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Preface

Receptors, channels, and transporters play a critical role in vascular signal transduc-
tion and are key elements in the pathogenesis of pulmonary vascular disease. They 
provide front-line mechanisms for regulation of normal smooth muscle, for endothe-
lial and inflammatory cellular homeostasis, and for responding to the extracellular 
environment and external mediators. Pathophysiological perturbations in their func-
tion and expression are associated with profound alterations in cellular function and 
make significant contributions to the development and progression of disease. As they 
are in the main situated in the plasma membrane and their molecular nature is often 
conducive to modulation of function by relatively highly specific agents, receptors, 
channels, and transporters are potentially key targets for novel therapeutics. Indeed, a 
high proportion of currently available therapeutic agents function as channel or trans-
porter modulators or receptor antagonists and agonists.

Over the last few years, there have been significant advances in our understanding 
concerning the expression and function of novel channels, receptors, and transporters 
in the pulmonary circulation. Since the last Grover conference on the role of ion flux 
in pulmonary vascular control in 1992, several entirely new molecular classes of ion 
channels (e.g., transient receptor potential [TRP] channels and two-pore domain K+ 
channels) have been identified and have more recently been shown to play key roles 
in pulmonary vascular function and the development of pulmonary arterial hyperten-
sion. In addition, the advent of enhanced molecular techniques, gene knockout mod-
els, and the Human Genome Project has provided new insight into the molecular 
identity and role of K+ and Cl- channels, water channels (aquaporins), and intracel-
lular Ca2+ channels in pulmonary vascular function and disease.

One of the major advances in the research field of pulmonary arterial hyperten-
sion has been the identification of an association between disease development and 
genetic mutations in the bone morphogenetic protein receptor II (BMPR-II) and 
related pathways. New evidence suggests that there are significant interactions 
between bone morphogenetic protein and serotonin signaling and indeed modula-
tion of ion channel expression and function. These and other similar interrelation-
ships are likely to define a significant proportion of the altered vascular function 
and modeling of the pulmonary circulation in disease.

We therefore saw a need for a forum where these mechanisms and pathways can 
be discussed together, so identifying and highlighting the potential therapeutic 
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opportunities that this apparent convergence of pathways may reveal. This book 
presents the proceedings of the 2008 Grover Conference (Lost Valley Ranch and 
Conference Center, Sedalia, CO; September 3–7, 2008), which provided a forum 
for experts in the fields of those receptors, channels, and transporters that have been 
identified as playing key roles in the physiology and pathophysiology of the pulmo-
nary circulation. The book rigorously addresses (1) recent advances in our knowl-
edge of receptors, channels, and transporters and their role in regulation of 
pulmonary vascular function; (2) how modulation of expression and function of 
receptors, channels, and transporters and their interrelationships contribute to the 
pathogenesis of pulmonary vascular disease; and (3) the therapeutic opportunities 
that may be revealed by enhancing our understanding of this area.

The overall goal was to explore the mechanisms by which specific receptors, 
channels, and transporters contribute to pulmonary vascular function in both health 
and disease and how this knowledge may lead to novel interventions in lung dys-
plasia, pulmonary edema, lung injury, and pulmonary and systemic hypertension to 
reduce and prevent death from lung disease.

The book is divided into six parts. Part I (“Ion Channels in the Pulmonary 
Vasculature: Basics and New Findings”) is designated for basic knowledge and recent 
findings in the research field of ion channels in pulmonary circulation. There are five 
chapters in Part I discussing the function, expression, distribution, and regulation of 
various ion channels present in pulmonary vascular smooth muscle cells and how 
these channels are integrated to regulate intracellular Ca2+ and cell functions. Part II 
(“TRP Channels in the Pulmonary Vasculature: Basics and New Findings”) is com-
posed of five chapters that are exclusively designed to discuss the role of a recently 
identified family of cation channels, transient receptor potential (TRP) channels, in 
the regulation of pulmonary vascular tone and arterial structure. Part III (“Pathogenic 
Role of Ion Channels in Pulmonary Vascular Disease”) presents four chapters that 
discuss how abnormal function and expression of various ion channels contribute to 
changes in cell functions and the development of pulmonary hypertension. Part IV 
(“Receptors and Signaling Cascades in Pulmonary Arterial Hypertension”) consists 
of five chapters devoted to the role of bone morphogenetic protein receptors, Notch 
receptors, serotonin receptors, Rho kinase, and vascular endothelial growth factor 
receptors in the development of pulmonary arterial hypertension. Part V (“Receptors 
and Transporters: Role in Cell Function and Hypoxic Pulmonary Vasoconstriction”) 
has four chapters designed to illustrate the potential mechanisms involved in oxygen 
sensing and hypoxia-induced pulmonary vasoconstriction and hypertension. Part VI 
(“Targeting Ion Channels and Membrane Receptors in Developing Novel Therapeutic 
Approaches for Pulmonary Vascular Disease”) consists of five chapters that discuss 
the translational research involving membrane receptors, channels, and transporters, 
including their potential as novel drug targets.

We hope that this book will allow readers to foster new concepts and new collabo-
rations and cooperation among investigators to further understand the role of recep-
tors, channels, and transporters in lung pathophysiology. The ultimate goal is to 
identify new mechanisms of disease as well as new therapeutic targets for pulmonary 
vascular diseases. An additional outcome should be enhanced understanding of the 
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role of these entities in systemic vascular pathophysiology since the conference 
included researchers and clinicians with interests in both pulmonary and systemic 
circulations.

The book could not have been completed without the support and encourage-
ment of our families (Ayako Makino, Dolores) as well as our mentors, colleagues, 
and students at the University of California, San Diego (La Jolla, CA) and the 
King’s College (London, UK). We are especially grateful to Ms. Mindy Okura-
Marszycki for her instruction for compiling the book, to Dr. Carmelle V. Remillard 
for her diligence in preparing the figures and editing the text, and to all the contribu-
tors and speakers for their patience and conscientiousness in writing the manu-
scripts and presenting at the conference (Fig. 1). In addition, we thank the staff of 
the American Thoracic Society for their excellent help in running the conference 
and all our sponsors for supporting it. Finally, we would like to take this opportu-
nity to thank Dr. Robert F. Grover and his wife, to whom this book is dedicated.
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History of the Grover Conference

The Grover Conferences on the Pulmonary Circulation were initiated in 1984 by Drs. 
John T. Reeves and E. Kenneth Weir in recognition of the many contributions of Dr. 
Robert F. Grover (Fig. 2) to our understanding of the physiology and pathophysiology 
of the pulmonary vasculature. His studies of brisket disease in cattle at high altitudes 
were among the first (1960) and were certainly the most complete descriptions of 
chronic pulmonary hypertension. He initiated or participated in investigations into 
factors influencing acute and chronic hypoxic pulmonary hypertension, including 
species differences, sympathetic activity, prostaglandins, endotoxins, calcium antago-
nists, mast cells and histamine, acetylcholine, unilateral pulmonary arterial ligation, 
ethyl alcohol, platelets, genetic factors, and cold exposure.

Dr. Grover conducted the initial studies showing a reversible component in pul-
monary hypertension in congenital heart disease (1961) and the presence and 
reversibility of pulmonary hypertension in normal North American residents at 
high altitude (1963, 1966). He was involved in the first measurements of pulmonary 
vascular reactivity in pregnant women and in persons susceptible to high-altitude 
pulmonary edema and in investigations of high-altitude pulmonary edema in chil-
dren of Leadville, Colorado.

These conferences provide North America’s only ongoing forum dedicated to 
the pulmonary circulation. The conferences have been held in Deckers, Colorado, 
every second year (with one extra interpolated conference in 1991). The first in 
1984 focused on pulmonary reactivity; the second on lipid mediators in the pulmo-
nary circulation; the third on the control of cellular proliferation in the pulmonary 
vascular wall; the fourth on the diagnosis and treatment of pulmonary hypertension; 
and the fifth on the pathophysiology of the pulmonary circulation and gas exchange. 
The sixth in 1992 applied the knowledge of ion channels and transporters to the 

Fig. 2 Robert F. Grover, MD, PhD (left), and members of the Cardiovascular Pulmonary (CVP) 
Research Laboratory (in 1981, right)
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Table 1 The Grover Conferences held in 1984–2008

Year Title References

1984 Pulmonary vascular reactivity Chest 88:199S–272S, 1985
Clin Resp Physiol 21:583–590, 1985

1986 Lipid mediators in the pulmonary 
circulation

Am Rev Respir Dis 136:196–224,  
455–491, 762–788, 1987

1988 The control of cellular proliferation  
in the pulmonary circulation

Am Rev Respir Dis 140:1092–1135, 
1446–1493, 1989

1990 The diagnosis and treatment of 
pulmonary hypertension

Weir EK, Archer SL, Reeves JT (eds) 
The diagnosis and treatment of 
pulmonary hypertension. Futura,  
New York, 1992

1991 The pulmonary circulation  
and gas exchange

Wagner WW Jr, Weir EK (eds) The 
pulmonary circulation and gas 
exchange. Futura, New York, 1994

1992 The role of ion flux in pulmonary 
vascular control

Weir EK, Hume JR, Reeves JT (eds) Ion 
flux in pulmonary vascular control. 
Plenum, New York, 1993

1994 Nitric oxide and oxygen radicals  
in the pulmonary vasculature

Weir EK, Archer SL, Reeves JT (eds) 
Nitric oxide and radicals in the 
pulmonary vasculature. Futura,  
New York, 1996

1996 Pathogenesis and treatment of 
pulmonary edema

Weir EK, Reeves JT (eds) Pulmonary 
edema, Futura, New York, 1998

1998 Control mechanisms in the  
fetal and neonatal pulmonary 
circulations

Weir EK, Archer SL, Reeves JT (eds) 
The fetal and neonatal pulmonary 
circulations. Futura, New York, 2000

2000 Interactions of blood and the  
pulmonary circulation

Weir EK, Reeve HL, Reeves JT (eds) 
Interactions of blood and the 
pulmonary circulation. Futura,  
New York, 2002

2002 Pro-inflammatory signaling  
mechanisms in the pulmonary 
circulation

Bhattacharya J (ed) Cell signaling in 
vascular inflammation. Humana, 
Totowa, New Jersey, 2005

2004 Genetic and environmental  
determinants of pulmonary 
endothelial cell function

2006 Rho family GTPases in pulmonary 
vascular pathophysiology

2008 Membrane receptors, channels 
and transporters in pulmonary 
circulation: role in the  
development of pulmonary  
vascular disease

Yuan JX-J, Ward JPT (eds) Membrane 
receptors, channels and transporters 
in pulmonary circulation. Humana 
Press-Springer, Totowa, New Jersey, 
2009

pulmonary vasculature; the seventh studied the role of radicals; the eighth exam-
ined the pathogenesis and treatment of pulmonary edema; the ninth discussed the 
fetal and neonatal pulmonary circulations; the tenth explored the interactions of the 
blood and the pulmonary circulation; the eleventh looked at proinflammatory sig-
naling mechanisms; the twelfth covered genetic and environmental determinants of 
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Table 2 The named lectures and awards given at the Grover Conferences during 1984–2008

Year Estelle Grover Lecture Terry Wagner Lecture John Reeves Lecture

1992 John A. Bevan, MD
1994 Edward R. Block, MD
1996 Timothy W. Evans, MD, PhD
1998 John T. Reeves, MD
2000 Wiltz W. Wagner Jr, PhD
2002 E. Kenneth Weir, MD
2004 Norbert F. Voelkel, MD Mark N. Gillespie, PhD
2006 Barry L. Fanburg, MD Jeremy P.T. Ward, PhD Avril V. Somlyo, PhD
2008 Margaret R. MacLean, PhD Ivan F. McMurtry, PhD Nicholas W. Morrell, MD

Year Young Investigator Award

2008 Navdeep S. Chandel, PhD (Northwestern University Feinberg School of Medicine, 
Chicago, IL)

Larissa A. Shimoda, PhD (Johns Hopkins University School of Medicine, Baltimore, MD)

pulmonary endothelial cell function; the thirteenth was devoted to Rho family 
guanosine triphosphatases (GTPases); and the last in 2008 returned again to the 
theme of ion channels and transporters (Table 1).

The proceedings of the first conference was published in Chest and the second 
and third in the American Review of Respiratory Disease, and the subsequent con-
ferences have been published as books by Futura Publishing Company, Plenum 
Press, Humana Press, or Humana Press-Springer (Table 1). Thirteen eminent inves-
tigators in the field have been selected by the Grover Conference Committee to give 
the Estelle Grover Lecture (established in 1992), Terry Wagner Lecture (established 
in 2004), and John Reeves Lecture (established in 2006) (Table 2). In 2008, the 
Grover Conference Committee and the Program Committee of the American 
Thoracic Society Pulmonary Circulation Assembly established the Young 
Investigator Award to recognize outstanding young and new investigators in the 
research fields of pulmonary circulation, pulmonary vascular biology, and pulmo-
nary vascular disease (Table 2). In addition to invited speakers in the conference, 
the committee also selected the authors of five abstracts to give oral presentations 
on their research findings.

In Grover Conference 2008, Dr. Margaret R. MacLean from the University of 
Glasgow (Glasgow, UK) presented the Estelle Grover Lecture, Dr. Ivan F. 
McMurtry from the University of South Alabama (Mobile, AL) presented the Terry 
Wagner Lecture, and Dr. Nicholas W. Morrell from the University of Cambridge 
(Cambridge, UK) presented the John Reeves Lecture (Fig. 3). Dr. Navdeep S. 
Chandel from Northwestern University (Chicago, IL) and Dr. Larissa A. Shimoda 
from Johns Hopkins University (Baltimore, MD) were Young Investigator 
Awardees in Grover Conference 2008 (Fig. 3).

We encourage you to participate in future Grover Conferences by coming to the 
meetings as well as by taking part in planning and development of new subjects for 
the meetings.
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Fig. 3 Estelle Grover (1919–1990), Terry Wagner (1949–2002), and John T. Reeves (1928–2004), 
as well as the named lecturers and young investigator awardees at Grover Conference 2008
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Abstract Hypoxic pulmonary vasoconstriction (HPV) is an important mechanism 
by which localized flow of blood in small resistance pulmonary arteries is matched 
to alveolar ventilation. This chapter discusses the role of several potassium and cal-
cium channels in HPV, both in enhancing calcium influx into smooth muscle cells 
(SMCs) and in stimulating the release of calcium from the sarcoplasmic reticulum, 
thus increasing cytosolic calcium.  The increase in calcium sensitivity caused by 
hypoxia is reviewed in Chapter 19. Particular attention is paid to the activity of the 
L-type calcium channels which increase calcium influx as a result of membrane 
depolarization  and also increase calcium influx at any given membrane potential 
in response to hypoxia. In addition, activation of the L-type calcium channel may, 
in the absence of any calcium influx, cause calcium release from the sarcoplasmic 
reticulum. Many of these mechanisms have been reported to be involved in both 
HPV and in normoxic contraction of the ductus arteriosus.

Keywords Hypoxia • resistance pulmonary arteries • ductus arteriosus • voltage-
gated potassium channels • L-type calcium channels • store-operated channels • 
sarcoplasmic reticulum

1  Introduction

Hypoxic pulmonary vasoconstriction (HPV) is one example of how the body senses a 
change in oxygen and, speaking teleologically, puts the information to good use. In the 
fetus, HPV helps to reduce blood flow through the unventilated lungs and conse-
quently to direct blood through the ductus arteriosus (DA), which is open during the 
hypoxic, fetal stage of life. As a result of the onset of ventilation at birth and the associ-
ated increase in oxygen, the small, resistance pulmonary arteries (PAs) dilate, while 

E.K. Weir (*), J.A. Cabrera, S. Mahapatra, D.A. Peterson, and Z. Hong 
VA Medical Center, 1 Veterans Drive, 111C, Minneapolis, MN, 55417, USA 
e-mail: weirx002@maroon.tc.umn.edu

The Role of Ion Channels in Hypoxic 
Pulmonary Vasoconstriction

E. Kenneth Weir, Jésus A. Cabrera, Saswati Mahapatra,  
Douglas A. Peterson, and Zhigang Hong

J.X.-J. Yuan and J.P.T. Ward (eds.), Membrane Receptors, Channels and Transporters  
in Pulmonary Circulation, AEME, Vol. 661, DOI 10.1007/978-1-60761-500-2_1,  
© Humana Press, a part of Springer Science+ Business Media, LLC 2010
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the DA constricts. While the two diametrically opposite responses are both modulated 
by endothelial factors, the basic mechanisms of HPV and normoxic contraction of 
the DA reside in the smooth muscle cells (SMCs) of these vessels. In both cases, the 
“executive” mechanisms have two major components: an increase in cytosolic 
calcium and an increase in calcium sensitization. The former depends on ion channels 
and the sarcoplasmic reticulum and the latter on Rho/Rho kinase signaling.

2  Oxygen Sensing and Ion Channels in the Carotid Body

The role of ion channels in sensing hypoxia was first described in the carotid body, and 
this is still the best-understood model. Twenty years ago, López-Barneo et al. reported 
that hypoxia inhibited the outward potassium current (I

K
) passing through voltage-

gated potassium (K
v
) channels in the plasmalemma of type 1 or glomus cells of the 

carotid body.1 This in turn leads to membrane depolarization and calcium entry 
through L-type (voltage-gated) calcium channels down the calcium concentration 
gradient (2 mM extracellular, 100 nM intracellular). Subsequently, it has been demon-
strated that other K+ channels, calcium-sensitive (K

Ca
) and Two-pore Domain 

Acid-Sensitive (TASK)-like, are also inhibited by hypoxia2,3 and contribute to the 
depolarization. The essential part played by membrane depolarization in oxygen 
sensing is shown in an elegant experiment (Fig. 1.1),4 in which membrane potential and 
cytosolic calcium are measured simultaneously in a type 1 cell. When the cell is made 

Fig. 1.1 The depolarization caused by hypoxia in the type 1 cell of the carotid body is associated 
with an increase in cytosolic calcium. If the membrane potential E

m
 is clamped at – 60 mV, hypoxia 

does not increase the level of calcium. Adapted with permission53
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hypoxic, the membrane depolarizes, and the calcium level increases. If, however, the 
membrane potential is artificially “clamped” at the approximate resting level of – 60 
mV, then another identical hypoxic challenge causes no increase in calcium. When the 
clamp is taken off, the next hypoxic challenge again stimulates an increase in cytosolic 
calcium. In the absence of external calcium or in the presence of an L-type calcium 
channel blocker, hypoxia causes little increase in cytosolic calcium.4,5

3  Hypoxic Pulmonary Vasoconstriction

In the adult animal, as first described in detail by von Euler and Liljestrand in 1946, 
acute alveolar hypoxia causes pulmonary vasoconstriction, which redistributes 
desaturated, mixed venous blood away from poorly ventilated areas of lung. 
Inhibition of HPV leads to a decrease in systemic arterial oxygen tension both in 
normal subjects and in patients with small airway disease or lung injury6 because 
of a failure to match ventilation and perfusion. The executive mechanisms involving 
ion channels, which are responsible for hypoxic contraction of pulmonary artery 
smooth muscle cells (PASMCs), include inhibition of K+ channels, membrane 
depolarization, and calcium entry through voltage-gated, L-type Ca2+ channels; an 
increase in Ca2+ influx through the L-type Ca2+ channels unrelated to depolariza-
tion; and the release of Ca2+ from the sarcoplasmic reticulum (SR), associated with 
repletion by Ca2+ influx through store-operated channels (SOCs).

4  K+ Channels and HPV

In 1976, McMurtry et al. demonstrated that inhibitors of L-type calcium channels, 
such as verapamil, could ablate HPV in the isolated, perfused rat lung, while only 
moderately reducing the pressor response to angiotensin II or prostaglandin F

2a.
7 

This raised the possibility that hypoxia causes depolarization of the PASMCs. 
Hypoxia-induced depolarization in small PAs was subsequently reported by Harder 
et al. in 1985.8 In the pancreatic islet cells, an increase in glucose metabolism 
yields adenosine triphosphate (ATP), which inhibits K

ATP
 channels, causing mem-

brane depolarization, calcium entry, and insulin secretion.9,10 Based on this observa-
tion, it was suggested that hypoxia might, through a change in redox status, reduce 
K+ current I

K
 in PASMCs, again leading to calcium entry through L-type calcium 

channels.11 The hypothesis was validated in part when it was shown that hypoxia 
inhibits I

K
 in PASMCs but not in SMCs from renal or mesenteric arteries.12,13 

Subsequently, a number of voltage-gated K+ channels (K
v
 channels: K

v
1.2, 

K
v
1.5, K

v
2.1, K

v
9.3) have been found to be oxygen sensitive.14,15 The evidence 

associating K
v
1.5 with HPV is the best documented. Hypoxia inhibits K

v
1.5 

cloned from human PAs,16 and HPV is diminished in mice in which K
v
1.5 has been 

deleted.17 The effect of hypoxia is apparently not directly on the channel protein 
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because, when the human K
v
1.5 is overexpressed in mesenteric artery SMCs, hypoxia 

does not reduce I
K
, but when it is overexpressed in PASMCs, hypoxia reduces I

K
 by 

40%.18 In the PASMC, studies using single-cell reverse-transcription polymerase 
chain reaction (PCR), have demonstrated that the level of expression of K

v
1.5 correlates 

with the sensitivity of I
K
, as a whole, in the individual SMCs to hypoxia.19 This 

observation that different PASMCs have varying responses to hypoxia gave rise to 
the concept of pacemaker cells, which may initiate contraction and pass the signal 
to other PASMCs through gap junctions. This would be analogous to the calcium 
waves that have been described in pulmonary endothelial cells.20

In addition to the inhibition of I
K
 by acute hypoxia, the expression of K

v
 chan-

nels is reduced quite rapidly in chronic hypoxia. Thus, single PASMCs dispersed 
from the small PAs of rats maintained in 10% oxygen for 4 weeks had a resting 
membrane potential of – 43.5 ± 2 mV compared to –54.3 ± 2 mV in cells from 
normoxic animals.21 Subsequent work has shown that there is decreased messenger 
RNA (mRNA) and protein for several oxygen-sensitive K+ channels in the chroni-
cally hypoxic cells.22 In the case of K

v
1.2, K

v
1.5, and K

v
2.1, the decrease in mRNA 

can occur within 6 h of the start of hypoxia.23 In concordance with this observation, 
acute HPV is reduced in the isolated perfused lungs of rats that have previously 
been exposed to chronic hypoxia24 and can be restored by the transfection of human 
K

v
1.5 using an aerosol.25 This experiment illustrated the importance of K

v
1.5 in the 

mechanism of HPV, which is further reinforced by the finding that K
v
1.5 protein is 

most abundant in the SMCs of resistance PAs, even though the mRNA for many K
v
 

channels is present.16 These experiments demonstrated that if oxygen-sensitive K
v
 

channels are not expressed, there is membrane depolarization in PASMCs and loss 
of acute HPV, which can be restored by transfection of specific K

v
 channels.

It will be clear from the subsequent discussion that oxygen-sensitive K
v
 channels 

are not the sole executive mechanism of HPV but they play an important part. One 
question that arises concerning the role of K

v
 channels is the membrane potential at 

which they are active under normoxic conditions. As K
v
 channels are inactivated by 

depolarization, it may be that patch-clamp protocols that involve depolarization to 
positive membrane potentials (greater than 0 mV) inactivate some K

v
 channels that 

would otherwise be active at – 60 mV.16 Other K+ channels that are known to be open 
at physiologic resting membrane potentials are KCNQ26 (K

v 
7) and the two-pore 

domain acid-sensitive potassium channel, TASK-1.27 Consequently, it is possible 
that hypoxic inhibition of these channels might help to depolarize membrane poten-
tials of PASMCs into the range where K

v
 channels are more active.27,28

5 L-Type Calcium Channels and HPV

Much attention has been paid to the effect of hypoxia on K+ channels and the 
subsequent membrane depolarization. However, it is also important to note the 
effect of hypoxia on calcium influx through L-type channels into PASMCs at a 
specific fixed membrane potential. Just as there is a difference in the K+ channels 
expressed in SMCs from conduit and resistance PAs,29 so there is a difference in the 
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expression and behavior of L-type/Ca2+ channels.30 In the PASMCs from resistance 
arteries, hypoxia increases I

Ca
2+ at membrane potentials below 0 mV, while inhibit-

ing the calcium entry at more positive potentials. Interestingly, in the PASMCs 
from proximal or conduit arteries, hypoxia causes only inhibition. The differences 
in K+ and Ca2+ channel expression and gating in response to hypoxia may help to 
explain HPV in the resistance arteries and hypoxic relaxation in the conduit arteries. 
The importance of L-type calcium channels in HPV is emphasized by the marked 
reduction of HPV by verapamil in the isolated rat lung mentioned earlier  and by 
nifedipine and nisoldipine in the intact dog.31

6  Intracellular Calcium Release and HPV

More than 20 years ago, Hoshino et al. reported that a switch from hyperoxia to 
hypoxia caused contraction of human PA strips, in the presence of either histamine or 
KCL and the calcium ionophore A23187.32 They considered that this hypoxic condition 
involved both calcium entry and calcium release from intracellular stores. However, 
the inhibitor of calcium release, HA 1004, also reduced the histamine preconstriction 
by half, so it is not clear whether the decrease in HPV was really an effect on the 
mechanism triggered by hypoxia or on the preconstriction. The same caveat applies to 
all interventions on HPV conducted in the setting of preconstriction.

A subsequent study demonstrated that release of calcium from the SR by 
caffeine or thapsigargin would reduce the increase in cytosolic calcium in cultured 
PASMCs caused by “hypoxia.”33 In this instance, concern arises because the 
cells were cultured from conduit PA, not resistance PA, and sodium dithionite 
was used to induce hypoxia. Sodium dithionite leads to hypoxia by generating 
reactive oxygen species (ROS).34 Authentic hypoxia was used in an experiment 
looking at the effect of hypoxia on cytosolic calcium in PASMCs from resistance 
and conduit arteries and in SMCs from cerebral arteries.35 Calcium went up with 
hypoxia in resistance PASMCs but down in SMCs from the other two arteries. 
Pretreatment of the resistance PASMCs with ryanodine, to release calcium from 
the SR, diminished the hypoxic increase in calcium. The importance of extracel-
lular calcium influx was shown by the observation that chelation of extracellular 
calcium with EGTA rapidly ablated the elevated cytosolic calcium induced by 
hypoxia. A potential role for a hypoxic increase in calcium sensitivity was also 
raised in this article.35

In subsequent work using rings of canine resistance PA pretreated with phenyleph-
rine, it was found that switching from hyperoxia to hypoxia caused contraction that 
could be reduced by ryanodine and caffeine or enhanced by cyclopiazonic acid 
(CPA).36 These data suggest that hypoxia may release calcium from a ryanodine- and 
caffeine-sensitive store, and that the contraction may be modulated by calcium 
uptake into a distinct InsP

3
 (inositol 1,4,5-trisphosphate) store, which can be blocked 

by CPA. HPV in this ring model did not require the presence of endothelium. The 
authors raised the possibility that some of the calcium entered the PASMC through 
a capacitative calcium entry (CCE) pathway activated by store depletion.36
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7  Store-Operated Calcium Channels

HPV does not occur in the absence of external calcium in the isolated PA ring37 or 
in the isolated perfused rat lung.38 In the ring model, much of the calcium entry 
stimulated by hypoxia occurs through store-operated channels (SOCs).37 More 
recent studies confirmed, in cultured rat PASMCs, that CCE induced by CPA is 
increased by hypoxia and inhibited by the SOC blockers SKF-96365, nickel, and 
lanthanum.39 Incidentally, these workers reported that nifedipine (5 mM) inhibited 
about 50% of the increase in calcium caused by hypoxia. Similar results have been 
described in canine PASMCs36,40 in which the component of the hypoxia-induced 
increase in cytosolic calcium that was insensitive to nisoldipine (10 mM) could be 
inhibited by SKF-96365 or nickel. In the isolated perfused rat lung, the same two 
SOC blockers prevented HPV at concentrations that did not alter the pressor 
response to KCl but did inhibit the pressor responses to angiotensin II that was used 
to “prime” the lungs prior to HPV.38 Nifedipine (5 mM) completely reversed HPV 
in this model. These observations reinforce the view that HPV requires calcium 
entry through both the SOC and voltage-gated calcium channels.

A recent article provided evidence that may help to link both elements.41 Using 
mice with homozygous and heterozygous gene deletion of the ryanodine receptor 
1, it was observed that in PASMCs from these mice there was a marked decrease in 
the ability of hypoxia to cause a rise in cytosolic calcium. Hypoxic vasoconstriction 
was diminished in the heterozygous mouse PAs (Fig. 1.2). This finding, along 
with similar data on the effects of homozygous RyR3 gene deletion,42 con-
firmed the importance of calcium release from the ryanodine receptor in HPV. 
Interestingly, the increase in PASMC cytosolic calcium and in PA contraction 
stimulated by the addition of KCl is also less in the RyR1 heterozygous gene dele-
tion mice.41 This might point to the effect of calcium entering through the L-type 
voltage-dependent calcium channels, leading to calcium-induced calcium release 
(CICR). However, a reduction in KCl-induced calcium in RyR1-/- PASMCs and in 
contraction in the RyR1 +/- PA rings was also reported in the absence of calcium in 
the perfusing solution. This observation suggests that membrane depolarization can 
lead to release of calcium from the ryanodine receptor even in the absence of cal-
cium entry. Such a mechanism has been demonstrated.

8  Depolarization and Calcium Release

In addition to CICR, there is another sequence (described in basilar artery SMCs) 
in which the L-type calcium channels sense membrane depolarization and acti-
vate G proteins and the phospholipase C-InsP

3
 pathway.43 Subsequently, InsP

3
-

induced release of calcium leads to further release from the ryanodine-sensitive 
compartment of the SR. This occurs without influx of calcium through the L-type 
channel, for instance, in the absence of external calcium. However, the calcium 
release induced by calcium channel activation can be blocked by diltiazem or 
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D600. This phenomenon has been observed in PASMCs44 and might explain the 
many references mentioned here that described the efficacy of calcium channel 
blockers in inhibiting HPV. If the blockers prevent activation of the L-type chan-
nels, they may not only inhibit calcium entry through these channels but also 
reduce the release of calcium from the SR that is initiated by the activation but 
unrelated to the calcium influx. Interestingly, in coronary artery SMCs, hypoxia 
inhibits the calcium release initiated by L-type calcium channel activation.45 This 
mechanism may help us to understand the interaction of depolarization induced by 
K+ channel inhibition and the increase in calcium observed in HPV as well as the 
action of calcium channel blockers.

Fig. 1.2 The hypoxic increase in cytosolic calcium in PASMCs (a) and contraction in pulmonary 
artery rings (b) is reduced in mice that have homozygous (RyR1-/-) or heterozygous (RyR1+/-) gene 
deletion of the ryanodine receptor 1. Reproduced with permission41
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9  TRPCs and HPV

How could the signal of calcium depletion in the SR be translated into calcium 
entry? SOC may be heterotetrameric assemblies of canonical transient receptor 
potential (TRPC) proteins. Many TRPC isoforms have been identified in the PA 
smooth muscle. By both mRNA and protein measurements, the expression of 
TRPC1, TRPC4, and TRPC6 is greater in distal resistance PAs than in more proxi-
mal conduit arteries.46 This corresponds with evidence for greater calcium entry 
through the SOC, stimulated by hypoxia, in PASMCs from resistance arteries. 
Stromal interacting molecule 1 (STIM1) plays a role in translating the signal of 
calcium depletion in the SR so that calcium entry through the SOC is increased. 
Interestingly, the expression of STIM1 is also greater in the resistance PAs.46

Additional evidence for the involvement of TRPC-related channels comes from 
the study of mice lacking TRPC6. The isolated lungs of wild-type mice had an 
acute pressor response to hypoxia of 1.2 mmHg. This relatively small degree of 
HPV was absent in the TRPC6-/- mice, although the vasoconstrictor response to 
U46619 was the same in both groups.47 HPV occurring later, after 60 min of con-
tinued hypoxia, was also the same in both groups. The increase in calcium stimu-
lated by hypoxia, after “priming” with endothelin 1 or AII, seen in the PASMCs of 
the wild-type mice, was not present in TRPC6-/- PASMCs. Thus, SOCs/TRPCs are 
likely to be important in the CCE component of HPV. The authors of this paper also 
reported that nicardipine almost completely inhibited acute HPV in the isolated 
lungs and the calcium influx caused by hypoxia in the wild-type PASMCs.47 They 
speculated that Na+ influx through the TRPC6 leads to membrane depolarization 
and activation of voltage-gated calcium channels.

10  Normoxic Contraction of the Ductus Arteriosus

The mechanisms relating normoxic contraction of the DA to ion channels and 
calcium flux are a mirror image of those discussed in HPV and may help to provide 
insight into the signaling of changes in oxygen tension. Instead of acute hypoxia 
that inhibits K+ channels in PASMCs, it is the transition from hypoxia to nor-
moxia that inhibits K+ channels in ductus arteriosus smooth muscle cells 
(DASMCs).48 Normoxia causes the same depolarization in DASMCs as the K

v
 

channel blocker 4-aminopyridine (4-AP) (1 mM). As 4-AP also causes PA depolar-
ization and contraction, the difference in oxygen sensing must be proximal to the 
channel protein. Normoxic contraction of the DA can be markedly reduced by 
nisoldipine (0.5 mM), indicating an important role for the L-type calcium channel.48 
As described in the PA, calcium entry through the L-type channel occurs not only 
because of membrane depolarization but also because the change in oxygen tension 
(in the case of DASMCs, the shift to normoxia) increases the influx of calcium at 
any given membrane potential.49 This mechanism only appears in DASMCs near to 
term and thus may prevent premature contraction of the DA.
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11  Store-Operated Channels and Normoxic  
Contraction of the DA

Nifedipine (1 mM) is sufficient to completely inhibit the contraction of a DA ring 
caused by KCl (80 mM). However, approximately half of the normoxic contraction 
remains after nifedipine addition, suggesting that an alternative mechanism exists.50 
Much of the normoxic contraction can be blocked by the SOC inhibitors 2-APB 
(2-Aminoethyl Diphenylborinate) (30 mM) or SKF-96365 (10 mM), indicating a role 
for SOC. Similarly, in the presence of nifedipine, switching from 0 to 2 mM calcium 
in the bath solution causes a much stronger contraction of the DA ring in normoxia 
than in hypoxia (Fig. 1.3). These observations and the identification of TRPC1 and 
TRPC4 protein in the DA make it likely that SOCs play a significant part in the 
normoxic contraction of the DA.

Fig. 1.3 Ductus arteriosus ring tension traces. (a) In the presence of thapsigargin (TG) and nife-
dipine (NIF), normoxia causes only a small contraction with no calcium in the bath solution but 
significant contraction in the presence of 2 mM calcium. (b) Switching the bath calcium from 0 
to 2 mM causes greater contraction under normoxic than under hypoxic conditions. **p < 0.01 
versus hypoxia (n = 14). Reproduced with permission50
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12  Conclusion

Much of the work reviewed in this chapter illustrates an expanded role for the 
L-type calcium channel in the response to hypoxia in the PA or to normoxia in the 
DA. In addition to responding to membrane depolarization by increased calcium 
influx in the traditional manner, hypoxia in the PA or normoxia in the DA increases 
calcium influx at any given membrane potential. Depolarization may also stimulate 
the L-type channel to signal the release of calcium from the SR. Clearly, hypoxia 
in the PA and normoxia in the DA also increase calcium entry through SOCs and 
enhance calcium sensitivity. Our knowledge of the role of ion channels in HPV and 
in normoxic contraction of the ductus is increasing, but we still do not have a good 
understanding of why these vessels behave in an opposite manner to a decrease in 
oxygen tension, and this continues to be debated.51,52
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Abstract A number of tandem P-domain K+- channels (K
2
P) generate background 

K+-currents similar to those found in enteroreceptors that sense a diverse range of 
physiological stimuli including blood pH, carbon dioxide, oxygen, potassium and 
glucose. This review presents an overview of the properties of both cloned K

2
P 

tandem-P-domain K-channels and the endogenous chemosensitive background 
K-currents found in central chemoreceptors, peripheral chemoreceptors, the adrenal 
gland and the hypothalamus. Although the identity of many of these endogenous 
channels has yet to be confirmed they show striking similarities to a number of K

2
P 

channels especially those of the TASK subgroup. Moreover these channels seem 
often (albeit not exclusively) to be involved in pH and nutrient/metabolic sensing.

Keywords Tandem-P-domain K-channels • TASK channels • acid sensing • CO
2
 

sensing • oxygen sensing • glucose sensing • potassium sensing • central chemore-
ceptors • peripheral chemoreceptors

1  Chemosensing and Background/Leak K+ Channels

Many sensory modalities are mediated via electrical signalling pathways in which 
the presence of a stimulus is signalled by a change in resting membrane potential, 
a receptor potential, which leads to electrical activity, calcium signalling and neu-
rosecretion (or some other response). This receptor potential may be generated by 
the activation of a cation conductance or by the inhibition of a background or leak 
potassium conductance. The principle focus of this review is the role of background 
or leak potassium channels in chemosensing.
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The term leakage current/conductance was introduced by Hodgkin and Huxley to 
describe a voltage- and time-independent conductance pathway in squid axon.1 The 
properties and cause of this conductance were not investigated in any detail; indeed, 
the authors commented that “So many processes may contribute towards a leakage 
current that measurements of its properties is unlikely to give useful information 
about the nature of the charged particles on which it depends.” It was perhaps the 
view that leakage currents were somehow unspecific and unregulated, coupled with 
the experimental practice of deliberately subtracting leakage currents in most volt-
age clamp studies, that led to leak currents/channels remaining relatively unex-
plored for many years. This is somewhat surprising given that resting membrane 
potential and conductance determine cell excitability.

The importance and nature of these background/resting/leak conductances is, 
however, becoming increasingly better appreciated. First, specific channels, the 
two-pore-domain K+ channels, have been identified as prime candidates for mediat-
ing a potassium leak conductance; second, it is clear that these currents are not simply 
invariant determinants of a constant resting potential but are subject to modulation 
by a multitude of physical factors, signalling molecules and chemical stimuli. 
In this review, I first describe some of the properties of cloned two-pore-domain K+ 
(K

2P
) channels and then look at the role played by endogenous K

2P
-like potassium 

channels in chemosensing.

2  Two-Pore-Domain Potassium Channels

2.1  Structure

The four transmembrane domain (4-TM) K
2P

 channels are the most recently discovered 
potassium channel family. First identified in the Caenorhabditis elegans genome2 (in 
which they are particularly numerous3), there are now known to be 15 genes encoding 
K

2P
 channels in mammalians; the first discovered was TWIK (tandem of P-domains 

in a weakly inwardly rectifying K; KCNK1).4 The term two pore domain relates to 
the fact that each channel subunit contains two pore-forming domains. Pore domains 
line the inner vestibule of many cation channels to form the selectivity filter that 
determines which ions may pass through the channel. Other potassium channels (e.g., 
delayed rectifier, inward rectifier and Ca2+-activated K+ channels) have only one pore-
forming domain per subunit, with functional channels formed from a tetramer of 
subunits. In contrast, K

2P
 channels are thought to comprise of a dimer of subunits.5 

There are relatively few data on the propensity of K
2P

 channels to form heterodimers, 
but it has been reported for TASK (TWIK-related acid-sensitive K channel)-1 and 
TASK-3.6–8 Consequently, the number of different channels that could be formed 
from K

2P
 subunits could be greater than the number of subunits alone. Many of the 

K
2P

 channels also contain another structural feature that is not seen in other K+ channels. 
This is a large extracellular loop between the first transmembrane domain and the 
P-domain (pore domain) (the M1P1 loop). The function of this is largely unknown, 
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although it may play a role in channel assembly5 and has also been implicated in pH 
sensing and regulation of channel gating in TASK channels.9

2.2  Classification and Nomenclature

The first channels of this type to be identified were given simple acronyms such as 
TWIK (tandem of P-domains in a weakly inwardly rectifying K channel). This 
approach has been followed for almost all of the channels discovered, with the 
acronyms either reflecting some biophysical or pharmacological characteristic or 
sequence similarity to another known channel. The Human Genome Organisation 
(HGO) classification is KCNK followed by a number representing the chronological 
order in which channels were discovered. The International Union of Basic and 
Clinical Pharmacology (IUPHAR) adopted a similar convention naming the proteins 
formed from these genes K

2P
 followed by the same number as used in the HGO 

classification. Thus, TWIK-1 is also known as KCNK1 and K
2P

 1.1 (see Ref. 10). 
Whilst this nomenclature is unambiguous, it is not particularly memorable and does 
nothing to inform regarding the properties of any of these channels or their struc-
tural or phylogenetic relationship to each other. Through comparison of sequence 
homology, the K

2P
 channels can be divided into six broad groups that relate closely 

to the original acronyms given when they were first discovered,11–13 although those 
originally named TASK are now split into two groups. These groupings together 
with channel names are as follows:

1. TWIK channels, including
TWIK-1 (KCNK1, K

2P
1.1)

TWIK-2 (KCNK6, K
2P

6.1)
KCNK7 (KCNK7, KCNK8, K

2P
7.1)

2. TREK channels (TWIK-1 related K channel), including
TREK-1 (KCNK2, K

2P
2.1)

TREK-2 (KCNK10, K
2P

10.1)
TRAAK (TWIK related arachidonic acid stimulated K channel) (KCNK4, K

2P
4.1)

3. TASK channels, including
TASK-1 (KCNK3, K

2P
3.1, tBAK-1, OAT-1)

TASK-3 (KCNK9, K
2P

9.1)
TASK-5 (KCNK15, K

2P
15.1)

4. TALK channels, including
TASK-2 (KCNK5, K

2P
5.1)

TALK-1 (KCNK16, K
2P

16.1)
TALK-2 (KCNK17, K

2P
17.1, TASK-4)

5. THIK channels (Tandem pore domain halothane inhibited K channel), including
THIK-1 (KCNK13, K

2P
13.1)

THIK-2. (KCNK12, K
2P

12.1)
6. TRESK channel (TWIK-related spinal chord K channel) (only one)

TRESK-1 (KCNK18, K
2P

18.1, TRESK-2)
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2.3  Biophysical Characteristics

Of the 12 subunits that have shown functional activity in homologous expression 
systems, none shows particularly strong voltage sensitivity. Consequently, most of 
these channels are active over a wide range of potentials and would therefore be 
expected to contribute to the resting, background or leak K+ conductance of any cell 
in which they are expressed. In a physiological extracellular [K+], the current volt-
age relationship of TWIK currents is probably weakly inwardly rectifying (although 
TWIK-1 expresses only weakly and KCNK-7 not at all), whereas all other K

2P
 

channels show weak outward rectification that closely resembles rectification of the 
Goldman Hodgkin Katz type. In a symmetrical K+ gradient, TASK-1, TASK-3, 
TASK-2, TRAAK, TREK-2, THIK-1, TALK-1, TALK-2 and TRESK all display 
either linear current voltage relationships or only show weak rectification. The only 
channel that seems to show significant voltage sensitivity is TREK-1.14,15

2.4  Regulation and Pharmacology of K
2P

 Channels

There are a number of distinctive regulatory and pharmacological profiles relating 
to some of the different groups of K

2P
 channels. Those outlined either suggest spe-

cific physiological or pharmacological roles for these channels or have proved to be 
of use in trying to identify endogenous K

2P
 channels.

2.4.1  Classical K+ Channel Inhibitors

The K
2P

 channels are all largely or wholly resistant to the effects of TEA and 
4-aminopyridine (4-AP). This feature, coupled with weak voltage sensitivity (see 
Section 2.3), is now a common means of categorising endogenous currents as back-
ground or leak channels likely to belong to the K

2P
 family. In contrast, quinidine 

inhibits most K
2P

 channels (with the possible exception of TRAAK).

2.4.2  Extracellular pH

Changes in extracellular pH have a significant influence over the activity of all 
channels in the TASK and TALK subgroups. Acidosis (relative to a normal pH

o
 of 

7.4) inhibits TASK-1 (pK = 7.2–7.3),16–18 TASK-3 (pK = 6.0–6.7),19–22 TALK-1 (pK 
= 7.2),23 and TASK-2 (pK = 7.8).24 Alkalosis (pH > 7.4) activates TASK-1,16–18 
TALK-1 & TALK-2 (TASK-4).25,26 In addition to the TASK and TALK channels, 
acidosis is reported to inhibit TWIK-127 and weakly inhibits TRESK28 and TWIK-
2.29 These channels may therefore play an important role in pH sensing in various 
regions of the body and thus contribute to whole-body pH homeostasis.
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2.4.3  Intracellular pH

An interesting feature of both TREK-1 and TREK-2 is that they are strongly acti-
vated by intracellular acidosis.30,31 In contrast, TRAAK is activated by intracellular 
alkalosis. Weak inhibition by intracellular acidosis has been reported for TRESK28 
and TWIK-2.32

2.4.4  Temperature

Although the activity of a great many channels is affected by temperature, TREK-1, 
TREK-2 and TRAAK have an extraordinarily strong temperature dependence 
(TREK-1 Q

10
 = 7; TREK-2 Q

10
 = 14).33,34 These channels would therefore be well 

suited to temperature (perhaps cold) sensing, although as yet no such role has been 
identified. Intriguingly, temperature sensitivity is lost from these channels on patch 
excision, which suggests that it must be dependent on some unknown intracellular 
signalling pathway.33

2.4.5  Polyunsaturated Fatty Acids and Lysophospholipids

Polyunsaturated fatty acids (PUFAs) are powerful activators of TREK-1, TREK-2 
and TRAAK, with a threshold for activation of around 100 nM and no evidence of 
saturation at higher concentrations.35–37 Extracellular lysophospholipids have a 
similar effect.38 The actions of PUFAs are relatively slow (minutes), are retained in 
excised patch and are thought to be mediated through changes in membrane struc-
ture (e.g., an increase in membrane curvature or crenation39). The effects of lyso-
phospholipids, however, require cell integrity and so are presumed to depend on an 
unknown intracellular signalling pathway.38 PUFAs also weakly activate THIK-1 
and TWIK-2,29,40 but neither has an effect on other K

2P
 channels or weakly inhibits 

them (TASK-3, TASK-1, TRESK).28,41

2.4.6  Membrane Stretch and Stress

TREK-1, TREK-2 and TRAAK are all stretch-activated channels.30,35,36,42–44 They 
are strongly activated by a decrease in pressure acting at the external side of the 
membrane both in the intact cell and in excised patches. This suggests that the 
effects of pressure may be linked to an increase in outward curvature of the mem-
brane. The effects of stretch in TREK-1 and TREK-2 are dependent on internal pH. 
Acidosis shifts the pressure activation curve to less-negative outside pressures until, 
at very low intracellular pH, the channel becomes constitutively active, and stretch 
sensitivity is lost.30 At the whole-cell level, these channels are likely to be activated 
by cell swelling or hypotonic solutions, so they have the capacity to play a role in 
cell volume regulation and perhaps as osmoreceptors.
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2.4.7  Gaseous General Anaesthetics

TREK-1 is strongly activated by a wide range of gaseous general anaesthetics, 
including halothane, isoflurane, chloroform, diethyl ether, cyclopropane, nitrous 
oxide and xenon.45,46 TREK-1 is therefore now thought to be a key target for these 
agents in inducing anaesthesia.47–49 Comparable data are not yet available for 
TREK-2, but it is similarly activated by halothane, isoflurane and chloroform.43 In 
addition to the TREK channels, a number of other K

2P
 channels are activated by 

some general anaesthetics but not all. TASK-3, for example, is activated by halot-
hane, halogenated ethers and chloroform but not by nitrous oxide, cyclopropane or 
xenon.45,46 TASK-1 can also be activated by halothane and halogenated ethers but is 
resistant, or may be inhibited, by chloroform and diethyl ether.45,50,51 Halothane and 
halogenated ethers also activate TRESK.52 In contrast, TALK-1, TALK-2 and 
THIK-1 are all weakly inhibited by halothane.26,40

2.4.8  Other Pharmacology

TASK-1 and TASK-3 differ slightly in their pH sensitivity and in their single-
channel conductance but are otherwise difficult to distinguish. TASK-1 is, however, 
directly inhibited by anandamide53, whereas TASK-3 is inhibited by external 
Mg2+,19 Zn2+ and ruthenium red.54,55 Hydroxy-a-sanshool, the active ingredient of 
Szechwan pepper, has also been reported to be a selective inhibitor of TASK-1, 
TASK-3 and TRESK. It has greatest affinity for TASK-1 > TRESK >> TASK-3.56 
TRESK is also strongly inhibited by low concentrations (3 mM) of Hg3+.57

2.5  Identifying Endogenous Channels

Many of the pharmacological properties described, together with single-channel 
biophysics, may be used to help identify endogenous K

2P
 channel activity, but 

care needs to be exercised. Not all of the regulatory features described have been 
tested on all K

2P
 channels or indeed members of other K+ channel families that 

can generate leak-like K+ conductance. It is also a strong possibility that properties 
of endogenous K

2P
 channels may well be different from those of heterologously 

expressed channels. First, the extent to which these channels can form heterodimers 
or associate with other protein subunits is unknown. Second, three members of 
this family have never been seen to form functional channels in heterologous 
expressions systems (KCNK7, TASK5 and THIK2). As will be discussed, there are 
currently a number of endogenous K

2P
-like channels that cannot as yet be definitively 

ascribed to any specific K
2P

 channel, although they display many of the hallmarks 
of these channels.
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3  Endogenous Background Potassium Channels  
and Their Role in Chemoreception

3.1  Central Chemoreceptors and Acid or CO
2
 Sensing

Breathing is powerfully regulated by both peripheral and central chemoreceptors 
that monitor blood pH, pCO

2
 and oxygen levels. The ventilatory response to 

even a small change in CO
2
 levels is particularly marked. A large part, about 

60–70%, of the steady-state ventilatory response to CO
2
 derives from the central 

chemoreceptors.58,59 It is still not altogether certain whether the central chemore-
ceptors detect CO

2
 directly or, more likely, respond to a consequential change in 

brain extracellular fluid pH or neuronal intracellular pH. To some extent, this 
reflects not only the difficulty in experimentally discriminating between these 
two potential stimuli in intact brain stem preparations but also uncertainties over 
the precise locations and identities of the chemosensitive neurons themselves. 
A number of sites have been found within the brain stem at which there appears 
to be CO

2
- or pH-sensitive neuronal activity and at which focal acidification 

evokes a ventilatory response. These include locations in and around the ventral 
surface of the medulla, including the medullary raphe, the retrotrapezoid nucleus 
(RTN) and the ventral respiratory group as well as dorsal locations in the nucleus 
tractus solitarii (NTS) and locus coeruleus (LC).60 Discussion of the relative 
importance of these various sites is beyond the scope of this review, but there 
seems to be growing evidence that the retrotrapezoid nucleus plays a particularly 
prominent role.61

The effects of CO
2
 or acidosis on neurons within some of these regions can be 

either depolarizing/excitatory or hyperpolarizing/inhibitory. There is generally little 
information on how acidosis inhibits electrical activity in brain stem neurons, but 
inhibition of I

H
 (hyperpolarisation-activated channels) has been implicated in 

some.62 In the case of acid-excited neurons, however, there seems to be growing 
evidence for the widespread involvement of background potassium channels.

The first example to be described was in the LC, which expresses high levels of 
TASK-1.63 Increasing CO

2
 causes membrane depolarization and increased dis-

charge frequency in LC neurons.64 In contrast, halothane hyperpolarizes and inhibits 
electrical activity. The effects of both acidosis and halothane were mediated by the 
same background potassium current, with halothane activating this current and 
acidosis inhibiting it.63,65 Inhibition by acidosis and activation by halothane are 
characteristic properties of TASK channels.

In the medullary raphe, serotonergic neurons are also excited by acidosis.66 
These neurons express both TASK-1 and TASK-3 at the messenger RNA (mRNA) 
level and display a pH- and halothane-sensitive background K+ conductance.67 
Genetic ablation of either TASK-1 or TASK-3 results in a marked decrease in the 
pH sensitivity of serotonergic raphe neurons, confirming the role of TASK channels 
in acid sensing in these cells.68
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In CO
2
-stimulated glutamatergic neurons of the RTN, there is again evidence for 

the presence of an acid-sensitive background/leak potassium conductance.69 This 
current, however, is unaffected by halothane, and the pH sensitivity of RTN neurons 
is retained in TASK-1/TASK-3 double-knockout mice.68 The identity of the pH-
sensitive background K+ current in RTN neurons is at present unknown, but there 
are clearly other K

2P
 candidates besides TASK1 and TASK-3, for example, TALK-1 

and TASK-2, which are pH sensitive and halothane resistant.

3.2  Peripheral Chemoreceptors: Acid and Oxygen Sensing

Peripheral chemoreceptors play a vital role in initiating a number of protective 
responses to hypoxemia, including an increase in ventilation and modulation of 
regional blood flow, cardiac output and catecholamine secretion. The principal arterial 
chemoreceptor is the carotid body, which is comprised of primary receptive cells, 
type 1 cells, which synapse with afferent neurons that project to the brain stem. 
Type 1 cells respond within seconds to both hypoxia and acidosis with a depolaris-
ing receptor potential.70–72 This depolarisation then initiates a sequence of events, 
including electrical activity, voltage-gated calcium entry70,71,73 and neurosecre-
tion74,75, which culminates in excitation of afferent nerve endings.

The receptor potential generated in response to both hypoxic and acidic stimuli 
results primarily from the inhibition of a background potassium conduc-
tance.71,76,77 This current is resistant to the classical K+ channel inhibitors TEA and 
4-AP76 but can be weakly inhibited by millimolar levels of barium, by quinidine and 
by the local anaesthetic bupivacaine.77 It is also strongly activated by the general 
anaesthetic halothane77, which may explain the well-known ability of this class of 
general anaesthetics to suppress ventilatory responses to hypoxia.78–81 It is weakly 
outwardly rectifying in normal physiological saline76, but in a symmetrical K+ 
gradient the current voltage relationship is linear.77

The channels responsible for this current have a relatively low conductance 
(approximately 16 pS), are highly potassium selective and are active over a wide 
range of membrane potentials.77,82 The biophysical and pharmacological properties 
of these background K+ channels are similar to those of TASK channels but do not 
conform precisely to either TASK-1 or TASK-3.77,82 Preliminary studies utilising in 
situ hybridisation, reverse-transcription polymerase chain reaction (RT-PCR) or 
immunohistochemistry indicated that a number of closely related tandem-p-domain 
K+ channel subunits are expressed in the carotid body or type 1 cell, including 
TASK-1, TASK-2, TASK-3, TASK-5, TREK-1, TREK-2 and TRAAK.77,83–85

An interesting feature of the carotid body is that it is strongly excited by all 
inhibitors of oxidative phosphorylation, including uncouplers, electron transport 
inhibitors and inhibitors of adenosine triphosphate (ATP) synthase.86–94 These same 
agents also inhibit background K+ channel activity in type 1 cells. The mechanism of 
excitation by mitochondrial inhibitors is thus identical to that of other chemostimuli; 
that is, inhibition of background K+ channel activity causes membrane depolarisation, 
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voltage-gated calcium entry95,96 and neurosecretion.94 Although the nature of the link 
between metabolism and channel activity has not yet been definitively established, 
studies have identified two candidate pathways. The first is direct regulation by 
cytosolic MgATP, which strongly activates channels in the excised patch with a K

½
 

of 2.3 mM.97 The second possibility is that channel activity may be regulated by the 
energy sensor adenosine monophosphate (AMP)-kinase.98

There are many hypotheses regarding how oxygen is sensed within arterial 
chemoreceptors.99 One of the oldest and most enduring is that oxygen sensing is 
linked to mitochondrial function.87 Since background K+ channel activity is strongly 
dependent on oxidative phosphorylation, oxygen sensing via this mechanism is 
clearly possible. Moreover, evidence suggests that it may be the main mechanism 
by which oxygen levels influence background K+ channel activity. Blockade of 
oxidative phosphorylation does not fully inhibit background K+ channel activity but 
does occlude further effects of hypoxia on residual channel activity.77,95,96 Thus, oxygen 
sensitivity is dependent on metabolism.

3.3  Adrenal Gland: Potassium Sensing

The zona glomerulosa cells of the adrenal cortex synthesise and secrete the miner-
alocorticoid aldosterone. Aldosterone is a major regulator of salt and extracellular 
fluid balance. It primarily acts on the distal tubule of the kidney to enhance Na+ 
reabsorption and K+ secretion. The secretion of aldosterone is influenced by a number 
of factors, the most important of which are probably plasma K+, angiotensin II and 
adrenocorticotropic hormone (ACTH). Angiotensin II appears to work through two 
mechanisms; first, AT1 receptor-coupled mobilization of Ca2+ from intracellular 
stores causes an immediate increase in aldosterone release, which is then followed 
by a more sustained release mediated via membrane depolarization and Ca2+ entry 
through voltage-gated Ca2+ channels. High plasma potassium also evokes sustained 
aldosterone release through membrane depolarization and Ca2+ influx through 
T-type or L-type calcium channels.100,101

Zona glomerulosa cells have a prominent leak potassium current that maintains 
the negative resting membrane potential of the cells.102 This current is inhibited by 
angiotensin II to lead to membrane depolarization and voltage-gated Ca2+ entry. The 
high resting membrane conductance to potassium ions generated by these channels 
also sets resting membrane potential close to the potassium equilibrium potential 
such that small changes in extracellular potassium have marked effects on mem-
brane potential. This, in combination with the presence of T-type Ca2+ channels 
that may be activated at relatively negative membrane potentials, probably forms the 
molecular basis for extracellular (plasma) potassium sensing in these cells.103 The 
biophysical and pharmacological properties of the background potassium channels 
in zona glomerulosa cells are similar to those of cloned TASK channels, especially 
TASK-3.104 Both TASK-1 and TASK-3 channels are known to be expressed in 
glomerulosa cells (at the mRNA level).105,106 TASK-1 knockout in mice has been 
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shown to lead to marked disruption of mineralocorticoid homeostasis with hyperal-
dosteronism independent of salt intake.107 Similar studies using a double knockout 
of TASK-1 and TASK-3 resulted in depolarization of the resting membrane potential 
and loss of acid- and halothane-sensitive background K+ currents in zona glomeru-
losa cells and a marked primary hyperaldosteronism phenotype.108

Although there is compelling evidence for the involvement of TASK channels in 
potassium sensing in zona glomerulosa cells of rodents, this may not be the case for 
all species. In bovine zona glomerulosa cells (and zona fasiculata cells), the predomi-
nant background potassium conductance is mediated by a TREK-like potassium 
channel.109,110 In addition to regulation by angiotensin II, this channel is activated by 
PUFAs111 and is dependent on intracellular ATP,109 although the significance of these 
potential regulatory features is as yet unclear. The relative importance of TASK versus 
TREK channels in human zona glomerulosa cells is unknown.

3.4  Hypothalamus: Glucose Sensing

Orexinergic neurons of the lateral hypothalamus promote wakefulness and may also 
be involved in regulating appetite and metabolism. These neurons are exquisitely 
sensitive to glucose concentration. Unlike the classical glucose sensor the pancreatic 
beta cell, the activity of orexinergic neurons is suppressed by glucose. The mechanism 
by which glucose inhibits electrical activity in some neurons has long been a mystery. 
Studies utilising electrophysiological studies in green fluorescent protein (GFP)-
expressing orexinergic neurons of mice has identified a key role for background 
potassium channels. In these neurons, 4.5 mM glucose was found to strongly acti-
vate a potassium current with only weak rectification, resulting in membrane 
hyperpolarisation and cessation of spontaneous electrical activity.112 Even relatively 
small, physiological changes in extracellular glucose concentration (from 1 to 2.5 
mM) were sufficient to cause significant changes in neuronal firing. The same 
background K+ current was also inhibited by acidosis and activated by halothane, 
characteristics of a TASK-like channel. The combination of a relatively high single-
channel conductance (40 pS) and resistance to ruthenium red do not, however, 
permit these endogenous channels to be ascribed to either TASK-1 or TASK-3, 
although the presence of TASK-3 protein in these cells led the authors to speculate 
that the endogenous channels may contain TASK-3 subunits.112 Modulation of 
background K+ current in these neurons appears to be selectively dependent on 
extracellular, not intracellular, glucose.112 Moreover, studies indicated that it is 
independent of glucose metabolism and can be mimicked by the glucose analog 
2-deoxyglucose.113 These observations suggest that glucose may regulate channel 
activity via an unknown membrane receptor.

The discovery that these neurons are also sensitive to small changes in pH, a property 
conferred by the TASK-like background potassium current,114 is also consistent 
with a role in the vigilance state-dependent control of ventilation. It has long been 
known that the regulation of ventilation differs quite markedly between sleep and 



25Two-Pore Domain K+ Channels and Their Role in Chemoreception

awake states. Orexin-deficient mice are reported to have a reduced ventilatory response 
to hypercapnia in the awake state but not during sleep.115 These mice also suffer from 
more frequent sleep apnoea. The ability of orexinergic neurons to detect changes in 
PCO

2
 or pH may therefore provide an additional mechanism for promoting ventilatory 

responses to hypercapnia whilst awake and opposing apnoea during sleep.

4  Summary

In summary, K
2P

-like background K+ channels play an important role in a number 
of internal chemoreceptors involved in homeostatic regulation. In some instances, the 
channels responsible have been identified through the use of genetic knockout strat-
egies; in others, the molecular identity of the channel concerned remains to be confirmed. 
A pattern seems to be emerging, however, in that a number of these channels are 
involved in pH sensing and in nutrient or metabolic sensing.

In this review, I adopted a rather strict definition for chemosensing in which the 
sensor signals to, and thus controls, a homeostatic process. There are numerous other 
examples of K

2P
-like potassium channels playing a role in regulating tissue function 

in response to some stimulus or environmental challenge. For example, TASK-1 has 
been implicated in oxygen sensing and hypoxic pulmonary vasoconstriction116; 
TASK-2 is activated by, and is important in sustaining, renal bicarbonate reabsorb-
tion117; and activation of TREK by intracellular acidosis and PUFAs is thought to be 
important in ischemic neuroprotection.38,48,49 Moreover, I have not even touched on 
the role of K

2P
 channels and endogenous leak or background K+ channels as targets 

for the neuromodulation of cell excitability. Although these are also important areas 
of research, reviewing them would require another full chapter.

It seems likely that our appreciation of the importance of the K
2P

 family of chan-
nels and of background K+ currents in general (whether mediated by K

2P
 channels 

or not) is now set to grow at an increasing pace. This is due not only to the avail-
ability of knockout mice with which to investigate the physiological roles of K

2P
 

channels, but also from the long overdue realisation that although seemingly small 
and dull, leak currents are every bit as important as their larger voltage-activated 
cousins in controlling cell activity.
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Abstract Ca2+-activated Cl– channels (Cl
Ca

) represent an important excitatory 
mechanism in vascular smooth muscle cells. Active accumulation of Cl– by several 
classes of anion transporters results in an equilibrium potential for this ion about 
30 mV more positive than the resting potential. Stimulation of Cl

Ca
 channels leads 

to membrane depolarization, which enhances Ca2+ entry through voltage-gated Ca2+ 
channels and leads to vasoconstriction. Cl

Ca
 channels can be activated by distinct 

sources of Ca2+ that include (1) mobilization from intracellular Ca2+ stores (ryano-
dine or inositol 1,4,5-trisphosphate [InsP

3
]) and (2) Ca2+ entry through voltage-gated 

Ca2+ channels or reverse-mode Na+/Ca2+ exchange. The present study was under-
taken to determine whether Ca2+ influx triggered by store depletion (store-operated 
calcium entry, SOCE) activates Cl

Ca
 channels in rabbit pulmonary artery (PA) 

smooth muscle. Classical store depletion protocols involving block of sarcoplasmic 
reticular Ca2+ reuptake with thapsigargin (TG; 1 mM) or cyclopiazonic acid (CPA; 
30 mM) led to a consistent nifedipine-insensitive contraction of intact PA rings and 
rise in intracellular Ca2+ concentration in single PA myocytes that required the pres-
ence of extracellular Ca2+. In patch clamp experiments, TG or CPA activated a time-
independent nonselective cation current (I

SOC
) that (1) reversed between –10 and 0 

mV; (2) displayed the typical “N”-shaped current–voltage relationship; and (3) was 
sensitive to the (I

SOC
) blocker by SKF-96365 (50 mM). In double-pulse protocol 

experiments, the amplitude of I
SOC

 was varied by altering membrane potential dur-
ing an initial step that was followed by a second constant step to +90 mV to reg-
ister Ca2+-activated Cl– current, I

Cl(Ca)
. The niflumic acid-sensitive time-dependent 
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I
Cl(Ca)

 at +90 mV increased in proportion to the magnitude of the preceding hyper-
polarizing step, an effect attributed to graded membrane potential-dependent Ca2+ 
entry through I

SOC
 and confirmed in dual patch clamp and Fluo-5 experiments 

to record membrane current and free intracellular Ca2+ concentration simultane-
ously. Reverse-transcription polymerase chain reaction (RT-PCR) experiments 
confirmed the expression of several molecular determinants of SOCE, including 
transient receptor potential canonical (TRPC) 1, TRPC4, and TRPC6; stromal 
interacting molecule (STIM) 1 and 2; and Orai1 and 2, as well as the novel and 
probable molecular candidates thought to encode for Cl

Ca
 channels transmem-

brane protein 16A (TMEM16A) Anoctamin 1 (ANO1) and B (ANO2). Our 
preliminary investigation provides new evidence for a Ca2+ entry pathway con-
sistent with store-operated Ca2+ entry signaling that can activate Ca2+-activated 
Cl– channels in rabbit PA myocytes. We hypothesize that this mechanism may be 
important in the regulation of membrane potential, Ca2+ influx, and tone in these 
cells under physiological and pathophysiological conditions.

Keywords Calcium-activated chloride channels • store-operated calcium entry 
(SOCE) • capacitative calcium entry (CCE) • vascular smooth muscle cells pul-
monary arterial tone • contraction • intracellular calcium concentration • whole-
cell patch clamp technique • TMEM16a • STIM1 • Orai • TRPC

1  Introduction

In many nonexcitable and excitable cell types, depletion of endoplasmic reticulum 
(ER) Ca2+ stores triggers the opening of channels in the plasma membrane that 
enable store replenishment. Physiologically, this process is activated by an agonist 
binding to a surface receptor, generally a G protein-coupled receptor (e.g., G

q
) that 

triggers the synthesis of the second messenger diacylglycerol (DAG) and inositol 
1,4,5-trisphosphate (IP

3
) originating from the breakdown of the membrane phos-

pholipid phosphatidylinositol. Whereas DAG serves as an activator of protein 
kinase C, an important signaling kinase, IP

3
 binds to a Ca2+ channel receptor in the 

ER (InsP
3
 or InsP

3
R) that promotes Ca2+ mobilization, yielding a cellular response 

(e.g., contraction, secretion of a hormone or neurotransmitter, etc.).1 The plasma 
membrane Ca2+ influx pathway stimulated by IP

3
-mediated emptying of the Ca2+ 

stores or capacitative calcium entry (CCE), was originally proposed by Putney2 and 
is now routinely referred to as store-operated calcium entry (SOCE). SOCE has 
been reported in a number of vascular smooth muscle cells, including pulmonary 
artery (PA) myocytes.3–6

The nature of the ionic conductance at the plasma membrane and mechanism by 
which SOCE mediates its activation is far from being understood but has received a 
lot of attention in light of the discovery of new molecular candidates participating  
in this pathway. Patch clamp studies revealed two different types of ionic current 
behaviors evoked by SOCE in different cell types: (1) a current mediated by a Ca2+ 
release-activated channel called I

CRAC
 (or CRAC) displaying high selectivity for Ca2+ 
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was first described in T lymphocytes and the commonly used Jurkat cell model7; (2) 
a nonselective cation channel (NSCC) current.4,8,9 I

CRAC
 was the first SOCE-induced 

ionic current described. The underlying Ca2+-selective channel displays strong inward 
rectification and a single-channel conductance that is below the resolution of the 
patch clamp technique and could only be indirectly inferred from fluctuation analysis 
of stationary and nonstationary analysis of I

CRAC
. The NSCC current (I

NSCC
) elicited 

by store depletion exhibits variable rectifying properties and a reversal potential lying 
between ~ –10 and +10 mV. The channels are mostly permeable to monovalent cat-
ions such as Na+ and K+ but exhibit significant permeability to Ca2+. The single-
channel conductance is also higher than that of CRAC channels. Relatively recent 
reports have provided evidence that homo- or heterotetrameric channels formed by 
one or several members of the canonical transient receptor potential (TRPC) family 
of genes may be an integral part of the pore-forming subunit of the NSCC activated 
by store depletion (TRPC1, TRPC4, TRPC5, and in some cases TRPC6).9 Wide 
genomic screening techniques identified two new gene families, Orai and the stromal 
interacting molecule (STIM), which were suggested to form the molecular basis of 
I

CRAC
.10 Studies have shown that Orai proteins (Orai1–3) are transmembrane proteins 

found in a wide variety of cell types11, and it has been suggested that Orai1 may be 
the pore-forming subunit of the I

CRAC
 channel.12 In addition, overexpression studies 

also indicated that Orai2 is likely involved in the formation of I
CRAC

 channels as it also 
produces augmented currents but with lower efficacy than Orai1.13 It seems doubtful 
that Orai3 is at all responsible for this current.13 STIM1 and STIM2 are transmem-
brane proteins located in the ER and plasma membrane and speculated to act as the 
sensor for ER Ca2+ depletion, although the exact role of STIM2 in SOCE will require 
further investigation. Following store depletion, STIM1 would somehow aggregate 
near the plasma membrane and trigger the opening of Orai1 via a protein–protein 
interaction.14 Evidence has also linked the activation of TRPC1 (and thus I

NSCC
) to 

STIM1 through a dynamic trafficking process involving lipid rafts.15 It has also been 
suggested that Orai1, TRPC1, and STIM1 may form a structural and dynamic trio of 
proteins allowing for a flexible array of SOCE patterns in the same cell.16–18

Since 2001, our group has focused on the elucidation of the biophysical proper-
ties, pharmacology, regulation, and functional significance of Ca2+– activated Cl– 
channels (Cl

Ca
) in arterial and venous smooth muscle cells. These channels are 

believed to be important in signal transduction because their activation causes 
membrane depolarization.19,20 This is due to an equilibrium potential for Cl– that is 
about 20–30 mV more positive than the resting membrane potential of vascular 
smooth muscle cells and is the product of active accumulation of Cl– by ion trans-
porters. These channels are activated by a rise in intracellular Ca2+ concentration 
above about 180 nM and are modulated by voltage. Cl

Ca
 channels can be activated 

by distinct sources of Ca2+, which include Ca2+ entry through voltage-gated 
Ca2+ channels or reverse-mode Na+/Ca2+ exchange, or from mobilization of intrac-
ellular Ca2+ stores that may occur spontaneously due to short-lived spontaneous 
Ca2+ release events from ryanodine receptors in the sarcoplasmic reticulum (SR) 
or Ca2+ sparks (so-called STICs, standing for spontaneous transient inward 
currents) or evoked by stimulation by an agonist leading to the production of IP

3
 

and subsequent Ca2+ release from the SR.
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The very low conductance Cl
Ca

 channel (~1–3 pS) displays strong outward 
rectification, especially at low to moderate levels of [Ca2+]

i
, and typical slow activa-

tion and deactivation kinetics at positive and negative potentials, respectively. The 
CLCA, Tweety, Bestrophin, and very recently the TMEM16A/B gene families have 
been proposed as molecular candidates encoding for Cl

Ca
 channels.21–23 The CLCA 

family is most likely not a bona fide ion channel and is now speculated to be a regu-
lator of Cl– conductance. Some members of the Tweety family encode for Ca2+-
activated Cl– channels, but their conductance is very high (>250 pS) and therefore 
does not fit the profile of the very-low-conductance Cl

Ca
 channel identified in native 

cells. Several members of the Bestrophin family of genes form Cl–-permeable small 
conductance channels that are activated by relatively high-affinity binding of Ca2+ 
(K

d
 » 250 nM); however the channels are voltage insensitive and lack time depen-

dence. Three independent groups presented evidence suggesting that expression of 
TMEM16A (and TMEM16B in one study) in various heterologous expression cell 
systems generates a membrane current that is consistent with native Ca2+-activated 
Cl– currents recorded in many secretory and retinal epithelia, smooth muscle, and 
sensory neurons.24–26 Common properties include (1) an identical anion permeability 
sequence (SCN– >> NO

3
– > I– > Br– > Cl– >> F– >> gluconate); (2) a voltage-sensi-

tive K
d
 for activation by intracellular Ca2+, (3) a low single-channel conductance 

(8.3 pS); and (4) time- and voltage-dependent macroscopic currents exhibiting 
outward rectification, slow activation on depolarization, and slow deactivation fol-
lowing repolarization.

Several groups of investigators have previously demonstrated the existence of 
SOCE in smooth muscle from PAs3,27 and may thus represent an additional Ca2+ 
entry pathway for activation of Cl

Ca
 channels. The purpose of the present study 

undertaken in rabbit PA smooth muscle cells was twofold: (1) to test the hypothesis 
that Ca2+ entry elicited by store depletion can stimulate Cl

Ca
 channels and (2) to 

carry out a preliminary investigation of the expression profile of molecular candi-
dates suspected to be involved in generating SOCE and Cl

Ca
 channels.

2  Materials and Methods

2.1  Isolation of Pulmonary Artery Myocytes

A similar method to that previously used by our group28,29 was used to isolate 
smooth muscle cells. In brief, cells were prepared from the main and secondary 
PA branches dissected from New Zealand white rabbits (2–3 kg) killed by anes-
thetic overdose in accordance with British and American guidelines for animal 
care. After dissection and removal of connective tissue, the PAs were cut into 
small strips and incubated overnight (~16 h) at 4°C in a low-Ca2+ physiological 
salt solution (PSS; see composition in Section 3.2.5) containing 10 mM CaCl

2
 and 

about 1 mg/mL papain, 0.15 mg/mL dithiothreitol, and 1 mg/mL bovine serum albumin. 
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The next morning, the tissue strips were rinsed three times in low-Ca2+ PSS and 
incubated in the same solution for 5 min at 37°C. Cells were released by gentle 
agitation with a wide-bore Pasteur pipet and then stored at 4°C until used (within 
10 h following dispersion).

2.2  Contractile Studies

The main branch of rabbit PA was dissected, placed in cold PSS, and cleaned of 
connective and adipose tissue. The artery was then denuded of endothelium by bub-
bling a gentle stream of O

2
 through the intact vessels and was then cut into rings of 

about 3–5 mm, which were immersed in well-oxygenated PSS (95% O
2
, 5% CO

2
) 

at 37°C and mounted for tension measurements in a 30-mL bathing chamber. One 
of the rings was fixed via tungsten triangular mounting wire to the bottom of the 
chamber; the other end was hung via a similar tungsten triangular wire connected 
to a Grass Technologies FT03 force transducer to measure isometric force. The 
output of the force transducer was connected to a WPI TBM 4 Transbridge ampli-
fier, and the amplified signal was recorded via a MP100 BIOPAC Systems analog-
to-digital converter controlled by Acknowledge Software (v. 3.5.3) running on a 
Windows Millennium-based Pentium II Dell personal computer (PC). Rings were 
allowed to equilibrate for 60 min in normal PSS at a resting tension of 0.5 g before 
being challenged with two exposures (20 and 5 min, respectively) to 85.4 mM KCl 
to verify their responsiveness.

2.3  Patch Clamp Electrophysiology and Experimental Protocols

The nystatin-perforated or standard whole-cell configuration of the patch clamp 
technique was used to record macroscopic currents from freshly isolated vascular 
smooth muscle cells. Perforated patch access was achieved through dialysis of 400 
mg nystatin per milliliter internal solution, which developed over the course of 10 
min following pipet-to-cell sealing as monitored from the acceleration of the 
capacitative current transients elicited by repetitive 5- to 10-mV steps (100 Hz) 
from a holding potential (HP) of –50 mV applied by the internal pulse generator of 
the patch clamp amplifier. Patch pipets were manufactured from borosilicate glass 
and then fire polished to produce pipets with resistances of about 2 MW when filled 
with the perforated patch internal solution described in Section 3.2.5. Bathing solu-
tions were gravity perfused from a 50-mL syringe barrel at an approximate flow 
rate of 1 mL/min, resulting in a complete bath exchange time of ~1 min.

All currents were monitored with an Axopatch 1D or Axopatch 200A patch 
clamp amplifier (Axon CNS, Molecular Devices) at room temperature (20–23°C). 
Output signals were filtered at 1 kHz by the patch clamp amplifier and sampled at 
10 kHz via a Digidata 1322A acquisition system and pCLAMP 9.0 software 
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(Axon CNS, Molecular Devices) run on a Pentium IV Dell PC under Windows XP. 
L-type Ca2+ currents were elicited by stepping membrane potential to +20 mV 
every 20 s from an HP of –70 mV. Store-operated cation and Ca2+-activated Cl– cur-
rents induced by the store-depleting agent thapsigargin (TG) or cyclopiazonic acid 
(CPA) were recorded from an HP of 0 mV that consisted of a double-pulse protocol 
by which membrane potential was initially stepped for 1–2 s from one or a series 
of steps ranging from –100 to +60 mV. This initial step was used to measure the 
nonselective cation current in isolation and to alter the driving force for Ca2+ entry. 
A second step lasting 1–5 s to +90 or +130 mV served to elicit time-dependent 
Ca2+-activated Cl – current I

Cl(Ca)
 and examine the impact of the preceding condition-

ing voltage step on the magnitude of I
Cl(Ca)

. In some experiments, the second step 
was followed by a repolarizing step (500 ms) to – 80 mV to record I

Cl(Ca)
 tail.

2.4  Intracellular Ca2+ Concentration Measurements

Free intracellular Ca2+ concentration was measured with the Ca2+ indicator Fluo-4 or 
Fluo-5F. For the experiments described in Fig. 3.1c, cells were preincubated with  
5 mM of the ester form of the indicator (Fluo-4 AM) for 45 min at room temperature. 
Experiments were initiated after at least 30 min of washout of the indicator to allow for 
complete intracellular deesterification of the dye. These experiments were carried out 
using an ×40 Fluor Nikon objective (numerical aperture [NA] = 1.3) housed on an 
inverted Nikon Diaphot 300 microscope. Fluo-4 or Fluo-5F was excited at 490 nm with 
a 75-W xenon arc lamp, and epifluorescent light from the entire cell (restrained by a 
mechanical diaphragm) was measured at 520 nm. Epifluorescent light collected through 
the lateral port of the microscope was transmitted to a highly sensitive Hamamatsu 
photomultiplier tube housed in the spectral separator of a Solamere Technology Group 
SFX-2 Ratiometric Fluorometer system. The emitted Fluo-4 or Fluo-5F fluorescence 
signal at 520 nm was expressed relative to basal fluorescence recorded in the presence 
of nifedipine (F/F

0
) and digitized via a Digidata 1322A acquisition system and 

pCLAMP 9.0 software (Axoscope or Clampex, Axon CNS, Molecular Devices) run on 
a Pentium IV Dell PC under Windows XP.

2.5  Solutions and Reagents

The composition of the normal PSS used in contractility experiments (Fig. 4.1a, b) 
was as follows (in mM): NaCl (120), KCl (4.2), NaHCO

3
 (25; pH 7.4 after equili-

bration with 95% O
2
/5% CO

2
 gas), KH

2
PO

4
 (1.2), MgCl

2
 (1.2), glucose (11), and 

CaCl
2
 (1.8). All rings were challenged with a high-KCl solution made by substitut-

ing 80 mM NaCl of the above solution with 80 mM KCl. Single PA smooth muscle 
cells were isolated by incubating PA tissue strips in the following low-Ca2+ (10 mM) 
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PSS (in mM): NaCl (120), KCl (4.2), NaHCO
3
 (25; pH 7.4 after equilibration with 

95% O
2
/5% CO

2
 gas), KH

2
PO

4
 (1.2), MgCl

2
 (1.2), glucose (11), taurine (25), ade-

nosine (0.01), and CaCl
2
 (0.01 or 0.05). In the Fluo-4 experiments described in  

Fig. 3.1 Store depletion elicits contraction and Ca2+ transient in rabbit pulmonary artery smooth 
muscle. (a) Isometric tension recording showing the effects of 30 mM cyclopiazonic acid (CPA) 
on a pulmonary arterial ring preincubated with 10 mM nifedipine to inhibit L-type Ca2+ channels 
and the effect of the BK

Ca
 channel agonist NS-1619 in the continued presence of CPA and nife-

dipine. Thick bars above trace indicate drug applications. All solutions contained 1.8 mM Ca2+. 
As indicated to the left of the trace, a 0.5-g resting tension was applied to the ring. Notice the 
transient and sustained contractions elicited by CPA and the enhancement of the CPA-induced 
sustained contraction by the hyperpolarization mediated by NS-1619. (b) Similar experiment to 
that shown in a except that store depletion was induced by 1 mM thapsigargin (TG). (c) Plot of the 
time course of changes of normalized Fluo-4 fluorescence (F/F

0
) in a freshly isolated pulmonary 

artery myocyte. The myocyte was preincubated for at least 10 min in Ca2+-free solution prior to 
the beginning of the trace. As indicated, 30 mM CPA evoked an initial Ca2+ transient consistent 
with Ca2+ leaking out of the sarcoplasmic reticulum due to blocking of Ca2+ reuptake. Readmitting 
extracellular Ca2+ ([Ca]

o
 = 1.8 mM) in the continued presence of CPA and nifedipine led to the 

development of a robust Ca2+ transient consistent with SOCE
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Fig. 3.1c, single myocytes were superfused at room temperature with modified PSS 
composed of the following (in mM): NaCl (130), NaHCO

3
 (10), KCl (4.2), KH

2
PO

4
 

(1.2), MgCl
2
 (0.5), CaCl

2
 (0 or 1.8), glucose (5.5), and HEPES–NaOH (10; pH 

7.35). The K+-free bathing solution used in all patch clamp experiments had the 
following composition (in mM): NaCl (126), HEPES–NaOH (10; pH 7.35), 
tetraethyl-ammonium chloride (TEA) (8.4), glucose (20), MgCl

2
 (1.2), and CaCl

2
 

(1.8). The pipet solution used in all perforated patch experiments had the following 
composition (in mM): Cs

2
SO

4
 (75), CsCl (55), HEPES–CsOH (10; pH 7.2), and 

MgCl
2
 (5). Patch perforation was facilitated using the pore-forming antibiotic nysta-

tin (400 mg/mL working concentration from a dimethyl sulfoxide (DMSO) stock 
solution of 60 mg/mL). For the dual patch clamp and fluorescence experiments 
(Fig. 3.4b), the pipet solution had the following composition (in mM): TEA (20), 
CsCl (106), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)–CsOH 
(10; pH 7.2), ethylene glycol tetraacetic acid (EGTA) (1), adenosine triphosphate 
(ATP).Mg (3), guanosine triphosphate (GTP).diNa (0.2), and K

5
-Fluo-5F (0.2). All 

enzymes, analytical-grade reagents, nifedipine, NS-1619, and niflumic acid (NFA) 
were purchased from Sigma-Aldrich. CPA and TG were purchased from Calbiochem; 
Fluo-4 AM and the pentapotassium salt of Fluo-5F were purchased from Molecular 
Probes. NFA, nifedipine, Fluo-4, CPA, TG, and NS-1619 were initially prepared as 
a stock solution in DMSO, and an appropriate aliquot was added to the external 
solution to reach the final desired concentration. The maximal concentration of DMSO 
never exceeded 0.1%, a concentration that had no effect on all parameters measured.

2.6  Reverse-Transcriptase Polymerase Chain Reaction 
Experiments

Total RNA was isolated from homogenates of whole rabbit PA, rabbit brain, and 
mouse brain using PureZol (Bio-Rad). Prior to preparing complementary DNA 
(cDNA), the RNA was treated with DNase I (Invitrogen) to prevent genomic DNA 
contamination. The cDNA was prepared using oligodeoxy thymidylic acid (oligo-dT) 
and dNTP (deoxynucleotide triphosphate) mixtures with Superscript II, with a nega-
tive reverse-transcriptase (RT) control prepared for each tissue sample (Invitrogen).

Rabbit sequences were available for TRPC1, 2, and 5, and primers were 
designed accordingly. For all the other genes (TRPC3, 4, 6, and 7; Orai1–3; STIM1 
and 2; and TMEM16 A and B), no rabbit sequences were available, so degenerate 
polymerase chain reaction (PCR) primers designed against an alignment of a com-
bination of the sequences available for mouse, rat, dog, cow, chimp, monkey, and 
human were generated. All primers were synthesized by Operon Biotechnologies. 
Amplification of the cDNA was performed using Gotaq (Promega), which had an 
amplification profile of an initial step to 95°C for 2 min to activate the Amplitaq 
polymerase, followed by 36 cycles of denaturation at 95°C for 30 s, annealing at  
T

a
 (°C) for 30 s, extension at 72°C for 30 s, followed by a final extension step of 

72°C for 5 min, where T
a
 is the optimal annealing temperature for each primer pair 
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(range 60–63°C). The amplified products (10 mL) were separated by electrophore-
sis on a 2% agarose/Tris (tris (hydroxy-methyl) amino-methane), acetic acid, eth-
ylenediaminetetraacetic acid (EDTA) gel, and the DNA bands were visualized by 
ethidium bromide staining. Both a negative RT control (described in the first para-
graph of this section) and a nontemplate control for the master mix of reagents 
made for each primer pair were also run on the gels to ensure that no contamination 
was present. Once DNA bands were observed at the expected size, the remainder 
of the PCR samples were sent for sequencing, and the sequences that were obtained 
were blasted against the NCBI (National Center for Biotechnology Information) 
database to confirm the identity of the products. From this, nested primers were 
designed for those sequences determined through the use of degenerate primers, 
and the PCR reaction was rerun as described.

2.7  Statistical Analysis

All data were pooled from n cells taken from at least two different animals. All data 
were first amalgamated in Excel and means exported to Origin 7.5 software for 
plotting and curve fitting. All graphs, contractility, fluorescence, and current traces 
were exported to CorelDraw 12 for final processing of the figures. Origin 7.5 soft-
ware was also used to determine the statistical significance between two groups 
using a paired Student t test. We considered P< 0.05 as statistically significant.

3  Results

3.1  Demonstration of Store-Operated Ca2+ Entry

We first determined whether SOCE could be detected in intact rabbit PAs exposed 
to blockers of the SERCA pump to deplete the SR Ca2+ stores. Figure 3.1a shows 
two typical experiments demonstrating that store depletion can elicit a contraction, 
and that altering membrane potential pharmacologically can modulate the contrac-
tile response. In these experiments, endothelium-denuded arteries were exposed to a 
physiological Ca2+ concentration in the bathing solution (1.8 mM) and to 10 mM 
nifedipine to block Ca2+ entry through voltage-gated L-type Ca2+ channels. In panel 
A, exposure of the preparation to 30 mM CPA, a specific and reversible blocker of 
SERCA, induced a rapid transient increase in force, which stabilized to an elevated 
and sustained level of contraction after about 8 min. Exposure of the preparation to 
an activator of large conductance Ca2+-activated K+ channels (BK

Ca
), NS-161930 in 

the continued presence of CPA and nifedipine more than doubled the magnitude of 
the contraction. In 15 rings from five animals, the initial transient and sustained 
contractions evoked by CPA were 53 ± 17 mg and 68 ± 36 mg, respectively; 
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NS-1619 enhanced the CPA-induced contraction in 12 of 15 rings by 20 ± 4 mg. In 
separate experiments, preincubating arterial rings to nominally Ca2+-free solution in 
the presence of nifedipine led to the disappearance of the initial transient contraction 
evoked by 30 mM CPA. However, readmitting Ca2+ in the bathing medium consis-
tently produced a sustained contraction of similar magnitude to the ones measured 
in the experiments described in panel a (data not shown). One possible explanation 
for such a difference is that Ca2+ omission combined with nifedipine may have 
already induced depletion of the stores prior to exposure to CPA. As shown in panel 
B, although the response was typically slower in onset, similar results were obtained 
with the other SERCA inhibitor TG. In six rings from two animals, 1 mM TG 
induced transient and sustained contractions of 130 ± 37 mg and 175 ± 35 mg, 
respectively. In three of the six rings onto which NS-1619 was tested, the BK

Ca
 chan-

nel activator elicited a potent additional contraction of 180 ± 20 mg.
We next tested whether SOCE can be observed in freshly isolated myocytes, 

which will be used in subsequent patch clamp experiments. Figure 3.1b illustrates 
the result of one of five typical experiments in which free intracellular Ca2+ concen-
tration was measured with the fluorescent Ca2+ indicator Fluo-4. The cell was pre-
incubated for more than 5 min in a Ca2+-free solution containing 10 mM nifedipine 
before the application of CPA. Application of CPA caused a transient increase in 
fluorescence (~ twofold), which slowly returned to baseline. Reintroducing Ca2+ in 
the presence of CPA led to a more than sixfold increase in fluorescence, which is 
consistent with SOCE. Taken together, the contraction and fluorescence data dem-
onstrate convincingly the existence of SOCE in rabbit PAs. The initial transient 
response to CPA or TG was consistent Ca2+ leakage in the cytoplasm following 
inhibition of Ca2+ reuptake in the SR, whereas the sustained response was the hall-
mark of SOCE. Further support to the latter comes from the demonstration of a 
contraction associated with hyperpolarization mediated by BK

Ca
 channels by 

NS-1619, which increases the driving force for Ca2+ entry.

3.2  SOCE Activates Ca2+-Activated Cl – Conductance

The possible activation of Cl
Ca

 by SOCE was investigated by using the perforated 
variant of the patch clamp technique. In these experiments, K+ was substituted with 
Cs+ in the pipet solution, and a K+-free extracellular solution containing TEA was 
used to inhibit K+ channels. Figure 3.2a shows ionic currents (top traces) evoked by 
the voltage clamp protocol shown at bottom. From an HP of –70 mV, a 250-ms step 

Fig. 3.2 (continued) for the nonselective cation current triggered by store depletion. (d) Graph 
showing I–Vs for peak current measured during step 2 (see b) as a function of voltage during step 
1. Both sets of data were fitted to a single exponential function. Although both followed a similar 
trend, the current recorded in the presence of TG was greatly enhanced by preconditioning hyper-
polarizing steps
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Fig. 3.2 Typical experiment demonstrating an interaction between a membrane current induced by 
store depletion and Ca2+-activated Cl– current in a rabbit pulmonary artery myocyte. All traces and 
graphs shown in a–d were derived from the same cell. (a) Superimposed membrane currents (top) 
elicited by the voltage clamp protocol shown at the bottom, which consisted of a 250-ms step to 
+20 mV from a holding potential of –70 mV, followed by a 250-ms return step to -80 mV. As indi-
cated, the “Control” trace consists of an initial fast transient inward L-type Ca2+ current [I

Ca(L)
] that 

reverses during inactivation to become an outward current composed of remaining I
Ca(L)

 and Ca2+-
activated Cl– current [I

Cl(Ca)
]. The slow tail current is predominantly composed of I

Cl(Ca)
 since deac-

tivation of I
Ca(L)

 is on the order of a few milliseconds. A 5-min application to 1 mM nifedipine (Nif) 
abolished both components. (b) Two families of membrane currents recorded in the presence of 1 
mM nifedipine, before (left) and after (right) exposure to 1 mM thapsigargin (TG) to deplete the 
stores. Each set of traces was generated by the double-pulse protocol shown below. The two steps 
were 1 s in duration. Notice that TG enhanced the magnitude of the time-independent current dur-
ing step 1 and led to the appearance of a time-dependent Ca2+-activated Cl- current during step 2 
(+90 mV) that grew with membrane hyperpolarization during the previous step. Symbols above 
traces correspond to where measurements were made and correspondingly plotted in c and d. 
(c) I–V relationships for the current measured at the end of step 1 (see b) in the absence (open 
squares) or presence (filled squares) of 1 mM TG. Both I–Vs reversed at –11 mV. Inset: Plot of the 
TG-sensitive I–V relationship obtained by subtraction of the data in the main graph. The line passing 
through the data points is a fourth-order polynomial fit. Notice the N-shaped relationship typical 
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to +20 mV elicited a rapid transient inward Ca2+ current that became outward after 
about 100 ms. Repolarization to – 80 mV resulted in the appearance of a slow  
deactivating tail current, which reflects time-dependent closure of the outward cur-
rent that developed during the preceding step. Figure 3.2a also shows that all time-
dependent currents were abolished following the application of 1 mM nifedipine. 
This experiment demonstrated the classical behavior in this and many other types 
of vascular smooth muscle cells (VSMCs) where Ca2+ influx associated with 
inward L-type current activates a slowly developing outward Ca2+-activated Cl– cur-
rent, I

Cl(Ca)
, during the step and inward I

Cl(Ca)
 tail current following repolarization 

caused by Ca2+ removal and voltage-dependent deactivation. Traces shown on the 
left in Figure 3.2b were from the same cell as Figure 3.2a and were generated with 
the double-pulse protocol displayed below the traces. The same protocol was 
applied in the same cell after a 5-min exposure to 1 mM TG in the presence of nife-
dipine (right traces) to induce SOCE. The closed and open symbols indicate where 
measurements were made to construct the corresponding current–voltage relation-
ships (I–V) shown in Figure 3.2c and d. TG activated an instantaneous time-inde-
pendent current during the first step, but more interestingly, it also triggered the 
appearance of a time-dependent outward current that is consistent with I

Cl(Ca)
 in this 

preparation. Figure 3.2c shows the I–Vs for the current obtained before (open 
squares) and after TG (filled squares). Both I–Vs reversed at –11 mV, supporting 
the idea that the basal conductance under these conditions is nonselective. The inset 
displays the TG-sensitive I–V calculated by subtraction. The TG-activated conduc-
tance displayed a typical “N”-shaped I–V, showing signs of inward and outward 
rectification as reported in many other studies examining the properties of store 
depletion-activated ionic currents in VSMCs. Figure 3.2d shows two I–Vs gener-
ated by plotting peak outward current during step 2 (+90 mV) as a function of 
voltage during step 1. The outward current declined exponentially in the presence 
of nifedipine alone from –100 to +60 mV, a process that was greatly accentuated by 
depleting the stores with TG.

Figure 3.3 shows a plot of the time course of changes of normalized peak out-
ward current during step 2 for a typical experi  ment carried out with CPA. 
Measurements from selected traces at the top labeled a, b, and c are correspond-
ingly indicated on the plot below. A hint of time-dependent outward and inward tail 
currents were apparent in the presence of nifedipine alone (trace a). Application of 
CPA caused an initial transient increase in outward current followed by a delayed 
robust enhancement of the current. Such behaviors remarkably resemble those of 
SOCE described in Fig. 3.1. The enhancement of current was so great in this par-
ticular cell that the fully stimulated outward current (trace b) was time independent, 
and only a slowly deactivating tail current could be detected following repolariza-
tion. In this and all other similar experiments with CPA, the voltage dependence of 
the outward current exhibited a similar profile to that seen with TG (Fig. 3.2d), that 
is, a steep decline associated with membrane depolarization. NFA (100 mM) 
potently inhibited the CPA-induced current to a level that was higher than that 
recorded in the absence of CPA and abolished the tail current (trace c). Even though 
the inward current during the step to –70 mV was also inhibited by NFA, we believe 
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Fig. 3.3 The Ca2+-activated Cl– channel blocker niflumic acid (NFA) blocks a large component of 
membrane current activated by store depletion. Sample experiment from a rabbit pulmonary artery 
smooth muscle cell showing the effects of NFA on membrane currents evoked by the voltage 
clamp protocol shown below the traces. The three traces at the top were recorded in the presence of 
1 mM nifedipine alone (trace a) after full stimulation following exposure to 30 mM cyclopiazonic 
acid (CPA; trace b) and following steady-state block by 100 mM NFA (trace c). The arrow pointing 

at trace b indicates the appearance of a slow deactivating Ca2+-activated Cl– tail current. Measurements 
of current amplitude at the end of the step to +90 mV from these three traces were normalized to that 
recorded in the presence of nifedipine alone and are labeled in the graph below which shows the 
full time course of this experiment
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that this reflected  inhibition of I
Cl(Ca)

 due to the very large basal activation of this 
current at the HP in this cell (0 mV). Indeed, significant deactivation of the current 
was evident at –70 mV in this cell (trace b). Analysis of the effects of NFA on the 
CPA-induced current at negative potentials revealed no significant differences 
between CPA and CPA plus NFA (e.g., at –50 mV, CPA 9.2 ± 3.0 pA/pF; CPA + 
NFA 8.8 ± 2.2 pA/pF; P > 0.05). These results suggest that NFA blocked I

Cl(Ca)
 but 

not the SOCE-induced nonselective cation current. Finally, SKF-96365 (50 mM), a 
widely used inhibitor of nonselective cation channels, suppressed the CPA-mediated 
time-independent current during the initial step (–100 to +60 mV), as well as time-
dependent I

Cl(Ca)
 during the second step to +90 mV (data not shown). In summary, 

our data provide evidence for a SKF-96365-sensitive SOCE pathway that allows for 
enhanced Ca2+ entry at negative potentials, which then serves as a trigger for activa-
tion of I

Cl(Ca)
.

3.3  Voltage Dependence of SOCE and Impact on I
Cl(Ca)

We next sought to gain a better understanding of the properties of the source of Ca2+ 
entry activated by store depletion. In our initial voltage clamp experiments, we 
often observed that outward I

Cl(Ca)
 reached a peak after a few hundred milliseconds 

and then slowly declined toward the end of the step. We hypothesized that activa-
tion and deactivation during the second step to +90 mV might be attributed to a 
complex pattern of voltage-dependent activation following the onset of the step and 
slow Ca2+ removal due to a decreased inwardly directed driving force for Ca2+ at 
positive potentials. This is better illustrated in the experiment shown in Fig. 3.4a. 
The voltage clamp protocol consisted of an initial 2-s step to –100 mV to increase 
Ca2+ entry following the application of CPA, followed by a 5-s step to +130 mV at 
which Ca2+ entry would be negligible. This panel clearly shows that after activation 
and stabilization for a few seconds, the current began to decrease progressively 
during the remainder of the step, in contrast with the maintenance of this current 
when intracellular Ca2+ is clamped with strong Ca2+ buffering with EGTA or 
1,2-bis(o-aminophenoxy)ethane-N,N,N′N,N′-tetraacetic acid (BAPTA). To test this 
hypothesis more directly, we performed dual whole-cell voltage clamp experiments 
in myocytes dialyzed with the Ca2+ indicator Fluo-5 to monitor free [Ca2+]

i
 simul-

taneously. Figure 3.4b shows the results of one of three similar experiments carried 
out in the presence of nifedipine and CPA. While a step to +60 mV had no effect 
on the Fluo-5F signal and current, hyperpolarizing steps ranging from –60 to –100 
mV led to voltage-dependent increases in [Ca2+]

i
 that were accompanied by time-

dependent increases in inward current, most likely I
Cl(Ca)

. Stepping to +90 mV 
caused an immediate exponential decline in [Ca2+]

i
. Again, progressively more 

negative voltage steps evoked progressively larger outward I
Cl(Ca)

, which eventually 
declined over the course of the step, albeit at a slower rate than the Fluo-5F signal. 
These experiments lend support to the notion that store depletion evokes a Ca2+ 
entry pathway that is steeply dependent on the transmembrane Ca2+ driving force 
and that can stimulate Cl

Ca
 channels.
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Fig. 3.4 Activation of Ca2+-activated Cl– conductance by store depletion depends on the trans-
membrane driving force for Ca2+. (a) Typical membrane current (top) evoked by the protocol 
depicted below from pulmonary artery smooth muscle cells exposed to 1 mM nifedipine and 30 
mM cyclopiazonic acid (CPA). The 2-s step to –100 mV was used to allow for Ca2+ entry through 
store-operated channels and was followed by a 5-s step to +130 mV (near the equilibrium potential 
for Ca2+) to record Ca2+-activated Cl- current when Ca2+ entry is minimized. Notice the decline of 
time-dependent I

Cl(Ca)
 (indicated by dashed lines) after activation and a temporary stabilization 

phase. (b) Dual-membrane current (top traces) and free intracellular Ca2+ concentration ([Ca2+]
i
; 

middle traces) recordings in a rabbit pulmonary artery myocyte dialyzed with 1 mM EGTA and 
200 mM Fluo-5 (K+ salt form) and exposed to 1 mM nifedipine and 30 mM cyclopiazonic acid (CPA). 
The currents and Ca2+ transients were elicited by the voltage clamp protocol displayed below. 
Similar to Fig. 3.2, membrane current recorded during the second step to +90 mV increased with 
the magnitude of the preceding hyperpolarization and was consistent with the progressively larger 
Ca2+ transients detected. In contrast, stepping to +90 mV led to the immediate onset of an expo-
nential decline in [Ca2+]

i
, which is consistent with store depletion triggering a Ca2+ entry pathway 

that is directly reliant on the Ca2+ driving force
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3.4  Molecular Candidates for the Store-Operated  
Calcium Entry Pathway

Research has confirmed the importance of Orai, TRPC, and STIM as molecular 
entities involved in SOCE. We performed RT-PCR on cDNA made from isolated 
rabbit brain, rabbit PA, and mouse brain RNA, and nontemplate controls were run 
to control for primer contamination. Figure 3.5 shows the ethidium bromide-stained 
gel image for the PCR products. Gene expression for Orai1 was present in all three 
tissues, while Orai2 was confirmed only in the two brain samples (mouse and rab-
bit) and Orai3 only in the mouse brain (Fig. 3.5a). It is possible that the lack of 
evidence of Orai3 in the amplified rabbit cDNA samples is a facet of primer design 
rather than conclusive evidence that Orai3 is absent in the rabbit tissues. STIM1 and 
STIM2 gene expression was observed in mouse and rabbit brain and rabbit PA 
amplified cDNA samples (Fig. 3.5b). Various TRPC isoforms were detected in the 
amplified cDNA samples. In mouse brain, the TRPC1, 3, 4, 6, and 7 isoforms were 
detected. The primers for TRPC2 were not degenerate but designed against the rab-
bit sequence, suggesting that TRPC2 is not necessarily absent in this tissue, but that 
the primers were not specific enough to the species. With the exception of TRPC5 
(not shown), all of the TRPC isoforms were detected in the rabbit brain (Fig. 3.5c). 
A similar pattern of expression was observed for the rabbit PA, although TRPC7 
was undetectable (Fig. 3.5c). These data confirm the presence of many of the com-
ponents necessary for a functional SOCE pathway to exist in the rabbit PA tissue.

3.5  Molecular Candidates for the Calcium-Activated  
Chloride Channel

We performed RT-PCR on cDNA made from isolated rabbit brain, rabbit PA, and 
mouse brain RNA, and nontemplate controls were run to control for primer contami-
nation. Figure 3.5d shows evidence for detectable transcripts of both TMEM16A 
and TMEM16B in all three tissues, supporting a possible role for the TMEM16 
 family in the construction of the pore-forming subunit of Cl

Ca
 channels in the PA.

Fig. 3.5 (continued) rabbit sequences. (b) RT-PCR experiment carried out using degenerate prim-
ers for STIM1 and 2 (269 & 217 bp, respectively). Both STIM1 and 2 are present in the rabbit 
pulmonary artery, with additional unidentified bands observed. (c) RT-PCR experiment carried out 
using degenerate primers for TRPC3 (239 bp), 4 (242 bp), 6 (302 bp), and 7 (269 bp), and primers 
designed against available rabbit sequences for TRPC1 and 2 (479 and 235 bp, respectively). Most 
of the TRPC isoforms were present in the rabbit pulmonary artery (1–4 and 6); TRPC7 was 
absent. (d) RT-PCR experiment carried out using nested primers designed using rabbit sequences 
(obtained from previous experiments using degenerate primers) for TMEM16A (220 bp) and 
using degenerate primers for TMEM16B (377 bp). Both TMEM16A and TMEM16B are present 
in the rabbit pulmonary artery. Mouse brain and rabbit brain cDNA samples were consistently 
included in the experimental design as positive controls for the success of the degenerate primer 
design and their ability to detect sequences in rabbit tissues. All products obtained using degener-
ate primers were sequenced and blasted against the NCBI database to confirm identity
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Fig. 3.5 Transcripts for some of the molecular candidates for store-operated calcium entry 
(SOCE) and the latest putative molecular candidate for the calcium-activated chloride channel 
(Cl

Ca
) are expressed in rabbit pulmonary artery. (a) RT-PCR experiment carried out using degener-

ate primers for Orai1–3 (212, 238, and 313 bp, respectively). Only Orai1 appears to be present in 
the rabbit pulmonary artery, although the data for Orai3 remains inconclusive since these primer 
failed to detect a sequence in the rabbit brain, suggesting that they may be unsuccessful in detecting 
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4  Discussion

The primary objective of this investigation was to determine if store-operated Ca2+ 
entry is able to activate Ca2+-activated Cl– channels in PA myocytes, a major excit-
atory pathway in these vascular smooth muscle cells. We first showed that store 
depletion with the SR Ca2+-ATPase (adenosine triphosphatase) inhibitor CPA or TG 
induced a sustained contraction of rabbit PAs that followed an initial transient con-
traction that was consistent with rapid leakage of Ca2+ out of the SR due to disrup-
tion of Ca2+ reuptake by TG or CPA. This contraction was independent of L-type 
Ca2+ channels since (1) nifedipine was present in all solutions and (2) cell hyperpo-
larization by activation of BK

Ca
 channels with NS-1619 led to enhancement of 

contraction instead of relaxation. Experiments carried out with freshly dispersed 
rabbit PA myocytes loaded with the Ca2+ indicator Fluo-4 demonstrated the persis-
tence of an SOCE pathway following cell isolation, with an initial Ca2+ transient 
evoked by CPA in cells preincubated with nifedipine and the appearance of a large 
influx of Ca2+ following readmission of Ca2+ in the bathing medium. Store depletion 
with TG or CPA activated at least two distinct conductances in whole-cell path 
clamp experiments: (1) a time-independent SKF-96365-sensitive nonselective cat-
ion current reversing between –10 and 0 mV and (2) a time-dependent NFA-
sensitive Cl

Ca
 current whose magnitude increased proportionately with 

preconditioning hyperpolarizing steps. Preliminary dual whole-cell patch clamp 
and Fluo-5F experiments to measure ionic currents and Ca2+ transients simultane-
ously showed that CPA-induced SOCE and activation of I

Cl(Ca)
 were directly reliant 

on changes in the driving force for Ca2+. Finally, our study provides strong evidence 
for the molecular expression of several key genetic components involved in SOCE 
and generation of Cl

Ca
 channels in rabbit PA smooth muscle.

4.1  Detection of SOCE-Induced Contraction in the Rabbit 
Pulmonary Arterial Vasculature

Store depletion induced by blocking Ca2+ reuptake into the SR, by releasing SR 
Ca2+ with caffeine, or following stimulation with G protein-coupled receptor ago-
nists has been shown to induce Ca2+ influx or contraction in PAs3,6,31 and smooth 
muscle cells from other vascular beds.6,32 Our data in rabbit PA smooth muscle cells 
showed that exposure to a specific inhibitor of SERCA in Ca2+-free medium elicits 
a Ca2+ transient that is manifest of Ca2+ leaking out of the SR when Ca2+ reuptake 
is impaired. Readmission of Ca2+ consistently led to a large insensitive elevation of 
intracellular free Ca2+ that is consistent with SOCE. As observed by others,3,4 the 
Ca2+ signal was not sustained but partially declined to a stable elevated level that 
has been attributed to fast and slow Ca2+-dependent inactivation modes of the store-
operated channels.33,34 In the presence of extracellular Ca2+, the initial store deple-
tion-induced Ca2+ transient and SOCE elicited corresponding contractions, 
indicating that SOCE is capable of generating PA tone in this species. Besides 
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insensitivity to block by the dihydropyridine nifedipine, which reportedly does not 
interfere with SOCE,3 the store depletion-induced contraction was enhanced by 
NS-1619, a BK

Ca
 channel activator known to produce membrane hyperpolariza-

tion.35 Such a behavior is anticipated for a Ca2+ entry pathway relying primarily on 
the electrochemical gradient for Ca2+. This contrasts with the observation that 
NS-1619 causes relaxation of blood vessels contracted by agonists involving mem-
brane depolarization and activation of voltage-gated Ca2+ channels, although there 
is evidence for direct block of Ca2+ channels.35

4.2  SOCE Activates Ca2+-Activated Cl– Current

The most interesting observation of the present study was the demonstration of a 
unique interaction between SOCE and Cl

Ca
 channels in our single-cell preparation. 

This was complicated by the scarcity and relatively poor specificity of pharmaco-
logical tools that rendered current separation difficult. We first took advantage of 
the voltage clamp technique to distinguish the store-operated cation current (I

SOC
) 

and I
Cl(Ca)

 on the basis that the former is known to generate sustained time-indepen-
dent currents3,9, whereas the latter displays pronounced outward rectification due to 
voltage- and time-dependent gating properties20,29,36 and store depletion induced by 
TG or CPA elicited time-independent current that reversed between –10 and 0 mV. 
This is in accord with a nonselective cation current that would display significant 
permeability to Cs+, Na+, and Ca2+, the major cation charge carriers used in our 
patch clamp experiments. The steady-state current–voltage relationship for this cur-
rent measured at the end of 1-s steps from an HP of 0 mV exhibited the typical N 
shape, a behavior similar to that observed by others.9 All our protocols consisted of 
an initial step to a range of potentials to evoke I

SOC
 followed by a second step at +90 

mV or higher. The rationale for this second step was to minimize SOCE due to a 
dramatically reduced driving force for Ca2+ and to take advantage of the outwardly 
rectifying properties of I

Cl(Ca)
. Keeping this second step constant enabled us to gauge 

Ca2+ entry through I
SOC

 and to monitor its effect on the magnitude of time-depen-
dent I

Cl(Ca)
 and indirectly free intracellular Ca2+ concentration.

Our data showed that in the presence of CPA or TG, activation of I
Cl(Ca)

 at +90 
mV followed a similar trend to that observed with the Ca2+ indicator Fluo-4 in 
single cells or contraction in PA rings with the detection of an initial and delayed 
and more robust component of outward current. A substantial fraction of this time-
dependent outward current was blocked by NFA, a commonly used inhibitor of Cl

Ca
 

channels.19,20 Time-dependent I
Cl(Ca)

 at +90 mV was also progressively enhanced by 
preconditioning hyperpolarizing steps. Whereas the relatively uncontaminated I

SOC
 

elicited during the first step was insensitive to NFA, time-dependent I
Cl(Ca)

 at +90mV 
and its slow deactivating tail current after repolarization to -80 mV were potently 
inhibited by the fenamate. Both I

SOC
 and I

Cl(Ca)
 were strongly inhibited by SKF-

96365, a potent blocker of SOCE and I
SOC

.9 Although this observation supports a 
possible role for Ca2+ entry through I

SOC
 in eliciting I

Cl(Ca)
, we cannot rule out the 
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possibility of a direct inhibitory effect of this blocker on Cl
Ca

 channels that should 
be tested on I

Cl(Ca)
 recorded in isolation by clamping [Ca2+]

i
 to known fixed elevated 

levels.
To obtain more direct proof of SOCE induced by hyperpolarization and subsequent 

activation of I
Cl(Ca)

, we measured Ca2+ transients simultaneously with membrane 
current in whole-cell voltage-clamped PA myocytes dialyzed with Fluo-5 and 
exposed to CPA and nifedipine. Consistent with this hypothesis, graded Ca2+ entry 
was elicited in response to hyperpolarizing steps and was mirrored by the progres-
sively larger amplitude of I

Cl(Ca)
 during a following step to +90 mV. In agreement 

with this idea, [Ca2+]
i
 declined exponentially at positive potentials, an observation 

in line with the marked reduction in driving force for Ca2+ at positive potentials. The 
magnitude of the Ca2+ transient and I

Cl(Ca)
 thus appears to follow the changes in Ca2+ 

driving force imposed by membrane potential during the initial step. A report in 
airway smooth muscle37 has suggested that Ca2+ entry via reverse-mode Na+/Ca2+ 
exchange was the main source of Ca2+ responsible for the contraction induced by 
SOCE. In this paradigm, Na+ entry through I

SOC
 would raise intracellular Na+ levels, 

causing a negative shift in the reversal potential of the exchanger (E
NCX

 = 3E
Na

 –2E
Ca

 
assuming a stochiometry of 3Na+:1 Ca2+) favoring net Ca2+ entry. We purposely 
dialyzed the myocyte with a Na+-free pipet solution to minimize this effect. 
However, it is still possible that enough Na+ entry through I

SOC
 during a hyperpolar-

izing step accumulates in a restricted compartment, allowing for Ca2+ to be trans-
ported into the cell by the exchanger and stimulate I

Cl(Ca)
. This important aspect of 

the pathway will require further investigation by examining whether external Na+ 
removal has any effect on [Ca2+]

i
 and I

Cl(Ca)
.

4.3  Nature of the Ca2+ Entry Pathway Stimulating Cl
Ca

 Channels

The membrane current activated by CPA or TG in our experiments is clearly a 
nonselective cation current, and preliminary experiments suggest, as other studies 
have implied in vascular smooth muscle cells,3,9 that external Na+ and internal Cs+ 
are the main charge carriers in our recording conditions. Several members of the 
TRPC family (TRPC1, TRPC4, TRPC5, and in some studies TRPC6) of ion chan-
nels have originally been suggested to form the basis of I

SOC
 in many cell types.

Using an antibody targeting an extracellular epitope and used as a blocker, Xu 
and Beech4 initially hypothesized TRPC1 to be a major component of this current 
in vascular smooth muscle. There are also suggestions, mainly from studies of 
overexpression in heterologous cell systems, that I

SOC
 may be formed from TRPC1 

partnering with TRPC4 or TRPC5 in heteromultimeric complexes.9,38 More recent 
reports have convincingly demonstrated that more than one molecular mechanism 
may be responsible for SOCE in smooth muscle. One study challenged the previ-
ously considered dogma that TRPC1 is “the” protein responsible for SOCE in 
smooth muscle. Dietrich et al.39 showed that SOCE in aortic and cerebral vascular smooth 
muscle cells from TRPC1-/- was indistinguishable from wild type. At least one 
report provided evidence for TRPC6 playing a role in determining SOCE in 
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cultured rat PA smooth muscle cells40 as well as in receptor-operated channel activity 
activated by a

1
-adrenoceptor stimulation leading to production of the second 

messenger DAG,41,42 and stimulation of protein kinase C5 or stretch-activated 
nonselective cation channels.43

In addition to the Orais, two STIM isoforms (STIM1 and 2) have been reported 
in relation to SOCE. Current evidence suggests that STIM1 is located in the mem-
brane of the ER and acts as a Ca2+ sensor for the ER Ca2+ stores,44,45 interacting 
directly with Orai1 to initiate SOCE. Current thinking suggests that STIM2 inter-
acts with STIM1 to inhibit STIM1-mediated activation of SOCE.46

These exciting discoveries have unraveled a new level of complexity in cellular 
signaling. Our molecular data provided evidence for the expression of transcripts 
encoding for TRPC1, 4, and 6; Orai1 and Orai2 but not Orai3; as well as STIM1 and 
STIM2, all of which have been suggested to play a role in SOCE. Although TRPC5 
has been detected and suggested to participate in SOCE in pial arterioles,47 we were 
unable to identify messenger RNA (mRNA) for this subunit in our preparation, and 
this may or may not be due to the rather incomplete rabbit genome. There is now 
convincing evidence that STIM1 is an integral part of the molecular architecture sens-
ing ER Ca2+ levels and leading to activation of TRPC1,15,17,48 and that Orai1 can form 
a ternary dynamic complex with STIM1 and TRPC1 following store depletion dictat-
ing SOCE.16,49,50 STIM2 was initially suggested to antagonize the effects of STIM1 on 
SOCE.46 More recent reports indicated that STIM2 may also serve as an ER Ca2+ sen-
sor and stimulate SOCE, but its dynamic range and role in controlling ER and cyto-
plasmic Ca2+ levels appears to be different.51,52 Clearly, a lot more work lies ahead to 
determine the distribution and function of these proteins in PA smooth muscle cells.

As shown in this and previous studies from our group, rabbit PA smooth muscle 
cells exhibit a large I

Cl(Ca)
 that is activated by an elevation in internal Ca2+, displays 

strong outward rectification due to voltage-dependent gating, and is downregulated 
by phosphorylation.28,29,36 A search for the molecular candidate underlying this 
channel has highlighted a number of possibilities to date. Previous studies have 
suggested that Tweety, CLCA, or Bestrophins may be contenders; however, these 
candidates generally produce membrane currents that are for the most part dissimi-
lar to that recorded from native Cl

Ca
 channels.20,22 More recent evidence suggested 

that TMEM16A (Anoctamin; ANO1) and possibly TMEM16B (ANO2) are better 
molecular candidates for this channel.

Yang et al.26 showed that currents measured in HEK293T cells in which ANO1 
had been overexpressed displayed a small unitary conductance, were outwardly 
rectifying, and exhibited Ca2+ and voltage dependence. Furthermore, 4, 4′- 
diisothiocyanatostilbene-2, 2′-disulfonic acid (DIDS) and niflumic acid both inhib-
ited these currents. This work was supported by that of Schroeder et al.,25 who also 
demonstrated that overexpression of either TMEM16A or TMEM16B results in the 
generation of Cl

Ca
 currents.

We previously demonstrated the expression of several Bestrophins in the rabbit 
PA.20 The present study further extended this analysis by showing that TMEM16A 
and B are also expressed at the mRNA level. It will be necessary to determine the 
exact role of these proteins in generating I

Cl(Ca)
 and assess whether Bestrophins 

interact physically and functionally with TMEM16 proteins.
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Many questions remain unanswered with respect to the Ca2+ entry pathways. Is 
Ca2+ entering the myocyte through the nonselective TRPC1 (and possibly others), 
the Ca2+-selective Orai1 (CRACM1), or both? Are Ca2+-activated Cl– channels 
(TMEM16A or B? Bestrophins?) located in the vicinity of the SOCE pathways and 
triggered by a preferential subsarcolemmal compartment accessible to both? There 
is also evidence for STIM1-induced TRPC1 translocation into lipid rafts and cave-
olae during store depletion15 and for an important role played by caveolin-1 in this 
process in vascular smooth muscle cells.53

5  Conclusion

This study shed some light on a new mechanism of interaction between two excit-
atory ionic mechanisms in smooth muscle. Our data confirm that a Ca2+ entry 
pathway consistent with store-operated Ca2+ entry signaling can activate Ca2+-
activated Cl– channels in PA myocytes (Fig. 3.6). We hypothesize that this mecha-

Fig. 3.6 Schematic diagram illustrating the different sources of Ca2+, including those elicited by 
store depletion, that regulate Ca2+-activated Cl– channels in pulmonary artery smooth muscle cells. 
See text for explanations. Cl

Ca
 Ca2+-activated Cl– channels; Ca

L
 L-type Ca2+ channels; SOCs store-

operated channels; Orai, STIM, and TRPC are the three candidate gene families proposed to 
support store-operated calcium entry in various cell types; NCX Na+/Ca2+ exchanger; SERCA 
Ca2+-ATPase in the sarcoplasmic reticulum (SR); IP

3
R inositol trisphosphate receptor; RyR 

ryanodine receptor
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nism may be important in the regulation of membrane potential, Ca2+ influx, and 
tone in these cells under physiological and pathophysiological conditions. 
Stimulation by Cl

Ca
 channels by SOCE may depolarize the cell toward E

Cl
 (~ –20 

mV in smooth muscle) and thus reduce the transmembrane gradient for Ca2+. Future 
studies should be undertaken to test the hypothesis that blocking Cl

Ca
 channels due 

to the ensuing hyperpolarization enhances SOCE.
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Abstract The mobilisation of intracellular Ca2+ stores plays a pivotal role in the 
regulation of arterial smooth muscle function, paradoxically during both contraction 
and relaxation. Moreover, different spatiotemporal Ca2+ signalling patterns may 
trigger differential gene expression while mediating the same functional response. 
These facts alone serve to highlight the importance of the growing body of evidence 
in support of the view that different Ca2+ storing organelles may be selected by the 
discrete or co-ordinated actions of multiple Ca2+ mobilising messengers. In this 
respect, it is generally accepted that sarcoplasmic reticulum stores may be mobil-
ised by the ubiquitous messenger inositol 1,4,5 trisphosphate. However, relatively 
little attention has been paid to the role of Ca2+ mobilising pyridine nucleotides in 
arterial smooth muscle, namely cyclic adenosine diphosphate-ribose and nicotinic 
acid adenine dinucleotide phosphate. This review will, therefore, focus on the role 
of these novel Ca2+ mobilising messengers in pulmonary arterial smooth muscle, 
with particular reference to hypoxic pulmonary vasoconstriction.

Keywords hypoxia • AMPK • NAADP • cADPR • ryanodine receptor • sarcoplasmic 
reticulum • lysosomes • artery • smooth muscle

1  Introduction

We know that agonist-specificity is determined, in part, by the release of Ca2+ from 
intracellular stores in a manner dependent on second messengers and their associ-
ated Ca2+ release channels. During pharmaco-mechanical coupling in smooth 
muscle, it has long been accepted that many G protein-coupled receptors induce the 
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production of inositol 1,4,5-trisphosphate (IP
3
), which leads to the activation of one 

or more of the known IP
3
 receptor (IP

3
R) sub-types on the sarcoplasmic reticulum 

(SR) and release of Ca2+ from this store.1 However, there is a growing body of evi-
dence to support a role for the Ca2+ mobilising pyridine nucleotides nicotinic acid 
adenine dinucleotide phosphate (NAADP) and cyclic adenosine diphosphate-ribose 
(cADPR) in the regulation of intracellular Ca2+ signalling in a number of cell types, 
including smooth muscle.2–4 Furthermore, studies have raised the possibility that 
the spatiotemporal pattern of Ca2+ signals may also be determined via the selection 
of different intracellular Ca2+ stores in a manner dependent on the nature of the 
Ca2+-mobilising messengers recruited by a given stimulus.5–7

Consideration of the role of Ca2+ signalling by pyridine nucleotides in arterial 
smooth muscle and of the Ca2+-storing organelles that may be accessed by these 
messengers will therefore be central to advances in this field for some time to come. 
Our studies have revealed that in this respect the processes involved in pulmonary 
arterial smooth muscle are more complex than one might expect. In the context of 
pulmonary artery constriction and dilation, therefore, this chapter focuses on the 
role of pyridine nucleotide Ca2+-mobilizing messengers, their receptors and the 
functional segregation of the Ca2+-storing organelles they target.

2  Hypoxic Pulmonary Vasoconstriction

2.1  Regulation by Hypoxia of Calcium Mobilisation from 
Sarcoplasmic Reticulum Calcium Stores in Pulmonary 
Artery Smooth Muscle

In isolated pulmonary arteries, hypoxic pulmonary vasoconstriction (HPV) is 
biphasic when induced by switching from a normoxic to a hypoxic gas mixture 
[Fig. 4.1a(i)]. Thus, hypoxia induces an initial transient constriction (phase 1) and 
a slow tonic constriction (phase 2).8,9 Both phases of constriction are superim-
posed on each other; that is, they are discrete events and are both initiated imme-
diately on exposure to hypoxia. The initial transient constriction peaks within 
5–10 min of the hypoxic challenge, whilst the underlying, tonic constriction peaks 
after 30–40 min. When the endothelium is removed, the gradual amplification of 
phase 2, which is driven by the release of an endothelium-derived vasoconstrictor, 
is not observed, and the phase 1 constriction now declines to a maintained plateau8 
[Fig. 4.1a(ii)]. Several investigations have suggested that phase 1 (first 5–10 min) 
of HPV is mediated, at least in part, by the release of Ca2+ from SR stores via 
ryanodine receptors (RyRs), but in general these studies did not demonstrate that 
this was an endothelium-independent process (see Chap. 12). The most significant 
study in this respect was that of Salvaterra and Goldman.10 They determined that 
hypoxia triggered SR Ca2+ release in cultured pulmonary arterial smooth muscle 
cells, and that this led to consequent activation of a verapamil- and nifedipine-

10.1007/_12
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Fig. 4.1 Hypoxia triggers cADPR-dependent Ca2+ release from smooth muscle sarcoplasmic reticulum 
stores. a(i) Record indicating phase 1 and phase 2 of the response of an intact pulmonary artery ring 
to hypoxia, and the three identified components of HPV cADPR-independent SR Ca2+ release (black) 
cADPR-dependent SR Ca2+ release (grey) and endothelium-dependent (white). a(ii) Constriction by 
hypoxia of a pulmonary artery ring without endothelium. b(i) Constriction by hypoxia of an intact 
pulmonary artery ring in the absence of extra-cellular Ca2+. b(ii) Constriction by hypoxia of a pulmo-
nary artery ring without endothelium in the absence of extra-cellular Ca2+. (c) Pre-incubating intact 
pulmonary arteries with 8-bromo-cylic ADP-ribose, a cADPR antagonist, at (i) 1 mM has no effect 
but produces all-or-none block of phase 2 at (ii) 3 mM. (d) Concentration-dependent reversal of main-
tained HPV by 8-bromo-cylic ADP-ribose in an artery without endothelium
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insensitive transmembrane Ca2+ influx pathway that was not “modulated” by 
hypoxia. In short, hypoxia triggered SR Ca2+ release and store-operated Ca2+ entry 
in a manner that was mimicked by the SR Ca2+ ATPase (SERCA) antagonist 
thapsigargin and blocked by pre-incubation of cells with thapsigargin.

Some years later, we provided compelling evidence in support of a pivotal role 
for continued smooth muscle SR Ca2+ release via RyRs in the induction (phase 1 
and 2) and maintenance (phase 2) of HPV in isolated pulmonary arteries both with 
and without endothelium.8 Briefly, both phase 1 and phase 2 of HPV were shown 
to be abolished following block of SR Ca2+ release via RyRs with ryanodine and 
caffeine, whilst constriction in response to membrane depolarisation (80 mM K+) 
and consequent voltage-gated Ca2+ influx remained unaffected (not shown). 
Furthermore, when the endothelium was absent, hypoxia triggered both the tran-
sient and maintained phases of constriction after removal of extra-cellular Ca2+, 
despite the fact that constriction induced by depolarisation (by K+) was abolished 
[Fig. 4.1b(ii)]. Thus, it would appear that smooth muscle Ca2+ release from ryan-
odine-sensitive SR stores underpins pulmonary artery smooth muscle constriction 
by hypoxia. It is notable, however, that maintained constriction of pulmonary 
artery rings was attenuated by up to 50% in Ca2+-free medium,11 consistent with 
the view that HPV is supported by consequent activation of store-depletion-activated 
Ca2+ entry.12

These findings suggested that in the intact artery the mobilisation by hypoxia of 
SR Ca2+ stores via RyRs was mediated by mechanisms intrinsic to pulmonary arte-
rial smooth muscle cells. We therefore considered the possibility that cADPR, an 
endogenous regulator of RyRs,13 may play a role in this process.

2.2  ADP-Ribosyl Cyclase and cADPR Hydrolase Activities Are 
Differentially Distributed in Pulmonary Versus Systemic 
Artery Smooth Muscle

Our initial findings were striking in that the enzyme activities for the synthesis 
and metabolism of cADPR were at least an order of magnitude higher in homo-
genates of pulmonary artery smooth muscle than in those of aortic or mesenteric 
artery smooth muscle.14 Of further significance was the finding that the level of 
these enzyme activities was inversely related to pulmonary artery diameter. 
Thus, the differential distribution of these enzyme activities may offer, via 
amplification of the initial stimulus, the pulmonary selectivity required of a 
mediator of HPV and underpin, at least in part, the inverse relationship between 
the magnitude of constriction by hypoxia and pulmonary artery diameter.15 This 
proposal was supported by direct measurement of cADPR content (estimated 
basal level ³5 mM) using a [32P]cADPR binding assay. Hypoxia (16–21 Torr) 
increased cADPR levels twofold in second-order branches of the pulmonary 
arterial tree and tenfold in third-order branches.14 Thus, like constriction by 
hypoxia and the distribution of the enzyme activities for cADPR synthesis, the 
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increase in cADPR content induced by hypoxia was inversely related to pulmo-
nary artery diameter.

The mechanism by which hypoxia promotes cADPR accumulation in pulmo-
nary artery smooth muscle remains to be confirmed. However, we have provided 
evidence to suggest that increased b-NADH beta-nicotinamide adenine dinucle-
otide formation under hypoxic conditions may facilitate cADPR formation from 
b-NAD+ by augmenting adenosine diphosphate (ADP)-ribosyl cyclase or inhibiting 
cADPR hydrolase activities.14 An alternative proposal is that hypoxia may initiate 
a paradoxical increase in reactive oxygen species (ROS) generation by mitochon-
dria and thereby elicit SR Ca2+ release.16 Most recently, however, we have obtained 
data consistent with the view that the metabolic sensor adenosine monophosphate 
(AMP)-activated protein kinase may couple the inhibition of mitochondrial oxida-
tive phosphorylation by hypoxia to cADPR-dependent SR Ca2+ release in pulmo-
nary arterial smooth muscle.11 It is my view that the mobilisation by hypoxia of SR 
Ca2+ stores is mediated by the combinatorial effects of AMPK activation and 
b-NADH accumulation,17 not only via the regulation of cADPR accumulation but 
also due to direct regulation by AMPK of, for example, RyRs, SERCA function and 
ion channels in the plasma membrane. Further investigations are, however, required 
to define the precise mechanisms involved.

2.3  The cADPR Antagonist 8-Bromo-cADPR Identifies  
cADPR-Independent and cADPR-Dependent Phases  
of Smooth Muscle SR Ca2+Release by Hypoxia

The effects of a cADPR antagonist, 8-bromo-cADPR, on HPV in isolated pulmonary 
artery rings were quite different from the effects of ryanodine and caffeine. In arteries 
with and without endothelium, 8-bromo-cADPR had no effect on phase 1 of HPV. 
However, it abolished phase 2 in the presence of the endothelium and blocked the 
maintained constriction observed in arteries without endothelium18 [Fig. 4.1c(ii)]. 
Thus, while cADPR-dependent SR Ca2+ release is required for the initiation and main-
tenance of phase 2 of acute HPV in isolated pulmonary artery rings, cADPR is not 
required to support the majority of SR Ca2+ release during the phase 1 constriction.

2.4  8-Bromo-cADPR Blocks Phase 2 of HPV in an All-or-None 
Manner

An unexpected and surprising observation of ours was that when arteries were pre-
incubated with the cADPR antagonist 8-bromo-cADPR, phase 2 of HPV was 
blocked in an all-or-none manner.18 Briefly, following pre-incubation of isolated 
pulmonary arteries with 1 mM 8-bromo-cADPR, HPV remained unaltered [Fig. 
4.1c(i)], but pre-incubation with 3 mM 8-bromo-cADPR abolished the maintained 
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constriction observed during phase 2 [Fig. 4.1c(ii)]. This is entirely incompatible 
with the block by a competitive antagonist, such as 8-bromo-cADPR, of a simple 
process of “agonist”-receptor coupling.

The aforementioned finding was all the more curious given that, once initiated, 
the maintained phase of constriction, in pulmonary arteries without endothelium, 
was reversed by 8-bromo-cADPR in a concentration-dependent manner and with 
complete block only being attained at a concentration of 100 mM,18 nearly an order 
of magnitude higher than required for all-or-none block following pre-incubation 
with 8-bromo-cADPR (Fig. 4.1d). Unlike the all-or-none block observed following 
pre-incubation, this concentration-dependent reversal of maintained HPV is entirely 
consistent with the inhibition by a competitive antagonist of agonist-receptor coupling 
at a single population of receptors.

We concluded that these findings are reminiscent of the block by a-bungarotoxin 
of transmission at the neuromuscular junction, where greater than 45% of skeletal 
muscle nicotinic acetylcholine receptors must be blocked before neuromuscular 
transmission is compromised, and we proposed that a similar “margin of safety” 
may therefore be built into HPV. At the time, we suggested that the cADPR-depen-
dent component of HPV may be initiated in an all-or-none manner, and that the 
all-or-none block of HPV by 8-bromo-cADPR could be due to it “blocking the 
activation by cADPR of a certain proportion of RyRs” or by the block of “cADPR-
dependent Ca2+ mobilisation from a sub-population of RyRs” that are pivotal to the 
initiation of HPV.2,18

3  NAADP Induces Global Ca2+ Waves and Smooth Muscle 
Contraction in an All-or-None Manner

3.1  NAADP Triggers Ca2+Bursts from Lysosome-Related Acidic 
Stores that Are Amplified by Ca2+-induced Ca2+ release from 
the SR via RyRs

One possible explanation of the all-or-none block of HPV by 8-bromo-cADPR 
could be revealed by studies on NAADP, which is also synthesised by ADP-ribosyl 
cyclase, if NAADP or Ca2+ mobilisation from the store it accesses acts in concert 
with cADPR to mediate intracellular Ca2+ signalling by hypoxia in pulmonary arte-
rial smooth muscle. This is clear from the fact that NAADP initiates global Ca2+ 
waves in an all-or-none manner and via a relatively complex two-pool system19 
comprised of the mobilisation of acidic, lysosome-related Ca2+ stores and subse-
quent Ca2+-induced Ca2+ release (CICR) from the SR via RyRs.5

That NAADP may selectively elicit Ca2+ signals from lysosome-related Ca2+ 
stores in pulmonary arterial smooth muscle cells is supported by the fact that selec-
tive depletion of acidic Ca2+ stores by bafilomycin A1, which blocks the vacuolar 
H+ ATPase (adenosine triphosphatase), abolishes NAADP-dependent Ca2+ signal-
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Fig. 4.2 NAADP triggers Ca2+ signals via lysosome-related stores in a manner that leads to subsequent 
Ca2+-induced Ca2+ release from the sarcoplasmic reticulum (SR) via ryanodine receptors (RyRs) in 
isolated pulmonary arterial smooth muscle cells. (a) Upper panel shows a series of pseudocolour 
images of the fura-2 fluorescence ratio (F

340
/F

380
) recorded in a pulmonary artery smooth muscle cell 

during intracellular dialysis of 10 nM NAADP. Note that a spatially localised ‘Ca2+ burst’ precedes 
the global Ca2+ wave (image 4). Lower panel shows the fura-2 fluorescence ratio against time. (b) 
Effect of intracellular dialysis of 10 nM NAADP after pre-incubation (20 min) of cells with 1 mM 
thapsigargin. (c) Upper panel shows a series of pseudocolour images and the lower panel indicates 
F

340
/F

380
 against time, obtained during the intracellular dialysis of 10 nM NAADP after pre-incuba-

tion (20 min) of cells with 20 mM ryanodine. Lower panel shows the fura-2 fluorescence ratio against 
time. Note that in the absence of functional RyRs or SR stores replete in Ca2+, spatially restricted 
Ca2+ bursts are triggered without initiation of a global Ca2+ wave
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ling without effect on SR Ca2+ release via either RyRs or IP
3
Rs.19 Significantly, 

however, depletion of SR Ca2+ stores by inhibition of the sarcoendoplasmic reticu-
lum Ca2+ pump (SERCA) with thapsigargin or block of RyRs with ryanodine (Fig. 
4.2a-c) revealed spatially restricted bursts of Ca2+ release in response to NAADP 
that failed to propagate away from their point of initiation in the absence of either 
SR stores replete in Ca2+ or functional RyRs.5,19 Thus, NAADP initiates highly loca-
lised “Ca2+ bursts” from lysosome-related stores that may either decline back to 
basal levels or precede and then trigger a global Ca2+ wave due to subsequent CICR 
from the SR via RyRs. NAADP-induced Ca2+ bursts must therefore breach a given 
threshold to elicit a global Ca2+ wave by CICR via RyRs on the SR, and this may 
be facilitated indirectly if Ca2+ bursts also serve to prime SR stores by increasing 
their Ca2+ load via SERCA-dependent uptake of a proportion of released Ca2+ into 
the SR (see section 5 see below). However, before this point can be discussed fur-
ther we must consider the ways in which cADPR and Ca2+ may modulate RyR 
function.

3.2  Possible Role of cADPR in the Modulation of NAADP-
Dependent Ca2+Signalling

By sensitising RyRs to Ca2+, cADPR may determine the threshold for CICR via 
RyRs in response to Ca2+ bursts elicited from lysosomes by NAADP, or any other 
stimulus, and the degree of amplification of the initial Ca2+ burst by CICR.2 The set 
point for these processes will likely be determined by the basal cADPR concentra-
tion (³5 mM) and the local Ca2+ concentration but will be open to modulation by 
stimulus-dependent changes in cADPR synthesis or degradation. Thus, it is quite 
possible that a competitive cADPR antagonist, such as 8-bromo-cADPR, could 
block in an all-or-none manner the amplification of NAADP-dependent Ca2+ bursts 
into global Ca2+ waves by raising the threshold for CICR via RyRs. Subsequent to 
the initiation of a global Ca2+ wave, however, increased cADPR accumulation alone 
in response to a given stimulus could also provide for the maintenance of regenera-
tive Ca2+ waves and smooth muscle contraction by cADPR-dependent CICR via 
RyRs.2 Such a paradigm would then allow for the concentration-dependent reversal 
of maintained constriction by 8-bromo-cADPR.

The process of CICR is therefore pivotal. This refers to the fact that RyRs may 
be activated by Ca2+ in its own right or to the fact that Ca2+ release via RyRs may 
be facilitated by released Ca2+ via positive feedback.20–22 Thus, CICR offers cells the 
facility to amplify small, highly localised Ca2+ signals into global Ca2+ waves via 
the recruitment of neighbouring RyR complexes. This can be achieved in a highly 
regulated manner due to the limitations placed on Ca2+ diffusion (£5 mm)23 by the 
buffering capacity within the cytoplasm. CICR may therefore recruit, in concert, 
discrete clusters of RyRs to initiate highly localised, elementary Ca2+ release events 
such as Ca2+ sparks.24,25 Alternatively, once a given threshold concentration is 
breached Ca2+ may induce a propagating global Ca2+ wave by the progressive 
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recruitment by CICR of RyR clusters distant from the site of initiation. As men-
tioned, cADPR, like Ca2+, may act as an endogenous regulator of RyRs13 and may 
also either activate RyRs directly or facilitate CICR via RyRs.26,27 Thus, it is not 
surprising that Ca2+ also sensitises RyRs to activation by cADPR.28 Therefore, when 
considering the regulation by cADPR of RyRs in a given cell type, the combinato-
rial effects of Ca2+ and cADPR are of fundamental importance,4 not least with 
respect to the threshold for activation of RyRs by either agent. And, the threshold 
for CICR via RyRs may also be modulated by the luminal Ca2+ concentration of the 
SR,29–33 which could in turn be primed by Ca2+ supplied by preceding lysosome-
related Ca2+ release events.

The situation presented in vascular smooth muscle is more complex still given 
that RyR sub-types 1, 2 and 3 are highly co-expressed in these cell types,34,35 not 
least because all three RyR sub-types can be expressed in a cADPR-sensitive form 
and each may exhibit different sensitivities to both Ca2+ and cADPR. Therefore, the 
RyR sub-type targeted by Ca2+ signals from lysosomes could affect markedly the 
characteristics of any subsequent amplification process, determine to a great extent 
the all-or-none initiation of global Ca2+ signals by NAADP in pulmonary arterial 
smooth muscle and, if a sub-population of RyRs on the SR were targeted, confer 
all-or-none block of this amplification step by pre-incubation with 8-bromo-cADPR 
(see below see section 4.1).

4  Lysosome-Sarcoplasmic Reticulum Junctions Form  
a Trigger Zone for Ca2+ Signalling by NAADP

4.1  Lysosomes Co-localise with a Sub-population of RyRs

Using LysoTracker Red as a fluorescent label for acidic organelles in acutely iso-
lated pulmonary arterial smooth muscle cells, we demonstrated that a large propor-
tion of lysosomes form tight clusters in a manner consistent with the spatially 
restricted nature of Ca2+ bursts triggered by NAADP. Importantly, lysosomal clusters 
were closely associated with a sub-population of RyRs labelled with Bodipy-
Ryanodine [Fig. 4.3a(i)] and appear to be separated from these RyRs by a narrow 
junction or cleft that is beyond the resolution of deconvolution microsopy (<1 mm).5 
We proposed, therefore, that lysosomal clusters and RyRs may form a highly 
organised “trigger zone,” or intracellular synapse, for Ca2+ signalling by NAADP in 
arterial smooth muscle. The presence of this trigger zone may explain, in part, why 
Ca2+ bursts by NAADP induce global Ca2+ signals in an all-or-none manner by 
further CICR from the SR via RyRs. This tight coupling of lysosomal Ca2+ stores 
to a sub-population of RyRs could also serve to provide the aforementioned “mar-
gin of safety” with respect to the initiation of HPV, should lysosome-related Ca2+ 
release play a role, and confer all-or-none block of HPV by 8-bromo-cADPR due 
to the consequent increase in the threshold for CICR.
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4.2  Lysosomes Co-localise with RyR Sub-type 3 to Form a 
Trigger Zone for Ca2+Signalling by NAADP in Pulmonary 
Arterial Smooth Muscle

Our most recent studies sought to determine whether lysosomes selectively cou-
ple to one of the three RyR sub-types expressed in arterial smooth muscle, 
namely, RyR1, RyR2, or RyR3.36 The distribution of labelling for a given protein 
by density was determined for each of three defined regions of the cell relative to 
the nucleus (defined by DAPI 4’-6-Diamidino-2-phenylindole labelling), namely, 

Fig. 4.3 Lysosomes preferentially co-localise with ryanodine receptor sub-type 3 to form a trig-
ger zone for calcium signalling in response to NAADP. (a) 3D reconstruction of a deconvolved 
Z-stack of images from a pulmonary artery smooth muscle cell showing co-localisation (yellow) 
of lysosomes labelled with LysoTracker Red (red) and ryanodine receptors (RyRs) labelled with 
Bodipy-Ryanodine (green). (b) 3D reconstruction of deconvolved Z-stacks of images showing the 
distribution of individual volumes of lysosomal (algp120), RyR3, RyR2 and RyR1 labelling 
coloured to indicate their respective distribution in defined regions of the cell: the perinuclear 
volume, extra-perinuclear volume and sub-plasmalemmal volume. (c) Schematic diagram depicts 
the proposed trigger zone for Ca2+ signalling by NAADP and the possible amplification of 
NAADP-dependent Ca2+ signals by cADPR. NAADP nicotinic acid adenine dinucleotide phos-
phate; cADPR cyclic adenosine diphosphate-ribose; SERCA sarcoendoplasmic reticulum Ca2+ 
ATPase; RyR ryanodine receptor; V-H-ATPase vacuolar proton pump



67The Role of Intracellular Ion Channels in Regulating Cytoplasmic Calciumin

the perinuclear (within 1.5 mm of the nucleus), the sub-plasmalemmal (within 1.5 
mm of the plasma membrane) and the extra-perinuclear region (the remaining 
volume of the cytoplasm). The density of labelling for the lysosome marker 
(algp120) was about twofold greater in the perinuclear than observed within the 
extra-perinuclear region and about fourfold greater than was observed in the sub-
plasmalemmal region of cells, with dense clusters of labelling evident in the 
perinuclear region compared to a more diffuse distribution of labelling outside 
this region [Fig. 4.3a(ii)]. In common with the distribution of lysosomes, but to 
an even greater extent, the density of RyR3 labelling was concentrated within the 
perinuclear region of the cell, where it was about 4- and ~14-fold greater than that 
in the extra-perinuclear and sub-plasmalemmal regions, respectively. Furthermore, 
the density of RyR3 labelling within the perinuclear region was about twofold 
higher than that for either RyR1 or RyR2 [Fig. 4.3a(iii-v)].

Further insight was provided by analysis of the density of co-localisation 
between lysosomes and each RyR sub-type. Within the perinuclear region of the 
cell, RyR3 was found to co-localise with about 41% of the total volume of lyso-
some labelling, with the density of co-localisation about 4- and about 60-fold 
greater than that observed in the extra-perinuclear or sub-plasmalemmal regions, 
respectively. In marked contrast, labelling for RyR2 and RyR1 co-localised with 
only 13 and 14%, respectively, of the total volume of lysosome labelling within the 
perinuclear region, and their respective density of co-localisation was approxi-
mately twofold lower than that for RyR3. Furthermore, the mean volume of co-
localisation between RyR3 and lysosomes was about twofold greater than that for 
either RyR1 or RyR2. We concluded, therefore, that lysosomal clusters preferen-
tially co-localise with RyR3 in the perinuclear region of the cell to form a trigger 
zone for Ca2+ signalling by NAADP.

4.3  Why Might RyR3 Be Targeted to Lysosome–SR Junctions?

Determining factors in this respect could be the relative sensitivity of each RyR 
sub-type to CICR, the maximum gain in response to Ca2+ and the relative sensitivity 
of each receptor sub-type to inactivation by Ca2+.37,38 The threshold for activation of 
RyR1, RyR2 and RyR3 is similar, with channel activation at cytoplasmic Ca2+ con-
centrations above 100 nM. However, estimates of the EC

50
 are different, with half-

maximal activation at about 250 nM for RyR2 and about 400 nM for RyR3. The 
higher EC

50
 exhibited by RyR3 could be significant because this would provide for 

a higher “margin of safety” with respect to the all-or-none amplification of Ca2+ 
bursts from lysosomal Ca2+ stores by CICR via RyRs at the lysosome –SR junction; 
that is, the probability of false events being initiated would be lower for RyR3 than 
for RyR2. Another factor that may be of significance is that whilst the mean open 
times versus cytoplasmic Ca2+ concentration for RyR2 and RyR3 are comparable 
and increase approximately tenfold over their activation range, the mean open time 
for RyR1 is much lower and increases only twofold over its activation range. 
Furthermore, comparison of the Po versus cytoplasmic Ca2+ concentration curves 
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shows that RyR3 (0–1) exhibits a higher gain in Po than does RyR2 (0–0.9), whilst 
RyR1 (0–0.2) exhibits relatively little gain in Po with increasing cytoplasmic Ca2+ 
concentration. Thus, once the threshold for activation is breached, RyR3 would 
offer greater amplification of Ca2+ bursts from lysosomal Ca2+ stores than would 
RyR2, whilst amplification via RyR1 would be marginal. There is also marked 
variation in the relative sensitivity of each RyR sub-type to inactivation by Ca2+. 
RyR3 exhibits the lowest sensitivity to inactivation by Ca2+ with an IC

50
 of 3 mM 

whilst that for RyR2 is 2 mM; in each case, channel activity may still be observed 
at concentrations above 10 mM. In marked contrast, RyR1 inactivation occurs 
within the micromolar range, and full inactivation is achieved by 1 mM Ca2+; this 
may, in part, explain the low gain in Po for RyR1 in response to activation by Ca2+. 
Its sensitivity to inactivation by Ca2+ would therefore render RyR1 unsuitable for a 
role in the amplification of Ca2+ bursts at lysosome-SR junctions because the local 
Ca2+ concentration may exceed the threshold for RyR1 inactivation. Thus, the func-
tional properties of RyR3 make it best suited to a role in the amplification of Ca2+ 
bursts at lysosome –SR junctions.

4.4  How May Ca2+Signals Propagate Away from Lysosome–SR 
Junctions to the Wider Cell If RyR3 Is Targeted to the 
Perinuclear Region of Cells?

Significantly, the density of RyR3 labelling declines markedly (between 4- and 
14-fold by region) outside the perinuclear region of the cell.36 It seems unlikely, 
therefore, that RyR3 functions to carry a propagating Ca2+ wave far beyond the point 
of initiation of CICR within the proposed trigger zone for Ca2+ signalling via lysosomes. 
Given this finding, it may be of significance that the density of labelling for RyR2 
increases markedly in the extra-perinuclear region when compared to the perinu-
clear region and exhibits about a threefold greater density of labelling within this 
region than observed for either RyR3 or RyR1. This suggests that RyR2, but not 
RyR1, may function to receive Ca2+ from RyR3 at the interface of the lysosome–SR 
junction and thereby allow for further propagation of the Ca2+ signal via CICR. 
Such a role would be supported by the lower EC

50
 for CICR via RyR2, which would 

ensure that once initiated a propagating Ca2+ wave would be less prone to failure. 
Furthermore, relative to RyR1, its greater intrinsic gain and lower sensitivity to 
inactivation by Ca2+ would render RyR2 most suitable to a role in the wider propa-
gation of a global Ca2+ wave.

If clusters of RyR3 do indeed sit within the lysosome –SR junction and an array 
of RyR2 carries propagating Ca2+ signals away from this and Ca2+ signalling via this 
junction triggers HPV, pre-incubation of pulmonary arteries with 8-bromo-cADPR 
could block HPV in an all-or-none manner by increasing the threshold for CICR 
via RyR3 or RyR2. Furthermore, once initiated, if regenerative, propagating Ca2+ 
waves via RyR2 are maintained by an increase in cADPR accumulation in the 
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absence of further Ca2+ release from lysosome-related stores, 8-bromo-cADPR 
could reverse associated pulmonary artery constriction in a concentration-dependent 
manner (Fig. 4.3c).

4.5  RyR1 Is may be the predominant RyR subtype  
in the Sub-plasmalemmal Region of the Cell

The even distribution of RyR1 across the three specified regions of pulmonary 
artery smooth muscle cells suggests that it may contribute in some way to the regu-
lation of Ca2+ signalling within each region. However, RyR1 is predominantly 
 targeted (three- to fivefold by density of labelling) to the sub-plasmalemmal region 
and may therefore play a prominent role in Ca2+ signalling between the SR and 
Ca2+-sensitive ion channels in the plasma membrane.36

5  Discrete SR Compartments Underpin Ca2+-Dependent 
Vasodilation and Vasoconstriction

5.1  Cyclopiazonic Acid and 8-Bromo-cADPR Reveal Two 
Functionally Segregated SR Ca2+Stores

An unexpected observation during our studies on the role of cADPR in HPV was 
that the SERCA pump antagonist cyclopiazonic acid blocked the phase 1 constric-
tion but had no effect on phase 2 (Fig. 4.4a-b),18 even though Ca2+ release from 
ryanodine-sensitive SR stores in the smooth muscle underpins both phases of HPV.8 
This was precisely the reverse of the effect of 8-bromo-cADPR, which abolished 
phase 2 of HPV without effect on phase 1 (Fig. 4.4c, d).18 At the time, we concluded 
that phase 1 might be mediated by the mobilisation of an SR compartment served 
by a cyclopiazonic acid-sensitive SERCA that may be inhibited by hypoxia due to 
a fall in adenosine triphosphate (ATP) supply, and that to allow for this and a sec-
ond phase of maintained cADPR-dependent SR Ca2+ release, one would require the 
presence of a second, spatially segregated SR Ca2+ store that is served by a discrete, 
cyclopiazonic acid-insensitive SERCA pump.2,18

We began to square this circle when studying the effect on cytoplasmic Ca2+ 
concentration of intracellular dialysis of cADPR (from a patch pipette). High con-
centrations of cADPR (100 mM) induced a small but sustained (unlike NAADP or 
IP

3
)19 and global increase in intracellular Ca2+ concentration (unpublished data). 

However, relatively low concentrations (20 mM) only increased cytoplasmic Ca2+ 
concentration at the perimeter of the cell and elicited a concomitant membrane 
hyperpolarisation (not shown).39 The hyperpolarisation was reversed by the highly 
selective BK

Ca
 channel antagonist iberiotoxin, by chelating intracellular Ca2+ with 

BAPTA, by selective block of RyRs with ryanodine and by pre-incubation with 
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cyclopiazonic acid. Most importantly, hyperpolarisation by cADPR was blocked by 
two different cADPR antagonists. Given that cADPR synthesis is up-regulated in a 
cAMP- (cyclic adenosine monophosphate-) and protein kinase A- (PKA)-dependent 
manner in cardiac muscle,40 it seemed likely that cADPR could mediate hyperpo-
larisation by adenylyl cyclase-coupled receptors, such as b-adrenoceptors. 
Consistent with this proposal and previous studies on smooth muscle from a variety 
of tissues (for review, see Ref. 24), we found that isoprenaline and cAMP induced 
hyperpolarisation in isolated pulmonary arterial smooth muscle cells and demon-
strated that in each case hyperpolarisation exhibited a similar pharmacology to that 
induced by cADPR.39 Strikingly, however, the selective PKA antagonist H89 
blocked hyperpolarisation by both isoprenaline and cAMP, respectively, but was 
without effect on hyperpolarisation by cADPR. Thus, it would appear that cADPR 
is a downstream element in this signalling cascade. Further support for this  proposal 

Fig. 4.4 Pharmacologically distinct smooth muscle sarcoplasmic reticulum Ca2+ stores underpin 
pulmonary artery dilation and constriction. Constriction by hypoxia (16–21 Torr) of a pulmonary 
artery ring (a) with and (b) without endothelium following pre-incubation (20 min) with cyclopi-
azonic acid (CPA) (10 mM); (c) with and (d) without endothelium following pre-incubation (20 
min) with 8-bromo-cADPR (300 mM). Vasodilation by isoprenaline (100 nM) of a pulmonary 
artery ring, without endothelium, following pre-constriction with prostaglandin F2a (50 mM) and 
the effect of (e) 8-bromo-cADPR (300 mM) and (f) pre-incubation (20 min) with CPA (10 mM)
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was derived from studies of isolated pulmonary artery rings without endothelium. 
Vasodilation evoked in response to b-adrenoceptor activation by isoprenaline was 
inhibited (~50%) by blocking cADPR with the membrane-permeant antagonist 
8-bromo-cADPR (Fig. 4.4e), RyRs with ryanodine and, consistent with the hyper-
polarisation, by pre-incubation with cyclopiazonic acid (Fig. 4.4f). We concluded 
that cADPR-dependent Ca2+ signalling via RyRs on a cyclopiazonic acid-sensitive 
SR store was responsible, in part, for BK

Ca
-dependent vasodilation by isoprenaline 

in isolated pulmonary arteries.39

Although these findings provided evidence of functionally segregated stores and 
allowed for further interpretation of our anomalous findings, they presented us with 
a paradox. That is, our data suggested that cADPR-dependent SR Ca2+ release via 
RyRs mediates both vasodilation and vasoconstriction of pulmonary arteries in a 
stimulus-dependent manner. We concluded that this could only be explained if  
(1) b-adrenoceptor signalling targets, via PKA-anchoring proteins, PKA-dependent 
cADPR synthesis to a particular RyR sub-type, possibly RyR1 (section 4.5 see 
above), in the “peripheral” SR that is in close apposition to BK

Ca
 channels in the 

plasma membrane (2) cADPR-dependent vasoconstriction results from the activa-
tion of discrete RyR sub-types localised in the “central” SR. Clearly, however, our 
data suggest that these discrete SR compartments would have to be served by dif-
ferent SERCA pumps. More precisely, an SR compartment in close apposition to 
the plasma membrane would be served by a SERCA pump that is sensitive to cyclo-
piazonic acid and, by contrast, a central SR compartment in close apposition to the 
contractile apparatus would be served by a SERCA pump that is relatively insensi-
tive to cyclopiazonic acid.2,39 This conclusion is supported by the fact that both SR 
Ca2+ release in response to hypoxia10 and HPV (unpublished data) are abolished 
following SR store depletion by block of SERCA with thapsigargin.

In complete agreement with our proposal, previous studies on smooth muscle, the pul-
monary vasculature included, have provided evidence of discrete SR compartments.41–46 
Most significantly, a number of these studies shared one common and convincing piece 
of evidence: The SERCA pump antagonist cyclopiazonic acid selectively depletes one of 
at least two functionally segregated SR compartments. We therefore sought to determine 
whether multiple SERCA were expressed in pulmonary arterial smooth muscle and, if so, 
their respective spatial distribution.

5.2  SERCA2a and SERCA2b Serve Discrete SR Compartments 
in Pulmonary Arterial Smooth Muscle

Western blots and immunocytochemistry carried out with sequence-specific anti-
bodies raised against each SERCA isoform identified protein bands for SERCA2a 
and SERCA2b but not SERCA1 or SERCA3 (not shown). In agreement with 
previous studies on vascular smooth muscle,47 therefore, it would appear that only 
SERCA2a and SERCA2b are functionally expressed in pulmonary arterial 
smooth muscle.



72 A.M. Evans

Astonishingly clear differences in the spatial organisation of SERCA2a and 
SERCA2b, respectively, were evident even on visual inspection of deconvolved Z 
sections and three-dimensional (3D) reconstructions of all cells labelled for 
SERCA2a and SERCA2b. This fact was confirmed by determining the distribution 
by density of labelling for each SERCA isoform within the sub-plasmalemmal 
(within 1 mm of the plasma membrane), the perinuclear (within 1.5 mm of the 
nucleus) and the extra-perinuclear (remainder) volumes.48 The vast majority of 
SERCA2b labelling, about 70%, lay within the sub-plasmalemmal region, with only 
about 8% and about 20% of labelling present in the extra-perinuclear and perinuclear 
regions, respectively (Fig. 4.5a). In marked contrast, SERCA2a labelling was almost 
entirely (~90%) restricted to the perinuclear region of pulmonary arterial smooth 
muscle cells (Fig. 4.5a). These data suggest, therefore, that native SERCA2b may be 
sensitive to cyclopiazonic acid and supply an SR compartment that sits proximal to 
the plasma membrane and underpins Ca2+-dependent vasodilation via adenylyl 
cyclase-coupled receptors, while SERCA2a may supply a central SR compartment 
and represent a cyclopiazonic acid-insensitive, thapsigargin-sensitive SERCA that 
underpins pulmonary artery constriction by hypoxia (Fig. 4.5b).

5.3  Possible Role of cADPR-Independent and cADPR-
Dependent Phases of SR Ca2+Release by Hypoxia

Given that vasodilation in response to activation of adenylyl cyclase-coupled 
receptors and phase 1 of HPV are inhibited by cyclopiazonic acid, they likely 
utilise a common SR store. It is possible, therefore, that SR Ca2+ release by hypoxia 
serves two purposes. Hypoxia may primarily trigger constriction by cADPR-dependent 
Ca2+ release from a central SR compartment that is in close apposition to the 
contractile apparatus and served by a cyclopiazonic acid-insensitive SERCA pump 
(SERCA2a). A secondary action of hypoxia may be to deplete a peripheral SR 
compartment by inhibition of a cyclopiazonic acid-sensitive SERCA pump 
(SERCA2b) in close apposition to the plasma membrane and that normally 
mediates vasodilation by releasing Ca2+ proximal to the plasma membrane to trigger 
membrane hyperpolarisation and thereby facilitate Ca2+ sequestration via plasma 
membrane Ca2+ ATPases and the Na+/Ca2+ exchanger. This would explain why pul-
monary vasodilation by b-adrenoceptor activation is abolished by hypoxia49 and why 
maintained HPV is enhanced by cyclopiazonic acid50 but abolished by thapsigargin 
(unpublished data).

6  Summary

In pulmonary arterial smooth muscle, considerations on the direct regulation of 
Ca2+ release from a single SR compartment are insufficient to explain current 
experimental observations of intracellular Ca2+ signalling. With respect to vasocon-
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striction, it is now clear that Ca2+ signals may be initiated via a trigger zone, or 
intracellular synapse, between lysosome-related Ca2+ stores and the SR. Thus, 
mobilisation of lysosome-related stores by NAADP or other stimuli may be ampli-
fied by subsequent CICR via RyR3 and RyR2 on a central SR compartment that is 
served by SERCA2a and that feeds the contractile apparatus. Both cADPR and IP

3
 

may modulate Ca2+ release from this SR store independently or may coordinate 

Fig. 4.5 SERCA2a and SERCA2b are differentially distributed within isolated pulmonary 
arterial smooth muscle cells and may serve functionally segregated SR Ca2+ stores. (a) 3D recon-
struction of deconvolved Z-stacks of images showing the distribution of individual volumes of 
SERCA2b and SERCA2a labelling coloured to indicate distribution by defined regions of the cell: 
the perinuclear volume, extra-perinuclear volume and sub-plasmalemmal volume. (b) Schematic 
representation of the proposed spatial and functional compartmentalisation of the sarcoplasmic 
reticulum in a pulmonary arterial smooth muscle cell: SR Ca2+ ATPase SERCA; ARC ADP-ribosyl 
cyclase; cADPR cyclic adenosine diphosphate-ribose; RyR ryanodine receptor; BK

Ca
 Ca2+-

activated potassium channel; cAMP cyclic adenosine monophosphate; PKA protein kinase A
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Ca2+ signals in concert with each other or NAADP. A second SR compartment may, 
however, lie in close apposition to the plasma membrane, is likely served by 
SERCA2b and supports cADPR-dependent Ca2+ release via a discrete RyR sub-
type (possibly RyR1) to recruit plasmalemmal BK

Ca
 channels to elicit smooth 

muscle cell hyperpolarisation and pulmonary artery dilation. In each case, however, 
the view proposed is most likely an oversimplification of the Ca2+ signalling appa-
ratus available to the cell, and this point is emphasised by the fact that lysosome-
related Ca2+ stores are mobile. In short, the complex nature and versatility of 
cellular Ca2+ signalling mechanisms should not be underestimated.
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Abstract Pulmonary blood pressure is a function of the resistance of the intrapul-
monary blood vessels. Consequently, the mechanisms controlling blood vessel 
smooth muscle cell (SMC) contraction serve as potential sites for hypertension 
therapy. To explore these mechanisms, access to the intrapulmonary vessels is 
required and this is provided by the observation of a unique lung slice preparation 
with microscopy. There are 2 major processes that determine SMC tone; the intracel-
lular Ca2+ concentration and the sensitivity of the SMCs to Ca2+. Agonist-induced 
increases in Ca2+ occur in the form of propagating Ca2+ oscillations that predomi-
nately utilize internal Ca2+ stores and inositol trisphosphate receptors. The frequency 
of these Ca2+ oscillations correlates with contraction. Agonists also increase Ca2+ 
sensitivity of SMCs to enhance contraction. Changes in membrane potential medi-
ated by KCl also stimulate contraction via slow Ca2+ oscillations and increased 
sensitivity. However, these slow Ca2+ oscillations rely on Ca2+ influx to drive the 
cyclic release of over-filled Ca2+ stores via the ryanodine receptor. The relaxation of 
SMC tone can be induced by the reduction of the frequency of the Ca2+ oscillations 
and the Ca2+ sensitivity by b

2
-adrenergic agonists or nitric oxide.

Keywords Pulmonary hypertension • Confocal microscopy • Lung slices • Mouse 
• Arterioles • Airways

1  Introduction

Increased pulmonary vasculature resistance is a key parameter associated with the 
various forms of pulmonary hypertension.1 In this chapter, we address the normal 
Ca2+-based mechanisms that lead to acute vasoconstriction and increased vascula-
ture resistance.
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A major concern associated with the investigation of the mechanisms of pulmo-
nary vasoconstriction is that the small intrapulmonary arterioles, which are thought 
to respond to hypoxia and other molecular stimuli (agonists) associated with pul-
monary hypertension,2 are the focus of attention. This issue is not easily addressed 
because these vessels are widely distributed and form an integral part of the lung 
tissue. A common technique used to investigate the responses of these blood ves-
sels within the lung has been the measurement of pulmonary blood pressure of 
whole lungs (either in vivo or in vitro) in response to blood-borne agonists. This 
approach has a number of disadvantages when attempting to understand smooth 
muscle cell (SMC) physiology. For example, the responses to the blood-borne ago-
nist are likely to be filtered by endothelial cell responses. More important, the 
measured parameter of pressure provides little information regarding the mecha-
nisms that regulate contraction. The usual alternative to overcome this problem is 
the study of isolated or cultured individual SMCs. But, this approach also has its 
limitations. While changes in intracellular signals are accessible in single cells, the 
correlation of these responses with the contraction of the blood vessel is lost. 
In addition, the isolation of SMCs from blood vessels leads to the loss of their 
extracellular matrix and interactions with neighboring cells and the lung paren-
chyma. In addition, even short periods of cell culturing can alter SMC function, and 
the adherence of cells to the culture surface limits their contractility. Moreover, the 
isolation of pure vascular SMCs from small intrapulmonary blood vessels is 
extremely difficult because, within the lung, the arteries are very close to the air-
ways; therefore, the isolation of SMCs does not render a purified population of 
vascular cells. The use of isolated large vessels, such as the extrapulmonary arter-
ies, can facilitate the isolation of specific SMCs, but these SMCs would not seem 
to be the most relevant cells with which to study physiological responses related to 
pulmonary hypertension. Of course, without cell culture techniques, many impor-
tant advances in SMC biology would not have been possible, but in this case, where 
the cumulative output of the cell response is a change in blood vessel diameter, the 
disparate scales of cell physiology and blood vessel dynamics need to be bridged.

2  Lung Slices

One experimental approach to study intracellular signals in vascular SMCs while 
retaining the morphology and the dynamic state of the blood vessel is the use of 
thin, live lung slices.3,4 Lung slices are prepared by filling the alveolar spaces with 
warm (~37°C) fluid agarose via the trachea.5 The gelling of the agarose by cooling 
transforms the spongy soft lung parenchyma into a more solid gel that can be sec-
tioned with a vibratome. Lung slices ranging from 75 to 250 mm thick can be cut 
and are suitable to investigate SMC physiology. However, slices cut too thin can 
result in damage to long cells, such as the SMCs, that may spiral around the lumen 
of the vessels. Each lung slice predominantly consists of alveoli tissue; within this, 
the cross sections of arteries, veins, and airways can be found (Fig. 5.1). The air-
ways are easily identified by their epithelium with active cilia. The arteries or 
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arterioles are also easily found because these vessels partner the airways through 
the lung (Fig. 5.1). Veins are generally found as independent structures. Using this 
technique, live lung slices have been prepared from a variety of animals, including 
mice,6 rats,7 guinea pigs,8 and humans.8,33

The ability to retain blood vessel morphology in mouse lung slices has been more 
challenging than for the airways. For the most part, the airways are found, after slic-
ing, to be fully relaxed and open (mouse and rat). However, the mouse blood vessels 
have a tendency to collapse and appear to have undergone an irreversible contrac-
tion. The underlying cause of this response is not fully understood, but it does under-
score that there is a significant difference in the way airway and blood vessel SMCs 
respond to the same stimulation (cutting). To obtain noncollapsed blood vessels, we 

Fig. 5.1 (a) The appearance of an arteriole (a) and airway (Aw) in a mouse lung slice as observed 
with phase-contrast microscopy. (b) The contractile response of the arteriole and airway to a range of 
increasing concentrations of 5-hydroxytryptamine (5-HT), high K+, and acetylcholine (ACh)(molar). 
The extent of contraction is expressed as a percentage of the initial lumen size. The arteriole (red 
trace) displays a slow contraction and relaxation rate in response to 5-HT in comparison to the airway 
(blue trace). Although K+ induces twitching in both the airway and arteriole SMCs, a greater cumula-
tive contraction is observed in the arteriole. The arteriole does not contract in response to ACh. Hanks’ 
balanced salt solution (HBSS) is used to wash the lung slice between agonist applications
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modified the preparation of the lungs for sectioning by the additional instillation of 
warm liquid gelatin into the blood vessels via the pulmonary artery.4 This has the 
effect of resisting the contraction that appears to occur in response to sectioning. 
Gelatin was used instead of agarose because gelatin dissolves at 37°C and, as a 
result, can be easily removed after slicing, leaving the blood vessel lumen empty and 
without lumen resistance to contraction for future experiments. However, we 
observed that some blood vessels also collapsed after the gelatin was dissolved at 
37°C. From a practical point of view, the retention of the agarose in the alveoli 
serves as a replacement for pleural pressure and cannot be removed, otherwise the 
whole slice would collapse. The collapse of the blood vessels appears to result from 
a change in its interaction with the lung parenchyma, as indicated by an open or 
expanded appearance of the vessel adventitia. By contrast, the airways do not show 
this morphology and may have a stronger connection with the lung parenchyma and 
the associated tethering forces that maintains their relaxed or open state. In view of 
weak tethering of blood vessels, a positive pulmonary blood pressure, although nor-
mally low, may be more important for the dilation of the blood vessels. As a result, 
the use and retention of agarose in the blood vessels is being evaluated.

Lung slices provide many experimental advantages. These include the ability to 
examine the responses of different size vessels9 and the applicability of the tech-
nique to a variety of animals and humans. Lung slices are viable for several days 
and appear to retain most of their physiological responses to agonists. The adjacent 
location of the blood vessel to the airway also provides a unique opportunity for 
comparative studies of vascular and airway SMC activity.4,10,11 This is particularly 
useful because each SMC type serves as a control for the other in experiments in 
which activities of blood vessels and airways are recorded simultaneously. Perhaps 
the most important aspect of the lung slice is that individual cells are readily 
observed by microscopy techniques. In combination with fluorescence Ca2+ reporter 
dyes and confocal or two-photon microscopy, the changes in [Ca2+]

i
 (intracellular 

calcium concentration) have been imaged in individual SMCs, and this activity has 
been correlated with blood vessel and airway contraction.4,12

3  Response of Arterioles to Agonists

Perfusion of mouse lung slices with a variety of agonists, such as 5-hydroxytryptamine 
(5-HT) (100–1,000 nM), induces contraction of the blood vessels (Fig. 5.1). Although 
this is expected, the advantage of the lung slices is that they provide the ability to assess 
the dynamics and magnitude of this contraction, especially because the activity can be 
compared with the airway SMCs. In comparison to the airway, 5-HT induces a large 
but slower contraction of the blood vessel. Interestingly, on the removal of 5-HT, the 
relaxation rate of the blood vessel is also slower than the airway (Figs. 5.1 and 5.2). 
Blood vessels also strongly, but slowly, contract in response to low concentrations (10 
nM) of endothelin (ET)12 (Fig. 5.3). The response to ET is only slowly reversed by 
extensive washing. However, mouse intrapulmonary blood vessels do not respond to 
acetylcholine (Fig. 5.1) or phenylephrine.4
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Fig. 5.2 The relaxation rate of arteriole and airway SMCs as a function of agonist exposure. (a) 
The dynamics of a similar size transient contraction induced by 20 mM caffeine in an arteriole 
(red) and airway (blue) appear similar. (b) The sequential contraction of an arteriole (red) and 
airway (blue) in response to increasing exposure times (minutes) of 1 mM 5-HT. (c) The alignment 
(at 5-HT washout time) of the four maximal contractions induced by 5-HT shown in b to demon-
strate the effect of contraction time on the relaxation time of both the airway and arteriole. (d) The 
time to attain 50% of relaxation (t

50
) as a function of the exposure time to 5-HT from the data 

shown in c. In the airway, the duration of relaxation is slightly increased, whereas in the arteriole 
the relaxation time substantially increases with exposure time to 5-HT

A simple explanation for a slower relaxation rate of the arteries with respect to 
the airways is the idea that the blood vessels are weakly tethered to the lung paren-
chyma compared to the airways. This, in addition to the lack of vascular lumen 
pressure in the lung slices, would be consistent with the constriction of the blood 
vessels during sectioning. However, the rates of relaxation of an arteriole and an 
airway were comparable when transiently contracted to a similar extent using caf-
feine to induce a transient release of internal Ca2+ in both SMC types (Fig. 5.2a) 
This response suggests that during Ca2+-induced contraction, similar tethering 
forces act on the airway and arteriole.

On the other hand, the rate of blood vessel relaxation appears to be influenced by 
the duration of agonist stimulation (Fig. 5.2). The relaxation time of the arterioles, 
after reaching a similar contractile state, was increased by extending the duration of 
sustained contraction induced by 5-HT (Fig. 5.2d). This behavior would not be 
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Fig. 5.3 (a) Stimulation of Ca2+ oscillations in a single SMC (top) and contraction (bottom, con-
tinuous line) in a mouse arteriole in a lung slice in response to endothelin (ET). The increase 
in the frequency of the Ca2+ oscillations in response to ET is shown (bottom, squares and line). 
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expected to result from loose or weak tethering or a lack of blood pressure. Because 
the relaxation rate after a brief contraction was initially fast (Fig. 5.2a), it would 
appear that the blood vessel SMCs have stiffened to a greater extent than airways in 
proportion to the duration of agonist exposure. This observation suggests a difference 
in the intrinsic mechanism for maintaining a contractile force between arteriole and 
airway SMCs. The development in the arterioles of a more extensive latch state than 
in the airways could explain this difference, and this property may be a useful mecha-
nism to help arterioles develop a sustained contraction against blood pressure.

4  Ca2+ Signaling of Intrapulmonary SMCs

It has been well established that increases in intracellular calcium concentration 
([Ca2+]

i
) stimulate the contraction of SMCs. However, due to the lack of imaging 

technologies with adequate spatial and temporal resolution and the use of cultured 
cells to study Ca2+ signaling, the dynamics of SMC Ca2+ signaling in situ appears 
to have been greatly underestimated. The classic “textbook” description of agonist-
induced increases in [Ca2+]

i
, in both vascular and airway SMCs, consists of an ini-

tial spike followed by a decreased and sustained plateau and force production by 
the SMCs correlated with the sustained phase of Ca2+ increase. This activity is in 
stark contrast to the Ca2+ signals we have recorded from blood vessel and airway 
SMCs in lung slices with confocal or two-photon laser scanning microscopy and 
recording rates of 15–30 images per second. We found that the agonists 5-HT and 
ET induced Ca2+ signaling in the SMCs consisting of a series of Ca2+ oscillations4,12 
(Fig. 5.3). The frequency of these Ca2+ oscillations increases with agonist concen-
tration; importantly, the magnitude of the blood vessel and airway contraction 
increases with the increasing frequency of the Ca2+ oscillations (Fig. 5.3). The fre-
quency of the Ca2+ oscillations in arteriole SMCs reaches a maximum of about 10 
per minute (10 nM ET after 5 min at room temperature).

Each Ca2+ oscillation also has a spatial organization; in general, the Ca2+ oscilla-
tion begins as an increase in Ca2+ at one end of the cell, and this propagates as a 
wave of Ca2+ to the other end of the cell (Fig. 5.3). It is not uncommon for the direction 

Fig. 5.3 (continued) (b) The asynchronous nature of Ca2+ oscillations occurring in multiple 
adjacent SMCs represented by a line-scan analysis. The line of interest (distance, vertical axis) 
is oriented parallel to the vessel and across the circumferential SMCs. Each individual cell is 
represented by a horizontal trace (time) indicated by a white arrow. Each Ca2+ oscillation appears 
as a white vertical line and occurs asynchronously in each cell. The initiation of the Ca2+ oscil-
lations by ET is also asynchronous. (c) A line-scan analysis of a single SMC demonstrating that 
with each Ca2+ oscillation a Ca2+ wave is propagated along the length of the cell. In this case, the 
line of interest is aligned along the cell (vertical distance). Because the Ca2+ wave propagates 
along the cell, the trace has a slope to the right (with respect to time) that indicates wave propa-
gation velocity. (d) The relationship between the frequency of the Ca2+ oscillations and the 
contraction of arterioles (red) and airways (blue) in response to 5-HT and KCl. Slow Ca2+ oscil-
lations induced in arterioles by 5-HT and KCl induce a larger contraction compared to the 
5-HT-induced contraction of airways that is mediated by faster Ca2+ oscillations. Slow Ca2+ oscil-
lations induced by KCl in airways induce little contraction
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of the wave propagation to reverse. This usually occurred when a Ca2+ wave prema-
turely dissipated and failed to propagate along the full length of the cell. Under 
these circumstances, a second initiation site emerged near the opposite end of the 
cell and propagated a Ca2+ wave in the opposite direction. This spatial behavior of 
Ca2+ waves has interesting implications; the initiation of Ca2+ waves at the end of 
the cells suggests that these regions have the highest pacemaker activity, and this 
may be the result of a narrowing of the SMC toward its ends. It is possible that the 
concentrations of the internal messengers (in this case, inositol 1,4,5-trisphosphate, 
IP

3
) are higher in the smaller cell volumes (assuming equal production per unit 

membrane) near the end of the cell. A higher concentration of IP
3
 would be pre-

dicted to lead to the earlier activation of the IP
3
 receptors (IP

3
Rs) and the origina-

tion of the Ca2+ waves (Fig. 5.4). An alternative possibility is that the density of the 
IP

3
Rs is higher toward the ends of the cell.
The spatial behavior also emphasizes that the mechanism propagating the Ca2+ 

wave is regenerative, and this is believed to be mediated by Ca2+-induced Ca2+ 
release (CICR) from the sarcoplasmic reticulum (SR) via IP

3
-sensitized IP

3
Rs (Fig. 

5.4). Although the Ca2+ waves spread throughout the cell, they do not appear to be 
propagated to adjacent cells. As a result, agonist-induced Ca2+ oscillations appear 
asynchronously in multiple SMCs (Fig. 5.3). It is important to point out that each 
agonist-induced Ca2+ oscillation does not normally initiate a wave of contraction or 
“twitch” response in each SMC. This implies that the regulation of the cellular 
contractile apparatus by the phosphorylation state of the myosin light chain (MLC) 
has a time constant significantly slower than the frequency of the Ca2+ oscillations 
and therefore integrates the Ca2+ oscillations into an average response (Fig. 5.4). 
This has the advantage that sustained contraction can be maintained without a sus-
tained increase in [Ca2+]

i
, which can be deleterious to the cell. In a similar way, the 

asynchronous Ca2+ oscillations may help the muscle tissue, as a whole, to further 
integrate the individual Ca2+ pulses into a steady, sustained contraction.

Fig. 5.4 (continued) phospholipase C (PLC) to synthesize IP
3
 from membrane lipids phosphati-

dylinositol 4,5-bisphosphate (PIP
2
). IP

3
 stimulates the release of Ca2+ from the sarcoplasmic reticu-

lum (SR) via the IP
3
 receptor (IP

3
R). Ca2+ is returned to the SR via the sarcoplasmic/endoplasmic 

reticulum Ca2+ ATPase (SERCA). The cyclic release and reuptake of Ca2+ leads to Ca2+ oscillations. 
Ryanodine receptors (RyRs) do not seem to be activated by Ca2+ released from the IP

3
R during 

agonist stimulation. Ca2+ oscillations are integrated via calmodulin to stimulate myosin light chain 
kinase (MLCK) which in turn phosphorylates the myosin light chain (MLC) and initiate contraction 
(“on rate”). Agonists may also inactivate MLC phosphatase (MLCP) via receptors, protein kinase 
C (PKC) or Rho kinase (ROK) to decrease the rate of MLC dephosphorylation (“off rate”) and 
enhance contraction. SMC relaxation can be induced by reducing the Ca2+ oscillation frequency via 
the action of cGMP/cAMP on the IP

3
R. In addition, cAMP can induce relaxation by stimulating 

MLCP activity. (b) Hypothetical relative speeds of MLCK-mediated contraction and MLCP-
mediated relaxation; mouse arterioles have a slower relaxation rate than airways but similar con-
traction rates. (c and d) Contraction in arteries (red line) and airways (blue line) induced by slow 
Ca2+ oscillations (gray lines) is cumulative in arterioles but transient (twitching) in airways. The fast 
relaxation rate of airway SMCs allows them to fully relax in the time between each Ca2+ oscillation. 
(e) Sustained airway contraction (blue) is achieved in response to fast agonist-induced Ca2+ oscil-
lations because the time between each oscillation is insufficient to allow relaxation



85Ca2+ Oscillations Regulate Contraction Of Intrapulmonary Smooth Muscle Cells

Fig. 5.4 (a) A general scheme of the molecular mechanisms contributing to contraction of arteriole 
SMCs. Agonists (5-HT, ET) stimulate their specific G protein-coupled receptors to stimulate
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4.1  Roles of Ca2+ Influx and Internal Ca2+ Release

A second classical idea that features in many studies aimed at understanding the 
regulatory mechanisms of pulmonary SMC contraction is that the steady plateau 
phase of elevated [Ca2+]

i
, responsible for maintaining force, is primarily determined 

by Ca2+ influx via membrane channel activity. The loss of force after the removal 
of extracellular Ca2+ is consistent with this view.

In our studies with lung slices, it is clear that the steady-state contraction is 
related to the frequency of the Ca2+ oscillations rather than a steady level of [Ca2+]

i
. 

Consequently, the mechanism generating these Ca2+ oscillations is vital to under-
standing SMC physiology. The first issue to address is the source of the Ca2+ used 
in the Ca2+ oscillations. In the absence of extracellular Ca2+, Ca2+ oscillations can 
both be initiated by agonist and can persist for some time. As a result, a substantial 
contraction is observed under Ca2+-free conditions. However, in the prolonged 
absence of Ca2+, the Ca2+ oscillations run down and terminate. The frequency of the 
Ca2+ oscillations was not altered by nifedipine, a voltage-dependent Ca2+ channel 
blocker, but the Ca2+ oscillations were abolished by agents such as thapsigargin or 
cyclopiazonic acid (CPA) that inhibit sarcoplasmic/endoplasmic reticulum Ca2+ 
ATPase (adenosine triphosphatase) (SERCA) pumps and lead to an emptying of 
internal Ca2+ stores (Fig. 5.4). The conclusion that can be drawn from these experi-
ments is that Ca2+ oscillations primarily utilize internal Ca2+ stores. Each Ca2+ 
 oscillation requires a release of Ca2+ from the SR, and although most of this Ca2+ is 
returned to the SR after the Ca2+ release terminates (Fig. 5.4), invariably, some Ca2+ 
is lost to the extracellular environment. As a result, Ca2+ oscillations are dependent 
on external Ca2+ to refill the SR store to prevent its depletion. Thus, the classical 
view would benefit from a redefinition of the roles of Ca2+ release and Ca2+ influx 
related to the cellular mechanism of maintaining SMC contraction, and the role of 
Ca2+ influx needs to be investigated in terms of its effect on Ca2+ oscillation fre-
quency rather than the steady state [Ca2+]

i
.

The oscillatory nature of the Ca2+ signals in blood vessel SMCs is consistent 
with the release of Ca2+ from the SR via the IP

3
R (Fig. 5.4). This process is found 

in vascular SMCs from other types of blood vessels.13 With lung slices, we have 
also found that airway SMCs display Ca2+ oscillations in response to agonist (5-HT 
and acetylcholine [ACh]), and that the frequency of these Ca2+ oscillations also 
correlates with contraction10 (Fig. 5.3 ). The Ca2+ oscillations in airway SMCs are 
similar in many ways to those of the pulmonary blood vessels and require external 
Ca2+ for prolonged activity. Importantly, these oscillations can be initiated or 
increased in frequency by the photolytic release of IP

3
 in the SMCs.14,15 Also con-

sistent with the idea that Ca2+ oscillations are mediated by increases in IP
3
 is the 

finding that 5-HT appears to act via 5-HT
2
 receptors that are linked via G proteins to 

the activation of phospholipase-b (PLC-b) to produce IP
3
. The 5-HT

2
-receptor-specific 

antagonist ketanserin blocked the action of 5-HT, whereas 2, 5-dimethoxy- 
4-iodoamphetamine (DOI), an agonist of this receptor, induced 5-HT-like changes.4 
By contrast, an agonist of the 5-HT

3
 receptor that mediates Ca2+ influx had little effect. 
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Likewise, the use of specific agonists and antagonists indicates that Ca2+ oscillations 
induced by ET are mediated by an equal contribution by ET

A
 and ET

B
 receptors12 

that act via activation of PLC-b to produce IP
3
.

4.2  Effect of KCl on Arteriole SMC Physiology

From these data, it appears that pulmonary arteriole SMCs utilize SR Ca2+. 
However, another idea, which is frequently incorporated into experimental regimes, 
is that SMC depolarization is a major control signal for the contraction of pulmo-
nary SMCs. Because a common way to experimentally induce membrane depolar-
ization in SMCs is their exposure to high extracellular concentrations of KCl (~100 
mM), we examined the responses of SMCs in lung slices to this treatment.4,10

Although exposure to KCl induces pulmonary arterioles to contract, this con-
traction is usually slower and smaller in magnitude than that induced by agonists 
and often displays some regional twitching of the blood vessel. The contractile 
response to KCl was abolished in the absence of extracellular Ca2+ or presence of 
nifedipine and Ni2+, indicating Ca2+ influx is a primary mediator of the response and 
consistent with the idea that membrane depolarization leads to the opening of 
voltage-dependent Ca2+ channels.

To confirm these ideas, we examined the Ca2+ responses of the SMCs to KCl and 
were surprised to observe that, in place of a steady-state elevation of [Ca2+]

i
, which 

might be expected with sustained depolarization, there occurred a series of Ca2+ 
oscillations. However, these Ca2+ oscillations were significantly different from 
those induced by agonists; their frequency was very slow (1–3 per minute), and the 
duration of the Ca2+ increase associated with each Ca2+ oscillation was greatly 
extended.4,10 Extremely similar Ca2+ oscillations were observed in airway SMCs in 
response to KCl, and in contrast to agonist-induced Ca2+ oscillations, a clear cor-
relation between each Ca2+ oscillation and an airway SMC twitch could be made. 
While a similar effect can be observed in vascular SMCs, this effect is reduced. 
Such twitching behavior associated with KCl-induced Ca2+ oscillations suggests 
that their slow frequency is at the limits of the integration time of the enzymes of 
the contractile process; in other words, at slow frequencies, especially in the 
absence of agonist, contraction begins to follow the changes in [Ca2+]

i
.

A closer examination of the KCl-induced Ca2+ oscillations with higher-speed 
recordings revealed that a series of elemental and localized Ca2+ signals with increas-
ing frequency occurred prior to the development of a propagating Ca2+ wave or Ca2+ 
oscillation.4,10 Immediately after a Ca2+ oscillation had subsided, these elemental 
Ca2+ signals could not be detected, but with time, they began to reappear with 
increasing frequency until the next Ca2+ oscillation was triggered. Similar activity 
was observed in airway SMCs. Elemental Ca2+ signaling, in the form of Ca2+ sparks, 
has been observed in other SMCs and cardiomyocytes, and these signals have been 
determined to be the result of localized Ca2+ release from the SR via a small group-
ing of ryanodine receptors (RyRs), specialized SR Ca2+ channels.16,17 Although the 
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Ca2+ elemental events we observed are somewhat bigger than those associated with 
traditional Ca2+ sparks, we found that ryanodine (a RyR antagonist) abolished KCl-
induced Ca2+ oscillations. Again, similar results were observed in airway SMCs.

From these data, we propose the following mechanism to explain KCl-induced 
Ca2+ oscillations: KCl depolarizes the cell membrane and initiates an initial influx 
of Ca2+ into the cell. To compensate and restore the [Ca2+]

i
, the cell transports the 

excess Ca2+ from the cytosol not only to the extracellular medium but also to the SR. 
This redistribution of Ca2+ will continue while there is a Ca2+ influx, with the result 
that the SR Ca2+ content increases. RyRs appear to be sensitive to this SR Ca2+ 
content and become more likely to open.16 The opening of a RyR releases Ca2+, 
which itself can stimulate adjacent sensitized RyRs, with the result that a localized 
Ca2+ event occurs. Because the Ca2+ discharge associated with these local events 
does not counter the accumulation of Ca2+ in the SR, the SR Ca2+ content continues 
to increase with time. This in turn further sensitizes the RyRs to elicit more Ca2+ 
elemental events. However, when the Ca2+ content of the SR reaches a threshold 
level and the RyRs are very sensitive to Ca2+, an elemental Ca2+ release event 
quickly turns into a propagating Ca2+ wave by the process of CICR. This global 
increase in [Ca2+]

i
 has the effect of lowering the Ca2+ content of the SR, which 

desensitizes the RyRs, and the process can begin again to generate the slow Ca2+ 
oscillations.

4.3  Ca2+ Sparks: A Relaxation Mechanism in Pulmonary SMCs?

In almost all respects, the contractility and Ca2+ signaling of the SMCs in the lung 
slices is highly reproducible and consistent. The tissue morphology appears nor-
mal, and as mentioned, the SMCs retain their cell contacts and extracellular matrix. 
In our opinion, lung slices appear to represent a healthy preparation of lung tissue. 
Yet, we have failed to observe Ca2+ sparks in the multitude of SMCs we have exam-
ined in relaxed blood vessels, even though Ca2+ sparks have been suggested to serve 
as a fundamental relaxation mechanism for vascular SMCs. One explanation could 
be that the sensitivity of our confocal or two-photon microscope systems is inade-
quate. However, we clearly observed elemental signals associated with KCl-
induced Ca2+ oscillations and Ca2+ sparks within cardiomyocytes in the myocardial 
sheath surrounding the pulmonary vein in mouse lung slices.18

The Ca2+ sparks are believed to induce SMC relaxation by hyperpolarizing the 
cell membrane via the localized activation of spontaneous transient outward cur-
rents (STOCs) carried by K+ though Ca2+-activated K+ channels19; hyperpolarization 
would counter Ca2+ influx via voltage-dependent Ca2+ channels. However, contrac-
tion of intrapulmonary vascular SMCs appears to be regulated by internal Ca2+ 
release in the form of agonist-induced Ca2+ oscillations rather than by membrane 
depolarization and activation of voltage-dependent Ca2+ channels.20 Thus, mem-
brane hyperpolarization would appear to have a minimal contribution to relaxation 
in intrapulmonary blood vessel SMCs.
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4.4  The Role of Ryanodine Receptors

The inhibition of elemental Ca2+ signaling in cells exposed to KCl by ryanodine 
supports the idea that RyRs are present in intrapulmonary SMCs. However, if 
Ca2+ sparks do not strongly feature in intrapulmonary SMC physiology, what 
role might the RyR have? Because RyRs can be gated open by increases in 
[Ca2+]

i
, RyRs may contribute to the propagation of Ca2+ waves associated with 

Ca2+ oscillations by amplifying or replacing the Ca2+ release initiated via IP
3
Rs 

(Fig. 5.4). Surprisingly, we have found that ryanodine has no influence on the 
frequency or form of the agonist-induced Ca2+ oscillations of both blood vessel 
and airway SMCs.34 Similar findings apply to agonist-induced Ca2+ oscillations 
in other SMCs.21,22 This suggests that the RyR does not respond to the local 
changes in [Ca2+]

i
 associated with agonist-induced Ca2+ oscillations. Part of the 

reason for this might be that agonist-induced Ca2+ oscillations lower the SR 
Ca2+ content, and as a result, the RyRs become desensitized.16 In airway SMCs, 
it has been suggested that increased cyclic adenosine diphosphate (cADP)-
ribose production associated with inflammation can sensitize the RyR for it to 
take part in cell signaling.23 It is therefore possible that the RyR contributes 
more to the pathologic changes associated with the SMCs in pulmonary hyper-
tension, such as those of cell growth and proliferation, when the activity of 
CD38 may be increased.

5  Frequency-Modulation as Method  
for Contraction Regulation

In blood vessels, as well as in airways, an increase in the frequency of the Ca2+ 
oscillations correlated with an increase in contraction (Fig. 5.3). This has led to the 
suggestion that extent of contraction is regulated by a frequency-modulated (FM) 
mechanism. This approach has the potential advantage of generating sustained 
contraction without sustained increases in [Ca2+]

i
. In addition, a reliance on distinct 

Ca2+ oscillations rather than steady-state [Ca2+]
i
 may be a more accurate way to 

detect regulatory signals because Ca2+ oscillations will be less susceptible to small 
variations in cytoplasmic [Ca2+]

i
.

Multiple steps of phosphorylation of Ca2+/calmodulin-dependent protein kinase 
II (CaM-kinase II) in response to sequential Ca2+ oscillations have been proposed 
as a specialized mechanism mediating FM regulation.24 However, the concept of 
FM regulation only requires that the forward activation of the system (“on rate”) 
has faster kinetics than the reverse inactivation (“off rate”). Rather than requiring a 
specialized single molecule such as CaM-Kinase II, this arrangement can be 
achieved by a pair of antagonistic enzymes that have different kinetics. In this 
respect, SMCs appear to have the ideal molecular control to take advantage of FM 
regulation. The forward step, stimulated by Ca2+, is mediated by calmodulin and 
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MLCK (myosin light chain kinase) and results in phosphorylation of MLC. The 
reverse step, dephosphorylation of MLC, is mediated by MLCP (MLC phos-
phatase); slower kinetics of this enzyme will result in sustained contraction during 
the presence of Ca2+ oscillations (Fig. 5.4).

Although it appears, at first sight, that the frequency of Ca2+ oscillations dominates 
the control of contraction (perhaps because of their visual impact and reliable 
observation), comparative studies with different agonists, KCl, or airway SMCs 
revealed that their influence on the extent of contraction is variable. In mouse 
blood vessels, the Ca2+ oscillations occurred with frequencies up to a maximum of 
10 per minute and induced a large contraction (about 80% with ET). Yet, in airway 
SMCs, the Ca2+ oscillations occurred at higher frequencies (25 per minute) but 
were associated with smaller contractions (Fig. 5.3d). The Ca2+ oscillations 
induced by KCl were very slow and induced a small contraction with pronounced 
twitching in airway SMCs but greater contraction in blood vessels with less 
twitching (Fig. 5.3d).

To explain these variable responses, we have proposed a hypothesis based on the 
duration of the off rate of the control of contraction (Fig. 5.4). If we assume that the 
on rate of contraction is similar between SMCs, an idea that mathematical model-
ing of the Ca2+-dependent kinetics of calmodulin and MLCK activation upholds,25 
then the off rate (MLC dephosphorylation by MLCP) will determine the duration 
and extent of contraction. With a slow off rate, slow Ca2+ oscillations can stimulate 
a sustained-steady contraction; this is the case of agonist-induced contraction in 
blood vessels. With a fast off-rate, slow Ca2+ oscillations can only stimulate a weak, 
twitch contraction; this is the case with KCl-induced contraction in airways. Fast 
Ca2+ oscillations are required for a sustained contraction with a fast off rate; this is 
the case with agonist-induced contraction of airways (Fig. 5.4).

Because the activity of MLCP is the major determinate of the off rate, MLCP 
activity should be considered to be equally important as the Ca2+-based mechanisms 
that regulate SMC contraction. It should also be noted that although most agonists 
that regulate contraction commonly stimulate Ca2+ oscillations and increases in 
[Ca2+]

i
, they also simultaneously regulate MLCP activity.

6  The Influence of Ca2+ Sensitivity on Contraction

The variability in the extent of contraction that occurs in the presence of a constant 
level of [Ca2+]

i
 (i.e., a constant on rate) is referred to as the Ca2+ sensitivity of the 

SMCs (i.e., the off rate). A high Ca2+ sensitivity implies a strong contraction and 
hence low MLCP activity, whereas low Ca2+ sensitivity indicates a tendency to 
relax or give weak contraction and is mediated by high MLCP activity. In keeping 
with its definition, the method of measuring Ca2+ sensitivity requires the stimulation 
of SMCs with a constant level of [Ca2+]

i
 and the measurement of the extent of con-

traction. This can only be achieved if the [Ca2+]
i
 of the SMCs can be experimentally 

controlled.
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6.1  A Unique Nondestructive Technique for Ca2+ 
Permeabilization

Control of [Ca2+]
i
 requires the circumvention of the ability of the cells to regulate a 

Ca2+ gradient across its membranes. This can be achieved by “permeabilizing” the 
cell membrane with bacterial toxins or mild detergents. However, such treatments 
have the disadvantage that they also increase the permeability of the membrane to 
a number of other ions and cytoplasmic constituents, including important messen-
ger molecules, by forming large pores in the plasma membrane. In addition, it is 
unclear if these treatments alter the membrane permeability of intracellular organ-
elles, including the SR.

We have adapted an alternative approach in our laboratory to specifically elevate 
membrane Ca2+ permeability that exploits the ion channels of the cells and induces 
little membrane damage. This technique involves the treatment of lung slices simulta-
neously with caffeine and ryanodine.11 Caffeine serves as an agonist of the RyR and 
stimulates its activation. By contrast, ryanodine serves as an antagonist of the RyR, and 
when RyR is activated by caffeine, ryanodine irreversibly locks the RyR in an open 
state. As a result, the SR is depleted of Ca2+. Normally, the emptying of Ca2+ from the 
SR leads to the opening of store-operated channels (SOCs) in the plasma membrane, 
allowing a Ca2+ influx that can be used to replace the Ca2+ lost from the SR.26 However, 
after caffeine and ryanodine treatment, any Ca2+ returned to the SR will not accumulate 
because of the open RyRs. Thus, the cell has a persistent influx of Ca2+ via SOCs. The 
[Ca2+]

i
 can now be manipulated by varying external [Ca2+]. The advantage of this tech-

nique is that the cell and tissue structure are unaffected, and agonist receptor function 
remains viable. In addition, Ca2+ mobilization by agonists is prevented because the SR 
remains empty. There appears to be no loss of cell constituents with this technique; as 
a result, the Ca2+-permeabilized lung slices can be experimentally used for many hours 
to investigate the influence of Ca2+ sensitivity.11

6.2  Agonist-Induced Increases in Ca2+ Sensitivity

After Ca2+ permeablization with caffeine and ryanodine and the exposure of the 
lung slices to Ca2+-free saline, the [Ca2+]

i
 falls to zero, and the blood vessels, as well 

as the airways in both mouse and rat lung slices, are relaxed (Fig. 5.5). On exposure 
to high extracellular [Ca2+]

,
 the [Ca2+]

i
 is increased in the SMCs, and the mouse 

blood vessel partially contracts. This indicates that resting arteriole SMCs have a 
basal level of sensitivity to Ca2+, implying that the activity of the MLCP is not high. 
Interestingly, under the same conditions, the mouse airway initially contracts but 
subsequently relaxes even though the [Ca2+]

i
 remained high (Fig. 5.5). This result 

implies that in mouse airway SMCs the increase in [Ca2+]
i
, in addition to initially 

activating MLCK, also slowly activated MLCP activity, to a level that eventually 
fully countered the activity of MLCK.11,25 Because rat airways, rat blood vessels, 
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and human airways all respond to a sustained increase in [Ca2+]
i
 in a manner similar 

to mouse blood vessels, it appears that a Ca2+-induced increase in MLCP activity is 
a species-specific (mouse) response.

Fig. 5.5 Changes in Ca2+ sensitivity induced by increases in [Ca2+]
i
 and agonists in mouse arterioles 

(red) and airways (blue). (a) The contraction induced by 5-HT in normal arterioles and airways 
(left) and in Ca2+-permeabilized lung slices (right) following treatment with caffeine and ryano-
dine. In zero extracellular Ca2+, the arteriole and airway are relaxed. An increase in [Ca2+]

i
 induced 

by the addition of HBSS containing 1.3 mM CaCl
2
 induces a partial contraction of the arteriole. 

By contrast, the airway transiently contracts and relaxes. On the addition of 5-HT, both the arteri-
ole and airway display contraction to a level equivalent to that observed in normal lung slices prior 
to caffeine/ryanodine treatment. Both the airway and arteriole relax on the removal of 5-HT. 
Because there are no changes in [Ca2+]

i
 during the addition and removal of 5-HT, the rates of 

change of the airway and arteriole lumen size indicate the rates of inactivation (black arrow, con-
traction) and reactivation (relaxation; blue arrow, airway; red arrow, arteriole) of MLCP activity. 
The relaxation rate of the arteriole is slower than that of the airway. (b) Representative changes in 
[Ca2+]

i
 in the SMCs (both airway and artery) associated with the treatments shown in a. In normal 

lung slices (left), 5-HT induced Ca2+ oscillations to mediate contraction. In Ca2+-permeablized 
slices (right), the [Ca2+]

i
 was sustained at an elevated level after HBSS addition but did not change 

on the addition or removal of agonist (5-HT)



93Ca2+ Oscillations Regulate Contraction Of Intrapulmonary Smooth Muscle Cells

If these same Ca2+-permeabilized lung slices are subsequently exposed to a 
contractile agonist, the blood vessels show a further substantial increase in contrac-
tion, albeit without any change in [Ca2+]

i
. Perhaps more impressively, the mouse 

airway also displays an increase in contraction that is similar in magnitude to that 
displayed in a normal slice (Fig. 5.5). The implication is that agonist, acting via the 
same G protein-coupled receptors that mediate increases in [Ca2+]

i
 via Ca2+ oscilla-

tions (now disabled by caffeine/ryanodine treatment), decreases the MLCP activity 
(increases Ca2+ sensitivity) of both arteriole and airway SMCs. Similar findings 
apply to rat and human airway SMCs. The exact degree of this enhancement of the 
Ca2+ sensitivity by agonist, like the exact stimulation of Ca2+ oscillations by agonist, 
is both agonist and species specific. Thus, the final contraction is a function of the 
precise changes in Ca2+ signaling and Ca2+ sensitivity (Fig. 5.3d).

As might be expected, the removal of agonist results in the relaxation of arteri-
oles and airways and implies a reactivation of the MLCP. We had proposed that the 
relaxation rates differ between arterioles and airways, and that this accounted for 
differences in the Ca2+ oscillation frequency-contraction relationships. With the 
Ca2+-permeablized lung slices, this difference in relaxation rate can be observed 
(Fig. 5.5). With a constant MLCK activity, induced by the sustained elevated 
[Ca2+]

i
, the removal of 5-HT reveals that the airways quickly and fully relax, indi-

cating a fast and strong reactivation of the MLCP activity (Fig. 5.5, blue arrow). By 
contrast, the arteriole displays a slow and partial relaxation in the same time (red 
arrow). Thus, with a similar Ca2+ stimulation, the arterioles display greater contrac-
tion than airways as a result of their MLCP activity.

7  Relaxation Mechanisms of SMCs

A major goal of therapy for pulmonary hypertension is a reduction in arteriole 
resistance. In conditions for which increased vessel resistance is primarily due to 
increased muscle tone rather than changes in arteriole structure, a suppression of 
Ca2+ signaling and Ca2+ sensitivity may be an effective therapy. A similar goal is 
addressed in asthma; acute airway SMC relaxation and relief of dyspnea is achieved 
by the inhalation of b

2
-agonists (steroids are required to counter inflammation for 

the long-term control of asthma). In lung slices, we have shown that b
2
-agonists 

such as isoproterenol,14 albuterol,27 and formoterol33,35 all induced airway SMC 
relaxation by reducing the frequency of the Ca2+ oscillations. Although b

2
-agonists 

have little effect on blood vessels, we have found similar results with nitric oxide 
(NO) that reduces Ca2+ oscillations in both airways28 and arterioles of mouse lung 
slices. The implication of these findings is that the mechanisms of the Ca2+ oscilla-
tions serve as key contractile signals in arterioles and therefore represent a thera-
peutic target. The investigation of Ca2+ influx, without reference to its role in Ca2+ 
oscillations, is less likely to identify a key regulator.

The mechanism of Ca2+ oscillations in pulmonary arteriole SMCs is not well 
understood, but it is likely that it has many features in common with Ca2+ oscillations 
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in airway SMCs or systemic arterioles.16 Our experiments with b
2
-agonists and NO 

indicate that a reduction in the frequency of the Ca2+ oscillations is achieved by a 
reduction in the sensitivity of the IP

3
R to IP

3
.14,28 This mechanism appears to involve 

phosphorylation by either cyclic adenosine monophosphate (cAMP)/protein kinase 
A or cyclic guanosine monophosphate (cGMP)/protein kinase G (PKG) (Fig. 5.4 a) 
A similar conclusion has been reached with bovine tracheal SMCs, in which 
IP

3
R-associated cGMP kinase substrate (IRAG) protein phosphorylated by PKG 

associates with and downregulates the IP
3
R.29 However, the frequency of the Ca2+ 

oscillation can be influenced by Ca2+ influx as this is required to fully replenish the 
SR Ca2+ content; the period of the Ca2+ oscillation is determined, in part, by the time 
taken to refill the SR.30 The channels directly contributing to the process of Ca2+ 
influx appear to be associated with the recently identified Orai proteins which are, 
in turn, regulated by a Ca2+ sensor, STIM1 (stromal interacting molecule 1), within 
the SR.31 In addition, transient receptor potential (TRP) channels may contribute to 
this process.32 While it is reasonable that Ca2+ influx via a variety of channels may 
contribute to the frequency of the Ca2+ oscillations, a direct demonstration of this 
connection would be a major step toward identifying specific channels playing a 
significant role in contraction and relaxation of pulmonary blood vessels.

In addition to the Ca2+ oscillations, as we have emphasized, Ca2+ sensitivity plays 
a major role in contraction. Therefore, it might be no surprise to point out that b

2
-

agonists exert a substantial part of their relaxing effect on airway SMCs by simul-
taneously decreasing Ca2+ sensitivity by presumably increasing MLCP activity.27 
However, NO appears to much have less effect on Ca2+ sensitivity in airway SMCs, 
and this correlates with its weak action on airway relaxation.28 The role of MLCP 
in SMC contractility makes it an attractive therapeutic target that has perhaps been 
overlooked by our focus on Ca2+.

8  Conclusions

Contraction of intrapulmonary blood vessel SMCs is regulated by dynamic Ca2+ 
signaling in the form of agonist-induced Ca2+ oscillations and waves rather than by 
steady-state [Ca2+]

i
. The extent of this contraction is also strongly regulated by 

agonist-induced changes in Ca2+ sensitivity. While Ca2+ influx via a variety of ion 
channels can occur, it is unclear how this contributes to contraction. An understand-
ing of the relationship of this Ca2+ influx with Ca2+ oscillations and contraction 
would be valuable as this would help identify pivotal therapeutic sites to induce 
SMC relaxation. It must also be emphasized that SMC contraction and, impor-
tantly, relaxation belong to an active process driven by MLCP activity. Because this 
mechanism can have an equal contribution to SMC contraction as Ca2+-based 
mechanisms, it also has important therapeutic potential.
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Abstract Transient receptor potential or TRP families of ion channels demonstrate 
great diversity in activation and inhibition, and they are diverse in selectivity of ion 
conductance. TRP ion channels function as signal integrators through their ion con-
ductance properties, and in some cases kinase activity. They  mediate processes such 
as vision, taste, olfaction, hearing, touch, and thermo- and osmosensation. TRP cation 
channels function by mediating the flux of Na+ and Ca2+ across the plasma mem-
brane and into the cytoplasm. The influx of cations into the cytoplasm depolarizes 
cells and is necessary for action potentials in excitable cells such as neurons. 
In non-excitable cells, membrane depolarization by TRP ) and-channels stimulates 
voltage- dependent channels (Ca2+, K+, Cl- influences many cellular events, such as 
transcription, translation, contraction, and migration. TRP channels are important in 
human physiology, and mutations in TRP genes are associated with at least four dis-
eases. Furthermore, altered expression, function, and/or regulation of TRP channels 
have been implicated in diseases such as pulmonary hypertension.

Keywords Canonical • Vanilliod • Melastatin • Ankyrin • Trpn=No mechanoreceptor 
potential • Trpp=Polycystin • Trpml=Mucolipin

1  Introduction 

Transient receptor potential (TRP) cation channels mediate the flux of Na+ and Ca2+ 
across the plasma membrane and into the cytoplasm.1 TRP channels were first 
discovered due to a mutation in the Drosophila photoreceptor, which resulted in 
inhibited Ca2+ permeability and sensitivity to light.2 The influx of cations into the 
cytoplasm depolarizes cells and is necessary for action potentials in excitable cells 
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such as neurons.3 In nonexcitable cells, membrane depolarization by TRP channels 
stimulates voltage-dependent channels (Ca2+, K+, Cl–) and influences many cellular 
events, such as transcription, translation, contraction, and migration.4 TRP channels 
and their regulation are fundamentally important in cellular function and disease.1

2  TRP Gene Expression

TRP genes are expressed in organisms from archaea to plants to animals.5 In 
animals, TRP is expressed in brain, heart, lung, and other tissues.5 Mammalian 
TRP channels possess a high degree of sequence homology, particularly in the 
putative functional regions.6 The TRP superfamily of genes is categorized 
into two groups based on sequence and topological similarities.6 Group 1 
includes TRPC, TRPV, TRPM, TRPA, and TRPN. Group 2 includes TRPP 
and TRPML.

3  TRP Protein and Channel Function

TRP proteins form cation channels with varying selectivity to different cations.7 
TRP proteins are transmembrane proteins with six transmembrane domains with a 
pore domain wedged between the fifth and sixth transmembrane domains. The N- 
and C-terminal domains are intracellular and believed to be involved in regulation 
of TRP channel function and in channel assembly. It is believed that TRP channels 
are homo- or heterotetramers of TRP proteins, with each subunit contributing to 
selectivity of the ion-conducting pore.8 Allosteric interactions between subunits are 
thought to contribute to gating of TRP channels; however, the location and structure 
of these gates are unknown. Amino acid sequences flanking the pore-forming 
regions of TRP proteins are strongly conserved across the various TRP channel 
families, highlighting their importance in pore formation or pore gating.9

4  TRP Channel Regulation

TRP channel function is regulated by (1) plasma membrane receptor activation, 
(2) ligand activation, (3) direct activation, and (4) indirect activation.10 G protein-
coupled receptors (GPCRs) and receptor tyrosine kinase act through diacylglyc-
erol (DAG) to activate TRP channels on the plasma membrane.11,12 These channels 
are termed receptor-operated channels. Furthermore, stimulation of these recep-
tors depletes intracellular endoplasmic reticulum/sarcoplasmic reticulum (ER/SR) 
Ca2+ stores and leads to store-operated Ca2+ entry through TRP channels on the 
PM.13 Various ligands can activate TRP channels. Ligand activation includes 
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activation by exogenous small molecules such as capsaicin, icilin, 
2-Aminoethoxydiphenyl Borate, endogenous lipids such as DAG, phosphoino-
sidides, eicosanoids, purine nucleotides, ions such as Ca2+, and Mg2+, and the Ca2+/
Calmodulin complex.14–16 TRP channel activity can be stimulated through direct 
activation. Examples of direct activation of TRP channels include temperature 
change,17 mechanical stimulation,18 and conformational coupling with other pro-
teins such as STIM1 (stromal interacting molecule 1) or IP

3
R (inositol 1,4,5-tris-

phosphate receptor). Indirect activation refers to transcriptional control or 
insertion of vesicles containing TRP proteins into the plasma membrane.

5  Summary of Mammalian TRPs (Fig. 6.1)

5.1  TRPC

TRPC1–7 are categorized into three categories based on sequence and functional 
characteristics.5 TRPC1, 4, and 5 form one group. TRPC1 was the first mamma-
lian TRP protein discovered. It is widely expressed in many tissues and thought to 
form heteromeric channels with TRPC4 and TRPC5.19 TRPC4 and TRPC5 are 
believed to form homomeric channels. When expressed together, TRPC1, 4, and 5 
form nonselective cation channels that are activated by G

q
 signaling through a 

phospholipase Cb1 (PLCb1) pathway.20 Growth factor stimulates rapid transloca-
tion of TRPC5 into the plasma membrane from vesicles located near the plasma 
membrane.21

TRPC3, 6, and 7 have roughly 75% sequence homology and when coexpressed 
reconstitute nonselective, inward and outward rectifying cation channels.10 These 
channels are activated by a receptor-mediated pathway involving DAG and are 
believed to be important in vascular and airway smooth muscle.22 Channels formed 
by TRPC3 or TRPC6 are also regulated by N-linked glycosylation and Ca/CaM.23 
TRPC3 is activated by phosphorylation by PKG.24 TRPC6 is phosphorylated by the 
Src family of tyrosine kinases.25

TRPC2 shares roughly 30% sequence homology with TRPC3/6/7.26 TRPC2 
full-length messenger RNA (mRNA) is expressed in mouse and rat tissues.27 
However, TRPC2 is a pseudogene in humans.10

5.2  TRPV

TRPV is subdivided into two groups composed of TRPV1–4 and TRPV5 and 6.28 
TRPV1 forms vanilloid receptor and noxious thermosensor cation channels that are 
outwardly rectifying in humans and mice.29 Capsaicin-activated TRPV1 channels 
have roughly a 10:1 selectivity of Ca2+ over Na+, with selectivity of Ca2+ > Mg2+ > 
Na+ = K+ = Cs+.30 Heat-activated TRPV1 channels have a 4:1 selectivity of Ca2+ 
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over Na+.31 TRPV1 is inactivated by phosphorylation by cyclic adenosine mono-
phosphate (cAMP)-dependant protein kinase and pharmacologically by capsazepine, 
ruthenium red, iodoresiniferatoxin, (N-(4-tertiarybutylphenyl)-4-(3-cholorphyridin-
2-yl)tetrahydropryazine-1(2H)-carbox-amide) (BCTC), and Phosphatidylinositol 
4, 5-Bisphosphate (PIP

2
). TRPV1 channels are activated by capsaicin (EC

50
 = 0.7 

mM), resiniferatoxin (EC
50

 = 40 nM), anandamide, heat (threshold of 43°C), extra-
cellular protons, and ethanol.32 TRPV1 is expressed in trigeminal and dorsal root 
ganglia, brain, and spinal cord.10 TRPV1 channels function physiologically in noci-
ception, inflammation, temperature sensation, and capsaicin detection.33

RPV2 possesses roughly 50% sequence homology to TRPV1 and is thought to 
function as a noxious heat thermosensor channel.34 TRPV2 channels constitute an 
outwardly rectifying nonselective cation current with roughly 3:1 selectivity for 
Ca2+ over Na+. TRPV2 channels are insensitive to capsaicin and activated by heat, 
with a threshold of 52°C. TRPV2 channels can be inhibited by ruthenium red, La3+, 
and SKF-96365. TRPV2 is expressed in dorsal root ganglion neurons, brain, spinal 
cord, spleen, lung, vascular myocytes, and vascular smooth muscle.31,34

TRPV3 forms outwardly rectifying cation channels with roughly 10:1 selectivity 
of Ca2+ over Na+. TRPV3 channels are activated by temperature at roughly 35°C 
and are believed to mediate sensation of warmth in skin. TRPV3 is inactivated by 
cooling and blocked by ruthenium red.35

TRPV4 forms outwardly rectifying cation channels with roughly 6:1 selectivity 
of Ca2+ over Na+.36 TRPV4 channels function as osmosensor channels, which medi-
ate sensitivity to pressure and acidic nociception in nerve cells.33 TRPV4 is acti-
vated by reduction in osmolarity, phorbol esters, arachidonic acid, and stretch.37 
TRPV4 is inactivated by the Ca/CaM complex and blocked by ruthenium red, gado-
linium, and lanthanum. TRPV4 is expressed in brain, liver, kidney, fat, heart, testis, 
salivary gland, and trachea.38

TRPV5 forms constitutively active inwardly rectifying Ca2+ selective cation 
channels with 107:1 selectivity of Ca2+ over Na+.39 TRPV5 is expressed in intestine, 
kidney, and placenta.40 However, its mechanisms of activation and inactivation are 
unclear. TRPV5 channels can be inhibited with ruthenium red and La3+.41

TRPV6 also forms constitutively active inwardly rectifying Ca2+ selective cation 
channels with 130:1 selectivity of Ca2+ over Na+.42 TRPV6 is expressed in the intes-
tine and in the kidneys.40 However, its physiological function as well as mecha-
nisms of activation and inactivation are unclear.43 TRPV6 channels can be blocked 
by ruthenium red and La3+.43

5.3  TRPM

TRPM is categorized into four groups: TRPM1/3, TRPM7/6, TRPM2/8, and 
TRPM4/5.10 TRPM1, the first member of the TRPM family discovered, is a Ca2+-
permeable channel in the eye and melanocytes.44 Downregulation of TRPM1 is a 
marker for metastasis in patients with melanoma.45 TRPM1 is regulated by an 
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alternatively spliced form of TRPM1 and the transcription factor Microphthalmia-
associated transcription factor (MITF).45

TRPM2 is a weakly voltage-sensing nonselective cation channel, which is 
expressed in the brain, placenta, lung, spinal cord, spleen, and lymphocytes.46 
TRPM2 is activated by increased cytoplasmic Ca2+ concentration, Nicotinamide 
adenine dinucleotide (b-NAD+), and adenosine diphosphate (ADP)-ribose. TRPM2 
is also activated by H

2
O

2
 and tumor necrosis factor a (TNF-a), suggesting that it 

may function as a redox sensor.47 TRPM2 can be inactivated by flufenamic acid, 
clotrimazole, econazole, and Poly (ADP-Ribose) polymerase (PARP) inhibitors.48

TRPM3 is a constitutively active (enhanced by hypoosmolarity and sphingolip-
ids) nonselective cation channel widely expressed in kidney and brain.49 TRPM3 
can be blocked by Gd3+ but is insensitive to ruthenium red.7 Physiologically, 
TRPM3 is involved in Ca2+ absorption in renal collecting tubules.49

TRPM4 is a Ca2+-activated Na+ channel with roughly 100:1 greater selectivity to 
Na+.50 There are two splice variants of TRPM4: TRPM4a and TRPM4b. TRPM4a is 
inhibited by La3+ and Gd3+, and TRPM4b is inhibited by free intracellular adenosine 
triphosphate (ATP), ADP, and spermine.51 TRPM4 is regulated by calcium oscillations 
in activated T lymphocytes and causes myogenic cerebral artery vasoconstriction.52

TRPM5 forms outwardly rectifying nonselective, monovalent cation channels in eye, 
liver, lung stomach, and tongue.53 TRPM5 is activated by cytoplasmic Ca2+, GPCRs, and 
PLCb2.54 TRPM5 is believed to mediate tastes of sweet, bitter, and umami.52

TRPM6 functions as an outwardly rectifying nonselective cation channel and 
contains a protein kinase on its C-terminal domain.55 TRPM6 is widely expressed 
in kidney and the gastrointestinal tract. Mutation of TRPM6 has been linked to 
human hypomagnesemia and secondary hypocalcemia.56 TRPM6 channels can be 
blocked by ruthenium red.55

TRPM7 is similar to TRPM6 in that it forms cation channels and possesses 
kinase activity that autophosphorylates.57 Furthermore, TRPM6 and TRPM7 can 
heteromulterimize into active ion channels.58 TRPM7 is activated by PIP

2
.59 TRPM7 

is also involved in cellular Mg2+ homeostasis.60 TRPM7 can be blocked by Mg2+, 
La3+, and polyamines.61

TRPM8 channels are believed to be involved in cooling and menthol sensation. 
TRPM8 forms nonselective cation channels in sensory neurons of trigeminal and 
dorsal root ganglia and prostate epithelium.62 TRPM8 channels are activated by 
cooling below about 22°C and menthol.63 TRPM8 channels are inhibited by BCTC 
and capsazepine.64

5.4  TRPA

The TRPA “family” has only one member. TRPA1 has over a dozen ankyrin repeats 
near its N terminus. TRPA1 is a nonselective cation channel that is activated by 
membrane stretch, cytoskeletal perturbation, mustard oils, PLC-coupled GPCRs, 
and icilin.65,66 TRPA1 channels are blocked by ruthenium red. TRPA1 is expressed 
in sensory neurons of trigeminal and dorsal root ganglia and the ear.67,68 TRPA1 is 
believed to function as the putative sensor of wasabi.
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5.5  TRPP

Mutation in TRPP1 causes autosomal dominant polycystic kidney disease.69 TRPP1 
forms nonselective cation channels in kidney, pancreas, heart, testis, and blood.10 
TRPP1 may be activated by mechanical stress and blocked by amiloride, Gd3+, and 
La3+. TRPP1 is involved in the development of mouse cardiac, skeletal, and renal 
cells and is important in kidney and liver cyst formation.70

TRPP2 forms nonselective cation channels in kidney, testis, and eye.71 TRPP2 is 
activated by increased cytoplasmic calcium concentration.72 TRPP2 is involved in 
kidney and retinal development.73 TRPP3 forms nonselective cation channels.10

5.6  TRPML

The TRPML family of ion channels is likely restricted to intracellular vesicles.74 
TRPML1–3 form nonselective cation channels.75 TRPML1 channels are widely 
expressed in heart kidney, testis, and blood and blocked by amiloride, Gd3+, La3+, 
and Ni2+.10 Not much is known about TRPML2 and TRPML3.

6  Conclusion

TRP families of ion channels demonstrate great diversity in activation and inhibi-
tion, and they are diverse in selectivity of ion conductance. TRP ion channels func-
tion as signal integrators through their ion conductance properties and in some 
cases kinase activity. They mediate vision, taste, olfaction, hearing, touch, and 
thermo- and osmosensation. TRP channels are important in human physiology, and 
mutations in TRP genes are associated with at least four diseases. Furthermore, 
altered expression, function, or regulation of TRP channels has been implicated in 
diseases such as pulmonary hypertension.
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Abstract The transient receptor potential (TRP) gene superfamily, which consists 
of 7 subfamilies with at least 28 mammalian homologues, is known to encode a 
wide variety of cation channels with diverse biophysical properties, activation 
mechanisms, and physiological functions.  Recent studies have identified multiple 
TRP channel subtypes, belonging to the canonical (TRPC), melastatin-related 
(TRPM), and vanilloid-related (TRPV) subfamilies, in pulmonary arterial smooth 
muscle cells (PASMCs). They operate as specific Ca2+ pathways responsive to 
stimuli, including Ca2+ store depletion, receptor activation, reactive oxygen species, 
growth factors, and mechanical stress. Increasing evidence suggests that these 
channels play crucial roles in agonist-induced pulmonary vasoconstriction, hypoxic 
pulmonary vasoconstriction, smooth muscle cell proliferation, vascular remodel-
ing, and pulmonary arterial hypertension. This chapter highlighted and discussed 
these putative physiological functions of TRP channels in pulmonary vasculatures. 
Since Ca2+ ions regulate many cellular processes via specific Ca2+ signals, future 
investigations of these novel channels will likely uncover more important regula-
tory mechanisms of pulmonary vascular functions in health and in disease states.
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1  Introduction 

In vascular smooth muscle cells (VSMCs), the Ca2+ ion serves as a multifunctional 
messenger responsible for numerous cellular functions, ranging from muscle con-
traction to gene expression. Depending on the type of agonist and physiological 
stimulation, [Ca2+]

i
 can be elevated by Ca2+ influx through numerous Ca2+ pathways 

on the plasma membrane, including voltage-gated Ca2+ channels, receptor- and 
store-operated Ca2+ channels, nonselective cation channels (NSCCs), and Na+–Ca2+ 
exchangers, as well as by Ca2+ release from the inositol 1,4,5-trisphosphate (IP

3
) 

receptor, ryanodine receptor, and nicotinic acid adenine dinucleotide phosphate 
(NAADP)-gated intracellular Ca2+ stores. Voltage-dependent Ca2+ pathways in 
VSMCs have been well characterized, but the molecular identities and physiological 
properties of various voltage-independent Ca2+ pathways have long been enigmatic. 
Recent evidence suggests that the mammalian homologues of the Drosophila tran-
sient receptor potential (TRP) protein,1 which encode a large repertoire of cation 
channels, are responsible for many voltage-independent Ca2+ pathways in VSMCs.

The TRP superfamily is divided into two groups of a total of seven subfamilies. 
Group 1 consists of the classical/canonical (TRPC), melastatin-related (TRPM), 
vanilloid-related (TRPV), ankyrin-related (TRPA), and no mechanoreceptor poten-
tial C NOMPC (TRPN) subfamilies; Group 2 includes the polycystin-related 
(TRPP) and mucolipin-related (TRPML) subfamilies.2 All TRP proteins share the 
common features of having six transmembrane domains, a pore-forming loop 
between the fifth and sixth transmembrane segments, and the highly conserved 
TRP domains. But, they display remarkable diversity in physiological functions, 
such as cation selectivity and activation mechanisms. They play critical roles in the 
response to most major external stimuli, including light, sound, chemicals, tem-
perature, and touch. To date, 28 mammalian TRP homologues have been found in 
a wide variety of cells and tissues, and at least 10 TRPs have been identified as 
functional channels in VSMCs (Table 7.1). They are implicated in many different 
vascular functions, such as myogenic response, agonist-induced vasoconstriction, 
Ca2+ and Mg2+ homeostasis, VSMC proliferation, and vascular remodeling.3

2  Expression of TRP Channels in Pulmonary  
Artery Smooth Muscle Cells

The classical/canonical TRPC subfamily, which is comprised of seven voltage-inde-
pendent NSCCs, is the best-studied TRP family in pulmonary artery smooth muscle 
cells (PASMCs). Multiple TRPC messenger RNA (mRNA) transcripts and proteins 
have been identified. A survey of the literature showed that TRPC1 and TRPC6 are the 
two major TRPC channels expressed in rat, mouse, and human pulmonary arteries 
(PAs) and PASMCs (Table 7.2). TRPC3 and TRPC4 also were frequently detected, but 
their expressions varied depending on species and cell preparation (freshly isolated or 
cultured), whereas TRPC5 and TRPC7 were generally absent. In contrast, expression 
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Table 7.1 Functional TRP channels identified in vascular smooth muscles

Isoform

Distribution,  
P: pulmonary; 
S: systemic

Selectivity 
(P

Ca
/P

Na
) Activator/regulator

Putative physiological 
functions

TRPC1 P and S Nonselective Store depletion, 
vconformation 
coupling

Store-operated 
Ca2+ channel, 
agonist-induced 
vasoconstriction, 
VSMC and PASMC 
proliferation, 
mechanosensitive 
cation channel, 
hypoxic pulmonary 
hypertension

TRPC3 P and S 1.6 DAG, store depletion, 
tyrosine 
phosphorylation

SOCC/ROCC, 
agonist-induced 
vasoconstriction

TRPC4 P and S 7 Store depletion SOCC
TRPC6 P and S 5 DAG, Phosphatidylinositol 

bisphosphate 
(PIP

2
), tyrosine 

phosphorylation

ROCC, agonist-induced 
vasoconstriction, 
PASMC 
proliferation, acute 
hypoxic pulmonary 
vasoconstriction, 
myogenic response, 
idiopathic pulmonary 
hypertension

TRPV2 P and S 3 Cell stretch, temperature 
(>52°C)

Myogenic response, 
mechanosensitive 
cation channel

TRPV4 P and S 6 Hypoosmolarity, cell 
stretching, arachidonic 
acid, and metabolites 
epoxyeicosatrienoic 
acid (EETs), 
temperature (>27°C), 
4a-PDD, tyrosine 
phosphorylation

Mechanosensitive 
cation channels, 
endothelium derived 
hyperpolarizing factor 
(EDHF)-dependent 
vasorelaxation, 
hypoxic pulmonary 
hypertension

TRPM4 P and S Monovalent intracellular Ca2+, PKC, 
PIP

2
, voltage

Myogenic response

TRPM7 P and S Divalent Mg2+, ATP, angiotensin II, 
H+, PIP

2

Mg2+ homeostasis and 
cell proliferation

TRPM8 P and S 3.3 Cold, menthol, pH, PIP
2

TRPP2 S Non-selective Intracellular Ca2+ Vascular integrity, 
mechanosensitive 
channels

of TRPC channels is different in canine PAs. Reverse-transcription polymerase chain 
reaction (RT-PCR) detected TRPC4, TRPC6, and TRPC7 mRNAs in canine main PAs, 
with TRPC4 the major expressed isoform.4 A study showed that TRPC1 and TRPC6 
levels are higher in distal than in proximal PAs of rats,5 suggesting heterogeneity of 
TRPC expression exists in different locations along the pulmonary vascular tree.



112 X.-R. Yang et al.

Table 7.2 Expression of TRP channels in PASMCs

Species Sample C1 C2 C3 C4 C5 C6 C7 References

Human Lung tissue, PA, 
cultured PASMCs

CCC C CC – CCC – 17, 18, 21, 39, 46

Mouse Cultured precapillary 
PASMCs

AAA –/? –/? –/? –/? AAA –/? 19

PA and PASMCs CC CC 44

Rat Main PA CCC C C A CCC 47

Cultured main 
PASMCs

AAA AA – AA A AAA 25

Proximal and distal 
PA, PASMCs

CCC – – CC – CCC – 5, 48

Intralobar PA and 
PASMCs

CCC – CC – – CCC – 16

Intralobar PA BBB BB – – BB 49

Intralobar PA BB BB 50

Dog Main PASMCs – – – AAA – AA A 4

A mRNA only; B protein only; C mRNA and protein

Compared to TRPC channels, information on other TRP subfamilies in the pul-
monary vasculature is scant. We previously performed a survey on the expression 
of TRPM and TRPV channels in deendothelialized rat intralobar PAs and aorta.6 
The mRNA of TRPM2, TRPM3, TRPM4, TRPM7, and TRPM8 of the TRPM fam-
ily and TRPV1, TRPV2, TRPV3, and TRPV4 of the TRPV family were detected 
in both PAs and aorta. The ranks of relative expression evaluated by quantitative 
real-time RT-PCR were TRPV4 > TRPV2 > TRPV1 >> TRPV3, and TRPM8 > 
TRPM4 > TRPM7 > TRPM3 > TRPM2 > TRPM5. Expression of TRPM2, 
TRPM8, TRPV1, and TRPV4 proteins in PAs was also verified by Western blot. 
Moreover, the TRPM8 agonist menthol or the TRPV4 agonist 4a-phorbol 
12,13-didecanoate (4a-PDD) evoked a Ca2+ response in PASMCs. These responses 
could be abolished by the removal of Ca2+ or application of Ni2+ but were unaffected 
by nifedipine. These results indicate that multiple TRPM and TRPV channels are 
expressed, and at least TRPM8 and TRPV4 channels are functional Ca2+ influx 
pathways in PASMCs. Expression of other TRP subfamilies (TRPA, TRPP, and 
TRML) has not been reported in pulmonary vasculature.

3  Physiological Functions of TRP Channels in PASMCs

3.1  Store-Operated and Receptor-Operated Ca2+ Entry

Store-operated Ca2+ entry (SOCE) is defined as the capacitative Ca2+ entry acti-
vated by the depletion of intracellular Ca2+ stores.7 Several mechanisms, including 
the diffusible calcium influx factor (CIF), exocytosis, and conformational coupling, 
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have been proposed. Studies have established that the stromal interacting molecule 
1 (STIM1), a transmembrane protein with an N-terminal EF-hand Ca2+-binding 
domain, acts as a Ca2+ sensor of endoplasmic reticulum (ER) or sarcoplasmic 
reticulum (SR) Ca2+ content.8 Depletion of ER/SR Ca2+ results in rearrangement of 
STIM1 in the form of punctae underneath the plasma membrane and subsequent 
activation of Store-operated cation channel (SOCC). Moreover, the homologue 
STIM2 may operate as another Ca2+ sensor capable of detecting a small decrease in 
ER/SR [Ca2+] and triggering SOCE for feedback regulation of basal cytosolic and 
ER Ca2+ levels.9 In vascular smooth muscle, SOCE is mostly as nonselective cation 
pathways, in contrast to the highly Ca2+-selective Ca2+ release-activated current 
(I

CRAC
) recorded in T lymphocytes.10 Receptor-operated Ca2+ entry (ROCE) is 

 usually defined loosely as voltage-independent Ca2+ entry that requires ligand bind-
ing to membrane receptors for activation. In fact, the definitions of SOCE and 
ROCE are not mutually exclusive, and the distinction between the two pathways 
sometimes is rather murky. For example, an agonist binds to a G

q
 protein-coupled 

receptor and activates phospholipase Cb (PLC-b) to generate IP
3
 and diacylglycerol 

(DAG), leading to dual activation of SOCE and ROCE.
Since their discovery, TRPC channels have been implicated as SOCC and 

Receptor-operated cation channels (ROCC) because they are nonselective Ca2+-
permeable channels and are activated by a PLC-dependent mechanism.11 It is now 
clear that TRPC1, TRPC4, and TRPC5 represent a subgroup of TRPC channels 
activated by Ca2+ store depletion caused by inhibition of SR Ca2+-ATPase (adenos-
ine triphosphatase) using cyclopiazonic acid (CPA) or thapsigargin. TRPC3, 
TRPC6, and TRPC7 form another subgroup of channels participating in ROCE 
activated directly by DAG independent of protein kinase C (PKC). In a heterolo-
gous expression system, members of the TRPC1/4/5 or TRPC3/6/7 subgroup can 
coassemble directly to form heteromeric channels, but cross association does not 
occur between members of the two subgroups.2,3,12 However, some studies showed 
that TRPC3, TRPC4, and TRPC5 can operate as both SOCC and ROCC.13 Studies 
found that STIM1 not only can directly interact with TRPC1, TRPC4, and TRPC5 
to activate SOCE14 but also can mediate heteromerization of TRPC3 with TRPC1 
and TRPC6 with TRPC4.15 These new findings raise an important question of 
whether SOCE and ROCE are separate Ca2+ pathways or the same pathway due to 
heteromerization of various TRPC channels in native cells.

Our previous study provided evidence that SOCE and ROCE are independent 
Ca2+ pathways in rat intralobar PASMCs, where the putative store-operated TRPC1 
and receptor-operated TRPC6 are predominantly expressed.16 Direct activation of 
SOCE with thapsigargin and ROCE with the DAG analogue 1-oleoyl-2-acetyl-sn-
glycerol (OAG) elicited distinctive cation entries that exhibited a 1,000-fold differ-
ence in their sensitivity to La3+ (IC

50
 of ~0.3 mM for SOCE and ~300 mM for 

ROCE). Small interfering RNA (siRNA) knockdown of TRPC1 and TRPC6 inhib-
ited the thapsigargin- and OAG-activated cation entry, respectively. Furthermore, 
TRPC1 siRNA had no effect on OAG-induced cation entry, and TRPC6 siRNA did 
not alter the thapsigargin-induced response. These results indicate that thapsigargin-
induced SOCE and OAG-mediated ROCE are mutually independent pathways, 
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with TRPC1 and TRPC6 the major determinants of SOCE and ROCE, respectively, 
in rat intralobar PASMCs.

The notion that TRPC1 is critical for SOCE is consistent with other observa-
tions that TRPC1-specific antisense oligonucleotides inhibited the TRPC1 expres-
sion and blocked SOCE in cultured human PASMCs,17 and overexpression of 
TRPC1 in rat PAs enhanced SOCE-induced vasoconstriction.18 Moreover, the 
importance of TRPC6 in ROCE is supported by the observation that OAG failed 
to activate ROCC in PASMCs of trpc6–/– mice.19 However, a study in cultured rat 
main PASMCs showed that PDGF (platelet-derived growth factor) upregulated 
TRPC6 and enhanced SOCE during cell proliferation. Inhibition of TRPC6 with 
antisense oligonucleotides reduced the amplitude of SOCE and attenuated mito-
gen-mediated PASMC proliferation. Hence, TRPC6 might exhibit different prop-
erties in proliferating PASMCs, perhaps due to heteromerization with other TRPC 
subtypes through interactions with STIM1 or Orai1.15,20 In addition, TRPC3 and 
TRPC4 have been reported to mediate SOCE in cultured human PASMCs,21,22 but 
the TRPC subtypes responsible for ROCE have not been examined in human pul-
monary myocytes.

3.2  Agonist-Induced Pulmonary Vasoconstriction

As mentioned, many vasoactive agonists and growth factors can exert their effects 
by binding to receptors coupled to G

q
 protein or receptor tyrosine kinases to activate 

PLC-b or PLC-g, respectively, to generate IP
3
 and DAG. IP

3
 triggers Ca2+ release 

from IP
3
-receptor-gated Ca2+ stores, leading to Ca2+ influx through SOCC, and 

DAG directly activates ROCC and modulates other effectors through PKC. In addi-
tion to the PLC-IP

3
/DAG pathways, agonists and growth factors may activate 

receptor-operated TRP channels by direct tyrosine phosphorylation through Src 
family protein tyrosine kinases, including Src and Fyn.23,24

Vasoactive agonists, including endothelin I, angiotensin II, norepinephrine, 
PDGF, EGF (epidermal growth factor), and ATP (adenosine triphosphate) have 
been shown to activate SOCE or ROCE in VSMCs. It is generally assumed that 
TRPC channels, by mediating SOCE and ROCE, play significant roles in agonist-
induced pulmonary vasoconstriction. However, despite evidence that SOCE is 
able to elicit pulmonary vasoconstriction18,25 and phenylephrine-induced contrac-
tions of PAs could be inhibited partially by the nonselectively cation channel 
blockers SKF-96365 and Ni2+,25,26 it is unclear which subtypes of TRPC channels 
are participating and what contributions TRPC channels have in a particular 
agonist-induced pulmonary vasoconstriction. In fact, our preliminary observa-
tions suggested that agonist-induced vasoconstriction was unabated in PAs of 
trpc1–/– and trpc6–/– mice (Ref. 27 and unpublished data), similar to a previous 
report on phenylephrine-induced vasoconstriction in aorta and mesenteric arteries 
of trpc6–/– mice.28 It is likely that agonists activate vasoconstriction through 
redundant mechanisms; hence, deletion of one TRP channel subtype could be 
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effectively compensated by other Ca2+ pathways. Moreover, 5-hydroxytryptamine 
or serotonin (5-HT)-induced constriction of small, pressurized rat PAs is medi-
ated through an arachidonic acid-sensitive Ca2+ influx,29 which has properties 
similar to the TRPV4 channels.30 These results highlight the fact that some ago-
nists may induce ROCE and pulmonary vasoconstriction by activating NSCCs 
other than TRPC channels through PLC-independent signaling pathways.

3.3  Hypoxic Pulmonary Vasoconstriction

Acute reduction in alveolar O
2
 tension causes reversible constriction of small 

resistant PAs. It serves as an adaptive mechanism for diverting blood flow from 
poorly ventilated to better ventilated regions of the lung to improve ventilation-
perfusion matching. It has been proposed that hypoxia alters the redox state of 
PASMCs, leading to the inhibition of voltage-gated K+ channels, membrane 
depolarization, activation of voltage-gated Ca2+ channels, [Ca2+]

i
 increase, and 

vasoconstriction.31 Increasing evidence suggests that voltage-independent Ca2+ 
entry also plays a critical role in hypoxic pulmonary vasoconstriction (HPV). 
It was shown first in canine PAs that hypoxia activated a nisoldipine- and 
ryanodine-insensitive Ca2+ influx in the presence of thapsigargin or CPA32 and 
later in small rat PAs that the initial phase (phase I) of HPV was carried by 
capacitative Ca2+ influx related to a thapsigargin-sensitive store. Phase II contrac-
tion was supported by Ca2+ influx through a separate voltage-independent path-
way.33 In isolated canine and rat PASMCs, hypoxia activated a 
dihydropyridine-insensitive Ca2+ influx, which had a pharmacological profile 
similar to SOCE.34,35 Antagonists of SOCC/NSCC, including SKF-96365, Ni2+, 
and La3+, inhibited HPV in isolated perfused rat lungs at concentrations that 
inhibit vasoconstrictions induced by SOCE but not by KCl.36

A study showed that the expression levels of STIM1, TRPC1, TRPC4, and 
TRPC6 were higher in distal than proximal PAs of rats. Enhanced expression of 
these proteins was associated with a higher magnitude of CPA-induced SOCE and 
hypoxia-induced Ca2+ response in distal PASMCs.5 Moreover, knockdown of the 
SR Ca2+ sensor STIM1 with siRNA in rat PASMCs abolished SOCE and hypoxia-
induced Ca2+ response.37 Collectively speaking, evidence at the organ, tissue, and 
cell levels suggests unequivocally that SOCCs/NSCCs participate in HPV, even 
though the specific TRP channel has not been determined. These observations 
together with other studies lead to an alternative hypothesis that HPV activates Ca2+ 
release from ryanodine receptor-gated Ca2+ stores, causing activation of SOCE.

Direct evidence of a critical role for TRP channels in HPV emerged from the 
study of trpc6–/– mice.19 The evidence includes the following: The acute phase of 
HPV was completely absent in isolated perfused lungs of trpc6–/– mice; the hypoxia-
induced increase in [Ca2+]

i
, nonselective cation influx, and membrane currents were 

missing in Endothelin-1 (ET-1)-primed trpc6–/– microvascular PASMCs; and hypoxia-
induced Ca2+ response was rescued by expressing TRPC6 in trpc6–/– PASMCs. 



116 X.-R. Yang et al.

It is intriguing that the hypoxia-induced activation of TRPC6 channels required 
priming of PASMCs with ET-1 and was mediated by DAG accumulation. These 
observations are congruent with the widely accepted knowledge that priming of 
isolated perfused lung, PAs, or PASMCs with an agonist facilitates robust hypoxic 
responses, but the DAG-mediated activation of TRPC6 indicates a crucial contribu-
tion of ROCE instead of the previously suggested SOCE in HPV. It is unclear 
whether the discrepancy depends on animal species or the presence of priming. 
It will be important to evaluate the DAG/TRPC6 mechanism in agonist-
primed PASMCs of rats and other species for a better understanding of ROCE 
involvement in HPV.

The TRPC channels may contribute to HPV by providing Ca2+ for direct activa-
tion of calmodulin/myosin light chain kinase/actin-myosin interactions and by 
causing membrane depolarization to activate Ca2+ influx through L-type Ca2+ chan-
nels. This is consistent with the fact that both antagonists of SOCE/NSCC and 
L-type Ca2+ channels attenuated independently the hypoxia-induced Ca2+ response 
in PASMCs and HPV in isolated perfused lungs.34,36 Moreover, hypoxia-induced 
activation of TRPC channels may lead to local accumulation of Na+ ions, facilitat-
ing Ca2+ influx through reverse Na+–Ca2+ exchange. However, this possibility is still 
controversial and requires further investigation.

3.4  PASMC Growth and Proliferation

Mitogen-induced proliferation of PASMCs requires elevation of [Ca2+]
i
 to acti-

vate Ca2+-dependent signaling pathways and Ca2+-sensitive transcription factors. 
Based on a series of articles published by Yuan and associates, it is now estab-
lished that PASMC proliferation is associated with augmented SOCE mediated 
by TRPC channel upregulation.38 Depending on species, mitogens, and physio-
logical states, most of the TRPC subtypes expressed in PASMCs, including 
TRPC1, TRPC3, TRPC4, and TRPC6, have been implicated as a mediator for cell 
proliferation. In human PASMCs, cell proliferation induced by serum and growth 
factors was associated with increased resting [Ca2+]

i
, enhanced capacitative Ca2+ 

entry, and upregulation of TRPC1.17,39 Downregulation of TRPC1 using antisense 
oligonucleotide, removal of extracellular Ca2+, and application of Ni2+ all inhib-
ited the enhancement of cell proliferation induced by serum and growth factors, 
suggesting Ca2+ influx via the upregulated TRPC1 mediates PASMC growth. In 
another study, incubation of human PASMCs with ATP increased phosphoryla-
tion of cyclic adenosine monophosphate (cAMP) response element-binding pro-
tein (CREB), TRPC4 expression, SOCE, and cell proliferation. Transfection of a 
CREB mutant abolished ATP-induced TRPC4 upregulation, and introduction of 
a siRNA against TRPC4 attenuated SOCE and cell proliferation activated by ATP. 
These data suggested that ATP exerts its mitogenic effect via CREB-dependent 
upregulation of TRPC4 channels. Furthermore, PDGF stimulates Signal transducer 
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and activator of transcription 3 (STAT3) phosphorylation, leading to the upregu-
lation of c-Jun, which activates the transcription of TRPC6, resulting in enhanced 
SOCE and PASMC proliferation.40,41

It is interesting to note that the mentioned studies involved different mitogens, 
signaling pathways, and TRPC channels; yet they all found enhancement in SOCE and 
cell proliferation. The simplest explanation is that an enhanced SOCE, irrespective of 
the TRPC subtype involved, supports the mitogen-induced PASMC proliferation in a 
nondiscriminatory manner. However, Ca2+ signals carried by distinctive Ca2+ channels/
pathways are known to preferentially regulate specific Ca2+-sensitive transcription fac-
tors for different physiological processes, according to the signal amplitude and fre-
quency as well as the spatial association with their effectors.42 Indeed, PGDF-induced 
PASMC proliferation was unaffected by the L-type Ca2+ channel inhibitor nifedipine 
but was inhibited by the SOCE/NSCC inhibitor SKF-96365, suggesting a specific 
contribution of SOCE-dependent signaling pathways.41 Hence, it is tempting to specu-
late that various mitogens might regulate different TRPC subtypes to modulate specific 
Ca2+-dependent processes at various stages in the cell cycle.

3.5  Pulmonary Arterial Hypertension

Pulmonary arterial hypertension (PAH), both idiopathic (IPAH) and secondary 
PAH, involves numerous interacting factors that lead to massive vascular remodeling, 
increase in vasomotor tone, and alterations in vascular reactivity. Vascular remodeling 
is characterized by pronounced medial and adventitial thickening due to PASMC 
proliferation and migration, recruitment and differentiation of progenitor cells, and 
synthesis of extracellular matrix. Increase in vasomotor tone is evident by the acute 
reduction in pulmonary arterial pressure (Ppa) in response to vasodilators, such as 
prostacyclin, nitric oxide, phosphodiesterase V inhibitors, K+ channel opener, and 
Rho kinase inhibitors. Alterations in vascular reactivity are manifested by the 
enhanced responsiveness to agonists, such as endothelin 1, serotonin, and angio-
tensin II, and the reduced relaxation to various vasodilators.

3.5.1  Chronic Hypoxia-Induced Pulmonary Hypertension

All the salient characteristics of PAH can be either directly or indirectly related to 
alterations of Ca2+ homeostasis in PASMCs. It has been shown in the chronic 
hypoxic rat model that major changes in ionic balance occur in PASMCs, including 
membrane depolarization, reduction in K

V
 currents, and increase in resting [Ca2+]

i
. 

The increase in resting [Ca2+]
i
 in PASMCs is mainly due to Ca2+ influx through 

voltage-independent Ca2+ channels because removal of extracellular Ca2+ reduces 
resting [Ca2+]

i
 to the level of normoxic PASMCs, but inhibition of the voltage-

gated Ca2+ channel with nifedipine has little effect.16,43 In the search of alternative 
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Ca2+ entry pathways for the disturbance of resting [Ca2+]
i
, we found that the expres-

sion of TRPC channels in PAs is greatly altered in rats exposed to 10% O
2
 for 4 

weeks.16 TRPC1 and TRPC6 mRNA and protein levels were more than doubled, 
while TRPC3 was unchanged in hypoxic PAs. Ca2+ measurements and Mn2+-
quenching experiments showed that both thapsigargin-induced SOCE and OAG-
induced ROCE were enhanced proportionally in hypoxic PASMCs. More 
importantly, inhibition of SOCE with a low concentration of La3+ (10 mM) caused 
a reduction in basal [Ca2+]

i
 similar to the removal of extracellular Ca2+, but 

increased La3+ concentration to inhibit ROCE failed to cause additional decline in 
[Ca2+]

i
. Similar results were obtained in parallel experiments using PA rings to 

evaluate basal vascular tone. Since TRPC1 is responsible for SOCE in rat 
PASMCs,16 these results suggested that the upregulation of TRPC1 and SOCE 
contribute to the elevated [Ca2+]

i
 in PASMCs and the increase in basal vascular 

tone of PAs of chronic hypoxic rats.
A subsequent study further extended our findings showing that TRPC1 and 

TRPC6 upregulation also occurred in cultured PASMCs incubated under 4% O
2
 for 

60 h, and in nonhypoxic PASMCs overexpressing hypoxia- inducible factor 1a 
(HIF-1a).44 The increase of TRPC expression was absent when mice of partial HIF-
1a deficiency were exposed to hypoxia. These results clearly indicate that the 
upregulation of TRPC channels is a direct effect of hypoxia on PASMCs mediated 
by HIF-1a.

However, several important questions remain to be answered. Are TRPC1 and 
TRPC6 essential for the development of hypoxic PAH? Are they required specifi-
cally for vascular remodeling, increased Ppa, and enhanced vasoconstriction to 
agonists in PAH? It had been reported that the elevation of right ventricular systolic 
pressure (RVSP), right heart hypertrophy, and pulmonary vascular remodeling were 
unaltered in chronic hypoxic trpc6–/– mice.19 This argued against an indispensable 
role for TRPC6 in chronic hypoxia-induced PAH. In contrast, our preliminary study 
found that hypoxia-induced PAH was significantly attenuated in trpc1–/– mice.27 
This further supports the idea that the store-operated TRPC1 channels participate 
in the development of hypoxic PAH.

We recently have extended our investigation on the roles of TRPM and TRPV 
channels in chronic hypoxic PAH.45 Preliminary experiments showed that among 
the six subtypes of TRPV and eight subtypes of TRPM, the mechanosensitive 
TRPV4 was the only channel that was upregulated in PAs of rats exposed to 
hypoxia. Upregulation of TRPV4 was associated with enhanced Ca2+ response 
induced by the TRPV4 agonist 4a-PDD and hypotonicity in hypoxic PASMCs. 
Significant myogenic tone, sensitive to the TRPV blocker ruthenium red, was 
also observed in pressurized pulmonary microvessels of chronic hypoxic but not 
 normoxic rats. Moreover, the severity of PAH was significantly attenuated in 
trpv4–/– mice exposed to hypoxia. These results suggest that the mechanosensitive 
TRPV4 channels are upregulated in PASMCs during chronic hypoxia and play 
significant roles in the development of myogenic tone and PAH. A schematic is 
presented in Fig. 7.1 to depict our present understandings on the participation of 
TRPC and TRPV channels in chronic hypoxia-induced PAH.
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3.5.2  Idiopathic Pulmonary Arterial Hypertension

In addition to chronic hypoxic PAH, a link has also been established between TRPC 
and IPAH. Elevated levels of TRPC6 and TRPC3 mRNA and protein were found 
in cultured PASMCs isolated from patients with IPAH but not in PASMCs of 
patients with secondary PAH or those who were not hypertensive.46 The enhanced 
TRPC expression appears to be responsible for the higher activity of SOCE and cell 
proliferation in IPAH PASMCs21,41,46 because downregulation of TRPC6 by siRNA 
blocked the accelerated proliferation of these cells.46 The underlying cause for the 
enhanced TRPC expression in IPAH PASMCs is unclear. It is unrelated to mitogenic 

Fig. 7.1 Schematic diagram depicting the involvement of TRP channels in chronic hypoxic PAH. 
Hypoxia activates release of ROS (reactive oxygen species), agonists, and growth factors, leading 
to SOCE, ROCE, and Non-selective cation entry (NSCE) through TRPC1, TRPC6, and TRPV4 
channels, respectively. Increase in intracellular [Ca2+]

i
 enhances basal vascular tone and agonist-

induced responses to cause pulmonary vasoconstriction. Increase in Ppa activates mechanosensi-
tive TRPV4 channels to elicit myogenic response. Furthermore, HIF and other Ca2+-dependent 
transcriptional factors mediate gene transcription to upregulate TRPC1, TRPC6, and TRPV4 
expression and promote cell proliferation and vascular remodeling
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or autocrine factors released during PAH because elevated TRPC expression was 
observed in cells after multiple passages. However, it could be a specific phenotype 
of a population of PASMCs or myofibroblasts that are selectively expanded or 
recruited during the development of IPAH. It is important to note that the ET recep-
tor antagonist bosentan suppressed TRPC6 expression and proliferation of IPAH 
PASMCs in the absence of agonist41; and PASMCs from normal subjects and 
patients with IPAH showed divergence in response to cAMP-dependent regulation 
on TRPC3 expression and SOCE.21 These observations suggest that aberrations in 
the constitutive activities of endogenous receptors and transcriptional pathways 
may contribute to the enhanced TRPC expression in IPAH PASMCs.

4  Conclusion

Ever since the discovery of the first TRP channel 20 years ago,1 TRP channels have 
continuously amazed the scientific community by their incredibly diverse complex-
ity in structural interactions, modes of activation, molecular regulations, and physi-
ological functions. Novel discoveries about these channels have been reported in a 
daily basis (>400 papers in 2008). In comparison, research on TRP channels in 
pulmonary vasculature is still in its infancy. The functions and regulations of most 
TRP channels of PASMCs, especially members of TRPV, TRPM, TRPA, TRPP, 
and TRPML subfamilies, have not been explored. Since Ca2+ ions regulate multiple 
cellular processes via specific Ca2+ signals from diverse pathways, future investigations 
of these unexplored TRP channels will likely uncover important regulatory pathways 
for pulmonary vascular functions in health and in disease states.
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Abstract Capacitative calcium entry (CCE) through store-operated channels (SOCs) 
has been shown to contribute to the rise in intracellular calcium concentration ([Ca2+]

i
) 

and mediate pulmonary artery smooth muscle contraction. CCE is activated as a result 
of depletion of intracellular Ca2+ stores but there is a great deal of controversy surround-
ing the underlying signal that active CCE and the molecular makeup of SOCs. The 
discovery of canonical subgroup of transient receptor potential channels (TRPC) and 
recent identification of stromal-interacting molecule 1 (STIM1) protein have opened a 
door to the study of the identity of SOCs and the signal that activates these channels. 
Among all the TRPC channels, TRPC1 is widely studied in many cell types and shown 
to be part of SOCs components, whereas STIM1 protein is found to act as a Ca2+ sensor 
in the intracellular Ca2+ stores and activates SOCs. However, there is very little evidence 
for the roles of TRPC1 and STIM1 in the contribution of CCE in pulmonary artery. This 
chapter outlines the roles of TRPC1 and STIM1 in pulmonary artery smooth muscle 
cells and discusses our recent findings that TRPC1 and STIM1 are functionally interact 
with each other to mediate CCE in these cells. We also propose a model for the molecu-
lar makeup of SOCs formed by TRPC1 and STIM1 in pulmonary artery.

Keywords TRPC1 • STIM1 • capacitative calcium entry • store-operated channels 
• pulmonary artery

1  Introduction

Capacitative Ca2+ entry (CCE) or store-operated Ca2+ entry was first proposed by 
Putney in 1986: Depletion of intracellular Ca2+ stores leads to the activation of 
Ca2+ entry from the extracellular space to reload the stores.1 The stores serve as a 

L.C. Ng (*), J.A. Airey, and J.R. Hume 
Department of Pharmacology/318, University of Nevada School of Medicine, 1664 North 
Virginia Street, Reno, NV, 89557, USA 
e-mail: lcng@medicine.nevada.edu

The Contribution of TRPC1 and STIM1  
to Capacitative Ca2+ Entry in Pulmonary Artery

Lih Chyuan Ng, Judith A. Airey, and Joseph R. Hume

J.X.-J. Yuan and J.P.T. Ward (eds.), Membrane Receptors, Channels and Transporters  
in Pulmonary Circulation, AEME, Vol. 661, DOI 10.1007/978-1-60761-500-2_8,  
© Humana Press, a part of Springer Science+ Business Media, LLC 2010



124 L.C. Ng et al.

capacitor, and much as in an electrical circuit, a capacitor must be charged before 
current can flow through it.1 CCE can be activated by any procedure that causes 
depletion of Ca2+ from the intracellular Ca2+ stores. This includes agonists activat-
ing receptors coupled to the inositol 1,4,5-trisphosphate (IP

3
) signaling pathway, 

intracellular dialysis of high concentrations of Ca2+ chelators Ethylene glycol-
bis(2-aminoethylether)-N,N,N',N'-tetraacetic acid (EGTA) or 1,2-bis(2-aminophe-
noxy)ethane-N,N,N',N'-tetraacetic acid (BAPTA), thereby preventing store refilling 
by chelating Ca2+ that leaks from the stores or using agents that inhibit the sarco-
plasmic reticulum (SR)/endoplasmic reticulum Ca2+-ATPase (adenosine triphos-
phatase) (SERCA), such as cyclopiazonic acid (CPA) or thapsigargin.2 The 
concept of CCE was first confirmed by electrophysiological evidence in mast 
cells, in which store depletion caused activation of a Ca2+ current, so-called Ca2+-
release activated Ca2+ current (I

CRAC
).3 I

CRAC
 is voltage independent, inwardly recti-

fying, and highly selective to Ca2+ and has a very low unitary conductance of 0.02 
pS. It is now accepted that I

CRAC
 is a predominant Ca2+ entry pathway in nonexcit-

able cells, but it is not the only store-operated current.2 Many studies have reported 
a variety of store-operated currents with a range of channel conductances (>1 pS), 
along with varying Ca2+ selectivity in both nonexcitable and excitable cells.2

Unlike nonexcitable cells, Ca2+ entry in excitable cells such as vascular smooth 
muscle cells is generally accomplished by voltage-operated Ca2+ channels 
(VOCCs) or receptor-operated channels (ROCs). However, increasing evidence 
has shown that Ca2+ entry through store-operated nonselective cation channels 
(SOCs) contributes to the rise in [Ca2+]

i
 and responsible for vascular smooth 

muscle contraction.4 To date, there are only a few studies that showed the record-
ing of store-operated currents in vascular smooth muscle cells. In cell-attached 
patches of cultured aorta smooth muscle cells, a 3-pS cation-conducting channel 
activated by thapsigargin or the cell-permeant Ca2+ chelator BAPTA-AM (ace-
toxymethyl ester) was reported by Trepakova et al.5 In cell-attached patches of 
cultured human pulmonary artery smooth muscle cells (PASMCs), Golovina 
et al.6 reported a 5.4-pS Ca2+-permeable channel that was activated by CPA. In 
rabbit portal vein cells, CPA, caffeine, BAPTA-AM, or calmodulin antagonist 
W-7 activated SOCs with a single-channel conductance of 2.1 pS.7 Following this 
observation, Saleh et al.8,9 also recorded 2.6- and 1.9-pS SOC in coronary artery 
and mesenteric artery smooth muscle cells, respectively. It is not clear whether 
the single-channel events described in these studies were indeed due to SOCs as 
opposed to another Ca2+ entry pathway because Ca2+ release from the stores may 
activate other nonselective cation channels; even in cells loaded with BAPTA-AM, 
it has not always been shown that sufficient BAPTA has accumulated in the cyto-
sol to suppress the rise in intracellular Ca2+ following store depletion.2 Perhaps 
the more convincing evidence for the existence of SOCs in vascular smooth 
muscle cells comes from the whole-cell recording of rat PASMCs10 and human 
saphenous vein cells.11 In the former study, a CPA-induced inward current was 
recorded when cells were internally dialyzed with 10 mM EGTA or 10 mM 
BAPTA. The latter study showed that thapsigargin activated lanthanum-sensitive 
currents in cells dialyzed with 40 mM EGTA. However, the single-channel con-
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ductance for SOCs has not been reported in these studies. Thus, the electrophysi-
ological evidence for SOCs in vascular smooth muscle cells remains to be 
elucidated.

2  Molecular Composition and Molecular Signals that Underlie 
Store-Operated Channels in Vascular Smooth Muscle

Over the past decade, CCE has gained a significant amount of attention in vascular 
smooth muscle research.5–15 However, the molecular composition of SOCs and the 
intracellular signals that activate these channels remain unclear. The discovery of 
mammalian homologues of Drosophila transient receptor potential (TRP) gene that 
encode 28 nonselective cation channel proteins with varying permeability to Ca2+ has 
led to a plethora of studies on the possible role of TRP channels underlying SOCs and 
ROCs. Since 1995, increasing evidence indicated members of the canonical subgroup 
of transient receptor potential nonselective cation channel (TRPC) constitute tetram-
ers of both ROCs and SOCs.2,16,17 Based on the structural and functional similarities, 
members of the TRPC family are divided into four subgroups: TRPC1, TRPC2, 
TRPC3/6/7, and TRPC4/5. These TRPC members have all been suggested as com-
ponents of SOCs, but there is also evidence that they are components of ROCs.16 This 
could be explained by the findings that different TRPC subunits can associate to form 
heterotetramers in different cell types. In general, TRPC1, 4, and 5 are sensitive to 
store depletion and interact with each other to function as SOCs, whereas TRPC3, 6, 
and 7 can interact with each other and function as ROCs that are gated by G protein-
phospholipase C and diacylglycerol.16 TRPC2 is a pseudogene in humans.

Several studies have confirmed the existence of TRPC channels in various vas-
cular preparations.4,17 However, there is little evidence that TRPC channels function 
as SOCs in vascular smooth muscle cells. Using inhibitory antibodies, antisense, 
and small-interfering RNA (siRNA) methods, several studies have presented evi-
dence for TRPC1 as an essential component for SOCs in vascular smooth muscle 
cells from the aorta,18,19 cerebral artery,20 mesenteric artery,8 coronary artery,9,21 and 
portal vein.7,9 Interestingly, TRPC1 and TRPC5 have been shown to colocalize and 
associate with one another in the rabbit pial arteriole,22 and antibodies directed 
against TRPC1 and TRPC5 were shown to inhibit store-operated currents in mes-
enteric artery,9 suggesting that TRPC1/TRPC5 may form heterotetramers in vascu-
lar smooth muscle. TRPC1, 5, and 6 were suggested to form SOCs in rabbit 
coronary artery, and TRPC1, 5, and 7 were suggested to form SOCs in rabbit portal 
vein.9 This finding goes against the original principle that TRPC1, 4, or 5 and 
TRPC3, 6, or 7 can only interact with each other within the group to form hetero-
tetramers and function as ion channels.23,24 However, it has also been proposed that 
functioning cation channels may be composed of subunits from both of these 
groups.25–27 Thus, comparison of the proposed heterotetrameric structures in expres-
sion systems with native SOCs is required to precisely identify the molecular 
makeup of endogenous SOCs.
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While the molecular identity of SOCs is incomplete, the molecular signals that 
activate these channels also remain unresolved. Many studies have been performed 
since 1990 to examine the molecular signals that activate SOCs.2 These include (1) 
the generation of a “Ca2+ influx factor” from the SR after store depletion, which 
induces activation of Ca2+-independent phospholipase A

2
, leading to the activation 

of SOCs; (2) conformational coupling of the SR IP
3
 receptors with SOCs on the 

cell membrane; and (3) fusion of vesicles containing SOCs in the cell membrane, 
leading to the increase in channel number in the membrane. However, none of 
these hypotheses is unequivocally accepted for the activation of SOCs.2 The dis-
covery of STIM1 (stromal interacting molecule 1) has opened a new direction 
toward the search for a molecular intermediate involved in the activation of SOCs. 
STIM1 was found to act as a sensor within the stores28,29 and may play a role in 
the plasma membrane29,30 to activate I

CRAC
. To date, there is little information on 

the role of STIM1 in vascular smooth muscle cells. STIM1 messenger RNA 
(mRNA) was shown to be expressed in cultured human coronary artery smooth 
muscle cells,31 mouse aorta smooth muscle cells,32 and human saphenous vein 
cells,11 and siRNA targeting STIM1 resulted in reduction of Ca2+ entry and whole-
cell current activated by CPA or thapsigargin.11,31,33 These results suggest an impor-
tant role of STIM1 in mediating CCE in vascular smooth muscle cells. Interestingly, 
In human embryonic kidney 293 (HEK293) cells, STIM1 was found to bind to 
TRPC1, TRPC4, and TRPC5 and directly regulate these channels, whereas the 
regulation of TRPC3 and TRPC6 by STIM1 was mediated by STIM1-dependent 
heteromultimerization of TRPC3 with TRPC1 and TRPC6 with TRPC4.34 
Therefore, the notion that STIM1 interacts with various TRPC channels to mediate 
CCE cells has emerged as an important focus in vascular research.

3  Role of TRPC1 as an Essential Component for  
Store-Operated Channels in Pulmonary Artery

The TRPC channels, except TRPC2 have been found in pulmonary vascular prepa-
rations.10,14,35–37 However, there is little evidence for the functional significance of 
these channels in pulmonary vascular research. Because of the relatively abundant 
expression of TRPC1 in PASMCs, the functional role of TRPC1 has been widely 
studied compared to other TRPC channels. There is increasing evidence that 
TRPC1 functions as SOCs in pulmonary arteries. In human PASMCs, CCE is 
enhanced in proliferative cells,38 and this is associated with an increase in TRPC1 
expression in these cells.6 In addition, TRPC1 gene expression and CCE were sig-
nificantly reduced in human PASMCs treated with TRPC1 antisense.39 
Overexpression of human TRPC1 in rat pulmonary arteries enhanced the contrac-
tile responses to CPA.40 Knockdown of TRPC1 protein with siRNA inhibited cation 
influx caused by thapsigargin in rat PASMCs,41 further supports that TRPC1 is an 
important molecular candidate for SOCs in PASMCs. Our study in mouse PASMCs 
also suggested that TRPC1 is an essential component of SOCs in these cells.42 We 
found that CPA caused an increase in nifedipine-insensitive transient and sustained 
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rise in [Ca2+]
i
 and an increase in Mn2+ quench of fura-2 fluorescence (Fig. 8.1). 

These increases in [Ca2+]
i
 and Mn2+ quench rate were due to CCE because they were 

activated by store depletion and blocked by SKF-96365, Ni2+, La3+, and Gd3+,42 

Fig. 8.1 TRPC1 mediates CCE in mouse PASMCs. (a) When applied in Ca2+-free solution, deple-
tion of intracellular stores with 10 mM CPA transiently elevated the fura-2 fluorescence ratio, 
indicating Ca2+ release from the intracellular stores (arrow). Readdition of 2 mM Ca2+ in the con-
tinued presence of CPA caused a transient followed by a sustained increase in the fluorescence 
ratio. The transient but not the sustained component was reduced by 10 mM nifedipine (Nif). (b) 
Depletion of intracellular Ca2+ stores with 10 mM CPA increased the rate of Mn2+ quench of fura-2 
fluorescence in the presence of 10 mM nifedipine. (c) RT-PCR (reverse-transcription polymerase 
chain reaction) products from cultured mouse PASMCs amplified using primers for mouse TRPC1 
(516 bp) and b-actin (498 bp). (d) TRPC1 protein and glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) were detected in cultured mouse PASMCs using Western blot analysis. A negative con-
trol was performed by preincubating TRPC1 antibody with the antigen peptide. (e) TRPC1 anti-
body (1:100) inhibited the CPA-induced sustained but not transient increase in fura-2 fluorescence 
ratio in the presence of 10 mM nifedipine. (f) TRPC1 antibody (1:100) inhibited the increase in 
Mn2+ quench of fura-2 fluorescence caused by 10 mM CPA in the presence of 10 mM nifedipine. 
Modified with permission42
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a characteristic property of SOCs in many tissues, including pulmonary arter-
ies.10,12,14,15,36 We have also shown the expression of endogenous TRPC1 mRNA and 
protein in mouse PASMCs. Furthermore, the increase in dihydropyridine-insensi-
tive sustained rise in [Ca2+]

i
 and the increase in Mn2+ quench rate caused by CPA 

were both inhibited by antibody raised against an extracellular epitope of TRPC1, 
suggesting an important role of TRPC1 in the contribution of CCE in mouse 
PASMCs.

4  STIM1 Mediates Capacitative Ca2+ Entry  
in Pulmonary Artery Smooth Muscle

STIM1 mRNA and protein were found to express in rat PASMCs.37 However, the 
functional role of STIM1 in the activation of CCE in PASMCs remains unknown. 
We have studied the functional role of STIM1 in mouse PASMCs using the siRNA 
approach and overexpression methods.42 We have shown that endogenous STIM1 
mRNA and protein express in mouse PASMCs, and the expression level of STIM1 
protein was reduced by siRNA knockdown of STIM1 mRNA (Fig. 8.2). We found 
that siRNA knockdown of STIM1 protein reduced the dihydropyridine-insensitive 
transient and sustained rise in [Ca2+]

i
 and cation influx activated by store depletion, 

and these responses to store depletion were enhanced in cells overexpressing 
STIM1. These data provide the first functional evidence that endogenous STIM1 
contributes to CCE in PASMCs.

5  Functional Interaction of TRPC1 and STIM1  
in Pulmonary Artery Smooth Muscle

So far, there is little evidence for the functional interaction between TRPC1 and 
STIM1 in vascular smooth muscle cells. Although TRPC1 was shown to be an 
essential component of SOCs in PASMCs,39 aorta,18,19 cerebral artery,20 mesenteric 
artery,8 and coronary artery21 smooth muscle cells and STIM1 was found to medi-
ate CCE in human airway smooth muscle cells,33 cultured human coronary artery 
cells,31 and mouse aorta smooth muscle cells,32 none of these studies showed that 
STIM1 is functionally linked to TRPC1 in mediating CCE in the same cell. Only 
one study suggested STIM1 may interact with TRPC1, which was reported by  
Li et al.11 in cultured human saphenous vein cells. They showed that thapsigargin-
induced rise in [Ca2+]

i
 was inhibited by STIM1 antibody and STIM1 siRNA. On 

the other hand, they also showed that thapsigargin-induced rise in [Ca2+]
i
 was 

inhibited by TRPC1 antibody. However, they did not test whether STIM1 is func-
tionally associated with TRPC1. To address this question, we have studied the 
effects of TRPC1 antibody in cells overexpressing STIM1.42 We found that 
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Fig. 8.2 STIM1 mediates CCE in mouse PASMCs. (a) RT-PCR products from cultured mouse 
PASMCs amplified using primers for mouse STIM1 (473 bp) and b-actin (498 bp). (b) STIM1 
protein and GAPDH were detected in mouse PASMCs (nontransfected) and in PASMCs trans-
fected with 200 nM scrambled siRNA (negative control). The expression of STIM1 but not 
GAPDH was reduced significantly in cells transfected with 200 nM STIM1 siRNA. (c) siRNA 
knockdown of STIM1 reduced the CPA-induced transient and sustained increase in fura-2 fluo-
rescence ratio in the presence of 10 mM nifedipine. (d) siRNA knockdown of STIM1 reduced the 
increase in Mn2+ quench of fura-2 fluorescence caused by 10 mM CPA in the presence of 10 mM 
nifedipine. (e) Overexpression of STIM1 enhanced the increase in CPA-induced transient and the 
sustained rise in fura-2 fluorescence ratio in the presence of 10 mM nifedipine. Inset STIM1 pro-
tein and GAPDH were detected in noninfected mouse PASMCs and in PASMCs infected with 
adenovirus containing green fluorescent protein (Ad-GFP). The expression of STIM1 increased 
markedly in cells infected with STIM1-GFP-adenovirus (Ad-GFP-STIM1). (f) Overexpression of 
STIM1 enhanced the increase in Mn2+ quench of fura-2 fluorescence caused by 10 mM CPA in the 
presence of 10 mM nifedipine. Modified with permission42
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overexpression of STIM1 resulted in an increase in the dihydropyridine-insensi-
tive transient and sustained rise in [Ca2+]

i
 and the Mn2+ quench rate caused by 

CPA (Fig. 8.3). These responses were reduced in cells treated with TRPC1 anti-
body, suggesting a functional association of STIM1 and TRPC1 to mediate CCE 
in mouse PASMCs.

More interestingly, we found that STIM1 coimmunoprecipitates TRPC1, and the 
precipitation level of TRPC1 was increased during store depletion (Fig. 8.4). 
Therefore, SOCs may consist of a molecular complex composed of TRPC1 and 
STIM1 in mouse PASMCs, and when the intracellular Ca2+ stores are depleted, 
STIM1 that resides in the cytosol may be recruited to the cell membrane and inter-
acts with more TRPC1 to enhance CCE. This molecular complex has not previously 
been described in any vascular smooth muscle preparation, including PASMCs. 
Although STIM1 has been shown to coimmunoprecipitate with TRPC1 in cultured 

Fig. 8.3 STIM1 associates with TRPC1 to mediate CCE in mouse PASMCs. (a) In cultured 
mouse PASMCs overexpressed with STIM1, TRPC1 antibody (1:100) reduced the CPA-induced 
transient and sustained increase in the fura-2 fluorescence ratio in the presence of 10 mM 
 nifedipine. (b) In cultured mouse PASMCs overexpressing STIM1, TRPC1 antibody (1:100) 
inhibited the increase in Mn2+ quench of fura-2 fluorescence caused by 10 mM CPA in the presence 
of 10 mM nifedipine. Modified with permission42
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human saphenous vein cells, the possibility that the association between TRPC1 and 
STIM1 maybe increased after store depletion in these cells was not examined.11

6  Summary and Conclusions

Our study in mouse PASMCs confirmed a novel functional interaction between 
STIM1 and TRPC1, in which TRPC1 mediates CCE through activation of STIM1.42 
This is supported by the evidence that endogenous TRPC1 (Fig. 8.1) and STIM1 
(Fig. 8.2) mediate CCE in mouse PASMCs. Overexpression of STIM1 increased 
CCE, and this increase in CCE was significantly reduced by TRPC1 antibody (Fig. 8.3). 
Moreover, STIM1 coimmunoprecipitates TRPC1, and store depletion enhances the 
association of STIM1 and TRPC1 in mouse PASMCs (Fig. 8.4). These data provide 
strong evidence for a functional link between STIM1 and TRPC1 to mediate CCE.

Another interesting finding is that the dihydropyridine-insensitive transient rise 
in [Ca2+]

i
 caused by CPA was not affected by TRPC1 antibody but was significantly 

reduced in PASMCs transfected with STIM1 siRNA (Figs. 8.1 and 8.2). Therefore, 
it is likely that other TRPC channels may heteromultimerize with TRPC1 and 
STIM1 to function as SOCs in mouse PASMCs. It is also possible that the dihydro-
pyridine-insensitive transient rise in [Ca2+]

i
 may be mediated by Orai1, which has 

been shown to be a pore-forming subunit of the calcium release-activated calcium 
(CRAC) channel in nonexcitable cells.43,44 Coexpression of Orai1 and STIM1 was 
found to cause a significant gain in CRAC channel function, suggesting that STIM1 
interacts with Orai1 to cause CCE.45,46 On the other hand, overexpression of Orai1 
in HEK cells was found to interact with the store depletion-insensitive channels 
TRPC3 and TRPC6 and confer store depletion sensitivity to these channels.47 
Furthermore, TRPC1 was shown to form a complex with STIM1 and Orai1 to 

Fig. 8.4 TRPC1 interacts with STIM1 to form SOCs in mouse PASMCs. STIM1 coimmunopre-
cipitates TRPC1 in cultured mouse PASMCs in the absence and presence of store depletion. 
STIM1 was first immunoprecipitated (IP) with EXBIO STIM1 antibody (10 mg), and the blot was 
subsequently probed with BD Biosciences STIM1 antibody (WB, 1:100). The blot was then 
probed for co-IP of TRPC1 expression using TRPC1 antibody (WB, 1:100, Alomone). Modified 
with permission42
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activate SOCs in human salivary gland cells.48 Thus, future studies on whether 
other TRPC channels or Orai1 interact with STIM1 and mediate the dihydropyri-
dine-insensitive transient rise in [Ca2+]

i
 in mouse PASMCs are warranted.

Based on our study in mouse PASMCs and other studies in nonexcitable 
cells,42,45,48 we have proposed a model for the molecular makeup of SOCs activated 
by STIM1 and other Ca2+ entry pathways activated by store depletion in PASMCs 
(Fig. 8.5). Depletion of intracellular Ca2+ stores causes Ca2+ release from the SR, 
activation of the Ca2+-activated chloride channel, leading to chloride efflux and 
membrane depolarization, which causes activation of VOCCs. Store depletion also 
causes activation of SOCs, leading to Na+ and Ca2+ entry. When the stores are 
depleted, STIM1 in the SR senses the depletion of Ca2+, coalesces, and moves to 
the cell membrane to interact with STIM1 that resides in the membrane. The 
STIM1 complex then activates the opening of SOCs in the cell membrane. SOCs 
may be composed of a- and b-subunits. TRPC1 channels possess six transmembrane-
spanning regions, which may serve as the a-subunit, either as a homotetramer or a 
heterotetramer with other TRPC channels. Orai1 is composed of four transmembrane-
spanning regions that may serve as the b-subunit. Orai1 may act as a transducer of 
STIM1 signals, leading to the activation of nonselective cation TRPC1 channels 
and Ca2+ and Na+ entry.

To date, the study of CCE has become one of the important areas for pulmonary 
vascular research because of its implication in hypoxic pulmonary vasoconstriction 
(HPV). Pulmonary vasoconstriction in response to hypoxia is an important protective 
mechanism that diverts blood flow away from hypoxic alveoli into better-ventilated 
regions of the lung. This acute hypoxic pressor response is a unique physiological 
process that distinguishes pulmonary from the systemic circulation, which usually 
dilates in response to hypoxia. Evidence that hypoxia causes a sustained rise in 

Fig. 8.5 A plausible model for molecular makeup of store-operated channels activated by STIM1 
in mouse PASMCs. Abbreviations: Clca Ca2+-activated chloride channel; CPA cyclopiazonic acid; 
DAG diacylglycerol; IP

3
 inositol 1,4,5-trisphosphate; PLC phospholipase C; TG thapsigargin; 

VOCC voltage-operated Ca2+ channel
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[Ca2+]
i
 through activation of CCE in PASMCs,15,37 intact pulmonary arteries,49 and 

isolated lungs50 confirms a significant role of CCE in HPV. Interestingly, expression 
of TRPC1 and TRPC6 was significantly elevated in chronic hypoxia, and TRPC1 
was found to mediate CCE in rat PASMCs,41 suggesting a potential role of the 
TRPC1 channel in HPV. As discussed in this chapter, STIM1 was found to interact 
with TRPC1 to mediate CCE in mouse PASMCs.42 This may serve as an important 
model for future studies of the mechanisms underlying HPV.
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Abstract Cells of diverse origin utilize shifts in cytosolic calcium concentrations as 
intracellular signals to elicit physiological responses. In endothelium, inflammatory 
first messengers increase cytosolic calcium as a signal to disrupt cell-cell borders 
and produce inter-cellular gaps. Calcium influx across the plasma membrane is 
required to initiate barrier disruption, although the calcium entry mechanism respon-
sible for this effect remains poorly understood. This chapter highlights recent efforts 
to define the molecular anatomy of the ion channel responsible for triggering 
endothelial cell gap formation. Resolving the identity and function of this calcium 
channel will pave the way for new anti-inflammatory therapeutic targets.

Keywords  Acute  lung  injury  •  Vascular  barrier  dysfunction  •  Endothelial  cells  
• transient receptor potential channel • lung microvascular endothelium

1  Introduction

Lung endothelium forms a semipermeable barrier that restricts water, solute, and 
macromolecular access to the interstitium, which is important in optimizing gas 
exchange. Inflammation disrupts this barrier function, causing accumulation of a 
protein-rich fluid in interstitial and alveolar compartments that compromises gas 
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exchange and contributes to the genesis of acute respiratory distress syndrome. A 
unifying finding is that multiple different inflammatory agents promote calcium 
influx across the endothelial cell plasma membrane. This calcium influx triggers 
cytoskeletal reorganization that initiates intercellular gap formation and increases 
permeability. However, endothelial cells express many different ion channels, 
bringing into question exactly which channel provides the calcium source that reor-
ganizes the cytoskeleton and induces gap formation necessary to increase permea-
bility. Findings indicate that transient receptor proteins (TRPs) within the canonical 
family (TRPC) contribute subunits of an ion channel that provides the calcium 
source needed to disrupt cell-cell adhesion and induce endothelial cell gaps. Indeed, 
we have found that endothelial cells, both in vitro and in vivo, express an endoge-
nous channel that possesses TRPC1, TRPC3, and TRPC4 subunits, a so-called 
TRPC1/3/4 channel, which importantly regulates endothelial cell barrier function. 
This chapter reviews the calcium channels that are expressed in lung endothelium 
and addresses regulation and function of the TRPC1/3/4 channel.

2  Fidelity of Calcium Signals in Endothelium

Many neurohumoral inflammatory mediators bind membrane receptors and promote 
calcium influx across the plasma membrane, resulting in increased endothelial 
cell permeability.1–3 However, the molecular composition of the calcium channels 
responsible for increased endothelial cell permeability is poorly understood. It is 
remarkable to consider that as recently as 1990, not a single endothelial cell cal-
cium channel was known.4 We presently know of at least six different endothelial 
cell calcium channels, including the TRPC1/3/4 channel that is the focus of this 
chapter,  an  Orai1-containing  channel,5  a  TRPC3/6-containing  channel,6–11 a 
T-type calcium channel,12–14 a TRPV4 (TRP channel of the vanilloid subfamily)-
containing channel,6,15–21 and a cyclic nucleotide gated channel.22–27 While we 
recognize that endothelial cells express a diversity of calcium channels, the 
molecular anatomy, regulation, and physiological function of these channels rep-
resent important areas of ongoing investigation.

Study of calcium channel diversity has led to new and unexpected insight regarding 
the unique behaviors of endothelium along the pulmonary vascular tree. For example, 
the T-type calcium channel is expressed only in lung capillary endothelium and is not 
found in extraalveolar pulmonary artery or vein endothelium.14 Activation of this chan-
nel is essential for P-selectin surface expression but does not increase endothelial cell 
permeability  (Songwei  Wu,  personal  communication).  The  TRPV4  channel  is  also 
expressed predominantly in lung capillary endothelium,17 but in contrast to the T-type 
calcium channel, its activation increases capillary endothelial cell permeability and 
does not influence P-selectin surface expression 90. Thus, T-type and TRPV4 calcium 
channels are expressed in the same vascular segment, and while activation of each of 
these channels increases endothelial cell calcium, the T channel calcium signal trans-
locates  P-selectin  from  the  cytosol  to  the  plasma  membrane,  whereas  the  TRPV4 
calcium signal increases endothelial cell permeability.
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Like  the  TRPV4  channel,  activation  of  the  TRPC1/3/4  channel  increases 
endothelial cell permeability.28–32 However, two critical differences have been noted 
regarding the activation and function of these channels. First, the TRPC1/3/4 channel 
is expressed in pulmonary artery, capillary, and vein endothelium; when the 
TRPC1/3/4  channel  is  activated,  it  increases  permeability  in  all  three  vascular 
segments,28–32  whereas  TRPV4  increases  permeability  primarily  in  the  capillary 
segment.17 Second, TRPC1/3/4 activation induces  interendothelial cell gaps, both 
in vivo and in vitro, resulting in a paracellular pathway for fluid and macromolecu-
lar permeability,31,32  as  originally  described by Majno  and Palade  in  1961.33,34 In 
contrast,  TRPV4  activation  does  not  induce  interendothelial  cell  gap  formation; 
rather, calcium influx through TRPV4 decreases cell-matrix tethering and results in 
endothelial cell sluffing.17 Thus, TRPC1/3/4 and TRPV4 channels provide calcium 
influx pathways that regulate quite different cell functions.

3  Activation of Store-Operated Calcium Entry Increases 
Endothelial Cell Permeability

Formation of interendothelial cell gaps is now a well-recognized cause of tissue 
edema. Pioneering studies by Majno and Palade33,34 first revealed that neurohumoral 
inflammatory mediators induce interendothelial cell gaps in postcapillary venules 
of the systemic circulation, although the cellular basis of this observation was not 
known. Since the time of these original observations, many G

q
-linked calcium ago-

nists, such as bradykinin, histamine, thrombin, and platelet-activating factor, have 
been shown to activate membrane calcium channels and promote calcium influx 
that induces gap formation in both systemic and pulmonary endothelium.1 G

q
-

linked  agonists  hydrolyze  phosphatidyl  inositol  4,5-bisphosphate  into  inositol 
1,4,5-trisphosphate (IP

3
)  and diacylglycerol, both of which are important intracel-

lular signals. InsP
3
 releases calcium from the endoplasmic reticulum, and the tran-

siently depleted calcium store triggers calcium entry across the cell membrane 
through so-called store-operated calcium entry channels, as originally described by 
Putney.35 The activation of store-operated calcium entry serves two functions; it 
initiates physiologically important intracellular responses, and it replenishes the 
depleted calcium store. The endoplasmic reticulum calcium-filling state is therefore 
inversely related to how much calcium enters the cell from across the plasma mem-
brane. In contrast to this mechanism of calcium entry, diacylglycerol activates 
another calcium entry pathway, generally referred to as receptor-operated calcium 
entry. Our specific focus has been to resolve the molecular anatomy of store-oper-
ated calcium entry pathways and not receptor-operated calcium entry pathways as 
considerable evidence demonstrated that activation of store-operated calcium entry 
induces interendothelial cell gaps and increases endothelial cell permeability.

Store-operated calcium entry channels can be directly activated by agents that 
deplete endoplasmic reticulum calcium.35 Endoplasmic  reticulum calcium can be 
reduced by chelating intracellular calcium, using the calcium chelators N,N,N¢,N¢-
tetrakis-(2-pyridylmethyl)-ethylenediamine (TPEN) and 1,2-bis(o-aminophenoxy)
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ethane-N,N,N¢,N¢-tetraacetic acid (BAPTA), by photoactivation of caged InsP
3
 or 

by inhibiting the sarcoplasmic, endoplasmic reticulum calcium adenosine triphos-
phatase (ATPase) with either thapsigargin or cyclopiazonic acid. Both in vitro and 
in vivo, thapsigargin (and cyclopiazonic acid) induces pulmonary endothelial cell 
gaps and increases lung permeability; this increase in permeability is abolished 
when calcium entry through store-operated calcium entry channels is inhibited.36,37 
Moreover, photoactivation of caged InsP

3
 is sufficient to induce interendothelial 

cell gap formation in cultured endothelial cells. Thus, activation of store-operated 
calcium entry, using physiologically relevant agonists (e.g., thrombin, platelet-
activating factor), thapsigargin, or photoactivation of caged InsP

3
, induces endothe-

lial cell gap formation and increases permeability.
Thapsigargin promotes a slowly developing and sustained increase in endothelial 

cell cytosolic calcium (Fig. 9.1). To better understand whether thapsigargin activates 
one or more calcium influx pathways, we examined the cationic permeation 
characteristics of store-operated calcium channels in live cells. Thapsigargin activated 
at least two separate pathways in endothelial cells. One store-operated calcium entry 
mechanism was calcium nonselective, meaning that both monovalent and divalent 
cations permeated the channel pore.27 A second store-operated calcium entry mecha-
nism was calcium selective, meaning that calcium permeated the channel pore with 
preference over other divalent cations.28–32 As we examined the biophysical nature of 
these two distinct store-operated calcium entry pathways and their physiological 
function, we came to learn that it was the calcium-selective channel that provides the 
calcium source necessary to induce interendothelial cell gaps.31,32

Calcium nonselective and selective store-operated calcium entry pathways can be 
systematically  studied  using  whole-cell  electrophysiology  approaches.  Endothelial 
cells possess a store-operated nonselective current that is activated by thapsigargin.27,30 
This current is a large, linear current that possesses a reversal potential of 0 mV and 
conducts various mono- and divalent cations. Endothelial cells also possess a store-
operated calcium-selective current that is activated by thapsigargin, cyclopiazonic 
acid, InsP

3
,  intracellular BAPTA, and TPEN;  this calcium-selective current  is acti-

vated when cytosolic calcium is buffered by ethylene glycol-bis (b-aminoethyl ether)-
N,N,N¢N¢-tetraacetic acid (EGTA), indicating it is calcium store depletion, and not a 
rise in cytosolic calcium, that is responsible for current activation.28–32 This current is 
small  (1–1.5 pA/pF) and  inwardly  rectifying, with a  reversal potential of  approxi-
mately  -40 mV (Fig. 9.2). The fundamental biophysical properties of this current, 
called I

SOC
, are similar in pulmonary artery and capillary endothelial cells, although 

mechanisms controlling channel activation differ among cell types.31,32

We were curious to know whether the store-operated nonselective and calcium-
selective currents represent different ion channels with unique activation properties or 
whether they reflect the same ion channel with different permeation characteristics. 
As we sought experimental approaches to distinguish nonselective from calcium-
selective store-operated calcium entry pathways, we became intrigued by studies in 
platelets incriminating the actin cytoskeleton in the activation of store-operated cal-
cium entry.38–40 Actin is not thought to directly interact with transmembrane proteins, 
such as ion channels. Rather, the spectrin membrane skeleton cross-links actin imme-
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Fig. 9.1 Thapsigargin activates store-operated calcium entry channels and increases cytosolic 
calcium. (a) Confluent monolayers of pulmonary artery endothelial cells (PAEC) and pulmonary 
microvascular endothelial cells (PMVEC) endothelial cells were loaded with the calcium indicator 
fura-2. Thapsigargin (1 mM) was applied at the indicated time, and cytosolic calcium concentra-
tions were monitored. Thapsigargin induces a slowly developing and sustained rise in cytosolic 
calcium in endothelial cells, although the calcium rise is greater in PAECs than it is in PMVECs. 
(b) Thapsigargin inhibits the sarcoplasmic, endoplasmic calcium ATPase, causing depletion of 
stored calcium. Such depletion of endoplasmic reticulum calcium opens store-operated calcium 
entry channels on the plasma membrane, resulting in calcium influx into the cell. These separate 
phases can be distinguished using a recalcification protocol in which thapsigargin is first applied 
to  fura-2-loaded  cells  in  low  extracellular  calcium.  A  transient  rise  in  cytosolic  calcium  is 
observed as calcium is released from the endoplasmic reticulum. As extracellular calcium is 
replenished, it enters the cell through open store-operated calcium entry channels. For experimen-
tal details, see Ref. 31
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diately adjacent to the inner leaflet of the phospholipid bilayer.20,41,42 Spectrin binds to 
protein 4.1 and ankyrin, and it is these spectrin-bound proteins that directly interact 
with transmembrane proteins.43 We selectively disrupted the spectrin-actin and the 
spectrin-protein 4.1 interactions, and observed that only disruption of spectrin from 
protein 4.1 inhibited I

SOC
 activation.30 Indeed, disrupting the spectrin-protein 4.1 inter-

action had no effect on the thapsigargin-activated nonselective current, and disrupting 
the spectrin-actin association had no impact on activation of either the I

SOC
 or the 

nonselective current. These findings provided evidence that channels with different 
molecular compositions account for the calcium-selective (e.g., I

SOC
) and nonselective 

currents. We were interested in resolving the molecular composition of the I
SOC

 chan-
nel as functional studies indicated that activation of this current is essential for inter-
endothelial cell gap formation.

4  TRPC Proteins Form the ISOC Channel

Evidence  that  the  I
SOC

 channel, and not the nonselective channel, interacts with 
protein 4.1 suggested that protein 4.1 could be used as “bait” to resolve the chan-
nel’s molecular identity. We therefore began to screen for channel proteins that 
interact with protein 4.1. There was precedence for this idea in the spectrin field as 
the spectrin-binding protein ankyrin was known to interact with spectrin and fast 

Fig. 9.2 Thapsigargin activates a calcium-selective store-operated current in endothelial cells, 
referred to as I

SOC
. Macroscopic currents were resolved in single pulmonary artery endothelial 

cells. Thapsigargin (1 mM) was applied in the patch pipet in the whole-cell configuration. The 
holding  potential  was  0  mV,  and  a  ramp  protocol  was  performed  from  –100  to  +100  mV. 
Thapsigargin activates a small inward calcium current at negative voltages, with a reversal poten-
tial that ranges between +30 and +40 mV. This current is abolished by lanthanum perfusion. For 
experimental details, see Refs. 28–32
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sodium channels in nodes of Ranvier.44–51 Discovery of TRPC proteins revealed 
potential candidates for store-operated calcium entry pathways.35 However, not all 
TRPC proteins are store operated; in some instances, these proteins form receptor-
operated channels. Store-operated channels must be activated by depletion of endo-
plasmic reticulum calcium, must not require increased cytosolic calcium for their 
activation, and must not  require diacylglycerol or  its analogue OAG (1-oleoyl-2-
acetyl-sn-glycerol) for activation. Based on these criteria, TRPC1, TRPC4, and 
TRPC5  proteins  can  form  store-operated  calcium  entry  channels.  Interestingly, 
sequence alignment of all TRPC isoforms revealed that TRPC4 possesses a putative 
protein 4.1-binding domain (Fig. 9.3). We were excited to find that the protein 
4.1-binding domain on TRPC4 was adjacent to the channel pore,28 suggesting that 
a protein 4.1-TRPC4 interaction may be critical for channel activation.

Work from the Flockerzi and Nilius groups indicated that TRPC4 contributes to 
the molecular identity of the I

SOC
 channel.52 Indeed, TRPC4 knockdown using small-

interfering RNA (siRNA) prevented thapsigargin from activating I
SOC

, and in endothe-
lial cells isolated from TRPC4 deficient mice, I

SOC
 similarly could not be activated. 

We examined whether protein 4.1 binds to TRPC4 and regulates channel activation 
using two related approaches (Fig. 9.3).28 In the first approach, the protein 4.1-binding 
domain was deleted from TRPC4 and the chimera expressed in endothelium. The 
chimeric protein was appropriately expressed and targeted to the membrane. The 
chimeric TRPC4 protein did not interact with protein 4.1, and in cells expressing this 
chimera, thapsigargin was unable to activate I

SOC
. In the second approach, a competi-

tive peptide was generated to target the protein 4.1-binding domain on TRPC4. 
Introduction of the competitive peptide into endothelium inhibited protein 4.1 binding 
to the endogenously expressed channel and prevented thapsigargin from activating 
I

SOC
. These data, taken together with those of the Flockerzi and Nilius groups,52 indi-

cated that the protein 4.1-TRPC4 interaction is essential for I
SOC

 activation.
Studies establishing the pivotal role for TRPC4 in store-operated calcium entry, 

and in I
SOC

 activation more specifically, represented an exciting advance. Yet, 
molecular cloning studies and hydropathy plots faithfully projected that functional 
channels would be comprised of four TRPC subunits.53 Thus, it was not clear 
whether the I

SOC
 channel was encoded by four TRPC4 subunits or by TRPC4 and 

some  combination  of  other  TRPC  proteins.  Indeed,  siRNA  inhibition  of  TRPC1 
reduced the magnitude of the I

SOC
, suggesting it may contribute a subunit,29 and in 

heterologous expression studies, TRPC1 was shown to interact with TRPC4 as an 
essential step in channel membrane insertion.54 Moreover, biochemical approaches 
documented interaction between TRPC1 and TRPC4.55,56 These collective findings 
were taken as evidence that TRPC1 and TRPC4 interact and together contribute to 
the molecular basis of the I

SOC
 channel.

Physiological studies further supported the assertion that TRPC1 and TRPC4 
interact as each protein has been implicated in control of endothelial cell permeabil-
ity. In key studies published by the Malik and Tiruppathi groups, TRPC4-deficient 
mice were protected from thrombin (or protease-activated receptor ligand)-induced 
permeability.57,58 Moreover, inflammatory mediators increase TRPC1 expression, 
and the upregulated expression of TRPC1 potentiates store-operated calcium entry 
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responses.59 Perhaps most compelling for our work, however, were studies under-
taken by the Townsley group, in which an aortocaval fistula was placed in rats to 
generate a model of congestive heart failure.60–62 In their studies, thapsigargin was 
applied to wild-type, sham-operated, and heart failure animals to determine how 
development of heart failure has an impact on pulmonary endothelial cell barrier 
function. Whereas thapsigargin increased permeability in wild-type and sham-
operated animals, it was without effect in heart failure animals. Immunohistochemical 
analysis revealed that development of heart failure was accompanied by downregu-
lation of three TRPC proteins (TRPC1, TRPC3, and TRPC4) (Fig. 9.4).

Fig. 9.3 TRPC4 possesses a conserved protein 4.1-binding sequence that is critical for I
SOC

 acti-
vation. (a) Consensus protein 4.1-binding sequences have been identified in MAGUKs (mem-
brane-associated guanylate kinases), glycophorin C, and other transmembrane proteins.88,89 A 
conserved protein 4.1-binding sequence was identified on TRPC4 between amino acids 675 and 
685. (b) A peptide with sequence corresponding to the protein 4.1-binding domain was generated. 
(c) This peptide, which encompassed the proline-rich region and adjacent protein 4.1-binding 
domain, was introduced into endothelial cells, and the thapsigargin-induced I

SOC
 was measured. 

Introduction of the competitive peptide abolished I
SOC

 activation. For experimental details, see 
Ref. 28
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We were struck by the significance of this observation and wondered whether 
the downregulation of TRPC1, TRPC3, and TRPC4 was coincidental, representing 
the simultaneous downregulation of multiple channels, or whether all three proteins 
were a part of a common channel, perhaps the I

SOC
 channel. It was clear that deter-

mining the oligomeric state (number of subunits in an endogenous channel) and 
stoichiometry (how many of each subunit is in the channel) of the endogenously 
expressed I

SOC
 channel would be essential if we were to identify how inflammatory 

agonists induce endothelial cell gap formation and increase permeability.

Fig. 9.4 Animals with heart failure do not respond to thapsigargin with an increase in lung 
endothelial cell permeability. (a) Aortocaval fistulas were placed in rats to induce heart failure. 
Heart and lungs were isolated en bloc, and permeability responses to thapsigargin were mea-
sured. Whereas thapsigargin increased permeability in sham-operated animals, animals with 
heart failure failed to respond to thapsigargin with an increase in permeability. (b) This absence 
of permeability response was accompanied by the selective downregulation of TRPC1, TRPC3, 
and TRPC4 proteins in lung endothelium. Arrowheads denote endothelium. For experimental 
details, see Ref. 62
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Our group has spent considerable effort resolving both the oligomeric state and 
stoichiometry of the endogenous I

SOC
 channel in pulmonary endothelium. We have 

discovered that the observation by Townsley and colleagues that TRPC1, TRPC3, 
and TRPC4 are each downregulated in endothelium following heart failure is not 
coincidental. We utilized protein 4.1 as bait to enrich for the endogenously 
expressed channel and then developed a novel Förster resonance energy transfer 
(FRET) approach in collaboration with Drs. Claudette St. Croix and Bruce Pitt 
(at the Center for Biologic Imaging, University of Pittsburgh) to resolve subunit 
stoichiometry (D.L. Cioffi and T. Stevens, unpublished data). Our findings indicated 
that each of these proteins contributes subunits to the endogenous I

SOC
 channel; the 

I
SOC

 channel is comprised of one TRPC1, one TRPC3, and two TRPC4 subunits. 
Moreover, in these studies we utilized membranes derived from pulmonary artery 
endothelial cells, pulmonary microvascular endothelial cells, and caveolin-rich 
fractions isolated from the intact pulmonary circulation. In each case, both in vitro 
and in vivo, the channel’s oligomeric state and stoichiometry were the same. These 
findings represent the first evidence for an endogenously expressed TRPC channel 
stoichiometry, the I

SOC
 channel, which is directly incriminated in endothelial cell 

gap formation and increased permeability.

5  Orai Proteins and Their Relationship to TRPC Channels

Our emerging data indicate that TRPC1/3/4 proteins coalesce to form a channel in 
which four proteins, each with six transmembrane domains, are required to generate 
an ion pore. This heterotetramer complex resembles the voltage-gated T-type calcium 
channel, with the exception that in the latter case, the four repeats of six transmem-
brane-spanning domains are all contained within a single gene product, the a

1
 sub-

unit.63,64 Indeed, we were struck by the anatomic similarity between TRPC1/3/4 and 
T-type calcium channel topologies (Fig. 9.5). A more detailed examination of volt-
age-gated calcium channel organization revealed that its channel complex includes an 
associated subunit, the g subunit, that interacts with the pore-forming a

1
 subunit and 

contributes to channel activation and ionic permeation. If such an ancillary protein is 
critical  to  channel  ionic permeation  and  if TRPC1/3/4  and voltage-gated  channels 
possess a conserved anatomy, then it is likely that the TRPC1/3/4 channel interacts 
with another subunit that influences its calcium selectivity as well. Indeed, Orai1 may 
fulfill the role of a regulatory subunit of the TRPC1/3/4 channel.

The T-type calcium channel’s g subunit is a four-transmembrane-spanning 
domain protein with amino and carboxy termini that reside in the cytosol.63,64 
Functional interaction between the a

1
 pore-forming subunit and the g subunit 

requires  a  conserved  sequence  [(G/A/S)  XXX  (G/A/S)]  in  the  g subunit’s first 
transmembrane-spanning domain (Fig. 9.5). This sequence is not required for a

1
–g 

subunit binding but is required for the g subunit to control calcium permeation 
through the a

1
 pore. We therefore screened for protein domains with homology to 

this sequence and were intrigued to find that a protein incriminated in store-operated 
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Fig. 9.5 The TRPC1/3/4  channel  topology  is  reminiscent  of  the voltage-gated T-type  calcium 
channel. (a) Schematic of the T-type calcium channel (top)  and  TRPC1/3/4  channel  (bottom) 
illustrating a pore-forming unit formed from four cassettes of six transmembrane-spanning 
domains.64 Similar to the g subunit of the T-type calcium channel, Orai1 is a four-transmembrane-
spanning domain protein that may interact with the pore-forming unit. (b) Schematic is shown of 
the three-dimensional T-type calcium channel and TRPC1/3/4 channel arrangements.63 Channel 
interaction with the g subunit (for the T-type calcium channel – top) and Orai1 (for the TRPC1/3/4 
channel – bottom) is highlighted. (c) Functional interaction between the g and a1 subunits occurs 
through a conserved sequence in the first transmembrane-spanning domain of the g subunit. A similar 
interaction domain is resolved in Orai1 (see underlined regions)
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calcium entry, orai1, was enriched with this conserved motif (Fig. 9.5). Orai1 is a 
four-transmembrane-spanning domain protein with amino and carboxy termini 
residing in the cytosol, just like the g subunit. Thus, these findings suggest that Orai1 
could interact with the TRPC1/3/4 channel and influence its calcium permeation.

The role that Orai1 plays in store-operated calcium entry is debated, with some 
evidence that it forms a channel pore and with other evidence that it interacts with 
channel proteins, such as TRPCs. Orai1 was first identified in 2006 using unbiased 
genetic approaches to identify putative channels that contribute to store-operated 
calcium entry.65–67 In one approach, a modified linkage analysis with single-nucle-
otide polymorphism arrays was used to screen genes in patients with hereditary 
severe combined immunodeficiency (SCID) syndrome.67 Whereas thapsigargin 
typically activates a highly calcium-selective current in T cells, referred to as the 
calcium release-activated calcium current, or I

CRAC
, T cells from SCID patients lack 

the thapsigargin-activated I
CRAC

. Genetic analysis revealed a missense mutation in 
exon 1 of the human ORAI1 coding sequence that resulted in mutation of a con-
served arginine residue to tryptophan, a R91W mutation. Expression of wild-type 
Orai1  in  T  cells  derived  from  SCID  patients  rescued  the  thapsigargin-activated 
I

CRAC
, providing direct evidence that Orai1 fulfills an essential role in the I

CRAC
. In a 

second approach, a genomewide RNA interference screen in cells from Drosophila 
was used to detect proteins that inhibit store-operated calcium influx.65,66 Using this 
approach, separate groups identified Orai1 as a protein necessary for activation of 
the I

CRAC
, again providing strong evidence that Orai1 is an essential component of 

the store-operated calcium entry channel.
From this pioneering work came a series of studies specifically addressing 

whether Orai1, and its related proteins Orai2 and Orai3, form a channel pore.68,69 
The I

CRAC
 is highly calcium selective, as are voltage-gated calcium channels, which 

utilize glutamate residues in the pore region to coordinate calcium binding. 
Analysis of the putative Orai1 pore revealed glutamate residues on the extracellular 
surface, at E106 in the first transmembrane domain, and at E190 in the third trans-
membrane domain. Several negatively charged aspartate residues were also found 
in the second transmembrane domain that may bind and sieve calcium as it passes 
through the pore. Replacing the conserved glutamate in the first transmembrane 
domain with glutamine (E106Q; substitution that cannot bind calcium) prevented 
thapsigargin from activating the I

CRAC
. Replacing either the glutamate in the third 

transmembrane-spanning domain with glutamine (E190Q) or substituting aspartate 
to alanine  (D110A and D112A) changed calcium selectivity and allowed  for  the 
channel to nonselectively conduct cations, including monovalent cations such as 
sodium and divalent cations such as barium and strontium. Thus, Orai1 may form 
an ion pore responsible for the I

CRAC
.

While these studies suggested that Orai1 contributes to a calcium channel pore, 
channel oligomeric state and stoichiometry had not been determined. To address 
whether Orai1 forms a tetramer in living cells, it was expressed as a fusion protein 
in tandem with reporter fluorophores.70 Once expression and membrane localiza-
tion  were  confirmed,  FRET  was  performed.  FRET  studies  revealed  that  Orai1 
organizes  into  tetramers  in  the  plasma  membrane.  To  assess  whether  four  Orai1 
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subunits can generate a functional channel, four individual subunits were preas-
sembled and expressed in cells typically deficient of the I

CRAC
.71 Expression of this 

entire tetrameric channel complex reconstituted the thapsigargin-activated I
CRAC

, 
providing evidence not only that a functional channel is comprised of orai1 but also 
that four such subunits in tandem generate a pore-forming channel.

Despite evidence  that Orai1 can  form a channel,  it  remains unclear  regarding 
whether it comprises the pore-forming channel accounting for the I

CRAC
 in vivo. For 

example, thapsigargin does not activate I
CRAC

 in all cells that express Orai1,72–75 as 
discussed by Ambudkar and colleagues.76 Moreover, the Birnbaumer77,78 and 
Ambudkar76,79  groups  have  independently  noted  that  the  anatomy  of  Orai1  is 
unusual for a calcium channel and, as discussed, recognized that it is more reminis-
cent of channel ancillary proteins, such as the g subunit of the T channel. Both 
Birnbaumer77,78,80 and Ambudkar76,79,81 groups have proposed that Orai1 is an essen-
tial subunit of TRPC channels and is required for TRPC proteins to sense calcium 
store depletion and hence to be “store operated.” At present, this central issue 
remains unresolved. It is not inconceivable that Orai1 forms the channel responsi-
ble for the I

CRAC
 and associates with TRPC channels to confer their sensitivity to 

store depletion. Indeed, Trebak and colleagues5 suggested that thapsigargin acti-
vates both I

CRAC
 and I

SOC
 in endothelial cells, and that Orai1 is responsible for the 

I
CRAC

 in these cells, while TRPC4 contributes to I
SOC

. Our preliminary evidence sup-
ports  the  idea  that  Orai1  interacts  with  the  TPRC1/3/4  channel.  Further  work  is 
therefore required to rigorously vet the role that Orai1 plays in calcium signaling, 
both as a channel and as a putative TRPC channel subunit.

6  Protein 4.1 Is an Essential Determinant of TRPC1/3/4 
Activation

It is important to consider whether Orai1 contributes to activation of the TRPC1/3/4 
channel. For many years, the mechanisms responsible for sensing a decrease in 
endoplasmic reticulum calcium were poorly understood. Identification of stromal 
interacting molecule-1 (STIM1) provided insight into this mechanism as STIM1 is 
a transmembrane protein possessing an EF hand, which is a calcium binding motif, 
on the luminal side of the endoplasmic reticulum.82–85 Thus, as endoplasmic reticu-
lum calcium decreases, it is sensed by STIM1, resulting in the punctate colocaliza-
tion of STIM1 with Orai1. STIM1 and Orai1 coexpression potentiates thapsigargin 
activation of store-operated calcium entry.86,87 These findings are taken to suggest 
that calcium store depletion results in association between the endoplasmic reticu-
lum and calcium entry channels, necessary for channel activation.

If TRPC proteins function as store-operated calcium entry channels, and if 
STIM1 is necessary for activation of store-operated calcium entry, then STIM1 may 
interact with TRPC proteins following depletion of endoplasmic reticulum calcium. 
Several groups have now confirmed that this is true as STIM1 reportedly interacts 
with TRPC1 following thapsigargin treatment.76–81 Interestingly, it appears that the 
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interaction between STIM1 and TRPC1 is not direct but requires the coassociation 
of Orai1 with TRPC1. Indeed, Orai1 may be necessary for TRPC1 proteins to fulfill 
the criteria of a “store-operated” channel, again suggesting that Orai1 is an ancil-
lary protein to the pore-forming TRPC channel.

While we know from preliminary work in our lab that the TRPC1/3/4 channel 
interacts with Orai1, we also know that TRPC1/3/4 activation requires a constitu-
tive interaction between this channel complex and protein 4.1 and between protein 
4.1 and spectrin; indeed, disruption of either of these protein-protein interactions 
prevents thapsigargin from activating the I

SOC
. We began to question whether there 

is a relationship between the requirement for protein 4.1 to interact with the channel 
complex and Orai1. Remarkably, sequence alignment revealed that the Orai1 amino 
terminus possesses a conserved protein 4.1-binding domain immediately upstream 
of a proline-rich region (Fig. 9.6). It is not presently clear whether this protein 
4.1-binding  domain  is  important  for  the  orai1-TRPC1/3/4  channel  association, 
whether it contributes to TRPC1/3/4 channel activation, or whether it is necessary 
for the channel to be store operated. Thus, a principal goal of future studies must 
be  to  determine  how  the  protein  4.1-binding  domain  on  Orai1  contributes  to 
TRPC1/3/4 channel activation.

7  Summary

It is an exciting time to study calcium-dependent signal transduction in endothelium. 
Since  the mid-1990’s, great  strides have been made, with new protein candidates 
rapidly emerging as putative calcium channels. In most cases, molecular anatomy of 
calcium channel architecture is lacking and represents an essential goal for future 
work. Moreover, establishing the physiological role of calcium channels in endothe-
lium is critically important. The TRPC1/3/4 channel provides a calcium source that 
disrupts cell-cell adhesion and increases endothelial cell permeability. Studies seek-
ing to better resolve the molecular anatomy of this channel, its associated subunits, 
and its mode of activation will be critically important steps in refining our under-
standing of how the vasculature responds to inflammatory cues.

Fig. 9.6 Orai1 possesses a conserved protein 4.1-binding domain and proline-rich region in its 
amino-terminal  domain.  Similar  to  TRPC4,  Orai1  possesses  a  conserved  protein  4.1-binding 
domain and proline-rich region. At present, the function of these domains, and their relation to 
TRPC4-protein 4.1 binding, is unknown
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Abstract Oxidative stress, through the production of oxygen metabolites such as 
hydrogen peroxide (H

2
O

2
), increases vascular endothelial permeability and plays 

a crucial role in several lung diseases. The transient receptor potential (melasta-
tin) 2 (TRPM2) is an oxidant-sensitive, nonselective cation channel that is widely 
expressed in mammalian tissues, including the vascular endothelium. We have dem-
onstrated the involvement of TRPM2 in mediating oxidant-induced calcium entry and 
endothelial hyperpermeability in cultured pulmonary artery endothelial cells. Here, 
we provide evidence that neutrophil activation-dependent increase in endothelial 
permeability and neutrophil extravasation requires TRPM2 in cultured endothelial 
cells. In addition, protein kinase Ca (PKCa) that rapidly colocalizes with the short 
(nonconducting) TRPM2 isoform after exposure to hydrogen peroxide positively 
regulates calcium entry through the functional TRPM2 channel. Thus, increase in 
lung microvessel permeability and neutrophil sequestration depends on the activation 
of endothelial TRPM2 by neutrophilic oxidants and on PKCa regulation of TRPM2 
channel activity. Manipulating TRPM2 function in the endothelium may represent a 
novel strategy aimed to prevent oxidative stress-related vascular dysfunction.

Keywords Oxidative stress • vascular endothelial permeability

1  Introduction

Reactive oxygen species (ROS) generated at sites of inflammation and injury are 
important mediators of vascular endothelial barrier dysfunction and edema forma-
tion.1–4 Although the pathophysiology of oxidative stress is not well understood at 
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the molecular level, calcium (Ca2+) entry into pulmonary endothelial cells is well 
recognized to promote gap formation and increase barrier permeability.5–7 Among 
the members of the transient receptor potential (TRP) superfamily potentially 
responsible for oxidative damage in the endothelium,8–10 we identified the critical 
role of transient receptor potential melastatin (TRPM) channel 2.11 TRPM2 is a 
voltage-independent, calcium-permeable, nonselective cation channel ubiquitously 
expressed in various mammalian tissues, including the lungs. The channel opening 
is unique as its gating is induced by the binding of the intracellular second mes-
senger adenosine diphosphoribose (ADP-ribose) to a nudix-box (NUDT9-H)12–14 in 
its C terminus domain. The mode of action of oxidants, however, is a matter of 
debate. Hydrogen peroxide (H

2
O

2
) produced in the cytosol during oxidative stress15 

activates the nuclear and mitochondrial production of ADP-ribose16,17 and may also 
result in the activation of poly-ADP-ribose polymerases (PARPs). PARP enzymes 
catalyze the breakdown of nicotinamide adenine dinucleotide (NAD) into nicotin-
amide and ADP-ribose,18 which in turn opens TRPM2 channels. These channels 
thus constitute a signaling pathway by which oxidative stress can elicit Ca2+ entry 
and provoke the subsequent specific Ca2+-dependent cellular reactions.5,6

Functional TRPM2 molecules are tetramers,19 and subunit composition is a factor 
in regulation of the channel opening. In the human, a major transcript encoding the 
full-length functional TRPM2 (TRPM2-L) is expressed in various tissues, whereas 
several minor physiological splice variants are more specifically expressed: Among 
those, a short splicing variant of the TRPM2 gene that was first discovered in 
human bone marrow has an additional stop codon between exon 16 and exon 17, 
thus encoding only the first two transmembrane domains of TRPM2-L.20 The 
resulting short-form protein (TRPM2-S), through an interaction with TRPM2-L, 
acts in a dominant-negative fashion to inhibit the formation of functional homote-
trameric channels and suppresses TRPM2-S H

2
O

2
-induced Ca2+ influx through 

TRPM2-L.11,20 TRPM2-S is indeed an important isoform of TRPM2 that may 
modulate channel activity and cell death induced by oxidative stress activation of 
TRPM2-L.20

TRPM2 plays a critical role in the mechanism of endothelial barrier disruption 
following oxidative stress. H

2
O

2
 at noncytolytic concentrations elicits marked Ca2+ 

influx via TRPM2 channels, which thereby signals increased endothelial permea-
bility.11 Our goal is to address the potentially crucial role of the endothelial cell 
plasma membrane TRPM2 channel activation in mediating the neutrophil activa-
tion-induced endothelial permeability, neutrophil extravasation, and the signaling 
mechanisms by which oxidant activation of TRPM2 induces channel opening, 
thereby allowing Ca2+ entry in endothelial cells. The present data suggest that pro-
tein kinase Ca (PKCa) regulates oxidant-induced Ca2+ entry and increase in 
endothelial barrier permeability by modulation of TRPM2 channel activation. 
Inhibition of endogenous PKCa expression and function in endothelial cells by 
RNA silencing or a pharmacological PKCa blocker significantly decreased H

2
O

2
-

induced increase in intracellular Ca2+ and the resulting increase in endothelial per-
meability. TRPM2 is a potentially important pharmacological target for inhibiting 
the pathological increase in endothelial permeability.
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2  Role of TRPM2 Channel in Mediating H2O2-Induced  
Ca2+ and Endothelial Hyperpermeability

2.1  TRP Channels in the Regulation of Lung  
Endothelial Barrier Function

The vascular endothelium regulates the passage of macromolecules and circulating 
cells from blood to tissues. Vascular inflammation induces endothelial cell contrac-
tion and cell shape changes that result in interendothelial gap formation.4,21 
Specifically, inflammatory mediators such as thrombin and oxidants increase Ca2+ 
permeability of endothelial cell membrane.5–7 The resulting elevation of intracel-
lular Ca2+ could contribute to barrier disruption since Ca2+ entry into endothelial 
cells is recognized to promote interendothelial gap formation. Studies have demon-
strated the implication of TRP channels in the regulation of lung vascular permea-
bility and in endothelial barrier dysfunction. The TRPC3/4 and TRPM2 act as 
endothelial redox sensors, and TRP1, TRPC4, TRPC6, TRPV4, and TRPM2 have 
been implicated in endothelial barrier dysfunction.10 Ultimately, TRP channels will 
become important novel pharmacological targets for the treatment of human vascu-
lar diseases.

The depletion of stored Ca2+ in response to inflammatory agonists, including 
thrombin and histamine, activates Ca2+ entry response in human pulmonary 
artery endothelial (HPAE) cells. In the lung endothelial system, store depletion 
and ensuing activation of Ca2+ entry via TRPC1, TRPC4, and TRPC6 has been 
demonstrated to disrupt the barrier.22–27 The role of TRPC4 in endothelial perme-
ability increase was demonstrated by Tiruppathi’s group in TRPC4-/- knockout 
mice, in which the lack of thrombin-induced Ca2+ entry through the channel 
interfered with increases in lung vascular permeability.22 In addition to TRPC4, 
thrombin activation of protease-activated receptor 1 induces Ca2+ entry through 
store-operated channel TRPC1 in endothelial cells.23 Specifically, the TRPC1-
mediated increase in endothelial permeability may be associated with Rho acti-
vation or PKCa phosphorylation.26 G

q
-TRPC6-mediated24 and TRPC1/4-mediated 

Ca2+ entry27 were proposed to induce the resultant changes in endothelial cell shape.

2.2  TRPM2 Regulates H
2
O

2
-Induced Ca2+ Entry  

in Endothelial Cells

We identified another TRP channel, the TRPM2, as responsible for signaling 
increase in endothelial permeability. The vascular endothelium is a major target of 
oxidant stress. Oxidants generated at sites of inflammation and injury (i.e., by acti-
vation of neutrophils adherent to endothelial cells during sepsis) induced increase 
in vascular permeability.1–4 Oxidants increase Ca2+ permeability of cell membrane, 
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which is well known to mediate both long-term and acute endothelial responses to 
oxidative stress. The first evidence for the involvement of TRP channels in oxidant-
induced endothelial injury was proposed by Groschner’s group.28,29 The same group 
of investigators29 described a mechanism by which oxidants induced association of 
the TRPC3 and TRPC4 subunits to form a redox-sensitive cation channel and 
induce Na+ and Ca2+ entry into porcine aortic endothelial cells through mecha-
nisms that are dependent on phospholipase C. There is, however, growing evidence 
suggesting the contribution of TRPM2 in signaling oxidant-induced vascular 
endothelial injury.10,11

TRPM2 has been identified in the heart vessel and pulmonary artery endothe-
lium, where it acts as an oxidant sensor and may play a key role in the activation 
of leukocytes, vascular endothelial permeability, and injury.10,11 In HPAE cells, 
we indeed established the role of TRPM2 in mediating the effects of oxidants on 
the endothelium by mechanisms that involve production of the second messen-
ger ADP-ribose.11 Using a Ca2+ “add-back” protocol, we have shown that H

2
O

2
-

induced Ca2+ entry in endothelial cells occurs entirely via TRPM2 channels. In 
Ca2+-free medium, addition of a sublytic concentration of H

2
O

2
 (100 mM) 

released no intracellular Ca2+, whereas Ca2+ repletion in the continued presence 
of H

2
O

2
 elicited a Ca2+ transient (Fig. 10.1), which represents the Ca2+ entry 

stimulated by H
2
O

2
. Ca2+ entry was nearly abolished by TRPM2 silencing and 

considerably reduced (>65%) by a treatment with a pharmacological inhibitor of 
PARP to prevent ADP-ribose agonist formation, either the 3,4-dihydro-5-[4-(1-
piperidinyl)butoxyl]-1(2H)-isoquinolinone (DPQ; 100 nM) or the 3-aminobenz-
amide (3-AB; 1 mM) (Fig. 10.1). These observations are consistent with known 
properties of TRPM2 channel, which is essentially activated by the generated 
intracellular ligand ADP-ribose. In addition, overexpression of TRPM2-S iso-
form or a treatment of the same cells with a specific TRPM2-blocking antibody 
also suppressed Ca2+ entry through TRPM2, while TRPC4 silencing did not 
modify it.11

Endothelial TRPM2 activation may play a crucial role in oxidant-induced 
endothelial injury because excessive activation of these channels results in Ca2+ 
overloading and critical subsequent Ca2+-dependent cellular responses.

2.3  Role of TRPM2 in Inflammation and Oxidant-Induced 
Vascular Hyperpermeability

At sites of inflammation, neutrophil and endothelial ROS that are produced in sub-
stantial amounts increase vascular permeability.5–7 ROS-induced TRPM2 activation 
and subsequent increase in intracellular Ca2+ causes opening of interendothelial 
junctions, which is detectable as reduction in transendothelial electrical resistance 
(TER).11 As illustrated in Fig. 10.2, we measured the changes in TER in control 
pulmonary endothelial cell monolayers, cells treated with a PARP inhibitor (DPQ or 
3-AB),11,13,17,20 and cells treated with TRPM2 small-interfering RNA (siRNA). H

2
O

2
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Fig. 10.1 H
2
O

2
-induced Ca2+ entry occurs entirely via TRPM2 channels in endothelial cells. 

Human lung endothelial cells untreated, transiently transfected with TRPM2 siRNAs, or pre-
treated with inhibitors of ADP-ribose polymerase (1 mM 3-AB or 100 mM DPQ) for 45 min were 
loaded with fura-2AM. In response to H

2
O

2
 challenge, we measured intracellular Ca2+ in complete 

(a) versus Ca2+-free Hank’s Balanced Salt Solution (HBSS) (a, inset). (a) Original recordings of 
intracellular Ca2+ transients without or with pretreatment by specified inhibitors. H

2
O

2
 (100 mM), 

CaCl
2
 (2.0 mM), and Ca2+ ionophore ionomycin (ion) were added as indicated. The abscissa indi-

cates time in seconds and the ordinate relative intracellular Ca2+ level. (b) Mean ratiometric values 
(±SEM) for steady-state intracellular [Ca2+] (n = 4). Addition of H

2
O

2
 to untreated cells elicited a 

marked cytosolic Ca2+ increase (a) or Ca2+ transient on Ca2+ repletion (a, inset) that was abolished 
by TRPM2 silencing or treatment with either ADP-ribose polymerase inhibitors; therefore, cyto-
solic Ca2+ increase reflected Ca2+ entry through TRPM2

(300 mM) transiently decreased transmonolayer TER, indicating opening of interen-
dothelial junctions. TRPM2 silencing attenuated the peak TER response to H

2
O

2
 by 

44% relative to negative control (nonspecific siRNA transfection). Other approaches 
used to suppress TRPM2 expression or activity, including treatment of the cells with 
PARP inhibitor, TRPM2-blocking antibody, and overexpression of TRPM2-S (the 
nonconducting isoform), attenuated the peak TER response to H

2
O

2
 by 38–48% 

(summarized in Fig. 10.2b). Because the balance between short and long TRPM2 
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isoforms determines channel activity, overexpression of TRPM2-L isoform in pulmonary 
endothelial cells should enhance H

2
O

2
 effects. As anticipated, overexpression of 

TRPM2-L augmented H
2
O

2
-induced endothelial hyperpermeability. The effect was 

irreversible.11 Therefore, TRPM2 channel activation plays a crucial role in mediating 

Fig. 10.2 Role of TRPM2 channels in H
2
O

2
-induced increase in endothelial barrier permeability. 

Confluent endothelial cell monolayers grown on gold microelectrodes were treated with H
2
O

2
 

(300 mM) or control buffer (for baseline). Changes in TER, reflecting the paracellular permeabil-
ity of endothelial monolayers, were followed for 4 h. (a) Original TER recordings (each trace is 
the average of four responses). (b) Mean value (±SEM) of peak TER responses to H

2
O

2
. H

2
O

2
 (300 

mM) decreased transmonolayer TER, indicating opening of interendothelial junctions. TRPM2-
silencing, treatment with a PARP inhibitor (3-AB or DPQ) or with a specific TRPM2-blocking 
antibody, and TRPM2-S overexpression attenuated the peak TER response to H

2
O

2
, while overex-

pression of TRPM2-L enhanced it. Thus, TRPM2 channels contribute to H
2
O

2
-induced endothelial 

barrier hyperpermeability
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increase in endothelial permeability caused by noncytolytic concentrations of H
2
O

2
. 

Noticeably, suppression of TRPM2 activity caused only a 50% reduction in the TER 
response of H

2
O

2
, suggesting that TRPM2 channels mediate about half of the per-

meability-increasing effect of H
2
O

2
. The residual effect of H

2
O

2
, which appears to 

be independent of Ca2+ entry, remains to be elucidated.

3  Role of TRPM2 Channel-Activated Ca2+ Entry  
in Mediating Neutrophil-Induced Lung Injury

In sepsis-induced acute lung injury, for instance, activated lung macrophages and 
infiltrated neutrophils generate inflammatory mediators that rapidly propagate to 
lung endothelial and epithelial cells. Among those, the generated oxygen metabo-
lites and chemotactic cytokines, also called chemokines, increase endothelial adhe-
sivity of neutrophils and vascular endothelial permeability, both critical factors 
governing tissue edema formation and neutrophil extravasation.11,30–32 Although we 
have demonstrated the involvement of TRPM2 in mediating endothelial hyperper-
meability in cultured endothelial cells, the in vivo functions of the TRPM2 channel 
in neutrophil activation-induced endothelial permeability elevation and neutrophil 
extravasation have not been assessed. Our current studies are showing that neutro-
phil activation-dependent increase in endothelial permeability requires TRPM2 in 
cultured endothelial cells.

3.1  Neutrophil-Induced Ca2+ Entry in Endothelial Cells  
Involves TRPM2 Channels

Lung endothelial cells in culture were loaded with fura-2, washed, and trans-
ferred to Ca2+-free medium containing the chemoattractant N-formyl-Met-Leu-Phe 
(fMLP), another inflammatory mediator produced as a result of bacterial 
infection. Human neutrophils (5 × 105 cells/mL) were seeded onto the cells, and 
Ca2+ mobilization in endothelial followed. In response to fMLP, the pulmonary 
endothelium becomes activated and upregulates surface expression of adhesion 
molecules. This leads to neutrophil adhesion to endothelial cells and neutrophil 
activation to produce inflammatory mediators that include oxygen species such 
as H

2
O

2
. Ca2+ repletion elicited the Ca2+ transient, which reflects the Ca2+ entry 

stimulated by neutrophil oxidants. However, TRPM2 silencing and endothelial 
cell treatment with a PARP inhibitor, DPQ or 3-AB, prevented neutrophil-elic-
ited Ca2+ entry observed in untreated cells (unpublished data). Thus, oxidants 
generated as a result of neutrophil stimulation activated theTRPM2 channel, 
which appears to be of major importance in the sepsis-induced increase in lung 
vascular permeability.
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3.2  Neutrophils Activate Endothelial TRPM2  
as an Essential Step in Transendothelial Migration

Because TRPM2 activation mediates endothelial hyperpermeability,11 we investi-
gated whether neutrophils through TRPM2 activation induce opening of interen-
dothelial junctions, thereby allowing their infiltration into lung tissue. Pulmonary 
artery endothelial cells were grown to confluence on transwell filters (3-mm pore 
size). Culture medium containing the chemoattractant fMLP was added to the lower 
compartment. Neutrophils (5 × 105 cells/mL) were added to the top chambers and 
allowed to migrate to the lower wells for 2 h at 37°C. In untreated endothelial cells, 
the number of migrated neutrophils collected from the lower wells represented 61% 
of the initially seeded neutrophils. TRPM2 knockdown reduced neutrophil transen-
dothelial migration to 32% (unpublished data), which therefore involves TRPM2 
channel activation.

These observations suggest that increase in lung microvessel permeability and 
neutrophil sequestration depend on the activation of endothelial TRPM2 by the neu-
trophil oxidants. Moreover, Yamamoto33 established the functional role of monocyte 
TRPM2 channels in mediating chemokine production and neutrophil-induced lung 
injury. Chemokine expression is inducible and is responsible for the recruitment of 
inflammatory cells to sites of infection or injury.34,35 Thus, in site of sepsis, neutro-
phil oxidants evoke Ca2+ influx through TRPM2 not only in endothelial cells, but 
also in monocytes where TRPM2-elicited Ca2+ influx, via a Ca2+-dependent tyrosine 
kinase Pyk2/Erk/Ras guanosine triphosphatase (GTPase) signaling pathway, elicits 
nuclear translocation of nuclear factor-kB (NF-kB) essential to increase the produc-
tion of the chemokines. The increase in chemokine production in turn increases 
endothelial adhesivity of neutrophils and generation of ROS and thus aggravates 
endothelial inflammation and injury.33 In chronic inflammation, the continued pro-
duction of ROS by neutrophils causes extensive tissue damage.

In future studies, we will use the TRPM2-deficient mouse to address the crucial 
role of TRPM2 channel activation in mediating the neutrophil activation-induced 
increase in lung vascular permeability and edema formation.

4  PKCa Modulation of TRPM2 Channel Regulates H2O2-
Induced Ca2+ Entry and Endothelial Permeability

4.1  PKCa Modulation of TRPM2 Regulates H
2
O

2
–Ca2+  

Entry in Endothelial Cells

Because TRPM2 is implicated in endothelial dysfunction and many pathological 
states, elucidating the mechanisms of TRPM2 activation and regulation has gained 
significant interest. An interesting study by Zhang36 showed rapid tyrosine phos-
phorylation of TRPM2-L after stimulation with H

2
O

2
 that is critical for its activation 
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and function, while TRPM2-L dephosphorylation by the widely expressed phospho-
tyrosine phosphatase L1 (PTPL1) resulted in channel inactivation. Although modu-
lation of TRPM2 function by tyrosine dephosphorylation may be a mechanism 
through which PTPL1 protects the cells against oxidative damage,36 our current stud-
ies are establishing the critical role of PKCa in the regulation of oxidant-induced 
TRPM2 activation in HPAE cells. PKCa regulates major endothelial cell functions 
important to maintenance of microvascular homeostasis, including angiogenesis, 
cell migration, and microvascular permeability.4,5 Among the endothelial PKC iso-
forms a, b, d, e, and z, only PKCa and PKCe were found to change their intracel-
lular distribution on H

2
O

2
 treatment.37 Even though oxidants may react with the zinc 

thiolates in the PKCa regulatory domain to directly oxidize and stimulate PKCa,37,38 
it is still unclear whether ROS directly activate PKCa38 in the endothelium during 
oxidative stress. PKCa is known to contribute to H

2
O

2
-induced increase in endothe-

lial permeability4,5; nevertheless, the signaling mechanism is still yet to be defined. 
We observed that PKCa modulates Ca2+ entry through the TRPM2 channel. Using 
a Ca2+ add-back protocol, we have shown that H

2
O

2
-induced Ca2+ entry in endothe-

lial cells occurs entirely via TRPM2 channels.11 Treatment of the same cells with a 
pharmacological PKCa inhibitor (Gö6976) or PKCa siRNA partially inhibited Ca2+ 
entry through TRPM2 (unpublished data). Therefore, PKCa positively regulates 
oxidant-induced TRPM2 activation.

4.2  TRPM2-Activated Increase in Endothelial  
Permeability Involves a PKCa

Because the results implicate PKCa in the regulation of Ca2+ entry through TRPM2, 
we investigated the role of PKCa in the modulation of TRPM2-induced increase in 
endothelial barrier permeability. We measured the changes in TER in confluent con-
trol monolayers, cells treated with the PKCa inhibitor Gö6976, and cells treated with 
TRPM2 siRNA alone or with Gö6976 simultaneously. H

2
O

2
 (300 mM) decreased 

transmonolayer TER, reflecting the paracellular permeability of endothelial mono-
layers. TRPM2 silencing reduced the peak TER response to H

2
O

2
 by 38% relative to 

untreated control, and PKCa silencing attenuated it by 36%. Interestingly, the peak 
TER response was decreased to a similar degree by PKCa and TRPM2 silencing (by 
40%). Thus, PKCa may play a permissive role in the opening of TRPM2 channels 
responsible for a significant component of the oxidant-induced increase in TER.

4.3  H
2
O

2
 Induces PKCa Association with TRPM2-S

In pulmonary endothelial cells, both forms of TRPM2 (TRPM2-L and TRPM2-S) 
are expressed; therefore, the control of their physical interaction is an enticing 
potential regulatory mechanism of TRPM2 activity in these cells. In the endothelial 
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plasma membrane, TRPM2 is associated with its short isoform (TRPM2-S), 
which serves as a negative regulator of TRPM2 channel activity.10,11,20 Because we 
identified a high-affinity binding site for PKCa in the N-terminal domain of 
TRPM2, we investigated the potential physical interaction of PKCa with a 
TRPM2 isoform in endothelial cells through a coimmunoprecipitation assay. As 
predicted, H

2
O

2
 induced a rapid colocalization of PKCa with TRPM2-S (the 

short-splice variant of TRPM2) that was not observed when TRPM2 was knocked 
down (unpublished data); it is therefore likely that PKCa regulates TRPM2-
induced Ca2+ entry and endothelial injury by PKCa phosphorylation of 
TRPM2-S.

Further studies are needed to investigate the contribution of PKCa in the control 
of TRPM2 activity. Using a mutagenesis approach and PKCa-deficient mice, we 
will establish the mechanisms by which PKCa regulates Ca2+ entry through 
TRPM2 and how PKCa may affect neutrophil-induced lung vascular hyperperme-
ability and neutrophil infiltration in lung tissue.

5  Conclusions and Perspectives

Lung endothelial injury, particularly in the setting of sepsis, is the result of 
oxidant generation by endothelial cells themselves, neutrophils, and other 
inflammatory cells adherent to vessels.36,39 The mechanism of oxidant-mediated 
disruption of endothelial barrier function, in part, is attributable to a rise in 
intracellular Ca2+ mediated by Ca2+ entry through oxidant-sensitive TRPM2 
channels.11 As represented in Fig. 10.3, our most recent observations imply the 
potentially crucial role of endothelial TRPM2 channel activation in mediating 
the neutrophil activation-induced endothelial permeability and neutrophil infil-
tration in lung tissue as well as the role of PKCa in the regulation of TRPM2 
activation and TRPM2-induced increase in endothelial permeability. Because 
both isoforms of TRPM2 (TRPM2-L and TRPM2-S) are expressed in endothe-
lial cells, the mechanisms that regulate their expression or control of their 
physical interaction could be targeted to reduce vascular endothelial injury due 
to oxidant production. PKCa may positively regulate TRPM2-induced Ca2+ 
entry and endothelial permeability by phosphorylation of TRPM2-S. Although 
these findings may provide possible strategies for modulating endothelial 
injury, further investigation is required to clarify the contribution of PKCa in 
the control of TRPM2 activity and the ensuing neutrophil activation-induced 
lung injury. In this regard, manipulating TRPM2 function in the endothelium 
represents a novel target to reduce vascular endothelial injury due to oxidant 
production and inflammation.
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Abstract Pulmonary arterial hypertension (PAH) is a disease of the pulmonary 
vasculature that is characterized by vascular obstruction and progressive right ven-
tricular failure. One hallmark of clinical PAH is its very poor survival, with PAH 
mortality rates approximating those of many malignancies. The discovery that the 
fawn-hooded rat strain (FHR) spontaneously develops PAH has allowed for major 
insights into the pathophysiology of PAH. These findings have revealed that cancer 
and PAH not only share a similarly poor prognosis but also demonstrate similar 
resistance to apoptosis and activation of cell proliferation as a major pathophysi-
ologic mechanism. One of the causes for the resistance to apoptosis and increased 
proliferation of pulmonary vascular smooth muscle cells in PAH is a cancer-like 
metabolic shift towards a glycolytic metabolism (Warburg effect) and down-regu-
lation of mitochondrial glucose oxidation. This book chapter will review the role of 
such a metabolic shift in the pathophysiology of PAH and also highlight emerging 
anti-proliferative PAH therapies that correct the metabolic dysregulation in PAH.

Keywords pulmonary arterial hypertension (PAH) • vascular smooth muscle cell 
proliferation Warburg effect • cancer • epigenetic silencing • reactive oxygen spe-
cies • mitochondrial electron transport chain • fawn-hooded rats (FHR) • pyruvate 
dehydrogenase kinase • glycolysis • hypoxia-inducible factor-1a

1  Introduction

Pulmonary arterial hypertension (PAH) is a disease of the pulmonary vasculature, 
which occurs in a rare idiopathic form (sporadic PAH-90%, familial PAH-10%) 
and, more commonly, as a syndrome associated with connective tissue diseases, 
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congenital heart disease, anorexigen use, portopulmonary disease, or HIV. The 
reported prevalence of idiopathic PAH (iPAH) (1/1,000,000) is likely an underesti-
mation, due to lack of data on sickle cell and schistosomiasis-associated PAH 
syndromes in Africa and Asia, and to insensitivity of the history and physical 
examination, as suggested by the high prevalence of moderate pulmonary hyperten-
sion in surveillance studies of high-risk cohorts with connective tissue diseases.1 
Despite important advances, such as the discovery of mutations in bone morphoge-
netic protein receptors (BMPR2) as a cause of familial PAH and the advent of 
effective oral therapies, such as phosphodiesterase 5 inhibitors and endothelin 
antagonists, mortality remains high (15% at 1 year).2 Lack of a cure reflects igno-
rance of the cause of PAH and the related absence of optimally targeted therapies.

2  An Emerging Paradigm: The “Oncologic” View  
of Pulmonary Artery Hypertension

Recently several groups have concluded that PAH may be viewed, in part, as a 
disease of excess proliferation and impaired apoptosis of pulmonary artery smooth 
muscle cells (PASMC),3–6 similar in some regards to neoplasia.7,8 Similarities 
between PASMC in PAH and cancer cells include increased rates of cell proliferation, 
depressed rates of apoptosis, pathological activation of hypoxia-inducible factor 1a 
(HIF-1a) as well as metabolic shift towards glycolysis which is characterized by acti-
vation of pyruvate dehydrogenase kinase (PDK)8 and downregulation of voltage-
gated potassium channels (K

v
)9 (reviewed in Ref.10). Recently, we discovered that 

strategies which regress experimental PAH8 such as PDK inhibition and K
v
1.5 gene 

therapy also regress human cancers,7 thus further highlighting that cancer and PAH 
may share some underlying pathophysiological pathways. While excessive vaso-
constriction,11–14 inflammation15 and thrombosis16 contribute to the pathogenesis of 
PAH, this new “oncologic view” of PAH, originally proposed by Tuder and 
Voelkel,17 may constitute a paradigm-shift from the twentieth-century view of PAH 
as a primarily vasospastic disease.

3  Overview of Existing Mechanisms of PAH

Although the “oncologic” view of PAH emphasizes the critical role of PASMC 
hyperproliferation, it is important to recognize that PAH is a panvasculopathy. 
Abnormalities in each layer of the blood vessel contribute to this syndrome of 
obstructed, constricted small pulmonary arteries (PA), which ultimately results in 
right ventricular hypertrophy (RVH). Indicators of endothelial involvement in 
PAH include elevated plasma serotonin18 and a decreased ratio of vasodilators/
constrictors.19–21 It is also hypothesized that widespread endothelial apoptosis in 
early PAH culminates in selection of apoptosis-resistant endothelial precursor 
cells that proliferate and eventually form plexiform lesions.22 In the media of the 
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pulmonary artery, three groups, Rabinovitch’s,6,23 Yuan’s5,24,25 and ours26–28 have 
independently shown that PASMC apoptosis is suppressed and proliferation is 
enhanced in experimental PAH, which is consistent with the findings in human 
PAH.29 Many factors drive PASMC proliferation, including mutation29 or down-
regulation30 of BMPR-2, de novo expression of the anti-apoptotic protein sur-
vivin,22,28 increased expression/activity of the serotonin transporter (SERT)31,32 
and increased expression/activity of platelet-derived growth factor (PDGF) recep-
tor.33 Another proliferative, anti-apoptotic PASMC abnormality is the selective 
decrease in expression of K

v
1.5, a voltage-gated, O

2
-sensitive potassium channel. 

The downregulation of K
v
1.5, which is also the channel that is inhibited by 

hypoxia and initiates hypoxic pulmonary vasoconstriction,34,35 is a hall-mark of 
PAH and occurs in human PAH,36 experimental PAH models (induced by chronic 
hypoxia26,37 or monocrotaline28) or genetic predisposition to PAH such as the fawn 
hooded rat8 and transgenic mice with PAH due to overexpression of SERT32 or a 
BMPR-2 dominant negative mutation.38 In PAH, loss of K

v
1.5, depolarizes the 

membrane and elevates cytosolic levels of K+ and Ca2+. The resulting calcium 
overload, which is later reinforced by activation of TRP channels,39 leads to Ca2+-
calcineurin-dependent activation of the proliferative transcription factor, NFAT,40 
thus pointing to a causal role of K

v
1.5. In the adventitia, metalloprotease activation 

causes architectural disruption, permitting cell migration and generating mitogenic 
peptides (tenascin).23 Finally, infiltration of the lung with inflammatory cells, 
endothelial-precursor cells, and mesenchymal and bone-marrow-derived stem 
cells occurs in PAH,41 and these cells may contribute to the syndrome.

With the discovery of BMPR-mutations in familial PAH,42,43 the cause of PAH 
appeared to have been elucidated. These loss-of-function mutations favor PASMC 
proliferation and consistent with this model, a transgenic mouse with SMC-specific 
over-expression of a human dominant-negative BMPR2 transgene develops PAH.44 
Interestingly, PAH in BMPR-2 dominant-negative mice is initially not associated 
with vascular remodeling,38 but manifests K

v
1.5 deficiency and can be reversed with 

an L-type calcium channel blocker.38 This suggests that disordered BMP signaling, 
leading to reduced K

v
1.5 transcription, may be a link between an early vasospastic 

stage of familial PAH and the later fixed anatomic pathology. Eventually, impaired 
apoptosis and enhanced PASMC proliferation transforms PAH to a more fixed dis-
ease.27 Indeed only 30–40% of PAH patients have significant vasodilator responses 
(>20% fall in PVR and PAP) to inhaled nitric oxide,45,46 which points to vascular 
remodeling being a key component of the pathology in the majority of PAH patients. 
However, BMPR2 mutation does not appear to be a common cause of sporadic PAH. 
BMPR-2 mutations occur in only 10–20% of sporadic PAH patients and even in 
familial PAH, penetrance is low (~20%).47 While modifier genes, such as CYP1B1, 
SERT and TGF-b may explain variable penetrance, aberrant BMPR2 function alone 
is neither a necessary nor sufficient precondition for most cases of PAH.47 This lit-
erature highlights the multiplicity of putative “causes” for PAH and, in so doing, 
highlights the lack of a fundamental, initiating cause for nonfamilial PAH. While 
this partially reflects the fact that PAH is a syndrome, rather than a homogenous 
disease, it raises the question, “Does an additional unifying cause for PAH exist?” 
We believe the answer is yes and hypothesize that upstream mitochondrial abnor-
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malities lead to metabolic dysregulation which in turn creates a downstream prolif-
erative, anti-apoptotic phenotype.8 This unifying model integrates the observed 
metabolic abnormalities in PAH with the critical increase in PASMC proliferation 
and vascular remodeling and is based on both experimental models of PAH in fawn 
hooded rats (FHR) and data from humans with PAH.

4  The Fawn-Hooded Rat as a Model for Idiopathic  
Pulmonary Artery Hypertension

The fawn hooded rats (FHR) are a mutant strain, named for their brown mantle of 
fur. FHR spontaneously develop PAH.48 In studying PAH in FHR it is useful to 
compare FHR to consomic control rats. Consomic rats (FHR-BN1 control rats) 
were created by introgression of the hypoxia-resistant, Brown Norway rat’s chro-
mosome 1 into an isogenic FHR background using marker-assisted selection.49 
Other than chromosome 1 substitution, the consomics are identical to FHR. 
Importantly, the control FHR-BN1 strain does not develop PAH.8

The original FHR were an outbred strain created from “German brown,” 
Lashley and Wistar albino, and Long Evans rats. Three major FHR strains are 
known: PAH prone FHH/EurMcwiCrl (which we use), a systemically hypertensive 
FHH strain (prone to glomerulonephritis) and a strain prone to depression/sub-
stance addiction. PAH in FHR is heritable and occurs in males and females.50 In 
addition, FHR are hypoxia-sensitive, developing PAH and alveolar simplification 
when exposed to mild hypoxia, at levels that do not affect normal rodents.50 FHR 
show exaggerated vasoconstrictor responses when raised at high altitudes.12 The 
natural history of FHR likely varies based on concomitant hypoxic exposure. In 
Denver (elevation 5,200 ft) PAH develops within 1 month of birth.50 In contrast, in 
Edmonton, Alberta, at roughly half the altitude, PAH develops at a similar preva-
lence, but later in life (between 20 and 40 weeks). PAH is ultimately lethal in FHR 
by ~60 weeks.8 FHR PASMC share with human PAH PASMC, an exaggerated 
predilection to proliferate8,29 and excessive rho kinase activity.12 Additional simi-
larities with human PAH include enhanced vasoconstriction to serotonin and a 
platelet storage-pool deficiency.51 These characteristics of the FHR make it an 
excellent model to study the pathophysiology of PAH as well as develop novel 
treatment strategies.

5  A Metabolic Axis of Pulmonary Artery Hypertension

We recently discovered that FHR and humans with iPAH share an unexplained 
PASMC mitochondrial–metabolic phenotype that underlies their proliferation/
apoptosis imbalance. PAH PASMC are characterized by: a fragmented, hyperpolarized 
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mitochondrial reticulum, decreased superoxide dismutase-2 (SOD2) expression/
activity, a metabolic shift away from oxidative metabolism and normoxic activation 
of the transcription factor HIF-1a (hypoxia inducible factor-1) and the enzyme 
pyruvate dehydrogenase kinase (PDK). This dysregulation of the metabolic SOD2-
H

2
O

2
-HIF1-PDK pathway increases proliferation and suppresses apoptosis in pul-

monary artery smooth muscle cells. Since PAH patients demonstrate similar SOD2 
downregulation and HIF-1a activation,52,53 characterization of this metabolic-mito-
chondrial pathway has significant translational relevance that could impact the 
development of novel PAH therapies. This chapter reviews recent progress in iden-
tifying the mechanisms underlying these PASMC mitochondrial-metabolic abnor-
malities and in testing their potential as therapeutic targets. The discussion focuses 
on three key, related mitochondrial-metabolic abnormalities that not only contribute 
to PAH progression, but may also form a key underlying cause of idiopathic PAH: 
(1) Epigenetic silencing of SOD2, (2) Activation of the transcription factor HIF-1a 
and (3) Activation of PDK and glycolytic metabolism. These findings of metabolic 
dysregulation have paved the way for novel therapeutic strategies which restore 
SOD2 activity or inhibit HIF-1a and PDK, thus leading to a reduction in SMC 
proliferation and a regression of PAH.

5.1  Epigenetic Silencing of SOD2 and the Role of H
2
O

2
 in PAH

SOD2 is located in the mitochondria and is a major source of endogenous H
2
O

2
. At 

physiologic levels, H
2
O

2
 is a vasodilatory and antiproliferative redox-signaling 

molecule.54–57 H
2
O

2
 is produced in mitochondria where SOD2 detoxifies the low 

basal amounts of superoxide generated by unpaired electron flux during normal 
activity of the electron transport chain (ETC). Several observations lead us to inves-
tigate the importance of SOD2, a mitochondrial protein that is encoded by a gene 
on rat chromosome 1. First, consomic control rats (FH-BN1), which are identical 
to FHR save for introgression of a normal chromosome 1 have normal SOD2 levels 
and do not develop PAH.8 Second, serial DNA microarray analysis of resistance 
pulmonary arteries indicates that SOD2 mRNA is downregulated threefold in FHR, 
prior to onset of pulmonary hypertension. This suggests SOD2 as a candidate PAH 
gene. Normally, SOD2 expression is induced or repressed to match mitochondrial 
superoxide production (more superoxide = more SOD2). Consistent with this, oxi-
dant stresses, such as ionizing radiation, induce SOD2 expression in normal ani-
mals/cells.58 This avoids damage to the ETC and mitochondrial DNA. In FHR, 
decreased SOD2 expression/activity reduces H

2
O

2
 production.8 Preliminary data 

show that restoring mitochondrial H
2
O

2
, by SOD2 replacement therapy, inhibits 

PASMC proliferation and enhances apoptosis (unpublished data-not shown). In this 
context it is critical to realize that H

2
O

2
 plays an important role in regulating cel-

lular processes such as proliferation and that under-production of this signaling 
molecule can be harmful. Some groups have also found that in PAH induced by 
chronic hypoxia the levels of ROS can be increased,59–61 which underscores the 
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importance of carefully distinguishing between the effects of specific types of ROS, 
methods to assess ROS, cellular sources of ROS as well as the dual role of ROS as 
cause and consequence of PAH during distinct phases of disease progression.

Our unpublished data also suggest that the SOD2 gene and promoter are normal in 
FHR. This, coupled with the heritable nature of FHR PAH, raises the possibility of 
epigenetic mechanisms for the SOD2 downregulation. Interestingly, epigenetic silenc-
ing of SOD2 is common in many cancers. The SOD2 gene is a putative tumor-sup-
pressor gene (decreased expression is associated with proliferation of cancer cells).62,63 
Epigenetic silencing of SOD2, caused by hypermethylation of CpG dinucleotides 
within the SOD2 promoter, decreases SOD2 levels in multiple myeloma and pancre-
atic carcinoma.64–66 SOD2 downregulation in breast cancer occurs by this mechanism 
plus a second epigenetic mechanism-histone hypoacetylation. Changes in chromatin 
acetylation create a repressive chromatin structure that impairs binding of SOD2 tran-
scriptions factor, such as SP-1 and AP-1.67 HDAC inhibitors, such as trichostatin A and 
sodium butyrate, restore SOD2 expression in cancer cells.67 Thus, two epigenetic 
mechanisms of regulating SOD2 transcription collaborate to control SOD2 expression 
in cancer.68,69 In breast cancer and other tumors restoration of SOD2 increases H

2
O

2
 

and limits tumor growth.65–67 In light of the similarities between cancer and PAH in 
regards to hyperproliferation of cells, it is likely that similar mechanisms of epigenetic 
SOD2 silencing may contribute to PASMC hyperproliferation, and our unpublished data 
suggest that epigenetic downregulation is indeed the cause of reduced SOD2 activity 
in PAH. This novel finding further points to pharmacological modulation of the epige-
netic SOD2 suppression as a potential means for reducing PASMC proliferation and 
vascular remodeling in PAH.

5.2  HIF-1a Activation and the “Pseudohypoxic” State in PAH

Cancer cells are known to primarily use glycolysis as a source of energy and down-
regulate mitochondrial activity even in the presence of normal oxygen levels and 
thrive in this “pseudohypoxic” state. This seminal observation is named the 
“Warburg effect” because it was made in 1923 by the German scientist and Nobel 
Prize laureate Otto von Warburg, who also believed that this metabolic switch con-
tributed to the progression of the malignant disease. Even though this observation 
was made nearly a century ago, the underlying mechanisms of this “pseudohy-
poxic” state have only recently been elucidated and point to abnormal mitochon-
drial oxygen-sensing and abnormal activation of the oxygen-sensitive transcription 
factor HIF-1 as mediators of the “pseudohypoxic” state. Interestingly, this “pseudo-
hypoxic” activation is not only found in cancer cells but also in PAH, and appears 
to contribute to the pathological cell hyperproliferation in both diseases.

The mitochondrial ETC is the cell’s major source of H
2
O

2
, most of which comes 

from superoxide anions, produced at complexes I and III, which are converted to 
H

2
O

2
 by SOD2.70 H

2
O

2
, by virtue of its less toxic nature and moderate diffusion 

radius, serves as a physiological signaling molecule71 communicating the “PO
2
” 
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(sensed in the mitochondria) to the plasma membrane (K
v
 channels35) and to tran-

scription factors, notably HIF-1a.8 We (and others) have demonstrated a PO
2
-

sensitive ROS production in rodent PA (more oxygen = more ROS).8,37,70,72–75 This 
ability to rapidly alter production of the relatively stable ROS H

2
O

2
 in direct propor-

tion to PO
2
 over a physiological PO

2
 range (30–100 mmHg)70,73 is unique to the 

PASMC mitochondria from small PAs (for example, ROS increase with hypoxia in 
renal artery SMC).55 The fact that this superoxide production (and the associated 
H

2
O

2
 production by SOD2) is linked (through electron flux) to respiration76 allows 

the mitochondria to serve as a cellular “O
2
-sensor.” Thus, “normoxia” is really a 

reflection of mitochondrial ROS production and does not always correlate with PO
2
. 

This disconnect is evident for example in cancer or PAH, where low mitochondrial 
activity reduces superoxide levels and downstream hydrogen peroxide levels are 
further reduced by low SOD2 expression/activity, despite normal PO

2
.

One of the targets of this “pseudohypoxic” state and reduction in H
2
O

2
 levels is 

activation of the transcription factor HIF-1a. HIF-1a is a heterodimeric  transcription 
factor, consisting of HIF-1a and HIF-1b subunits.77 Activation of HIF-1a switches 
metabolism to glycolysis by activating a panel of glycolytic genes while simultane-
ously suppressing the activity of the ETC by transactivating the PDK gene, thereby 
inhibiting the mitochondrial Krebs’ (TCA) cycle.78 Furthermore, HIF-1a activation 
decreases K

v
1.5 expression, creating depolarized, calcium-overloaded  

FHR PASMCs with a proliferative, anti-apoptotic, phenotype8 with increased activ-
ity of the proliferative transcription factor, nuclear factor activating T cells 
(NFAT).40 Moreover, HIF-1a haploinsufficient mice are relatively resistant to 
chronic hypoxic pulmonary hypertension and do not develop downregulation of 
K

v
1.5,79 thus pointing to a causal role of the HIF-1a-K

v
1.5. pathway in the patho-

genesis of PAH. We speculate that the inappropriate normoxic activation of HIF-1a 
found in FHR and human PAH is triggered by a loss of endogenous H

2
O

2
. Other 

groups have also found, that H
2
O

2
 inactivates HIF-1a,80,81 as do we.8

5.3  PDK Activation in PAH and Cancer

One of the key targets of HIF-1a activation is PDK. Kim et al. and our group 
have postulated that persistent activation of PDK and subsequent inhibition of 
pyruvate dehydrogenase (PDH) may be responsible for the “Warburg effect” in 
cancer cells.7,78 PDH catalyses the irreversible oxidation of pyruvate, thus yield-
ing acetyl CoA and CO

2
, which then enter the TCA cycle and permit mitochon-

drial production of the electron donors NADH and FADH. PDH is thus a key 
enzyme controlling the rate of oxidative glycolysis. PDH is tightly controlled by 
the opposing effects of specific inhibitors (PDKs) and activators (PDH phos-
phatases). The PDH multi enzyme complex consists of multiple copies of three 
catalytic subunits, E1 (pyruvate decarboxylase), E2 (dihydrolipoamide acetyl-
transferase) and E3 (dihydrolipoamide dehydrogenase) in conjunction with the 
E3 binding protein. Phosphorylation of any of PDH’s 3 regulatory serines in E1 
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by PDK completely inhibits PDH.82 Four distinct but homologous PDK isoen-
zymes exist (PDK1–4); however, each isoenzyme displays distinct regulatory 
properties and tissue distributions. The tissue distribution of the PDK isoforms 
is similar in rats and humans.83 PDK is a key regulator of mitochondrial activity 
since it phosphorylates and inhibits pyruvate dehydrogenase (PDH), thereby 
slowing the Krebs’ cycle and restricting production of reducing equivalents 
(NADH, FADH) required to donate electrons to the ETC. This “inflow” obstruc-
tion may decrease respiration and reduce mitochondrial electron flux. This 
reduction in mitochondrial electron flux in turn decreases the associated the leak 
of superoxide which normally occurs in proportion to PO

2
 as a result of the 3% 

of electron flux that is uncoupled.7,8,84 The net effect of PDK activation is 
reduced oxidative metabolism and impairment of normoxic electron flux, which 
reduces mitochondrial ROS production.37,70 In hypoxia, PDK’s inhibition of the 
ETC is a beneficial, pro-survival mechanism, since ongoing electron transport 
without oxygen would not generate ATP but would instead cause detrimental 
mitochondrial superoxide formation by ETC autooxidation and overwhelm the 
superoxide detoxifying enzyme SOD2. However, even when O

2
 is available, 

pathological activation of PDK can occur and suppress physiological O
2

- and 
H

2
O

2
 production in the mitochondria, thus creating a pseudohypoxic state, which 

allows cells to proliferate and prevents their removal by apoptosis. Kim et al. 
were able to show the central role of PDK as a cellular basis for the “Warburg 
effect” in P493–6 Burkitt’s lymphoma cells, by demonstrating that PDK1 inhibi-
tion induces apoptosis in these malignant cells.78 This is consistent with our 
demonstration that the PDK inhibitor, dichloroacetate, induces apoptosis and 
decreases proliferation in three human cancers, studied in a xenotransplantation 
model.7 Using siRNA we have demonstrated that knocking down the PDK2 iso-
form of PDK in cancer cells depolarizes mitochondria and increases ROS 
production.7

PDK activation and impaired mitochondrial ROS production is also a common 
feature of FHR PAH.8 Supporting the causal role of PDK activation in PAH is the 
observation that the PDK inhibitor dichloroacetate can regress all forms of experi-
mental PAH tested to date (chronic hypoxic PHT, monocrotaline PAH and FHR 
PAH).8 At effective doses (0.75 g/L of drinking water) dichloroacetate has no overt 
toxicity over 1–2 months of study.8 While dichloroacetate inhibits all PDK iso-
forms, AZD7545 and the other new synthetic PDK inhibitors are selective for 
PDK2 (IC

50
 6.4 ± 2.2 nM), with lesser effects on PDK1 (IC

50
 36.8 ± 18 nM). In 

contrast, dichloroacetate’s IC
50

 for PDK2 is only 200 mm.83,85 Like dichloroacetate, 
new PDK2 selective inhibitors are very effective in activating PDH in vivo. 
However, there are tissue variations in PDH activation and little work has been done 
on the lung. Dichloroacetate not only restores mitochondrial ROS production, but 
also eliminates normoxic HIF-1a activation (as evidenced by loss of the nuclear 
localization of HIF-1a)8. This suggests that while HIF-1a can induce PDK expres-
sion, the converse is also true: PDK inhibition inactivates HIF-1a8 and points to a 
feedback mechanism between HIF-1a and PDK, which based on our data is medi-
ated by mitochondrial production of H

2
O

2
 (Fig. 11.1).
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6  The Vicious Cycle of Metabolic Dysregulation in PAH

The mechanisms involved in the metabolic axis model of PAH that we have 
described offer numerous targets for the development of novel therapies in patients 
suffering from PAH. We propose that downregulation of the mitochondrial SOD2 
in FHR decreases mitochondrial H

2
O

2
, production. Due to the neutral nature of the 

molecule, mitochondrial H
2
O

2
 can diffuse out of the mitochondria and therefore 

reduction of mitochondrial H
2
O

2
 also results in lower cytosolic levels of H

2
O

2
. This 

Fig. 11.1 Key aspects of the smooth muscle cell metabolic dysregulation in PAH. In aerobic 
metabolism, mitochondria are active producers of ATP via the electron transport chain (ETC), 
which allows electron donors (mitochondrial NADH and FADH) produced by the TCA (Krebs’) 
cycle pass electrons down a redox-potential gradient in the ETC to molecular O

2
. Side reactions 

of molecular O
2
, accounting for ~3% of net electron flux, create the reactive oxygen species 

superoxide (O
2
–) in proportion to PO

2
. SOD2 rapidly converts superoxide anion to H

2
O

2
, which 

serves as a signaling molecule, since it is less toxic than O
2
– and can diffuse out of the mitochon-

dria due to its neutral charge. At physiological and supra-physiological levels H
2
O

2
 reduces cell 

proliferation and promotes apoptosis by either directly acting on the cell cycle or by inhibiting 
HIF-1a, which then inhibits PDK. This latter enzyme modulates PDH, which in turn enables 
pyruvate to enter the TCA cycle and aerobic metabolism to progress. In PAH, this balance is 
perturbed, since SOD2 activity and downstream H

2
O

2
 production are reduced. Decreased H

2
O

2
 

production activates HIF-1a and reduces mitochondrial activity both by directly downregulating 
ETC enzymes as well as inhibiting PDH by activating PDK. Downregulation of mitochondrial 
activity further lowers mitochondrial O

2
– and H

2
O

2
 thus forming a feedback loop. This feedback 

loop and the abnormalities found in PAH are shown with arrows indicating the direction of change 
in activity of each element. The key pathology that contributes to vascular remodeling and PAH 
is the pro-proliferative and anti-apoptotic effect of this feedback loop. This is in part mediated by 
HIF-1a dependent and independent mechanisms, which can involve increases in K

v
1.5 channels 

and higher cytosolic calcium levels
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not only has effects on possible direct biological targets of H
2
O

2
, but also activates 

the transcription factor HIF-1a. HIF-1a activation then enhances cell survival/
proliferation and also increases PDK expression, which ultimately results in a 
vicious cycle as PDK inhibits oxidative metabolism and thus mitochondrial O

2
- and 

mitochondrial H
2
O

2
. While our unpublished data point to epigenetic silencing of 

SOD2 and reduction in mitochondrial H
2
O

2
 production as the initial trigger for this 

vicious cycle in PAH, the mitochondrial O
2
--SOD2-H

2
O

2
-HIF-1a-PDK-O

2
- feed-

back loop may also be initiated or exacerbated by additional triggers acting on 
elements of this loop (Fig. 11.1). Each of these abnormalities contributes to the 
abnormal mitochondria-SOD2-ROS-HIF-PDK pathway that we have described in 
human PAH and FHR PAH8 as well as human cancer.7

7  Integrating Other Theories of PAH with the  
Mitochondrial–Metabolic Model

We acknowledge that many theories and models exist for the etiology of PAH and 
our focus in this chapter on mitochondrial–metabolic pathway does not imply that 
it is the only or the most important cause of PAH. The proliferation/apoptosis 
imbalance in PAH likely results from several, intersecting and reinforcing abnor-
malities that, including BMPR2 mutations,29 de novo expression of the anti-apoptotic 
protein survivin22,28 increased expression/activity of the SERT31,32 and K

v
1.5 down-

regulation.8,26,36,37 Likewise, while we focus on a disorder that disturbs proliferation, 
we acknowledge the importance of endothelial dysfunction due to excess levels of 
endothelin and insufficient nitric oxide19 or excessive rho-kinase mediated vasocon-
striction.12 In light of the high morbidity and mortality of PAH and our relatively 
limited armamentarium to help patients with this terminal disease it is critical that 
all avenues pointing to novel therapies be pursued. The mitochondrial-metabolic 
model offers both an explanation of the disease etiology based on numerous pub-
lished studies as well as novel therapeutic avenues that can be used clinically in a 
very timely fashion, thus making this a very attractive approach.

8  Summary

Recognition of the central and interrelated roles of SOD2 downregulation, HIF-1a 
and PDK activation offers many promising therapeutic targets in PAH, including 
SOD2 replacement therapy, PDK inhibition and HIF-1a inhibition. The transla-
tional potential of this hypothesis is strengthened by the availability of drugs that 
are in clinical use to treat other human diseases, such as the PDK inhibitor dichlo-
roacetate, or pharmacological agents used to act on epigenetic processes such as the 
DNA methyltransferase inhibitor 5-azacytidine. Dichloroacetate is used to treat 
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lactic acidosis related to mitochondrial diseases. Other PDK inhibitors are being 
tested in type II diabetes.83 5-Azacytidine (Decitabine®) is used to treat myelopro-
liferative disorders.86 The current clinical use of such agents, which act on various 
components of the described metabolic dysregulation, in diseases such as diabetes 
or cancer facilitates testing them in clinical PAH trials.
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Abstract Hypoxic pulmonary vasoconstriction (HPV) is an essential mechanism 
of the lung matching blood perfusion to ventilation during local alveolar hypoxia. 
HPV thus optimizes pulmonary gas exchange. In contrast chronic and generalized 
hypoxia leads to pulmonary vascular remodeling with subsequent pulmonary hyper-
tension and right heart hypertrophy. Among other non-selective cation channels, the 
family of classical transient receptor potential channels (TRPC) has been shown to 
be expressed in pulmonary arterial smooth muscle cells. Among this family, TRPC6 
is essential for the regulation of acute HPV in mice. Against this background, in this 
chapter we give an overview about the TRPC family and their role in HPV.

Keywords  Hypoxia • lung • TRPC • pulmonary arterial smooth muscle cells

1  Introduction

Hypoxic pulmonary vasoconstriction (HPV) is a physiological lung mechanism 
that directs blood perfusion from poorly ventilated to well-ventilated lung areas to 
optimize gas exchange.1 In contrast to the systemic circulation, in which hypoxia 
leads to vasodilation, HPV is unique to the pulmonary vasculature2 (Fig. 12.1a) and 
is triggered by mild hypoxia (alveolar pO

2
 < 100 mmHg).1 A disturbance of this 

mechanism may result in life-threatening hypoxemia3 (Fig. 12.1b). Furthermore, 
when hypoxia is generalized and chronic, as in many lung diseases (e.g., chronic 
obstructive pulmonary disease [COPD], pneumonia, fibrosis) or in residents at high 
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altitude, the subsequent pulmonary vasoconstriction leads to chronic pulmonary 
hypertension, vascular remodeling, and right heart failure.4,5

Although the physiological function of HPV was originally described in 1946 
by Euler and Liljestrand, the underlying oxygen-sensing and signal transduction 
processes remain unclear.6 Several hypothetical mechanisms for the O

2
-sensing in 

pulmonary artery smooth muscle cells (PASMC) are currently proposed, for the 
most part related to reactive oxygen species (ROS).7 Nicotinamide adenine dinucle-
otide phosphate-oxidase (NAD(P)H) oxidases, similar to that found in neutrophils, 
as well as mitochondria are strongly suggested to affect superoxide generation dur-
ing hypoxia. However, it is unclear whether ROS generation is increased or decreased 
under hypoxic conditions. Moreover, there is also evidence for a hypoxia-induced 
increase of cyclic adenosine diphosphate-ribose (cADPR), resulting in a rise of 
intracellular Ca2+ ([Ca2+]

i
) as well as a role for cytochrome P450-dependent pro-

cesses in HPV.1

Fig. 12.1 Ventilation-perfusion matching by hypoxic pulmonary vasoconstriction (HPV) in the 
lung under (patho)physiological conditions (P = blood flow). (a) Under physiological conditions, 
perfusion is matched to the alveolar oxygen partial pressure (pO

2
) by HPV. Reproduced with 

permission.9 (b) Under disturbed HPV, a mismatch of blood flow and alveolar ventilation may 
result in hypoxemia. The blood perfusion color indicates the oxygen concentration of the blood in 
a graded manner: the darker the color, the higher the oxygen concentration. Large circles high 
alveolar pO

2
, small circles low alveolar pO

2
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The smooth muscle layer of the precapillary vessels has been identified as the 
effector cell type. Moreover, isolated PASMCs respond to acute hypoxia by an 
increase of the [Ca2+]

i
 concentration and subsequent contraction, indicating that 

these cells function as sensor as well as effector cells.8

In addition to L-type voltage-operated Ca2+ channels (VOCC), nonselective cation 
channels have been identified as important players in the regulation of vascular tone 
by their role in mediating the entry of cations like Ca2+ and Na+.9 Among other nonse-
lective cation channels, the family of classical transient receptor potential (TRPC) 
channels has been shown to be expressed in pulmonary arterial smooth muscle10–12 and 
to play a major role in the regulation of HPV under acute hypoxia.5,13,14

2  The Classical Transient Receptor Potential Family  
of Nonselective Cation Channels

2.1 Introduction

Transient receptor potential (TRP) channels were first discovered in the fruit fly 
Drosophila melanogaster and constitute a superfamily of cation channels. In contrast to 
vertebrates, the transduction of visual stimuli in Drosophila melanogaster is a phos-
pholipase C-dependent process that leads to an activation of membrane channels with 
subsequent membrane depolarization.15,16 Interestingly, Drosophila melanogaster with 
a mutation in the trp locus exhibited a transient instead of a sustained response to light 
due to a defect in Ca2+ influx following the initial Na+ influx. The channels responsible 
for this light-induced Ca2+ influx were named TRP channels.17,18

2.2  Identification and Structural Properties  
of Mammalian TRP Channels

The first mammalian TRP channel closely related to Drosophila melanogaster TRP 
channels was identified in 1995 and founded a new TRP family called the classical 
or canonical TRP (TRPC) channels.19 In the ensuing years, six other TRPC 
family members and other TRP families, such as TRPM (for melastatin), TRPV 
(for vanilloid receptor), TRPP (for polycystic kidney disease (PKD) proteins), 
TRPML (for mucolipidins), and TRPA (for ankyrin-rich proteins) were identified. 
Figure 12.2a shows the phylogenetic tree of the TRP superfamily.15 The classifi-
cation of the mammalian TRP proteins in these six groups results from their 
structure (³90% amino acid similarity within each group), whereas the characteris-
tic features of TRP proteins in general are the six transmembrane domains (S1–S6), 
cytoplasmic N- and C-termini, and a hydrophobic loop between S5 and S6, as well 
as cation permeability15 (Fig. 12.2b). Thus, the channel pore is thought to be formed 



Fig. 12.2 Phylogenetic tree and plasma membrane topology of the TRP proteins. (a) Phylogenetic 
tree of the TRP superfamily subdivided into six families according to their amino acid homology 
(³90% within each group).15 (b) Plasma membrane topology of TRP proteins: six transmembrane 
domains (S1–S6) with a hydrophobic putative pore region between S5 and S6 and the cytoplasmic 
N- and C-termini.15 (c) Plasma membrane topology and functional domains of TRPC channels. 
TRPC channels have typically four ankyrin repeats, a caveolin-1-binding site, and a TRPC domain 
as well as a calmodulin IP

3
-receptor-binding domain (CIRB). In addition, there is one glycosylation 

site in TRPC3, two glycosylation sites in TRPC6, a protein 4.1-binding domain, and an Asparagin-
Histidin-Glutamat-Arginin-Phenylalanin-binding domain in TRPC4, as well as a homer domain in 
TRPC1. Reproduced with permission9
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by the loop between S5 and S6. TRP channels are homo- or heterotetramers with 
members of the same subfamily15 and are permeable to Na+, K+, Cs+, Li+, Ca2+, 
Mn2+, and Mg2+ after voltage-independent activation.20

2.3 Characteristics of the TRPC Channel Subfamily

The seven members of the TRPC family share common structural features in addi-
tion to the six transmembrane-spanning domains (S1–S6) and the putative pore 
region between S5 and S6 as the typical TRP structure: four N-terminal ankyrin 
repeats as well as a TRP box (amino acid sequence EWKFAR) and a calmodulin 
inositol 1,4,5-trisphosphate (IP

3
)-receptor-binding (CIRB) site in the C-terminal 

tail. Other protein-binding domains vary between the different TRPC proteins 
(Fig. 12.2c). The TRPC family can be divided into three subfamilies on the basis of 
their amino acid homology: TRPC1, TRPC4/5, and TRPC3/6/7. TRPC2 is a pseudo-
gene in humans but plays an important role in the sexual recognition of mice.9,21

Whereas TRPC4 and TRPC5 share approximately 65% of the amino acid 
sequence, the members of the TRPC3/6/7 subfamily form a structural and functional 
subfamily with 70–80% homology of the amino acid sequence and direct activation 
by diacylglycerol (DAG).9 DAG production results from activation of G protein-
coupled receptors or receptor tyrosine kinases and subsequent activation of phos-
pholipase C isoforms (PLCb or PLCg, respectively), leading to hydrolysis of 
phosphatidylinositol 4,5-bisphosphate.22 While DAG mediates cation entry through 
receptor-operated channels (ROCs), IP

3
, the second product of this signal cascade, 

induces Ca2+ depletion of the endoplasmatic reticulum (ER), which subsequently 
activates Ca2+ influx from the extracellular space through store-operated channels 
(SOCs), also called capacitative Ca2+ entry (CCE). SOCs are discussed as mecha-
nisms for TRPC1, 4, and 5 as well as for TRPC3 and 7.9,23 The varying function of 
TRPC3 and TRPC7 as ROCs or SOCs is probably caused by the formation of hetero-
tetrameric channels as a consequence of the interaction with other TRPC isoforms.20 
Thus, TRPC channels can be gated by different stimuli, leading to multisided chan-
nel activation.24 In general, the properties of heteromultimer proteins depend on their 
protein composition. Furthermore, the function of TRPC channels may also depend 
on many additional modulators, making the mechanisms more complex.21

2.4 Expression Pattern and Function of TRPC Channels

After identification of the TRPC channel subfamily, the expression levels of TRPC 
family members in different organs and cell types, as well as their functional roles, 
have been intensely investigated.

TRPC1 exhibits a widespread, but not ubiquitous, expression in different cell types, 
whereas an important role for vascular smooth muscle has been suggested that is related 
to the contractile and proliferative functions of muscle. However, there is evidence that 
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TRPC1 only contributes to a heterotetrameric ion channel complexed with other TRPC 
isoforms. Heterologous expression studies and biochemical investigations indicated a 
possible association of TRPC1 with TRPC4, TRPC5, TRPC3, and TRPP2.15,24 This 
interaction with other TRPC isoforms seems to be required for the translocation of 
TRPC1 to the plasma membrane, as shown in TRPC1–TRPC4 coexpression studies.20

TRPC3 is highly expressed in brain as well as cardiac and smooth muscle cells 
(SMCs) and has been detected in the slow oxidative myofibers in skeletal muscle 
after neuromuscular activity.15 Numerous functions of TRPC3 have been suggested 
in agonist-induced contraction in SMCs.24 Interestingly, TRPC3 has high basal activ-
ity, which is decreased after the addition of a second glycosylated site at the extracel-
lular portion of the channel, as found in TRPC6.15 Moreover, basal and agonist-induced 
cation influx into SMCs as well as smooth muscle contractility were reportedly 
increased after the replacement of TRPC6 by TRPC3 in TRPC6-deficient (TRPC6-

/-) mice.25 Thus, protein glycosylation seems to play an important role for channel 
activity. TRPC3 also forms functional heteromultimeric channels with TRPC6.24

TRPC4 is particularly expressed in the endothelium, where it regulates micro-
vascular permeability, endothelium-dependent vasorelaxation of SMCs, and gene 
transcription. In SMCs, TRPC4 regulates cell proliferation and contraction.20 
TRPC4 as well as TRPC5 are reportedly thought to be assisted in their function as 
nonselective cation channels by TRPC1.15

TRPC5 was first found to be primarily expressed in the brain, but there are con-
flicting reports on the expression of TRPC5 in the pulmonary vasculature. Since 
TRPC5 is only poorly characterized, the role of this channel is unclear.15,20

TRPC6 is expressed in many tissues rich in SMCs but is most prominently expressed 
in lung tissue. Many studies suggest an important role of TRPC6 in vascular and pulmo-
nary SMCs.15 Investigations in TRPC6 – / _ mice in comparison to wild-type (WT) mice 
have also revealed a unique role for TRPC6 in the regulation of airway and vascular 
smooth muscle contractility.25,26 Most interestingly, small precapillary pulmonary arteries, 
in contrast to large pulmonary arteries, do not express TRPC3.9 Besides a role for TRPC6 
for SMC contraction, there is evidence for a role of TRPC6 in cell proliferation.24

TRPC7 was first identified in mouse brain, but expression is also found in SMCs 
from the aortic and renal arteries as well as in endothelial cells from the cerebral and 
coronary arteries.20 TRPC7 expression is also reported in the eye, spleen, and testis.15

3  Role of the TRPC Channels in Acute Hypoxic Pulmonary 
Vasoconstriction

3.1 Role of Ca2+Channels in Acute HPV

Under physiological conditions, acute alveolar hypoxia leads to vasoconstriction 
of the precapillary arteries in the lung. Therefore, a rise of [Ca2+]

i
 in PASMCs is 

a key event in this process, inducing Ca2+/calmodulin-dependent activation of 
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myosin light chain kinase, phosphorylation of the myosin light chains, actin-
myosin interactions, and contraction.13,27 However, the regulation of [Ca2+]

i
 has 

not yet been resolved. In general, [Ca2+]
i
 can be increased by Ca2+ influx from the 

extracellular space or by release from intracellular Ca2+ stores. At least three 
classes of Ca2+-permeable channels in the plasma membrane are known: the 
L-type VOCCs, which are regulated by the resting membrane potential; the 
ROCs, which are activated by agonists; and SOCs, which are opened by depletion 
of Ca2+ from the sarcoplasmic reticulum (SR).4,28 Concerning the Ca2+ release 
from intracellular Ca2+ stores, IP

3
 receptor-mediated Ca2+ release from IP

3
-

sensitive SR as well as ryanodine receptor-mediated Ca2+ release from ryanodine-
sensitive SR are known.29

One well-documented concept for the regulation of HPV proposes that a 
hypoxia-induced inhibition of voltage-gated K+ (K

v
) channels leads to mem-

brane depolarization and Ca2+ entry through VOCCs.30 However, since antag-
onists of K

v
 channels did not block HPV and VOCC antagonists exhibited no 

or only partial prevention of the hypoxic response, the mechanism of HPV 
seems to be more complex.12,13 Growing evidence in the literature indicates a 
role for hypoxia-induced Ca2+ release from intracellular stores activating 
SOCs and CCE, possibly in addition to VOCCs.13,14,30 Thus, depletion of intra-
cellular Ca2+ stores, and thereby activation of SOCs by cyclopiazonic acid 
(CPA) and simultaneous application of nifedipine to prevent Ca2+ influx 
through VOCCs, was shown to cause an increase of [Ca2+]

i
 that was markedly 

enhanced under hypoxic compared to normoxic conditions.13,14,30 Moreover, 
the pharmacological agents SKF-96365, Ni2+, and La3+, which block influx 
through nonselective cation channels in PASMCs, were potent inhibitors of 
HPV at concentrations that did not affect VOCCs. This is the first direct evi-
dence that nonselective cation channels may play an important role in HPV.14 
Nevertheless, the VOCC inhibitor nifedipine was quite effective in preventing 
and reversing HPV, suggesting a hypoxia-induced influx through both SOCCs 
and VOCCs.14

Nonselective cation channels, which are associated with both SOCs and ROCs, 
are reported to be likely formed of homo- or heteromultimers of TRP proteins.31,32 
Among the TRP channels, especially TRPC proteins are expressed in SMCs of 
distal pulmonary arteries, which are suggested to be O

2
 sensor and effector cells, at 

least of acute HPV.11 However, less is known about the functional role of TRPC 
channels in the pulmonary circulation.

3.2 Importance of TRPC6 Channels in Acute HPV

TRPC6 is highly expressed in lung tissue as well as pulmonary and vascular 
SMCs.23 Since there is a lack of specific TRPC channel blockers, a TRPC6– /– mouse 
model was developed by gene inactivation in embryonic stem cells to investigate 
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functional parameters in comparison to WT mice.22,25 Interestingly, TRPC6– /– mice 
showed increased vascular smooth muscle contractility, suggesting a critical role 
for TRPC6 in regulating vascular smooth muscle tone.25

To assess the role of TRPC6 in HPV, we analyzed the pressor response in iso-
lated ventilated and perfused lungs from WT and TRPC6– /– mice during acute (<20 
min) and sustained (60 – 160 min) hypoxia.5 As shown in Fig. 12.3a, ventilation 
of lungs from WT mice with 1% O

2
 provoked a biphasic profile of pulmonary arterial 

Fig. 12.3 Involvement of TRPC6 in acute hypoxic pulmonary vasoconstriction. (a) Time course 
of the increase in pulmonary arterial pressure (DPAP) in isolated, buffer-perfused, and ventilated 
mouse lungs (filled circles WT; open circles TRPC6–/–) during 160 min of hypoxic ventilation (1% 
O

2
). Control lungs were ventilated normoxically (filled triangles WT; open triangles TRPC6–/–). 

*
1 indicates a significant difference (p < 0.05) between WT and TRPC6-/- mice after applying acute 

hypoxia; 
*
2 indicates significant differences (p < 0.05) between normoxic (WT and TRPC6–/–) and 

hypoxic (WT and TRPC6–/–) mice. (b) Time course of [Ca2+]
i
 in primary cultured PASMCs from 

WT and TRPC6-/- mice on exposure to hypoxia. Cells were loaded with fura-2 and analyzed by 
single-cell fluorescence imaging. Horizontal bars indicate endothelin priming (4 nM ET-1) and 
hypoxic perfusion (hypoxia) of PASMCs. Reproduced with permission5
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pressure (PAP), with a first transient increase followed by a second progressive 
increase of PAP. Interestingly, the acute phase of HPV was completely absent in 
TRPC6– /– mice, while the sustained phase was not significantly different compared 
to WT mice. Thus, the general muscular contractility was not affected, the vaso-
constriction induced by the thromboxane mimetic U46619 being unchanged.5 
Under normoxic conditions, the PAP did not differ between WT and TRPC6– /–.5 
These results clearly show the indispensable role of TRPC6 in acute HPV as well 
as the differential regulation of the acute and sustained phase of HPV. Moreover, 
since partial occlusion of alveolar ventilation provoked severe hypoxemia in 
TRPC6– /– mice but not in WT mice, the profound physiological relevance of TRPC6 
in acute HPV was confirmed.5

3.3  Role of TRPC6 Channels in the Increase  
of Intracellular Ca2+ Concentration in Acute HPV

To investigate the cellular mechanism of the TRPC6 dependency of HPV, altera-
tions of [Ca2+]

i
 were investigated in hypoxia-incubated PASMCs from TRPC6– /– 

and WT mice, using an established method based on fluorescence imaging of single 
cells loaded with the fluorescent dye fura-2.33,34 The expression level of the TRPC 
subtypes was unchanged in the PASMCs from TRPC6– /– mice except for TRPC6, 
as expected.5 In contrast to WT PASMCs, the hypoxia-induced rise of [Ca2+]

i
 

after priming with endothelin 1 (ET-1) was completely absent in PASMCs from 
TRPC6– /– (Fig. 12.3b).5 The “priming” with a low dose of vasoactive agents such as 
angiotensin II, ET-1, or prostaglandin F2a turned out to be a prerequisite for 
HPV.35–37

Interestingly, the observed increase of [Ca2+]
i
 in WT PASMCs was completely 

dependent on extracellular Ca2+, although ET-1 caused a rise of [Ca2+]
i
 in both cell 

types in the absence of extracellular Ca2+.5 This finding challenges the suggested 
contribution of SOCs and CCE to the regulation of HPV12–14 and may be related 
to the fact that PASMCs of the precapillary resistance vessels were investigated 
in this study.

However, since the potent blocker of VOCC nicardipine almost completely 
inhibited Ca2+ entry in WT PASMCs and acute HPV in isolated lungs, the increase 
of [Ca2+]

i
 appears to be mostly attributable to VOCCs.5 Then, what role do TRPC6 

channels play? As described in the literature, TRPC6 channels are predominantly 
permeable to Na+, and only a small percentage of the whole-cell current is caused 
by Ca2+ in the presence of extracellular Na+.38 In contrast to VOCCs, TRPC6 channels 
are permeable for Mn2+. Thus, the hypoxia-induced influx of non-Ca2+ ions through 
TRPC6 channels was analyzed by a method called Mn2+ quenching. These experi-
ments showed that hypoxia induced an increase in the Mn2+ quenching rate as a 
result of increased Mn2+ influx in WT but not in TRPC6– /– PASMCs.5 This result 
is in line with the concept that Na+ influx through TRPC6 channels leads to 
membrane depolarization and activation of VOCCs.38–40 Moreover, an increase of 
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intracellular Na+ has been shown to block the K
v
 channels41 known to activate 

VOCCs. The important role of K
v
 channels was demonstrated by the impairment of 

HPV in mice lacking the K
v
 channel.4,42

3.4 Activation of TRPC6 Channels in Acute HPV

The receptor-operated, store-independent TRPC6 channel was the first ion 
channel shown to be DAG activated in a membrane-delimited fashion, indepen-
dently of protein kinase C. However, the exact location of the DAG-binding site 
in the TRPC6 protein is still unresolved. In addition, sensitivity to the arachi-
donic acid metabolite 20-hydroxyeicosatetraenoic acid (HETE) as well as an 
activating effect by Ca2+/calmodulin or protein phosphorylation have been 
reported.23

Since the recombinant TRPC6 channels heterologously expressed in human 
embryonic kidney (HEK) 293 cells were not activated by hypoxia, a direct acti-
vation of TRPC6 channels by hypoxia could be excluded.5 Interestingly, a fluo-
rescent DAG sensor expressed in PASMCs revealed the localization of DAG in 
the cytosol under normoxic conditions. Under hypoxia, DAG was translocated 
to the plasma membrane, suggesting gating of TRPC6 via DAG. In addition, a 
DAG kinase inhibitor activated the TRPC6 channels, supporting the hypothesis 
of hypoxia-induced DAG accumulation mediated by inhibition of DAG kinase 
or phospholipases.5 Speculatively, the activation of TRPC6 in HPV may occur 
via ROS as it has been proposed that the O

2
-sensing mechanism underlying HPV 

involves ROS.5 NAD(P)H oxidase isoforms, different from those found in 
neutrophils, as well as mitochondria have been shown to be involved in the 
regulation of HPV in this regard. However, it is still unclear whether ROS gen-
eration is increased or decreased under hypoxic conditions.1 Moreover, a role for 
a decreased adenosine monophosphate/adenosine triphosphate ratio as well as a 
role for cytochrome P450-dependent processes have been suggested for 
HPV.1,43

3.5 Hypothesis of the Mechanism of Acute HPV

A hypothetic model of the signal transduction pathway in PASMCs underlying 
acute HPV is described in Fig. 12.4. Initial priming of ET-1 activates PLC, 
producing a basal DAG concentration without activation of TRPC6 itself, but 
which is required for hypoxia-induced TRPC6 activation. Hypoxia-induced DAG 
accumulation results from the activation of PLCs1 or phospholipase D (PLD)2 or 
inhibition of DAG-degrading DAG kinases,3 probably induced by changes in 
ROS production, and ultimately leads to Na+ influx through TRPC6 channels. 
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A subsequent membrane depolarization, probably also caused by Na+-induced 
inhibition of K

v
 channels, activates Ca2+ influx through VOCCs, resulting in 

contraction of the PASMCs.

4 Conclusion

HPV is an important mechanism in the lung that has been under investigation for 
more than 60 years. The nonselective cation channel TRPC6 has been identified 
as playing an essential role in this mechanism, as demonstrated by a complete 
absence of the acute response to hypoxia in mice lacking this ion channel. 

Fig. 12.4 Hypothetical model of the signal transduction pathway underlying acute hypoxic pul-
monary vasoconstriction in PASMCs. According to this model, hypoxia-induced diacylglycerol 
(DAG) accumulation causes a cation influx through TRPC6. The DAG increase may be caused by 
activation of either phospholipase C (1), phospholipase D (2) or by inhibition of DAG-degrading 
DAG kinases (3). ET-1 endothelin-1; ATII angiotensin II; PGF2a prostaglandin F2a; Gq/11 G 
protein type q and 11; PLC phospholipase C; PIP

2
 phosphatidylinositol 4,5-bisphosphate; IP

3
 

inositol-1,4,5 trisphosphate; VOCC voltage gated calcium channel; ER endoplasmatic reticulum; 
IP

3
-R IP

3
-receptor; PLD phospholipase D; ROS reactive oxygen species; PA phosphatidic acid; 

PAP phosphatidic acid phosphatase; CaM calmodulin; MLCK myosin-light chain kinase. 
Reproduced with permission9
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Therefore, the TRPC6 channels offer a promising therapeutic target for pharma-
cological intervention in the control of pulmonary hemodynamics and gas 
exchange.
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Abstract The increase in oxygen tension occurring at birth causes sustained and 
progressive pulmonary vasodilation. The oxygen-induced perinatal pulmonary 
vasodilation depends on the production of nitric oxide (NO) from the pulmonary 
endothelium and activation of various K+ channels in pulmonary artery smooth 
muscle cells. This chapter reviews a) the oxygen-sensing mechanism that stimulates 
endothelial NO production; b) how K+ channels sense changes in oxygen tension; 
c) whether hypoxia-inducible factor-1α (HIF-1α), a well defined hypoxia-sensitive 
transcription factor in adult, contributes to the regulation of NO production and K+ 
channel activation; and d) whether and how dysfunctional K+ channels contribute 
to the development of pulmonary hypertension in the newborns.

Keywords Oxygen-sensing • Calcium-sensitive potassium channels • Smooth 
muscle cells

1  Introduction

In 1953, Dawes and coworkers published a seminal article demonstrating that 
ventilation and establishment of an air–liquid interface caused an immediate 
increase in pulmonary blood flow and a decrease in pulmonary arterial (PA) blood 
pressure.1 Evidence for an integral role for O

2
 in the postnatal adaptation of the 

pulmonary circulation came first with the finding that while ventilation with nitrogen 
caused pulmonary vasodilation, ventilation with O

2
 caused even greater pulmonary 

vasodilation.2 The demonstration that fetal blood flow increased more than threefold 
when pregnant ewes with chronically instrumented fetal lambs were placed in a hyper-
baric chamber provided clear evidence that an increase in fetal oxygen tension, 
absent any other physiologic stimulus, could cause fetal pulmonary vasodilation.3
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The increase in prostaglandin production immediately after birth demonstrated a role 
for the elaboration of vasoactive mediators from the pulmonary endothelium in the 
transition of the pulmonary circulation.4 Blockade of prostaglandin production did not 
prevent either postnatal adaptation of the pulmonary circulation5 or fetal pulmonary 
vasodilation caused by an increase in fetal O

2
 tension alone.6 The observation that phar-

macologic blockade of endothelium-derived relaxing factor (EDRF), later identified as 
nitric oxide (NO),7–9 prevented the postnatal adaptation of the pulmonary circulation in 
lambs ventilated with 100% O

2
,10 demonstrated the critical importance of the pulmo-

nary endothelium in the postnatal adaptation of the pulmonary circulation.
The observation that pharmacologic blockade of NO production attenuated the 

decrease in pulmonary vascular resistance with both ventilation alone and ventilation 
with 100% O

2
 provided direct evidence that NO production played a key role in O

2
-

induced fetal pulmonary vasodilation.11 Two separate studies found that O
2
-induced 

pulmonary vasodilation was either attenuated or prevented by pharmacologic block-
ade of NO in the chronically instrumented fetal lamb.12,13 These findings, together 
with the observation that O

2
 tension is capable of modulating NO production in fetal 

PA endothelial cells,14 implied that the increase in O
2
 tension that occurs at birth may 

contribute to sustained and progressive pulmonary vasodilation by providing a stimu-
lus for augmented NO production by the pulmonary endothelium.

Concomitant with the emergence of data demonstrating a critically important 
role for NO in the transition of the perinatal pulmonary circulation were studies 
indicating a link between the vasodilation caused by NO and K+ channel activation 
in vascular smooth muscle cells (SMCs). Robertson et al. demonstrated that in 
cerebral artery SMCs cyclic guanosine 3¢,5¢-monophosphate (cGMP)-dependent 
protein kinase (PK) acts to phosphorylate the large conductance K

Ca
 channel.15 

In pulmonary artery smooth muscle cells (PASMCs), NO-induced increases in 
intracellular levels of cGMP cause activation of a cGMP-sensitive kinase; this in turn 
activates a K

Ca
 channel, resulting in vasodilation.16 NO has also been shown to 

directly activate K
Ca

 channels.17 Taken together, these data indicated a putative role 
for K+ channel activation in mediating perinatal pulmonary vasodilation.

2  K+ Channels in the Pulmonary Circulation

The first data that demonstrated a role for K+ channels in the developing pulmonary 
circulation came from three separate and not completely consistent studies.18–20 
Each group of investigators demonstrated that adenosine triphosphate (ATP)-
sensitive potassium (K

ATP
) channels were present in the pulmonary circulation, and 

activation resulted in fetal pulmonary vasodilation. Activation of the channels 
caused profound and sustained fetal pulmonary vasodilation.20 However, whether a 
component of the vasodilation caused by K

ATP
 activation results from NO release 

remains controversial. Two groups of investigators demonstrated that activation of 
the K

ATP
 channel causes NO-independent vasodilation,19,20 while another group 

demonstrated that pharmacologic inhibition of NO prevented K
ATP

 channel activation 
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from causing fetal pulmonary vasodilation.18 Subsequent work has demonstrated 
that in the pulmonary circulation, K

ATP
 channel activity increases with maturation, 

especially in resistance vessels.21

3  Role of the Calcium-Sensitive K+ Channel  
in the Perinatal Lung

The first definitive evidence that K
Ca

 channel activation mediates O
2
-induced fetal 

pulmonary vasodilation came from studies in acutely instrumented late-gestation 
ovine fetuses.22 O

2
-induced fetal pulmonary vasodilation was blocked by either 

tetraethylammonium (TEA), a K+ channel blocker,23,24 or iberiotoxin, a specific K
Ca

 
channel antagonist,25 but unaffected by glibenclamide (GLI), a blocker of the K

ATP
 

channel26,27 (Fig. 13.1). The data suggested that O
2
 causes fetal pulmonary vaso-

dilation through K
Ca

 channel activation. Inhibitors of either guanylate cyclase or 
cyclic nucleotide dependent kinases also attenuated O

2
-dependent fetal pulmonary 

vasodilation, implying that elevated fetal O
2
 acts to increase guanylate cyclase 

activity, cGMP concentration, and activate cyclic nucleotide dependent kinases, 
causing K

Ca
 channel activation and vasodilation.22

Evidence that K+ channel activity mediates ventilation induced pulmonary vasodi-
lation derives from studies wherein the effect of K+ channel inhibition on (1) mechan-
ical ventilation with low inspired oxygen concentrations and (2) mechanical 
ventilation with high concentrations of inspired oxygen was studies. Acutely instru-
mented fetal lambs were treated with TEA (a K+ channel blocker), GLI (a blocker of 

Fig. 13.1 The effect of K+ channel inhibition on oxygen-induced fetal pulmonary vasodilation. In 
instrumented fetal lambs, delivery of supplemental oxygen to the maternal ewe increased fetal 
oxygen tension and in the control periods caused a marked decrease in pulmonary vascular resis-
tance (PVR) (p < 0.05) compared to baseline. K+ channel inhibition had no effect on basal PVR. 
Following administration of tetraethylammonium (TEA) (p < 0.05) and iberiotoxin, a specific K

Ca
 

channel blocker, to the pulmonary circulation, oxygen-induced fetal pulmonary vasodilation was 
blocked. Glibenclamide, an ATP-sensitive K+ channel antagonist, had no effect on attenuated 
oxygen-induced fetal pulmonary vasodilation (p < 0.05)
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ATP-sensitive K+ channels), or saline. TEA attenuated and GLI had no effect on the 
increase in left pulmonary artery (LPA) blood flow and the decrease in pulmonary 
vascular resistance in response to mechanical ventilation with 0.10 and 1.0 FIO

2
 (frac-

tion of inspired air) (Fig. 13.2). These results provided clear evidence that K+ channel 
activation is required for the progressive and sustained perinatal pulmonary vasodila-
tion that characterizes normal postnatal adaptation of the pulmonary circulation.28 
Interestingly, ventilation and oxygen-induced pulmonary vasodilation are similarly 
attenuated in the presence of endothelium-derived nitric oxide (EDNO) inhibition.11

4  Ontogeny of the Pulmonary Vascular K+ Channel  
and O2 Sensing

While the K
Ca

 channel is crucially important in the perinatal pulmonary circulation, 
the importance of the K

Ca
 channel seems to decrease with maturation. The observa-

tion that the K+ channel setting resting membrane potential (RMP) in the pulmonary 
circulation changes following birth, going from a K

Ca
 to a K

v
 (voltage-gated K+) chan-

nel, suggests developmental regulation of K+ channels in the pulmonary circulation.29 
In coordination with a maturation-related decrease in K

Ca
 channel expression and 

activation, the K
v
 channel increases with maturation. There is relatively more K

v
2.1 

channel protein and message in the adult than in the fetal and neonatal pulmonary 
circulation.30 The increase in K

v
2.1 channel parallels the increasing capacity of 

PASMCs to sense and respond to acute decreases in O
2
 tension, as in response to 

acute hypoxia, intracellular Ca2+ ([Ca2+]
i
) increases more rapidly and to a greater 

degree in adult, as compared to fetal, PASMCs.30 The relatively greater abundance of 

Fig. 13.2 Effect of K+ channel inhibition with either tetraethylammonium (TEA) or glibenclamide 
(GLI) on perinatal pulmonary vasodilation. The figure shows left pulmonary artery (LPA) blood 
flow in response to sequential ventilation with low and high O

2
. LPA flow in the TEA group was 

attenuated compared to control (CTRL) in response to both low and high O
2
. There was no differ-

ence in LPA flow between CTRL and GLI groups. 
*
p < 0.01 all groups compared to baseline value. 

•p < 0.01 CTRL versus TEA
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the K
v
2.1 channel in the adult may represent an adaptation that allows the pulmonary 

circulation to respond to a specific physiologic signal that is relevant to a particular 
developmental stage. Reports that the O

2
 sensor in the adult PASMCs is a K

v
 channel 

are consistent with this construct31,32 since the K
v
 channel is inactivated by acute 

hypoxia, causing PASMC depolarization, opening of voltage-operated Ca2+ channels 
(VOCCs), increase in [Ca2+]

i
, and vasoconstriction. Thus, the maturation-related 

increase in hypoxic pulmonary vasoconstriction that has been previously reported33,34 
might derive from the parallel increases in K

v
2.1 channel activity, protein, and mes-

sage with maturation. Protein data are consistent with messenger RNA (mRNA) data 
as large-conductance Ca2+-activated K+ channel (BK

Ca
) protein is more abundantly 

expressed in the fetal as compared to the adult pulmonary circulation35 (Fig. 13.3), 
suggesting that BK

Ca
 activity might be modulated at the transcriptional level.

Fig. 13.3 (a) Western blot of protein extract from the fetal and adult pulmonary vasculature. More 
BK

Ca
 channel protein is present in the fetus compared to the adult. Mouse brain served as the positive 

control. Coincubation of the antigen and antibody did not produce a band, indicating specificity of the 
antibody.35 (b) BK

Ca
 channel a subunit mRNA levels in the distal pulmonary vasculature decreased 

with maturation. BK
Ca

 channel band was normalized to 18S band intensity. mRNA was isolated from 
fetal, newborn, and adult animal pulmonary arteries. 35 (c) Representative gel of a reverse-transcription 
polymerase chain reaction (RT-PCR) analysis of BK

Ca
 channel mRNA expression during development. 

The BK
Ca

 band was compared with the control 18S band in fetal and adult samples. BK
Ca

 channel band 
intensity was determined by densitometry and normalized to that of the 18S band35
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The physiologic response of the PASMCs to an increase in oxygen tension is 
consistent with molecular data. Microfluorimetry studies demonstrated that only 
fetal PASMCs respond to an acute increase in O

2
 tension with a decrease in [Ca2+]

i
. 

Thus, maturational-related changes in the ability of the pulmonary vasculature to 
respond to an acute increase in O

2
 tension are intrinsic to the PASMCs. The O

2
-induced 

decrease in fetal PASMC [Ca2+]
i
 was blocked by iberiotoxin, a specific blocker of 

the BK
Ca

 channel. Further support for a developmental role for the BK
Ca

 channel 
comes from the observation that fetal, but not adult, PASMCs respond to iberio-
toxin with an increase in basal [Ca2+]

i
, suggesting that the BK

Ca
 channel determines 

basal [Ca2+]
i
 in fetal PASMCs.35,36

Further evidence of the consistency between the physiology and molecular 
biology of the pulmonary vascular SMCs derives from electrophysiology studies. 
In fetal PASMCs, the RMP is determined by the BK

Ca
 channel, while in adult 

PASMCs K
v
 channel activity determines RMP.29 In fetal PASMCs, an acute increase 

in oxygen tension results in membrane hyperpolarization and a decrease in PASMC 
[Ca2+]

i
. In adult PASMCs, an acute increase in oxygen tension has no effect on 

membrane potential or [Ca2+]
i
 (Fig. 13.4).29,35 Taken together, these observations 

indicate that the developmental regulation of BK
Ca

 channel expression allows for 
the fetal PASMCs to be uniquely well adapted to respond to an acute increase in 
oxygen tension with a decrease in [Ca2+]

i
 and vasorelaxation. The molecular mech-

anisms by which a maturation-related decrease in BK
Ca

 and increase in K
v
 channel 

activity occurs remain unknown.

Fig. 13.4 (a) Comparison of cytosolic Ca2+ concentration ([Ca2+]
i
) in fetal (n = 113 cells; six animals) 

and adult (n = 99 cells; four animals) pulmonary artery smooth muscle cells (PASMCs) maintained 
in hypoxia (25 torr). Under hypoxic conditions, basal [Ca2+]

i
 was significantly higher in fetal 

compared with adult PASMCs. (b) Effect of an acute increase in O
2
 tension (125 torr) on [Ca2+]

i.
35
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5  Developmental Regulation of Oxygen-Induced Vasodilation

To determine the subcellular mechanism by which the developmentally regulated 
response to an acute increase in oxygen occurs, the hypothesis that sensitivity to 
ryanodine is specific to fetal and neonatal PASMCs was tested. PASMCs were 
freshly dispersed from the proximal and distal PAs of fetal (0.9 term), neonatal 
(<24 h old), and juvenile rabbits. In this model, ryanodine caused a substantial 
increase in [Ca2+]

i
 in PASMCs isolated from the fetal, but not neonatal or juvenile, 

distal PAs37 (Fig. 13.5).
To determine the mechanism by which ryanodine causes an increase in 

[Ca2+]
i
, experiments was probed by removal of external calcium or application 

of diltiazem, a blocker of the voltage-operated calcium channels (VOCC or 
Ca

V
). Both suppressed the ryanodine-induced increase in [Ca2+]

i
, providing evi-

dence that ryanodine causes an increase in [Ca2+]
i
 through an influx of extracel-

lular calcium via Ca
V
.37

The similar pattern of developmental regulation between the BK
Ca

 channel 
and the ryanodine-sensitive stores in PASMCs suggested that quantal release of 
calcium from ryanodine-sensitive stores, termed calcium sparks, and BK

Ca
 channels 

work in a coordinated fashion to control PASMC [Ca2+]
i
. To demonstrate a 

causal link, confocal microscopy demonstrated the presence of calcium sparks 
in fetal PASMCs38 but not in PASMCs from neonatal or adult animals. While 
calcium sparks had been demonstrated in other vascular structures,39–42 our 
report represents the first evidence of calcium sparks in the fetal pulmonary 
circulation. The observations that pretreatment with iberiotoxin, a specific 
blocker of the BK

Ca
 channel, blocked the ryanodine-induced increase in [Ca2+]

i
 

while pretreatment with ryanodine blocked the increase in [Ca2+]
i
 caused by 

iberiotoxin demonstrated a link between release of calcium from ryanodine-
sensitive stores and BK

Ca
 channel activity.37,38 These data suggests that quantal 

Fig. 13.5 Ryanodine increases [Ca2+]
i
 in PASMCs from fetal, but not newborn or 4-week-old, 

rabbits37
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release of calcium from ryanodine-sensitive stores exerts a tonic stimulus 
on BK

Ca
 channels, thereby limiting tone. With the stimulus of oxygen, the fre-

quency of calcium sparks increases, leading to activation of the BK
Ca

 channels, 
membrane hyperpolarization, closure of Ca

V
, a decrease in PASMC [Ca2+]

i
, and 

ultimately vasodilation.

6  Oxygen-Induced Fetal Pulmonary Vasodilation  
Is Ryanodine Sensitive

Further detail surrounding the cellular mechanism by which oxygen causes fetal 
pulmonary vasodilation derives from in vivo studies in acutely instrumented 
fetal sheep. In these studies, the pregnant ewe was administered 100% O

2
 for 30 min, 

with a resulting increase in fetal oxygen tension from 18 ± 2 to 28 ± 3 torr. LPA blood 
flow increased from 27.9 ± 8.9 to 241.5 ± 71 cc/min. After a 1-h recovery period, 
ryanodine (100 mg) was administered to the fetus via the LPA over 10 min. Despite 
a similar increase in fetal arterial oxygen tension, the increase in LPA flow was 
attenuated compared to the control period (n = 5; p< 0.05 versus control period).38

In vitro studies were performed in freshly dispersed fetal ovine PASMCs maintained 
in primary culture. Ryanodine prevented the O

2
-induced decrease in PASMCs [Ca2+]

i
.38 

Electrophysiology experiments with freshly dispersed PASMCs demonstrated 
spontaneous transient outward currents (STOCs), previously identified as a critical 
link between calcium sparks and membrane hyperpolarization. Calcium sparks have 
been shown to cause activation of the BK

Ca
 channel, leading to a transient, but robust, 

increase in K+ efflux (STOC). While we initially demonstrated that fetal PASMCs 
possess STOCs,29 the evidence that an acute increase in oxygen tension increased 
both calcium sparks and STOCs provided a link between calcium sparks and membrane 
hyperpolarization. These observations led to the conclusion that Ca2+ release from 
the ryanodine-sensitive store mediates the O

2
-induced decrease in PASMC [Ca2+]

i
 

by increasing STOC activity, resulting in membrane hyperpolarization, closure of 
Ca

V
, and a decrease in [Ca2+]

i
. Figure 13.6 is a cartoon that represents the putative 

subcellular pathways by which O
2
 decreases the contractile tone of the PASMCs.

Both oxygen and NO play a central role in the transition of the pulmonary 
circulation at the onset of air-breathing life. While both NO and oxygen stimulate 
perinatal pulmonary vasodilation via a guanylate cyclase-sensitive pathway,11,13 an 
NO-induced increase in cytosolic cGMP leads to perinatal pulmonary vasodilation 
through activation of the BK

Ca
 channel.

Data from our laboratory demonstrated that NO activated BK
Ca

 channels, 
increasing I

K
 by 253 ± 28% (at +40 mV).22 To determine whether NO causes perina-

tal pulmonary vasodilation through BK
Ca

 channel activation via Ca2+ release from 
ryanodine-sensitive stores, inhaled NO was administered to acutely instrumented, 
late-gestation fetal lambs in the presence and absence of pharmacologic blockade 
of the BK

Ca
 channel, ryanodine receptor, or cGMP kinase. TEA (in millimolar 

concentrations) and ryanodine, but not 4-aminopyridine, a blocker of the voltage-



209Developmental Regulation of Oxygen Sensing and Ion Channels

sensitive K+ (K
v
) channel, attenuates the perinatal pulmonary vasodilation caused 

by NO. The interpretation of the data is that BK
Ca

, but not K
v
, channel activation 

plays a key role in NO-induced perinatal pulmonary vasodilation and requires 
release of Ca2+ from ryanodine-sensitive stores.43

Considered in concert, these data support the notion that the pulmonary vascular 
SMC BK

Ca
 channel plays an essential role in mediating pulmonary vasodilation at 

a biologically critical point in development. Fetal, but not adult, PASMCs respond 
directly to an increase in oxygen tension through activation of the BK

Ca
 channel. 

Transient activation of the PASMC BK
Ca

 channel results from the localized calcium 
release in the form of calcium sparks from developmentally regulated intracellular 
ryanodine-sensitive stores. The effect of opening multiple channels is membrane 
hyperpolarization, a decrease in PASMC [Ca2+]

i
, and vasodilation. These data suggest 

that the BK
Ca

 channel is a potential molecular target for modulating pulmonary vas-
cular tone in general and, specifically, the abnormal perinatal pulmonary vasoreac-
tivity that characterizes persistent pulmonary hypertension of the newborn (PPHN). 
Thus, in the perinatal pulmonary circulation, when pulmonary vasodilation is bio-
logically imperative, BK

Ca
 channel activation mediates the response to birth-related 

physiologic stimuli. The remainder of this chapter outlines how the environment of 
the fetus with normally low oxygen tension contributes to perinatal pulmonary 
vascular BK

Ca
 channel expression and molecular mechanisms that determine fetal 

pulmonary vascular BK
Ca

 channel expression.

Fig. 13.6 O
2
-induced decrease in pulmonary artery smooth muscle cell cytosolic Ca2+. Local 

release of Ca2+, a calcium spark, from an internal, ryanodine-sensitive store causes elevation of 
Ca2+ in the region of the BK

Ca
 channel. Activation of the BK

Ca
 channel causes K+ efflux, membrane 

hyperpolarization, and closure of the voltage-operated Ca2+ channel, a decrease in cytosolic Ca2+, 
and vasodilation. Vasodilatory stimuli, such as nitric oxide (NO) or oxygen (O

2
), act through 

cyclic nucleotide-dependent kinases like protein kinase G (PKG) to affect ryanodine receptor 
function and calcium pumps on internal stores. PKG may also directly affect both K+ and Ca2+ 
channel activity
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7  Oxygen Tension Modulates the Expression  
of Pulmonary Vascular BKCa Channel

Recent data underscored the notion that hypoxia increases BK
Ca

 channel subunit 
expression, and that hypoxia has a greater effect on BK

Ca
 channel a and b1 subunit 

expression than on b2. The observation implies that the environment of low oxygen 
tension of the normal fetus plays a role in preparing the pulmonary vasculature to 
respond to perinatal vasodilator stimuli by enhancing calcium-sensitive K+ channel 
expression. Data demonstrating that BK

Ca
 channel expression increases with 

hypoxia in both in vivo and in vitro systems as well as in both adult and fetal pul-
monary vasculature indicate that expression of the BK

Ca
 is intrinsically oxygen 

sensitive.
Moreover, the effect of oxygen on K

Ca
 channel subunit expression is not specific 

to a given developmental stage as hypobaric hypoxia caused an increase BK
Ca

 chan-
nel subunit expression in the lungs of adult Sprague-Dawley rats as well fetal 
PASMCs in primary culture. That hypoxia increases b1 subunit expression is, 
potentially, highly significant as the b1 subunit renders the BK

Ca
 channel more 

sensitive to an increase in calcium concentration,44,45 thereby increasing the “open 
probability” of the channel in response to an elevation of calcium in the region of 
the channel.

8  Hypoxia-Inducible Factor 1 Modulates BKCa Expression

Deferoxamine mesylate (DFX), a known hypoxia mimic, is an iron chelator capa-
ble of inducing hypoxia-inducible factor 1a (HIF-1a) protein stability and hypoxia-
dependent gene expression, probably by inhibiting the action of the prolyl 
hydroxylase (PHD) enzyme responsible for HIF-1a degradation. Normoxic fetal 
PASMCs supplemented with 200 mM DFX demonstrated increased expression of 
the BK

Ca
 channel. DFX-treated cells showed an increased K

Ca
 a subunit mRNA 

expression, at levels comparable to those observed under hypoxia (Fig. 13.7). As 
deferoxamine prevents HIF-1a degradation, expression of the BK

Ca
 channel is aug-

mented, implicating a role for HIF-1 in the regulation of the BK
Ca

 channel.
Consistent with the notion that HIF-1 regulates BK

Ca
 expression is the presence 

putative hypoxia response elements on the 5¢ genomic sequences of the human K
Ca

 
channel gene b1 subunit.46 Two elements that closely matched the consensus 
sequence for the HIF-1-binding site (HBS), 5¢-RCGTG-3¢.47 One of the sequences 
perfectly matches the “extended” consensus (5¢-GCACGTA-3¢), as found in many 
hypoxia-related genes.48–52 The position of these sites proximal to the start of tran-
scription and their precise match to elements previously shown to contain HBS 
strongly suggest the presence of hormone responsive elements (HREs) on the BK

Ca
 

channel.
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Fig. 13.7 Deferoxamine mesylate (DFX) mimics the effect of hypoxia on the calcium-sensitive 
K+ channel a-subunit gene expression, suggesting a possible involvement of HIF-1. This figure 
shows the aggregate RT-PCR data (n = 3) of the relative expression of K

Ca
 a in normal and DFX-

treated cells. Hypoxic cells were used as controls. The b-actin band was used to normalize the 
results for total mRNA content

Definitive evidence for the sensitivity of BK
Ca

 to hypoxia derives from the fetal 
PASMCS transfected with 0.5–1 mg of KCa:luc+ plasmids and a plasmid control (to 
assess transfection efficiency) for 1–2 h. Cell cultures were placed under normoxic 
(pO

2
 = 120 torr) or hypoxic (pO

2
 = 30 torr) conditions. Interestingly, while the b1 

subunit of the K
Ca

 channel showed a significant threefold induction under hypoxic 
conditions, b2 showed only a 38% increase in luciferase activity (Fig. 13.8).

HIF-1a, a key transcription factor that is central to oxygen homeostasis, enables 
the cell to respond to changes in oxygen (O

2
) availability, an essential response in 

many developmental, physiological, and pathological processes. Semenza and 
others have shown that HIF-1 regulates the transcription of many genes involved 
in the cellular and systemic response to oxygen availability, including genes 
involved in angiogenesis (i.e., vascular endothelial growth factor [VEGF]), oxygen 
transport (i.e., erythropoietin), and energy metabolism (i.e., glycolytic enzymes).53 
HIF-1 is also a key player in pathophysiological processes such as cancer because 
hypoxic microenvironments in a tumor trigger expression of angiogenic genes that 
promote the growth of the newly vascularized tumor.54,55

From a teleologic perspective, the transition from the intrauterine environment with 
relatively low O

2
 tension to air-breathing life entails an unprecedented and absolutely 

required response to an increase in oxygen availability. The physiologically low-O
2
 

environment of the fetus might be essential for fetal vascular growth and lung mor-
phogenesis56 as well as other early embryo developmental programs.57 As a master 
regulator of the oxygen response, it follows that the molecular mechanisms responsi-
ble for fetal life and its transition to a newborn might involve HIF-1. Under normoxic 
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conditions, the a chain of HIF-1 is eliminated by degradation, rendering HIF-1 inac-
tive. In low-O

2
 environments, HIF-1 forms a dimer, is stabilized, and can translocate 

to the cell nucleus, thereby promoting transcription of hypoxia-sensitive genes.58,59

The molecular expression and activity of the HIF-1 protein are tightly regulated 
by at least two complementary mechanisms, one involving the degradation of HIF-1 
under normal oxygen levels via the ubiquitination–degradation pathway mediated 
by hydroxylases and the other involving the blocking of HIF-1 transcriptional 
activity by either hydroxylation or domain competition.60 Hypoxia inactivates these 
pathways to limit HIF-1 activity. Ratcliffe and others demonstrated that ubiquitina-
tion and proteasomal degradation render HIF-1a unstable under normal oxygen 
conditions61,62 through O

2
-dependent hydroxylation of two proline residues in its a 

chain (Pro564 and Pro402), thereby targeting HIF-1 for proteasomal degradation by 
the von Hippel–Lindau (pVHL) ubiquitin E3 ligase complex.61,62 Enzymes that 
catalyze proline hydroxylation, termed prolyl hydroxylases or (PHDs) (1, 2, and 3), 
use molecular O

2
 as a substrate. As O

2
 availability determines PHD activity, these 

enzymes may be the primary oxygen sensors, linking O
2
 concentration and HIF-1 

protein levels.63 While the three PHDs are capable of regulating HIF-1, their activity 
and cellular distribution vary.64,65 PHD2 likely has the dominant role66 since “silencing” 
of PHD2 with short-interfering RNAs stabilizes and activates HIF-1 in normoxia, 
while “silencing” of PHD1 and PHD3 has no effect on the stability of HIF-1a. PHD2 

Fig. 13.8 Ovine PASMCs in primary cell cultures were transfected with 0.5–1 mg of KCa:luc+ 
plasmids and a plasmid control for 1–2 h. Cell cultures were placed under normoxic (pO

2
 = 120 

torr) or hypoxic (pO
2
 = 30 torr) conditions. After 24–36 h in culture, cells were washed and lysed. 

Protein extracts were assayed for luciferase activity and normalized for transfection efficiency and 
protein concentration. While the b1 subunit of the K

Ca
 channel showed a significant threefold 

induction under hypoxic conditions, b2 showed only a 38% increase in luciferase activity
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and PHD3 expression are upregulated by hypoxia via HIF-1, providing an autoregu-
latory mechanism of HIF-1 stability driven by oxygen tension.67 Paradoxically, the 
expression of these hydroxylases is induced in hypoxic cell culture despite the fact that 
the reduced availability of the O

2
 cosubstrate renders them inactive, suggesting that the 

PHD function is to rapidly terminate the HIF-1 response on reoxygenation.67

An additional layer of O
2
-dependent regulation of the HIF-1 response centers on 

its transactivating function. The ability of HIF-1a to interact with cotranscription 
factors such as CREB binding protein (CPB/p300) is also regulated by a hydroxy-
lation-dependent switch. Asparagine hydroxylation of the C-terminal transactivation 
domain (CTAD) of HIF-1 prevents its interaction with CBP/p300, a necessary 
cofactor for HIF-1-mediated transcription. As with the case of PHDs, asparagyl 
hydroxylation is blocked by hypoxia.68 The enzyme responsible for this was origi-
nally called factor-inhibiting HIF-1 (FIH-1), a CTAD-interacting factor later found 
to be an asparagyl hydroxylase. As with the PHDs, the fact that O

2
 is a principal 

substrate of FIH-1 makes this enzyme a legitimate oxygen sensor that represents an 
added level of regulation of the hypoxic response.

CBP/p300 interacting transactivator with ED-rich tail (CITED2) is similar to FIH-1 
in its ability to block the HIF-1 transactivation domain from interacting with the CBP/
p300 cofactor but differs in its mechanism of action. CITED2 is a ubiquitously expressed 
protein that competes with HIF-1a for binding to the CBP/p300 domain.69 CITED2 is 
activated by hypoxia via HIF-1 itself, providing an additional layer of HIF-1 autoregula-
tion by controlling HIF-1a access to CBP/p300 and therefore limiting HIF-1-dependent 
hypoxic response. Inactivation of HIF-1 target genes in CITED2 knockout mice seems 
to support the role of CITED2 as an HIF-1 competitor.70 Similar to PHD2 and FIH, 
CITED2 activation by hypoxia might indicate a role for this molecule in the rapid inac-
tivation of the hypoxic response on reoxygenation. CITED2 may play a role in heart 
morphogenesis and the establishment of left–right asymmetry in the early embryo.70,71

Since changes in oxygen tension at birth might signal an important transcriptional 
adaptation of the fetus to the air-breathing life of the newborn infant, we investigated 
the role of HIF-1 in that transition. We found that expression of HIF-1a is develop-
mentally regulated, as is the expression of the PHDs and asparagyl hydroxylases 
and other competing factors that control HIF-1a expression and activity. The well-
coordinated developmental regulation of the components of the HIF-1 pathway in 
the fetus suggests that the fetus represents a particular transcriptional paradigm that, 
in response to differential oxygen availability, produces a specific physiological and 
developmental response.

9  Developmentally Regulated Expression of HIF-1

HIF-1 protein levels are oxygen insensitive in fetal PASMCs, while relatively subtle 
levels of hypoxia (PaO

2
 = 25 torr) increased HIF-1 protein in adult PASMCs. Figure 

13.8 demonstrates the results of Western blotting for HIF-1 protein normalized to 
b actin. Further evidence of the oxygen insensitivity of HIF-1 in fetal as compared 
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to adult PASMCs derive from protein measurements using enzyme-linked immu-
nosorbent assay (ELISA) on the nuclear extract. Hypoxia increased HIF-1 protein 
levels in adult PASMCs (normoxia = 0.58 ± 0.13 arbitrary units [a.u.], hypoxia = 
1.32 ± 0.15 a.u.; p < 0.001), but had no effect on fetal PASMCs (normoxia = 1.42 
± 0.13 a.u., hypoxia = 1.37 ± 0.20 a.u.). Surprisingly, in a separate set of experi-
ments, even anoxia had no effect on fetal HIF-1 protein levels (normoxia = 1.0 ± 
0.12 a.u., anoxia = 0.85 ± 0.20 a.u.) in fetal PASMCs.72

In contrast to the effect of hypoxia on protein expression, hypoxia had no effect 
on HIF-1 gene expression in adult PASMC HIF-1 (Fig. 13.9) but caused a marked 
increase in fetal PASMC HIF-1 a mRNA expression (26.7 ± 4.4%; p < 0.01).72 
These observations suggest that in the fetus, HIF-1 protein expression is O

2
 insensitive, 

while mRNA expression is sensitive to hypoxia. To elucidate the mechanisms by 
which fetal HIF-1 is rendered O

2
 insensitive, molecules involved in the regulation of 

HIF-1a stability were interrogated. In specific, we sought to determine whether 
differential regulation in the fetus prevents degradation of HIF-1.

10  Prolyl Hydroxylases PHD2 and PHD3 are Developmentally 
Regulated

The PHDs are O
2
 sensitive.63 PHD2 levels are increased by hypoxia.66 Consistent with 

these results, we found that hypoxia significantly increased PHD2 protein expres-
sion in adult, but not fetal, PASMCs. Neither PHD2 protein nor mRNA expression 

Fig. 13.9 Relative levels of HIF-1 protein expression, as determined by Western blotting, between 
fetal (n = 4 animals; eight experiments) and adult (n = 4 animals; eight experiments) PASMCs 
under conditions of either normoxia or hypoxia. Hypoxia decreased HIF-1 protein expression in 
adult, but not fetal, PASMCs. Protein was normalized to b-actin concentration. *p < 0.01 versus 
fetus; **p < 0.01
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changed with hypoxia in fetal PASMCs. Consistent with HIF-1, the oxygen sensi-
tivity of PHD2 protein expression is developmentally regulated. PHD2 protein and 
gene expression was significantly greater in fetal compared to adult PASMCs.

The teleologic reason for the differential expression of PHD2 between fetus and 
adult is unclear but may relate to the critical role of the PHDs on reoxygenation60,67 
to ensure rapid cessation of the hypoxic response. Similarly, PHD2 mRNA and 
protein levels might be relatively high in the term mammalian fetus to ready the 
fetus to rapidly silence the HIF-1-dependent transcription immediately on initiation 
of air-breathing life. The critical changes that quickly occur at birth, like pulmonary 
vascular relaxation and vascular remodeling (such as closure of the ductus arteriosus), 
might require an immediate reprogramming of the cellular transcriptional machinery. 
A buildup of the enzymes that destroy and inactivate HIF-1 prior to birth may rep-
resent a necessary step that enables the swift termination of the HIF-1 pathway. At 
the same time, the low oxygen availability in the fetus likely prevents the accumu-
lated PHD2 from promoting HIF-1a degradation in the fetus, where the HIF-1a 
expression is required for fetal development.

Consistent with the notion of PHD2 “buildup” before birth, gene expression of 
PHD2 IS also increased in the late-gestation fetus compared to an adult72 
(Fig. 13.10). mRNA expression of PHD2 is fourfold greater in the fetus compared 
to the adult. The difference in expression might serve to ensure that PHD2 protein 
can be produced in sufficient quantities at birth to enable an almost immediate halt 
in HIF-1a protein production on introduction to air-breathing life. The relative dif-
ferences in PHD2 protein and mRNA expression could be due to differential 
hypoxia-induced inhibition of transcription.73

Similarly, PHD3 mRNA levels are increased in the fetus compared to the adult, 
albeit to a lesser degree than PHD2, as PHD3 mRNA expression is 25% higher 
(p < 0.03) in the fetus compared to the adult. These results demonstrate that both 
mRNA and protein expression of PHD expression (mainly of PHD2) are increased 
in the term fetus. Despite the elevation of PHD expression, HIF-1a protein expres-
sion is O

2
 insensitive.71 We speculate that the role of PHD may be to “turn off” the 

HIF-1a machinery immediately after birth. While the O
2
 insensitivity of HIF-1 is 

unprecedented, it suggests that the molecule is absolutely required for normal fetal 

Fig. 13.10 Protein expression of prolyl hydoxylase 2 in pulmonary artery smooth muscle cells 
from the late-gestation ovine fetus and adult sheep. PHD2 expression is increased in fetal and 
adult PASMCs. Expression of PHD2 protein is greater in fetal compared to adult pulmonary artery 
smooth muscle cells



216 D.N. Cornfield

growth and development. This interpretation begs the question of the control of 
HIF-1 expression and activity in the normal fetus.

11  Asparagyl Hydroxylase FIH-1 and CITED2 are 
Developmentally Regulated

While the level of protein expression of the HIF-1 transactivator blocker FIH is 
slight in fetal cells, compared to the adult, its gene expression is greatly increased 
relative to the adult cells. The teleologic reason for the relative increases in both the 
PHDs and asparagyl hydroxylases in the fetus compared to the adult may be 
informed by divergent O

2
 affinities of the molecules. While the fetal environment 

is relatively low in oxygen, it is not an oxygen-free system. The accumulation of 
PHD in the preterm fetus might be “safe,” from an HIF-1 standpoint, as the fetal 
environment might be insufficiently hypoxic to elicit the hydroxylation reaction 
that targets HIF-1 for degradation. Alternatively, FIH hydroxylase activity is likely 
to be comparatively active in that same environment74 in such a way that its expression 
at high levels could hinder HIF-1-dependent transcription in the fetus. In support of 
this hypothesis, the FIH K

m
 for O

2
 in vitro (90 mM) is clearly lower than the K

m
 of 

the HIF PHDs (230–250 mM).75 The difference in the K
m
 for O

2
 in FIH and PHDs 

suggests that a minor decrease in O
2
 concentration is likely to effect HIF PHD 

activity,63 while a larger decrease in O
2
 concentration is needed for a significant 

decrease in the activity of FIH.74 The observation that CITED2 mRNA expression is 
developmentally regulated, with genetic expression fourfold greater in the fetus com-
pared to the adult is consistent with the notion that HIF-1 expression and activity are 
essential in the fetus and must be amenable to rapid inactivation, via multiple yet com-
plementary mechanisms, on introduction to the postnatal oxygen-rich environment.

12  Conclusions

In conclusion, we report that in the fetal pulmonary vasculature, HIF-1 protein is 
oxygen insensitive while HIF-1 gene expression is sensitive to a change in oxygen 
tension. These results stand in sharp contrast to the interaction between either HIF-1 
protein or mRNA in the pulmonary vasculature of the adult, in which protein is 
highly sensitive to a change in oxygen tension, while genetic expression does not 
vary with oxygen tension. Moreover, the expression of several molecules critical for 
HIF-1 activity differs with respect to both oxygen sensitivity and developmental 
stage. Evidence that the present findings have functional implications includes the 
observations that molecular expression of both, vascular endothelial growth factor 
(VEGF) and protein kinase G-1 (PKG-1) decrease with hypoxia in fetal, but not 
adult, PASMCs. These findings have important implications for lung development 
in both normal newborns and infants born prematurely.
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Abstract Exposure to prolonged alveolar hypoxia, as occurs with many chronic 
lung diseases or residence at high altitude, results in the development of pulmonary 
hypertension, significantly worsening patient prognosis. While the structural and 
functional changes that occur in the pulmonary vasculature in response to chronic 
hypoxia have been well characterized, less is known regarding the cellular mecha-
nisms underlying this process. The use of animals models of hypoxic pulmonary 
hypertension have provided important insights into the changes that occur in the 
pulmonary vascular smooth muscle cells and some of the mediators involved. In 
this chapter, the effect of chronic hypoxia on various pulmonary arterial smooth 
muscle cell ion channels and transporters, and the role of the transcription factor, 
hypoxia-inducible factor 1, in regulating these changes, will be discussed.

Keywords Hypoxia-inducible factor 1 • Na+/H+ exchanger • Intracellular calcium 
• Intracellular pH • Chronic hypoxia • Pulmonary vascular smooth muscle • Hypoxic 
pulmonary hypertension

1 Introduction

All organisms require the ability to sense and respond to changes in oxygen levels 
for survival. Over time, oxygen homeostasis has evolved into a complex system to 
regulate oxygen delivery and use. Immediate responses to changes in oxygen con-
centration usually involve modifications of preexisting proteins, such as changes in 
phosphorylation, secretion, cleavage, or redox state. In contrast, long-term adapta-
tion to hypoxia or hyperoxia typically results in altered gene expression and 
changes in the levels of various proteins.
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Many chronic lung diseases, including emphysema, chronic bronchitis, chronic 
asthma, and cystic fibrosis, are associated with reduced levels of alveolar oxygen, 
resulting in the development of pulmonary arterial hypertension. In an effort to better 
understand the effects of long-term hypoxic exposure on the pulmonary circulation, 
many investigators turned to animal models. A widely used, well-established method 
for inducing hypoxic pulmonary hypertension is to expose rats or mice to normobaric 
or hypobaric hypoxia (10% O

2
) for 14–28 days in an environmental chamber. Studies 

using chronically hypoxic animals have demonstrated that the elevation in pulmonary 
arterial pressure observed under these conditions is due to both structural remodeling 
of the pulmonary vasculature, characterized by smooth muscle cell proliferation, 
intimal thickening, and extension of smooth muscle into previously nonmuscular 
arterioles,1,2 and active contraction of vascular smooth muscle, evidenced by acute 
reduction in pulmonary arterial pressure in response to vasodilatory agents.3,4 The 
development of pulmonary arterial hypertension has a devastating impact on patient 
mortality and morbidity due to eventual right heart failure, with current treatment 
modalities limited primarily to supplemental oxygen, mechanical ventilation, and lung 
transplant. The key to development of new therapeutic approaches to prevent or reverse 
pulmonary hypertension lies in understanding the processes involved in pulmonary 
vascular responses to prolonged hypoxia. Unfortunately, despite advances in knowl-
edge with respect to the structural and functional changes that occur in the pulmonary 
vasculature in response to chronic hypoxia (CH), the cellular mechanisms underlying 
hypoxic pulmonary vasoconstriction (HPV), pulmonary vascular smooth muscle cell 
migration, hypertrophy and hyperplasia, and the subsequent development of pulmo-
nary hypertension remain poorly understood.

Emerging evidence suggests that both the sustained vasoconstriction and vascular 
remodeling associated with CH may be related to abnormalities in the pulmonary arte-
rial smooth muscle cells (PASMCs). In particular, a number of studies have now sug-
gested that changes in PASMC function may be related to changes in membrane 
transporter/channel expression and intracellular ion concentrations. This chapter 
describes CH-induced changes in transporter/channel activity in PASMCs and evidence 
for alterations in channel/transporter expression. The role of the transcription factor 
hypoxia-inducible factor 1 (HIF-1) in mediating these responses is also discussed.

2  Changes in K+ channels with Chronic Hypoxia

In PASMCs, K+ channels are the major regulators of resting membrane potential 
(E

m
),5,6 which in turn modulates intracellular calcium concentration ([Ca2+]

i
) due to 

the voltage dependence of Ca2+ influx through sarcolemmal Ca2+ channels. Changes 
in intracellular Ca2+ homeostasis are important for PASMC function as a rise in 
[Ca2+]

i
 is required for both HPV7–9 and smooth muscle growth and proliferation.10–12 

Of the various K+ channel families present in PASMCs, under normal conditions 
voltage-gated K+ (K

v
) channels are the main subtype responsible for control of basal 

E
m
 in PASMCs, with inhibition of these channels causing membrane depolarization, 



223Hypoxic Regulation of Ion Channels and Transporters in Pulmonary

activation of voltage-dependent Ca2+ channels (VDCCs) and increased [Ca2+]
i
.5,6 

Early experiments reported that depolarization13 and reduced K
v
 channel activity14 

were observed in PASMCs from rats exposed to CH, results confirmed in later stud-
ies (Fig. 17.1a, b). These data suggested that hypoxia caused alterations in K+ chan-
nel regulation or expression. Since these effects were observed for several hours 
after return to normoxic conditions and most adaptations to CH are accomplished by 
changes in gene expression, it is likely that the decrease in K

v
 channel activity 

observed in these studies was mediated by transcriptional regulation. Indeed, this 
hypothesis was first tested in vitro; PASMCs cultured under hypoxic conditions for 
72 h exhibited decreased expression of messenger RNAs (mRNAs) encoding several 
K

v
 channel a (pore-forming) subunits, including K

v
1.1, K

v
1.5, and K

v
2.1,15 suggest-

ing that hypoxia could repress K+ channel expression.
However, since the effect of short-term, in vitro exposure to hypoxia in cultured 

cells may not accurately reflect the effects of CH on K+ channel expression in the 
intact animal, where the duration of exposure, level of hypoxia, or changes in pulmonary 
arterial pressure and circulating factors may alter the response, several laboratories 
then explored the effect of CH on K

v
 channel expression in vivo. In intact animals, 

the protein expression of K
v
2.1 and K

v
1.5 was shown to decrease in pulmonary 

arteries isolated from rats exposed to 2–3 weeks of hypoxia.16,17 The decrease in 
K

v
1.5 protein levels was associated with a reduction in mRNA expression, although 

the effect on K
v
2.1 gene expression was not examined.

Subsequent experiments from our laboratory examined the effect of CH on the 
expression of the Shaker family K

v
 channels, K

v
1.1–1.6, the Shab family channel 

K
v
2.1, the Shal family member K

v
4.3, the subunit that assembles with Shab family 

members to form functional heteromeric channels (K
v
9.3), and the regulatory b sub-

units K
v
b1.1–1.3 in distal pulmonary arteries from rats.18 Exposure to CH reduced the 

expression of several subtypes of K
v
 channel a subunits in pulmonary arteries, includ-

ing K
v
1.1, K

v
1.2, K

v
1.5, K

v
1.6, K

v
2.1, K

v
4.3, and K

v
9.3. These results suggest that the 

reduction in K
v
 current observed by our lab and others in PASMCs from chronically 

hypoxic rats could be due to a reduction in K
v
 channel density. Moreover, K

v
 b-sub-

unit expression was unaffected by in vitro15 or in vivo18 hypoxia. Under these condi-
tions, a decrease in K

v
 channel number with a concomitant increase in association 

with inhibitory b subunits could result in reduced K
v
 current density. In contrast to the 

effects of CH on K
v
 channel expression in pulmonary arteries, K

v
 channel expression 

was unaltered by CH in aorta from the same animals,18 indicating that the CH-induced 
reduction in K

v
 channel expression and activity is a pulmonary-specific response, 

although the reason for this difference is still under investigation.

3  Effect of Chronic Hypoxia on Ca2+ Channels

Both acute hypoxic vasoconstriction and in vitro smooth muscle proliferation are 
associated with alterations in Ca2+ homeostasis7–11 and can be prevented by admin-
istration of voltage-gated Ca2+ channel antagonists.7,12,19 Since PASMCs from 
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chronically hypoxic animals are depolarized, presumably secondary to decreased 
voltage-gated K+ channel activity, it was initially hypothesized that an increase in 
[Ca2+]

i
 due to activation of VDCCs was the mechanism underlying hypoxic pulmo-

nary hypertension.13,14 This speculation was contradicted, however, by data indicat-
ing that voltage-gated Ca2+ channel antagonists did not prevent development of 
hypertension secondary to CH.20 Furthermore, acute administration of vasodila-
tors,21 but not Ca2+ channel antagonists,20 reduced pulmonary artery pressure in 
patients with hypoxic pulmonary hypertension due to chronic obstructive pulmo-
nary disease. To answer whether activation of VDCCs was an important component 
underlying the development of hypoxic pulmonary hypertension, we initially dem-
onstrated that basal [Ca2+]

i
 was increased in PASMCs from chronically hypoxic 

rats,22 confirming profound changes in Ca2+ regulation (Fig. 14.1c). This increase in 
[Ca2+]

i
 was rapidly normalized by removal of extracellular Ca2+, consistent with 

active Ca2+ entry into the cells as a requirement to maintain elevated [Ca2+]
i
. 

Somewhat surprisingly, VDCC blockers had no effect on resting [Ca2+]
i
,22 providing 

Fig. 14.1 Effect of chronic hypoxia on pulmonary arterial smooth muscle cell: (a) membrane 
potential E

m
, (b) voltage-gated K+ channel current density, (c) intracellular calcium concentration 

([Ca2+]
i
), (d) intracellular pH. All measurements were performed on cells isolated from normoxic 

(N) or chronically hypoxic (CH) rats (a–c) or mice (d)
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evidence against voltage-dependent enhancement of Ca2+ channels during CH. 
Similarly, removal of extracellular Ca2+ relaxed arteries from chronically hypoxic 
rats, while blockade of VDCCs had no effect on tone.22 These data confirmed that 
the CH-induced increase in resting [Ca2+]

i
 was responsible for maintaining sus-

tained CH-induced pulmonary vasoconstriction but eliminated a role for VDCCs.
In addition to VDCCs, Ca2+ influx in PASMCs can occur via nonselective cation 

channels (NSCCs), which include both receptor-operated Ca2+ channels and store-
operated Ca2+ channels. Unlike VDCCs, NSCCs are not activated by depolarization. 
Instead, receptor-operated channels are activated by ligand binding to membrane 
receptors, while store-operated Ca2+ channels are activated by depletion of intracel-
lular stores. The Ca2+ influx through NSCCs induced by store depletion serves to 
replenish stores and has thus been termed capacitative Ca2+ entry (CCE). CCE is 
present in PASMCs,10,23 and studies using inhibitors of NSCCs, which inhibit CCE, 
revealed a role for these channels in PASMC contraction and growth.10,11

CCE can be measured as the change in [Ca2+]
i
 in response to readdition of extracel-

lular Ca2+ following depletion of intracellular stores in the presence of VDCC block-
ers.23 One caveat of this approach is that the increase in [Ca2+]

i
 following readdition 

of Ca2+ can be influenced by both Ca2+ influx through NSCCs and Ca2+ efflux, 
through plasmalemmal Ca2+-ATPases (adenosine triphosphatases) and Na+/Ca2+ 
exchange. Therefore, many investigators also use Mn2+ quenching of fura-2 at the 
isobesic point (360 nm), at which the intensity of fura-2 fluorescence is the same for 
Ca2+-bound and Ca2+-free fura-2, as a more direct evaluation of Ca2+ entry. Mn2+ readily 
passes through Ca2+-conducting channels and binds fura-2, reducing fluorescence 
intensity in proportion to the rate of Mn2+ entry. Measuring CCE using these methods 
revealed that Ca2+ influx through NSCCs was greater in PASMCs from chronically 
hypoxic rats compared to that measured in PASMCs from normoxic rats.24

Once it was established that Ca2+ influx via NSCCs was present in PASMCs and 
enhanced in the pulmonary vasculature of hypoxic animals, the question arose 
regarding whether enhanced CCE might contribute to the elevated basal [Ca2+]

i
 

observed in these cells. Consistent with the Mn2+-quenching experiments, which 
revealed that Ca2+ entry through NSCCs occurred in PASMCs from hypoxic, but 
not normoxic, animals, the nonselective cation channel inhibitors SKF-96362 and 
NiCl

2
 decreased baseline [Ca2+]

i
 in PASMCs isolated from chronically hypoxic, but 

not normoxic, rats.24 These data indicated that activation of NSCCs contributed to 
the maintenance of elevated basal [Ca2+]

i
 in PASMCs during CH.

As noted, the increase in resting [Ca2+]
i
 observed in PASMCs from chronically 

hypoxic animals has a functional consequence. That removal of extracellular Ca2+ 
causes an immediate decrease in isometric tension in pulmonary arteries from 
chronically hypoxic rats22,24 indicates that Ca2+ influx is required not only for the 
CH-induced elevation in [Ca2+]

i
 but also for maintenance of active vasoconstriction. 

Similar to results from experiments evaluating the effect of NSCC inhibitors on 
basal [Ca2+]

i
, these inhibitors had little effect on tension in arteries from normoxic 

rats but caused a marked relaxation of intrapulmonary arteries from chronically 
hypoxic rats that was similar in magnitude to that observed in response to removal 
of extracellular calcium.24
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A possible explanation for enhanced CCE following exposure to CH is that the 
expression of NSCCs or store-operated Ca2+ channels is increased. Ca2+-permeable 
NSCCs are believed to be composed of mammalian homologs of transient receptor 
potential (TRP) proteins and, in the case of store-operated Ca2+ channels, may com-
plex with the recently identified Orai and STIM1 (stromal interacting molecule 1) 
proteins. The exact molecular identity of the proteins encoding NSCCs remains 
unclear, although isoforms in the canonical TRP (TRPC) subfamily are the leading 
candidates. We23–25 and others10,26 have demonstrated that STIM1 and TRPC pro-
teins are expressed in PASMCs. Most labs have found that, of the seven isoforms 
identified to date, TRPC1 and TRPC6 are highly abundant in PASMCs,10,23–26 with 
some labs reporting demonstrable levels of TRPC326 and TRPC423,24 expression. 
Comparison of TRPC expression in pulmonary vascular smooth muscle from nor-
moxic and chronically hypoxic rats revealed that, following exposure to CH, the 
expression of TRPC1 and TRPC6, but not TRPC4, increased in both the rat and 
murine models.24 These results are in agreement with findings from other labs.26

During development of hypoxic pulmonary hypertension in the intact animal, 
pulmonary arteries are subjected to numerous stimuli in addition to decreased 
oxygen tension, including increased pressure and altered exposure to circulating 
factors; however, the effect of CH exposure on TRPC expression does not appear 
to be a result of these changes since PASMCs isolated from normoxic rats and 
cultured under hypoxic conditions (4% O

2
; 60 h) exhibited similar increases in 

TRPC1 and TRPC6 mRNA and protein levels, as well as an increase in basal 
[Ca2+]

i
.24 These results suggest that CH might upregulate TPRC expression through 

a direct effect on gene expression in PASMCs. Possible mediators of this response 
are discussed in other portions of this chapter.

4  Chronic Hypoxia and PASMC Intracellular pH

Most mammalian systems possess three mechanisms by which intracellular pH 
(pH

i
) homeostasis is maintained. These include the Na+-dependent Cl–/HCO

3
 

exchange, Na+-independent Cl–/HCO
3
 exchange, and Na+/H+ exchange (NHE). 

Although all of these exchangers have been shown to exist in vascular smooth 
muscle,27,28 NHE is the primary mechanism regulating PASMC pH

i
.28 NHE resides 

in the plasma membrane and uses the transmembrane Na+ gradient to extrude 
protons. Regulation of NHE and pH

i
 is vital for maintaining cell viability, as pH

i
 

modulates a number of important cell functions, including volume regulation, sig-
nal transduction pathways involved in cell proliferation, and mediator release. A 
role for alkaline pH

i
 in hypoxic regulation of vascular caliber is indicated by studies 

demonstrating that acute hypoxia induces an increase in pulmonary vascular 
smooth muscle pH

i
27, and late hypoxic contraction is accompanied by an increase 

in pH
i
.29 Moreover, activation of NHE and alkalinization are required for PASMC 

proliferation in response to growth factors,30 and pulmonary vascular remodeling 
during CH can be prevented by inhibiting NHE.31
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In initial studies using the pH-sensitive fluorescent dye BCECF-AM (acetoxymethyl 
ester), basal pH

i
 was found to be elevated in PASMCs from  chronically hypoxic 

animals (Fig. 14.1d), and that the elevation in basal pH
i
 was accompanied by an 

increase in NHE activity, measured as the Na+-dependent rate of recovery from 
ammonium-induced acidosis.32 Moreover, inhibitors of NHE reduced basal pH

i
 in 

PASMCs from chronically hypoxic animals. While there is ample evidence to suggest 
that changes in phosphorylation and regulation of NHEs could account for the 
increase in NHE activity during hypoxia, the fact that the change in pH

i
 and NHE 

activity in PASMCs isolated from chronically hypoxic mice were observed for sev-
eral days after returning to normoxic conditions  suggested instead that the increase in 
NHE activity most likely resulted from an increase in NHE protein expression.

Nine genes have been identified that encode nine isoforms of the Na+/H+ 
exchanger (NHE1–NHE9). NHEs 1–3 have been the best characterized. NHE1 is 
ubiquitously expressed, whereas NHE2 and NHE3 are found predominantly in the 
gastrointestinal epithelium, although low-level expression of NHE2 in the lung has 
been reported.33,34 Little is known about the function and localization of NHE4 and 
5, which are not present in lung35,36, and NHE6–NHE9 are thought to be localized 
in mitochondria and other organlles.37–40 Using reverse-transcription polymerase 
chain reaction (RT-PCR) with primers specific for mouse NHE1–NHE3, the pres-
ence of NHE1, but not NHE2 or NHE3, was demonstrated in mouse PASMCs. The 
presence of NHE1 protein in mouse pulmonary vascular smooth muscle was con-
firmed via immunoblot. Consistent with the effect of CH on NHE activity and basal 
pH

i
, NHE1 gene and protein expression was increased significantly in PASMCs 

isolated from chronically hypoxic mice.32 The importance of NHE1 in the 
CH-induced changes in the pulmonary vasculature was verified in a study using 
mice deficient for NHE1, which exhibit reduced pulmonary vascular remodeling 
and decreased pulmonary hypertension in response to CH.41 These data indicate 
that CH has dramatic effects on PASMC function and pH homeostasis via induction 
of NHE1.

5  Hypoxia-Inducible Factor 1

In the preceding sections, results from several studies were presented indicating 
that CH-induced changes in PASMC ion channel/transporter expression. In the 
search for a possible mediator of hypoxic regulation of these genes, the transcrip-
tion factor HIF-1 became a leading candidate. A member of the basic helix-loop-
helix family of proteins, HIF-1 plays a critical role in mediating adaptive responses 
to hypoxia and regulates the expression of dozens of genes important in growth, 
vascular development, and metabolism. The expression of HIF-1 is tightly regu-
lated by O

2
 availability.42 HIF-1 exists as a heterodimer, consisting of HIF-1a and 

HIF-1b subunits. HIF-1b is ubiquitously overexpressed, whereas HIF-1a is found 
in very low levels under normoxic conditions. Regulation of HIF-1a expression 
occurs at several levels. In mouse lung, HIF-1a mRNA is rapidly increased within 
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30 min of exposure to 7% oxygen.43 However, HIF-1a is primarily regulated post-
transcriptionally. Under normoxic conditions, HIF-1a protein is ubiquinated and 
subjected to proteosomal degradation. During hypoxia, induction of HIF-1 corre-
lates with decreased ubiquination and rapid stabilization of the protein, followed by 
accumulation in the nucleus, where HIF-1a dimerizes with HIF-1b and binds to the 
core DNA sequence 5¢-RCGTG-3″, resulting in the transactivation of numerous 
target genes. The O

2
 sensitivity of HIF-1a protein expression has been reported in 

the lung,44 where acute exposure of cultured rat and human smooth muscle and rat 
microvascular and sheep arterial endothelial cells to hypoxia resulted in an increase 
in HIF-1a protein levels. The increase in HIF-1a protein correlated with an 
increase in DNA-binding activity, showing both induction and activation of HIF-1. 
Thus, HIF-1a confers sensitivity and specificity for hypoxic induction.

HIF-1 activates transcription of genes encoding proteins that mediate adaptive 
responses to hypoxia. Mouse embryonic stem cells homozygous or heterozygous for 
a null allele at the Hif1a locus encoding HIF-1a were generated exhibiting complete 
(Hif1a–/–) and partial deficiency (Hif1a+/–) for HIF-1a, respectively. Transgenic 
Hif1a–/– and Hif1a+/– mice were subsequently generated. Hif1a–/– embryos died midg-
estation, whereas Hif1a+/– mice were viable and phenotypically indistinguishable from 
their wild-type (Hif1a+/+) littermates.45 Studies utilizing these transgenic mice found 
Hif1a+/+ mice exposed to 10% O

2
 for 3 weeks exhibited right heart hypertrophy, ele-

vated pulmonary artery pressure, polycythemia, and vascular remodeling.46 These 
changes were markedly attenuated in chronically hypoxic Hif1a+/– mice, demonstrat-
ing that HIF-1a plays a pivotal role in development of hypoxic pulmonary 
hypertension.

5.1  HIF-1 and K
v
 Channels

Using mice with complete or partial expression of HIF-1a, the role of HIF-1 in 
mediating the effect of CH on K

v
 channels could be tested. A CH-induced decrease 

in K
v
 current was observed in PASMCs from Hif1a+/+mice, whereas CH had no 

effect on K
v
 current in Hif1a+/– mice,47 indicating that HIF-1a is required for the 

hypoxia-induced reduction in PASMC K
v
 channel activity. Depolarization was 

also attenuated in PASMCs from chronically hypoxic Hif1a+/– mice.47 Later stud-
ies48 demonstrated that the loss of CH-induced reduction in K

v
 currents in mice 

partially deficient for HIF-1a was likely due to the fact that K
v
 channel expression 

was not altered in pulmonary vascular smooth muscle from chronically hypoxic 
Hif1a+/– mice (Fig. 14.2). The ability of HIF-1 to repress K

v
 channels was further 

demonstrated by the finding that overexpression of HIF-1 under normoxic condi-
tions, using AdCA5, an adenovirus that encodes a constitutively active form of 
HIF-1a,49 was able to cause downregulation of K

v
1.5 and K

v
2.1.48 Although HIF-1 

has typically been shown to induce transcription of numerous genes, the possibil-
ity exists that HIF-1 could bind to, and repress transcription of, genes encoding K

v
 

channels. Alternatively, HIF-1 could induce transcription of genes whose products 
participate in regulation of K

v
 channel activity or expression.
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In support of the latter possibility, endothelin 1, a downstream target of HIF-1, 
was able to repress K

v
 channel expression. Moreover, antagonists of endothelin 1 

receptors prevented hypoxic downregulation of K
v
 channels.48 These results 

strongly suggest that hypoxic activation of HIF-1, perhaps through induction of 
endothelin-1, is responsible for the downregulation of K

v
 channel expression and 

activity observed in PASMCs following CH.

5.2  HIF-1 and [Ca2+]
i

Little is known about the regulation of TRPC gene transcription, although the genes 
encoding the isoforms upregulated by hypoxia, TRPC1 and TRPC6, both contain 

Fig. 14.2 (a) K
v
1.5 and K

v
2.1 RNA levels in endothelium-denuded intrapulmonary arteries iso-

lated from mice with full (Hif1a+/+) and partial (Hif1a+/–) expression of HIF-1a exposed to normoxia 
(N) or chronically hypoxia (CH). Values are expressed as the fraction of the normoxic Hif1a+/+ 
value. (b) Effect of overexpression of HIF-1a on K

v
1.5 and K

v
2.1 gene and protein expression in 

rat pulmonary arterial smooth muscle cells. Values are expressed relative to those in cells infected 
with the control construct (AdLacZ)
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putative HIF-1-binding sites. Since previous work demonstrated a crucial role for 
HIF-1 in the pathogenesis of hypoxic pulmonary hypertension,46 it was hypothe-
sized that HIF-1 might be involved in the hypoxic induction of TRPC proteins. 
Consistent with data from the chronically hypoxic rat model, pulmonary arteries 
from Hif1a+/+ mice exhibited increased TRPC1 and TRPC6 expression.24 Likewise, 
PASMCs from these animals displayed elevated [Ca2+]

i
 (Fig. 14.3). In mice with 

partial HIF-1a deficiency, both the elevation in basal [Ca2+]
i
 and the hypoxic induction 

of TRPC1 and TRPC6 were lost.24 Conversely, expression of a constitutively active 
form of HIF-1a under nonhypoxic conditions increased TRPC1 and TRPC6 
expression.24 These data provided strong evidence that HIF-1 was both necessary 
and sufficient for induction of TRPC proteins and plays a critical role in regulating 
alterations in Ca2+ homeostasis during CH.

Fig. 14.3 Effect of chronic hypoxia on TRPC1 and TRPC6 (a) gene and (b) protein expression 
in endothelium-denuded intrapulmonary arteries isolated from wild-type mice (Hif1a+/+) and mice 
partially deficient for HIF-1a (Hif1a+/–). Values are expressed as the fraction of the normoxic 
Hif1a+/+ value. (c) Intracellular calcium concentration ([Ca2+]

i
) in cells isolated from normoxic (N) 

and chronically hypoxic (CH) Hif1a+/+ and Hif1a+/– mice. (d, e) Effect of HIF-1a overexpression 
on TRPC1 and TRPC6 gene and protein expression. Data are normalized to values in cells 
infected with the control construct (AdLacZ)
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5.3 HIF-1 and Intracellular pH

The transcriptional regulation of NHEs is just beginning to be explored, and much 
is yet to be learned with respect to the factors involved in the process. Initial exami-
nation of the gene encoding NHE1 indicated that the promoter contained putative 
HIF-1-binding sites, suggesting that hypoxic regulation of NHE1 in pulmonary vas-
cular smooth muscle might be mediated by HIF-1. Exposure to CH markedly 
increased NHE activity in PASMCs isolated from Hif1a+/+ mice (Fig. 14.4), whereas 
the CH-induced increase in NHE activity was absent in PASMCs isolated from mice 
partially deficient for HIF-1a.50 As anticipated, NHE1 mRNA expression was 
increased in endothelium-denuded pulmonary arteries isolated from Hif1a+/+ mice 
exposed to CH compared to mRNA levels in pulmonary arteries isolated from nor-
moxic Hif1a+/+. Immunoblot analysis revealed a similar increase in NHE1 protein 

Fig. 14.4 Effect of normoxia (N) and chronic hypoxia (CH) on (a) intracellular pH and (b) Na+/
H+ exchange (NHE) activity in pulmonary arterial smooth muscle cells isolated from wild-type 
mice (Hif1a+/+) and mice partially deficient for HIF-1a (Hif1a+/–). (c, d) Effect of HIF-1a over-
expression on intracellular pH and NHE activity
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expression in these animals. Neither mRNA nor protein expression of NHE1 
increased in response to CH in pulmonary arteries from Hif1a+/– mice.

To verify that the hypoxia-induced increase in NHE1 expression was due to 
activation of HIF-1 and not an unrelated aspect of hypoxic exposure, HIF-1a was 
overexpressed in rat PASMCs isolated from normoxic animals and cultured under 
nonhypoxic conditions. Following transfection with AdCA5, basal pH

i
, NHE activity, 

and NHE1 expression were significantly increased.50 Taken together, data from the 
loss-of-function and gain-of-function models indicated that HIF-1 is required for 
the hypoxic regulation of NHE1 and the CH-induced alterations in PASMC pH 
homeostasis.

6  Summary

For patients with chronic pulmonary disease, hypoxia-induced structural and functional 
changes in the pulmonary vasculature correlate with the development of pulmonary 
hypertension and increased mortality. Although previous studies have characterized 
some of the morphologic and functional changes that occur in the pulmonary vas-
culature in response to CH, much work remains to completely understand the cel-
lular mechanisms underlying these changes. In this chapter, work from our lab and 
others has been presented demonstrating an important role for alterations in 
PASMC ion channel/transporter activity and expression in mediating changes in 
PASMC function during CH. In particular, the role of HIF-1 in regulating many of 
these changes was described (Fig. 14.5). To date, no other gene product has been 

Fig. 14.5 Schematic summarizing the role of HIF-1 in mediating changes in pulmonary arterial 
smooth muscle cell function
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shown to have such a profound effect on pulmonary vascular and, specifically, 
PASMCs, responses to CH and these findings provide compelling evidence that 
HIF-1 plays a critical role in mediating the physiological responses to hypoxia and 
development of pulmonary hypertension. We expect that elucidating the factors 
involved in this disease process, and further delineating the exact role of HIF-1, will 
lead to improved methods of pharmacological prevention and treatment of this 
lethal complication of chronic lung disease.
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Abstract Volume-sensitive outwardly rectifying anion channels (VSOACs) are 
expressed in pulmonary artery smooth muscle cells (PASMCs) and have been 
implicated in cell proliferation, growth, apoptosis and protection against oxidative 
stress. In this chapter, we review the properties of native VSOACs in PASMCs, 
and consider the evidence that ClC-3, a member of the ClC superfamily of volt-
age dependent Cl- channels, may be responsible for native VSOACs in PASMCs. 
Finally, we examine whether or not native VSOACs and heterologously expressed 
ClC-3 channels function as bona fide chloride channels or as chloride/proton 
antiporters.

Keywords Chloride channels • cell volume • pulmonary artery • ClC-3

1  Introduction

Volume-sensitive outwardly rectifying anion channels (VSOACs) are ubiquitously 
expressed in mammalian cells and play a vitally important physiological role in a 
variety of cellular functions, including cell volume homeostasis, proliferation, 
apoptosis, and the regulation of electrical activity.1 VSOACs have been implicated 
in a number of these functions in vascular smooth muscle cells (SMCs) as well. For 
example, the magnitude of VSOAC currents in actively growing SMCs is higher 
than in growth-arrested or differentiated SMCs, suggesting that VSOACs may be 
important for SMC proliferation.2 There is evidence that pressure-induced depolariza-
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tion and contraction of cerebral artery smooth muscle may be partially mediated by 
VSOACs.3

Although the exact identification of the proteins responsible for native VSOACs 
has proven to be elusive, the short isoform of ClC-3 (sClC-3), a member of the ClC 
superfamily of voltage-dependent chloride channels, has been proposed to be the 
molecular correlate of the native VSOAC in some cells, including cardiac myocytes 
and vascular SMCs.4,5 This hypothesis has been corroborated by a series of other 
independent studies from different laboratories.6–11 Despite these data, the role of 
ClC-3 as a constituent of native VSOACs remains controversial.12–14 Much of this 
controversy comes from results reported from the first transgenic ClC-3 global 
knockout (ClCn3–/–) mouse produced by Jentsch and coworkers.15 They reported the 
apparent presence of native VSOACs in at least two different cell types from ClCn3–/– 
mice. However, later experiments using global ClCn3–/– transgenic mice revealed 
that the properties of native VSOACs were actually altered in heart, and there 
appeared to be significant compensatory changes in expression of a variety of other 
membrane proteins (including upregulation of two other members of the ClC chlo-
ride channel family), raising fundamental questions about the usefulness of the 
global ClCn3–/– mouse model to assess ClC-3 function.16 It has been demonstrated 
that transgenic mice with cardiac-specific overexpression of the human short ClC-3 
(hsClC-3) isoform exhibit enhanced VSOAC currents and accelerated regulatory 
volume decreases,17 which is consistent with a molecular role for sClC-3 in native 
VSOAC function.

It has been demonstrated that ClC-3 is expressed in human aortic SMCs18 and 
pulmonary artery SMCs (PASMCs).5 It was demonstrated that antisense oligonu-
cleotide-mediated downregulation of ClC-3 dramatically inhibits cell proliferation 
of rat aortic SMCs.19 The ClCn-3 gene appears to be upregulated in rat pulmonary 
artery and heart in response to monocrotaline-induced pulmonary hypertension and 
in canine cultured PASMCs incubated with inflammatory mediators. PASMCs 
infected to overexpress ClC-3 exhibited enhanced viability against H

2
O

2
, thus sug-

gesting that ClC-3 may improve the resistance of VSMCs to reactive oxygen spe-
cies (ROS) in an environment of elevated inflammatory cytokines in hypertensive 
pulmonary arteries.20 These and other studies suggested that activation of ClC-3 
channels may indeed play a role in proliferation, growth, volume regulation, and 
apoptosis of vascular SMCs (see Ref. 21 for review).

2  Properties of Native VSOACs in PASMCs

Quantitative reverse-transcription polymerase chain reaction (RT-PCR) has been 
used to test for molecular expression of ClC-3 in canine pulmonary smooth muscle. 
Primers were designed to be specific for ClC-3 and do not cross hybridize to other 
members of the ClC gene family. The competitive “mimic” strategy of quantitative 
PCR was employed.12 As shown in Fig. 15.1a, quantitative RT-PCR detected signifi-
cant levels of ClC-3 transcriptional expression from pulmonary arteries. The figure 
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illustrates a representative gel used in digital analysis and comparison of mimic and 
ClC-3 amplification. Digital analysis and comparison of mimic and ClC-3-specific 
amplification products was performed on the 10–4 dilution of mimic DNA and was 
repeated on three independently generated samples. ClC-3 expression was 48.0% of 
b-actin in pulmonary artery. Figure 15.1b, c illustrate the activation of native 
VSOACs in canine PASMCs by exposure to hypotonic (230 mOsm) extracellular 
solutions. Exposure to a hypotonic solution causes cells to swell, which results in the 
delayed activation of VSOACs. Membrane currents at –100 and +100 mV were 
almost negligible in the isotonic solution but began to increase following a delay of 
some 3–4 min after changing to the hypotonic solution. Figure 15.1b shows raw 

Fig. 15.1 ClC-3 expression and native VSOACs in canine PASMCs. (a) Representative gel of 
quantitative RT-PCR for ClC-3 in canine pulmonary arteries; competitive PCR products were 
resolved on 2% ethidium bromide agarose gels. Tenfold serial dilutions of mimic DNA were 
included in the PCRs, while target cDNA (ClC-3) concentration remained constant. The actual 
concentrations of target complementary DNA (cDNA) were calculated and expressed as percent 
of b-actin RNA concentration. (b) Raw VSOAC currents activated by hypotonic solutions during 
150-ms voltage steps from 0 mV to potentials ranging from –100 to 50 mV. The cell was first 
equilibrated with the isotonic solution and then exposed to the hypotonic solution. Activations of 
VSOACs were reversed by exposure to hypertonic solutions. (c) Current-voltage relations for 
volume-regulated currents in the isotonic, hypotonic, and hypertonic solutions with 115 mM [Cl–]

o
 

and 115 mM [Cl–]
i
 (n = 4). Modified with permission5
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current traces evoked by step pulses, which developed during exposure to hypotonic 
solution, and these were completely abolished by a 10-min perfusion with a hyper-
tonic solution. In these experiments, possible contamination by cation currents was 
prevented using impermeant cations and appropriate blockers. Figure 15.1c is a plot 
of the current–voltage relations obtained from several cells in solutions with differ-
ent osmolarities. In these experiments, both bath and pipet solutions contained 115 
mM Cl-, and the currents activated during exposure to hypotonic solution exhibited 
clear outward rectification. The reversal potential was approximately 0 mV, which 
is the predicted equilibrium potential for Cl- (0 mV). The hypotonically activated 
currents were reduced by subsequent exposure to hypertonic solutions at each 
membrane potential. Membrane currents activated by exposure to hypotonic 
 solutions were also markedly inhibited by the stilbene compound DIDS 
(4,4¢-diisothiocyanatostilbene-2,2¢-disulphonic acid).

Figure 15.2 illustrates the effects of intracellular dialysis with an anti-ClC-3 
carboxyl terminus antibody (C

670–687
 Ab) on native VSOAC currents in PASMCs. 

Membrane currents were obtained by applying 100-ms step pulses to ±80 mV from 
a holding potential of –40 mV every 30 s. In Fig. 15.2a, b, the time courses of 
change in the amplitudes of membrane currents measured at ±80 mV are shown, 
and original current traces obtained at the time points indicated by small letters are 
depicted in the insets. In a cell dialyzed with 10 mg mL–1 C

670–687
 Ab for over 10 min, 

basal membrane currents gradually declined in isotonic bath solution. Subsequent 
hypotonic cell swelling failed to induce any increase of the current amplitude 
(Fig. 15.2a). To know whether the observed inhibitory effects of C

670–687
 Ab on  

VSOACs were due to specific binding, similar experiments were repeated with the 

Fig. 15.2 Inhibition of native VSOACs in canine PASMCs by anti-ClC-3 C
670–687

 Ab intracellular 
dialysis. Membrane currents were induced by repetitive 100-ms voltage steps to ±80 mV from a holding 
potential of –40 mV every 30 s. (a, b) Time courses of change in current amplitude measured at both 
–80 mV (filled circles) and +80 mV (open circles) in two representative cells intracellular dialyzed with 
either 10 mg mL–1 ClC-3 C

670–687
 Ab (a) or the antigen-preabsorbed C

670–687
 Ab (b). The bars underneath 

the current traces indicate different bath solutions. Original current recordings obtained at the time points 
indicated by small letters are shown in the corresponding insets. Modified with permission32
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antigen-preabsorbed C
670–687

 Ab. Figure 15.2b shows a representative experiment. 
In contrast to the effects observed with the C

670–687
 Ab alone, dialysis with 10 mg 

mL–1 antigen-preabsorbed C
670–687

 Ab for over 10 min did not prevent activation of  
VSOACs on hypotonic cell swelling. Subsequent exposure of the cell to hypertonic 
bath solution totally reversed the swelling-induced VSOAC currents.

3  Anion Selectivity of Native VSOACs in PASMCs and sClC-3 
Heterologously Expressed in NIH/3T3 Cells

To examine Cl– dependence, the reversal potentials E
rev

 for the volume-sensitive 
currents were measured using either voltage steps or ramps in hypotonic solutions 
containing six different concentrations of external Cl– ([Cl–]

o
), replaced with aspartate. 

As shown in Fig. 15.3a, reducing [Cl–]
o
 from 115 to 28 and 9 mM shifted E

rev
 rightward, 

indicating a strong Cl– dependence of the volume-sensitive conductance. The inset 
shows the relationship between [Cl–]

o
 and E

rev
 of the volume-sensitive conductance 

obtained from a number of pulmonary cells. The straight line represents a theo-
retical slope of 57 mV per tenfold decrease in [Cl–]

o
, which is predicted from the 

Nernst equation assuming that Cl– is the only permeable ion. The slope of the rela-
tionship measured experimentally closely followed the predicted slope of 57 mV 
per tenfold change in [Cl–]

o
 for changes in [Cl–]

o
 greater than 40 mM but deviated 

Fig. 15.3 Effect of [Cl–]
o
 (a) and anion substitution (b) on current-voltage relations of VSOAC 

currents elicited in canine pulmonary arterial smooth muscle cells by voltage steps or ramps. (a) 
The pipet solution contained 24 mM Cl– (n = 5). Inset, relation between the reversal potential (E

rev
) 

and [Cl–]
o
. Each circle indicates the mean value of E

rev
 with standard errors of the means (SEM) 

from N observations indicated in the parentheses. The straight line indicates the theoretical slope 
of 57 mV per tenfold decrease in [Cl–]

o
, which is predicted from the Nernst equation. (b) NaCl 

(115 mM) in the bath solution was entirely replaced with the same concentration of NaI, NaBr, 
NaSCN, or Na aspartate. The pipet solution contained 115 mM Cl–. Modified with permission5
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from the predicted slope at [Cl–]
o
 less than 40 mM, suggesting that the replacement 

anion, Asp–, may exhibit some limited permeability through these channels.
Relative anion selectivity was determined by total replacement of Cl– with other 

anions in the hypotonic solutions. Figure 15.3b shows typical hypotonically activated 
membrane currents elicited in a pulmonary cell by voltage ramps applied in the pres-
ence of different extracellular anions. I– appeared to be slightly more permeable, 
compared to Br–, which was more permeable than Cl– in this example. Likewise, 
SCN– appeared to be more permeable compared to Cl–, which was more permeable 
than aspartate–. The mean data accumulated from a group of cells gave E

rev
 values (in 

mV) of –8.29 ± 0.92 (n = 7), –4.67 ± 1.49 (n = 12), –3.30 ± 1.16 (n = 10), 0.46 ± 1.01 
(n = 13) and 12.40 ± 1.69 (n = 5) for SCN–, I–, Br–, Cl– and aspartate–, respectively. 
Accordingly, the relative permeability for each anion (X–) to Cl– 

X Cl
( / )P P− −  was 

estimated using the Goldman-Hodgkin-Katz equation. The sequence of 
X Cl

( / )P P− −  
was SCN– (1.36 ± 0.06) > I– (1.19 ± 0.06) > Br– (1.09 ± 0.04) > Cl– (1.00) > aspartate– 
(0.63 ± 0.05). These data indicate that these membrane currents activated by hypo-
tonic cell swelling in PASMCs can be identified as VSOACs.

sClC-3 has been successfully expressed in NIH/3T3 cells4 and in A10 vascular 
SMCs.11 In both cell types, sClC-3 transfection gives rise to larger volume-sensitive 
Cl– currents, compared to untransfected cells, with properties resembling those of 
native VSOACs. VSOACs in A10 sClC-3-transfected cells are completely abol-
ished by intracellular dialysis of an anti-ClC-3 antibody and by ClC-3 antisense 
oligonucleotides.

We have examined the relative anion selectivity of expressed sClC-3 currents in 
NIH/3T3 cells to determine if it is similar to the anion permeability properties of 
native VSOACs in canine PASMCs (cf. Fig. 15.3). The results of these experiments 
are summarized in Table 15.1. To measure relative whole-cell anion permeability, 
external NaCl was replaced by the sodium salt of various anions. Reversal poten-
tials were measured for each Cl– substitute (X) and the relative shifts in reversal 
potential (E

X
 - E

Cl
) were used to calculate the relative permeability ratio (P

X
/P

Cl
) for 

each anion. The relative anion permeability (P
X
/P

Cl
) of expressed sClC-3 currents 

activated by hypotonic cell swelling was SCN–(1.50) > I–(1.34) > NO
3

–(1.27) > 
Br–(1.15) > Cl–(1.00) > F–(0.57) > isethionate(0.25) > gluconate(0.09). These 

Table 15.1 Relative anion selectivity of sClC-3 channels 
expressed in NIH 3T3 cells

Anions E
X
 – E

Cl
P

X
/P

Cl
n

SCN– –9.30 ± 2.03 1.50 ± 0.14 5
I– –6.89 ± 0.86 1.34 ± 0.05 5
NO

3
– –5.50 ± 1.22 1.27 ± 0.07 5

Br– –3.36 ± 0.42 1.15 ± 0.02 5
Cl– 0 1.0
F– 13.03 ± 0.99 0.57 ± 0.02 5
Isethionate 32.27 ± 4.29 0.25 ± 0.05 5
Gluconate 49.61 ± 4.15 0.09 ± 0.02 5
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results demonstrate that sClC-3 channels exhibit a lyotropic anion permeability 
similar to native VSOACs in PASMCs and most mammalian cells.1

4  Do Native VSOACs in PASMCs and Heterologously 
Expressed sClC-3 Behave as Chloride/Proton Antiporters?

The molecular structure of the ClC family of voltage-gated proteins has been determined 
by X-ray crystallography of the bacterial homologue EcClC.22, 23 EcClC is a homodi-
mer with each subunit consisting of 18 a-helical transmembrane-spanning domains 
and a cytoplasmic domain containing two cystathionine b-synthetase (CBS) subdomains.  
A selectivity filter has been identified that contains three selective anion-binding 
sites.24 Surprisingly, a study25 demonstrated that the bacterial homologue EcClC 
functions as an H+–Cl–-exchange transporter, not as an ion channel. This was con-
vincingly demonstrated since membrane currents associated with EcClC are rela-
tively voltage independent and changes in proton gradients produced easily 
measurable shifts in current reversal potential, as predicted for an exchange trans-
port mechanism. Efforts have been made to extend these results to the mammalian 
family of ClC Cl– channels. Conservation of a putative “proton” glutamate (Glu-
203) in the selectivity region between EcClC and the mammalian homologues 
ClC-3–ClC-7 has suggested the possibility that these proteins may also function as 
proton exchange transporters.26 The major evidence for this proposal is indirect and 
comes from studies heterologously expressing ClC-4 and ClC-5. The difficulty is 
that expressed ClC-4 and ClC-5 currents exhibit strong outward rectification, mak-
ing it impossible to measure reversal potentials or shifts in reversal potentials with 
changes in extracellular anion or proton concentrations. As an alternative approach, 
changes in intracellular pH were measured in ClC-4- and ClC-5-transfected 
tsA201 cells27 or changes in extracellular pH in ClC-4- and ClC-5-transfected 
oocytes28 to monitor proton fluxes attributable to electrogenic Cl–/H+ exchange.

We have examined whether native VSOACs in cultured canine PASMCs behave 
as Cl– channels or as Cl–/H+ antiporters. As shown in Fig. 15.4a, VSOAC currents 
activated by hypotonic cell swelling in canine PASMCs were strongly inhibited at 
both positive and negative membrane potentials when the extracellular hypotonic 
solution pH was changed from 7.3 to 4.5. Raw traces of VSOAC currents recorded 
over the voltage range –100 to +100 mV are illustrated in Fig. 15.4b, c. Figure 15.4d 
shows the current-voltage relationships of VSOACs recorded in the presence of 
hypotonic (pH 7.3) solutions and hypotonic (pH 4.5) solutions for a number of 
cells. Both inward and outward VSOAC currents were inhibited by extracellular 
acidification; significantly, there was no observed change in membrane current 
reversal potential.

If the transport mechanism involves Cl–/H+ exchange, the membrane current 
reversal potential V

r
 is defined by the following equation25:

r Cl H( ) / (1 )V E rE r= + +
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where E
Cl

 is the equilibrium potential for Cl–, E
H
 is the equilibrium potential for 

protons, and r is the proton-anion coupling ratio. For a Cl–/H+ exchange transport 
protein, significant changes in the proton gradient should produce measurable 
changes in the membrane current reversal potential, which we failed to observe 
(Fig. 15.4d) for native VSOACs in PASMCs. This is quite different from the findings 
on the bacterial homologue EcClC, for which extracellular acidification produced 
a negative shift in measured reversal potentials.25

We have also examined whether hsClC-3 currents measured in transfected 
NIH/3T3 cells behave as Cl– channels or as Cl–/H+ antiporters. As shown in Fig. 
15.5a, b, hypotonically activated hsClC-3 currents were significantly inhibited by 
extracellular acidification. Extracellular acidification produced no measurable 
change in hsClC-3 current reversal potential (Fig. 15.5c), suggesting that hsClC-3 

Fig. 15.4 Inhibition of VSOACs by extracellular acidification in cultured canine PASMCs. (a) 
Time course of membrane currents activated at ±80 mV by hypotonic (230 mOsm, pH 7.4) solu-
tion. Following maximal activation, the extracellular solution was changed to a hypotonic (230 
mOsm, pH 4.5) solution at the time indicated by the horizontal bars. External acidification inhib-
ited both outward and inward VSOAC currents, and the remaining currents were reversed by 
reexposure to isotonic solution. Traces of membrane currents elicited by voltage steps over the 
range -100 to +125 mV in hypotonic (230 mOsm, pH 7.4) solution (b) and after changing to a 
hypotonic (230 mOsm, pH 4.5) solution (c). (d) Current-voltage (IV) relationships of membrane 
currents shown in (b, c). Extracellular acidification inhibited VSOACs without inducing any sig-
nificant change in current reversal potential (G.-X. Wang and J.R. Hume unpublished data)
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exhibits properties more consistent with a Cl– channel electrodiffusion mechanism 
compared to a Cl–/H+ countertransport mechanism.

5  Summary and Conclusions

Native VSOACs in cardiac and SMCs share many properties with recombinant 
sClC-3 channels expressed in heterologous expression systems, including out-
wardly rectifying Cl– currents activated by cell swelling and inhibited by cell 
shrinkage; current inhibition at strong positive membrane potentials; and inhibition 
by extracellular nucleotides, stilbene derivatives such as DIDS and 4-Acetamido-
4'-isothiocyanato-2,2'-stilbenedisulfonic acid (SITS), intracellular dialysis by anti-
ClC-3 antibodies and by the antiestrogen compound tamoxifen.29 Moreover, as 
shown in this chapter, native VSOACs in PASMCs and expressed recombinant 
cClC-3 channels exhibit a similar lyotrophic permeability selectivity of SCN–>I–
>NO

3
–>Br–>Cl–>F–> isethionate > gluconate. Despite suggestions that some mem-

bers of the mammalian ClC Cl– channel family may function as chloride/proton 

Fig. 15.5 Effect of extracellular acidification on hsClC-3 currents in transfected NIH/3T3 cells. 
Traces of membrane currents elicited by voltage steps over the range ±100 mV in hypotonic 
(230 mOsm, pH 7.4) solution (a) and after changing to a hypotonic (230 mOsm, pH 4.5) solution 
(b). (c) Current–voltage (IV) relationships of membrane currents shown in (a, b). hsClC-3 cur-
rents were inhibited by extracellular acidification, but acidification had no effect on membrane 
current reversal potential (G.-X. Wang and J.R. Hume unpublished data)
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antiporters like the bacterial homologue EcClC, membrane current reversal poten-
tial measurements on native VSOACs in PASMCs and recombinant sClC-3 cur-
rents failed to provide any evidence supporting a role for chloride/proton antiporter 
function.

Native VSOACs and ClC-3 have been implicated in a wide variety of SMC func-
tions, including proliferation, growth, apoptosis, and protection against oxidative 
stress. It is possible that all of these might be explained by the role that VSOACs 
and ClC-3 normally play in normal cell volume homeostasis. However, it is possi-
ble that an important physiological function of these channels may extend beyond 
their normal role in cell volume regulation.30 For example, it has been demon-
strated31 that ClC-3 Cl- channels in the endothelial cell plasma membrane may be a 
prominent route for transmembrane flux of ROS. Future studies will certainly focus 
on such a possibility in PASMCs.
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Abstract The identification of mutations in the bone morphogenetic protein 
(BMP) type II receptor in the majority of cases of familial pulmonary arterial 
hypertension (PAH) has provided a focus for researchers studying the complex 
pathobiology of this condition. Mutations are also found in a proportion of idio-
pathic PAH cases and it is now emerging that dysfunctional BMP signaling plays 
a role in other more common forms of PAH, even in the absence of mutations in 
the gene. Study of the role of BMP signaling in endothelial, smooth muscle cell, 
progenitor cell and inflammatory cell biology may reveal novel pathways lending 
themselves to therapeutic intervention in PAH. This chapter summarizes the present 
status of our understanding of the role of BMPR-II mutations in PAH and indicates 
future directions for research.

Keywords Bone morphogenetic proteins • pulmonary hypertension • genetics • 
signal transduction • vascular biology

1  Introduction

Idiopathic pulmonary arterial hypertension (PAH) is a rare but devastating condition. 
It affects approximately two or three individuals per million per year and typically 
affects young women (female/male ratio, 2.3:1). The occlusion of small, peripheral 
pulmonary arteries leads to a persistently elevated pulmonary vascular resistance, a 
raised pulmonary arterial pressure, and ultimately death from right heart failure. 
Before the modern treatment era, therapy was usually symptomatic, and life expec-
tancy was short. The term pulmonary arterial hypertension refers to a variety of 
forms of precapillary pulmonary hypertension. PAH is known to be associated with 
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systemic diseases such as collagen vascular disease, HIV infection, or the ingestion 
of drugs or toxins and may also be found in association with congenital heart 
disease. Idiopathic PAH remains a diagnosis of exclusion. In 6–10% of cases of 
idiopathic PAH, there is more than one affected family member, and the condition 
is referred to as familial or heritable PAH. Despite the diverse aetiology of PAH in 
these subdivisions, the group may share a common pathogenesis and as such may 
be amenable to new advances in therapeutic approaches to the disease.

2  The Pathology of PAH

The pathology of PAH is characterised by vascular remodelling, in situ thrombus for-
mation, and varying degrees of inflammation. Vascular remodelling occurs as a result 
of abnormal proliferation and survival of vascular smooth muscle cells and myofibro-
blasts, leading to medial hypertrophy and concentric intimal lesions; the adventitia 
becomes thickened by increased numbers of activated fibroblasts. Altered proliferation 
and survival of endothelial cells contributes to the formation of so-called plexiform 
lesions. Widespread pulmonary endothelial dysfunction also leads to changes in the 
release of mediators of vascular tone, which in turn has an impact on smooth muscle/
myofibroblast function. In the normal pulmonary circulation, there is a finely regulated 
balance between locally released and circulating vasoconstrictive agents and vasodila-
tors. In contrast, pulmonary hypertension is associated with increased levels of the 
vasoconstrictors endothelin 1 and serotonin and increased generation of angiotensin II, 
concomitant with a reduction in vasodilators or their signalling pathways, such as 
nitric oxide and prostacyclin. The resulting imbalance favours the progression of pul-
monary hypertension and has become a useful target for therapy.

Despite the development of several new therapies for PAH, the majority of these 
drugs primarily serve to redress the imbalance between vasoconstrictor and vasodila-
tor pathways. They may also, but to a lesser extent, have an impact on the process of 
vascular remodelling. The clinical course of the majority of patients remains one of 
eventual deterioration, suggesting that vascular remodelling eventually progresses. 
Genetic studies identified a major growth factor pathway involved in the pathogenesis 
of familial PAH that is likely to have important implications for our understanding of 
disease pathobiology and in the design of novel therapeutic strategies.

3  Genetics of Familial PAH

Approximately 10% of cases of idiopathic PAH have an affected relative.1 In these 
families, the disease segregates in an autosomal dominant pattern, often with mark-
edly reduced penetrance. True estimates of penetrance are yet to be reported, and will 
probably vary with the nature of the underlying mutation, but on average is of the 
order of 20–30%.2,3 Thus, many patients who carry the disease gene will not manifest 
clinical PAH. Nevertheless, the relative risk for PAH in someone carrying a BMPR2 
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mutation is on the order of 105 compared with a carrier of the wild-type allele. The 
often markedly reduced penetrance in families with PAH provides evidence that some 
form of ‘second hit’ is required in addition to the mutation to lead to the manifestation 
of clinical disease. Following localisation of the disease gene to the long arm of chro-
mosome 2 (2q33),4 two independent groups identified heterozygous germline muta-
tions in the bone morphogenetic protein type II receptor (BMPR-II), a receptor for 
the transforming growth factor b (TGF-b) superfamily, in patients with familial 
PAH.5,6 Mutations in the BMPR2 gene have been found in approximately 80% of 
families.7 In addition, 15–40% of patients with apparently sporadic idiopathic PAH 
have also been found to harbour similar mutations.8 At least a proportion of these are 
examples of familial PAH, in which the condition has not manifested in relatives due 
to low penetrance,2 whereas others are examples of de novo mutation. To date, some 
144 distinct mutations have been identified in 210 independent patients with familial 
PAH.7 A number of studies have looked for BMPR2 mutations in other forms of PAH. 
Mutations have been identified in some subjects with appetite suppressant-related 
PAH and in children with PAH and congenital heart disease. They have also been 
reported in a few patients with pulmonary veno-occlusive disease. Intriguingly, muta-
tions in the TGF-b type I receptor, activin receptor-like kinase (ALK) 1, which is 
usually found in patients with type 2 hereditary hemorrhagic telangiectasia, have also 
been identified in patients with severe PAH.

Approximately 30% of mutations are missense mutations occurring in highly con-
served amino acids with predictable effects on receptor function. For example, many 
of these involve the serine-threonine kinase domain of BMPR-II or the extracellular 
ligand-binding domain. However, the majority (approximately 70%) of BMPR2 cod-
ing mutations are frame-shift and nonsense mutations, many of which would be 
expected to produce a transcript susceptible to nonsense-mediated mRNA decay 
(NMD). Thus, haploinsufficiency for BMPR-II represents the predominant molecular 
mechanism underlying inherited predisposition to familial PAH. Further genetic analy-
sis, including the identification of gene deletions and rearrangements, is revealing an 
increasing number of families in which BMPR-II mutation is implicated.9,10 The genet-
ics of familial PAH and BMPR-II mutations has been reviewed in detail.7

4  Normal BMPR-II Signalling

Bone morphogenetic proteins (BMPs) are the largest group of cytokines within the 
TFG-b superfamily and were originally identified as molecules regulating growth and 
differentiation of bone and cartilage.11 BMPs are now known to regulate growth, dif-
ferentiation, and apoptosis in a diverse number of cell lines, including mesenchymal and 
epithelial cells, acting as instructive signals during embryogenesis and contributing to 
the maintenance and repair of adult tissues.11–13 TGF-b superfamily type II receptors are 
constitutively active serine/threonine kinases and form homodimers, existing either 
constitutively or recruited to receptor complexes on ligand stimulation.14 BMPR-II is 
distinguished from other TGF-b superfamily type II receptors by a long carboxyl-ter-
minal sequence following the intracellular kinase domain.15 Both long and short forms 
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of BMPR-II have been isolated, with the short-form splice variant lacking most of exon 
12.16 Although the short form of the receptor is widely expressed in human tissues, it is 
not known whether this form of the receptor serves a differential function compared to 
the long form. BMPR-II initiates intracellular signalling in response to specific ligands: 
BMP2, BMP4, BMP6, BMP7, BMP9, BMP10, GDF5 [growth and differentiation fac-
tor], and GDF6.15 Ligand specificity for different components of the receptor complex 
are emerging that may have functional significance to the tissue-specific nature of BMP 
signalling. The extreme tissue specificity of BMP signalling is highlighted by the 
diverse human diseases associated with mutations in type I and II receptors. Whereas 
BMPR-II mutation is associated with familial PAH, BMPRIA mutation causes familial 
juvenile colonic polyposis,17 and BMPRIB mutation causes hereditary brachydactyly.18 
The majority of ligands (BMP2, -4, -7; GDF5 and -6) bind with high affinity to the type 
I receptors, predominantly BMPRIA (ALK-3) or BMPRIB (ALK-6) and with very low 
affinity to BMPR-II. GDF5 demonstrates specificity for BMPRIB.19 In contrast, BMP6 
binds with high affinity to BMPR-II. BMP9 and BMP10 have been identified as ligands 
for a receptor complex comprising BMPR-II and ALK-1, providing new insight into the 
link between PAH and hereditary hemorrhagic telangiectasia. BMP9 and BMP10 are 
expressed in the heart, so they may be key cardiac-derived factors regulating pulmonary 
vascular function. BMP9 stimulates Smad1/5/8 phosphorylation and, in contrast to 
BMP2 and BMP4, inhibits angiogenic processes in endothelial cells.20 Furthermore, 
BMP9, at circulating concentrations, is a vascular quiescence factor, suggesting that 
mutations in these receptors may lead to an activated endothelial state.21 However, 
BMPR-II small-interfering RNA (siRNA) does not alter BMP9/10 signalling as activin 
type II receptors (ActR-II) compensates for the functional loss of BMPR-II. Loss of 
endoglin or ALK-1 function in hereditary hemorrhagic telangiectasia (HHT) may have 
a greater impact on BMP9/10 functions, providing some explanation for the differing 
pathologies of HHT and PAH. Unlike ALK-1 and endoglin, BMPR-II is also expressed 
by smooth muscle cells. This differential distribution, combined with alternative ligand–
receptor responses, may contribute to the differences between HHT and PAH.

Following ligand binding, the type II receptor phosphorylates a glycine-serine-
rich domain on the proximal intracellular portion of an associated type I receptor. 
Conformational changes that occur in the ligand–receptor complex when both 
receptor types contact ligand are required for cross-linking of the ligand to 
BMPR-II and intracellular signal transduction.

BMP signalling is regulated at many different levels, for example, by endoge-
nous inhibitors of BMP binding/signalling (e.g. Noggin, Chordin, Follistatin, 
BAMBI, and Smad ubiquitination and regulatory factor [Smurf] 1); the levels of 
expression of specific BMPs; activation of the inhibitory Smads (Smad6 and -7); 
interactions with other growth signalling pathways, possibly such as those down-
stream of serotonin receptors, and nuclear co-activators and co-repressors. In addi-
tion, BMP signalling may be regulated by the type and density of type I and II 
receptors available for dimerisation, dictating the relative levels of pre-formed vs. 
ligand-induced receptor complexes and therefore the differential activation of 
downstream signalling pathways. Such diverse levels of regulation may be respon-
sible for the tissue specificity of BMP signalling and may, for example, underlie the 
pulmonary specific pathology seem in PAH.
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In the presence of ligand, activated type I receptors in turn phosphorylate cytoplasmic 
signalling proteins known as Smads, which are responsible for TGF-b superfamily signal 
transduction.22 BMPs signal via a restricted set of receptor-mediated Smads (R-Smads) 
(Smad1, -5, and -8), which must complex with the common partner Smad (Co-Smad), 
Smad4, to translocate to the nucleus. TGF-b and activins signal via a different set of 
R-Smads, Smad2 and -3. Target gene transcription is regulated by a variety of mecha-
nisms, including direct binding of the Smad complex to DNA, interaction with other DNA 
proteins, such as activator receptor (AP-1) and transcription factor E3 (TFE-3), and 
recruitment of transcriptional co-activators or co-repressors.22 Switching off Smad signal-
ling in the cell is achieved via Smurfs23 and by recently identified Smad phosphatases.24

Although Smad signalling has been recognised as the canonical BMP signalling path-
way, there is mounting evidence that the mitogen-activated protein kinases (MAPKs), 
including p38MAPK, p42/44MAPK (extracellular signal-regulated kinase [ERK] 1/2), and 
c-Jun N-terminal kinases and stress activated protein kinases are regulated by BMPs and 
TGF-bs in certain cell types.25,26 MAPK signalling has been reported to positively and 
negatively regulate Smad signalling, depending on the cell type and system studied.

5  Interactions Between MAPK and Smad Signalling

R-Smads consist of a conserved globular Mal homology (MH)1 and an MH2 domain 
connected by a linker region. The MH1 domain is involved in DNA binding and the 
MH2 domain in binding to cytoplasmic retention factors, activated receptors, nucleo-
porins in the nuclear pore, and DNA-binding co-factors, co-activators, and co-repres-
sors in the nucleus. Receptor-mediated phosphorylation occurs at the carboxy-terminal 
sequence SXS.22,26 This enables the nuclear accumulation of Smads and their associa-
tion with the shared partner Smad4 to form transcriptional complexes that are inter-
preted by the cell as a function of the context. In contrast, the linker region of Smad1 
contains four PXSP sites that are susceptible to phosphorylation by MAPK, specifi-
cally ERK1/2. This prevents the nuclear localisation of Smad1 and inhibits BMP 
signalling. These results led to the proposal that the BMP and epidermal growth fac-
tor (EGF)/Ras/MAPK pathways converge on Smad1 by phosphorylating the carboxy-
terminal tail and the linker region, respectively, with opposite effects.27,28 The balance 
of these two inputs would determine the level of Smad1 activity in the nucleus and 
thus the participation of BMP signalling in the control of cell fate (Fig. 16.1).

6  The Consequences of BMPR2 Mutation  
for BMP/TGF-b Signalling

Two studies have shown that the mechanism by which BMPR-II mutants disrupt 
BMP/Smad signalling is heterogeneous and mutation specific.29,30 Of the missense 
mutations, substitution of cysteine residues within the ligand-binding or kinase 
domain of BMPR-II leads to reduced trafficking of the mutant protein to the cell 
surface, a process that may also interfere with BMP type I receptor trafficking. In 
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contrast, non-cysteine mutations within the kinase domain reach the cell surface but 
fail to activate Smad-responsive luciferase reporter genes due to an inability to 
phosphorylate BMP type I receptors. Mutations in the ligand-binding and kinase 
domains exhibit a dominant negative effect on wild-type receptor function in terms 
of Smad signalling. We have shown that the ligand-binding domain mutants are 
partially functional, and trafficking of mutant BMPR-II to the cell membrane can 
be restored with chemical chaperones, such as sodium 4-phenylbutyrate, with rescue 
of BMP signalling.31 Interestingly, BMPR-II mutants with missense mutations 
involving the cytoplasmic tail are able to traffic to the cell surface and are capable 
of activating Smad-responsive luciferase reporter genes to some extent but are 
almost certainly relatively deficient in their ability to transduce signals via Smads. 
In addition, pulmonary artery smooth muscle cells (PASMCs) from mice heterozy-
gous for a null mutation in the BMPR2 gene are also deficient in Smad signal-
ling.32,33 Thus, haploinsufficiency or missense mutation leads to a loss of signalling 
via the Smad1/5 pathway via the majority of BMP ligands. In contrast, marked 
siRNA knockdown (>90%) of BMPR-II leads to increased Smad signalling in 
response to some ligands, for example, BMP7.32 This effect appears to be mediated 
by increased signalling via ActR-II in the absence of BMPR-II. The significance of 
this finding remains to be determined since studies in human mutant cells and ani-
mal models are consistent with reduced BMP signalling in lung cells.

Our group has shown that PASMCs isolated from patients with idiopathic or 
familial PAH exhibit an exaggerated growth response to TGF-b1.34 TGF-b1 is not a 
ligand for the BMP receptors. In addition, the abnormal response to TGF-b does not 
seem to be due to alterations in the expression of TGF-b type I, II, or III receptors.34 
The molecular basis of this observation remains unclear but may be due to reciprocal 
regulation of Smad1/5 and Smad2/3 signalling as reported in endothelial cells.35–37

Fig. 16.1 Pathways potentially involved in the regulation of BMP receptor mRNA expression, 
receptor protein expression and Smad signalling. RTK receptor tyrosine kinases; ERK extracellular 
signal-regulated kinases; HHV-8 human herpes virus 8; HIV human immunodeficiency viruses
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7  Studies in Cells and Tissues from PAH Patients

BMPR-II is widely expressed in normal tissues and cells.15 In the lung, BMPR-II is 
highly expressed on the vascular endothelium of the pulmonary arteries.38 The recep-
tor is also expressed, albeit at a lower level, in PASMCs and fibroblasts. The expres-
sion of BMPR-II is markedly reduced in the pulmonary vasculature of patients with 
mutations in the BMPR-II gene.38 Notably, BMPR-II expression is also significantly 
reduced in the pulmonary vasculature of patients with idiopathic PAH in whom no 
mutation in the BMPR2 gene was identified. These studies suggest that a critical 
reduction in the expression of BMPR-II may be important to the pathogenesis of 
PAH whether or not there is a mutation in the gene. In addition, since the level of 
BMPR-II expression in familial cases was considerably lower than predicted from 
the state of haploinsufficiency, this suggests that some additional environmental or 
genetic factor may be necessary to further reduce BMPR-II expression below the 
threshold, which triggers profound vascular remodelling (Fig. 16.2). Reduced 
expression of BMPR1A receptor has also been reported in PAH of diverse aetiolo-
gies.39 Studies of BMPR2 gene promoter activity may reveal important regulatory 
elements responsible for expression of BMPR-II transcripts. To date, 3-hydroxy-3-
methyl-glutasyl tat protein has been shown to inhibit expression of BMPR-II, which 
is of interest given the increased prevalence of PAH in HIV-infected patients.40 
Conversely, the HMG coenzyme A (CoA) reductase inhibitor simvastatin enhances 
BMPR-II promoter activity and prevents pulmonary hypertension in rat models.41

In addition to the receptors, phosphorylation of Smad1/5 is reduced in the pul-
monary arterial wall of patients with underlying BMPR2 mutations and patients 

Fig. 16.2 Cross talk between receptor tyrosine kinases (RTKs), ERK1/2, and BMP/Smad signalling 
and their integration at the level of Id gene expression
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with idiopathic PAH with no identifiable mutation.42 Thus, reduction occurs not 
only of BMPR-II expression but also of activation of the main downstream signal-
ling pathway in patients with familial and idiopathic PAH.

Animal models of pulmonary hypertension, such as that induced by high flow in 
pigs,43 or chronic hypoxia,44 or monocrotaline in rats, have now also demonstrated 
reduced BMPR-II expression. Whether these changes in BMPR-II expression 
observed in animal models are a cause or the consequence of pulmonary vascular 
remodelling remains to be determined. One study has demonstrated increased 
expression of phospho-Smad2 in small pulmonary arteries of patients with idio-
pathic PAH, lending support for the concept that a reduction in BMPR-II/Smad1, 
-5 signalling can lead to increased signalling via TGF-b/ALK-5/Smad2, -3.45 
Earlier studies in idiopathic PAH lung had confirmed increased expression of 
TGF-b isoforms in remodelling arteries.46

Several groups have explored the response of pulmonary vascular cells from 
patients and controls in vitro. The response of PASMCs to BMP ligands depends 
to some extent on the anatomical origin of cells. The serum-stimulated prolifera-
tion of cells harvested from the main or lobar pulmonary arteries tends to be inhib-
ited by TGF-b1 and BMP-2, -4, and -7.42 Indeed, BMPs may induce apoptosis in 
these cells.47 Using a dominant negative Smad1 construct, the growth inhibitory 
effects of BMPs have been shown to be Smad1 dependent.42 In contrast, in 
PASMCs isolated from pulmonary arteries of 1- to 2-mm diameter, BMP-2 and -4 
stimulate proliferation.42 This pro-proliferative effect of BMPs in peripheral cells 
is dependent on the activation of ERK1/2 and p38MAPK. Both Smad and MAPK 
pathways are activated to a similar extent in cells from both locations, but the inte-
gration of these signals by the cell seems to differ. As discussed, MAPK activation 
has an inhibitory effect on Smad1/5 signalling by Smad linker region phosphoryla-
tion. We have shown that this cross talk is active and important in PASMCs in 
terms of Smad signalling, transcriptional regulation of BMP responsive genes, and 
cell proliferation.48

The response of vascular endothelial cells to the majority of BMPs in vitro is in 
complete contrast to PASMCs. Endothelial cells proliferate, migrate, and form 
tubular structures in response to BMP4.49 The proliferation is driven via Smad1/5 
activation and dependent on the induction of the inhibitors of DNA binding (Id) 
family of transcription factors. In addition, BMPs protect endothelial cells from 
apoptosis.50 One caveat to these studies is that BMP9 appears to inhibit endothelial 
cell (EC) proliferation. Knockdown of BMPR-II with siRNA increases the suscep-
tibility of pulmonary artery endothelial cells to apoptosis.

The contrasting effects of BMPs in the pulmonary vascular endothelium and the 
underlying PASMCs provide a compelling model for pulmonary vascular damage and 
remodelling in familial PAH. A critical reduction in BMPR-II function in the 
endothelium may promote increased endothelial apoptosis, which compromises 
the integrity of the endothelial barrier and contributes to endothelial dysfunction. 
This would allow ingress of serum factors to the underlying intima and stimulate 
activation of vascular elastases. It is conceivable that high rates of apoptosis in  
the endothelium would favour the development of apoptosis-resistant clones of 
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endothelial cells and lead to plexiform lesion formation. In addition, apoptosis and 
engulfment of apoptotic cells is known to be accompanied by the robust release of 
TGF-b. In the underlying media, PASMCs already compromised in their ability to 
respond to the growth-suppressive effects of BMPs are exposed to TGF-b, which 
because of a deficient Smad1/5 pathway causes an exaggerated growth response, as 
described. This emerging hypothesis is now open to direct testing both in vitro and 
in vivo.

8  Studies in Transgenic and Knockout Mice

Studies of knockout mice reveal the critical role of the BMP pathway in early 
embryogenesis and vascular development. Homozygosity for a null mutation in 
BMPR2 is lethal prior to gastrulation.51 Mice deficient in Smad5, one of the BMP-
restricted Smads, die due to defects in angiogenesis, specifically failure to recruit 
vascular smooth muscle to endothelial structures.52 Heterozygous BMPR-II+/- mice 
survive to adulthood and breed normally with no readily discernable phenotype. 
This mouse, at least at the genetic level, mimics the state of haploinsufficiency 
underlying the majority of families with PAH. In general, the mouse pulmonary 
vascular bed seems resistant to extensive and severe vascular remodelling seen in 
human disease. Heterozygous BMPR2+/– mice have been shown to have no,33 or 
little,53 resting elevation of pulmonary arterial pressure under normal conditions. 
However, when heterozygotes are exposed to lung overexpression of interleukin 
(IL) 1b54 or infused chronically with serotonin,33 they develop a greater elevation of 
pulmonary artery pressure compared with wild-type littermate controls. These 
observations support the hypothesis that BMPR-II dysfunction increases the sus-
ceptibility to pulmonary hypertension when exposed to another environmental 
stimulus. However, this response depends on the stimulus because chronic hypoxia, 
a commonly used animal model, does not increase susceptibility to pulmonary 
hypertension in BMPR2+/– mice.33 The relatively low penetrance of the PAH within 
families supports a ‘two-hit’ hypothesis in which the vascular abnormalities char-
acteristic of idiopathic PAH are triggered by accumulation of genetic or environ-
mental insults in a susceptible individual. Environmental injury, such as the 
ingestion of appetite suppressants that results in an increase in serotonin signalling, 
may impose an additional burden predisposing to disease. Acquired somatic muta-
tions in the TGF-b type II receptor and Smad4 are well-recognised associations 
with certain gastrointestinal cancers,55 a disease process in which such a two-hit 
paradigm is well recognised.

There is some evidence that increasing the level of BMPR-II dysfunction will 
cause pulmonary hypertension in mice. Thus, transgenic overexpression of a domi-
nant negative kinase domain mutant BMPR-II in vascular smooth muscle causes 
increased pulmonary vascular remodelling and pulmonary hypertension.56 
Interestingly, transgenic mice expressing a hypomorphic BMPR-II survive gastru-
lation but die at midgestation with cardiovascular and skeletal defects, including 
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defects in the outflow tract of the heart.57 This study demonstrated the importance 
of gene dosage in BMP signalling. In addition, cardiac defects have been recogn-
ised in some individuals with BMPR2 mutations.58 Further studies are needed with 
conditional knockout mice to overcome the essential requirement of BMPR-II dur-
ing early embryogenesis and to examine the importance of endothelial vs. smooth 
muscle expression of mutant BMPR-II. A study showed that conditional deletion 
of BMPR-II in the endothelium led to pulmonary vascular remodelling associated 
with inflammation and in situ thrombosis in a subset of mice.59 If a more robust 
model of PAH could be established, this would clearly benefit the search for tar-
geted therapies and would provide a means of searching for genetic modifiers of 
disease expression.

Two studies have evaluated the utility of increasing expression of BMPR-II by gene 
therapy in rat models of PAH. In the monocrotaline model, adenoviral delivery of 
BMPR-II via the airways failed to prevent monocrotaline-induced pulmonary hyper-
tension.60 However, targeted gene delivery of BMPR-II to the pulmonary vascular 
endothelium did significantly reduce pulmonary arterial pressure and right ventricular 
hypertrophy in chronically hypoxic rats.61 Further evaluation of targeted delivery of 
BMPR-II is warranted in these models.

9  BMPs as Inhibitors of Tissue Remodelling

Evidence shows that BMP2 inhibits serum-stimulated and growth factor-induced 
proliferation of human aortic smooth muscle cells and induces the expression of 
smooth muscle cell differentiation markers.62 Adenovirus-mediated overexpres-
sion of BMP2 has been shown to inhibit injury-induced intimal hyperplasia in a 
rat carotid artery balloon injury model.63 BMP7, but not BMP4, ameliorates renal 
fibrosis induced by TGF-b in rat models of glomerular sclerosis.64,65 In addition, 
adenoviral delivery of BMP7, Id2, or Id3 suppressed the epithelial-to-mesenchy-
mal-cell transition in the injured mouse lens.66 Remarkably few, if any, studies 
have addressed the role of BMP pathways in lung fibrosis, injury, or remodelling. 
BMPs clearly play a major role during lung morphogenesis,23,67,68 and there is 
some evidence that they afford protection against lung fibrosis. Since TGF-b 
signalling plays such a dominant role in lung remodelling, studies of the interac-
tion with the BMP pathway in airway and parenchymal lung disease are clearly 
needed.

10  Inhibiting TGF-b Signalling

There is evidence for enhanced TGF-b signalling in the setting of human and 
experimental models of pulmonary hypertension.69 In addition, PASMCs from 
patients with idiopathic PAH are resistant to the antiproliferative effects of TGF-b. 
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This is also apparent in PASMCs harbouring mutations in BMPR-II or cells in 
which BMPR-II expression has been knocked down by RNA interference. The 
precise mechanisms behind these observations are under investigation, but they 
raise the possibility that blocking the TGF-b type I receptor ALK-5 may be of 
potential therapeutic benefit. Indeed, three studies have now shown that the small 
molecule inhibitor of ALK-5 in the rat monocrotaline model is effective in prevent-
ing the development of pulmonary hypertension when treatment is initiated early 
and inhibits progression of disease if administered when disease is already estab-
lished. ALK-5 inhibition seems less effective in the chronically hypoxic rat model, 
although deficiency of the TGF-bRII receptor in mice has been shown to ameliorate 
the development of PH.69 Monocrotaline-induced PH in the rat is associated with 
increased expression of TGF-b1, increased Smad2/3 phosphorylation, and increased 
expression of TGF-b target genes. ALK-5 inhibition effectively targeted these path-
ways in vivo.69

11  Summary and Future Directions

The role of BMPs and BMP signalling in lung disease remains at an early stage. 
Although clearly of direct relevance to PAH, this pathway is likely to contribute to 
other lung pathologies characterised by tissue remodelling, such as lung fibrosis 
and chronic obstructive pulmonary disease. Further exploration of the contribution 
of BMPs and the functional antagonism with the TGF-b pathway may reveal new 
targets for therapeutic intervention. Well-planned and large-scale genetic studies 
are now required to identify additional genetic factors that increase susceptibility 
to PAH. Such factors may have a further impact on the state of BMPR-II dysfunc-
tion. Future functional studies need to identify the cell- and tissue-specific abnor-
malities in gene expression and cell growth/survival that are responsible for 
pulmonary vascular remodelling. In addition, studies are required to determine the 
molecular mechanism of the interaction between BMP and TGF-b pathways in 
lung cells. Further refinement of animal models using conditional cell-specific 
transgenic and knockout mice will also be necessary to understand the lung speci-
ficity of familial PAH.
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Abstract The gene for the type 2 receptor for the bone morphogenic pathway, 
BMPR2, is mutated in a large majority of familial pulmonary arterial hypertension 
(PAH),. However, the mechanisms linking BMPR2 mutation to disease remain 
obscure. BMPR2 potentially signals through multiple immediate downstream path-
ways, including Smad, MAPK, LIM domain kinase 1 (LIMK) and dynein, light chain, 
Tctex-type 1 (TCTEX), v-src sarcoma viral oncogene homolog (SRC), and nuclear 
factor kappa-B (NFkB). Functional consequences of BMPR2 mutation, largely ascer-
tained from animal models, include a shift from contractile to synthetic phenotype 
in smooth muscle, probably downstream of Smad signal; alterations in expression 
of actin organization related genes, possibly related to focal adhesions; alterations in 
cytokines and inflammatory cell recruitment; increased proliferation and apoptosis; 
and increased collagen and matrix. A synthesis of the available data suggests that 
the normal role of BMPR2 in adult animals is to assist in injury repair. BMPR2 is sup-
pressed in injured tissue, which facilitates inflammatory response, shift to a synthetic 
cellular phenotype, and alterations in migration or permeability of cells in the vascular 
wall. We thus hypothesize that BMPR2 mutation thus leads to an impaired ability to 
terminate the injury repair process, leading to strong predisposition to PAH.

Keywords Bone morphogenetic protein receptor • genetics • inflammatory cells • 
signal transduction • hypoxia

1  Introduction

A subset (6–8%) of idiopathic pulmonary arterial hypertension (PAH) is associated 
with dominant inheritance within families with incomplete penetrance. Since dis-
ease in these patients with familial PAH is functionally indistinguishable from 
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disease in patients with sporadic PAH, determination of the predisposing gene 
ought to provide strong evidence of the molecular etiology of disease in not only 
familial but also all PAH. This is particularly important since human patients with 
idiopathic PAH present in end stage, making early events obscure. Existing treat-
ments, primarily consisting of a variety of vasodilators, are capable of extending the 
life span but are ineffective in stopping or reversing disease. Understanding the 
molecular etiology of disease ought to make possible treatments that address root 
causes rather than end-stage manifestations.

In 2000, the type 2 receptor for the bone morphogenetic pathway, BMPR2, was 
found to be mutated in a large majority of familial PAH cases1,2 and in 10–20% of 
sporadic cases.3 To that point, however, the bone morphogenetic protein (BMP) 
pathway had primarily been studied in the context of embryonic development,4 and 
patients with familial PAH had no apparent developmental abnormalities. The role 
of BMPR2 in adults, particularly in adult lung, was largely unknown.

The purpose of this chapter is to compile the existing evidence for the function 
of BMPR2 in the adult pulmonary vasculature, including immediate effectors of 
BMPR2 signaling, downstream consequences of BMPR2 dysfunction in animal 
models, connections between these, and an interpretation of the overall meaning of 
these in the context of genes known to modify penetrance or age of onset.

2  BMPR2 Signaling Pathways

BMPR2 is a highly conserved single-pass transmembrane receptor and exists on 
the cell surface as part of preformed homomeric (BMPR2/BMPR2) or hetero-
meric (BMPR2/ALK [activin receptor-like kinase] 3 or ALK6) complexes5; the 

Fig. 17.1 Published signaling pathways downstream of BMPR2. The Smad pathway is best 
characterized, but others may be important to PAH
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nature of these complexes provides some downstream signaling specificity.6 In 
the presence of any of the host of BMP ligands, a tetramer consisting of two 
BMPR2 and two type 1 receptors (ALK3, ALK6, perhaps ALK5) forms. In the 
canonical Smad signaling pathway, the type 2 receptor then phosphorylates the 
type 1 receptor, which when phosphorylated can phosphorylate the receptor regu-
lated Smads (Smad1, -5, or -8). These then complex with Smad4, enter the 
nucleus, and drive transcription targets.

While in the majority of the literature it is assumed that BMPR2 signals primarily 
through the Smad pathway, several additional signaling pathways downstream of 
BMPR2 have been reported.5 Consideration of the role of all potential signaling 
pathways, and their interaction with each other, is particularly important because 
many BMPR2 mutations in human familial PAH appear to leave Smad signaling 
intact.7 In addition to Smad, BMPR2 has been reported to signal through p38 and 
p42/44 MAPK (mitogen-activated protein kinase),8,9 actin organization-related 
proteins LIM domain kinase 1 (LIMK)10 and dynein, light chin, Tetex-type 1 (TCTEX),11 
nuclear facter Kappa-B (NFkB),12 and v-src sarcoma viral oncogene homolog 
(SRC)13 (Fig. 17.1). Further, decreased BMP signaling has been predicted to result 
in increased TGF-b signaling.14

2.1  Smad

The Smad transcription factors are most strongly associated with driving the dif-
ferentiation state in development.15 Possibly as a side effect of this, Smad signaling 
is both antiproliferative and antiapoptotic.16 In addition, Smad signaling is explic-
itly required to drive smooth muscle differentiation.17 Further, there is direct cross 
talk between Smad1 and STAT3, the effector of interleukin (IL) 6,18 giving Smad 
signaling a direct role in regulation of inflammatory signaling. Loss of Smad signal 
could thus be proproliferative, proapoptotic, and proinflammatory and cause loss of 
terminal differentiation.

2.2  Mapk

Phosphorylation and activation of p42/44 and p38 MAPK are induced both by BMP 
ligand and by many BMPR2 mutations.8,9 The data are suggestive of loss of inhibi-
tion of activation rather than direct activation; BMP-dependent activation of MAPK 
may thus be context specific. The mechanism for this is still not entirely clear, 
although it could be bridging of X-linked Inactivator of Apoptosis (XIAP) by acti-
vated BMP receptor complexes, allowing activation of a TGF-beta activated kinase 
binding protein 1 (TAB1)/TAK1  complex, which itself phosphorylates  several 
MAPKs.5,19 Phosphorylated MAPK, in cooperation with wingless-type MMTV 
integration site family (WNT) signaling and Smad specific E3 ubiquitin protein 
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ligase 1 (SMURF1), marks activated Smad for ubiquitination20; it would thus be 
 counterregulatory. Although their targets vary, activation of any of the MAPKs is a 
stress response, with roles in proliferation, apoptosis, and inflammatory signaling 
that are highly context specific.21

2.3  Actin Organization

LIMK and dynein, light chain, Tctex-type 1 (TCTEX) proteins are both related to 
actin organization and bind to the long cytoplasmic tail that is unique to BMPR2 
among its related receptors.10,11 LIMK is itself activated by the central actin orga-
nization kinase ROCK, and when activated it phosphorylates and inactivates 
 cofilin, preventing cofilin-mediated actin depolymerization. LIMK is bound and 
inactivated by BMPR2. The R899X mutation of BMPR2 is incapable of binding 
or inactivating LIMK in vitro,10 which should lead to increased cofilin phospho-
rylation. However, in vivo in mice that universally overexpress the R899X 
 mutation of BMPR2, there is an immediate and consistent threefold decrease in 
cofilin phosphorylation (unpublished data), suggesting that the mechanism of 
BMPR2 regulation of LIMK is somewhat more complex.

TCTEX is a possibly dispensable22 light chain of the cytoplasmic motor complex 
dynein with additional dynein-independent roles, including a role in G protein signaling.23 
Functional consequences of its association with BMPR2 have not yet been investi-
gated, although TCTEX plausibly plays a role in migration.24

2.4  SRC and NFkB

v-src sarcoma viral oncogene homolog (SRC) is a tyrosine-protein kinase with 
roles in development, differentiation, and cell growth, among others. For instance, 
SRC is heavily implicated in regulating macrophage migration and recruitment to 
inflammatory sites25 and cooperates with neuregulin, a LIMK interactor, in 
cytoskeletal remodeling in myocytes.26 SRC is inhibited by phosphorylation, and 
in wild-type cells, BMP signaling results in SRC binding and increased SRC phos-
phorylation; this activity requires an intact C terminus of BMPR213 and may 
require an intact kinase domain. Thus, most BMPR2 mutations found in familial 
PAH ought to result in increased SRC activity, with downstream consequences 
including proliferation, migration, and inflammatory signaling.

NFkB is another potential target of BMP signaling; the same XIAP–TAB1– 
TGF-beta activated kinase 1 (TAK1) complex through which MAPK is activated 
can also activate NFkB through IKK.12 Inducible transgenic mice expressing the 
R899X BMPR2 mutation universally for 4 weeks, starting as adults, showed sub-
stantial increases (three to four times the amount) in p50/p50 or p50/RelA binding 
to NFkB targets compared to controls (unpublished data). Both these mice and 
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humans with idiopathic PAH also showed NFkB translocation to the nucleus in 
cells as yet unidentified within complex lesions (unpublished data). Further, there 
is evidence that this regulation may be mutual; there are NFkB transcription factor-
binding sites conserved in the same location in the BMPR2 promoter in mice, rats, 
dogs, primates, and humans. NFkB is the “master switch” for inflammatory 
response27; if loss of proper BMP signaling results in increased NFkB activity, this 
would result in broad increases in inflammatory signaling.

3  In Vivo Consequences of BMPR2 Mutation

While immediate effectors of BMPR2 signaling are known, including Smad, MAPK, 
LIMK, TCTEX, SRC, and possibly NFkB, the consequences of BMP signaling 
through these pathways is largely unknown in adults. To address this, we created a set 
of doxycycline-inducible transgenic mouse models. Each mouse requires two trans-
genes: a tissue-specific promoter driving the reverse tetracycline transactivator (rtTA) 
and the TetO7 promoter driving a BMPR2 mutation. The TetO7 promoter drives 
transcription in the presence of both rtTA and doxycycline. These transgenic mice 
thus only express BMPR2 mutation in specific tissues only when fed doxycycline.

The two models for which we have the most data both use only smooth muscle 
expression, of either an R899X mutation,28 referred to as BMPR2R899X, or a T base 
insertion at basepair 504 at the end of coding exon 4,29 referred to as BMPR2delx4+. 
In addition, we have expressed both of these mutations under control of a universal 
promoter (Rosa26-rtTA2) and the BMPR2delx4+ under the control of an endothelial-
specific promoter (Tie2-rtTA). Comparison between the effects of these models 
allows substantial information about both the roles of different tissues and the rela-
tive roles of Smad and non-Smad downstream signaling.

3.1  Smad

The BMPR2delx4+ mutation acts as a dominant negative for all BMPR2 functions,29 
while the BMPR2R899X mutation leaves Smad signaling intact.28 Differences in 
immediate dysregulation of signaling between these two models are presumably 
substantially due to Smad signaling. The primary phenotypes seen in BMPR2delx4+ 
animals not seen in BMPR2R899X animals, both expressed only in smooth muscle, 
were loss of smooth muscle markers combined with increases in specific cytokines 
and increased expression of complement pathway genes.28,30 This suggests that 
loss of Smad contributes to the development of PAH in two ways. First, loss of 
Smad signaling through BMPR2 results in alteration of smooth muscle from a 
contractile to a synthetic state, which causes both defects in vasoreactivity and 
increased propensity for proliferation. Second, loss of Smad signaling results in an 
increase in cytokine and complement activation, which would predispose to 
increased injury response.
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3.2  Actin Organization

Alterations in regulation of actin organization-related pathways are a common fea-
ture to all of our models, regardless of promoter or mutation used. For simplicity, 
this discussion focuses on universal conditional expression of the BMPR2R899X muta-
tion under the Rosa26-rtTA2 promoter. At Denver altitude, approximately 50% of 
these develop elevated right ventricular systolic pressure (RVSP) when transgene is 
activated from age 5–9 weeks (unpublished). While Rosa26-rtTA2 × TetO

7
-

BMPR2R899X mice that develop elevated RVSP have substantial additional changes, 
even those with normal RVSP have significant overrepresentation of changes in six 
different actin-related Kyoto encyclopedia of genes and genomes (KEGG) pathways 
as determined by Affymetrix gene array. These include focal adhesion (19 genes), 
ECM–receptor interaction (11 genes), leukocyte transendothelial migration (13 
genes), cell adhesion molecules (11 genes), regulation of actin cytoskeleton (14 
genes), and glycosaminoglycan degradation (3 genes) (unpublished). The functional 
consequences of these changes have not been directly tested, but the pattern of these 
changes is appropriate to injury response: increased collagen and fibrin, decreased 
cell–cell adhesion, increased motility, and increased permeability to inflammatory cells. 
While mutations capable of separating tail domain functions are unknown, it seems 
most likely that these changes are downstream of a combination of LIMK, TCTEX, 
and possibly SRC signaling through BMPR2.

3.3  Mapk

While MAPK activation is a consequence of increased RVSP in all models, in 
Rosa26-rtTA2 × TetO

7
-BMPR2R899X mice, there are broad alterations in the MAPK 

signaling pathway and inflammation-related pathways even before RVSP increases. 
At the same 4-week time point but with normal RVSP as mentioned, there are nine 
inflammation-related KEGG pathways that are significantly altered in whole 
Rosa26-rtTA2 × TetO

7
-BMPR2R899X mouse lung (unpublished). These include 

hematopoietic cell lineage (16 genes), B-cell receptor signaling pathway (11 
genes), cytokine-cytokine receptor interaction (21 genes), type I diabetes mellitus 
(7 genes), natural killer cell-mediated cytotoxicity (11 genes), MAPK signaling 
pathway (18 genes), cell communication (9 genes), adipocytokine signaling path-
way (6 genes), and antigen processing and presentation (5 genes).

With several important exceptions, however, gene expression in these pathways 
appears to point to attempts to downregulate inflammation in this model (which is 
very distinct from findings in the original SM22-BMPR2delx4+ model, in which 
cytokine expression was universally increased30). It is largely unknown whether 
these changes are a counterregulatory response to increased inflammation through 
nontranscriptional means, a dilution effect resulting from use of whole lung, or 
indicative of actual decrease in broad classes of inflammatory signaling. The excep-
tions to this downregulation include a handful of specific cytokines and markers 
pointing to increased monocyte/macrophage recruitment. These gene expression 
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changes are matched by immunohistochemical findings of a large increase in 
recruitment of monocytes (by 1 week of transgene activation) and later mac-
rophages (by 4 weeks, while RVSP is still normal) to the lung.

It is natural to attribute these changes in inflammatory signaling and inflamma-
tory cell recruitment to activation of MAPK caused by BMPR2 mutation. As yet, 
however, there is no direct evidence that this is true.

3.4  Summary

Six immediate downstream effectors of BMPR2 are known8–12 (Fig. 17.2). 
Transgenic mouse experiments examining the changes caused by BMPR2 mutation 
before RVSP increases have told us the downstream effects of these effectors (bot-
tom line, Fig. 17.2). While differential analysis of targets of BMPR2 mutations in 
transgenic mice with and without Smad function allow reasonably definitive under-
standing of Smad function, one may only make educated guesses of how effectors 
link to effects based on the literature. The central questions needed to develop 
effective treatment targeted at the molecular etiology of BMPR2-related PAH are 
as follows: Which of the effects are necessary for the development of PAH? Can 
these critical effects be blocked by interventions against specific effectors or the 
pathways linking the effectors to the effects?

4  The BMP Pathway in Acute Inflammation

The functional in vivo consequences of BMPR2 mutation all point to a role for the 
BMP pathway in controlling inflammatory response. Loss of Smad leads to a syn-
thetic phenotype in smooth muscle and increased cytokine signal. Loss of LIMK, 

Fig. 17.2 Immediate effectors of BMPR2 signaling and the downstream effects of signaling 
through these effectors. While the effectors have been well established, and the effects established 
by transgenic mouse experiments, the links between the effects and the effectors are still in most 
cases not directly tested
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TCTEX, and possibly SRC leads to increases in genes related to motility, permea-
bility, and matrix deposition. Loss of control of (presumably) MAPK leads to broad 
alterations in inflammatory gene expression and increased recruitment of mono-
cytes and macrophages. In summary, loss of BMP signal appears to cause the pul-
monary vasculature to behave as though it had been injured.

We previously published concerning a negative-feedback loop in smooth muscle 
between the cytokine IL6) and the BMP pathway.31 Increased IL6 signaling 
causes induction of the BMP pathway, primarily through inhibition of secreted inhibi-
tors; induction of the BMP pathway causes suppression of IL6 expression. This 
provides a plausible mechanism by which the BMP pathway drives resolution of 
inflammation, although it seems likely that this study was excessively narrow: The 
BMP pathway may inhibit broader classes of inflammatory signaling.

To more directly examine the role of the BMP pathway in pulmonary injury, we 
injected wild-type mice intraperitoneally with lipopolysaccharide (LPS) and mea-
sured BMP pathway activity at 0, 6, 12, and 24 h by Smad phosphorylation, ID1 
protein and expression, and expression of 16 BMP pathway genes, including ligands, 
receptors, and inhibitors. The results of this were highly internally consistent: There 
was almost complete abrogation of BMP signaling at 6 h, driven by reduced ligand 
and increased inhibitors, with BMP signaling recovered or increased over control at 
later time points, primarily driven by reduced inhibitors (unpublished). These data 
suggest that inhibition of the BMP pathway is a normal part of acute pulmonary 
injury response, with heightened BMP signaling during recovery.

While recovery of BMP signal was correlated with recovery from LPS-induced 
injury, we wondered whether it was required for recovery. In preliminary experi-
ments, we tested response to 5 mg/kg LPS in four SM22-rtTA × BMPR2delx4+ mice 
and four SM22-rtTA-only controls. We found response in the SM22-rtTA controls 
to be equivalent to wild type, as expected: At 24 h, they were ruffled, with some 
porphyrin staining around the eyes. By 48 h they were substantially recovered, and 
by 72 h all four had returned to normal. This is a normal time course for response 
to low-dose LPS in mice. In the SM22-rtTA × BMPR2delx4+ mice, the phenotype at 
24 h was indistinguishable from controls; however, at 48 h their condition had 
worsened rather than improved, and by 72 h two had died and the other two were 
in such poor condition that they were euthanized. Thus, a dose of LPS that is easily 
resolved in wild-type mice cannot be resolved in presence of BMPR2 mutation. 
While these results use small numbers and imprecise metrics, they strongly suggest 
that a functional BMP pathway is required for resolution of inflammation.

5  Context and Conclusions

The literature and studies presented suggest that the function of the BMP pathway 
in the adult pulmonary circulation is resolution of inflammation; loss of proper 
BMPR2 function results in inability to resolve pulmonary vascular injury. As a 
persistent state, this leads to PAH. We believe that this hypothesis is consistent with 
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data from end-stage human PAH, with known risk factors and modifier genes, and 
with data derived from other animal models.

5.1  Animal Models

The two nongenetic animal models that most closely resemble human PAH in 
pathology are monocrotaline in rats and a combination of VEGF receptor inhibition 
and hypoxia.

Hypoxia alone causes elevation in RVSP with attendant muscularization of the 
pulmonary vasculature and right heart. However, alone, this does not much 
resemble human PAH; there is no development of complex lesions, and when 
removed from hypoxia, animals resolve completely. The addition of a VEGF 
receptor inhibitor causes small pulmonary capillaries to fill with proliferating 
endothelial cells, which bears some similarity to human PAH.32 The relevance of 
the model to human PAH is probably only to development of late lesions, how-
ever: Induction of angiogenesis pathways is a consistent feature of elevation of 
RVSP.28,33 Proliferation of endothelial cells is required for angiogenesis; addition of 
a VEGF receptor inhibitor causes them to lose chemotaxis and fill up existing 
vessels rather than create new ones. Since generation of these lesions is a late 
feature in both humans and animals with BMPR2 mutation,28 VEGF receptor 
inhibition with hypoxia neither supports nor contradicts our hypothesis but is 
largely irrelevant to it.

A single injection of the plant alkaloid monocrotaline into rats causes large-scale 
endothelial injury, with the phenotype worsening over time, resulting in aberrant 
vasoconstriction and proliferation, leading to mortality in most animals.34 However, 
those that do not die resolve. Moreover, many treatments aimed at blocking inflam-
matory response are capable of substantially improving outcomes in the monocro-
taline model, including hemin,35 sorafenib,36 and pyrrolidine dithiocarbamate,37 
among others. It is clear that the monocrotaline model causes persistent lung injury, 
and resolving this injury resolves PAH. This is completely consistent with our 
working hypothesis, although in the case of BMPR2 mutation the underlying defect 
in resolution of inflammation may work against treatments that were effective with 
monocrotaline.

5.2  Risk Factors and Modifiers

There are several classes of risk factors for PAH, aside from BMPR2 mutation: pres-
ence of systemic inflammatory conditions such as POEMS, lupus, scleroderma, or 
HIV infection34; female gender and estrogen metabolism38; serotonin reuptake inhi-
bition or serotonin receptor promoter polymorphisms39; and promoter polymorphism 
in transforming growth factor, beta (TGF-b)40 and the potassium channel Kv1.5.41
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The association of systemic inflammatory conditions with risk of PAH clearly 
supports the hypothesis that PAH is a disease of unresolved injury; the presence of 
systemic inflammatory conditions mimics the effects of BMPR2 mutation and pro-
vides a comparable relative risk of disease. In scleroderma, for instance, between 
10 and 25% of patients develop PAH,42 although with some differences in presenta-
tion as compared to idiopathic PAH. One might hypothesize that scleroderma pro-
vides a systemic inflammatory defect, whereas BMPR2 mutation results in a 
pulmonary-specific persistent inflammatory defect (the reasons for this specificity 
are as yet unknown). Increased TGF-b expression as a risk factor for PAH40 fits 
easily into this framework as it is also a risk factor for scleroderma.43

An obvious mechanism by which female gender could predispose to PAH is 
through the well-characterized association between female gender and higher risk 
of autoimmune disorders. We have shown a correlation between low expression of 
estrogen metabolism gene CYP1B1 and development of PAH in BMPR2 mutation 
carriers,38 which suggests that it is estrogen that causes females to develop PAH in 
greater numbers. Estrogen is associated with increased resistance to sepsis or 
trauma but decreased resistance to chronic autoimmune diseases.44

Dysregulation of serotonin signaling, caused by anorexigens or methamphet-
amines, is a risk factor for PAH known for decades. Serotonin’s primary mechanism 
of contribution to PAH is still controversial as it has an impact on proliferation, 
vasoconstriction, and inflammation.39 It seems likely that, as all three of these mecha-
nisms are clearly implicated in the development of PAH, all three of these serotonin 
targets are involved in the etiology of PAH, thus its potency as risk for disease. Note 
that these mimic several of the effects of BMPR2 mutation shown in Fig. 17.2.

Both the finding of Kv1.5 polymorphisms as a risk factor for PAH41 and the 
finding of vasoreactivity genes as differentially regulated between disease-affected 
and unaffected BMPR2 mutation carriers38 suggest that vasoreactivity defects carry 
risk for PAH distinct from BMPR2 or proliferation. Further, while the BMPR2-
R899X mutation in mice leads to PAH that appears to be primarily related to vas-
cular pruning rather than vasoreactivity,28 the universally expressing version drops 
from over 50% penetrance for elevated RVSP after induction of 8 weeks in young 
adults at Denver altitude (85 kPa) to only about 25% at sea level (100 kPa) (unpub-
lished). These data suggest that, even if the disease is primarily proliferative rather 
than vasoreactive, there is an important and as yet poorly defined connection with 
BMP pathway function.

5.3  End-Stage Human Disease

Persistent high pressure in the pulmonary vasculature from any source produces 
almost all of the central manifestations of end-stage PAH, including angiogenesis, 
stress markers, and even complex vascular lesions.45 Thus, almost all of the data on 
end-stage disease focus on side effects of elevated RVSP rather than on the source 
of the elevated RVSP. Direct understanding of etiology from end-stage human dis-
ease is almost hopelessly compromised by disease and drug effects.
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However, while the nature of the data prohibits understanding of causation, if 
our hypothesis that BMPR2 mutation affecting any of its downstream signaling will 
result in a proinflammatory state is correct, we ought to be able to continue to see 
proinflammatory signaling in human patients with end-stage PAH.

Human patients with PAH show extensive signs of ongoing inflammation, including 
large numbers of circulating cells, both perivascular and throughout developing 
lesions; elevated circulating levels of proinflammatory cytokines, including IL1 and 
IL6 and markers of T-cell activation.34 In addition, in small studies, immunosuppres-
sive therapy has been effective in some patients with PAH.46,47

5.4  Conclusions

Effects of dysregulation of Smad, MAPK, and actin organization pathways down-
stream of BMPR2 mutation combine to drive injury response. This injury response 
consists of vascular stiffening, shift to a proproliferative phenotype, and induction 
of inflammatory cytokines and recruitment of inflammatory cells (boxed region, 
Fig. 17.3). As discussed in Section 17.3, different elements of BMPR2 downstream 
signaling lead to each of the elements of this response. However, since there are 
feedback loops between each of these elements, sufficient dysregulation of any one 
element may be sufficient to drive injury response through all elements. Thus, 
while there does not seem to be a clear consistency in downstream targets affected 
by the myriad BMPR2 mutations, there does not need to be: Activation of injury 
response, through any of several pathways impacted by BMP signaling, predis-
poses to disease through the same mechanism.

Our overall theory of the etiology of PAH is thus predisposition to chronic injury 
response through BMPR2 mutation. A combination of other genetic and environ-
mental factors can increase or decrease this predisposition (Fig. 17.3), acting 
through the same mechanisms. Either the correct combination alone, under the 

Fig. 17.3 BMP pathway downregulation leads to injury response, with different downstream 
elements driving vascular stiffening, proproliferation, and inflammatory response. Since these are 
themselves part of feedback loops, dysregulation of any one element can lead to dysregulation of 
the whole
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theory that the disease develops cryptically over long time spans, or this combina-
tion together with a triggering event, under the theory that the disease develops rela-
tively rapidly, leads to the persistent inability to resolve pulmonary vascular injury, 
which is the central etiology of PAH.
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Abstract Proteins of the Notch receptor family are cell surface receptors that 
transduce signals between neighboring cells. The Notch signaling pathway is highly 
evolutionarily conserved and critical for cell fate determination during embryogen-
esis and early postnatal life, including many aspects of vascular development. The 
interaction of Notch receptor with its membrane-bound ligands leads to cleavage 
of the receptor into an intracellular domain that translocates to the nucleus and 
activates the transcription factor, C-promoter binding factor 1 (CBF1; also known 
as Recombination signal-binding protein for immunoglobulin k J region, RBPJ). 
To date, four Notch receptors have been characterized in humans. Of these, Notch3 
is expressed only in arterial smooth muscle cells in the human. The functional 
importance of Notch3 signaling in human vascular smooth muscle cells has been 
recognized. Notch3 receptor signaling has been shown in several model systems 
to control vascular smooth muscle cell proliferation and maintain smooth muscle 
cells in an undifferentiated state. This review focuses on recent findings of the role 
of Notch3 in regulating vascular smooth muscle cell behavior and phenotype and 
discusses the potential role of Notch3 signaling in the genesis of pulmonary arterial 
hypertension.

Keywords Pulmonary hypertension • receptor signaling

1  Introduction

Changes in the structure, function, and integrity of blood vessels are necessary to the 
pathogenesis of many diseases, including pulmonary arterial hypertension (PAH). It 
has been well established that adult vascular smooth muscle cells are not terminally 
differentiated and are capable of phenotypic change in response to exogenous stimuli, 
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cell-cell interaction, and cell–matrix signaling.1 However, the genetic pathways that 
regulate plasticity and proliferation of pulmonary vascular smooth muscle cells have 
not been well characterized.

PAH is a disease characterized by structural remodeling of small pulmonary 
arteries and arterioles due to vessel thickening and luminal occlusion by vascular 
smooth muscle cell and endothelial proliferation.2 The vasculopathy seen in this 
disease is progressive and diffuse and eventually results in obliteration of the distal 
pulmonary arterial tree. From a clinical point of view, PAH manifests as sustained 
elevation in pulmonary arterial pressures and pulmonary vascular resistance, leading 
to right heart failure and death. Each year, PAH afflicts approximately 100,000 
people and is the cause of death in 20,000 individuals in the United States.3 Although 
several stimuli and conditions, such as hypoxia, fenfluramine ingestion, collagen 
vascular disease, portal hypertension, and intracardiac left-to-right shunting are 
associated with this disease,4 the exact mechanism of how the lung remodels its 
vascular smooth muscle cell architecture in the arteriolar bed in PAH is not known. 
Increasing evidence suggests that Notch receptors and downstream Notch effectors 
play important roles during embryonic and postnatal vascular development, as well 
as in the response of vascular smooth muscle cells to growth factor stimulation and 
vessel wall injury. This emerging body of literature lays the groundwork for under-
standing the potential role of Notch signaling in the genesis of PAH.

2  Overview of Notch Signaling

Genes of the Notch family encode single-pass transmembrane receptors that transduce 
signals through cell–cell interactions (Fig. 18.1). In mammals, four Notch family 
receptors have been described: Notch1–4.5 The extracellular domain of Notch fam-
ily proteins contains up to 36 tandemly repeated copies of an epidermal growth 
factor-like (EGF-like) motif, involved in ligand interaction, and three juxtamem-
brane repeats known as Lin-12-Notch repeats, which modulate interactions between 
the extracellular and the membrane-tethered intracellular domains (ICDs).6 The 
intracellular region of Notch includes seven ankyrin repeats flanked by nuclear 
localization signals; a proline, glutamine, serine, threonine-rich (PEST) domain; and 
a transactivation domain.7,8 Notch receptors interact with single-pass transmembrane 
ligands expressed on adjacent cells. This restricts the Notch pathway to regulating 
short-range intercellular interactions. Notch cell-bound ligands are encoded by the 
Jagged (Jag1, Jag2) and Delta-like (Dll1, Dll3, and Dll4) gene families.9,10 To date, 
in adult mammals, including humans, Notch ligands have been found to be princi-
pally expressed on vascular endothelium, although reports suggested that these 
ligands may also have limited expression on vascular smooth muscle cells.11,12

An important feature of Notch is that it acts, at the same time, as a transmembrane 
receptor and as a transcription factor (Fig. 18.2). After ligand binding, Notch 
receptors undergo a series of proteolytic events, including a final cleavage by a 
g-secretase enzyme, that lead to release of the ICD of these receptors. The Notch 
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ICD fragment translocates to the nucleus because of the presence of nuclear localization 
signals located within it.13 Once in the nucleus, the Notch ICD forms an active 
transcriptional complex with the DNA-binding protein, CBF1 (also known as 
RBPJ).14 In the absence of the ICD, RBPJ protein binds to specific DNA sequences 
in the regulatory elements of various target genes and represses transcription  
of these genes by recruiting histone deacetylases to form a corepressor complex. 

Fig. 18.1 Structure of the Notch receptor. The Notch receptor locates at the cell surface as a 
heterodimer following protease cleavage (S1 cleavage) during protein maturation. The extracel-
lular domain associates noncovalently with a membrane-tethered intracellular domain (ICD) and 
is composed of up to 36 epidermal growth factor (EGF)-like repeats and three cysteine-rich Lin-12 
repeats. EGF repeats 11 and 12 are sufficient to mediate the interaction between Notch and its 
ligands. In the ICD, Notch has a region called RAM (RBPJ associate molecule) followed by 
repeated structural motifs named ankyrin repeats (mediate the action between Notch and CBF1), 
a transactivation domain (TAD), and a PEST domain. The PEST domain is involved in the degra-
dation of Notch.
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The Notch ICD displaces the histone deacetylase–corepressor complex from the 
RBPJ protein. Subsequently, the Notch ICD–RBPJ complex recruits the protein 
mastermind-like 1 (MAML1) and histone acetyltransferases, leading to the 
 transcriptional activation of Notch target genes.15 The key downstream genes of 
Notch signaling that have been identified are the Hes (Hairy/Enhancers of Split) 
and Hrt (Hes-related transcriptional factor) gene families, which when activated 
by Notch reduce expression of downstream transcriptional effectors like Mash,16 
Myogenic differentiation 1 (myoD),17 and myocardin,18 as well as cell cycle regula-
tory  proteins, p27kip1,19 and p21waf/cip1.20 Notch signaling has also been found to 
directly modulate the expression of the platelet-derived growth factor b (PDGFb) 
receptor.21

Fig. 18.2 The Notch signaling pathway. Ligands of the Jagged (Jag1 and Jag2) and Delta-like 
(Dll1, Dll3, Dll4) families interact with Notch receptors (Notch1–4) on an adjacent cell. The 
Notch receptor exists at the cell surface as a proteolytically cleaved heterodimer consisting of a 
large extracellular domain and a membrane-tethered intracellular domain. The receptor–ligand 
interaction induces two proteolytic cleavages that free the Notch ICD from the cell membrane: the 
S2 cleavage mediated by the ADAM metalloproteinase family protein tumor necrosis factor a 
(TNF-a)-converting enzyme (TACE) and the subsequent S3 cleavage within the transmembrane 
domain by g-secretase. The Notch ICD translocates to the nucleus, where it forms a complex with 
the RBPJ protein, displacing a histone deacetylase (HDAc)-corepressor (CoR) complex from the 
RBPJ protein. Components of an activation complex, such as MAML1 and histone acetyltrans-
ferases (HAc), are recruited to the ICD-RBPJ complex, leading to the transcriptional activation of 
Notch target genes (Hes and Hrt).
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3  Notch3 Regulates Specification of Arterial  
Smooth Muscle Cells

The Notch3 gene is expressed solely in vascular smooth muscle cells of arteries and 
arterioles, and is not seen in vascular smooth muscle cells of veins or venules. Clues 
regarding the function of Notch3 have been provided by the study of Notch3-null 
mice, which are viable and fertile.22,23 In the mouse, maturation of arterial vessels 
occurs from birth to postnatal day 28, with vascular smooth muscle cells undergoing 
changes in both morphology and orientation. This remodeling process is strongly 
impaired in Notch3–/– mice. Arteries of Notch3–/– mice are enlarged with a thinner 
vascular smooth muscle cell coat than is found in wild-type arteries.24 Arterial defects 
were observed in all organs analyzed in homozygous Notch3 knockout mice but were 
milder or absent in the major elastic arteries of the trunk, suggesting an important role 
of Notch3 in small resistance arteries. Morphologically, arterial vascular smooth 
muscle cells of Notch3–/– mice resembled smooth muscle cells surrounding veins in 
wild-type mice, with elongated cell shape and poorly oriented clusters of smooth 
muscle cells around lumens. Arteries from Notch3–/– mice were found to have smooth 
muscle cell markers, like myosin heavy chain and a-smooth muscle- (a-SM-) actin 
at birth, but by the seventh postnatal day, a-SM-actin and myosin heavy chain-positive 
cells were abnormally aggregated within the vessel wall.

Only a few markers are known to be expressed predominantly in arterial vascular 
smooth muscle cells, not in venous ones. These include smoothelin25 and a trans-
genic line expressing the b-galactosidase protein from arterial-specific regulatory 
elements of the SM22a promoter.26 Notch3–/– mice demonstrated impaired postnatal 
arterial differentiation of vascular smooth muscle cells, indicated by a marked reduc-
tion in expression of the arterial-specific marker smoothelin and by a reduced ability 
to stimulate arterial-specific regulatory elements with the SM22a gene promoter 
when this was introduced in the Notch3-null background.24 In the adult Notch3 
knockout mice, some arteries were found to be dilated, covered by a thinner than 
normal smooth muscle cells coat, and vascular smooth muscle cells failed to prop-
erly integrate into the vessel wall. It is of interest that, in arteries of Notch3–/– mice, 
which did not express arterial markers for vascular smooth muscle cells (i.e., 
smoothelin), normal expression of several endothelial cell arterial markers occurred, 
including that of ephrin B2, connexin 40, Hes1, Hey1, Hey2.24 These results demon-
strated that, in the systemic circulation, the arterial identity of endothelial cells and 
vascular smooth muscle cells surrounding them is specified independently.

4  Studies Supporting a Role of Notch3 in Vascular Smooth 
Muscle Cell Proliferation and Dedifferentiation

Several lines of evidence suggest that Notch3 signaling is crucial for maintenance 
of arterial vascular smooth muscle cell proliferative capacity. First, Notch3 expres-
sion is restricted to vascular smooth muscle cells of arteries and is not seen in veins 
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or other tissues.27 Second, expression of this gene has been linked to modulation of 
vascular smooth muscle cells into an undifferentiated, proliferative state. Campos 
et al.28 described the growth behavior of a Notch3 ICD stable cell line generated 
from rat embryonic vascular smooth muscle cells, in which the growth rate failed 
to decelerate at postconfluence. Notch3 ICD-induced proliferation was associated 
with decreased expression of the cell cycle inhibitor p27kip. Overexpression of 
p27kip1 has been shown to result in a dose-dependent rescue of the Notch-induced 
proliferative phenotype and exit from the cell cycle.19 Similarly, when smooth 
muscle cells were forced to express Hrt1, a downstream effector of Notch3 signal-
ing, they displayed postconfluence growth coincident with diminished p21waf1/cip1.20 
Sweeney and colleagues14,29 found that Notch3 promotion of vascular smooth 
muscle cell proliferation was RBPJ dependent. While serum is known to stimulate 
vascular smooth muscle cell proliferation, it also upregulates expression of Notch 
target genes Hrt1 and Hrt2. In addition, cultured vascular smooth muscle cells 
isolated from Hrt2 knockout mice have been shown to have a decreased prolifera-
tive capacity and diminished migratory response to PDGF.30 Third, Notch3 signal-
ing has been shown to repress terminal smooth muscle cell differentiation and 
maintenance of a contractile smooth muscle cell phenotype.18 Specifically, forced 
expression of the Notch ICD or Hrt2 in C3H10T1/2 fibroblasts inhibited myocar-
din-dependent transcription of smooth muscle cell-restricted genes and activity of 
multiple smooth muscle cell transcriptional regulatory elements. In addition, 
expression of the constitutively active form of Notch3 ICD has been found to down-
regulate smooth muscle cell-specific a-actin, myosin, calponin, and smoothelin in 
human aortic smooth muscle cells.31 This effect was CBF1/RBPJ dependent and 
mediated by the Notch target genes Hrt1, -2, and -3. Taken together, these data 
support a critical role of Notch signaling in repressing expression of genes encod-
ing contractile proteins and promoting cell proliferation.

The importance of Notch3 signaling in arterial vascular disease is further high-
lighted by the fact that its impairment is responsible for two congenital diseases 
that affect the vasculature: cerebral autosomal dominant arteriopathy with subcorti-
cal infarcts and leukoencephalopathy (CADASIL)32 and Alagille syndromes 
(AGS).33 CADASIL is a hereditary vascular degenerative disorder caused by muta-
tions in the human Notch3 gene. This syndrome is characterized by arteriopathy 
that affects mainly the small cerebral arteries/arterioles and leads to stroke and 
dementia in humans. In fact, CADASIL is the most common single gene disorder 
associated with ischemic stroke, but because it is underdiagnosed, its true preva-
lence is not known. The genetic defects in CADASIL are typically missense muta-
tions, most of which translate into amino acid exchanges within the first five 
EGF-like repeats of the Notch3 ectodomain. Although the disease is characterized 
by the progressive degeneration of vascular smooth muscle cells, the downstream 
consequences of Notch3 mutation (whether mutations lead to gain or loss of Notch 
signaling) are not known.

AGS is a congenital disorder caused by mutations in the human gene for Jagged 
1 (Jag1). Although this syndrome is associated with abnormalities in the liver, 
heart, eye, and skeleton, the most frequent vascular anomalies in AGS patients are 
segmental and subsegmental pulmonary artery stenoses, contributing to the development 
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of severe pulmonary hypertension. AGS is caused by Jag1 haploinsufficiency. Both 
CADASIL and AGS, which affect the Notch signaling pathway, manifest pathology 
in mid- to small-size arteries/arterioles in different target organs (brain and lung) To 
date, the etiology of CADASIL and AGS remains insufficiently understood, so 
recent advancements in understanding the role of Notch3 in the vasculature may 
allow new insight into the pathogenesis of these diseases.

5  Notch3 Is a Marker for PAH and PAH Disease Severity

Recently, Notch3 signaling has been studied in the context of PAH in humans as 
well as pulmonary hypertension models in rodents.34 Lung biopsies from patients 
with nonfamilial PAH undergoing lung transplantation were compared to lung 
biopsies from patients without PAH undergoing lung resection for benign condi-
tions. Notch3 messenger RNA (mRNA) and ICD protein were found to be 
expressed in low baseline levels in human lung tissue. Markedly elevated levels of 
Notch3 mRNA and ICD protein were found in human pulmonary hypertensive 
lung tissues compared to normotensive lung samples (Fig. 18.3a, b). In a similar 
fashion, the lungs of mice with hypoxia-induced pulmonary hypertension and the 
lungs of rats with monocrotaline-induced pulmonary hypertension had elevated 
levels of Notch3 mRNA and Notch3 ICD protein compared to species- and strain-
specific nonpulmonary hypertensive lungs (Fig. 18.3a, b). To characterize whether 
augmented Notch3 levels were specific to lung tissue in pulmonary hypertension, 
organ-specific levels of Notch3 between normal and pulmonary hypertensive mice 
were compared. Notch3 mRNA levels were higher in the lung, brain, heart, and 
kidney in animals exposed to 10% oxygen for 6 weeks (pulmonary hypertensive 
animals) compared to normoxic animals (nonpulmonary hypertensive animals). 
However, levels of Notch3 ICD protein were only minimally detected in most 
organs, while lung levels of Notch3 ICD protein more than tripled in animals with 
hypoxia-induced pulmonary hypertension (Fig. 18.3c).

Notch3 expression has been found to correlate with pulmonary hypertension 
disease progression. Rodents were studied at serial time points during either 
hypoxia-induced (mouse) or monocrotaline-induced (rat) pulmonary hypertension. 
An increase in expression of Notch3 was seen in the lung as a function of time and 
disease severity for both hypoxia- and monocrotaline-induced pulmonary hyperten-
sive animals (Fig. 18.3d, e). Mice subjected to 6 weeks of hypoxia were found to 
have threefold higher levels of Notch3 expression at both mRNA and protein (ICD) 
levels in their lungs compared to animals in 21% oxygen and had pulmonary artery 
pressures consistent with advanced pulmonary hypertension. Rats with monocrota-
line-induced pulmonary hypertension had progressive elevation in steady-state 
levels of Notch3 mRNA and ICD protein in their lungs compared to saline-injected 
controls over the time span of disease progression. No difference in the expression 
of Notch1, -2, or -4 was found in the lungs of normotensive vs. pulmonary hypertensive 
animals. Hes5, a known downstream effector of Notch3 signaling, was also found 
to be increased in the lungs of rodents with pulmonary hypertension (Fig 18.3e). 
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High levels of Hes5 in lung tissue correlated with worsening disease severity. These 
results established a link between Notch3 signaling and the magnitude of pulmonary 
arterial pressures in two animal models of pulmonary hypertension and suggested 
that Notch3 and Hes5 are sensitive markers for the severity of pulmonary hypertension 
in rodent models of this disease.

Fig. 18.3 Notch3 expression in the lung as a molecular marker for the severity of pulmonary 
arterial hypertension (PAH) in humans and pulmonary hypertension (PH) in rodents. (a) Northern 
blot analysis of total RNA from lungs from humans with idiopathic PAH (three patients – left 
panel), mice with hypoxia-induced PH (three animals – middle panel), and rats with monocrota-
line-induced PH (three animals – right panel) compared to normotensive human and rodent lung 
tissue. (b) Western blot analysis of Notch3 ICD relative to GAPDH expression in the same human 
and rodent lung tissue as in (a). (c) Northern blot analysis of total RNA from organs of mice 
exposed to hypoxia (H) or normoxia (C) for 6 weeks (left panel), Western blot analysis of Notch3 
ICD in tissue from in tissue from the same organs (right panel). (d) Northern blot analysis of total 
RNA from the lungs of mice during development of hypoxia-induced PH over 6 weeks compared 
to control animals (left panel) or lung of rats during development of monocrotaline-induced PH 
over 4 weeks compared to control animals (right panel). As disease severity worsens, steady-state 
levels of Notch3 mRNA increase. (e) Western blot analysis of Notch3 ICD relative to GAPDH 
expression in the same rodent lung tissue as in (d). As disease severity worsens, Notch3 ICD and 
Hes5 protein increase
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6  Cellular Localization of Notch3 and Hes5 to Vascular 
Smooth Muscle Cells in the Lung

Studies using immunofluorescent staining have shown that Notch3 and Hes5 
expression are confined to vascular smooth muscle cells in pulmonary arteries and 
arterioles34 (Fig. 18.4a, b). Interestingly, Notch3 and Hes5 staining has not been 
detected in vascular smooth muscle cells from pulmonary veins or venules. Higher 

Fig. 18.4 Notch3 and Hes5 expression are specific to pulmonary arteriolar smooth muscle cells 
(SMCs) in the lung. (a) Notch3 (red) and a-SM-actin (green) immunofluorescence staining in 
arterioles 75–100 mm in diameter in lung tissue from patients (top panels) and mice (bottom panels) 
with and without PAH/PH (pulmonary hypertension). Nuclei are counterstained with DAPI (blue). 
Notch3 staining is confined to pulmonary arteriolar SMCs and predominates in vessels from PAH/
PH lung tissue. Scale bar = 50 mm. (b) Hes5 (red) and a-SM-actin (green) immunofluorescence 
staining in arterioles 75–100 mm in diameter in pulmonary hypertensive and normotensive human 
(top panels) and mice (bottom panels) lung tissue. Nuclei are counterstained with DAPI (blue). 
Hes5 staining is confined to pulmonary arteriolar SMCs and predominates in vessels from PAH/PH 
lung tissue. Scale bar = 50 mm. (c) Quantitative reverse-transcription polymerase chain reaction 
(qRT-PCR) analysis of total RNA from subcultured arteriolar SMCs derived from the lungs of ten 
patients with and ten patients without PAH. Notch3 and Hes5 values are normalized to 18S ribo-
somal RNA (rRNA) control and presented as mean ± the standard error of the mean. *P < 0.01 vs. 
control non-PAH subcultures. (d) Western blot analysis of Notch3 and Hes5 in subcultured arterio-
lar SMCs derived from the lungs of three patients with and three patients without PAH
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levels of Notch3 and Hes5 vascular smooth muscle cell-specific staining were seen 
in pulmonary hypertensive lung tissues compared to normotensive and age- and 
sex-matched control lung tissue in both humans and rodents.

In addition, analysis of subcultured human pulmonary arteriolar smooth muscle 
cells (isolated from vessels 500–1,500 mm in diameter) from patients with PAH 
demonstrated that steady-state levels of Notch3 mRNA and protein as well as Hes5 
mRNA and protein were increased in these cells compared to arteriolar smooth 
muscle cells subcultured from the lungs of patients without PAH (Fig. 18.4c, d).

7  Notch3 Increases Proliferation in Pulmonary Arteriolar 
Smooth Muscle Cells

In aortic smooth muscle cells and smooth muscle precursor cells, constitutive 
Notch3 expression has been associated with increased cellular proliferation 
in vitro.28 This finding has been extended to smooth muscle cells isolated from 
pulmonary arterioles of normal human lungs.34 Using an adenoviral transfection 
system, Li et al. showed that overexpression of Notch3 in human pulmonary arte-
riolar smooth muscle cells was associated with significantly increased growth rates 
at preconfluence, as measured by cell count and 3[H]-leucine incorporation (Fig. 
18.5a). Knockdown of Hes5 abolished the proliferative effect of Notch3 ICD in 
subcultured pulmonary arteriolar smooth muscle cells. Transfection of Hes5 small-
interfering RNA (siRNA) into pulmonary arteriolar smooth muscle cells constitu-
tively expressing Notch3 ICD significantly decreased Hes5 expression, cellular 
proliferation, and 3[H]-leucine incorporation; these parameters were unaffected in 
vascular smooth muscle cells constitutively expressing Notch3 ICD transfected 
with a scrambled oligonucleotide (Fig. 18.5b, c). These results suggested that 
upregulated the Notch3–Hes5 signaling pathway plays an important role in the 
proliferation of human pulmonary arteriolar smooth muscle cells, and that inhibi-
tion of Hes5 can attenuate this process.

8  Increased Proliferation Rate of Human Pulmonary 
Arteriolar Smooth Muscle Cells from PAH Versus Normal 
Lungs Is Dependent on Notch3-Hes5 Signaling

The growth rate and gene expression patterns of arteriolar smooth muscle cells 
isolated from patients with and without PAH have been studied with respect to 
Notch3-Hes5 signaling.34 First, pulmonary arteriolar smooth muscle cells from 
patients with PAH have been shown to have lower levels of differentiated smooth 
muscle cell markers (smoothelin and myosin heavy chain) compared to pulmonary 
vascular smooth muscle cells from nonpulmonary hypertensive patients (Fig. 18.6a). 
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Fig. 18.5 Notch3 increases vSMC proliferative capacity in vitro. (a) Stimulation of human pulmonary 
arteriolar SMC proliferation by constitutive Notch3 expression. Independent subcultures were 
derived from the lungs of ten patients without PAH and passaged three times before use. Left 
panel: Averaged change in cell number after Adeno-Notch3 ICD or Adeno-lacZ transduction (for 
both, 12 independent viral infections per patient subculture; multiplicity of infection, 100) and 
synchronization in 0% serum (6 h) followed by 18 h in 5% serum. *P < 0.02 vs. control Adeno-
lacZ-infected cells. Right panel: 3[H]-leucine incorporation in the same cells as in left panel. *P < 
0.02 vs. control Adeno-lacZ-infected cells. (b) Effects of Hes5 siRNA and its scrambled control 
(30 nM). Western blot analysis of protein derived from vSMCs (n = 3 independent subcultures 
from ten patients tested) treated with either Hes5 siRNA or scrambled RNA after either Adeno-
lacZ or Adeno-Notch3 ICD transfection. (c) Left panel: Growth curve of pulmonary arteriolar 
SMCs from the lungs of patients without PAH treated with either scrambled siRNA or siRNA 
specific to Hes5, followed by transfection with either Adeno-Notch3 ICD or Adeno-lacZ. *P < 
0.01 compared to control groups for the given time point. Right panel: 3[H]-leucine incorporation 
for the same cells as in left panel. *P < 0.01 compared to control groups for the given time point
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Second, arteriolar smooth muscle cells from human lungs with PAH demonstrated 
significantly shorter doubling times and higher rates of 3[H]-leucine incorporation 
compared to vascular smooth muscle cells from non-PAH lungs (Fig. 18.6b).

Hes5 was found to contribute to the enhanced in vitro proliferative rate of arte-
riolar smooth muscle cells from human PAH patients compared to those of non-
PAH patients; Hes5 siRNA was used to knock down this gene product in PAH and 
non-PAH arteriolar smooth muscle cells (Fig. 18.6c). Inhibition of endogenous 
Hes5 expression using siRNA markedly attenuated PAH arteriolar smooth muscle 
cell proliferation and 3[H]-leucine incorporation (Fig. 18.6d), suggesting that Notch 
signaling through Hes5 may play a role in the development of pulmonary medial 
hypertrophy. siRNA knockdown of endogenous Hes5 in human pulmonary arterio-
lar smooth muscle cells also resulted in increased expression of smooth muscle cell 
markers, myosin heavy chain, and smoothelin over that seen in scramble-treated 
PAH arteriolar smooth muscle cells (Fig. 18.6e). These observations suggested that 
enhanced Notch signaling through Hes5 in PAH vascular smooth muscle cells may 
contribute to the ability of these cells to selectively proliferate and lose expression 
of markers of differentiated smooth muscle cells.

9  Notch3–/– Mice Are Resistant to the Development  
of Pulmonary Hypertension

“Proof of concept” that Notch3 signaling is requisite for the development of pulmonary 
hypertension has been the demonstration that mice with homozygous knockout 
mutation in Notch3 do not develop pulmonary hypertension in response to hypoxic 
stimulation.34 Mice with homozygous deletion of the Notch3 allele lacking 2.5 kb 

Fig. 18.6 (continued) per group, three subcultures per patient) from patients with and without 
PAH. Average expression values normalized to 18S rRNA ±standard error of the mean are shown. 
Significant differences in expression (P < 0.01) are indicated by an asterisk (*). (b) Left panel: 
Growth curves of pulmonary arteriolar SMCs isolated from lungs of patients (n = 10 patients per 
group, three subcultures per patient) with and without PAH. *P < 0.01 vs. control non-PAH sub-
cultured cells for the given time point. Right panel: 3[H]-leucine incorporation for the same cells 
as in the left panel. *P < 0.01 vs. control non-PAH subcultured cells for the given time point. (c) 
Effects of Hes5 siRNA and its scrambled control (30 nM). Western blot analysis of protein from 
PAH and non-PAH arteriolar SMCs (n = 3 independent subcultures from ten patients per group) 
treated with Hes5 siRNA or scrambled RNA. (d) Left panel: Growth curve of pulmonary arterio-
lar SMCs isolated from the lungs of patients with and without PAH treated with either scrambled 
siRNA or siRNA specific to Hes5. siRNA knockdown of Hes5 attenuates proliferation of PAH 
SMCs. *P < 0.01 compared to control groups. Right panel: 3[H]-leucine incorporation for the 
same cells as in left panel. *P < 0.01 compared to control groups. (e) Effect of selective knock-
down of Hes5 on qRT-PCR measurement of MHC, smoothelin, a-SM-actin, and calponin mRNA 
in pulmonary arteriolar SMCs from patients with and without PAH (n = 10 patients per group, 
three subcultures per patient). Data were normalized to 18S rRNA levels and represent means ± 
standard error of the mean from three independent experiments. *P < 0.02 vs. expression measured 
in scrambled siRNA controls



Fig. 18.6 Faster growth rates and lower levels of differentiated SMC markers in pulmonary 
arteriolar SMCs from PAH patients compared to SMCs from non-PAH patients are dependent on 
Hes5 expression. (a) qRT-PCR analysis of genes associated with SMC differentiation. 
Complementary DNA (cDNA) generated from human pulmonary arteriolar SMCs (n = 10 patients 
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of genomic sequence encoding EGF-like repeats 8–12 in the extracellular domain22 
have been found to have minimal expression of Hes5 in the lung in conditions of 
hypoxia and normoxia. In contrast, Notch3+/+ mouse lungs have been found to have 
elevated levels of Notch3 ICD and Hes5 protein when the animals were subjected 
to hypoxia (Fig. 18.7a). Notch3–/– mice did not develop elevated right ventricular 
systolic pressures (RVSPs) over a 6-week hypoxic period (Fig. 18.7b). In contrast, 
wild-type age-matched littermates manifested progressively elevated RVSP over 
the same time course while in 10% oxygen. Notch3+/+ animals developed abnormal 
pulmonary arterial muscularization and luminal narrowing consistent with advanced 
pulmonary hypertension, while Notch3–/– mice had normal-appearing arterioles and 
small arteries with excessive muscular thickening (Fig. 18.7c). Expression of pro-
liferating cell nuclear antigen (PCNA) was found to be decreased in small pulmo-
nary arteries and arterioles in Notch3–/– mice compared to their wild-type 
counterparts at 4 and 6 weeks in hypoxia (Fig. 18.7c). Changes in wall thickness 
and morphology were quantified for small pulmonary arteries and arterioles in the 
range of 50–100 mm in diameter for Notch3–/– and Notch3+/+ mice. Pulmonary arte-
riolar medial thickening during conditions of hypoxia correlated directly with evi-
dence of cellular proliferation as measured by the number of cells positively stained 
for PCNA for control wild-type animals. Notch3–/– mice had absence of medial 
thickening of pulmonary arterioles/small pulmonary arteries and had minimally 
detectable PCNA staining in lung vascular smooth muscle cells.

Notch3–/– mice, maintained in hypoxia for 6 weeks, had normal pulmonary 
angiograms with diffuse vascular blush, while control wild-type littermates had 
pulmonary angiograms demonstrating severe small-vessel pruning similar to that 
seen in human PAH (Fig. 18.7d). Right ventricular hypertrophy, a known conse-
quence of pulmonary hypertension, developed in Notch3+/+ mice, did not occur in 
Notch3–/– mice over the 6-week period of hypoxic stimulation (Fig. 18.7e).

10  In Vivo Inhibition of Notch3 Cleavage by the g-Secretase 
Inhibitor DAPT Reverses Pulmonary Hypertension  
in Rodents

The g-secretase inhibitor DAPT (N-[N-(3,5-diflurophenacetyl)-l-alanyl]-S-
phenylglycine t-butyl ester) has been previously shown to block the in vitro and 
in vivo cleavage of Notch proteins to ICD peptides.35 Chemical blockage of Notch3 

Fig. 18.7 (continued) using the Microfil cast technique of Notch3–/– and Notch3+/+ animals after 
6 weeks of hypoxia. There is normal pulmonary tree morphology in lungs of Notch3–/– mice and 
absence of peripheral vessel blush in the lungs of Notch 3+/+ animals, which is indicative of small-
vessel occlusion. Scale bar = 2 mm. (e) Ratio of the weight of the right ventricle (RV) to that of 
the left ventricle plus septum (LV + S) as an index of RV hypertrophy in Notch3–/– (n = 20) and 
Notch3+/+ mice (n = 20) after 6 weeks of hypoxia. *P < 0.02 vs. control for same time point
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Fig. 18.7 Notch3–/– mice are resistant to the development of hypoxic PH. (a) Western blot analysis 
of Notch3 ICD and Hes5 in lung tissues from Notch3–/– and Notch3+/+ mice. Notch3-/- mice have 
minimal expression of Hes5 in the lung in conditions of hypoxia and normoxia. (b) Averaged 
systolic blood pressure (SBP) and right ventricular systolic pressure (RVSP) in Notch3–/– mice and 
Notch3+/+ littermate controls at serial time points under hypoxic conditions of 10% oxygen (ten 
readings for each animal over a 1-h period, 20 animals for each group at each time point). Values 
are reported as number ± standard error of the mean. *Values in mmHg. (c) Hematoxylin- and 
eosin-stained sections (rows 1 and 3) and immunohistochemical analysis of PCNA (rows 2 and 4) 
of pulmonary arterioles 50 mm in diameter from the lungs of Notch3–/– and Notch3+/+ mice after 4 
and 6 weeks of hypoxia. Dark nuclei are PCNA positive. Results are representative sections from 
at least five animals per group for each time point. Scale bar = 25 mm. (d) Pulmonary angiograms 
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cleavage (and thus activation) to Notch3 ICD using this drug has been shown to 
effectively treat and reverse pulmonary hypertension in rodents.34 In these 
experiments, mice were placed in 10% oxygen for 2 weeks and developed pulmo-
nary hypertension. Subsequent to this, the animals were treated with a daily subcu-
taneous dose of DAPT from weeks 3 to 6 while they were in 10% oxygen. 
Verification of inhibition of Notch3 cleavage into its active form in lung tissue was 
done by Western blotting at weekly intervals during DAPT administration (Fig. 
18.8a). Administration of DAPT reversed pulmonary hypertension induced by 
chronic hypoxia, as measured by RVSPs (Fig. 18.8b), muscularization and mor-
phology of pulmonary arterioles and small pulmonary arteries (Fig. 18.8c), and 
pulmonary angiography (Fig. 18.8d). Sham-treated animals developed progressive 
pulmonary arteriolar medial thickening consistent with the usual pattern of pulmo-
nary hypertension development in hypoxic animals, while DAPT-treated animals 
did not. There were minimal proliferating vascular smooth muscle cells, as mea-
sured by PCNA staining, in the pulmonary arteriolar walls of animals treated with 
DAPT compared to sham-treated controls (Fig. 18.8c). Mice treated with DAPT 
had minimal elevations in RVSPs and had regression of right ventricular hypertrophy, 
further indicating that they were effectively treated for pulmonary hypertension 
(Fig. 18.8e).

11  Linking Notch Signaling to Other Pathways Implicated in 
Pulmonary Hypertension

Clues regarding why Notch3 may play a role in PAH come from recent studies of 
its function in the setting of hypoxia and its involvement with bone morphoge-
netic protein (BMP) signaling. Mutations in the BMP receptor type 2 gene 
(BMPR2) have been found to be associated with the development of a familial 
form of human PAH.36 However, 40% of patients with familial PAH do not harbor 
mutations in BMPR2, and most nonfamilial cases of this disease lack association 
with BMPR2 mutation.37 This suggests that alternate or convergent pathways to 

Fig. 18.8 (continued) over a 1-h period, 20 animals for each group at each time point). Values are 
reported as number ± standard error of the mean. *P < 0.01 vs. placebo control for same time 
point. (c) Hematoxylin- and eosin-stained sections (rows 1 and 3) and immunohistochemical 
analysis of PCNA (rows 2 and 4) of pulmonary arterioles 50 mm in diameter from the lungs of 
mice after treatment with DAPT or placebo (days 15–42) and 6-week course of hypoxia. Dark 
nuclei are PCNA positive. Results are representative sections from at least five animals per group 
per time point. Scale bar = 25 mm. (d) Pulmonary angiograms using the Microfil cast technique 
of DAPT- and placebo-treated animals after 6 weeks of hypoxia. DAPT-treated mice have normal 
angiograms, while placebo-treated mice have diffuse vascular pruning consistent with PH. Scale 
bar = 2 mm. (e) Ratio of the weight of the right ventricle (RV) to that of the left ventricle plus 
septum (LV + S) as an index of RV hypertrophy in DAPT- (n = 20) vs. placebo-treated (n = 20) 
mice after 6 weeks of hypoxia. *P < 0.01 vs. control for same time point
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Fig. 18.8 DAPT treatment reverses the development of hypoxic pulmonary hypertension in mice. 
Animals were exposed to 2 weeks of 10% oxygen, followed by 4 weeks of 10% oxygen and treat-
ment with either subcutaneous DAPT or placebo (dimethyl sulfoxide [DMSO]). (a) Western blot 
analysis of Notch3 ICD and Hes5 in the lungs of mice receiving DAPT as a function of time. 
DAPT blocks the conversion of full-length Notch3 to Notch3 ICD, causing a reduction in Hes5 
expression. (b) Averaged systolic arterial pressure and right ventricular systolic pressure (RVSP) 
in mice at serial time points under hypoxic conditions of 10% oxygen (ten readings for each animal 
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BMPR signaling may play a role in this disease. Cross talk between Notch and 
BMP signaling has been found. Activation of BMP signaling has been found to 
lead to synergistic activation of the Notch target gene Herp2 (Hrt1) through inter-
actions between the intracellular BMP mediator Smad1 with Notch intracellular 
domain (ICD).38–40 Smad1was found to bind with Notch ICD and activate Herp2 
transcription, although direct binding of Smad1 to the Herp2 promoter was not 
required for this to take place. Interestingly, Herp2 was then found to efficiently 
bind to and induce degradation of Id1, whose transcription is induced by BMP 
signaling. This feedback loop demonstrates that Notch signaling modulates 
downstream BMPR signaling. Furthermore, functional Notch signaling has been 
found to be required for BMP4-mediated block of differentiation of muscle stem 
cells.39 Collectively, these data suggest the possibility of signal integration 
between Notch and BMP pathways in modulating the proliferation/differentiation 
phenotype of vascular smooth muscle cells.

A second line of evidence suggesting that Notch signaling is essential to the 
development of PAH is its role in hypoxia, a known environmental inducer of this 
disease. Hypoxia is known to promote the undifferentiated cell state in various stem 
cell and precursor populations.41 It has been found that hypoxia requires functional 
Notch signaling to maintain cells in an undifferentiated state.42 In a mechanism that 
bears similarity to the cross talk between BMP and Notch, hypoxia-inducible factor 
1a (HIF-1a), an intracellular mediator of oxygen sensing, has been found to inter-
act with Notch ICD to activate Notch-responsive genes under hypoxic conditions. 
This protein–protein–DNA interaction does not require HIF-1a to bind DNA; 
rather, HIF-1a potentiates the ability of Notch to stimulate Hrt2/Hes signaling. 
Thus, Notch ICD is at the convergence point of two different signaling mecha-
nisms: hypoxic HIF-1a signaling and BMP signaling, both of which have been 
implicated in the development of PAH.

12  Conclusions

The study of Notch signaling as it relates to smooth muscle cell growth and 
differentiation is in its infancy. Several key findings suggest that Notch signal-
ing may play a role in the pathogenesis of PAH: (1) High steady-state levels of 
Notch3 and Hes5 are seen in the lungs of patients with PAH, (2) levels of 
Notch3 and Hes5 protein in the lung are predictive of the severity of pulmonary 
hypertension in two rodent models of the disease, (3) Notch3 signaling is req-
uisite for the development of hypoxic pulmonary hypertension in mice, (4) 
Notch3 signaling induces pulmonary arteriolar smooth muscle cells into a pro-
liferative phenotype, and (5) pulmonary hypertensive vascular pathology 
in vivo can be prevented by treatment with a drug that blocks Notch signaling. 
These results suggest that inhibition and molecular targeting of the Notch3–
Hes5 axis in pulmonary vascular smooth muscle cells may be novel strategies 
for the treatment of PAH in the future.
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Abstract Rho kinase-mediated vasoconstriction rather than fixed arterial wall 
thickening is responsible for increased pulmonary vascular resistance and pulmo-
nary hypertension in chronically hypoxic and monocrotaline-injected rats. In the 
absence of vascular tone, the medial and adventitial thickening in these models 
has only minimal impact on the cross-sectional area of the pulmonary arterial bed. 
In contrast, increased pulmonary vascular resistance in left-pneumonectomized 
plus monocrotaline-injected rats and VEGF receptor blocker-injected plus chronic 
hypoxia rats is attributable to both Rho kinase-mediated vasoconstriction and for-
mation of lumen obliterating lesions in small pulmonary arteries. The upstream 
signals responsible for activation of RhoA/Rho kinase signaling in hypertensive 
pulmonary arteries and whether or not they differ in different forms of pulmonary 
hypertension are unclear. The RhoA/Rho kinase pathway is a convergence point of 
several different vasoconstrictor signals, including those mediated by G protein-
coupled receptors, receptor tyrosine kinases, and integrin clustering. Both isoforms 
of Rho kinase can also be constitutively activated by cleavage, and cleaved Rho 
kinase 1 has been detected in the hypertensive lungs of left-pneumonectomized 
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plus monocrotaline-injected rats. That such diverse stimuli can lead to activation 
of Rho kinase, which may cause hypercontraction of smooth muscle by promoting 
both actomyosin interaction and remodeling of the cytoskeleton, may explain why 
in various rat models of pulmonary hypertension Rho kinase inhibitors are more 
effective pulmonary vasodilators than conventional agents such as nitric oxide, 
prostacyclin, and nifedipine. We suspect the same will be true in at least some 
forms of human pulmonary arterial hypertension.

Keywords RhoA • Rho kinase • pulmonary vasoconstriction • pulmonary hyper-
tension • pulmonary vascular remodeling • chronic hypoxia • monocrotaline

1  Introduction

The notion of this chapter is that vasoconstriction is an important component of the 
pathogenesis of pulmonary hypertension in many different rodent models of the 
disease. This statement may seem so obvious as to be nonsensical. However, many 
original and review articles on experimental pulmonary hypertension continue to be 
published with little or no consideration of the possible contribution of vasocon-
striction to the increased pulmonary vascular resistance. Most investigators in the 
field are focused on the role of structural remodeling of the pulmonary arteries. 
This is because of arterial wall thickening and, in most cases, the cellular and 
fibrotic luminal obliteration of distal pulmonary arteries in patients with severe 
pulmonary arterial hypertension.1 Furthermore, most adult patients with symptom-
atic pulmonary arterial hypertension respond poorly to either acute or chronic 
administration of conventional vasodilators.2,3 This is interpreted to mean the high 
pulmonary vascular resistance is due largely to fixed structural obstruction or vessel 
rarefaction rather than to active vasoconstriction. Accordingly, current thinking is 
that effective treatment of severe pulmonary arterial hypertension will require identification 
of drugs or other therapeutic strategies that can reverse structural obliteration of the 
pulmonary vasculature.4 This may well be true. However, based on findings of 
significant RhoA/Rho kinase-mediated vasoconstriction in several different rodent 
models of pulmonary hypertension,5,6 we believe possible inhibition of this vasocon-
strictor mechanism should be considered whenever a new therapy is experimentally 
evaluated.

2  RhoA/Rho Kinase-Mediated Smooth Muscle Cell 
Contraction and Vasoconstriction

Our understanding of the regulation of smooth muscle cell contraction is steadily 
becoming more and more sophisticated.7–11 While we once believed cytosolic 
Ca2+ concentration, myosin light chain kinase activity, myosin light chain phos-
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phorylation, and actomyosin interaction were the determinants of smooth muscle 
cell contraction, it is now appreciated that several additional signaling pathways 
and cytoskeletal processes are also important in regulating the force of contrac-
tion. The total contraction and tension development of smooth muscle tissues can 
be due to a combination of effects. These include phosphorylation of myosin 
regulatory light chains and actomyosin cross-bridge cycling, formation of so-
called latch bridges or other cross-links between actin and myosin filaments, 
actin polymerization and formation of additional actin filaments, and dynamic 
remodeling of the actin cytoskeleton to reinforce the connection of contractile 
proteins via focal adhesion complexes to the extracellular matrix. As Kim et al. 
emphasized, “Smooth muscle ‘excitation–contraction coupling’ consists of far 
more than a simple calcium switch.”8

There are several intracellular signaling pathways that can contribute to the 
regulation of these processes and smooth muscle contractility.7–11 It now 
appears, however, that activation of the small GTPase (guanosine triphos-
phatase) RhoA and its downstream effector Rho kinase is a major determinant 
of the intensity and persistence of vascular smooth muscle cell contraction and 
vasoconstriction in hypertensive pulmonary arteries.5,6 In Chap. 23, Tom Resta 
and colleagues review the basic mechanisms of activation of RhoA/Rho kinase 
signaling and the evidence from their and other laboratories that the signaling 
pathway mediates “Ca2+ sensitization” of spontaneous (myogenic) and stimu-
lus-induced constriction in hypertensive pulmonary arteries of chronically 
hypoxic rats. RhoA/Rho kinase-mediated Ca2+ sensitization is generally attrib-
uted to inhibition of myosin light chain phosphatase, increased myosin light 
chain phosphorylation, and increased vascular tone in face of constant or even 
declining levels of cytosolic Ca2+. Direct measurements of vessel diameter and 
smooth muscle cell cytosolic [Ca2+] show that Rho kinase-mediated constric-
tion of rat hypertensive small pulmonary arteries is largely independent of Ca2+ 
signals.12–14

It should be noted, however, that there are instances in which RhoA/Rho 
kinase activation also induces Ca2+ signaling, and Ca2+ signals can activate 
RhoA/Rho kinase.9,15 Thus, while considerable evidence now exists that regulat-
ing Ca2+ sensitivity is as important as regulating cytosolic [Ca2+] in the control 
of vascular tone, there can be agonist- and artery segment-dependent interplay 
between the two pathways. Based on studies with the inhibitors Y-27632 and 
fasudil (HA-1077), Rho kinase activity has been found to play an important role 
in the acute pulmonary vasoconstrictor response to several different stimuli, 
including hypoxia,16–19 superoxide anion,13,20 KCl,17–19,21 endothelin 1,13,14,22 
thromboxane A

2
 (U-46619),23–25 prostaglandin F2a,19,26 serotonin,27,28 angiotensin 

II,16,17 BAY K8644,16 isoprostanes,24 norepinephrine or phenylephrine,24,29,30 
platelet-activating factor,25 epoxyeicosatrienoic acids,31 sphingosylphosphoryl-
choline,32 and sphingosine-1-phosphate.33 Whether the Rho kinase-dependent 
component of the vasoconstriction occurs parallel to or in series with increases 
in smooth muscle cell cytosolic [Ca2+] seems to vary with agonist and pulmonary 
artery preparation.

10.1007/_23
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3  RhoA/Rho Kinase-Mediated Vasoconstriction in Animal 
Models of Pulmonary Hypertension

In 2004, we reported the surprising observation that acute administration of the Rho 
kinase inhibitors Y-27632 and fasudil, but not normoxic ventilation or the L-type 
Ca2+ channel blocker nifedipine, to chronically hypoxic adult male rats and blood-
perfused hypertensive lungs elicited considerable vasodilation and nearly normal-
ized the high pulmonary vascular resistance.18 The central role of sustained Rho 
kinase-mediated vasoconstriction in the pulmonary hypertension of chronically 
hypoxic rats was subsequently confirmed by Hyvelin et al.,34 and McNamara et al. 
found that Rho kinase inhibitors, but not inhaled nitric oxide, also acutely and fully 
reverse chronic hypoxia-induced pulmonary hypertension in neonatal rats.35

These findings indicate that in the absence of active vascular tone the pulmonary 
arterial remodeling that occurs in chronically hypoxic rats (i.e., the medial and 
adventitial thickening of muscular arteries and muscularization of arterioles) causes 
minimal fixed reduction of lumen cross-sectional area.36 This interpretation is sup-
ported by direct measurements of increased medial wall thickness but no decrease 
in lumen diameter or cross-sectional area in histological sections of hypoxic hyper-
tensive rat lungs maximally vasodilated prior to fixation.34,37,38 The finding of 
Crossno et al. that chronic treatment of hypoxic rats with rosiglitazone, an agonist 
of peroxisome proliferator-activated receptor g, inhibits pulmonary arterial remod-
eling but not pulmonary hypertension, which was reversed acutely by intravenous 
fasudil, is also compatible with a minimal direct role of fixed vascular wall remod-
eling in increased pulmonary vascular resistance.39 As well, substantial pulmonary 
arterial muscularization can apparently occur without necessarily causing pulmo-
nary hypertension.40,41

In addition to chronically hypoxic rats, we have found, as shown in Fig. 19.1, 
that sustained Rho kinase-mediated vasoconstriction is also a major component of 
increased pulmonary vascular resistance and pulmonary hypertension in standard 
monocrotaline-injected rats,42 in left-pneumonectomized plus monocrotaline-
injected rats,43 in rats exposed to hypoxia after a single subcutaneous injection of 
the vascular endothelial growth factor (VEGF) receptor blocker Sugen-5416,44 and 
in fawn-hooded rats raised from birth in the mild hypoxia of Denver’s altitude.42,45 
Jiang et al. also observed marked pulmonary vasodilation in response to acute oral 
fasudil in the monocrotaline-injected rat,46 and just as they did in chronically 
hypoxic rats, van Suylen et al. found minimal inward remodeling of pulmonary 
arteries in monocrotaline-induced hypertensive rat lungs vasodilated before fixa-
tion.38 In another rat model, McNamara et al. found that intraperitoneal Y-27632, 
but not inhaled nitric oxide, acutely normalized pulmonary vascular resistance in 
neonatal rats with bleomycin-induced pulmonary hypertension.35 Rho kinase-
mediated vasoconstriction is also a major component of the high pulmonary vascu-
lar resistance in fetal lambs.47

Although Rho kinase-mediated vasoconstriction contributes substantially to 
the severe pulmonary hypertension in the VEGF receptor blocker plus chronic 
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hypoxia rat (Fig. 19.1), this model develops obliterative pulmonary arterial 
lesions in addition to increased medial muscularization, which presumably pre-
vent the near normalization of pulmonary vascular resistance by acute Rho kinase 
inhibition. In fact, we have observed in these rats that the nadir to which right 
ventricular systolic pressure is reduced by acute Rho kinase inhibition increases 
with duration or severity of hypertension and density of obliterative lesions in 
small, distal pulmonary arteries.44 Despite the development of severe pulmonary 
hypertension in Denver-raised fawn-hooded rats, we have not observed oblitera-
tive lesions in this model. The relatively higher pulmonary arterial pressure after 
acute fasudil in this model, as compared to chronically hypoxic and monocrotaline-
injected rats, likely reflects lung dysplasia and vascular rarefaction,45 although a 
contribution of Rho kinase-independent mechanisms of sustained vasoconstric-
tion has not been ruled out.

4  Evidence of Vasoconstriction in Bone Morphogenetic  
Protein Type II Receptor-Related Mouse Models  
of Pulmonary Hypertension

There are several experimental mouse models of pulmonary hypertension in 
which sustained vasoconstriction, although not necessarily Rho kinase medi-
ated, can also be implicated as an important component of increased pulmonary 

Fig. 19.1 Acute effects of fasudil (10 mg/kg, iv) on mean pulmonary artery pressure (MPAP) in 
five different rat models of pulmonary hypertension induced by CH, chronic hypoxia (3–4 weeks 
of exposure to simulated altitude of 18,000 ft); MCT, monocrotaline injection (60 mg/kg, sc); PN/
MCT, left pneumonectomy plus MCT; SU/CH, Sugen 5416 injection (20 mg/kg, sc) plus 3-week 
exposure to chronic hypoxia; FHR, exposure of fawn-hooded rats to mild hypoxia (Denver’s alti-
tude of 5,280 ft) from birth. Dashed line indicates historical normal MPAP value of male Sprague–
Dawley rats at Denver’s altitude. Values are means ± SE of before (B) and after (A) fasudil 
injection (n = 3–5 per group)
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vascular resistance. These include transgenic mice with a smooth muscle cell-
targeted mutation of bone morphogenetic protein type II receptor (BMPR-II) 
[SM22-tet-BMPR2(delx4+)], which develop pulmonary hypertension that is 
acutely reversed by the L-type Ca2+ channel blocker nifedipine48; mice deficient 
in BMPR-II (BMPR2+/- mice), which develop more severe serotonin-induced 
pulmonary hypertension and whose pulmonary arteries show increased contrac-
tile responses to serotonin compared to wild-type mice49; mice carrying 
heterozygous hypomorphic Bmpr2 mutations (Bmpr2 delta Ex2/+), which 
develop more severe hypoxic pulmonary hypertension without an associated 
increase in pulmonary vascular remodeling and whose pulmonary arteries show 
defective endothelial-dependent dilation and enhanced KCl- and norepineph-
rine-induced constrictions compared to wild-type mice50; and BMPR2+/- mice 
challenged with two injections of monocrotaline combined with intratracheal 
instillation of adenovirus expressing 5-lipoxygenase in which the development 
of pulmonary hypertension precedes the muscularization of small pulmonary 
arteries.51

5  Evidence of RhoA/Rho Kinase-Mediated Vasoconstriction in 
Patients with Pulmonary Arterial Hypertension

Whether or not RhoA/Rho kinase-mediated vasoconstriction contributes signifi-
cantly to the pathogenesis of one or more of the various forms of human pulmo-
nary arterial hypertension remains to be determined. There is, however, growing 
evidence the signaling pathway is activated in both the smooth muscle and 
endothelial cells of human hypertensive pulmonary arteries,52–55 and preliminary 
reports by Hemnes et al.54 and Doe et al.52 suggested the blunted vasodilator 
responsiveness of hypertensive pulmonary arteries isolated from patients undergo-
ing lung transplantation for severe hypertension is due to high RhoA/Rho kinase 
activity. Although it has been reported that acute intravenous fasudil elicits only 
modest decreases in pulmonary vascular resistance in adult patients with pulmo-
nary arterial hypertension,56,57 both pulmonary arterial pressure and vascular resistance 
were significantly reduced by the Rho kinase inhibitor in children with pulmonary 
arterial hypertension associated with congenital heart disease.58 It should be noted 
that to avoid systemic vasodilation the dose of fasudil used in these patient studies 
was much lower than that used in the rat studies.18,35,44 The doses of Rho kinase 
inhibitors required to convincingly determine if Rho kinase-mediated vasocon-
striction is important in human pulmonary arterial hypertension will likely cause 
systemic hypotension and will therefore have to be selectively targeted to the lung. 
We have observed in rats that the vasodilator effects of Rho kinase inhibitors are 
limited to the hypertensive pulmonary arteries when they are administered via 
inhalation.42
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6  Summary

We and others have observed that sustained Rho kinase-mediated vasoconstriction 
rather than fixed arterial wall thickening is mainly responsible for the increased 
pulmonary vascular resistance in the two most commonly used experimental mod-
els of pulmonary hypertension: chronically hypoxic and monocrotaline-injected 
rats. It appears that in the absence of active vascular tone, the medial and adventitial 
thickening that occurs in these models does not directly reduce the cross-sectional 
area of the pulmonary arterial bed. This suggests to us that any treatment that pre-
vents or reverses pulmonary hypertension in these two models is likely doing so by 
somehow interfering with the sustained activation of RhoA/Rho kinase signaling 
and resultant contraction of the pulmonary arterial smooth muscle. In this regard, 
we have observed that the tyrosine kinase inhibitor imatinib mesylate (Gleevec), 
which has been found to effectively reverse pulmonary hypertension in both mono-
crotaline-injected rats and chronically hypoxic mice and interpreted to do so by 
inhibiting smooth muscle cell proliferation,59 is acutely a potent pulmonary vasodi-
lator in the VEGF receptor blocker plus chronic hypoxia model (unpublished). We 
have not yet determined if imatinib elicits pulmonary vasodilation by inhibiting 
RhoA/Rho kinase signaling.

In contrast to the standard chronically hypoxic and monocrotaline-injected mod-
els, increased pulmonary vascular resistance in left-pneumonectomized plus 
monocrotaline-injected rats and VEGF receptor blocker plus chronic hypoxia rats 
is attributable to both Rho kinase-mediated vasoconstriction and the formation of 
lumen-obliterating lesions in small, distal pulmonary arteries. Thus, in these two 
models, both vasoconstriction and vascular remodeling need to be taken into 
account. Although it may or may not involve RhoA/Rho kinase signaling, it appears 
that vasoconstriction is also important in the pathogenesis of pulmonary hyperten-
sion in many BMPR-II-related mouse models of pulmonary hypertension and 
should be considered as a potential target of any therapeutic strategy.

Exactly what upstream signals are responsible for sustained activation of 
RhoA/Rho kinase signaling in hypertensive pulmonary arteries and whether they 
differ in different forms of pulmonary hypertension are unclear. The RhoA/Rho 
kinase signaling pathway is a convergence point downstream of several different 
vasoconstrictor signals, including those mediated by G protein-coupled recep-
tors, receptor tyrosine kinases, and integrin clustering.10 Both isoforms of Rho 
kinase (i.e., ROCK1 and ROCK2) can also be constitutively activated by cleav-
age of the carboxy-terminal regions of the enzymes, and we have detected 
cleaved ROCK1 in the hypertensive lungs of left-pneumonectomized plus 
monocrotaline-injected rats.43 That such diverse stimuli can lead to activation of 
Rho kinase, which may cause hypercontraction of smooth muscle by promoting 
both actomyosin interaction and remodeling of the cytoskeleton,60 may explain 
why we and others have found in various rat models of pulmonary hypertension 
that Rho kinase inhibitors are more effective pulmonary vasodilators than the 
more conventional agents such as nitric oxide, iloprost, and nifedipine.18,35,39,44 
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We suspect the same will be true in at least some forms of human pulmonary 
arterial hypertension.
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Abstract The serotonin hypothesis of pulmonary arterial hypertension (PAH) 
arose after an outbreak of PAH in patients taking the anorexigenic drugs amin-
orex and dexfenfluramine. Both of these drugs are serotonin transporter (SERT) 
substrates and indirect serotinergic agonists. There is now a wealth of evidence 
to support a role for serotonin in the pathobiology of PAH. Synthesis of sero-
tonin can occur in pulmonary artery endothelial cells by the enzyme tryptophan 
hydroxylase 1 (TPH1). Serotonin then acts at the 5-HT

1B
 receptor and the SERT 

to mediate constriction and proliferation of pulmonary artery smooth muscle cells. 
Downstream signalling molecules which play a role in serotonin-induced constric-
tion and proliferation include reactive oxygen species (ROS), Rho-kinase (ROCK) 
p38 and extracellular signal-regulated kinase (ERK). There is also evidence to 
suggest that serotonin may interact with the bone morphogenetic receptor type II 
(BMPRII) to provide a ‘second hit’ risk factor for PAH.

Keywords pulmonary arterial hypertension • serotonin • tryptophan hydroxylase • 
serotonin transporter • serotonin receptors • dexfenfluramine • bone morphogenetic 
protein

1  Pulmonary Arterial Hypertension

Pulmonary arterial hypertension (PAH) is a condition in which pulmonary vascular 
pressure rises from 12–16 mmHg to >25 mmHg at rest and more than 30 mmHg at 
exercise. This increase in pulmonary vascular pressure is due to both constriction 
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and remodelling of the pulmonary vasculature. The increased pulmonary vascular 
pressure eventually leads to right heart failure and death.

PAH was reclassified at the Third World Symposium on Pulmonary Hypertension 
in 2003 according to the clinical diagnosis,1 with some minor changes being made at 
the Fourth World Symposium on Pulmonary Hypertension in 2008. Category I PAH 
includes idiopathic PAH (IPAH), familial PAH (FPAH), and acquired PAH (APAH). 
IPAH is a rare form of the disease, with an incidence of around two or three per mil-
lion, for which there is no known cause. FPAH is rarer still, with an incidence of 
around 0.2–0.3 per million, and transmits as an autosomal dominant trait that exhibits 
genetic anticipation. Mutations in the bone morphogenetic protein receptor II 
(BMPR-II) gene, a member of the transforming growth factor b (TGF-b) super-
family, have been identified in over 75% of patients with FPAH and between 10 and 
40% of patients with IPAH. APAH can arise in association with collagen vascular 
disease, pulmonary arterial shunts, portal hypertension, HIV infection, drugs (such as 
the indirect serotonergic agonists aminorex and dexfenfluramine [Dfen]), toxins, and 
other conditions that include thyroid disorders, hemoglobinopathies, and hereditary 
hemorrhagic telangiectasia. Category II PAH is left-sided heart disease resulting from 
valvular disorders or myocardial dysfunction. Category III is associated with lung 
disease or hypoxemia. Category IV is associated with chronic thrombotic or embolic 
disease. Finally, category V includes a grouping of miscellaneous disorders that are 
more rarely associated with PAH, including mediastinitis and sarcoid disease.

1.1  Serotonin and the Serotonin Hypothesis

Normally, plasma 5-hydroxytryptamine (5-HT) levels are extremely low (i.e. <1 nM) 
as more than 99% of 5-HT in the blood is stored in platelets via the serotonin 5-HT 
transporter (SERT). In addition, there is rapid metabolism of 5-HT to 5-hydroxyin-
doleacetic acid (5-HIAA) by monoamine oxidase. In the 1960s, there was an ‘epi-
demic’ of cases of PAH in women taking the indirect serotonergic agonist aminorex. 
In the 1980s, the new generation of anorexigens, the fenfluramines were also found to 
be associated with PAH. Aminorex and fenfluramine are substrates for the SERT, and 
at one time it was believed that they caused PAH by evoking the release of serotonin 
by acting as SERT substrates and reversing the normal direction of serotonin flux.2 
Once inside the cell, these substrates may also compete with monoamines for vesicular 
sequestration via the vesicular monoamine transporter (VMAT) and by subsequent 
disruption of vesicular monoamine storage (Fig. 20.1). Often, the fenfluramines were 
co-administered with phentermine (the ‘Fen-Phen’ combination). As phentermine is 
also a SERT substrate2 and inhibits monoamine oxidase, it was believed that this led 
to further accumulation of plasma serotonin.3 These observations formed the basis of 
the ‘serotonin hypothesis of anorexigen-induced pulmonary hypertension’.

It had been hypothesised that such anorexigen-induced elevations in circulating 
serotonin, secondary to release from platelets, might be involved in anorexigen-
induced PAH. Consistent with this, in the 1990s there were reports of elevated 
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plasma levels in patients with PAH as well as PAH occurring in patients with plate-
let pool storage pool disease.4,5 However, fenfluramine can actually lower blood 
5-HT and may only slightly elevate plasma serotonin levels to nontoxic levels.6,7 
Alternative, non-serotonergic explanations have been proposed. For example, it has 
been suggested that the SERT serves as a ‘gateway’ for the accumulation and con-
centration of drugs in pulmonary cells.2 Further, Dfen has been reported to have 
non-serotonergic and direct effects on pulmonary arteries, including inhibition of 
potassium channels, increased intracellular calcium, vasoconstriction (albeit with 
very low potency), and mitogenic effects.8–11 In addition, the Dfen metabolite nor-
Dfen is an agonist at 5-HT

2A
 and 5-HT

2B
 receptors.12

There is much evidence, however, that serotonin per se may facilitate FPAH and 
IPAH via alterations in various components of the serotonin system. Here, we 
reconsider and redefine the serotonin hypothesis of pulmonary hypertension in 
light of such recent advances in the field.

Fig. 20.1 The original serotonin hypothesis of anorexigen-induced pulmonary arterial hyperten-
sion. Anorexigens such as aminorex, fenfluramine and chlorphentermine are serotonin transporter 
(SERT) substrates. They may evoke the release of serotonin by acting as SERT substrates and 
reversing the normal direction of serotonin flux. Once inside the cell, these drugs may also com-
pete with monoamines for vesicular sequestration via the vesicular monoamine transporter 
(VMAT) and by subsequent disruption of vesicular monoamine storage
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2  The Serotonin System in the Pulmonary Arterial Circulation

There are four main components of the serotonin system in the pulmonary arterial 
bed: the serotonin receptor, the serotonin transporter, the synthesis of serotonin via 
tryptophan hydroxylase (Tph) 1 and downstream signalling pathways that are acti-
vated following SERT or 5-HT receptor activation.

2.1  5-HT Receptors

There are 14 different, structurally distinct 5-HT receptors, which are divided up 
into seven families (5-HT

1–7
13). It is the 5-HT

2A
 receptor that mediates vasocon-

striction in most systemic arteries; prior to 1993, it had been assumed that it 
was the 5-HT

2A
 that mediated pulmonary arterial vasoconstriction. The 5-HT

2A
 

antagonist ketanserin has proved clinically effective in the treatment of systemic 
hypertension, especially in the elderly.14 However, in studies on small cohorts of 
PAH patients, ketanserin at high doses had only a very small effect on pulmonary 
vascular resistance compared to its effect on systemic vascular resistance and often 
had no effect on pulmonary pressures.15 Hence, there is no specificity for the 
pulmonary circulation, and the systemic effects have limited its use in PAH, for 
which it fails to improve pulmonary haemodynamics significantly.14 These studies 
seemed to contradict the serotonin hypothesis. However, the red herring in these 
studies was the assumption that it is the 5-HT

2A
 receptor that mediates the pulmo-

nary effects of serotonin in humans. Evidence now suggests that it is a 5-HT
1
 

receptor that mediates responses to serotonin in the human pulmonary artery. In 
1993, MacIntyre et al. conducted an assessment of the vasoactive effects of the 
anti-migraine drug sumatriptan (a 5-HT

1B/D
 agonist) on the systemic and pulmonary 

circulations and the coronary artery vasculature. They discovered that sumatriptan 
had a profound effect on pulmonary pressures and resistance.16 Further study of 
isolated human small and large pulmonary arteries identified the 5-HT

1B
 receptor 

as that mediating serotonin-induced vasoconstriction.17,18 An increased expression 
of the 5-HT

1B
 receptor has subsequently been demonstrated in a small cohort of 

PAH patients,19 and many factors present in PAH (increased vascular tone, 
decreased nitric oxide synthase) can potentiate responses to 5-HT

1B
 agonists in a 

synergistic fashion.20 Subsequent studies in experimental animals have shown that, 
in mice and rats, respectively, if the 5-HT

1B
 receptor is knocked out or the animal 

is treated with a 5-HT
1B

 antagonist, there is a reduction in the development of 
hypoxia-induced PAH.21 In chronic over-circulation-induced PAH in growing pig-
lets, there is also an increased expression of the 5-HT

1B
 receptor.22 It has also 

recently been shown that the 5-HT
1B

 receptor can mediate proliferation in human 
pulmonary arterial smooth muscle cells (PASMCs).23

Curiously, Raynaud’s phenomenon and PAH have been associated, for example, 
in systemic lupus erythematosus.24 The 5-HT

1B
 receptor mediates constriction in 

digital arteries, and the 5-HT
1B

 gene has been suggested to be involved in the 
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susceptibility to primary Raynaud’s phenomenon.25,26 In addition, the use of anti-
migraine 5-HT

1B
 agonists has been associated with Raynaud’s phenomenon and 

lupus.27 This is another curious indirect potential association of 5-HT
1B

 receptors 
with PAH that is worthy of consideration and perhaps future research.

5-HT
2
 receptors may influence pulmonary arterial vasoconstriction and proliferation, 

at least in animal models. For example, in rat PASMCs, the 5-HT
2A

 receptor inhibits 
native K–V and hK

v
1.5 currents, and this may contribute to vasoconstriction.28 In rat 

pulmonary arterial fibroblasts, the 5-HT
2A

 receptor also mediates hypoxia-associated 
5-HT proliferation.29 The development of hypoxia-induced PAH in mice is ablated in 
5HT

2B
 receptor knockout mice,19 and this receptor may control serotonin plasma 

levels in mice.30 However, paradoxically, loss of serotonin 5HT
2B

 receptor function 
may predispose to fenfluramine-associated PAH in humans.31

2.2  The Serotonin Transporter

The SERT belongs to the Na+/Cl– family of transporters, which also includes the 
noradrenaline, dopamine, g-aminobutyric acid (GABA) and glycine transporters. 
These operate by using Na+ influx down a concentration gradient as the driving force 
for the transport of proteins into the cell. Serotonin, Na+, and Cl– bind simultaneously 
to a SERT-binding site on the exterior of the cell, triggering a conformational change 
that transports these molecules to the cytoplasmic surface of the membrane. Serotonin, 
Na+ and Cl– then dissociate from the SERT, and K+ binds to the same binding site to 
drive a conformational change in the SERT back to its original form.32 The SERT can 
also act in reverse, transporting serotonin out of the cell. SERT substrates and indirect 
serotonergic agonists are taken into the cytoplasm via the SERT in exchange for 
serotonin, which is pumped out of the cell. Once inside the cytoplasm, SERT sub-
strates can also disrupt the storage of serotonin in vesicles and thus increase cytoplas-
mic concentrations of serotonin available for release12 (Fig. 20.1).

The SERT is particularly highly expressed in the lung and placenta. A single 
gene encodes the SERT, which is located on chromosome 17q11.2. The SERT 
expression and function is controlled by a repetitive element of varying length in 
the promoter region of the gene. Alleles are commonly composed of either 14 
(short) or 16 (long) repeated elements. The long (L) allele induces a twofold to 
threefold higher rate of SERT gene transcription than the short (S) allele and is 
associated with increased SERT messenger RNA (mRNA) expression, protein 
expression and uptake activity.

The ‘LL’ variant of the SERT was found to be more prevalent in a small group 
of IPAH patients than controls, an observation that focused attention on the role of 
the SERT in the pathobiology of PAH.33 The LL genotype has also been associated 
with exaggerated PAH in patients with chronic obstructive lung disease,34 with an 
increased risk of developing PAH at high altitudes35 and with an increased pulmo-
nary arterial pressure in patients suffering from heart failure.36 Studies in larger 
cohorts of PAH patients, however, found no variation in the prevalence of the LL 
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allele of the SERT gene between controls and patients with IPAH or FPAH.37,38 
Patients with FPAH who have the LL variant of the SERT may, however, present 
earlier than those without.38

Experimentally, there is evidence for a role for SERT in the development of 
PAH. Mice deficient for the SERT are less susceptible to hypoxia-induced PAH and 
develop less hypoxia-induced pulmonary vascular remodelling and right ventricular 
hypertrophy than wild-type mice.39 Mice ubiquitously over-expressing the SERT 
(SERT+ mice) exhibit elevated pulmonary pressures and exaggerated hypoxia-
induced PAH, which is associated with elevated hypoxia-induced pulmonary vas-
cular remodelling and right ventricular hypertrophy.40 Mice that selectively 
over-express the SERT in smooth muscle cells also exhibit a similar phenotype.41 
Fawn-hooded rats, which have an inherited platelet storage defect and increased 
expression of the SERT, have increased susceptibility to PAH secondary to 
hypoxia.42,43 The SERT inhibitors citalopram and fluoxetine both protect against 
PAH secondary to hypoxia in mice,44 and fluoxetine also protects against monocro-
taline-induced PAH in rats.45 Monocrotaline-induced PAH in rats is associated with 
an up-regulation of the SERT, and the protective effect of statins on monocrotaline-
induced PAH is associated with a down-regulation of the SERT.46

2.2.1  SERT and Pulmonary Vascular Remodelling and Vasoconstriction

Serum- and serotonin-induced proliferation is elevated in PASMCs derived from 
IPAH and secondary PAH patients. These cells also have increased expression of the 
SERT compared to those from controls, and the proliferative effects of serotonin 
are abolished by SERT inhibitors.47 The SERT has also been shown to be 
involved in proliferation of human, bovine and rodent PASMCs and pulmonary 
arterial fibroblasts.23,29,48,49 There is also evidence that SERT activity can co-
operate with the 5-HT

1B
 receptor in the modulation of both vasoconstriction and 

proliferation.23,42 In fawn-hooded rat pulmonary resistance arteries (where the 
SERT is over-expressed), SERT inhibitors potentiate the contractile responses to 
serotonin. Consistent with this, in pulmonary resistance arteries from SERT+ 
mice, citalopram increases serotonin-induced contraction.42,50 This may be due to 
increased extracellular concentrations of serotonin available to activate serotonin 
receptors. We have therefore hypothesised that dual inhibition of the SERT and 
the 5-HT

1B
 receptor is required to maximally inhibit serotonin-induced pulmonary 

vascular contraction. Indeed, whilst the 5-HT
1B

 receptor antagonist SB224289 and 
the SERT inhibitor fluoxetine both inhibit serotonin-induced contractile response in 
pulmonary resistance arteries from normoxic and chronically hypoxic Sprague–
Dawley rats, there is synergy between the effects of these when given simultaneously. 
Moreover, the combined 5-HT

1B
 receptor/SERT antagonist LY393558 is the most 

potent inhibitor of serotonin-induced constriction,42 and is more effective than SERT 
inhibition alone at preventing and reversing PAH secondary to both hypoxia and 
SERT over-expression68. Therapeutically, therefore, we propose that the opti-
mum therapeutic strategy would be to inhibit both the serotonin transporter and 
the 5-HT

1B
 receptor.
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2.3  Serotonin Synthesis

Tryptophan hydroxylase catalyses the rate-limiting step in the synthesis of sero-
tonin from tryptophan. By studying Tph1–/– mice, Walther et al. demonstrated that 
there are two isoforms of Tph, now classified as Tph1 and Tph2.51 Tph2 is present 
exclusively in the brain but not the periphery. The classical Tph gene, now termed 
Tph1, is mainly expressed in the gut and mediates the generation of serotonin in the 
periphery.51 It has been shown that expression of the Tph1 gene is increased in lungs 
and pulmonary endothelial cells from patients with IPAH.52 Hypoxia-induced 
PAH is ablated in Tph1–/– mice devoid of peripheral serotonin synthesis.53 Dfen-
induced PAH is also ablated in Tph1–/– mice.50 We have also shown that in nor-
moxic mice there is little evidence for expression of Tph1 in pulmonary arterial 
endothelial cells. However, after 2 weeks of hypoxia, there is substantial Tph1 
expression, suggesting that hypoxia induces Tph1 expression and de novo synthesis 
of serotonin (Fig. 20.2). This is consistent with the observation that serotonin is 
overproduced in lungs and endothelial cells from patients with IPAH.52 Thus, 
endothelium-derived serotonin may act on underlying PASMCs in a paracrine fash-
ion (Fig. 20.3).

2.4  Serotonin-Induced Signalling in Pulmonary Arteries

Signal transduction initiated by 5-HT involves SERT-dependent generation of reactive 
oxygen species (ROS) and activation of the extra-cellular signal regulated kinase (ERK) 
pathway in PASMCs and fibroblasts from many species, including human.23,48,54 
The down-stream transcriptional factor GATA-4 mediates 5-HT-induced growth of 
PASMCs.55 The mechanism by which serotonin internalisation via SERT activates 

Fig. 20.2 Tryptophan hydroxylase 1 (Tph1) expression in small pulmonary arteries in control 
mice (normoxic) and in mice following 2 weeks of chronic hypoxia (hypoxic). There is no evidence 
for Tph1 in normoxic mouse pulmonary artery but dense Tph1 staining is evident in the endothelial 
cells (ECs) of remodelled pulmonary arteries removed from hypoxic mice. Scale bar = 10 mm
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ROS may be species specific. In bovine PASMCs, serotonin induces ROS through 
activation of NADPH (nicotinamide adenine dinucleotide phosphate) oxidase.56,57 
However, studies on human PASMCs provide evidence that ROS is produced via 
the breakdown of serotonin by monoamine oxidase.23

The small G protein RhoA and its downstream effector Rho kinase (ROCK) play 
a central role in multiple cellular functions, including proliferation and migration, 
smooth muscle contraction and cytoskeletal rearrangement. Activation of the 
RhoA/ROCK pathway by internalised serotonin may play a role in SERT-mediated 

Fig. 20.3 The serotonin hypothesis of IPAH and FPAH. See text for details. Serotonin synthesis is 
increased in pulmonary arterial endothelial cells and acts in a paracrine fashion on underlying 
PASMCs. Serotonin can enter the PASMCs via the serotonin transporter (SERT), and signal trans-
duction is initiated by SERT-dependent generation of reactive oxygen species (ROS), Rho kinase 
(ROCK) and mitogen-activated protein kinases (MAPKs). This may contribute to contraction or, via 
nuclear translocation of pERK1/2, increase expression of nuclear growth factors such as GATA 4, 
leading to proliferation. Serotonin may also stimulate the 5-HT receptors, and in the human this is 
likely to be the 5-HT

1B
 receptor. This contributes to ROS, ROCK and MAPK activation and may 

operate with SERT activation in a co-operative fashion to facilitate contraction and proliferation. 
Serotonin may also inhibit K

v
1.5 channels, which would contribute to vasoconstriction. Signalling 

by wild-type BMPR-II involves heterodimerization with the transmembrane serine/threonine kinases 
type I BMPR-IA and -1B receptors at the cell membrane. On ligand binding, the constitutively active 
BMPR-II phosphorylates the type I receptor. Activated type I receptors phosphorylate the cytoplas-
mic signalling proteins known as receptor-mediated Smads (R-Smads) -1, -5 and -8. These complex 
with Smad4 and translocate to the nucleus, where they activate downstream target genes such as the 
inhibitors of DNA binding 3 (Ids), which inhibit proliferation. Serotonin may antagonise the anti-
proliferative BMPR-II/Smad1, -5, -8 pathway, inhibit Id3 activation and facilitate proliferation
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proliferation. We have shown that in mice, SERT over-expression increases ROCK-
dependent pulmonary remodelling, and SERT over-expression is associated with 
elevated ROCK1/2 levels. ROCK inhibition also ablates the increased pulmonary 
arterial remodelling and hypertension observed in SERT+ mice.58 In platelets and 
aortic smooth muscle cells, internalised serotonin is transamidated to small guanos-
ine triphosphatases (GTPases) such as Rho A by transglutaminases, rendering these 
GTPases constitutively active.59,60 Interestingly, serotonin was found to be transami-
dated to RhoA in pulmonary but not systemic arteries from rats exposed to hypoxia, 
and this effect was blocked by the SERT inhibitor fluoxetine.59 This may provide a 
further mechanism by which serotonin can activate ROCK.

Both ROS and ROCK are involved in the activation of ERK1/2, although the 
precise mechanism for this may be dependent on cell type or species. Studies in 
human PASMCs showed phosphorylation of ERK1/2 to occur via activation of 
the 5-HT

1B
 receptor, with ROS responsible for nuclear translocation of phospho-

rylated ERK1/2.23 In bovine PASMCs, ROS mediates phosphorylation of ERK1/2, 
while activation of ROCK via the 5-HT

1B
 receptor mediates nuclear translocation 

of phosphorylated ERK1/2.49 In Chinese hamster lung fibroblasts, ROCK has 
been shown to function downstream of the SERT in allowing efficient 5-HT

1B
 

receptor-stimulated mitogen-activated protein kinase (MEK) phosphorylation of 
ERK1/2.58 Nuclear translocation of phosphorylated ERK1/2 results in DNA bind-
ing of transcription factors such as GATA-4, cyclin-D1, early growth response 
factor 1 (Egr-1) and Ets like-1 (Elk-1) and thus increased expression of proteins 
that are involved in cellular proliferation.49 One such protein is S100A4/Mts1, a 
calcium-binding protein that is involved in proliferation of human PASMCs.23

Hypoxia is a stimulus for the proliferation pulmonary arterial fibroblasts in some 
species, and we demonstrated that this involves the SERT, the 5-HT

2A
 receptor and the 

p38 mitogen-activated protein (MAP) kinase pathway. Pulmonary arterial fibroblasts 
derived from SERT+ mice, unlike those derived from wild-type mice, proliferate in 
response to hypoxia in the absence of any growth factors in the media. This effect 
is not inhibited by citalopram but rather by antagonism of the 5-HT

2A
 receptor.50 

Hypoxia-induced proliferation of human, bovine, rat and SERT+ mouse pulmonary 
arterial fibroblasts is associated with an increase in phosphorylated p38 MAP 
kinase and can be ablated by inhibition of p38 MAP kinase.29,50,61,62

3  Dexfenfluramine-Induced PAH

As described, the original ‘serotonin hypothesis of PAH’ was derived from the 
observation that appetite suppressants such as aminorex and Dfen were associated 
with an increased risk of developing PAH. However, the serotonin hypothesis of 
anorexigen-induced PAH has been controversial. Dfen has been reported to have 
non-serotonergic and direct effects on pulmonary arteries, including inhibition of 
potassium channels, increased intracellular calcium, vasoconstriction (albeit with 
very low potency), and mitogenic effects.8–11 In addition, the Dfen metabolite nor-Dfen 
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is an agonist at 5-HT
2A

 and 5-HT
2B

 receptors.12 Moreover, Dfen can actually protect 
against both hypoxia- and monocrotaline-induced PAH.50,63,64 However, our recent 
observation that mice deficient in Tph1 are protected against increased pulmonary 
pressures and increased pulmonary vascular remodelling in response to Dfen lends 
weight to the serotonin hypothesis.50 With respect to the protective effects of Dfen on 
hypoxia-induced PAH, we have provided evidence that this may be due to the inhibition 
of p38 MAP kinase. Dfen inhibited hypoxia-induced increases in right ventricular 
pressure and pulmonary vascular remodelling in SERT+ mice. In pulmonary arterial 
fibroblasts derived from SERT+ mice, Dfen inhibited both hypoxia-induced prolifera-
tion and hypoxia-induced phosphorylation of p38 MAP kinase.50 As p38 MAP kinase 
is essential for hypoxia-induced proliferation of pulmonary arterial fibroblasts from 
various species, including humans, inhibition of p38 MAP kinase may provide the 
mechanism by which Dfen protects against hypoxia-induced pulmonary vascular 
remodelling and therefore hypoxia-induced PAH.

4  SERT and BMPR-II

Haploinsufficiency of the BMPR-II receptor is common in patients with FPAH. In 
the lung, the BMPR-II receptor is expressed on pulmonary vascular endothelial, 
smooth muscle and fibroblast cells. BMPR-II receptors can inhibit proliferation of 
pulmonary vascular cells via signalling through the Smad1, -5, -8 pathway. Smad1, 
-5 and -8 must dimerize with Smad4 to enter the nucleus and regulate transcription 
of target genes such as the inhibitor of DNA binding 3.65 Consistent with this, 
BMP4, a ligand for the BMPR-II receptor, has a reduced ability to suppress prolif-
eration in PASMCs from patients with BMPR-II mutations, and these cells are also 
deficient in Smad signalling.66 However, disease penetrance in BMPR-II mutation 
carriers is low, and it is likely that an additional risk factor is required to mediate 
development of PAH. Serotonin infusion in vivo has been shown to uncover a PAH 
phenotype in BMPR-II+/– mice, and this was associated with an inhibition of phos-
phorylation of Smad1/5.67 Expression of the inhibitor of DNA binding 3 mRNA in 
response to BMP2 was lower in BMPR-II+/– mice than their wild-type controls, and 
this was inhibited by serotonin.67 Therefore, it would appear that serotonin can 
antagonise the anti-proliferative BMPR-II/Smad 1/5 pathway. This suggests that 
serotonin may be the ‘second hit’ influence required to uncover a PAH phenotype 
in face of BMPR-II haploinsufficiency.

5  The Serotonin Hypothesis Revisited

The influence of serotonin, as discussed here, is summarised in Fig. 20.3. The original 
serotonin hypothesis was based on a role for serotonin in anorexigen-induced PAH. 
Clearly, there is now substantial evidence that serotonin influences pulmonary vas-
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cular remodelling processes and pulmonary arterial vasoconstriction at many levels, 
and serotonin may play a facilitating role in different forms of PAH. This may be via 
intracellular cross talk, with key pathways believed to play a pivotal role in PAH, 
including the BMPR-II system, K

v
 channels, ROCK, ROS, MAP kinases and tran-

scription factors. As SERT/5-HT
1B

-mediated proliferation and vasoconstriction are 
pulmonary specific, these offer new pulmonary-specific therapeutic targets for PAH. 
In addition, targeting Tph1 specifically may be a novel therapeutic approach.
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Abstract Of diverse growth factors that contribute to normal lung development, 
vascular endothelial growth factor (VEGF) plays an especially prominent role in 
the normal growth and development of the pulmonary circulation in the fetus and 
newborn. Strong experimental and clinical data support the role of impaired VEGF 
signaling in the pathogenesis of two major clinical disorders of the developing 
lung circulation: persistent pulmonary hypertension of the newborn (PPHN) and 
bronchopulmonary dysplasia (BPD). These disorders are each characterized by 
impaired vascular growth, structure and reactivity, which are at least partly due to 
endothelial cell dysfunction. This chapter will briefly discuss VEGF signaling dur-
ing normal lung development and how disruption of VEGF signaling contribute to 
the pathogenesis of neonatal pulmonary vascular disease in these settings.

Keywords Persistent pulmonary hypertension of the newborn • bronchopulmonary 
dysplasia • endothelial cells • lung development • pulmonary circulation • nitric oxide

1  Introduction

Rapid adaptation of the fetal cardiopulmonary system at birth is required for the 
lung to assume its essential postnatal role of gas exchange. Perhaps the most dra-
matic event at birth involves the lung circulation, which must undergo a marked fall 
in pulmonary vascular resistance (PVR) to allow for about an eightfold increase in 
pulmonary blood flow.1 The fall in PVR at birth is due to increased oxygen tension, 
ventilation, and shear stress, which cause vasodilation through enhanced release of 
nitric oxide (NO) and prostacyclin and decreased production of vasoconstrictors, 
such as endothelin 1.2–5 Failure to achieve or sustain this drop in PVR at birth leads 
to profound hypoxemia and constitutes the syndrome known as persistent pulmonary 
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hypertension of the newborn (PPHN). Successful transition of the pulmonary cir-
culation at birth requires the precise orchestration of diverse growth factors and 
signaling pathways to ensure normal functional and structural maturation of the 
lung circulation. Mechanisms that disrupt this process prior to birth and contribute 
to the pathogenesis of PPHN are incompletely understood.

In addition to its key role at birth, normal pulmonary vascular development 
remains essential throughout postnatal life.6 The ability of the lung to achieve normal 
gas exchange requires ongoing growth and maintenance of an intricate system of 
airways and vessels, including the establishment of a thin yet vast blood–gas inter-
face. In animal models, disruption of angiogenesis during lung development not only 
increases the risk for pulmonary hypertension but also impairs alveolarization.7 
Clinically, there has been growing recognition of the importance of understanding 
basic mechanisms of lung vascular growth in the context of premature birth and the 
risk for chronic lung disease, known as bronchopulmonary dysplasia (BPD). BPD is 
characterized by arrested alveolar and vascular growth, and infants with BPD are at 
high risk for pulmonary hypertension.8,9 Recent studies suggested that impaired lung 
angiogenesis plays a critical role in the pathogenesis of BPD; however, little is known 
about basic mechanisms of pulmonary vascular injury in the immature lung and the 
impact of this injury on subsequent lung vascular growth and function. Thus, not only 
do abnormalities of the developing lung circulation contribute to the development of 
pulmonary hypertension in term and preterm infants, but also disruption of vascular 
growth during the perinatal period can cause long-standing aberrations of lung 
architecture.

Of the diverse growth factors and signaling pathways that contribute to normal lung 
development, vascular endothelial growth factor (VEGF) plays an especially promi-
nent role in growth and development of the pulmonary circulation. Strong experimen-
tal and clinical data support the role of impaired VEGF signaling in the pathogenesis 
of two major disorders of the developing lung circulation: PPHN and BPD. This chap-
ter briefly discusses VEGF signaling during normal lung development and how dis-
ruption of VEGF signaling may contribute to the pathogenesis of neonatal pulmonary 
vascular disease in the settings of PPHN and premature infants with BPD.

2  VEGF Signaling During Lung Development

Although diverse growth and transcription factors modulate blood vessel formation 
during development, VEGF (VEGF-A) is one of the most potent and critical regula-
tors of lung vascular growth, development, and maintenance throughout embry-
onic, fetal, and postnatal life.9–13 Beginning in the embryonic period, VEGF is 
strongly expressed in the developing respiratory epithelium. VEGF acts through 
two distinct tyrosine kinase receptors, VEGFR-1 (VEGF receptor 1) and VEGFR-2 
(VEGF receptor 2), which are each critical for embryonic vascular development. 
VEGFR-2 (Flk-1) is present within the lung mesenchyme during the embryonic 
stage and is an early marker for endothelial and endothelial progenitor cells.
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Studies of genetic mouse models have provided unequivocal evidence for the 
critical roles of VEGF and VEGFRs during vascular development. Targeted disrup-
tion of the VEGF gene causes severe defects in the formation of blood vessels, and 
loss of a single VEGF allele results in early embryonic death due to a marked 
reduction in endothelial cells prior to embryonic day 9.5.14,15 Targeted inactivation 
of VEGFRs is lethal due to defective vascular development, including the absence 
of vasculature in mice lacking the VEGFR-2 gene and increased endothelial cell 
number but a lack of normal tubular networks in VEGFR-1 null mice.16,17 Complex 
interactions between VEGFR-1 and VEGFR-2 activities modulate the net effects of 
VEGF on postnatal angiogenesis.18

Lung epithelium and mesenchyme express VEGF ligand and receptor, respec-
tively, from the embryonic stage of lung development and throughout fetal life. 
However, VEGF is also strongly expressed in isolated fetal pulmonary artery endothe-
lial cells, suggesting autocrine functions for VEGF during development as well.19 
Because loss of VEGF causes early embryonic death, few studies have examined 
the roles of VEGF signaling during distinct stages of lung development. Inhibition 
of VEGF signaling during the pseudoglandular stage markedly disrupts vessel for-
mation and leads to the loss of lung architecture in rat fetal lung explants.20 In an 
experimental model of lung hypoplasia, nitrofen treatment impaired lung growth 
and markedly downregulated VEGF and VEGFR-2 expression in fetal rat lung 
explants.21 Genetic disruption of VEGF in respiratory epithelium inhibited vascular 
and saccular growth in fetal mice, further demonstrating the critical role for VEGF 
signaling in development of the distal lung.22

VEGF-A exists as three prominent isoforms: VEGF 120, 164, and 188. Each 
isoform has different properties, including varying affinity for the heparin sulfate 
component of the extracellular matrix and different avidities for VEGFR-1 and 
VEGFR-2 binding. Each isoform is present in alveolar type II cells in the developing 
mouse lung, with expression peaking during the period of accelerated vascular 
growth during the canalicular stage of lung development.23 VEGF 120 is highly 
diffusible due to the lack of heparin sulfate binding and probably serves a key early 
role in vascular formation through its effects on endothelial differentiation and 
proliferation. The importance of the VEGF 164 and 188 isoforms was demon-
strated in mice engineered to express only the VEGF 120 isoform. Rodents exclu-
sively expressing the VEGF 120 isoform had fewer air–blood barriers and decreased 
airspace-to-parenchyma ratios compared to wild-type littermates.24 Thus, as devel-
opment proceeds, the pattern of VEGF isoform expression becomes more restric-
tive, and VEGF isoforms may have different roles during lung development.

VEGF has other family members, including VEGF-B, -C, and -D. These VEGFs 
have different affinities for specific VEGFRs, with VEGF-C and -D demonstrating an 
ability to bind to VEGFR-3 that is probably crucial for development of the lymphatic 
vascular system. Studies of VEGF-D expression during mouse lung development 
suggested a pattern that is distinct from VEGF-A, suggesting strong mesenchymal 
expression of VEGF-D, perhaps by fibroblasts, that may potentially influence 
endothelial growth and function during lung development.25 Regulation of the expres-
sion of pro- and antiangiogenic isoforms of VEGF by growth and splice factors has 
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been demonstrated, further illustrating the complexity of VEGF regulation.26 Thus, 
the temporal and spatial patterns of expression of VEGF and its receptors during 
development are crucial for normal growth and patterning of the lung circulation, but 
more information is need to define their distinct and interactive roles.

Multiple mechanisms regulate VEGF expression during development, including 
low oxygen tension, hypoxia-inducible factor 1a, sonic hedgehog, fibroblast 
growth factor 9, and others. NO has been shown not only to mediate many down-
stream effects of VEGF during lung development and with postnatal angiogenesis27 
but also to upregulate VEGF expression (“reciprocal regulation”). Disruption of 
VEGF-NO interactions may be especially important in the pathogenesis of pulmo-
nary vascular disease and lung growth, including PPHN, BPD, alveolar–capillary 
dysplasia, primary lung hypoplasia, and others (as discussed further in this chap-
ter28,29). For example, NO corrects lung vascular and airspace growth after VEGFR 
inhibition in fetal rat lungs in vitro and neonatal rat lungs in vivo.21,30

Interactions with other growth factors can modulate the effects of VEGF on lung 
vascular development. For example, the angiopoietins (Angs) are growth factors that 
act on vascular endothelium through its receptors Tie 1 and Tie 2 (tyrosine kinase 
with immunoglobulin and epidermal growth factor-[EGF]-like domains).31 Ang-Tie 
signaling is critical for normal vascular development, as Ang 1–/– or Tie 2–/– mice are 
embryonic lethal due to the failure of vascular integrity.32,33 Ang 1 is produced by lung 
mesenchyme and smooth muscle, whereas Tie 2, its receptor, is largely restricted to 
endothelial expression. Ang 1 binding to Tie 2 causes receptor tyrosine phosphoryla-
tion and downstream signals for endothelial cell survival through PI3K/Akt signal-
ing.34 As noted with VEGF, angiogenic actions of Ang (angiopoietins) 1 may require 
endothelium-derived NO. Ang 1 promotes interactions between endothelial cells, 
extracellular matrix, and pericytes that are required for vessel maturation. Ang 
1–VEGF interactions are critical for normal vascular maturation, but their interactive 
effects are complex and dependent on multiple factors. In hyperoxia-induced lung 
injury in neonatal rats, combined gene therapy of VEGF and Ang 1 stimulated lung 
growth and vascular maturation more effectively than VEGF gene therapy alone.35

In addition, hepatocyte growth factor (HGF) and c-met, its receptor, mediates 
many of the effects of VEGF-induced cross talk between epithelium and vascula-
ture during lung development.22 Thus, VEGF plays a central role in lung vascular 
development, with key effects on endothelial growth, differentiations, survival, and 
vascular formation.

3  Altered VEGF Signaling in the Pathogenesis of PPHN

PPHN is a clinical syndrome that is characterized by the failure of PVR to fall at 
birth (Fig. 21.1). Although the pathogenesis of PPHN is uncertain, abnormal pul-
monary vasoreactivity (or maladaptation) is a central clinical feature of PPHN. 
Clinical studies have further emphasized the presence of pulmonary vascular 
remodeling (maldevelopment) in PPHN, even in newborns dying during their first 
days of life. These observations suggest the importance of chronic intrauterine 
events in the pathogenesis of PPHN. This hypothesis is supported by experimental 
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studies demonstrating that adverse stimuli, such as chronic hypertension in utero, 
can alter pulmonary vascular reactivity and structure, causing an inability of the 
pulmonary vasculature to dilate at birth. Disorders with severe PPHN are also char-
acterized by decreased arterial density (underdevelopment), especially in the setting 
of lung hypoplasia. Work has shown that sustained intrauterine pulmonary hyper-
tension reduces vascular growth, which is further associated with decreased alveo-
larization and lung weight.36 Mechanisms that link pulmonary hypertension, 
decreased arterial growth, and reduced alveolarization in severe PPHN, especially 
in congenital diaphragmatic hernia or lung hypoplasia, are poorly understood but 
may relate to altered VEGF–NO signaling (Table 21.1). Advances in the treatment 

Fig. 21.1 Schematic illustration regarding impaired VEGF signaling in the pathogenesis of PPHN

Table 21.1 Impaired VEGF Signaling in PPHN

1. Experimental PPHN
 •  Lung VEGF expression decreased in experimental PPHN 40
 •  Inhibition of VEGF impairs pulmonary vasoreactivity, increases smooth muscle 

hyperplasia, and causes RVH in fetal sheep
40

 •  Prolonged rhVEGF treatment restores endothelial function and vasoreactivity and 
attenuates pulmonary hypertension in experimental PPHN

41

2. Clinical PPHN
 • Decreased serum VEGF levels in human infants with PPHN 43

PPHN persistent pulmonary hypertension of the newborn; VEGF vascular endothelial growth fac-
tor; RVH right ventricular hypertrophy
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of PPHN, such as inhaled NO, have improved outcomes, but treatment of severe 
PPHN, especially when associated with lung hypoplasia, continues to remain 
poorly responsive to current interventions and has high mortality.

Several experimental models have been used to explore the pathogenesis of 
PPHN. Such models include exposure to acute or chronic hypoxia after birth, 
chronic hypoxia in utero, placement of meconium into the airways of neonatal 
animals, sepsis, and others. Each model has key strengths for examining potential 
mechanisms relevant to PPHN but often lacks the capacity to sufficiently explore 
prenatal events that lead to the pulmonary vascular changes prior to birth that are 
characteristic of human PPHN. Adverse intrauterine stimuli during late gestation, 
such as abnormal hemodynamics, changes in substrate or hormone delivery to the 
lung, hypoxia, inflammation, or others may potentially alter lung vascular function 
and structure, contributing to abnormalities of postnatal adaptation.

Several investigators have examined the effects of chronic intrauterine stresses, 
such as hypoxia or hypertension, in animal models to mimic the clinical problem of 
PPHN. Since prenatal closure of the ductus arteriosus (DA) is a known cause of 
PPHN, an experimental model of surgical DA constriction in fetal lambs was devel-
oped as a model of PPHN.37,38 Pulmonary hypertension induced by DA constriction 
in fetal lambs alters lung vascular reactivity and structure, causing the failure of 
postnatal adaptation at delivery, as observed in human PPHN. Over days, pulmonary 
artery pressure and PVR progressively increase, but flow remains low, and PaO

2
 is 

unchanged.37 Marked right ventricular hypertrophy and structural remodeling of 
small pulmonary arteries develop within 8–12 days of hypertension. After delivery, 
these lambs have persistent elevation of PVR despite mechanical ventilation with 
high oxygen concentrations. Studies with this model showed that chronic hyperten-
sion without high flow can alter fetal lung vascular structure and function.

This model is further characterized by marked endothelial cell dysfunction and 
altered smooth muscle cell reactivity and growth, including findings of impaired 
NO production and activity due to downregulation of lung endothelial NO synthase 
messenger RNA (mRNA) and protein expression and decreased NO bioavail-
ablity.39 Abnormalities of NO production and responsiveness contribute to altered 
structure and function of the developing lung circulation, leading to failure of post-
natal cardiorespiratory adaptation.

Since VEGF is critical for maintenance of endothelial growth, function, and sur-
vival, we hypothesized that disruption of VEGF signaling may contribute to endothe-
lial dysfunction in experimental PPHN. To determine whether impaired VEGF 
signaling contributes to endothelial dysfunction and related vascular abnormalities of 
PPHN, we performed a series of experiments in fetal sheep. In comparison with age-
matched controls, lung VEGF protein expression was reduced by 75% of control levels 
in fetal sheep exposed to chronic DA compression.40 Lung VEGFR-2 and eNOS-
endothelial nitric oxide synthase (eNOS) expression were also markedly decreased in 
PPHN sheep. Tissue studies suggested that VEGF immunoreactivity was reduced in 
the vessel wall of small pulmonary arteries in the distal lung of PPHN sheep.

To determine the role of endogenous VEGF activity in the developing lung, we 
studied the effects of chronic VEGF inhibition by treating normal late-gestation 
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fetal sheep with daily intrapulmonary infusions of a highly selective VEGF 165 
aptamer.40 We found that chronic VEGF inhibition impaired endothelium-depen-
dent vasodilation, decreased lung eNOS protein expression, caused progressive 
elevation of pulmonary artery pressure and PVR, increased arterial smooth muscle 
cell hyperplasia, and reduced arterial density.40 Thus, selective VEGF inhibition 
mimicked the pulmonary vascular findings in this experimental model of PPHN.

Based on these findings, we further sought to determine whether treatment with 
VEGF could preserve endothelial function and reduce the severity of pulmonary 
hypertension in this model of experimental PPHN. In this model, daily intrapulmo-
nary infusions of (recombinant human VEGF) rhVEGF

165
 protein prevented the loss 

of acetylcholine-induced vasodilation, sustained eNOS expression, maintained normal 
vascular wall structure, and reduced right ventricular hypertrophy.41 Thus, VEGF

165
 

preserved endothelial cell function and prevented the development of PPHN.
Gien et al. performed in vitro studies of fetal pulmonary artery endothelial cells 

(PAECs) from sheep with experimental PPHN.19 In comparison with control cells, 
PAECs from PPHN sheep maintained an abnormal phenotype in vitro, as character-
ized by decreased growth and tube formation and marked reduction of VEGF, 
VEGFR-2, and eNOS protein content from cell lysates. Treatment with either exog-
enous VEGF or NO enhanced PAEC growth and tube formation, suggesting that 
impaired VEGF–NO signaling contributes to endothelial dysfunction in this model 
of PPHN.

Overall, these findings suggest that VEGF expression is decreased, and that 
impaired VEGF signaling contributes to endothelial dysfunction and abnormalities of 
pulmonary vascular reactivity, wall thickness, and angiogenesis in PPHN. Further 
insights into the role of VEGF and mechanisms of action may lead to novel treatment 
strategies for refractory PPHN, especially in the setting of severe lung hypoplasia.

4  Disruption of VEGF Signaling in the Pathogenesis of BPD

BPD is the chronic lung disease of infancy that follows mechanical ventilation and 
oxygen therapy for acute respiratory distress after birth in premature newborns.8 
BPD is defined by the presence of persistent respiratory signs and symptoms, the 
need for supplemental oxygen, and an abnormal chest radiograph at 36 weeks cor-
rected age. There is a growing recognition that infants with chronic lung disease 
after premature birth have a different clinical course and pathology than was tradi-
tionally observed in infants dying with BPD during this “presurfactant era.” Lung 
histology of infants with BPD now shows less fibrosis and a pattern of enlarged 
distal airspaces and reduced growth of the capillary bed. Thus, the “new BPD” of 
the postsurfactant period represents inhibition of lung development with altered 
lung structure, growth, and function of the distal airspaces and vasculature. This 
marked reduction in alveolar–capillary surface area contributes to impaired gas 
exchange with an increased risk for exercise intolerance, pulmonary hypertension, 
and severe deterioration with respiratory infections.
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In addition to its effects on the airway, lung injury impairs growth, structure, and 
function of the developing pulmonary circulation. Endothelial cells are particularly 
susceptible to oxidant injury from hyperoxia and inflammation. The media of small 
pulmonary arteries also undergoes striking changes, which include smooth muscle 
cell proliferation and incorporation of fibroblasts or myofibroblasts into the vessel 
wall. Structural changes in the lung vasculature contribute to high PVR due to 
narrowing of the vessel diameter and decreased vascular compliance. Decreased 
angiogenesis reduces vascular surface area, causing further elevations of PVR, 
especially in response to high cardiac output with exercise or stress or increased 
flow due to shunt lesions. Thus, in addition to pulmonary hypertension, it is now 
clear that pulmonary vascular disease in BPD also includes reduced vascular den-
sity due to impaired angiogenesis, which contributes to physiologic abnormalities 
of abnormal gas exchange as well as the pathogenesis of BPD8,42–44 (Fig. 21.2).

Experimental data support the hypothesis that impaired angiogenesis decreases 
alveolarization, and that strategies that preserve and enhance endothelial cell survival, 
growth, and function may provide new therapeutic approaches for the prevention of 
BPD. Of multiple growth factors and signaling systems that have been shown to 
play important roles in normal lung vascular growth, VEGF plays an especially 
prominent role. Several studies have examined how premature delivery and changes 
in oxygen tension, inflammatory cytokines, and other signals can decrease VEGF 
expression and signaling, thereby altering lung structure (Table 21.2). Experimentally, 
hyperoxia, which impairs alveolar and vascular growth and inhibits alveolarization 
in neonatal rats, also downregulates lung VEGF and VEGFR expression, and phar-
macologic inhibition of VEGFRs inhibits lung vascular and alveolar growth in 
newborn rats.7,45,46 Furthermore, lung VEGF expression is impaired in primate and 

Fig. 21.2 Schematic illustration regarding mechanisms that impair VEGF signaling and its role 
in the pathogenesis of BPD as based on experimental and clinical studies (see text)
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ovine models of BPD induced by mechanical ventilation after premature birth, 
further supporting the hypothesis that impaired VEGF signaling contributes to the 
pathogenesis of BPD.47 As initially suggested in animal models, impaired lung 
VEGF expression was also demonstrated in human BPD. Bhatt and coworkers first 
demonstrated decreased VEGF and VEGFR-1 mRNA and protein in the lungs of 
premature infants who died with BPD.42 Decreased VEGF levels were reported in 
tracheal fluid samples from premature neonates who subsequently developed BPD 
when compared with patients without chronic lung disease.43

To determine whether angiogenesis is necessary for alveolarization, the effects 
of antiangiogenesis drugs thalidomide and fumagillin on lung growth were studied 
in neonatal rat pups.7 In comparison with vehicle-treated controls, postnatal treat-
ment with angiogenesis inhibitors reduced lung vascular density, alveolar number, 
and lung weight. Similar effects were found after treatment of newborn rats with 
SU5416, a VEGFR inhibitor.7,46 In these studies, a single injection of SU5416 
immediately after birth caused progressive pulmonary hypertension and markedly 
reduced lung vascular density and alveolar growth in infant rats. Early endothelial 
cell apoptosis without inflammation preceded changes in vascular and alveolar 
structure.48 These findings suggest that angiogenesis is necessary for alveolariza-
tion during lung development, and that disruption of lung vascular growth impedes 
alveolar growth after premature birth.

Mechanisms through which impaired VEGF signaling inhibits vascular growth 
and alveolarization are uncertain but may in part be mediated by altered NO pro-
duction. Past in vitro and in vivo studies have shown that VEGF stimulates 
endothelial eNOS expression in endothelial cells from the systemic circulation. 
In addition to its effects on vascular tone, NO can alter angiogenesis, but data are 
conflicting on its effects. NO mediates the angiogenic effects of VEGF on fetal 
pulmonary artery endothelial cells,19 which is likely through activation of 
VEGFR-2 and stimulation of the Akt–PI3K pathway. Studies with the eNOS–/- 
fetal mouse model suggested that NO plays a critical role in vascular and alveolar 

Table 21.2 Impaired VEGF signaling in BPD

1. Experimental BPD Reference
•  Decreased VEGF and VEGFR expression in models of BPD  

(e.g., neonatal hyperoxia, prolonged ventilation, and antenatal endotoxin)
43

•  VEGFR inhibition reduces vascular growth, impairs alveolarization,  
and causes pulmonary hypertension in newborn rats

7, 46

•  Early and late rhVEGF protein treatment restores vascular growth  
and lung structure in neonatal hyperoxia

52, 53

• VEGF gene therapy improves lung structure in neonatal hyperoxia 35
2. Clinical BPD

• Decreased lung VEGF and VEGFR expression in  
human infants dying with BPD

42

• Decreased VEGF levels in preterm infants who develop BPD 43

BPD bronchopulmonary dysplasia; VEGF vascular endothelial growth factor; VEGFR VEGF 
receptor; rhVEGF recombinant human VEGF
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growth in utero, and that eNOS–/– newborns are more susceptible to hypoxia-
induced inhibition of alveolarization than wild-type mice.28,29,49 Importantly, lung 
eNOS expression is decreased in primate and ovine models of BPD, which may 
contribute to lung structural abnormalities in these settings.50,51 VEGFR inhibition 
with SU5416 in neonatal rats was shown to decrease lung eNOS expression and 
NO production throughout infancy, and that prolonged treatment with inhaled 
NO prevented endothelial apoptosis, blocked the development of pulmonary 
hypertension, improved vascular growth, and enhanced alveolarization.30,48

To test the therapeutic potential for angiogenic growth factor modulation in 
experimental lung disease characterized by alveolar damage, we studied whether 
the effects of recombinant human VEGF 165 (rhVEGF) treatment of newborn rats 
during or after exposure to hyperoxia enhances vessel growth and improves alveo-
larization.52,53 Similarly, postnatal intratracheal adenovirus-mediated VEGF gene 
therapy improves survival, promotes lung capillary formation, preserves alveolar 
development, and regenerates new alveoli in this same model of irreversible lung 
injury.25 In these studies, VEGF stimulated sprouting of immature and leaky capil-
laries, leading to lung edema. Indeed, despite its central role in vascular formation, 
VEGF works in concert with other factors, notably Angs. Ang 1 is required to sta-
bilize the vessel wall by maximizing interactions between endothelial cells and 
their surrounding support cells and matrix. Accordingly, combined lung VEGF and 
Ang 1 gene transfer preserves alveolarization and enhances angiogenesis with more 
mature capillaries that are less permeable, reducing the vascular leakage seen in 
VEGF-induced capillaries.25

Previous studies have shown that inhaled NO attenuates hyperoxia-induced 
acute lung injury, which may enhance subsequent vascular and lung growth. These 
studies suggest that decreased VEGF signaling downregulates lung eNOS expres-
sion, and that impaired NO production may contribute to abnormal lung growth 
during development.30 Importantly, a randomized single-center study has shown 
that inhaled NO treatment reduced the combined endpoint of BPD and death in 
human premature newborns with moderate respiratory distress syndrome (RDS).54 
Multicenter clinical trials suggested that early treatment with inhaled NO may 
attenuate the risk for BPD in premature infants with birth weights above 1,000 g55 
and in older infants who require mechanical ventilation beyond the first week of 
life.56 However, mechanisms through which inhaled NO improved outcomes in 
these clinical studies are uncertain.

5  Summary

In summary, lung vascular growth and development involve a dynamic process 
that includes critical changes throughout development, beginning in the embry-
onic period and continuing throughout gestation and during postnatal life. 
Production of proangiogenic growth factors, especially VEGF and its receptors, 
maintains pulmonary vascular growth and structure in normal and disease states 
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due to enhanced endothelial cell differentiation, survival, and function. Future 
work is needed to better define basic mechanisms of lung vascular growth and 
development, which will likely lead to novel therapeutic approaches to diseases 
associated with neonatal pulmonary vascular diseases, especially in the settings of 
severe PPHN and BPD.
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Abstract Hypoxia promotes physiological processes such as energy metabolism, 
angiogenesis, cell proliferation, and cell viability through the transcription factor 
Hypoxia Inducible Factor (HIF). Hypoxia also diminishes the activity of ATP 
consuming processes to promote cell survival. The mechanism(s) by which hypoxia 
activates HIF and diminishes ATP demand are a subject of intensive research. Here 
we outline the model in which mitochondrial complex III regulate the activity of 
HIF and diminish ATP utilization processes through the increased production of 
ROS during hypoxia.

Keywords Mitochondria • HIF • ROS • Na/K ATPase

1  Introduction

Oxygen is necessary for cellular processes, most notably the production of adenosine 
triphosphate (ATP) by mitochondrial oxidative phosphorylation in higher organisms. 
As mammalian cells encounter lower oxygen levels (hypoxia, 2–20 torr or 0.3–3% 
O

2
), they have mechanisms to prevent depletion of oxygen to anoxic levels (0–2 torr 

or 0–0.3% O
2
). Cells that reside under hypoxia do not undergo cell death. However, 

cells that encounter anoxia for a sustained period will undergo cell death.1 There 
are two mechanisms that cells invoke to during hypoxia to prevent depletion of 
oxygen to anoxic levels. First, cells can increase their oxygen supply through the 
transcriptional upregulation of vascular endothelial growth factor (VEGF).2 The 
increase in VEGF stimulates angiogenesis, which would help prevent depletion of 
oxygen (Fig. 22.1). The second mechanism is to decrease the cellular demand for 
oxygen. This is mediated in part by the downregulation of Na/K adenosine triphos-
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phatase (ATPase) activity.3 The decrease in oxygen demand during hypoxia dimin-
ishes the rate at which the cells reach anoxia. It is important to note that these events 
occur at oxygen levels at which cellular bioenergetics are not compromised. Cells 
become energetically comprised under anoxic conditions. This is because the K

m
 

of the cytochrome c oxidase is less than 1 mM.4 Cytochrome c oxidase is the main 
enzyme in the electron transport chain that transfers electrons and binds to oxygen. 
Thus, availability of oxygen regulates oxidative phosphorylation through cyto-
chrome c oxidase. This ensures that mitochondria have the ability to generate ATP 
at maximal levels throughout the physiological range of oxygen tensions (1–20% 
O

2
) that cells encounter.5 Since cells can regulate oxygen supply and demand under 

hypoxia, it implies that cells must have oxygen-sensing mechanisms during 
hypoxia independent of cell’s bioenergetic status. This review focuses on the cur-
rent models and controversies surrounding cellular oxygen sensing as it pertains to 
the regulation of oxygen supply and demand during hypoxia.

2  Mitochondria Regulate Oxygen Supply Through an Increase 
in Hypoxia-Inducible Factor 1

The transcription factor hypoxia-inducible factor 1 (HIF-1) regulates the increase 
in oxygen supply observed during hypoxia. HIF-1 is a transcriptional activator that 
is required for the upregulation of VEGF gene during hypoxia.6 The increase in 

Fig. 22.1 Cellular oxygen supply and demand during hypoxia. We propose that HIF-1 activates 
VEGF to stimulate angiogenesis to increase oxygen supply during hypoxia. Simultaneously, 
hypoxia decreases the activity of Na/K ATPase to diminish cellular oxygen demand. Collectively, 
the increase in VEGF and the decrease in Na/K ATPase prevent the depletion of oxygen under 
hypoxic conditions to anoxic levels
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VEGF during hypoxia provides a mechanism to stimulate angiogenesis, thus pre-
venting depletion of local oxygen. HIF-1 is a heterodimer of two basic helix loop-
helix Per-Arnt-Sim (PAS) proteins containing HIF-1a and the aryl hydrocarbon 
nuclear translocator (ARNT or HIF-1b).7 The ARNT protein is constitutively 
expressed, and its level is not significantly affected by oxygen. In contrast, HIF-1a 
protein is stabilized within minutes of exposure to hypoxia. The molecular regula-
tion of HIF-1 by oxygen is controlled exclusively by the a subunit. The a subunit 
contains four distinct domains.8 The N-terminus contains the basic helix-loop-helix 
(bHLH) and PAS domains that mediate the dimerization to ARNT and DNA bind-
ing of the heterodimer to a consensus sequence (5¢-CGTGC-3¢) in promoters or 
enhancers of a variety of genes. The middle of the protein contains an oxygen-depen-
dent domain (ODD, residues 401–603), which controls the protein stability of the a 
subunit as a function of the oxygen tension (Fig. 22.2). This domain contains a 

Fig. 22.2 Hypoxic regulation of HIF-1a. HIF-1a is hydroxylated at two different proline resi-
dues and an aspargine residue under normoxia. The proline residues reside in the oxygen-
dependent domain (ODD, residues 401–603) of HIF-1a. The hydroxylation of proline residues 
occurs by a family of prolyl hydroxylases (PHDs 1–3). The hydroxylation of proline residues 
serves as a recognition motif for pVHL. The binding of pVHL targets the HIF-1a protein for 
ubiquitin-mediated degradation. HIF-1a contains two transactivation domains, referred to as 
TAD-N (531–575) and TAD-C (786–826). The asparagine residue resides in TAD-C. The 
hydroxylation of asparagine prevents the binding of transcriptional coactivators such as p300/
CBP. Under hypoxia, the hydroxylation of proline and asparagine is diminished, which allows 
for the protein to be stabilized and to bind to HIF-1b as well as p300/CBP to allow HIF-1-
dependent gene transcription
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transactivation domain (531–575) referred to as TAD-N. The C-terminus contains 
another TAD (786–826) referred to as TAD-C. The TADs interact with the coacti-
vators’ p300 and creb binding protein (CBP), which are required for activating 
transcription of target genes.

During normoxia (21% O
2
), HIF-1a is polyubiquitinated and targeted for degra-

dation by an E3 ubiquitin ligase complex that contains the von Hippel-Lindau 
tumor-suppressor protein (pVHL), elongin B, elongin C, Cul2, and Rbx.9 The bind-
ing of pVHL to HIF-1a is dependent on the hydroxylation of proline residues 402 
and 564 within the ODD of HIF-1a.10–12 This constitutes the pVHL substrate recog-
nition unit. The enzymatic hydroxylation reaction is inherently oxygen dependent since 
the oxygen atom of the hydroxyl group is derived from molecular oxygen. In addi-
tion, prolyl hydroxylation requires 2-oxoglutarate and iron as cofactors. 
2-Oxoglutarate is required because the hydroxylation reaction is coupled to the 
decarboxylation of 2-oxoglutarate to succinate, which accepts the remaining oxy-
gen atom. In mammalian cells, HIF prolyl hydroxylation is carried out by a distinct 
family of prolyl hydroxylases (PHDs 1–3).13

Oxygen tension also regulates the interaction of HIF-1a with transcriptional coacti-
vators p300 and CBP (Fig. 22.2). Asparagine hydroxylation of residue 803 in HIF-1a 
by the enzyme FIH-1 (factor-inhibiting HIF-1) blocks the binding of p300 and CBP to 
HIF-1a, thus inhibiting HIF-1-mediated gene transcription.14–16 Under hypoxic condi-
tions, the rate of asparagine and proline hydroxylation decreases. pVHL cannot bind 
to HIF-1a in the absence of proline hydroxylation, thus resulting in a decreased rate 
of HIF-1a degradation. In the absence of asparagine hydroxylation, p300 and CBP can 
bind to HIF-1a, allowing transcriptional activation of HIF-1 target genes.

The fact that cells are able to increase glycolytic capacity at oxygen tensions in the 
range at which mitochondrial oxidative phosphorylation is not limited by oxygen 
suggests that cells have oxygen-sensing mechanisms to regulate oxygen supply inde-
pendent of ATP. In search of cellular oxygen-sensing mechanisms, investigators 
focused on understanding the observation that iron chelators, such as desferrioxamine 
(DFO), are able to stabilize HIF-1a protein levels and activate HIF-1-dependent gene 
targets.17 This initially led to the proposal that a rapidly turning over heme protein that 
interacts with O

2
 might be a sensor. However, studies using heme synthesis inhibitors 

failed to show any effect on the hypoxic activation of HIF-1.18 The discovery that 
hydroxylation of proline residues by PHDs regulate the stabilization of HIF-1a  
protein has provided a mechanistic explanation for the action of iron chelators. Since 
iron is required as a cofactor for the hydroxylation of proline residues within HIF-1a, 
iron chelators are likely to suppress this hydroxylation reaction and allow HIF-1a 
protein levels to be stabilized. The hydroxylation reaction also requires oxygen as a 
substrate, thus making the hydroxylation step an oxygen-dependent process.

It is clear that the PHDs are the most proximal molecules regulating the stabili-
zation of the HIF-1a protein. We propose that there are likely to be signaling mol-
ecules that are required to regulate PHD activity during hypoxia. For example, we 
have shown that a functional electron transport chain is required for the hypoxic 
stabilization of the HIF-1a protein.19,20 This hypothesis is supported by the observation 
that cells depleted of their mitochondrial DNA (mtDNA; r° cells) are not able to 
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stabilize the HIF-1a protein or activate HIF-1-dependent gene transcription under 
hypoxia. The r° cells are unable to carry out functional electron transport because 
they lack critical subunits of complexes I, III, and IV.21 Since neither mitochondrial 
ATP levels nor the mitochondrial membrane potential change during hypoxia, we 
have focused on the generation of reactive oxygen species (ROS) by the electron 
transport chain as possible signaling molecules linking the electron transport chain 
to the stabilization of HIF-1a protein. The mitochondrial electron transport chain 
can generate superoxide at complex I, II, or III.22 ROS do not appear to be gener-
ated by complex IV. The best-studied site of ROS generation under physiological 
conditions is during the ubiquinone (Q) cycle within complex III (Fig. 22.3). The 
Q cycle involves the transfer of two electrons to ubiquinone from complex I and 
complex II, resulting in the reduction of ubiquinone to ubiquinol (QH2).23 The 
subsequent oxidation of ubiquinol to ubiquinone requires the donation of two elec-
trons (Fig. 22.3). The first electron transfer is to the Reiske iron–sulfur center protein 
(Fe–S). This electron is then transferred first to cytochrome c1 and then to cyto-
chrome c. This one electron transfer converts ubiquinol to ubisemiquinone (Q·–). 
The second electron residing in ubisemiquinone is transferred to the two heme 
groups of cytochrome b, referred to as heme b

L
 and heme b

H
. The two hemes have 

Fig. 22.3 The ubiquinone (Q) cycle. The Q cycle involves the transfer of two electrons to ubiqui-
none from complex I and complex II, resulting in the reduction of ubiquinone to ubiquinol (QH2). 
Ubiquinol transfers one electron to Reiske iron–sulfur protein (Fe–S), resulting in the formation 
of ubisemiquinone (Q·–). This electron is sequentially transferred to cytochromes c1, cytochrome 
c, and cytochrome c oxidase. The second electron residing in ubisemiquinone (Q·–) is transfered 
to the two heme groups of cytochrome b, referred to as heme b

L
 and heme b

H
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different electron affinities because they are located in different polypeptide envi-
ronments. Heme b

L
 is located closer to the intermembrane space and has a lower 

affinity for an electron compared with heme b
H
, which is located closer to the 

matrix side. Ubisemiquinone transfers its electron to b
L
 to form ubiquinone. Heme 

b
L
 in turn donates an electron to heme b

H
, which subsequently reduces ubiquinone 

to ubisemiquinone. The Q cycle at this stage is only half complete since only one 
of the electrons from ubiquinol has been transferred to cytochrome c. Ubiquinol is 
a two-electron carrier, whereas cytochrome c is a one-electron carrier. The Q cycle 
has to go through two rounds to efficiently donate two electrons from ubiquinol to 
cytochrome c. During the second round of the Q cycle, ubiquinol donates one electron 
to Fe-S, followed by cytochromes c1 and c. Again, this step generates ubisemiqui-
none, which sequentially reduces heme b

L
 and heme b

H
. However, in this second 

cycle heme b
H
 reduces ubisemiquinone left from the first cycle. This completes the 

Q cycle. Thus, two rounds of the cycle result in the oxidation of two ubiquinol 
molecules to form ubiquinone, of which one of the ubiquinone molecules is 
reduced to regenerate one ubiquinol.

The unstable radical ubisemiquinone (Q·–) can donate electrons to oxygen to 
generate superoxide within the Q cycle. Ubisemiquinone generated after ubiquinol 
oxidation can potentially produce superoxide and release it in the intermembrane 
space and eventually into the cytosol through voltage-dependent anion channels.24 
Much of the information regarding superoxide generation within the Q cycle comes 
from the use of mitochondrial inhibitors.25 The generation of superoxide by 
ubisemiquinione can be prevented by stigmatellin, which inhibits the oxidation of 
ubiquinol to ubisemiquinone by preventing electron flux to the iron–sulfur protein. 
In fact, any strategy to prevent electron flux to the iron–sulfur protein, cytochrome 
c1, or cytochrome c will prevent the oxidation of ubiquinol to ubisemiquinone, 
thereby diminishing the generation of superoxide.25 Antimycin increases the gen-
eration of superoxide within the Q cycle by preventing the oxidation of Heme b

H
 

(Fig. 22.3). This increases the steady-state concentration of ubisemiquinone (Q·-), 
thereby increasing the production of superoxide.26 Inhibitors of cytochrome c oxi-
dase such as cyanide or azide can also modulate the production of superoxide by 
the Q cycle. Acute exposures to these inhibitors will prevent the reduced cyto-
chrome c from being oxidized by cytochrome c oxidase. The pool of cytochrome c, 
similar to the pool of ubiquinol, is present in excess compared to the other compo-
nents of the respiratory chain.27,28 Thus, the pool of cytochrome c can continue to 
accept electrons from ubiquinol via the iron–sulfur protein and cytochrome c1 even 
in the presence of cytochrome c oxidase inhibitors until the pool of cytochrome c 
becomes fully reduced. This will ensure the generation of superoxide in the pres-
ence of cytochrome c oxidase inhibitors. However, once the pool of cytochrome c 
becomes fully reduced, no electron flux will occur from ubiquinol oxidation to 
cytochrome c. This will prevent ubiquinol from being oxidized and forming 
ubisemiquinone and prevent the production of superoxide.

Hypoxia paradoxically increases the generation of ROS from complex III. ROS 
generation has been primarily detected by the oxidation of 2¢,7¢-dichlorodihydro-
fluorescin (DCFH) dye.19 Oxidation of the dye within the cytosol of the cell yields 
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the fluorescent compound 2¢,7¢-dichlorofluorescein (DCF). Cells do not show any 
substantial increase in the oxidation of DCFH between 21% and 5% O

2
. Cells do 

display a graded increase in the oxidation of DCFH between 5 and 1% O
2
. The 

increase in DCFH oxidation can be prevented by antioxidants that specifically 
scavenge hydrogen peroxide but not superoxide or nitric oxide. This indicates that 
this dye is primarily being oxidized by the production of hydrogen peroxide under 
hypoxia. It is interesting to note that this graded increase in ROS observed during 
hypoxia is similar in kinetics to the graded increase in HIF-1a protein. The r° cells 
do not display an increase in the oxidation of DCFH during hypoxia.19 Furthermore, 
rotenone or stigmatellin prevents the increase in oxidation of DCFH and stabiliza-
tion of HIF-1a protein during hypoxia.20 Rotenone inhibits complex I, while stig-
matellin blocks electron transfer to the Rieske iron–sulfur center within complex 
III. Antimycin A, which inhibits the oxidation of heme b

H
 within complex III, does 

not decrease the oxidation of DCFH or the accumulation of the HIF-1a protein 
during hypoxia. Based on the Q cycle, this indicates that hypoxia increases the 
generation of ROS at the ubisemiquinone site that is proximal to the intermembrane 
space (Fig. 22.3). Thus, mitochondrial inhibitors such as rotenone or stigmatellin 
that prevent the formation of ubisemiquinone proximal to intermembrane space 
diminish ROS generation and HIF-1a protein accumulation during hypoxia. By 
contrast, mitochondrial inhibitors such as antimycin that prevent the oxidation of 
ubisemiquinone proximal to the intermembrane space do not diminish ROS genera-
tion or the stabilization of HIF-1a protein during hypoxia.

These results are supported genetically by the observation that loss of the Rieske 
iron–sulfur protein or cytochrome c prevents stabilization of HIF-1a protein during 
hypoxia.29–31 We further corroborated our findings by utilizing cells deficient in 
cytochrome b, which will maintain a Q

o
 site of ROS generation. Cytochrome b gene 

is encoded by mtDNA, and current small-interfering RNA (siRNA) techniques do 
not target mtDNA transcripts. Thus, we utilized cytochrome b mutant cybrids, gen-
erated by reconstituting 143B r° cells with wild-type mtDNA or that contained a 
4-bp deletion in the cytochrome b gene found in a patient suffering from parkin-
sonism.32 Loss of cytochrome b renders these cells incapable of oxygen consump-
tion and unable to generate ROS at the Qi site specifically. However, these cells 
were capable of upregulating hypoxic ROS and stabilizing HIF-1a protein.33 The 
administration of the mitochondrial antioxidant mitoquinone (MITOQ) prevented 
the HIF-1a protein stabilization. We also utilized RNA interference (RNAi) to 
knock down Rieske iron–sulfur protein to abolish ROS generation at the Q

o
 site in 

mutant cytochrome b cybrids. This prevented hypoxic ROS generation and HIF-1a 
protein stabilization, implicating the Q

o
 cite of complex III as the key site in 

hypoxic ROS generation and HIF-1a protein stabilization. These cells, however, 
retained the ability to stabilize HIF-1a protein after direct PHD inhibition by dim-
ethyloxallyl glycine (DMOG), showing an otherwise-intact HIF signaling pathway. 
Furthermore, we established a link between hypoxic ROS generation and hydroxy-
lation of HIF-1a protein. Neutralizing the ROS with antioxidants allowed HIF-1a 
protein to remain hydroxylated (and therefore primed for degradation) under 
hypoxic conditions.33 On the contrary, increasing ROS levels under normoxia by 
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overexpressing glucose oxidase prevented normoxic HIF-1a protein hydroxyla-
tion. Importantly, these data demonstrated that the ROS generated by the mitochon-
dria under hypoxia prevent hydroxylation of HIF-1a protein (Fig. 22.4).

How might the generation of mitochondrial ROS link to the stabilization of the 
HIF-1a protein? To date, the best evidence is the requirement of small guanosine 
triphosphatases (GTPases) such as Rac or Rho as regulators of HIF-1a protein 
stabilization downstream of mitochondrial electron transport chain. For example, 
Semenza and colleagues demonstrated that hypoxia stimulates Rac1 activity, and 
that Rac1 is required for the hypoxic stabilization of HIF-1a protein in human 
embryonic kidney 293 (HEK-293) cells.34 Both the hypoxic activation of Rac1 and 
the stabilization of HIF-1a protein were abolished by the complex I inhibitor rote-
none. These results indicate that Rac1 is downstream of mitochondrial signaling. 
Béliveau and colleagues demonstrated that hypoxia increases ROS production and 
activates Rho proteins.35 Inhibitors of ROS production prevent the activation of 
Rho. HIF-1a protein accumulation during hypoxia is reduced in cells incubated 
with an inhibitor of RhoA, the toxin C3. These results indicate that mitochondrial-
derived ROS elicit an activation of small GTPases to stabilize HIF-1a. Presently, 
the molecular basis by which ROS activate GTPases remains unknown.

Fig. 22.4 Mitochondrial regulation of PHDs. Hypoxia could both directly decrease the PHDs 
activity and cause an increase in mitochondrial ROS generation, resulting in diminished PHD 
activity. Alternatively, hypoxia could invoke signaling pathways that make the PHDs catalytically 
inactive
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3  Mitochondria Regulate Oxygen Demand Through  
a Decrease in Na/K ATPase Activity

Oxygen consumption of cells is primarily a reflection of the oxygen demands of 
cellular ATPases. Cells exposed to hypoxia acutely (seconds) do not display a decrease 
in oxygen consumption.36 However, as cells are exposed to hypoxia for longer periods 
(minutes to hours) they display a reversible suppression of oxygen consumption. 
Cells display this decrease in metabolism under hypoxia in which ATP levels are 
not compromised and at oxygen levels well above the K

m
 for cytochrome c oxidase. 

The decrease in oxygen consumption under hypoxia prevents the depletion of oxy-
gen to anoxic levels. During hypoxia, cells that fail to decrease oxygen consump-
tion are likely to become anoxic faster than cells that can suppress their rate of 
oxygen consumption. The decrease in oxygen consumption during hypoxia dictates 
a suppression of cellular ATPases. The Na/K ATPase activity alone can account for 
20–70% of the oxygen expenditure of mammalian cells.37 Na/K ATPase is a trans-
membrane protein found in higher eukaryotes that transports Na+ and K+ across the 
plasma membrane to maintain ionic gradients. Na/K ATPase is a heterodimer com-
posed of a and b subunits.38 The a subunit is a transmembrane protein that cleaves 
high-energy phosphate bonds and exchanges intracellular Na+ for extracellular K+ 
coupled to the hydrolysis of ATP. The smaller b subunit is a glycosylated trans-
membrane molecule that controls the heterodimer assembly and insertion into the 
plasma membrane. Multiple investigators have reported that hypoxia reversibly 
suppresses Na/K ATPase activity.39–41 Classically, the Na/K ATPase activity is 
thought to be primarily regulated by changes in catalytic activity brought about by 
changes in affinity for its major substrates. However, reports have demonstrated 
that the Na/K ATPase activity is regulated by phosphorylation, which results in 
either endocytosis or exocytosis of this molecule from the plasma membrane to 
internal compartments.42 Indeed, exposure to hypoxia for as little as 15 min 
decreases Na/K ATPase activity. The hypoxia-induced decrease of the Na/K 
ATPase activity is due to endocytosis of the a subunit from the plasma membrane. 
Hypoxia does not affect the total Na/K ATPase protein abundance in cell lysates 
during this short interval (<1 h).

The decrease in the Na/K ATPase activity and the endocytosis of the a subunit 
from the plasma membrane is also mediated by an increase in mitochondrial ROS.41 
The r° cells do not display a decrease in the Na/K ATPase activity or the endocy-
tosis of the a subunit. Rotenone, but not antimycin, prevents the decrease in Na/K 
ATPase activity during hypoxia. Catalase also prevents the endocytosis of the a 
subunit, whereas exogenous hydrogen peroxide activates the endocytosis of the a 
subunit. Thus, ROS are required and sufficient for the decrease in Na/K ATPase 
activity during hypoxia.

How might the generation of mitochondrial ROS mediate the endocytosis of the 
a subunit? One possible mechanism is through the activation of protein kinase C 
(PKC) by ROS. Physiological levels of ROS can activate PKC. Exposure of hydro-
gen peroxide can result in the tyrosine phosphorylation and activation of various 
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PKC isoforms.43 PKC phosphorylates the serine-18 residue within the a subunit of 
the Na/K ATPase, which signals and targets the a subunit for endocytosis.44 
Hypoxia-induced phosphorylation and endocytosis of the Na/K ATPase is depen-
dent on PKC.41 A mutation in the serine-18 residue of the a subunit prevents the 
hypoxia-induced endocytosis of Na/K ATPase. This mechanism of regulated endo-
cytosis is specific as there is no decrease in the levels of the glucose transporter 
GLUT-1. Finally, other key proteins that require ATP may be downregulated, but 
this requires further studies.

4  Controversies in Oxygen Sensing

We propose a model in which hypoxia induces the increased generation of ROS 
within complex III, resulting in activation of signaling cascades (e.g., GTPase, 
PKC) that result in the decrease in Na/K ATPase activity and the activation of 
HIF-1 (Fig. 22.5). Despite progress in identifying mitochondria as a potential com-
ponent of an oxygen-sensing mechanism, some concerns have been raised with 
respect to this model. These include (1) whether prolyl hydroxylases alone are the 

Fig. 22.5 Mitochondrial complex III regulates oxygen sensing. We propose that complex III 
within the mitochondrial electron transport chain generates ROS during hypoxia to (1) increase 
HIF-1-dependent gene transcription to stimulate oxygen supply and (2) decrease the activity of 
Na/K ATPase to diminish cellular oxygen demand
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oxygen sensors; (2) whether hypoxia increases the production of ROS; (3) whether 
the mitochondrial electron transport chain plays a significant role in oxygen sensing. 
Next, we explore the basis of these controversies.

4.1  Do Prolyl Hydroxylases Serve as Oxygen Sensors?

The discovery of prolyl hydroxylases as the regulators of the stabilization of HIF-
1a protein levels raised the possibility that the prolyl hydroxylases might serve 
as oxygen sensors.45 These hydroxylases utilize oxygen as a substrate for the 
hydroxylation reaction and would make ideal candidates as oxygen sensors. 
Furthermore, iron is also required for the hydroxylation reaction. Thus, prolyl 
hydroxylases could explain the effects of hypoxia and iron chelators on HIF-1a 
protein stabilization. It is clear that in the complete absence of oxygen the prolyl 
hydroxylases serve as oxygen sensors since they cannot carry out the hydroxyla-
tion of the HIF-1a protein. However, it is less clear that they serve as oxygen 
sensors in the hypoxic region (1–3% O

2
). To fulfill this role, the hydroxylases 

would have to have a K
m
 in the hypoxic region. Recombinant prolyl hydroxylases 

have a K
m
 of ambient air (20.9% O

2
) in vitro, indicating that the prolyl hydroxy-

lases are decreasing their enzymatic activity throughout the physiological range 
of PO

2
.46 Therefore, if the prolyl hydroxylases were in fact the sensors, one would 

predict a continuous increase in the accumulation of HIF-1a protein as oxygen 
levels fall from 21% O

2
 to 0% O

2
. In fact, the HIF-1a protein begins to accumu-

late around 5% O
2
, and its concentration increases as the oxygen levels approach 

anoxia.47 It would be important to decipher the K
m
 of prolyl hydroxylases in cul-

tured cells.
Another implication of prolyl hydroxylases as the oxygen sensors is that there 

would be no need for the activation of signaling pathways during hypoxia for the 
stabilization of HIF-1a protein. The first hint that hypoxic signaling is likely to be 
different from iron chelation came from the observation that diphenylene iodo-
nium (DPI), an inhibitor of a wide range of flavoproteins, including complex I, 
prevents stabilization of HIF-1a protein and HIF-1 target genes at oxygen levels 
of 1% but not in the presence of iron chelators under normoxia.48 Subsequently, 
the literature is abundant with examples of the requirement of signaling molecules 
for stabilization of the HIF-1a protein during hypoxia. These include but are 
not limited to the requirement of diacylglycerol kinase, small GTPases, ROS, and 
Phosphainositide 3-Kinase is PI3K an AKT is protein Kinase B (PI3K/AKT). We 
interpret these findings as suggesting that the prolyl hydroxylases might be modi-
fied by signaling molecules within cells to allow the K

m
 of the enzyme to change 

from 21% O
2
 (in vitro) to a K

m
 in the hypoxic region. A K

m
 of PHDs in the hypoxic 

region would theoretically fit with the experimental observation of the levels of 
HIF-1a protein as a function of lower oxygen. A major step in understanding HIF-
1a protein stabilization during hypoxia would be to elucidate the oxygen depen-
dence of the proline hydroxylation reaction of HIF-1a protein in cultured cells.
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4.2  Does Hypoxia Increase the Production of ROS?

The most confounding observation about mitochondrial ROS as a component of an 
oxygen-sensing model is that hypoxia increases the production of mitochondrial ROS. 
At first, this observation seems paradoxical; however, the levels of oxygen are sufficient 
to generate nanomolar concentrations of ROS under hypoxia. Multiple investigators 
have confirmed our initial observations demonstrating the oxidation of DCFH during 
hypoxia in cell culture models and in whole-animal models.49,50 However, there have 
been reports in the literature demonstrating a decrease in ROS levels utilizing other dyes 
that measure oxidative stress, such as dihydrorhodamine 123 or horseradish peroxidase 
(HRP)-enhanced luminol chemiluminescence.51 All of these dyes have limitations in 
their measurements of intracellular oxidative stress.52

Poyton and colleagues utilized oxidative protein carbonylation to assess whether 
mitochondria increase oxidative stress during low oxygen concentrations.53 They 
observed that yeast cells increased protein carbonylation, and the mitochondrial respira-
tory chain was responsible for this carbonylation. Gillespie and colleagues demon-
strated that hypoxia causes oxidative lesions in nuclear DNA in mammalian cells 
exposed to hypoxia.54 Perhaps the best analytical approach that permits the direct detec-
tion of free radicals is electron spin resonance (ESR). Presently, there is only a single 
study that examined radical formation by ESR using the spin trap 5-diethyoxyphos-
pharyl-5 methyl-1-pyrroline N-oxide (DEPMPO) during hypoxia.55 This study demon-
strated that porcine pulmonary arteries increased production of hydroxyl and alkyl 
radicals, and that this increase was inhibited by superoxide dismutase. It is likely that 
hypoxia increases ROS production; however, the molecular basis by which lower 
oxygen concentration increases mitochondrial ROS production remains unknown.

4.3  Does the Mitochondrial Electron Transport Chain Play a 
Significant Role in Oxygen Sensing?

The major evidence that the mitochondrial electron transport chain regulates stabi-
lization of the HIF-1a protein is the observation that r° cells and mitochondrial 
inhibitors prevent the formation of ubisemiquinone within the Q cycle of complex 
III, preventing hypoxic stabilization of the HIF-1a protein. Multiple studies have 
demonstrated that r° cells do not stabilize the HIF-1a protein during hypoxia 
(1–3% O

2
), and a variety of complex I inhibitors, including rotenone, 1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine (MPTP), and DPI prevent hypoxic stabilization 
of the HIF-1a protein.20,56 However, there are studies that indicated some r° cells 
are still able to stabilize HIF-1a protein levels.57–59

What is the basis of this inconsistency? Two potential reasons might explain this 
discrepancy. First, in some studies the response of r° cells was examined at oxygen 
concentrations close to 0% O

2
 (anoxia), while others were in the range of 1–3% O

2
. 

Oxygen is required as a substrate for the hydroxylation of the HIF-1a protein, and 
in the absence of oxygen this reaction would not occur. HIF-1a protein will not be 
hydroxylated and targeted for ubiquitin-mediated degradation under anoxia due to 
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substrate limitation. We have demonstrated that r° cells do not stabilize HIF-1a 
protein levels under hypoxia but are still able to stabilize HIF-1a protein levels 
under anoxia.1 This is consistent with the idea that when cells are subjected to con-
ditions close to 0% O

2
, the proline hydroxylation reaction would become substrate 

limited, eliminating the requirement for any signaling molecules. A second reason 
for the failure of some r° cells to prevent hypoxic stabilization of HIF-1a protein 
might be that r° cells are still able to generate ROS from mitochondria. 
Mitochondrial DNA encodes subunits for complex I, III, and IV of the electron 
transport chain but not complex II. The r° cells have a functional complex II and have 
been shown to generate ROS through this complex.60 Furthermore, in some cell types 
complex II has been shown to regulate the hypoxic increase in ROS production.61 
Thus, in some cells complex II, in addition to complex III, might contribute to 
significant ROS generation for the stabilization of the HIF-1a protein. We predict 
that only in the complete absence of mitochondrial ROS generation during hypoxia 
should cells then be unable to stabilize the HIF-1a protein.

Moncada and colleagues suggested an alternative explanation for the discrepancy 
in results obtained with respiratory inhibitors of r° cells.62 They demonstrated that 
inhibiting respiration at any complex within the electron transport chain is suffi-
cient to prevent stabilization of the HIF-1a protein at 1% O

2
. They suggested that 

cells consuming oxygen would likely be experiencing much lower intracellular 
oxygen levels compared with r° cells or cells incubated with respiratory inhibitors. 
In the presence of respiratory inhibitors, cells exposed to 1% O

2
 will have intracel-

lular oxygen levels closer to 1% O
2
 and will allow the prolyl hydroxylases to effectively 

hydroxylate the HIF-1a protein. In this model, the mitochondria were regulating 
the availability of intracellular oxygen to prolyl hydroxylases. Based on their 
model, the prolyl hydroxylases would decrease their rate of hydroxylation of the 
HIF-1a protein significantly only when oxygen tensions fall below 1% O

2
. This 

would make the hydroxylases regulating HIF-1a protein stabilization in a very narrow 
range of oxygen levels (0–1%) and suggests that the HIF-1a protein will not be 
stabilized if the intracellular oxygen levels are 1% O

2
 or greater. These data are not 

compatible with previous observations that the increase in HIF-1a protein levels 
begins around 5% O

2
 and continues to increase exponentially as the oxygen levels 

approach 0% O
2
.47 Furthermore, respiratory-deficient cells such as cytochrome b 

null cells that can still increase ROS are able to stabilize HIF-1a protein during hypoxia.33

5  Conclusions and Perspectives

Much remains to be learned about how cells sense low oxygen. Currently, there is 
confusion in defining the oxygen levels that investigators utilize to study the biology 
of low oxygen. Clearly, the biology of cells exposed to oxygen levels close to 0% 
O

2
 (anoxia) is different from cells exposed to 1–3% O

2
 (hypoxia). There might be 

completely different oxygen-sensing mechanisms under hypoxia as compared to 
anoxia. Since cells exposed to hypoxia display multiple responses from the increase 
in gene transcription to the decrease in the Na/K ATPase activity, a fundamental 
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question arises whether multiple O
2
 sensors exist in the same cell or whether a 

single O
2
 sensor regulates the diverse responses to hypoxia. Currently, there are 

multiple oxygen-sensing models to explain the diverse biological effects of 
hypoxia. The advent of genetic tools such as RNAi is likely to yield new insights 
into which putative oxygen sensors are required in different mammalian cell types 
for divergent biological responses to hypoxia or anoxia.
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Abstract Increases in myofilament Ca2+ sensitivity resulting from stimulation of 
RhoA and Rho kinase represent a primary mechanism of vasoconstriction and asso-
ciated pulmonary hypertension resulting from chronic hypoxia (CH).  This chapter 
summarizes recent advances in the understanding of RhoA/Rho kinase signaling 
mechanisms in pulmonary vascular smooth muscle (VSM) that increase the sensi-
tivity of the contractile apparatus to Ca2+ and contribute to vasoconstriction in this 
setting.  Such advances include the discovery of myogenic tone in small pulmonary 
arteries from CH rats that contributes to vasoconstriction through a mechanism 
inherent to the VSM, dependent on Rho kinase-induced Ca2+ sensitization but inde-
pendent of L-type voltage-gated Ca2+ channels.  Additional studies have revealed an 
important contribution of superoxide anion (O

2
–)-induced RhoA activation to both 

receptor-mediated and membrane depolarization-induced myofilament Ca2+ sensiti-
zation in hypertensive pulmonary arteries.  Xanthine oxidase and NADPH oxidase 
isoforms are potential sources of O

2
– that mediate RhoA-dependent vasoconstriction 

and associated pulmonary hypertension.
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1  Chronic Hypoxia Augments RhoA/Rho Kinase-Mediated 
Ca2+ Sensitization in Pulmonary Vascular Smooth Muscle:  
A New Paradigm of Pulmonary Hypertension

Chronic hypoxia (CH) associated with obstructive lung diseases, sleep apnea, and 
high-altitude exposure leads to increased pulmonary vascular resistance and pulmo-
nary hypertension. The resulting increase in afterload on the right heart often leads 
to clinical manifestations of cor pulmonale and peripheral edema. The pulmonary 
vasoconstrictor component of CH-induced pulmonary hypertension is widely 
thought to be mediated by generalized hypoxic pulmonary vasoconstriction result-
ing from global airway hypoxia. However, hypoxic vasoreactivity is largely blunted 
following long-term hypoxic exposure,1 suggesting that additional mechanisms 
provide a major contribution to the development of CH-induced pulmonary hyper-
tension. Indeed, the pulmonary hypertension in conscious rats that persists on acute 
return to a normoxic environment is substantial2 and until recently has been consid-
ered to be mediated largely by fixed increases in pulmonary vascular resistance 
resulting from arterial remodeling and increases in blood viscosity associated with 
polycythemia. However, polycythemia alone does not induce pulmonary hyperten-
sion,3 and morphometric studies of the hypertensive pulmonary circulation in rats 
have revealed that proliferation and hypertrophy of pulmonary vascular smooth 
muscle (VSM) resulting from CH do not significantly reduce the luminal diameter 
of small pulmonary arteries4 and thus would not be expected to increase pulmonary 
vascular resistance. Furthermore, findings that basal tone is elevated in pulmonary 
arterial rings isolated from CH rats studied under normoxic conditions,5–7 that CH 
augments pulmonary vasoconstrictor reactivity to receptor-mediated agonists, and 
that vasodilators dramatically lower pulmonary vascular resistance in CH rats 
returned to a normoxic environment5,8 provide intriguing evidence that the vasocon-
strictor response to CH is multifaceted (Fig. 23.1).

Fig. 23.1 Vasoconstrictor mechanisms in addition to acute hypoxic vasoconstriction, including 
enhanced arterial reactivity to endogenous vasoactive factors and increased basal vascular smooth 
muscle (VSM) tone, may play a primary role in CH-mediated increases in pulmonary vascular 
resistance and resultant hypertension
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Consistent with these findings are recent studies that have identified a novel effect 
of CH to enhance both basal arterial tone and agonist-dependent vasoconstriction 
through a RhoA–Rho kinase (ROCK)-mediated Ca2+ sensitization pathway in pulmo-
nary VSM,5,6,9–12 a response that may contribute to the pathogenesis of pulmonary 
hypertension13–15 (a more in-depth analysis of the contribution of ROCK-dependent 
vasoconstriction to pulmonary hypertension is provided in Chap. 13). The objective 
of the present chapter is to summarize RhoA signaling mechanisms in VSM and how 
these are altered in CH-induced pulmonary hypertension to mediate elevated basal 
tone and vasoconstriction to receptor-mediated agonists and depolarizing stimuli.

2  RhoA/ROCK Signaling: A Central Component  
of VSM Ca2+ Sensitization

Phosphorylation of the 20 kDa regulatory myosin light chain (MLC) is a key deter-
minant of VSM contraction, allowing increased myosin adenosine triphosphatase 
(ATPase) activity and subsequent cross-bridge cycling. The phosphorylation state 
of MLC is determined largely by the balance of activities of Ca2+/calmodulin-acti-
vated myosin light chain kinase (MLCK) and myosin light chain phosphatase 
(MLCP) (Fig. 23.2). It is well established that MLCP activity is highly regulated to 

Fig. 23.2 Stimuli for RhoA activation include membrane depolarization, which can activate 
RhoA through both Ca2+-independent and Ca2+-dependent mechanisms, and stimulation of G

q/13
-

coupled receptors (GPCRs). VGCC voltage-gated Ca2+ channel, ROCK Rho kinase, MLCP myosin 
light chain phosphatase, MLCK myosin light chain kinase, MLC myosin light chain

10.1007/_13
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mediate changes in the sensitivity of the contractile apparatus to Ca2+ and thus VSM 
tone.16 For example, stimulation of many G protein-coupled receptors leads to 
inactivation of MLCP, allowing accumulation of phosphorylated MLC and greater 
contraction  for a given concentration of cytosolic free Ca2+ ([Ca2+]

i
). This phenom-

enon of MLC  phosphorylation occurring independently of changes in VSM [Ca2+]
i
 

is referred to as myofilament Ca2+ sensitization. Activation of the RhoA/ROCK 
pathway and consequent inhibition of MLCP are central to receptor-mediated Ca2+ 
sensitization of systemic VSM, although roles for protein kinase C (PKC)-
dependent inhibition of MLCP and MLCP-independent mechanisms have also been 
implicated.

RhoA is a small guanosine triphosphate (GTP)-binding protein that is acti-
vated in response to stimulation of many G protein-coupled receptors13 (Fig. 
23.2). Activation of RhoA requires Rho-specific guanine nucleotide exchange 
factors (RhoGEFs) that catalyze the exchange of guanosine diphosphate (GDP) 
for GTP on cytoplasmic RhoA. The activated RhoA–GTP complex then under-
goes translocation to the sarcolemma and stimulates ROCK. RhoA activity is 
further regulated by Rho guanosine triphosphatase (GTPase)-activating proteins, 
which inactivate RhoA by dephosphorylating GTP to GDP, and guanine dissocia-
tion inhibitors (GDIs), which inhibit membrane translocation of RhoA from the 
cytosol.

RhoA-induced stimulation of ROCK leads to decreased MLCP catalytic activ-
ity and consequent myofilament Ca2+ sensitization13,16 (Fig. 23.2). MLCP is a 
heterotrimer consisting of a myosin-binding subunit MYPT1, a catalytic subunit 
PP1c, and a small noncatalytic subunit of unknown function. Phosphorylation of 
MYPT1 by ROCK at Thr696 and Thr853 induces dissociation of MYPT1 from 
PP1c, thereby inhibiting catalytic activity. ROCK can also inhibit MLCP indi-
rectly through phosphorylation of CPI-17, a smooth muscle-specific phosphopro-
tein that inhibits the catalytic subunit of MLCP. Further evidence suggests that 
ROCK directly phosphorylates MLC at Ser19, the same amino acid that is phos-
phorylated by MLCK, although the functional significance of this response is not 
well defined. Two isoforms of ROCK have been identified in the pulmonary cir-
culation: ROCK1 (or ROKb) and ROCK2 (or ROKa).4,9,17,18 The currently avail-
able ROCK inhibitors, including Y-27632, fasudil hydrochloride (HA-1077), and 
HA-1152P, exhibit relatively high selectivity for ROCK and equally inhibit 
ROCK1 and ROCK2 by competing with ATP binding.19

In addition to activation of RhoA signaling by G protein-coupled receptors, 
ROCK-mediated VSM Ca2+ sensitization can also be elicited by depolarizing 
stimuli.20–23 Although membrane potential depolarization-induced VSM contraction 
appears to be mediated in part via Ca2+-dependent stimulation of RhoA/ROCK,20–23 
a role for depolarization to stimulate this pathway independent of changes in [Ca2+]

i
 

has been suggested in renal tubule epithelial cells24 (Fig. 23.2). Preliminary evi-
dence supports a similar effect of membrane depolarization to induce pulmonary 
VSM Ca2+ sensitization independent of changes in VSM [Ca2+]

i
 in small pulmonary 

arteries from rats.25,26 Whereas this effect of depolarization is independent of ROCK 
in normotensive pulmonary arteries, a contribution of ROCK is evident in pulmo-
nary VSM from CH rats.
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3  Role of RhoA/ROCK in the Development  
of CH-Induced Pulmonary Hypertension

Studies of chronic ROCK inhibition in both mice and rats have revealed a role for this 
enzyme in the development of pulmonary hypertension. For example, Hyvelin et al.4 
found that chronic ROCK inhibition with Y-27632 attenuated the right ventricular 
hypertrophy associated with pulmonary hypertension in CH rats. Studies by Fagan 
et al.27 demonstrated a similar inhibitory effect of Y-27632 on right ventricular systolic 
pressure, right ventricular hypertrophy, and pulmonary arterial neomuscularization in 
CH mice. Considering the emerging role for RhoA/ROCK as a mediator of systemic 
vascular remodeling,28 it is possible that ROCK directly contributes to the arterial 
remodeling component of pulmonary hypertension. However, an alternative possibility 
is that ROCK contributes to arterial remodeling secondary to direct vasoconstrictor 
actions that induce pulmonary hypertension. Indeed, a role for ROCK-mediated vaso-
constriction in CH-induced pulmonary hypertension in rats has been provided by 
Nagaoka et al.,5 who found that intravenous administration of the ROCK inhibitor 
Y-27632 dose-dependently reduced both mean pulmonary arterial pressure and total 
pulmonary resistance in conscious, chronically instrumented CH rats that had been 
acutely returned to normoxia. Interestingly, the highest dose of Y-27632 normalized 
total pulmonary resistance between control and CH rats. Similar acute reductions in 
mean pulmonary arterial pressure were observed in response to inhaled Y-27632 and 
fasudil in CH rats8 as well as to intravenous administration of ROCK inhibitors to 
anesthetized CH rats4 and neonatal rats with pulmonary hypertension.29 These findings 
suggest that vasoconstrictor mechanisms involving ROCK are of greater importance in 
mediating CH-induced pulmonary hypertension in rats than fixed components of 
hypertension (i.e., arterial remodeling and polycythemia).

Whether ROCK-induced pulmonary hypertension represents a mechanism 
intrinsic to the VSM or rather involves alterations in endothelial control of vascular 
tone is not fully understood. Consistent with known inhibitory influences of ROCK 
on endothelial nitric oxide synthase (eNOS) messenger RNA (mRNA) stability,30 
ROCK inhibition is associated with increased eNOS expression in lungs from pul-
monary hypertensive mice27,31 and in pulmonary arterial endothelial cells from fetal 
sheep.32 Further evidence supports a role for RhoA or ROCK to stimulate Ca2+ 
influx in smooth muscle through voltage-gated or nonselective cation channels.33–37 
Nevertheless, studies have implicated a major contribution of ROCK-dependent 
VSM Ca2+ sensitization to enhanced vasoconstrictor sensitivity in hypertensive 
pulmonary arteries as detailed in sections 4–7 below.

4  Contribution of RhoA/ROCK Signaling to Increased  
Basal Pulmonary Arterial Tone Following CH

Although greater Ca2+ entry through L-type channels or store-operated cation chan-
nels in pulmonary VSM may contribute to increased basal pulmonary arterial tone 
following CH,38,39 studies have begun to examine an alternative hypothesis that 
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RhoA/ROCK-mediated Ca2+ sensitization is central to this vasoconstrictor mecha-
nism. Consistent with this hypothesis are observations that ROCK inhibitors 
reverse nitric oxide synthase (NOS) inhibition-induced vasoconstriction in isolated 
lungs from CH rats,5 whereas inhibitors of MLCK, L-type Ca2+ channels, tyrosine 
kinases, and PKC caused little or no reduction of basal tone.5 A similar increase in 
ROCK-dependent basal tone has been observed in endothelium-intact arterial rings5 
and pressurized, small pulmonary arteries from CH rats.10

Increases in basal tone in hypertensive pulmonary arteries have also been dem-
onstrated in endothelium-denuded preparations,6,11 suggesting this vasoconstrictor 
mechanism is intrinsic to the VSM. However, discrepancies exist with respect to the 
contribution of ROCK to this response. For example, Weigand et al.6 found that 
elevated basal tone in endothelium-denuded, isolated pulmonary arterial rings from 
CH rats was unaltered by ROCK inhibitors but was significantly reduced by the 
MLCK inhibitor ML-9. In contrast, studies from our laboratory using isolated, 
pressurized pulmonary arteries support an important contribution of ROCK to this 
response.11 Our initial observations of elevated basal VSM tone following CH came 
from studies demonstrating that the nitric oxide (NO) donor (Z)-1-[N-[3-
aminopropyl]-N-[4-(3-aminopropylammonio)butyl]-amino]diazen-1-ium-1,2- 
diolate (spermine NONOate) elicited vasodilation in isolated, endothelium-denuded 
pulmonary arteries from CH rats but not controls under resting conditions. 
Furthermore, this NO-mediated reduction in basal tone in CH arteries occurred 
without a change in VSM [Ca2+]

i
, thus implicating a Ca2+ sensitization mechanism 

in mediating increased VSM tone following CH.
Considering our earlier observations that CH mediates a shift in NO signaling to 

mechanisms involving protein kinase G (PKG)-dependent inhibition of RhoA/
ROCK-induced VSM Ca2+ sensitization,9 we examined the hypothesis that elevated 
basal tone in CH arteries is dependent on VSM ROCK activity. Consistent with this 
possibility is evidence that CH increases basal intrapulmonary arterial RhoA activ-
ity and ROCK2 expression.9,10 Furthermore, the selective ROCK inhibitor HA-1077 
produced a concentration-dependent reduction in basal tone only in arteries from 
CH rats without altering VSM [Ca2+]

i
, whereas the broad-spectrum PKC inhibitor 

GF 109203X was without effect on baseline inner diameter or [Ca2+]
i
 in arteries 

from either control or CH rats.11 These data therefore support a critical role for the 
RhoA/ROCK pathway in mediating elevated basal pulmonary arterial tone follow-
ing CH.

5  CH Induces ROCK-Dependent Myogenic Tone  
in Small Pulmonary Arteries

The myogenic response, defined as vasoconstriction in response to increasing 
transmural pressure, is a mechanism intrinsic to the VSM that contributes to rest-
ing vascular tone and autoregulation of blood flow in the systemic circulation. 
Although the mechanism by which VSM stretch mediates contraction appears to 



361Reactive Oxygen Species and RhoA Signaling in Vascular Smooth Muscle

involve depolarization-induced Ca2+ influx through L-type voltage-dependent 
Ca2+ channels,40 a contribution of ROCK-mediated VSM Ca2+ sensitization to 
myogenic behavior has also been demonstrated in systemic vascular prepara-
tions.41 Pressure-mediated vasoconstriction also occurs in lungs from late-gesta-
tion fetal lambs and newborn guinea pigs42–45; however, myogenic tone in the 
adult normotensive pulmonary circulation is minimal or nonexistent.42,43,46 
Furthermore, the degree of VSM stretch is limited in the adult normoxic vascula-
ture since arterial pressures are low. In contrast, upon the development of pulmo-
nary hypertension secondary to CH exposure, it is possible that pressure may 
reach a threshold for myogenic reactivity not achieved in the normotensive 
circulation.

Because of the similarities between the pulmonary vasculature of the fetus and 
the pulmonary circulation of the adult exposed to CH (i.e., thickened medial layer), 
studies have examined the hypothesis that elevated basal pulmonary arterial tone 
following CH is due to the development of myogenic reactivity.11,47 Consistent with 
this hypothesis, Broughton et al.11 demonstrated myogenic behavior independent of 
changes in VSM [Ca2+]

i
 in isolated, pressurized small pulmonary arteries from CH 

rats. In contrast, no such myogenic tone was observed in pulmonary arteries from 
normotensive animals. This study further identified an exclusive contribution of 
ROCK-induced VSM Ca2+ sensitization to this myogenic tone in CH arteries, con-
sistent with elevated basal arterial RhoA activity following CH.4,9,10 However, in 
contrast to effects of ROCK inhibitors, this myogenicity in hypertensive pulmonary 
arteries was unaltered by PKC inhibition or by blockade of T-type or L-type Ca2+ 
channels.11 These data stand in marked contrast to numerous studies of the systemic 
circulation and fetal/neonatal pulmonary circulation demonstrating a central role 
for Ca2+ influx through L-channels in myogenic reactivity41 and emphasize the 
divergent mechanisms that mediate pressure-induced tone in the adult systemic vs. 
pulmonary vasculatures. Interestingly, myogenic tone in CH vessels increased as a 
function of decreasing arterial diameter,11 which may explain previous observations 
that slightly larger arteries from these animals do not demonstrate pressure-induced 
vasoconstriction.47 In summary, these findings support a unique effect of CH to 
promote myogenic reactivity in the adult pulmonary circulation and further impli-
cate a major role for a ROCK-dependent VSM Ca2+ sensitization mechanism in 
mediating this response.

6  Contribution of RhoA/ROCK Signaling to Enhanced 
Agonist-Induced Pulmonary Vasoreactivity Following CH

A substantial body of evidence supports a major role for endogenous vasoconstric-
tors, including endothelin 1 (ET-1),48–50 serotonin (5-HT),48,51 and thromboxanes52 in 
the development of CH-induced pulmonary hypertension. Whereas the vasocon-
strictor component of CH-induced pulmonary hypertension may result from 
increased synthesis or bioavailability of these mediators, studies from our laboratory 
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and others have demonstrated an effect of CH to increase pulmonary vasoreactivity 
to these agonists.5,9,10,53,54 Consistent with the hypothesis that CH augments agonist-
induced pulmonary VSM tone via RhoA/ROCK-dependent VSM Ca2+  sensitization, 
ROCK has been implicated in contributing to the VSM contractile response to each 
of these agonists.6,12,55–57 In direct support of this hypothesis are studies indicating 
that the ROCK inhibitor Y-27632 markedly attenuated ET-1-induced contraction of 
pulmonary arterial rings from CH rats.6,12

Controversy exists, however, regarding the effect of CH on agonist-induced 
RhoA/ROCK signaling in pulmonary VSM. For example, a study by Sauzeau 
et al.17 demonstrated decreased agonist-mediated contraction in conduit pulmo-
nary arteries from CH rats vs. controls as a result of RhoA downregulation and 
abolishment of RhoA-mediated Ca2+ sensitization. These discrepancies in the 
literature may reflect segmental differences in RhoA/ROCK signaling between 
conduit and small pulmonary arteries or differences in the duration of hypoxic 
exposure. Studies have begun to clarify these discrepancies using pressurized 
small pulmonary arteries to evaluate VSM Ca2+ sensitization signaling 
mechanisms.

To directly assess a role for VSM Ca2+ sensitization in mediating augmented 
agonist-dependent vasoconstriction following CH, we examined vasoconstrictor 
responses to receptor-mediated agonists in endothelium-denuded small pulmonary 
arteries in which VSM [Ca2+]

i
 had been clamped with the Ca2+ ionophore ionomy-

cin. Consistent with our hypothesis, both UTP9 (uridine triphosphate) and ET-1-
mediated vasoconstrictor responses10 were greater in Ca2+-permeabilized arteries 
from CH rats vs. controls. Furthermore, the ROCK inhibitor Y-27632 markedly 
inhibited reactivity in CH vessels, effectively normalizing constriction to that of 
control arteries. In contrast, neither PKC inhibition nor tyrosine kinase inhibition 
altered reactivity in arteries from either group.9,10 Furthermore, VSM Ca2+ sensiti-
zation to the PKC agonist phorbol 12-myristate 13 acetate (PMA) was not differ-
ent between control and CH arteries,9,11 indicating that CH selectively augments 
ROCK-induced Ca2+ sensitization. Supporting a role for ROCK-dependent 
 inhibition of MLCP in mediating ET-1-induced Ca2+-sensitization in CH  arteries, 
we found that ROCK inhibition prevented Thr696 phosphorylation of the MYPT1 
subunit of MLCP in response to ET-1.10 Collectively, these data support an effect 
of CH to increase agonist-induced ROCK-dependent VSM Ca2+ sensitization 
through phosphorylation of MYPT1, whereas PKC-dependent Ca2+ sensitization is 
unaltered by CH.

Although increased basal VSM Ca2+ sensitivity following CH may be mediated 
in part by increased pulmonary arterial ROCK expression,4,9,10 an additional mecha-
nism involving elevated basal RhoA activity may contribute to this response. 
Indeed, whereas hypoxic acclimation does not alter RhoA expression in intrapul-
monary arteries,9,10 CH is associated with enhanced basal as well as agonist-stimu-
lated RhoA activity. 9,10. The mechanism by which CH mediates this response is the 
focus of current research efforts and involves ROS-dependent stimulation of RhoA 
as discussed in sections 9 and 10 below.
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7  CH Promotes Membrane Depolarization-Induced VSM Ca2+ 
Sensitization Through a ROCK Signaling Mechanism

In addition to effects of CH to augment basal and agonist-induced vasoconstriction, 
reactivity to depolarizing concentrations of KCl has been demonstrated to be 
increased following hypoxic acclimation,5,12,58 although this is not a universal find-
ing.7,47 Interestingly, KCl-dependent increases in pulmonary VSM [Ca2+]

i
 are mark-

edly blunted following CH,47 thus implicating a myofilament Ca2+ sensitization 
mechanism in mediating depolarization-dependent vasoconstriction in hypertensive 
arteries. However, a contribution of VSM ROCK to this response has not been con-
sistently observed. Whereas vasoreactivity to KCl is attenuated by inhibitors of 
ROCK in isolated perfused lungs5,27,58 and endothelium-intact arteries from CH 
rats,5,6,58 no such inhibition was observed in endothelium-denuded vessels from CH 
rats.6,12 These findings support a contribution of the endothelium to depolarization-
induced VSM Ca2+ sensitization following CH. Interestingly, Homma et al.58 found 
that the augmented KCl-induced vasoconstriction in lungs from pulmonary hyperten-
sive rats was reduced by either endothelin or serotonin receptor antagonism, implicat-
ing a role for stimulation of ET

A
 and 5-HT

1B/1D
 receptors by endogenous ET-1 and 

5-HT in enhanced KCl-dependent Ca2+ sensitization following hypoxic acclimation.
It is further possible that increased depolarization-dependent pulmonary VSM 

Ca2+ sensitization following CH is explained by a mechanism inherent to the VSM. 
Indeed, whereas RhoA stimulation in VSM is well established to occur secondary 
to activation of G protein-coupled receptors,13,14,19 RhoA-mediated VSM Ca2+ sen-
sitization can also be elicited by depolarizing stimuli.20–23 Although membrane 
depolarization-induced VSM contraction appears to be mediated in part via 
Ca2+-dependent stimulation of RhoA/ROCK,20–23 a role for depolarization to stimu-
late this pathway via a Ca2+-independent mechanism has been demonstrated in renal 
tubule epithelial cells.24

In preliminary studies, we tested the hypothesis that a similar mechanism of 
RhoA activation exists in VSM, and that such a mechanism contributes to enhanced 
depolarization-induced pulmonary vasoconstriction following exposure to CH. In 
direct support of membrane depolarization-dependent Ca2+ sensitization in pulmo-
nary VSM, we found that a depolarizing stimulus of KCl elicited constriction in 
arteries in which VSM [Ca2+]

i
 had been clamped with the calcium ionophore iono-

mycin.25,26 In addition, K+-induced Ca2+ sensitization was greater in CH vs. control 
arteries, indicating that CH augments membrane depolarization-induced VSM Ca2+ 
sensitization through a unique Ca2+-independent mechanism. ROCK inhibition with 
HA-1077 attenuated these responses to high extracellular K+ only in arteries from 
CH rats, thus providing intriguing support for a contribution of ROCK to mem-
brane depolarization-dependent Ca2+ sensitization in CH arteries.

Consistent with these findings, a depolarizing concentration of KCl (60 mM) 
increased RhoA activity (GTP-bound RhoA levels as assessed by pull-down assay) 
in intrapulmonary arteries from CH rats but not controls (unpublished observa-
tions). Furthermore, blockade of L channels or PKC inhibition was without effect 
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on depolarization-induced constriction in Ca2+-permeabilized arteries from either 
normoxic or CH rats. Interestingly, substantial vasoconstriction remained following 
ROCK inhibition in both groups, suggesting that additional Ca2+ sensitization path-
ways contribute to depolarization-dependent constriction in the pulmonary circula-
tion. Collectively, these observations suggest that both endothelium-dependent and 
-independent mechanisms account for the effect of CH to increase depolarization-
induced Ca2+ sensitization in pulmonary VSM through enhanced ROCK signaling. 
Considering that isolated pulmonary arteries exhibit pressure-dependent depolar-
ization that is augmented following CH,47 such a mechanism of depolarization-
induced RhoA activation could contribute to the ROCK-dependent myogenicity 
observed in these vessels.

8  Role of ROS in the Development of PH

Endogenous ROS are physiologically important intracellular second-messenger 
molecules known to be involved in immune responses and various cell signaling 
pathways that regulate gene expression, cell proliferation and motility, kinase acti-
vation, phosphatase inhibition, regulation of ion channels, Ca2+ signaling, and 
myofilament Ca2+ sensitization.59 Consequently, ROS are integrally involved in the 
regulation of both VSM cell phenotype and contractility. In pulmonary VSM, 
endogenous ROS facilitate the proliferation of pulmonary VSM cells in culture60 
and contribute to hypoxic pulmonary vasoconstriction61 and 5-HT-mediated con-
traction62 of small pulmonary arteries. However, excessive ROS production has also 
been implicated in aging and the progression of various disease states, including 
pulmonary hypertension.

Although ROS generation has been reported to be reduced in isolated lungs from 
CH rats,63 a critical role for ROS in the development of CH pulmonary hypertension 
is provided by evidence that chronic ROS inhibition with the superoxide dismutase 
(SOD) mimetic tempol inhibits right ventricular hypertrophy and arterial remodel-
ing in CH rats64 as well as ROS production and vascular remodeling in CH mice.65 
Sources of ROS in the vasculature include NADPH oxidase (NOX) isoforms, mito-
chondria, xanthine oxidase, uncoupled NOS, cytochrome P450, and cyclooxyge-
nase (COX). However, NOX66–70 and xanthine oxidase71,72 have been the major 
sources of ROS implicated in the development of pulmonary hypertension.

The prototypical NOX isoform, NOX2 (also known as gp91phox), was first identi-
fied in neutrophils and macrophages.59,73 This enzyme functions to produce superox-
ide anion (O

2
–) and is critically involved in host defense. However, since the discovery 

of NOX2, other isoforms of NOX have been identified. Of the four primary NOX 
isoforms expressed in VSM (NOX1, NOX2, NOX4, and NOX5), NOX2 has been 
most studied and may be the major isoform involved in generation of O

2
– in resistance 

vessels.59,73,74 The NOX2 enzyme complex consists of two membrane-bound subunits 
(gp91phox and p22phox); three cytosolic subunits (p47phox, p67phox and p40phox) and the 
small G proteins Rac1 and Rac2. Activation of NOX2 involves a complex series of 
protein–protein interactions, involving translocation of the cytosolic subunits to the 
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membrane, which requires the association of GTP-bound Rac with p67phox. 
Association of the cytosolic subunits with the gp91phox/p22phox complex increases the 
catalytic activity of gp91phox, thus allowing binding of nicotinamide adenine dinucle-
otide phosphate (NADPH) and generation of O

2
–. Like NOX2, NOX1 is constitutively 

bound to p22phox and is activated by Rac and migration of p47phox and p67phox homologs 
(NOX organizer 1 and NOX activator 1, respectively) to the membrane. NOX4 and 
NOX5 are also expressed in VSM, although these isoforms have no well-defined 
regulatory subunits and little is known regarding their role in vascular ROS signal-
ing.59,73,74 NOX5 is unique among NOX isoforms in being activated by binding of Ca2+ 
to the intracellular N-terminus and has gained attention in contributing to human 
aortic VSM cell proliferation75 and oxidant stress in human coronary artery disease.76 
Interestingly, NOX isoforms vary in their subcellular localization. For example, 
whereas NOX4 colocalizes with the cytoskeletal components vinculin and a-actin in 
cultured rat aortic smooth muscle cells,77,78 NOX1 is expressed primarily at the sarco-
lemma in association with caveolin 1.77 Although the significance of such compart-
mentalized expression to NOX signaling is not well characterized, the subcellular 
localization of NOX isoforms may be functionally important in receptor signaling, 
oxygen sensing, mechanotransduction, and regulation of gene expression.

Several studies support a contribution of ROS produced by NOX in the development 
of CH-induced pulmonary hypertension in both adult and neonatal animals. A role 
for NOX2 in mediating CH-induced pulmonary hypertension in mice was provided 
by Liu et al.,66 who found that CH-mediated increases in ROS generation and pulmo-
nary hypertension were markedly reduced in mice deficient in gp91phox. In agreement 
with these findings, Grobe et al.67 measured elevated Rac1 and p47phox expression in 
lungs from pulmonary hypertensive lambs. This same group further reported that the 
NOX inhibitors apocynin and diphenylene iodonium reduced pulmonary ROS levels 
in these same animals. NOX4 gene and protein expression is also increased by both 
chronic sustained hypoxia79 and chronic intermittent hypoxia80 in murine pulmonary 
arteries and lung tissue and is similarly upregulated in lung tissue from patients with 
idiopathic pulmonary hypertension.80 However, the contribution of NOX4 to pulmo-
nary hypertension is unknown. Furthermore, while these studies suggest that ROS 
generated by NOX enzymes are involved in the pulmonary hypertensive response to 
CH, the intracellular signaling mechanisms involved are not well defined. Interestingly, 
studies from our laboratory and others have begun to define a role for ROS in mediat-
ing enhanced pulmonary vasoconstrictor sensitivity following CH (discussed next), a 
response that may contribute to the etiology of pulmonary hypertension.

9  Contribution of ROS to Enhanced Vasoconstrictor 
Reactivity After CH

Studies have also implicated ROS in mediating enhanced sensitivity to vasoconstric-
tor stimuli in CH hypertensive pulmonary arteries. A role for NOX-derived ROS in 
this response was provided by Liu et al.,66 who found that CH-induced increases in 
contractility of small pulmonary arteries to both 5-HT and the thromboxane analog 



366 T.C. Resta et al.

U-46619 are attenuated in gp91phox (NOX2) knockout mice compared to wild-type 
controls. Furthermore, Fike et al.70 reported that ROS contribute to enhanced vaso-
constrictor reactivity of small pulmonary arteries in piglets with CH-induced pulmo-
nary hypertension. The involvement of NOX in this response was supported by an 
effect of apocynin not only to attenuate vasoconstriction to acetylcholine (ACh) in 
hypertensive arteries but also to inhibit NOX-stimulated ROS generation in small 
pulmonary arteries from CH piglets as assessed by lucigenin-enhanced chemilumi-
nescence. ROS generated by xanthine oxidase also contribute to pulmonary hyper-
tension and endothelial dysfunction in intrapulmonary arteries from CH neonatal 
rats.72 Consequently, endogenous ROS derived from various enzymatic sources 
appear to contribute to CH-induced increases in vasoconstrictor sensitivity and asso-
ciated pulmonary hypertension. These observations are further supported by studies 
from our laboratory, which have begun to address the mechanistic relationship 
among receptor stimulation, membrane depolarization, ROS, and RhoA-induced 
myofilament Ca2+ sensitization in the hypertensive pulmonary circulation.

10  CH Augments ET-1- and Membrane Depolarization-
Induced Pulmonary VSM Ca2+ Sensitization Through  
ROS-Dependent Stimulation of RhoA/ROCK Signaling

Based on evidence that exogenous reactive oxygen species (ROS) mediate ROCK-
dependent VSM contraction81 and that membrane depolarization increases ROS 
production in endothelial cells, macula densa, and isolated mouse and rat lungs,82–84 
we hypothesized that both receptor-mediated and depolarization-induced ROS gen-
eration mediates enhanced RhoA-dependent Ca2+ sensitization in pulmonary VSM 
following CH. This hypothesis was tested by assessing effects of the O

2
- scavenger 

tiron9,10 on receptor-mediated and depolarization-induced vasoconstriction, VSM 
[Ca2+]

i
, and ROS generation in Ca2+-permeabilized, pressurized, small pulmonary 

arteries from both normoxic and CH rats. We also evaluated the contribution of ROS 
to ET-1- and depolarization-induced RhoA activity in intrapulmonary arteries from 
each group. In agreement with this hypothesis, we found that, similar to effects of 
ROCK inhibition, tiron largely inhibited both KCl25 and ET-1-induced vasoconstric-
tion10 in CH arteries and normalized vasoconstrictor responses between groups. In 
more recent experiments, we found that a tiron/HA-1077 cocktail did not provide 
greater attenuation of KCl-dependent reactivity than scavenging of O

2
- alone (unpub-

lished observations). This lack of an additive effect of ROCK inhibition and O
2
- scav-

enging provides additional support for our hypothesis that O
2
- signals in series with 

RhoA/ROCK to increase myofilament Ca2+ sensitivity in CH arteries.
To determine whether enhanced basal and agonist-dependent VSM Ca2+ sensi-

tivity in CH arteries is associated with increased O
2

- generation, we measured 
dihydroethydine (DHE) oxidation by fluorescence microscopy as an index of O

2
- 

production in isolated, pressurized arteries. Interestingly, we found that basal DHE 
fluorescence was greater in arteries from CH rats compared to controls.10,25 
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Furthermore, addition of either KCl or ET-1 increased DHE fluorescence in arteries 
from CH but not control animals. As expected, tiron abolished the CH-induced 
elevation in basal ROS as well as both depolarization- and ET-1-stimulated ROS 
production without altering DHE fluorescence in control arteries. In contrast, 
ROCK inhibition with HA-1077 was without effect on either CH-dependent 
increases in basal ROS or KCl-induced ROS generation. These data argue against 
a potential role for ROCK to enhance basal and depolarization-induced Ca2+ sensi-
tization through stimulated ROS production and are consistent with our hypothesis 
that RhoA is activated by ROS in CH pulmonary arteries.

In further agreement with this hypothesis is the correlation between elevated 
basal ROS generation10,25 and RhoA activity9,10 in arteries from pulmonary 
hypertensive rats. In addition, both ET-110 and KCl (unpublished observations) 
were found to increase GTP-bound RhoA levels in arteries from CH but not 
control animals. Consistent with a role for ROS in mediating enhanced ET-1-
mediated Ca2+ sensitization in CH arteries, tiron abolished both the CH-dependent 
elevation in basal and ET-1-induced RhoA activity in small pulmonary arteries 
but was without effect in control arteries. These results provide direct evidence 
for ROS-dependent RhoA activation, and together with data from Ca2+ -permeabilized 
arteries and DHE experiments, demonstrate a novel link among receptor stimu-
lation, membrane depolarization, ROS generation, and RhoA/ROCK signaling 
that mediates enhanced myofilament Ca2+ sensitivity in the hypertensive pulmo-
nary circulation (Fig. 23.3). These findings may also establish a mechanistic 
basis for previous studies that have established a crucial role for ROS in the 
development of PH.64,71

Fig. 23.3 CH augments both depolarization- and GPCR-induced Ca2+-sensitization through O
2
--

dependent activation of RhoA/ROCK signaling in pulmonary VSM
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11  Summary and Future Directions

Pulmonary hypertension resulting from long-term hypoxic exposure has been his-
torically considered to be mediated by increases in pulmonary vascular resistance 
resulting from hypoxic pulmonary vasoconstriction, arterial remodeling, and poly-
cythemia. However, findings suggest that vasoconstrictor influences in addition to 
acute hypoxic vasoconstriction, including elevated basal VSM tone and enhanced 
vasoconstrictor reactivity, play prominent roles in mediating CH-induced pulmo-
nary hypertension. Furthermore, increases in myofilament Ca2+ sensitivity resulting 
from stimulation of RhoA and ROCK signaling represent a primary mechanism of 
vasoconstriction and associated pulmonary hypertension resulting from CH. This 
chapter summarized recent developments in the understanding of RhoA/ROCK 
signaling mechanisms in pulmonary VSM that increase the sensitivity of the con-
tractile apparatus to [Ca2+]

i
 and contribute to vasoconstriction in this setting. Such 

developments include the discovery of myogenic tone in small pulmonary arteries 
from adult CH rats that contributes to basal vasoconstriction through a mechanism 
inherent to the VSM, dependent on ROCK-induced Ca2+ sensitization but indepen-
dent of L-type voltage-gated Ca2+ channels. Additional studies have revealed an 
important contribution of O

2
--induced RhoA activation to both receptor-mediated 

and membrane depolarization-induced myofilament Ca2+ sensitization in hyperten-
sive pulmonary arteries from CH rats. Both xanthine oxidase and NOX isoforms 
have been implicated in the development of pulmonary hypertension and altered 
pulmonary vasoreactivity in various animal models and represent potential sources 
of ROS that mediate RhoA-dependent vasoconstriction and associated pulmonary 
hypertension.

Goals of future studies are to identify the contribution of depolarization-
induced ROS generation to myogenic vasoconstriction in the adult hypertensive 
pulmonary vasculature, establish the sources of O

2
– that mediate enhanced 

RhoA-dependent Ca2+ sensitization following CH, and determine the signaling 
mechanism linking membrane stretch, receptor activation, and membrane depo-
larization to RhoA stimulation. Such a mechanism may involve effects of CH to 
influence the activity or cellular trafficking of components of the ROS-RhoA 
signaling axis through alterations in the composition of signaling platforms 
within the lipid bilayer or possible effects of membrane potential to directly 
regulate enzymatic activity of relevant second messengers. Additional studies 
are needed to determine distal signaling components of RhoA in pulmonary 
VSM, including potential roles for actin polymerization and MLC phosphoryla-
tion by Ca2+-independent kinases, and to assess the relevance of these signaling 
pathways to enhanced pulmonary vasoreactivity and hypertension following CH. 
The concept of depolarization as a Ca2+-independent effector of ROS signaling 
has potentially broad physiological implications for not only RhoA-induced 
VSM contraction, cytoskeletal organization, motility, proliferation, and apopto-
sis, but also for ROS-dependent modulation of a diverse spectrum of intracel-
lular signaling pathways.
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Abstract Decades of studies in animal models and in humans with pulmonary 
artery hypertension have left little doubt that the processes culminating in hyper
tensive pulmonary vascular remodeling and sustained increases in pulmonary 
vascular resistance are complex. Modulations in phenotype, proliferative state, and 
survival of multiple lung vascular cell populations, changes in the local milieu of 
growth and differentiation factors, and alterations in the extracellular connective 
tissue environment all seem to contribute to the pathogenesis of the disorder. From 
a pharmacologic vantage point, identifying which of these is the most suitable target 
is challenging. Our studies are predicated on the concept that pathways “distal” in 
the signaling cascades – upon which multiple stimuli dictating vascular cell structure 
and function converge – might be effective drug targets in PAH.  In this regard, we 
found that the polyamines, putrescine, spermidine, and spermine, a family of low 
molecular weight organic cations required for cell growth and differentiation, along 
with their biosynthetic pathways and transmembrane transporters, are altered in 
rational animal models of pulmonary arterial hypertension. In this article, we 
summarize these data incriminating polyamines and their regulatory pathways in 
hypertensive pulmonary vascular disease and advance the contention that polyamine 
synthesis inhibitors and transport blockers should indeed be considered for clinical 
trials in human pulmonary arterial hypertension.

Keywords Pulmonary hypertension • polyamines • ornithine decarboxylase •  
polyamine transport • monocrotaline • hypoxia

1  Pharmacologic Targets in Pulmonary Hypertension

Pulmonary arterial hypertension (PAH) presents a formidable therapeutic challenge. 
It is insidious and difficult to diagnose. Multiple pharmacologic targets have been 
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identified, and studies in experimental animal models would lead to the impression 
that that there should be a long list of therapeutic options,1 but there is not. The 
currently available drug interventions are limited, and none is particularly effec
tive.2 Pharmacologic therapy of progressive pulmonary hypertension is in need of 
an advance.

In the history of pharmacology, there are many instances when drugs developed 
for a given indication have subsequently emerged as a first therapeutic option for 
conditions unrelated to their initial development. Examples might include the anti
pyretic and analgesic aspirin for cardiovascular disease; the antineoplastic agent 
methotrexate for rheumatoid arthritis; the vasodilators minoxidil and sildenafil for 
hair loss and erectile dysfunction, respectively; and others. Perhaps a class of drugs 
that would be effective in human PAH has been similarly “hiding in plain sight.”

Decades of studies in animal models and in humans with PAH have left little 
doubt that the processes culminating in hypertensive pulmonary vascular remodel
ing and sustained increases in pulmonary vascular resistance (PVR) are complex. 
The involvement of reversible increases in vasomotor tone and structural remodel
ing of the pulmonary arterial wall relative to elevating PVR is under debate. Reports 
have advanced the notion that exaggerated vasoconstriction, perhaps linked to 
increased myogenic tone, plays a previously unsuspected and critical role maintain
ing elevated resistance.3,4 In addition, vascular structural changes incriminated in 
chronic PAH are evident along the entire pulmonary arterial tree.5,6 The medial 
layer of muscularized pulmonary arteries is thicker, partly as a result of pulmonary 
artery smooth muscle cell (PASMC) hypertrophy. A complete ring of smooth 
muscle also is extended into vessels that are normally partially or nonmuscularized. 
This increased muscularization seems to be linked to proliferation and differentia
tion of precursor cells into new smooth muscle. Severe PAH also is associated with 
intimal occlusive lesions, which may be ascribed to unrestrained endothelial cell 
(EC) proliferation that mimics certain aspects of tumor growth.7 Excessive deposi
tion and disorganization of interstitial and basement membrane matrix proteins also 
contribute to the structural changes.8 Fibroblasts, PASMCs, ECs, and perhaps other 
cells may be sources of these matrix proteins.

Not surprisingly, the signaling environment underlying development of 
chronic PAH is also complex.9,10 Numerous growth factors, including platelet
derived growth factor (PDGF), transforming growth factor b (TGFb), epidermal 
growth factor (EGF), vascular endothelial growth factor (VEGF), and related 
receptor tyrosine kinases, vasoactive autacoids, and matrix proteinases all have 
been incriminated from both experiments on human lung tissue and animal models 
of PAH. Multiple sequential or paralleloperating secondmessenger systems, 
including various ion channels, calcium, nitric oxide (NO), reactive species, 
RhoA/Rho kinase, just to name a few, seem to be altered in chronic PAH.11,12 
From a pharmacologic vantage point, identifying which of these is the most suit
able target is challenging. The studies described are predicated on the concept 
that pathways “distal” in the signaling cascades – on which multiple stimuli dic
tating vascular cell structure and function converge – might be effective drug 
targets in PAH.
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The polyamines putrescine (PUT), spermidine (SPD), and spermine (SPM) are 
a family of low molecular weight organic cations known to be required for cell 
growth and differentiation.13 In light of their role governing fundamental behavior 
of cells, considerable effort has been directed to developing drugs modulating 
polyamine regulatory pathways as antineoplastic agents. Polyamine synthesis 
inhibitors, especially the intensely studied adifluoromethylornithine (DFMO), 
polyamine analogues, and transmembrane polyamine transport inhibitors, have 
all been examined in this respect. While experiments in malignant cells have 
tended to support the usefulness of polyamine regulatory pathways as molecular 
targets for anticancer drugs, their performance in clinical trials has been unim
pressive.14 Combination therapy with other antineoplastics seems to hold more 
promise. For example, there is emerging evidence that DFMO in combination 
with sulindac suppresses recurrent formation of colorectal polyps.14 Unrelated to 
antineoplastic therapy, DFMO also is effective against the African trypanosomal 
infection causing sleeping sickness.15 It is fair to say, however, that the potential 
for polyamine regulatory pathways to serve as isolated targets for pharmacologic 
intervention has not yet been realized despite decades of investment and study. In 
this chapter, we review data showing that polyamines and their biosynthetic path
ways and transporters are necessary for hypertensive pulmonary vascular remod
eling in rational animal models and advance the contention that polyamine 
synthesis inhibitors and transport blockers should indeed be considered for clinical 
trials in human PAH.

2  General Aspects of Polyamine Regulation

Cell polyamine contents are governed by multiple interactive pathways.13 In 
de novo polyamine synthesis, PUT is synthesized from its precursor, ornithine, via 
the initial and one of the ratelimiting enzymes in polyamine synthesis, ornithine 
decarboxylase (ODC). PUT is then converted sequentially to SPD and SPM via two 
other potentially ratelimiting enzymes, Sadenosylmethionine decarboxylase 
(SAMDC) and SPD and SPM synthases, respectively. De novo polyamine synthesis 
can be suppressed pharmacologically by DFMO, a specific inhibitor of ODC. ODC 
is unusual in terms of its regulation.16 The protein has one of the shortest halflives 
of known mammalian enzymes and is exquisitely sensitive to changes in the abun
dance of antizyme, a family of at least three 18 to 30kDa proteins that inhibit 
ODC and promote its 26S proteasomedependent degradation.

A second regulatory pathway is transmembrane transport.17 In some cells, 
polyamine uptake accompanies proliferation, while it is downregulated during qui
escence. In polyaminedepleted cells, transport processes may restore polyamine 
levels and revitalize cell functions. Polyamine transport activity seems to require 
ongoing RNA and protein synthesis and, in some cells, may require an intact 
sodium gradient. There also appear to be considerable differences in terms of the 
number of polyamine transporters, with some cells expressing a single transporter 
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with overlapping specificity for the three polyamines and others expressing uptake 
pathways that are relatively specific for each polyamine. It is unknown whether the 
multiple transporters are differentially regulated and if so, what biological signifi
cance such regulation might be. Like ODC, polyamine uptake is negatively regu
lated by antizyme.

A third pathway involves polyamine interconversion, catalyzed by the SPD and 
SPM aminopropyltransferases; another ratelimiting enzyme, SPD/SPM N1
acetyltransferase (SAT); and polyamine oxidase.18,19 The last two enzymes are 
responsible for conversion of SPM back to SPD and SPD to PUT. Finally, it has 
been speculated for many years that polyamine compartmentalization was an 
important regulatory pathway. In support of this idea, the abundance of SPM in 
mitochondria and nuclei is known to change during the cell cycle.20 It has also been 
shown that mitochondria express a polyamine “uniporter”21 that could govern mito
chondrial polyamine contents independently of cytosolic changes. Subcellular 
polyamine distribution has not been explored in pathologic contexts.

3  Polyamine Regulation in the Lungs of Rats With  
Hypoxia- and Monocrotaline-Induced PAH

Using highperformance liquid chromatography to quantify tissue polyamine 
contents, we found that PUT, SPD, and SPM were all increased as a function of 
time in rats with PAH induced by monocrotaline (MCT) and hypoxia (Fig. 24.1). 
These increases tracked closely the development of PAH and right ventricular 
hypertrophy in both models.22,23 Interestingly, and as shown in Fig. 24.2, increases 
in lung polyamines were associated with disparate changes in the key enzymes 
governing polyamine biosynthesis; in MCTtreated rats, there were early and substan
tial increases in ODC and SAMDC activities,24 while in chronically hypoxic lungs 
SAMDC activity was increased, but ODC activity was persistently depressed.25

Unlike the apparent role for de novo polyamine synthesis enzymes in MCT
induced PAH, hypoxic pulmonary hypertension was linked to augmented polyamine 
transport. In support of this idea, we found in rat lung explants that PUT uptake was 
augmented, and efflux was reduced in chronic hypoxia.25 Activities of polyamine 
interconverting enzymes, SAT, and polyamine oxidase also were elevated.25 We 
used autoradiography to delineate cell types displaying increased polyamine trans
port in hypoxia.26 Previous reports on the cellular localization of polyamine uptake 
focused on the normoxic lung and identified the most prominent sites of uptake as 
alveolar type I and II cells.27 Uptake by cells of the normoxic pulmonary circulation 
had not been appreciated. In hypoxia, however, we found increases in the density 
of [14C]SPD labeling in both intimal and medial layers of conduit, muscularized, 
and partially muscularized pulmonary arteries (Fig. 24.3). The extent of [14C]SPD 
uptake in main pulmonary artery explant preparations also was elevated in hypoxia, 
and autoradiography revealed that the increase could be ascribed to augmented 
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Fig. 24.1 Increases in lung tissue contents of PUT, SPD, and SPM as a function of time in rats 
with pulmonary arterial hypertension induced by MCT (top) and hypoxia (bottom). Lung tissue 
contents of all three polyamines were increased at each time point after treatment with MCT or 
hypoxia, respectively, in comparison to control rat lung tissue. *Significantly different from con
trol at p < 0.05. Adapted with permission22,23

labeling of both intimal and medial arterial layers. The hypoxiainduced increase in 
[14C]SPD transport was most evident in smooth muscle cells of the media. Viewed 
collectively, these findings in lung and main pulmonary arterial explant prepara
tions suggested that hypoxia increases SPD uptake in pulmonary artery endothelial 
cells (PAECs) and PASMCs, most conspicuously in the latter.

We undertook additional studies in rat cultured PAECs and PASMCs with the 
aims of determining the mechanism of the hypoxic effect on polyamine import and 
whether there were multiple transporters that were differentially regulated by 
hypoxia.28,29 Confluent cultures of both cell types were exposed to normoxic or 
hypoxic culture conditions and uptake rates for [14C]PUT, SPD, and SPM deter
mined as a function of polyamine concentration. In general terms, polyamine trans
port pathways in normoxic, control populations of these lung vascular cells 
resembled other cells described in the literature; they exhibited time, temperature, 
and concentration dependencies. Polyamine transport in lung vascular cells required 
ongoing RNA synthesis. Protein synthesis inhibition was associated with a transient 
increase in polyamine import, presumably as a result of relief from antizyme
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Fig. 24.2 Changes in activities of the key enzymes governing polyamine biosynthesis, ODC and 
SAMDC, in lung tissue from rats with MCTinduced (top) and hypoxiainduced (bottom) PAH. 
*Significantly different from control at p < 0.05. Note that in MCTtreated rats, there were early 
and substantial increases in ODC and SAMDC activities, while in chronically hypoxic lungs 
SAMDC activity was increased, but ODC activity was persistently depressed. Adapted with 
permission24,25

mediated inhibition, while longerterm protein synthesis inhibition resulted in a 
reduction in polyamine import. Uptake of PUT, SPD, and SPM could be modeled 
according to Michaelis–Menten kinetics; values for K

m
 and V

max
 in the two cell 

populations are shown in Table 24.1. In normoxic cells, the kinetic parameters are 
on the same order of magnitude.

In other key respects, however, the polyamine transport pathways operative in 
cultured rat PAECs and PASMCs differ. For example, in ECs there is relatively little 
cross competition between the three polyamines for uptake,28 while in smooth 
muscle cells, SPD and SPM exhibit cross competition and inhibit PUT uptake, 
while PUT has minimal effect on the import of SPD and SPM.29 The sodium depen
dence of polyamine transport also appears to differ between the cell types.30 
Replacing sodium with choline inhibits uptake of all three polyamines in ECs, 
while in PASMCs PUT import is more prominently inhibited by sodium depletion 
than the other polyamines. Finally, the most interesting difference pertains to the 
transport response to hypoxia. As shown in Table 24.1, PAECs responded to 
hypoxia with an increase in the V

max
 for transport for all three polyamines, while 

smooth muscle cells exhibited a selective increase in the V
max

 for PUT uptake, with 
the values for SPD and SPM unchanged from controls.
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Fig. 24.3 Autoradiographs of [14C]SPD uptake in rat lung explants. Conduit arteries exhibited 
prominent [14C]SPD uptake in the medial layer (open arrows demarcate the medialadventitial 
border) and a moderate increase in the intima (black arrow) under hypoxic conditions (a) in com
parison to normoxic uptake (b). Similar increases in [14C]SPD uptake were observed in small 
fully muscularized arteries in hypoxia (c) relative to normoxia (d); arrows delineate medial
adventitial border, arrowheads point at the lumen. Medial smooth muscle cells in partially mus
cularized small arteries (arrows) also demonstrated increased SPD uptake in hypoxia (e) compared 
to normoxia (f); arrowheads point at lumen, bronchus labeled with B. Counterstained with tolui
dine blue. Magnification: ×420. Adapted with permission26

Table 24.1 Values of K
m
 and V

max
 for polyamine uptake in rat PASMCs and PAECs cultured 

under control (CON) and hypoxic (HYP) conditions

K
m
 (mM)

PUT SPD SPM
PASMCs ECs PASMCs ECs PASMCs ECs

CON 7.06 ± 3.48 5.10 ± 0.75 2.48 ± 0.66 2.50 ± 0.45 2.85 ± 0.92 5.60 ± 1.15
HYP 14.80 ± 2.97* 6.10 ± 0.75 2.41 ± 0.73 2.80 ± 0.65 2.04 ± 0.77 11.3 ± 3.0*
V

max
 (pmol/106 cells/min)

PUT SPD SPM
PASMCs ECs PASMCs ECs PASMCs ECs

CON 9.14 ± 2.33 5.60 ± 0.30 21.23 ± 1.92 4.60 ± 0.25 17.44 ± 2.04 3.50 ± 0.30
HYP 29.30 ± 3.92* 10.90 ± 0.06 24.72 ± 2.53 8.60 ± 0.65* 19.88 ± 2.39 8.90 ± 1.20*

Values are expressed as mean ± standard error. *Significantly increased (p < 0.05) in hypoxic cells 
relative to cells under control conditions. Adapted with permission28, 29
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4  Polyamine Synthesis and Transport as Targets  
for Intervention in PAH

We used DFMO, the siteselective, “suicide” inhibitor of ODC, to determine if 
increased ODC activity was important for MCTinduced pulmonary hypertension in 
intact rats.31,32 As shown in Fig. 24.4, chronic treatment with DFMO prevented the 
MCTinduced increase in the lung tissue content of all three polyamines. In addition, 
and also shown in Fig. 24.4, DFMO prevented MCTinduced elevation in pulmonary 
artery pressure, right ventricular hypertrophy, and medial arterial thickening. 
Companion studies demonstrated that DFMO also suppressed MCTinduced pulmo
nary vascular hyperreactivity and edema formation.31,33 Treatment of rats after the 
onset of MCTcaused PAH reversed the increased pulmonary arterial pressure and 
right ventricular hypertrophy.32 These observations emphasize the importance of ODC 
and de novo polyamine synthesis in regulating lung polyamine contents and attendant 
changes in lung structure in the MCT model of chronic pulmonary hypertension.

Fig. 24.4 DFMO prevents the MCTinduced increase in the lung tissue content of all three 
polyamines (top) and pathophysiologic alterations (bottom), including MCTinduced elevations in 
pulmonary artery pressure (Ppa), right ventricular hypertrophy (RVH), and medial arterial thick
ening (MT). Adapted with permission31,32
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The hypoxiainduced increase in polyamine uptake by pulmonary vascular cells 
raises the question of whether lung cell polyamine regulatory pathways could serve 
as targets of pharmacologic intervention in hypoxic pulmonary hypertension. 
Based on the finding that hypoxia decreases ODC activity, ODC blockade would 
not seem to be a promising approach. Indeed, as shown in Fig. 24.5, prolonged 
pretreatment with DFMO modestly attenuated the increase in lung PUT and failed 
to have an impact on the rise in lung SPM evoked by hypoxia. The effects of DFMO 
on hypoxiainduced pathophysiologic changes also were unimpressive. There were 
limited reductions in the extent of PAH and medial arterial thickening, and right 
ventricular hypertrophy was unaffected by polyamine synthesis blockade.34

There are relatively few selective inhibitors of polyamine import. One of the first 
was a polymeric glutaraldehyde conjugate of SPM (polySPM) capable of discrimi
nating between the multiple polyamine import pathways present in PASMCs and 
other cell types.35,36 Interestingly, a comparison of the effects of polySPM and 
DFMO on PASMC polyamine content suggested that polyamine transport plays a 
previously unappreciated role in determining PASMC polyamine contents. We 

Fig. 24.5 DFMO suppresses, but not does abolish, hypoxiainduced increases in the lung tissue 
content of the three polyamines (Top) and pathophysiologic alterations (Bottom), including, 
hypoxiainduced elevations in pulmonary artery pressure (Ppa), right ventricular hypertrophy 
(RVH), and medial arterial thickening (MT). Adapted with permission34
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found that whereas polyamine synthesis inhibition caused partial depletion of cel
lular SPD with no change in SPM content, the transport inhibitor, either alone or in 
combination with DFMO, caused prominent reductions in the levels of both SPD 
and SPM (Table 24.2).

Two lines of evidence support the prospect that polyamine import blockade could 
serve as a useful strategy in PAH. Using a newergeneration polyamine transport 
inhibitor, ORI1202, we found that suppression of hypoxiainduced polyamine import 
blocked p38 MAP kinase activation in hypoxic PASMCs37 (Fig. 24.6). This observa
tion is of interest because the mitogenactivated protein (MAP) kinase pathway is 
centrally involved in the response to hypoxia in a variety of cells.38,39 In companion 
studies, this time using polySPM to prevent the hypoxiainduced increase in 
polyamine import, we found that noncytotoxic concentrations of the transport inhibitor 
prevented accumulation of soluble fibronectin in PASMCs (Fig. 24.7). Fibronectin, 
of course, is a critical extracellular matrix protein whose deposition, along with other 
components of the extracellular matrix, is grossly altered in PAH.40

5  Summary and Future Directions

The work presented showed in two widely used animal models of chronic PAH 
that polyamines are required for structural remodeling of the pulmonary arterial 
circulation, for sustained increases in pulmonary artery pressure, and for forma
tion of right ventricular hypertrophy. While cellular mechanisms by which 
polyamines contribute to PAH are no doubt linked to their critical involvement in 
fundamental processes such as cell proliferation and differentiation, many ques
tions remain concerning the pathways regulating lung vascular cell polyamine 
contents and the specific cellular responses so mediated. For example, little is 
known about ODC regulation in MCT and hypoxiainduced lung vascular dis
ease. While studies in tumor cell lines would strongly suggest that the prominent 
increase in ODC noted in lung cells from MCTtreated rats likely involves tran
scriptional activation of the ODC gene by cMyc,41 the mechanism by which 
ODC is persistently downregulated in hypoxia is less clear. Our results suggest 
that antizyme is probably not involved,28 but a more promising concept is that 
protein–protein interactions between the hypoxiainducible transcription factor 1 
(HIF1) and cMyc may suppress the latter’s ability to maintain ODC expres

Table 24.2 Impact of the polyamine import blocker polySPM on polyamine contents in 
cultured rat PASMCs

Spermidine (mmol/mg protein) Spermine (mmol/mg protein)

Control 12,600 ± 59 23,059 ± 983
PolySPM 4,385 ± 79* 11,437 ± 272*
DFMO 2,973 ± 22* 20,087 ± 153
PolySPM + DFMO 1,287 ± 100* 9,790 ± 250*

*Significantly different from control (p < 0.05). Adapted with permission35
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Fig. 24.6 Impact of the polyamine transport inhibitor ORI1202 on hypoxic activation of p38 
MAP kinase. Top: Uptake of 0.3 mM putrescine in normoxic, control PASMCs (CON), PASMCs 
cultured in hypoxia for 6 h (HYP), control PASMCs incubated with 30 mM ORI1202, and hypoxic 
PASMCs incubated with ORI1202. Middle: Western analyses of total and phosphop38 in nor
moxic, control PASMCs (CON), PASMCs cultured in hypoxia for 3 h (HYP), control PASMCs 
incubated with 30 mM ORI1202, and hypoxic PASMCs incubated with ORI1202. Bottom: Band 
intensities were quantified by densitometry and expressed as a percentage of control for four 
experiments. *Significantly different from normoxic control at p < 0.05. Identical results were 
obtained in PASMCs cultured in hypoxia for 24 h (data not shown). Adapted with permission37

sion.42 Obviously, additional studies will be required to address this possibility. In 
a related context, the mechanisms by which hypoxia augments polyamine trans
port and, of even more basic import, why there are multiple polyamine transport
ers that seem to be differentially regulated in discrete cells of the pulmonary 
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Fig. 24.7 The polyamine uptake inhibitor polySPM prevents hypoxiainduced accumulation of 
soluble fibronectin in PASMCs. n = 4–6 for each experimental group. *Significantly different 
from normoxic controls at p < 0.05

arterial circulation are unresolved issues. The fact that the mammalian polyamine 
transport proteins have yet to be isolated is a critical obstacle to resolving these 
deficiencies.43 Finally, and as noted, while polyamines are required for cell 
growth and differentiation, emerging evidence suggests that they may govern 
other, more dynamic cellular processes incriminated in lung vascular remodeling. 
For example, polyamines regulate mitochondrial function,44 and abnormalities in 
mitochondria have been linked to sustained PAH.45 Polyamines also exert rather 
potent antioxidant activity,46 and oxidant stress has been detected in human 
PAH.47 Apoptosis, suggested to drive EC death leading to formation of occlusive 
intimal lesions in PAH,48 also is governed by polyamines,49 and whether 
polyaminedependent PAEC apoptosis plays a role in intimal lesion formation is 
an interesting possibility. These are just a few of the unresolved issues relating to 
involvement of this interesting and ubiquitously distributed family of organic 
cations in PAH.

The integrated response of the pulmonary circulation to stimuli causing PAH 
is complex, involving many different cell types, mediators, and transduction path
ways. The polyamines, by virtue of their role in multiple signaling events, would 
seem to be an important point of integration of the many stimuli acting on 
hypoxic lung cells. Our findings that polyamine transport, rather than de novo 
polyamine synthesis, seems to be the dominant pathway regulating lung vascular 
cell polyamines in hypoxia suggest that polyamine transporters may be an iso
lated target for intervention. The inhibitory effect of polyamine transport inhibi
tors ORI1202 and polySPM on hypoxiainduced p38 MAP kinase phosphorylation 
and soluble fibronectin release in PASMCs is provocative. If the effector cells in 
hypoxic pulmonary hypertension rely on augmented polyamine import as a 
source of signaling molecules while cells not intimately linked to the hypoxic 
response continue to synthesize polyamines via the actions of ODC, then trans
port blockade could be a rather selective pharmacologic strategy. Studies in intact 
animal models would be helpful in resolving this issue and establishing the safety 
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and efficacy of polyamine transport inhibitors as a therapeutic strategy in hypoxic 
pulmonary hypertension.

By contrast, MCTinduced pulmonary hypertension seeks to rely on increased 
ODC activity to produce the polyamine pools needed for pathogenic cell 
responses. In this regard, DFMO is a safe drug with minimal toxicity. It has been 
studied in numerous clinical trials and is known to be effective in treating 
African trypanosome infections and holds promise, in combination with sulin
dac, for use in preventing colorectal polyps and cancer. One may wonder why 
DFMO is relatively devoid of toxicity. Although the answer is unknown, it is 
tempting to speculate that it is the activation of the polyamine transport that 
compensates for ODC inhibition and thereby minimizes toxicity associated with 
polyamine depletion.17 Taking this concept one step further, in disorders primar
ily driven by increased ODC activity restricted to specific target cell popula
tions, DFMO may be reasonably effective while toxicity is minimized in 
“normal” cells by transport induction. Such a scenario would explain our results 
with MCTinduced PAH, which was inhibited and reversed by DFMO without 
undue toxicity. Against this background, given the facts that DFMO is effective 
in animal models of PAH, that it is safe in human subjects, and that there are no 
drugs available that arrest or reverse the course of PAH in humans, it seems 
reasonable to contemplate clinical trials of DFMO in human subjects with pul
monary hypertension.
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Abstract Serotonin (5-HT) and voltage-gated potassium (KV) channels have 
emerged as two major factors in the pathogenesis of pulmonary arterial hyperten-
sion (PAH). In pulmonary artery smooth muscle cells (PASMC), KV channels play 
a major role in the regulation of pulmonary arterial tone and proliferation. Thus, 
activation of KV channels leads to vasodilatation and enhances apoptosis, while 
their inhibition is associated with vasoconstriction and proliferation in PASMC. 
Moreover, these channels have a prominent role as a common target for pulmonary 
vasoconstrictors. Modulation of these channels by vasoconstrictors involves the 
activation of a variety of protein kinases. Here we review the role of localization 
and internalization as a novel mechanism for acute regulation of KV channels and 
pulmonary vascular tone by agonists such as serotonin.

Keywords Serotonin • potassium channels • pulmonary arteries • caveola • 
endocytosis

1  Introduction

Pulmonary circulation is a high-flow and low-pressure system so that under 
physiological conditions pulmonary artery pressure (PAP) is about one sixth of that 
in systemic vessels. However, PAP may be increased either as a primary event or 
more frequently as a result of diverse diseases. Pulmonary arterial hypertension 
(PAH), defined as a sustained increased of mean PAP over 25 mmHg at rest, is 
characterized by vasoconstriction and remodeling of the pulmonary arteries, caus-
ing a progressive increase in pulmonary vascular resistance, leading to right 
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ventricular hypertrophy, heart failure, and premature death. The pathophysiology 
of PAH is still not fully understood, but appears to be associated with an imbalance 
between vasodilation–apoptosis/vasoconstriction–proliferation in which genetic 
predisposing and environmental factors together with a number of vasoactive 
mediators contribute.1,2 Thus, it is generally accepted that PAH has a multifactorial 
pathobiology, and interactions between different pathophysiological factors are 
likely to occur.3,4 Serotonin (5-HT) and voltage-gated potassium (K

v
) channels have 

emerged as two major factors in PAH pathogenesis. Here, we describe an interac-
tion between these two factors.

2  Serotonin in the Pulmonary Circulation

5-HT has long been suspected to play a role in the pathogenesis of PAH. In the 1960s, 
an association between the appetite suppressant aminorex (which affects the release 
or uptake of 5-HT) intake and PAH was identified, and this drug was withdrawn from 
the market in 1972. In the 1980s, the use of serotoninergic appetite suppressant 
drugs, mainly fenfluramines, was also associated with an increased risk of develop-
ing PAH.5 Since then, increasing interest in the role of 5-HT in the pathogenesis of 
PAH has been paid by researchers and clinicians. Currently, several lines of evidence 
indicate the central role of 5-HT in the pathogenesis of PAH.1,2,6 First, 5-HT acceler-
ates platelet aggregation, is an effective pulmonary vasoconstrictor, and induces 
vascular smooth muscle hyperplasia.2,6,7 Moreover, elevated circulating peripheral 
serotonin has been associated with the development of PAH.8,9 In addition, viral-
induced overexpression of angiopoietin 1 has been shown to induce PAH, and this is 
associated with increased production and secretion of 5-HT from endothelial cells.10

5-HT targets pulmonary artery smooth muscle cell (PASMC) receptors, namely, 
5-HT

1b/D
, 5-HT

2A
, and 5-HT

2b
, to cause pulmonary vasoconstriction. On the other 

hand, 5-HT may enter PASMCs through interaction with the specific 5-HT 
 transporter (5-HTT), resulting in proliferation. Many studies have evidenced the 
role of 5-HT transporter and receptors in PAH. Thus, 5-HTT overexpression or 
polymorphisms in the gene encoding 5-HTT are associated with PAH.6,11 
Furthermore, mice lacking 5-HTT or 5-HT receptors (e.g., 5-HT

1b
 or 5-HT

2b
) show 

attenuated PAH induced by hypoxia.7,11,12 Specific pharmacological inhibition of 
5-HT

1b
, 5-HT

2A
, or 5-HT

2b
 receptors or 5-HTT attenuates or reverses the develop-

ment of PAH and prolongs survival in animal models of PAH.7,12–14 The inhibition 
of tryptophan hydroxylase 1 (Tph-1), the rate-limiting enzyme in the synthesis of 
5-HT, has emerged as a possible therapeutic target in PAH.6

3  Kv Channels in the Pulmonary Circulation

Potassium channels comprise a diverse and ubiquitous class of membrane proteins 
that facilitate the diffusion of potassium ions across the plasma membrane. In 
PASMCs, potassium channels are key determinants in the control of resting 
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 membrane potential E
m
 and play a major role in the regulation of pulmonary arte-

rial tone.15,16 Opening of potassium channels leads to membrane hyperpolarization, 
closure of voltage-gated L-type Ca2+ channels, decrease in intracellular Ca2+ 
([Ca2+]

i
), and vasodilatation. On the other hand, closure of potassium channels 

causes membrane depolarization, activation of voltage-gated L-type Ca2+ chan-
nels, increase in [Ca2+]

i
, and vasoconstriction. Moreover, activation of potassium 

channels enhances apoptosis, while their inhibition is associated with proliferation 
in PASMCs.17 The five main types of potassium channels identified in PASMCs 
are K

v
 channels, large-conductance Ca2+-activated channels (bK

Ca
), inward recti-

fiers (K
IR

), adenosine triphosphate (ATP)-dependent channels (K
ATP

), and two-pore 
domain K+ channels (K

2P
). Among these, K

v
 channels have been reported to make 

a substantial contribution to whole-cell K+ conductance and resting membrane 
potential in PASMCs, and their inhibition causes elevation of [Ca2+]

i
 and contraction 

of pulmonary arteries.15,16 It has became clear that two-pore domain K+ 
channels, especially TASK-1 channels, also control resting membrane potential in 
PASMCs,18 and their inhibition may bring membrane potential to values at which 
K

v
 channels are active.
K

v
 channels exist as tetramers formed by four transmembrane K

v
a subunits 

combined with modulatory cytosolic K
v
b subunits. In human pulmonary arteries, 

22 transcripts of K
v
a (K

v
1.1–1.7, K

v
1.10, K

v
2.1, K

v
3.1, K

v
3.3, K

v
3.4, K

v
4.1–4.2, 

K
v
5.1, K

v
6.1–6.3, K

v
9.1, K

v
9.3, K

v
10.1, and K

v
11.1) and three of K

v
b subunits 

(K
v
b1–3) have been identified by reverse-transcription polymerase chain reaction 

(RT-PCR).19 The expression of different K
v
 channel subunits, including the a 

(K
v
1.1, K

v
1.2, K

v
1.3, K

v
1.5, K

v
1.6, K

v
2.1, K

v
3.1b, and K

v
9.3) and the b (K

v
b1.1, 

K
v
b1.2, K

v
b1.3, and K

v
b2.1) subunits, has also been verified at the protein level.20 

In addition, heterotetrameric assembly of distinct K
v
a subunits can occur. Among 

the variety of K
v
 channels expressed in PASMCs, K

v
1.5 and K

v
2.1 channels seem 

to be major contributors to the native K
v
 current. Likewise, K

v
1.5 and K

v
2.1 are 

oxygen-sensing channels and have been involved in the control of resting mem-
brane potential and in mediating hypoxic pulmonary vasoconstriction.16 In 
PASMCs, decreased function of K

v
 channels is associated with cell proliferation,17 

whereas upregulation of K
v
1.5 correlates with an increase in apoptosis/prolifera-

tion ratio and prevents and reverses PAH.21 Furthermore, decreased expression or 
activity and mutations of K

v
1.5 occurs in human22 and experimental16,23 PAH. 

Therefore, the reduction in K
v
 channel function and activity results in a more 

depolarized membrane potential in PASMCs from PAH patients and in an increase 
in [Ca2+]

i
, leading to vasoconstriction and proliferation. On the contrary, in vivo 

gene transfer of K
v
1.5 restores hypoxic pulmonary vasoconstriction and reduces 

PAH.23 In addition, normalization of elevated pulmonary vascular resistance in 
different models of PAH following treatment with dichloroacetate (an inhibitor of 
the mitochondrial enzyme pyruvate dehydrogenase kinase) and survivin-targeting 
gene therapy has been associated with the restoration or activation of K

v
 chan-

nels.21,24 Altogether, these data support the idea that gene transfer of K
v
 channels 

or drugs activating K
v
 channels may have potential therapeutic value in the man-

agement of PAH.
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4  Regulation of Kv Channels by Pulmonary Vasoconstrictors

K
v
 channel inhibition has been involved in the pulmonary constrictor effects 

induced by a variety of stimuli, such as hypoxia,16,25 endothelin 1,26 thromboxane 
A

2
,27,28 5-HT,29 anorectic drugs,30 and the antiparkinsonian drug pergolide.31 These 

studies indicated a prominent role of K
v
 channels as a common target for pulmo-

nary vasoconstrictors. Interestingly, a number of mechanisms have been involved 
in the inhibition of PASMC K

v
 channels. The precise mechanisms involved in 

hypoxia-induced inhibition of K
v
 channels are still nuclear, but it has been proposed 

that the hypoxia-induced closure of K
v
 channels results from a change in cytoplas-

mic reactive oxygen species or redox status in PASMCs.25,32 There is controversy 
regarding whether hypoxia increases or decreases ROS. Intriguingly, application of 
the oxidant t-butyl hydrogen peroxide increased current flowing through K

v
1.5 

channels cloned from human pulmonary arteries and expressed in CHO (Chinese 
hamster ovary) cells,32 while it reduced K

v
 currents in freshly isolated rat 

PASMCs.33

In human PASMCs, endothelin 1 inhibits K
v
 currents, and this effect was 

reduced in the presence of staurosporine or GF-109203X,26 suggesting the involve-
ment of classic Ca2+-dependent protein kinase C (PKC). On the other hand, we have 
reported that activation of the atypical PKCz is involved in K

v
 channel inhibition 

and vasoconstriction induced by TXA
2
 in rat and piglet pulmonary arteries.27,28 

Moreover, by using KO (knockout) mice we confirmed the role of PKCz.34

5  Modulation of Kv Channels by Serotonin

Figure 25.1 shows that serotonin inhibits K
v
 current in rat PASMCs in a concentra-

tion-dependent manner with a similar potency(EC
50

 values ~2 mmol/L) as that for 
pulmonary vasoconstriction. Accordingly, 5-HT depolarized membrane potential to a 
similar extent to that evoked by the K

v
 channel inhibitor 4-aminopyridine (3 mmol/L). 

These results strongly suggest that 5-HT-induced membrane depolarization is due to 
its ability to inhibit K

v
 channels. However, it cannot be ruled out that 5-HT may 

inhibit other potassium channels, in addition to K
v
 channels, involved in PASMC 

membrane potential, such as TASK channels. In fact, serotonin has been reported to 
fully abolish TASK-1 currents in motoneurons.35

The effects of 5-HT on K
v
 currents and membrane potential were prevented by 

the 5-HT
2A

 receptor antagonist ketanserin and by the 5-HTT inhibitor fluoxetine. 
However, other specific 5-HTT inhibitors such as fluvoxamine or citalopram or the 
5-HT

1b
 antagonist Sb224289 had no effects on the K

v
 current-blocking properties 

of 5-HT.29 The different behavior of fluoxetine vs. other 5-HTT inhibitors may rely 
on its relatively high affinity against the 5-HT

2A
 receptor. 5-HT also inhibited the 

K
v
 current carried by human cloned K

v
1.5 channels expressed in Ltk- cells, which 

express 5-HT
2A

 receptors. This effect was also prevented by the 5-HT
2A

 receptor 
antagonist ketanserin. 5-HT

2A
 receptors signal primarily through heterotrimeric 
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proteins of the G
q/11

 subfamily, activation of phospholipase C, the subsequent for-
mation of diacylglycerol, and activation of classic diacylglycerol-sensitive PKC.36 
Accordingly, the effects of 5-HT on K

v
 currents were prevented by U73122, a phos-

pholipase C (PLC) inhibitor, and by Gö6976, an inhibitor of classic diacylglycerol-
sensitive PKCs.29 In addition, the effects of 5-HT on K

v
 channels were prevented by 

genistein, a widely used tyrosine kinase inhibitor, and by tyrphostin 23, a selective 
tyrosine kinase inhibitor, whereas the tyrosine phosphatase inhibitor vanadate 
potentiated the inhibitory effect.29 Since it is firmly established that K

v
 channels are 

regulated by phosphorylation on tyrosine residues, the activation of tyrosine kinases 
by 5-HT could modulate K

v
 channels by direct phosphorylation of K

v
1.5. However, 

no changes were found at the level of tyrosine or serine phosphorylation in K
v
1.5 

channel protein from cells incubated with 5-HT, ruling out direct phosphorylation 
of K

v
1.5 subunits.

6  Signal Compartmentalization

Specific signal transduction requires not only changes in the activity of signaling 
molecules but also its compartmentalization within specific cellular domains. Cell 
activation leads to the assembly of multimolecular complexes known as signalosomes. 

Fig. 25.1 5-HT decreases K
v
 current recorded in rat PASMCs. (a) Current traces are shown for 

depolarization pulses from –60 to +60 mV (in 10-mV increments) from a holding potential of -60 
mV. (b) Current–voltage relationships of K

v
 current measured at the end of the pulse in the 

absence and the presence of 5-HT (10 mmol/L). (c) Concentration-dependent inhibition of K
v
 cur-

rent by 5-HT at –30 and +60 mV. (d and e) Effects of 5-HT and 4-aminopyridine (4-AP) on 
membrane potential. Data show mean ± SEM (n in parenthesis). * and ** indicate p < 0.05 and p 
< 0.01 vs. control, respectively. Reprinted with permission29
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Scaffold or adaptor proteins play a fundamental role in allowing these specific 
protein-protein interactions and signal compartmentalization.

PKCz is translocated from a cytosolic to a membrane compartment on stimu-
lation with U46619.27 A number of scaffold proteins, including p62 (also called 
ZIP1 or sequestosome 1), Par-4, Par-6, and MEK537 are implicated in the specific 
signal transduction of PKCz. Interestingly, p62 is required for the specific inter-
action of PKCz and the b subunits of K

v
 channels,38 and the overexpression of 

p62 results in a hyperpolarizing shift in the K
v
 current activation curve.39 We also 

found that PKCz coimmunoprecipitated with K
v
1.5 channels in rat pulmonary 

arteries, and this interaction was enhanced by the thromboxane A
2
 analog 

U646619. Moreover, the PKCz–K
v
1.5 interaction was absent in lungs from mice 

deficient in p62.34 However, the effects of 5-HT appeared to be unrelated to 
activation of PKCz.29

Caveolae, a subset of lipid rafts, are specialized microdomains in the plasma 
membrane enriched in sphingolipids and integral membrane proteins (e.g., caveo-
lins) that compartmentalize and integrate numerous signaling events.40 Caveolin 
1 functions as a scaffold protein to allow the specific interactions of signaling 
molecules within the caveolae. Localization of K

v
 channels in lipid rafts is under 

debate. Interestingly, potassium channel localization in lipid rafts seems to be 
isoform specific. Thus, K

v
1.5 localizes in caveolae, whereas K

v
2.1 does so in 

noncaveolar lipid rafts.41 McEwen et al.42 found that disruption of caveolin traps 
K

v
1.5 in intracellular compartments and prevents channel expression in the cell 

surface, indicating that caveolin is necessary for the targeting of K
v
1.5 channels 

to lipid raft microdomains. However, this seems to be tissue dependent. Thus, 
Martinez-Marmol et al.43 found that while in transfected HEK-293 (human 
embryonic kidney 293) cells, homo- and heterotetrameric K

v
1.5 channels targeted 

to rafts; K
v
1.5 did not target to rafts in macrophages. 5-HT

2A
 receptors are also 

associated to caveolae.44 Interestingly, K
v
1.5 channels coimmunoprecipitate with 

both 5-HT
2A

 receptors and caveolin 1 in native rat pulmonary arteries, and these 
interactions increased after stimulation with 5-HT (Fig. 25.2). Moreover, 5-HT 
failed to inhibit K

v
 currents in PASMCs incubated with b-cyclodextrin, a choles-

terol-modifying agent that disrupts membrane lipid rafts. These results are in 
favor of caveolin acting as a protein chaperone for K

v
1.5 targeting to the lipid raft 

microdomain.29 Taken together, these data suggest that pulmonary vasoconstric-
tors may induce the formation of a signalosome, clustering the signaling proteins 
with the K

v
 channel.

A possible role of caveolin 1 in PAH has attracted attention, highlighting the role 
of protein compartmentalization in cell signaling under pathophysiological conditions. 
However, controversial results have been obtained. Thus, caveolin 1 knockout ani-
mals showed severe lung fibrosis with marked PAH and arterial hypoxemia.45 
Caveolin 1 expression was reduced in pulmonary artery from rats with monocrota-
line-induced PAH46 and in plexiform lesions from humans with PAH.47 In contrast, 
caveolin 1 expression was increased in smooth muscle from patients with idio-
pathic PAH.48
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7  Role of Internalization

besides their role in signal transduction, caveolae are involved in endocytotic 
processes.40 Nevertheless, there is not much information available regarding potas-
sium channel internalization in vascular smooth muscle cells. It has been reported 
that oxyhemoglobin reduced K

v
 current density and the staining of K

v
1.5 on the 

plasma membrane surface, and these effects were suppressed by pharmacological 
inhibition of tyrosine kinases.49 There is more information available regarding the 
role of G protein-coupled receptor (such as 5-HT) internalization following activa-
tion. Thus, bhattacharya et al.50 reported that internalization of 5-HT

2A
 receptors 

Fig. 25.2 K
v
1.5 coimmunoprecipitation with 5-HT

2A
 receptors and caveolin 1 and functional 

consequences of lipid raft depletion. (a) Pulmonary arteries were treated with or without 5-HT 
(100 mmol/L) for 5 min. Homogenates were immunoprecipitated with anti-K

v
1.5 antibody submit-

ted to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and membranes 
were probed for 5-HT

2A
 receptors (MW ~52 kDa), caveolin 1 (~25 kDa), and K

v
1.5. (b) Current 

traces are shown for depolarization pulses from –60 to +60 mV from a holding potential of –60 
mV obtained from PASMCs incubated with b-cyclodextrin (2%) for 2 h. (c) Current-voltage 
relationships of I

K(V)
 measured at the end of the pulse in the absence and the presence of 5-HT (10 

mmol/L) in b-cyclodextrin-treated cells (n = 4). (d) Current-voltage relationships of I
K(V)

 under 
control conditions and after perfusing with concanavalin A (250 mg/mL) and concanavalin A plus 
5-HT (n = 5). (e) Confocal images of PASMCs stained with anti-K

v
1.5 antibody. PASMCs were 

incubated in the absence or presence of 5-HT for 5 min; some cells were pretreated with conca-
navalin A for 15 min. Data show mean ± SEM. Reprinted with permission29
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began after 2-min activation and was complete within 10 min. These effects were 
mediated via PLC and classic PKC. Accordingly, we found that in PASMCs K

v
1.5 

channels were partly internalized on 3-min 5-HT
2A

 stimulation with 5-HT (Fig. 
25.2). These effects were prevented by concanavalin A, a widely used inhibitor of 
endocytotic processes. Moreover, in the presence of this drug 5-HT had no effect 
on K

v
 currents.

8  Summary

In summary, K
v
 channels are targeted by a variety of stimuli evoking pulmonary 

vasoconstriction (Fig. 25.3) and involved in the pathophysiology of pulmonary hyper-
tension. K

v
 channel activity may be regulated not only by altering the gating of the 

channel but also by controlling its localization at the membrane level. The recent data 
are in favor of a role of K

v
 channel localization and internalization as a novel mecha-

nism for acute regulation of K
v
 channels and pulmonary vascular tone by agonists 

such as serotonin.

Fig. 25.3 Cartoon illustrating the signaling pathways involved in K
v
 channel modulation by 

thromboxane A
2
 (a) and 5-HT (b) in PASMCs. PLC phospholipase C, cPKC classic protein 

kinases C, TyrK tyrosine kinases
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Abstract Smooth muscle cells regulate the diameter of pulmonary arteries and 
the resistance to blood flow in the pulmonary circulation.  These cells are normally 
relaxed to maintain low intrinsic vessel tone, but are contracted in pulmonary arterial 
hypertension (PAH).   Potassium channels in the smooth muscle cell help to maintain 
low tone by polarising the membrane and preventing Ca2+ influx through voltage-
operated Ca2+ channels.  There is a loss of K+ channel activity in PAH, so drugs that 
open K+ channels are predicted to have a beneficial effect, provided their action can 
be restricted to the pulmonary circulation.  Here we review the myriad of K+ chan-
nels that are expressed in pulmonary arteries and suggest the roles that each might 
play in regulating pulmonary artery tone.  We conclude that members of the KCNQ 
family of K+ channels, the most recent K+ channels to be discovered in pulmonary 
artery, may be a useful therapeutic target for the treatment of PAH. KCNQ channels 
appear to be preferentially expressed in pulmonary arteries and drugs that modulate 
their activity have potent effects on pulmonary artery tone.

Keywords pulmonary artery • pulmonary arterial hypertension • membrane potential 
• KCNQ • Kv1.7 • K

2P
 • flupirtine • retigabine

1  Introduction

The contractile activity of the smooth muscle cells (SMCs) in the walls of small 
intrapulmonary arteries is a major determinant of the diameter of the vessels and 
the resistance to blood flow in the pulmonary circulation. Smooth muscle tone 
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therefore plays an important role in the regulation of pulmonary arterial pressure 
and the distribution of blood around the lung. At any time, the contractile state of 
pulmonary artery smooth muscle depends on the interplay among neurotransmitters, 
circulating hormones and endothelium-derived agents, each of which exerts a 
constrictor or dilator effect. The SMC integrates these signals to provide the appro-
priate level of tone. In the absence of stimulation, the SMCs are relaxed, giving rise 
to low intrinsic tone in the pulmonary arteries, which helps to maintain the pressure 
in the pulmonary circulation at a low level. An important factor that helps to keep 
the cells relaxed is the steady efflux of K+ ions from the cell through K+ channels 
in the plasma membrane. By polarising the cell membrane, this keeps voltage-gated 
Ca2+ channels closed, thereby preventing Ca2+ in the extracellular space from enter-
ing the cell and causing contraction (Fig. 26.1).

Pulmonary arterial hypertension (PAH) is associated with a loss of K+ channel 
expression and activity, both in animal models1,2 and human patients.3,4 Moreover, 
replacing the lost K+ channel activity, by in vivo transfer of the K

V
1.5 K+ channel 

gene, was reported to have a beneficial effect in a rat model of hypoxia-induced 
PAH.5 In the same way, drugs that open K+ channels have the potential to act as 

Fig. 26.1 In the normally polarised pulmonary artery smooth muscle cell (SMC), the resting 
efflux of K+ through background K+ channels (K

B
) maintains a negative potential across the 

resting membrane (upper panel). This prevents the opening of voltage-operated Ca2+ channels 
(VOCs), thereby inhibiting Ca2+ influx, maintaining a low resting cytoplasmic Ca2+ concentra-
tion and preventing contraction. The inhibition or downregulation of K

B
 channels blocks K+ 

efflux, allowing the membrane to depolarise (lower panel). This removes the inhibition of 
VOCs so that Ca2+ can permeate into the cell to raise the cytoplasmic Ca2+ concentration and 
promote contraction
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pulmonary vasodilators and could prove useful in the treatment of PAH.6 
Unfortunately, the K+ channel openers that have been investigated to date also cause 
systemic vasodilation because the K+ channels they activate are also expressed and 
functionally active in the systemic circulation. Pulmonary artery smooth muscle 
does, however, express a large number of K+ channel genes, several of which have 
been implicated in the regulation of pulmonary artery tone. This raises the possibil-
ity that particular subtypes of K+ channel may be selectively or preferentially 
expressed in the pulmonary circulation, and these could provide molecular targets 
for drug discovery. Our understanding of pulmonary artery K+ channels is, however, 
rudimentary; a better understanding is required not just of the K+ channels expressed 
in pulmonary arteries but also the precise functions they serve. This review consid-
ers how the properties of pulmonary artery K+ channels determine their functional 
roles. There is a particular focus on KCNQ (K

V
7) potassium channels, the most 

recently described channels in the pulmonary circulation, which are accessible to 
pharmacological manipulation7 and are promising molecular targets in the search 
for new drugs to treat PAH.8

2  Potassium Channels Expressed in Pulmonary Artery

K+ channels are membrane-spanning proteins that gate the flow of K+ ions across 
the plasma membrane. When open, they are selectively permeable to K+, although 
the stimulus to open the channel differs between different types of K+ channel. Each 
K+ channel protein contains a pore-forming a-subunit, often associated with auxiliary 
subunits that influence its biophysical and pharmacological properties. The human 
genome contains over 70 different genes that encode K+ channel a-subunits, and 
they are classified according to their structural and functional properties (Fig. 26.2). 
The three main families are distinguished by the number of domains (six, four or 
two) in the protein that span the plasma membrane.9

The six trans-membrane (TM) family includes subfamilies of the classical, 
voltage-gated (K

V
), delayed rectifiers (K

V
1–4), members of which are denoted, for 

example, as K
V
1.x. Of the delayed rectifier subunits, K

V
1.5 and K

V
2.1 have been 

investigated most in the pulmonary artery.3,10 There is, however, evidence for the 
expression of many more of these subunits, including K

V
1.1–1.4, K

V
1.6, K

V
3.1, 

K
V
3.3, K

V
3.4 and K

V
4.1–4.3.11–18 The 6-TM family also includes the Ca2+-activated 

channels (K
Ca

1–5), of which the expression of K
Ca

1.1 and K
Ca

2.2–2.4 has been 
reported in human pulmonary artery.17 Another class of 6-TM channels is formed by 
the ether à go-go (EAG) a-subunits, K

V
10–12, named for a Drosophila mutant show-

ing leg-shaking behaviour on exposure to ether. Pulmonary artery smooth muscle 
expresses two members of this family, K

V
10.1 and K

V
11.1,17 but their functional roles 

have not been investigated. Most recently, rat pulmonary artery smooth muscle cells 
(PASMCs) were shown to express three members of the KCNQ (K

V
7) subfamily of 

6-TM channels: K
V
7.1, -7.4 and -7.5.19 Evidence is accumulating that these channels, 

especially K
V
7.4, play a major role in regulating the tone of pulmonary arteries.8,19,20
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In the 6-TM family of a-subunits, the K+ channel pore is formed by a “P” loop, 
located between TM5 and TM6 (Fig. 26.2). Four a-subunits come together as a 
tetramer to form a functional channel, each subunit contributing to the pore. The 
functional channel may be homomeric, containing only one type of a-subunit, but 
heteromeric channels may also be formed from subunits within a subfamily. Voltage 
sensing by 6-TM channels is conferred by the TM4 region, which is rich in positively 
charged basic residues. In contrast, the 4-TM family of a-subunits lacks this charged 
domain, so they are essentially voltage independent. Another feature of 4-TM chan-
nels is that each subunit contains two pore domains in tandem (Fig. 26.2), so that only 
two a-subunits are required to form a functional channel. They are consequently 
known as two (or tandem) pore domain (K

2P
) channels. Subfamilies of K

2P
 channels 

include TWIK (two-pore-domain weakly inward rectifying K+); TREK (TWIK-
related K+); TASK (TWIK-related, acid-sensitive K+); TALK (TWIK-related alkaline 
activated K+); THIK (tandem pore domain halothane-inhibited K+); TRAAK (TWIK-
related arachidonic acid activated K+) and TRESK (TWIK-related spinal cord K+). 
TWIK-2, TREK-1, TREK-2, TASK-1, TASK-2 and THIK-1 have all been reported 
to be expressed in pulmonary arteries,21–23 although to date functional roles in pulmo-
nary artery have only been reported for TASK channels. Functional K

2P
 channels may 

be formed by homomeric or heteromeric dimers of a-subunits from the same subfam-
ily. Since these channels can be activated at all membrane potentials, they are often 
referred to as “background” or “leak” channels and are expected to contribute to the 
resting membrane potential in many cell types.

Fig. 26.2 Structural features of voltage-gated (K
V
), inward rectifier (K

IR
) and two-pore-domain 

(K
2P

) channels showing the amino (N) and carboxy (C) termini, the pore-forming domains (P) and 
the highly charged voltage-sensing region in TM4. For orientation TM domains 1 and 6 are 
labelled in K

V
. The two TM domains in K

IR
 are equivalent to TM5 and -6 in K

V
, while K

2P
 resem-

bles two K
IR

 channels in tandem
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The 2-TM family of K+ channels is known as the inward rectifiers because, 
unlike other K+ channels, they preferentially support the influx of K+ at negative 
membrane potentials. The main subfamilies are denoted K

IR
1–6. The K

IR
3 subfam-

ily gives rise to G protein-activated inward rectifier channels, while the K
IR

6 sub-
family forms adenosine triphosphate (ATP)-sensitive K+ (K

ATP
) channels when 

combined with sulphonylurea receptors (SURs). The presence of K
ATP

 channels in 
pulmonary artery is well established,24 and they appear to be formed by K

IR
6.1 

subunits in a complex with SUR2B.25 Cultured human PASMCs were also found to 
express messenger RNA (mRNA) for K

IR
2.1, -2.2 and -2.4, with K

IR
2.1 and -2.4 

thought to be functionally active.26 As this is the only report of inward rectifiers in 
pulmonary artery, it remains to be seen if it is a consequence of cell culture or a 
difference between human and other species.

3  Potassium Channels, Membrane Potential, and Excitability

Why so many K+ channels are expressed in pulmonary arteries is not clear, 
especially as many of the voltage-gated channels show substantial activation only when 
the membrane is depolarised to levels that are not reached in physiological conditions. 
Such wide-ranging expression does, however, suggest an important role in the 
pulmonary circulation.

Potassium channels serve two major functions in smooth muscle: They help to 
set the resting membrane potential, and they determine membrane excitability. 
Each function is likely to be mediated by different K+ channels, with properties 
honed to equip them for their specific role. As the resting membrane potential 
depends on a steady leak of K+ out of the cell, the K+ channels that serve this role 
must be continuously open at voltages around the resting level, between -60 and -50 
mV.27,28 Blockers of these channels would inhibit the resting K+ conductance and 
cause membrane depolarisation. Voltage-dependent K+ channels control membrane 
excitability. PASMCs are electrically silent, with depolarising stimuli able to evoke 
step changes in membrane potential but not action potentials.27–29 Depolarisation to 
above -35 mV activates both Ca2+ and K+ channels, the former promoting further 
depolarisation, Ca2+ entry and contraction, while the latter act to repolarise the 
membrane and limit excitability. The K+ channel currents recorded from PASMCs 
are large compared with Ca2+ channel currents: In rabbit cells, voltage steps to 0 
mV activated 400-pA K+ currents30 compared with 43-pA Ca2+ currents31 under the 
same conditions. The large K+ current would provide a strong repolarising influ-
ence, preventing the smaller Ca2+ current from initiating an action potential. 
Voltage-activated K+ channels therefore limit excitability and maintain low intrinsic 
tone. As low tone is an essential feature of pulmonary arteries, perhaps the large 
number of K+ channel genes expressed in pulmonary arteries reflects a high degree 
of safety in the system to protect the vessels from depolarising inputs that might 
otherwise evoke vasospasm.
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3.1  The Classical Delayed Rectifier K+ Channels  
in Pulmonary Artery

The delayed rectifiers open within milliseconds of the membrane depolarising so are 
well suited to a role in responding to and preventing excitation. K

V
1.5 and K

V
2.1 

are the only delayed rectifier channels to have received serious attention in relation 
to PAH and the regulation of pulmonary artery tone, and their proposed roles have 
been reviewed many times.4,10,32 There is considerable evidence that the expression 
and activity of both these channels is reduced in hypoxic rats with PAH, and K

V
1.5 

expression is reduced in patients with idiopathic PAH.33 Single-nucleotide polymor-
phisms in the K

V
1.5 gene have also been identified in these patients.3 K

V
1.5 and 

K
V
2.1 are frequently ascribed roles in setting the resting potential, such that loss of 

activity would depolarise the smooth muscle, promoting pulmonary vasoconstriction 
and hypertension.3,10–12,34 This does not fit easily, however, with their known biophysical 
properties. They are more likely to act as detectors of depolarisation and limit excitation, 
so that loss of expression leads to enhanced excitability or reactivity.

The relatively depolarised voltage thresholds for activation of K
V
1.5 and K

V
2.1 and 

their high sensitivity to block by 4-aminopyridine35 argue strongly against a major role 
for these channels in setting the resting potential. K

V
1.5 opens positive to –50 mV and 

is blocked by sub-millimolar concentrations of 4-aminopyridine, whereas high 
millimolar concentrations of the drug are required to depolarise PASMCs.36 The simi-
lar membrane potentials recorded from wild-type mice (–44 mV) and mice lacking the 
K

V
1.5 subunit (–40 mV), despite a 30% reduction in delayed rectifier current,37 are 

further evidence against such a role. Moreover, K
V
1.5 knockout mice showed no sign 

of PAH,38 implying that loss of K
V
1.5 per se does not underlie disease.

The voltage threshold for opening K
V
2.1 is even more positive.35 It is 50% 

blocked by 1 mM 4-aminopyidine, which has little effect on membrane potential or 
artery tone.36 On the other hand, K

V
2.1 subunits in pulmonary artery are likely to 

be present in a complex with electrically silent K
V
9.3 subunits, which shift the 

threshold for activation closer to –50 mV and reduce 4-aminopyridine sensitivity.13 
All the same, like K

V
1.5, the K

V
2.1/K

V
9.3 complex would be closed at membrane 

potentials around –50 mV or below. So, rather than mediating depolarisation, the 
loss of K

V
2.1 expression is likely to render the SMCs more excitable and able to 

sustain depolarisation and voltage-gated Ca2+ entry. Unfortunately, K
V
1.5 and 

K
V
2.1 channels are widely expressed in the cardiovascular and nervous systems, so 

they are poor candidates for drug discovery aimed at therapies for PAH.

3.2  Two-Pore-Domain K+ Channels in Pulmonary Artery

The K
2P

 channels were discovered about a decade ago and are a growing area of 
interest because their biophysical properties suit them well to a role in setting rest-
ing potential. Evidence is growing that TASK channels are regulators of resting 
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potential in pulmonary artery smooth muscle, and they are candidates for a role in 
oxygen sensing.31,38 TASK-1 channels are expressed in rabbit, rat, mouse and 
human PASMCs.22,23,39,40 Moreover, small-interfering RNA (siRNA) knockdown of 
TASK-1 in human PASMCs, by RNA interference, caused substantial depolarisa-
tion (from –40 to –25 mV) and loss of the acute depolarising response to hypoxia.40 
Although TASK-2 is also expressed in rat pulmonary artery, siRNA targeted against 
TASK-2 caused only a small depolarisation.41 Together, TASK-1 and -2 could, 
however, make a substantial contribution to the resting potential.

TASK channels are of particular interest because of their pH sensitivity, which 
could lead pulmonary arteries to constrict in response to acidosis and dilate to alka-
losis. Such conditions can occur in physiological or patho-physiological situations, 
which may be caused by hypo- or hyper-ventilation or local ischemia due, for 
example, to pulmonary embolism. TASK-1 channels are also of interest because 
they appear to be targets for a number of endogenous agents that regulate pulmo-
nary artery tone. The prostacyclin analogue treprostinil was found to enhance the 
TASK-1-dependent background K+ current in human PASMCs at clinically relevant 
concentrations via a mechanism involving cyclic adenosine monophosphate 
(cAMP)-dependent phosphorylation.40 The beneficial effects of prostanoids in the 
therapy of PAH may therefore be explained, at least in part, by an action on TASK-1 
channels. Likewise, TASK-1 channels have been proposed to underlie the cAMP-
dependent, b-adrenoceptor-mediated hyperpolarisation and relaxation of pulmo-
nary arteries.42 In contrast, endothelin, at clinically relevant concentrations, was 
reported to inhibit TASK-1 channels in primary cultured human PASMCs, through 
an action dependent on endothelin A (ET

A
) receptors, phospholipase C and protein 

kinase C activity.43 This could represent a mechanism by which ET activates depo-
larisation and promotes PAH.

RNA interference techniques have been instrumental in elucidating the 
role of TASK channels in PASMCs. To fully understand their contribution to artery 
function in vivo requires inhibition of TASK channel activity in more complex, 
intact preparations. The lack of selective pharmacological tools for TASK channels 
has made their roles difficult to dissect. Drugs that modulate TASK channel activity 
have little effect on pulmonary artery tone,23 but the only drugs available to study 
TASK channels are highly non-selective and can affect pathways regulating smooth 
muscle tone that might counteract depolarisation. Thus, the results of pharma-
cological studies have shed little light on TASK channel function. Although 
RNA interference was used successfully in intact pulmonary arteries to investigate 
TASK-2 function, in our hands this technique has proved to be fraught with 
difficulty. Mice lacking the TASK-1 gene appear to have unaltered pulmonary 
artery function (data unpublished), but it is not known if this represents a species 
difference.

A functional role has been proposed for TREK-1 in the systemic circulation, 
where it may have a critical role in mediating the vasodilator response of resistance 
arteries to polyunsaturated fatty acids.38,44 Although TREK channels are expressed 
in pulmonary artery, no one has investigated their function there yet. The finding that 
TREK-2 is expressed in pulmonary but not mesenteric artery, whereas TRAAK and 
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TREK-1 are present in mesenteric but not pulmonary artery,23 suggests different roles 
for these channels in vessel function, which may be relevant to the differential 
effect of hypoxia on pulmonary and systemic vessels.

3.3  The KCNQ (K
V
7) Voltage-Gated K+ Channels  

in Pulmonary Artery

KCNQ genes express K+ channels with properties appropriate for a role in 
regulating resting membrane potentials and members of the KCNQ family are 
known to play such a role in neurones. They are voltage-gated channels, but the 
threshold for activation is substantially more negative than other types of K

V
 

channel (between –60 and –80 mV). They also activate more slowly than other 
K

V
 channels, taking hundreds of milliseconds or even seconds to fully activate, 

and do not inactivate during sustained depolarisation. These properties are 
remarkably similar to the background K+ conductance recorded from PASMCs.45 
The first indication that KCNQ channels might be important in pulmonary artery 
was the finding that two selective blockers (XE991 and linopirdine) are potent 
pulmonary vasoconstrictors, with EC

50
 values of 0.4 and 1 mM.20 Importantly, 

they constrict pulmonary arteries at concentrations having little or no effect on 
a wide range of other blood vessels (Fig. 26.3a). The vasoconstriction was 
abolished by the Ca2+ antagonist nifedipine and by hyperpolarising the cell with 
the K

ATP
 channel opener levcromakalim, indicating the involvement of mem-

brane depolarisation and voltage-gated Ca2+ influx. We found that two selective 
activators of KCNQ channels (retigabine and flupirtine) are potent pulmonary 
vasodilators,19 and we have since identified further activators with the same 
effect (data unpublished). Suppression of the dilation by raised extracellular K+ 
concentrations suggested the involvement of K+ channels. In accord with their 
effects on vessel tone, the KCNQ channel blockers inhibited a background K+ 
conductance in PASMCs and caused membrane depolarisation, while the activators 
produced the opposite effects.19

Of the five KCNQ genes, PASMCs were found to express three (KCNQ1, -4 and -5), 
although the most highly expressed is KCNQ4.19 Although arteries from other vas-
cular beds expressed the same transcripts, they were present at much lower levels 
than in pulmonary artery, further implying a pulmonary-specific role. The effects 
of KCNQ blockers on more intact preparations are consistent with this. Linopirdine 
raised pulmonary arterial pressure in the isolated, saline-perfused rat lung, and 
when administered in vivo it raised pulmonary arterial pressure without affecting 
systemic blood pressure.19 We have still to identify the precise molecular makeup 
of the KCNQ channels mediating the effects of KCNQ modulators on pulmonary 
artery. Nevertheless, the drugs are sufficiently selective for KCNQ channels, and 
sufficiently potent on pulmonary arteries, to suggest that KCNQ channels play a 
major and specific role in pulmonary arteries.
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3.4  Other K+ Channels in Pulmonary Artery

In addition to the K+ channels described, pulmonary artery myocytes express K
Ca

 
and K

ATP
 channels,17,25 but neither of these channel types appears to be open at the 

resting potential under physiological conditions. The main activator of K
Ca

 chan-
nels is elevations in the cytoplasm Ca2+ concentration, and this provides negative-
feedback regulation of Ca2+ influx by hyperpolarising the membrane during active 
contraction. This limits the vasoconstriction. The roles of K

Ca
 channels in PAH have 

Fig. 26.3 Evidence for an important functional role for KCNQ channels. (a) Constrictor 
responses evoked by 10 mM linopirdine and 1 mM XE991 in a range of blood vessels, amplitudes 
plotted as a percentage of the contraction evoked by 50 mM KCl in the same tissues. *Value 
significantly less than pulmonary artery (*P < 0.05; **P < 0.01; ***P < 0.001). Reproduced with 
permission.19 (b) (i) Mean RVP (mRVP), (ii) pulmonary vascular remodelling and (iii) ratio of 
right ventricle (RV) weight to the combined weight of left ventricle (LV) and septum (S) in wild-
type (WT) and SERT+ mice. Half of the WT mice were maintained for 2 weeks in a hypobaric/
hypoxic environment (equivalent to 10% O

2
). Half of the animals in each group received 30 mg 

kg-1 day-1 oral flupirtine (+), and the other half received the equivalent volume of vehicle (–). Data 
represent the mean ± SE mean of six to eight experiments. *Value significantly less than corre-
sponding value in vehicle-treated mice (*P < 0.05, **P < 0.01, ***P < 0.001). †Value significantly 
greater than corresponding value in normoxic WT mice (†P < 0.05, ††P < 0.01, †††P < 0.001). 
Adapted with permission8
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not been widely studied. Although a splice variant of the K
Ca

1.1 channel is inhibited 
by acute hypoxia,46 pulmonary hypertensive rats exposed to chronic hypoxia 
showed increased K

Ca
1 expression.47 This is likely to be a protective mechanism 

that counteracts the vasoconstriction seen in PAH. K
ATP

 channels are well placed to 
mediate hyperpolarisation or repolarisation, with consequent dilation of pulmonary 
arteries, in response to changes in the metabolic state of the cell or endogenous or 
exogenous agents that act as K+ channel openers.24 Possible alterations in K

ATP
 

channel activity in PAH have received little attention, but the channels have been 
considered as possible drug targets for treating the disease.6 Unfortunately, the lack 
of specificity for pulmonary artery K

ATP
 channels means that openers of these 

channels lack selectivity for the pulmonary circulation.

4  KCNQ Channels as a Molecular Target for Pulmonary 
Vasodilators

KCNQ channels provide an opportunity for therapeutic intervention. Unlike most 
K+ channels, KCNQ channels have proved to be druggable, in that we know they 
can be modulated by a number of small-molecule drugs.7 There is extensive 
evidence that at least two KCNQ activators have only minor side effects and 
are safe when administered to humans.48,49 Indeed, since the early 1980s oral 
flupirtine has been approved as a treatment for pain in Europe, and in the United 
States it is currently in phase II trials for the treatment of fibromyalgia and ocular 
complications of diabetes. The more potent analogue retigabine successfully 
completed phase II trials for partial onset seizures,48 and the results of phase III 
trials are expected soon. Pulmonary arterial pressure was not monitored in 
these trials, but none reported cardiovascular side effects, including changes in 
systemic blood pressure.

In an attempt to elucidate the potential of KCNQ activators in the treatment of 
PAH, we collaborated with Professor Mandy MacLean to investigate the effects 
of oral flupirtine in two independent mouse models.8 In one model, PAH devel-
oped secondary to chronic hypoxia. In the other, PAH developed spontaneously 
due to over-expression of the serotonin transporter (SERT+ mice). Animals were 
chronically dosed with 30 mg kg-1 flupirtine daily and indices of PAH measured 
at the end of the experimental period. As illustrated in Fig. 26.3b, flupirtine had 
no effect on wild-type mice exposed to a normoxic environment, but it prevented 
the indices of PAH caused by chronic hypoxia. Moreover, it reversed the pre-
existing PAH in SERT+ mice. The data provide proof of principle that KCNQ 
channel activators could provide an effective vasodilator for the treatment of 
PAH. These drugs clearly have neuronal effects, but improved understanding of 
the molecular makeup of the particular KCNQ channels in PASMCs will aid 
in the development of KCNQ activators with even greater selectively for the 
pulmonary circulation.
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5 Summary

The resting potential of PASMCs is an important regulator of the PASMC cytoplasmic 
Ca2+ concentration and pulmonary vascular tone. The membrane potential is 
depolarised in PAH due to loss of K channel expression. The molecular correlates 
of the main K+ channel involved in setting the resting potential is not yet certain, 
but several are likely to contribute. KCNQ channels are the most recent to receive 
attention regarding this role. Since KCNQ channels appear to be preferentially 
expressed in pulmonary arteries and are amenable to pharmacological manipula-
tion, they represent a potentially new molecular target for the development of 
pulmonary-selective vasodilators.
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Abstract Pulmonary hypertension (PH) is a disorder characterized by vascular 
remodeling and proliferation, a phenotype dependent upon unimpeded growth fac-
tor and kinase pathway activation with strong similarities to malignant tumors. This 
chapter details our novel application of the multikinase inhibitor, sorafenib, in rodent 
models of PH to improved hemodynamic parameters and attenuates PH structural 
changes1. Sorafenib is a Raf kinase inhibitor and our biochemical and genomic evi-
dence supported the potential involvement of the MAPK cascade system and TGFB3 
in PH development and the response to therapy. Integration of expression genomic 
analyses coupled with intense bioinformatics identified gene expression and ontology 
signatures in the development of PH and implicated the role of cytoskeletal protein 
such as caldesmon or nmMLCK as potentially key participants in PH-induced vas-
cular remodeling and proliferation. Our studies suggest the PKI sorafenib as a poten-
tially novel treatment for severe PH with the MAPK cascade a potential canonical 
target profoundly effecting vascular cytoskeletal  rearrangements and remodeling1. 

Keywords Vascular remodeling • sorafenib • endothelium • cytoskeleton • 
caldesmon.

1  Introduction

Pulmonary hypertension (PH) and cancer pathology share growth factor- and 
mitogen-activated protein kinase (MAPK) stress-mediated signaling pathways that 
result in endothelial and smooth muscle cell (SMC) dysfunction and angioprolif-
erative vasculopathy. Protein kinase inhibitors (PKIs) potentially target angiogenic 
growth factors such as vascular endothelial growth factor receptors (VEGFR-1–3), 
platelet-derived growth factor receptors (PDGFR-a and -b) as well as key signaling 
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intermediates involved in mediating MAP (mitogen-activated protein) kinase path-
way activation such as Raf-1-kinase. We conducted studies with the protein kinase 
inhibitor (PKI) sorafenib as a potentially novel treatment for severe PH with the 
MAPK cascade a potential canonical target profoundly effecting vascular cytoskel-
etal rearrangements and remodeling.1

2  Overview of Pulmonary Arterial Hypertension

Pulmonary arterial hypertension (PH) is a lethal syndrome characterized by 
obstruction of the pulmonary vasculature due to excessive cell proliferation, 
impaired apoptosis, and vasoconstriction. PH is a disease of small pulmonary arter-
ies (PAs) characterized by intimal hyperplasia, medial hypertrophy, a thickened 
adventitia, and endothelial proliferative plexiform lesions.2–4 PH occurs in idio-
pathic and familial forms and is most commonly associated with connective tissue 
diseases, anorexigen use, HIV, or congenital heart disease. PH typically appears in the 
third to fifth decade, with increased mortality rates (~50% at 5 years) due to right heart 
failure as a consequence of increased pulmonary vascular resistance (PVR).2 
Elevated PVR reflects reduced cross-sectional area of the vascular bed caused by 
obstructive vascular remodeling and vasoconstriction. PH is clinically characterized 
by a progressive increase in pulmonary arterial pressure (PAP) with a mean pressure 
of greater than 25 mmHg at rest or 30 mmHg during exercise.5 PH can be catego-
rized by the spectrum of its clinical presentation: mild-to-moderate PH, for which 
PAP is greater than 25 mmHg, or severe PH, for which PAP is greater than 50 
mmHg. Severe PH manifests as both an acute and chronic presentation, with acute 
PH inducing a sudden increase in right ventricle (RV) afterload, with increased end-
diastolic volume, and reduced RV ejection fraction.6 Chronic PH leads to progres-
sive RV systolic pressure overload, which leads to dilated RV dysfunction and 
failure and ultimately death. In 1998, the World Health Organization devised a more 
clinically useful classification that divides PH into distinct categories, including 
PH-associated primary pulmonary hypertension (PPH) (familial and sporadic) and 
PH linked with respiratory system disorders and hypoxemia, among others.5

3  Genetic Studies in Pulmonary Hypertension

The frequency of chronic PH and secondary PH are not known but has been esti-
mated at an annual incidence of 1–2 per million.7 Mutations of the bone morpho-
genetic protein receptor type 2 gene (BMPR2) have been identified in about 50% 
of cases of familial PH, with only 20% of individuals with a BMPR2 mutation 
developing PH. Clearly, other genetic polymorphisms and environmental factors 
are necessary to initiate the pathological sequence that leads to disease. As exter-
nal stimuli coupled with undefined genetic susceptibility are likely responsible 
for the majority of PH cases,5,8–11 this complexity lends itself to the use of high-
throughput technologies such as gene microarrays, allowing efficient and accu-



421Receptor Tyrosine Kinase Inhibitors in Rodent Pulmonary Hypertension

rate simultaneous assessment of the expression of thousands of genes. This 
technology has been most successfully employed in the investigation of cancer, 
including the classification of histologically indistinct tumor types with different 
natural histories.12 Gene microarray strategies permit analysis of the expression 
profile of lung tissue obtained from patients with PH and the comparison of the 
gene profile in diseased lungs with that found in the normal lung.9

4  New Concepts in PH Pathophysiology – Neoplastic Vasculopathy

The endothelium is dysfunctional in PH and represents one of the key cell types 
to be studied. An early proapoptotic endothelial insult may promote PH by dam-
aging normal endothelium, thereby selecting apoptosis-resistant clones that ulti-
mately form characteristic plexiform lesions.4 Drawn from drug discovery studies 
is the observation that severe PH and cancer pathophysiology share common 
signal transduction pathways leading to abnormal endothelial cell (EC) and SMC 
interactions and angioproliferative vasculopathy.4 In primary PH, the lung ECs 
expand in a monoclonal pattern and contain an inactivating mutation of the 
transforming growth factor receptor II.13 Severe PH can also present with unique 
tumorlets of ECs that obliterate medium-sized precapillary arteries. The hyper-
proliferating ECs often form structures known as plexiform lesions and express 
angiogenic factors, including vascular endothelial growth factor (VEGF) and its 
receptor, VEGF receptor 2 (VEGFR-2, KDR).4 Interestingly, the VEGFR-2 
inhibitor known as sugen or SU5416 (SU) has been described to augment PH in 
combination with chronic hypoxia in the rat model and mimic the precapillary 
arterial EC proliferation, plexiform lesions, and vascular remodeling and hemo-
dynamic effects of severe PH in humans.4 The vascular changes are not reversible 
on reoxygenation and ultimately evolve into right heart failure and death.4

5  Receptor Tyrosine Kinase Inhibitors as Novel Therapies  
for Pulmonary Hypertension

Therapeutic options targeted to specific molecular PH mechanisms are sparse but 
include epoprostenol (Flolan) and iloprost, both prostocyclin (PGI

2
) analogues, 

whereas the mainstay of current therapy consists of the use of a combination of 
agents, including supplemental oxygen, diuretics, anticoagulants, calcium channel 
blockers, prostanoids, statins, endothelin receptor antagonists, phosphodiesterase  
5 inhibitors, or surgical procedures.6,14,15 Despite these advances, PH remains a 
devastating disease as most approved therapies are expensive, do not reverse the 
disease remodeling, and consequently offer only limited benefit to exercise capacity. 
Thus, there is a strong rationale to consider novel therapies related to pathogenic 
mechanisms such as tyrosine kinase inhibitors.16

Protein phosphorylation is a major posttranslational modification and regulatory 
(activation, inhibition) mechanism that controls multiple cell functions (transcription, 
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cell growth, proliferation, differentiation, apoptosis, cell cycle) and is catalyzed by a 
large family of adenosine triphosphate (ATP) phosphotransferases or protein kinases 
(PKs), which phosphorylate tyrosine (Tyr), serine (Ser), or threonine (Thr) residues. 
However, PKs potentially undergo abnormal activity by activating cell growth path-
ways, leading to tumor development. Given their critical role, PKs are now a wide 
therapeutic target, and several different receptor tyrosine kinase (RTK) inhibitors 
have been tested in clinical trials, mostly for cancer, and their use has been expanded 
to rheumatoid arthritis, cardiovascular diseases, diabetes, and more recently PH.1,6,17

5.1  Protein Kinase Inhibitor Effects on Growth Factors  
and Angiogenesis

RTKs are cell surface receptors that, on binding to several growth factors, activate a 
cascade of events that ultimately induce cell growth and proliferation. These growth 
factors include, among many, epidermal growth factor (EGF), insulin growth factor 
(IGF), and VEGF. On ligation, RTKs form dimers that activate intracellular PK 
domains, resulting in PK signaling cascades. For example, the RTK/phosphoinositide 
3-kinase (PI3K) pathway activates downstream targets such as pyruvate dehydroge-
nase kinase-isomerase 1 (PDK-1), protein kinase B (AKT), and activation of the 
transcription factors IkB and nuclear factor kB (NFkB).15 The use of small-molecule 
PKIs has now expanded as these molecules are competitive receptor antagonists, 
thereby inhibiting downstream effects. Currently, only eight small-molecule PKIs are 
approved in the United States, all for cancer treatment: Gleevec (imitinib mesylate), 
Iressa (gefitinib), Tarceva (erlotinib HCl), Sutent (sunitibin malate), Sprycel (das-
tinib), Tykerb (lapatinib ditosylate), Nexavar (sorafenib tosylate), and Tasigna (nilo-
tinib HCl monohydrate). Gleevec, dastinib, and nilotinib are inhibitors of the 
oncogene BCR (Breakpoint cluster region)–ABL (Abelson murine leukemia viral, 
oncogene homolog 1) fusion PK in chronic myeloid leukemia, whereas Iressa, 
Tarceva, and Tykerb are EGF receptor (EGFR) family member inhibitors, and 
Nexavar or sorafenib is a multikinase inhibitor.15 Sorafenib is an oral multikinase 
inhibitor of the PKs (protein kinases) PKC (protein kinase C)/Ras (Ras sarcoma), 
Raf, MEK-1,2(mitogen-activated protein kinase/extracellular signal regulated kinase 
1,2), extracellular-regulated kinase (ERK) 1 and 2, and Ets-like transcription factor-1 
(Elk-1) signaling pathway involved in tumor angiogenesis that has been approved by 
the Food and Drug Administration (FDA) for intervention of solid tumors in patients 
with advanced renal cell carcinoma (RCC) and those with unresectable hepatocellular 
carcinoma (HCC) and currently is undergoing phase II and III clinical evaluation for 
such other tumors as melanoma and non-small-cell lung cancer.

Sorafenib, previously known as BAY 43-9006 compound, was originally iden-
tified as a Raf kinase inhibitor in vitro18 and subsequently as an inhibitor of ERK 
phosphorylation but not ERK signaling18–20 in solid tumors. In addition to targeting 
Raf Ser/Thr kinases, sorafenib also inhibits the Tyr kinase activity of the proangio-
genic VEGFR-1, -2, -3 and the platelet-derived growth factor receptor B 
(PDGFR-B) on human vascular ECs, fibroblasts, and vascular SMCs.21 Thus, 
sorafenib is now considered a multikinase inhibitor and modifier of tumor growth 
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and progression (Fig. 27.1) with a less-well-elucidated role in apoptosis on tumor 
endothelium. Downregulation of myeroid cell leukemia-1 protein (Mcl-1) by 
sorafenib is associated with the release of cytochrome c from mitochondria, cas-
pase activation, and apoptosis, possibly via a MEK/ERK-independent mecha-
nism.19,21 In the clinic, sorafenib demonstrated significant antitumor activity, 
increasing the medium overall survival,22 and decreased the time to progression in 
patients with advanced RCC. Overall, sorafenib is well tolerated in patients with 
solid tumors and even when combined with other chemotherapy.

5.2  Sorafenib Effects on Hemodynamic Indices  
and Vascular Morphology in Rodent PH

Genomic studies for generation of biomarkers still remain to be elucidated for 
sorafenib in cancer as well as for other sorafenib-responsive entities such as PH. 
We utilized two preclinical PH rodent models (hypoxia- and hypoxia/SU5416-

Fig. 27.1 Tyrosine kinase (TYK) targeting growth factor and proliferation pathways. Regulation 
of endothelial cell functions (migration, proliferation, vascular permeability, remodeling) is deter-
mined by the activity of protein kinases on the endothelium. Growth factor, angiogenesis/prolif-
eration, and integrin pathways lead to a chain of events that ultimately produce changes in 
vascular permeability or remodeling. Thus, modulation with therapeutic agents such as statins and 
sorafenib corresponds to protein tyrosine kinase (PTK), which inhibits the RAS/RAF-1/MAPK 
pathway, and vascular endothelium growth factor receptor-2 (VEGFR-2) (KDR) blocker prevents 
vascular remodeling and proliferation. Statins have also been shown to modulate integrin signal-
ing and VEFGR pathways to ultimately affect vascular function
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exposed rats)4 for the study of sorafenib effects on the development of PH. The 
effect of sorafenib on PA remodeling and RV hemodynamics induced by hypoxia/
SU5416 demonstrates significant reductions in PA pressures, RV pressures (Fig. 
27.2a, b), and RV hypertrophy (Fig. 27.2c).1 Representative histological observa-
tions demonstrated remarkable reductions in medial wall thickening, fibrosis, and 

Fig. 27.2 Effect of sorafenib on hemodynamic measurements. (a, b) PA and RV systolic pres-
sures, respectively, obtained in Dahl SS rodents at 3.5-week exposure to normoxia (n = 7), 
hypoxia/SU5416 (H-SU5416, n = 5), or hypoxia/SU5416/sorafenib treatments (H-SU-Sor, n = 5). 
(c) RV hypertrophy (RVH) measurements across all of the tested conditions represented by the 
ratio of RV mass divided by the sum of the mass of left ventricle (LV) plus septum (LV + septum). 
*p < 0.01, **p < 0.001
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luminal obliteration with plexiform-like lesions in hypoxia/SU5416-exposed rat 
lungs when challenged with sorafenib.1 We further refined the functional roles of 
sorafenib in lung vascular remodeling by quantifying the levels of both apoptosis 
(anticleaved caspase 3 antibody) and proliferation (Ki-67 antibody) utilizing tis-
sue microarrays (TMAs) and the Automated Cellular Imaging System (ACIS) 
apoptosis (Fig. 27.3a). PH-induced apoptosis is mainly localized to the endothe-
lium and the adventitia in the lung vasculature (arrows in Fig. 27.3a). Increased 
cell proliferation was observed in hypoxia-Sugen-challenged rats compared to 
normoxia and was evident in all vessel layers with sorafenib-treated rats, demon-
strating attenuation of both of these two cellular processes in both PH models1 
(Fig. 27.3b).

Fig. 27.3 Effect of sorafenib on the development of PH histopathology. Representative images 
for each group (hematoxylin and eosin staining) with inset (anti-vWF staining) demonstrate that 
compared to normoxic rats (a), rats exposed to hypoxia/SU5416 showed marked vascular remod-
eling with medial wall thickening, endothelial cell hyperproliferation, and formation of plexiform 
lesions with exuberant vWF-positive endothelial cell proliferation (three representative inset 
arrows). Sorafenib completely prevented the chronic hypoxia-SU5416-induced vascular remodel-
ing. Differences in the level of apoptosis detected by cleaved caspase 3 staining and the level of 
cell proliferation using Ki67 staining were quantified as brown IOD per 10 mM2 using ACIS.  
(b) Representative images for apoptosis from each condition. A stepwise increase in staining for 
apoptosis was demonstrated with hypoxia/SU5416 exposure compared to normoxia. Sorafenib 
produced dramatic inhibition of apoptosis compared to the hypoxia/SU5416 model, with less 
attenuation compared to hypoxia. #p < 0.05
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6  Role of MAPK Pathway Components in Rodent  
Pulmonary Hypertension

The MAPK pathway exhibits ubiquitous involvement in cell proliferation and in 
responses to hemodynamic and environmental stress. Given the putative role of 
MAPK elements in the development of PH and pharmacodynamics of sorafenib, 
the posttranslational modification and protein expression levels of phosphory-
lated and unphosphorylated MEK-1/2 (p-MEK-1/2), ERK, and p38 MAPK (in 
addition to VEGFR-2) in PH lung homogenates has been studied.1 Levels of 
p-ERK and p-MEK 1/2 were increased incrementally from hypoxia to hypoxia/
SU5416-exposed rats compared to normoxia, while p-p38 showed a similar level 
of increased posttranslational modification in the two groups. The total amount 
of MAPK components was not altered compared to normoxia for all three pro-
teins, again consistent with a posttranslational observation. Finally, the reduction 
in levels of p-VEGFR-2 with hypoxia/SU5416 has been confirmed by the inhibi-
tion of VEGFR-2 kinase activity by SU5416. Interestingly, levels of p-VEGFR-2 
were increased in hypoxia compared to normoxia but remained downregulated by 
hypoxia/SU5416/sorafenib exposure, while total VEGFR-2 was not changed 
 significantly throughout the various conditions.

7  Effect of Sorafenib on Lung Gene Expression Profiles  
in Rodent Pulmonary Hypertension

To study potential mechanisms of sorafenib effects on PH, we integrated bioinformatic 
analyses of expression profiles that revealed 1,019 transcripts differentially regulated 
by hypoxia. A comparison between the hypoxia/SU5416 and normoxia groups 
revealed an additional 465 differentially regulated transcript sets likely involved in the 
development of the severe PH phenotype. The subsequent comparison of sorafenib 
treatment in hypoxia/SU5416-exposed rats yielded 38 additional differentially 
 regulated transcripts (Fig. 27.4a) potentially involved in the pathway of sorafenib-
mediated PH attenuation. The decrease in the observed list of differentially regulated 
genes with addition of SU5416 to hypoxia may be explained by a potential drug effect. 
As a VEGFR inhibitor that disrupts downstream signaling, SU5416 may reduce the 
expression of numerous genes that are otherwise involved in lung responses to hypoxia 
and may also explain the potential for an augmented PH phenotype.1

To derive the potential biological significance of sorafenib-driven genes, we first 
identified the significantly overrepresented biological processes in gene ontologies 
utilizing OntoExpress. While the sorafenib-driven gene profile derived from a com-
parison between the hypoxia/SU5416 group and hypoxia/SU5416/sorafenib group 
identified a number of biological process GO terms, a manual examination of these 
terms revealed six repeatedly represented overarching functional categories: cellu-
lar metabolic processes/metabolism (ten genes), developmental processes (seven 
genes), muscle development and regulation of muscle contraction (six genes), 
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defense response and immune system (five genes), cell differentiation (four genes), 
and cell proliferation (two genes). These genes are highlighted in the heat map of 
38 differentially expressed transcripts between hypoxia/SU5416 and hypoxia/
SU5416/sorafenib1 (Fig. 27.4b).

For each of these overarching functional classes observed in the sorafenib-driven 
genes, we next compared the number of distinct significant biological processes 
(represented as GO terms) across the two data sets (normoxia vs. hypoxia/SU5416 and 
hypoxia/SU5416 vs. hypoxia/SU5416/sorafenib). Significance was based on the fre-
quency of these biological process terms representing the differentially expressed genes 
as compared to those observed for all genes on the microarray chip (adjusted p < 0.05). 
To compare the relative enrichment of the biological process terms across the 
interventions, we analyzed the number of GO terms that were identical, related, or 
unrelated to each other between the different experimental conditions (Fig. 27.4b). 
The majority of muscle-related and cell proliferation GO terms involved in nor-
moxia versus hypoxia or normoxia versus hypoxia/SU5416 were either related or 
identical to those affected by the hypoxia/SU5416 versus hypoxia/SU5416/sorafenib 
set. In addition, for the other four functional GO categories, nearly half of the GO 
terms could be explained by similar relationships to hypoxia/SU5416 versus 
hypoxia/SU5416/sorafenib, indicating that sorafenib regulates the majority of bio-
logical processes implicated in the hypoxia/SU5416 model of PH. Hierarchical 
relationships between the significant GO terms, defined as identical or related across 
all the two group conditions, within the example illustrate how the majority of these 
terms are related to cell development, immune response, and proliferation of (but not 
limited to) B lymphocytes, fibroblasts, neuroblasts, or epithelial cells.1

To complement gene ontology (GO) analysis, PubMatrix evaluation (which 
enumerates associated PubMed citations) was made of a selection of ten microar-
ray-derived sorafenib candidate genes with a pair of genes representative of the 
most frequently appearing ontologies in our study (Table 27.1). This approach 
revealed a single previously identified PH candidate gene (Tgfb3) as well as several 
potentially novel candidates as defined by the limited or absent number of PubMed 
citations. Several genes, however, have been reported to be involved in biological 
pathways that have been linked to PH, as evidenced by the number of citations in 
search terms such as cell proliferation, cancer, and angiogenesis.

Given both the ontology and PubMatrix analyses, we next sought to identify a 
subset of genes that have an increased likelihood of involvement in PH. Each of the 
38 transcripts differentially regulated between hypoxia/SU5416 and hypoxia/
SU5416/sorafenib groups intersected with those SAM-derived transcripts differen-
tially regulated between normoxia and hypoxia/SU5416 as well as between nor-
moxia and hypoxia. Therefore, the expression of particular genes arising from these 
three SAM data sets represents a dual screen for PH candidate genes: first in terms 
of their universal presence in all condition-based comparisons and then as strong 
statistical significance in expression levels given their SAM-based selection. 
A directional expression pattern for six genes across all four conditions with the 
values obtained from the original GCRMA-normalized data for each chip. This 
pattern is shown in Fig. 27.4a and clearly mirrors both the exacerbating effect of SU5416 
on the hypoxic PH phenotype as well as the potent mitigating effect of sorafenib.
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8  Comparison of Sorafenib-Modulated  
Microarray Data Sets with Prior PH Studies

Intersected microarray data with existing previously reported microarray studies of 
PH evidence the total number of common genes between the two comparison sets 
derived from our two models of PH and those of four previous published PH 
studies.9,11,23,24 We observed a total of 57 overlapping hypoxia-driven genes with the 
Malek et al. report,24 35 common differentially expressed genes with hypoxia/
SU5416, and 47 common differentially expressed hypoxia-driven genes in the 
Gharib et al.9 report, as well as 26 common genes when compared with differen-
tially expressed hypoxia/SU5416-driven rat genes from our study. Comparison with 
the Geraci et al. human PH report9 revealed five common overlapping genes 
(Slc25a1, Shmt2, Plcb4, Pts, Fyn) in the hypoxia/SU5416 group. In addition, we 
also identified two microarray studies11,23 in which we failed to identify any com-
mon genes after intersecting the orthologous rat genes and hypoxia/reoxygenation 
challenge in mice.23 Similarly, we found no overlapping genes with the prior 
hypoxia versus hypoxia/simvastatin PH rats we previously reported.11 Thus, 
ortholog approaches are helpful to identify genes that are shared by a significant 
number of rodent genes differentially expressed in mouse, rat, and human microar-
ray experiments in PH, providing strong validation of the experimental model of 
our study. Examples of the various comparisons to establish hypoxia and PH can-
didate genes include bone morphogenetic protein 6, tissue plasminogen activator, 
and members of the prostaglandin receptor family. Solute carrier family 28 
(sodium-coupled nucleoside transporter), member 2 (Slc28a2) was especially 
unique (identified in three of the five studies), and members of this transporter 
family were found in all but two total comparisons. Two of the genes highlighted 
in Fig. 27.4a, a member of the C1q family and isopentenyl-diphosphate delta 
isomerase (Idi1), are also commonly present in already published multiple comparison 
sets as well as a gene encoding the cytoskeletal protein caldesmon (Cald1).

9  Caldesmon Studies in Rodent Pulmonary Hypertension 
(Hypoxia/SU5416-Treated Rats)

Our reports indicated that p38 MAPK-mediated caldesmon (CaD) phosphorylation 
is involved in endothelial cytoskeleton remodeling and motility.25 In our rodent 
samples with PH, CaD expression was low in normoxia but significantly elevated 
in hypoxia-SU5416-treated rats and was reduced by sorafenib treatment.1 Figure 
27.5 depicts myosin light chain (MLC)-dependent and -independent pathways in 
endothelium, where disruption of this vascular barrier integrity (i.e., by thrombin, 
a known vascular barrier-disruptive agent) activates the endothelial cytoskeleton in 
dynamic modulation of vascular barrier function. Whereas the EC cytoskeleton is 
composed of three primary components (actin filaments, intermediate filaments, 
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microtubules),26 the actin cytoskeleton exhibits a primary role in EC barrier regula-
tion. Early observations demonstrated that cytochalasin D, which disrupts the actin 
cytoskeleton, increased EC permeability, while phallacidin, an actin stabilizer, pre-
vented barrier disruption by various agonists.27,28 Actin filaments interact with 
myosin to generate EC tensile force that drives cell shape changes and barrier regu-
lation. When this cellular contraction occurs along actin stress fibers that span the 
cell, gaps form between adjacent cells, and increased paracellular permeability ensues. 
Thrombin, a vascular barrier-disruptive agent, binds to its receptor PAR-1, triggering 
the Rho-GTP (guanosine triphosphate) activation and Rho kinase activity, which 
prevents MLC activation and phosphorylation and actin binding. EC activation 

Fig. 27.5 Endothelial barrier-regulatory mechanisms: role of MLC and caldesmon. Pulmonary 
endothelial cells (ECs) are characterized by a thin cortical actin ring with associated cell–cell 
(adherens junctions and cell–matrix or focal adhesions) connections that provide the structural 
framework for barrier integrity. Thrombin, a known barrier-disruptive agent, results in rapid 
recruitment of its receptor (PAR-1) into membrane lipid rafts. For activation of PAR-1 receptor, 
activation is coupled to G

i
 signaling and subsequent activation of the small guanosine triphos-

phatase (GTPase) Rho. Rho stimulates rapid translocation of the actin-binding protein cortactin to 
the cell periphery, where it interacts with the barrier regulatory enzyme, myosin light chain kinase 
(MLCK). Phosphorylation of either of these proteins increases their interaction to actin in favor 
of stress fiber formation. Diacylglycerol (DAG) activates PKC, which activates Raf/MEK/ERK 
kinase activity. Erk phosphorylation subsequently facilitates the cytoskeletal caldesmon activation 
and phosphorylation, a key event for actin binding, polymerization, and fiber formation. This 
sequence of events occurs within minutes of stimulation and results in dramatically increased 
endothelial dysfunction. These pathways warrant evaluation of a potential therapeutic intervention 
with PTK such as sorafenib or statins for pulmonary hypertension
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activates ERK, which promotes CaD activation via phosphorylation. Thus, control-
ling the functional role of CaD in binding to actin heads, actin polymerization, and 
stress fiber formation leads to EC barrier regulation and potentially vascular remod-
eling characteristic of PH. Our studies indicated that actomyosin cross-linking 
ability of CaD is essential for binding to microfilaments in ECs, and that this 
cytoskeletal rearrangement is present in rodent PH remodeling of the vascular 
endothelium, likely involving CaD phosphorylation (Fig. 27.5).

10  New Directions and Conclusions

In summary, we described the successful and novel prophylactic application of the 
multikinase inhibitor sorafenib in rodent models of PH with improved hemody-
namic parameters and attenuation of significant structural PH changes1 consistent 
with other reports that sorafenib improves hemodynamic parameters in other rodent 
models of PH.17 Our investigation revealed biochemical and genomic evidence 
supporting the potential involvement of the MAPK cascade system and transform-
ing growth factor b3 (TGFb3) in PH development and the response to therapy. 
Integration of expression genomic analyses coupled with intense bioinformatics 
identified gene expression and ontology signatures in the development of PH and 
in the attenuation by sorafenib. Studies of sorafenib as a novel therapy in patients 
suffering from PH is already a well-tolerated, FDA-approved therapy in cancer; the 
clinical application of this novel therapy for PH can represent an excellent example 
of bedside-to-bench-to-bedside translation. Moreover, initial studies implicated the 
role of cytoskeletal protein such as CaD and MLCK (myosin light chain kinase) as 
key participants in the cytoskeletal rearrangement present during PH-induced 
remodeling and proliferation in endothelium. These represent potentially novel 
molecular targets for altering the devastating clinical course of patients with PH.
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Abstract Pulmonary Hypertension is a severe lung disease, which is character-
ized by vasoconstriction and remodelling of the vessel wall. Mostly addressing 
the increased vascular tone, prostacyclin and its analogues, endothelin-receptor 
antagonists and phosphodiesterase type 5 inhibitors have been approved for treat-
ment of PAH and represent the current therapeutic options. Mechanistically, these 
vasodilators decrease pulmonary vascular resistance and reduce thereby shear 
stress, which is a strong proliferative stimulus per se. Beside the development of 
new vasodilators, current research focuses on the development of causal treatment 
regimens aiming a normalization of the vessel structure. Mechanistically, increased 
proliferation, migration and a resistance to apoptosis of vascular cells represent key 
events in disease progression. In this context, tyrosine kinase inhibitors like ima-
tinib have been shown to possess reverse remodelling potential in preclinical mod-
els of pulmonary hypertension by inducing apoptosis and blocking proliferation. 
This book chapter describes the role of the platelet derived growth factor (PDGF) 
receptor and its antagonists for treatment of pulmonary hypertension.

Keywords Pulmonary hypertension • tyrosine kinase • PDGF • proliferation • growth 
factor

1  Introduction

Growth factors regulate diverse physiological responses, including proliferation, 
survival, migration, differentiation, morphogenesis, and metabolism. The vast 
majority of them, such as platelet-derived growth factor (PDGF), epidermal 
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growth factor (EGF), fibroblast growth factor (FGF), vascular endothelial growth 
factor (VEGF), hepatocyte growth factor (HGF), and others, exert their effects by 
binding to specific receptors with tyrosine kinase activity (RTKs).1,2 Among 
these, the PDGFs and their tyrosine kinase receptors, PDGF receptor alpha 
(PDGFR-a) and PDGF receptor beta (PDGFR-b), are one of the best-studied 
systems.

PDGF, identified 30 years ago as a constituent of whole-blood serum that was 
absent in cell-free plasma-derived serum,3 was initially purified from human plate-
lets.4 Although identified as a major mitogen for many cell types of mesenchymal 
origin (e.g., fibroblasts and smooth muscle cells [SMCs]), it has now been shown 
to be expressed and functionally relevant in a wide range of tissues.5

2  PDGF Ligands and Receptors

The PDGF family consists of four ligands (PDGF-A–D) and two receptors 
(PDGFR-a and PDGFR-b). PDGFs are disulfide-linked covalent peptides that 
make up five homo- and heterodimeric PDGF isoforms: PDGF-AA, -AB, -BB, 
-CC, and -DD.6 PDGF-A and -B are secreted as active ligands, while C and D 
ligands, produced as latent factors, require cleavage of N-terminal CUB (for com-
plement C1r/C1s, Uegf, Bmp1) domains to become active. The in vivo proteases 
responsible for activating C and D ligands have not been definitively identified; 
however, tissue plasminogen activator (tPA) and urokinase-type plasminogen acti-
vator (uPA) have been proposed to activate PDGF-CC dimers and PDGF-DD dim-
ers, respectively, in vivo.7 Although not needing proteolytic activation, PDGF-A 
ligands can be processed at their carboxy termini, removing a retention motif that 
limits the ligands range of action through binding to heparan sulfate 
proteoglycans.8

PDGF dimers exert their cellular effects by activating two structurally related 
cell surface receptor tyrosine kinases (PDGFR-a and PDGFR-b).5 However, each 
PDGF dimer differs in its interactions with the PDGFRs. Both PDGFRs contain 
five extracellular immunoglobulin-like domains, a transmembrane domain, a jux-
tamembrane domain, split kinase domains, a kinase insert domain, and a cytoplas-
mic tail. The receptors a and b can homo- and heterodimerize into aa, ab, and 
bb combinations. Since these two receptors share 31% identity in the ligand-
binding domain, ligands have varying affinities for these different receptor combi-
nations.9 PDGF-AA effectively activates only PDGFR-aa, PDGF-AB can activate 
either PDGFR-aa or PDGFR-ab, while PDGF-BB activates all three dimeric 
PDGF receptors (PDGFR-aa, PDGFR-ab, PDGFR-bb). The growth factor 
domain of PDGF-CC activates both PDGFR-aa and PDGFR-ab, and the growth 
factor domain of PDGF-DD activates only the PDGFR- bb. At present, it is 
unclear whether the PDGF-DD growth factor domain can activate PDGFR- ab.9
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3  PDGF-PDGFR-Mediated Intracellular Signal Transduction

The PDGFR possesses tyrosine kinase activity and is autophosphorylated on 
ligand binding. This autophosphorylation serves two important functions. On 
one hand, phosphorylation of a conserved tyrosine residue inside the kinase 
domains (Tyr849 in PDGFR-a and Tyr857 in PDGFR-b) leads to an increase in 
the catalytic efficiencies of the kinases for the PDGFR. On the other hand, 
autophosphorylation of tyrosine residues located outside the kinase domain cre-
ates docking sites for signal transduction molecules containing SH2 domains. 
In addition to SH2 domains, PTB (phosphotyrosine-binding domain) domains 
recognize phosphorylated tyrosine residues.10 A large number of SH2 domain 
proteins have been shown to bind to both PDGFR-a and PDGFR-b receptors. 
These include some of the enzymes, such as phosphatidylinositol 3 kinase (PI3-
kinase), phospholipase C (PLC) g, the Src family of tyrosine kinases, the 
tyrosine phosphatase SHP-2 (SH2 domain containing tyrosine phosphatase 2), 
and a guanosine triphosphatase (GTPase)-activating protein for Ras (Ras-
GAP). Other molecules, such as growth factor receptor-bound protein 2 (Grb2), 
growth factor receptor-bound protein 7 (Grb7), tyrosine-specific phosphatase 
(Syp), Src homology and collagen protein (Shc), and Crk (a group of adaptor 
proteins), are devoid of enzymatic activity and have adaptor functions, linking 
the receptor with downstream catalytic molecules. Also, members of the STAT 
(signal transducers and activators of transcription) family bind to the PDGFRs. 
They are transcription factors that after phosphorylation on tyrosine dimerize 
and translocate into the nucleus, where they affect the transcription of specific 
genes. Each SH2 domain molecule that binds to the PDGFRs initiates signal 
transduction pathways by activating downstream signaling molecules such as 
mitogen-activated protein (MAP) kinase family members (extracellular-regu-
lated kinases [ERKs], JNKs (c-Jun N-terminal kinase), p38) and focal adhesion 
kinase (FAK; a mediator of the integrin-signaling pathway), among others.11 
These signals enter the nucleus and stimulate expression of a set of immediate-
early-response genes (c-fos, JunB, c-myc, egr-1) that mediate PDGF-induced 
cellular processes, including cell cycle, cell migration, apoptosis, and 
transformation.3,12,13

Notably, the three dimeric PDGFR combinations transduce overlapping, but 
not identical, cellular signals, which can be explained by differential interactions 
with various SH2 domain proteins. The finding that while both a and b receptors 
effectively activate ERKs, PDGFR-aa, but not PDGFR-bb, activates stress-acti-
vated protein kinase 1/c-Jun NH2-terminal kinase 1 (SAPK1/JNK-1) suggests the 
complex and unique nature of PDGFR signaling. In addition, autophosphoryla-
tion on different tyrosine residues might explain the unique properties of the 
heterodimeric PDGFR-ab receptor complex in comparison with homodimeric 
receptors.14
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4  Control of PDGF Signaling

Several mechanisms for modulation of signaling via PDGFRs have been elucidated. 
For instance, MAP kinase, which is activated by Ras, phosphorylates and inactivates 
Sos, which thereby leads to decreased Ras activation.15 Another negative-feedback 
mechanism involves cyclic adenosine monophosphate (cAMP)-dependent protein 
kinase, which is activated by PDGF through induction of prostaglandin synthesis 
and activation of adenylyl cyclase16; the cAMP-dependent protein kinase inhibits 
several of the pathways that are activated in PDGF-stimulated cells through phos-
phorylation of components in these pathways. Finally, PDGF signaling can also be 
modulated in the extracellular milieu by matrix molecules. Such contacts are medi-
ated by integrins, which are transmembrane receptors for matrix molecules. For 
example, integrins, the transmembrane receptors for matrix molecules, have been 
shown to enhance growth factor-mediated cell proliferation and cell migration and 
are necessary to prevent apoptosis. On the other hand, fibrillar collagen suppresses 
PDGF-induced DNA synthesis in arterial SMCs. This effect is likely to be mediated 
by an integrin-dependent suppression of cyclin E-Cdk2 activity.17

5  Expression and Functions of PDGF in the Vascular System

PDGF and its receptors are detected in many different vascular cells and in arter-
ies following injury in vivo. However, PDGF-A and PDGF-B are expressed at 
very low or undetectable levels in normal vessels, whereas PDGF-C predomi-
nantly occurs in medial SMCs and PDGF-D in fibroblastic adventitial cells. 
PDGFR-a and PDGFR-b are present in SMCs of normal vessels at the messen-
ger RNA (mRNA) level but very low levels of protein.5,18 The synthesis is often 
increased in response to external stimuli, such as exposure to low oxygen ten-
sion; thrombin; or stimulation with various growth factors and cytokines.19 
PDGF is a mitogen and chemoattractant for vascular SMCs in vitro, but its 
activities in vivo remain largely undefined. Most importantly, infusion of recom-
binant PDGF-BB into rats subjected to carotid injury produced a small increase 
(two- to threefold) in medial SMC proliferation. More importantly, PDGF-BB 
greatly increased (20-fold) the intimal thickening and the migration of SMCs 
from the media to the intima during the first 7 days after injury, suggesting 
in vivo activities of PDGF.20

In vivo, PDGF has also been implicated in the contraction and maintenance of 
tone, the major physiologic functions of blood vessels. On one hand, PDGF poly-
peptides (PDGF-AA, PDGF-AB, and PDGF-BB) induced constriction of different 
types of blood vessels. On the other hand, PDGF-BB stimulation of endothelial 
cells induced a nitric oxide (NO)-mediated relaxation of rat aorta via PDGFR-b.21 
A more direct test of the effect of PDGF on vascular tone involved intravenous 
administration of PDGF-BB, but not PDGF-AB or PDGF-AA, in rats was found to 
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decrease systolic blood pressure through an increase in macrovascular compliance 
that was NO dependent.22

Another effect of PDGF that is of importance in the vascular system is its feed-
back control effect on platelet aggregation. Human platelets, which are a rich 
source of PDGF, contain functionally active PDGFR-a, but not PDGFR-b, and 
importantly, PDGF stimulation leads to decreased platelet aggregation.23 Thrombin 
stimulation of platelets induces PDGF release, which results in phosphorylation of 
the PDGFR-a, and preincubation of platelets with PDGF inhibits thrombin-induced 
platelet activation, indicating that the PDGF released from platelets serves an auto-
crine feedback role in control of platelet aggregation.24

Furthermore, a determinant role of PDGF in innate and adaptive immune 
responses was demonstrated by numerous reports. Macrophages in atherosclero-
sis lesions are known to express PDGF-A and PDGF-B and have been shown to 
stimulate SMC accumulation. On the other hand, monocyte expression of 
PDGFR-b has been shown to increase with differentiation into macrophages at 
the mRNA and protein levels.25 In addition, numerous reports have suggested 
PDGF-mediated regulation of angiogenic activity. Increasing evidence suggests 
that PDGF-B and paracrine PDGFR-b signaling, instead of having a direct 
effect on endothelial cells, was shown to maintain mural cells that cover all 
capillaries.26

6  PDGF Signaling in Vascular Disorders

The PDGF system has been implicated in a broad range of diseases, such as cancer, 
vascular diseases, and fibrosis. Atherosclerosis, restenosis, transplant arteriosclero-
sis, retinal vascular diseases, and pulmonary hypertension are the major ones 
among the vascular disorders for which PDGF signaling has been incriminated in 
the pathogenesis.

6.1  Atherosclerosis, Restenosis, and Transplant Arteriosclerosis

Atherosclerosis is a complex inflammatory response in large and medium arteries 
to a number of different risk factors. The atherosclerotic lesion is characterized by 
an accumulation of cells and extracellular matrix (ECM) in the intimal space, and 
the eccentric lesion forms focally at sites of low shear stress, turbulence, and oscil-
lating flow in arteries. The early “fatty streak” lesions consist primarily of mac-
rophages and T lymphocytes, and the lesion progresses by accumulation of the 
emigrating medial SMCs and their deposition of connective tissue. More advanced 
fibrous plaques are usually covered by a dense cap of fibrous connective tissue with 
embedded SMCs that usually overlay a core of lipid and necrotic debris.27 
Consequently, the lumen of the affected arteries becomes narrow. The surgical 
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approaches of percutaneous transluminal coronary angioplasty (PCTA) and stent-
ing are being practiced to successfully open the narrowed arteries. However, rest-
enosis, the renarrowing of the arterial lumen, remains as a common problem.28 
Arteriosclerosis also results following organ or tissue transplantation. Unlike 
atherosclerosis, transplant arteriosclerosis gives rise to diffuse intimal thickening 
that results in a concentric lesion, often involving long segments of affected arteries. 
Transplant vasculopathy, characterized by intimal accumulation of SMCs, infil-
trating mononuclear cells, and ECM in the arteries of transplanted solid organs, 
including heart, kidney, liver, and lung, is the most common cause of late graft 
failure and death in transplant recipients.29

In all these diseases, the PDGF-PDGFR system is shown to be highly altered. In 
particular, PDGF-AA and -BB are upregulated in atherosclerotic lesions compared to the 
normal vessel wall.30 Moreover, an increased level of PDGFR-b is present in infiltrating 
macrophages and SMCs of atherosclerotic vessel walls.31 As in the case of atherosclero-
sis, both PDGF-AA and PDGF-BB are expressed at sites of transluminal coronary 
angioplasty in addition to PDGFR-b expression in SMCs and in macrophages.32 Taken 
together, the data suggest that PDGFR-b signaling plays a major role in the lesion devel-
opment and progression in atherosclerosis and restenosis. Transplant arteriosclerosis is 
also associated with an increased PDGFR-b expression in vascular SMCs of transplanted 
human organs. However, the marked increase in PDGFR-a expression in renal transplant 
and in cardiac allograft shows a notable difference between transplant arteriosclerosis 
and atherosclerosis.30 In summary, the expression and localization data clearly suggest a 
role for the PDGF system in vascular pathology/remodeling.

Similar findings are also observed in animal models of neointimal lesions. In 
agreement with the expression data, the interventional studies in a rat carotid artery 
balloon injury model, a commonly used model of neointimal lesions, demonstrated 
that inhibition of PDGF signaling by antisense oligonucleotides to the PDGFR-b,33 
PDGF-BB aptamers,34 PDGFR tyrosine kinase inhibitors,35 and antibodies against 
PDGFR-b36 reduce accumulation of SMCs in intimal lesions, attributing an impor-
tant role of PDGF-BB signaling in disease pathogenesis. Similarly, an increasing 
body of literature attributes a role for PDGFR-b signaling in atherosclerotic lesion 
progression and specifically SMC accumulation in both hypercholesterolemic rab-
bits and apolipoprotein E (ApoE)-deficient mice.37,38

In addition, interventional studies clearly suggest the involvement of the PDGF sys-
tem in the pathogenesis of restenosis. Bilder et al. evaluated angiographically the effect 
of PDGFR inhibitor in hypercholesterolemic pigs following coronary angioplasty.39 
Their findings suggest that the inhibition of PDGFR tyrosine kinase prevents angio-
graphic loss of gain following PTCA and significantly reduced intimal hyperplasia.

6.2  Pulmonary Hypertension

Pulmonary arterial hypertension (PAH) a life-threatening disease characterized by 
a marked and sustained elevation of pulmonary artery pressure and is therefore 
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defined as a mean pulmonary arterial pressure greater than 25 mmHg at rest or 
greater than 30 mmHg during exercise.40 PAH can be idiopathic or unexplained 
(formerly termed primary pulmonary hypertension); PAH can also occur in associa-
tion with connective tissue diseases, HIV infection, congenital heart disease, portal 
hypertension, and appetite suppressant exposure. Idiopathic PAH occurs more often 
in women than in men, with a median survival of 2.8 years if untreated. The mean 
age at diagnosis is 35 years. The 5-year survival remains at 50% for this devastating 
disease, although current treatment options have markedly improved overall quality 
of life and survival in PAH.41 We still do not know what initiates this disease with 
its subsequent progressive pulmonary vascular obstruction, even if we have learned 
a great deal about the pathobiology of PAH.

PAH has a multifactorial pathobiology: An inappropriate vasoconstriction, vas-
cular remodeling, and in situ thrombosis contribute to this pathological process.41 
All layers of the vessel wall are involved in the process of vascular remodeling; 
each cell type (endothelial cells, SMCs, and fibroblasts) as well as inflammatory 
cells and platelets play a significant role in PAH.42 The distal extension of pulmo-
nary arterial smooth muscle cells (PASMCs) into small peripheral, normally non-
muscular, pulmonary arteries within the respiratory acinus is a feature common to 
all forms of PAH. In addition, a formation of a layer of myofibroblasts and ECM 
occurs between the endothelium and the internal elastic lamina, termed the 
neointima.43 Disorganized endothelial cell proliferation leading to the formation of 
so termed plexiform lesions is described in many cases of PAH.44 Endothelial dys-
function is considered a key element in the pathobiology in PAH, with increased 
levels of endothelin (ET) occurring concomitantly with decreased NO and 
prostacyclin levels.45 Alterations of rates of both proliferation and apoptosis 
result in thickened, obstructive pulmonary arteries in PAH as evidence has shown. 
Taken together, the elevated pulmonary vascular resistance leads to an increased 
right ventricle afterload and, eventually, to the failure of the afterload-intolerant 
right ventricle.46 Many of the perturbations associated with the endothelial dysfunc-
tion promote vascular remodeling in addition to increasing pulmonary vascular 
tone, although it remains unclear whether excessive vasoconstriction is associated 
with the endothelial dysfunction. Prostacyclin, NO, ET, angiopoietin I, serotonin, 
cytokines, chemokines, and members of the transforming growth factor b (TGF-b) 
superfamily have all been implicated in the pathobiology of PAH.41

The field of PAH has been advancing rapidly, and the pace continues to accelerate, 
resulting in three currently approved therapeutic modalities for the treatment of 
PAH – prostacyclins, phosphodiesterase (PDE) inhibitors, and ET receptor antago-
nists – and targeting prostacyclin and NO deficiencies and increased ET levels, 
respectively, in PAH patients.47 Still, current treatment primarily attenuates vaso-
constriction and provides only symptomatic relief as well as some improvement of 
prognosis. However, convincing evidence for direct antiproliferative effects of 
these approaches is largely missing. Due to the chronic proliferation of pulmonary 
vascular tissue, it is obvious that the efficiency of vasodilatory therapies is limited, 
especially in advanced stages of the disease. Some of the currently used therapeutic 
implications seem to have at least some secondary antiproliferative effects, which 
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are mostly due to the reduction of pulmonary vascular resistance. In 1998, the idea 
of monoclonal endothelial proliferation as the cause of the progressive vascular 
obstruction in PAH was introduced the working group of Voelkel and Tuder.48 They 
found monoclonal endothelial cell conglomerates in plexiform lesions of patients 
with primary, but not secondary, pulmonary hypertension. Initially, this investiga-
tion led to the idea that cell proliferations in PAH are similar to those seen in various 
types of cancer and lately to the proof that molecular mechanisms, leading to cell 
proliferation in a tumor, play a central role in chronic vascular changes seen in 
PAH.49 Taken together, this led to the concept that anticancer drugs might be effec-
tive in PAH. This was the beginning of the paradigm shift in the treatment of PAH – 
from vasodilation to “reverse remodeling.”

Compelling evidence suggests that PDGF is closely involved in the pulmonary 
vascular pathology of PAH. PDGF isoforms exert their effects on target cells by 
activating two structurally related RTKs: PDGFR-a and -b.5 In 1998, Humbert 
et al. found that PDGF expression is elevated in lung biopsies of HIV-patients dis-
playing PAH.50 Second, PDGF acts as a potent mitogen and chemoattractant for 
PASMCs.51 Third, both PDGFR-a and PDGFR-b are upregulated in lambs with 
chronic intrauterine PAH, suggesting a role for PDGF in PASMC thickening in 
PAH.52 The finding of this work group further supported the concept that treatment 
with a selective PDGF inhibitor reduces pulmonary arterial wall thickness and right 
ventricular hypertrophy in a model of perinatal PAH by partial ligation of the duc-
tus arteriosus in the late fetal lamb. Fourth, Jankov et al. found that PDGFR-b and 
its ligands, particularly PDGF-BB, which binds to both PDGFR-a and -b, play a 
major role in the pathogenesis of vascular SMC proliferation in newborn rats with 
PAH.53 In 2008, Perros et al. showed that in small remodeled pulmonary arteries, 
PDGF-A and PDGF-B are mainly localized to PASMCs and endothelial cells, 
whereas PDGFR-a and PDGFR-b mainly stained in PASMCs and to a lesser extent 
in endothelial cells.54 It was shown that inhibition of PDGFRs by the tyrosine 
kinase inhibitor STI571 (imatinib, Gleevec® or Glivec) reverses pulmonary vascu-
lar remodeling in two different animal models of severe PAH. In lung biopsies from 
patients with severe PAH, PDGF-A chain and PDGFR-b expression was signifi-
cantly increased.49 Inhibition of PDGF-induced PASMC migration and prolifera-
tion with imatinib supports the possible therapeutic role of PDGF inhibition as a 
novel approach in PAH.

In a translational research approach, the hypothesis of tyrosine kinase inhibitors 
being effective in PAH has been supported by individual clinical case reports from 
patients with PAH indicating a beneficial effect of imatinib (Gleevec), which is an 
inhibitor of the tyrosine kinases PDGFR, BCR-Abl, and c-kit and is approved for 
treatment of chronic myeloid leukemia and gastrointestinal stromal tumor. The first 
patient ever reported was a 61-year-old man with rapidly progressing PAH, who 
received imatinib in addition to bosentan, iloprost, sildenafil, oral anticoagulants, 
and diuretics55; after 3 months, he had greatly improved exercise capacity, reduced 
pulmonary vascular resistance, decreased pulmonary artery pressure, increased 
cardiac index, and an improvement from functional class IV New York Heart 
Association (NYHA) to class II, with no apparent adverse effects. Similar improve-
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ments in clinical condition were documented from other groups in a 52-year-old 
man with refractory idiopathic PAH56 and in two patients with PAH who received 
imatinib for treatment of leukemia.57 Based on the scientific rationale, the intriguing 
basic research findings, and the encouraging early clinical results, a multinational, 
multicenter, randomized, placebo-controlled, long-term clinical phase II trial with 
imatinib added to ongoing conventional PAH treatments has been initiated.

6.3  Cardiotoxicity of Imatinib

However, a matter of current controversy arises from anecdotal case reports about 
the potential cardiotoxicity of imatinib and other small-molecular tyrosine kinase 
inhibitors in patients receiving the drug long term in the original indication of cancer. 
It was supposed that some of these agents cause congestive heart failure (CHF) or 
asymptomatic left ventricular dysfunction.58 In August 2006, Kerkelä et al. reported 
ten cases of heart failure after treatment with imatinib (Glivec or Gleevec) in patients 
suffering from chronic myelogenous leukemia (CML) without a prior history of 
heart disease.59 Kerkelä and coworkers found that imatinib has deleterious effects on 
cardiomyocytes in culture and in vivo. Their studies in cultured cardiomyocytes and 
mice treated with imatinib showed that imatinib leads to significant mitochondrial 
dysfunction with loss of membrane potential, cytochrome c release into the cytosol, 
impaired energy generation with reduction of ATP content and, finally, cell death.59 
It was shown that the inhibition of one major target of imatinib, c-Abl, mediates this 
cardiotoxicity because cardiomyocytes expressing the imatinib-resistant mutant 
c-Abl (T3151) were partially rescued from imatinib-induced toxicity.60 It was pro-
posed that the triggering mechanism for imatinib-induced cardiomyocyte death is 
the activation of the endoplasmic reticulum (ER) stress response, although the path-
way linking c-Abl inhibition with the induction of ER stress remains unclear.61 In 
contrast to these findings, in a 5-year follow-up study of 553 patients receiving ima-
tinib for CML therapy, published by Drucker et al. in December 2006, only one 
patient developed CHF reported as drug related.62

Taken together, further studies are needed to clarify the underlying mechanisms 
leading to cardiotoxicity of imatinib and to guide the development of strategies to 
prevent the development of heart failure resulting from these promising PAH 
therapies. Careful cardiovascular monitoring and cardiac treatment at the first 
signs of myocardial damage might be a solution to manage this problem.
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Abstract Peroxisome proliferator-activated receptor γ (PPARγ) is a nuclear recep-
tor that functions as a transcription factor to regulate adipogenesis and metabolism 
by binding to PPAR response elements (PPAREs) in the promoter region of vari-
ous target genes. Activation of PPARγ suppresses smooth muscle cell proliferation 
and migration. This chapter discusses the potential protective role of PPARγ and 
its downstream signaling cascades in the development of pulmonary arterial hyper-
tension. Furthermore, the chapter also provides an overview on the cellular and 
molecular mechanisms involved in PPARγ-mediated inhibitory effect on pulmo-
nary vascular remodeling, a major contributor to the elevated pulmonary vascular 
resistance in patients with pulmonary arterial hypertension.

Keywords Peroxisome proliferator-activated receptor γ (PPARγ) • nuclear recep-
tor • pulmonary vascular remodeling • cell proliferation and migration

1  Introduction

Peroxisome proliferator-activated receptor g (PPARg) is one of a family of three 
nuclear receptors (PPARg, -a, and -d) that can function as transcription factors to 
regulate adipogenesis and glucose metabolism.1–3 On activation by mechanisms not 
well understood, PPARs heterodimerize with the retinoid X receptor (RXR) and 
bind to PPAR response elements (PPREs) in regulatory promoter regions of their 
target genes.4 Many of these are implicated in suppressing smooth muscle cell 
(SMC) proliferation and migration.4 For example, PPARg activation blocks platelet-
derived growth factor (PDGF) gene expression5 and induces the expression of 
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lipoprotein-like receptor protein 1 (LRP1),6 the receptor necessary for apolipopro-
tein (Apo) E-mediated suppression of PDGF-BB signaling7,8 as discussed in this 
chapter. Moreover, PPARg activation can induce apoptosis of SMCs by phosphory-
lation of the retinoblastoma (RB) gene9 and by increasing the proapoptotic protein 
Gadd 45.10 PPARs can also interact with signaling molecules to regulate gene 
expression independent of DNA binding. For example, PPARg impairs phosphory-
lation (i.e., activation) of extracellular-regulated kinase (ERK),11,12 a mitogen-acti-
vated protein kinase (MAPK), downstream of PDGF-BB/PDGFR-b signaling. 
Moreover, activated PPARg stabilizes the cyclin-dependent kinase inhibitor 
p27KIP19 and inhibits telomerase activity,13 retinoblastoma protein phosphoryla-
tion,9 and cell cycle progression associated with vascular SMC proliferation.9 By 
blocking important pathways downstream of activated PDGFR-b (i.e., phospho-
inositol-3-kinase (PI3K))14 PPARg agonists can also cause apoptosis of proliferat-
ing vascular cells.4,15 In addition, it is known that PPARg ligands impair production 
of matrix metalloproteinases16 that can be activated by elastase.17 Our group has 
shown that inhibition of this proteolytic cascade not only prevents but also reverses 
advanced fatal pulmonary artery hypertension (PAH) in rats.18

In endothelial cells (ECs), PPARg activation reduces levels of endothelin 1 (ET-1)19 
and the endogenous nitric oxide synthase inhibitor asymmetric dimethylarginine 
(ADMA),20,21 factors that are implicated in both insulin resistance and in the patho-
biology of PAH.21 PPARg has anti-inflammatory properties that include suppres-
sion of factors implicated in PAH, such as vascular cell adhesion molecule 
(VCAM), interleukin 6,22,23 fractalkine,24,25 and monocyte chemoattractant protein 
1.26 PPARg also protects ECs against apoptosis27,28 and may also promote EC pro-
liferation and migration through production of endothelial nitric oxide synthase 
(eNOS)29 as well as hemoxygenase (HO) 1.30 In contrast, HO-1 represses SMC 
proliferation,30 consistent with PPARg-mediated repression of proliferation and 
migration of arterial SMCs in culture31,32 and in animal models.33

Thus, extrapolating from data in systemic vascular disease2 suggests that impaired 
activation of PPARg transcriptional targets could lead to the pathology of PAH. This 
is reinforced by studies showing that the levels of PPARg and its putative transcrip-
tional target ApoE are reduced on complementary DNA (cDNA) microarrays from 
lung tissues and vessels in patients with PAH.34,35 There is supporting evidence that 
links PPARg with transcription of ApoE. A functional PPRE is present in the ApoE 
promoter,36 conditional disruption of the PPARg gene in mice results in decreased 
ApoE expression in macrophages,37 and PPARg activation leads to ApoE messenger 
RNA (mRNA) expression and protein secretion in an adipocyte cell line.38

2  Insulin Resistance, Pulmonary Hypertension, and PPARg 
Agonist Treatment

Mice that are null for ApoE are made insulin resistant by being fed a high-fat diet. 
We showed that these mice have PAH in association with abnormal muscularization 
of distal arteries, and that the muscularization could be reversed following treat-
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ment with rosiglitazone, a PPARg agonist39 (Fig. 29.1). It was interesting that the 
female cohort of ApoE–/– mice had less-severe PAH as judged by lower levels of 
right ventricular systolic pressure, right ventricular hypertrophy, and muscularized 
distal arteries. We attributed this phenotype to the fact that the females had higher 
levels of adiponectin. The mechanism appears to be related to the fact that testos-
terone inhibits secretion of adiponectin,40 and adiponectin can sequester PDGF.41 
We subsequently showed that adiponectin, a target of PPARg-mediated transcrip-
tional activity in adipocytes can repress pulmonary artery SMC (PASMC) prolifera-
tion in response to growth factors as does ApoE (Fig. 29.2).

Fig. 29.1 Four-week treatment with the PPARg agonist rosiglitazone reverses PAH, increases 
plasma adiponectin, and induces insulin sensitivity. Measurements of plasma adiponectin (a), 
right ventricular systolic pressure (RVSP) (b), blood glucose (c), right ventricular hypertrophy 
(RVH) (d), plasma insulin (e), and muscularization of alveolar wall arteries (f). Nineteen-week-
old male C57Bl/6 and ApoE–/– mice, all on high fat (HF) diet for 15 weeks, were used. Bars rep-
resent mean ± standard error (SEM) (n = 4–16 as indicated in column graphs). *P < 0.05; **P < 
0.01; and ***P < 0.001. Reproduced with permission39
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In unpublished data from our group, we have found that older mice that are null 
for ApoE also develop PAH in the absence of a high-fat diet or insulin resistance. 
We speculate that this is related to the loss of the protective effect of ApoE in sup-
pressing episodic PDGF-BB-mediated SMC proliferation over time. It has been 
shown that ApoE can bind to low-density LRP1, also a target of PPARg-mediated 
gene transcription.6 When this occurs, LRP1 targets the PDGFRb for endocytosis,42–44 
repressing its function as an SMC mitogen. However, in contrast to its adverse 
effects as a smooth muscle mitogen, PDGF is also important in normal cell viability, 
in maintaining pericytes, and in the prevention of vascular endothelial growth factor 
(VEGF) overexpression and aberrant angiogenesis.45 So, it could be proposed that 
PPARg agonists may “fine-tune,” allowing PDGF-mediated EC survival and peri-
cyte recruitment while repressing aberrant angiogenesis and abnormal musculariza-
tion of distal vessels as well as proliferation of SMCs.

In light of these experimental studies and in keeping with clinical observations 
related to obesity in the population of patients with PAH, we investigated whether 
insulin resistance was prevalent in patients with PAH. Studies reported by Zamanian 
et al.46 indicated a significantly higher proportion of female patients with PAH and 
insulin resistance when compared with the general population (45.7 vs. 21.5%), as 
judged by an abnormal elevation in the ratio of triglycerides to high-density lipo-
proteins.46 It is of further interest that this high evidence of insulin resistance did 
not correlate with obesity as judged by the body mass index (BMI) or relate to the 
hemodynamic severity of the disease but was associated with a poorer 6-month 
event-free survival (58 vs. 79%) (Fig. 29.3).

3  PPARg and the Bone Morphogenetic Protein Pathway

Mutations in bone morphogenetic protein receptor (BMPR) II that cause loss of 
function of the receptor are associated with familial and sporadic idiopathic PAH47–49 
and reduced expression of BMPR-II has been related to PAH regardless of etiology.50 
It was therefore of interest that in studies investigating transcription factors that are 

Fig. 29.2 Recombinant ApoE (a) and adiponectin (b) inhibit PDGF-BB-induced (20 ng/ml) 
proliferation of murine PASMCs harvested from both C57Bl/6 and ApoE–/– mice. Bars represent 
mean ± SEM (n = 3). *P < 0.05; **P < 0.01; and ***P < 0.001. Reproduced with permission39
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Fig. 29.3 Kaplan-Meier 6-month event-free survival curve in pulmonary arterial hypertension 
(PAH) females. Insulin-sensitive (solid line) PAH females had significantly better outcome com-
pared with their insulin-resistant (dashed line) counterparts (79% vs. 58%; P < 0.05). Events were 
defined as death, transplantation, or acute hospitalization due to PAH exacerbation or right heart 
failure. Reproduced with permission46

regulated by signaling via BMPR-II, we identified PPARg as a target.51 We showed 
enhanced DNA binding of PPARg following stimulation of PASMCs with bone 
morphogenetic protein (BMP) 2. We then showed that the ability of BMP2 to repress 
PDGF-BB-mediated PASMC proliferation depended on PPARg (Fig. 29.4). Most 
interesting was the observation that loss of the function of BMPR-II to repress 
PDGF-BB-mediated proliferation could be rescued by a PPARg agonist (Fig. 29.4). 
We then showed that BMP2-mediated inhibition of PDGF-BB-induced SMC prolif-
eration requires not only activation of PPARg but also that of its target of transcrip-
tion, ApoE. We showed that both PPARg and ApoE act downstream of BMP2/
BMPR-II in human and murine PASMCs and prevent their proliferation in response 
to PDGF-BB. Bone morphogenetic protein-2 (BMP2)-mediated PPARg activation 
occurs earlier than Smad1/5/8 phosphorylation and therefore appears to be indepen-
dent of this established signaling axis downstream of BMPR-II. The BMPR-II 
ligand BMP2 induces a decrease in nuclear phospho-ERK, and rapid nuclear shut-
tling and DNA binding of PPARg, whereas PDGF-BB has the opposite effects. Both 
BMP2 and the PPARg agonist rosiglitazone stimulate production and secretion of 
ApoE in PASMCs (Fig. 29.5). Moreover, BMP2-mediated suppression of PDGF-
BB-induced proliferation was absent in SMCs from a patient with a BMPR-II muta-
tion and PAH, but this inhibition could be restored with a rosiglitazone (Fig. 29.6).
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Fig. 29.5 (continued) (a) BMP2 inhibits SMC proliferation via PPARg and ApoE. ApoE impairs 
PDGF-BB/MAPK signaling by binding to low-density lipoprotein (LDL) receptor-related protein 
(LRP), thereby initiating endocytosis and degradation of the LRP/PDGFR-b/PDGF-B complex. 
PPARg induces LRP and other growth-inhibitory/proapoptotic genes in SMCs and inhibits cell 
cycle and other growth-promoting genes, such as telomerase, cyclin D1, and retinoblastoma pro-
tein. Moreover, PPARg induces phosphatases that can directly inactivate phospho-ERK. (b) 
BMPR-II dysfunction promotes SMC proliferation and survival in PAH. Heightened PDGF-BB 
signaling leading to SMC proliferation is a key clinical feature of PAH. Deficiency of both ApoE 
and LRP enhances mitogenic PDGF-BB/MAPK signaling. Loss-of-function mutations in the 
BMPR-II gene will decrease endogenous PPARg activity, leading to unopposed MAPK signaling, 
SMC proliferation and survival, and ultimately development of PAH. TF transcription factor. (c) 
PPARg agonists can rescue BMPR-II dysfunction and reverse PAH. PPARg agonists such as 
rosiglitazone or pioglitazone might reverse SMC proliferation and vascular remodeling in PAH 
patients with or without BMPR-II dysfunction via induction of ApoE and other growth-inhibitory/
proapoptotic genes (as indicated) and through repression of growth-promoting genes (not shown). 
Reproduced with permission51

Fig. 29.4 (a) PASMCs were seeded at 2.5 × 104 cells per well of a 24-well plate in 500 ml of 
growth medium and allowed to adhere overnight. The cells were washed with phosphate-buffered 
saline (PBS) prior to the addition of starvation media (0.1% fetal bovine serum [FBS]) and incu-
bated for 24 h (murine pulmonary artery smooth muscle cells (PASMCs)) or 48 h human PASMC 
(HPASMCs) and then stimulated with PDGF-BB (20 ng/ml) for 72 h. BMP-2 (10 ng/ml) was 
added to quiescent cells 30 min prior to PDGF-BB stimulation. The PPARg antagonist GW9662 
(GW; 1 mM) was added 24 h prior to the addition of BMP2. Cells were finally washed twice with 
PBS, trypsinized, and counted in a hemocytometer (4 counts per well). Cell numbers in controls 
at time points 0 (CON) and 72 h were not significantly different. (b) Littermates, littermate control 
PASMCs; SMC PPARg–/–, PASMCs isolated from SM22a Cre PPARgflox/flox mice. Bars repre-
sent mean ± SEM, n = 4 in (a) and 3 in (b). *P < 0.05; **P < 0.01; ***P < 0.001 as indicated; 
analysis of variance (ANOVA) with Bonferroni’s multiple-comparison test. Reproduced with 
permission51
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Fig. 29.5 Model: A novel antiproliferative BMP2/PPARg/ApoE axis protects against PAH. This 
schema incorporates the findings described in our chapter and the literature to date as discussed. 
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Fig. 29.6 Antiproliferative effects of BMP2 and the PPARg agonist rosiglitazone on PDGF-BB-
induced proliferation of human wild-type and BMPR-II mutant PASMCs. Control PASMCs were 
isolated from surgical resection specimens derived from patients undergoing lobectomy or pneu-
monectomy for suspected lung tumor. Additional peripheral pulmonary arteries (<1- to 2-mm 
external diameter) were obtained from a patient undergoing heart-lung transplantation for familial 
PAH (FPAH) and known to harbor a mutation (W9X) in BMPR-II. The nature of the BMPR-II 
mutation, cell isolation, culture techniques, and cell counts is the same as shown in Fig. 29.1. 
HPASMCs were incubated for 48 h in starvation media (0.1% FBS) and then stimulated with 
PDGF-BB (20 ng/ml) for 72 h. BMP2 (10 ng/ml) or rosiglitazone (1 mM) were added to quiescent 
cells 30 min prior to PDGF-BB stimulation. Bars represent mean ± SEM (n = 3). **P < 0.01; ***P 
< 0.001 as indicated; ANOVA with Bonferroni’s multiple-comparison test. The number of PDGF-
BB-stimulated cells was significantly higher than that of untreated control cells (P < 0.001). 
Reproduced with permission51

To determine whether, in addition to ApoE, other targets of PPARg-mediated 
transcription in PASMCs were essential to inhibit the development of PAH, we 
made a mouse in which SM22-driven Cre was used to delete critical exons of a 
floxed PPARg. This mouse had spontaneous PAH in the absence of a high-fat diet 
in association with muscularized distal arteries and right ventricular hypertrophy. 
Moreover, the pulmonary hypertensive response to chronic hypoxia is exaggerated 
in this mouse (Fig. 29.7).

We have bred the Tie2-expressing Cre mouse with the mouse in which PPAR is 
floxed. Our unpublished studies revealed that this mouse has a mild form of pulmo-
nary hypertension under room air conditions but fails to show a heightened response 
to hypoxia. The mechanism does not appear to be related to ApoE but is associated 
with heightened signaling through PDGFRb. While chronic hypoxia does not result 
in an exaggeration of PAH in these mice with EC deletion of PPARg, reversal of 
PAH following exposure to chronic hypoxia is impaired.
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Fig. 29.7 PAH in mice with targeted deletion of PPARg in SMCs. Thirteen- to 15-week-old mice 
underwent right ventricular (RV) catheterization, followed by organ harvest. (a) RVSP measure-
ments. (b) Right ventricular hypertrophy (RVH), measured as ratio of the weight of the RV to that 
of the left ventricle (LV) plus septum (RV/LV + S). (c) Muscularization of alveolar wall arteries 
(Musc. Arteries Alv. Wall). (d) Representative photomicrographs of lung tissue (stained by Movat 
pentachrome) of 15-week-old mice showing a typical nonmuscular peripheral alveolar artery in a 
littermate control mouse. (e) A similar section in the SM22a Cre PPARgflox/flox (SMC PPARg–/–) 
mouse shows an alveolar wall artery surrounded by a rim of muscle. (f–i) Immunohistochemistry 
in serial lung tissue sections from littermate control (CON) and SMC PPARg–/– mice stained for 
smooth muscle α-actin (a-SMA) (f, g) and proliferating cell nuclear antigen (PCNA; h and i). 
Arrows in (i) indicate enhanced PCNA staining in PASMCs. Bars represent mean ± SEM (n = 5). 
***P < 0.001 vs. control; unpaired two-tailed t test. Reproduced with permission51
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Studies have been carried out in which PPARg agonists have been used to inhibit 
and reverse hypoxia-induced PAH. If is of interest that PPARg agonists can com-
pletely reverse structural changes in response to chronic hypoxia but not the eleva-
tion in pulmonary arterial pressure.52

PPARg agonists appear to act favorably to facilitate suppression of proliferation 
in PASMCs, but it will be important to determine whether they also support 
endothelial growth and stability because our studies in cultured cells suggest that 
certain agents could impede PPARg-mediated endothelial gene regulation.
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Abstract The voltage-independent background two-pore domain K+ channel 
TASK-1 sets the resting membrane potential in excitable cells and renders these 
cells sensitive to a variety of vasoactive factors. There is clear evidence for TASK-1 
in human pulmonary artery smooth muscle cells and TASK-1 channels are likely 
to regulate the pulmonary vascular tone through their regulation by hypoxia, pH, 
inhaled anesthetics, and G protein-coupled pathways. Furthermore, TASK-1 is a 
strong candidate to play a role in hypoxic pulmonary vasoconstriction. On the other 
hand, consistent with the activation of TASK-1 channels by volatile anesthetics, 
TASK-1 contributes to the anesthetic-induced pulmonary vasodilation. TASK-1 
channels are unique among K+ channels because they are regulated by both, 
increases and decreases from physiological pH, thus contributing to their protective 
effect on the pulmonary arteries. Moreover, TASK-1 may also have a critical role 
in mediating the vasoactive response of G protein-coupled pathways in resistance 
arteries which can offer promising therapeutic solutions to target diseases of the 
pulmonary circulation.

Keywords TASK-1 • pulmonary artery • smooth muscle • hypoxic pulmonary 
vasoconstriction • inhaled anesthetics • endothelin-1 • prostacyclin

1  The TASK Background Two-Pore-Domain Potassium 
Channels

Background or leak K+-selective channels, as defined by a lack of time and volt-
age dependency, play an essential role in setting the resting membrane potential 
and input resistance in excitable cells. Alteration of K+ conductance in these cells 
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influences cellular activity via membrane potential changes. Two-pore-domain 
potassium (K

2P
) channels have been shown to conduct several leak K+ currents. 

This new gene family of K+ channels has been progressively identified over the 
last few years (reviewed in Ref. 1). Members of the KCNK family present struc-
tural features that suggest a dimeric arrangement, with each subunit comprising 
four transmembrane segments and two pore-forming regions (Fig. 30.1). The 
channels formed by members of this family are distinct from voltage-dependent 

Fig. 30.1 The TASK K
2P

 channels. (a) The subunits of dimeric K+ channels each contain four 
transmembrane segments (4-TMs) and two conserved motifs called the P (pore-forming) domain 
that forms part of the wall of the channel through which K+ ions are conducted; these are known 
as K

2P
 channels. His98 in the P1 domain is involved in sensing pH. (b) Fifteen human K

2P
 channel 

subunits have been identified and are classified into six different structural and functional sub-
groups. The TASK-1 and TASK-3 subunits share a background K+ channel activity that is inhib-
ited at extracellular acidic pH. Heteromultimerization, which contributes to the increase in the 
functional diversity of these channels, has been demonstrated for TASK-1 and TASK-3. TASK-5 
is structurally related to TASK-1 and TASK-3 but is electrically silent. (c) Effect of extracellular 
pH on TASK-1 recorded in a transfected COS cell. TASK channel activity monitored between 
-120 and 100 mV using a voltage ramp is increased by alkaline extracellular pH (pH 8.4) but 
inhibited by extracellular acidosis (pH 6.4). This curve represents the whole-cell current ampli-
tude (in nA) as a function of the membrane voltage (in mV). The pH sensitivity of the TASK-1 
and TASK-3 channels is dependent on the protonation of His98 in the first pore domain (P1) as 
shown in (a). (d) TASK-1 and TASK-3 show different pH sensitivities with a pK of about 7.3 and 
6.7 for TASK-1 and TASK-3, respectively. Reproduced with permission61
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or inwardly rectifying K+ channels inasmuch as most are constitutively active at 
resting membrane potentials, and they generate currents that rectify only very 
weakly. They can be grouped into six subfamilies based on their structural and 
functional properties in mammals, the TWIK (two-pore domain weakly inward 
rectifying K+; TWIK-1, TWIK-2, KCNK-7); TASK (TWIK-related, acid- 
sensitive K+; TASK-1, TASK-3, TASK-5); TREK (TWIK-related K+; TREK-1, 
TREK-2, TWICK-related arachidonic acid-activated K+ channel (TRAAK)); 
TALK (TWIK-related alkaline activated K+; TALK-1, TALK-2, TASK-2); THIK 
(tandem pore domain halothane-inhibited K+; THIK-1, THIK-2); and TRESK 
(TWIK-related spinal cord K+) subfamilies.2,3

TASK-1 and TASK-3, along with the silent subunit TASK-5, form a distinct 
structural and functional subgroup. The TASK-1 amino acid sequence shares 54% 
identity with TASK-3, and heteromultimerization between both subunits has 
been demonstrated.4,5 TASK-1 is a two-pore-domain K+ channel that generates a 
pH-sensitive, weakly rectifying K+ current6–8 and is called an “open rectifier” 
because it exhibits no time dependence or extremely fast kinetics.9 The current-to-
voltage relationship of TASK channels becomes linear in a symmetrical K+ gradient 
(reversing at 0 mV). This typical channel behavior is expected of a K+-selective leak 
channel, as predicted by the Goldman Hodgkin Katz formulation (open rectifier). 
The homomultimers TASK-1 and TASK-3 and the heteromultimer TASK-1-
TASK-3 have single-channel conductances (determined in a symmetrical K+ gradi-
ent) of 14, 37, and 38 pS, respectively, and are characterized by a typical flickery 
gating.5,10

K
2P

 channels are found in neuronal and nonneuronal tissues and provide a wide 
variety of important functions, including the sensing of oxygen and pH,11 the setting 
of resting membrane potential,8,12 the sensing of changes in [K+], the responses to 
agonists,13 neuroprotection,14 and mechanosensitivity.13,15,16 These channels are also 
candidates for the action of volatile anesthetics on neural excitability.17 Selective 
pharmacology for the K

2P
 channels is lacking, and most detailed information about 

the function of these channels comes from studies on cloned channels expressed 
heterologously in model cells.

Several studies have inferred that K
2P

 channels may be involved in important 
cerebellar functions, such as spatial determination and accuracy, motor coordi-
nation, balance, muscle tone, and learning of motor skills. In other regions of the 
brain, K

2P
 channels, such as TASK-1 and TASK-3, are expressed and may func-

tion in behavior such as sleep and wakefulness, contribute to background con-
ductances, and provide acid and volatile anesthetic sensitivity.18 In contrast, 
there have been limited reports of K

2P
 channels in cardiac or smooth muscle tis-

sues. Cardiac myocytes display a background K+ current, due to TASK-1,8 that 
influences the amplitude and duration of action potentials.19 Smooth muscle 
cells in the carotid body express TASK-3. Another group has reported expres-
sion of TASK and TREK isoforms in human myometrium with reverse-tran-
scription polymerase chain reaction (RT-PCR), and Western analysis showed 
expression of TASK-1 and TREK-1.20 Subsequently, Sanders and Koh found 
expression and function of TASK and TREK channels in gastrointestinal smooth 
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muscle cells.21 Their findings support the role of TASK-1 in regulating responses 
of gastrointestinal smooth muscles. In addition, TASK-1 channels appear to 
participate in establishing the moment-to-moment state of excitability in gastro-
intestinal muscles. Finally, there is evidence that TASK-1 maintains the resting 
potential in bladder smooth muscle.22 The relevance of TASK-1 in vascular 
smooth muscle cells with special focus on pulmonary arteries is described in the 
next section.

2  TASK-1 Channels in Pulmonary Artery Smooth  
Muscle Cells

Macroscopic currents that occur due to TASK-1 channels display kinetic and volt-
age-dependent properties very similar to TASK-3 (i.e., TASK-3 is also an open 
rectifier),23,24 but the two channels can be distinguished by the pH range over which 
their activity is modulated (Fig. 30.1). The pK of TASK-1 channels is 7.4, squarely 
in the physiological range, whereas the pK for TASK-3 currents is shifted to a more 
acidic level (6.7).6–8,24 The TASK-2 channel sequence shares less homology with the 
other TASK channels, and it generates outwardly rectifying pH-sensitive currents 
with a pK of 8.4.25

Gurney and colleagues showed the TASK-1 expression in smooth muscle 
cells of the pulmonary artery in a rabbit.26 The authors also demonstrated func-
tional expression of a conductance in these cells that is inhibited by extracel-
lular pH and Zn2+ and by the endocannabinoid anandamide, but the conductance 
was insensitive to intracellular Ca2+, 4-aminopyridine, and quinine. In addition, 
the noninactivating K+ current was facilitated by halothane, causing hyperpolar-
ization of pulmonary artery smooth muscle cells (PASMCs). These are proper-
ties that closely mimic the pharmacology of heterologously expressed TASK-1 
channels. To investigate the expression of TASK channels in human pulmonary 
arteries, we developed the preparation of primary human pulmonary artery 
smooth muscle cells (hPASMCs).27 In this study, we demonstrated the expres-
sion of TASK-1 messenger RNAs (mRNAs) and proteins in hPASMCs through 
the simultaneous absence of TASK-2 and TASK-3 expression (Fig. 30.2). In 
addition, we found an anandamide-sensitive conductance in both primary and 
cultured hPASMCs that had properties similar to TASK-1 channels. The native 
conductance showed an outward rectification in low external K+ solution, was 
instantaneous and noninactivating, was activated by alkalotic pH, and was 
blocked by anandamide. Transfection of TASK-1 small-interfering RNA 
(siRNA) into hPASMCs significantly depolarized the resting membrane poten-
tial and abolished the effect of pH or anandamide. We concluded that TASK-1 
channels are responsible for the pH-sensitive, voltage-independent background 
conductance that sets the resting membrane potential in human pulmonary 
artery smooth muscle.
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3  TASK-1 Is Regulated by Extracellular pH and Possibly 
Involved in Hypoxic Pulmonary Vasoconstriction

The pulmonary vascular bed is unique compared with most studied systemic vascu-
lar beds. During normoxic conditions, the pulmonary circulation is at low pressure 
– that is, vasodilated – compared with the high-pressure systemic circulation. In the 
systemic circulation, hypoxemia elicits vasodilation that increases O

2
 delivery to 

Fig. 30.2 TASK-1 in primary PASMC. (a) Representative gel shows mRNA expression of 
TASK-1 (91 bp), TASK-1 (94 bp), and TASK-3 (104 bp) in human brain (B), primary hPASMCs 
(F), and cultured hPASMCs (K). Only TASK-1 is expressed in primary hPASMCs (F) and cultured 
hPASMCs (K). Arrow indicates 100 bp; M the molecular weight marker used to indicate the size 
of the PCR fragments; N no template control. Identical results were obtained with at least three 
additional preparations of RNA. (b) Top Effect of 10 mmol/L anandamide on I

KN
 recorded during 

ramp, voltage protocol inset (left) and difference current trace, obtained by subtracting current 
amplitudes in the presence of TASK-1 blocker from those obtained under control conditions 
(right). Difference current reversed close to –84 mV, as expected for a K+-selective conductance 
under these conditions. Bottom I

KN
 evoked under symmetrical (155 K+) conditions by ramp in the 

same cell (voltage protocol above), before (high-K+) and during application of 10 mmol/L anand-
amide (left) and the subtracted trace (right). Difference current was voltage independent and 
reversed close to 0 mV, as expected for a K+-selective conductance under these conditions. 
(c) Histogram summarizing the effect of 10 mmol/L anandamide on I

KN
 calculated at 0 mV in 

cultured and primary hPASMCs (n = 5 each group). I/I
0
 is the current in the presence of anand-

amide expressed as a fraction of the current before anandamide application. E
K-Nernst

 indicates 
Nernst equilibrium potential. Reproduced with permission27
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the tissues. In contrast, small resistance arteries in the pulmonary circulation con-
strict in response to hypoxia. This physiological response of small pulmonary arter-
ies, known as hypoxic pulmonary vasoconstriction (HPV) or von Euler–Liljestrand 
mechanism, diverts mixed venous blood away from hypoxic alveoli, thus optimiz-
ing the matching of perfusion and ventilation and preventing arterial hypoxemia. 
When only a small region of the lung is hypoxic, HPV can occur without significant 
effect on pulmonary arterial pressure.28 However, when hypoxia is generalized, as 
seen with many lung diseases and in high-altitude exposure, the subsequent pulmo-
nary vasoconstriction contributes to pulmonary hypertension, heart failure, and 
death.

Hypoxia appears to activate mechanisms intrinsic to the pulmonary vasculature 
that are independent of blood-borne factors or influences requiring the central ner-
vous system as HPV can be demonstrated in isolated perfused lungs and isolated 
pulmonary arteries.29,30 Acute hypoxic inhibition of K+ channels is a critical step in 
regulatory processes designed to link the lowering of O

2
 levels to cellular responses. 

It is often questioned whether the K+ channels are active at sufficiently negative 
potentials to set the resting membrane potential of PASMCs and whether K+ chan-
nels could mediate HPV. TASK-1 with the biophysical profile of a background K+ 
channel could be the perfect candidate for the initiation of hypoxia-induced depo-
larization in PASMCs. We were able to show the hypoxia sensitivity of the TASK-1 
current in primary hPASMCs (Fig. 30.3). Although the mechanisms involved in the 
hypoxia-induced inhibition of TASK-1 are still not clearly understood, TASK-1 
channels may play an important role in regulating resting membrane potential in 
human pulmonary arteries and eliciting vasoconstriction responses during 
hypoxia.

The mechanisms of the alkalosis- and hypocarbia-dependent vasodilatory 
responses of the pulmonary circulation are not yet fully understood. Hyperventilation 
has been demonstrated to reduce elevated pulmonary arterial pressure in different 
animal models and is employed during anesthesia for treatment of children with 
pulmonary hypertensive disorders or for adults with elevated pulmonary arterial 
pressure intra- or postoperatively. The induction of hypocapnic alkalosis is believed 
to play an important role in these vasodilatory effects,31,32 with alkalosis but not 
hypocapnia the crucial factor.33 Although the results generally indicate that extra-
cellular alkalosis inhibits and hypercarbia or acidosis potentiates the hypoxic pres-
sor response, the main mechanism responsible for the beneficial effect of 
hypocapnic alkalosis is not known. TASK-1 is unique among ion channels cloned 
to date in generating an open-rectifier “leak” K+ current that is regulated by both 
increases and decreases from physiological extracellular pH. Thus, alkalosis would 
lead to a facilitation of TASK-1, resulting in hyperpolarization of the pulmonary 
arterial smooth muscle membrane and consequently in pulmonary vasodilation. 
The molecular site underlying the pH sensitivity of TASK-1 was investigated exten-
sively by Morton et al.34 Mutation of H98 reduced the pH sensitivity of TASK-1, 
implying its involvement in pH sensing. However, the reduction in sensitivity was 
not complete with H98N or H98D channels. This implies the presence of a second 
pH sensory mechanism in TASK-1.
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4  Hypoxic Pulmonary Vasoconstriction Is Attenuated  
by Inhaled Anesthetics Due to Activation of TASK-1 Channels

Nowhere is the clinical relevance of the HPV more evident than during single-lung 
anesthesia. In thoracic surgery, for almost all lung surgery procedures, single-lung ven-
tilation is needed because the operative lung must be collapsed (as it cannot be 
ventilated) to permit access. Under anesthesia, the systemic PaO

2
 is supported by 

HPV. During single-lung anesthesia, when one lung is made hypoxic, HPV doubles 
mean pulmonary artery pressure and triples pulmonary vascular resistance, result-
ing in a reduction of flow to the hypoxic lung.35

During the last two decades, the attenuation of HPV by inhaled anesthetics has 
been shown by several groups. Johnson et al. studied the interactions of atelectasis 
and halothane on HPV using an isolated canine lobe and found that halothane 

Fig. 30.3 Hypoxia blocks TASK-1 in primary and cultured hPASMCs. (a) Effect of hypoxia 
on I

KN
 recorded by ramp in primary hPASMCs (left) and difference currents trace, obtained by 

subtracting current amplitudes in the presence of hypoxia from those obtained under control 
conditions (middle). Difference current reversed close to –84 mV, as expected for a K+-selective 
conductance under these conditions. Application of 10 mmol/L anandamide under hypoxic 
conditions did not cause a further change in the current (right), suggesting that the hypoxia-
sensitive current is carried by TASK-1. (b) Lack of hypoxia effect on I

KN
 in siRNA-transfected 

hPASMCs. (c) Histogram summarizing the effect of hypoxia and anandamide (anan) under 
hypoxic conditions on I

KN
 calculated at 0 mV in primary, cultured, and siRNA-transfected 

hPASMCs (n = 5 each group; **p < 0.01). E
K-Nernst

 indicates Nernst equilibrium potential. 
Reproduced with permission27
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prevented the increases in pulmonary vascular resistance observed with either 
atelectasis or hypoxic ventilation dose dependently.36 Marshall et al. investigated 
the effects of halothane, isoflurane, and enflurane on HPV in isolated rat lungs and 
showed that halogenated volatile anesthetics inhibit HPV with almost the same 
potency.37 In contrast, in a comparative human study, isoflurane was found to be 
more effective in increasing PaO

2
 during one-lung ventilation in comparison to 

enflurane.38 Finally, Loer et al. provided support for the role of the new volatile 
agent desfluran in inhibition of HPV within the therapeutic range.39

While the exact identity of the structures targeted by inhaled anesthetics in 
pulmonary arteries has not yet been identified, there is accumulating evidence 
that TASK-1 plays a major role in the volatile anesthetic-induced pulmonary 
vasodilation. In addition to its pH sensitivity, another hallmark of the TASK-1 
channels is their sensitivity to clinical concentrations of inhalation anesthet-
ics.26,27,40 The role of TASK-1 in halothane-induced pulmonary vasorelaxation has 
been reported. Gurney et al. showed that acidosis inhibited the facilitation of the 
noninactivating K+ current caused by halothane in rabbit PASMC.26 We found in 
human PASMCs that isoflurane activated the noninactivating K+ current.41 
Because TASK-2 and TASK-3 are not expressed in hPASMC,27 this finding sug-
gests that isoflurane acts on a TASK-1 current. To further confirm the role of 
TASK-1 in the isoflurane pathway in hPASMCs, we knocked down TASK-1 
expression using TASK-1 siRNA. In the siRNA-transfected cells, no facilitation 
of the remaining current by isoflurane or halothane was detected in comparison 
to primary control hPASMCs or to scrambled-siRNA-transfected hPASMCs. 
Because activation of TASK-1 at clinically relevant concentrations has been pos-
tulated to play a role in the mechanism of action of volatile anesthetics, their 
effects on TASK-1 have been extensively investigated in in vivo models.40,42 
When human TASK-1 was expressed in Xenopus oocytes, volatile but not intra-
venous anesthetics activated the two-pore-domain channel.43

If the decreased acute HPV found in human and animal models reported is due 
to the facilitation of TASK-1, what is the mechanism of that loss? For TASK-1, a 
molecular basis has been established by Talley and Bayliss foramodulathon by 
i haled a.esthetias.44 Mutations in a six-residue sequence at the beginning of the 
cytoplasmic C terminus virtually abolished anesthetic activation. Talley and Bayliss 
interpreted their results to suggest that the anesthetic effect requires a region at the 
interface between the final transmembrane domain and the cytoplasmic C terminus 
that has not been previously associated with receptor signal transduction. Finally, 
the modulation of inhaled anesthetic effect was characterized using TASK-1 knock-
out mice and tested their sensitivity to the volatile anesthetics halothane and isoflu-
rane. Unfortunately, only behavioral and physiological characterization of the 
phenotype was performed.45 It is striking that TASK-1 knockout mice displayed a 
largely normal behavioral and physiological phenotype. It is also remarkable that 
TASK-1 knockout mice showed only a slightly reduced sensitivity to halothane and 
isoflurane, reflected as a rightward shift in the concentration-response plots in the 
auditory and nociceptive responses. It has been postulated that the combined activation 
of multiple K

2P
 channels is crucial for the analgesic effects of inhalation anesthetics. 
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However, it is also possible that the TASK-1 knockout mice may have been func-
tionally compensated by the expression of TASK-3 or other gene products. 
Therefore, further studies investigating HPV and the expression of K

2P
 in the pul-

monary arteries in this model are required to elucidate the relevance of TASK-1 in 
pulmonary circulation.

5  TASK-1 Is Modulated by G Protein-Coupled  
Receptor-Activated Pathways

A number of G protein-coupled pathways have been shown to regulate the activity 
of K

2P
 channels. The most commonly occurring regulation seems to be Gaq-

mediated inhibition, which is seen for both TASK and TREK channels. It seems 
increasingly likely that a number of different potential regulatory pathways are 
stimulated following Gaq activation. It is possible that these may act in parallel to 
ensure robust channel regulation. Alternatively, the dominant mechanism may 
depend on the particular receptor stimulated, the relative expression levels of the 
different proteins involved, or the cell type studied (reviewed in Ref. 46).

Endothelin 1 (ET-1) is considered to be a major player within the pathologic 
mechanisms involved in pulmonary arterial hypertension (PAH),47,48 and specific 
antagonists of ET-1 receptors represent an important pillar of modern therapy of 
this devastating disease.49,50 In addition, a correlation between an increased ET-1 
expression in the lung of patients with pulmonary hypertension and the severity of 
the disease was demonstrated.48 Although these evidences indicate that the ET sys-
tem plays a key role in the pathogenesis of pulmonary hypertension, the molecular 
targets of ET-1 have not been characterized in detail. To date, the involvement of 
voltage-activated (K

V
)51 or adenosine triphosphate (ATP)-dependent K channels 

(K
ATP

)52 has been established. Because TASK-1 is active at rest in hPASMCs com-
pared to the K+ channels indicated, its inhibition would lead to cell depolarization 
that enhances the open probability of L-type Ca2+ channels in smooth muscle cells, 
causing periodic Ca2+ entry and vasoconstriction. We have now identified TASK-1 
channels as an important target for ET-1 at clinically relevant concentrations in 
primary hPASMCs41 (Fig. 30.4). We found that antagonists of the G protein-coupled 
receptor ET

A
 fully abolished the TASK-1 inhibition in response to ET-1. These data 

may further confirm that ET antagonism is an effective treatment option for patients 
with symptomatic PAH. Furthermore, we showed that antagonists of protein kinase 
C (PKC) but not antagonists of protein kinase A (PKA) inhibited the ET-1 effect on 
TASK-1, suggesting that PKC mediates the agonist-induced inhibition. Our data 
indicate that ET-1 can stimulate the serine or threonine phosphorylation of TASK-1, 
and they are consistent with the detection of phosphoserine in TASK-153 as well as 
with the presence of consensus serine and threonine PKA and PKC phosphoryla-
tion sites in the TASK-1 peptide.6 While a tyrosine kinase consensus site is 
also present in the TASK-1 peptide, ET-1 did not effect tyrosine phosphorylation 
of TASK-1.
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Fig. 30.4 ET-1 blocks TASK-1 in primary human PASMCs at clinically relevant concentrations. 
(a) ET-1 significantly depolarized primary human PASMCs (n = 5 each group; *p < 0.05, ***p < 0.001). 
(b) Effect of 10 nM ET-1 on I

KN
 recorded during ramp, voltage protocol inset (left), and “differ-

ence” currents trace, obtained by subtracting current amplitudes in the presence of ET-1 from 
those obtained under control conditions (right). Difference current reversed close to –84 mV, as 
expected for a K+-selective conductance under these conditions. (c) Representative recordings for 
TASK-1 current after applying ET-1 (10 nM) and when ET-1 was applied at pH 6.3. (d) TASK-1 
recorded in control, following acidification to pH 6.3, and after application of ET-1 (10 nM) under 
acidification. (e) ET-1 reverses I

KN
 opening by isoflurane (1 mM). (f) Concentration-response 

curve for ET-1. I/I
0
 is the current in the presence of ET-1 expressed as a fraction of the current 

prior to ET-1 application. The line is the best fit to the Hill equation using an IC
50

 of 1.6 ± 0.3 nM. 
Reproduced with permission41
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Several studies have examined the mechanism by which a G protein-coupled 
receptor agonist may inhibit K

2P
 channels via PKC. These studies suggested that 

agonist-induced inhibition of the K
2P

 channels was due to ATP-dependent pathways,54 
by depletion of phosphatidylinositol 4,5-bisphosphate (PIP

2
) levels,55 by a direct 

action of diacylglycerol (DAG) and phosphatidic acid that are generated via phospho-
lipase C (PLC),56 or by elevated intracellular Ca2+ levels.54 Moreover, a recent study 
suggested that there may be a direct interaction of Gaq with TASK-1 in a mammalian 
heterologous expression system.57 The results obtained from different laboratories 
suggest the possibility that two-pore-domain channels may be modulated not by a 
single mechanism but via distinct pathways in different cell types. We found that 
inhibition of the PLC abolished the ET-1 effect on TASK-1, indicating that PLC is 
required, as is also shown in Xenopus laevis oocytes,58 in contrast to the report in a 
mammalian heterologous expression system.44 Additional evidence comes from the 
use of COS-7 cells expressing TREK-2 and muscarinic receptor M

3
, for which the 

same PLC inhibitor was applied to prevent acetylcholine-induced inhibition of 
TREK-2.59 The inhibitory effect of the PIP

2
 scavenger on TASK-1 observed in this 

study confirmed previously reported results obtained with different K
2P

 channels 
expressed in Xenopus oocytes55 and strongly suggests that PIP

2
 hydrolysis by PLC 

indeed affects channel activity. Moreover, we showed that DAG, the downstream 
product of PIP

2
 hydrolysis, underlies the agonist-induced inhibition of TASK-1 in 

hPASMCs. These results were further supported by our experiments showing that the 
DAG kinase inhibitor abolished the ET-1 effect on TASK-1 (Fig. 30.5).

Fig. 30.5 Schematic presentation of the ET-1 signaling pathway in hPASMCs. ET-1 binds to the 
G protein-coupled receptor (Gaq) ET

A
, leading to the protein kinase C (PKC)-induced phospho-

rylation of TASK-1 channels through phospholipase C (PLC), phosphatidylinositol 4,5-biphos-
phate (PIP

2
), and diacylglycerol (DAG). (+) indicate agonist and (–) indicate antagonist effects. 

Reproduced with permission41
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There is accumulating evidence that intracellular protein kinases downstream 
from G protein-coupled receptors undertake important modulation of K

2P
 channels. 

Cyclic adenosine monophosphate (cAMP)-dependent protein kinases are activated 
by the signal chain coming from the G protein via adenylate cyclase and cAMP. In 
human primary PASMCs, treprostinil, a stable analogue of prostacyclin, enhances 
TASK-1 at clinically relevant concentrations (IC

50
 = 1.2 nM).27 Targeting TASK-1 

may explain the potent pulmonary vasodilator effect of treprostinil in PAH. A 
membrane-permeable analogue of cAMP (8-br-cAMP) exhibits similar effects. The 
activation of TASK-1 was still detected during coapplication of treprostinil with 
ITX (iberiotoxin), a selective blocker of Ca2+-activated K+ channels, but treprostinil 
did not show any effect after pretreatment with a specific TASK-1 inhibitor anand-
amide. The activation of TASK-1 by treprostinil was abolished after preincubation 
with KT5720, an inhibitor of cAMP-dependent protein kinase. Moreover, our data 
indicate that treprostinil can stimulate the serine or threonine phosphorylation of 
TASK-1 and are consistent with the detection of phosphoserine in TASK-1 and the 
presence of consensus serine and threonine PKA and PKC phosphorylation sites in 
the TASK-1 peptide.6 Whereas a tyrosine kinase consensus site is also present in 
the TASK-1 peptide,6 treprostinil did not affect tyrosine phosphorylation of TASK-
1. Members of the K

2P
 superfamily such as TWIK-1 currents are potentiated by 

activators of PKC, whereas TREK-1 or TREK-2 currents are inhibited.60 When 
human TASK-1 was expressed in Xenopus oocytes, the current was insensitive to 
activation of adenyl cyclase by forskolin or IBMX.6 In another study, the activation 
of PKA (Proteinkinase A) inhibited TASK-1 cloned from rat cerebellum,7 whereas 
we observed PKA-mediated activation of TASK-1 by treprostinil and by 8-br-
cAMP in hPASMCs. This disparity in effects between these results could be related 
to clone specificity (human vs. rat) or to preparations (oocytes vs. native PASMCs) 
with possible differences between cAMP levels and PKA activity.

Taken together, it is apparent that data in support of an involvement of the 
G protein-coupled pathways mediated in the regulation of TASK channels are con-
tradictory and inconclusive. It is possible that at least some of these differences may 
be attributed to differences between cell types and channel and regulatory protein 
expression levels; nevertheless, the regulation of TASK channels by G protein-
coupled pathways represents an important therapeutic approach and needs further 
investigation.
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Abstract Two gross mechanisms of pathology are central to pulmonary arterial 
hypertension - increased pulmonary vascular tone and remodelling of the pulmo-
nary arteries. These pathologies can be caused by a variety of aberrant processes, 
and combine to cause an increase in pulmonary vascular resistance and consequent 
right ventricular hypertrophy, eventually leading to dysfunction and death. Current 
therapeutic strategies have focused on altering the vasoconstrictive elements of 
the disease. Whilst improvements in life expectancy have been observed, current 
therapies have not managed to halt or reverse progression of the disease. Here we 
discuss said unmet medical need and postulate as to the impact on disease anti-
remodelling therapy might provide. The mechanisms of remodelling in pulmonary 
arterial hypertension are reviewed, and leading examples of potential targets within 
such mechanisms are discussed.

Keywords remodelling • pulmonary arterial hypertension • therapy

1  Current Therapeutic Options

As an aggressive and complex disease affecting small arteries of the lung, pulmonary 
arterial hypertension (PAH) is characterized by both increased vascular tone and remod-
elled vessels. Predominantly affecting young women, PAH is rapidly progressive, and 
if left untreated, the median time to death by right-sided heart failure is less than 3 years. 
The introduction of currently approved therapies has improved this survival rate by 
between 40 and 80%. However, most patients with PAH will eventually fail to respond 
to current available therapies and are placed on lung transplantation lists.

Current therapies for PAH are palliative and are dominated by vasodilatory 
approaches. Early non-selective vasodilators, such as angiotensin-converting enzyme 
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inhibitors and hydralazine, had little or no effect on PAH pathologies without more 
severe effects on the systemic circulation.1 High-dose calcium channel blockers, 
such as nifedipine, can be effective vasodilators of the pulmonary system, yet 
treatment is only possible in approximately 10% of PAH patients and can become 
refractory at any time. Several prostacyclin analogues are available, although only 
modest efficacy is generally observed, possibly due to tachyphylaxis, with other 
systemic side effects such as nausea, diarrhoea, flushing, rash, hypotension and jaw 
pain diminishing the therapeutic window. Inconvenient routes of administration 
(continuous intravenous infusion for epoprostenol) or frequent administration due to 
poor pharmacokinetic profile (six to nine times daily via nebulization for iloprost), 
together with associated costs make prostacyclin analogues an unattractive option.2 
Clinical trails investigating endothelin receptor antagonists such as bosentan have 
been shown to decrease right ventricular (RV) pressure, increase cardiac output and 
6-min walk distance, as well as increase the time to clinical worsening. However, 
these observations were subtle, conferring a modest clinical improvement, and 
associated with safety concerns, including liver toxicity, haemorrhage and a poten-
tial for major birth defects.3 Finally, phosphodiesterase 5 (PDE5) inhibitors such as 
sildenafil, although showing modest clinical improvement, have little impact on 
disease progression.4 The bias of current therapies toward inhibiting the increased 
vascular tone associated with PAH, when viewed in the context of the modest clinical 
impact of said strategies, would suggest that a move toward inhibiting remodelling 
aspects of the disease may produce a more profound clinical outcome.

2  Mechanisms of Pulmonary Vessel Remodelling

Vascular remodelling in PAH is a multi-factorial, multi-cellular system of pro-
cesses. Injury to endothelium in the context of an altered bone morphogenetic 
protein (BMP) axis or serotonergic signalling system, whether genetic or environ-
mentally induced, leads to enhanced apoptosis of pulmonary artery endothelial 
cells (PAECs).5 The loss of endothelial integrity would expose pulmonary artery 
smooth muscle cells (PASMCs) to various growth factors, such as platelet-derived 
growth factor (PDGF), thus inducing proliferation and reducing apoptosis.6 The 
induction of the transcription factor NFAT (nuclear factor of activated T cells) may 
be key to the development of said phenotype via the inhibition of voltage-gated 
K+ 1.5 (K

V
1.5) channels, the upregulation of bcl-2 and mitochondrial potential, as 

demonstrated in PASMC studies from PAH patients – evidence of further mechanisms 
by which resistance to apoptosis may occur.7 The ensuing disruption to the interstitial 
matrix will activate elastase and metalloproteinases and promote the release of other 
matrix-associated growth factors such as epidermal growth factor (EGF).8 The 
resultant cocktail of secreted vascular effectors will not only enhance the pathogenesis of 
resident cell populations but also may act as a beacon for circulating inflammatory cells 
and the potential engraftment and differentiation of vascular progenitors. Following 
the initial loss of PAECs, survivin-expressing, apoptosis-resistant clones emerge that 
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contribute to complex lesion formation in disregulated attempts to repair initial vessel 
loss.9 It is also possible that endothelial cells transdifferentiate to a smooth muscle 
cell phenotype.10 The remodelling aspects of PAH are illustrated in Fig. 31.1.

3  Novel and Emerging Targets for Anti-remodelling Therapies

It is unlikely that targeting a specific pathway relevant to PAH pathologies will 
selectively impact remodelling with no influence on vascular tone, just as it is 
unlikely that currently approved vasodilatory therapies have absolutely no effect on 
remodelling (e.g. endothelin signalling stimulates PASMC proliferation3). However, 
the targets detailed next are either primarily anti-remodelling or at least provide a 
strong rationale for affecting both areas of PAH pathology.

3.1  Platelet-Derived Growth Factor

PDGF has been shown to induce both proliferation and migration of smooth muscle 
cells and fibroblasts and has thus been proposed as a key mediator of several fibro-
proliferative diseases.11 Preclinical model studies of pulmonary hypertension in 

Fig. 31.1 Several mechanisms and cell populations are involved in the progressive remodelling 
pathologies of PAH. The normal small pulmonary arteriole is structured as single-cell thin layers 
of endothelium, matrix, smooth muscle and fibroblasts. Susceptibility to pathogenesis may be 
conferred by genetic or environmental changes in BMP or serotonin signalling that allow a second 
trigger, inflammation or progenitor mediated, to cause endothelial injury/apoptosis, matrix disrup-
tion and smooth muscle cell proliferation. An array of growth factors derived from precursor, 
inflammatory, endothelial or smooth muscle cells provides an environment promoting endothelial, 
precursor and fibroblast transdifferentiation and further smooth muscle and endothelial cell pro-
liferation. The relative balance between these processes leads to medial hypertrophy, neointima 
formation and plexiform legion development
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foetal lambs demonstrated PDGF upregulation,12 later also observed in rat models 
of monocrotaline treatment and chronic hypoxia. Concise evidence for the role 
PDGF in human PAH is more recent, with increased protein expression of PDGF-A 
and -B in PAH patient PAECs, PASMCs and perivascular inflammatory infiltrate 
demonstrated, together with increased expression and phosphorylation of 
PDGFR-b.13 Further evidence for the central role of PDGF in PAH remodelling has 
come from rodent studies in which the PDGFR inhibitor imatinib mesylate 
(Gleevec) was demonstrated to reverse established vascular remodelling, RV pres-
sure and RV hypertrophy in both monocrotaline and chronic hypoxia rat models.14 
The rationale for PDGFR inhibition as a PAH therapy has been further strengthened 
by promising results from a 59-patient, multi-centre phase II clinical trial in which 
a significant improvement in pulmonary vascular resistance and a numerical 
increase in cardiac output, key hemodynamic measures used to monitor the 
progression of the disease, were demonstrated. Improvements in the 6-min walk 
test, the primary endpoint of the study, approached, but did not reach, statistical 
significance (ERS presentation). However, Gleevec inhibits not only PDGF receptor 
(PDGFR) signalling, but also Abelson (abl) and c-kit – both of which have pro-
posed roles in the signalling mechanisms or pathogenesis of PAH. Abl signalling is 
known to be downstream of TGFb, the signalling of which is altered by polymor-
phisms in  bone morphogenic receptor 2 related familial forms of the disease 
(discussed in Chapter 16). Infiltrating c-kit+ cell precursors have also been  impli-
cated in the generation of complex lesions, and thus the inhibition of such signaling 
may impact later stage vessel remodelling.15,16 Studies are currently ongoing com-
paring Gleevec and related compounds of varying selectivity to determine which 
elements of inhibition provide efficacy.

3.2  RhoA/ROK Pathway

Inhibition of the small guanosine triphosphatase (GTPase) RhoA (Ras homologous) 
or its downstream effector Rho-associated kinase (ROK) have been suggested as a 
new therapeutic option for PAH patients. RhoA/ROK inhibitors such as fasudil, 
simvastatin or Y-27632 have well-defined and dramatic vasodilatory effects by 
blocking the RhoA/ROK-dependent actions of G protein-coupled receptor (GPCR) 
agonists such as endothelin, serotonin (5-HT) or thromboxane.17 However, RhoA/
ROK has also been associated with neointimal cell proliferation and coordinate 
decreases in apoptosis, as well as increases in pro-inflammatory cytokines, such as 
monocyte chemoattractant protein (MCP) 1, leading to vascular accumulation of 
macrophages and angiotensin II/connective tissue growth factor (CTGF)-mediated 
perivascular fibrosis.18,19

Given these proposed mechanisms of action, it is perhaps unsurprising that RhoA/
ROK inhibitors have demonstrated profound efficacy in rodent models of PAH. Acute 
dosing of fasudil or Y-27632 normalizes elevated RV pressures observed in either 
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chronic hypoxia or monocrotaline models of PAH.20 However, in models in which 
complex lesion development is more profound (hypoxia/vascular endothelial growth 
factor receptor [VEGFR] inhibition or pneumonectomy/monocrotaline rat), acute 
RhoA/ROK inhibition is less efficacious.21 Reversal of remodelling in monocrotaline-
induced PAH requires chronic treatment – efficacy characterized by suppressed mac-
rophage infiltration and PASMC proliferation and enhanced apoptosis, together with 
reduced matrix protein expression.22 Anti-remodelling effects of fasudil were elegantly 
demonstrated by the improved efficacy observed when co-administered with the pros-
tacyclin analogue beraprost to monocrotaline-treated rats.23 Furthermore, a recent trial 
with simvastatin24 indicated beneficial effects on RV pressure and 6-min walk, as well 
as a reduction in the required concurrent prostacyclin treatment; indeed, fasudil is 
licensed for use in Japan. However, there is evidence that levels of RhoA/ROK inhibi-
tion required to have an impact on PAH pathologies, when systemically exposed, 
cause peripheral hypotension – a liability observed with several chemotypes, thus sug-
gesting said issues to be target, rather than compound class, related.

3.3  Activin-Like Kinase 5

Germline mutations in the transforming growth factor b (TGF-b) superfamily 
receptor bone morphogenetic protein receptor II (BMPR-II) gene are strongly 
linked to the development of familial and some sporadic forms of idiopathic 
pulmonary arterial hypertension (iPAH), the evidence for which is detailed in Chap. 
16. In vitro studies have suggested that aberrant signalling via TGF-b receptor I/
activin receptor-like kinase 5(ALK-5) may bd key to development of pulmonary 
hypertensive pathologies.

We have investigated the therapeutic potential of SB525334 (6-[2-tert-butyl-
5-(6-methyl-pyridin-2-yl)-1H-imidazol-4-yl]-quinoxaline), a well-characterized 
and potent ALK-5 inhibitor, within in vitro and in vivo models of PAH. TGF-b 
treatment of PASMCs isolated from patients with iPAH promotes enhanced tran-
scription of the TGF-b-responsive genes JunB, CCN1 and PAI-1 compared to 
the response observed in PASMCs from normotensive donor controls. In addi-
tion, iPAH PASMCs demonstrated markedly enhanced cellular proliferation. 
Furthermore, administration of SB525334 inhibited TGFb-mediated prolifera-
tion of iPAH PASMCs. Consistent with the role of TGF-b in the development of 
iPAH, we demonstrated SB525334 significantly reversed pulmonary arterial 
pressure and inhibited RV hypertrophy in rats in a monocrotaline model of 
established PAH. Immunohistochemistry studies confirmed a significant reduc-
tion in pulmonary arteriole muscularisation induced by monocrotaline following 
treatment of rats with SB525334. Collectively, these data are consistent with a 
role for ALK-5 in the progression of PAH pathology and imply that strategies to 
inhibit ALK-5 signalling may have therapeutic benefit in the treatment and 
reversal of this disease.
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3.4  Anti-inflammatory Targets

Non-specific anti-inflammatory strategies for the treatment of PAH are largely inef-
fectual; indeed, historical mis-diagnosis of PAH has often been discovered on the 
basis of non-responsiveness to steroids. However, various inflammatory stimuli have 
been proposed as key to either the initiation of pathology (second trigger) or progres-
sion of the disease via recruitment and differentiation of circulating leukocyte-derived 
mesenchymal precursors to the pulmonary, but not systemic, arteries.25 Studies in 
human tissue and rodent models have proposed a wide array of potential inflamma-
tory targets associated with these processes, including: TGF-b, interleukin (IL)-6, 
IL-1b, tumour necrosis factor a (TNF-a), IL-8, Monocyte chemotactic protein 
(MCP)-1, complement C5, vascular endothelial growth factor (VEGF)-A, RANTES, 
Macrophage inflammatory protein (MIP)-1b, stromal cell-derived factor (SDF)-1, 
Intercellular Cell Adhesion Molecule (ICAM)-1 and vascular Cell Adhesion Molecule 
(VCAM)-1.26–29 The relative importance of a single inflammatory mediator can be 
assessed by exposing a genetic knockout (KO) to chronic hypoxia and determining 
effects on RV pressure and hypertrophy vs. wild-type (WT) controls. Such studies 
often reveal that although a mediator may be up-regulated in disease-relevant tissues, 
it may not represent a viable therapeutic target. Such a strategy is demonstrated by 
fractalkine, a CX(3)C chemokine produced by endothelial cells which can capture 
leukocytes rapidly and firmly in an integrin-independent manner under high blood 
flow. Fractalkine and fractalkine receptor (CX(3)CR1) was increased in patients with 
PAH, potentially contributing to the influx of inflammatory cells to lesion sites.30 
However, the degree of chronic hypoxia-induced PAH pathology in CX(3)CR1 KO 
mice was unaffected, therefore throwing some doubt on the validity of fractalkine as 
a therapeutic target (Fig. 31.2).

Many studies investigating the inflammatory elements of PAH are conflicting. 
Characterisation of the cytokine levels in the serum from patients with PAH 
suggests that the immune system is in a state of chronic inflammation, potentially 
T-helper 2 biassed.31 Elevated CD4+ CD25 high regulatory T cells have also been 
identified in patients with iPAH, although whether linked directly with disease or 
present as a consequence of/to control inflammation is controversial.32 Hypoxia 
studies in athymic rats demonstrated enhanced pathology development associated 
with higher B cell numbers (reversible by WT splenocyte adoptive transfer).33 As 
PAH is often associated with circulating auto-antibodies, it is possible that T-cell 
depletion/inactivation may lead to a loss of B-cell regulation – a phenomenon seen 
in phosphoinositide 3 kinase (PI3K) delta knockout mice.34 The evidence for 
inflammatory mediators as second triggers to induce pathology has been strength-
ened by several studies using adenoviral delivery of a mediator into genetically 
susceptible mice. For transgenic mice expressing an inducible dominant negative 
BMPR2 in smooth muscle, injection with an IL6-expressing virus caused a twofold 
increase in expression of the BMP signalling target Id1.35 Comparable studies using 
a 5-lipoxygenase-expressing virus delivered to a BMPR2 heterozygous mouse 
resulted in leukotriene and subsequent cytokine release, enhanced RV pressure, 
hypertrophy and vascular remodelling.36 The impact of these data on drug discovery 
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efforts is difficult to conclude; it can be argued that the area of inflammation and 
iPAH is still extremely complex and poorly understood and may be better investi-
gated opportunistically with specific inhibitors for each of the proposed cytokine/
receptor targets currently developed for alternative disease indications.

3.5  Potassium Channels

The relationship between potassium channel inhibition and PAH pathologies has 
been investigated for several years. However, the mechanisms by which potassium 

Fig. 31.2 Haemodynamic measures of wild-type (WT) and CX3CR1 knockout (KO) mice following 
chronic hypoxia. KO and C57Bl/6 WT mice (groups of 12) were placed in a normobaric chamber 
containing 10% O

2
, flushed with N

2
, for 3 weeks. Temperature, humidity and CO

2
 levels were 

controlled to match the normoxic environment of WT and KO control animals. After 3 weeks, 
changes in body weight were determined (a), and the systemic pressure was measured via a tail 
cuff (b), with no differences observed between normoxic WT (black) and KO (white) controls or 
hypoxic WT (dark grey) and KO (light grey) test groups. Right ventricular blood pressure was 
measured under terminal anaesthesia via catheterization of the jugular vein and progression into 
the right ventricle with a Milar PV catheter (c). A profound rise in RV blood pressure was 
observed following hypoxia, although no significant changes in responsiveness were observed 
between WT and KO test groups. A similar pattern of response was seen when hearts were dis-
sected and the Fulton index (RV/LV + S – a measure of right ventricular hypertrophy) was calcu-
lated, with no apparent differences in response between WT and KO animals
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channel changes may influence mechanisms of remodelling have only become 
apparent in more recent experiments. Early studies demonstrated that potassium 
channel activation leads to membrane hyper-polarization, whereas inhibition 
causes depolarization, the activation of voltage-operated calcium channels 
(VOCCs), an increase in intracellular calcium [Ca2+]

i
 and subsequent 

vasoconstriction.37

Of the many types of potassium channel, voltage-operated (K
V
) channels have 

been demonstrated as essential in regulating resting membrane potential, [Ca2+]
i
 

and contraction of vascular smooth muscle.38 Indeed, K
V
 channels in PASMCs are 

inhibited by hypoxia, endothelin, thromboxane A
2
 and anorectic drugs, providing 

further links to mechanisms common to PAH.39,40 Furthermore, decreased K
V
 

channel expression or function has previously been shown to be a characteristic of 
anorexigen-induced PAH.41 Altered expression or activity in the K

V
1.5 isoform in 

particular was identified as relevant to PAH.42 In vivo transfer of K
V
1.5 was shown 

to reduce PAH and restore hypoxic pulmonary vasoconstriction,43 and 5-HT (via 
5-HT

2A
 receptor) signalling demonstrated inhibition of K

V
1.5 current and induced 

internalization, leading to membrane depolarization and contraction of pulmonary 
arteries.44

In addition to both clinical and mechanistic links to vasoconstriction, decreased 
expression/function of K

V
 channels in PASMCs led to inhibition of apoptosis (via 

decreasing caspase activity), thus promoting pulmonary vascular medial hypertro-
phy.45 Furthermore, upregulation of K

V
1.5 correlated with an increase in apoptosis 

and a decrease in proliferation and was able to prevent and reverse MCT-induced 
PAH, using dichloroacetate (DCA) as a potassium channel corrector.

DCA functions by enhancing oxidative phosphorylation via inhibition of 
mitochondrial pyruvate dehydrogenase kinase, thus depolarizing mitochondria and 
causing release of H

2
O

2
 and cytochrome c. This in turn leads to reversal of K

V
1.5 

down-regulation and a tenfold increase in apoptosis and consequent reduction in 
PASMC proliferation.46 DCA is widely used as a treatment for lactic acidosis and 
mitochondrial diseases; however, a clinical trail for mitochondrial myopathy, 
encephalopathy, lactic acidosis and stroke-like episodes (MELAS) was stopped 
early due to onset or worsening of peripheral neuropathy in 17 of 19 patients,47 
therefore limiting the development of DCA as a viable therapy for PAH. Targeting 
alternative potassium channels, to act either as surrogates to restore decreased 
K

V
1.5 expression/function or as genuine targets in their own right, continues to be 

the focus of considerable investigation. The viability of KCNQ channel agonists as 
potential novel therapies for PAH is discussed in Chap. 26.

3.6  Notch3

The Notch pathway is an evolutionary conserved cell–cell communication pathway 
that regulates differentiation and development. Signalling via Notch is initiated by 
binding of a transmembrane ligand on an opposing cell and leads to generation of 
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the Notch intracellular domain (NICD), which translocates to the nucleus to acti-
vate transcription of effector genes. There are four Notch receptors and five ligands: 
Delta-like 1, 3 and 4 and Jagged 1 and 2. The receptors and ligands are partially 
redundant in function, but differences in expression and mouse KO phenotypes 
suggest that each has distinct roles as well.48 Despite the fundamental nature of 
Notch signalling, Notch3 isoform expression is restricted to vascular smooth muscle 
cells (VSMCs) in adults, possibly only small/medium penetrating arteries,49 
whereas the ligands are expressed on endothelial cells (indeed, Jagged expression 
is increased in PAECs of PAH patients; unpublished observation).

An expanding body of evidence links Notch 3 signalling to PAH in addition to 
appropriate expression profile. Notch3 signalling has been shown to promote 
resistance to VSMC apoptosis by increasing cFLIP expression (a competitive 
inhibitor of Fas/caspase apoptosis pathway) and induce proliferation, thereby 
contributing to abnormal accumulation of VSMCs in the neo-intima.50 Increases 
in Notch3 expression have also been observed in both chronic hypoxia and mono-
crotaline models of PAH, the pathologies within which can be attenuated by 
either pharmacologic inhibition with DAPT (N-[N-(3,5-diflurophenacetyl)-l-
alanyl]-S-phenylglycine t-butyl ester; g-secretase inhibitor) or by using a Notch3 
KO mouse, studies detailed by Patricia Thistlethwaite in Chap. 18. Notch3 
signalling is also associated with a number of mediators linked with PAH pathol-
ogies, including HIF-1a (hypoxia-inducible factor 1a; in response to hypoxia), 
PDGFR and BMP.

The Notch pathway has been associated with vascular development, intimal 
lesion formation and endothelial-to-mesenchymal transition.10 Indeed, a study by 
Lilly et al. used both DAPT and Notch3-specific small-interfering RNA (siRNA) to 
demonstrate a critical role in the gene regulation of fibroblasts from endothelial cell 
co-cultures under angiogenic conditions.51 There is also evidence that Notch3 sig-
nalling may play a role in vascular tone as well as remodelling, for which KO 
mouse data demonstrate a dramatic reduction in pressure-induced myogenic tone 
via interaction with the RhoA/ROK pathway.52

The potential adverse consequences of targeting Notch3 must be considered. 
Mutations in the Notch3 gene cause a vascular degenerative disease, cerebral 
autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy 
(CADASIL). However, the mechanisms by which said mutations cause this 
disease are unknown. Three hypotheses persist to suggest that CADASIL may be 
due to incorrect presentation of receptors on the cell membrane, which block the 
normal cascade of events; an irreversible accumulation of Notch3ECD (extra cel-
lular domain)  in the membrane that dominantly inhibits the normal signalling 
system by competitive inhibition or by sequestering the ligand or by a toxic effect 
caused by accumulation of the mutant receptor form, as observed in other neuro-
degenerative diseases reviewed.53 Regardless of the mechanism, CADASIL is 
unlikely to be reproduced by pharmacologic inhibition and is also a late-onset 
disease (mirrored in Notch3 KO mice, which develop pathology only after 18 
months) and therefore of little concern to patients suffering from an aggressive 
disease such as PAH.
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3.7  Serotonin

The association between serotonin (5-HT) and PAH has been well established in many 
studies demonstrating genetic, molecular, functional and pathologic links in both 
patients and preclinical rodent models. A more detailed overview of the 5-HT pathway 
and PAH is discussed in Chap. 20. In brief, elevated circulating levels of 5-HT have 
been identified in patients with PAH, correlating with pathology development.54 5-HT 
has also been shown to promote PASMC proliferation, pulmonary arterial vasocon-
striction and local microthrombosois.55 Long allele polymorphisms in the 5-HT 
transporter (SERT), resulting in increased gene transcription, has been linked to PAH 
– at least with regard to early presentation of the disease.56 Mice over-expressing SERT 
develop spontaneous PAH and show enhanced pathologies under chronic hypoxic 
condition, whereas mice lacking SERT are resistant.57 Furthermore, the association 
between dieting drugs such as dexfenfluramine are thought to be due to their action as 
competitive SERT substrates. Previous attempts to target 5-HT function have been 
hindered by the complexity and compensatory nature of the receptors (particularly 
5HT

1B
, 5HT

2A
 or 5HT

2B
) vs. the transporter (SERT), reviewed in Ref. 58.

Tryptophan hydroxylase (TPH)–1 is the rate-limiting step in peripheral 5-HT 
production and thus provides a novel opportunity to effectively inhibit the various 
elements or signalling pathways of 5-HT in PAH. TPH1 gene expression and 5-HT 
production are increased in the lungs and PAECs of patients with iPAH, which together 
with increased SERT expression in PASMCs contributes to the PASMC hyperplasia 
central to the disease.59 In hypoxia studies comparing WT with TPH1 KO mice, rises 
in mean RV pressure were ablated in mice lacking TPH1. The percentage of remod-
elled vessels was also profoundly reduced.60 Furthermore, the TPH1/2 inhibitor 
p-chloro-phenyl-alanine (pCPA) has demonstrated efficacy in the monocrotaline 
preclinical model of PAH.61 TPH1-mediated inhibition of the 5-HT pathway represents 
a mechanistic node central to both vasoconstrictor and remodelling aspects of PAH 
pathology. The action of 5-HT via 5-HT

1B
, 5-HT

2A
, 5-HT

2B
 or SERT has direct effects 

on PASMC proliferation, PAEC proliferation and transdifferentiation and thrombosis. 
5-HT also interacts with ROK, thereby influencing inflammatory elements associated 
with the disease, as well as ROK-mediated vasoconstriction. 5-HT also affects 
vasoconstriction via decreasing adenyl cyclase, which raises intracellular Ca2+ and 
actin polymerisation in PASMCs. There is also evidence that 5-HT can influence 
vasoconstriction and remodelling via K

V
1.5 channel inhibition.44 Furthermore, 5-HT 

can also inhibit BMP signalling via stimulation of angiopoeitin 1 and Tie2 (a receptor 
tyrosine kinase expressed principally on vascular endothelium), thus releasing inhibi-
tion of TGF-b-mediated ALK-5 phosphorylation of SMAD2/3, thereby providing a 
proproliferative, pro-inflammatory and pro-fibrotic environment within the pulmonary 
vasculature. The central role for 5-HT and how TPH1 inhibition may influence the 
many pathways and pathologies of PAH are shown in Fig. 31.3.

However, potential challenges remain for TPH1 as a target. Gaining selectivity 
for TPH1 over the closely conserved TPH2 – the dominant isoform responsible for 
5-HT production in the central nervous system – may be required for avoiding 
behavioural side effects. Indeed, selectivity over the other members of the aromatic 
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amino acid hydroxylase family, tyrosine and phenylalanine hydroxylase would be 
a must for any therapeutic compound. An alternative, or additive, strategy may be 
to design a compound with restricted blood–brain barrier penetrance, thus not only 
avoiding the site of action of related hydroxylases but also negating any potential 
role for TPH1 in brain 5-HT production.

4  Conclusions

Where the current therapeutic options are featured within a scheme of pathological 
mechanisms, compared to some of the proposed targets discussed, is shown in Fig. 
31.3. It can be seen that the proposed mechanism of action for antagonists of pros-
tacyclin, endothelin or PDE-5 predominantly influence vasoconstrictive elements 

Fig. 31.3 The pathophysiology of PAH can be viewed as a combination of both vasoconstriction 
and vascular remodelling. Vasoconstriction is dependent on increases in intracellular Ca2+ and 
actin polymerisation, whereas remodelling processes include smooth muscle cell proliferation, 
endothelial cell proliferation and transdifferentiation and inflammatory, fibrotic and thrombotic 
mechanisms. A simplified diagram of where signalling mechanisms influence the pathophysiology 
of PAH is shown. The bias of current therapies toward vasoconstrictive elements of the disease 
can be seen. Furthermore, interconnections between pathways highlight potential nodes within the 
disease and therefore targets that may represent opportunities to have an impact on both vasocon-
strictive and remodelling aspects of PAH (e.g. 5-HT can act directly on the remodelling of smooth 
muscle and endothelial cells as well as thrombotic mechanisms yet may also influence vascular 
tone via adenyl cyclase and RhoA/ROK pathways, as well as inflammation and fibrosis via inter-
action with the BMP/TGF-b axis)
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of PAH pathology. Inhibition of PDGF, on the other hand, is largely restricted to 
affecting PASMC proliferation and PAEC proliferation and transdifferentiation. It 
is apparent that RhoA/ROK inhibition has the potential to provide profound 
improvements in haemodynamic parameters in preclinical models and patients with 
PAH. Indeed, it can be argued that the apparent modest efficacy observed with cur-
rent vasodilators simply reflects inefficiencies in a relevant mode of action – could 
achieving greater vasodilation (via RhoA/ROK inhibition) dramatically improve 
efficacy? However, the dramatic effects of chronic RhoA/ROK inhibition may also 
be related to an impact on PASMC proliferation, inflammation or CTGF-mediated 
fibrosis. Inhibition of ALK-5 signalling also represents a largely anti-remodelling 
therapy, although there is evidence that sites of action might also include inflam-
matory and fibrotic elements of the disease. The role of inflammatory targets, 
although undoubtedly contributing to disease pathologies, is controversial with 
regard to therapeutic value.

Further investigation in preclinical models and patient tissue/biomarker analysis, 
potentially utilizing the more selective generation of anti-inflammatory therapeu-
tics becoming available, may determine which of the multitude of inflammatory 
elements is most important in PAH and whether inhibition might lead to clinical 
improvement. Potassium channel agonism may have an impact on both vasocon-
strictor and remodelling aspects of PAH. However, rescue of the K

V
 channels whose 

decrease in expression and function is associated with the disease is a challenge for 
classical pharmacologic methods. An alternative strategy may be to increase the 
function of surrogate K channels in the hope of compensating for the loss of others 
during disease development. The feasibility of this hypothesis is yet to be thor-
oughly investigated.

The inhibition of Notch3 represents another potential functional node within 
PAH. Direct effects on PASMC proliferation may be further compounded by inter-
action with both BMP and RhoA/ROK signalling pathways, thereby indirectly 
influencing PAEC proliferation, inflammation, fibrosis and actin polymerisation. 
Although broad-spectrum Notch signalling inhibition can be achieved by some 
g-secretase antagonists, therapeutic use may be limited by the range of side effects 
observed.62 Strategies to selectively inhibit Notch3 and thus benefit from targeting 
a restricted expression profile would almost certainly improve safety concerns.

Inhibition of the 5-HT pathway has been proposed as a therapeutic strategy for 
PAH for a number of years, perhaps unsurprisingly when interactions between this 
mediator and every pathological mechanism can be demonstrated. It can be argued 
that the relatively slow progress of therapeutics targeting 5-HT is due to the com-
plex and compensatory nature of the receptors and transporter through which 5-HT 
functions. It is possible that inhibiting peripheral 5-HT synthesis via TPH1 antago-
nism may provide a more successful therapeutic strategy.

The aforementioned targets of remodelling within PAH are far from exhaustive 
but perhaps represent many of the areas under current investigation and develop-
ment. It is hoped and anticipated that therapies that modify remodelling aspects of 
the disease will have a more profound impact on morbidity than current vasodilator 
strategies. The aggressive nature of PAH has broadened the acceptable adverse 
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effect profile of more novel targets. However, as novel, more effective therapies are 
developed, so will the life expectancy of PAH patients increase, which will in turn 
increase the need for compounds with improved safety characteristics A 5-year 
exposure safety risk is of little consequence to patients hoping to extend life by 2 
years, unless therapies become effective enough to extend life beyond 5 years, thus 
making such a long term safety risk clinically relevant. It is clear, therefore, that 
despite recent advances, there is a long way to go before a range of therapies can 
provide long-term clinical benefit to a patient with PAH.
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