPM4 
knockdown decreased intravascular pressure-induced smooth muscle depolariza-
tion and constriction in rat cerebral arteries [ 104 ]. TRPM4 overexpression in 
A7r5 cells indicated channels to be dynamic and present in two distinct compart-
ments, on the plasma membrane and in small, mobile intracellular vesicles [ 104 ]. 
Surface biotinylation experiments showed that approximately half of total TRPM4 
was plasma membrane-localized in rat cerebral arteries [ 104 ]. PKC activation 
stimulated rapid (~10 min) surface traffi cking of TRPM4 in rat cerebral arteries 
[ 104 ].  Pressure- induced PKC activation   was proposed to stimulate surface traf-
fi cking of TRPM4, leading to arterial myocyte depolarization [ 104 ]. TRPM7 is a 
mechano-sensitive channel, which regulates Mg 2+  homeostasis in vascular myo-
cytes [ 105 ]. Extracellular fl uid fl ow stimulated rapid surface expression of 
TRPM7 in A7r5 cells and may contribute to a cellular response to vessel wall 
injury [ 106 ]. 

 TRP channels are activated by a wide range of mechanical and chemical stimuli 
to alter  arterial contractility  . Evidence also suggests that many vasoregulatory stim-
uli alter traffi cking of  TRP   channels to modulate activity. Therefore, future studies 
should investigate traffi cking of these channels to better understand functions of 
these proteins in arterial myocytes.  

    Conclusion 

 Arterial contractility is determined by the coordinated activity of ion channels that 
stimulate vasoconstriction or dilation. Recent studies have begun to identify 
traffi cking pathways that control the number of functional surface ion channel 
proteins in arterial myocytes, but much remains unclear. Mechanisms that control 
the surface expression of ion channels, functional signifi cance and pathological 
alterations in arterial myocytes are poorly understood. Future studies should be 
designed to uncover ion channel traffi cking pathways and regulatory mechanisms in 
the vasculature.     
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    Chapter 8   
 Abnormalities of Vascular Ion Channels 
During Hypertension                     

     Anup     K.     Srivastava    ,     Lee     Ann     MacMillan-Crow    ,     Sung     W.     Rhee    , 
and     Nancy     J.     Rusch     

    Abstract     Homeostasis of vascular tone in small arteries and arterioles relies on the 
balance between Ca 2+ -dependent activation of vascular smooth muscle cells 
(VSMCs) and the vasodilator infl uences that counteract it. During the development 
of hypertension, the homeostasis of vascular tone is disrupted as pathophysiological 
events impinging on VSMCs promote vasoconstriction, rises in peripheral vascular 
resistance, and elevation of blood pressure. One critical process that contributes to 
hypertension is the “remodeling” of ion channels in the plasma membrane of 
VSMCs, which increases cell excitability. Most studies suggest that elevation of 
blood pressure is associated with a profound loss of voltage-gated K +  channels 
encoded by several gene families. The loss of K +  channels causes depolarization of 
VSMCs, opening of voltage-sensitive Ca 2+  channels, Ca 2+  infl ux and accentuated 
vasoconstriction. In tandem, even short-term elevations of blood pressure promote 
the expression of voltage-sensitive Ca 2+  channels in VSMCs, effectively increasing 
the number of pathways for Ca 2+  infl ux and Ca 2+ -dependent activation of contractile 
proteins. Drawing on fi ndings from many laboratories, this chapter will review evi-
dence for the induction of abnormalities of vascular K +  and Ca 2+  channels during 
hypertension and discuss mechanisms that may mediate this process. New areas of 
investigation that may spur us to reconsider current dogma or provide important 
clues to the process of ion channel remodeling during hypertension also will be 
discussed.  
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      Introduction 

 The diameter of small arteries and arterioles is positively regulated by the concen-
tration of free cytosolic calcium ([Ca 2+  i ]) in the vascular smooth muscle cells 
(VSMCs). Many Ca 2+ -permeable ion channels contribute to rises in [Ca 2+  i ] during 
excitation of VSMCs, and thereby contribute to vascular tone and blood pressure. 
Some of these ion channels include the L-type Ca 2+  channels that mediate voltage- 
dependent Ca 2+  infl ux, inositol triphosphate receptors (IP 3 R) that mediate release 
of Ca 2+  from the sarcoplasmic reticulum, and receptor-operated channels that 
mediate agonist-induced cation infl ux. The Ca 2+  mobilization in VSMCs that 
mediates contraction is counteracted under normal conditions by Ca 2+  uptake 
mechanisms and by the opening of  K +  channels  , which mediate K +  effl ux, hyper-
polarization of the plasma membrane, closure of voltage-gated Ca 2+  channels, 
reduced [Ca 2+  i ], and ultimately, VSMC relaxation and arterial dilation. It has been 
recognized for more than two decades that the delicate balance between the ionic 
pathways that positively and negatively regulate arterial tone is disrupted during 
hypertension and that “remodeling of vascular ion channels” leads to pathogenic 
vasoconstriction [ 1 – 3 ]. Thus, an increased peripheral vascular resistance that relies 
on augmented vascular tone is a hallmark fi nding of experimental and human 
forms of hypertension. Primary remodeling events of vascular ion channels during 
hypertension include a loss of K +  channels, resulting in VSMC depolarization and 
excitation. Concurrently, several types of  Ca 2+ -permeable ion channels   become 
over-abundant early in the pathogenesis of hypertension. In particular, the long-
lasting (“L-type”) Ca 2+  channels in the plasma membrane of VSMCs, which medi-
ate the sustained voltage- dependent Ca 2+  infl ux required for tonic vascular 
contraction, upregulate during the development of hypertension (Fig.  8.1 ). 
This chapter will review our current knowledge of vascular ion channel remodeling 
and its contribution to elevation of blood pressure during chronic hypertension 
with a focus on Ca 2+  and K +  channel abnormalities in VSMCs. We will evaluate the 
growing knowledge of  cellular mechanisms   underlying vascular ion channel 
remodeling, and comment on future investigations that may help us to more fully 
understand the cellular processes by which ion channel dysregulation results in 
abnormal vascular tone and hypertension.

       Depolarization of VSMCs as a Defect of  Hypertension   

 A less negative resting membrane potential (E m ) associated with a heightened 
excitability of VSMCs appears to be a fundamental defect of hypertension, which 
is shared by many forms of the disease [ 4 – 10 ]. The abnormal depolarization of 
VSMCs during hypertension was discovered more than 30 years ago, when micro-
electrode measurements of resting E m  in isolated and  in-situ  arteries from several 
rat models of hypertension revealed that VSMCs of hypertensive animals were 
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depolarized compared to those of age-matched controls. For example,  in-situ  mes-
enteric arteries of  spontaneously hypertensive rats (SHR)   showed a resting E m  of 
−38 mV compared to −43 mV in similar arteries of normotensive  Wistar-Kyoto 
(WKY) rats   [ 6 ]. Similarly,  in-situ  mesenteric and gracilis arteries from rats with 
salt-induced hypertension exhibited a resting E m  of −40 mV compared to −44 mV 
in arteries of control rats [ 7 ]. Two endogenous infl uences associated with hyper-
tension, namely enhanced sympathetic neural output and increased intraluminal 
pressure, were observed to promote depolarization of native VSMCs, resulting in 
the opening of voltage-gated Ca 2+  channels, Ca 2+  infl ux and vasoconstriction [ 5 ,  8 ]. 
However, even VSMCs in isolated arterial segments of hypertensive rats, which 
were free of variable native infl uences, exhibited a depolarized resting E m  com-
pared to arteries of normotensive animals [ 9 ,  10 ]. For example, average resting E m  
values were −43 mV and −55 mV in isolated cerebral arteries from SHR and 
WKY rats, respectively [ 11 ]. Similarly, the resting E m  of VSMCs is less negative 
in isolated renal and mesenteric arteries from hypertensive rats compared to nor-
motensive controls [ 9 ,  10 ]. 

 Since the resting E m  of VSMCs primarily relies on a high resting K +  permeability 
of the plasma membrane, which allows K +  effl ux to establish a negative transmem-
brane potential, the abnormal depolarization of VSMCs during hypertension was 
attributed to an inactivation or a loss of plasma membrane-delineated K +  channels. 
It was recognized later that VSMCs express a preponderance of voltage-gated K +  
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  Fig. 8.1    Depiction of changes in K +  channel and Ca 2+  channel expression in plasma membranes 
of VSMCs during hypertension. The expression levels of three families of voltage-gated K +  (K v ) 
channels including  Shaker -type K v 1,  Shab -like K v 2 and  KCNQ -encoded K v 7 channels are reduced 
in VSMCs exposed to elevated blood pressure, a change associated with loss of the corresponding 
transcripts. The fate in VSMCs of the high-conductance, Ca 2+ -sensitive K +  channel during hyper-
tension is unclear, and both increased and decreased expression and function of BK channels have 
been reported in arteries of hypertensive animals. In contrast, the expression and function of 
voltage- sensitive “L-type” Ca 2+  (Ca v 1.2) channels are consistently reported to be increased in 
VSMCs during hypertension, resulting in enhanced Ca 2+ -dependent vascular tone       
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(K V ) channels and high-conductance Ca 2+ -activated K +  (BK) channels [ 1 – 3 ,  12 – 14 ]. 
Thus, subsequent  studies   of vascular K +  channel abnormalities in hypertension 
focused on identifying changes in the expression and properties of these two gene 
families of K +  channels. The following sections of this chapter will review these 
fi ndings, which provide compelling evidence of K +  channel remodeling in VSMCs 
as a prominent feature of hypertension.  

    Loss of Voltage-Gated (K v ) Channels Implicated in VSMC 
Depolarization 

 The critical event associated with depolarization of VSMCs during chronic hyper-
tension is the inactivation and/or loss of several gene families of K v  channels, 
including  Shaker -like (K v 1),  Shab -like (K v 2) and  KCNQ  (K v 7). These families of K +  
channels, and others not discussed here [ 12 – 14 ], collectively contribute to the 
negative resting E m  that suppresses the excitability of VSMCs. A relatively small 
body of literature implicates K v  channel inactivation in VSMCs as an important 
mechanism of  membrane depolarization   and vascular activation during hyper-
tension. Patch-clamp studies have directly demonstrated that elevated [Ca 2+  i ] can 
inactivate K v  channels in VSMCs [ 15 ,  16 ], but it has not been concluded that this 
event occurs during hypertension. However, it is hypothesized that a transient rise in 
blood pressure, which is associated with stretch-induced depolarization and 
increased [Ca 2+  i ] in VSMCs, may inactivate K v  channels, resulting in sustained 
membrane depolarization and vasoconstriction [ 16 ]. Similarly, it is also possible 
that other signaling molecules modifi ed in hypertension, inhibit K v  channel function. 
For example, PKC signaling associated with vascular activation also inhibits K V  
channels in VSMCs from several vascular beds [ 17 – 19 ]. 

 With few exceptions [ 20 ], there is abundant evidence that the  abnormal depolar-
ization   of VSMCs during hypertension relies on the loss of at least several K v  chan-
nel gene families. For example, voltage-dependent K +  current is markedly 
attenuated in patch-clamped VSMCs from genetic, renal and nitric oxide-defi cient 
hypertensive rats compared to normotensive controls [ 11 ,  21 ,  23 ]. In these studies, 
the solution in the patch pipette dialyzing the VSMCs contained low or nominally 
zero calcium. Thus, the reduced K +  current in VSMCs of the hypertensive rats was 
attributed to a loss of K v  channels rather than K v  channel inactivation. Additional 
studies by our laboratories have implicated a loss of  Shaker -type K v 1 channels as 
a cause of K +  current defi cit, depolarization and elevated vascular tone in cerebral 
arteries of SHR and aortic-banded rats with a renal form of hypertension [ 11 ]. As 
reviewed elsewhere [ 3 ], the  pore- forming structure   of K v  channels is composed of 
four α-subunits (K v α) that may represent different isoforms. For example, the 
K v α1.2 and K v α1.5 proteins appear to co-assemble to form the pore structure of 
 Shaker -type K v 1 channels in VSMCs [ 24 – 27 ]. Based on this knowledge, we con-
fi rmed a loss of these two specifi c α-subunits in arteries from genetic and aortic-
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banded hypertensive rats [ 11 ]. The corresponding transcripts coding for the two 
pore-forming proteins, K v α1.2 and K v α1.5, also were defi cient in the arteries of 
 aortic-banded hypertensive rats  , whereas only the K v α1.2 transcript was reduced in 
arteries of SHR. Mesenteric arteries of  Nω -nitro- l -arginine-induced hypertensive 
rats also exhibited decreased expression of K v α1.5 concomitant with K v  channel-
mediated K +  current [ 22 ,  23 ]. Collectively, these fi ndings implicate reduced gene 
expression of K v 1 channels as a mechanism of K +  channel loss and VSMC depo-
larization during hypertension. They also emphasize that the specifi c α-subunits 
targeted for loss in VSMCs appear to vary between different experimental models 
of hypertension. 

 Interestingly, although the pulmonary circulation is characterized by a radically 
lower arterial pressure compared to the systemic circulation, the abnormality of K v 1 
channel loss also is a component of  pulmonary hypertension.   Potassium current 
attributed to K v 1 channels is attenuated in VSMCs from rats with  hypoxia-induced 
pulmonary hypertension  , and this abnormality is associated with a loss of K v α1.2 and 
K v α1.5 transcript and protein [ 28 ]. A similar loss of K v 1 channel proteins and 
transcripts was reported in pulmonary arteries of humans with primary pulmonary 
arterial hypertension [ 29 ]. Notably, the loss of K v 1 channels associated with vaso-
constriction may serve unique physiological functions in different vascular beds. 
During pulmonary hypertension, the vasoconstriction of the pulmonary circulation 
mediated by loss of K v 1 channels may initially avert ventilation-perfusion mismatch-
ing prior to the pathogenic rise in pulmonary arterial pressure. In systemic hyperten-
sion, vasoconstriction of the cerebral, coronary and renal circulations mediated by 
K v 1 channel loss may help to buffer the transmission of the high systemic pressure to 
the microcirculation of the brain, heart and kidneys, respectively, to prevent pressure-
induced injury to the fragile capillary beds. However, ultimately, the loss of K v  chan-
nels in VSMCs of systemic resistance arteries and arterioles will elevate peripheral 
vascular resistance and drive increases in systemic blood pressure, thereby contribut-
ing to the development of hypertension and its lethal pattern of end organ damage 
that includes stroke, renal failure and cardiac disease. 

 In addition to the loss of vascular K v 1 channels during hypertension, a reduced 
abundance of other K v  channel types has been implicated in the abnormal vasocon-
striction that underlies hypertension. Initial fi ndings infer a loss of  Shab -type K v 2 
channels in VSMCs of angiotensin II (Ang II)-infused hypertensive rats [ 30 ]. 
The isolated cerebral arteries of these animals reveal a diminished vasodilator contri-
bution of K v 2 channels to basal diameter and isolated VSMCs exhibit a lower density 
of K v 2 channel-mediated K +  current [ 30 ]. The loss of  arterial K v 2 channels   during 
hypertension was attributed to activation of the Ca 2+ -dependent transcription factor 
NFATc3 enabled by enhanced Ca 2+  infl ux through L-type Ca 2+  channels [ 30 ]. More 
recent studies suggest that the abundance of K V 7 (KCNQ) channels also is reduced 
in systemic arteries of SHR and in Ang II-infused hypertensive mice as an additional 
mechanism of VSMC excitation and enhanced arterial tone dependent on K +  channel 
loss [ 31 ,  32 ]. Collectively, the loss of K v  channels from different gene  families results 
in reduced voltage-gated K +  effl ux, which promotes VSMC depolarization and 
heightened vasoconstriction of the affected resistance arteries (Fig.  8.2 ).
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   In summary, not all studies have confi rmed a loss of vascular K v  channels dur-
ing hypertension [ 33 ], but most reports concur that K v  channel abundance and 
function are reduced in VSMCs of hypertensive animal and human subjects, 
resulting in depolarization and activation of VSMCs. The underlying mechanism 
appears to involve a down-regulation of one or more α-subunits composing the 
 pore-forming structures   of the K v 1, K v 2 and K v 7 channel families, which are 
encoded by the  Shaker ,  Shab  and  KCNQ  genes, respectively. However, even 
within the same K v  channel family (i.e., K v 1), the precise α-subunit transcript in 
VSMCs that is attenuated during hypertension may differ between experimental 
models of hypertension, suggesting that the complex pathways that mediate K v  
channel loss during hypertension have not been fully identifi ed. Future research 
into facets of K v  channel regulation for which we have limited knowledge may 
pinpoint additional events that compromise K v  channel-mediated vasodilation 

  Fig. 8.2    Loss of voltage-gated (K v ) channels in VSMCs is implicated as a mechanism of mem-
brane depolarization and increased vascular tone in hypertension. Current-voltage relationships of 
( a )  Shaker -type K v 1 channels, ( b )  Shab -type K v 2 channels and ( c )  KCNQ -encoded K v 7 channels 
in VSMCs of normotensive (NT) and hypertensive (HT) animals modeled on data presented in [ 11 , 
 30 ,  31 ], respectively. A reduced current density was evident in VSMCs of HT animals. ( d ) Effect 
of correolide (COR), a K v 1 channel inhibitor, on the resting diameter of isolated, pressurized 
(80 mm Hg) WKY and SHR cerebral arteries. COR (1 μmol/l) elicited constriction of the WKY 
artery, suggesting a dilator infl uence of K v 1 channels. In contrast, COR failed to constrict the SHR 
artery, suggesting a minimal contribution of K v 1 channels to resting diameter. ( e ) Effect of COR 
on resting membrane potential (E m ) of WKY and SHR cerebral arteries. Microelectrode recordings 
of E m  were obtained under control (Con) conditions and after COR (1 μmol/l) was added to the 
superfusate. The WKY artery exhibited a more negative E m  value compared to the SHR artery, 
suggesting higher membrane K +  permeability in cerebral VSMCs of WKY. Only arteries of WKY 
rats depolarized in response to K v 1 channel inhibition by COR, suggesting a hyperpolarizing infl u-
ence of K v 1 channels in WKY but not SHR arteries. Recordings of E m  and diameter modifi ed from 
Figs. 2 and 4 of [ 11 ]       
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during hypertension. For example, the precise cellular stimuli that trigger the 
concomitant remodeling of several vascular K v  channel families during the devel-
opment of hypertension are unknown, although pharmacological inhibition of 
this event could potentially prevent K v  channel remodeling and its apparent con-
tribution to the development of hypertension. The role and fate of ancillary K v β 
subunits during hypertension also are unclear, although these small subunits are 
important regulators of K v  channel function. The K v α subunits co-assemble in 1:1 
stoichiometry with K v β subunits, with the latter assuming responsibility for mod-
ulating the kinetics of the fully functional K v  channel and its responsiveness to 
signaling molecules [ 34 – 37 ]. To date, only a single report has suggested that the 
expression levels of K v β transcripts are altered in mesenteric arteries of hyperten-
sive rats [ 33 ]. Finally, the cellular processes that determine the biogenesis, traf-
fi cking and half-life of K v  channels in VSMCs have received little attention. 
A recent study suggests that the vasodilator infl uence of K v 1 channels in VSMCs 
relies on their localization at the plasma membrane by the molecular scaffolding 
protein, post-synaptic density 95 (PSD95) [ 38 ,  39 ], thereby revealing another new 
checkpoint at which K v  channel expression and function may be modulated in the 
vasculature during cardiovascular disease states.  

    Abnormalities of High-Conductance  Ca 2+ -Sensitive K +  (BK) 
Channels   

 In contrast to the growing body of evidence implicating loss of K v  channels as a 
contributor to the enhanced vascular tone of hypertension, the fate of high- 
conductance, Ca 2+ -sensitive K +  (BK) channels during hypertension remains a 
matter of debate. BK channels encoded by the Slo1 ( KCNMA1 ) gene are densely 
expressed in the plasma membrane of VSMCs in 1:1 stoichiometry with regulatory 
BKβ1 subunits. The latter ancillary subunits increase the Ca 2+ -sensitivity of the 
pore-forming BKα subunit. Membrane depolarization and increases in [Ca 2+  i ] syn-
ergistically activate BK channels to promote K +  effl ux as a homeostatic mechanism 
to counteract arterial contraction and restore the resting E m  in VSMCs [ 1 ,  3 ,  12 – 14 ]. 
Thus, BK channels provide a molecular “brake” to limit the development of exces-
sive vascular tone. At face value, it would seem that the fate of the vascular BK 
channel during cardiovascular diseases including hypertension would be simple to 
evaluate, since the four α-subunits (BKα) that assemble to form its pore-forming 
structure are encoded by the same  Slo  gene, inferring a homogenous population of 
BK channels in the plasma membrane [ 40 ]. However, a high level of phenotypic 
diversity is generated by alternative splicing to establish novel populations of BK 
channels in different cell types [ 41 ]. For example, smooth muscle expresses BK 
channels that exhibit unique Ca 2+ -sensitive, mechano-sensitive and oxygen- sensitive 
properties [ 42 – 46 ]. Although the precise distribution of different BKα isoforms in 
the vasculature has not been defi ned, it is appreciated that the properties of BK 
channels including its hallmark feature of Ca 2+ -sensitivity, differ between VSMCs 
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of different vascular beds [ 47 – 49 ], prohibiting a simplistic correlation between 
BK channel expression and functional impact on vascular tone. Additionally, as 
discussed later, there is growing evidence that BK channels are expressed in intra-
cellular organelles in addition to the plasma membrane. 

 A number of laboratories have explored the fate of BK channels in arteries from 
different rat models of hypertension. Most authors [ 1 ,  51 – 54 ] report that the expres-
sion level of BK channel α-subunits (BKα) in small arteries and arterioles increases 
during hypertension in the systemic, cerebral and coronary circulations. A large 
number of studies have demonstrated a higher membrane density of BK channel- 
mediated K +  current in freshly isolated VSMCs from many vascular beds of genetic, 
renal and salt-sensitive rat models of hypertension [ 21 ,  50 – 58 ]. Similarly, single- 
channel studies in freshly isolated VSMCs of SHR reveal a higher number of BK 
channel openings compared to VSMCs of WKY rats [ 57 – 59 ]. Finally, the higher 
membrane density of BK channel-mediated K +  current in VSMCs of SHR is restored 
to normal after blood pressure is lowered by an antihypertensive drug, implying that 
 BK   channel expression positively correlates with blood pressure level [ 54 ]. 
Collectively, these reports imply that an over-abundance of BK channels in VSMCs 
results in accentuated Ca 2+ -dependent K +  effl ux during hypertension as a mecha-
nism to counteract further increases in vascular tone and blood pressure. Indeed, 
isolated segments of cerebral, femoral, renal and mesenteric arteries from genetic, 
renal and salt-sensitive rats models of hypertension show accentuated contractions 
to BK channel antagonists, implying that BK channels exert a stronger dilator infl u-
ence in arteries from hypertensive animals [ 54 ,  55 ,  60 – 62 ].  In-situ  pial arterioles of 
SHR also profoundly constrict in response to pharmacological inhibition of BK 
channels, whereas arterioles of WKY rats show only mild diameter reductions [ 51 ].  
These fi ndings argue that over-expression of vascular BK channels during hyperten-
sion represents a protective mechanism to restore K +  effl ux to the VSMCs, and 
thereby try to negotiate vasodilation and counteract the abnormal vascular tone that 
develops during hypertension. 

 It should be acknowledged, however, that several reports suggest an attenuation 
of vascular BK channel function during hypertension. A loss of BK channel current 
was reported in VSMCs of SHR and Ang II-infused hypertensive mice compared to 
normotensive mice [ 63 – 65 ], an abnormality attributed to the reduced expression of 
ancillary BKβ 1  subunits caused by activation of the calcineurin-NFATc3 signaling 
pathway [ 64 ]. The loss of BKβ 1  subunits was purported to result in low Ca 2+ -
sensitivity of the BK channel and loss of channel function. A reduced expression 
level of BK channel proteins also was observed in arteries of Nw-nitro- l -arginine 
hypertensive rats [ 23 ]. Finally, BK channel function was reported recently to be 
attenuated in human VSMCs from hypertensive patients [ 66 ]. In the latter study, 
arteries of hypertensive patients expressed normal levels of BKα pore-forming 
proteins but revealed a loss of BKβ1 [ 66 ]. However, a detailed analysis of the fi delity 
of anti-BKβ1 commercial antibodies calls into question their specifi city and ability 
to detect the genuine BKβ1 subunit versus other proteins of similar molecular weight 
in small arteries [ 67 ]. Regardless, a role for BKβ1 loss as a cause of BK channel 
dysfunction and increased vascular tone received credence from initial studies in 
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BKβ1 knockout mice. Measurements of systolic blood pressure using tail- cuff 
  plethysmography indicated that these mice exhibited a ≥10 mmHg higher mean 
arterial pressure compared to wild-type mice [ 68 ]. However, direct 24-h monitoring 
of blood pressure by radio-biotelemetry did not detect a difference in any blood 
pressure parameters between wild-type and BKβ 1  knockout mice [ 69 ]. Still other 
authors report that gene deletion of BKβ1 in mice results in decreased K +  excretion 
by the renal collecting tubules, mild aldosteronism and hypertension of renal origin, 
inferring that the small rise in blood pressure in BKβ1 knockout mice does not primar-
ily rely on compromised vasodilation but rather relates to renal dysfunction [ 70 ]. 
These discrepant fi ndings emphasize the diffi culty of trying to compare ion channel 
abnormalities between different vascular beds of multiple animal models of hyper-
tension, and also the hazards of relying on commercial antibodies and gene knockout 
mice to detect changes in channel expression and physiological functions. 

 An additional challenge is that our knowledge of the mechanisms that regulate 
BK channel expression in VSMCs is sparse. Investigations of molecular mecha-
nisms that regulate BK channel expression are stymied by the fact that functional 
BK channels are sparse or absent in VSMC lines (i.e., A7r5) and in primary cultures 
of VSMCs (personal observations). Some benefi t has been provided by studies in 
heterologous expression systems, which suggest that diverse post-transcriptional 
mechanisms can infl uence the expression and function of BK channels. For exam-
ple, S-acylation (palmitoylation) of the BKα subunit at two distinct sites in the 
N-and C-termini infl uences channel traffi cking and regulation by protein kinases 
[ 71 – 73 ]. S-acylation of the N-terminus regulates channel traffi cking and surface 
expression, whereas S-acylation of the C-terminus confers channel responsiveness 
to protein kinases. Additionally, at least some isoforms of BKβ subunits (β4) also 
undergo S-acylation, which promotes the exit from the endoplasmic reticulum of 
BKα pore proteins and their subsequent expression in the plasma membrane [ 71 ]. 
These fi ndings suggest that the traditional approach of trying to correlate the expres-
sion levels of BK channel transcript and protein may underestimate the complex 
and dynamic pathways available to modulate the number of functional BK channels 
in the plasma membrane of VSMCs. 

 Another confounding factor, which calls into question the assumption that BK 
channel function should correlate to the number of channel proteins in the plasma 
membrane, is the discovery of a  mitochondrial BK channel (mitoBK)   in a glioma 
cell line in 1999 [ 74 ]. Since its discovery, this mitoBK channel has been extensively 
studied in brain and heart cells [ 75 ,  76 ]. It is well documented that adult cardiomyo-
cytes are devoid of BK channels in their plasma membrane, yet they have abundant 
mitoBK channels, which apparently exhibit similar biophysical and functional char-
acteristics as their sister channels on the cell surface. Early studies describing the 
function of the mitochondrial isoform  of   BK channels were not without controversy 
since much of the characterization was based on the use of non-selective inhibitors. 
However, a recent study established that mitoBK channels are encoded by the 
 Kcnma1  gene, which confers a C-terminal splice insert required for mitochondrial 
targeting [ 76 ]. Although a mitoBK channel has not been identifi ed in VSMCs, the 
cardioprotective role of this channel highlights its potential importance in cardio-

8 Abnormalities of Vascular Ion Channels During Hypertension



178

vascular disease. Activation of mitoBK channels protects the heart from ischemia/
reperfusion by a pre-conditioning infl uence that may involve suppression of reac-
tive oxygen species (ROS) [ 77 ,  78 ]. Conversely, loss of BK channel function in 
BKβ1 knockout mice is linked to ROS generation, increased vascular tone and 
hypertension [ 78 ,  79 ]. Collectively, these fi ndings raise the possibility that vascular 
BK channels, either plasmalemmal or mitochondrial, may play a role in suppressing 
ROS as a novel mechanism of blood pressure control. It is widely accepted that 
ROS levels are increased during chronic hypertension, and ROS (hydrogen perox-
ide) can oxidize a critical cysteine (Cys 911) in the BKα subunit, leading to its 
inactivation [ 80 ]. Clearly more work is needed to clarify the presence and function 
of mitoBK channels in VSMCs as potential participants in the myriad of cellular 
events that regulate vascular tone and blood pressure. 

 Ultimately, despite contradictory fi ndings related to the abundance of BK chan-
nels in VSMCs exposed to high blood pressure, there is overwhelming evidence 
that membrane depolarization is a feature of VSMCs from hypertensive animals, 
suggesting a reduced basal level of membrane K +  conductance. Clearly, the collec-
tive result of K +  channel remodeling during hypertension appears to be a loss of K +  
effl ux near the resting membrane potential of VSMCs. This conclusion is not 
entirely surprising when one considers that K v 1 channels, and particularly K v 7 
channels, exhibit higher voltage-sensitivity than BK channels at physiological 
[Ca 2+  i ] and thereby are presumed to primarily mediate the basal K +  effl ux that estab-
lishes the negative membrane potential in VSMCs [ 3 ]. In this regard, restoration of 
expression of the voltage-sensitive K v 1 and K v 7 channels may be a particularly 
sound strategy for reversing the anomalous depolarization and vasoconstriction of 
the arterial circulation that contributes to hypertension. On  the   other hand, enhanc-
ing the expression or function of high-conductance BK channels should elicit a 
strong K +  current at more positive membrane potentials to deter additional VSMC 
excitation super-imposed by cell stretch, vasoconstrictor agonists and other excit-
atory events associated with hypertension.  

    Upregulation of  Vascular Ca 2+  Channels   During Hypertension 

 There is strong evidence for a contribution of Ca v 1.2 channels in VSMCs to the 
pathogenesis of experimental and human hypertension. As discussed earlier, the 
abnormal depolarization of VSMCs during hypertension caused by loss of plasma-
lemmal K v  channels promotes anomalous vasoconstriction by opening voltage- 
sensitive “L-type” Ca 2+  (Ca v 1.2) channels. In addition to this contribution of Ca v 1.2 
channels to vascular activation, the expression level of Ca v 1.2 channels increases in 
VSMCs during hypertension as a further mechanism to drive voltage-dependent Ca 2+  
infl ux and elevated vascular tone. The Ca v 1.2 channels in VSMCs are tri-multimeric 
protein complexes comprised of an α 1C  pore-forming subunit (Ca v α) that exhibits 
voltage-sensitivity, and a cytosolic β3 subunit (Ca v β3) and surface- delineated α 2 δ 
protein dimer that regulate the biophysical properties and traffi cking of Ca 2+  channels 
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[ 81 – 84 ]. The Ca v α subunit also is the binding site for clinically- used calcium channel 
antagonists (i.e., calcium channel blockers or CCBs), which represent drugs of 
choice for blood pressure control in hypertensive patients [ 85 ]. The ensuing para-
graphs describe four categories of observations implicating vascular Ca v 1.2 channels 
in the pathogenesis of hypertension, which include: (1) observations of abnormal 
Ca 2+ -dependent tone in arteries of hypertensive animals, (2) accentuated antihyper-
tensive effects of CCBs  in    hypertensive compared to normotensive animal and 
human subjects, (3) increased expression levels of Ca v 1.2 subunit proteins in arteries 
of hypertensive rats and mice, and (4) higher Ca 2+  current densities mediated by 
Ca v 1.2 channels in VSMCs of hypertensive animals. Figure  8.3  depicts fi ndings of 

  Fig. 8.3    Findings showing enhanced Ca v 1.2 channel expression and function in mesenteric 
VSMCs and arteries from Ang II-infused hypertensive (AHT) mice. ( a ) Western blot reveals that 
expression of the Ca v α pore-forming subunit is increased in mesenteric arteries of AHT mice com-
pared to similar arteries from normotensive (NT) mice. ( b ) Ca v 1.2 channel–mediated Ca 2+  currents 
elicited by progressive 8-mV depolarizing steps from a holding potential of −70 mV are increased 
in freshly isolated VSMCs of AHT rats compared to NT rats. ( c ) Video-imaging reveals that the 
vasoconstrictor response to the Ca v 1.2 channel agonist, FPL64176 (FPL) is accentuated in an iso-
lated pressurized (80 mmHg) mesenteric artery from an AHT mouse, whereas the mesenteric 
artery from a NT mouse is less reactive, suggesting fewer functional Ca v 1.2 channels in the artery 
of the normotensive animal. ( d ) Recordings using tail cuff plethysmography to measure systolic 
blood pressure (SBP) changes in NT and AHT mice in response to acute i.p. administration of the 
CCB, nifedipine. Top pressures indicate cuff pressure. Lower recordings show return of pulse 
pressure in the mouse tail artery during cuff defl ation; values approximate levels of SBP. Nifedipine 
failed to signifi cantly lower the control SBP value of ~120 mmHg in the NT mouse, but reduced 
SBP from ~180 mmHg to ~120 mmHg in the AHT mouse, revealing the dependence of elevated 
blood pressure on Ca 2+  infl ux through Ca v 1.2 channels       
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Ca v 1.2 channel over-abundance and evidence of enhanced Ca v 1.2 channel function 
in mesenteric arteries and VSMCs of Ang II-infused hypertensive (AHT) mice 
compared to normotensive (NT) controls.

   First, an accentuated Ca 2+ -dependent vascular tone reversed by CCBs is observed 
in isolated and  in situ  arteries of hypertensive rats and mice compared to normoten-
sive animals. Arteries from hypertensive animals also show enhanced contractile 
responses to calcium channel agonists, including Bay K8644 and FPL64176. Thus, 
isolated mesenteric and skeletal muscle arteries from SHR develop more Ca 2+ -
dependent spontaneous tone compared to arteries from WKY rats, which can be 
reversed by application of nifedipine, a specifi c antagonist of Ca v 1.2 channels [ 86 ]. 
Similarly, Ca 2+  channel agonists elicit strong concentration-dependent contractions 
in renal arteries from SHR and from aortic-banded hypertensive rats, whereas con-
trol arteries exposed to normal blood pressure  in vivo  only weakly respond to the 
same drugs [ 10 ]. The same pattern of over-abundant Ca v 1.2 channels and enhanced 
contractile sensitivity to Ca 2+  channel agonists is exhibited by isolated, perfused mes-
enteric arteries from Ang II-infused hypertensive mice [ 87 ]. The fi nding of enhanced 
Ca 2+ -dependent vascular tone mediated by Ca v 1.2 channels in isolated arteries also 
extends to arteries  in situ . Thus, diameters of renal arterioles imaged in kidneys of 
anesthetized SHR are 18–35 % smaller than in WKY rats, and this difference is abol-
ished by removal of calcium [ 88 ]. Similarly, the dose-dependent dilator response of 
the forearm circulation to the CCB, verapamil, is signifi cantly greater in hypertensive 
than in normotensive human subjects [ 89 ]. In the same sets of subjects, the dilator 
response to the direct nitric oxide donor, sodium nitroprusside, is reduced in patients 
with hypertension [ 89 ], possibly a refl ection of increased arterial stiffness. 

 The second category of evidence suggesting that Ca v 1.2 channels contribute to 
increased vascular tone during hypertension is the observation that CCBs, including 
diltiazem, verapamil and dihydropyridine antagonists of Ca v 1.2 channels, pro-
foundly lower the elevated blood pressure in hypertensive animal and human sub-
jects, but exert milder antihypertensive effects in subjects with normal blood 
pressure [ 89 – 99 ]. For example, nifedipine (5 mg/kg p.o.) reduced blood pressure by 
22 % of the initial value in normotensive rats, but reduced blood pressure by 49, 44 
and 53 % in genetic, renal and salt-sensitive rat models of hypertension [ 90 ]. In the 
same animals, hydralazine, a direct vasodilator of VSMCs, decreased blood pres-
sure similarly between all rat groups [ 90 ]. Similarly the hypotensive actions of sin-
gle and repeated administrations of nifedipine evaluated in normotensive, SHR and 
renal hypertensive rats revealed a substantial and prolonged reduction of blood pres-
sure after nifedipine (3 mg/kg orally) in the hypertensive animals, which was greater 
than the blood pressure response of WKY rats [ 91 ].     These and other studies [ 92 –
 96 ] infer that Ca v 1.2 channels partially mediate the increase in vascular tone during 
experimental hypertension, a fi nding that extends to humans with essential hyper-
tension [ 97 – 99 ]. For example, proof-of-principle studies supporting the important 
contribution of vascular Ca v 1.2 channels to essential human hypertension were 
reported by Aoki and colleagues [ 97 ], who observed that elevated blood pressure 
and increased total peripheral resistance in hypertensive patients are reduced to nor-
mal levels by CCBs, and this response is attributed to arterial vasodilation. 
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 The third series of observations to implicate vascular Ca v 1.2 channels in the 
pathogenesis of hypertension centers on evidence that Ca V 1.2 channel α-subunits 
(Ca v α) are markedly upregulated in arteries and arterioles during the development 
of hypertension, suggesting a molecular basis for the increased Ca v 1.2 channel- 
mediated vascular tone observed in hypertensive subjects. Immunoblot analyses 
reveal that the expression level of the Ca v α protein is higher in mesenteric, renal and 
skeletal muscle arteries of SHR compared to WKY rats [ 10 ,  86 ], and Ca v α expres-
sion also is higher in mesenteric arteries of DOCA-salt hypertensive rats compared 
to control animals [ 100 ]. Interestingly, the over-abundant Ca v α proteins in arteries 
of SHR represent exon 1-encoded α 1C  protein, which is a Ca v α isoform specifi c to 
the vasculature and absent in heart, brain and gastrointestinal smooth muscle [ 101 ]. 
This mechanism of alternative splicing activated during hypertension drives the 
expression of Ca v 1.2 channels selectively in the vasculature, whereas Ca v 1.2 chan-
nel expression in other tissues is unaffected during hypertension. More recent stud-
ies have extended fi ndings of Ca v 1.2 channel over-abundance to arteries of Ang 
II-infused hypertensive mice [ 87 ]. Ultimately, a defi nitive, causative link between 
elevated blood pressure and vascular Ca v 1.2 channel expression was established in 
studies in which the aorta  of    control rats was banded between the right (upper) and 
left (lower) renal arteries to immediately establish high and low levels of arterial 
pressure in the right and left renal circulations, respectively, of the same animal 
[ 10 ]. By 48 h after aortic banding, arteries dissected from the right renal circulation 
exposed to high pressure exhibited an increased expression of the Ca v α pore- 
forming subunit compared to arteries of the left renal circulation exposed to lower 
pressure [ 10 ], implying that even a short-term rise in blood pressure can trigger the 
expression of vascular Ca V 1.2 channels as an early event in the development of 
hypertension. 

 A fi nal category of evidence implicating increased Ca v 1.2 channel function in 
the pathogenesis of hypertension consists of observations that Ca v 1.2 channel- 
mediated Ca 2+  current is higher in freshly isolated VSMCs from arteries and arteri-
oles of hypertensive rats and mice. Patch-clamp studies have demonstrated elevated 
Ca 2+  currents in freshly isolated VSMCs of mesenteric, renal, femoral, cerebral and 
pulmonary arteries from several different rat and mouse models of hypertension 
[ 10 ,  102 – 106 ]. Single-channel recordings of unitary Ca 2+  channel currents indicate 
that the biophysical properties of Ca v 1.2 channels are unchanged during hyperten-
sion, suggesting that the enhanced Ca 2+  current in VSMCs of hypertensive animals 
primarily relates to a denser membrane expression of apparently normal Ca v 1.2 
channels [ 107 ]. Finally, the membrane density of Ca v 1.2 channel-mediated Ca 2+  
current is positively correlated to blood pressure elevation in VSMCs of SHR [ 105 ], 
providing further evidence for a close association of these variables. 

 Although over-abundant Ca v 1.2 channels are heavily implicated in the pathogen-
esis of hypertension, the mechanisms that drive the expression of vascular Ca V 1.2 
channels during the development of hypertension are largely unknown. Efforts to 
resolve these mechanisms continue unabated, due to the realization that preventing 
the pathogenic increase of vascular Ca v 1.2 channels during hypertension may rep-
resent an effective therapeutic approach to lower blood pressure and prevent its 
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lethal side effects. Findings from several studies concur that increases in the expres-
sion level of Ca v α transcript cannot account for the marked over-expression of 
vascular Ca v 1.2 channel proteins observed in hypertension. For example, Ca v α 
protein increases 3- to 4-fold in mesenteric arteries of SHR compared to WKY 
rats, whereas only a small (1.53-fold) increase in the expression level of Ca v α tran-
script is detected in SHR vessels [ 10 ]. Similarly, mesenteric arteries of Ang 
II-infused mice exhibit a profound increase in expression of the Ca v α proteins, 
whereas levels of Ca v α transcript are unchanged compared to arteries  of    normoten-
sive mice [ 87 ]. The pronounced increase in expression of Ca v α protein in pulmonary 
arteries from a porcine model of neonatal pulmonary hypertension also is not asso-
ciated with an increase in the corresponding Ca v α transcript [ 106 ]. 

 Based on these fi ndings, efforts to identify the molecular mediators that drive the 
over-expression of vascular Ca v 1.2 channels during hypertension have focused on 
post-transcriptional mechanisms.  MicroRNAs (miRNAs)   have drawn attention as 
possible modulators of Ca v 1.2 channel abundance during different forms of hyper-
tension. In studies to date, a loss of miR-328-mediated post-transcriptional repres-
sion of Ca v α expression in the pulmonary vasculature of hypoxic mice with 
pulmonary hypertension was associated with increased numbers of functional 
Ca v 1.2 channels concomitant with enhanced pulmonary vascular reactivity [ 108 ]. 
In contrast, mice overexpressing miR-328 had markedly lower right ventricular 
systolic pressures and pulmonary vascular remodeling in response to a hypoxic 
environment [ 108 ]. New evidence also implicates the regulatory Ca v β3 subunit in 
VSMCs as a protein required for the over-expression of Ca v 1.2 channels during the 
development of hypertension. As depicted in Fig.  8.4 , the Ca v β subunits bind to 
Ca v α pore-forming proteins during Ca 2+  channel biogenesis, and enable traffi cking 
of the multi-protein channel complex from the endoplasmic reticulum (ER) to the 
plasma membrane [ 81 – 84 ]. Perhaps related to this chaperone function of Ca v β sub-
units, arteries of Ca v β3 knockout mice fail to show increased Ca v 1.2 channel expres-
sion in response to Ang II infusion to induce hypertension, and blood pressure 
elevation is markedly less in these mice compared to wild-type mice [ 87 ].

   Studies in heterologous expression systems are shedding light on the important 
role of Ca v β subunits in promoting the expression of vascular Ca v 1.2 channels, 
which is accomplished by preventing ubiquitination and degradation of the Ca v α 
subunit during channel biogenesis [ 109 ]. Ubiquitination targets specifi c proteins 
for degradation with specifi city conferred by E3 ubiquitin ligases; this activity is 
antagonized by deubiquitinating enzymes (DUBs), providing another checkpoint 
for regulating ion channel expression [ 110 – 120 ]. As discussed in the preceding 
paragraph, and depicted in Fig.  8.4 , the expression of functional Ca v 1.2 channels 
requires the traffi cking of Ca v α pore-forming subunits to the plasma membrane by 
Ca v β subunits, with complementary domains on each subunit providing sites of 
interaction [ 81 – 84 ]. However, new evidence suggests that the E3 ubiquitin ligase, 
Nedd4- 1, can disrupt the traffi cking of Ca v α subunits to the plasma membrane by 
interrupting interactions with chaperone β subunits at the ER/Golgi level [ 109 ,  121 ]. 
Thus, Ca v β subunits bind to Ca v α subunits to prevent them from entering the ubiq-
uitination and degradation pathway, and an  increased    expression of Ca v β subunits 
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or a compromised ubiquitination enzymatic cascade may potentially result in an 
over- abundance of Ca v 1.2 channels at the plasma membrane. Ultimately, identifi ca-
tion of the complex processes in VSMCs responsible for the post-transcriptional 
regulation of Ca v 1.2 channels will provide a basis for preventing the development of 
abnormal vascular tone during hypertension.  

    Conclusions 

 The VSMCs of small arteries and arterioles are central players in the regulation of 
vascular tone and blood pressure. During the development of hypertension, the 
delicate balance between relaxation and contraction of VSMCs is disrupted, and 
ion channel remodeling contributes to Ca 2+ -dependent activation of the VSMCs. 
Thus, a Ca 2+ -dependent elevation of vascular tone is a hallmark fi nding shared 
by most models of experimental hypertension and also is a feature of essential 
hypertension in humans. This chapter has reviewed the scientifi c evidence suggest-
ing that a loss of voltage-gated K +  (K v ) channels encoded by the  Shaker ,  Shab  and 
 KCNQ  genes in VSMCs contributes to vascular activation during hypertension. 
The reduced abundance of K v  channels in VSMCs appears to be at least partly 

  Fig. 8.4    Schematic representation of Ca v β subunit-mediated regulation of Ca v 1.2 channel surface 
expression. After synthesis in the endoplasmic reticulum (ER), Ca v α subunits associate with acces-
sory Ca v β subunits, an interaction that confers a stable confi guration to the channel complex to 
prevent ubiquitination and permit channel traffi cking to the plasma membrane (PM) via the Golgi 
complex. However, in the absence of Ca v β subunits, the Ca v α subunits are recognized as unas-
sembled proteins and targeted for ubiquitination and proteasomal degradation. There may be a role 
for DUBs in removing the ubiquitin (Ub) moieties from Ca v α subunits to reroute Ca v β subunit-free 
channels to the PM       
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mediated by transcriptional regulation involving NFATc3 signaling. In contrast, 
the increased abundance of Ca v 1.2 channels in VSMCs during hypertension, 
which is an event that accentuates voltage-dependent Ca 2+  infl ux and anomalous 
vasoconstriction, occurs primarily in the absence of increased transcript expres-
sion. Emerging evidence suggests that the over-expression of vascular Ca v 1.2 
channels during hypertension relates to post-transcriptional processes including 
regulation of the Ca v 1.2 transcript by microRNAs and/or by cellular processes 
including regulatory Ca v β3 subunits involved in the biogenesis, traffi cking and 
membrane stability of Ca v 1.2 channels. New studies by many laboratories designed 
to defi ne mechanisms governing ion channel expression, including the introduc-
tion of intracellular ion channels as modulators of vascular tone, continue to inject 
excitement into the hunt for mechanisms of vascular ion channel remodeling 
during hypertension and ultimately, the promise of new antihypertensive therapeu-
tics to normalize blood pressure in hypertensive patients.     
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    Chapter 9   
 Kv7 Potassium Channels as Therapeutic 
Targets in Cerebral Vasospasm                     

     Bharath     K.     Mani    ,     Lyubov     I.     Brueggemann    ,     Sarkis     Morales-Vidal    , 
    Christopher     M.     Loftus    , and     Kenneth     L.     Byron     

    Abstract     Cerebral vasospasm is a devastating medical consequence of aneurysmal 
subarachnoid hemorrhage (aSAH), which is associated with a high level of morbidity 
and mortality and for which current therapies are inadequate. Ion channels in the 
smooth muscle cells of the cerebral vasculature have been considered as important 
molecular targets for anti-vasospastic therapies, but, other than the calcium channel 
blocker nimodipine, no therapies directed toward these targets have been demon-
strated to improve patient outcomes. Recent research has revealed that a family of 
previously identifi ed neuronal voltage-activated potassium channels, Kv7 (KCNQ) 
channels, is expressed in arterial smooth muscle cells, including cerebral arterial myo-
cytes. This fi nding, along with the availability of clinically used drugs that were devel-
oped to target the neuronal Kv7 channels, provides an opportunity to develop novel 
therapeutic strategies to relieve or prevent cerebral vasospasm. Recent studies using 
both  in vitro  and  in vivo  approaches provide evidence to support the utility of Kv7 
channel activators as anti-vasospastic agents, while revealing a number of additional 
potentially benefi cial effects that could attenuate other neurological or infl ammatory 
co-morbidities associated with aSAH.  
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      Introduction 

 Saccular  cerebral aneurysms   (focal rounded dilations or balloonings of a cerebral 
artery) are present in 1–5 % of adults in the United States [ 15 ]. It is unclear whether the 
natural history of small unruptured aneurysms is benign; therefore, treatment to secure 
a detected aneurysm is often recommended on a prophylactic basis. Of more obvious 
medical signifi cance, approximately 1 out of every 10,000 persons in the United States 
experiences a rupture of a cerebral aneurysm. The result, called  aneurysmal subarach-
noid hemorrhage (aSAH)  , more often than not has catastrophic medical consequences. 
Approximately 45 % of aSAH patients die within 45 days and among those who 
survive, approximately 30 % experience moderate to severe disability [ 15 ]. 

 The most common presentation of ruptured aneurysmal subarachnoid hemorrhage 
is severe thunderclap headache (frequently described as the “worst ever”); associated 
 symptoms   include nausea, vomiting, neck pain, photophobia and loss of conscious-
ness [ 116 ]. The earliest consequences of a ruptured cerebral aneurysm include: 
(1) the presence of blood in the subarachnoid space; (2) a transient decrease in 
perfusion of the brain; (3) hydrocephalus, leading to an increase in intracranial pres-
sure. Cardiac, pulmonary, and electrolyte abnormalities often occur; fever, anemia, 
and hyperglycemia are also common [ 96 ]. Depending on the severity of these 
events, death or coma may rapidly ensue. 

 Patients diagnosed with aSAH are typically maintained in a critical care setting, 
with the main goals of treatment being the prevention of re-bleeding, the prevention 
and management of vasospasm, and the treatment of other medical and neurological 
complications [ 116 ]. Although interventional procedures (e.g. surgical clipping or 
insertion of an endovascular coil) are usually employed to stabilize the aneurysm 
and prevent further bleeding into the subarachnoid space [ 15 ,  116 ], a number of 
additional pathologies often develop days to weeks after the initial event. Elevated 
local concentrations of vasoconstrictor substances in the vicinity of the blood clot, 
combined with impaired vasodilatory responses, can induce cerebral vasospasm 
[ 48 ,  54 ,  94 ], a sustained constriction of the cerebral vasculature that may persist for 
up to 16 days [ 94 ]. Vascular remodeling may also occur [ 90 ], along with  impaired 
cerebral autoregulation   [ 93 ], infl ammation [ 78 ] and edema [ 48 ,  54 ]. This constella-
tion of additional ensuing pathologies, in combination with a prolonged decrease in 
perfusion of the brain, is often associated with cortical spreading depression and 
delayed ischemic neurological defi cits [ 61 ,  106 ]. Seizures also occur in approximately 
25 % of aSAH patients [ 77 ].  

     Cerebral Vasospasm   

 Cerebral vasospasm is a central event that often determines the severity of illness 
following aSAH [ 54 ,  68 ]. Vasospasm can occur in the large arteries comprising the 
Circle of Willis (intracranial internal carotid artery, anterior cerebral artery, anterior 
communicating artery, middle cerebral artery, posterior communicating artery, 
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intracranial vertebral artery, basilar artery, posterior inferior cerebellar artery, anterior 
inferior cerebellar artery, superior cerebellar artery, and posterior cerebral artery) 
and the main branches arising from this vascular ring. Vasospasm is most accurately 
detected by high-quality catheter angiography, which typically reveals a focal con-
striction in one of the large conduit arteries within the subarachnoid space (Fig.  9.1 ). 
Cerebral vasospasm most commonly begins 3–4 days after the rupture of an aneu-
rysm and persists for about 2 weeks before gradually dissipating [ 87 ]. Although the 
large conduit arteries are the sites in which cerebral vasospasm is usually detected 
angiographically, it is likely that the more distal cerebral microvasculature is also 
hyperconstricted to some extent [ 48 ,  54 ,  87 ].

   The  only   pharmacological treatment for cerebral vasospasm currently approved 
by the United States Food and Drug Administration is the calcium channel blocker 
nimodipine [ 29 ,  87 ]. In the United States and Europe, nimodipine is a standard 
component of treatment regimens for patients with aSAH. It is typically adminis-
tered orally at a dose of 60 mg every 4 h for 21 days [ 48 ,  94 ,  116 ]. The rationale for 
use of nimodipine is to reduce infl ux of calcium ions (Ca 2+ ) into the vascular smooth 
muscle cells by blocking L-type  voltage-dependent Ca 2+  channels (VDCCs)  . Infl ux 
of Ca 2+  via L-type VDCCs is recognized as one of the primary determinants of the 
vascular smooth muscle contraction that contributes to cerebral vasospasm. 

  Fig. 9.1    Angiogram showing cerebral vasospasm ( arrows ) in an aSAH patient       
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Additional anti-platelet and neuroprotective effects of nimodipine may account for 
some of its therapeutic benefi ts in aSAH [ 87 ]. Although a modest but statistically 
signifi cant therapeutic benefi t of nimodipine in aSAH patients has been documented 
[ 35 ], its effi cacy in relaxing spastic arteries is not clearly established [ 29 ]. A limita-
tion of nimodipine treatment is its tendency to lower systemic blood pressure, which 
can in turn decrease cerebral perfusion. Moreover, the cerebral vasculature expresses 
other classes of Ca 2+  channels (e.g. R-type VDCCs) that are insensitive to nimodip-
ine; these may continue to conduct Ca 2+  into vascular smooth muscle cells and 
thereby maintain some level of vasospasm despite nimodipine therapy [ 53 ]. 

 Considering the modest benefi ts of nimodipine for alleviation of cerebral vasospasm 
it is not surprising that investigators have been actively pursuing more effective 
treatments. One controversial strategy that has been used extensively, called Triple 
H therapy (hypervolemia, hypertension, hemodilution), seeks to restore cerebral 
perfusion by inducing hypervolemia and reducing hematocrit to the range of 0.33–
0.38 [ 94 ], while inducing hypertension (systolic blood pressure as high as 200 
mmHg) with phenylephrine, norepinephrine, or dopamine [ 94 ,  116 ]. The therapeu-
tic benefi t of Triple H therapy, which targets the symptoms rather than the underly-
ing cause of cerebral vasospasm, has not been established by randomized clinical 
trials. Endovascular treatments, such as  transluminal angioplasty  , usually in con-
junction with direct vasodilators, are sometimes employed, particularly when other 
strategies have failed [ 94 ,  116 ]. New experimental therapies include endothelin 
receptor antagonists (e.g. clazosentan [ 122 ]), magnesium sulfate [ 126 ], and the rho 
kinase inhibitor fasudil [ 137 ], all of which have had some promising results in clini-
cal trials. None of these experimental treatments have yet been approved for routine 
use, leaving the medical community still in need of more effective treatments for 
cerebral vasospasm.  

    Potassium Channels as Regulators of Vascular Tone 
and Potential Mediators of Cerebral Vasospasm 

 Infl ux of Ca 2+  into smooth muscle cells through  VDCCs   activates smooth muscle 
contraction and vasoconstriction. In particular, L-type VDCCs open in a steeply 
voltage-dependent manner when membrane voltages exceed a threshold between 
−40 mV and −20 mV. The opening of these channels is the primary mechanism for 
increasing Ca 2+  infl ux to activate smooth muscle contraction. This process is normally 
opposed by effl ux of potassium ions (K + ), which maintains a hyperpolarized (negative) 
resting membrane voltage, below the threshold for L-type VDCC activation [ 83 ] 
(Fig.  9.2a ). Membrane voltage is highly sensitive to physiological or pharmacological 
manipulation of K +  channel activity; inhibition of K +  channels in vascular smooth 
muscle cells causes membrane depolarization [ 82 ,  83 ]. During experimental SAH-
induced vasospasm, resting membrane voltage in basilar artery myocytes becomes 
depolarized to the range that facilitates opening of L-type VDCCs, consistent with 
compromised function of K +  channels [ 43 ,  123 ] (Fig.  9.2b ).
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   Pharmacological K +  channel openers have been considered as potential therapeutics 
for the treatment of cerebral vasospasm [ 53 ,  124 ], though so far none have been 
approved for this application in aSAH patients. K +  channel openers are drugs that 
stabilize the open state of K +  channels and increase the effl ux of K +  at  physiological 
voltages  . They typically act on specifi c subtypes of K +  channels. Functional expres-
sion of four different classes of K +  channels has been identifi ed in cerebral artery 
myocytes: ATP-sensitive (K ATP ), inwardly rectifying (K IR ), large conductance Ca 2+ -
activated (BK Ca ), and voltage-activated (delayed rectifi er) K +  channels [ 83 ,  124 ]. 
The rationale and limitations for therapeutic targeting of each of these classes of K +  
channels is considered below. 

  K ATP  channels   couple electrical activity of the cell to its metabolic status by 
activating in response to a decrease in cytosolic  adenosine triphosphate (ATP)   con-
centration [ 101 ]. In vascular smooth muscle cells, K ATP  channels open in response 
to  hypoxic conditions  , limiting the contractile force to conserve ATP [ 30 ]. K ATP  
channels consist of the pore-forming inwardly-rectifying K +  channel, Kir6, in com-
plex with  sulfonylurea receptor (SUR) subunits  , with predominant expression of 
Kir6.1 and SUR2B in rat basilar and middle cerebral arteries [ 99 ]. SAH-induced 
changes in K ATP  channel expression in cerebral arteries have not been examined 
directly, but enhanced responses of cerebral arteries to pharmacological K ATP  chan-
nel activators were observed, indicating an increase in functional  K ATP  channels   in 
cerebral artery myocytes after SAH [ 117 ]. Treatment with pharmacological K ATP  
channel openers has been demonstrated to reduce  cerebral vasospasm   in several 
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animal studies of SAH [ 53 ,  124 ], but to date, clinical trials failed to show an 
improvement over standard care with nimodipine [ 1 ]. SUR1, a component of an 
ATP-sensitive non- selective cation channel, has been found to be upregulated 
following experimentally induced SAH in rats [ 112 ]. In that study, the K ATP  channel 
inhibitor glibenclamide, which also inhibits SUR1-containing cation channels, was 
found to decrease cerebral microvascular leakiness.  Glibenclamide   also reduced 
infl ammation associated with the upregulation of SUR1 in the rat SAH study [ 112 ]. 
Thus, it is not clear whether K ATP  channel activators or inhibitors would have greater 
therapeutic benefi t following SAH. 

 Inwardly rectifying K +  (K IR ) channels in  cerebral arteries   are tetramers comprised 
of K IR 2.1 and K IR 2.2 subunits, with K IR 2.1 being essential [ 14 ,  114 ,  134 ]. K IR  chan-
nels conduct inward K +  current at membrane voltages negative to the reversal poten-
tial for K +  (E K ). At normal K +  concentrations, small amplitude outward currents are 
conducted in the physiological voltage range up to 20 mV positive to E K . The out-
ward current amplitude through K IR , and the voltage range over which  outward cur-
rents are observed, depend on extracellular K +  concentration ([K + ] o ) [ 65 ,  66 ,  75 ]. 
Enhanced neuronal activity can induce a modest increase in [K + ] o  (up to 16 mM), 
which can in turn increase outward K IR  currents in the physiological voltage range; 
the resulting increase in K +  effl ux hyperpolarizes the cerebral artery myocytes and 
leads to K IR -dependent vasodilation of small cerebral arteries, increasing blood fl ow to 
the active brain region [ 37 ,  56 ]. Apart from the regulation of vascular tone in small 
cerebral arteries and parenchymal arterioles to meet the metabolic needs of neurons, 
the physiological signifi cance of K IR  channels in larger cerebral arteries remains 
poorly characterized. Nevertheless, after experimentally-induced SAH, expression 
of K IR 2.1 and K IR  channel-mediated conductance were found to be robustly increased 
in dog basilar  artery myocytes  , indicating a compensatory upregulation of these 
channels [ 3 ,  125 ]. There are no clinically useful pharmacological activators of K IR  
channels currently available. 

 Large conductance  Ca 2+ -activated K +  channels (BK Ca )   form as tetrameric assem-
blies of pore forming α-subunits in complex with regulatory β-subunits. Expression 
of BK Ca  α-subunit and β1-subunit was detected at the  messenger RNA (mRNA)   and 
protein levels in basilar and middle cerebral arteries [ 128 ]. The open probability of 
BK Ca  channels depends on both membrane depolarization and an increase in cyto-
solic free Ca 2+  concentration ([Ca 2+ ] cyt ). At resting [Ca 2+ ] cyt  (~100 nM), the voltage- 
dependence of the channel opening is such that channel activity is detectable only 
at very positive voltages (~+40 mV). In contrast, at elevated [Ca 2+ ] cyt  (~10 μM), the 
voltage-dependence is shifted such that BK Ca  channels become active at negative 
membrane voltages (~−50 mV) [ 9 ]. The presence of β-subunits further increases 
Ca 2+ - and voltage-sensitivity of BK Ca  channels [ 120 ]. The function of BK Ca  channels 
was preserved in vasospastic basilar artery myocytes from a dog model of SAH 
[ 45 – 47 ]. Although pharmacological enhancement of BK Ca  channel activity would 
be expected to reduce cerebral vasospasm, there are no clinically useful activators 
of BK Ca  channels currently available. 

  Voltage-activated (delayed rectifi er)   K +  (Kv) channels mediate effl ux of K +  in 
response to a positive change (depolarization) of the resting membrane voltage. 
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Their activity provides negative feedback that promotes membrane hyperpolarization 
and thereby limits the activation of VDCCs. The voltage range over which Kv 
channels activate and the extent to which they undergo voltage- or time-dependent 
inactivation depends upon their subunit composition. Kv currents with a half- 
maximal activation voltage (V 0.5 ) in the range of −1.3 mV to −10 mV, and half- 
maximal inactivation voltage in the range of −15 mV to −44 mV, were detected in 
basilar artery myocytes from dog and cerebral artery myocytes from rabbits [ 45 , 
 103 ]. A small steady-state Kv current, sensitive to the Kv channel blocker 
 4- aminopyridine (4-AP)  , was detected in depolarized rabbit cerebral artery myo-
cytes [ 10 ]. In canine basilar artery myocytes, mRNA for Kv1.2, Kv1.5, Kv2.2, 
Kv3.1, Kv3.4 and Kv4.3 were detected with expression of Kv1.5 and Kv2.2 being 
predominant [ 3 ]. After experimentally-induced SAH, the mRNA, protein level, 
and current amplitudes of several 4-AP-sensitive Kv channels were reduced in 
canine basilar artery myocytes [ 3 ,  45 ,  47 ]. This reduction in Kv currents would be 
expected to exacerbate  cerebral vasospasm  , and hence pharmacological activators 
of these channels might be therapeutically useful to restore normal channel activity. 
Unfortunately, there are no activators of 4-AP-sensitive Kv channels currently 
available for clinical use. 

 Kv7 channels are a distinct sub-family of voltage-activated K +  channels that are 
insensitive to 4-AP. There are fi ve mammalian Kv7 channel subtypes (Kv7.1–Kv7.5) 
encoded by fi ve KCNQ genes (KCNQ1–5) [ 8 ,  12 ,  27 ,  59 ,  64 ,  110 ,  113 ,  121 ]. Kv7 
channels play major roles in regulation of membrane voltage and cellular excitability 
[ 102 ]. Their unique biophysical properties include a very negative threshold of acti-
vation, near the resting membrane voltage (usually around −60 mV), and the absence 
of time-dependent inactivation [ 102 ]. The channels form as tetrameric assemblies of 
the individual  KCNQ gene products  . Four Kv7.1 subunits combine with ancillary 
KCNE1 subunits to form channels which conduct a slowly activating delayed recti-
fi er K +  current (I Ks ) in cardiac myocytes; I Ks  is an important determinant of the elec-
trocardiographic QT-interval [ 8 ,  107 ]. In neurons, Kv7.2/Kv7.3 and Kv7.3/Kv7.5 
heteromeric channels conduct “M-currents”, named for their inhibition in response 
to muscarinic acetylcholine receptor stimulation [ 64 ,  110 ,  121 ]. M-currents function 
as a “brake”, limiting repetitive neuronal action potential discharges and thus regulat-
ing neuronal excitability [ 31 ]. Upon stimulation of G protein-coupled receptors 
(GPCRs), such as the M1 muscarinic acetylcholine receptor, neuronal M-currents are 
inhibited, resulting in slow membrane depolarization and increased action potential 
fi ring [ 31 ]. 

 A number of pharmacological agents modulate Kv7 channels. Inhibitors of all 
known Kv7 channels include  linopirdine   (1-phenyl-3,3-bis(pyridin-4-ylmethyl)-
1,3-dihydro-2H-indol-2-one) and its more potent analog XE991 (10,10-bis(4- 
Pyridinylmethyl)-9(10H)-anthracenone) [ 4 ,  121 ]. Several other compounds were 
identifi ed as selective inhibitors of cardiac I Ks  current, including chromanol 293B 
(trans-6-cyano-4-(N-ethylsulfonyl-N-methylamino)-3-hydroxy-2,2-dimethyl- 
chroman), its more potent analogue HMR 1556 ((3R,4S)-(+)-N-[3-hydroxy-2,2- 
dimethyl- 6-(4,4,4-trifl uorobutoxy) chroman-4-yl]-N-methylmethanesulfonamide), 
BMS-208782 ((S)-4-(3-Butyl-1,2,4-oxadiazol-5-yl)-N-(2,2- dimethylcyclopentyl
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methyl)benzamide), L-768,673 (2-(2,4-trifl uoromethyl)-N-(2- oxo- 5-phenyl-1-
(2,2,2-trifl uoroethyl)-2,3-dihydro-1H-benzo(e)(1,4)diazepin-3-yl)acetamide) and JNJ 
303 (2-(4-Chlorophenoxy)-2-methyl-N-[5-[(methylsulfonyl)amino]tricy-
clo[3.3.1.13,7]dec-2-yl]-propanamide) [ 118 ]. 

 There are also several clinically used pharmacological Kv7 channel openers. 
Development of these drugs has been directed primarily toward activators of neuro-
nal M-channels, in hopes of fi nding new drugs to treat epilepsy and neuropathic 
pain. Flupirtine (ethyl [2-amino-6-[(4-fl uorobenzyl)amino]pyridin-3-yl]carbamate) 
has been used clinically in Europe as a non-opioid analgesic drug for more than 
30 years. Its more potent structural analog, retigabine (ethyl N-[2-amino-4-[(4- 
fl uorophenyl)methylamino]phenyl]carbamate), is an anticonvulsant drug recently 
approved by the United States Food and Drug Administration (FDA) and European 
Medical Agency for treatment of partial epilepsies [ 41 ].  Retigabine and fl upirtine   
display some selectivity among Kv7 isoforms, activating only channels formed by 
Kv7.2-7.5 subunits (not Kv7.1). 

 Expression of Kv7 channels was recently detected in smooth muscle cells from 
multiple arterial beds [ 26 ,  52 ,  84 ,  132 ], including basilar and cerebral arteries 
[ 72 ,  138 ]. Flupirtine, retigabine, and other Kv7 channel activators were found to be 
effective vasodilators ([ 24 ,  25 ,  51 ,  52 ,  55 ,  72 ,  74 ,  84 ,  132 ]; Table  9.1 ).

   Another clinically used drug, the  nonsteroidal anti-infl ammatory drug (NSAID)  , 
celecoxib, was also found to be a Kv7 channel activator and a vasodilator [ 18 ,  21 ,  72 , 
 111 ]. The effect of  celecoxib   on native Kv7 channels could be reproduced in expres-
sion systems. Celecoxib activates homomeric channels composed of Kv7.2, Kv7.3, 
Kv7.4, or Kv7.5 subunits, as well as heteromeric Kv7.2/Kv7.3, or Kv7.3/Kv7.5 chan-
nels, but inhibits Kv7.1 and Kv7.1/KCNE1 channels [ 18 ,  33 ]. The mechanism by 
which celecoxib produces these ion channel effects is not clear; homology modeling 
suggests the possibility of direct binding of celecoxib to the Kv7 channel subunits, 
similar to retigabine binding [ 33 ]. Functionally, however, differences between cele-
coxib and retigabine actions on Kv7 channels exist. Celecoxib induced a leftward shift 
in the voltage-dependence of activation of channels constituted by either Kv7.2 or 
Kv7.3, but it did not induce a shift in channels constituted by Kv7.4 or Kv7.5 or in 
native myocytes [ 18 ,  33 ,  72 ]. The possibility that signal transduction-mediated effects 
contribute to the actions of celecoxib on Kv7 channels has yet to be ruled out, though 
there is compelling evidence that inhibition of cyclooxygenase-2 (COX-2, the target 
of celecoxib for its anti- infl ammatory effects) is not required (see below). 

 Recent evidence also suggests that other COX inhibitors, including diclofenac 
and meclofenamate, also act as potent Kv7 channel modulators [ 19 ,  98 ]. Although 
an appreciable commonality in COX inhibition and Kv7 current activation with 
these drugs is evident, the effect on Kv7 channels is independent of  COX inhibition  . 
For example, 2,5-dimethyl-celecoxib, a structural analog of celecoxib that lacks its 
ability to inhibit COX-2, was as effective as celecoxib as an activator of Kv7 chan-
nels, whereas rofecoxib, a highly effi cacious COX-2 inhibitor, was inactive as a 
Kv7 channel opener [ 18 ,  33 ]. Therefore the spectrum of ion channel modulatory 
effects of these molecules is drug-specifi c and not a class-effect [ 18 ,  21 ]. The actions 
of 2,5-dimethyl-celecoxib on vascular ion channels may present an opportunity for 
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    Table 9.1    Relaxation of arteries by different  Kv7 channel activators     

 Vascular bed  Vasoconstrictor 
 Kv7 channel 
activator  Clinical use 

 Kv7 channel 
specifi city 

 Rat basilar artery 
[ 72 ,  74 ] 

 Serotonin (5HT), 
Vasopressin 
(AVP), 
Endothelin (ET-1) 

 Flupirtine  Analgesic  Kv7.2–7.5 
activators  Celecoxib  NSAID 

 Retigabine  Anticonvulsant 

 Rat carotid artery, 
femoral artery, 
mesenteric artery 
[ 132 ] 

 Phenylephrine  Retigabine  Anticonvulsant  Kv7.2–7.5 
activator 

 Human visceral 
adipose tissue 
artery, mesenteric 
artery [ 84 ] 

 Phenylephrine  Retigabine  Anticonvulsant  Kv7.2–7.5 
activators  S-1  N/A 

 Rat pulmonary 
artery [ 52 ] 

 Phenylephrine  Retigabine  Anticonvulsant  Kv7.2–7.5 
activators  Flupirtine  Analgesic 

 Rat coronary artery 
[ 55 ] 

 U46619     Retigabine  Anticonvulsant  Kv7.2–7.5 
activators  S-1  N/A 

 BMS-204352  N/A 
 Rat middle cerebral 
artery [ 24 ] 

 U46619  Retigabine  Anticonvulsant  Kv7.2–7.5 
activators  S-1  N/A 

 Rat thoracic aorta, 
mouse mesenteric 
and tibial arteries 
[ 109 ] 

 Serotonin (5HT), 
U46619 

 Retigabine  Anticonvulsant  Kv7.2–7.5 
activators  VRX0530727  N/A 

 VRX0621238  N/A 
 VRX0621688  N/A 

 Rat mesenteric 
artery, thoracic aorta 
and intrapulmonary 
artery [ 25 ,  51 ] 

 Methoxamine  L-364 373  N/A  Kv7.1 
activators  (R-L3)  N/A 

 Mefenamic acid  Anticonvulsant  Kv7.2–7.5 
activators  Retigabine  N/A 

 S-1  N/A 
 BMS-204352 

 Rat mesenteric 
artery [ 71 ] 

 Vasopressin (AVP)  Flupirtine  Analgesic  Kv7.2–Kv7.5 
activator 

 Rat mesenteric 
artery [ 20 ] 

 Vasopressin (AVP)     Zinc pyrithione  Anti-fungal 
agent used in 
dandruff 
shampoo 

 Kv7.1, Kv7.2, 
Kv7.4, Kv7.5 
activator [ 130 ] 

 Rat gracillis artery 
[ 135 ] 

 Serotonin (5HT)  VRX0530727  N/A  Kv7.2–7.5 
activators  VRX0621238  N/A 

 VRX0621688  N/A 
 Rat aorta, renal, and 
mesenteric arteries 
[ 50 ] 

 Methoxamine  ML213, 
NS15370 

 N/A  Kv7.2–7.5 
activators  N/A 

 Murine basilar 
and coronary 
arteries [ 62 ] 

 U46619     Retigabine  Anticonvulsant  Kv7.2–7.5 
activator 
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development of chemical derivatives that would have vasodilatory effects without 
inhibiting COX-2 activity. Such a class of compounds might be useful for treating 
vasospastic conditions in patients who cannot tolerate NSAID therapy. 

 The remainder of this chapter will review the evidence that Kv7 channels play a 
prominent role in maintenance of basilar and cerebral artery tone and will also 
consider whether pharmacological Kv7 channel activators might be re-purposed as 
novel therapeutics for the relief of cerebral vasospasm.  

    Kv7 Channels in the  Vasculature   

 The Kv7 channel isoforms found to be universally expressed in arterial myocytes, 
including rat basilar artery myocytes [ 72 ,  138 ], are Kv7.1, Kv7.4 and Kv7.5 [ 22 ,  52 , 
 71 ,  84 ,  91 ,  132 ]. All available evidence suggests that functional channels are pre-
dominantly composed of Kv7.4 and Kv7.5 homomers or Kv7.4/7.5 heteromers [ 17 , 
 19 ,  24 ]. Recent studies using dominant negative Kv7.4 or Kv7.5 subunits and proxi-
mal ligation assays support Kv7.4/Kv7.5 heterotetramers as functional channels in 
mesenteric artery myocytes [ 17 ]. The threshold for voltage-dependent activation of 
vascular smooth muscle Kv7 currents closely matches the resting membrane volt-
age (around −60 mV) and pharmacological activation or inhibition of Kv7 currents 
is associated with corresponding changes in membrane voltage [ 52 ,  71 ,  72 ]. 

 Like neuronal M-currents, vascular smooth muscle cell Kv7 currents are sup-
pressed upon activation of certain GPCRs. The fi rst evidence for GPCR-dependent 
regulation of endogenous vascular smooth muscle Kv7 currents was obtained using 
A7r5 rat aortic smooth muscle cells natively expressing the Kv7.5 channel isoform. 
 Activation   of endogenous V 1a  vasopressin receptors in A7r5 cells by 100 pM  argi-
nine vasopressin (AVP)   suppressed Kv7.5 currents in a  protein kinase C- (PKC-)   
dependent manner [ 22 ]. Suppression of Kv7.5 currents by AVP, or knockdown of 
Kv7.5 expression by shRNA, led to membrane depolarization and action potential 
fi ring in A7r5 cells [ 22 ,  73 ]. AVP was also found to induce PKC-dependent sup-
pression of native Kv7 currents in mesenteric artery smooth muscle cells, an effect 
which appears to be essential for constriction of pressurized mesenteric arteries by 
physiological concentrations of AVP [ 71 ]. Activators of Kv7 channels were able to 
relax mesenteric arteries pre-constricted with AVP  in vitro  or  in vivo  [ 16 ,  71 ]. Work 
from a number of laboratories revealed similar vasorelaxant effects of Kv7 channel 
activators on arteries from different vascular beds pre-constricted with a variety of 
GPCR agonists (Table  9.1 ) [ 24 ,  25 ,  51 ,  52 ,  55 ,  72 ,  74 ,  84 ,  132 ].  

    Kv7 Channels in  Basilar Artery Myocytes   

 Kv7 channels are expressed in rat basilar and cerebral artery smooth muscle cells 
[ 72 ,  138 ]. Proximity ligation assays support formation of Kv7.4/Kv7.5 heteromeric 
channels in rat cerebral artery myocytes [ 24 ], though Kv7.5 mRNA expression was 
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nearly undetectable in murine basilar artery, while Kv7.4 expression was robustly 
detected at both mRNA and protein levels in the same tissues [ 62 ]. So far, there is 
no evidence suggestive of Kv7 channel subunits interacting with subunits of other 
Kv channel families to form K +  conducting channels. Whole cell Kv7 currents, 
recorded from rat basilar artery myocytes using patch-clamp electrophysiology, 
exhibited biophysical properties typical of Kv7 currents (activation threshold 
around −60 mV, minimal time-dependent inactivation) [ 72 ,  74 ], as previously 
shown in neurons [ 2 ,  121 ] and vascular smooth muscle cells [ 22 ,  71 ]. The currents 
also displayed sensitivity to pharmacological Kv7 channel activators (retigabine 
(Fig.  9.3 ), fl upirtine, and celecoxib) and were blocked by XE991 [ 72 ,  74 ], similar to 
what was observed for mesenteric artery myocytes [ 18 ,  71 ].
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  Fig. 9.3    Retigabine enhances Kv7 currents in freshly isolated rat basilar artery myocytes. ( a ) 
Time-course of XE991-sensitive Kv7 currents with the addition of 10 μM retigabine, recorded from 
a single basilar artery myocyte by continuous holding at −20 mV. ( b ) Current-voltage curves (I-V) of 
mean steady-state Kv7 currents before (control;  fi lled circle s) and during treatment with 10 μM 
retigabine ( open circles ) and 10 μM XE991 ( fi lled inverted triangles ), normalized to control current 
measured at −20 mV before treatment. *Signifi cantly different from control at indicated voltages 
using paired Student’s “t” test, p < 0.05, n = 5. ( c ) Normalized conductance plotted against membrane 
voltage was fi tted by a single Boltzmann function to show the effect of retigabine on voltage depen-
dence of channel activation. Retigabine induced a signifi cant hyperpolarizing shift in the steady-state 
voltage dependence of activation; V 0.5  (control) was −30.2 ± 1.4 mV, V 0.5  (retigabine) was −41.4 ± 0.5 
mV, p < 0.05 based on paired Student’s “t” test, n = 5. Reproduced from [ 74 ] with permission       
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       Kv7 Channels Are Common Signal Transduction 
Intermediates in  Spasmogen-Induced Constriction   

 Suppression of Kv7 channels using the selective Kv7 channel blocker XE991 
induced membrane depolarization in basilar artery myocytes and constricted basilar 
artery segments [ 72 ]. Cerebral artery spasmogens (e.g. serotonin, AVP, and endo-
thelin) which act on Gq-coupled GPCRs, are present at elevated concentrations in 
the subarachnoid space after aSAH and have been implicated in the development of 
cerebral vasospasm [ 5 ,  11 ,  86 ,  119 ,  139 ]. Serotonin, AVP,    and endothelin each sig-
nifi cantly suppressed Kv7 currents in freshly dissociated rat basilar artery myo-
cytes, supporting the hypothesis that these spasmogens suppress Kv7 currents to 
induce cerebral vasospasm [ 72 ]. Furthermore, a demonstrated contribution of Kv7 
currents to maintenance of resting membrane voltage in basilar artery myocytes 
[ 72 ] indicates that the suppression of Kv7 currents by the spasmogens is likely to be 
a key contributing factor to the persistent depolarization observed in basilar artery 
myocytes after SAH [ 43 ,  123 ,  140 ]. 

 The signal transduction events activated in response to binding of the spasmogens 
to the GPCRs, which eventually lead to the suppression of Kv7 channels in vascular 
myocytes, are just beginning to be understood. There is abundant evidence that acti-
vation of protein kinase C (PKC) is both necessary and suffi cient for the GPCR-
mediated suppression of Kv7 currents in vascular smooth muscle cells [ 17 ,  22 ,  71 , 
 74 ]. This contrasts to the GPCR-mediated suppression of Kv7 currents in neurons, 
which has been shown to predominantly involve hydrolysis of  phosphatidylinositol 
4,5-bisphosphate (PIP 2 )   and/or elevation of [Ca 2+ ] cyt  [ 31 ]. The sensitivity of vascular 
Kv7 channels to activated PKC differs depending upon the tetrameric subunit com-
position—human Kv7.5 (hKv7.5), and hKv7.4/hKv7.5 channels when overex-
pressed in A7r5 cells, were regulated by the AVP-PKC pathway (the Kv7 currents 
were suppressed by AVP and by  4β-Phorbol 12-myristate 13-acetate (PMA)  , a PKC 
activator), but hKv7.4 channels were not [ 17 ]. Similarly, a corresponding increase in 
PKC-dependent phosphorylation of hKv7.5 was detected, but not for hKv7.4 
subunits, except when they were co-expressed  with   hKv7.5 [ 17 ]. The requirement of 
Kv7.5 channel phosphorylation to mediate the AVP-induced suppression of currents 
through the channel is still yet to be confi rmed. These results suggest that diversity 
of Kv7 channel subunit composition among different vascular beds could be a deter-
minant for differential sensitivity to vasoconstrictors. 

 Activation and translocation of PKC from the cytosol to the membrane has been 
demonstrated in myocytes within vasospastic arteries from SAH models [ 88 ,  89 ]. 
There are several pieces of evidence implicating PKC in the development and main-
tenance of cerebral vasospasm [ 60 ]. Constriction of basilar artery in response to 
spasmogens like AVP, serotonin and endothelin was shown to be dependent on PKC 
activation [ 79 ,  80 ]. Intracisternal injection of a PKC activator mimicked basilar 
artery vasospasm in a canine model [ 105 ]. Finally, PKC inhibitors, H7 and stauro-
sporine, inhibited spasmogen-induced constrictor responses and reversed basilar 
artery vasospasm in a dog model of SAH [ 76 ]. Taken together with our recent results 
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regarding PKC-dependent regulation of Kv7 channels, these fi ndings suggest that 
PKC is a common signaling intermediate involved in the suppression of Kv7 currents 
by spasmogens, leading to persistent membrane depolarization of arterial myocytes 
and chronic arterial constriction.  

    Kv7 Channel Openers as Novel Therapeutics for Treatment 
of  Cerebral Vasospasm   

 Considering that cerebral vasospasm following aSAH likely results at least in part 
from suppression of Kv7 currents, it stands to reason that enhancement of Kv7 cur-
rents might have a benefi cial opposing effect. In support of this notion, basilar artery 
segments pre-constricted with a spasmogen (serotonin, endothelin, or vasopressin) 
were dilated by addition of a Kv7 channel activator (retigabine, fl upirtine, or cele-
coxib (Fig.  9.4 )) [ 72 ,  74 ]. The dilation can be attributed to activation of Kv7 channels, 
which opposes spasmogen-induced membrane depolarization and infl ux of Ca 2+  via 
L-type VDCCs. Addition of the Kv7 channel opener retigabine prevented spasmogen-
induced membrane depolarization in basilar artery myocytes [ 74 ]. The vasodilatory 
effects of retigabine and celecoxib in basilar arteries might also be attributable to 
direct blocking of VDCCs, independent of their actions on Kv7 channels [ 72 ,  74 ], 
though fl upirtine was still an effective vasodilator [ 72 ] despite evidence that it does 
not block VDCCs [ 18 ]. Celecoxib was more effi cacious in inhibiting voltage-depen-
dent calcium currents compared to the clinically used calcium channel blocker 
nimodipine in rat basilar  artery   myocytes (Fig.  9.5 ; [ 72 ]). The higher effi cacy of cele-
coxib could be due to inhibition of all or most types of VDCCs expressed in the basi-
lar artery myocytes compared to more selective inhibition of L-type calcium channels 
by nimodipine. Celecoxib has been recently shown to inhibit T-type VDCCs in other 
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cell types [ 7 ], but its effect on R-, P/Q-, and N-type VDCCs, which are all known to 
be expressed in basilar artery myocytes [ 81 ,  85 ] is unknown.

    The effi cacy of retigabine and celecoxib to dilate basilar artery segments led us to 
investigate whether activation of vascular Kv7 channels could be used as a strategy to 
treat cerebral vasospasm [ 72 ,  74 ]. We used a rat model of SAH in which the presence 
of blood after SAH was simulated by injection of fresh autologous arterial blood into 
the cisterna magna [ 74 ]. Basilar artery spasm was signifi cant after 48 h in rats injected 
with autologous blood compared with rats injected with artifi cial cerebrospinal fl uid 
or untreated controls [ 74 ]. Administration of retigabine or celecoxib by intraperito-
neal injection twice daily for 48 h prevented spasm of the basilar artery in animals 
injected with autologous blood (Fig.  9.6 ; [ 74 ]). Based on these fi ndings, we propose 
that drugs which act as Kv7 channel openers are promising as novel therapeutic agents 
to alleviate cerebral vasospasm.

    Retigabine   also induced signifi cant hypothermia in the rats with experimental SAH 
[ 74 ], confi rming an earlier report of the same effect when retigabine was injected in 
mice [ 58 ]. The hypothermia induced by retigabine could be benefi cial in the case of 
cerebral vasospasm, as clinical induction of mild hypothermia in patients has been 
shown to have neuroprotective effects and to improve the functional outcome in 
patients with delayed cerebral vasospasm [ 6 ,  36 ,  92 ]. Kv7 channel openers could also 
be potentially combined with other classes of drugs that target other cell types or 
signal transduction pathways to treat the vasospasm and associated pathology after 
aSAH, which is increasingly recognized as multifactorial [ 69 ,  97 ,  104 ]. 

 With the approval of retigabine to treat epilepsy, and increasing evidence from 
clinical trials in the US and EU for benefi cial effects of retigabine and fl upirtine in 
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the treatment of pain associated with  fi bromyalgia   and neuropathic pain, there has 
been intense interest in developing more potent and selective Kv7 channel activators. 
Drugs like retigabine and fl upirtine act as openers of neuronal Kv7.2/Kv7.3 chan-
nels, decreasing neuronal excitability without activating cardio-selective Kv7.1 
channels [ 108 ,  129 ]. However, retigabine and fl upirtine clearly do not discriminate 
among Kv7 channels expressed in neurons (predominantly Kv7.2/Kv7.3) and those 
expressed in vascular myocytes (predominantly Kv7.4/Kv7.5). Presently, we do not 
know of any compounds that display either neuronal or vascular Kv7 channel selectivity. 
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followed by post hoc Holm-Sidak test, p < 0.001, n = 9. Reproduced from [ 74 ] with permission       

 

9 Kv7 Potassium Channels as Therapeutic Targets in Cerebral Vasospasm



206

Recently Jensen and colleagues were successful in synthesizing an acrylamide com-
pound, named SMB-1, that can inhibit Kv7.2, but activate Kv7.4 [ 13 ], indicating a 
possibility for development of tissue-specifi c Kv7 channel openers. 

 Although developing a selective Kv7.4/Kv7.5 channel opener might prevent 
off- target neurological effects, while preserving the anti-vasospastic actions, we 
 speculate that the “off-target” actions of non-selective Kv7.2-Kv7.5 channel openers 
would likely be of additional benefi t in the case of cerebral vasospasm. The reason for 
this speculation is that pan-Kv7 channel openers would also likely counteract  cortical 
spreading depression (CSD)  , another devastating co-morbid consequence after aSAH 
[ 61 ,  106 ]. This self-propagating slow wave of depolarization in neurons and glial cells 
is accompanied by depression of  electrocorticographic activity   [ 106 ]. The spreading 
depolarization is triggered by pathological repartitioning of ions across the cell 
membrane, with marked elevation of extracellular K +  and vasoactive neurotransmitter 
concentrations after SAH [ 57 ]. The loss of neuronal function and neurovascular cou-
pling due to CSD, along with the increased energy demand by neurons to restore the 
ionic balances, contributes to vasospasm and ischemia after SAH [ 57 ,  106 ]. Kv7 
channel activators decrease neuronal excitability by increasing neuronal M-currents 
mediated primarily by Kv7.2/Kv7.3 channels [ 49 ,  121 ], an effect that would be 
expected to inhibit the wave of depolarization and decrease the energy demands of the 
gray matter.  Pan-Kv7 channel   openers have already been reported to counteract corti-
cal spreading events associated with other neuronal disorders [ 127 ,  136 ] and therefore 
are likely to be benefi cial in aSAH patients. Anti- convulsant effects of drugs like 
retigabine may also alleviate seizures, which occur in ~25 % of aSAH patients [ 77 ]. 

 The non-selective Kv7 channel activator  celecoxib   has several pharmacological 
properties, which make it a rather unique candidate to treat cerebral vasospasm after 
aSAH. Celecoxib acts as a non-selective Kv7.2-Kv7.5 channel opener [ 33 ] as well 
as a blocker of VDCCs [ 72 ,  74 ]. These combined effects can account for its ability 
to dilate the vasospastic basilar artery both  ex vivo  and  in vivo  [ 72 ,  74 ]. If these 
effects are also exhibited in neurons (likely, but not yet tested), celecoxib would also 
be expected to inhibit the co-morbid development of cortical spreading depression 
in aSAH. While the dual ion channel activity noted above would be expected to 
lower blood pressure, celecoxib, likely owing to pro-hypertensive effects down-
stream of COX-2 inhibition [ 44 ,  133 ], has not been found to signifi cantly lower 
blood pressure in animal models or in clinical subjects [ 28 ]. In fact, celecoxib tends 
to modestly elevate blood pressure with chronic use, though to a lesser extent than 
other COX-2 inhibitors, which lack its vascular ion channel effects [ 21 ,  28 ,  115 ]. 
This blood pressure neutrality is favored, because one of the serious limitations to 
use of K +  channel openers for cardiovascular diseases, in general, is their propensity 
to produce hypotension. Specifi cally, hypotension would be detrimental as a side- 
effect of drugs to treat cerebral vasospasm, as it would further compromise the 
already constrained blood fl ow to the brain (due to vasospasm) and would therefore 
exacerbate ischemia. Hence, celecoxib, which dilates the cerebral arteries while 
maintaining sustained mean arterial pressure [ 74 ] may possibly be an ideal candidate 
to treat cerebral vasospasm. And, as an additional benefi t, celecoxib may simultane-
ously treat the infl ammatory component of  aSAH pathology  . The COX-2 inhibitory 
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actions of celecoxib would likely oppose infl ammation at the hemorrhagic site, 
thereby attenuating the contributions of the immune system to vasospasm after 
aSAH [ 23 ,  34 ,  78 ,  100 ]. Celecoxib has been extensively used as an anti-infl ammatory 
agent in the clinical setting, including a recent small scale  clinical trial in patients 
with intracerebral hemorrhage (ICH), in which celecoxib treatment was found to 
have benefi cial effects (reduction of hematoma and edema volumes) without 
increasing the incidence of adverse events [ 63 ,  95 ].  

    Conclusions 

 Cerebral vasospasm is a devastating medical condition for which current therapies are 
inadequate. Kv7 channel openers, already in clinical use to treat neurological condi-
tions such as epilepsy and pain, may be re-purposed to relieve or even prevent cerebral 
vasospasm, while simultaneously attenuating other co-morbidities associated with 
aSAH, such as cortical spreading depression, delayed ischemic neurological defi cits, 
seizures, infl ammation, and edema formation. There is increasing recognition among 
the medical community that development of more effective therapeutic strategies for 
aSAH will require drugs or combinations of drugs that target multiple pathological 
pathways rather than simply alleviating cerebral vasospasm [ 32 ,  42 ]. The established 
safety profi les of Kv7 channel activators, and their broad spectrum of benefi cial 
therapeutic effects, suggest that these drugs may be effectively re-purposed, perhaps 
in combination with other treatments, to develop a more effective therapeutic strategy 
for improving outcomes in patients following aSAH.     
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    Chapter 10   
 Lysosomal Transient Receptor Potential 
Mucolipin (TRPML) Channels in Vascular 
Regulation and Diseases                     

     Fan     Zhang      and     Pin-Lan     Li     

    Abstract     Transient Receptor Potential Mucolipin 1 (TRPML1) channel protein, 
one of the TRPML family members, is a Ca 2+ -permeable membrane channel with a 
predominant location on the late endo/lysosomes. In arterial myocytes, it has been 
found that this ligand-gated channel is sensitive to NAADP (Nicotinic Acid Adenine 
Dinucleotide Phosphate), a secondary Ca 2+  messenger, to generate Ca 2+  release 
from lysosomes followed by a global Ca 2+  release response from the sarcoplasmic 
reticulum through Ca 2+ -induced Ca 2+  release mechanism (CICR), which is referred 
to as an intracellular two-phase Ca 2+  release. In coronary artery, recent studies dem-
onstrated that NAADP-sensitive lysosomal TRPML1 channels can be activated by 
a variety of pro-pathogenic stimuli such as endothelin 1 (ET-1), reactive oxidative 
species (ROS), and death receptor ligand (FasL). The defects or derangement of the 
lysosomal TRPMLl channel activity have been implicated in vascular injury or dis-
eases such as endothelial dysfunction, apoptosis and even atherosclerosis.  

  Keywords     TRPML channels   •   NAADP   •   Lysosomes   •   Ca 2+    •   Vascular tone and 
vasomotor   •   Atherosclerosis  

      Introduction 

  Transient Receptor Potential Mucolipin (TRPML) channel   proteins have been 
reported to have three family members including TRPML1, TRPML2 and TRPML3. 
These TRPMLs are exclusively resided on the late endo/lysosomal organelles with 
cationic permeability to Ca 2+ . Functionally, TRPMLs have been implicated in the 
regulation of lysosomes, for example, facilitating the processes in both endocytosis 
and autophagy in a variety of cells.  The   genetic defects of TRPML1 have been 

        F.   Zhang ,  M.D., Ph.D.    •    P.-L.   Li ,  M.D., Ph.D.      (�) 
  Department of Pharmacology and Toxicology ,  Virginia Commonwealth University, 
School of Medicine ,   410 N. 12th Street ,  Richmond ,  VA   23298 ,  USA   
 e-mail: pli@vcu.edu  

mailto:pli@vcu.edu


216

demonstrated to be a major cause of the mucolipidosis type IV disease, one of the 
lysosomal storage disorders. Recently, we found that the TRPML1 channels are 
present in  coronary arterial myocytes (CAMs)  , which are sensitive to  nicotinic acid 
adenine dinucleotide phosphate (NAADP)     , a potent  Ca 2+   -mobilizing second mes-
senger, producing Ca 2+  release from lysosomes. It has been also confi rmed that this 
TRPML1/NAADP Ca 2+  signaling pathway responds to a variety of pro-pathogenic 
stimuli, such as vasoconstrictor, ET-1,     reactive oxidative species (ROS)   and apop-
totic reagent, FasL. In this chapter, we will briefl y summarize some important cur-
rent fi ndings regarding the role of lysosomal TRPML1 in vascular regulation and 
diseases, providing some novel insights into the physiological and pathological rel-
evance of this lysosomal channel.  

    Lysosomal TRPML Channels in Arterial  Myocytes   

       Lysosomal TRPML1 Channel 

 The  transient receptor potential (TRP) channels   are a group of non-selective ion 
channels with variable degrees in Ca 2+  permeability. It has been reported that a total 
number of 28 TRP channel proteins are expressed in different mammalian cells, and 
they are grouped into six subfamilies: TRPC (Canonical), TRPV (Vanilloid), TRPM 
(Melastatin), TRPA (Ankyrin), TRPP (Polycystin) and TRPML (Mucolipin). TRP 
 channel   proteins contain  six   transmembrane domains, with a pore loop region 
between domain 5 and 6. Among these TRP channels, TRPMLs are primarily local-
ized at membrane-bounded vesicles, which mediate the endocytic and exocytic pro-
cesses. TRPMLs are relatively small proteins consisting of <600 amino acids with 
expected molecular size of approximate 56–65 kDa. TRPML1 is encoded by the 
TRPML1 gene,   MCOLN1   . The product of this gene may be detected in different 
sizes from 36 to 75 kDa in various native cells  due   to cleavage and other modifi ca-
tions [ 1 ,  2 ]. TRPML1 is a channel protein characterized by a  TRP   channel- 
homologous region located within amino acids 331–521, an internal Ca 2+  and Na +  
channel pore region between amino acids 496 and 521, and cytosolic location of both 
NH 2  and COOH terminal chains. TRPML1 is widely expressed and mainly resided 
on late endo/lysosomes [ 3 – 5 ]. Mutations of  MCOLN1  are implicated in the patho-
genesis of a neurological disease, namely,  mucolipidosis Type IV (MLIV)  . This dis-
ease is a lysosomal storage disorder with severe neurologic and ophthalmologic 
abnormalities [ 1 ,  5 – 8 ]. Since the mutation of  MCOLN1  was identifi ed as the genetic 
cause of MLIV disease [ 1 ,  9 ,  10 ] and  MCOLN1  products were shown to belong to 
TRP superfamily [ 1 ,  8 – 10 ], extensive studies have been conducted to understand 
their biophysical properties and related functions. Compared with TRPML1, 
TRPML2 and TRPML3 are not yet extensively characterized until recently [ 11 ]. 
Given the predominant endo/lysosomal locations, it is logical to assume that the 
physiological or pathological relevance of TRPML channels are largely associated 
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with the lysosome-related signaling mechanisms and functions such as lysosome 
Ca 2+  release, molecular traffi cking, endocytic and phagocytic processes.  

       TRPML1-Mediated Ca 2+  Release from Lysosomes 

 TRPMLs are not voltage sensitive channels but gated by ligands. It has been reported 
that phosphatidylinositol 3,5-bisphosphate (PI(3,5)P2) activates lysosomal TRPML1 
channels to produce Ca 2+ , Fe 2+ , Mn 2+  and H +  currents [ 12 ,  13 ]. The ion selectivity of 
human TRPML1 has been demonstrated to be Ba 2+  > Mn 2+  > Fe 2+  = Ca 2+  = Mg 2+  > Ni 2+  
= Co 2+  = Cd 2+  > Zn 2+  ≫ Cu 2+  at pH 4.6 and its pS is at 32–40 in the presence of 30–105 
mM Fe 2+ [ 12 ,  13 ]. Many studies have done to elucidate the physiological relevance of 
the Ca 2+  conductivity of TRPML1, which relates to the regulation of endosome matu-
ration, retrograde traffi cking of lysosomal membrane from  late endosomes or lyso-
somes (LEL)   to  trans-Golgi-network (TGN)  ,  autophagosome- lysosome fusion  , 
 lysosome exocytosis  , and Ca 2+   signaling-related cellular activities   [ 14 ]. With respect 
to TRPML1 conductance of other ions, there were very few studies that addressed 
their functional signifi cance. Some assumptions were proposed based on the ion con-
ductance of TRPML1. For example, due to its Fe 2+  conductance TRPML1 has been 
assumed to regulate the cellular homeostasis of Fe 2+  and then contribute to the hema-
tological and degenerative abnormality in mucolipidosis type IV disease [ 12 ,  15 ]. In 
addition, some studies reported that TRPML1 channels were impermeable to protons 
and thereby played a role in the regulation of lysosomal pH. This H +  conductance of 
TRPML1 is critical in the regulation of lysosomal pH homeostasis, which may serve 
as important regulator of lysosome function [ 16 ,  17 ]. However, the functional rele-
vance of TRPML1 conductance of ions besides Ca 2+  is far from clarifi cation. 

    In searching for the molecular target of  nicotinic acid adenine dinucleotide phos-
phate (NAADP)  , a potent Ca 2+  releasing second messenger, we demonstrated that 
NAADP-sensitive Ca 2+  channels in lysosomes of hepatocytes had characteristics of 
that lysosomal TRPML1 channels both biochemically and pharmacologically [ 18 ]. 
This NAADP-sensitive TRPML1 channels were also found in the lysosomal com-
partments in coronary arterial myocytes, which play an important in mediating two- 
phase Ca 2+  release, a novel Ca 2+  regulatory pattern in smooth muscle cells that may 
contribute to the regulation of vascular tone and cell surviving under physiological 
and pathological conditions [ 19 ]. 

 Compared with other two well-established intracellular Ca 2+  mobilizing mes-
sengers, namely, inositol trisphosphate (IP 3 ) and  cyclic ADP-ribose (cADPR)  , 
NAADP identifi ed in 1995 is more potent in mobilization of intracellular Ca 2+  and 
able to mediate Ca 2+  release from the  sarcoplasmic reticulum (SR)   by its direct 
action on  ryanodine receptors (RyRs)   or via lysosome-mediated two-phase Ca 2+  
release, depending upon cell types [ 20 ,  21 ]. Similar to cADPR production, soluble 
protein Aplysia ADP-ribosylcyclase and its membrane-bound homologs, CD38 and 
CD157, are also involved in the production of NAADP. These enzymes were shown 
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to catalyze the exchange of the terminal nicotinamide group in NADP +  with nico-
tinic acid to produce NAADP in a variety of cells and tissues such as sea urchin 
eggs, pancreatic acinar cells, human T lymphocytes, rat brain, and smooth muscle 
cells [ 22 – 25 ]. However, in  myometrial cells   ( uterine smooth muscle cells  ), NAADP 
was found to be produced by an unidentifi ed pathway independent of CD38 or base- 
exchange reaction [ 26 ]. In our recent studies, CD38 and its cytosolic isoforms are 
found to be abundant in mouse coronary arterial myocytes (CAMs), where NAADP 
is produced in responses to the treatments of death receptor ligands, endothelin-1 or 
oxidants [ 27 ,  28 ]. The capability of CAMs to produce NAADP in response to vari-
ous stimuli suggests that Ca 2+  release through lysosomal TRPML1 by NAADP may 
be involved in different  processes   of physiological regulations or pathological 
changes in these cells.   

    Lysosomal TRPML1 in the Regulation of Vascular Tone 
and Vasomotor  Response   

    TRPML1 Activated by NAADP and Two-Phase Ca 2+  Release 
in CAMs 

 In the resistance arteries, endothelial cells (ECs) and  smooth muscle cells (SMCs)   
have opposite responses to the mechanic forces exerted by the circulating blood. 
The shear stress on ECs from blood fl ow promotes vasodilation, while the direct 
impact of blood pressure on the smooth muscle itself tends to cause vasoconstric-
tion. Recent studies have indicated that both types of responses in determining vas-
cular tension are associated with different TRP channels. In myogenic arteries, 
TRPV4 has been found expressed in the vascular ECs and activation of this channel 
promotes vasodilation. TRPC6, TRPM4 and TRPV4 are mainly expressed on 
SMCs, which can sense the mechanical changes from blood fl ow to produce vaso-
constriction, transducing mechanical stimuli into vascular tone [ 29 ]. Over the last 5 
years, we have demonstrated that TRPML1 is mainly expressed in lysosome mem-
brane of both bovine and mouse CAMs. We have also shown that an endogenous 
activator of this lysosomal TRPML1 in CAMs is NAADP, which induces lysosomal 
Ca 2+  bursts and consequently produce large  Ca 2+  release   through Ca 2+ -induced Ca 2+  
release ( CICR)     . However, there is no evidence that this TRPML1 channel is not 
sensitive to mechanical forces to regulate vascular tone and mediate corresponding 
vasomotor response. 

     NAADP   as a Ca 2+  messenger is signifi cantly different from the well-defi ned 
other two messengers, IP 3  and cADPR in terms of targeting Ca 2+  stores and the Ca 2+  
release patterns. Both IP 3  and cADPR act on SR/ER Ca 2+  store, and they directly 
bind to inositol trisphosphate receptor (IP 3 R) and  ryanodine receptors (RyRs)  , 
respectively, to generate a robust Ca 2+  response. In contrast, NAADP-mediated Ca 2+  
discharges have been shown to be able to produce a two-phase Ca 2+  response with a 
delayed second phase Ca 2+  release (within seconds) in addition to its direct effect on 
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RyRs in some cells such as lymphocytes. This two-phase Ca 2+  release induced by 
NAADP is demonstrated to fi rst activate Ca 2+  bursts from lysosomes as a trigger, 
which subsequently leads to global Ca 2+  mobilization from SR/ER through CICR, a 
so-called two-pool mechanism. NAADP-sensitive Ca 2+  store or acidic Ca 2+  store, 
which is lately shown to be lysosomes, is responsible for a localized signal, which 
consequently  triggers   CICR to cause global Ca 2+  increases through RyRs or IP 3 Rs 
on the SR [ 28 ,  30 ]. 

 In vascular SMCs, this two-pool mechanism has been demonstrated to function 
upon stimulations by ET-1, FasL or direct delivery of NAADP into the cells [ 28 ,  31 , 
 32 ]. By Ca 2+  fl uorescence imaging analysis, it has been shown that ET-1 induced a 
sequential two-phase increase in [Ca 2+ ] i  in bovine CAMs [ 31 ], where the fi rst phase 
Ca 2+  spike occurred 1 min after ET-1 was added into the bath solution whereas the 
second phase Ca 2+  transient occurred 3 min later, representing a global increase in 
[Ca 2+ ] i . In the presence of bafi lomycin A1(Baf), both phases of Ca 2+  response were 
markedly attenuated, suggesting the involvement of lysosome organelles because 
Baf is a lysosomal vacuolar H + -ATPase antagonist and inhibition of vacuolar H + -
ATPase de-energizes H + /Ca 2+  exchanger and prevents Ca 2+  from sequestering into 
lysosomes [ 31 ], which leads to lysosomal Ca 2+  depletion. However, a relatively high 
concentration of Rya as a classic inhibitor of RyR/Ca 2+  channels on the SR only 
abolished the late Ca 2+  increase, which was functionally related to Ca 2+  release from 
SR Ca 2+  store. These results suggest that ET-1 may fi rst stimulate Ca 2+  release from 
lysosomes through NAADP action and then activate Ca 2+  release from the SR via 
RyRs-sensitive CICR mechanism. 

 In mouse CAMs, we also demonstrated Ca 2+  release in response to FasL, which 
was characterized by a typical two-phase Ca 2+  response pattern, namely, a local Ca 2+  
burst from lysosomes followed by a global Ca 2+  response. In isolated perfused 
mouse septal coronary arteries, FasL was found to signifi cantly increase U-46619- 
induced vasoconstriction, which was abolished by lysosomal function inhibitor, 
Baf. It has been indicated that the early response of CAMs to FasL is to increase 
intracellular Ca 2+  levels from lysosomes. This lysosome-mediated Ca 2+  response to 
FasL was also blocked by silencing TRPML1 gene, but markedly enhanced with 
overexpression of this gene [ 32 ] (Fig.  10.1 ). It is clear that lysosomal TRPML1 
channels are critical to Ca 2+  release responses in CAMs. This TRPML1 channel and 
its role in mediating a two-phase Ca 2+  release are briefl y summarized in Fig.  10.2 .

         Lysosome (Lyso)-SR Junction   

    The two-pool mechanism in mediating intracellular Ca 2+  movements is interesting 
in regard to a two phase Ca 2+  release induced by NAADP. However, the enigma 
remains why NAADP-induced CICR has a long-delayed second Ca 2+  release phase 
(in seconds to minutes) [ 28 ], which is very different from the classical CICR (in 
milliseconds). It also remains unknown what physiological role this delayed second 
phase Ca 2+   in   CICR may play in the regulation of cell function. Although some 
reports have indicated that there may be lysosome (lyso)-SR junction, which 
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contributes to CICR to lead to a two-phase Ca 2+  release [ 30 ,  33 ,  34 ], however, the 
anatomical and molecular characteristics of this lyso-SR junction remains poorly 
understood. Given the great mobility of lysosomes within cells, recent studies have 
demonstrated that there may not be any sustained lyso-SR junctions in SMCs, but a 
dynamic lyso-SR junction is possibly functioning to mediate CICR depending upon 
lysosome traffi cking and aggregation toward the SR [ 19 ]. Based on this model of so 
called dynamic functional lyso-SR junction, the global Ca 2+  release following small 
Ca 2+  bursts from lysosomes may be associated with  lysosomal traffi cking   to the 

  Fig. 10.1    Effects of TRPML1 channel gene silencing or overexpression on Fas ligand (FasL)-
induced lysosomal Ca 2+  bursts and Ca 2+  release from the sarcoplasmic reticulum (SR) of mouse 
CAMs. ( a ) Representative Fluo4-Ca 2+  imaging record showed an early Ca 2+  release (fi rst phase, at 
4.5 min;  red spots  in the image), followed by a global increase in intracellular Ca 2+  ( red  cytosol; 
second phase, at 10 min) upon FasL (10 ng/ml) stimulation in CAMs before and after transfection 
of TRPML1 siRNA or cDNA. ( b ) Summarized data showing the effects of TRPML1 siRNA or its 
overexpression on FasL-induced 2-phase Ca 2+  release in CAMs (n = 6; *P < 0.05 vs. basal condi-
tion;  # P < 0.05 vs. scramble sRNA-treated CAMs with FasL stimulation)       
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SR. Small lysosomal Ca 2+  bursts may not be enough to activate global Ca 2+  release 
from the SR; however, this Ca 2+  bursts may be suffi cient to drive lysosome move-
ment or aggregation. These clustered or aggregated lysosomes work together to 
activate global Ca 2+  release from the SR [ 19 ]. This interaction of lysosome and SR 
was also proposed later in pulmonary VSMCs [ 35 ]. This coordination of lysosomes 
and SR was confi rmed in CAMs [ 32 ] by detected colocalization of lysosomal 
marker (GFP-Lamp1) with RyR3 or SR tracker (red fl uorescent labeled) during 
stimulation. By more dynamic and  direct   measurements, NAADP was indeed 
shown to  stimulate   lysosome traffi cking through its Ca 2+  mobilizing action [ 36 ].  

       Role of TRPML1 in the Regulation of Vascular Tone 
and Vasomotor Responses 

 We have demonstrated that ET-1-induced-vasoconstriction of coronary arteries was 
dependent on an intact NAADP-lysosome signaling pathway. In addition, FasL was 
shown to enhance U-46619-induced vasoconstriction, which was consistent with a 
time frame of the FasL-induced two-phase Ca 2+  response as observed in the Ca 2+  

  Fig. 10.2    NAADP-mediated Ca 2+  release from lysosomal TRPML1 channels produces a local 
Ca 2+  burst, followed by global Ca 2+  release responses from the sarcoplasmic reticulum through a 
Ca 2+ -induced-Ca 2+  mechanism in  coronary arterial smooth muscle cells (CASMCs)  .    NAADP is 
produced in the cytosol of CASMCs from NADP +  by ADP-ribosylcyclase in response to different 
agonists, such as ET-1 and FasL. NAADP serves as a second messenger to activate TRPML1 chan-
nels on lysosomes to produce small Ca 2+  bursts, which then trigger a robust global Ca 2+  release via 
CICR through RyRs or IP 3 Rs, thereby, resulting in activation of these vascular cells and producing 
vasoconstriction       
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release from CAMs. This FasL-induced slow vasomotor response is different from 
that of instant vasoconstriction provoked by some classic vasoactive agonists (e.g., 
norepinephrine, angiotensin II, or ATP), which are dependent on the PLC-mediated 
direct Ca 2+  release from the SR. The two-phase Ca 2+  release and slow vasoconstric-
tion may represent an important mechanism underscoring the maintenance of vas-
cular tone. It is assumed that lysosomal TRPML1 channel in arterial SMs is critical 
for the development of sustained vascular tone. This hypothesis needs to be further 
tested. In addition, a chronic elevation of intracellular Ca 2+  in SMCs has been 
reported to produce histopathological alterations leading to vascular remodeling 
and arteriosclerotic lesions [ 37 ], which implies the derangement or dysfunction of 
lysosomal TRPML1 is possibly involved in the pathogenesis of coronary artery 
 diseases  .   

    Implication of Lysosomal TRPML1 Dysfunction 
in  Atherosclerosis   

    TRPML1 and Lysosomal Cholesterol Transportation 

 Endocytic and phagocytic pathways serve as the basic mechanisms in degradation 
of extracellular particles and dysfunctional cellular components. As a primary 
digestive organelle, lysosome is destined to receive all the endocytosed membranes, 
complex lipids, membrane proteins and polysaccharides, as well as the autophago-
cytosed organelles for degradation. However, lysosomes are not only dead-end 
metabolizing digestive organelles but also play essential roles in signal transduction 
by dynamically engaging in the membrane fusion, lipid traffi cking and Ca 2+ -
involved sequential events. There is evidence that the Ca 2+  release from lysosomes, 
which TRPML Ca 2+  channels are mainly located on, is an important Ca 2+  signaling 
or regulatory mechanism. It has shown that during endocytosis lipid traffi cking 
from endosomes to lysosomes is Ca 2+ -dependent process and that intracellular Ca 2+  
elevation is required for the formation of hybrid compartments between endosome 
and lysosome [ 38 ,  39 ]. The insuffi ciency of Ca 2+  release via TRPML1 due to 
TRPML1 mutation and dysfunction may cause the delay in delivery of endocytosed 
material to lysosomes. In mammalian cells, the mutation of TMPML1 leads to the 
delayed fusion of autophagic vacuoles with lysosomes [ 40 ]. The loss of TRPML1 
was indeed found to obstruct the delivery of endocytosed lipids to lysosomes in 
MLIV cells, while TRPML3 was shown to be a regulator of membrane traffi cking 
along both endocytic and phagocytic pathways mainly through their lysosomal Ca 2+  
release and consequent activation of traffi cking molecules such as motor protein 
dynein [ 41 ,  42 ]. With respect to the sources of Ca 2+  for TRPMLs to conduct during 
endocytosis and autophagy, it has been proposed that lysosomal lumenal Ca 2+  rather 
than cytosolic Ca 2+  is the candidate, which is now referred to as  lysosomal Ca 2+  
store   [ 43 ,  44 ]. 
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    Despite extensive investigations conducted in elaborating the correlation between 
lysosomal TRPMLs Ca 2+  release channels and the associated heredity diseases, the 
implication of lysosomal TRPMLs channels in vascular pathology remains poorly 
understood. In atherosclerosis, LDL in its oxidized form is taken up by macro-
phages through scavenger receptors and delivered to lysosomes for degradation by 
an endocytic process. Under normal conditions, the cholesteryl esters are hydro-
lyzed by lysosomal acid lipase into free cholesterol, which is actively transported 
out of lysosomes to the cytosol, presumably through lysosomal NPC1 protein [ 45 –
 47 ]. It has been found that the pathological hallmark of atherosclerosis is the exces-
sive accumulation of lipids in macrophages, which is featured by the lipid-swollen 
lysosomes [ 48 ,  49 ] dominated by cholesterol in both the free and esterifi ed form 
[ 50 ,  51 ]. 

 There are reports that the foam cell formation during atherosclerosis has features 
of inherited lysosomal storage disorders [ 52 ], such as MLIV [ 6 ,  8 ] and  Niemann- 
Pick type C1(NPC1) diseases   [ 53 ], both of which are characterized by insuffi cient 
lysosomal Ca 2+  release. TRPML1, as a Ca 2+ -permeable channel [ 4 ] and NPC1 as a 
cholesterol transporter, both are exclusively expressed on the late endosomes and 
lysosomes, which may regulate cholesterol transport within cells. Indeed, the lack 
of lysosomal Ca 2+  release due to TRPML1 mutation and the lysosomal Ca 2+  storage 
depletion due to the defects of NPC1 have been identifi ed as the underlying patho-
logical mechanisms in lipid traffi cking deterrence and lysosome lipid deposition 
during MLIV and NPC1 diseases [ 54 ,  55 ], respectively. 

 Given the similarity of the endocytic traffi cking derangement in lysosomes dur-
ing atherosclerosis to that occurred in MLIV or NPC1 diseases, we recently tested 
the hypothesis that the CD38-NAADP-mediated Ca 2+  signaling pathway plays a 
critical role in the removal of free cholesterol from lysosomes in macrophages and 
that the abnormalities in such CD38-associated lysosome regulation may contribute 
to the lysosomal cholesterol accumulation, macrophage foam cell formation and 
atherogenesis. It has been demonstrated that the free cholesterol egression from 
lysosomes was profoundly attenuated in the macrophages with disruption of CD38/
NAADP Ca 2+  pathway, which resulted in the foam cell formation and mouse coro-
nary artery atherosclerosis. Rescuing of CD38 gene in CD38 −/−  macrophages or 
direct supplementation of NAADP to these cells prevented the deposition of free 
cholesterol in lysosomes and the formation of foam cells. We also demonstrated that 
the lysosomal TRPML1-released Ca 2+  plays an essential role in the facilitation of 
lipid endocytic traffi cking in human fi broblast cells, and that supplement of the Ca 2+  
messenger of NAADP profoundly promoted this process in prevention of lipid 
accumulation in lysosomes [ 36 ]. These results suggest that dysfunction of  lysosomal 
TRPML1 channels due to the lack of CD38 regulation indeed results in derange-
ment of cholesterol traffi cking out of lysosomes in macrophages, which may be a 
major mechanism leading to the formation of foam cells during atherosclerosis. 
Figure  10.3  summarizes this lysosomal TRPML1-mediated cholesterol clearance  in 
  macrophages.

10 Vascular TRPML channels



224

          TRPML1 and Autophagic Flux 

 In autophagy, lysosomal TRPMLs was found to facilitate autophagosome biogene-
sis.  The   defects of TRPMLs lead to marked accumulation of late endosomes, lyso-
somes and  autophagosomes (APs)  , which are associated with reduced autophagy 
fl ux [ 38 ,  40 ]. Although multiple studies documented the occurrence of autophagy in 
cardiovascular tissues [ 56 – 62 ], much less has been reported regarding autophagy 
occurring in vascular smooth muscle cells [ 63 ], of which only a few of them in cor-
onary artery myocytes [ 64 ,  65 ]. It has been shown that in coronary artery NAADP 
generated Ca 2+  release response from lysosomes, an essential component in the 
facilitation of completing autophagy process. Our laboratory has recently been 

  Fig. 10.3    Ca 2+  release from NAADP-activated lysosomal TRPML1 channel promotes oxLDL 
derived-free cholesterol transportation out of lysosomes in macrophage cells. The endocytosed 
oxLDL is traffi cked into lysosomes where the cholesterol ester is hydrolyzed to free cholesterol. 
The CD38 enzymatic product, NAADP, serves as a Ca 2+  messenger to release Ca 2+  from TRPML1 
channels. This local Ca 2+  increase activates free cholesterol transporters (such as Niemann-Pick 
type C1) and facilitates the egression of cholesterol from lysosomes. A defi ciency in NAADP- 
mediated Ca 2+  release from TRPML1 will lead to free cholesterol accumulation in lysosomes. This 
free cholesterol buildup will compromise lysosomal lumen acidity, Ca 2+  storage and  lysosomal 
acid lipase (LAL) activity and   exacerbates cholesterol segregation in lysosomes, which results in 
foam cell formation and atherosclerosis       
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working on the potential contribution of NAADP-mediated regulation of lysosome 
function in the development of atherosclerosis. Our preliminary studies show that 
NAADP regulates lysosome function through its action on TRPML1, which con-
trols lysosome traffi cking or fusion to autophagosomes (APs) and thereby regulates 
autophagic fl ux. The failure of  autophagic fl ux   induced by defect of TRPML1 or its 
abnormal regulation in arterial SMCs has been implicated in the atherogenesis. 
Under normal condition, lysosome traffi cking and fusion to APs are controlled by 
NAADP-regulated TRPML1 channel activity, which leads to the formation of 
 autophagolysosomes (APLs)   and subsequent breakdown of autophagic vesicles 
within the cells. This regulated autophagic process via NAADP signaling pathway 
protects SMCs from atherosclerotic injury upon atherogenic stimulations. When the 
controlling mechanism of lysosome function is insuffi cient, such as impaired CD38- 
ADP- ribosylcyclase activity, reduced NAADP production, or defect of TRPML1 
channels, the formation of APLs and breakdown of autophagic vesicles becomes 
impaired. The cell dedifferentiation and proliferation are thus activated, which lead 
to the enhancement of extracellular matrix production and result in the atherogene-
sis or acceleration  of   atherosclerosis [ 66 ].   

     Lysosomal TRPML1   in Apoptosis 

  Fas ligand (FasL)   is a type II transmembrane protein that belongs to the  tumor 
necrosis factor (TNF)   superfamily. It is ubiquitously expressed in the vasculature 
and exists as a membrane molecule (mFasL) as well as a soluble form (sFasL), 
which is proteolytically generated by metalloproteinase (MMP7) cleavage. 
Functionally, activation of FasL has been demonstrated to implicate in the patho-
physiological processes of various cardiovascular diseases, such as  coronary heart 
disease  , arteriosclerosis, and ischemia-reperfusion injury [ 67 – 69 ]. These vascular 
pathogenic roles of FasL are mainly attributed to its effect in inducing apoptosis. 

 Recent studies have demonstrated that activation of the death receptor Fas by 
FasL produced a two-phase intracellular Ca 2+  release response in CAMs, which 
consists of local Ca 2+  bursts via lysosomes and consequent Ca 2+  release from the SR 
[ 28 ,  32 ]. In this FasL-induced two-phase Ca 2+  response, the initial pilot phase is 
mediated by lysosomal TRPML1 channel, which functionally relates to apoptosis 
of CAMs, a common effect with the stimulation of FasL. By  confocal microscopy  , 
silencing CAMs with TRPML1 small interfering siRNA was found to substantially 
inhibit FasL-induced lysosome Ca 2+  burst and consequent SR Ca 2+  release. In con-
trast, transfection of CAMs with plasmids containing a full-length TRPML1 gene 
enhanced FasL-induced two-phase Ca 2+  release. Correspondingly, FasL-induced 
apoptosis and activation of calpain and calcineurin, two Ca 2+ -sensitive apoptotic 
proteins, were signifi cantly attenuated by silencing TRPML1 gene, but enhanced by 
overexpression of TRPML1 channel protein. These results suggest that TRPML1 
channel-mediated lysosomal Ca 2+  bursts upon FasL  stimulation   promote apoptosis 
of CAMs via a Ca 2+ -dependent mechanism.  
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    Conclusion 

 There is increasing evidence that lysosomal TRPMLs are implicated in the regula-
tion of vascular function and may be involved in the development of vascular injury 
and even atherosclerosis. It has been shown that these lysosomal TRPML channels, 
in particular, TRPML1 participates in the regulation of intracellular Ca 2+  levels in 
response to different agonists or stimuli through a two-phase Ca 2+  release. TRPML1- 
mediated lysosome Ca 2+  release not only determines basal vascular tone and some 
vasomotor response, but also regulates cell surviving mechanisms in SMCs such as 
autophagy, apoptosis and lipid transportation. Future studies are needed to elucidate 
the molecular mechanisms regulating lysosomal TRPML channel activity and clar-
ify their physiological and pathological relevance in response to different pro- 
pathologic factors. It is anticipated that TRPML channels may be a potential 
therapeutic target for prevention and treatment of vascular injury and disease such 
as atherosclerosis.     
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Chapter 11
Calcium Mobilization via Intracellular  
Ion Channels, Store Organization 
and Mitochondria in Smooth Muscle

John G. McCarron, Susan Chalmers, Calum Wilson, and Mairi E. Sandison

Abstract In smooth muscle, Ca2+ release from the internal store into the cytoplasm 
occurs via inositol trisphosphate (IP3R) and ryanodine receptors (RyR). The internal 
Ca2+ stores containing IP3R and RyR may be arranged as multiple separate compart-
ments with various IP3R and RyR arrangements, or there may be a single structure 
containing both receptors. The existence of multiple stores is proposed to explain 
several physiological responses which include the progression of Ca2+ waves, 
graded Ca2+ release from the store and various local responses and sensitivities. We 
suggest that, rather than multiple stores, a single luminally-continuous store exists 
in which Ca2+ is in free diffusional equilibrium throughout. Regulation of Ca2+ 
release via IP3R and RyR by the local Ca2+ concentration within the stores explains 
the apparent existence of multiple stores and physiological processes such as graded 
Ca2+ release and Ca2+ waves. Close positioning of IP3R on the store with mitochon-
dria or with receptors on the plasma membrane creates ‘IP3 junctions’ to generate 
local responses on the luminally-continuous store.

Keywords Smooth muscle • Calcium signalling • Calcium stores • IP3 receptors • 
Ryanodine receptors • Quantal calcium release • Mitochondria

 Introduction

Ca2+ regulates several smooth muscle functions including contraction, proliferation 
and the changes in muscle performance that accompanies disease [1]. The character-
istics of the Ca2+ signal (e.g. the amplitude, duration, frequency and location) deter-
mine the nature of the biological response. A major Ca2+ source in smooth muscle is 
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an internal storage compartment which accumulates Ca2+ via  sarco/endoplasmic 
reticulum Ca2+-ATPases (SERCA). Ca2+ is released from the store into the cytoplasm 
via the ligand-gated channel/receptor complexes, the inositol trisphosphate (IP3R) 
and ryanodine receptors. Release of Ca2+ via IP3R is activated by IP3 generated in 
response to many G-protein or tyrosine kinase-linked receptor activators including 
drugs (Fig. 11.1). RyR may be activated pharmacologically (e.g. caffeine), by Ca2+ 
influx from outside the cell in the process of Ca2+-induced Ca2+ release (CICR), or 
when the stores’s Ca2+ content exceeds normal physiological values, i.e. in ‘store 
overload’ [2–6]. Activation of either receptor allows diffusion of Ca2+ from the store 
to increase the cytoplasmic Ca2+ concentration ([Ca2+]c) from the resting value of 
~100 nM to ~1 μM for many seconds throughout the cell and briefly (e.g. 100 ms) to 
much higher values (e.g. 50 μM) in small parts of the cytoplasm.

 Physiological Functions Proposed to Be Explained 
by the Structure of the Store

The amplitude and duration of the Ca2+ signal depends on the quantity of Ca2+ available 
for release, which is determined in large part by the structural arrangement of the store. 
The store appears as an interconnected network of tubules [7] with a single lumen in 
which Ca2+ is in free diffusional equilibrium throughout (Fig. 11.2) [e.g. 8, 9]. However, 
considerable controversy persists about the stores structural and functional continuity 
or discontinuity. Rather than a store with a single lumen, multiple separate smaller Ca2+ 
storage units may exist (Fig. 11.2) [e.g. 7, 10–12]. Although the structure is unresolved, 
the arrangement of the store is proposed to account for several characteristics of Ca2+ 

Fig. 11.1 Receptor activation and generation of IP3 and Ca2+ release. Muscarinic receptors 
(mAChR3), phospholipase C (PLC) and IP3R may be co-localized to create junctions in which IP3 
acts as a highly localized signal by being rapidly delivered to IP3R. PIP2, phosphatidylinositol 
4,5-bisphosphate; DAG diacylglycerol
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signals, such as the graded concentration- dependence of IP3-mediated Ca2+ release, the 
variation in sensitivity in different parts of the cell to generate local responses and the 
progression of Ca2+ signals through the cell. For example, while Ca2+ entry via voltage-
dependent Ca2+ channels generates quite uniform rises in Ca2+ (Fig. 11.3; [13, 14]), 
Ca2+ release from internal stores may generate complex patterns, such as travelling 
spatial gradients of Ca2+ (‘Ca2+ waves’; Fig. 11.3). For Ca2+ waves to progress through 
the cell, sequential activation of IP3R [13], by Ca2+ itself, occur in a repeating positive 
feedback CICR- like process [15, 16], i.e. Ca2+ release from one IP3R activates neigh-
bouring receptors to progress the wave. An explanation put forward to explain wave 
movement, rather than there being a persistent Ca2+ release at one site on the cell, is that 
store is arranged as several stores along the length of the cell, each with a limited 
amount of Ca2+. Each store is activated and depleted in turn (Fig. 11.4a).

A discontinuous structure of the store has also been proposed to explain the graded 
IP3 concentration-dependent Ca2+ release process [17, 18]. Low concentrations of IP3 
release only part of the overall available Ca2+ content of the store [17, 19–22]. As the IP3 
concentration increases, a further release of Ca2+ occurs [reviewed 23]. Such a graded 
release seems incompatible with the positive feedback CICR- like facility at IP3R [24], 
which would be anticipated to fully deplete the store when activated. To explain graded 
Ca2+ release, the store has been proposed to assemble in multiple separate units, each 
endowed with a finite Ca2+ storage capacity and sensitivity to IP3 (Fig. 11.4b). At any 
given concentration of IP3 only some stores will be activated to release Ca2+ [17, 18, 25] 
(Fig. 11.4b). This same feature of the store may also explain the reported variations in 
sensitivity different parts of the cell to IP3 [19, 26, 27].

 Structure of the Ca2+ Stores

There are several different RyR and IP3R arrangements which may exist on each of 
the proposed separate stores to explain the various experimental observations. 
Indeed, the Ca2+ stores have been classified on the arrangement of IP3R and RyR 
and proposals for one, two, or more, stores with a variety of complex receptor 

Luminally-con�nuous store

Mul�ple separate stores

Fig. 11.2 Arrangement of the store. The store may be a single luminally-continuous structure with 
Ca2+in free diffusional equilibrium throughout (top) or a series of multiple separate elements (bottom)
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arrangements have been made (Fig. 11.5). There may be multiple stores each con-
taining both IP3R and RyR [28–32], or there may be stores which contain only RyR 
and separate stores only IP3R [12, 28, 32–34] (e.g. basilar mesenteric or pulmonary 
arteries; Fig. 11.5i, ii). In other studies, there may be Ca2+ stores containing IP3R 
and RyR together on some stores along with other separate stores in the same cell 
with either IP3R alone (e.g. pulmonary artery and aorta [29, 35]; Fig. 11.5iii) or RyR 
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Fig. 11.3 Depolarization and IP3-evoked increases in [Ca2+]c. Depolarization (−70 mV to +10 mV; 
g), activated a voltage-dependent Ca2+ current (ICa; f) to evoke a relatively uniform rise in [Ca2+]c 
(b, d). In contrast, [Ca2+]c increases in response to and IP3-generating agonist began in one part of 
the cell and progressed from that site (b, d and expanded time base h). The [Ca2+]c images (b) are 
derived from the time points indicated by the corresponding numerals in c. [Ca2+]c changes in b are 
represented by colour; blue low and red/white high [Ca2+]c. Changes in the fluorescence ratio with 
time (d, h) are derived from 1 pixel lines (‘origin’ and regions 1–8 in a, right panel; drawn at a 
3 pixel width to facilitate visualization). (a) Left panel shows a bright field image of the cell; see 
also whole cell electrode (right side) and puffer pipette containing agonist (left side). The velocity 
of wave progression is shown in i for the data presented in (d, h). Summarized velocity data is 
presented (j n = 5). From McCarron et al. 2010 [13] with permission
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alone (e.g. mesenteric artery [30]; Fig. 11.5iv). Stores have also been differentiated 
by their sensitivity to the SERCA pump inhibitors cyclopiazonic acid (CPA) and 
thapsigargin. In A7r5 cells (a cell line derived from thoracic aorta tissue) there are 
stores containing RyR that are insensitive to thapsigargin and separate stores in the 
same cells (also with RyR) that are sensitive to thapsigargin [12]. In an alternative 
proposal for store arrangement in A7r5 cells, a thapsigargin-insensitive store with 
IP3R but not RyR may exist [36]. In murine bladder smooth muscle, three types of 
Ca2+ store are proposed: two sensitive to thapsigargin, one with IP3R and one with-
out, and a third store insensitive to IP3 and thapsigargin [37]. In tracheal myocytes 
three types of Ca2+ stores are proposed which were refilled by different pathways. 
Ca2+ influx through voltage-dependent Ca2+ channels and CPA sensitive pumps 
refilled 80 % of the IP3R-containing stores. The remaining 20 % were not refilled by 
CPA-sensitive pumps or Ca2+ influx through voltage-dependent Ca2+ channels and 

Fig. 11.4 Wave progression and store arrangement. (a) The store may function as a series of 
discontinuous compartments that are activated and depleted in turn to explain wave progression. 
(b) Separate stores with various sensitivities to IP3 are activated and depleted as the IP3 concentration 
(left-side) increases
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neither was the RyR-containing store. Instead, thapsigargin depleted the CPA/
voltage- dependent Ca2+ channels insensitive IP3R store fully and the RyR store by 
more than 50 % [38]. These differences in refilling mechanisms of the stores are 
proposed to demonstrate pharmacologically distinct Ca2+ stores which play an 
important role in the generation of Ca2+signals in airway smooth muscle cells [38].

Thus, data from various functional studies suggest there may be structural dis-
continuities in the store and that different types of receptor arrangements on those 
stores exist. Proposals for stores which contain only IP3R or RyR exist as do propos-
als for stores with RyR and IP3R together and in combination with additional sepa-
rate stores in the same cells containing only either IP3R or RyR. The questions arise, 
why is such a diversity of stores and receptor arrangement required and do func-
tional experiments unambiguously reveal structural discontinuities in the store?

 Methods Used to Investigate Stores May Create 
the Appearance of Multiple Stores

It could be the case that the experimental conditions used to investigate the stores 
may contribute to the diversity of proposals on arrangement. In native cells, methods 
for studying Ca2+ store subcompartments are limited. The main experimental 

Multiple separate store

IP R3

RyR

(i)

(ii)

(iii)

(iv)

Fig. 11.5 Arrangement of RyR and IP3R on the store(s). There may be store with RyR (blue) alone 
or IP3R (red) alone (i), or stores with both receptors (ii) or a combination of the two (iii, iv). 
Although the cartoon shows the different proposed store receptor arrangements in the same cell, 
the proposed stores have been described for different cell types
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approach is to define the structural organisation of the Ca2+ stores from functional 
(Ca2+ response) data. To do this, the store is depleted typically via one receptor 
(RyR or IP3R) by repeated activation with a single concentration of either IP3 or 
caffeine under conditions which prevent store refilling with Ca2+. After depletion 
via one receptor (e.g. RyR), whether or not Ca2+ is available to be released via the 
other receptor (e.g. IP3R) is then determined. If depletion via one receptor abolishes 
Ca2+ release from the other, the receptors are suggested to be co-localized on a sin-
gle store and access a common Ca2+ source. However, if depletion of the stores from 
one receptor leaves the other receptor’s response largely unaffected, the two chan-
nels are suggested to be localized on different stores. With this approach, some 
investigations (e.g. on portal vein and pulmonary artery) have shown a single store 
containing both RyR and IP3R, since depletion of the Ca2+ store by caffeine (which 
activates RyR) prevented IP3-mediated Ca2+ release [31, 32, 39, 40]. On the other 
hand, other studies on pulmonary artery have suggested there may be separate stores 
for each receptor since depletion of the RyR-containing store did not abolish agonist- 
evoked IP3-mediated Ca2+ release and vice versa [41]. In yet other studies (e.g. portal 
vein, pulmonary artery and taenia caeci), one store may express RyR and IP3R and 
other stores, in the same cell, only IP3R [11, 35, 42]. This conclusion came from the 
finding that depletion of the IP3R-containing store abolished Ca2+ release via RyR, 
while depletion of the RyR-containing store did not abolish Ca2+ release via IP3R. 
In further studies in other cell types (mesenteric artery) and in our own investigations 
in colonic smooth muscle [43], some stores may express both RyR and IP3R while 
others only RyR [30, 43]. In this case, depletion of the RyR- containing store 
abolished Ca2+ release via IP3R, while depletion of the IP3R- containing store did not 
abolish Ca2+ release via RyR—a result apparently consistent with there being a store 
which contained RyR alone.

However, in our own later experiments examining the structure of the store 
[44–46] we found unexpectedly that the entire store appeared to be a single 
luminally- continuous entity rather than a series of separate stores. In these later 
experiments, to examine luminal continuity, the store was depleted at one small site in 
the cell by repetitively applying IP3 to a small (10 μm) region under conditions pre-
venting store refilling. Even though only a small site in the cell was activated, the store 
depleted throughout the cell [44]. This result suggested that Ca2+ was in free diffu-
sional equilibrium in the store (Fig. 11.6) i.e. a luminally-continuous store. In keeping 
with these findings, the IP3-sensitive store also could be refilled from one small site on 
the cell (Fig. 11.7); a result suggesting there was a single store in which Ca2+ was able 
to diffuse freely throughout.

Depletion of the RyR-sensitive store at one site also depleted the entire store 
[44, 46]. In this case the RyR-containing store was depleted by attaching a pipette 
containing ryanodine to one small site of the cell to deplete the store there. Caffeine 
was applied to the entire cell. If the RyR containing store comprised separate ele-
ments, depletion of one aspect of the store should not affect the Ca2+ available to be 
released in another area of the store. However, caffeine-evoked Ca2+ transients 
decreased uniformly throughout the cell [44, 46] suggesting that ryanodine, acting 
at one part of the cell, had depleted the entire store i.e. a single luminally-continuous 
store exists.
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The question of whether there is a single store with luminal continuity or multiple 
stores has also been addressed in other cell types (HeLa, RBL, CHO) using a Ca2+ 
store-located green fluorescent protein (GFP) [47, 48]. Prolonged GFP photobleach-
ing in a small restricted region of the cell resulted in the disappearance of fluores-
cence throughout store, suggesting GFP could move freely around the store to be 
eventually photobleached. Short periods of photobleaching were followed by a 
rapid restoration of fluorescence by the diffusion of GFP from sites neighbouring 
the photobleached region [47, 49]. A single store with luminal continuity through-
out was also suggested by the diffusion of Ca2+ in pancreatic acinar cells [8]. 
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trode, left side) evoked Ca2+ transients (c). Results from photolysis site 1 are indicated by the 
magenta bar below the [Ca2+]c trace in c. When repositioned to photolysis site 2 (b; right hand 
panel) subsequent photolysis ~90 s later produced a [Ca2+]c increase (c). Photolysis site 2 is indi-
cated by the green line below the [Ca2+]c trace (c). In a Ca2+ free solution (containing EGTA (1 
mM) and MgCl2 (3 mM); blue bar above the [Ca2+]c trace) the [Ca2+]c increase evoked by IP3 at 
photolysis site 2 declined in amplitude as the store was depleted of Ca2+ (c). When the store content 
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c) IP3 was liberated by photolysis at site 1 (b). Again as at photolysis site 2 the response was now 
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gest that the SR is luminally- continuous and within it Ca2+ is freely diffusible. [Ca2+]c measure-
ments were made from a 5 μm diameter circle at the photolysis site. Thus when photolysis occurred 
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site 1. When photolysis occurred at photolysis site 2, [Ca2+]c measurements were made from a 5 
μm diameter circle at the photolysis site 2. (b, c) These results were original published in McCarron 
& Olson 2008 [44]
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The Ca2+ store in the apical region was refilled with Ca2+ originating from a pipette 
attached to the opposite side of the cell on the basolateral membrane [see also 9]. 
Together, these experiments suggest the store is a luminally-continuous entity in 
which Ca2+ can diffuse freely throughout. How then does the appearance of multiple 
stores [43] occur on a single luminally-continuous store structure?

 Complex RyR and IP3R Regulation Characteristics 
and Apparent Store Configuration

IP3R and RyR are each regulated by the Ca2+concentration within the lumen of the 
store (‘luminal Ca2+ regulation’) [4, 45]. As the luminal Ca2+ concentration increases 
so does the activity of the store release channels [3–6]. Conversely, the activity of 
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mV, locally-photolyzed IP3 (↑, c) in a 10 μm diameter region (bright spot in a left-hand panel; see 
also whole cell patch electrode (left side)) increased [Ca2+]c (b and c). The [Ca2+]c images (b) are 
derived from the time points indicated by the corresponding numbers in C. [Ca2+]c changes in b 
are represented by colour; blue low and red high [Ca2+]c A second photolysis of IP3 ~ 60 s later at 
the same site (c) generated an approximately comparable [Ca2+]c increase. In a Ca2+ free solution 
(containing 1 mM EGTA and 3 mM MgCl2; blue bar above the trace) the [Ca2+]c increase evoked 
by IP3 declined and was abolished as the store became depleted of Ca2+. When the Ca2+ containing 
patch electrode was subsequently sealed onto the cell in ‘cell-attached’ mode (a right hand panel; 
c red bar) there was no measurable increase in [Ca2+]c yet the Ca2+ increase to IP3 at the photolysis 
region (a) was subsequently restored partially (c). This result suggests that Ca2+ had diffused 
through the store lumen to replenish the store. The position of the region of [Ca2+]c measurement 
is shown as a white circle in a, center panel. These results were original published in McCarron 
& Olson 2008 [44]
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RyR and IP3R each decrease as the store Ca2+ content declines. Ca2+ release evoked 
by IP3 or caffeine may substantially decline or stop as the store content falls, even 
when this store retains a significant residual quantity of Ca2+. To examine this 
possibility, a series of experiments were carried out in which the store was depleted 
of Ca2+ (Fig. 11.8). When the store had been ‘depleted’, as revealed by the inhibition 
of response to IP3 or caffeine, the concentration of each activator was increased and 
a substantial Ca2+ release occurred [44]. These experiments suggest that after appar-
ent depletion the store retained significant quantities of Ca2+ and that residual Ca2+ 
is available for release with increased concentrations of IP3 or caffeine.

Interpreting the amplitude of a Ca2+ response to a single repeatedly applied con-
centration of either IP3 or caffeine as the store content declines is problematic as the 
amplitude of the response depends (1) on the position of the activator concentration 
on the concentration-response relationship curve and (2) the store luminal Ca2+ con-
centration. The absence of a response to a single concentration of IP3 or caffeine, 
therefore, may not reflect an absence of available Ca2+ within the store but rather 
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these increases declined to 12 % of their control value (i). However, after the substantial reduction 
in response to submaximal caffeine (1 mM; ii), caffeine (10 mM; iii) evoked a [Ca2+]c rise of 77 % 
of its control value. The break in the record is ~90 s in which a new data recording file was estab-
lished. These results were original published in McCarron & Olson 2008 [44]
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termination of channel activity by luminal regulation of the store release channels 
as the store Ca2+ content declines.

Luminal regulation may explain the appearance of multiple stores when pharma-
cological agents and functional data are used to define store subcompartments. Indeed, 
we reproduced data previously interpreted as various different store arrangements in a 
single smooth muscle cell type. For example, after depletion of the Ca2+ stores with 
caffeine and ryanodine, the response to IP3 disappeared (Fig. 11.9a). This result sug-
gest RyR and IP3R access a single Ca2+ pool. However, in the same cell type, after 
depletion of the Ca2+ stores with caffeine and ryanodine, when a higher concentration 
of IP3 (125 μM vs. 250 μM) was subsequently applied, a substantial Ca2+ increase 
occurred (Fig. 11.9b). This result suggests IP3R accesses a different Ca2+ pool from 
RyR. On the other hand, after the store had been apparently depleted of Ca2+ by IP3 
(at a concentration which produced a maximal response) a substantial response to 
caffeine persisted (Fig. 11.9c), suggesting there was a store which only contains RyR 
[30, 43]. In yet other experiments, in the same cell type, when the concentration of IP3 
used to deplete the store of Ca2+ was increased, no Ca2+ response to caffeine occurred 
i.e. the apparently separate stores for RyR disappeared (Fig. 11.9d).

Rather than there being various separate stores with different receptor arrange-
ments, these results suggests that partial depletion of the store terminates activity of 
the channels by luminal channel regulation by [Ca2+] within the store.

These results (Figs. 11.6, 11.8, 11.9) do not dispute the existence of multiple 
stores but suggest that care is required when interpreting results from functional 
data in terms of store structure. In some cells, multiple stores do exist unequivo-
cally. Different Ca2+concentrations have been measured in various regions of the 
store using recombinant aequorin [47], electron microscopic determination of Ca2+ 
content [50] or fluorescent indicators loaded into the cell [34], suggesting that dis-
continuities exist within the structures surrounding the lumen itself. The store [34] 
may adopt different configurations within the cell and components may even detach 
and reattach, so influencing the pattern and distribution of Ca2+ release channel [51]. 
In Purkinje neurons, for example, IP3R-expressing regions may separate off from 
other internal store elements [52]. Store compartments exist which accumulate and 
release Ca2+ but are luminally-discontinuous from the bulk of the store have been 
observed in cultured hippocampal dendrites [53]. Life cycle stage or prior experi-
mental conditions of the cell may influence the appearance of subcompartments. 
[Ca2+]c increases which persisted for at least 10 min, led to the breakdown of the 
Ca2+ store into subcompartments in rat basophilic leukaemia cells [49]. Store struc-
tural changes are also associated with fertilization and mitosis [54]. Fertilization 
leads to a reorganization of the store, measured as a slowing of the diffusion of 
membrane probes and luminal proteins, in sea urchin eggs [55, 56]. In mitosis, sig-
nificant Ca2+ store changes also occur, which include the structure itself fragmenting 
into subcompartments [57, 58].

Other structures within the cell such as Golgi, mitochondria, granules and the 
nucleus may also contribute to Ca2+ storage [59–63] and generate subregions which 
appear to have various Ca2+ concentrations, especially when lipophilic Ca2+ indicators 
are used to image the distribution of [Ca2+] through the cell.
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Fig. 11.9 Various apparent SR receptor arrangements. All the following experiments were per-
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Activation of RyR by caffeine (10 mM), in the continued presence of ryanodine, initially increased 
[Ca2+]c. A second application of caffeine to the same cell however some 90 s later, generated little 
increase in [Ca2+]c presumably because of SR store depletion; ryanodine’s effects on RyR require 
prior channel activation. The IP3 response was also subsequently inhibited (↑). Because the IP3-
evoked Ca2+ transient was not blocked by ryanodine alone (only after RyR activation with caf-
feine), IP3-mediated Ca2+ release did not activate RyR. IP3R and RyR may share a common Ca2+ 
store; this is depleted of Ca2+ by ryanodine, after activation of RyR by caffeine, to reduce the Ca2+ 
available for IP3-mediated Ca2+ release to occur. (b) IP3R accesses a separate Ca2+pool from RyR.
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 Graded Ca2+ Release, Ca2+ Waves and Local Ca2+ Events 
from a Luminally-Continuous Store

If the Ca2+ store in smooth muscle is indeed a single, luminally-continuous entity, 
how do the various physiological events (waves, graded release, local responses) 
previously explained with multiple separate stores occur?

Ca2+waves: Ca2+waves are the progressive movement of Ca2+ through the cell fol-
lowing Ca2+ release from the internal store. Using localized activation of IP3R, the 
forward movement of the Ca2+ wave was shown to arise from CICR at the IP3R [13, 
16]. The decline in [Ca2+]c—the back of the wave—occurred not because of depletion 
of separate stores but from a functional compartmentalization of the store which ren-
dered the site of IP3-mediated Ca2+ release—and only this site—refractory to IP3 after 
Ca2+ release . A localized feedback deactivation of IP3R produced by an increased 
[Ca2+]c caused the functional compartmentalization [16]. The deactivation of the IP3R 
was delayed in onset, compared with the time of the rise in [Ca2+]c and persisted 
(>30 s) even when [Ca2+]c had been restored to resting levels [13, 16]. This feedback 
deactivation ensures the wave’s progressive movement in a single direction [16].

Graded Ca2+release: There are several proposals for graded IP3-mediated Ca2+ 
release that do not require the presence of numerous stores with various sensitivities 
to IP3. Rather, at any given [IP3] the entire Ca2+ store is activated and releases a frac-
tion of its content, becoming partially depleted. Partial depletion may deactivate Ca2+ 
release [64, 65]. Raising the [IP3] reactivates IP3R to renew the Ca2+ release process. 
This proposal does not require multiple stores but a complex adaptive change in IP3R 
activity. Negative feedback processes operating either at the cytoplasmic or the lumi-
nal aspects of IP3R may explain the adaptive behaviour. In one proposal the binding 
of IP3 to IP3R may initially activate, then partially inactivate IP3R in a concentration-
dependent way to produce graded Ca2+ release [66–68]. To test this proposal we 
examined the time course of IP3R activation at a constant [IP3] but under conditions 
in which there was varying amplitude of Ca2+ release [45]. The latter was achieved 
by buffering the cytoplasmic Ca2+ concentration (BAPTA) or partial depletion of 
the store (Ca2+ free bath solution). If IP3 inactivated IP3R to prevent release, then at 

Fig. 11.9 (continued) Caffeine (1 mM; by pressure ejection, lower trace) evoked approximately 
reproducible increases in [Ca2+]c. IP3 (250 μM; ↑) also increased [Ca2+]c. Ryanodine (50 μM; open 
bar) inhibited caffeine-evoked [Ca2+]c increases by depletion of the SR. After the apparent deple-
tion of caffeine-sensitive Ca2+ store, IP3-evoked a substantial [Ca2+]c increase (in contrast to the 
results in a).(c) RyR accesses a different Ca2+pool from IP3R. Caffeine (10 mM) and photolyzed IP3 
(↑) increased [Ca2+]c. In a Ca2+ free solution (containing 1 mM EGTA and 3 mM MgCl2; blue bar 
above the trace) the IP3-evoked Ca2+ transient decrease as the store was depleted of Ca2+. Following 
depletion of the IP3-sensitive store, caffeine evoked a substantial Ca2+ transient. (d) RyR and IP3R 
access a single Ca2+pool. Caffeine (2 mM) and IP3 (125 μM) each evoked approximately reproduc-
ible increases in [Ca2+]c. Removal of external Ca2+ (and addition of 1 mM EGTA and 3 mM MgCl2; 
blue bar) reduced the IP3-evoked Ca2+ transient. Following depletion of the IP3-sensitive store, the 
caffeine-evoked [Ca2+]c transient was inhibited (in contrast to the results in c). Reintroduction of 
Ca2+ (red bar) restored the IP3- and caffeine-evoked Ca2+ transients towards control values. These 
results were original published in McCarron & Olson 2008 [44]
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constant [IP3], release should stop at approximately the same time regardless of the 
amplitude of the [Ca2+]c rise. However, as the amplitude of the [Ca2+]c rise declined 
(in either BAPTA or in Ca2+-free solution) the time course of release became more 
prolonged [45]. This result suggests that mechanisms other than IP3 inactivation of 
IP3R would appear responsible for terminating IP3-mediated Ca2+ release.

In another proposal, the sensitivity of IP3R to IP3 is controlled by the luminal 
[Ca2+] so that as the concentration of the ion within the store lumen falls so does IP3R 
activity [e.g. 65, 69]. For example, decreasing the store [Ca2+] to below 80 % of the 
steady-state level abolished IP3-mediated Ca2+release in rat uterine myoctes [70] 
[see also 65, 69]. However, it is unclear whether or not the control of IP3R activity by 
luminal Ca2+ operates over the store’s physiological Ca2+ concentration range. The 
threshold for luminal regulation to begin altering the activity of IP3R is depletion of 
the store by >70 % of the steady-state luminal Ca2+ concentration (500–600 μM; 
[71]) in HeLa cells. The store [Ca2+] must also be substantially depleted in hepato-
cytes (>45 or 95 %) [72, 73] and in A7r5 cells by >70 % [74] before IP3R sensitivity 
changes are detected. In each case, control of IP3R activity by Ca2+ binding to the 
luminal aspect of the receptor, is unlikely to explain ‘quantal’ Ca2+ release when store 
[Ca2+] exceeds 55, 5, or 30 % of the normal steady-state value respectively in these 
cells [72–74].

On the other hand, IP3R might not be controlled by luminal Ca2+ at all. Single 
channel IP3R activity, measured in planar lipid bilayers, increased when the [Ca2+] 
at the luminal aspect of the channel declined [75]. In the latter study a luminal [Ca2+] 
exceeding 1 mM inhibited IP3R activity [75] (see also [76]). In other studies in per-
meabilized cells (e.g. portal vein; [18] or hepatocytes; [77]), decreases in store 
[Ca2+] failed to reduce the sensitivity of IP3-mediated Ca2+ release or alter Ca2+ leak 
when pumps were blocked in permeabilized avian supraorbital nasal gland cells 
[78]. Together, these results suggest that regulation of IP3R by Ca2+ at the luminal 
aspect of the channel may, at best, operate over a limited range of store [Ca2+].

Our results (Fig. 11.8) [44–46] suggest that as the store content falls IP3R become 
less responsive to IP3. However, rather than luminal regulation being expressed 
from within the store at the luminal aspect of IP3R, detection of [Ca2+] within the 
store may lie at the cytoplasmic aspect of IP3R [45]. The Ca2+ current flowing 
through IP3R evokes further release by a positive feedback effect of the ion at the 
cytoplasmic aspect of the channel, i.e. a Ca2+-dependent positive feedback loop. 
Reduction of the store Ca2+ content reduces the Ca2+ current flowing through IP3R 
and will result in a falling positive feedback at the cytoplasmic aspect of IP3R until 
release eventually stops. Ca2+ release is renewed by an increased [IP3]. In this case, 
the co-incidental activation of several neighboring IP3Rs within a cluster offsets the 
declining IP3R Ca2+ current to renew positive feedback and Ca2+ release and accounts 
for graded IP3-mediated Ca2+ release.

Alternatively, the rise in cytoplasmic [Ca2+]c, which derives from the activity of 
IP3R, may itself inactivate the receptor [79–81]. However, if Ca2+-dependent inacti-
vation terminated release [16, 79] to explain the graded IP3-mediated Ca2+ release, 
the Ca2+ chelator BAPTA, would have been expected to have potentiated IP3-evoked 
[Ca2+]c increase; BAPTA decreased IP3-mediated Ca2+ release [45].
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Localized Ca2+responses IP3 is a rapidly diffusing messenger and IP3R are sub-
ject to positive feedback CICR on a single luminally-continuous entity, so how do 
highly-localized Ca2+ changes occur? In heart cells, the store is also a continuous 
network [82] in which Ca2+ can rapidly redistribute [83, 84] and positive feedback 
CICR occurs at RyR, yet highly localized Ca2+ release events occur. The highly 
localized responses arise in specialized domains formed by a junction of the store 
with the plasmalemma (‘peripheral couplings’) or the store and transverse 
(T)-tubules (‘Dyads’). A number of proteins accrue at these specialized store 
domains: the L-type channel dihydropyridine receptors of the plasmalemma and 
T-tubules; the RyRs of store; triadin and junctin, of the store membrane; and calse-
questrin (CSQ), the internal calcium binding protein [82]. The close coupling of 
dihydropyridine receptors and RyR provides control of Ca2+ release by Ca2+ influx. 
The quaternary complexes between triadin, junctin, RyR, and CSQ provides the 
luminal Ca2+ sensing capabilities that regulates RyR activity[85].

IP3-mediated Ca2+ signaling may also generate highly localized responses even 
though IP3 is a messenger that can diffuse quickly to evoke activity throughout the cell. 
To do this, certain receptors co-localize with IP3R to form a local signalling complex 
[86–89]. In cultured sympathetic neurons, although muscarinic and bradykinin recep-
tors each stimulate phospholipase C, only bradykinin receptors co- immunoprecipitate 
with, and activate, IP3R to evoke Ca2+ release [86]. The arrangement enables PLC 
activation by muscarinic and bradykinin receptors to evoke different cellular responses. 
In SH-SY5Y cells the positioning of IP3R near the plasma membrane provides a 
mechanism which may enable agonist activation, acting via IP3, to target specific 
types of cellular response i.e. by generating Ca2+ rises in specific regions of the cell 
[90]. The clustering of agonist-activated surface receptors in certain regions on the 
plasma membrane (e.g. the Escherichia coli chemotaxis receptor) may contribute fur-
ther, by providing areas with increased sensitivity to extracellular stimuli [91].

Smooth muscle also assembles IP3 Ca2+ release components into specialized Ca2+ 
domains [92] (Fig. 11.1). This conclusion came initially from the observation that Ca2+ 
waves, triggered by agonists applied to the entire cell, began consistently at the same 
site on successive activations in smooth muscle i.e. there appeared to be regions with 
preferential IP3-mediated Ca2+ release. Using centre of mass co- localization analysis of 
the distribution of the surface membrane receptors (for ACh) and IP3R, a small percent-
age (~10 %) of sites showed co-localization. Significantly, the extent of co-localization 
was greatest at the Ca2+ wave initiation site. At these sites of co-localization, wave 
initiation may arise from a preferential delivery of IP3 from mAChR3 activity to par-
ticular IP3R clusters to generate faster local [Ca2+]c increases. When the Ca2+ rise at the 
initiation site was rapidly and selectively attenuated (using photolysis of the caged Ca2+ 
buffer diazo-2) the Ca2+ wave shifted and initiated at a new site. Conversely, when a 
localized subthreshold ‘priming’ IP3 concentration was applied rapidly to regions dis-
tant from the initiation site, the wave initiation site shifted to the site of priming IP3 
release. These results indicate that Ca2+ waves initiate where the most rapid Ca2+ change 
occurs at sites in which there is a structural and functional coupling of ACh receptors 
and IP3R (Fig. 11.1). The coupling generates junctions in which IP3 acts as a highly 
localized signal by being rapidly and selectively delivered to IP3R.
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 Role of Mitochondria in Modulating Ca2+Signals

Away from the plasma membrane, IP3R activity in smooth muscle is also tightly 
regulated by mitochondria. Mitochondria have a well-developed Ca2+ uptake facility 
and may modulate bulk cytoplasmic Ca2+ signals [93–96] derived from Ca2+ entry 
and release [97]. Mitochondria also provide tight local control of Ca2+ release via 
IP3R [93, 94, 98] but Ca2+ influx via voltage-dependent Ca2+ channels or release via 
RyR appears to be less tightly controlled at a local level by mitochondria [93, 94].

Mitochondrial control of IP3R arises at IP3-mediated release sites. IP3-sensitive 
Ca2+ release initiates at discrete sites on the store that contain a few tens of IP3R 
from which the local increase in [Ca2+] is called a ‘puff’. Ca2+ puffs are spatially 
restricted events and of short duration but may interact and coalesce to generate a 
global release in Ca2+. Mitochondria are positioned close to IP3R and regulate activ-
ity of the channels [99]; inhibition of mitochondrial Ca2+ uptake attenuated the mag-
nitude of Ca2+ puffs [100]. Indeed mitochondrial Ca2+ uptake was rapid enough to 
influence Ca2+ communication within an IP3R cluster. Mitochondrial Ca2+ uptake 
appears to prevent the negative feedback effect of high [Ca2+]c on IP3R activity 
within a cluster to prolong Ca2+ release from the store [100]. As a consequence of 
the control at IP3R, mitochondrial Ca2+ uptake exerts a pronounced effect on IP3- 
mediated Ca2+ release throughout the cell [93, 94, 98, 101].

Mitochondria and IP3R appear to be close, and perhaps tethered, to allow 
mitochondrial Ca2+ uptake, ATP supply, ROS production and or redox/antioxidant 
control to influence IP3R activity. Conversely, mitochondrial division (required to 
maintain mitochondrial population health and allow cell proliferation) involves 
encircling of the dividing mitochondria by a store membrane tubule at the point of 
mitochondrial constriction [102]. During smooth muscle proliferation IP3R expres-
sion and activity are increased [103–105] and there is a marked switch in mitochon-
drial phenotype from stationary to highly motile [106]. Inhibiting either IP3R activity 
[104, 107] or mitochondrial motility and division [106, 108] inhibits smooth muscle 
proliferation. The interplay between mitochondria and IP3R in smooth muscle thus 
presents an interesting potential therapeutic avenue by which pathological smooth 
muscle proliferation in vascular disease may be targeted.
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    Chapter 12   
 Role of Mechanosensitive TRP Channels 
in Abnormal Vasculature of Tumors                     

     Holly     C.     Cappelli     ,     Roslin     J.     Thoppil     ,     Ravi     K.     Adapala     ,     J.     Gary     Meszaros     , 
    Sailaja     Paruchuri     , and     Charles     K.     Thodeti     

    Abstract     Solid tumors necessitate vascularization for metabolic support and 
metastasis, relying on the process of angiogenesis to form new blood vessels. 
However, the constant stimulation of endothelial cells from pro-angiogenic soluble 
factors and mechanical forces creates a tumor vasculature that is structurally and 
functionally abnormal. Most anti-angiogenic therapies have focused on targeting 
VEGF signaling to pursue the tumor vasculature. However, these anti-VEGF thera-
pies have been met with limited success in clinical trials. Hence, recent studies have 
started to investigate the role of mechanical signaling in tumor angiogenesis as it 
occurs in a mechanically dynamic environment. This chapter focuses on mechano-
sensitive ion channels that belong to the transient receptor potential (TRP) super-
family, with special emphasis on the role of TRPV4 in the endothelium, as well as 
deregulation of TRPV4 signaling within the tumor endothelium, and its potential as 
a target for normalization of tumor vasculature to improve cancer therapy.  

  Keywords     Angiogenesis   •   Calcium   •   Endothelial cells   •   Extracellular matrix   
•   Mechanotransduction   •   TRPV4   •   Tumor  

      Introduction 

 The oxygen and nutrient demands of solid  tumors   make them dependent on angio-
genesis for new blood vessels to grow and metastasize. However, the continuous 
needs of the tumor create vessels that are structurally and functionally abnormal 
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[ 1 ,  2 ] and result in a hypoxic environment due to insuffi cient delivery of nutrients 
and reduced waste clearance [ 3 ].  Tumor angiogenesis   is driven by numerous fac-
tors in attempts of sprouting new vessels [ 4 ] which include acidosis, infl ammatory 
cytokines, as well as the activation of oncogenes that occur at the cellular level, 
upstream of VEGF and other tumor  promoting hormones   [ 5 ,  6 ]. Importantly, the 
tumor  extracellular matrix   (ECM) becomes stiffer due to the release of plasma 
components through the leaky tumor vessels as well as dynamic remodeling of 
these components by tumor and stromal cells. Further, an increase in interstitial 
fl uid pressure in tumors creates  turbid blood fl ow      [ 7 ] impeding the delivery of 
cancer drugs. Together, these mechanical forces create an abnormal micromechan-
ical environment to which the tumor vasculature does not respond properly. 
Therefore, recent studies have started to target the mechanical aspects of the tumor 
microenvironment for cancer therapies, with specifi c interest on ion channels. The 
 transient receptor potential (TRP) family   of ion channels has already gained much 
attention in cancer, especially those that exhibit mechanosensitive properties. This 
chapter will cover the abnormal tumor vasculature, and aims to examine the role of 
mechanosensitive ion channels involved in the aberrant environment, with a spe-
cial focus on TRPV4.  

    Tumor  Vasculature   

 As with any organ, the endothelium can be subjected to dysfunction and failure. 
Such is the case of the tumor vasculature, the structure of which is controlled by 
irregular intrinsic and extrinsic factors. These abnormalities generate microvascula-
ture that contain regions of heterogeneity, with areas within the tumor being “hyper” 
or “hypo” vascular in both function and density [ 8 ,  9 ]. At the cellular level, pro- 
angiogenic factors generate the weakening of VE-cadherin-mediated endothelial 
cell (EC) junctions, which in turn distort the vessel wall structure and promote EC 
migration [ 10 ].  Pericytes   that cover the endothelium, generally create a stable and 
mature vascular network, but in tumors have been found reduced in number, and 
loosely attached to the EC, causing vessels to become immature and leaky. This 
effect is the result of increased growth factor signaling, such as  vascular endothelial 
growth factor (VEGF)  , which has been found to impede the adherence of pericytes 
to the surrounding endothelium [ 11 – 13 ]. Overall, these new vessels are not only 
tortuous and dilated, but lack structural support [ 8 ], endorsing dysfunctional blood 
vessels that promote  erratic blood fl ow   [ 8 ,  14 ] and hyper-permeability that allow 
protein and fl uid  extravasation   into the extracellular space, all of which increase 
matrix deposition [ 8 ]. Additionally, the growing tumor mass often times leads to the 
compression and eventual collapsing of the existing vessels, further diminishing 
blood supply and increasing hypoxic and acidic conditions within the tumor [ 8 ,  15 ]. 
Altogether, the structural and functional aberrations of the tumor vasculature are 
prompted by the persistent needs of the tumor cells to vascularize and the constant 
stimulation of angiogenesis.  
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    Tumor  Angiogenesis   

 The progression of solid tumors relies heavily on angiogenesis and requires the 
endothelium to switch from a quiescent, or resting, phenotype to one that is more 
invasive, termed the “ angiogenic switch  ”[ 16 ]. To begin this process, the basement 
membrane must be injured or wounded, triggering destruction and hypoxia of the 
surrounding tissue.  Pro-angiogenic factors   are released to stimulate EC to migrate, 
proliferate, and stabilize. However, in tumor angiogenesis, not only are pro- 
angiogenic factors up-regulated, but angiogenic inhibitors must be down-regulated 
to maintain adequate stimulation of angiogenesis [ 17 ]. Overall, the local equilib-
rium of the tumor microenvironment is unbalanced, and considering the abnormali-
ties of the tumor vasculature, makes it pertinent to address the complexities 
associated with tumor EC (TEC) themselves.  

     Tumor Endothelial Cells (TEC)   

 Altogether, the structural and functional aberrations of the tumor vasculature pro-
mote drastic genetic and morphological changes within the cells [ 18 ]. These factors 
can then generate tumor cells that demonstrate a more hostile phenotype with poten-
tial for metastasis [ 19 ]. It is now known to a large extent that the tumor endothelium 
is defective, with TEC showing distinct irregularities with respect to shape and size 
when compared to  normal endothelial cells (NEC).   These cells tend to have long 
cytoplasmic projections that can extend across the lumen, with the tips of some TEC 
protruding into the lumen, creating intercellular gaps within the vessel wall that 
most often result in the leakage or pooling of blood [ 20 ]. 

    At the molecular level, the tumor endothelium, unlike the normal endothelium, 
express a host of genes, recently identifi ed as transmembrane proteins called  tumor 
endothelial markers (TEM)   [ 21 ,  22 ]. In-depth studies on TEC isolated from different 
carcinomas, show that these cells do not undergo senescence, are resistant to serum 
starvation and apoptosis, and are structurally abnormal compared to NEC. TEC iso-
lated from mouse xenograft tumors were found to have variable DNA content, not 
only between its normal counterpart cell types, but between individual cells as well, 
indicating the existence of heterogeneity within TEC. These cells have larger nuclei 
and exhibit characteristic cytogenic and structural abnormalities, such as  aneuploidy   
and chromosomal aberrations including deletions, non-reciprocal translocations, 
and abnormal centrosomes [ 23 – 26 ]. Furthermore, TEC isolated from mouse pros-
tate tumors were found to express both hematopoietic and mesenchymal stem cell 
markers, verifying the heterogeneity of these cells. Additionally, it was found that 
these cells were also able to undergo unusual mesenchymal differentiation into car-
tilage and bone-like tissues in conditioned medium, confi rming the ability of TEC to 
adapt to their surrounding environment [ 27 ]. Based on these studies, it can be inter-
preted that the cellular and molecular aberrations of TEC can invariably contribute 
to the abnormal angiogenic process and ultimately tumor growth and metastasis. 
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However, when grown in defi ned endothelial medium, TEC (derived from mouse 
prostate tumors) express endothelial markers and show morphological features 
similar to NEC [ 27 ]. Interestingly, we have demonstrated that TEC show aberrant 
mechanosensing and abnormal angiogenesis  in vitro , suggesting deregulation of 
mechanosensing mechanisms in these cells [ 28 ]. A fascinating question, that has yet 
to be considerably studied, pertains to the origin of these TEC. A variety of studies 
[ 29 ,  30 ] have highlighted that the source is from stem-cell tumor cells, to “circulat-
ing CD34 + /VEGFR-2 +  endothelial progenitor cells”; however, there has been lim-
ited progress in conclusively identifying the source of these cells, making it diffi cult 
 to   develop any specifi c targets as part of an anti-angiogenic strategy.  

    Current Approaches to Target Tumor  Angiogenesis   

 Since fi rst described by Dr. Folkman [ 3 ], the concept of angiogenesis and anti- 
angiogenic therapies has revolutionized the way cancer has been studied and clini-
cally treated. Inhibition of angiogenic activators such  as   VEGF,  placental growth 
factor (PIGF)  ,  fi broblast growth factor (FGF)   [ 31 ] and associated growth factor sig-
naling mechanisms, have provided new avenues in successfully treating as well as 
studying tumor angiogenesis. Anti-VEGF therapies, including anti-VEGF neutral-
izing monoclonal antibodies and  receptor tyrosine kinase inhibitors (RTKIs)  , dom-
inate current approaches in treating malignant tumors [ 32 ,  33 ], initially achieving 
great success. One such study found that treating patients of metastatic colorectal 
cancer with anti-VEGF antibody,  Bevacizumab  , in combination with systemic che-
motherapy, increased patient survival [ 34 ], which was later attributed to tumor ‘vas-
cular normalization.’ The principle of vascular  normalization   seeks to restore the 
balance of angiogenic factors within the tumor microenvironment to regulate vessel 
growth and maturity [ 8 ,  35 ]. This allows for improved delivery of chemotherapeutic 
agents by reestablishing a more normal vascular network. While anti-VEGF- 
mediated approaches hold promise, it has a narrow window in terms of the transient 
nature of the resulting ‘normal’ vessel. Furthermore, these growth factor mediated 
therapies have become redundant, ineffective, and in some instances, detrimental to 
the treatment of cancer, owing to inherent or acquired drug resistance, the potential 
for metastatic capability, and the general absence of predictive markers to monitor 
tumor responses in select patient populations [ 36 ]. These fi ndings were further sub-
stantiated in a recent fi nding that demonstrated a rapid decrease in delivery of che-
motherapy to the tumor after anti-VEGF therapy in  non-small cell lung cancer 
(NSCLC)   patients using PET imaging [ 37 ]. 

 Limitations in targeting soluble factors have led to the idea that other factors, 
such as mechanical forces, may be contributing to the abnormal tumor vasculature. 
In fact, defects in mechanotransduction, the conversion of mechanical forces into 
biochemical signals, have been reported as the basis of diverse pathological condi-
tions [ 38 ,  39 ]. A number of studies have also described a balance of underlying 
mechanical forces as driving factors in sensitizing capillary EC to angiogenic 
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growth factors, to form functional networks of blood vessels. Furthermore, EC are 
exposed and respond to mechanical forces such as shear stress and cyclic strain 
imposed by blood fl ow. In fact, it was postulated that local micromechanical forces 
modulate the endothelial response to growth factors [ 40 ]. One of the fastest 
responses of EC to mechanical forces is Ca 2+  infl ux through mechanosensitive ion 
channels. Ion channels have already been the subject of various reviews, as they 
have recently been found up-regulated/down-regulated or simply dysfunctional in 
different pathological diseases. However, the role of mechanosensitive ion channels 
in physiological or pathological angiogenesis is largely unknown. Thus, targeting 
ion channels in the mechanically dynamic  tumor   microenvironment may lead to 
novel therapies among the abnormal tumor vasculature.  

    TRP Channels 

    The onset of neovascularization and subsequent tumor progression is associated 
with the generation of cell populations that differ phenotypically, which often arise 
from a deregulation of key signaling pathways and mutations or deletion of several 
proteins. Transient receptor potential (TRP) channels represent a superfamily of 
proteins that have, over the years, been understood to affect or be affected by a vari-
ety of pathological conditions, including cancer. In addition to the transcriptional 
regulation of TRPs by hormones and growth factors produced by the tumor micro-
environment, alternative splicing of genes leads to the generation of protein iso-
forms with altered functions and variations in subcellular localization. Such effects 
have been documented in diverse tumor types where a decrease in Ca 2+  infl ux may 
be attributed to decreased expression of TRP channels [ 41 ]. 

    A growing body of evidence has identifi ed members of the TRP family, mainly 
members of TRPC (canonical), TRPM (melastatin) and TRPV (vanilloid), as key 
regulators of mechanotransduction [ 42 – 45 ]. TRP channels have a profound effect 
on EC function, and any dysregulation of these channels can result in EC dysfunc-
tion [ 46 ]. Because TRP channels are found in the plasma membrane, they are easily 
and directly accessible to the blood stream, which make these channels potential 
molecular targets when vascular diseases arise. Below, we specifi cally describe 
mechanosensitive TRP channels expressed in the endothelium, most of which are 
involved in a variety of cancers. Although we have tried to incorporate all relevant 
studies of these channels in tumor angiogenesis, much of this fi eld remains vastly 
unexplored, with potential to investigate new targets. 

       TRPC 

  TRP canonical channels (TRPC),   the founding member of the TRPs, are made up of 
seven family members (1–7) that are expressed in the endothelium [ 47 ], as well as 
the surrounding smooth muscle cells [ 48 ]. TRPC channels support endothelial 
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function such as vascular regulation, permeability, and the endothelial-derived nitric 
oxide (NO) mediated vasorelaxation of smooth muscle cells. While all of these 
essential functions may be necessary for the angiogenic process, TRPC1 and 
TRPC6 have been implicated in mediating mechanotransduction. Studies propose 
TRPC1 is a stretch-activated channel while others have confi rmed TRPC6 is acti-
vated by pressure as well as osmotically or mechanically induced plasma membrane 
stretch [ 47 ]. While the role of TRPC1 in angiogenesis has been confi rmed, most of 
the evidence suggests that the mechanosensitive properties may not be obligatory, 
but that TRPC1 may act alongside other TRPC channels to carry out mechanotrans-
duction. Additionally, TRPC1 and TRPC6 have been found to respond to infl amma-
tory agonists resulting in EC cell shape changes [ 49 ,  50 ]. TRPC6 has also been 
found in  human pulmonary arterial endothelial cells (HPAEC)   to control endothe-
lial contraction, cell shape, and permeability [ 49 ,  51 ]. In regards to the cancer envi-
ronment, many TRPC channels have been found to exist among several different 
types of cancer tissue, including breast cancer [ 52 ], ovarian cancer [ 53 ,  54 ], hepa-
toma [ 55 ], prostate cancer [ 56 ], basal cell carcinoma [ 57 ], renal cell carcinoma [ 58 ], 
   malignant gliomas [ 59 ], glioblastoma [ 60 ], gastric tumors [ 61 ], and lung cancer 
[ 62 ]. However, there have not been any studies to date that suggest TRPC channels 
are directly involved in the tumor  vasculature  .  

       TRPM 

  TRP melastatin channels (TRPM)   are the largest and most diverse among the TRP 
superfamily. Made up of eight family members (1–8), these channels are widely 
expressed in endothelial cells and vascular smooth muscle [ 47 ], making them 
important for normal vascular function. When it comes to vascular mechanosens-
ing, both TRPM4 and TRPM7 have been found to contribute to mechanotransduc-
tion. In cerebral artery myocytes, TRPM4 is activated by membrane stretch [ 63 ] and 
in cerebral artery smooth muscle cells, take part in mediating membrane depolari-
zation and myogenic vascular tone [ 64 ]. Furthermore, some studies have suggested 
that TRPM4 activation by stretch may be secondary to Ca 2+  responses [ 63 – 65 ]. 
Additionally, TRPM7, which acts as an ion channel and a functional kinase, can be 
activated by cell stretch and swelling to carry out mechanotransduction [ 66 ]. 
TRPM7 is highly permeable to Mg 2+ , which contributes to the role TRPM7 plays in 
angiogenesis and vascular remodeling due to the diverse effect of Mg 2+  on EC func-
tion [ 67 ]. Pathologically, some studies suggest that TRPM4 may be involved in 
decreased NO production [ 68 ], while TRPM7 plays a role in angiogenesis and oxi-
dative stress induced cell death [ 47 ,  69 ]. Recent TRPM7 studies in ovarian cancer 
have found that TRPM7 is needed for cancer cell growth, migration, and invasion 
[ 70 ], but TRPM4 nor TRPM7 channels have been found to affect  the   tumor 
 endothelium  .  
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          TRPP and TRPA 

 The  TRP polycystin (TRPP)   ion channel family is well known in  polycystic kidney 
disease (PKD)   [ 71 ]. Expressed ubiquitously among vertebrates, these channels are 
involved in mechanotransduction due to TRPP1 and TRPP2 channel activation by 
shear stress [ 47 ]. These channels are important for fl ow-induced vascular response 
and NO production [ 47 ,  72 ]. 

 TRPA1 is the only mammalian member to belong to the TRP ankyrin (TRPA)    
family. Although predominately expressed in nociceptive neurons of the peripheral 
ganglia and the mechanosensory epithelium of the inner ear [ 73 ], this mechanosen-
sitive ion channel has recently been found expressed in the endothelium as well as 
the surrounding perivascular cells in cerebral circulation [ 74 ]. Overall, TRPA1 
mainly plays a role in nociception [ 75 ], mechanotransduction [ 76 ], and thermal 
[ 77 ], and oxygen sensing [ 78 ]. The only studies of TRPA1 in the endothelium were 
performed by Earley and colleagues [ 79 ], which found activated TRPA1 stimulated 
endothelium-dependent smooth muscle cell hyperpolarization and vasodilation. 
Pathologically, TRPA1 is involved in acute and chronic pain and possibly  chronic 
infl ammatory diseases  , and only few studies have been performed in regards to 
TRPA1 in cancer [ 80 ,  81 ].  

       TRPV1 

 The  TRP vanilloid (TRPV) family   of channels has received the most attention in 
regards to mechanotransduction in the vasculature, specifi cally TRPV1 and TRPV4, 
both of which are expressed in the endothelium [ 47 ]. The fi rst family member, 
TRPV1, is activated by capsaicin [ 82 ], anandamide, arachidonic acid (AA) [ 83 ], 
PIP2 hydrolysis [ 84 ], acidity, and noxious heat (T > 43 °C) [ 82 ], and is important for 
NO production and endothelium-dependent vascular relaxation [ 85 ,  86 ]. TRPV1 
has been implicated to mediate the later stages of angiogenesis from various studies. 
In  human umbilical vascular EC (HUVEC)  , TRPV1 activation inhibits VEGF- 
induced proliferation, DNA synthesis, and capillary-like tube formation. 
Additionally, activation of TRPV1 via capsaicin also inhibited VEGF-induced ves-
sel formation and vessel sprouting in mouse Matrigel plug and rat aortic ring assays, 
respectively [ 87 ]. When it comes to mechanosensation, TRPV1 was originally dis-
covered to take part in infl ammatory thermal hyperalgesia, nociception, and pain 
sensation [ 88 ,  89 ].    TRPV1 expression has been found altered in cancers of the pros-
tate [ 90 ,  91 ], colon, pancreas [ 92 ,  93 ], and bladder. Expression is increased in all of 
these except bladder cancer, in which the cancerous urothelium causes a decrease in 
TRPV1 due to cells becoming more de-differentiated as the carcinoma cells prog-
ress to a more aggressive state [ 92 ]. Moreover, TRPV1 in cancer has been often 
associated with pain, especially due to TRPV1 expression in neurons [ 94 ]. These 
fi ndings make TRPV1 a good target for pharmacological inhibition of cancer pain 
in several types of  cancers  .  
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     TRPV4  : A Novel Target for Cancer Therapy 

    In recent years, TRPV4 has emerged as a widely accepted mechanosensor, contrib-
uting signifi cantly to the process of mechanotransduction. TRPV4 is a non-specifi c 
Ca 2+  permeable channel activated by a variety of physical and chemical stimuli such 
as temperature, hypotonicity, phorbol esters, endocannabinoids, arachidonic acid 
(AA), and epoxy eicosatrienoic acids (EETs) [ 95 – 97 ]. The TRPV4 protein is com-
posed of a cytosolic N-terminal region, six transmembrane domains including the 
pore region, and an intracellular C-terminal tail (Fig.  12.1 ). The N-terminal region 
contains the ankyrin repeat domains (ARD)   , which consists of six  ankyrin repeats 
(ANK)   (ANK1–6) [ 98 ,  99 ]. A  proline-rich domain (PRD)   has been implicated in 
the mechanosensitivity of the TRPV4 channel, preceding the fi rst ankyrin repeat. 
Within this PRD,    proline residues at positions 142, 143, and 144, interact with pac-
sin 3, a protein implicated in vesicular membrane transport, endocytosis, and cyto-
skeleton reorganization [ 100 ,  101 ]. The TRPV4 C-terminal tail contains additional 
functional domains such as a TRP box, a calmodulin-binding site, and a binding site 
for cytoskeletal proteins such as MAP7, actin,  and   tubulin [ 102 ,  103 ].

   TRPV4 is ubiquitously expressed among various tissues including lung, liver, 
heart, trachea, and the vascular endothelium [ 104 – 107 ]. Structurally similar to the 
 osm-9  gene found in   Caenorhabditis elegans   , mammalian TRPV4 is thought to 

  Fig. 12.1    Schematic of the structure of the mechanosensitive ion channel TRPV4. The TRPV4 
channel is a tetramer and each subunit is composed of a cytosolic N-terminal region and six trans-
membrane domains, including the pore region, and an intracellular C-terminal tail. The N-terminal 
region contains the  ankyrin repeat domain (ARD)  , which consists of six ankyrin repeats       
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share functional properties in mechanosensation. Previous studies found that when 
 human embryonic kidney (HEK)   293 cells transfected with TRPV4 were exposed 
to shear stress, the increase in intracellular Ca 2+  was due to TRPV4 activation, 
which was inhibited by TRPV antagonist, ruthenium red [ 108 ]. Liedtke et al. [ 109 ] 
found that sensory neurons in  C. elegans  responded to osmotic and mechanical 
stimuli via TRPV4 channels, providing  in vivo  support of the mechanosensitive 
properties of TRPV4. The fi rst evidence indicating TRPV4 as a mechanosensor in 
the endothelium was reported by Kohler and coworkers [ 110 ], where they showed 
that shear stress-induced Ca 2+  infl ux and vasodilation were mediated by TRPV4, 
which was confi rmed by their later study using TRPV4-null mice [ 111 ]. A separate 
study has also revealed that TRPV4-mediated Ca 2+  infl ux is critical for fl ow-induced 
release of mitochondrial  reactive oxygen species (ROS)   and vasodilation in human 
coronary arteries [ 112 ]. We and others have reported that TRPV4-dependent Ca 2+  
infl ux plays critical role in agonist (acetylcholine)-induced vasodilation [ 74 ,  113 , 
 114 ]. Together, these studies demonstrate that TRPV4 plays an important role in the 
mechanical force and agonist-induced regulation of vascular tone. TRPV4 also 
plays a role in lung microvascular EC in which elevated lung hydrostatic pressures 
caused EC Ca 2+  infl ux, an increase in vascular permeability and lung edema; these 
effects were abolished upon treatment with TRPV4 inhibitors and in TRPV4KO 
mice [ 106 ,  115 ]. 

    Although the role of TRPV4 as a mechanosensor has been confi rmed in the 
endothelium and other tissue and organ systems, the molecular mechanisms by 
which TRPV4 transduces mechanical signals is not well known. Both cell and 
ECM-generated mechanical forces have been critical signals that dictate normal 
vessel growth and patterning [ 40 ,  116 ,  117 ]. A critical event that takes place during 
neovascularization involves the directional migration of EC towards angiogenic 
stimuli, characterized by the realignment of the actin cytoskeleton and EC reorien-
tation. Endothelial cells have been shown to reorient perpendicular to the direction 
of cyclic strain; but align parallel to fl ow in response to  shear stress   [ 118 ]. This reo-
rientation response of EC to cyclic strain was found to be regulated by stretch- 
activated (SA) channels [ 119 ], however the specifi c identity of the SA channel or 
molecular mechanism(s) underlying this reorientation response is not known. 

 We set out to investigate the precise stretch-activated Ca 2+  channel involved in 
regulating EC reorientation and our studies revealed that mechanical strain applied 
to integrins resulted in a rapid infl ux of Ca 2+  via TRPV4 in EC. We further identifi ed 
TRPV4 channels as the specifi c SA channel that mediates integrin-to-integrin sig-
naling required for the cyclic strain-induced reorientation of EC [ 120 ] (Fig.  12.2 ). 
Specifi cally, we demonstrated that cyclic strain-induced TRPV4-mediated Ca 2+  
infl ux activates PI3K which in turn stimulates the activation of additional β1 integ-
rins that may regulate Rho/Rac signaling required for the reorganization of the actin 
cytoskeleton and EC reorientation (Fig.  12.3 ). We further showed that mechanical 
strain application on β1 integrins activates TRPV4 through its interaction with a 
transmembrane CD98 protein, located in focal adhesions [ 121 ]. Based on these 
fi ndings, we postulated that the transfer of mechanical force between cell surface 
molecules (β1 integrins, CD98 and TRPV4) localizes mechanotransduction almost 
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instantaneously within focal adhesions [ 121 ] and may regulate many complex cell 
and tissue behaviors.  The   importance of TRPV4 as a mechanosensor in EC was fur-
ther validated when we demonstrated that a siRNA-mediated knockdown of 
TRPV4 in EC resulted in the failure of these cells to reorient perpendicular to the 
direction of applied cyclic strain [ 120 ] (Fig.  12.2d ). To our surprise, when tumor- 
derived endothelial cells (TEC)    were exposed to cyclic strain, these cells failed to 
reorient [ 28 ]. This aberrant mechanosensitive response exhibited by TEC was also 
found manifested in cell-spreading experiments. These cells exhibited uncontrolled 
spreading on ECM substrates of increasing rigidity (such as within a tumor), as 
opposed to NEC that stopped spreading at the highest stiffness. Further,  in vitro  
angiogenesis assays revealed that TEC exhibited abnormal angiogenic behavior 
which was demonstrated to be mediated by high basal active-Rho and Rho-kinase 
(ROCK) [ 28 ].

  Fig. 12.2     TRPV4   channels mediate cyclic strain-induced endothelial cell reorientation. ( a ) 
Fluorescence images of endothelial cells (EC) subjected to 0 or 10 % uniaxial cyclic strain (2 h, 1 
Hz). Cells were cultured on fi bronectin-coated fl exible silicone membranes, fi xed, and stained with 
Alexa488-phalloidin to visualize actin stress fi bers.  Arrow  indicates the direction of applied strain. 
Scale bar: 25 μm. ( b ) Quantifi cation of cell alignment in control and strain exposed cells as the 
percentage of cells oriented 90 ± 30° (aligned) relative to the direction of applied strain ( p  < 0.0006); 
error bars indicated S.E.M. ( c ) Immunofl uorescence images of EC subjected to 0 or 10 % uniaxial 
cyclic strain. Cells were stained for vinculin ( green ) and actin stress fi bers ( magenta ) to show that 
application of strain causes enhanced recruitment of vinculin to large focal adhesions, that co- 
localize with the ends of reinforced stress fi bers (shown in  white ). Scale bar: 25 μm. ( d ) siRNA 
knockdown of TRPV4 signifi cantly inhibited cyclic strain-induced EC reorientation, compared to 
siRNA knockdown of TRPV2 or TRPC1. The quantifi cation of cell alignment was measured as the 
percentage of cells oriented 90 ± 30° (aligned) relative to the direction of applied strain in control 
( white bars ) and strain exposed ( black bars ) in human EC. (* p  < 0.0025) (reprinted from Thodeti 
et al.,  Circ. Res.  104:1123–1130, 2009; Fig. 1 and Fig. 6D [ 120 ])       
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    Since TEC failed to reorient to applied cyclic strain, a phenomenon reminiscent 
to  NEC   subjected to siRNA-mediated TRPV4 silencing, we postulated that aberrant 
mechanosensitivity in TEC may be caused by altered TRPV4-dependent signaling. 
Indeed, our recent work has demonstrated that TRPV4 expression and function are 
impaired in TEC [ 122 ]. Specifi cally, we found a signifi cant reduction in TRPV4 
expression (~40 %), while functional assays revealed a 40–50 % decrease in Ca 2+  
infl ux in TEC when stimulated with specifi c TRPV4 agonists, GSK1016790A 
(GSK) and 4α-PDD (Fig.  12.4 ). An important downstream consequence of tumor 
growth is an increase in matrix rigidity, owing to the leakage of plasma components 
from highly permeable blood vessels, and increased synthesis/degradation of matrix 
components [ 123 ]. This increase in ECM stiffness has been shown to infl uence TEC 
spreading, migration, and tube formation. Because we have previously shown that 
TEC display abnormal mechanosensitivity to substrate stiffness [ 28 ], and TRPV4 
was found functionally impaired, we overexpressed TRPV4 to determine whether 
we could restore TEC mechanosensitivity towards varying ECM rigidity. We found 
that overexpression of TRPV4 reduced the abnormal spreading exhibited by TEC 

  Fig. 12.3     TRPV4   mediated mechanotransduction in endothelial cells. A schematic model show-
ing TRPV4-dependent mechanical signaling in normal endothelial cells. Application of mechani-
cal force (cyclic stretch or ECM stiffness) to integrins activates ultra-rapid calcium infl ux through 
TRPV4 via interaction with a transmembrane protein CD98. The released Ca 2+  activates additional 
integrins via PI3K. This integrin-to-integrin signaling may further regulate downstream Rho/Rac 
pathways necessary for reorganization of the actin cytoskeleton and reorientation of EC [ 120 ]       
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on the highest stiffness gelatin gels (2 kPa; comparable to the stiffness of tumors). 
The ability of cells to migrate is reliant on the mechanosensing effi ciency of the cell 
in response to ECM rigidity, which is an important step in the angiogenic process 
[ 124 ]. We therefore investigated the migratory ability of TEC and found that these 
cells exhibit abnormal migration (40 μm/h); and restoring TRPV4-dependent mech-
anosensitivity normalized TEC migration consistent with the migration of NEC (10 
μm/h). Additionally, overexpression of TRPV4 in TEC was able to decrease the 
high basal Rho activity previously observed [ 28 ], as well as normalize the abnormal 
angiogenesis exhibited in both 2D and 3D  in vitro  angiogenesis assays. We further 
demonstrated that these effects were similarly achieved by modulating TRPV4 
activity pharmacologically using a specifi c TRPV4 activator,    GSK1016790A. These 
fi ndings suggest that TRPV4 signaling regulates tumor angiogenesis via Rho- 
dependent mechanosensing mechanisms. Finally, to determine the functional role 
of TRPV4 in tumor angiogenesis  in vivo , we induced syngeneic tumors in TRPV4KO 
mice by subcutaneously injecting LLC (mouse Lewis Lung Carcinoma) cells. 
Tumor growth and angiogenesis was signifi cantly enhanced in TRPV4KO mice 
compared to WT mice. Immunohistochemical analysis of tumor sections obtained 
from TRPV4KO tumors revealed the vessels were immature, i.e. large vessels with 
decreased pericyte coverage. Further, TRITC-dextran perfusion experiments con-
fi rmed that these vessels were leaky, as the dextran fl uorescence was enhanced in 
the tumor tissue in TRPV4KO mice compared to WT mice.    Notably, these fi ndings 
suggest that TRPV4 is critical for maintaining vessel structure and integrity and that 
absence of TRPV4 not only increases tumor  angiogenesis   but also inhibits vessel 
maturity.

   Thus, our study has not only provided a unique role for the mechanosensitive 
TRPV4 channel in the tumor vasculature, but opens up an uncharted therapeutic 
target in vascular normalization strategies. Specifi cally we have demonstrated 
TRPV4 activation with GSK1016790A normalized tumor vasculature (increased 
pericyte coverage) and reduced tumor growth when given in combination with the 
anti-cancer drug Cisplatin, but not alone. These fi ndings suggest that normalization 
of tumor vasculature by TRPV4 activation may have improved the delivery of 
Cisplatin and reduced tumor growth (Fig.  12.5 ). Thus, our work is the fi rst to study 
the functional signifi cance of TRPV4 in tumor angiogenesis  in vitro  and  in vivo  and 
identify a novel role for TRPV4 in the regulation of tumor vessel growth and 
maturity.

        Conclusion and Perspectives 

 The neovascularization of solid tumors create dysfunctional endothelium, generat-
ing a microenvironment in which the vasculature becomes heterogeneous and 
erratic blood fl ow ensues. This ultimately affects the delivery and effi cacy of sys-
temically administered agents. Although endothelial cells are generally heteroge-
neous, they are commonly regulated by many soluble, membrane-bound, and 
mechanical factors, including ion channels. Because most ion channels are found in 
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  Fig. 12.4    Expression and function of TRPV4 channels in normal and tumor endothelial cells. ( a ) 
Western blot showing TRPV4 protein expression in normal (NEC) and tumor-derived endothelial 
cells (TEC).    ( b ) Densitometric analysis of the Western blots showing signifi cant (p ≤ 0.05) reduc-
tion in TRPV4 expression in TEC compared to NEC. ( c ) Relative changes in cytosolic calcium in 
response to a selective TRPV4 agonist, GSK1016790A (100 nM) in Fluo-4 loaded NEC and TEC. 
 Arrow  denotes the time when the cells were stimulated with the TRPV4 agonist. ( d ) Quantitative 
analysis of cytosolic calcium infl ux induced by GSK1016790A in NEC and TEC. (F/F0 = ratio of 
normalized Fluo-4 fl uorescence intensity relative to time 0). The results shown are mean ± SEM 
from three independent experiments. The signifi cance was set at p ≤ 0.05 (reprinted from Adapala 
et al.,  Oncogene  2016; 35:314–22 [ 122 ])       

  Fig. 12.5     TRPV4   activation normalizes tumor vasculature enhancing chemotherapeutic drug 
delivery. The tumor vasculature is characterized by tortuous, hyper-permeable, and poorly per-
fused vessels surrounded by varying regions of hypoxia and normoxia. The treatment with a spe-
cifi c small molecular activator of TRPV4, GSK1016790A, normalizes the tumor vasculature and 
improves the effi cient delivery of chemotherapeutic drug (Cisplatin) leading to reduced tumor 
growth in WT mice injected subcutaneously with LLC (Lewis Lung Carcinoma) cells (Adapala 
et al.,  Oncogene  2016; 35:314–22 [ 122 ])       
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the plasma membrane, they are accessible to the blood stream, making them favor-
able targets when vascular diseases arise. Most current therapies concentrate on 
targeting the cytokines involved in tumor angiogenesis. Recent pre-clinical and 
clinical evidence has demonstrated that anti-VEGF drugs, as well as many other 
direct or indirect angiogenesis inhibitors, can transiently promote the normalization 
of the tumor vasculature. However, growth factor mediated normalization therapies 
have largely been unsuccessful due to several challenges, such as drug resistance 
and redundancy among others. Considering these fi ndings, targeting mechanotrans-
duction may offer a more effective means to treating or reducing solid tumor growth. 
We have shown mechanosensitive ion channel TRPV4 modulates tumor endothelial 
function and angiogenesis, and have unraveled a TRPV4-dependent mechanotrans-
duction mechanism in angiogenesis. These fi ndings could lead to the development 
of novel growth factor-independent therapeutic targets, not only to induce vascular 
normalization and improve cancer therapy, but also for other angiogenic disorders 
such as diabetic retinopathy and age-related macular  degeneration                                               .     
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    Chapter 13   
 TRPC and Orai Channels in Store-Operated 
Calcium Entry and Vascular Remodelling                     

     David     J.     Beech     ,     Jing     Li    ,     Lynn     McKeown    , and     Hollie     L.     Appleby   

    Abstract     In this article we address ion channels formed by Transient Receptor 
Potential Canonical (TRPC) proteins and Orai proteins and the phenomenon of 
store-operated Ca 2+  entry (SOCE) as they relate to vascular remodelling and two 
dominant cell types in this biology, the vascular smooth muscle cells and the endothe-
lial cells. Emphasis is placed on studies published by our group but there is also 
general introduction for non-experts, critical evaluation, and debate of current concepts, 
controversies, and future perspectives. Overall we believe that this is an interesting 
and important area of biology that still raises unsolved questions and substantial 
technical challenges if full understanding is to be achieved. It is our opinion that 
within these mechanisms there are important targets for the discovery and development 
of novel therapeutic agents to address key unsolved disease challenges in the car-
diovascular, cancer and many other fi elds.  

  Keywords     Calcium channel   •   Store-operated calcium channel   •   Transient receptor 
potential   •   Orai channel   •   Stromal interaction molecule 1   •   Smooth endoplasmic 
reticulum   •   Calcium stores   •   Artery   •   Vein   •   Vascular smooth muscle   •   Cell proliferation   
•   Cell migration   •   Neointimal hyperplasia   •   Coronary artery bypass graft  

      Introduction 

  SOCE   refers to Ca 2+  infl ux through plasma membrane channels activated when 
intracellular Ca 2+  stores are depleted. Although Ca 2+  release is commonly the event 
leading to store-depletion and channels in this class are sometimes referred to as 
 Ca 2+ -release-activated Ca 2+  channels (CRAC channels)   there is a view that chan-
nels should only be considered as SOC channels if they can be activated simply by 
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store- depletion alone: i.e. only by lowering of the free Ca 2+  concentration inside 
the stores. There is also a view that the purpose of SOC channels is to provide a 
privileged mechanism for refi lling the depleted stores, perhaps with little or no 
impact on cytosolic Ca 2+ . However the situation is more complex and such defi ni-
tions are not always helpful: for example, many observations suggest elevation of 
cytosolic Ca 2+  in response to opening of SOC channels and importance of this 
elevation in its own right, for example as a driver of transcription factor transloca-
tion to the nucleus. 

  SOC channels   occur in most if not all mammalian cell types as well as cell types 
in other animal classes. They have striking functional signifi cance in non-excitable 
cells but they are also relevant in electrically-excitable cells. The channels are not 
voltage-gated and thus they differ markedly from voltage-gated Ca 2+  channels 
which confer increased Ca 2+  entry by gating in response to membrane depolarisa-
tion. Ca 2+  entry through  store-operated Ca 2+  channels  , by contrast, usually decreases 
with membrane depolarisation and increases with hyperpolarisation: i.e. the oppo-
site to what is commonly seen in excitable cells such as mature contractile cardiac 
myocytes and contractile vascular smooth muscle cells. This is not because the 
channels gate in response to hyperpolarisation but because increased negativity at 
the internal face of the membrane increases the electric drive for entry of the 
positively- charged calcium ion. Potassium channel opening should, therefore, 
enhance SOCE. 

 It is also important to note that the degree of depletion of stores required for 
channel opening need only be modest and so the channels may be functional in the 
absence of obvious or sustained Ca 2+  release events. Moreover Ca 2+ -release may 
occur yet store-depletion avoided because of rapid re-uptake of Ca 2+  into stores; 
even in this case there can be activity and functional importance of store-operated 
Ca 2+  channels as described below.    Our work on SOCE in vascular smooth muscle 
cells has suggested activation by regulatory factors such as  platelet- derived growth 
factor (PDGF)   in the absence of signifi cant store-depletion but also activation by 
profound store-depletion, a stress to the endoplasmic reticulum (ER stress) and 
threat to cell survival [ 1 ]. 

  Vascular remodelling   is an over-arching term referring to changes in the struc-
ture of blood vessels or vascular beds in response to physiological events or insults 
arising from chemical or mechanical factors. The remodelling can be important 
physiologically, providing new or recovered blood supply. It can also be unwanted 
for example in  neointimal hyperplasia   which restricts blood fl ow and leads to tissue 
ischaemia; an important example is neointimal hyperplasia in saphenous vein 
segments used as bypass grafts to ameliorate the impact of coronary artery disease. 
A key phenomenon in many types of remodelling is the reversible switching of the 
vascular smooth muscle cell from its contractile to non-contractile phenotype [ 2 ]. 
In simple terms the cell switches from an excitable cell that depends heavily on 
voltage- gated Ca 2+  channels to a non-excitable cell that depends on SOCE and other 
non-voltage-gated Ca 2+  entry mechanisms [ 3 ]. In its non-excitable form the cell is 
able to proliferate and migrate, enabling changes in vessel structure. After the 
change in structure the cell normally returns to its non-proliferating phenotype to 
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resume contractile function. Unlike smooth muscle cells, endothelial cells use 
voltage- gated Ca 2+  channels very little, if at all, whether they are quiescent or 
 proliferating and mobile. They use SOCE and other non-voltage-gated Ca 2+  entry 
mechanisms extensively. 

 To understand  SOCE   in the vasculature, and indeed in other systems, an 
approach has been to identify the molecular basis of the underlying Ca 2+ -
permeable channels and the regulatory mechanisms that control these channels. 
There has been much effort directed here and substantial progress. We now know 
some of the key proteins. Yet the fi eld is relatively young—14 years old—and so 
considerable uncertainties and puzzles remain. A big challenge when studying the 
vasculature is its heterogeneity: one blood vessel is not necessarily the same as 
another: as there is heterogeneity across neurones and astrocytes, so there is 
across vascular smooth muscle cells and endothelial cells. There are also species 
differences and differences across animal models of human diseases and human 
diseases themselves. There are substantial technical variations in how experi-
ments are performed by different investigators and challenges relating to how best 
to design the experiments and interpret the data. There also turn out to be multiple 
multi-subunit channels that are relevant to SOCE, the relationships between 
which are dynamic and mostly quite poorly understood. It has often been diffi cult 
to distinguish the different components and their functional signifi cance because 
of inherent weaknesses in the genetic manipulation techniques available, the com-
mon absence of specifi c and potent small-molecule modulators, and the often 
modest specifi city of antibodies targeted to the proteins. A key type of  SOCE  , 
some investigators argue the only type, is mediated by channels that are not 
resolvable at the single channel level and which generate an extremely small 
whole-cell current beneath technical resolution in physiological conditions. The 
development of better genetic, small-molecule and antibody tools is important if 
we are to truly understand SOCE and reveal its role and full potential as a target 
for novel therapeutics. 

 Here we focus on two types of channel-forming protein: TRPC and  Orai 
proteins  . They are very different types of protein which almost certainly have 
little structural similarity, if any. TRPC proteins assemble to form channels 
that are Ca 2+ -permeable non-selective cationic channels and so they enable 
substantial Na +  entry as well as Ca 2+  entry [ 4 ,  5 ]. Orai proteins assemble to 
form channels that are capable of high Ca 2+  selectivity [ 6 – 8 ], although Na +  
entry has emerged as possible, or associated, and may occur under certain con-
ditions [ 9 ,  10 ]. The two types of protein are different yet they both contribute 
to Ca 2+  entry and agonist responses in a single cell. Both are implicated in 
endothelial cell and vascular smooth muscle  cell proliferation   or migration and 
the remodelling of intact blood vessels. The evidence is strongest for Orai1 
channels as channels that open purely as a consequence of store-depletion. 
Other Orai channels, for example formed by Orai3, are probably not normally 
store-operated [ 11 ]. TRPC proteins were discovered before Orai proteins and 
were the first proposed mediators of SOCE. The relationship of TRPC chan-
nels to SOCE is complex and controversial [ 12 – 14 ].  
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     TRPC Channels   

 Twenty-eight mammalian genes encode TRP proteins. They are widely expressed 
with functions across multiple cell types [ 15 ]. The seven TRPC proteins are a subset 
but only TRPC1, TRPC3, TRPC4, TRPC5, TRPC6 and TRPC7 occur in humans [ 4 , 
 5 ,  16 ]. Based on structural predictions and cryo-EM analysis of the distantly-related 
TRPV1 channels, every TRPC protein is thought to have six membrane-spanning 
segments and large intracellular N- and C-termini [ 13 ,  17 ]. They are thought to 
assemble as a group of four proteins around a central ion selectivity fi lter: i.e. each 
TRPC channel is a tetramer of TRPC proteins [ 4 ]. Such tetrameric assembly allows 
for homomeric and heteromeric channels from the same or related TRPC proteins 
[ 4 ]. The TRPCs appear to be the TRP subfamily that is most promiscuous in 
forming heteromers and there is even evidence that the promiscuity extends outside 
the TRPC sub-family to TRPV4 and TRPP2 [ 4 ]. TRPCs are ubiquitously expressed 
and have diverse functions throughout the body [ 4 ,  5 ]. A TRPC-null mammalian 
cell-type is unknown and may not exist. Positive modulators of TRPC channels 
include but are not restricted to lipids and redox factors and agonists at G-protein 
and tyrosine kinase receptors [ 4 ]. TRPC1 has, from amongst the TRPCs, been most 
commonly associated with SOCE, but not consistently in all studies [ 13 ]. Its closest 
relatives by sequence similarity (TRPC4 and TRPC5) have also been associated 
with SOCE in some but not all studies [ 12 ,  14 ,  18 – 20 ]. Intriguingly, TRPC1 does 
not form functional channels, or forms them poorly, when expressed alone [ 4 ,  13 ]. 
It does nevertheless participate readily and importantly in heteromers with TRPC4 
and TRPC5 [ 21 – 23 ]. TRPC3, TRPC6 and TRPC7 have been relatively less asso-
ciated with SOCE. Therefore, TRPC1- containing channels are the strongest candi-
dates from amongst the TRPC family, indeed the TRP super-family, as contributors 
to SOCE.  

     Orai Channels   

 A small but commonly described ionic current occurring in store-depleted immune 
cells is CRAC channel current (I CRAC ) [ 7 ]. This current is Ca 2+  specifi c and inwardly 
rectifying. These and other biophysical characteristics are quite different from those 
of TRPC channel currents. It is now recognised that an assembly of Orai1 proteins 
can explain  CRAC channels   mediating I CRAC  [ 6 ,  7 ]. Based on structural predictions 
and crystallographic data from truncated drosophila Orai every Orai protein is 
thought to have four membrane-spanning segments and relatively short intracellular 
N- and C-termini [ 24 ]. They are about a third the size of TRPC proteins but also 
assemble as a group around a central ion selectivity fi lter: i.e. each Orai channel 
is a multimer of Orai proteins. The exact number of Orai proteins in each channel 
is debated but may be four, fi ve or six [ 11 ,  24 ,  25 ]. Homomeric and heteromeric 
channels are possible but the CRAC channel is usually thought to be a homomeric 
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assembly of Orai1 proteins. Its activation occurs following detection of Ca 2+  
depletion within stores by a Ca 2+ -sensing domain of a protein called  stromal interac-
tion molecule 1 (STIM1)   which then binds Orai1 directly to cause channel opening. 
Orai1 and STIM1 are now strongly linked to SOCE in many cell types. Orai3 
channels have been described as arachidonic-acid-activated or leukotriene-activated 
channels which,    although also interacting with STIM1, are not CRAC channels or 
contributors to SOCE [ 11 ]. STIM1 also directly binds to the microtubule-plus-end- 
tracking protein EB1 where it plays a role in ER remodelling [ 26 ]. STIM1 also 
binds TRPC1, TRPC4 and TRPC5 and this binding may be required for these TRP 
proteins to contribute to SOCE [ 27 ]. Therefore Orai1 channels contribute to SOCE 
as CRAC channels. STIM1 is an important player in the Orai1 channel mechanism 
but it is not specifi c for these channels. The Orai1 channels are undoubtedly central 
players in the SOCE phenomenon and are not known to have other functions. 
Although I CRAC  was revealed through studies of immune cells and Orai1 was discov-
ered substantially through investigation of immune-defi ciency, Orai1 was subse-
quently found to be widely expressed and functionally relevant to SOCE in many 
cell types including vascular smooth muscle cells and endothelial cells [ 14 ].  

             SOCE, TRPC and Orai  in Vascular Remodelling         

 Why might SOCE be a player in vascular remodelling? Ca 2+  is critical in the functions 
of many cell types, including vascular smooth muscle cells and endothelial cells: 
there is a dogma that elevation of the intracellular free Ca 2+  concentration drives 
cell activity until the Ca 2+  reaches a certain concentration (~10 μM) above which 
there is triggering of cell death through apoptosis, necrosis and other mechanisms. 
The cell activity can take the form of contraction or secretion but Ca 2+  also drives 
many other activities such as gene expression, proliferation and migration, key fea-
tures of vascular remodelling. Without Ca 2+  these processes are much diminished 
and many cell types simply wither. Of course there are many types of Ca 2+ -permeable 
channel through which Ca 2+  could enter to drive such activities but they are not all 
expressed and there has been increasing traction on the idea that SOCE has a promi-
nent role. We have previously discussed the evidence that vascular smooth muscle 
cells lose their L-type (α 1C ) voltage-gated Ca 2+  channels or the activity of such chan-
nels as they switch from the contractile phenotype to proliferation [ 3 ]. Inhibition of 
K V 1.3 potassium channel leads to a decrease in intracellular Ca 2+  in the non-contrac-
tile cells [ 28 ] and there is increased SOCE in vascular smooth muscle cells when 
they are proliferating [ 29 ,  30 ]. 

          TRPC and Orai proteins are expressed when  vascular         smooth muscle cells and 
endothelial cells are proliferating and several studies show striking up-regulation 
as cells shift from quiescence to proliferation both in vitro and in vivo [ 14 ,  31 ]. 
The channels arising from these TRPC and Orai proteins may be activated by store- 
depletion but this type of activation is almost certainly not obligatory; indeed, 
because store-depletion is an ER stress it seems unlikely that the cells reach such an 
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extreme in vascular remodelling unless the blood vessel or vascular bed as a whole 
is severely compromised by injury or disease. Constitutive activity or activation by 
other mechanisms may often be more important. 

 In our studies on this topic we emphasise human vascular smooth muscle cells 
and human endothelial cells, including, where possible, studies of intact blood 
vessel and cells from healthy volunteers and patients with  coronary artery disease  . 
In this way we have sought not only better understanding but a perspective on the 
potential for targeting these mechanisms for the discovery and development of new 
agents for monitoring and treating human cardiovascular disease and unwanted 
remodelling evoked  by         invasive clinical  procedure        .  

          TRPC and SOCE in Vascular Smooth Muscle Cells 

       Shortly after mammalian TRPCs were discovered we developed an approach for 
generating antibodies that target the third extracellular loop (E3) in TRPCs and 
inhibit the function of channels containing a particular TRPC, providing the fi rst 
isoform-specifi c pharmacology for these channels [ 32 – 34 ] (Fig.  13.1a, b ). This was 
an important step because pharmacology for the channels is generally poor, 
remaining so to this day [ 16 ]. The principles of the inhibitor antibody approach 
were published in later summary articles [ 32 ,  34 ] but our early success was with 
T1E3 antibody, which binds TRPC1 and inhibits TRPC1-containing channels [ 33 ]. 
We found a small but statistically signifi cant inhibitory effect of T1E3 on Ca 2+  entry 
of store-depleted vascular smooth muscle cells, providing the fi rst evidence that 
endogenous TRPC1-containing channels contribute to SOCE [ 33 ]. The initial 
studies were in freshly-isolated rabbit cerebral arterioles [ 33 ] but we later showed 
a similar effect in human saphenous vein smooth muscle cells from patients 
with coronary artery disease [ 31 ]. Inhibitor antibody targeted to TRPC5 was also 
effective, TRPC1 and TRPC5 co-immunoprecipitated, and the current-voltage rela-
tionship of the activated channels was like that of TRPC1/TRPC5 heteromers [ 21 , 
 35 ]. The data suggested that TRPC1-containing heteromeric channels contribute to, 
but do not fully or even substantially explain, SOCE in vascular smooth muscle 
cells of these types.

   Although we had success in conferring SOCE on HEK 293 cells by over- 
expressing TRPC5 the effect was relatively diffi cult to observe and modest in 
amplitude [ 19 ]. Over-expression is likely to generate TRPC5 protein in high abun-
dance relative to its physiological partner proteins. Because the link to stores is a 
multi-protein mechanism it is quite possible that over-expression biases the experi-
menter away from seeing a relationship of TRPC proteins to stores. There are also 
diffi culties with large endogenous SOCE in host cell lines. Some investigators have 
seen a relationship of TRPCs to SOCE through such experiments while others 
have not. Failure to see reconstitution has been a reason why some investigators 
have concluded that TRPCs are not relevant to SOCE. However, negative results of 
this type are not conclusive; if endogenous SOCE is fi rst inhibited, store-dependent 
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activity of TRPC5 channels can be observed (Fig.  13.2b, c ) [ 19 ]. It is nevertheless 
clear that TRPC5 channels can be activated by  other      mechanisms that do not involve 
stores [ 4 ,  19 ] and we can only say that it is possible,       albeit not straightforward, 
to reconstitute a relationship to SOCE. We and others have found that TRPC1 is 
non- functional when expressed alone [ 21 ] while other investigators have suggested 
that TRPC1 can reconstitute a store-operated signal [ 36 ].

   Because of the relatively small effects of TRPC inhibitor antibodies on SOCE in 
vascular smooth muscle cells and the diffi culties of the reconstitution approach we 
sought independent tests of whether TRPCs contribute to endogenous SOCE [ 37 ]. 
Importantly, depletion of TRPC1 or TRPC5 by RNA interference also caused small 
but signifi cant inhibition of SOCE in human saphenous vein smooth muscle cells 
and simultaneous depletion of TRPC1, TRPC4 and TRPC5 had a similar inhibitory 
effect (Fig.  13.2c ) [ 37 ]. Expression of a dominant negative ion pore mutant of 
TRPC5 to disrupt permeation in endogenous TRPC channels was also inhibitory 
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but there was again substantial residual SOCE [ 37 ]. Therefore we can be sure that 
TRPC1-containing channels do indeed contribute to the Ca 2+  entry of store-depleted 
saphenous vein smooth muscle cells but that other mechanisms also contribute, 
substantially.  

    Other Activators of TRPC in  Vascular Smooth Muscle Cells   

 There are clearly additional activators of TRPC1-containing channels and other 
TRPC channels. We have contributed to and reviewed this topic extensively [ 4 ] 
and do not revisit it substantially here, but, in short, the TRPC channels can be 
considered as relatively promiscuous in terms of activators and activation mechanisms. 
The other activators are likely to be important for the channels in vivo but Ca 2+  
release and store-depletion are also likely to play roles: indeed, a key modulator of 
the channels is elevation of the intracellular Ca 2+  concentration. Intriguing activa-
tors found by us are the oxidised phospholipids 1-palmitoyl-2-glutaroyl-phosphati-
dylcholine and 1-palmitoyl-2-oxovaleroyl-phosphatidylcholine [ 38 ] (Fig.  13.3 ). 
These lipids are described as major drivers of coronary artery disease [ 39 ]. It turns 
out that they activate TRPC1-   containing channels of human saphenous vein smooth 
muscle cells cleanly and reliably [ 38 ]. Although they activate the channels indi-
rectly via a G protein mechanisms (G i/o  type) they completely fail to cause Ca 2+  
release or store-depletion and so this is a store-independent mode of activation [ 38 ]. 
Strikingly, the T1E3 and T5E3 inhibitor antibodies almost abolished Ca 2+  entry 
evoked by these lipids, demonstrating effectiveness of the antibody approach and 
suggesting TRPC1/TRPC5-containing channels as sole mediators of the Ca 2+  signal 
in this case [ 38 ] (Fig.  13.3 ). Therefore TRPC channels are expressed and functional 
in proliferating human vascular smooth muscle cells that are important contributors 
to the unsolved clinical problem of coronary artery bypass graft failure due to neointi-
mal hyperplasia.
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       Role of TRPC1-Containing Channels in Neointimal 
Hyperplasia of a  Coronary Artery Bypass Graft   

 A reason for developing TRPC inhibitor antibodies was to test the functional rele-
vance of the channels in clinical samples and thus in human disease processes. 
One study we performed was to test the hypothesis that TRPC1-containing channels 
contribute positively and importantly to the development of  neointimal hyperplasia   
in saphenous vein segments commonly used as grafts to bypass blocked coronary 
arteries. There is a window of opportunity in such bypass operations to expose 
vein to an agent or agents and so an option might be to include a TRPC inhibitor, 
if the channels are indeed important players. Therefore we embarked on a challeng-
ing study to organ-culture matched vein segments with control agent or TRPC 
inhibitor. As the TRPC1 inhibitor we used T1E3 antibody or the chemical 
2- aminophenoxydiphenylborate (2-APB). 2-APB is not specifi c for TRPC channels 
but was the best available option. Strikingly, both inhibitors suppressed the neointi-
mal formation in these vein segments, supporting the idea that TRPC1-containing 
channels are important factors driving the neointimal growth and encouraging 
efforts to develop TRPC inhibitors that could be used in systematic trials [ 31 ] 
(the T1E3 data are displayed in Fig.  13.1c, d ). In support of these fi ndings, short 
interfering RNA targeted to TRPC1, TRPC4 and TRPC5 or dominant negative 
mutant TRPC5 suppressed human saphenous vein smooth muscle  cell migration   
and proliferation [ 37 ]. Therefore we conclude that TRPC1-containing channels play 
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a positive role in driving neointimal hyperplasia in the vein graft and that inhibitors 
of the channels might be useful as a way to suppress excessive,    unwanted, 
remodelling.  

     Orai   and SOCE  in Vascular Smooth Muscle Cells   

       As explained above TRPC1-independent SOCE exists in human saphenous vein 
smooth muscle cells. In May 2006 it was published that Orai1 is a critical player in 
T cell CRAC channels [ 7 ] and by July 2006 we had completed experiments showing 
clearly that Orai1 is expressed in human saphenous vein smooth muscle cells and 
that its depletion suppresses SOCE. Publication proved diffi cult and it was not until 
5 years later that the data appeared in the public domain along with data based on 
an impressive small-molecule CRAC channel inhibitor, as described below [ 40 ]. 
What was evident was that Orai1 was required for part of the SOCE in human saphe-
nous vein smooth muscle cells. We observed about 50 % inhibition of SOCE after 
knockdown by either of two different short interfering RNAs targeted to Orai1 and 
this SOCE could be rescued by exogenous Orai1 [ 40 ] (Fig.  13.4 ). Over- expression 
of exogenous Orai1 on its own had no effect (i.e. without depletion of endogenous 
Orai1), suggesting critical dependence on a correct balance of Orai1 abundance with 
an endogenous co-factor or co-factors [ 40 ]. A dominant negative mutant of Orai1 
was also inhibitory and there was still residual SOCE [ 40 ]. Depletion of Orai2 or 
Orai3 or Orai2 and Orai3 had no effect even though expression of these Orais was 
readily detectable [ 40 ]. Evidence for I CRAC  was sought but store-depletion in these 
cells caused a large non-selective cationic current [ 37 ] which could not be blocked to 
enable measurement of the presumably very small, if detectable, I CRAC . Overall the 
data suggested that Orai1 explains the TRPC1- independent Ca 2+  entry of store-
depleted human saphenous vein smooth muscle cells.
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          Growth Factor Activation of Orai1 in Vascular Smooth 
Muscle Cells and ER Stress 

 The CRAC channels generated by Orai1 are usually considered to be highly spe-
cialised channels that activate exclusively in response to store-depletion. We there-
fore sought physiological activators of Orai1 channels in human saphenous vein 
smooth muscle cells by applying the key growth factor, PDGF, which triggers ino-
sitol 1,4,5-triphosphate production and Ca 2+  release [ 40 ]. Ca 2+  release occurred and 
was independent of Orai1, as expected [ 40 ]. The Ca 2+  entry that followed was 
strongly dependent on Orai1, suggesting a major role of the Orai1 channels [ 40 ] 
(Fig.  13.5a ).

      The mechanism of the PDGF effect is intriguing [ 1 ]. The widely accepted activa-
tion mechanism for Orai1 channels is that store-depletion causes clustering of 
STIM1 proteins in the endoplasmic reticulum (ER) membrane at sites immediately 
juxtapose to the inner surface of the plasma membrane [ 41 ]. This STIM1 causes 
Orai1 channels to cluster at the STIM1 sites and activate by direct conformational 
coupling with STIM1. In human saphenous vein smooth muscle cells store- depletion 
evoked by inhibiting Ca 2+ -ATPase of the stores did indeed lead to clustering of 
Orai1 yet PDGF did not cause clustering even though it activated Orai1-dependent 
Ca 2+  entry [ 1 ] (Fig.  13.5a, b ). We identifi ed that clustering was avoided by PDGF 
because the stores were not depleted. They were not depleted because Ca 2+  entry 
through the PDGF-activated Orai1 channels maintained the stores replete, the Ca 2+ -
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ATPase remaining active [ 1 ]. We reasoned that inhibition of the Orai1 channels 
would thus trigger the clustering mechanism. Consistent with this hypothesis, 
acidifi cation to pH 6.4, which inhibited the Orai1-dependent Ca 2+  entry, conferred 
on PDGF the ability to evoke Orai1 clustering [ 1 ] (Fig.  13.5b ). Therefore the 
widely- accepted clustering mechanism for Orai1 activation was only relevant when 
the ER stress signal of store-depletion occurred. Physiological activation by a physi-
ological agonist led to Ca 2+  release but not store-depletion (ER stress) because the 
stores were kept stress-free by Ca 2+  entry through Orai1 channels and subsequent 
Ca 2+  uptake into the stores by the Ca 2+ -ATPase. This makes sense for a physiologi-
cal cell, just like it makes sense for a supermarket to keep its shelves full, balanced 
against the removal of items by shoppers. The concepts are summarised schemati-
cally in Fig.  13.6 .

   The above studies with PDGF raised important questions about the biological 
meaning of SOCE. We suggest that SOCE reflects an ER stress response. 
Many investigators almost certainly deplete stores and cause ER stress in their 
experiments because they use Ca 2+ -free extracellular solutions even though they 
are seeking to understand physiological responses. What we showed was that 
there can be important activation of Orai1 channels even without ER stress. 
It remains, however, an unanswered question how the channel activation occurs 
in the absence of store- depletion  while   serving, at least in part, to maintain stores 
replete.  

  Fig. 13.6    Orai1-dependent Ca 2+  entry evoked by platelet-derived growth factor (PDGF). Adapted 
from [ 1 ]       
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       Small-Molecule Inhibitor of SOCE in Vascular Smooth 
Muscle Cells 

 Synta66 (3-fl uoropyridine-4-carboxylic acid (2′,5′-dimethoxybiphenyl-4-yl)amide) 
is a synthetic molecule with inhibitory effect against SOCE of human saphenous 
vein smooth muscle cells [ 40 ]. It is potent (IC 50  26 nM) and selective [ 40 ]. There is 
a solubility limitation above 5 μM but otherwise it is easy to use. It strongly, 
almost completely, inhibits SOCE of human saphenous vein smooth muscle cells 
[ 40 ]. This is intriguing when we know that SOCE in these cells is partly due to 
TRPC1-containing channels and partly Orai1 channels. Does it inhibit both types of 
channel? It might. However, when we tested Synta66 against TRPC5, TRPC6 and 
TRPV4 channels it had no effect [ 40 ,  42 ]. In these studies the TRP channels were 
not activated by store-depletion, which might be critical in the effect of Synta66 
even though it does not affect clustering [ 40 ]. 

 Although Orai1 also mediates SOCE in T cells, Synta66 is almost two orders 
of magnitude more potent in the saphenous vein smooth muscle cells under iden-
tical conditions [ 40 ] (Fig.  13.7a ). Why there is this greater potency is unclear but 
it may relate to the exact molecular composition of the channels, their density, or 
conformational state. Whatever the reason, the result suggests that it is possible to 
achieve selectivity for SOCE in one tissue over another. It might be possible, for 
example, to affect vascular remodelling without compromising physiological 
immunity.
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       Role of Orai1 in  Neointimal Hyperplasia   

 We have not yet investigated whether Orai1 has a role in neointimal hyperplasia in 
intact human saphenous vein bypass grafts because we lack an inhibitor with 
assured Orai1 specifi city. However, Orai1 depletion inhibits migration of smooth 
muscle cells cultured from these grafts while having little effect on  cell proliferation   
[ 40 ]. We would therefore expect Orai1 inhibition to suppress migration of cells 
into the intima but not suppress the overall hyperplasia of the intact vein. Data 
from balloon-injured rat carotid artery suggest marked reduction in neointima after 
depletion of Orai1 [ 43 ].  

    TRPC and SOCE  in Endothelial Cells and Angiogenesis      

 We have not focused our experiments on the role of TRPC proteins in endothelial 
cells and so do not address this topic here. Numerous reports have indicated roles of 
TRPC proteins in SOCE of endothelial cells [ 12 ,  44 – 48 ] but there are also confl ict-
ing perspectives on this topic which we have previously described and sought to 
rationalise [ 14 ,  20 ]. Positive roles of TRPC proteins in the endothelial remodelling 
process of angiogenesis have been suggested [ 49 – 52 ].  

    Orai and SOCE  in Endothelial Cells      

 We focussed initially on  human umbilical vein endothelial cells (HUVECs)   which 
are a workhorse of the endothelial fi eld and widely used to reveal fundamental prop-
erties of endothelial cells which can then be explored further in other endothelial 
cells and physiological contexts. Unusually, this vein carries oxygen and nutrient- 
rich blood. We have also investigated late outgrowth endothelial progenitor cells 
from healthy human volunteers because these cells are candidate contributors to 
vascular repair and tumour vessel formation. As with human saphenous vein smooth 
muscle cells the endothelial cells exhibit a clear SOCE that is strongly and potently 
suppressed by Synta66 (IC 50  25.5 nM) [ 42 ]. Also they express Orai1 and depletion 
of it partially suppresses SOCE [ 42 ]. Dominant negative mutant Orai1 is also inhib-
itory [ 42 ].       Therefore, Orai1 is a contributor to SOCE in these endothelial cells.  

    Growth Factor Activation of Orai1 in Endothelial Cells 

 Our primary purpose in exploring Orai1 in endothelial cells was to explore its rele-
vance to the action of  vascular endothelial growth factor (VEGF)   which is a major 
endogenous signal driving physiological and pathological angiogenesis. Although 
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VEGF evoked Ca 2+  release and Ca 2+  entry we had found that T1E3, the TRPC1 
inhibitor antibody, had no effect against these events [ 42 ]. Therefore we thought 
there might be a similar situation to that observed for PDGF in vascular smooth 
muscle cells. There is similarity but also difference. Depletion of Orai1 suppressed 
the initial transient and the sustained later phases of the Ca 2+  elevation evoked by 
VEGF [ 42 ]. Synta66 suppressed the sustained phase but not the transient [ 42 ] 
(Fig.  13.7b ). Our studies of the sustained Ca 2+  event showed it to be mediated by 
Orai1-dependent CRAC channels even though a VEGF-evoked I CRAC  was unde-
tectable under physiological conditions [ 42 ]. We confi rmed that sustained VEGF- 
evoked Ca 2+  entry was also inhibited by Synta66 in other endothelial cells, including 
those from human saphenous veins of patients with coronary artery disease [ 42 ]. 
Therefore Synta66-sensitive and Orai1-dependent channels are part of the VEGF 
signalling toolbox.  

    Relevance of  SOCE   and Orai1 to VEGF-Driven Angiogenesis 

 Because VEGF triggers Orai1-dependent Ca 2+  entry in endothelial cells we sought 
relevance to VEGF effects on endothelial cell function [ 42 ]. One of VEGF’s key 
functions in angiogenesis is as a chemotactic agent, putatively causing endothelial 
cells to move towards a hypoxic core. Importantly, depletion of Orai1 by RNA 
interference or dominant negative mutant Orai1 suppressed migration  of   HUVECs 
towards VEGF [ 42 ]. These manipulations also inhibited the distinctive structural 
formations that HUVECs make on extracellular matrix, often referred to as tube 
formations and which are an in vitro model of angiogenesis. Exogenous Orai1 res-
cued these tube formations in HUVECs depleted of Orai1 by RNA interference. 
Synta66 similarly inhibited the tube formations while having no effect on HUVEC 
viability [ 42 ]. In vivo angiogenesis was evaluated by placing a VEGF-infused gela-
tin sponge on the chick chorioallantoic membrane. New vessel sprouting was 
induced by this sponge and suppressed when Synta66 was included in the sponge 
[ 42 ]. Therefore, VEGF can trigger angiogenesis that depends on a Synta66-sensitive 
mechanism and which probably involves activation of Orai1 channels.  

    Conclusions and Simplifi ed Model 

 In summary, there is a compelling case that modestly elevated cytosolic Ca 2+  con-
centrations are important and perhaps even required in some circumstances for cell 
growth, movement, and proliferation, which are in turn necessary for vascular 
remodelling in its various forms, and that plasma membrane ion channels formed by 
TRPC and Orai proteins play important roles in enabling the Ca 2+  entry that elevates 
this Ca 2+  in both vascular smooth muscle cells and endothelial cells. Studies of 
SOCE have been important in enabling identifi cation of these channels yet channel 
activation by store-depletion is probably not obligatory and store-depletion may not 
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even occur signifi cantly especially in remodelling as part of a physiological process 
(i.e. without adversity). Store-depletion is undoubtedly an ER stress and the cluster-
ing process of Orai1 channels has a key role to play in a cell’s efforts to minimise 
it. The clustering, we hypothesise, evolved as a protective mechanism against this 
threat to cell viability. Vascular smooth muscle cells and endothelial cells presum-
ably require this protective mechanism (just as many other cell types do) but it 
seems unlikely that it is used as part of normal physiological processes. It can be 
generally agreed that TRPC1-containing channels can be activated without store- 
depletion and we know many mechanisms that can provide this activation. It is 
certainly not widely conceived that Orai1 CRAC channels open without store- 
depletion but our data clearly support this idea for responses to the key growth fac-
tor PDGF; it is also easy to understand that stores will readily refi ll via Ca 2+ -ATPase 
activity. There is evidence not only from our work but also other work that stores do 
not deplete signifi cantly when a physiological agonist evokes Ca 2+  release [ 53 ]. 

 A working model is shown in simplifi ed form in Fig.  13.8 . Growth factors such 
as PDGF and VEGF commonly stimulate Orai1 channels, without causing 
 store- depletion or clustering, to maintain stored Ca 2+  and elevate cytosolic Ca 2+  
which drives  cell migration  . An increasingly stressful environment triggers the gen-
eration of a cocktail which includes factors such as oxidised phospholipids which 
activate TRPC1-containing channels which in turn further elevates the cytosolic 
Ca 2+  concentration and the Na +  concentration which elevates Ca 2+  indirectly, for 
example via Na + -Ca 2+  exchange, to drive both cell migration and proliferation. 
Further strain on the cell may lead to store-depletion and thus ER stress, triggering 
the clustering phenomenon, which involves not only STIM1 and Orai1 but also 
TRPC1 [ 54 ] and other proteins with the purpose of focussing delivery of Ca 2+  into 
the stores at specialised junction sites.
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       Future Perspectives 

 There remain many aspects of this topic which we do not understand suffi ciently 
well, or even at all. We know little about the mechanisms that control the channel 
expression, assembly, traffi cking and degradation. We do not understand how 
Synta66 acts and why it is so much more potent against SOCE in vascular smooth 
muscle cells and endothelial cells compared with immune cells. We cannot prop-
erly quantify the relative importance of TRPC/Orai compared with other Ca 2+  
entry mechanisms. We do not know the full composition of the TRPC1-heteromer 
or any other heteromers of this channel type; indeed we do not currently have the 
tools or technical capabilities to make such determinations. We have relatively 
little knowledge of the in vivo signifi cance of TRPC1-containing channels and 
Orai1 channels in vascular remodelling during development and in its various 
forms in the adult, especially in disease. A recent study suggested particular 
importance of TRPC channels in hypercholesterolaemia [ 55 ] and this is a promis-
ing direction for further studies. There have been no studies in humans and we 
cannot embark on them until there are better agents with which to modulate the 
channels. 

 Small-molecule tool and drug discovery are likely to play crucial roles as we 
move forward. We already have Ca 2+  antagonists (a.k.a. Ca 2+  channel blockers) 
such as amlodipine which are used to suppress vascular smooth muscle contraction 
and thus lower peripheral resistance. These agents target the L-type (α 1C ) voltage- 
gated Ca 2+  channel and have specifi city for this channel. Therefore the term 
“Ca 2+  antagonist” is unfortunate because it implies that the agents block all Ca 2+  
channel types or that there are no other types of Ca 2+  channel. It is akin to referring 
to beta blockers as receptor antagonists. An opportunity now is to develop new 
types of Ca 2+  channel blockers that target other Ca 2+  channel types such as TRPC1-
containing channels and Orai1 channels. We predict suppression of vascular remod-
elling by such blockers. This could be useful to suppress clinical problems such as 
neointimal hyperplasia in vascular grafts and tumour angiogenesis. There would 
likely need to be caution in the use of such agents because normal physiological 
vascular remodelling might also be affected. Wound-healing, for example, might be 
compromised. The channels are broadly expressed and so there might be unwanted 
effects on other cell types and tissues. However, as our pharmacological studies 
with Synta66 have shown, there is possibility for a considerable window of selectiv-
ity. As greater understanding of TRPC heteromers emerges it might unfold that 
distinct heteromers mediate distinct effects in different cell types and so it might be 
possible to design small molecules that are heteromer-specifi c. Therefore there is 
interest in developing new types of Ca 2+  channel antagonists that target other 
Ca 2+  channels: we might end up referring to “α1C blockers”, “TRPC1 heteromer 
blockers” and “Orai1 channel blockers”. To reach this goal and make good use of 
it will almost certainly require a great deal of investment and effort. As ever, 
there could be problems along the way and perhaps even insurmountable obstacles, 
but we suggest that it will be a path worth taking.     
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    Chapter 14   
 Smooth Muscle Cell Ion Channels 
in Pulmonary Arterial Hypertension: 
Pathogenic Role in Pulmonary 
Vasoconstriction and Vascular Remodeling                     

     Ramon     J.     Ayon    ,     Haiyang     Tang    ,     Ruby     A.     Fernandez    ,     Ayako     Makino    , 
and     Jason     X.    -J.     Yuan     

    Abstract     Pulmonary arterial hypertension (PAH) is a progressive hemodynamic 
disease that impacts right heart function ultimately resulting in mortality due 
to right heart failure. Increased pulmonary vascular resistance (PVR) and pulmo-
nary arterial pressure (PAP) observed in PAH patients can be attributed in part to 
sustained vasoconstriction and excessive remodeling of the distal pulmonary 
arteries. Pulmonary vasoconstriction is a result of pulmonary artery smooth mus-
cle cell (PASMC) contraction while pulmonary vascular remodeling is associated 
with increased cell proliferation and decreased apoptosis. Spanning the plasma 
membrane of PASMC are macromolecular pore-forming proteins known as ion 
channels that allow for passive distribution of ion across the membrane when 
open. Ion channel activity is crucial for driving critical physiological functions. 
Posttranscriptional regulation of ion channel expression and ion channel dysfunc-
tion in PASMCs have been linked to changes in vascular tone and the initiation of 
vascular remodeling. This chapter will introduce smooth muscle cell ion channels 
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that regulate physiological function in the pulmonary vasculature and summarize 
their potential pathogenic contribution to the development of pulmonary vascular 
diseases such as PAH.  

  Keywords     Ion channels   •   Pulmonary arterial hypertension   •   Ca 2+  channels   •   Vascular 
smooth muscle cells   •   K +  channels   •   Vasoconstriction   •   Vascular remodeling   •   Cell 
proliferation and apoptosis   •   Pulmonary artery  

      Introduction 

 Pulmonary Arterial Hypertension (PAH) is a progressive microvascular disease  char-
acterized   by sustained elevation of PVR and PAP, which directly impacts right heart 
function.    Conservative estimates indicate incidence of group 1 PAH is approximately 
2.3 cases per million of the adult population per year in the United States [ 42 ]. 
Epidemiological studies have revealed a higher incident of PAH in females compared 
to males (~4:1 depending on the underlying disease pathology) [ 8 ,  42 ,  79 ]. In PAH, 
narrowing of distal pulmonary arteries (PA) increases PVR, restricting blood fl ow, 
which forces right heart compensation by increasing afterload. If left untreated, these 
factors can lead to right ventricular hypertrophy, right heart failure and ultimately 
death. Despite our ever increasing knowledge of the underlying mechanisms, and 
available treatment options to improve quality of life, it remains a severe disease with 
a poor long-term outlook for patients [ 60 ,  61 ]. To date there are no known therapies 
available that can cure PAH, therefore it is imperative to delve deeper into the patho-
physiology of the disease, in order to identify potentially novel therapeutic strategies. 

 PAH is clinically defi ned by an elevated mean pulmonary arterial pressure 
(mPAP) of ≥25 mmHg which is diagnosed by  the   invasive method of right heart 
catheterization [ 55 ]. While noninvasive methods such as echocardiography are 
used to estimate PA pressure in patients with suspected PAH, pulmonary catheters 
can provide direct measurements of vascular pressure, CO, and calculations of 
PVR, thus right heart catheterization remains the gold standard for diagnosis of 
PAH. Measurement of pulmonary occlusion pressure or pulmonary capillary wedge 
pressure (≤15 mmHg) and in some cases PVR (≥3 Wood units) are also used as 
diagnostic tools to distinguish PAH from other forms of pulmonary hypertension 
[ 7 ]. PAH is divided into  several   categories including idiopathic PAH (IPAH), her-
itable PAH (HPAH), drug and toxin induced PAH, and PAH associated with other 
diseases (APAH). Although it is unclear whether all forms of PAH share a common 
genetic or pathogenic trigger, elevated PVR observed in PAH patients can be linked 
to four major contributors: (1) sustained vasoconstriction, (2) pulmonary vascular 
remodeling, (3)  in situ  thrombosis and (4) increased arterial wall stiffening. 

 Ion channels, which are macromolecular pore-forming proteins in the plasma 
membrane, play an important role in the pulmonary vasculature [ 97 ]. They allow 
for passive movement of ions across the membrane or between intracellular 
compartments to drive critical physiological functions such as maintenance and 
regulation of vascular tone. Ion channels also participate in key cellular processes 
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 including   proliferation and apoptosis. Dysfunctional ion channel activity is asso-
ciated with the development of vascular diseases such as PAH. For example, 
attenuated K +  channel function was demonstrated in pulmonary artery smooth 
muscle cells (PASMC) from patients with PAH [ 154 ]. This chapter will provide 
an overview of ion channels in the pulmonary vasculature as well as examine the 
role of smooth muscle ion channel expression and function, with particular 
emphasis on their contribution to vasoconstriction and vascular remodeling, in the 
development of PAH.  

    Pathogenic Mechanisms of PAH 

 In PAH,    blood fl ow through the pulmonary artery vessels become restricted. 
The right side of the heart has to compensate by increasing right ventricular after-
load to force blood through the small arteries and arterioles of the lungs [ 37 ]. 
Eventually these counterbalancing mechanisms break down, causing right heart 
failure and death. Right heart dysfunction is usually the endpoint for patients with 
PAH, however the pathogenesis of the disease appears to originate from within the 
pulmonary vasculature. The pulmonary vascular wall is comprised of three layers: 
   adventitia (fi broblasts and extracellular matrix), media (smooth muscle cells), and 
intima (endothelial cells). As mentioned previously, sustained vasoconstriction, 
pulmonary vascular remodeling, luminal obstruction due to  in situ  thrombosis, and 
increased arterial wall stiffening all contribute to the elevated PVR and decreased 
vessel wall compliance observed in PAH patients [ 59 ]. The process of pulmonary 
vascular remodeling involves excessive cell proliferation along with decreased cell 
apoptosis across all three layers of the pulmonary arterial wall, which leads to lumi-
nal obstruction. Sustained pulmonary vasoconstriction is believed to be an early 
component of the pulmonary hypertensive process [ 59 ]. Like pulmonary vascular 
remodeling, sustained vasoconstriction is also related to cellular dysfunction. In 
particular, dysfunctional endothelial cells lead to severely impaired production of 
vasodilators such as nitric oxide (NO), vasoactive intestinal polypeptide (VIP), and 
prostacyclin, in addition to enhanced production of vasoconstricting factors such as 
endothelin [ 52 ]. Many studies have identifi ed several cellular and molecular mecha-
nisms that play a pathogenic role in the development and progression of PAH [ 19 , 
 48 ,  59 ,  106 ,  133 ]. There is a continuously growing body of evidence implicating ion 
channels among these signaling pathways in the pathogenesis of PAH. 

    Pulmonary  Vascular Remodeling   

 Under normal circumstances, pulmonary arterial wall thickness is maintained by a 
delicate balance between cell proliferation and apoptosis of the intimal, medial and 
adventitial layers in the vasculature. If this balance is disrupted and the scale tips 

14 SMC Ion Channels in PAH 



298

toward cell proliferation, initiation of pulmonary vascular remodeling will occur. 
Pulmonary vascular remodeling is a result of enhanced proliferation, decreased 
apoptosis, and hypertrophy of pulmonary artery smooth muscle cells (PASMC), 
endothelial cells (PAEC), and fi broblasts that ultimately cause occlusion of the pul-
monary arterial lumen [ 53 ,  59 ,  114 ]. Medial and intimal thickening is mostly seen 
in medium- and small-sized arteries. Medial hypertrophy is consistently the most 
prominent pathologic fi nding in PAH. Smooth muscle cell growth as well as myo-
intimal hypertrophy due to PASMC migration and PAEC proliferation are also 
implicated in this process [ 106 ]. Plexiform lesions are another example of patho-
logical changes present in PAH. Plexiform lesions, which occur in very small arter-
ies and arterioles, are clusters of cellular capillary formation resembling a vascular 
plexus present within the lumen of dilated thin-walled arteries [ 81 ]. All together 
these complex processes promote structural changes in the vasculature, leading to 
an increased PVR and PAP in PAH.  

    Pulmonary  Vasoconstriction   

 Pulmonary vasoconstriction is triggered by a rise in intracellular free Ca 2+  ([Ca 2+ ] i ) 
in PASMC. When [Ca 2+ ] i  rises above basal levels, Ca 2+  binds to calmodulin (CaM) 
forming the Ca 2+ /CaM complex. This complex goes on to activate myosin light 
chain kinase (MLCK) which in turn phosphorylates myosin light chain. This phos-
phorylation increases the activity of myosin ATPase that hydrolyses ATP to release 
energy for subsequent cycling of the myosin cross-bridges with the actin fi laments 
thus promoting contraction [ 120 ]. Activation of RhoA/Rho kinase (ROK) can also 
cause smooth muscle contraction by directly and indirectly inhibiting myosin light 
chain phosphatase (MLCP) activity. When MLCP is rendered inactive, dephosphor-
ylation of myosin light chain is prevented which in turn prevents smooth muscle 
relaxation. In the pulmonary vasculature, hypoxia is an important regulator of vaso-
constriction. Physiologically, hypoxic pulmonary vasoconstriction (HPV) is a pro-
cess that functions to divert blood fl ow from poorly ventilated areas of the lung in 
order to optimize ventilated-perfusion and pulmonary gas exchange [ 140 ]. However, 
this process can have detrimental effects on PAP, particularly in pathological condi-
tions. Sustained vasoconstriction is believed to be the initial trigger in pulmonary 
vascular diseases such as PAH.    Vasoconstriction and cellular proliferation may both 
involve signaling processes that result in parallel intracellular events in vascular 
remodeling and in the development of PAH. Vasoconstriction induces elevated PAP 
and elastic stretch of the smooth muscle cell membrane both of which increase 
PASMC growth and cellular synthetic activity, leading to smooth muscle cell hyper-
trophy and hyperplasia [ 80 ,  97 ].   
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    Contribution of Ion Flux to  PASMC   Membrane Potential 

  PASMC   have been shown to actively maintain an elevated cytoplasmic K +  concen-
tration ([K + ] i  ≈ 140 mM), a low cytoplasmic Na +  concentration ([Na + ] i  ≈ 10 mM), 
and a resting cytoplasmic Cl −  concentration ([Cl − ] i ) of approximately 50 mM. Under 
resting conditions, PASMC maintains a membrane potential (E m ) of −40 to −60 mV 
due to the relatively high permeability to K + . However PASMC maintain a basal 
permeability to Cl −  and Na +  which can explain why resting E m  is substantially more 
depolarized than predicted by the equilibrium potential for K +  (E K  ≈ −85 mV). 
In summary, E m  in PASMC is a function of the Na + , K +  and Cl −  concentration 
gradients across the plasma membrane and the relative ion permeability.  

    Functional and Molecular Classifi cations of Ion Channels 
in PASMC 

 Ionic fl ux  across   the membrane is not only important for cellular homeostasis but 
also necessary for critical physiological functions including vascular tone [ 38 ]. 
Ion channels are membrane-bound proteins that assemble into pore forming 
structures that control ion fl ux across the plasma membrane. Functional channels 
are composed of pore forming subunit(s) which are responsible for ion conductance 
and regulatory subunit(s) which alter activation and inactivation kinetics. Ion chan-
nels are classifi ed according to the mechanisms that regulate gating. For example 
voltage gated ion channels are activated by changes in the voltage gradient across 
the membrane. Other classifi cations include ligand gated, temperature gated and 
mechanosensitive ion channels. 

  Ion channels   fall within two major categories of channel based on their permeability 
and selectivity to charged ions: cation and anion channels. Cation channels are 
composed of Na + , Ca 2+  and K +  channels and anion channels consist of Cl −  channels 
and HCO 3  −  channels. This section will focus on characterizing ion channels in 
PASMC, in addition to describing their pathogenic role in sustained vasoconstriction 
and pulmonary vascular remodeling, two key mechanisms involved in the devel-
opment and progression of PAH. 

    K +  Channels 

 The membrane potential (E m ) of PASMC is  an    i  mportant regulator of cellular 
excitability, thus it plays a critical role in regulating pulmonary vascular tone. 
 In vitro  studies indicate that the resting membrane potential of human PASMC is 
approximately −40 to −60 mV [ 82 ,  103 ], which is close to the predicted equilibrium 
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potential for K +  ions (~−85 mV) [ 92 ]. The high intracellular and low extracellular 
K +  concentration results in passive effl ux of K +  ions after activation of the channels, 
leading to membrane hyperpolarization, inhibition  of   VDCCs, and vasodilation. 
A small change in K +  channel activity can have a substantial effect on membrane 
potential and thus factors targeting K +  channels can modulate vessel tone [ 23 ]. 
Various K +  channels have been identifi ed based on their biophysical and pharmaco-
logical properties as well as their molecular correlates. The main  families   of K +  
channels identifi ed in the pulmonary vasculature are (1) voltage-gated K +  channels 
(K v ), (2) large-, intermediate-, and small-conductance Ca 2+ -activated K +  channels 
(BK Ca , IK Ca , and SK Ca , respectively), (3) Inward rectifi er K +  channels (K ir ), (4) ATP- 
sensitive K +  channels (K ATP ) and (5) two-pore-domain K +  channels (K 2P ). 

    Voltage-Gated K +  Channels (K v ) 

 Voltage-gated K +  channels, or K v  channels,    are the most diverse and best characterized 
group of K +  channels  ubiquitously   expressed in VSMCs [ 20 ,  101 ]. There are cur-
rently over 40 known K v  channel members grouped into 12 subfamilies with more 
than 20 K v  channel members identifi ed in the pulmonary vasculature [ 51 ]. 
In PASMCs, the assembly of different α and β subunits into functional K v  channels 
gives rise to K v  currents with heterogeneous biophysical properties [ 103 ,  118 ]. 
Four distinct K v  channel currents have been recorded in PASMC using the whole-
cell patch-clamp method: (1) rapidly activating and slowly inactivating K v  current, 
(2) rapidly activating and non-inactivating K v  current, (3) slowly activating and 
non- inactivating K v  current, and (4) rapidly activating and rapidly inactivating K v  
current. K v  channels are ubiquitously expressed in animal and human PASMC 
(Fig.  14.1 ). K v  channel α- and β-subunits are found in greater abundance in resis-
tance arteries compared to conduit arteries [ 3 ,  159 ]. K v  channel activity has been 
shown to be very important for controlling E m  and vessel tone. Pharmacological 
blockade of K v  channels with 4-aminopyridine (4-AP) induced vasoconstriction 
in isolated PA ring segments [ 30 ]. In freshly dissociated and cultured PASMCs, 
application of 4-AP reversibly attenuates K v  currents, causes membrane depolarization, 
and induces Ca 2+  infl ux which leads to increased [Ca 2+ ] i  [ 157 – 159 ]. K v  channels 
have also been shown to have an O 2  sensitive component as hypoxia attenuates K v  
current in PASMCs [ 155 ]. O 2 -induced changes in K v  current regulates vessel tone 
suggesting that K v  channel activity plays a crucial role in HPV [ 5 ].

          Ca 2+ -Activated K +  Channels (K Ca ) 

 Ca 2+ -activated K +  (K Ca ) channels are subcategorized on the basis of their conduc-
tance; large (BK), intermediate (IK), and small (SK).    Although all three groups are 
activated by intracellular [Ca 2+ ] i , SK and IK display greater sensitivity to [Ca 2+ ] i  
than BK channels. Another distinguishing feature between groups is that BK channels 
are highly voltage sensitive, while SK and IK are predominately  voltage- independent. 
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  Fig. 14.1    Whole cell 
voltage-gated K +  (Kv) 
 currents   in human 
pulmonary artery smooth 
muscle cells (PASMC). 
Four different types of Kv 
currents were elicited by 
step depolarizations from a 
holding potential of 
−70 mV to test potentials 
between −80 mV and 
+80 mV in 20 mV 
increments ( a – d ). 
Representative families of 
currents ( left  panels), 
enlarged trace segments 
showing steady-state 
activation ( middle ,  top  
panels) and inactivation 
( middle ,  bottom  panels) 
and I-V curves are 
presented for each type of 
current. Activation ( top ) 
and inactivation ( bottom ) 
time constants plotted as a 
function of cell number. 
The majority of currents 
are rapidly activated 
whereas the range of 
inactivation displays wider 
variation which is 
refl ective of the diversity 
of current types found in 
PASMCs ( e ). Reproduced 
from Firth et al. 2011 [ 38 ]       
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Similar to Kv channels, BK channels have a transmembrane voltage sensing domain 
(S1–S4). Unique to the BK channel voltage sensing domain is the inclusion of an 
additional transmembrane segment (S0) [ 146 ]. The BK Ca  channel α subunit, which 
is encoded by a single gene KCNMA1, is ubiquitously expressed in mammalian 
VSMCs.    The channel is regulated by the β subunit, which comprises two mem-
brane-spanning domains separated by an extracellular loop. The Ca 2+  sensitivity of 
BK Ca  arises from a pair of domains located on the C-terminus that regulate the con-
ductance of K + , known as RCK1 and RCK2 [ 64 ]. BK Ca  channels may act as a nega-
tive-feedback mechanism in response to vasoconstriction. Membrane depolarization 
leads to increased Ca 2+  entry via VDCC,    which in turn activates BK Ca  channels 
resulting in net K +  effl ux and thus attenuates vasoconstriction. Additionally, BK Ca  
channels can be regulated by endothelial derived relaxing factor (EDRF) and endo-
thelial derived hyperpolarizing factors (EDHF) which would suggest that BK Ca  
channels play a role in endothelium dependent vasorelaxation [ 65 ,  164 ]. 

 Although BK Ca  channels have been identifi ed in pulmonary artery endothelial 
cells (PAEC), the physiological signifi cance of these channels in this cell type 
remains unclear. However, IK Ca  and SK Ca  channels are highly expressed and have 
been shown to contribute to PAEC membrane hyperpolarization which in turn 
evokes NO synthesis, mediating NO-dependent vasorelaxation [ 117 ].  

       Inwardly Rectifying K +  Channels (K ir ) 

 Inwardly rectifying K +  channels (K ir ) are appropriately named due to their ability to 
conduct inward K +  current instead of outward K +  current at more hyperpolarized 
potential than E K . K ir  channels are expressed in PASMC [ 105 ,  129 ] and can be iden-
tifi ed pharmacologically by their sensitivity to external Ba 2+ , and insensitivity to 
several K +  channel inhibitors (i.e. TEA, IBTX) and glibenclamide [ 82 ]. Homo- and 
Heterotetrameric combinations of these channel subunits form distinct functional 
K ir  channels.    Generally, multimeric formations occur within the same subfamily, 
for example the G protein-gated K ir  channels (Kir3.x), Kir3.1 forms complexes with 
either Kir3.2, Kir3.3, or Kir3.4, although some exceptions have been reported [ 22 , 
 128 ]. Physiologically, K ir  channels are thought to be involved in setting the resting 
E m , preventing membrane hyperpolarization, mediating K + -induced vasodilation 
and minimizing loss of intracellular K +  [ 80 ].  

       ATP-Sensitive K +  Channels (K ATP ) 

 While K ATP  channels are considered to be a functionally distinct family of K +  chan-
nels, in actuality they are a subfamily of the K ir  channels. These channels show little 
to no voltage dependence and have low open probability under basal conditions. 
Pharmacologically, K ATP  channels can be inhibited by intracellular ATP and gliben-
clamide, and activated by ADP and cromakalim. The SUR subunit 2B (SUR2B) 
co-assembles with Kir6.1 or Kir6.2 to produce two distinct K ATP  channel families, 
K NDP  (so named refl ecting a primary role for various nucleotide diphosphates in 
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their activation) and K ATP  (predominately sensitive to ATP), respectively [ 11 ]. 
Expression of both Kir 6.1 and SUR2B have been detected in human and rat 
PASMCs [ 24 ,  76 ]. Currently, the physiological role of K ATP  channels in vasocon-
striction and vascular remodeling remains ambiguous. It has been suggested that 
K ATP  channels are normally closed under basal conditions in the pulmonary arteries 
and are not activated by the levels of hypoxia that cause constriction [ 111 ]. So one 
may assume they play a minor role in regulating pulmonary vascular tone. However, 
there is some evidence suggesting K ATP  channels are involved in regulating vessel 
tone as pharmacological activation of these channels causes vasodilation in pre- 
constricted PA [ 35 ]. Additionally, it has been implied that the K ATP  channel may 
contribute to regulating E m  [ 24 ], however further studies are necessary to elucidate 
these assertions.  

    Two-Pore Domain K +  Channels (K 2P ) 

    Two-pore domain K +  (K 2P ) channels have a unique topology compared to other K +  
channel family members. Each K 2P  channel subunit is composed of four transmem-
brane segments (denoted M1–M4), two pore-forming domains (P1 and P2), and 
cytoplasmic N- and C-termini. It is believed that two K 2P  α subunits are necessary to 
form functionally active channels. K 2P  channels are time- and voltage- independent, 
and constitutively active at basal E m  [ 50 ,  96 ]. Multiple K 2P  channels have been identi-
fi ed and subcategorized into six structural groups. Out of these groups, TASK-1, 
TASK-2, TREK-1, TREK-2, and TWIK-2 have been detected in the pulmonary vas-
culature [ 43 ,  49 ,  67 ]. TASK-1 is of particular interest as it has been detected at the 
transcript and protein level in PASMCs from rats, rabbits and humans. Additionally, 
these groups identifi ed a membrane conductance that displayed a pharmacological 
profi le similar to heterologously expressed TASK-1 channels [ 50 ,  96 ]. Initially dis-
missed as simply a “leak” channel, K 2P  channels are gaining some consideration as 
regulators of resting E m . TASK-1 channels are believed to play a physiological role 
in E m  homeostasis. TASK-1 channels are insensitive to glibenclamide, TEA, and 
Ca 2+  channel blockers and display high sensitivity to external pH and the endogenous 
neurotransmitter anandamide. Inhibition of TASK-1 current by acid or anandamide 
or knockdown of TASK-1 expression by siRNA leads to signifi cant membrane depo-
larization in human PASMCs providing further evidence that TASK-1 channels are 
involved in the regulation of E m  [ 96 ]. It is also noteworthy that TASK-1, in addition 
to its acid sensitivity, exhibits sensitivity to hypoxia and as such these channels are 
proposed to be functionally important in mechanisms underlying HPV.   

     Ca 2+  Channels in PASMC   

 Intracellular Ca 2+   concentration   plays a critical role in the maintenance and regula-
tion of tone and vascular remodeling in the pulmonary vasculature. Basal [Ca 2+ ] i  has 
been reported to be approximately 100 nM which is signifi cantly less than 

14 SMC Ion Channels in PAH 



304

extracellular Ca 2+  concentration (~1.8 mM) in PASMCs. Ca 2+  channels are important 
because they facilitate Ca 2+  entry which is necessary for excitation-contraction 
(E-C) coupling. It has been established there are three type of Ca 2+  channels; these 
are distinguished by their activation mechanisms and pharmacology, which play a 
signifi cant physiological role in PASMC. These channels are (1) the voltage-depen-
dent Ca 2+  channel (VDCC), (2) the receptor-operated Ca 2+  channel (ROC) and (3) 
the store-operated Ca 2+  channel (SOC). 

     VDCC   

 The open probability of VDCC is  increased   during membrane depolarization, 
thereby mediating Ca 2+  entry and elevating [Ca 2+ ] i , which serve as second messen-
gers of electrical signaling, initiating a variety of cellular events, including smooth 
muscle contraction and gene expression.    Differences in Ca 2+  channel density 
and oxygen sensitivity in PASMC are observed using specifi c VDCC inhibitors 
and direct measurement of VDCC currents [ 40 ]. The combination of α1 subunits 
with different accessory subunits gives rise to six functionally distinct VDCC 
subfamilies: the L-, N-, P-, Q-, R- (high-voltage activated; HVA) and T-type 
(low-voltage activated; LVA) channels [ 18 ]. 

 There is convincing evidence that the L- and T-type channels are the major 
players involved in capacitive Ca 2+  entry (CCE) necessary for E-C coupling 
[ 130 ] and cell proliferation [ 68 ]. During E-C coupling, voltage-dependent Ca 2+  
channels (VDCC) are activated when the membrane is depolarized beyond the 
activation threshold [ 69 ]. L-type (or “long lasting”) channels, which have been 
substantially examined in PASMC, are important in elevating cytosolic Ca 2+  
concentration for the purpose of promoting vasoconstriction.    L-type channels are 
characterized by high-voltage activation (≥−30 mV), sensitivity to dihydropyri-
dine agonists and a 25-pS single channel conductance. T-type (or “transient”) 
Ca 2+  channels display a low voltage activation threshold (~−70 mV), insensitiv-
ity to dihydropyridine antagonists and 8-pS single channel conductance. 
Although expression of T-type channels has been detected in PASMC [ 66 ], 
their physiological role in the vasculature remains unclear. It has been argued 
that T-type Ca 2+  channels do not contribute to regulating vessel tone as they are 
partially inactive at E m .    Recently it has been shown that T-type channels regulate 
cell proliferation as expression of these channels are upregulated in proliferating 
PASMC [ 112 ].  

     ROCE and SOCE      

 G protein coupled receptors  are   activated by ligand binding, leading to activation of 
phospholipase C (PLC) which in turn cleaves phosphoinositol bisphosphate (PIP2) 
into diacylglycerol (DAG) and inositol triphosphate (IP3), two very important second 
messengers. DAG stimulates Ca 2+  infl ux, a process known as receptor-operated Ca 2+  
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entry (ROCE) via activation of receptor-operated Ca 2+  channels (ROC). IP3 activates 
IP3 receptors located on ER/SR membrane which leads to Ca 2+  release from these 
intracellular stores. Depletion of ER/SR Ca 2+  stores triggers an infl ux of Ca 2+  across 
the plasma membrane. This phenomenon is known as store-operated Ca 2+  entry 
(SOCE) or capacitive Ca 2+  entry (CCE) and occurs via activation of channels com-
monly termed, “store-operated Ca 2+  channels” (SOC). In the pulmonary vascula-
ture, the transient receptor potential (TRP) channels are capable of forming ROCs 
and SOCs. In addition, Ca 2+ -release-activated Ca 2+  channels (CRACs) have been 
identifi ed as a functional Ca 2+  entry pathway in several cell types and display a close 
interaction with TRP channels in smooth muscle cells. 

   TRP Channels 

 Like VDCCs,    TRP channels are also part of the superfamily of six transmembrane 
spanning cation channels. One exception is that TRP channel lack a voltage sensor 
at the S4 TMD. They function as voltage-independent, nonselective cation channels 
that predominantly conduct Ca 2+  ion across the plasma membrane but are also 
permeable to Na + , K + , Cs + , Li +  and Mg 2+ . Several subtypes of TRP channels have 
been identifi ed in the pulmonary vasculature on the basis of their activation stimuli 
and presence of regulatory domains in the N- and C-termini; these include the 
classical or canonical TRP (TRPC), vanilloid-receptor-related TRP (TRPV) and 
melastatin- related TRP (TRPM) channels. Other TRP subfamilies, which tend to be 
associated with specifi c genetic disorders, are the polycystins (TRPP), mucolipidins 
(TRPML), the ankyrins (TRPA) and the mechanoreceptor potential C (TRPN). 

 In PASMCs more than ten TRP isoforms have been identifi ed.       Distinct domains 
in the N- and C-termini refl ect the capability to form specifi c protein-protein 
interactions. TRPC1-TRPC7 have been detected in SMC by way of RT-PCR, 
Western Blot and/or immunofl uorescence [ 9 ,  29 ]. TRPC1 is ubiquitously 
expressed in the vasculature and it is proposed to be one of the pore-forming 
subunits comprising SOCs in VSMCs [ 93 ]. TRPC1 can be assembled in a homo- 
or heterotetrameric (with TRPC5, TRPC3, and TRPP2) fashion to form functional 
voltage-independent nonselective cation channels [ 10 ]. TRPC4 is also widely 
expressed in PASMC [ 162 ], however its functional role is unclear,   whereas in 
the endothelium it appears to play a more prominent role in regulating vascular 
permeability and vasorelaxation [ 41 ,  132 ]. TRPM2-TRPM8 and TRPV1-TRPV4 
have all been detected at the transcript and protein level in the pulmonary artery 
[ 139 ,  148 ]. There is ever- growing evidence that TRP channels contribute to the 
regulation of PASMC proliferation. For example, TRPC1, TRPC4, and TRPC6 
are upregulated in proliferating PASMC, and inhibition of these upregulated 
channels was shown to attenuate PASMC proliferation [ 45 ,  70 ,  125 ,  153 ,  162 ]. 
TRP channels are also implicated in the regulation of pulmonary vasoconstriction 
as overexpression of TRPC1 leads to enhanced CCE which is associated with 
increased pulmonary vasoconstriction [ 70 ].  
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   Ca 2+ -Release-Activated Ca 2+  Channels 

 While TRPC has long been thought to contribute to SOCE, recent evidence 
suggests a signifi cant role for CRAC channels in voltage-independent Ca 2+  infl ux 
that is postulated to be a major contributor to SOCs in PASMCs. CRAC channels 
are comprised of stromal interaction molecule (STIM) and ORAI calcium 
release-activated calcium modulator (Orai) subunits.       Recent studies have demon-
strated that Orai-1 is the fundamental CRAC pore- forming   subunit in the plasma 
membrane [ 16 ,  100 ]. ER/SR Ca 2+  concentration is sensed by the EF-hand domain 
located on the N-terminus of STIM-1. When Ca 2+  is not bound to the EF-hand 
domain as the case during ER/SR Ca 2+  depletion, STIM-1 undergoes a conforma-
tion change. After this occurrence, STIM-1 oligomerizes, and is translocated 
along the ER/SR membrane to the ER/SR-plasma membrane junction bringing it 
in close proximity to the Orai-1 tetramer. This STIM-Orai interaction  activates   
SOC and stimulates SOCE [ 113 ,  163 ]. The precise functional association 
between STIM-1 and Orai-1 is currently unknown and the mechanism of Ca 2+  
infl ux mediated by Orai-1 requires further investigation.    

     Cl −  Channels   

 Chloride is the most abundant intracellular and extracellular  anion   in multiple cell 
types. In smooth muscle, the intracellular concentration of Cl −  ([Cl − ] i ) is estimated 
to be approximately 30–50 mM, which is considerably higher than calculated in 
other cell types [ 21 ]. Cl −  ions are actively accumulated in the cell via one of three 
uptake mechanisms: the Na + -K + -2Cl −  cotransporter, the Cl − /HCO 3  −  exchanger or 
the relatively unknown “pump III” [ 15 ,  21 ]. According to the Nernst equation, 
the equilibrium potential for Cl −  (E Cl ) is estimated to be around −30 to −20 mV for 
SMC [ 15 ,  71 ]. Since E Cl  is more positive than E K  (~−85 mV) and resting E m  (~−60 
to −40 mV) in vascular SMC [ 71 ,  92 ], activation of Cl −  channels results in a 
net effl ux of Cl −  ions across the electrochemical gradient, resulting in membrane 
depolarization, VDCC activation, elevated [Ca 2+ ] i  and contraction [ 15 ,  54 ]. 
Currently there are fi ve known Cl −  channels family members: transmembrane 
protein 16 (TMEM16)/anoctamin (ANO), bestrophins, voltage-gated Cl −  channels 
(CLC), cystic fi brosis transmembrane conductance regulator (CFTR), and ligand-
gated Cl −  channels [ 33 ]. This section will focus on the fi rst four family members as 
other Cl −  channels in PASMC have not been fully characterized. 

    Ca 2+ -Activated Cl −  Channels (TMEM16A/ANO1)    

 Ca 2+ -activated Cl −  channel (Cl Ca ), which is the most extensively studied Cl −  channel 
is ubiquitously expressed in a variety of SMC types including PASMC. The Cl −  
current propagated by Cl Ca  channels is initiated by an elevation of [Ca 2+ ] i , via Ca 2+  
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  Fig. 14.2    Whole-cell Cl Ca  currents in human PASMCs.    Cl Ca  currents were measured in human 
PASMCs. Representative outward currents ( black arrowhead ), elicited by depolarization from a 
holding potential of −60 mV to a series of test potentials (−80 to +100 mV) and inward tail currents 
( gray arrowhead ), induced by repolarization to −60 mV in a human PASMC ( a ). I-V relationship 
at peak amplitude during depolarization. The current reverses at about 0 mV, the theoretical equi-
librium potential of Cl −  under these experimental conditions ( b ). Representative tail currents 
( gray arrowhead ) at a series of test potentials (−40 to +40 mV) for 500 ms after depolarization 
from a holding potential of −60 to +100 mV in a human PASMC ( c ). I-V relationship of tail 
currents. The reversal potential is close to 0 m V ( d ). Representative outward currents ( black 
arrowhead ), elicited by depolarization from a holding potential of −60 to +60 mV, and inward tail 
currents ( gray arrowhead ), induced by repolarization to −60 mV in the absence ( black line ) and 
presence ( gray line ) of 100 μM nifl umic acid (NFA) in a human PASMC ( e ). Summarized data 
showing the effect of nifl umic acid on outward and tail currents in human PASMCs ( f ). The num-
ber of cells examined is given in  parentheses . Statistical signifi cance versus control is indicated as 
*P < 0.05. Reproduced from Yamamura et al. 2011 [ 144 ]       
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infl ux through (1) VDCC [ 156 ], (2) reverse-mode Na + /Ca 2+  exchange (NCX) [ 72 ], 
(3) ROCE and SOCE [ 2 ,  144 ], or by agonist-induced Ca 2+  release from intracellular 
stores (SR) [ 12 ,  156 ]. In the pulmonary artery of rabbits it has been shown that both 
norepinephrine and histamine can elicit Ca 2+ -activated Cl −  currents (I Cl(Ca) ) [ 56 , 
 138 ]. In rat and human PASMCs, depolarization or agonist-mediated elevation 
of [Ca 2+ ] i  generates a time-dependent outwardly rectifying Cl −  current that reverses 
around 0 mV and is inhibited by putative Cl −  channel blockers, such as nifl umic 
acid, fl ufenamic acid, and 4,4′-diisothiocyanatostilbene-2,2′-disulfonic acid 
(Fig.  14.2 ) [ 141 ,  144 ]. Cl Ca  channels are heterogeneous with several different char-
acteristics; currently they can be divided into three distinct families: (1) “classical” Cl Ca  
channels, (2) CaMKII-dependent Cl Ca  channels and (3) cyclic GMP-dependent Cl Ca  
channels [ 58 ].

   Although the biophysical and pharmacological properties of Cl Ca  channels 
have been extensively studied in human and animal PASMC [ 6 ,  46 ], the molecular 
correlate of Cl Ca  channels has proven to be challenging. Bestrophin, CLC, CLCA 
and Tweety have all been proposed as the Cl Ca  channel gene candidate. However 
studies with these recombinant channels failed to recapitulate the kinetic properties 
of the “native” SMC Cl Ca  current [ 71 ,  123 ]. Recently, three groups independently 
identifi ed TMEM16A as a novel molecular candidate for Cl Ca  channels [ 17 ,  115 , 
 149 ]. Among other vascular structures,    TMEM16A channels are described at the 
transcript and protein level of rat and human PASMC [ 27 ,  83 ,  144 ]. In recombinant 
studies, TMEM16A elicits a current that displays similar Ca 2+  dependence and I-V 
relationship to native Cl Ca  currents in vascular SMC [ 17 ,  83 ,  91 ,  116 ,  131 ]. 

 Cl −  channel inhibition has also been shown to attenuate serotonin-induced mem-
brane depolarization and agonist-induced pulmonary vasoconstriction [ 126 ,  156 ]. 
Most recently, a TMEM16A selective inhibitor was able to promote vasorelaxation 
in isolated blood vessels from mouse and humans [ 28 ]. These data suggest 
TMEM16A/Cl Ca  channels are involved in modulating E m  and regulating vasocon-
striction. Furthermore, DIDS, a nonselective Cl −  channel inhibitor signifi cantly 
attenuates ET-1-induced proliferation in cultured rat  VSMC  , while NFA and IAA- 
94 inhibited proliferation of PASMC from chronically hypoxic rats [ 142 ,  150 ], 
suggesting that Cl −  currents are important mediators of cell proliferation.  

    cGMP-Dependent Cl Ca  Channel ( Bestrophin-3)   

 A cGMP-dependent Cl Ca  current has been described in a number  of   VSMC [ 84 ,  85 ]. 
These currents are distinct from classical Cl Ca  currents not only because they require 
cGMP for activation but also for their voltage independence and lower [Ca 2+ ] i  
sensitivity [ 85 ]. Additionally, they are relatively insensitive to classic Cl Ca  chan-
nel blockers [ 84 ]. Although the molecular identity of cGMP-dependent Cl Ca  chan-
nels is unclear, it is believed that members of the Bestrophin family contribute to 
this Cl −  conductance. Bestrophins are composed of six hydrophobic segments with 
both intracellular N- and C-termini. Bestrophins are ubiquitously expressed in a 
variety of tissue types, but it is Bestrophin-3 that garners the most interest. This is 
partially because mRNA and protein expression of  Bestrophin-3   is signifi cantly 
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stronger  in   VSMC than other family member expression [ 86 ]. Bestrophin-3 has 
been reported to regulate rhythmic contraction and H 2 O 2 -induced apoptosis in rat 
mesenteric artery and basilar artery SMC, respectively [ 14 ,  63 ]. To date the physi-
ological role of Bestrophin-3 in pulmonary artery or PASMC is unknown, therefore 
further studies are necessary to determine whether reported functions are shared 
across all vascular beds or to identify novel physiological functions in the pulmonary 
vasculature.  

    Volume-Sensitive Cl −  Channels (ClC-3)    

 Cell volume regulation is an important compensatory mechanism for many cellular 
processes including cell proliferation, differentiation and apoptosis [ 47 ]. Volume- 
sensitive chloride channels are ubiquitously expressed  in   VSMC and are believed 
to contribute to cell volume regulation. These channels are activated in response to 
cell swelling leading to Cl −  effl ux, which is accompanied by passive water trans-
port out of the cell followed by regulatory volume decrease (RVD). Yamazaki et al. 
demonstrated that functional volume-sensitive chloride channels were present in 
canine PASMC [ 145 ]. Perfusion of cells with hypotonic solutions activated an 
outwardly rectifying Cl −  conductance that is sensitive to inhibition by DIDS, ATP, 
and tamoxifen [ 31 ,  145 ]. ClC-3 is the only known molecular candidate for volume- 
sensitive Cl −  channels in SMC [ 15 ]. The structure of ClC-3 has a total of 18 
α-helixes that are divided into two identical subunits which assemble homodimeri-
cally in an anti-parallel fashion [ 34 ]. There is some evidence suggesting that ClC-3 
channels are involved in controlling SMC function. For example, ClC-3 knock-
down inhibits ET-1-induced proliferation in rat aorta and basilar artery SMC [ 134 ]. 
Furthermore, ClC-3 overexpression in canine PASMC was shown to increase cell 
proliferation by inhibiting apoptosis [ 26 ]. While there is clear evidence  that 
  changes in ClC-3 expression alter physiological function in SMC, they are sur-
rounded by a cloud of controversy as their contribution to the volume-sensitive 
Cl −  conductance has been called into question. Yamamoto-Mizuma et al. found 
that PASMC from ClC-3 knockout mice still produced volume-sensitive Cl −  
currents [ 143 ]. More recently it has been shown that both volume-sensitive Cl −  
currents and ClC-3 expression are involved in proliferation of human PASMC, 
however ClC-3 channels are intracellularly localized and do not contribute to the 
volume sensitive Cl −  fl ux [ 73 ].  

    Cystic Fibrosis Transmembrane Conductance Regulator ( CFTR)   

 The  cystic fi brosis transmembrane conductance regulator (CFTR)   is a cAMP- 
activated Cl −  channel that was fi rst identifi ed in epithelial cells. CFTR consist of 
two membrane spanning domains each of which is composed of six transmembrane 
segments. CFTR expression has been detected  in   VSMC in rodents including rat 
PASMC [ 109 ,  110 ]. Disruption of CFTR Cl −  channel expression by homozygous 
knockout mice leads to increased vasoconstriction of isolated aortic rings 
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compared to WT mice when stimulated by vasoactive agents [ 108 ]. Furthermore, 
pharmacological activation of CFTR induced vasorelaxation in preconstricted aor-
tic rings from WT mice but not in KO mice [ 108 ], suggesting for the fi rst time that 
CFTR Cl −  channels regulate vascular reactivity. CFTR activation is also thought to 
be a critical regulator of Sphingosine-1-phosphate (S1P) signaling which in itself 
is a central regulator of vascular tone and cellular proliferation [ 88 ]. Whether 
CFTR plays a similar physiological role in PASMC is still unknown and will 
require extensive study to elucidate their function under  normal      and pathological 
conditions.    

    Pathological Function of Ion Channels in PAH 

 Ionic conductance in  vascular smooth muscle cells (VSMC)   is vital for controlling 
intracellular Ca 2+ , vessel constriction and thus vascular resistance to blood fl ow. 
   Dysfunction of ion channels is a major cause of elevated PVR and PAP in patients 
with PAH. PASMC from animal models of PAH and PAH patients display a depo-
larized resting membrane potential and higher [Ca 2+ ] i  when compared to non-PAH 
PASMC. This membrane depolarization is due to a decrease in K +  channel expres-
sion and function, including Kv1.2, Kv1.5 and Kv2.1, which leads to enhanced Ca 2+  
infl ux due to an increase in open state probability of voltage-gated Ca 2+  channels. 
Enhanced cytosolic Ca 2+  levels are instrumental for pulmonary vasoconstriction and 
an important stimulus for PASMC proliferation. Changes in the expression and 
function of many K + , Ca 2+ , and Cl −  channels have been identifi ed in experimental 
models of PH or IPAH and are summarized  in   Table  14.1 .

         Expression and Function of K +  Channels in PAH 

 Plasmalemmal K +  channel activity is important to maintaining the membrane poten-
tial and is also an important regulator of vascular contractility and smooth muscle 
cell excitability [ 13 ,  78 ,  94 ,  102 ,  107 ,  157 ]. Increased effl ux of K +  ion through the 
K +  channels causes membrane hyperpolarization, which inhibits VDCC and results 
in vasodilation. Defective and downregulated K +  channels have been observed in 
animal models of PAH and IPAH patients [ 36 ,  154 ,  160 ]. As a result of this down-
regulation, whole cell K +  currents are reduced, which attenuates K +  effl ux and 
membrane depolarization ensues. Membrane depolarization increases  the   open 
probability of VDCC, which leads to enhanced Ca 2+  infl ux, thereby elevating [Ca 2+ ] i  
in PASMC [ 104 ,  154 ]. This increase in [Ca 2+ ] i  not only causes pulmonary vasocon-
striction, but it also stimulates PASMC proliferation, which is a major contributor to 
the development of pulmonary vascular remodeling. 

 Downregulation of Kv channel activity also leads to the development of pulmonary 
vascular remodeling through the inhibition of apoptotic volume decrease (AVD) 
and apoptosis. During AVD there is enhanced K +  and Cl −  effl ux through open K +  
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   Table 14.1    Reported changes of ion channel expression  in   IPAH patents and animal models of PH   

 Channels  Sample type  Expression  Reference 

  K  +   channels  
 Kv1.1  Hypoxic rat PASMC  Downregulated  [ 82 ] 
 Kv1.2  Hypoxic rat PASMC  Downregulated  [ 57 ,  136 ] 
 Kv1.5  Hypoxic rat PASMC; 

IPAH PASMC; MCT/
CH rats 

 Downregulated  [ 4 ,  57 ,  87 ,  89 , 
 119 ,  136 ,  154 , 
 160 ] 

 Kv2.1  Hypoxic rat PASMC; 
CH rats 

 Downregulated  [ 99 ] 

 BKCa  CH rat PASMC; 
newborn lambs  PH   

 Downregulated  [ 32 ] 

 TASK-1  Loss of function 
mutation in IPAH 

 Downregulated  [ 77 ] 

  Ca   2 +   channels  
 TRPC1  MCT/CH rat PASMC; 

cigarette smoke exposed 
rat PASMC 

 Upregulated  [ 75 ,  135 ,  137 , 
 151 ] 

 TRPC3  CH rat PASMC; IPAH 
PASMC 

 Upregulated  [ 74 ,  151 ] 

 TRPC4  MCT rat PASMC; lungs 
of newborn lambs at 
high altitude 

 Upregulated  [ 75 ,  98 ] 

 TRPC6  CH rat PASMC; 
cigarette smoke exposed 
rat PASMC; IPAH 
PASMC 

 Upregulated   [ 74 ,  75 ,  135 ,  151 ] 

 TRPV1  CH human  PASMC    Upregulated  [ 139 ] 
 TRPV4  MCT rat PASMC; IPAH 

PASMC 
 Upregulated  [ 25 ,  122 ,  147 ] 

 TRPM7  IPAH PASMC  Upregulated  [ 122 ] 
 STIM1  PDGF stimulated human 

PASMC 
 Upregulated  [ 95 ] 

 STIM2  IPAH PASMC  Upregulated  [ 121 ] 
 Orai1  PDGF stimulated human 

PASMC 
 Upregulated  [ 95 ] 

 ASIC1  CH rat PASMC  Upregulated  [ 62 ] 
  Cl  −   channels  
 TMEM16A/ANO1  MCT/CH rat PASMC  Upregulated  [ 39 ,  124 ] 
 ClC-3  MCT rat  PASMC    Upregulated  [ 26 ] 
 CLIC4  Lungs from IPAH 

patients 
 Upregulated  [ 1 ] 

and Cl −  channels along the membrane. This results in a passive movement of water 
across the membrane through aquaporin that lead to cell shrinkage. In IPAH PASMC, 
BMP-induced apoptosis is inhibited, whereas overexpression of KCNA5 (Kv1.5) in 
normal PASMC increased whole-cell K v  currents and enhanced apoptosis [ 13 ,  161 ]. 
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 More recent studies have suggested  a   direct role for TASK-1 channels in HPV or 
as a pathogenic mechanisms of PAH. It has been shown that endothelin-1, a 
 vasoconstrictive agonist known to be upregulated in PAH, inhibits TASK-1 in 
human PASMCs [ 127 ]. Missense variants of KCNK3, which is the gene encoding 
TASK-1 channel, have been identifi ed as rare novel disease causing mutations in 
both hereditary pulmonary arterial hypertension (HPAH) and IPAH [ 44 ,  77 ]. 
These mutations resulted in a loss of ion channel function at physiological pH as 
indicated by the decreased TASK-1 currents [ 77 ], which suggests KCNK3 dysfunc-
tion may contribute to the pathogenic mechanisms of PAH.  

       Expression and Function of Ca 2+  Channels in PAH 

 Maintenance of cytosolic Ca 2+  concentration [Ca 2+ ] i  is critical for the initiation of 
a variety of physiological events including contraction, migration, development, 
proliferation, apoptosis, and gene transcription. Functionally, TRP channels are 
critically important for regulating [Ca 2+ ] i . In normal PASMC, proliferation is 
associated with upregulation of TRPC1 and TRPC6 channels and enhanced  SOCE 
     compared to growth-arrested PASMC [ 45 ,  125 ,  152 ,  153 ]. Inhibition of TRPC 
channels was shown to attenuate SOCE and proliferation in PASMC [ 125 ]. 

 In PASMC from IPAH patients, basal [Ca 2+ ] i  is greater than observed levels in 
PASMC from normal subjects due to upregulated TRPC6 channel expression, 
which stimulates increased Ca 2+  infl ux (Fig.  14.3 ).    For example, the amplitude of 
cyclopiazonic acid (CPA)-induced SOCE was signifi cantly greater in IPAH- PASMC 
compared to normal PASMC [ 151 ,  152 ]. Along with increased SOCE, mRNA and 
protein expression of TRPC3 and TRPC6 are upregulated in PASMC from patients 
with IPAH compared to control patients [ 45 ]. Additionally, isoforms for the stromal 
interacting molecule (Stim2) and SOC channel (Orai2) families are upregulated and 
contribute to enhanced SOCE in IPAH-PASMC [ 121 ]. Recent studies by our group 
have shown that the mechanosensitive channels TRPV4 and TRMP7 are upregu-
lated and contribute to the enhanced [Ca 2+ ] i  increase induced by shear stress in 
PASMC from IPAH patients [ 122 ]. These results indicate that upregulation of TRP 
channels in IPAH-PASMC promotes greater Ca 2+  entry, leading to enhanced [Ca 2+ ] i , 
which ultimately contributes to sustained vasoconstriction, increased cell prolifera-
tion and decreased apoptosis.

          Expression and Function of Cl −  Channels in PAH 

 Chloride (Cl − ) is the most abundant anion in many cell types. Cytosolic Cl −  in 
vascular smooth muscle have been shown to be quite high falling within a range 
of 51–86 mM, which according to the Nernst equation, corresponds with a reversal 
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potential of −25 to −12 mV. As previously mentioned, there is evidence to suggest 
that Cl −  effl ux contributes to vasoconstriction and SMC proliferation. 

 In Monocrotaline (MCT)-induced PAH rats, the Cl −  channel blocker 
4,4′-diisothiocyanatostilbene-2,2′-disulfonic acid (DIDS) was shown to dose- 
dependently inhibit the spontaneous active tone, which would suggest that this 
elevated muscular tone is mediated in part by activation of Cl −  channels [ 90 ]. 
TMEM16A transcript and protein expression along with Cl Ca  currents were 

  Fig. 14.3    Upregulated TRPC6 expression in PASMCs from IPAH  patients   increases the 
resting [Ca 2+ ] cyt  and enhances agonist-mediated Ca 2+  infl ux. mRNA and protein expression of 
TRPC6, determined by RT-PCR ( left ), Western blot ( middle ), and immunocytochemistry 
( right ), respectively, is signifi cantly higher in IPAH PASMCs than in control PASMCs from 
NPH patients ( a ). Representative records of [Ca 2+ ] cyt  changes in response to OAG (100 μmol/L) 
in control (NPH) and IPAH PASMCs ( b ). Summarized data of the resting [Ca 2+ ] cyt  and the 
amplitude of the OAG- induced increase in [Ca 2+ ] cyt  in NPH and IPAH PASMCs. **P < 0.01, 
***P < 0.001 vs. NPH PASMCs ( c ). Representative currents recorded in NPH ( left ) and IPAH 
( middle ) PASMCs before (Cont) and during (OAG) application with OAG (100 μmol/L). 
OAG-sensitive currents, generated by subtracting the currents recorded during OAG from the 
control currents, in NPH and IPAH PASMCs are shown in the  right  panel ( d ). Reproduced 
from Yu et al. 2009 [ 152 ]       
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  Fig. 14.4    Regulation of [Ca 2+ ] i  in pulmonary artery smooth muscle cells (PASMC) and the 
pathogenic role of ion channels in  the   development of idiopathic pulmonary arterial hyperten-
sion (IPAH). Decreased K v  and increased Cl −  channel activity causes membrane depolarization 
which subsequently opens voltage-dependent Ca 2+  channels (VDCC), increase Ca 2+  infl ux, and 
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increased in PASMC from rats with chronic hypoxia and MCT-induced PH 
compared with their respective controls [ 39 ,  124 ]. Furthermore, agonist induced 
contractions of PA vessels from CH/MCT PH rats were enhanced versus control 
and shown to be sensitive to the putative Cl Ca  channel blockers nifl umic acid and 
T16A inh  suggesting increased TMEM16A/Cl Ca  channel activity contributes to 
increased and sustained pulmonary vasoconstriction in CH/MCT models of 
PH. In addition to TMEM16A, the volume regulated Cl −  channel ClC-3 was also 
found to be upregulated in PASMC from MCT-induced pulmonary hypertensive 
rats [ 26 ].    Overexpression of ClC-3 in PASMC inhibited apoptosis and improved 
resistance to reactive oxygen species, suggesting this volume-regulated Cl −  
channel may also have a potential role in the pathogenesis of pulmonary hyper-
tension [ 26 ]. While these data have provided some insight into the potential role 
of Cl −  channels in pulmonary vasoconstriction, further studies are required to 
determine whether pulmonary vascular remodeling can be regulated by Cl −  
channel activity and if these fi ndings refl ect expressional and functional changes 
in IPAH patients.   

    Summary 

 Ion channels have a delicate role in controlling cellular homeostasis and cell excit-
ability to ensure normal physiological function.    Disruption of this balance due to 
changes in expression level or ion channel activity initiates pathogenic triggers such 
as sustained pulmonary vasoconstriction and excessive pulmonary vascular remod-
eling, due to increased cellular proliferation and decreased cellular apoptosis, which 
are key contributors to the development and progression of pulmonary vascular  dis-
eases   such as PAH (Fig.  14.4 ). Thus, targeting ion channels may lead to potential 
pathways for treatment of PAH.

raises [Ca 2+ ] i . Activation of G-protein coupled receptors (GPCR) and receptor tyrosine kinase 
(RTK) produces DAG and IP 3  which respectively activate receptor operated Ca 2+  (ROC) and 
store operated Ca 2+  (SOC) channels. Increased [Ca 2+ ] i  is an important trigger for PASMC con-
traction, proliferation and migration ( a ). In response to unknown pathogenic and endogenous 
factors or hypoxia, K V , and K 2P  channels are downregulated while Cl Ca  channels are upregu-
lated. The ensuing changes in expression causes changes to ion channel activity which leads to 
membrane depolarization. This membrane depolarization triggers VDCC and increases [Ca 2+ ] i . 
Voltage dependent- and independent-Ca 2+  channels are also upregulated and associated with 
enhanced Ca 2+  entry.    The augmentation of Ca 2+  infl ux causes pulmonary vasoconstriction and 
pulmonary vascular remodeling. K v  channel also contribute to pulmonary vascular remodeling 
by inhibiting apoptotic volume decrease (AVD) and apoptosis in PASMC. Ultimately these 
changes in ion channel expression and activity can be associated with elevated pulmonary 
vascular resistance and pulmonary arterial pressure in patients with idiopathic pulmonary 
arterial hypertension (IPAH) ( b )       
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    Chapter 15   
 Physiological Roles and Cholesterol Sensitivity 
of Endothelial Inwardly-Rectifying K +  
Channels: Specifi c Cholesterol-Protein 
Interactions Through Non Annular 
Binding Sites                     
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    Abstract     Inwardly-rectifying K +  channels (Kir) have been implicated to play a 
major role in endothelial sensation of shear stress forces and suggested to constitute 
a primary fl ow sensor. The studies of our group focused on elucidating the impact 
of hypercholesterolemia on endothelial Kir channels and elucidating molecular, 
biophysical and structural basis of cholesterol-induced Kir suppression. In this 
chapter, we fi rst review briefl y what is known about expression of Kir channels in 
different types of endothelial cells and their role in endothelial function and then 
discuss in detail the mechanisms of cholesterol-Kir interactions. Briefl y, endothelial 
Kir channels are suppressed by loading the cells with cholesterol and by exposing 
them to atherogenic lipoproteins  in vitro  and by plasma hypercholesterolemia  in 
vivo . A series of studies revealed that cholesterol interacts with the channels directly 
stabilizing them in a long-lived closed “silent” state and that multiple structural 
features of the channels are essential for conferring their cholesterol sensitivity. 
There is also a signifi cant cross-talk between cholesterol, caveolin-1 and a regula-
tory phospholipid PI(4,5)P 2  in the regulation of these channels. Further studies 
are needed to determine the impact of cholesterol-induced suppression of Kir on 
endothelial function.  
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      Introduction 

 Multiple studies established  that   dyslipidemia-induced endothelial dysfunction 
plays a key role in the early stage of the development of atherosclerosis (e.g. [ 1 – 3 ]. 
The mechanisms, however,    that underlie dyslipidemia-induced endothelial dys-
function are still poorly understood. Our studies demonstrated that an increase in 
cellular cholesterol  in vitro  and  plasma   hypercholesterolemia  in vivo  result in strong 
suppression of endothelial K +  channels belonging to a class of inwardly- rectifying 
K +  channels (Kir) [ 4 ,  5 ]. These channels are known to play a major role in regulat-
ing resting membrane potential and excitability in a variety of cell types [ 6 ,  7 ] and 
were shown to be sensitive to fl uid  shear stress,   a frictional force generated by blood 
fl ow [ 5 ,  8 ]. Furthermore, since activation of Kir channels is one of the fastest 
responses of endothelial cells to shear stress, it was proposed that shear stress-sen-
sitive Kir channels may constitute a primary shear stress sensor responsible for the 
ability of endothelial cells to respond to their hemodynamic environment and thus 
play a major role in endothelial physiology [ 9 ]. Our observations that endothelial 
Kir channels are sensitive to plasma dyslipidemia led us to hypothesize that choles-
terol-induced suppression of these channels may play a signifi cant role in endothe-
lial dysfunction under hypercholesterolemic conditions. In this chapter, we 
summarize what is currently known about the role of Kir channels in endothelial 
physiology and provide an in depth discussion of cholesterol interaction with these 
channels.  

    Expression of Kir Channels in Endothelial Cells 

 In general, endothelial cells (ECs) express two major classes of K +  channels; 
inwardly-rectifying K+ (Kir) channels, which as described above, maintain 
stable membrane potential and are sensitive to fl uid shear stress [ 5 ,  8 ] and Ca 2+ -
activated K +  (K Ca ) channels that are sensitive to the level of intracellular Ca 2+  [ 10 , 
 11 ]. Among Kir channels that are divided into seven sub-families (Kir1-7) that 
differ in their biophysical properties and sensitivities to different regulators [ 6 ], 
endothelial cells express Kir2 channels, strong rectifi ers with high basal open 
probability [ 12 – 15 ] and ATP-dependent Kir6 channels [ 16 – 20 ].  Among   Ca 2+ -
sensitive K +  channels, endothelial cells were shown to express mainly small and 
intermediate conductance K Ca  channels (SK and IK, respectively), [ 21 – 23 ] with 
some evidence for the expression of large-conductance (BK) channels as well 
[ 24 ,  25 ]. 

   Kir2 channels  or   strong rectifi ers were found in both conduit and microvascu-
lature endothelial cells across multiple species. Specifi cally, functional Kir2 
channels are expressed in human [ 14 ], bovine [ 4 ] and porcine [ 14 ] aortic endothe-
lial cells, as well as in bovine pulmonary endothelium [ 26 ,  27 ], but were not 
found in rabbit [ 28 ] and mouse [ 29 ] aortic endothelium. Kir2 channels were also 
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found in endothelial cells isolated from rat brain microvasculature [ 15 ,  30 ] and 
from bovine cornea [ 13 ]. Two studies also looked at the differential distribution 
of Kir channels between the luminal and the abluminal surfaces of the endothe-
lium using a “stamp method” that allows to isolate endothelial cells with their 
abluminal side up. The study by Manabe et al. [ 31 ] revealed that in freshly-iso-
lated cardiac endothelium functional Kir channels are expressed exclusively on 
the luminal side of the endothelium with no detectable expression on the sublumi-
nal side. In contrast, in cultured bovine aortic endothelial cells, there was no dif-
ference in Kir expression between the basal and the apical endothelial surfaces 
[ 32 ]. It is possible that these differences may be related to the hemodynamic 
conditions. 

 The subfamily of  Kir2 channels   consists of four members (Kir2.1-2.4) [ 6 ] but 
only Kir2.1 and Kir2.2 were found to be functionally expressed in endothelial 
cells. Our study showed that while all four of Kir2 channels are expressed in 
human aortic endothelial cells on the molecular level (mRNA), single-channel 
analysis and differential expression of specifi c dominant-negative Kir2.x sub-
units (dnKir2.1-2.4) revealed that only Kir2.1 and Kir2.2 are functionally 
expressed with a strong contribution of Kir2.2 channels [ 14 ]. Furthermore, our 
observations suggest that Kir2.1 and Kir2.2 subunits may interact in aortic endo-
thelium. Equivalent expression of Kir2.1 and Kir2.2 channels on the mRNA lev-
els was also found in bovine and rat brain capillary ECs but no functional analysis 
was performed to discriminate between relative contributions of these two chan-
nels [ 15 ,  30 ]. 

  Kir6 or ATP-dependent Kir    channels    that are regulated by an auxiliary subunit of 
ATP-binding cassette (ABC) sulfonylurea receptors and thus sensitive to the meta-
bolic state of the cells are also expressed in multiple types of endothelial cells. 
The two members of the Kir6 family (Kir6.1 and Kir6.2) were also found in both 
conduit and microvascular endothelial cells: specifi cally Kir6.1 and 6.2 were found 
in the endothelium of heart capillaries with a predominant expression of Kir6.2 [ 16 ] 
and in coronary conduit arteries [ 33 ]. Kir6.2 were also found in microvascular pul-
monary endothelial cells where these channels were also shown to be shear stress 
sensitive [ 17 ,  20 ]. Furthermore, Chatterjee et al. demonstrated that Kir6.2 channels 
play an important role in endothelial response to the cessation of fl ow that may 
occur during lung ischemia. 

 Other Kir channels: In addition, there is molecular/histological evidence for 
the expression of Kir1 and G protein-coupled Kir3 channels in pulmonary vein 
endothelial cells but their functional role in these cells has not been studied [ 34 ]. 

 Other K +  channels: There are also multiple studies demonstrating the expres-
sion and functional roles of Ca 2+ -sensitive K +  channels in endothelial cells, 
   particularly small-conductance (SK) channels that are expressed most abun-
dantly in caveolin- rich domains [ 35 ] and endothelial cell gap junctions [ 36 ], 
and intermediate- conductance (IK) channels that are localized along endothe-
lial projections adjacent to myoendothelial gap junctions [ 36 ,  37 ]. The roles of 
SK and IK channels in endothelial function are described in detail in the 
chapter by Kohler et al.  
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    Flow Sensitivity and Functional Roles of Kir Channels 
in Endothelial Cells 

 Flow-sensitivity of endothelial Kir channels was fi rst discovered in bovine aortic 
endothelial cells and this response was shown to underlie fl ow-induced endothelial 
hyperpolarization [ 8 ,  38 ]. It was proposed, therefore, that these channels may play 
a major role in endothelial responses to their hemodynamic environment [ 39 ]. 
Furthermore, Kir2.1 channels were shown to be sensitive to a mechanical stimulus 
 when   over-expressed in  Xenopus  oocytes [ 40 ]. Similar fl ow-induced activation of 
Kir channels was also observed later in our studies in human aortic endothelial cells 
[ 5 ,  41 ]. We also identifi ed Kir2 channels as the dominant K +  conductance in aortic 
endothelial cells under resting conditions [ 14 ]. However, due to a lack of appropri-
ate genetic models, the evidence for a direct role of Kir2 channels in fl ow-induced 
endothelial responses is still rather sparse. 

  Endothelial Kir channels in control of vascular tone : Flow-induced  vasodilation   is 
a hallmark of endothelial response to fl ow and one of the essential vascular func-
tions. Cooke et al. [ 42 ] were fi rst to demonstrate that endothelial K +  channels con-
tribute signifi cantly to fl ow-induced vasodilation by exposing pressurized rabbit 
iliac arteries to an array of K +  channel blockers including Ba 2+  that blocks Kir chan-
nels [ 6 ], as well as charybdotoxin and iberiotoxin that block Ca 2+ -sensitive K +  chan-
nels [ 43 ]. All blockers were shown to inhibit fl ow-induced vasodilatation, and it 
was proposed that the channel that is responsible for the fl ow response is a Ca 2+ -
sensitive K +  channel [ 42 ]. The role of Kir channels was not established. A further 
study addressed the role of Kir channels in fl ow- and acetylcholine-induced vasodi-
lation of cerebral arteries as measured by isometric force recordings of arterial rings 
[ 44 ]. In this study, Ba 2+  was shown to inhibit the relaxation induced by intraluminal 
perfusion but not by acetylcholine suggesting that Kir channels are important for 
fl ow-induced but not for muscarinic-dependent vasodilation. In both studies, the 
effect of Ba 2+  was eliminated by vessel denudation. In contrast, a recent study dem-
onstrated that endothelial Ba 2+ -sensitive Kir currents contribute to acetylcholine- 
induced vasodilation in rat mesenteric artery [ 45 ]. It was also shown that application 
of acetylcholine resulted in an increase in Kir currents in these cells but it was not 
established what sub-types of Kir channels were responsible for this effect [ 45 ]. Kir 
channels were also implicated in the regulation of myogenic response in renal arte-
rioles as demonstrated by blunting the myogenic response by Ba 2+  [ 46 ]. Interestingly, 
blocking Kir channels with Ba 2+  was also shown to inhibit fl ow-induced Ca 2+  
response and augment fl ow-induced downregulation of endothelin-1 expression 
[ 47 ] suggesting that Kir channels may facilitate vasodilation by inhibiting endothe-
lin- 1 synthesis. 

 Notably, Kir channels are also implicated in the control of blood fl ow in human 
subjects. First, Dawes et al. [ 48 ] showed that infusing BaCl 2  (4 μM/min) into the 
brachial  artery   via a catheter to create a local increase in Ba 2+  concentration resulted 
in a signifi cant decrease in resting fl ow rate in the forearm of healthy subjects. 
Moreover, using the same approach, it was also shown that Ba 2+  infusion inhibits 
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both reactive and exercise- induced hyperemia (increase in blood fl ow) [ 49 ,  50 ]. 
Taken together, these studies suggest that Kir channels may play an important role 
in fl ow-induced vasodilation. 

  Endothelial Kir channels in cell proliferation and migration . Kir  channels   were also 
shown to play a role in the regulation of endothelial proliferation by basic Fibroblast 
Growth Factor (bFGF), one of the well-known regulators of endothelial cell prolif-
eration [ 51 ]. Specifi cally, bFGF was shown to signifi cantly increase endothelial Kir 
current in human umbilical vein endothelial cells, whereas exposing cells to Ba 2+  
abrogated bFGF-induced proliferation. In addition, Ba 2+  was also shown to inhibit 
bFGF-induced NO release. In terms of migration, the role of Kir was tested in the 
wound-healing model, also in human umbilical vein ECs (HUVECs) [ 52 ]. Several 
ion channel blockers, including Ba 2+  were shown to signifi cantly inhibit the velocity 
of cell migration but since the effect was not specifi c, it is hard to determine the role 
of Kir in this process. Clearly, a lack of genetic models for Kir2 channels, a major 
class of endothelial Kir channels, presents a major constraint in determining the 
physiological roles of these channels in endothelial function. 

  Endothelial Kir channels in    lung ischemia.    A series of studies from Chatterjee and 
colleagues provided signifi cant insights into the roles of endothelial Kir, specifi cally 
Kir6 channels, in endothelial response to the cessation of fl ow that occurs during 
lung ischemia leading to membrane depolarization and production of reactive oxy-
gen species [ 17 ,  20 ,  53 ]. This topic is described in detail in several excellent reviews 
[ 53 ,  54 ]. 

    Suppression of Endothelial Kir Channels by Cholesterol 
 In Vitro  and  In Vivo  

  Endothelial Kir:  As described above,    since plasma  hypercholesterolemia   is known 
to play a major role in causing endothelial dysfunction and since cholesterol is a 
major lipid component of the plasma membrane in all mammalian cells, our studies 
focused on determining the impact of cholesterol on mechanosensitive endothelial 
ion channels. Our studies showed that endothelial Kir channels are suppressed by an 
increase in cellular cholesterol (Fig.  15.1a , [ 4 ]), and by the exposure to elevated 
levels of pro-atherogenic very low density lipoproteins (VLDL) (Fig.  15.1b , [ 5 ]). In 
the fi rst study [ 4 ], bovine aortic endothelial cells (BAECs) that were either depleted 
of or enriched with cholesterol using the cholesterol carrier methyl-β-cyclodextrin 
(MβCD) resulting in signifi cant increase or decrease of endothelial Kir current 
without affecting cell capacitance or biophysical characteristics of the current. In a 
later study, we used human aortic endothelial cells ( HAECs)   that also express Kir 
channels even though typical Kir current densities in HAECs are signifi cantly lower 
than those in BAECs.       In fact, most of our studies in HAECs were performed in high 
K +  extracellular solution to increase Kir current density. The effect of MβCD on Kir 
current in  BAECs and HAECs   were very similar.    Exposure to 5–50 μg/ml VLDL 
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also resulted in current inhibition, which was completely reversible by MβCD, 
indicating that VLDL-induced suppression of Kir is mediated by an increase in 
the level of free cholesterol in endothelial membranes (Fig.  15.1b , upper panel). 
Similar effects were also observed for acetylated LDL (acLDL). Exposure to VLDL 
also signifi cantly decreased fl ow-induced membrane hyperpolarization in aortic 
endothelium (Fig.  15.1b , lower panel). Most importantly, we showed that endothe-
lial Kir channels were also suppressed by plasma dyslipidemia in a diet-induced 
porcine model of atherosclerosis. Endothelial cells were isolated by gentle 
mechanical scraping of porcine aortas immediately after animal sacrifi ce and har-
vesting of the aortas, and cells were identifi ed by typical endothelial markers, 
PECAM and vWF (Fig.  15.1c , upper panel).    Electrophysiological recordings were 
performed on freshly-isolated cells on the day of the sacrifi ce (Fig.  15.1c , lower 
panel). These recordings demonstrate that Kir currents recorded in aortic endothe-
lial cells isolated from hypercholesterolemic animals were signifi cantly lower than 
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  Fig. 15.1    Suppression of endothelial Kir channels by an increase in cellular cholesterol   in vitro  
and  in vivo .   ( a ) Typical Kir currents recorded  from   BAECs exposed to 2.5 mM MβCD or MβCD- 
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from a control and a VLDL-treated cells exposed to 2 dyn/cm 2  shear stress. ( c )  Upper panel  
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culture for 7 days to form a monolayer.  Lower panel  Representative recordings of Kir currents 
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currents recorded in cells isolated from control animals. Furthermore, the effect was 
fully abrogated by exposing cells isolated from hypercholesterolemic animals to 
MβCD after the isolation [ 5 ]. These observations demonstrate that endothelial Kir 
channels are suppressed by plasma dyslipidemia  in vivo .

    Cholesterol sensitivity of Kir in    progenitor cells and cardiomyocytes:    Dyslipidemia-
induced suppression of Kir channels was observed not only in mature endothelial 
cells but also in endothelial progenitor cells isolated from the bone marrow of 
hypercholesterolemic pigs [ 55 ]. This study was performed with side- population 
cells, a sub-type of progenitor cells that can differentiate into endothelial cells [ 56 , 
 57 ]. These cells express strongly-rectifying K+ channels and the current density in 
freshly isolated cells from the bone marrow was almost tenfold higher than in 
mature endothelial cells, and the current was decreased upon cell differentiation 
[ 55 ]. Similarly to dyslipidemia-induced suppression of Kir channels in aortic endo-
thelium, reduced Kir activity was observed in side-population cells freshly isolated 
from hypercholesterolemic pigs. Dyslipidemia-induced Kir suppression was also 
observed in cardiomyocytes isolated from hypercholesterolemic rats [ 58 ]. 

 The effect of cholesterol on endothelial Kir currents is mediated by Kir2.1 and 
Kir2.2 channels which, as described above, constitute the dominant Kir conduc-
tance in aortic endothelium [ 14 ]. Indeed, both Kir2.1 and Kir2.2 are highly choles-
terol sensitive as demonstrated by expressing the channels in cell lines that lack 
endogenous Kir channels, such as Chinese Hamster Ovary (CHO) cells or HEK293 
cells [ 59 ,  60 ]. In contrast, Kir2.3 and Kir2.4 show less cholesterol sensitivity, which 
may result in differential effects of cholesterol on the membrane potential of differ-
ent cell types. Cholesterol was also shown to suppress the activity of Kir6.2 [ 61 ], 
which as described briefl y above plays an important role in microvascular endothe-
lial cells. The effects of cholesterol on Kir channels in cardiomyocytes are complex: 
   while basal currents that are underlined by Kir2 channels are suppressed by choles-
terol, acetylcholine-sensitive Kir channels (GIRK or Kir3) are actually enhanced by 
cholesterol, an effect that is also confi rmed in a heterologous expression system 
[ 58 ]. These opposite effects of cholesterol on basal and acetylcholine-sensitive cur-
rents in the same cells might be the basis of complex electrophysiological patterns 
under high cholesterol conditions, but this is beyond the topic of the current book 
chapter.   

    Biophysical Basis of Cholesterol Regulation of Kir Channels: 
The Silent Channel Hypothesis 

  Silencing of Kir by cholesterol : Earlier studies have shown that cholesterol may 
regulate Ca 2+ -sensitive K +  channels by decreasing their open probability, the ability 
of the channels to undergo the transformation between closed and open states [ 62 ]. 
This is not the case, however, for Kir2 channels: analysis of single channel activity 
of both endothelial Kir channels and Kir2.1 channels expressed in a null cell showed 
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that enriching the cells with or depleting them of cholesterol results only in a small 
effect on the open probability of the channels (Fig.  15.2 ).    In particular, following 
cholesterol enrichment of the cells, we observed only ~5 % decrease in the open 
probability of the channels [ 4 ], [ 59 ]. This small decrease in the open probability 
cannot account for the 2- to 3-fold decrease in the Kir current density observed in 
whole cell currents under the same experimental conditions. Moreover, since the 
basal open probability of Kir2.1 channels is very high as measured in the on cell 
confi guration at negative voltages (−140 to −60 mV range) (>90 %), an increase in 
open probability would be impossible to account for a twofold elevation of the 
whole cell Kir current that is induced by cholesterol depletion. Changes in cellular 
cholesterol also had no effect on the unitary conductance of the channels indicating 
that cholesterol-Kir2 protein interaction does not affect the pore structure of the 
channels. An alternative possibility was that cholesterol might affect the expression 
of the channel protein or its traffi cking to the plasma membrane. However, this was 
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also not the case for Kir2 channels: there was no effect neither on the expression of 
the channels nor on their traffi cking to the plasma membrane [ 59 ]. To resolve this 
apparent controversy, we proposed that an increase in membrane cholesterol 
stabilizes the channels in a  long-lived closed “silent” state  that decreases the num-
ber of “active” channels on the membrane and which cannot be therefore detected 
on a level of single channel.

    Silencing of Kir by caveolin : More recently, the “silent channel” hypothesis was 
supported by demonstrating the same pattern of inhibition in caveolin-induced sup-
pression of Kir current [ 60 ]. In this study, we showed that, Kir2.1 physically interact 
 with   cavelin-1 (Cav-1) (Fig.  15.3a ) and that similarly to cholesterol, an increase in 
caveolin-1 (Cav-1) expression resulted in a signifi cant decrease in Kir current den-
sity (Fig.  15.3b ) without any detectable effect on the single channel properties of the 
channels or their expression on the plasma membrane [ 60 ]. Furthermore, a putative 
Cav-1 consensus binding motif that was previously defi ned as φXφXXXXφ, where 
φ is the aromatic amino acid Trp, Phe, or Tyr, [ 63 ], was identifi ed at the interface 
between the outer transmembrane helix and the N-terminus of Kir2.1 channel 
(Fig.  15.3c , [ 60 ]. Comparative analysis of the closed and open conformation states 
of the channels based on the crystal structures reported earlier [ 64 ,  65 ] revealed that 
the putative caveolin-1 binding site of Kir2.1 channels would be more accessible to 
caveolin-1 when the channels are closed than when they are open and become par-
tially obscured in the open state [ 60 ]. We proposed, therefore, that caveolin- 1 binds 
preferentially to the closed conformation of Kir2 channels and stabilizes the 

  Fig. 15.3    Caveolin- 1   is a negative regulator of Kir2.1 channels. ( a ) Co-immunoprecipitation of 
caveolin-1 with Kir2.1 channels. ( b ) Current traces for Kir2.1 with and without co-expression with 
Cav-1. ( c ) Location of the caveolin φXφXXXXφ binding motif ( red ) at the interface between the 
outer transmembrane helix and the N-terminus of the  channels   (residues 81–88 in Kir2.1) in a 
surface presentation of the crystal structure of Kir2.2.  This research was originally published in 
Journal of Physiology  2014, 592:4025–38       
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channels in the closed “silent” state. As discussed in more detail below, however, 
our computational and site-directed mutagenesis analysis suggests that cholesterol 
and caveolin-1 do not compete for the same binding sites of Kir2 channels but regu-
late the channels through different binding sites with the two signals converging to 
the same intramolecular pathway mediated by common residues. These observa-
tions suggest that stabilization of Kir2 channels in a silent state is an important 
mechanism in the regulation of these channels by several effectors.

    Cholesterol-rich domains:  The partitioning of proteins  into   cholesterol-rich domains 
is believed to regulate their function by providing scaffolds to signaling platforms 
and protein-protein interactions. However, this process does not seem to be critical 
for cholesterol sensitivity of Kir2 channels. We found that Kir2 channels indeed do 
partition into cholesterol-rich membrane domains [ 59 ,  66 ] and co- precipitate with 
caveolin-1 [ 60 ], but there is only a small shift in the channel distributions between 
the domains upon cholesterol depletion or enrichment [ 66 ] suggesting that disen-
gaging from these domains upon cholesterol depletion or a small increase in chan-
nel association with the domains upon cholesterol enrichment is unlikely to have a 
major impact on Kir2 function. Furthermore, the presence of caveolins is not a 
pre-requisite of cholesterol sensitivity of Kir channels, as demonstrated in cells 
devoid of caveolins. Specifi cally, we showed that while genetic deletion of caveo-
lin-1 results in an increase in Kir currents in macrophages [ 60 ] and endothelial cells 
(not shown), the currents remain cholesterol sensitive in both cell types. Notably, 
since genetic deletion of caveolin-1 was shown to result in the loss of caveolae 
structure [ 67 ], preservation of cholesterol sensitivity of Kir2 channels in Cav-1 
knock out mice indicates that neither the integrity of caveolae nor partitioning of the 
channels into these domains play a critical role in their sensitivity to cholesterol.  

    Direct Cholesterol-Kir Interactions: Identifi cation 
of Cholesterol-Binding Kir2 Domains 

  Comparative    sterol analysis:  The   fi rst indication that cholesterol regulates Kir2 
channels by specifi c cholesterol-protein interactions and not by changing the physi-
cal properties of the lipid bilayers, as was primarily believed earlier, came from a 
comparison between cholesterol and its chiral analogue epicholesterol [ 4 ]. The two 
sterols differ in an angle of a single OH group and are known to have similar though 
not identical effects on membrane fl uidity [ 68 ,  69 ]. Cells cannot survive without 
cholesterol and it is also impossible to substitute it completely with epicholesterol. 
However, we found that removing ~50 % of the membrane cholesterol from aortic 
endothelial cells and substituting it with a similar amount of epicholesterol main-
tains the cells’ viability and membrane integrity. We could, therefore, test how this 
substitution affects endothelial Kir channels. To our surprise, substituting endothe-
lial cholesterol with epicholesterol resulted in a signifi cant increase in Kir current 
that was even stronger than the increase induced by cholesterol depletion [ 4 ]. These 
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observations indicated that cholesterol-induced regulation of endothelial Kir chan-
nels depends on specifi c cholesterol-protein interactions and suggested that the two 
sterols compete for a binding site either in the Kir protein itself or in an auxiliary 
protein that might mediate cholesterol effects on the channels. Interestingly, this is 
not the case for volume-activated anion channels (VRAC) in the same cells. VRAC 
are not sensitive to the chiral nature of cholesterol, and are regulated instead by 
changes in the physical properties of the membrane [ 70 ,  71 ]. 

  Insights from purifi ed channels:     To discriminate between direct and indirect 
effects of cholesterol on Kir channels, we reconstituted a purifi ed bacterial ana-
logue of Kir2 cannels, KirBac1.1, into lipid vesicles and found that cholesterol 
can regulate Kir channels in a purifi ed system without any intermediates. We also 
found that there is no correlation between KirBac1.1 function and membrane 
fl uidity when the two parameters were compared for an array of different sterols 
[ 69 ]. Importantly, the same conclusion was reached in a later study that used 
purifi ed mammalian Kir2.1 channels which were reconstituted in lipid vesicles 
that contained either cholesterol or ent-cholesterol, another chiral analogue of 
cholesterol whose physical properties are virtually identical to that of cholesterol 
[ 72 ]. Furthermore, we also demonstrated that cholesterol binds to KirBac1.1 
channels in a specific and saturable way, and that inhibition of cholesterol-
KirBac1.1 binding abrogates the inhibitory effect of cholesterol on KirBac1.1 
function [ 73 ]. As  expected   from our studies on cholesterol/epicholesterol substi-
tution in endothelial cells, epicholesterol was shown to compete with cholesterol 
for KirBac1.1 binding. Thus, clearly Kir2 channels are regulated by specifi c and 
direct cholesterol-protein interactions. 

  First insights into the structural determinants of cholesterol sensitivity of Kir channels:  
Our quest to identify the structural determinants of cholesterol sensitivity in Kir2 
channels started [ 74 ] with testing the residues on the protein-lipid interface of the 
transmembrane domains [ 75 ] and on the interface between  the   transmembrane and 
cytoplasmic domains, specifi cally focusing on the residues that were identifi ed 
earlier to confer the sensitivity of the channels to a regulatory phospholipid PI(4,5)
P 2  [ 76 ]. These studies led to the identifi cation of the fi rst residues that are essential 
for cholesterol sensitivity of Kir2.1, which surprisingly were found on the 
C-terminus of the cytosolic domain of the channels and not on the lipid-protein 
interface between the channel and the lipid bilayer [ 74 ]. More specifi cally, we found 
that cholesterol sensitivity of Kir2.1 critically depends on a set of specifi c residues 
within the CD loop of the C-terminus with one of the residues, leucine 222 (L222) 
having the most profound effect (see Fig.  15.2  for the position of L222 in the chan-
nel). L222 was also found earlier to play a critical role in the sensitivity of Kir2.1 
channels to PI(4,5)P 2  [ 76 ]. A loss of cholesterol sensitivity was not associated with 
a loss of the ability of the channels to partition into cholesterol-rich lipid domains 
[ 74 ]. Importantly, identifying a residue that confers cholesterol sensitivity to the 
channels does not mean that this residue is part of a cholesterol-binding site. Indeed, 
we proposed that the CD loop may be important for maintaining the channels in a 
conformation susceptible to cholesterol modulation. 
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  Cholesterol-sensitivity belt :    Further analysis based on the differential cholesterol 
sensitivities of Kir2.1 and Kir2.3 channels revealed that the cytosolic CD loop is 
part of a regulatory belt of residues that surrounds the cytosolic pore of the channels 
in proximity of the inner leafl et of the membrane (Fig.  15.4a  shows the side and top 
of view [ 77 ], Fig.  15.4  b   shows the side view of two opposite subunits indicating the 
position of the CD loop). However, docking analysis of the cholesterol molecule to 
the channel protein [ 78 – 80 ] showed that cholesterol does not dock to the residues 
that comprise the cholesterol sensitivity belt, suggesting that this structure does not 
represent a cholesterol-binding site of Kir2 channels. Instead, based on a database 
of crystallographic structures of Kir channels we found that the residues of the 
cholesterol sensitivity belt were correlated with the residues known to be critical 
for gating of these channels suggesting that the cholesterol sensitivity belt consti-
tutes a regulatory site that couples cholesterol-binding to channel gating [ 77 ].

    Two-way molecular switch : Surprisingly,    we found that the cholesterol sensitivity of 
Kir2 channels is also regulated by a two-way molecular switch that is comprised 
of two distant cytosolic residues, L222 of the cholesterol sensitivity belt that is 
located close to the interface between the C-terminus and the transmembrane 
domain, and N251 that is located further away from the transmembrane domain in 
the EF loop (Fig.  15.4b, c  [ 81 ]). Specifi cally, the L222I and N251D mutations each 
render the channels to be cholesterol insensitive, but together they cancel each other, 
and the double mutants are cholesterol sensitive. Moreover, we showed that the 
same switch also regulates the sensitivity of the channels to PI(4,5)P 2 . Again, each 
one of these two mutations alone reduced the strength of the interaction between the 
channel and PI(4,5)P 2 , but together they cancel each other. Based on the crystal 
structure of the cytosolic domain of the channel, the distance between the two resi-
dues is ~24 Å excluding the possibility that these two residues interact directly with 
each other. Instead, molecular dynamics simulations of the Kir2.1-WT, L222I-
Kir2.1 mutant and the L222-N251D-Kir2.1 double mutant showed that the effects 
of these mutations span extensive regions of the C-terminus suggesting that the two 
residues are connected through a reversal-residue-chain that seems to serve as the 
wiring between the two residues (Fig.  15.4c , lower panel, [ 81 ]). In addition, our 
data suggest that functional links between the N- and the C-termini that couple the 
intracellular domains of the four subunits of the channels during gating also play 
 an   important role in cholesterol sensitivity of Kir2 channels [ 82 ]. Accordingly, 
multiple cytosolic structures in Kir2 channels play a critical role in their sensitivity 
to cholesterol. Yet, neither of these structures has the characteristics of a cholesterol- 
binding site. 

  Identifi cation of novel cholesterol-binding sites . Our next strategy was to test 
whether Kir2 channels have regions homologous with the  known   cholesterol- 
binding motifs: the cholesterol consensus motif (CCM) and the cholesterol recogni-
tion amino acid consensus motif (CRAC), two well-established cholesterol-binding 
motifs that have been found and characterized in other proteins. Indeed, recent stud-
ies showed that CRAC is found in TRPV1 channels [ 83 ] and in BK channels [ 84 ]. 
A variation of CRAC motif, CARC, an inverted sequence of CRAC was suggested 
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  Fig. 15.4    Structural features of cholesterol  sensitivity   of Kir2.1 channels. ( a )  Upper panel  Side 
view of a model of Kir2.1 that includes all four subunits. Shown in the model are the residues 
whose mutation affects cholesterol sensitivity: D51 and H53 ( cyan ), E191 and V194 ( blue ), 
N216 and K219 ( pink ), L222 ( red ) and C311 ( green ).  Lower panel . Top view of the model of 
Kir2.1 from the membrane showing the cholesterol sensitivity belt formed by the residues 
whose mutation affects the cholesterol sensitivity of the channel.  This research was originally 
published in Biophysical Journal , 2011:100:381–9. ( b ) Model of two opposite facing subunits 
of Kir2.1 showing the cytosolic G-loop, CD-loop and EF-loop; ( c ) Surface presentation of the 
cytosolic domain of Kir2.1 showing the reversal residue chain ( blue ), L222I ( yellow ), and N251 
( orange ).  This research was originally published in Journal of Biological Chemistry . 
Rosenhouse-Dantsker, A., et al.,  Distant Cytosolic Residues Mediate a Two-way Molecular 
Switch That Controls the Modulation of Inwardly Rectifying Potassium (Kir) Channels by 
Cholesterol and Phosphatidylinositol 4,5-Bisphosphate (PI(4,5)P2).  Journal of Biological 
Chemistry, 2012. 287(48): p. 40266-40278.  © the American Society for Biochemistry and 
Molecular Biology        
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to underlie cholesterol sensitivity of AChR [ 85 ]. However, based on the sequence 
analysis, Kir2.1 channels have no CCM motif and no appropriate CRAC or CARC 
motifs that would be energetically favorable to bind a cholesterol molecule [ 86 ]. 
Therefore, we turned to an alternative approach of identifying cholesterol-binding 
regions in Kir2 channels using a combination of molecular docking, molecular 
dynamics (MD) simulations and site-directed mutagenesis that is not biased or 
limited only to the known cholesterol-binding motifs. 

 These studies led to the identifi cation of two novel non-annular hydrophobic 
cholesterol-binding regions in Kir2.1 [ 86 ] (See Fig.  15.5a, b ).

   One binding region was located in the center of the transmembrane domain of 
the channel (region 1, Fig.  15.5d ) [ 86 ]. Within this region, we identifi ed six residues 
whose mutation abrogated the sensitivity of the channel to cholesterol. In addition, 
mutations of two other residues resulted in a signifi cant decrease in the channel’s 
cholesterol sensitivity. The majority of these eight residues were bulky hydrophobic 
residues (isoleucine, leucine and valine), and the remaining two residues were 
smaller residues (alanine and serine). Notably, the known cholesterol-binding 
motifs (CCM, CRAC and CARC) include in addition to a bulky hydrophobic 
residue also an aromatic residue (tyrosine, tryptophan or phenylalanine) and a 
positively charged residue (arginine or lysine).    However, mutations of several 
aromatic and positively charged residues located in region 1 of Kir2.1 resulted in a 
non- functional channel or did not affect the sensitivity of the channel to cholesterol. 
Since mild mutations may not affect the interaction of the channel with the choles-
terol molecule, the role of these residues in cholesterol binding cannot be excluded. 

 The second binding region was located at the interface between the transmem-
brane and cytosolic domains of the channel (region 2) [ 86 ]. Within this region, 
we identifi ed fi ve hydrophobic residues (alanine, leucine, valine and methionine) 
that affected the sensitivity of the channel to cholesterol. Among these, three muta-
tions abrogated the sensitivity of the channel to cholesterol. As noted above, our 
earlier studies have shown that mutations of residues located at the lipid-protein 
interface between the channel and the lipid bilayer do not affect the sensitivity of the 
channel to cholesterol [ 74 ] implying that cholesterol does not bind to annular or 
boundary sites located on the transmembrane surface of the channel protein. In 
contrast, in both of the putative cholesterol-binding regions described above, the 
residues whose mutation affected the sensitivity of the channel to cholesterol were 
distributed among α-helices of two adjacent subunits of the channel suggesting that 
the cholesterol molecule would bind in between the α-helices. Furthermore, MD 
simulations demonstrated that due to the matching between the cholesterol mole-
cule and the hydrophobic and aromatic moieties in the two putative cholesterol-
binding regions, these regions prefer cholesterol to phospholipids. Together, this 
suggests that these two cholesterol-binding regions are non-annular surfaces that 
are occluded from phospholipid binding (Fig.  15.3c ) [ 86 ]. 

 In order to compare the strength of the interactions between the cholesterol 
molecule and the channel in each of the two putative cholesterol-binding regions 
we assessed the binding energy and binding affi nity of cholesterol to the channel. 

I. Levitan et al.



341

  Fig. 15.5    Proximity of the cholesterol and PI(4,5)P 2  binding sites in Kir2 channels. ( a ) Location 
of two  putative   cholesterol-binding regions in Kir2.1 that were obtained from 50-ns all-atom full- 
membrane MD simulations. The starting points of the simulations were the centers of fi ve clusters 
that were obtained from docking analysis. ( b ) E nlargement  of the channel region that includes the 
two putative cholesterol-binding regions depicted as a  yellow rectangle  in  a . In both  a  and  b , the 
two adjacent subunits of the channel that interact with the cholesterol molecule are shown in a 
 ribbon representation . ( c )  Ribbon representation  of the transmembrane and extracellular domains 
of two adjacent subunits of Kir2.1 (in  gray  and  pink ) depicting the locations of primary ( red , 
directly interacting residues) and secondary ( orange,  within 4 Å from the primary residues) cho-
lesterol sensitive residues. Also shown are the locations of the cholesterol molecules at the two 
putative cholesterol-binding regions ( cyan sticks  and  surface representations ). ( a – c )  This research 
was originally published in Journal of Biological Chemistry . Rosenhouse-Dantskeret al., 
 Identifi cation of Novel Cholesterol-binding Regions in Kir2 Channels.  Journal of Biological 
Chemistry, 2013. 288(43): p. 31154–31164  © the American Society for Biochemistry and 
Molecular Biology . ( d ) A ribbon presentation of two adjacent subunits ( Gray  and  light gray ) of 
the crystal structure of Kir2.2 (PDB ID 3spi) showing the binding site of PI(4,5)P 2  in the channel 
( red balls ). Also shown are the corresponding Kir2.2 residues to Kir2.1 residues that form two 
putative cholesterol-binding regions in Kir2.1 based on functional data and molecular modeling 
( yellow balls —direct interaction;  light yellow balls —secondary effect). ( e ) Schematic model of 
cholesterol and PI(4,5)P 2  interactions with Kir2 channels. ( d – e )  This research was originally 
published in Computational Structural Biotechnology J . Rosenhouse-Dantsker, A., 
Y. Epshtein, and I. Levitan,  Interplay Between Lipid Modulators of Kir2 Channels: Cholesterol 
and PIP2.  Comput Struct Biotechnol J, 2014. 11: p. 131–7       
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To that end, we calculated the binding enthalpy, which is a quantitative indicator of 
changes in the binding energy, and the equilibrium free energy of the process that 
enables to assess binding affi nity and stability.    Our calculations showed that the 
average binding enthalpy of cholesterol at region 1 (−6 ± 2 kcal/mol) was slightly 
stronger than the average binding enthalpy to the cholesterol molecule at region 2 
(−4 ± 2 kcal/mol). Our calculations also indicated that the equilibrium free energy 
was favorable in region 1 and unfavorable in region 2. Yet, even for the favorable 
region 1, the absolute value of the free energy was small suggesting that the binding 
affi nity of cholesterol to this region is weak. Overall, these results suggest preference 
for binding region 1 in the center of the transmembrane domain of the channel. 
However, due to the small absolute values and the typical standard error, we cannot 
rule out the possibility of weak cholesterol binding to region 2 as well. Since mutations 
of residues in both regions abrogated the sensitivity of the channels to cholesterol, 
both regions may form cholesterolophilic surfaces. Moreover, region 2 may represent 
a transient cholesterol-binding site necessary for cholesterol to have an effect on 
channel function. Alternatively, it is also possible that transient binding to the interface 
of region 2 is necessary for cholesterol to access the more stable binding region 
(region 1) in the transmembrane domain of the channel [ 86 ]. The same strategy was 
used in a later study leading to a very similar conclusion [ 87 ]. 

 Importantly, based on the locations of the cholesterol-binding regions we suggested 
that cholesterol stabilizes the channels in the closed confi guration by opposing the 
hinging motion of the transmembrane domain that underlie the gating mechanism 
of the channels, thereby providing the fi rst mechanistic explanation for how cholesterol 
shifts Kir channels into the “silent state” [ 86 ]. 

  Interplay between cholesterol and PI(4,5)P   2    in the modulation of    Kir2 chan-
nels.  As   noted above, our fi rst studies of the structural determinants of cholesterol 
sensitivity in Kir2 channels led to cytosolic residues [ 74 ] that have been previ-
ously shown to affect the sensitivity of the channels to a regulatory phospholipid 
PI(4,5)P 2  [ 76 ]. Furthermore, our subsequent studies [ 81 ] resulted in the identifi ca-
tion of a two-way molecular cytosolic switch that regulates the sensitivity of 
Kir2.1 to both cholesterol and  PI(4,5)P 2 . We   thus explored whether cholesterol 
regulates Kir channels by regulating their access to PI(4,5)P 2 . This, however, was 
not the case because sequestering PI(4,5)P 2  had no effect on cholesterol sensitiv-
ity of Kir2.1 channels [ 74 ]. Moreover, examining the role of cholesterol in chan-
nel-PI(4,5)P 2  interactions, we then showed that whereas cholesterol depletion 
resulted in strengthening of Kir2-PI(4,5)P 2  interactions, cholesterol enrichment 
had no effect on Kir2-PI(4,5)P 2  interactions [ 88 ]. Taken together, these data sug-
gest that cholesterol and PI(4,5)P 2  act through overlapping regions of the channel. 
However, since residues that have been shown to bind directly to PI(4,5)P 2  do not 
affect the sensitivity of the channel to cholesterol [ 74 ], it is likely that the two 
lipids bind to distinct binding sites. This notion is further corroborated by com-
paring the locations of the two putative cholesterol binding regions described 
above [ 86 ] with the binding site of PI(4,5)P 2  in Kir2.2 [ 65 ,  88 ]. Accordingly, these 
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two lipids bind to different adjacent non- overlapping sites in the channel 
(Fig.  15.5d ). This structural proximity between the sites gives rise to the possibil-
ity that in addition to the common mechanism that the two lipids share, functional 
interplay between cholesterol and PI(4,5)P 2  may also originate from interactions 
between the binding sites. Figure  15.5e  summarizes our current working hypoth-
esis of the mechanism that underlies cholesterol regulation of Kir channel. 
Cholesterol binding in between the transmembrane helices of the channel stabi-
lizes the closed state of the channel by interfering with the hinging motion of the 
inner transmembrane of the channel. Removal of cholesterol strengthens channel-
PI(4,5)P 2  interactions and stabilizes the channel in its open state.  

    Conclusions: What Is Now Known and What Is Unknown 

 It is well established today that  Kir channels   are expressed in several types of 
endothelial cells and that their activity is strongly suppressed by the elevation of 
cellular cholesterol  in vitro  and  in vivo . There is also no doubt that cholesterol 
interacts with the channels directly via specifi c sterol-protein interactions. Moreover, 
the preponderance of evidence suggests that cholesterol binds to the channels not at 
the protein- membrane interface but at non-annular sites in hydrophobic pockets 
formed by the helices of the transmembrane domains of the channels. The binding 
of cholesterol to these sites affects the gating machinery of the cytosolic pore. 
What is not clear, however, is how binding of the cholesterol molecule to a hydro-
phobic pocket in the transmembrane domain of the channels is transduced to the 
cytosolic domain to affect channel gating. This question should be addressed by 
a combination of molecular dynamic simulations, site-directed mutagenesis and 
biophysical analysis of the channel activities. The physiological impact of choles-
terol-induced suppression of Kir on endothelial function remains to be explored. 
The only evidence so far that suppression of Kir plays a signifi cant role in endothelial 
function is a correlation between the loss of channel activity and impairment of 
fl ow-induced vasodilation in a porcine model of diet-induced hypercholesterolemia. 
Clearly, this is not suffi cient to establish the role of Kir. Structural studies provide 
novel and unique tools to address this question. Specifi cally, our studies identifi ed 
multiple mutants of Kir2.1 channels that lose their cholesterol sensitivity. Creating 
transgenic models that substitute native Kir channels with their cholesterol-insensitive 
mutants will allow to establish the impact of cholesterol sensitivity of these channels 
on vascular function.     
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    Chapter 16   
 Membrane Lipids and Modulation of Vascular 
Smooth Muscle Ion Channels                     

     Alex     M.     Dopico      ,     Anna     N.     Bukiya    , and     Guruprasad     Kuntamallappanavar   

    Abstract     In vascular smooth muscle (VSM), lipids regulate the function of many 
cellular proteins, including ion channels. Lipids can directly target ion channels or 
regulate ion channels indirectly, that is, through interactions with cell signalling 
molecules that eventually target the ion channel. We summarize current knowledge 
on VSM ion channel regulation by lipids, whether lipids are originated in the smooth 
muscle itself, vascular endothelium, or paracrine or circulation sources, with a 
focus on possible direct interaction between lipid molecules and the proteins that 
constitute the VSM ion channel complex. We also describe the contribution of 
such lipid- VSM ion channel interaction to VSM physiology and pathophysiology. 
However, more than one mechanism or type of interaction may be involved in 
lipid-induced regulation of VSM ion channels and some mechanisms are not 
mutually exclusive, which adds signifi cant complexity to the fi eld. Understanding 
the mechanisms that underlie lipid modulation of VSM ion channels, however, 
is necessary for developing novel therapeutic approaches to improve vascular 
function and prevent or counteract widespread cardio/cerebrovascular disorders.  

  Keywords     Ion channels   •   Membrane lipids   •   Lipid signaling   •   Smooth muscle   
•   Lipid-recognition protein site  

      Introduction 

 In contrast to other major classes of biologically-relevant organic compounds 
(nucleotides, amino acids and carbohydrates), which can be grouped around a 
rather precise chemical defi nition, the term lipid engulfs a vast number of molecules 
that merely share “a much better solubility in organic solvents than in water” [ 1 ]. 
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Thus, lipids can be found as structural and dynamic components of cell membranes 
and organelles, cytosolic and inter-organelle signaling molecules, local and paracrine 
mediators, hormones, and even neurotransmitters (e.g., bile acids in the olfactory 
systems of sea lamprey and salmon) [ 2 ,  3 ]. Within this myriad of compounds, 
many regulate key aspects of vascular smooth muscle (VSM) biology, from tissue 
 proliferatio  n to control of myogenic tone. As expected for an excitable tissue, lipid 
regulation of VSM function often entangles ion channel proteins, whether involving 
direct interaction between lipid and channel complex subunits or regulating channel 
function or expression  via  lipid targeting of receptors other than the ion channel 
complex, such receptors targeting the ion channel  via  protein-protein interactions or 
through additional cell signaling molecules. The focus of this review, however, is 
the regulation of VSM  ion channels   by lipids that are generated in the myocyte 
itself or its immediate vicinity (i.e., vascular endothelium), with special emphasis 
on possible direct interactions between lipid molecule and SM channel protein 
and eventual modifi cation of channel function (Fig.  16.1 ). Recognizing some 
unavoidable overlapping, we present the information in this sequence: lipid regula-
tion of voltage- gated, ligand-gated and mechano-gated ion channels, starting with 
channels that predominate in the  plasmalemma   and ending with intracellular ion 
channels of established signifi cance in SM function. For each channel, we will 

  Fig. 16.1    Major pathways by which lipids target ion channels in vascular smooth muscle. Orange 
arrows correspond to pathways including a direct interaction between  lipid and ion channel pro-
tein  s. Origin of the lipid: (1) from circulation; (2) in the endothelium and accessing smooth muscle 
effectors; (3) within the myocyte, functioning as messenger/signaling molecules; (4) released from 
the plasma membrane lipid bilayer.  A  adventitia,  E  endothelium,  Gq G protein-coupled to protein 
kinase C ,  NT  neurotransmitter,  PLC  phospholipase C,  SM  smooth muscle,  SR  sarcoplasmic reticu-
lum,  TR  transcription/translation regulators       

 

A.M. Dopico et al.



351

follow, as much as possible, the following order: regulation by phosphoglycerides, 
phosphoinositides, lysophospholipids, diacylglycerol and analogs, fatty acids (FA), 
prostaglandins and eicosanoids, sphingolipids, and steroids.

       Inwardly Rectifying  K +  Channels (Kir)   

 Like their counterparts in other excitable tissues, Kir in VSM are main determinants 
of the myocyte resting potential because their inward rectifi cation allows them to 
pass signifi cant current at the cell resting potential levels (−120 to −40 mV) [ 4 ]. 
Kir channels are tetramers with a symmetric topology around the pore [ 5 ]. Each 
monomer is comprised of a transmembrane (TM) “core” and a cytosolic domain, 
with each core having two TM segments, an outer helix and a pore-lining helix. 
There are seven Kir subfamilies (Kir1-7), with several subfamilies having multiple 
members (Kir 4.1 and Kir 4.2, etc.). 

   Phospholipids .   Reconstitution of human Kir2.1 and Kir2.2 channels into liposomes 
of known lipid composition allowed researchers to screen the effects of membrane 
phospholipids on Kir activity [ 6 ]: normal gating of these channels required  phospha-
tidylinositol 4,5 bisphosphate (PIP 2 )   and  bilayer-forming  phospholipids with 
anionic headgroups. In particular, 1-palmitoyl 2-oleoyl phosphatidylglycerol 
increased Kir open probability (Po) and unitary conductance (γ) whereas neither 
neutral nor cationic phospholipids activated the channels. Oleoyl CoA inhibited 
Kir2.1 by antagonizing channel’s activation by PIP 2 . Thus,    Kir channels are 
exquisite sensors of the lipid membrane microenvironment. Using Kir6.2 channel 
mutants, researchers have narrowed down the phospholipid-sensing residues to 
Glu308, Ile309, Trp311, and Phe315, which are residues lying on one side of the α 
helix within the channel C-terminus [ 7 ]. 

   Phosphoinositides    .  Kir channel activation by PIP 2  has been documented by 
several groups [ 7 – 9 ]. Activation of Kir2.1 and Kir2.2 channels by PIP 2  is highly 
selective: PIP 2  cannot be substituted by PI(4)P or PI(5)P while phosphatidylinositol 
3,4,5-trisphosphate (PIP 3 ) has minimal activity on the channel [ 9 ]. Amino acid 
motifs and bonds involved in PIP 2  sensitivity of Kir channels include residues 176–
222 and 301–312 in the K ATP  channel (Kir6.2) C-terminus [ 8 ], and K188,R189 in 
the Kir2.1 protein. In G protein-gated Kir (GIRK) channels, the ionic bond between 
His69 and Asp228 in the CD loop decreased PIP 2  sensitivity [ 10 ]. In all instances, 
proposed PIP 2 -interaction sites include positively charged amino acids. 

   Ceramides     and    sphingolipids   . Sphingosine 1-phosphate (SP1) slowed the 
spontaneous pacemaker activity and hyperpolarized maximal diastolic potential in 
rabbit sino-atrial node cells [ 11 ]. SP1 activated a pertussis toxin-sensitive Kir (IK Ach ) 
current    and reversed the increase in pacing rate evoked by treatment of the cells with 
isoproterenol. The mechanism of Kir activation by SP1 in sino-atrial myocytes 
remains elusive. To our knowledge, there is no report on sphingolipid modulation of 
VSM Kir. 

   Fatty acids    .  Arachidonic acid (AA) has been shown to potentiate currents con-
ducted by human Kir2.3 channels [ 12 ]. Comparison of AA-induced potentiation in 
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whole-cell current vs. inside-out patches pointed at a decreased inward rectifi cation 
as a mechanism that could underlie the AA effect. Whether interference of channel 
rectifi cation by AA involves direct interaction between AA and Kir channel protein 
remains unknown. 

   Prostacyclin   . Cicaprost (a synthetic prostacyclin analog) dilation of rat tail 
arteries pre-constricted with phenylephrine has been linked to modulation of Kir 
channels. [ 13 ]. Cicaprost-induced vasodilation was attenuated by Ba 2+  block of 
Kir but unaffected by blockers of Gi/Go, K ATP  or GIRK channels. Vasodilation by 
cicaprost was endothelium-dependent, yet did not require NO• [ 13 ]. A direct 
interaction(s) between prostacyclin and Kir proteins cannot be ruled out. 

  Cholesterol.   Cholesterol (CLR)   modulation of Kir channels is diverse, with both 
CLR-induced channel inhibition and activation being reported for different Kir 
members. Experiments on human Kir2.1 incorporated into liposomes of controlled 
lipid composition documented inhibition of Kir2.1 channel by CLR [ 14 ]. Remarkably, 
CLR enantiomer failed to do so, which led to the conclusion that a selective 
CLR-Kir2.1 protein interaction likely mediated CLR action. Data from CLR optical 
isomers on Kir currents in bovine aortic endothelial cells rendered a similar conclu-
sion [ 15 ]. While ion current mediated by other Kir channels, such as Kir1.1, Kir4.1 
and Kir6.2Delta36, were suppressed by increased membrane CLR, the activities of 
Kir3.4* (K3.4 S143T) and Kir7.1 were enhanced by CLR enrichment [ 16 ]. Despite 
the opposite effects of CLR on the function of Kir2.1 and Kir3.4*, substitutions at 
corresponding positions within the CD loop inhibited CLR actions. Further work 
revealed that the CD loop was a part of a regulatory site that also included residues 
in the G-loop, the N-terminus and the connecting segment between the C-terminus 
and the inner TM helix [ 17 ]. Altogether,  these   fi ndings point at the existence of 
a “cytosolic belt” that surrounds the channel pore and modulates Kir’s CLR sensi-
tivity. A detailed description of CLR regulation of vascular endothelium and 
recombinant IR channels is presented in this book by  Levitan et al . 

 Modulation of Kir channel function by CLR was also studied by placing rats on 
a high-CLR diet and evaluating the effect of this diet on Kir current using patch- 
clamp on freshly isolated atrial cardiomyocytes. Unlike many other members of 
the Kir family, IK Ach  was up-regulated by CLR [ 21 ]. Two-electrode voltage-
clamp recordings from  Xenopus laevis  oocytes expressing Kir3.1/Kir3.4 heteromers 
(e.g. subunits that underlie cardiac IRK currents) revealed enhanced IKAch current 
following CLR enrichment. CLR modulation of IK Ach  current was independent of 
endogenous regulators of K Ach  function, such as PIP 2  and Gβγ [ 18 ]. Thus, a direct 
interaction between K Ach  and CLR may be hypothesized.  

    Voltage-Gated Ion Channels of the TM6 Superfamily 

 Ion channels of the TM6 superfamily result from symmetric tetrameric assembly 
around the pore, which can be highly selective for K + , Na +  or Ca 2+ , rendering 
different families. In all cases, activity increases with more positive voltages, 
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the gating charges being located in S4 of the TM6 structure. The TM6 structure 
of “primarily” voltage-gated K +  (K V ) channels results from association of four 
homomeric polypeptides while those of voltage-gated Na +  (Na V ) and voltage-
dependent Ca 2+  channels (VDCC) results from association of equivalent repeats 
(I to IV) within a single polypeptide, with each repeat corresponding to a K V  
monomer [ 19 – 21 ]. 

    Voltage-Gated Ca 2+  Channels (VDCC) 

 Upon plasma membrane depolarization, VDCC activation generates Ca 2+  infl ux 
and thus, initiation of Ca 2+ -dependent signal transduction. There are three VDCC 
 subfamilies   (Ca V 1-3) with each family having multiple members. According to 
biophysical and pharmacological properties, VDCC-mediated Ca 2+  currents have 
been grouped into L-, N-, P/Q-, R-, and T-types [ 20 ]. Although L-, T-, and P/Q-
types have all been detected in VSM [ 22 ,  23 ], L-type channels seem to prevail 
as regulator of VSM contractility. These channels are characterized by high voltage 
of activation, large unitary conductance and slow voltage-dependent inactiva-
tion [ 20 ]. L-type VDCC contains α1, α2δ, β and γ subunits. The α1 subunit contains 
distinct recognition sites for VDCC selective blockers: 1,4-dihydropyridines, 
  phenylalkylamines   and benzothiazepines. These agents have vasoregulatory prop-
erties with the former being widely used as effective vasodilating therapy [ 24 ]. 

   Phosphoinositides       .  L-type Ca 2+ -channel activation by PIP 3  was documented in 
rat portal vein myocytes [ 25 ]. Moreover, authors postulated this mechanism as 
mediator of angiotensin II-induced Ca 2+  infl ux into VSM. 

   Lysophospholipids    .   Lysophosphatidic acid (LPA)   produces a diverse range of 
effects in the cardiovascular system [ 26 ]. In isolated rabbit ventricular myocytes, 
LPA increased action potential duration at 90 % repolarization and Ca 2+  current 
peak current. However, current potentiation required Gi proteins [ 27 ]. Thus, the 
mechanism of LPA-induced VDCC activation seems to be mostly (if not fully) 
indirect. Whether a direct LPA-VDCC interaction takes place in VSM remains 
unknown. 

  1,2-Dioctanoyl-glycerol .  1,2-Dioctanoyl-glycerol (DiC8)   is an analog of the 
naturally produced  diacylglycerol (DAG)   and a potent inhibitor of L-type VDCC 
[ 28 ]. DiC8 effect was related to a decrease in channel slope conductance and a 
hyperpolarizing shift in steady-state inactivation.     Thus, as another VDCC inhibitor 
(AA; see above), DiC8 facilitates current inactivation. 

   Palmitoyl-  l  -carnitine   . Palmitoyl- l -carnitine ( L-PC  ) is an intermediate product 
in mitochondrial FA oxidation. L-PC increased the amplitude of guinea pig 
 ventricular myocyte contractions [ 29 ]. Following channel reconstitution into lipid 
bilayers, 1 μM L-PC increased VDCC Po within the fi rst minute of application. 
However, a decrease in Po was detected with protracted L-PC exposure [ 30 ]. 
In addition, higher L-PC concentrations (10 μM) decreased unitary conductance 
(γ). Considering that artifi cial planar lipid bilayers include a small number of 
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 second messengers, if any, it is conceivable that L-PC directly interacts with VDCC 
proteins and/or their immediate lipid microenvironment. 

   Fatty acids      . An early study documented AA-induced inhibition of L-type VDCC 
in frog ventricular myocytes. This effect was evident from a negative shift in the 
inactivation curve, with peak conductance remaining unchanged. The study also 
revealed that increased protein phosphatase activity participated in AA action on 
L-type VDCC [ 31 ]. Inhibition of VDCC by AA was also reported in rat ventricular 
myocytes [ 32 ]. Interestingly, application of AA to the intracellular side of the myo-
cyte membrane in the whole-cell patch clamp confi guration did not affect current 
density nor modifi ed the decrease in L-type Ca 2+  current evoked by application of 
AA to the extracellular side of the membrane. Authors suggested that AA was 
targeting sites located at the extracellular side of the plasma membrane [ 42 ]. 
The study [ 32 ] also demonstrated that low μM levels of AA progressively decreased 
cell shortening. Thus, AA-induced block of L-type VDCC may have physiological 
consequences at the vessel level. 

 Location of AA-recognition sites in VDCC proteins has remained elusive. 
AA and anandamide inhibited binding of 1,4-dihydropyridine while increasing 
binding of 1,5-benzothiazepine and phenylalkylamine to rabbit VDCC channels 
[ 33 ]. This raised speculation that AA might directly interact with a site(s) located in 
the VDCC α1 subunit. Data from recombinant VDCC expressed in HEK cells 
linked the inhibitory effect of AA to the stabilization of the channel in a “deep 
closed-state” conformation, with palmitoyl groups of the β2a subunit interfering 
with channel inhibition by AA [ 34 ]. Whether β2a  subunits      . provide additional 
AA-recognition sites or contribute to destabilize the putative α1-AA interaction 
remains unknown. 

  Cytochrome P450-mediated metabolism   of AA is an important pathway for the 
formation of lipid mediators, with omega-hydroxylation of AA taking place in the 
vasculature and resulting in release of  20-hydroxyeicosatetraenoic acid (20-HETE)   
[ 35 ]. In pig airway SM 20-HETE-induced inotropic effect was lost in presence of 
nifedipine [ 36 ]. However, patch-clamp recordings demonstrated that 20-HETE 
activated a nonselective cationic inward current (presumably mediated by a TRP- 
type channel). Therefore, 20-HETE-induced membrane depolarization and the 
resulting positive inotropic effect have been attributed to activation of nonselective 
cation infl ux into SM by 20-HETE rather than to direct activation of VDCC by this 
lipid. Subsequent attempts to study a possible effect of 20-HETE on L-type VDCC, 
however, showed that 20-HETE-induced VDCC current activation in rat isolated 
cardiomyocytes [ 37 ]. This study revealed that 20-HETE-induced NADPH-oxidase-
derived superoxide production, which in turn activated L-type VDCC  via  protein 
kinase C (PKC). 

 Direct interaction between cytochrome P450 metabolites of AA (epoxyeicosatri-
enoic acids; EETs) and porcine L-type VDCC was reported in artifi cial lipid 
 bilayers: EET (nM) reduced VDCC Po and γ, and accelerated current inactivation 
[ 38 ]. This inhibition of current remained in presence of protein phosphatases, 
suggesting that dephosphorylation was not the mechanism underlying EET-induced 
inhibition of VDCC. Interestingly, restricting 11,12-EET to the hydrophobic phase 
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of the bilayer did not affect channel inhibition. In addition, there was no selectivity 
among different EET isomers to inhibit VDCC. Altogether, these fi ndings raised the 
speculation that EETs affected VDCC activity  via  bilayer mechanisms rather than 
by selective lipid-protein interaction(s). 

 A key question that deserves consideration is the physiological relevance of 
bilayer fi ndings to tissue and organ physiology.  EET-induced channel inhibition   
reported in artifi cial bilayers seems to fi t with the well-known vasodilatory prop-
erties of this group of AA metabolites. However, 14,15-EET evoked constriction of 
porcine coronary artery rings  via  VDCC. While 14,15-EET produced relaxation of 
arterial rings preconstricted with a thromboxane mimetic, application of 14,15-EET 
to rings preconstricted with acetylcholine or KCl resulted in additional constriction. 
The latter was mediated by 14,15-EET-induced Ca 2+  infl ux in VSM  via  VDCC [ 39 ]. 
Authors suggested that EET-induced increase in intracellular Ca 2+  (Ca 2+  i ) could 
favor vasoconstriction while opposing vasodilation. In synthesis, it is conceivable 
that many mechanisms underlie differential effects of EETs on VDCC and thus, 
vessel diameter, including bilayer-mediated mechanisms, selective protein-lipid 
interactions or involvement of signaling cascades. 

 Finally, the lipoxygenase metabolite 12(S)-hydroxyeicosatetraenoic acid 
(12(S)-HETE) has been shown to constrict renal vessels [ 40 ]. 12(S)-HETE increased 
Ca 2+  i  in renal microvascular myocytes, this increase being attenuated by VDCC 
blockade. The molecular mechanisms involved in VDCC-dependent 12(S)-HETE 
vascular effects remain unknown, and a direct interaction(s) between VDCC pro-
teins and 12(S)-HETE cannot be ruled out. 

  Polyunsaturated fatty acids . Polyunsaturated FAs ( PUFAs  )    have hypotensive 
and antiarrhythmic effects [ 41 ]. Moreover, PUFAs inhibited L-type VDCC activity 
in isolated rat ventricular myocytes [ 42 ], guinea pig tracheal SM [ 43 ] and ven-
tricular myocytes [ 44 ], and a rat aortic SM cell line [ 45 ]. The mechanisms under-
lying this PUFA action remain unknown. 

  Sphingosine and sphingosine-1-phosphate .  Sphingosine (SPH)   and sphingosine- 
1- phosphate (S1P) are important signaling molecules. S1P evoked vasoconstriction 
in several vascular beds, including renal afferent microvasculature [ 46 ]. 
Vasoconstriction by S1P was abolished by L-type VDCC blockers [ 46 ]. Whole-cell 
patch-clamp recordings revealed block of L-type VDCC-mediated currents by (−)
SPH, an S1P-related compound [ 47 ]. Whether the effects of SPH and S1P on VDCC 
involve selective lipid-protein interaction(s) remains to be determined. 

  Ceramides .  Ceramides      consist of SPH and a FA. C2, a membrane permeable 
ceramide analog, inhibited L-type VDCC in rat ventricular myocytes [ 48 ]. 
C2 increased VDCC inactivation without altering other current properties. 
The mechanism(s) of this increase remains unknown, although C2 and interleukin-1 
may share a pathway for regulating VDCC: C2 had no effect on VDCC current 
properties in presence of maximally effective concentration of interleukin-1 that 
inhibited VDCC current [ 48 ]. 

  Cholesterol.  Exposure of rat pulmonary artery myocytes to CLR-rich liposomes 
increased VDCC current by inducing a right shift in the inactivation potential [ 49 ]. 
CLR-induced increase in L-type current was accompanied by decreased sensitivity 
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to (−,R)-PN-202-791, a dihydropyridine antagonist. Interestingly, no change in 
peak current was detected. Authors proposed that CLR effect on L-type VDCC 
was likely due to alterations in channel function without modifi cation in channel 
expression [ 49 ]. 

   Lipophilic vitamins   . Inhibition of L-type VDCC by 24R,25-dihydroxyvitamin 
D3 was reported in myocytes isolated from rat tail artery [ 50 ], although the 
mechanism underlying this action remains unknown.  

    Voltage-Gated Na +  Channels (VGSC) 

 Upon activation by  plasma membrane depolarization  , VGSC generate inward Na +  
currents that depolarize the membrane even further [ 21 ]. Thus, VGSCs play a 
central role in cardiac contractility. Moreover, both loss- and gain-of-function 
mutations of cardiac VGSCs are associated with cardiac arrhythmias [ 51 ]. As other 
members of the TM6 superfamily, VGSC may be associated with non-pore-forming 
proteins, such as β subunits [ 52 ]. 

   Fatty acids    .  Following human cardiac VGSC (SCN5A and DeltaKPQ-mutants) 
expression in HEK 293 cells, acute application of docosahexaenoic or eicosapentae-
noic acid decreased the peak of the sustained component of the rapidly inactivating 
Na +  current and shifted steady-state inactivation toward hyperpolarizing potentials 
[ 53 ]. PUFA-induced VGSC inhibition was concentration-dependent. However, the 
mechanism(s) of VGSC inhibition by PUFA remains elusive. 

   Ceramides    .  In cultured rat myoblasts, C(6)-ceramide reduced the peak amplitude 
of VGSC- mediated current and shifted the inactivation curve toward hyperpolar-
izing potentials. This inhibition was attenuated by inositol 1,4,5-trisphosphate (IP3) 
receptor blockers [ 54 ]. Thus, ceramide inhibition of VGSC likely involves secondary 
messenger pathway(s), yet a direct ceramide-VGSC interaction cannot be ruled out.  

    Voltage-Gated Potassium Channels (K V ) 

 Upon  membrane depolarization  , K V  channel activation leads to outward current that 
results in decreased depolarization and return of plasma membrane potential towards 
resting levels. Thus, K V  plays a key physiological role, particularly in excitable 
tissues including VSM [ 55 ]. Data on membrane lipid modulation of  K V  channels   
are scarce, yet they reveal an important role of such regulation in common 
pathologies. 

   Eicosanoids       .   15-Hydroxyeicosatetraenoic acid (15-HETE)   production is activated 
by chronic hypoxia, with newly produced 15-HETE playing a critical role in hypoxia-
induced pulmonary vasoconstriction. Perfusion of pulmonary artery rings with 
15-HETE-containing solution resulted in vasoconstriction, which was abolished by 
K V  blockade but remained in presence of K ATP  or large conductance, voltage- and 
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Ca 2+ -gated K +  (BK) channel blockade [ 56 ]. Moreover, 15-HETE inhibited 
whole-cell K V  currents in freshly dispersed rabbit pulmonary artery myocytes [ 56 ]. 
Direct 15-HETE-K V  channel interactions remain unexplored. 

   Ceramides        and    sphingolipids      . C6-ceramide inhibited 4-aminopyridine-sensitive 
K V  currents in rat pulmonary but not mesenteric artery myocytes [ 57 ], raising 
speculation that ceramide’s vasoactive properties are selective towards particular 
vascular territories. Ceramide-induced inhibition of K V  current in rat pulmonary 
artery myocytes was signifi cantly reduced by selective block of either K V 2.1 or 
K V 1.5 channels, suggesting that ceramide inhibited both major components of 
K V  current in pulmonary artery myocytes. A PKC-ζ pseudosubstrate inhibitor 
prevented ceramide-induced K V  current inhibition and rat pulmonary artery constric-
tion. A most interesting fi nding, however, is the description of K V  current inhibition 
by  Bacillus cereus  bacterial sphingomyelinase (SMase) in both rat and human 
pulmonary artery myocytes. SMase application could result in increase of endoge-
nous ceramide production, the latter eventually playing a critical role in K V  current 
regulation. In addition, SMase constricted human pulmonary arteries  in vitro , 
underscoring the vasoactive properties of endogenously produced ceramide [ 57 ].   

    Ca 2+ -Activated Ion Channels 

 Under this subheading, we include several ion channels that are heterogenous from 
both phylogenetic and phenotypic considerations. However, they all gate in response 
to Ca 2+  i  within this divalent physiological concentration range, which is critical to 
understand the role of these channels in VSM physiology, pathology, and their 
modulation by lipids. 

    Ca 2+  and Voltage-Gated, Large Conductance K +  (BK; slo1) 
Channels 

 BK channels, encoded by  KCNMA1  or  slo1  in mammals, are widely expressed and 
participate in several physiological processes [ 58 ]. BK channels are  homotetramers   
around a central pore that shows high conductance for K +  and exquisite selectivity 
over other monovalents. BK channel-forming (slo1) proteins share with K V  
channels the S1-S6 TM core [ 59 ] and thus, are usually included in the TM6 super-
family. Slo1 channel’s voltage-dependence of gating, however, is shallower than 
that of K V  [ 59 ]. Thus, at zero or submicromolar (resting) Ca 2+  i , BK activity within 
the membrane potentials found in VSM (−60 mV at rest to −20 mV during depolar-
ization) is rather low [ 60 ]. When compared with their K V  counterparts, however, 
slo1 proteins have an additional S0, which leads to an exofacial N-end, and a long 
(>800 residues)  cytosolic tail domain (CTD)  , which is responsible for sensing 
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changes in Ca 2+  i  within physiological levels. In VSM, an increase in Ca 2+  i  near the 
CTD Ca 2+ -sensors due to VDCC-mediated Ca 2+  infl ux or Ca 2+  release from internal 
stores (in particular,  via  Ca 2+  “sparks” from RyR activity) [ 61 ], leads to BK channel 
activation. This generates outward currents that drive the membrane towards 
more negative potentials and thus, provide a negative feedback on Ca 2+  entry  via  
VDCC, thereby blunting increase in Ca 2+  i , opposing SM contraction while favoring 
relaxation and vasodilation [ 62 ,  63 ]. 

 Abundant literature documents that lipids such as phosphoinositides, FA, 
prostanoids, EETs, leukotrienes (LT), CLR and other steroids modulate SM BK 
channel currents. In a few cases, we refer the reader to previous reviews on BK 
channel regulation by specifi c lipids. Collectively, the majority of studies report 
that lipids potentiate the activity of BK channels from SM cells, cholesterol being 
a glaring exception. 

   Phosphoinositides    .  BK channel activation by PIP 2  and other phosphoinositides 
has been reported in cerebral artery myocytes and in  Xenopus  oocytes expressing 
slo1 cloned from cerebral artery SM (cbv1 channels) [ 64 ]. PIP 2 -induced BK current 
potentiation resulted from increased Po without modifi cation in γ. Further, PIP 2  
action required Ca 2+  i  while being independent of voltage [ 64 ]. 

  PIP 2 -induced BK activation   required negative charge and the inositol moiety 
within the phospholipid head group. In addition, PIP 2  was ~10 times more effective 
in activating BK channels than more water-soluble analogues such as diC4 and 
diC8, a difference that could be explained by the shorter analogs having lower 
affi nity for a site(s) and/or poorer partitioning into the membrane hydrophobic core. 
Moreover, phosphoinositides were more effective when applied to the intracellular 
side of the membrane. Thus, if membrane partitioning is required for PI to access a 
site of action in the slo1 channel, this site should be located in the TM and/or near the 
intracellular region of the protein. Indeed, R334, K335, K336, identifi ed as integral 
parts of a “PIP 2  sensor”, are located in the S6-S7 linker of the cbv1 subunit [ 64 ]. 

 PIP 2 -induced increase in BK activity was more pronounced in cerebral artery SM 
(where β1 subunit is the most highly expressed  BK   auxiliary subunit) than in skel-
etal muscle cells (where β3 prevails). Moreover, β1 amplifi ed PIP 2  action on cbv1 
channels. Collectively, data strongly suggest a role for β1 in amplifying PIP 2  action 
on VSM BK channels [ 64 ]. Whether this amplifi cation involves distinct PIP 2 -
recognition sites in β1 or allosteric coupling between β1 and PIP 2 -bound cbv1 is 
under investigation. Pharmacological (Fig.  16.2 ) and other manipulations showed 
that PIP 2  direct activation of VSM BK channels led to cerebral artery dilation, 
and  endogenous  PIP 2  regulated myogenic tone and cerebral artery diameter 
independently of circulating, neural and endothelial factors [ 64 ] (Fig.  16.3 ).

      Fatty Acids    .  Activation of BK channels by low μM FA has been reported in 
native myocytes from rabbit coronary [ 65 ] pulmonary [ 66 ,  67 ]; rat [ 68 ]; bovine [ 69 ] 
and porcine coronary arteries [ 70 ]; mouse aorta [ 71 ]; human umbilical artery [ 72 ] 
and rat pulmonary arteries [ 73 ]. FAs increased BK channel activity in a dose- 
dependent manner [ 65 ,  73 ], this FA action persisting over a wide range of [Ca 2+ ] i  
and [Mg 2+ ] i  [ 65 ]. FA-induced activation of BK channel was found in the virtual 
absence of internal Ca 2+  [ 71 ] and with the voltage sensors in resting state [ 74 ]. 
Thus, it was suggested that FA, i.e., docosahexanoic acid (DHA) activation of BK 
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  Fig. 16.2    Endogenous PIP2 activates native BK currents in the presence of blockers of PLC- 
mediated PIP2 downstream products. Perforated patch-recordings from two ( a – e  and  f – j ) freshly 
isolated cerebral artery myocytes bathed in physiological saline solution. Total outward K +  cur-
rents were recorded in continuous presence of 5 mM 4-AP and 0.1 mM nifl umic acid. Bath appli-
cation of 2 μM Ro31-8220 and 0.2 μM thapsigargin increases current by 95 % ( b  vs.  a ;  g  vs.  f ). 
Subsequent inhibition of PI3 kinase by 5 nM wortmannin further increases current ( c ). Inhibition 
of PLC by 25 μM U73122 drastically increases current ( d ), likely due to PIP2 buildup in the mem-
brane. The current is blocked by 0.3 μM paxilline ( e ,  h ), indicating it is mediated by BK channels. 
Pre-application of paxilline prevents both wortmannin ( i ) and U73122 ( j ) actions. ©Vaithianathan 
et al., 2008. Originally published in Journal of General Physiology. doi:  10.1085/jgp.200709913           
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channels was due to destabilization of the closed conformation of the pore-gate 
“domain” [ 71 ,  72 ,  75 ]. 

 FA action persisted when the lipid was applied by bath perfusion [ 65 ,  69 ,  72 ,  75 ], 
indicating that the FA-recognition site(s) was accessible from the inner membrane 
leafl et. In addition, SAR studies revealed that long-chain FAs were more effective 
than their short-chain counterparts in activating VSM BK channels [ 65 ]. There was 
no signifi cant difference, however, between the effects of saturated and unsaturated 
FAs [ 65 ]. The mechanisms and targets underlying differential modulation of BK 
currents by FA of variant structure remain unidentifi ed. BK β1 subunits, however, 
played a critical role in DHA potentiation of BK current [ 71 ,  72 ]. Furthermore, β1 
residues R11 and C18 were involved in DHA action on β1-containing BK channels 
[ 74 ]. Whether this structural feature applies to FA other than DHA remains to be 
determined. 

 The physiological and pathophysiological consequences of BK channel modula-
tion by FAs are under active investigation. DHA activated  BK    .  channels and dilated 
isolated coronary arteries. These DHA actions have been associated with DHA’s ben-
efi cial effects on the cardiovascular system [ 68 ,  70 ]. Likewise, this FA lowered blood 
pressure by directly activating BK channels in aortic SM [ 71 ]. In turn, AA-induced 
relaxation of pulmonary artery was mediated by BK current modulation [ 76 ], yet the 

  Fig. 16.3     Indirect and direct mechanisms   of PIP 2  action on BK currents. PLC-mediated cleavage 
of PIP 2  results in PIP 3 , IP3 and diacylglycerol (DAG). IP3 releases Ca 2+  from SR, which raises 
Ca 2+  i , whereas DAG activates PKC. BK channel modulation by PKC and Ca 2+  i  controls degree of 
vascular myocyte contraction. However, PIP 2  may directly activate BK channels ( bold dashed 
black arrow ), which involves the negative charges of the phosphoinositide headgroup and the 
sequence of positive residues RKK in the channel S6-S7 cytosolic linker. In intact myocytes, inhi-
bition of PLC by U73122 increases BK current in presence of a PI 3  kinase blocker (wortmannin), 
PKC inhibitor (Ro 31-8220), and a selective blocker of the SR Ca 2+ -ATPase (thapsigargin). Under 
these conditions, PIP 2  level is expected to rise, which renders BK channel activation. GPCR G 
 protein-coupled receptor  ©Vaithianathan et al., 2008. Originally published in  Journal of General 
Physiology . doi:  10.1085/jgp.200709913           
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exact contribution of a direct FA-BK interaction to AA-induced vasodilation remains 
unclear. 

   Prostanoids    .  PGI 2  and PGE 2  have been shown to activate BK currents in rat tail 
[ 77 ], human coronary [ 78 ], and porcine coronary [ 79 ] artery myocytes. In contrast 
with these fi ndings in VSM, PGE 2  inhibited Spontaneous Transient Outward Currents 
(STOCs; determined by BK activation) in guinea pig detrusor myocytes [ 80 ]. 

 PGI 2 -induced BK channel activation required activation of cAMP-dependent 
PKA [ 77 ]. However, in other VSM, PGI 2 -induced activation of BK current involved 
a cAMP-independent, Gs protein-dependent component [ 81 ]. Interestingly, PGE 2 - 
induced BK activation required cAMP-stimulated cross-activation of PKG, but not 
of PKA [ 78 ]. On the other hand, studies on guinea pig detrusor SM show that PGE 2 - 
induced  inhibition  of Spontaneous Transient Outward Currents (STOCs) was due to 
activation of PKC  via   EP1    .  receptors [ 80 ]. Thus, direct activation of BK channels 
by prostanoids remains to be established. It is possible to affi rm, however, that pros-
tanoid-induced activation of BK channels contributes to VSM relaxation and vaso-
dilation [ 78 ,  79 ,  81 ]. 

  Epoxyeicosatrienoic    acids    .  EET and derivatives activate BK channels from rat renal 
[ 82 ]; rat coronary [ 83 ]; rat cerebral [ 84 ]; rat mesenteric [ 85 ]; mouse pulmonary 
artery [ 86 ]; bovine [ 87 ]; canine and porcine coronary [ 88 ]; human mammary [ 89 ] 
arteries. EET-related epoxyicosatetraeonic acids and 5-oxo-eicosatetraenoic acid 
potentiated BK current in human pulmonary artery and distal bronchi [ 90 ,  91 ], 
and in cerebral and mesenteric SM [ 92 ], with effective concentrations of EET 
ranging from nM to low μM [ 84 ,  91 – 94 ]. 

 EET-induced activation of BK current was explained by increased Po without 
increase in γ [ 93 ,  94 ]. EET and 11,12-dihydroxyeicosatrienoic acid (DHET) poten-
tiation of Po was related to several actions: dose-dependent increase in channel 
open-times, shortening of closed-times, and reduced open-close transitions [ 83 ,  84 , 
 90 – 92 ,  94 ,  95 ]. 

 EET-induced BK activation was detected in inside-out patches [ 83 ,  85 ] and 
following recombinant channel reconstitution into artifi cial lipid bilayers [ 94 ], 
suggesting that EET action did not require internal organelles, freely diffusing 
cytosolic signals or complex proteo-lipid domains. Moreover, EET-induced 
activation of BK channels was observed in cerebral and mesenteric SM lacking 
BK β1 subunits [ 92 ]. Consistently, studies on HEK293 cells transfected with 
recombinant channels showed that EET’s action on BK channels did not require 
β1 subunits [ 96 ]. 

 EET-induced BK activation led to SMC hyperpolarization and dilation of renal 
[ 82 ]; coronary [ 88 ], internal mammary [ 89 ], pulmonary [ 90 ] and mesenteric arteries 
[ 85 ]. Likewise, EETs and 20-hydroxyeicosatetraenoic acid (20-HETE) caused 
membrane hyperpolarization and relaxation of human distal bronchi [ 110 ,  111 ]. 
However, EET- stimulated   .  physical association of BK α and β1 subunits in mito-
chondria could lead to reduced mitochondrial membrane potential and thus, 
 depolarization, which could counteract SM relaxation, as reported in pulmonary 
VSM [ 86 ]. 

16 Membrane Lipids and Modulation of Vascular Smooth Muscle Ion Channels



362

   Leukotrienes    .  Among all LT tested (LTA 4 , LTB 4 , LTC 4 , LTD 4 , LTE 4 ), only LTB 4  
directly activated BK channels cloned from cerebral artery SM after expression in 
 Xenopus  oocytes [ 97 ]. This activation required BK β1 but not other BK β (2–4) 
subunits. Computational modeling predicted a direct interaction between LTB 4  
both the cholane steroid-sensing site (Thr-169, Leu-172, Leu-173) and two addi-
tional residues (Ala- 176 and Lys-179) located in the β1 TM2 domain [ 97 ,  98 ]. 
Therefore, two lipids from very different families (LT and cholane steroids) can 
share a common site in a BK subunit. Moreover, their joint application failed to 
result in synergism on channel activation (Fig.  16.4 ).

     Cholesterol    .  BK current sensitivity to various treatments that modifi ed membrane 
CLR levels was fi rst reported in cultured myocytes from human and rabbit aortas 
[ 99 ,  100 ] and, later on, extended to vascular and nonvascular myocytes from a wide 
variety of species [ 101 ]. Collectively, these studies show that in most cases increases 
in CLR decrease BK activity whereas decreases in CLR increase channel activity 
(reviewed by Dopico et al. [ 58 ]). 

 CLR reduced cbv1 Po following channel reconstitution into POPE:POPS (3:1 
w/w) bilayers [ 102 ]. These results underscored that neither the complex cytoar-
chitecture of cell membranes nor cell signaling pathways was required for CLR 
inhibition of BK channels. Rather suggesting that channel-forming subunits were 
suffi cient to support CLR action. In the same bilayer type, β1 subunits cloned from 
the same origin (rat cerebral artery myocyte) apparently failed to modify CLR 
action [ 102 ]. Bilayer data showing lack of a critical role for BK β1 in regulating 
CLR action on BK channels were validated by patch-clamp electrophysiology on 
native BK channels in cerebral artery myocyte membranes: CLR-depletion  by   
methyl-β-cyclodextrin (MβCD) led to a similar increase in Po in C57BL/6 and 
 KCNMB1  K/O mouse [ 102 ]. Collectively, these results from recombinant and native 
cerebrovascular BK channels suggest that β1 do not drastically modify CLR action 
on channel steady-state activity. 

 The similarities in dwell-time changes and sterol potency (CLR IC 90  ≈ 33 mol%) 
reported in native membranes  vs . artifi cial lipid bilayers strongly suggested that 
CLR action on BK channels was mediated by a recognition site(s) common to the 
different experimental systems: the two phospholipid species, the slo1 proteins, 
and/or some proteolipid product imported from the cell membrane preparation 
where the channel was originally expressed. Regarding slo1 proteins, we mapped 
seven CLR Recognition Amino acid Consensus (CRAC) motifs to the cbv1 CTD, 
with CRAC4 (which is adjacent to the inner membrane leafl et) playing a major 
role in CLR inhibition of BK channels [ 103 ] (Fig.  16.5 ). The relative role of the 
different CTD CRACs and the structural bases of CLR-sensing by BK channels is 
under current investigation in our laboratory [ 104 ].

   Changes in BK current associated with hypercholesterolemia have been 
documented in various animal models [ 105 ]. Hypercholesterolemia blunted 
endothelium- independent, BK-mediated dilation of rabbit carotid [ 106 ,  107 ] and 
hindlimb arteries [ 108 ], and rat cerebral arteries [ 102 ]. This effect  could   contribute 
to vascular pathology associated with dyslipidemia, systemic hypertension, vas-
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  Fig. 16.4     LTB4 docking   on the steroid-sensing site in the BK β1 subunit TM2. ( a ) Three- 
dimensional superposition of lithocholic acid (LCA; in  pink ) and LTB4 (in  blue ).  Black ovals  
underscore spatial overlap between carboxyl and oxygen in LCA or LTB4 molecules. ( b ) Model 
of LCA docking on BK β1 TM2. LCA steroidal nucleus interacts with T169, L172 and L173, 
while the ionized carboxylate in LCA side chain resides near K179. ( c ) Model of LTB4 docking 
on the LCA-sensing site. In addition to tight steric interaction between T169, L172, L173 and 
the LTB4 molecule, A176 and K179 play a critical role in LTB4 recognition and retention. 
In  b  and  c , the BK β1 TM2 α helix is in  red ;  dotted white lines  indicate hydrogen bonding. 
( d )  Single-channel recordings from I/O patches excised from  Xenopus  oocytes expressing 
cbv1 + β1 subunits and probed with 1 μM LTB4 + 150 μM LCA. Vm = −40 mV, [Ca 2+ ] i  = 10 μM. 
( e ) Averaged data showing similar increase in BK NPo by either single activator (LTB4, LCA) 
or their combination. @Bukiya et al., 2014. Originally published in  Journal of Biological 
Chemistry  2014; 289: 35314–35325. ©the American Society for Biochemistry and Molecular 
Biology       
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cular peripheral disease, cerebrovascular constriction and stroke. In particular, 
alcohol and CLR synergistically reduced BK current in cerebral artery 
SM. Remarkably, hypercholesterolemia and moderate–heavy alcohol intake both 
constitute risk factors for cerebrovascular disease [ 102 ]. 

  Other Steroids.  Among 21 C derivatives,  allotetrahydrocorticosterone  activated BK 
channels in guinea pig bronchial SM [ 109 ]. This action required cell integrity and 

  Fig. 16.5    ( a ) Snapshot of molecular dynamics simulations of  CLR interaction   with CRAC4 
domain in the BK channel-forming α subunit CTD. CTD is composed of  yellow ,  red ,  grey  and 
 blue  ribbon structures;  green : CLR. CLR hydroxyl hydrogen bonds with K453 while CLR 
hydrophobic nucleus resides near Y450. For visual clarity, part of the CTD downstream CRAC4 
was hidden. ( b ) Single channel records from full-length cbv1, Y450F channels in CLR-free and 
33 mol% CLR-containing bilayers. ( c ) Averaged inhibition of  wild type  cbv1  vs . cbv1 Y450F 
channel activity by 33 mol% CLR; *P = 0.0244. @Singh et al., 2012. Originally published in 
 Journal of Biological Chemistry  2012; 287: 20509–20521. ©the American Society for 
Biochemistry and Molecular Biology       
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subcellular pathways  via  pertussis toxin sensitive G-proteins [ 109 ]. Likewise,  pro-
gesterone  potentiated BK channels in porcine coronary [ 110 ] and sheep uterine 
artery [ 111 ] SMC. Progesterone action was mainly due to an increase in 
 subsarcolemmal Ca 2+  evoked by stimulation of bicuculline-sensitive GABA-A 
receptors [ 110 ]. Progesterone also upregulated BK β1 subunits and eventually 
decreased myogenic tone of sheep uterine arteries [ 111 ]. 

   Testosterone  (19 C)   potentiated BK channels in pig coronary [ 112 ], rat mesen-
teric [ 113 ] and human umbilical [ 114 ] arteries. Testosterone-induced activation of 
BK channels in coronary arteries was attributed to increased cGMP synthesis and 
PKG activation [ 112 ]. 

 Direct activation of BK channels by  17β-estradiol  (18 C) and  diosgenin  (phy-
toestrogen) was demonstrated in human [ 115 ] coronary, and human mesenteric, 
and sheep uterine [ 111 ] artery myocytes. Furthermore, estradiol increased the 
activity of slo1 + β1 channels but failed to activate slo1 channels [ 116 ]. Thus, BK 
β1 subunit seemed to be required for estradiol’s direct action on BK channels. 
Studies from rat coronary [ 117 ], ovine uterine [ 118 ] and human coronary [ 119 , 
 120 ] artery myocytes, however, showed that estrogen might modulate BK channel 
activity  via  indirect pathways. Indirect BK activation by estrogen involved the 
NO•/cGMP signaling pathway [ 117 – 119 ] and/or G-protein-coupled estrogen 
receptor activation [ 120 ]. Whether by direct, indirect or combined mechanisms, 
BK channels were involved in estradiol-induced dilation of rat mesenteric arter-
ies, as this effect of the estrogen was signifi cantly blocked by iberiotoxin (Ibtx) 
[ 121 – 123 ]. Finally, estrogen regulated gene and protein expression levels of slo1 
and β1 subunits [ 111 ,  123 ,  124 ]. 

  Xenoestrogens   such as tamoxifen and analogues had dual action on BK channel 
steady-state, as reported in human jejunum, canine mesenteric and colonic [ 125 –
 127 ], and mouse colonic and cerebral artery myocytes [ 128 ]. BK β1 was required 
for tamoxifen effect on colonic myocytes [ 127 ] while this subunit was unnecessary 
for tamoxifen to modulate BK channels in cerebral artery myocytes [ 128 ]. 
The tamoxifen analogue  Quat DME-oestradiol  activated BK channels  via  NO• 
signaling and thus dilated rat aorta [ 129 ].  

    Ca 2+ -Activated K +  Channels of Small (SK) and Intermediate 
(IK) Conductance 

 SK and IK channels are expressed both in  endothelial and VSM cells   [ 61 ]. 
In endothelial cells, activation of IK and SK channels leads to membrane 
hyperpolarization that increases the driving force for Ca 2+  entry through non-
voltage-gated Ca 2+  channels. Thus, these channels contribute to  endothelium-
dependent relaxation   by the Ca 2+ -dependent production of NO• and/or some other 
hyperpolarizing factor(s) [ 130 ]. Furthermore, endothelial hyperpolarization is 

16 Membrane Lipids and Modulation of Vascular Smooth Muscle Ion Channels



366

transmitted to underlying myocytes causing endothelium-dependent, VSM 
hyperpolarization and relaxation [ 131 ]. 

   Phosphoinositides       .  Following transfection of CHO cells with IK, phosphatidylinositol 
3-phosphate indirectly increased activity, this action involving a stretch of 14 amino 
acids in the IK carboxy terminus [ 132 ,  133 ]. To our knowledge, there are no studies 
reporting phosphoinositide modulation of IK or SK in VSM. 

   Lysophospholipids    .   Lysophospholipid  s directly activated SK and IK channels in 
human umbilical vein endothelial [ 134 ] and microglia cells [ 135 ]. Physiological 
consequences of this activation remain unknown. 

   Sphingolipids    .  The glycosphingolipid monosialotetrahexosylganglioside (GM1) 
caused endothelium-dependent relaxation of rat mesenteric arteries. This GM1- 
induced vasodilation involved IK channels while remaining unaffected by selective 
SK channel blockade [ 136 ]. Direct  vs . indirect mechanisms in sphingolipid action 
on SK/IK channels remain to be addressed. 

   Epoxyeicosatrienoic acids    .  Although there is no report on direct action of EETs on 
SM SK or IK channels, there is some evidence that bradykinin-induced dilation of 
porcine coronary artery is mediated by  EET  . Bradykinin-induced hyperpolarization 
of porcine coronary myocytes was due to production of endothelial EET which, 
in turn, activated endothelial SK and IK channels [ 137 ].  

    Ca 2+ -Activated Cl −  Channels (Cl −  Ca ) 

 Cl −  Ca  is expressed in VSM where contributes to regulate vascular tone [ 138 ]. Because 
these channels carry an anionic current, Cl −  Ca  activation leads to depolarization, 
increased VSM tone and vasoconstriction [ 138 ]. 

   Phosphoinositides    .  In rat pulmonary artery myocytes and HEK cells transfected with 
TMEM16A-encoded Cl −  ca  channels, PIP 2  inhibited Cl −  Ca  current. This modulation 
was likely due to direct binding between PIP 2  and Cl −  Ca  channel proteins [ 139 ]. 
Putative binding sites for PIP 2  on Cl −  Ca  are still under investigation. 

   Sphingolipids    .  Cerebrosides served as potential blocker of Cl −  Ca  in rat pulmonary 
artery SMC. Moreover, cerebroside slowed down activation of outward current and 
accelerated the decay of inward tail current in rat pulmonary artery myocytes [ 140 ]. 
Possible contributions of cerebroside modulation of SM Cl −  Ca  to vascular function 
remain unknown. 

   Cholesterol.    Exposure of mouse portal vein myocytes to MβCD increased Cl −  Ca  Po. 
In contrast with data from BK channels [ 58 ], CLR-bound MβCD failed to modulate 
Cl −  Ca  Po. Thus, Cl −  Ca  seems to be sensitive to CLR depletion but not CLR enrich-
ment. Modulation of Cl −  Ca  current to CLR depletion occurred without any change in 
reversal potential or kinetics [ 141 ].   
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    Mechano-Gated Ion Channels and Transient Receptor 
Potential (TRP) Channels 

 TRP channels constitute a heterogeneous group of cationic channels that are pri-
marily located in the plasma membrane. They have been sub-grouped into six 
 subfamilies  : TRPV (V for vanilloid), TRPC (C for canonical), TRPM (M for 
melastatin), TRPA (A for ankyrin), TRPP (P for polycystic) and TRPML (ML for 
mucolipin), with a subsequent number designating each specifi c member within 
subfamily [ 142 ]. TRPs have been reviewed elsewhere [ 143 – 145 ]. Given their 
activation by a wide variety of physiological stimuli, including lipid signals,    TRPs 
as a whole participate in several key processes in the cardiovascular system, 
such as cell proliferation, differentiation and apoptosis [ 146 ]. In VSM, TRPV4, 
TRPV6, TRPC1, TRPC3, TRPC4, TRPC6 and TRPM4 constitute the most highly 
expressed members [ 147 ,  148 ] and, in consonance with endothelial TRPs, serve to 
control myogenic tone and vascular reactivity [ 146 ,  147 ,  149 – 151 ]. Most studies in 
VSM fall short from straightforwardly documenting direct, lipid-TRP protein 
interactions. 

   Phosphoinositides    .  Endothelin-activation of TRPC-like cationic currents in rabbit 
coronary artery myocytes is mediated by PIP 2  [ 181 ]. Moreover, authors showed 
that current stimulation by diC8-PIP 3  was blocked by anti-TRPC1 antibodies. 
On the other hand, endothelin receptor-mediated TRPC1 activity was inhibited by 
tPI- phospholipase C block. In addition, 1-oleoyl-2-acetyl-sn-glycerol (OAG), an 
analogue of the PI-PLC product diacylglycerol (DAG), increased PKC-dependent 
TRPC1 activity, which was prevented by PIP 2  depletion. These fi ndings led to the 
conclusion that stimulation of endothelin receptors (type B) increased TRPC1 
activity in a PKC-dependent manner, which involved both PI-PLC-mediated 
generation of DAG and a facilitating role by PIP 2  itself [ 152 ]. Likewise, PIP 3  was 
reported to facilitate TRPC6/7 activation by OAG in rabbit portal vein, yet not in 
mesenteric artery myocytes. PIP 3  effect was attributed to removal of PIP 2 -mediated 
tonic inhibition [ 153 ]. Likewise, removal of PIP 2 -mediated tonic inhibition appeared 
responsible for TRPC6-related current potentiation by angiotensin II in rabbit mes-
enteric artery myocytes. This potentiation was linked to DAG generation, yet inde-
pendent of PKC. Thus, TRPC6 channel potentiation was interpreted as resulting 
from antagonism between PIP 2  and DAG [ 148 ]. Whether PIP 2  or PIP 3  directly binds to 
TRPC channels, as well as the structural bases of TRPC-phosphoinositide interac-
tions remain undetermined. 

  Lysophospholipids . Structure Activity Relationship (SAR) studies on  lysophospho-
lipid   modulation of TRPV1 expressed in HEK cells complemented with computa-
tional modeling revealed that lysophosphatidic acid (LPA) and analogs might 
directly interact with TRPV1 proteins and thus, modify channel function. Following 
development of a pharmacophore, a model was proposed to describe how these 
lipids could induce a conformational change that activated TRPV1 [ 154 ]. Whether 
these conclusions can be applied to TRPV1 or other TRP when evaluated in the 
actual environment of VSM remains unknown. 
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 Remarkably, caveolin1-expressing VSM were more susceptible to  oxidized 
low- density lipoprotein (oxLDL)  -induced apoptosis, which was related to increased 
Ca 2+  infl ux into the SM [ 155 ]. Lysophosphatidylcholine (LPC), a primary compo-
nent of oxLDL, has been shown to activate nonselective cationic channels [ 156 ], 
but it remains unclear whether such activation involves direct targeting of TRP 
by LPC and, if so, whether such activation could participate in oxLDL-induced 
apoptosis of vascular myocytes. 

  Other    oxidized lipids   . 1-Palmitoyl-2-glutaroyl-phosphatidylcholine (PGPC) and 
1-palmitoyl-2-oxovaleroyl-phosphatidylcholine (POVPC) are LPC analogs. At low 
μM levels, PGPC and POVPC potentiated TRPC5-mediated currents after channel 
expression in HEK293 cells. Authors further showed that the oxidized phospholip-
ids activated TRPC5 channels in VSM, which could be linked to cell migration 
[ 187 ]. In contrast to LPC action on SM endogenous cationic current (see previous 
subheading), PGPC and POVPC did not evoke Ca 2+  mobilization, and their action 
on TRPC5 depended almost completely on Gi/o protein signaling. Previously iden-
tifi ed G protein-coupled receptors (GPCR) for oxidized phospholipids were not 
involved in PGPC and POVPC action, suggesting that the effects of these oxidized 
phospholipids on TRPC occurred through a previously unrecognized receptor or 
independently of receptors [ 157 ], possibly involving direct TRPC-PGPC/POVPC 
interactions. 

 A recent study in rat cerebral arteries also points to a functional interaction between 
lipid peroxides and endothelial TRP (in this case, TRPA1) channels. Authors proposed 
that SM relaxation resulted from electronic spread of endothelium- generated 
hyperpolarization at myo-endothelial gap junctions. In turn, endothelial hyperpolar-
ization was the result of IK channel activation by TRPA1-generated “Ca 2+ -sparklets”. 
These localized Ca 2+  signals resulted from the activation of a few, clustered  TRPA1 
channels  , this activation being evoked by lipid peroxides originated from membrane 
lipids following increased endothelial levels of H 2 O 2  and/or OH• [ 158 ]. 

   Diacylglycerol   . In rat cerebellar and posterior cerebral artery myocytes, the 
membrane-permeant DAG analog 1,2-dioctanoyl-sn-glycerol (DOG) stimulated 
cationic, TRP-like currents. DOG action, however, was ablated by PKC blockade 
[ 159 ] suggesting that DAG effect on current was largely mediated by PKC activa-
tion rather than by direct DAG-TRP interaction. In rabbit portal vein myocytes, 
native currents with a phenotype identical to that of recombinant TRPC6 channel- 
mediated currents were potentiated by bath application of DOG and 1-oleoyl-
2- acetyl-sn-glycerol (OAG). DAG is the likely mediator of phenylephrine 
potentiation of such native currents  via  Gq-coupled alpha-1 adrenoceptors and 
eventual phospholipase- C stimulation [ 160 ]. Furthermore, currents mediated by 
heterologously expressed TRP6 cloned from mouse brain were resistant to PKC 
block and activated by  the   DAG analogs. Possible targeting of PKC in lipid action, 
however, remains inconclusive from these data. In the A7r5 aortic SM cell line, 
a current with a phenotype similar to channels described in rabbit portal vein 
myocytes [ 190 ] was modulated by membrane permeable DAG analogs, an effect 
that was PKC- independent [ 161 ]. Finally, depolarization of rat cerebral artery 
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SM and consequent vasoconstriction in response to PKC activation was blunted 
by antisense directed against TRPM4 [ 151 ]. Whether lipid (DAG in particular) 
modulation of PKC is involved in TRPM4-mediated control of cerebral artery tone 
remains to be established. 

   11,12 epoxyeicosatrienoic acid (11,12 EET)   . Endothelial-dependent dilation of 
cerebral arteries involves functional targeting of myocyte TRPV4 by 11,12 EET: 
the released lipid from endothelial cells activated TRPV4 channels in the arterial 
myocyte. Ca 2+  infl ux through TRPV4 permeation led to increased RyR-mediated 
Ca 2+  spark frequency and thus, increased BK channel-mediated STOCs and myo-
cyte hyperpolarization, favoring SM relaxation and vasodilation. Indeed, sRNAi 
suppression of TRPV4 in intact arteries prevented 11,12 EET-induced SM hyper-
polarization and cerebral artery dilation [ 162 ]. Likewise, 5,6 EET activated 
TRPV4 in a membrane-delimited manner, leading to Ca 2+  infl ux  via  TRPV4-like chan-
nels in vascular endothelium. EET can be generated from AA and anandamide and 
thus, TRPV4 activation in vascular endothelial cells might therefore contribute to 
SM relaxation by endocannabinoids [ 163 ].  

    Internal Ca 2+  Release Channels 

 Internal Ca 2+  release channels serve fundamental roles in VSM physiology, including 
myogenic tone regulation, vascular reactivity, cell migration and apoptosis, as their 
coordinated function and integration with different Ca 2+  infl ux pathways contribute 
not only to regulate overall cytosolic Ca 2+  levels but also, and mainly, to generate a 
variety of Ca 2+  signals (“waves”, “sparks”, “sparklets”, etc.,), each having distinct 
tempo-spatial characteristics and physiological role [ 164 – 166 ]. With exception of 
the specifi c gating of Inositol 1,4,5-triphosphate (IP3) receptors by IP3 and analogs 
[ 167 ,  168 ], the modulation of internal release Ca 2+  channels by lipids has not 
received much attention. Thus, modulation of each major ion channel family by 
several lipid species is presented within a single subheading. 

    Ryanodine Receptors (RyR) 

 RyR are intracellular Ca 2+ -release channels found in the  endoplasmic and sarcoplas-
mic reticulum   (SR) membranes of most eukaryotes. Three RyR isoforms have been 
isolated: RyR1, which predominates in skeletal muscle; RyR2, which predominates 
in cardiac muscle, and RyR3, which is widely expressed, yet particularly abundant in 
brain neurons [ 169 ,  170 ]. Each isoform consists of a homotetramer of one RyR gene 
product, although native receptors are heterooligomers with subunit composition of 
(RyR monomer ) 4 (FKBP) 4  where FKBP refers to the FK506 Binding Protein [ 170 ,  171 ]. 
In VSM, RyR2 and RyR3 predominate. These RyRs may operate in orchestration 
with VDCC, BK, TRP channels and IP3 receptors to control a variety of Ca 2+  signal 
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modalities in the arterial myocyte and thus, control myogenic tone and vasomotion 
[ 147 ,  164 ,  172 ,  173 ]; (see Chap.   1     by McCarron et al. in this volume). 

   Phosphoinositide 3,5-bisphosphate  (PI-3,5P 2 )   elevated Ca 2+  i  in VSM and thus 
contracted aortic rings. While the bulk of PI-3,5P 2  action remained intact in presence 
of IP3 receptor block, depletion of SR Ca 2+  stores with thapsigargin or caffeine and/
or ryanodine blunted the phosphoinositide-induced Ca 2+  increase and greatly atten-
uated its associated contraction. Removal of extracellular Ca 2+  or VDCC block 
reduced but did not totally suppress the Ca 2+  or contractile responses to PI-3,5P 2 , 
leading authors to advance that full and sustained aortic contractions to PI-3,5P 2  
required the release of SR Ca 2+      which likely involved RyR [ 174 ]. A direct RyR- 
phosphoinositide interaction remains to be probed. 

 Endothelium-derived  EETs  indirectly modulated SM RyR  via  SM TRPV4 
channels: TRPV4-mediated Ca 2+ -infl ux activated nearby RyR channels, with the 
resulting spark activity leading to BK current potentiation and, eventually, SM 
relaxation and vasodilation (reviewed in [ 175 ]). In contrast, RyR indirect activation 
by thromboxane analogs, i.e.,  via  ligand interaction with thromboxane receptors, 
evoked constriction of renal arterioles [ 176 ].  

    Phosphatidylinositol (3,4,5)-Trisphosphate Receptors 

 The reader is referred to comprehensive reviews on the structural basis of IP3 
receptor gating by IP3 [ 167 ,  168 ] and the receptor’s contribution to VSM function 
[ 177 ,  178 ]. The interplay between RyR, IP3 and mitochondria in internal Ca 2+  
mobilization in SM is extensively reviewed by McCarron et al. in this volume. 

   Lipopolysaccharide (LPS)  modulation   of Ca 2+  i  oscillations has been linked to 
LPS-mediated activation of nuclear transcription factor NFκB in lung microvessel 
endothelial cells. LPC induced-enhancement of Ca 2+  oscillation amplitude was 
blocked by xestospongin C, which pointed at IP3 receptors as mediators of  LPS 
action   [ 179 ]. A possible LPS-IP3 direct interaction remains to be explored. 

 Regarding  FA and analogs, prostaglandins and eicosanoids , antagonism of IP3 
receptors by 2-aminoethoxydiphenyl borate (2-APB) abolished  oleoylethanolamide 
(OEA)-induced relaxation   of rat small mesenteric arteries. OEA-induced relaxation 
involved Ca 2+  released from IP3-sensitive endothelial stores by mechanisms involv-
ing RhoA kinase and phospholipase C [ 180 ], pointing at an indirect modulation of 
IP3 by OEA. Histamine stimulation of H1 receptors led to increased Ca 2+  i   via  IP3 
receptor activation in human aortic myocytes. Selective stimulation of prostaglan-
din receptors (EP2 or EP4) attenuated the histamine-evoked Ca 2+  signal. However, 
 prostaglandin E2 - evoked reduction in Ca 2+  signal was primarily mediated by EP2 
receptors. Thus, IP3 receptors serve as common effectors of VSM actions of hista-
mine and prostaglandin E2, two important infl ammatory mediators [ 181 ]. On the 
other hand, prostaglandin F2α at sub-μM levels caused IP3-dependent Ca 2+  release 
in rat intrapulmonary arteries, an action mediated by prostaglandin FP receptors 
[ 182 ]. Finally, in pulmonary artery myocytes,  15-hydroxyeicosatetraenoic acid 
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(15-HETE)  -induced increase in Ca 2+  i  was characterized by an initial rapid rise 
 followed by a slow phase. While the slow phase was sensitive to VDCC and TRPC 
channel block, the initial rapid phase was reduced by the IP3 receptor antagonist 
 2-APB   or depletion of RyR-operated stores by caffeine [ 183 ]. 

 A few studies addressed the role of genetic, dietary or  in vitro  manipulation of 
steroid levels on IP3-generated signals in SM. Thus, IP3 receptor-mediated Ca 2+  i  
release was elevated in aortic SM from hypercholesterolemic, yet plaque-free, 
apoE−/− mice [ 184 ]. On the other hand, 24-h exposure of A7r5 aortic myocytes 
to  oxysterols  inhibited Ca 2+  transients evoked by arginine vasopressin (AVP) and 
bradykinin. Moreover, 7β-hydroxycholesterol-induced reduction of AVP-stimulated 
Ca 2+  signals were primarily due to modifi cation of Ca 2+  release from intracellular 
stores, with type 1 IP3 and RyR1 receptors being signifi cantly downregulated 
by oxysterol treatment [ 185 ]. CLR-depleting  in vitro  treatment with  methyl-
β- cyclodextrin (MβCD)   reduced IP3-induced cationic current and the associated 
constriction of pressurized, cerebral arteries in the mouse, actions that were reversed 
by CLR replenishment. IP3-induced vasoconstriction was reduced by shRNA 
directed against caveolin-1, a major structural determinant of caveolae integrity. 
Moreover, a cav-1 antibody co-immunoprecipitated caveolin-1, IP3 receptor type 1 
and TRPC3, these proteins forming a localized unit in arterial SM, as revealed 
by immunoFRET. MβCD treatment disrupted such protein triad whereas CLR 
replenishment re-established IP3 receptor type 1 and TRPC3 channels spatial 
proximity. Thus, in cerebral artery SM, type 1 IP3 receptors in the SR co-localized 
with plasma membrane TRPC3 channels. This association required caveolin-1 and 
caveola integrity, the latter being ensured by the presence of  CLR   in the membrane(s) 
[ 186 ]. Whether any of these manipulations that perturbed steroid levels in VSM 
involve direct modulation of IP3 by the steroid remains to be determined.  

     ORAI   and  Stim1 Proteins   

 As in most excitable tissues, VSM presents the so-called  store-operated Ca 2+  (SOC) 
infl ux  : Ca 2+  depletion inside ER stores (mainly by IP3 receptor activation) leads to 
Ca 2+  infl ux into the cell, which helps to refi ll the store with Ca 2+  [ 187 – 189 ]. The 
emptying of the store is sensed by ER stromal interaction molecules (STIM1 and 
STIM2)  via  EF-hand motifs located in their N-termini, which face the ER lumen. In 
turn, STIM1 interacts with SOC channels constituted by tetra-(or hexa-)meric asso-
ciation of the Orai1 protein in the plasma membrane. Thus, regarding SOC infl ux, 
lipid modulation of STIM/Orai proteins is indirect, as conformational and func-
tional changes in these proteins in response to store Ca 2+  depletion are determined 
by  IP3  interaction with IP3 receptors, rather than with STIM/Orai themselves [ 189 , 
 190 ]. Likewise,  S1P  indirectly modulated SOC infl ux in aortic SM isolated from 
C57BL/6 mouse; S1P effect was secondary to S1P targeting S1P type 2 and type 3 
receptors [ 191 ]. A direct lipid-Orai interaction, however, had been hypothesized in 
cultured SM where STIM1, Orai1, and Orai3 acted as constitutive members of the 
thrombin-activated Ca 2+  channel. Activation of the latter is  independent  of 
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IP3-mediated Ca 2+  depletion or SOC infl ux [ 189 ,  192 ]. Rather, receptor activation 
led to generation of AA  via  PLA2. Eventually,  AA  is converted to  LTC4  [ 193 ], 
which was postulated to directly interact with Orai3. More recent electrophysio-
logical data seemed to indicate that AA- and LTC4-activated currents were medi-
ated by the same STIM1/Orai1/Orai3 channel complex [ 194 ]. Finally, up- regulation 
of this ion channel complex effector could lead to change in SM transcriptional 
regulation and neointimal formation [ 192 ].   

    Concluding Remarks 

 Lipid regulation of ion channel function in VSM constitutes a rapidly developing 
fi eld of investigation, as mounting evidence indicates that such regulation partici-
pates not only in normal physiology but also in pathophysiology of cardiovascular 
disease. There is increasing evidence that modulation of ion channels in smooth 
muscle cells may result from direct recognition of lipids by the ion channel protein 
themselves. The sources of lipid species that seem to directly interact with ion 
channel proteins include the circulation, local nerves, endothelial cells and the 
vascular myocyte. The latter generates lipid species from cytosolic pathways, 
the plasma membrane or other organelles. Lack of structural biology data makes it 
diffi cult to discern whether direct recognition of a lipid species by an ion channel 
protein recognition site involves actual binding of the lipid to this site or, rather, 
the lipid binds to another, yet functionally-associated domain(s), while the identi-
fi ed region couples the actual binding site with regions that control channel gating, 
ion permeation and/or sorting and traffi cking. Another complexity results from the 
quaternary nature of most ion channel proteins. One of the channel complexes 
where direct recognition of lipids by channel subunits has been best studied is the 
BK channel. Even for BK channels from a given source (e.g., cerebrovascular 
myocyte), direct lipid-channel interaction follows several modalities: direct lipid 
interaction with BK channel-forming subunits (e.g., cholesterol), direct recognition 
by channel- forming subunits with major amplifi cation of lipid effect by the presence 
of regulatory β1 subunits (e.g., PIP2), and direct interaction with β1 subunits (cholane 
steroids and LTB4). Certainly, a more complex scenario waits ahead.     
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    Chapter 17   
 Transient Receptor Potential Channels 
in Metabolic Syndrome-Induced Coronary 
Artery Disease                     

     Stacey     L.     Dineen    ,     Zachary     P.     Neeb    ,     Alexander     G.     Obukhov    , 
and     Michael     Sturek     

    Abstract     Cardiovascular disease is the leading cause of death in the developed 
world. Coronary artery disease (CAD) is greatly exacerbated by underlying meta-
bolic syndrome, which is defi ned as the presence of three or more of the following 
cardiovascular risk factors: obesity, glucose intolerance, insulin resistance, dyslip-
idemia, and hypertension. Alterations in the endothelial lining of the vascular wall 
and smooth muscle phenotype are key components in the underlying pathology. 
Both endothelial dysfunction and smooth muscle cell phenotype switching are 
mediated, at least in part, by altered intracellular Ca 2+  handling. Transient receptor 
potential (TRP) channels have been implicated in CAD progression, both in endo-
thelial dysfunction and smooth muscle phenotypic changes. Despite the widespread 
distribution of TRP channels in numerous cell types and the involvement in many 
diseases, there is a relative paucity of data on the role of TRP channels in CAD. TRP 
canonical (TRPC) channels are located on coronary smooth muscle (CSM) cell 
membranes and are involved in mediating Ca 2+  entry. Increases in CSM TRPC 
expression and function are associated with CAD progression. In contrast, TRP 
vanilloid (TRPV) receptors are located primarily on the coronary endothelium, and 
function in normal physiology to increase intracellular Ca 2+  in response to ligands 
or sheer stress, leading to endothelial-dependent vasodilation. Decreases in endo-
thelial TRPV receptors function and expression are associated with progression of 
CAD. The loss of proper balance between CSM TRPC and endothelial TRPV con-
tributes, at least in part, to CAD progression.  
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      Coronary Artery Disease 

 The  coronary circulation functions   to provide oxygen and other substrates to the 
most tirelessly working organ in the entire human body—the heart. Myocardial 
oxygen consumption is high; therefore, its delivery system must be effi cient and 
unhindered. Impediments in coronary blood fl ow, such as those observed in athero-
sclerotic coronary artery disease (CAD), can have long-lasting and drastic 
consequences, such as myocardial infarction and death. In the developed world, 
cardiovascular disease is the leading cause of death [ 1 ]. Therefore, investigations 
into its causes and complications are extensive and necessary. Here, we will discuss 
one arm of this investigation; however, it is important to recognize that many factors 
play a role in the development of this deadly disease. 

 The coronary arteries can be subcategorized  as   macrovascular conduit arteries 
and microvascular resistance arterioles [ 2 ]. During progression of CAD, macrovas-
cular conduit arteries display classical formation of atherosclerotic plaques. 
 Microvascular resistance arterioles,   although they display robust dysfunction and 
remodeling [ 3 ,  4 ], do not exhibit the characteristics of atherosclerotic CAD, such as 
lipid infi ltration and  proliferation and migration   of coronary smooth muscle (CSM). 
The specifi city of ion channel properties in the coronary micro- and microvascula-
ture is exemplifi ed by the heterogeneity of L-type voltage-gated Ca 2+  channel func-
tional expression [ 5 ,  6 ] and Ca 2+ -dependent K +  channel regulation by Ca 2+  sparks [ 7 ]. 
This important concept of arterial specifi city, therefore, prompted us to focus this 
chapter on the coronary macrovasculature. 

 Conduit coronary arteries are organized as shown in Fig.  17.1a . Two  laminae  , 
termed external (EEL) and internal (IEL) elastic laminae demarcate the borders of 
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  Fig. 17.1    Coronary artery ring slices stained with Verhoeff-Van Gieson  stain  .  EEL  External elas-
tic lamina,  M  Media,  IEL  Internal elastic lamina.  NEO  neointima. ( a ) Healthy coronary artery ring. 
( b ) Coronary artery ring with medial thickening and  advanced   atherosclerotic lesion (plaque) 
including a complex necrotic core with overt vascular calcifi cation       
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the medial layer, containing CSM. In the healthy coronary artery, CSM  display 
  contractile properties, while their residence is largely restricted to the media. On the 
luminal side of the IEL is the intimal layer of the artery, where a single layer of 
endothelial cells (EC) resides. Importantly, ECs function to regulate arterial tone 
through a variety of intercellular signaling mechanisms to produce endothelial- 
derived constricting and relaxing factors that modulate CSM in the medial layer.

   Atherosclerotic  CAD   is a progressive disease, traditionally beginning with endo-
thelial dysfunction, lipid infi ltration, and recruitment of leukocytes and macro-
phages into the intimal layer of the insulted region [ 8 ]. Recruited macrophages 
transform into lipid-laden foam cells within the forming atherosclerotic plaque. 
Stabilization of the forming atherosclerotic lesion may occur with the migration  of 
  CSM from the media into the neointima. This mobilization is characterized initially 
by phenotypic modulation of CSM from contractile to proliferative [ 9 ]. Migrating 
CSM display secretory properties, and, through secretion of collagen, form a cap 
over the atherosclerotic plaque. Plaque de-stabilization occurs with cell necrosis 
and the collection of lipids, cellular debris, and extracellular Ca 2+  deposition (calci-
fi cation) within the core of the forming atheroma. Figure  17.1b  illustrates a coro-
nary artery with an advanced atherosclerotic lesion. The neointima is substantially 
thickened into true plaque contained migratory CSM and foam cells. Plaque rupture 
and thrombosis often elicit hard clinical endpoints, such as myocardial infarction 
and sudden cardiac death. 

 Atherosclerotic CAD is a progressive disease, involving a variety of cell types. 
We will here briefl y discuss endothelial dysfunction and CSM phenotypic switching 
in CAD. 

       Endothelial Dysfunction 

 The endothelial lining of the coronary arteries serves a variety of functions crucial 
to healthy vascular function. These functions include the regulation of traffi c 
between the blood and underlying vascular tissues [ 10 ] and regulation of vascular 
tone [ 11 ]. Healthy endothelium mediates endothelial-dependent vasodilation 
through synthesis and secretion of nitric oxide and endothelium-derived hyperpo-
larizing factors (EDHF) to the underlying smooth muscle layer. Rises in intracellu-
lar endothelial Ca 2+  are key processes regulating nitric oxide secretion and 
subsequent vasodilation. 

  Endothelial dysfunction   is associated with a decrease in nitric oxide production 
[ 12 ], thereby decreasing endothelial-dependent vasodilation. Indeed, endothelial 
dysfunction itself is a predictor of atherosclerotic disease [ 13 ]. Lerman’s group at 
the Mayo Clinic have extensively reported on endothelial dysfunction and coro-
nary artery disease. They report that endothelial dysfunction is associated with vas-
cular remodeling [ 14 ] and myocardial perfusion defects [ 15 ], and they extensively 
review the effects of endothelial dysfunction and cardiac pathophysiology [ 16 ]. 
Additionally, metabolic syndrome (MetS; defi ned below) contributes to endothelial 
dysfunction [ 17 ].  
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        CSM Phenotypic Switching   

 A key component of atherosclerotic CAD is the de-differentiation and migration of 
CSM cells from the media into the overlying intima. The ability of CSM cells to 
adapt to their surrounding environment with minor phenotype changes, such as 
increased Ca 2+  sensitivity, leading to changes in contractility, allows fi ne-tuning of 
their regulation of vascular tone. However, this plasticity renders them highly sensi-
tive to environmental changes in CAD. The role of CSM phenotypic modulation in 
CAD progression is an area of active research, as the changes in CSM phenotype 
can serve both to exacerbate CAD progression and to stabilize developing athero-
sclerotic lesions, protecting against plaque rupture. 

 Intracellular Ca 2+  handling is a crucial process  in   CSM, because intracellular 
Ca 2+  regulates a variety of intracellular processes, including contraction, prolifera-
tion, excitation-contraction coupling, and excitation-transcription coupling. 
   Therefore, alterations in Ca 2+  transport are logical starting places when consider-
ing possible players in phenotypic  plasticity  .    Elevated intracellular Ca 2+  is neces-
sary for  induction   of cell cycle protein transcription via a pathway involving 
nuclear factor of activated T-lymphocytes (NFAT) [ 18 ,  19 ]. NFAT signaling is also 
associated with an intact store-operated Ca 2+  entry (SOCE) complex [ 19 ]. 
Therefore, alterations in intracellular Ca 2+  levels can have signifi cant impact on 
whether or not CSM remain in a quiescent state, or de-differentiate into a prolifera-
tive phenotype.   

    Metabolic Syndrome  and Diabetes   

 The clustering of at least three metabolic risk factors (obesity, glucose intolerance, 
insulin resistance,    dyslipidemia, hypertension) typically comprise the metabolic 
syndrome (MetS) [ 1 ]. If uncontrolled, MetS often progresses through increased 
fasting plasma glucose levels into overt type 2 diabetes [ 20 ]. These phenomena 
have recently been increasing in the developed world. In the United States alone, 
incidence of MetS is estimated at approximately one-third of the population [ 21 ]. 
Importantly, MetS and type 2 diabetes are independent risk factors for cardiovas-
cular disease. Indeed, MetS doubles one’s risk of developing cardiovascular disease 
[ 22 ]. Also, the chronic infl ammation often observed in MetS serves to contribute to 
atherosclerotic CAD stimulation and/or exacerbation [ 23 ,  24 ]. Because MetS is a 
clustering of risk factors, it is diffi cult to determine individual roles of each risk 
factor in the progression of CAD. Therefore, when studying potential cellular 
mechanisms that underlie atherosclerotic CAD, it is interesting to consider a role 
for these cellular mechanisms in each MetS risk factor. For instance, the proteins 
reviewed in this chapter, transient receptor potential channels (TRP), are altered 
not only in the coronary vasculature,    but also in adipose tissue and in the adrenal 
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glands [ 25 ,  26 ]. As  we   consider potential players in the pathogenesis of atheroscle-
rotic CAD, we will attempt to view the overall picture of MetS in the induction of 
atherosclerotic CAD.  

    Vascular Smooth Muscle Ion Channels in MetS-Induced CAD 

  Many   have investigated molecular mechanisms  underlying   CSM modulation in 
disease, reviewed extensively by Owens et al. [ 9 ]; however, much remains undis-
covered regarding ion channel regulation in atherosclerotic CAD. Intracellular Ca 2+  
regulation provides one interesting and important area of investigation, because 
intracellular Ca 2+  is involved in a number of CSM functions, including contraction 
and phenotypic modulation. 

 A number of CSM Ca 2+   transporters   are known to display altered function and/
or expression in MetS and diabetes-induced atherosclerotic CAD [ 20 ]. Figure  17.2  
provides an overview of Ca 2+  transport in CSM. For the purpose of this chapter, we 
will focus specifi cally on TRP channels. It should be recognized, however, that none 
of these transporters functions “in a vacuum;” that is to say they often work in con-
cert relative to one another to maintain functional cytosolic Ca 2+  levels. An example 
of this orchestration concerted working is SOCE.
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  Fig. 17.2    Overview of  intracellular Ca 2+  transport.   Infl ux mechanisms:  TRPC  Transient receptor 
potential canonical channel,  TRPV  Transient receptor potential villanoid channel; Extrusion mech-
anisms:  CP  Plasma membrane Ca 2+  ATPase (pump),  NX  Na + -Ca 2+  exchanger;    sarco/endoplasmic 
reticulum (SR/ER) Ca 2+  sensor:  STIM1  Stromal interaction molecule 1; SR/ER Ca 2+  release chan-
nels: IP 3 R Inositol 1,4,5-trisphosphate receptor,  RyR  Ryanodine receptor; SR/ER Ca 2+  recovery 
mechanism:  S  Sarco-endoplasmic reticulum Ca 2+  ATPase.  Ca   c   bulk cytosolic Ca 2+ .  Ca   s   localized 
subplasmalemmal Ca 2+ .  Na   s   localized subplasmalemmal Na + .  CPA  Cyclopiazonic acid       
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      Store-Operated Ca 2+   Entry   

 SOCE refers to a phenomenon by which depletion of  the   sarcoplasmic/endoplasmic 
reticulum (SR) Ca 2+  store results in transmission of a signal to the plasma mem-
brane, facilitating the infl ux of Ca 2+  across the plasmalemma [ 27 ]. This phenomenon 
likely occurs because of a functional connection between Ca 2+ -release channels 
located on the SR membrane, such as the inositol 1,4,5-trisphosphate receptor 
(IP 3 R), a Ca 2+ -sensing protein on the SR membrane, stromal interaction molecule 
(STIM) 1, and ion channels on the plasma membrane. There are currently two pri-
mary candidates for the Ca 2+  transporter involved in SOCE.    The fi rst of these is 
Orai1 [ 28 ,  29 ], which has been demonstrated to complex with STIM1 [ 19 ] and to be 
involved in Ca 2+  infl ux following depletion of the SR Ca 2+  store [ 30 ]. A main argu-
ment for Orai1 being the molecular identity of the SOCE channel is the very high 
selectivity of Orai1 for Ca 2+ . The second class of channels thought to mediate SOCE 
is the TRP channel family. TRPC channels have also been demonstrated to complex 
with STIM1 [ 31 ] and are activated by SR Ca 2+  store depletion [ 32 ,  33 ]. TRPC chan-
nels, however, are relatively non-selective for Ca 2+ ; instead, TRP channels primarily 
allow Na +  infl ux under physiological ionic conditions. It is this non-selectivity which 
called into question whether TRPC channels could be the SOCE channels in vascu-
lar smooth muscle. However, Poburko et al. [ 34 ] showed that the Na +  entering via 
TRPC6 channels substantially increased Na +  concentrations in a localized subsarco-
lemmal space, which in turn mediated Ca 2+  infl ux via reverse mode Na + -Ca 2+  
exchange (Fig.  17.2 , Na s , NX). The roles of TRP and Orai1 in SOCE are currently 
not fully understood and whether these components of the SOCE process act in 
concert or in competition is not fully resolved. In this chapter, we will discuss the 
primary role for TRP channels in SOCE in CSM; however, we recognize that Orai1 
likely also plays a role in the SOCE. While the majority of data indicate that TRPC 
channels, rather than Orai1 channels are involved in SOCE in CSM, SOCE may be 
mediated by different players, depending on arterial bed.   

    Transient Receptor Potential Channels in MetS-Induced CAD 

  TRP channels   were fi rst characterized in  Drosophila  in the 1970s and 1980s [ 35 , 
 36 ]. In 1995, the fi rst mammalian TRP channel, TRPC1, was cloned [ 37 ,  38 ]. In the 
last 20 years, much work has been done to discover the role of the TRP family in 
normal and disease physiology. To date, 28 members of the mammalian TRP family 
have been identifi ed (for a detailed review, see [ 39 ]). A number of the members of 
the TRP superfamily were proposed to be involved in the progression of atheroscle-
rotic CAD, either directly, or through a variety of risk factors in MetS. Below, we 
will discuss the manner in which TRP subfamilies are implicated in and contribute 
to atherosclerotic CAD and MetS. We will focus our discussion on the TRPC and 
TRPV subfamilies in atherosclerotic CAD. 
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    TRPC 

  Transient receptor potential canonical (TRPC) channels   were the fi rst mammalian 
TRP channels to be identifi ed in 1995 [ 37 ,  38 ], and shown to be gated by depletion 
of the sarco-endoplasmic reticulum Ca 2+  store, as well as being gated by other second 
messengers, such as diacylglycerol [ 40 ,  41 ]. SOCE, and therefore TRPC channels, 
have been implicated in smooth muscle cell growth. Within the TRPC subfamily, 
several candidates have been suggested as players in disease progression. 

    TRPC1 

 TRPC1 has been implicated  in   angiotensin II (Ang II)-induced smooth muscle cell 
growth in primary cultured human coronary artery smooth muscle cells [ 42 ]. 
Additionally, inhibition of TRPC1 results in decreased smooth muscle cell prolif-
eration in pulmonary artery smooth muscle [ 43 ]. TRPC1 is an interesting candidate 
in disease progression, because it is expressed in coronary arteries in humans [ 42 ], 
Ossabaw miniature swine [ 44 ], and rabbits [ 33 ]. 

 Edwards et al. [ 44 ] undertook a major study of 14 months of MetS in Ossabaw 
miniature swine. The pigs had robust MetS and atherosclerotic CAD was well- 
established. They demonstrated that coronary CSM SOCE was increased in MetS- 
induced CAD, as shown by fura-2 measures of intracellular free Ca 2+  and divalent 
cation infl ux in freshly isolated  CSM   (Fig.  17.3 ). A classic protocol to assess SOCE 
is the depletion of  the   SR Ca 2+  store with caffeine in Ca 2+ -free extracellular solution, 
inhibition of the sarco-endoplasmic reticulum ATPase (SERCA) with cyclopiazo-
nic acid, and restoration of Ca 2+  in the bathing solution, yielding an increase in 
whole- cell cytosolic Ca 2+  (Fig.  17.3a ; schematically in Fig.  17.2 ). The peak, steady-
state increase in free cytosolic Ca 2+  is a measure of SOCE and confi rmed by the 
inhibition with Ni 2+  and insensitivity to the L-type voltage-gated Ca 2+  channel 
inhibitor, nicardipine. Chronic exercise training attenuated SOCE (XMetS; Fig. 
 17.3b ). The more sensitive measure of SOCE is Mn 2+  quench of fura-2 fl uorescence 
due to the 40-fold higher affi nity of fura-2 for Mn 2+  and the lack of Mn 2+  transport 
by SERCA, the plasmalemmal Ca 2+  ATPase (CP), and Na + -Ca 2+  exchange (NX) 
(Fig.  17.2 ). The Ca 2+ -insensitive fura-2 excitation wavelength of 360 nm enables a 
quite clear index of unidirectional Mn 2+  fl ux into the CSM, also inhibited by Ni 2+  
(Fig.  17.3c ). Using Mn 2+  quench, it was clear that in native atherosclerotic segments 
of the coronary artery Mn 2+  infl ux (SOCE) was increased in CSM of MetS vs. healthy 
lean pigs (“Non-stent”; Fig.  17.3d ). In these same pigs coronary stents were used to 
study restenosis, which is known to be more severe in MetS and diabetes [ 45 ]. 
Although the artery regions just outside the end of the stents (peri-stent regions) 
may show mild stenosis (“candy wrapper” effect), there was no further increase in 
SOCE (Fig.  17.3d ). The activation of SOCE by the extreme depletion of the SR 
with the combination of high doses of caffeine and cyclopiazonic acid to block 
SERCA uncovers interesting biophysical properties, but may not have the most 
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  Fig. 17.3    Coronary smooth muscle store-operated Ca 2+   entry   is increased in long-term metabolic 
syndrome (caption modifi ed from [ 44 ]). ( a  and  c ) Representative data from standard protocols 
used to assess SOCE. Peak store-depletion-mediated Ca 2+  infl ux is assessed at minutes 17–20.
Duration of exposure to solutions is shown by  horizontal lines ; caffeine (CAF, 5 mM); cyclopiazo-
nic acid (CPA, 10 mM). ( b ) Exercise attenuates peak SOCE compared with Lean and MetS in 
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physiological relevance. However, the robust effect of MetS was further shown by 
the ability to resolve increased Mn 2+  infl ux with caffeine-induced SR Ca 2+  release 
alone (Fig.  17.3e, f ).

   The biophysical identity of the SOCE in MetS was shown by SR Ca 2+  store 
depletion-induced ion currents measured with whole-cell patch clamp [ 44 ]. 
Inhibition of outward K +  currents with Cs + -loaded pipette revealed caffeine-induced 
inward current that was activated after the peak increase in myoplasmic Ca 2+ , thus 
after caffeine-induced depletion of the SR Ca 2+  store. The inward current was main-
tained in the presence of caffeine, which “short-circuits” SERCA to maintain deple-
tion of  the   SR. This is very different from inward cation currents that are activated 
by the transient increase in myoplasmic Ca 2+  and rapidly inactivate [ 39 ,  46 ].    The 
non-selective permeability was shown by the reversal potential at 0 mV (Fig.  17.3h ), 
clearly arguing against Orai1 channels that are highly selective for Ca 2+  [ 47 ]. 

 Edwards et al. [ 44 ] further showed that the increase in SOCE was associated with 
increased  TRPC1 and   STIM1 mRNA and protein expression (Fig.  17.4a–g ). Orai1 
mRNA, but not protein, was signifi cantly increased (Fig.  17.4d, h ). Additionally, 
swine with MetS demonstrated greater atherosclerotic CAD as measured by 

  Fig. 17.4    TRPC1 and  STIM1 gene and protein expression   are increased in MetS and attenuated 
by exercise training (modifi ed from [ 44 ]). ( a ) Representative agarose gel image quantifying 
TRPC1 mRNA using RT–PCR. ( b ) TRPC1 mRNA normalized to actin. STIM1 ( c ) and Orai1 ( d ) 
mRNA using quantitative RT–PCR normalized to actin. ( e ) Immunoblot using anti-actin, STIM1, 
Orai1, and TRPC1 in Lean and MetS. ( f – h ) TRPC1 ( f ), STIM1 ( g ), and Orai1 ( h ) protein expres-
sion using immunoblot analysis normalized to actin; ANOVA P < 0.10 for ( h ). *P < 0.05 MetS 
compared with Lean and XMetS; *P < 0.05 between bracketed groups       

Fig. 17.3 (continued) peri-stent sections of artery. *P < 0.05 XMetS vs. Lean and MetS. ( c ) Mn 2+  
as a Ca 2+  surrogate quenches fura-2 fl uorescence at the isosbestic (Ca 2+ -insensitive) 360 nm wave-
length verifying divalent cation infl ux. ( d ) Increased SOCE in CSM from non-stent and peri-stent 
MetS coronary arteries compared with Lean. *P < 0.05 vs. Lean. ( e ) Only caffeine is used to 
deplete the Ca 2+  store in this SOCE protocol. ( f ) Increased SOCE in CSM from MetS swine. 
*P < 0.05 vs. Lean. ( g ) Whole-cell patch-clamp data demonstrate sustained inward current by caf-
feine. ( h ) Current–voltage relationship of leak subtracted control ( blue )  and   SOCE ( red )       
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intravascular ultrasound and histologically by greater collagen deposition within 
coronary artery walls. Interestingly, CAD progression and collagen deposition, 
along with SOCE, TRPC1, and STIM1 expression were attenuated with exercise, 
highlighting the importance of exercise in the treatment of MetS and CAD. MetS 
has also been demonstrated to increase TRPC1 expression and activity in the adre-
nal medulla of Ossabaw swine [ 26 ]. Interestingly, mineralocorticoid receptor acti-
vation with aldosterone increases adrenal medullary expression of TRPC1, as well 
as that of TRPC5 and TRPC6, providing some insight as to a possible mechanism 
by which MetS contributes to CAD through increased expression and activation of 
TRPC channels [ 26 ].

   Although the Edwards et al. study showed a clear association of increased CSM 
SOCE, TRPC1, and STIM1 expression with MetS and atherosclerotic CAD, consis-
tent with the earlier studies from the Beech group [ 48 ,  49 ], the role of TRPC1 chan-
nels in causing CAD requires further study. Selective antagonism of TRPC1 or 
molecular knock-out would be highly convincing, but these are not yet feasible in 
large animal models. One step toward addressing cause-and-effect is to determine 
whether TRPC1 (SOCE) precedes CAD [ 50 ]. Figure  17.5a–c  demonstrates that, In 
Ossabaw swine fed a hypercaloric, atherogenic diet for an abbreviated 9 weeks to 
elicit short-term dyslipidemic MetS (sDMetS),    an increase in CSM SOCE (Mn 2+  
infl ux) was observed in sDMetS vs. healthy lean pigs (Fig.  17.5c ). In contrast, 
there was no change in baseline, resting Ca 2+  (Fig.  17.5a ) or peak SR Ca 2+  release 
(Fig.  17.5b ), thus indicating a selective increase in SOCE.  The   increase in SOCE 
preceded overt atherosclerotic CAD development, providing rationale for a causal 
role of SOCE in CSM de-differentiation and subsequent proliferation/migration. 
Future studies will require selective agonism and antagonism of TRPC1 channels 
for more defi nitive evidence for the causal role of TRPC1 in CAD.

  Fig. 17.5    Store-operated Ca 2+  entry increases in short-term  dyslipidemia   and metabolic syndrome 
(sDMetS)    before measurable coronary atherosclerosis. Mn 2+  quench protocol was conducted as in 
Fig.  17.3c . ( a ) No difference in baseline (resting) intracellular Ca 2+ . ( b ) Peak of the caffeine- 
induced Ca 2+  transient due to Ca 2+  release from  the   SR (as in Fig.  17.3c ) was not different. ( c ) Mn 2+  
(divalent cation; Ca 2+ ) infl ux quantifi ed as the rate of quenching of fura-2 fl uorescence (as in Fig. 
 17.3c ) was increased  in   sDMetS (p < 0.05) (Neeb, Alloosh, Edwards, Long, Bratz, and Sturek, 
unpublished)       
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       TRPC3 

  TRPC3   is expressed in human [ 32 ], rat [ 51 ], and rabbit [ 52 ] vasculature. TRPC3 
participates in SOCE, and inhibition of TRPC3 is associated with a decrease in 
proliferation in human coronary artery cell culture [ 32 ], as well as a decrease in 
vascular smooth muscle proliferation in an organ culture model of stent-induced 
vascular injury [ 32 ]. In rats, TRPC3 expression was increased in spontaneous 
hypertension, and was associated with the augmented Ang II-induced contractility 
observed in hypertension. Interestingly, hypertensive rats treated with the Ang II 
type 1 receptor (AT1R) inhibitor, telmisartan, demonstrated improved systolic 
blood pressures, as well as decreased TRPC3 expression [ 51 ]. This is particularly 
interesting when one recognizes the role of the AT1R in regulation of aldosterone 
secretion [ 53 ], which has been implicated in elevation of other TRPC channel activ-
ity and expression in MetS [ 26 ]. Again, these data provide clues to the mechanism 
by which MetS risk factors, such as systemic hypertension, contribute to vascular 
dysfunction and disease. Additionally, elevated plasma endothelin-1 (ET-1) is 
observed in patients with vasospastic CAD [ 54 ,  55 ]. ET-1 is a potent and long- 
acting vasoconstrictor, and has been demonstrated to induce activation of TRPC3 
through IP 3 -mediated depletion of internal Ca 2+  stores in rats [ 51 ] and rabbits [ 52 ].  

     TRPC5 and TRPC 6   

 TRPC5 and TRPC6 are also important to consider in the discussion regarding 
changes observed in MetS-induced CAD. In Ossabaw swine,    TRP5 and TRPC6 
expression is increased in the adrenal medulla in MetS, possibly mediated by ele-
vated aldosterone [ 26 ]. In the coronary arteries of Ossabaw swine, TRPC6 mRNA 
is increased in MetS [ 44 ]. Additionally, TRPC6 is involved in ET-1-induced, IP 3 - 
mediated SOCE in rabbit coronary arteries [ 33 ].  

    Summary 

 There is no doubt that expression and function of many isoforms in the TRPC 
subfamily are altered in vascular disease. However, it is unlikely that any one of 
these channels is solely responsible for the changes in smooth muscle phenotype 
and function in CAD. Indeed many of these isoforms co-localize in the coronary 
vasculature [ 33 ], and it is hypothesized that they combine as heterotetrameric 
channels [ 33 ]. 

 Increased TRPC channel expression and function is implicated broadly in hyper-
tension [ 51 ], MetS-induced CAD progression [ 44 ], vascular smooth muscle hyper-
trophy [ 56 ], and stent-induced vascular remodeling [ 32 ]. These changes are mediated 
through increased CSM proliferation [ 32 ], exacerbated coronary artery disease [ 44 ], 
and increased collagen deposition [ 44 ]. Importantly, many of these effects are medi-
ated through Ang II-activated pathways, providing insight into possible mechanisms 
mediating MetS-induced CAD progression.   
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    TRPV 

  Transient receptor potential vanilloid (TRPV) channels   are ligand-gated, tempera-
ture sensitive, as well as pressure-gated. The fi rst member of the TRPV subfamily, 
TRPV1, was fi rst cloned in 1997 [ 57 ]. Involved in endothelial-dependent vasodila-
tion, several members of this TRP subfamily are interesting players in the endothelial- 
dysfunction associated with initiation of atherosclerotic coronary artery disease. 

 TRPV1 is associated with endothelial-dependent vasodilation in porcine coro-
nary arteries [ 58 ,  59 ]. Bratz et al. [ 59 ] utilized capsaicin to interrogate the role of 
TRPV1 on coronary artery tone in MetS in the Ossabaw miniature swine. They 
demonstrated that TRPV1 is associated with nitric oxide and K + -mediated, 
endothelial- dependent vasorelaxation in the healthy phenotype and mediates Mn 2+  
infl ux in isolated endothelial cells. We wish to highlight the profound cell-selective 
expression of these channels in the coronary artery endothelial cells, as there was no 
capsaicin-induced divalent cation (Mn 2+ ) infl ux in CSM. In MetS capsaicin-induced 
vasorelaxation and endothelial Mn 2+  infl ux and TRPV1 protein expression were 
reduced.    These fi ndings imply that the attenuation of vasorelaxation observed in 
MetS is mediated, at least in part, through decreased TRPV1 activity and expres-
sion. Inhibition of TRPV1 with capsazepine has been shown to decrease capsaicin- 
induced relaxation in isolated porcine coronary arteries, and to inhibit 
capsaicin-induced increases in coronary fl ow in isolated, perfused guinea pig hearts 
[ 58 ]. A central phenotype associated with MetS and type 2 diabetes is obesity. 
Therefore, it is interesting to note that activation of TRPV1 inhibited adipogenesis 
and prevented obesity in a mouse model of obesity [ 25 ], suggesting a differential 
TRPV1 expression and/or function in obesity. 

  TRPV channels   are involved in endothelial-dependent vasodilation in the coro-
nary arteries. In this capacity, they function to assist in the provision of adequate 
oxygen supply to the underlying myocardium. They are down-regulated in CAD, 
resulting in a reduced ability of the coronary circulation to adequately perfuse the 
heart. As such, the reduction in TRPV channel activity may contribute to myocar-
dial infarction as a result of underlying CAD. However, TRPV1 may also be 
expressed in CSM, at least in dogs [ 60 ]. Thus, further studies are needed to establish 
the net role of TRPV1 in the regulation of coronary artery blood fl ow in health and 
metabolic syndrome.   

    Conclusions and Implications 

 It is clear that CAD progression is multifactorial and complex. It involves a variety 
of cells and cellular processes, all of which contribute to the pathophysiology of the 
disease.    Risk factors, such as MetS and type 2 diabetes further complicate the mech-
anisms underlying CAD progression. Thus, it is important to continue rigorous 
investigation into the possible cellular mechanisms underlying MetS-induced CAD. 
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 TRP channels provide an interesting and compelling potential target for the 
treatment of CAD. Differential roles for each subfamily and the implications of 
those roles are only beginning to be revealed. In CSM, TRPC channel expression is 
low under normal conditions, and is elevated in CAD. The result is increased SOCE, 
resulting in elevations in intracellular Ca 2+ . This may contribute to the hypercon-
tractile state observed in early stages of CAD [ 61 ,  62 ] and increasing CSM prolif-
eration [ 19 ] and neointimal thickening [ 32 ]. Therefore, an increase in CSM TRPC 
expression and activity contributing to cytosolic free Ca 2+  dysregulation is reason-
ably inferred to be pathologic in nature, potentiating CAD progression. A role of 
TRPC channels in leading to more complex extracellular deposition of Ca 2+  crystals 
extracellularly to form clinically detectable vascular calcifi cation (Fig.  17.1b ) is 
completely unknown. 

 The differential localization of TRPC to CSM and TRPV to the endothelium, 
together with their opposing effects on vascular tone, suggests that a proper balance 
between the two TRP channel subtypes is necessary for healthy vascular function. 
Interruption in this balance may contribute to both endothelial dysfunction and 
altered CSM behavior, contributing to atherosclerotic CAD progression. 

 In the 20 years since the discovery of the fi rst mammalian TRP,    much progress 
has been made in the determination of the role these important channels play in 
human health and disease. Further studies should continue to elucidate potential 
roles for additional TRP subfamilies. Additionally, future studies should investigate 
the effects of individual factors in the “metabolic syndrome and diabetic milieu”, 
such as hypertension,    dyslipidemia, obesity, and insulin resistance, on coronary 
TRP channel function.     
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    Chapter 18   
 Mitochondrial Ion Channels in Metabolic 
Disease                     

     Aaron     H.     Truong    ,     Saravanakumar     Murugesan    ,     Katia     D.     Youssef    , 
and     Ayako     Makino    

    Abstract     Mitochondria are small organelles that reside in most eukaryotic cells 
and are responsible for cellular energy production. They are also involved in other 
cellular signaling pathways including cell apoptosis. Mitochondria are composed 
of two phospholipid bilayers: the outer mitochondrial membrane and the inner 
mitochondrial membrane; and two aqueous spaces: the intermembrane space 
and the matrix. Like the plasma membrane, many ion channels are located in the 
mitochondrial membranes and play a critical role in mitochondrial functions. 
Increasing evidence suggests that the dysregulation of mitochondrial ion channels 
is implicated in the development and progression of cardiovascular diseases. In this 
chapter, we review the role of mitochondrial ion channels in metabolic disease.  

  Keywords     Cardiovascular disease   •   Mitochondrial calcium overload   •   Cell apoptosis   
•   VDAC   •   Coronary arterial disease  

      Introduction 

 Metabolic syndrome is a worldwide epidemic. It is a cluster of cardiovascular risk 
factors including increased systemic blood pressure (hypertension), high blood sugar 
level (diabetes), excess body fat around the waist (obesity), and abnormal cholesterol 
levels (hypercholesterolemia). Metabolic risk factors contribute to the development 
of vascular complications including coronary heart disease and stroke, which are the 
top two leading causes of death in the world based on the WHO report. 

 Mitochondria are organelles found in many eukaryotic cells which act as an impor-
tant source of energy.  Adenosine triphosphate (ATP)   produced in the mitochondria 
powers most of the cellular functions including transporting the substrates across the 
membranes, accelerating metabolic reactions that would not occur automatically, and 
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contracting and relaxing muscle cells. Mitochondria are also key players in the deter-
mination of cell fate. Mitochondria are composed of two membranes: the inner mito-
chondrial membrane ( IMM  ) and the  outer mitochondrial membrane (OMM)  , and two 
aqueous spaces: the intermembrane space and the matrix. Like the plasma membrane, 
multiple types of ion channels are located in the mitochondrial membranes (Fig.  18.1 ) 
and they regulate not only mitochondrial function but also cellular functions.

       Mitochondrial Ion Channels and Their Roles in Metabolic 
Syndrome 

     Voltage-Dependent Anion Channel (VDAC)   

 The VDAC is a bi-directional transporter located in the OMM. Solutes of up to 5 kDa 
are allowed to pass through the OMM via the VDAC pore. Three different isoforms 
of VDAC have been identifi ed: VDAC1, VDAC2 and VDAC3. VDAC1 is highly 
expressed in most cells and its function is well-documented [ 110 ], whereas we have 
limited information regarding the functions of VDAC2 and VDAC3 [ 37 ,  109 ,  173 ]. 
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  Fig. 18.1    Mitochondrial ion channels.  VDAC  voltage-dependent anion channel,  HCX  H + /Ca 2+  
exchanger,  NCX  Na + /Ca 2+  exchanger,  Cx43  connexin 43,  mCLIC  mitochondrial chloride channel, 
 ANT  adenine nucleotide translocase,  CypD  cyclophilin D,  mPTP  mitochondrial permeability tran-
sition pore,  KHX  K + /H +  exchanger,  MCU  mitochondrial Ca 2+  uniporter, UPC uncoupling protein, 
 RyR  Ryanodine receptor       
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VDAC1 mainly serves as a shuttle of respiratory chain substrates such as ATP [ 142 ,  150 ]. 
The ion selectivity of VDAC depends on the membrane potential; low potential is 
more favorable for anion transfer while high potential is favorable for cation transfer 
[ 57 ,  68 ,  150 ]. Ca 2+  overload into the mitochondria is a hallmark of cell apoptosis and 
 VDAC1   contributes to mitochondrial Ca 2+  overload. VDAC1 overexpression increases 
mitochondrial calcium concentration [ 100 ] and VDAC1 siRNA transfection attenu-
ates mitochondrial Ca 2+  uptake and cell apoptosis induced by H 2 O 2  or ceramide [ 39 ]. 
Recent evidence indicates that VDAC1 forms an endoplasmic reticulum (ER)-
mitochondrial tethering with  inositol trisphosphate (IP3) receptor   and GRP75 at the 
mitochondria-associated membrane (MAM). This tethering facilitates Ca 2+  transfer 
from the ER to the mitochondria and leads to cell apoptosis [ 39 ,  63 ]. Mitochondrial 
permeability transition pore (mPTP) is composed of VDAC1, adenine nucleotide 
translocator, and cyclophilin D [ 32 ,  66 ,  72 – 74 ]. When mPTP opens, it leads to an 
increase in the mitochondrial membrane permeability, and the release of proapoptotic 
peptides, which results in collapsing the mitochondrial membrane potential followed 
by uncoupling  oxidative phosphorylation and ATP depletion  , and eventually cell 
apoptosis [ 64 ,  65 ,  167 ]. VDAC2 has been reported to associate with ryanodine recep-
tor 2, but not with IP 3 R, at the sarcoplasmic reticulum (SR)-mitochondria junctions in 
cardiac myocytes, and to be a major contributor to the direct transfer of Ca 2+  from the 
SR to the mitochondria [ 111 ]. 

 There is no direct evidence showing that VDAC contributes to the development 
or progression of hypertension. Pertiz et al. demonstrated that VDAC3 expression 
level was decreased by high intensity exercise in spontaneous hypertensive rats 
(SHR) [ 135 ], but the data comparing VDAC levels between the SHR and Wistar- 
Kyoto rats (counterpart to SHR) without exercise, and the physiological role of 
VDAC3 in the regulation of blood pressure were not examined. 

 Earlier studies showed that VDAC expression is altered in several mouse and rat 
diabetic models in different cell types but the functional role of these changes were 
not examined. High glucose treatment increased VDAC1 protein expression and 
decreased VDAC2 levels in β cells compared to cells cultured in normal media [ 1 ]. 
 VDAC1   expression levels were also upregulated in the islets isolated from type 1 
diabetic mice compared to cells from control mice [ 171 ]. However, those studies 
did not examine whether VDAC1 expression affected the β cells’ functions (e.g., 
insulin secretion). In cardiac myocytes, VDAC protein expression was signifi cantly 
decreased in type 1 diabetic rats compared to myocytes from control rats [ 98 ,  166 ]. 
Since cardiac myocytes use mitochondrial Ca 2+  for their contraction in addition to 
Ca 2+  from the SR [ 159 ], the decreased mitochondrial Ca 2+ , due to decreased VDAC 
expression, might have an adverse effect on their functions. High glucose treatment 
signifi cantly increased VDAC protein levels in the myoblasts [ 61 ]. Kidneys dis-
sected from type 1 diabetic rats exhibited an increase in VDAC1 expression com-
pared to the controls [ 166 ]. 

 More recently, we reported that VDAC protein expression was signifi cantly 
increased in mouse coronary endothelial cells (MCECs) isolated from type 1 diabetic 
when compared to cells from control mice [ 148 ] (Fig.  18.2 ). In this paper, we demon-
strated that downregulation of VDAC in diabetic MCECs decreases mitochondrial 
Ca 2+  concentration and subsequently normalizes the levels of mPTP activity and mito-
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chondrial ROS (Fig.  18.3 ). In addition, we found that one of the endogenous inhibitors 
for VDAC (HK2) is signifi cantly decreased in diabetic MCECs (Fig.  18.4 ). These data 
suggest that increased VDAC activity contributes to mitochondria-induced cell apopto-
sis in diabetic MCECs (Fig.  18.5 ).

      As described above, the expression levels of VDAC vary between different tissues/
organs in diabetes; it is thus necessary to develop tissue-specifi c  overexpression or 
downregulation systems to normalize the function of VDAC in diabetes. 
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  Fig. 18.3    The effect of VDAC inhibition by VDAC-shRNA adenovirus (VDAC-shRNA) on 
[Ca 2+ ] mit , [O 2  − ] mit , and activity of the mitochondrial permeability transition pore (mPTP) in MCECs. 
( a ) Summarized [Ca 2+ ] mit  data. Control ECs infected with control Adv. (Cont-EC, Cont-Adv), 
n = 16; diabetic ECs infected with control Adv. (Dia-EC, Cont-Adv), n = 19; diabetic ECs infected 
with VDAC-shRNA (Dia-EC, VDAC-shRNA), n = 22. Data are mean ± SE.  *P  < 0.05 vs. Cont-EC, 
Cont-Adv.   #   P  < 0.05 vs. Dia-EC, Cont-Adv. ( b ) Summarized data of [O 2  − ] mit . Cont-EC, Cont-Adv., 
n = 41; Dia-EC, Cont-Adv., n = 44; Dia-EC, shRNA-VDAC, n = 30. Data are mean ± SE.  *P  < 0.05 
vs. Cont-EC, Cont-Adv.   #   P  < 0.05 vs. Dia-EC, Cont-Adv. ( c ) The fl uorescence intensity of calcein-
 AM in mitochondria was measured to assess the activity of the mPTP opening. The decrease in 
calcein-AM intensity indicates the increase of the mPTP opening. Control ECs infected with con-
trol Adv. (Cont-EC, Cont-Adv.), n = 108; diabetic ECs infected with control Adv. (Dia-EC, Cont- 
Adv.), n = 133; diabetic ECs infected with VDAC-shRNA (Dia-EC, VDAC-shRNA), n = 98. Data 
are mean ± SE. * P  < 0.05 vs. Cont-EC, Cont-Adv.  #  P  < 0.05 vs. Dia-EC, Cont-Adv       
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 The role of MAM through VDAC-cyclophilin D interaction in maintaining insulin 
homeostasis is currently conversional. Tubbs et al. demonstrated that cyclophilin D 
is one of the components of MAM [ 128 ] and knockout mice of cyclophilin D exhibit 
decreased MAM fraction in the liver, abnormal glucose tolerance, and attenuated 
insulin signaling. In addition,    VDAC1 and cyclophilin D protein expression levels in 
the liver were signifi cantly decreased in the insulin-resistant obesity mice (ob/ob 
mice) compared to control mice [ 165 ]. On the other hand, Taddeo et al. demonstrated 
opposite results from the same mouse strain; cyclophilin D deletion signifi cantly 
attenuated the development of insulin resistance after feeding mice a high-fat diet 
[ 163 ]. Therefore, it is still necessary to clarify the molecular mechanisms of 
cyclophilin D-VDAC interaction in the development of insulin resistance.  
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  Fig. 18.4     Hexokinase II (HK2)   is signifi cantly decreased in diabetic MCECs. Western blots 
showing HK2 and actin protein levels. Actin was used as a loading control. The columns show 
HK2 protein expression levels normalized by actin. Control (Cont), n = 4; diabetic (Dia), n = 4. 
Data are mean ± SE. * P  < 0.05 vs. control       

  Fig. 18.5    Mitochondria-mediated cell apoptosis through  VDAC         

 

 

18 Mitochondrial Ion Channels in Metabolic Disease



402

    Mitochondrial K +  Channels 

 Mitochondrial K +  channels play an important role in maintaining the integrity of the 
 IMM   by balancing potassium concentration in the intermembrane space and matrix 
and maintaining the mitochondrial membrane potential. There are different potas-
sium channels found in the IMM: ATP-sensitive K +  (mitoK ATP ) channel [ 75 ], large- 
conductance Ca 2+ -activated K +  (mitoBK Ca ) channel [ 151 ], intermediate-conductance 
Ca 2+ ‐activated K +  (mitoIK Ca ) channel [ 36 ], small-conductance Ca 2+ ‐activated K +  
(mitoSK Ca ) channel [ 42 ,  158 ], voltage-dependent potassium (mitoKv1.3) channel 
[ 162 ], and twin-pore  TASK-3 potassium channel   [ 143 ]. It has been demonstrated 
that the opening of mitochondrial K +  channels leads to the depolarization of the 
mitochondrial membrane, reduces mitochondrial Ca 2+  overload, and results in car-
dioprotection [ 107 ,  124 ,  125 ,  157 ]. 

 mitoK ATP  was fi rst found by Inoue et al. in the liver mitochondria [ 75 ]. Although 
it is still unclear whether mitoK ATP  is a homolog of plasma membrane K ATP  chan-
nels, it is proposed to be a multi-protein complex composed of sulfonylurea recep-
tor and inward rectifi er K +  channel subunits [ 75 ,  90 ,  97 ,  112 ]. There are several 
endogenous regulatory elements for mitoK ATP  activity including the ATP/Mg 2+  com-
plex and protons (negative regulators) [ 14 ,  15 ] as well as reactive oxygen species 
(ROS, a positive regulator) [ 178 ]. Data suggest that mitoK ATP  channels participate in 
the regulation of mitochondrial volume and mitochondrial membrane potential, 
thereby affecting the production of ATP via inhibition of Complex I and  reactive 
oxygen species (ROS)   [ 95 ,  96 ]. mitoK ATP  channel openers are useful tools for car-
dioprotection during ischemic heart via (1) modulating mitochondrial Ca 2+  concen-
tration [ 70 ,  71 ,  126 ], (2) altering mitochondrial membrane potential [ 126 ], (3) 
regulating ROS production [ 49 ,  129 ], and (4) inhibiting mPTP opening [ 86 ]. 

 There is evidence that chronic  hyperglycemia and obesity   impair the function of 
mitoK ATP  which results in decreased cardioprotection [ 80 ,  82 ]. Ibra et al. demon-
strated that the protein expression levels of potential mitoK ATP  subunits, mitoKir6.1 
and mitoSUR1, and mitoK ATP  activity were signifi cantly decreased in the hearts of 
type 1 diabetic mice [ 46 ]. In contrast, mitoK ATP  activity was signifi cantly increased 
in liver mitochondria isolated from apolipoprotein CIII transgenic mice (a mouse 
model of hypertriglyceridemia) compared with control mice and it was suggested 
that this increase might be occurring in order to reduce high energy conversion effi -
ciency in transgenic mice [ 3 ]. 

 mitoK ATP  appears to contribute to the development of vascular complications 
in hypertension by augmenting angiotensin II (AngII) induced ROS production. 
 AngII   leads to endothelial cell dysfunction by increasing cytosolic and mito-
chondrial O 2  −  concentration, while the opening of mitoK ATP  further increases 
mitochondrial O 2  −  concentration [ 120 ,  170 ,  175 ]. Blocking mitoK ATP  inhibits 
AngII-induced O 2  −  production in cardiac myocytes and vascular smooth muscle 
cells [ 53 ,  84 ]; however, increased blood pressure induced by AngII infusion in 
rats was not restored by mitoK ATP  blocker [ 84 ]. These data suggest that the opening 
of mitoK ATP  does not infl uence blood  pressure, but augments vascular damage by 
increasing mitochondrial O 2  −  in hypertension. 
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 Among mitochondrial Ca 2+ -activated K +  channels, mitoBK Ca  is the most studied 
channel and observed in many eukaryotic cells. The localization and functions of 
mitoBK Ca  were fi rst characterized in mitochondria from human glioma cells in 
1999 [ 151 ], followed by mitochondria isolated from cardiac myocytes in 2002 [ 172 ]. 
It has been confi rmed that the  structure and function   of mitoBK Ca  are comparable to 
BK Ca  in the plasma membrane [ 9 ,  17 ,  153 ,  154 ]. It is expressed in the IMM and 
opening of mitoBK Ca  protects against damage caused by ischemia/reperfusion [ 125 ] 
like mitoK ATP . 

 Nousadeghi et al. showed that the protein expression levels and open probability 
of mitoBK Ca  were signifi cantly decreased in brain mitochondrial samples isolated 
from  type 1 diabetic rats   compared to controls [ 122 ]. Since opening mitoBK Ca  low-
ers ROS production, decreased mitoBK Ca  in diabetes would lead to excess ROS 
production and affect neuronal survival [ 88 ]. 

 While mitoK ATP  and mitoBK Ca  were shown to have a role in metabolic syndrome, 
other mitochondrial K channels were not yet studied. mitoIK Ca  was relatively 
recently identifi ed in the IMM and much less information is available regarding the 
expression levels of mitoIK Ca  in different cell types compared with mitoK ATP  and 
mitoBK Ca  [ 36 ,  149 ]. In addition, the role of mitoIK Ca  under physiological and patho-
physiological conditions is not fully investigated. It is assumed that its function 
would be similar to other mitochondrial K +  channels in terms of the regulation of 
mitochondrial membrane potential [ 151 ]. In regards to the cell apoptotic cascade, 
IK Ca  seems to play a different role from  mitoK ATP  and mitoBK Ca    since the inhibition 
of IK Ca  does not induce cell apoptosis [ 149 ]. 

 In 2013, two manuscripts were published from different groups demonstrating 
that mitoSK Ca  is functionally expressed in the IMM [ 42 ,  158 ]. Mitochondria was 
isolated from cardiac myocytes of guinea pigs and purifi ed mitoSK Ca  was recon-
structed into the lipid bilayer to test for the channel activities. This channel is 
apamin- sensitive and activated by an increase of Ca 2+  concentration [ 158 ]. Another 
experiment was conducted using  HT-22 neuronal mitoplasts   and demonstrated that 
glutamate-induced mitochondrial depolarization was prevented by pretreatment 
with SK Ca  opener [ 42 ]. These data suggest that mitoSK Ca  might have a cardioprotec-
tive effect like mitoK ATP  and mitoBK Ca , but more experimental data needs to be 
obtained in order to confi rm its function. 

 mitoKv1.3 was fi rst identifi ed in the IMM of lymphocytes [ 162 ], followed by 
other cell types [ 16 ,  56 ,  91 ]. Despite the number of manuscripts describing the 
localization of  mitoKv1.3  , the functional importance is less fully investigated. The 
electrophysiological function of mitoKv1.3 in lymphocytes was illustrated by 
Szabó et al. [ 161 ,  162 ] showing that mitoKv1.3 regulated mitochondrial membrane 
potential. Further experiments are required to identify the role of mitoKv1.3 in other 
cell types including cardiac myocytes and vascular cells. 

  TASK channels   [TWIK (tandem-pore domain in weak inward rectifi er K +  
channels)-related acid-sensitive K + ] are members of the large subfamily of two-pore 
domain potassium channels [ 83 ,  92 ]. These channels exhibit voltage-independent 
leak K +  currents, which contribute to maintaining the resting membrane potential, 
input resistance, and extracellular acidifi cation [ 28 ,  44 ,  83 ,  108 ]. The existence of 
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mitochondrial TASK-3 was fi rst reported in HaCaT human keratinocytes and 
WM35 malignant melanoma cell lines using immunohistochemistry [ 143 ]. Later, 
the same group published more detailed information about the function of mito-
TASK- 3 [ 119 ].  

    Uncoupling Proteins 

  Uncoupling protein (UCP)   is a proton carrier protein which localizes in the IMM 
[ 87 ]. The functions of UCPs are most studied in the brown adipose tissue where 
UCPs are exclusively expressed. The main role of UCP is to transport H +  into the 
mitochondrial matrix in order to dissipate the proton motive force as heat instead of 
using H +  for ATP production through oxidative phosphorylation. There are fi ve 
UCP homologues identifi ed in mammals. UCP1 is responsible for thermogenesis 
and believed to be only expressed in brown adipose tissue, although UCP1 was also 
detected recently in the thymus [ 27 ] and islet cells [ 145 ]. UCP2 is widely distrib-
uted in several tissues including the spleen, lung, stomach, and gonadal white adi-
pose tissue [ 134 ], whereas UCP3 is mainly restricted to the skeletal muscle [ 23 ]. 
UCP4 is mainly localized in the brain [ 155 ] and UCP5/BMCP1 expresses in many 
tissues, with a high abundance in the brain [ 176 ]. 

 Since the identifi cation of UCPs, numerous studies have been done to character-
ize the function of UCPs in the metabolic syndrome. In the diabetic mouse model, 
the expression levels of most subtypes of UCP were signifi cantly increased in the 
corresponding tissues: UCP1 mRNA level in brown adipose tissue [ 81 ], UCP2 protein 
level in the kidney [ 138 ], in islets [ 85 ], in brown and white adipose tissues [ 81 ], 
and UCP3 mRNA in the heart [ 67 ]. However, Kageyama et al. showed that mRNA 
levels of UCP2 and UCP3 were signifi cantly decreased in the brown adipose tissue, 
but increased in the skeletal muscle, in type 1 diabetic rats [ 78 ]. Mice fed with high-
fat diet (HF) show a signifi cant increase in UCP1 protein expression in brown adi-
pose tissue [ 25 ] and an increase in UCP3 expression in the heart [ 24 ] and in the 
skeletal muscles [ 30 ]. HF rats also exhibited a signifi cant increase in UCP2 mRNA 
levels in white adipose tissue and UCP3 mRNAs in skeletal muscles [ 50 ,  105 ]. 
Obese mice exhibited a marked increase in UCP2 mRNA expression and plasma 
insulin level [ 177 ]. These results suggest that an increase in UCP expression levels 
might be the physiological response to excess fatty acids  in    the body in order to 
counteract obesity. Contrary to consistent results from animal studies, the data of 
UCP expression levels in obese and type 2 diabetic patients vary between samples, 
which makes it very diffi cult to reach a conclusion [ 10 ,  101 ,  121 ,  127 ,  152 ,  169 ]. 
The potential reasons behind this might be due to the different medications and dif-
ferent diet composition among the patients, and different sampling protocols. 

 In order to investigate UCP functions, knockout mice were quickly developed 
and the result was, in fact, contrary to many investigators’ expectations: none of the 
knockout mice (UCP1, 2, 3) exhibited any change in their body weight compared 
with their wild-type [ 7 ,  24 ,  45 ,  58 ,  168 ]. On the other hand, mice that overexpressed 
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UCP exhibited a benefi cial effect by preventing the development of metabolic 
syndrome. Skeletal muscle-specifi c UCP1 overexpression in particular emphasizes 
this preventative effect. This strain was fi rst introduced in mice fed with HF diet. 
Body weight, plasma lipid, insulin and glucose concentration, and glucose tolerance 
were signifi cantly improved in UCP-overexpressed HF mice [ 93 ]. Other research-
ers also used this strain to cross with transgenic mice for type 2 diabetes (KK mice) 
[ 18 ] and atherosclerosis (ApoE knockout mice) [ 55 ] and demonstrate resistance to 
the development of metabolic syndromes. UCP3 overexpression in skeletal muscle 
also improved glucose tolerance, reduced body weight and adipose tissue 
 volume [ 31 ], and minimized the development of insulin resistance in HF mice 
[ 29 ]. In humans, polymorphisms of UCP have been implicated in the development 
of diabetes, obesity, and hypertension [ 26 ,  34 ,  35 ,  38 ,  52 ,  76 ,  147 ]. 

 The basal expression levels  of    UCP2 in the kidney were not different between 
stroke-prone spontaneously hypertensive rats (SHRsp) and stroke-resistant SHR 
rats (SHRsr, control for SHRsp), while high-salt diet led to a signifi cant decrease in 
UCP2 protein and mRNA levels in SHRsp, but not SHRsr [ 41 ]. The authors also 
found that miR24 and 34a were signifi cantly decreased in high salt diet-treated 
SHRsp compared to SHRsp fed with normal-salt diet and implied that miR24 and 
34a would be the upstream regulators of UCP2.  

    Mitochondrial Connexin 

  Connexins (Cxs)   were fi rst identifi ed in the plasma membrane and six Cxs compose 
a hemichannel called connexon. The connexon forms a channel by coupling with 
another connexon in adjacent cells (called gap junction) and transfers small mole-
cules and ions [ 59 ]. Cxs have 21 members in humans and 20 members in mice [ 115 , 
 156 ]. All members of the Cx family share a common structure: four hydrophobic 
transmembrane domains, two extracellular loops, and three cytoplasmic domains 
including an intracellular loop and carboxyl and amino-terminal domains [ 89 ,  174 ]. 
Cxs are involved in many cellular processes such as homeostasis, metabolic support, 
electrical coupling, enhancement of tissue response, and control of cell proliferation, 
differentiation, survival, and apoptosis [ 174 ]. 

 Despite the existence of many Cx subtypes in the plasma membrane, only Cx43 
is found in the mitochondria in several tissues including human umbilical vein 
endothelial cells [ 94 ] and cardiac myocytes [ 22 ,  141 ]. Interestingly, stress stimulation 
(e.g., ischemia/reperfusion) increases the translocation of Cx43 into the mito-
chondria and, moreover, Cx43 reduces the damage induced by stress [ 94 ,  141 ]. 
These data suggest that mitochondrial Cx43 exerts a cytoprotective effect upon 
stress stimulation. It is still unclear whether the effect of Cx43 is mediated by hemi-
channel formation and if Cx43 directly regulates mitochondrial function and/or 
modulates other channels. 

 High-fat diet in rats signifi cantly decreased mitochondrial Cx43 expression 
levels in cardiac myocytes [ 60 ]. High glucose treatment in retinal endothelial cells 
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led to a signifi cant decrease in mitochondrial Cx43 protein expression [ 114 ,  164 ], 
and mitochondrial Cx43 protein levels were lower in the retina of type 1 diabetic 
rats compared with those in control rats. It is suggested that hyperglycemia increased 
matrix metalloproteinase-2 in the mitochondria and led  to    excess degradation of 
Cx43 protein in the retina [ 114 ]. Based on these data, increased stress (e.g., hyperlip-
idemia and hyperglycemia) might lead to decreased mitochondrial Cx43 expression 
which results in mitochondrial dysfunction. Further experiments are required to 
defi ne the functional role of Cx43 in the mitochondria by overexpressing Cx43 in 
disease models.  

    Other Channels 

     Mitochondrial Ca 2+  Uniporter (MCU)   

 Mitochondria transport Ca 2+  from the cytosol and accumulate it in the matrix [ 116 , 
 140 ], and mitochondrial calcium homeostasis is important not only for energy 
production but also for the regulation of cytoplasmic calcium and activation of cell 
apoptotic pathways. The IMM expresses the MCU, which is the main transporter of 
Ca 2+  from the intermembrane space into the matrix [ 19 ,  62 ]. The major channel- 
forming subunit of the MCU complex (CCDC109A) was fi rst reported in 2011 [ 11 , 
 40 ]. The MCU consists of two transmembrane domains and forms a complex in the 
IMM with many endogenous regulators for opening the pore of the MCU [ 79 ,  104 ]. 
Mitochondrial Ca 2+  uptake 1 (MICU1), mitochondrial Ca 2+  uptake 2 (MICU2), and 
MCUb are most likely negative regulators of the MCU, while mitochondrial Ca 2+  
uniporter regulator 1 (MCUR1), essential MCU regulator (EMRE), and SLC25A23 
are essential for MCU activity [ 33 ,  69 ,  103 ,  136 ,  146 ]. Most of the MCU regulatory 
proteins were recently identifi ed and their functions were only examined in Hela 
cells and HEK cells, isolated cardiac mitochondria and lipid bilayer with reconsti-
tuted proteins. 

 After the identifi cation of the MCU (Table  18.1 ), the functional role of MCU 
under physiological conditions was extensively studied using siRNA/shRNA of 
MCU and MCU knockout mice [ 2 ,  43 ,  132 ,  137 ,  139 ]. Interestingly, but unex-
pectedly, MCU knockout mice did not exhibit obvious defects in any physiologi-
cal functions [ 132 ]. The outcome of the authors’ study implied that the systemic 
knockout of MCU might affect the function/expression levels of other Ca 2+  
transporters in the mitochondria to compensate for the lack of MCU.

   Mitochondrial Ca 2+  overload contributes to malfunctions in many tissues via 
cell apoptosis and we suspect that mitochondrial Ca 2+  overload  through   excess 
MCU activation could be implicated in metabolic syndrome. Since the history of 
MCU is still very brief, the questions of whether MCU participates in the devel-
opment and progression of the metabolic syndrome and whether vascular compli-
cations in the metabolic syndrome are regulated by the MCU have not yet been 
explored.  
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     Mitochondrial Ryanodine Receptor (mRyR)   

 The RyR is a Ca 2+ -releasing channel in the sarcoplasmic reticulum in muscle cells. 
It was also identifi ed in the IMM and plays an important role in the mitochondrial 
Ca 2+  uptake [ 4 ,  20 ]. The activation of mRyR is tightly controlled by ryanodine 
concentration and cytosolic Ca 2+  concentration [ 48 ]. The sensitivity of mRyR to 
Ca 2+  is higher than that of MCU [ 144 ]. Electrophysiological experiments and 
immunoblotting demonstrate that mRyR could be similar or the same as RyR1 
[ 21 ]. To the best of our knowledge, there is no report examining the role of mRyR 
in the metabolic syndrome.  

   Table 18.1    Mitochondrial Ca 2+   uniporter complex   and its functions   

 Name 
 MW 
(kDa)  Other names  Functions 

 MCU (Mitochondrial Calcium 
Uniporter) 

 40  C10orf42 
 CCDC109A 

 Main mitochondrial Ca 2+  
transporter. 

 MICU1 (Mitochondrial 
Calcium Uptake 1) 

 50  CALC 
 CBARA1 
 EFHA3 
    MPXPS 

 Endogenous negative 
regulator of MCU. 
 Inhibition increases [Ca 2+ ] mito . 

 MICU2 (Mitochondrial 
Calcium Uptake 2) 

 45  EFHA1 
 1110008L20Rik 

 Endogenous negative 
regulator of MCU. 
 Inhibition lowers [Ca 2+ ] mito . 

 MCUb (Mitochondrial 
Calcium Uniporter b) 

 40  CCDC109B  Paralog of MCU with lower 
expression. 
 No channel activity. 
 Overexpression reduces 
[Ca 2+ ] mito . 

 MCUR1 (Mitochondrial 
Calcium Uniporter 
Regulator 1) 

 40  CCDC90A 
C6orf79 

 Endogenous positive 
regulator of MCU. 
 Inhibition diminishes 
mitochondrial Ca 2+  uptake. 

 EMRE (Essential MCU 
Regulator) 

 10  C22orf32 
 SMDT1 
 DDDD 
 DJ186O1.1 

 Endogenous positive 
regulator of MCU. 
 Inhibition decreases 
mitochondrial Ca 2+  uptake. 

 SLC25A23 solute carrier 
family 25A23 

 50  APC2 
    MCSC2 
 SCaMC-3 

 Binding site with MCU. 
 Inhibition decreases 
mitochondrial Ca 2+  uptake. 
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    Mitochondrial  Ca 2+/ H +  Antiporter   

 The negative membrane potential in the IMM drives Ca 2+  entry and it is mostly 
mediated through the MCU as described above. The MCU uptakes Ca 2+  into the 
IMM at mM range, while mitochondrial Ca 2+ /H +  antiporter is able to import Ca 2+  at 
nM concentrations. A recent manuscript presented the potential candidate for mito-
chondrial Ca 2+ /H +  antiporter, leucine zipper-EF-hand containing transmembrane 
protein 1 (LETM1) [ 102 ]. LETM1 has two EF hand domains in the intermembrane 
space and catalyzes the one-to-one electronic exchange of Ca 2+  for H + . The increase 
of mitochondrial Ca 2+  through LETM1 is pH sensitive and is inhibited by ruthenium 
red. Interestingly, LETM1 not only imports Ca 2+  into the matrix through the IMM, 
but can also extrude Ca 2+  from the IMM when mitochondrial Ca 2+  concentration is 
high [ 102 ]. 

 Park et al. demonstrated that LETM1 protein expression is signifi cantly decreased 
in white adipose tissue from HF mice and ob/ob mice compared with that from their 
control mice [ 133 ]. In the manuscript, however, the authors were not focusing on the 
role of LETM1 as a mitochondrial Ca 2+ /H +  antiporter, rather they aimed  to   investigate 
its inhibitory effect on PKB activity. Therefore, there was no functional data related to 
mitochondrial Ca 2+  transport in their manuscript.  

    Mitochondrial  Na + /Ca 2+  Exchanger (NCLX)   

 The NCLX is another major transporter of mitochondrial Ca 2+  which releases Ca 2+  
from the mitochondrial matrix [ 6 ,  106 ,  130 ]. NCLX is located in the IMM and is 
primarily active in excitable cells. It transports not only Na +  and Ca 2+ , but also Li, 
which makes this channel’s character distinguishable from the plasma membrane 
Na + /Ca 2+  exchanger (NCLX is the abbreviation of Na/Ca/Li exchanger) [ 131 ]. 
Mitochondrial Ca 2+  concentration is mainly determined by the balance between 
infl ux through the MCU and effl ux via NCLX [ 118 ]. In ischemia, NCLX acts as a 
key regulator of mitochondrial Ca 2+  accumulation [ 117 ]. 

 Babsky et al. reported that NCLX is more susceptive to the change in the outside 
(cytosolic) Na +  concentration in diabetic cardiac myocytes compared with controls 
[ 8 ], but it is still unknown whether NCLX expression level is altered in any meta-
bolic syndromes.  

    Mitochondrial  K + /H +  Exchanger   

 The IMM exhibits high negative membrane potential (−150 to −180 mV) and this 
electrical gradient generates the driving force of cation uptake into the matrix. K +  
accumulates in the mitochondrial matrix through a uniport system and the concen-
tration of K +  is tightly regulated by exchangers, including a K + /H +  exchanger, to 
prevent an increase of mitochondrial osmotic pressure and swelling [ 19 ,  113 ]. 
The mitochondrial function of exchanging K +  with H +  in the IMM was reported as 
early as 1966 [ 113 ], however, the molecular details were not revealed until recently. 
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Schweyen et al. identifi ed yeast Mdm38/human LETM1 as an essential component 
of the K + /H +     exchanger [ 51 ,  123 ]. It has to be noted that LETM1 also serves as a 
Ca 2+ /H +  antiporter located in the IMM [ 77 ] (refer to section “Mitochondrial Ca 2+ /H +  
Antiporter”).  

     Inner Membrane Anion Channel (IMAC)   and Mitochondrial Chloride 
Channels (mClC, mCLIC) 

 IMAC was fi rst reported in 1986 [ 54 ]. The initial fi nding was based on the experi-
ment of anion fl ux from the IMM during mitochondrial swelling. To date, IMAC was 
partially characterized, unlike other mitochondrial ion channels. IMAC’s function is 
inhibited by protons and Mg 2+  [ 12 ,  13 ,  54 ], and its activity is dependent on voltage 
changes. Blockage of IMAC decreases mitochondrial depolarization induced by 
ROS [ 5 ]. As potential candidates of IMAC, chloride channels are the most studied 
channels. There are two classes of chloride channels identifi ed in the IMM; the 
voltage-dependent chloride channel (ClC) and the chloride intracellular channel 
(CLIC). Among ClC family, only ClC-Nt was found in the IMM and proposed as a 
candidate for IMAC [ 99 ]. Fernandez et al. fi rst demonstrated the existence of 
CLIC4 in the IMM and found that its activity is involved in mitochondria-induced 
apoptosis [ 47 ]. Since CLIC4 is also expressed in the cytoplasm and nucleus, its 
translocation under stress conditions has been proposed [ 160 ].    

    Conclusion 

 During these past few decades, many ion channels were identifi ed in the mitochon-
drial membrane; however our understanding of the functional role of each mito-
chondrial channel in pathophysiological condition (e.g., metabolic syndrome) lags 
far behind. UCPs are the most investigated mitochondrial ion channels in the fi eld 
of metabolic syndrome because UCPs help burn fatty acid during heat generation 
and might protect from obesity. mitoK channels are also tested for cardioprotection 
during ischemic/reperfusion injury and exhibit benefi cial effects, but still there is 
space to explore the functions of new mitoK (e.g., TASK-3). 

 Mitochondrial Ca 2+  homeostasis is critical for energy production and cell 
contractility in muscle cells and mitochondrial Ca 2+  overload is the hallmark of 
apoptosis in all cell types. Maintaining the appropriate concentration of mitochon-
drial Ca 2+  is a “must-do” in any cell type. The recent identifi cation of MCU and 
Ca 2+ /H +  antiporter (LETM1) has dramatically increased our understanding of 
mitochondrial channels and may enable the future discovery of potential therapeutic 
approaches in metabolic disease.     
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