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Inflammatory disease of the lung vascular bed is a major cause of morbidity and
mortality in both adult and pediatric age groups. A particularly devastating consequence
of lung inflammation is lung injury, which alone accounts for 150,000 cases annually
in the United States, and carries a mortality rate of more than 30%. Yet, in the teaching
about lung inflammation and in its application to clinical practice, the importance of
vascular biology has been somewhat neglected.

Lung inflammation results from the defensive responses of pulmonary vascular cells
to pathogenic stimuli. The responses arise through signal transduction mechanisms,
which constitute sequences of intracellular events that lead up to specific cellular
responses. Secondary effects of such responses precipitate all of the phenotypic fea-
tures of lung inflammatory disease, including vascular hyperpermeability, white cell
accumulation, and vascular remodeling. An understanding of signal transduction path-
ways in lung vascular cells is therefore required not only to explain the processes of
lung inflammation, but also to develop new therapeutic strategies to combat inflamma-
tory lung diseases.

Although great strides have been made in the science of cell signaling, much of this
understanding is derived from nonlung cells. Consequently, the understanding is often
of tangential relevance to lung vascular biology. The lung’s unique position at the sys-
temic interface with the environment arms it with a sensitive immune defense capabil-
ity, a physiologically protective feature that also carries significant pathological risk.
This and other special features of the pulmonary circulation compel a studied and spe-
cific consideration of signal transduction processes in the context of lung vascular dis-
ease. It is my hope that Cell Signaling in Vascular Inflammation will foster better
awareness of these phenomena.

My intention in assembling these chapters has been to cut across disciplines to bring
together a broad-based presentation of inflammatory challenge, both in the initial
phases of the inflammatory response as also in the more prolonged phase of genomic
involvement. The chapters comprise a comprehensive survey of signaling processes.
Hence, the book will be useful to a broad spectrum of readers, including advanced
students of lung biology, investigators seeking new research directions, and clinicians
and scientists involved in lung inflammation and its management.

Finally, I would like to thank several people without whose help this volume would
not have been possible. I received advice and encouragement throughout from Drs.
Ken Weir, Jack Reeves, and Wiltz Wagner. Ms. Paige Walker of the American Heart
Association and my assistant, Ms. Rashmi Patel, provided outstanding support in get-
ting the material together and in ensuring its preparation for publication. My wife,
Sunita, supported me in many ways, not least through encouragement and patience.

Jahar Bhattacharya, MBBS, DPhil

Preface
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1
Heme Oxygenase-1 and Carbon Monoxide

in Vascular Regulation

Stefan W. Ryter and Augustine M. K. Choi

SUMMARY

The gaseous signaling molecules nitric oxide (NO) and carbon monoxide (CO), which are generated
endogenously by the heme oxygenase (HO) and nitric oxide synthase (NOS) systems, respectively, play
significant roles in the regulation of vascular function. The HO enzymes exist in both constitutive (HO-2,
HO-3) and inducible (HO-1) isoforms, the latter identified as a component of the cellular stress response.
HO converts heme to CO, biliverdin, and iron; and these metabolites may all contribute to the apparent
cytoprotective effects of HO. Like NO, CO has potent vasodilator properties, and may regulate other
vascular functions such as the aggregation of platelets and the proliferation of smooth muscle. These
effects of CO typically depend on the activation of soluble guanylate cyclase activity. Although toxic at
elevated concentrations, exogenous CO may exert anti-inflammatory and anti-apoptotic properties at low
concentration, which depend on the modulation of mitogen-activated protein kinase pathways. Manipula-
tion of the HO-1/CO system, either by gene transfer or application of low-dose CO, could be applied in the
treatment of vascular disease. Beneficial effects of HO/CO have recently been demonstrated in the limita-
tion of ischemia/reperfusion injury during organ transplantation.

Key Words: Carbon monoxide; heme oxygenase; cell signaling; stress response; vascular regulation.

1. INTRODUCTION

The regulation of vascular function involves a complex interplay of physiological mediators, in-
cluding circulating peptides, cytokines, endocrine factors, and gaseous signaling molecules. The ho-
meostasis maintained by these factors can be perturbed by stress, injury, and changes in pO2 (1).
Perhaps the most widely studied vasoactive agent, the endothelial-derived relaxing factor known as
nitric oxide (NO), exerts a potent vasodilator action (2). NO arises during the conversion of L-argin-
ine to L-citrulline by the activity of nitric oxide synthase (NOS) enzymes, which exist in both consti-
tutive and inducible forms (3). The vasoregulatory properties of NO have been exploited for the
treatment of sexual dysfunction, and explored for the potential treatment of pulmonary hypertension,
inflammatory lung disease, and myocardial ischemia/reperfusion (I/R) injury (4–6).

A similar low-molecular-weight gaseous molecule, carbon monoxide (CO), has recently attracted
widespread attention as another vasoregulator (1). Unlike its cognate gas NO, a free radical that may
participate in multiple redox reactions, CO is a relatively stable gas with little reactivity except for its
affinity for heme-iron centers (7–9). Like NO, the signaling effects of CO in part rely on its ability to
form a complex with the heme moiety of soluble guanylate cyclase (sGC), stimulating the production
of guanosine 3',5'-cyclic monophosphate (cGMP), a diffusible second messenger (10). The sGC/
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cGMP pathway plays a critical role in mediating the effects of CO on neurotransmission, vascular
relaxation, smooth-muscle relaxation, bronchodilation, and the inhibition of platelet aggregation,
coagulation, and smooth-muscle proliferation (11–19). In addition to these physiological effects,
low-dose CO at 10–250 ppm exerts potent anti-inflammatory and anti-apoptotic effects in cultured
cells (20,21). The apparent protective effects of exogenously applied CO have been demonstrated in
models of organ transplantation, inflammatory and oxidative lung diseases, I/R injury, and recently,
in vascular stenosis caused by balloon injury (12,20,22–24).

The heme oxygenase (HO) enzymes represent the principal endogenous source of CO in humans
(25). The HO enzymes catalyze the rate-limiting step in the conversion of heme to its metabolites,
biliverdin-IXα (BV) and ferrous iron, while releasing the α-methene bridge carbon of heme as CO
(26). Cytoplasmic NAD(P)H biliverdin reductase (E.C. 1:3:1:24) completes the heme degradation
pathway by reducing the water-soluble BV to the hydrophobic bilirubin IXα (27). Heme oxygenase-
1 (HO-1), the inducible form of HO, serves as a general cytoprotectant against oxidative stress in cell
culture, and in animal models of inflammatory or oxidative tissue injury (7,28,29). In addition to its
physiological role in heme degradation, HO-1 may affect a number of cellular processes, including
growth, inflammation, and apoptosis (7). The anti-inflammatory effects of HO-1 can limit tissue
damage in response to pro-inflammatory stimuli (20), and prevent graft rejection after transplanta-
tion (12,22,23,30). The administration of CO at low concentrations can mimic the effects of HO-1
with respect to apparent anti-inflammatory and anti-apoptotic effects, suggesting a role for CO as a
crucial mediator of HO-1 function (20,21). The potential contributions of bile pigments, which have
antioxidant properties, and heme-iron release, which triggers secondary increases in ferritin synthe-
sis, toward the cytoprotective effects of HO have been reviewed elsewhere (28,29).

This monograph will summarize current research on the role of the HO/CO system in regulation of
vascular function during oxidative stress and vascular injury. We will emphasize recent findings,
which suggest that HO-1 or CO applied exogenously at low concentration can protect against various
forms of vascular injury, including I/R injury incurred during organ transplantation.

2. HEME OXYGENASE

2.1. Heme Oxygenase Enzymes
Heme oxygenase (E.C. 1.14.99.3) (HO) was described in 1969 by Tenhunen et al. as a hepatic

microsomal mixed function oxygenase (26). Three distinct isozymes have been characterized-the
inducible form heme oxygenase-1 (HO-1) and two constitutive forms, heme oxygenase-2 (HO-2)
and heme oxygenase-3 (HO-3) (31–33). Both HO-1 and HO-2 catalyze the same biochemical reac-
tion, but differ in physical and kinetic properties (33,34). HO-3 displays a high-sequence homology
with HO-2, yet the enzymatic activity of this species has not been established (35).

The expression of HO-1 may occur in most tissues of the body, including the vasculature, but
typically increases over an undetectable background only under inducing conditions involving shock
or stress, or application of xenobiotic or pharmocologic agents (33,34). HO-2 appears in most tissues,
with abundant distribution in the testes and the vascular and nervous systems (31–34,36). Unlike its
inducible counterpart, HO-2 expression is constitutive, with the possible exception of regulation in
the brain by glucocortioid hormones (37,38). Although detectible in the heart and other tissues, the
significance of HO-3 in the vasculature remains unclear (35).

2.2. Heme Oxygenase-1: A General Response to Oxidative Cellular Stress
HO-1 induction represents a general transcriptional response to oxidative cellular stress, which

can be triggered by stimulation with a large array of chemical and physical agents (39). The list of
inducing agents includes but is not limited to oxidants such as hydrogen peroxide or ultraviolet-A
radiation, nitric oxide, pro-inflammatory cytokines and growth factors, thiol-reactive substances such
as sodium arsenite and heavy metals, hemodynamic or shear stress, heat shock, and altered states of
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oxygen tension (7,40). Heme, the substrate of HO activity and also a potent inducer of the gene (41),
may potentially inflict oxidative injury to endothelial cells during vascular hemolysis (42).

In a comprehensive analysis of the mouse HO-1 gene 5' regulatory region, Alam et al. have dis-
covered two upstream enhancer sequences (E1, E2) that occur respectively at -4 kb and -10 kb of the
transcriptional start site (43–46). These enhancers mediate the transcriptional induction of the ho-1
gene by diverse agents, including endotoxins, heavy metal salts, phorbol esters, oxidants, and heme
(44,45). E1 and E2 contain repeated stress-responsive elements (StRE) consisting of recognition
sequences for several transcription factors, including activator protein-1 (AP-1), v-maf oncoprotein,
and Cap’n’collar/basic-leucine zipper proteins, such as NF-E2-related factor 2 (Nrf2) (46). A tran-
scriptional repressor of ho-1 (Bach-1) has recently been charcterized (47). Bach-1 potentially dimer-
izes with maf proteins, and antagonizes the effects of Nrf-2/maf dimers at the StRE sites of E1 and
E2. The DNA-binding activity of Bach-1 is negatively regulated by heme in vitro (48), and this may
account for the substrate-dependent activation of ho-1.

2.3. Expression of HO-1 During Vascular Adaptive Responses to Hypoxia

The state of hypoxia, or lowered pO2, generates a metabolic stress with particular physiological
relevance in vascular tissues (1,49). Hypoxic states occur as a result of ischemia or impaired oxygen
uptake, and play a role in the pathophysiology of arteriosclerosis, fibrosis, neoplasia, and pulmonary
hypertension (50). Hypoxia stimulates the transcriptional upregulation of several stress proteins in
vascular-derived cell lines (51–56). In rat aortic vascular smooth muscle cells (VSMC), hypoxia
treatment (1% O2) induced HO-1 transcription and mRNA accumulation (54,57). Hypoxia also in-
duced HO-1 in rat pulmonary endothelial cells (PAEC), but not in rat pulmonary artery vascular
smooth muscle cells. Comparative analysis of these cell types demonstrated variations in the tran-
scription factor-binding activities underlying these responses. HO-1 mRNA induction in PAEC oc-
curred in parallel with increased AP-1 DNA-binding activity, whereas the response in VSMC
primarily involved the hypoxia-inducible factor (HIF-1), a critical mediator of transcriptional re-
sponses to hypoxia (54,58). The importance of HIF-1 in ho-1 gene activation was examined using
mutant Hepa cells deficient in HIF-1α. The mutant cells failed to induce HO-1 mRNA accumulation
in response to hypoxia, relative to wild-type cells (55). In contrast, in mutant CHO cells deficient in
HIF-1α, the ho-1 gene still responded to hypoxic activation (59). These results suggest that the tran-
scriptional induction of HO-1 by hypoxia may involve both HIF-1, and AP-1 transcription factors,
with apparent tissue-specific variation between vascular cell types (54,58). The induction of HO-1 by
hypoxia has been associated with glutathione (GSH) depletion, and may be inhibited by metal-chelat-
ing agents, suggesting a role for redox processes and endogenous metal ions in this response (56,60).
Acute or chronic hypoxia triggers HO-1 transcription in vivo in various rat organs including the heart
(54,61). Recent evidence implicates HO-1 as an inducible mechanism for protection against hypoxic
lung injury in vivo. HO-1 null mice (ho-1-/-) develop right ventricular dilation and right myocardial
infarction, during chronic hypoxia (10% O2), relative to wild-type mice that withstand the treatment,
but did not differ in the development of pulmonary hypertension (62). Transgenic mice with a lung-
specific HO-1 overexpressing phenotype resisted the inflammatory and hypertensive effects of hy-
poxia (63).

Nakayama et al. report a lack of HO-1 response to hypoxia in several cell types of human origin
(64). The transcriptional repression of HO-1 by hypoxia in human cell lines has been linked to the
activation of the ho-1 transcriptional repressor Bach-1 (65). Thus, the physiological significance of
HO-1 in human vascular responses to hypoxia remains uncertain. The induction of stress proteins,
including HO-1, by hypoxia and other forms of oxidative stress in vascular systems may represent an
adaptive response to vascular oxidative injury. By altering ho-1 and NOS gene expression, hypoxia
potentially modulates the availability of gaseous second-messengers CO and NO. Fluxes in the pro-
duction of small gas signaling molecules during hypoxic stress would have potential consequences in
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the regulation of vascular function(s) as described in the following sections, including dilation, ex-
pression of vasoconstrictors, inhibition of platelet aggregation, and smooth-muscle proliferation (1).

3. PHYSIOLOGICAL EFFECTS OF HEME OXYGENASE
AND CARBON MONOXIDE

3.1. Role of CO in Vasoregulation

The putative vasoactive properties of CO depend on, in part, the stimulation of sGC and subse-
quent elevation of cGMP levels (10). CO-mediated activation of sGC leads to a several-fold increase
in cGMP production, a potency approximately 30-100 times lower than that of its cognate gas NO
(10). CO potentially serves as a substitute for NO, during NO-deficient states, but on the other hand
may antagonize the activation of sGC by NO (66). CO released from heme by the action of HO
activity regulates cGMP production in vascular tissues (16,17). Exposure of VSMC to exogenous CO
elevated intracellular cGMP concentrations in these cells (17). Exposure of VSMC to hypoxia, an
inducer of HO-1 in this cell type, also increased endogenous levels of cGMP, which required HO
activity and HO-derived CO, but excluded the involvement of NO (16). CO released from VSMC
acted in a paracrine fashion to stimulate the production of cGMP in co-cultured endothelial cells (57).
Morita et al. have shown that endogenous VSMC-derived CO, as well as exogenously applied CO,
inhibited the proliferation of cultured VSMC (16). The mechanism whereby exogenous or HO-de-
rived CO attenuates cell growth in a cGMP-dependent fashion involved the downregulation of endot-
helial-derived mitogens such as platelet-derived growth factor and endothelin-1 (57), and also the
inhibition of E2F-1, a transcription factor involved in cell-cycle regulation (16).

In vivo models have also supported a role for CO in vasorelaxation. In an isolated perfused rat-
liver model, Suematsu et al. detected the presence of CO in the effluent. Treatment with metallopor-
phyrin HO inhibitors (i.e., ZnPPIX) diminished detectible CO levels, and increased perfusion pressure
under constant flow conditions. The inhibitory effects of metalloporphyrins were reversed by the
application of exogenous CO or cGMP analogs (i.e., 8-bromo-cGMP) in the perfusate (67).

In isolated porcine aortic rings, the HO inhibitor SnPPIX decreased endothelium-dependent ace-
tylcholine-dependent vasorelaxation, in the presence of the NOS inhibitor Nω-nitro-L-arginine-me-
thyl-ester (L-NAME) (36). Conversely, the endothelium-dependent contractile response to
phenylephrine in thoracic aortic rings was augmented in the presence of both ZnPPIX and Nω-nitro-
L-arginine (NNA), relative to treatment with NNA alone (68). In this system, exogenously applied
CO relaxed the aortic rings in a cGMP-dependent fashion. Overexpression of HO-1 by AdHO-1
infection of the vessels inhibited phenylephrine-dependent vasoconstriction in isolated aortic rings.
Furthermore, Ad-HO-1 infection induced cGMP production in VSMC, which presumably was due to
the generation of CO. The effects of HO-1 expression on vasoconstriction and cGMP production
were subject to inhibition by ZnPPIX and occurred in the presence of NOS inhibitors (i.e., L-NNA, L-
NAME) (13). Thus, these effects are dependent on heme degradation and independent of NOS activ-
ity or NO generation. The effects of CO are not limited to the vascular smooth muscle, but also
airway smooth muscle, whereby exogenously administered CO stimulated cGMP-dependent airway
bronchodilation in guinea-pig trachea given histamine injections (14). On the other hand, cGMP-
independent mechanisms of vasoregulation by CO have also been proposed. CO may dilate blood
vessels by directly activating calcium-dependent potassium channels (KCa) (69–72). In interlobar
arterial smooth muscle cells, the inhibition of HO activity by metalloporphyrins decreased endog-
enous CO production and decreased the number of open potassium channels (105 pS K). These ef-
fects increased vascular contractility in response to phenyephrine. The introduction of exogenous CO
reversed the effects of metalloporphyrins on vascular contractility (71). CO dilated porcine cerebral
arterioles by increasing the effective coupling of calcium sparks to KCa channels (72). The mecha-
nism by which CO mediates these effects remains unclear.
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3.2. Anti-Inflammatory Effects of CO

The mitogen-activated protein kinase (MAPK) pathways, which transduce oxidative stress and
inflammatory signaling, may represent an important target of CO action (20). The activation of
MAPKs, a family of Ser/Thr protein kinases, responds to a variety of extracellular stimuli (73). Three
major MAPK signaling pathways, which include extracellular signal-regulated protein kinase (ERK),
p38 MAPK (p38), and c-Jun NH2-terminal protein kinase (JNK), have been identified in mammalian
cells (73).

The studies of Otterbein et al. in this laboratory showed that the anti-inflammatory properties of
CO are mediated by p38 MAPK and its upstream MAPK kinase (MKK3) (20). CO inhibited the
expression of lipopolysaccharide (LPS)-induced pro-inflammatory cytokines in RAW 264.7 mac-
rophages, including tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and macrophage inflamma-
tory protein-1α, while simultaneously increasing expression of the anti-inflammatory cytokine IL-10.
Similar observations were made in a mouse model of lung inflammation. Using mice genetically
deficient for MKK3, the upstream kinase of p38 MAPK, Otterbein et al. demonstrated the critical
role of the p38 MAPK pathway in the anti-inflammatory effect of CO in vivo. In this model, the
inhibitory effect of CO on TNF-α production did not require cGMP or NO production, or depend on
the ERK1/2 or JNK MAPK pathways (20). Sethi et al. demonstrated the inhibition of TNFα-induc-
ible ERK1/2 activation by CO treatment in PAEC, indicating that CO can also downregulate signal-
ing cascades initiated by pro-inflammatory cytokines (74).

The mechanisms by which CO modulates the MAPKs are not clear. We hypothesize that a proxi-
mal effector, most likely a heme-containing protein, initiates the signal upon binding of the CO to the
heme moiety, possibly by modulation of reactive oxygen species (ROS) production and the redox
state of the cell. With respect to CO and MAPK signaling in macrophages, the identity of the up-
stream CO target remains elusive.

3.3. CO Inhibits Cellular Apoptosis
Apoptosis, or programmed cell death, consists of a regulated cascade of events that results in the

death of a cell in response to environmental cues. Distinct from necrosis, which involves membrane
disruption, apoptosis requires the action of proteases and nucleases within an intact plasma mem-
brane, and participates in tissue development and homeostasis (75). The biological significance of
apoptosis varies in a tissue-specific manner. Exposure to CO has been shown to exert potent anti-
apoptotic effects in vitro and in vivo in the context of I/R injury and organ transplantation (see fol-
lowing sections). The exogenous administration of CO or the overexpression of HO-1 prevented
TNFα-induced apoptosis in murine fibroblasts (76). The inhibitory effect of CO on TNFα-induced
apoptosis in endothelial cells depended on the modulation of the p38 MAPK pathway, since it could
be abolished with the selective chemical inhibitor SB203580, or a p38 dominant-negative mutant
(21). HO-1 or CO cooperated with nuclear factor (NF)-κB-dependent anti-apoptotic genes (c-IAP2
and A1) to protect against TNFα-mediated endothelial cell apoptosis (77).

The anti-apoptotic effect of CO on cytokine-treated rat aortic smooth-muscle cells was partially
dependent on the activation of sGC and was associated with suppression of p53 and inhibition of
mitochondrial cytochrome-c release (75). In this model, however, the investigators excluded a role
for p38 MAPK in the anti-apoptotic effect of CO (78).

3.4. CO Protects Against Ischemia/Reperfusion Injury
I/R injury has long been associated with oxidative stress resulting from the reperfusion and

reoxygenation of previously ischemic tissue. HO-1 may participate in the manifestation of ischemic
preconditioning, a process of acquired cellular protection against I/R injury, as observed in guinea
pig transplanted lungs (79). HO-1 overexpression provided potent protection against cold I/R injury
in rat hearts and livers through an anti-apoptotic pathway (80,81).
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Exogenously applied CO at low concentrations inhibited I/R-induced apoptosis in pulmonary ar-
tery endothelial cell (PAEC) cultures, associated with the CO-dependent activation specifically of
the p38α isoform with parallel suppression of ERK and JNK activation (24). In addition to activation
of p38α MAPK and its upstream MAPK kinase (MKK3), the anti-apoptotic effect of CO involved
inhibition of Fas/FasL expression, and other apoptosis-related factors including caspases (-3, -8, -9)
mitochondrial cytochrome-c release, Bcl-2 proteins, and poly (ADP-ribose) polymerase (PARP)
cleavage (82). CO exposure also protected against I/R-induced lung injury in vivo. Chemical inhibi-
tion of p38 MAPK activity, or the use of the mkk3–/– null mouse abolished the anti-apoptotic effects
of CO during I/R, likely by preventing the modulation of caspase-3 activity (24,82).

Similar anti-inflammatory effects of CO have now been demonstrated in models of I/R injury of
the heart, kidney, and small bowel (83). CO protected against liver I/R injury via activation of the p38
MAPK (84). Homozygous ho-1 null mice (hmox-1–/–) displayed increased mortality in a model of
lung I/R injury. Inhalation of CO (1000 ppm) partially compensated for the HO-1 deficiency in
hmox-1–/– mice, and improved survival following I/R (15). In this model, the authors propose that
the protection provided by CO involved the enhancement of fibrinolysis via the cGMP-dependent
inhibition of plasminogen activator inhibitor-1 (PAI-1) expression (15). Mice treated with a guanylate
cyclase inhibitor, ODQ, were not rescued by CO from I/R-induced lethality.

3.5. Role of HO-1/CO in Atherosclerosis

HO-1 can be induced in both endothelial and vascular smooth muscle cells by pro-atherogenic
stimuli, including oxidized low-density lipoprotein (LDL), lipid metabolites, shear stress, and
angiotension II (85). HO-1 also confers protection in animal models of arteriosclerosis, where it may
be found in atherosclerotic lesions (86). HO-1 is highly upregulated in the endothelium, and in the
foam cells of intimal lesions from humans and apolipoprotein E-deficient mice (86). Induction of
endogenous HO-1 by chemical treatment (hemin) reduced the formation of atherosclerotic lesions in
LDL-receptor knockout mice fed high-fat diets, relative to untreated or SnPPIX-treated controls (87).
The adenovirally mediated transduction of HO-1 into ApoE-deficient mice inhibited the formation of
arteriosclerotic plaques relative to control mice (88). The mechanism by which HO-1 protects against
arterioslcerosis may involve, in part, the inhibition of platelet aggregation by HO-derived CO.

3.6. CO Inhibits Cellular Proliferation and Vascular Stenosis
Associated With Balloon Injury

Under homeostatic conditions, a tightly regulated balance exists between apoptosis and cellular
proliferation. Loss of growth control is typically associated with neoplasia. In the case of vascular
stenosis, hyperproliferation of VSMC results in occlusion of the vascular lumen.

CO has been shown to block vascular cell proliferation in a number of models. Exogenous appli-
cation of HO-1, by gene transfer or exogenous CO application, inhibited VSMC proliferation in vitro
by G0/G1 arrest, which required cGMP production, the G1 cyclin-dependent protein kinase inhibitor
p21cip1, and activation of p38 MAPK (12,13,17). Adenoviral-mediated overexpression of HO-1
(AdHO-1) in pigs inhibited vascular cell proliferation and lesion formation in a model of arterial
injury. Conversely, HO-1–/– mice subjected to arterial injury displayed increased vascular cell pro-
liferation, and developed hyperplastic lesions in comparison to HO-1+/+ controls (13). Employing a
model of intimal hyperplasia where smooth muscle cells proliferate uncontrollably following balloon
angioplasty of the carotid artery or chronic rejection of a transplanted aorta, exposure to CO com-
pletely prevented stenosis of the vessel (12). Pretreatment of a rat with CO (250 ppm) for just 1 h
significantly reduced the neointimal proliferation seen at 14 d after balloon angioplasty relative to
control animals that did not receive CO treatment. The mechanisms involved in this effect required
activation of p38 MAPK and cGMP production (12). The application of HO-1 by adenovirally medi-
ated gene transfer also protected against intimal hyperplasia following vascular balloon injury (89).
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3.7. Protective Roles of HO-1/CO in Organ Transplantation
Expression of the stress protein HO-1 in rodent allografts and xenografts correlates with long-

term graft survival in several models of transplantation (23,30,90). A higher expression of several
protective genes has been observed in acute renal allograft rejection episodes in a rodent model of
renal transplantation, where HO-1 expression increased in the allograft in response to immune injury
(90). The reduced expression of HO-1 in chronic rejection as compared with acute rejection repre-
sents either an inadequate response to injury or a consequence of prior injury that jeopardizes further
tissue response to immune attack (90).

Adenoviral-HO-1 gene therapy resulted in remarkable protection against rejection in rat liver trans-
plants (91). The upregulation of HO-1 protected pancreatic islet cells from Fas-mediated apoptosis in
a dose-dependent fashion, supporting an anti-apoptotic function of HO-1 (92,93). HO-1 may confer
protection in the early phase after transplantation by inducing Th2-dependent cytokines such as IL-4
and IL-10, while suppressing interferon-gamma and IL-2 production, as demonstrated in a rat-liver
allograft model (94). The induction of HO-1 in rats undergoing liver transplantation with adenoviral-
HO-1 gene therapy resulted in protection against I/R injury and improved survival after transplanta-
tion, possibly by suppression of Th1-cytokine production and decreased apoptosis after reperfusion (95).

Beneficial effects of HO-1 modulation have been described in xeno-transplantation models, where
HO-1 gene expression appears functionally associated with xenograft survival (23,30). In a mouse to
rat heart transplant model, the effects of HO-1 upregulation could be mimicked by CO administra-
tion, suggesting that HO-derived CO suppressed the graft rejection (23). The authors proposed that
CO suppressed graft rejection by inhibition of platelet aggregation, a process that facilitates vascular
thrombosis and myocardial infarction. The ability of CO to suppress inflammation is likely involved
in xenograft transplant models in which 400 ppm CO for 2 d prevented rejection for up to 50 d (23).
The modulatory effects of CO on platelet aggregation, vasodilation, and pro-inflammatory cytokines
all potentially contribute to the favorable outcome in xenograft transplantation (12).

Lung transplantation has become an accepted treatment modality for end-stage lung disease. After
lung transplantation, there remains a persistent risk of acute and chronic graft failure, as well as of
complications of the toxic immunosuppressive regimen used (96). Compared to other solid organ
transplants, the success of lung transplantation has been severely limited by the high incidence of
acute and chronic graft rejection. The frequency and severity of episodes of acute rejection are the
predominant risk factors for chronic airway rejection, manifested as obliterative bronchiolitis (OB)
(97,98). Data from rodent allograft studies as well as from clinical lung transplantation show that the
lung, in comparison to other solid organs, is highly immunogenic. Despite advances in immunosup-
pression, the incidence of acute rejection in lung graft patients can be as high as 60% in the first
postoperative month (99,100). OB, which may develop during the first months after transplantation,
is the main cause of morbidity and death following the first half-year after transplantation, despite
therapeutic intervention. Once OB has developed, re-transplantation remains the only therapeutic
option available (101). Little is known about the pathophysiological background of OB. The possible
determinants of developing OB include ongoing immunological allograft response, HLADR mis-
match, cytomegalovirus infection, acute rejection episodes, organ-ischemia time, and recipient age (101).

Until recently, only very limited research data were available on the possible role for HO-1 in
allograft rejection after lung transplantation. Increased HO-1 expression has been detected in alveo-
lar macrophages from lung tissue in lung-transplant recipients with either acute or chronic graft fail-
ure, when compared to stable recipients (102).

In recent studies from this laboratory, Song et al. demonstrate that the level of HO-1 expression
correlated to the acute rejection grade level in lung fibroblasts from a lung-transplant patient (22).
The effects of CO were examined in a rat model of lung transplantation. Orthotopic left lung trans-
plantation was performed in LEW rat recipients from BN rat donors. HO-1 mRNA and protein ex-
pression were markedly elevated in transplanted rat lungs compared to sham-operated lungs. Animals
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were exposed to continuous inhalation CO (500 ppm) or air. Transplanted lungs developed severe
intra-alveolar hemorrhage and intravascular coagulation. In the presence of continuous CO exposure
(500 ppm), however, the gross anatomy and histology of transplanted lungs showed dramatic preser-
vation relative to air-treated controls. Furthermore, transplanted lungs displayed increased apoptotic
cell death compared with the transplanted lungs of CO-treated recipients, as assessed by TUNEL and
caspase-3 immunostaining. CO exposure inhibited the induction of IL-6 mRNA expression in lung
and serum caused by the transplantation. Gene array analysis revealed that CO also downregulated
other pro-inflammatory genes, including macrophage inflammatory protein (MIP)-1α and macroph-
age migration inhibitory factor (MIF), and growth factors such as platelet-derived growth factor
(PDGF), which were upregulated by transplantation (22).

In organ transplantation, the I/R injury that occurs leads to rapid endothelial cell apoptosis. The
loss of endothelial cells in the vessels serving the organ results in a rapid cascade of events including
thrombosis that can ultimately result in the rejection of the organ. These data suggest CO limits lung
graft injury by maintaining cell viability and suppressing inflammation.

4. CONCLUSIONS AND FUTURE PERSPECTIVES
Since the discovery that the major low-molecular-weight stress protein induced by shock or stress

conditions in mammalian cells was identical to the heme metabolic enzyme HO-1 (103), the potential
role of this species in tissue protection has been explored in multiple models of tissue injury and
disease (7). Both constitutive and inducible forms of HO occur in the cardiovascular system and play
significant roles in the regulation of vascular homeostasis. The studies reviewed in this chapter col-
lectively suggest that HO can confer protection against several forms of vascular injury by inhibiting
inflammation, apoptosis, platelet aggregation, and the proliferation of smooth muscle. HO-derived
CO likely mediates these effects, since exogenously applied CO can exert similar protective effects
as HO-1 in many model systems. Questions remain as to how best to exploit the therapeutic proper-
ties of the HO/CO system to alleviate human disease. Retroviral vector-mediated gene therapy repre-
sents one possible approach. The application of HO-1 directly, in addition to promoting increases in
endogenous CO production, has additional effects related to production of bile pigments and alter-
ation of iron metabolism. Further research is needed to completely understand all the consequences
of manipulating this complex system. A more direct approach may involve the inhalation of CO in
the clinic to treat human diseases. As an alternative to inhalation, pharmacological application of CO
with the transition-metal carbonyl CO-releasing molecules, as described by Motterlini et al., may
provide an additional therapeutic avenue (104). Whether direct application of CO by either method
will provide a safe modality for the treatment of human disease requires further research directed at
understanding the toxicological sequelae of low-dose CO.
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SUMMARY
Tumor necrosis factor (TNF) is a pleiotropic cytokine that can affect the growth, differentiation, and

metabolism of virtually every nucleated cell type in the body. TNF promotes immunity, but its expression
is also associated with pathologies, such as rheumatoid arthritis, type II diabetes, and cachexia. Two dis-
tinct cell-surface receptors bind TNF, the type I receptor (TNFR1), which contains a conserved motif
called a “death domain” in its C-terminus, and the type II receptor. Binding of TNF to TNFR1 brings the
death domains of TNFR1 into physical proximity, thereby promoting their interactions with cytoplasmic
proteins that also contain death domains. Thus, a signal transduction cascade is initiated that coinciden-
tally activates caspases that promote cell death and, additionally, anti-apoptotic events. The balance be-
tween these arms of the TNFR1 signaling cascade determines whether cells live or die.

We found that binding of TNF to TNFR1 activates the Akt (protein kinase B) serine threoinine kinase.
In cells, Akt regulates the expression of gene products that promote cell survival or suppress apoptosis, in
part through activation of a transcription factor, nuclear factor (NF)-κB. Systemically, activation of NF-
κB by TNF during infections can induce a catabolic state in low-priority tissues, such as muscle and fat,
thereby liberating energy reserves that permit anabolic activity in higher-priority tissues such as the liver
and the immune system. Thus, TNF can coordinate the acute-phase response by acting through Akt.

Key Words: Tumor necrosis factor; Akt serine-threonine kinase; phosphatidylinositol 3-kinase; nuclear
factor kappa B; immunity; apoptosis; acute-phase response.

1. INTRODUCTION

Tumor necrosis factor (TNF)-α is a multifunctional cytokine that was first identified and charac-
terized on the basis of its ability to induce the regression of tumors in animals, and the cytotoxic
response that it can elicit from some transformed cells (1). Although it was originally viewed as an
oncolytic agent, subsequent work showed that TNF promotes immunity, antiviral responses, the
acute-phase response to infections, and the syndrome of wasting and malnutrition known as cachexia
in some chronic diseases, most particularly acquired immunodeficiency syndrome (AIDS). TNF in-
duces insulin resistance and mediates inflammation, as in rheumatoid arthritis. During overwhelming
infections, overproduction of TNF induces septic shock, organ failure, and death. More positively,
TNF promotes fibroblast proliferation and angiogenesis, suggesting that it plays a role in wound
repair. The demonstration that the immune system produces an oncolytic agent with therapeutic po-
tential that also induces significant, sometimes lethal, alterations in the functions of normal tissues
accounts for the great interest in TNF.
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Many malignancies are resistant to the cytotoxic activity of TNF. Such resistance may derive from
the coincident activation of signaling pathways that lead to apoptosis or cell survival (2). Whether or
not a cancer cell succumbs to TNF is largely determined by whether the life or death signaling events
induced by the cytokine predominate in a cell. The therapeutic utility of TNF has also been limited by
its ability to induce severe, dose-limiting side effects such as hypotension, liver toxicity, and meta-
bolic derangements including insulin resistance. Thus, considerable effort has been directed towards
understanding the molecular mechanisms of TNF action and how these produce cellular metabolic
responses and determine whether cells live or die.

The first step in TNF action is binding to receptors expressed on essentially all nucleated cells
(2,3). Two distinct receptors have been identified and their cDNAs cloned—the 55-kDa type 1 recep-
tor (TNFR1) and the 75-kDa type 2 receptor (TNFR2). The extracellular domains of the receptors
share homologies with one another and with a group of cell-surface receptors that include the FAS
antigen, the low-affinity nerve growth factor receptor, 4-1BB, CD40, OX40, and CD27. The intracel-
lular domains of the TNF receptors are not similar, and TNFR1 and TNFR2 induce distinct cellular
responses. TNFR1 promotes apoptosis in malignancies, fibroblast proliferation, antiviral responses,
and activation of nuclear factor (NF)-κB, and plays a predominant role in the host defense against
microorganisms. TNFR2 plays a poorly defined role in cytotoxicity, promotes monocyte and T-cell
growth, inhibits early hematopoiesis, and activates NF-κB.

TNFR1 contains an 80-amino-acid cytoplasmic death domain, which plays an obligate role in the
induction of apoptosis by promoting protein-protein interactions (4). Binding of TNF to TNFR1
promotes interaction of the death domain with other proteins that also contain death domains. The
TNF receptor-associated death-domain protein (TRADD) engages TNFR1 and couples the receptor
to distinct pathways that promote apoptosis and survival. Apoptotic signaling is mediated by interac-
tion of TRADD with the FAS-associated death-domain protein, FADD, and through this interaction
with pro-apoptotic caspase 8. TRADD also interacts with TNF receptor-associated factor-2 (TRAF2)
and another death-domain protein, RIP (receptor interacting protein). TRAF2/RIP couples the recep-
tor to a pathway that plays a role in activation of NF-κB, which opposes apoptosis by inducing
transcription of anti-apoptotic genes, as well as genes important to immunity and inflammation.

Ordinarily, NF-κB is sequestered in the cytoplasm and therefore inactive, due to its interaction
with inhibitors of kappa B (IκB) proteins (5). Cellular studies have indicated that once bound to
TRADD, TRAF2/RIP induces a serine/threonine kinase cascade in which NF-κB-inducing kinase
(NIK) phosphorylates and activates an IκB kinase (IKK) complex. The IKK complex, which can
contain two related kinases, IKKα and IKKβ, phosphorylates and promotes dissociation of IκB from
NF-κB. This unmasks the nuclear localization sequence of NF-κB, which moves into the nucleus,
where it acts on target genes. This view of TNFR1 function and cell life-and-death decision-making
has not been fully supported by developmental studies, in which genes presumed to be associated
with NF-κB activation have been knocked out by homologous recombination. However, different
conclusions obtained from studies with cell cultures and from animal models may suggest that TNF
action remains more complex than is presently appreciated and/or that redundant pathways can
complement gene defects during development. Although some details may change, it is clear that
opposing signals emanate from TNFR1: one culminates in apoptosis, the other in NF-κB activation
and survival (Fig. 1).

Mitogens, and cytokines that function as survival as well as growth factors, promote cell prolifera-
tion and viability. Binding of these factors to their receptors engages signaling cascades composed of
interacting macromolecules, some of which are enzymes that produce second messengers.
Phosphatidylinositol 3-kinases (PI 3-kinase) comprise a diverse family in which type 1A appears
primarily responsible for conveying growth and survival signals from activated receptors (6). PI 3-
kinase contains an 85-kDa regulatory subunit that interacts with phosphorylated receptor tyrosine
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kinases through its SH2 domain. Receptor binding brings the 110-kDa catalytic subunit of PI 3-
kinase into proximity with the cell membrane, where it catalyzes phosphorylation of inositol phos-
pholipids at the D-3 position, producing phosphatidylinositol 3,4,5 phosphate (PIP3). PIP3 is a lipid
mediator that recruits pleckstrin homology-domain-containing proteins, such as Akt and the kinases
that activate Akt, the PIP3-dependent kinases (PDKs), to the plasma membrane. Recruitment of these
proteins to the same cellular domain permits phosphorylation and activation of Akt by the PDKs (7).

Activation of PI 3-kinase and Akt by cytokines or growth factors promotes the survival of cells
subjected to various insults (7). Apoptosis in neurons deprived of growth factor and in fibroblasts
exposed to ultraviolet (UV) irradiation is inhibited by insulin-like growth factor 1, and these protec-
tive effects are suppressed by inhibition of PI 3-kinase activity or expression of dominant-negative
Akt. Conversely, constitutively active forms of PI 3-kinase or Akt can bypass the need for initiation
of the survival signal by insulin-like growth factor (IGF)-1. These studies show that Akt activation
can be necessary and sufficient for cell survival.

Akt promotes survival by phosphorylating substrates that decrease the activity of pro-apoptotic or
increase the activity of anti-apoptotic proteins (7). Phosphorylation of Bad by Akt/PKB promotes
survival by preventing Bad from binding and inhibiting anti-apoptotic Bcl-xL, and altering mitochon-
drial membrane potential. Akt phosphorylates a member of the forkhead family of transcription fac-
tors, FKHRL1, promoting its association with 14-3-3 proteins. This leads to retention of FKHRL1 in
the cytoplasm, which silences its transcriptional activity and suppresses the expression of genes that
promote apoptosis, including the gene that encodes the Fas ligand. Akt affects cell-cycle progression
by regulating cyclin D function. This is accomplished by restricting p27Kip1 and p21WAF1 to the cyto-
plasm, thereby segregating these cell-cycle inhibitors from cyclin-dependent kinase (CDK)/cyclin.
Akt phosphorylates and inhibits the activity of human caspase 9, which can initiate an enzyme cas-
cade that promotes cell death. Additionally, Akt phosphorylates the Mdm2 oncoprotein, thus induc-
ing its translocation from the cytoplasm into the nucleus (8). Once this change of cellular localization
is effected, Mdm2 can inhibit the function of the p53 tumor-suppressor protein and thereby promote

Fig. 1. Signaling events downstream of the type 1 tumor necrosis factor (TNF) receptor. Signals emanating
from TNFR1 couple the receptor to cascades that promote apoptosis or cell survival and immunity. The balance
between these cascades determines whether cells live or die.
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cell survival. Figure 2 illustrates that Akt is a pleiotropic enzyme that promotes cell survival through
actions on diverse substrates.

We identified a putative Akt phosphorylation site at amino acids 18–23 in IKKα, which led us to
speculate that Akt might promote cell survival through activation of NF-κB (9). As Akt is a down-
stream target for activated PI 3-kinase, we tested whether stimulation of cells with TNF would acti-
vate PI 3-kinase and subsequently Akt. We found that by acting through TNFR1, TNF induces the
tyrosine phosphorylation of the p85 subunit of PI 3-kinase (10). In embryonic kidney 293 cells and
ME-180 human cervical carcinoma cells, TNF also increased the lipid kinase activity of PI 3-kinase;
this effect was readily detectable within 5 min, and maximal sevenfold stimulation occurred after 20
min (9). TNF also induced a time-dependent increase of Akt phosphorylation (activation) that corre-
lated temporally with PI 3-kinase activation. Activation of Akt by TNF in various cell types was
inhibited by wortmannin, a pharmacological inhibitor of PI 3-kinase, or by transient expression of
cells with dominant-negative PI 3-kinase.

The demonstration that TNF activates Akt in a PI 3-kinase-dependent manner led to experiments
using electrophoretic mobility shift assays (EMSAs), aimed at determining whether PI 3-kinase/Akt
signaling would influence NF-κB DNA-binding activity. TNF induced NF-κB DNA binding activity
in 293, HeLa, and ME-180 cells, and wortmannin inhibited this effect. NF-κB DNA binding was
enhanced by transient transfection of cells with constitutively active PI 3-kinase (CA PI 3-kinase),
constitutively active Akt (CA Akt), or NIK. Furthermore, co-transfection of NIK with CA PI-3-
kinase or CA Akt produced an additive increase of NF-κB DNA binding. In contrast, transient ex-

Fig. 2. The Akt serine-threonine kinase acts on a diverse group of substrates. Akt is a pleiotropic kinase that
suppresses apoptosis by inhibiting the actions of proteins that promote cell death or promoting the actions of
proteins that favor cell survival.
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pression of a dominant-negative PI 3-kinase (DN PI 3-kinase) inhibited TNF- or NIK-induced NF-
κB DNA binding, whereas dominant-negative NIK (DN NIK) or wortmannin abrogated DNA bind-
ing induced by PI 3-kinase. These observations show that PI 3-kinase and Akt are components of a
TNF-induced signaling pathway that modulates NF-κB DNA binding.

Kinase dead Akt (KD Akt) inhibited TNF-induced NF-κB DNA binding, and CA Akt by itself
induced such binding, establishing that Akt is essential in this process. The ability of CA Akt to
induce NF-κB DNA binding was inhibited by DN-NIK, and NF-κB DNA binding induced by NIK
was inhibited by KD Akt. NF-κB reporter assays confirmed the results from EMSA, showing that CA
Akt or TNF increased NF-κB-dependent gene activity, whereas the effect of TNF on this process was
blocked by KD Akt. These observations show that Akt and NIK are both necessary for NF-κB DNA
binding and transactivation.

The demonstration that TNF activates a PI 3-kinase signaling pathway, together with the identifi-
cation of a putative Akt phosphorylation site in IKKα, suggested that IKKα might be a substrate for
Akt (9). To test this supposition, it was first demonstrated that endogenous Akt and IKKα co-immu-
noprecipitate from cells and that treatment of cells with TNF increased the activity of Akt in purified
Akt/IKKα complexes. In vitro kinase assays then demonstrated that elevation of Akt activity in IKKα
immunocomplexes was accompanied by increased IKKα kinase activity. Wortmannin inhibited the
activity of Akt in IKKα/Akt immunocomplexes, and this resulted in a corresponding decrement in
the kinase activity of IKKα. Further support for the conclusion that IKKα is a substrate for Akt
comes from experiments conducted in vitro that tested the ability of Akt to phosphorylate IKKα or an
IKKα mutant in which threonine 23, an amino acid in the Akt phosphorylation site, was mutated to
alanine. These experiments demonstrated that Akt can directly phosphorylate IKKα, but that this
capacity is lost with mutation of the Akt phosphorylation site (threonine 23).

Activation of NF-κB by TNF is accompanied by rapid loss of IκBα, an event that permits cyto-
plasmic NF-κB to enter the nucleus, where it can act on target genes (5). Treatment of cells with
wortmannin or transient expression of the mutant form of IKKα into cells blocked the ability of TNF
to induce IκBα degradation. This result is yet another means of demonstrating that Akt plays a sig-
nificant role in activation of NF-κB by TNF. Figure 3 shows a model in which the respective parallel
roles of TRAF2/NIK and PI 3-kinase/Akt pathways are illustrated. NIK and Akt both phosphorylate
IKKα, albeit at different sites, and it would appear that both phosphorylation events play a significant
role in modulating NF-κB function. Finally, it should be noted that Akt also appears to have the

Fig. 3. A model for activation of nuclear factor (NF)-κB by tumor necrosis factor (TNF). TNF activates PI 3-
kinase/Akt signaling and a second pathway that may include TNF receptor-associated factor-2 (TRAF2) and
NF-κB-inducing kinase (NIK). The activities of these pathways converge on the IκB kinase (IKK) complex,
which plays an obligate and complex role in activation of NF-κB.
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capacity to act, probably indirectly, on the p65 subunit of NF-κB, thereby directly increasing its
transactivation activity. In combination, these observations demonstrate that Akt plays a role in sup-
pressing TNF-initiated apoptotic signaling through activation of NF-κB.

PTEN (phosphatase and tensin homolog deleted on chromosome 10) is a dual-specificity phos-
phatase that dephosphorylates inositol lipids at the D3 position of the inositol ring, suggesting that
PTEN antagonizes PI 3-kinase and PIP3 signaling (11). The PTEN gene is mutated in 40–50% of
high-grade gliomas, and in prostate, endometrial, breast, and lung cancers, as well as in other tumor
types. In addition, PTEN is mutated in several rare autosomal-dominant cancer predisposition syn-
dromes, including Cowden disease, Lhermitte–Duclos disease, and Bannayan–Zonana syndrome.
The phenotype of knockout mice demonstrates a requirement for PTEN in normal development and
confirms its role as a tumor suppressor. Ectopic expression of PTEN in tumor cells that carry muta-
tions in the PTEN gene establish that it regulates the PI 3-kinase-dependent activation of Akt.

Additional support for a role for Akt in TNF induction of NF-κB activation comes from experi-
ments demonstrating that PTEN inhibits the capacity of TNF to activate NF-κB (12). Studies with
PC-3 prostate cancer cells that do not express PTEN and DU145 prostate cancer cells that express
PTEN showed that TNF activated Akt in the former, but not the latter cell line, and the ability of TNF
to activate NF-κB was blocked by pharmacological inhibition of PI 3-kinase activity in the former,
but not the latter, cells. Expression of PTEN in PC-3 cells, to a level comparable to that endogenously
present in DU145 cells, inhibited TNF activation of NF-κB. The cell-type-specific ability of PTEN to
negatively regulate the PI 3-kinase/AKT/NF-κB pathway may be important to its tumor suppressor
activity.

The ability of PTEN to suppress that component of NF-κB activation mediated by PI 3-kinase/Akt
signaling is important. NF-κB activation renders cells resistant to the cytotoxic activity of TNF and
chemotherapy by inducing the expression of survival genes (13–15). NF-κB activity also suppresses
MyoD expression (16) and may thereby promote the muscle wasting associated with cancer, AIDS,
and other chronic diseases. The demonstration that PTEN can suppress NF-κB activation by TNF
suggests that its tumor-suppressor activity derives, in part, from its capacity to inhibit expression of
genes that suppress the function of the cellular apoptotic machinery. Furthermore, PTEN may impair
the ability of cytokines, such as TNF, to produce metabolic alterations, such as cachexia, that often
lead to host mortality.

In addition to mediating survival signaling downstream of TNF receptors, Akt can be implicated
in metabolic derangements induced by TNF. Elaboration of TNF is associated with insulin resistance
that accompanies endotoxemia, cancer, trauma, and obesity (17). The correlation between TNF pro-
duction and insulin resistance is supported by the demonstration that administration of TNF to rats
and humans reduces sensitivity to insulin. TNF-induced insulin resistance observed in animals has
been replicated in adipocytes, hepatoma cells, fibroblasts, and myeloid and muscle cells (17). TNF
mediates its inhibitory action by targeting insulin receptor substrate-1 (IRS-1) (18), a substrate for
the insulin receptor tyrosine kinase (19). Tyrosine phosphorylation of IRS-1 by the activated insulin
receptor promotes interaction of IRS-1 with signaling proteins that promote insulin action (19). Treat-
ment of adipocytes or hepatocytes with TNF induces serine phosphorylation of IRS-1, which pre-
vents its tyrosine phosphorylation by the insulin receptor and impairs the ability of the insulin receptor
to transmit signals to downstream elements in the insulin signal transduction pathway (18). For this
reason, there has been great interest in identifying kinases that can effect the serine phosphorylation
of IRS-1.

The demonstration that a TNF-induced PI 3-kinase/Akt signaling cascade plays a role in activat-
ing NF-κB led to experiments aimed at testing whether Akt might also be a mediator of TNF-induced
insulin resistance (20). Treatment of NIH 3T3 cells and myotubes with insulin increased insulin-
promoted tyrosine phosphorylation of IRS-1. Pretreatment of these cells with TNF impaired the abil-
ity of subsequently applied insulin to promote the tyrosine phosphorylation of IRS-1. TNF activated
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Akt in NIH 3T3 cells, making it a candidate serine-threonine kinase that might mediate the ability of
TNF to impair signaling through IRS-1. This possibility was supported experimentally by the ability
of inhibitors of PI 3-kinase to block the ability of TNF to impair insulin-induced tyrosine phosphory-
lation of IRS-1.

The PTEN tumor-suppressor protein is a dual-specificity phosphatase that inhibits PI 3-kinase
function (11). As the results described above implicated activation of PI 3-kinase signaling in TNF-
induced insulin resistance, experiments were conducted to determine whether PTEN would have the
opposite effect (20). To accomplish this, readily transfectable 293 cells were transiently transfected
with PTEN. Expression of PTEN increased insulin-induced tyrosine phosphorylation of IRS-1 two-
fold and attenuated the ability of TNF to impair this process. Thus, PI 3-kinase promotes and PTEN
antagonizes TNF-induced insulin resistance.

To determine whether Akt downstream of PI 3-kinase impairs insulin-induced tyrosine phospho-
rylation of IRS-1, this process was compared in NIH 3T3 cells and NIH 3T3 cells stably expressing
CA Akt (20). Insulin-induced tyrosine phosphorylation of IRS-1 was reduced by greater than 80% in
cells expressing CA Akt, relative to tyrosine phosphorylation of IRS-1 induced by insulin in the
parental NIH 3T3 cell line. The ability of TNF to impair insulin-induced tyrosine phosphorylation of
IRS-1 in 293 cells was blocked by expression of KD Akt.

The observations described to this point implicate Akt in a lesion in insulin signaling through IRS-
1. They do not demonstrate whether IRS-1 is a direct target for Akt or whether other kinases mediate
the effect of Akt. Immunoprecipitations failed to demonstrate association of Akt with IRS-1. How-
ever, a target of Akt that has the potential to act on IRS-1 is the mammalian target of rapamycin
(mTOR), also known as FRAP (21). Three lines of experimental evidence support a role for mTOR in
TNF-induced insulin resistance (20): mTOR and IRS-1 associate with one another; TNF-induced
insulin resistance is blocked by treatment of cells with rapamycin, a pharmacological inhibitor of
mTOR; and mTOR induces the serine phosphorylation of IRS-1 on a consensus mTOR phosphoryla-
tion site.

TNF induces insulin resistance through multiple mechanisms. Tyrosine phosphatase inhibitors
impair the ability of TNF to block insulin receptor autophosphorylation (22). Among the tyrosine
phosphatases that dephosphorylate the activated insulin receptor is SHP1 (22). It is interesting that
TNF promotes SHP1 association with the KDR receptor tyrosine kinase, thereby blocking its activa-
tion (23). These observations suggest that tyrosine phosphatases are used by TNF to block the func-
tion of receptor tyrosine kinases, including the insulin receptor. TNF may also affect IRS-1 through
activation of a PI 3-kinase/Akt/mTOR pathway that is antagonized by PTEN (20). This pathway
promotes serine phosphorylations that can uncouple IRS-1 from the insulin receptor, and blocks the
ability of the receptor to tyrosine phosphorylate IRS-1 (18,20). Non-tyrosine-phosphorylated IRS-1
cannot bind signaling proteins such as PI 3-kinase. The demonstration that IRS-1 and mTOR associ-
ate, and the ability of TNF to promote modification of IRS-1 on consensus mTOR phosphorylation
sites, therefore provides a mechanism through which TNF may impair IRS-1 function in insulin
signal transduction. It remains possible that a phosphatase, such as protein phosphatase 2A, which is
inhibited by mTOR (24), and another kinase, culminate and effect the final function of the PI 3-
kinase/Akt/mTOR pathway, through which TNF impairs insulin-promoted tyrosine phosphorylation
of IRS-1.

The relationship of our observations to the interplay between TNF and insulin action must be
defined based on which cellular effects of insulin require tyrosine phosphorylation of IRS-1. Insofar
as glucose transport is concerned, expression of IRS proteins in primary rat adipocytes enhances
GLUT4 translocation and mutation of the insulin receptor, such that it cannot tyrosine phosphorylate
IRS proteins abrogates insulin-induced glucose uptake (25,26). In addition, ablation of both the IRS-
1 and IRS-2 genes in mice supports a role for these adaptors in insulin-promoted glucose uptake (27).
However, IRS-1-independent signaling may also play a role in this component of insulin action. This
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conclusion is supported by observations showing that expression of dominant inhibitory PTB or
SAIN domains, which promote interaction of IRS-1 with the insulin receptor, fails to block insulin
stimulation of glucose transport in adipocytes (28). Furthermore, recruitment of PI 3-kinase to the
platelet-derived growth-factor receptor in adipocytes, or recruitment of PI 3-kinase to IRS-1 proteins
induced by interleukin-4 or cell-surface integrin crosslinking, fail to induce GLUT4 mobilization
(29–31). Also, a cell-permeable analog of the PI 3-kinase lipid mediator, PIP3, did not induce glu-
cose uptake by itself, but in the presence of insulin and wortmannin, it caused GLUT4 translocation
(32). These observations suggest that insulin may be able to uniquely initiate IRS-1-independent
signals that collaborate with IRS-1/PI 3-kinase-dependent signals to effect GLUT4 translocation.
Thus, while IRS-1/PI 3-kinase/Akt signaling by itself is insufficient to mediate insulin stimulation of
glucose transport, this pathway plays a more direct role in the anabolic actions of insulin, such as
mitogenesis and protein synthesis (33).

TNF is a component of a complex network of cytokines and other factors that are important to the
host response to various insults that disturb homeostasis. In evaluating the significance of the obser-
vations described here to the systemic actions of TNF, it is useful to consider the integrative role that
TNF plays in promoting the acute-phase response to infections and invasive stimuli, such as cancers
(34,35). During the acute-phase response, accelerated net breakdown of skeletal muscle and fat oc-
curs with a concomitant shift to anabolic metabolism in the liver, to support the synthesis of acute-
phase reactant proteins, as well as to bone marrow and wounds, for cellular proliferation within the
immune system and for healing of injured tissue. These metabolic alterations represent a
reprioritization of carbon and energy utilization in the injured or septic animal for survival (illus-
trated in Fig. 4). TNF activation of PI 3-kinase/Akt signaling may play a role in promoting the acute-
phase response, at least in part through activation of NF-κB. NF-κB upregulates immune and
cell-survival genes and suppresses MyoD expression in muscle, thereby contributing to the wasting
of this tissue (15,16). As shown here, PI 3-kinase/Akt signaling also inhibits insulin signaling through
IRS-1 in muscle and fat, and inhibition of such anabolic activity in these peripheral tissues would
likely be of benefit to a host organism mobilizing energy reserves in support of immunity and repair.

Fig. 4. Tumor necrosis factor (TNF) coordinates the systemic response to infections. During the acute-phase
response, TNF is a component of a complex network of factors that induce a catabolic state in low-priority
tissues, such as peripheral muscle and fat. This is coordinated with redistribution of the energy reserves thus
liberated into high-priority tissues for wound repair and expansion of the immune system.
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Protein Modifications by Nitric Oxide

and Reactive Nitrogen Species

Harry Ischiropoulos

SUMMARY

Nitric oxide mediates a number of different physiological functions within every major organ system.
Nitric oxide is a simple diatomic molecule that possesses a wide range of chemical reactivity and multiple
potential reactive targets. Three basic biochemical pathways—interaction with metal centers, reaction
with reduced thiols, and production of nitrogen oxides—will be considered and discussed in terms of
modulating the biological function of proteins by nitric oxide.

Key Words: Nitrosylation; nitrosation; nitration; nitrogen dioxide; peroxynitrite; nitrosothiols;
nitrotyrosine.

1. NITRIC OXIDE AND NITROGEN OXIDES

Nitric oxide is formed by the five-electron oxidation of one of the guanidino groups of L-arginine
by nitric oxide synthases, and it is released in response to activation of endothelial cells by a variety
of stimuli, such as shear stress, ATP, acetylcholine, bradykinin, and other vasodilators (1). As a small
lipophilic molecule, nitric oxide can diffuse through membranes to reach its potential targets, such as
soluble guanylate cyclase. In addition to its principal function in smooth-muscle relaxation, nitric
oxide has been implicated in a number of important pathophysiological functions, such as the regula-
tion of apoptosis, ion channel activity, and mitochondrial function (2–13). The selective reaction of
nitric oxide with proteins, which regulates protein function in a reversible manner, provides a reason-
able biochemical explanation for the ability of nitric oxide to regulate different aspects of cell biol-
ogy. In addition, nitric oxide, via secondary reactions with oxygen and reactive oxygen species, can
form reactive nitrogen species, such as nitrogen dioxide, dinitrogen trioxide, and peroxynitrite, which
also react with proteins and cause covalent structural modifications (14). Three major posttransla-
tional modifications of proteins that are mediated by nitric oxide and reactive nitrogen species have
been described and studied extensively (a schematic representation of the principal reactions is de-
picted in Fig. 1):

1. Binding to iron-heme proteins, resulting in the nitrosylation of iron-heme center.
2. Reaction with reduced cysteine residues to form S-nitrosocysteine.
3. Reaction with tyrosine residues to form 3-nitrotyrosine.

The soluble guanylate cyclase and cytochrome oxidase of the complex IV in the mitochondrial
electron transport systems are two of the well-recognized targets of nitric oxide (9,15,16). Whereas
the reaction of nitric oxide with soluble guanylate cyclase constitutes the foundation for the principal
biological function of nitric oxide, the biological consequences for the reaction with cytochrome



24 Ischiropoulos

oxidase are still under investigation (9). Furthermore, while the binding of nitric oxide to soluble
guanylate cyclase results in activation of the enzyme, the interaction of nitric oxide with cytochrome
oxidase results in an inhibitory process (9,15,16).

Glyceraldehyde-3-phosphate dehydrogenase, ryanodine receptor, p21ras, hemoglobin, and caspase
3 are a few examples of more than 100 proteins that have been modified by S-nitrosation of cysteine
residues in vivo (2–13). Under certain conditions, enzymes facilitate both the formation and release
or transfer of nitric oxide from S-nitrosocysteine, which implies that this process is regulated by
selectively targeting specific proteins for modification (9–13). Therefore S-nitrosation of the cys-
teine residues provides a selective and reversible covalent modification that regulates protein func-
tion and explains the ability of nitric oxide to regulate different cellular pathways simultaneously (9–13).

Similar to S-nitrosocysteine, formation of nitrated tyrosine residues in proteins is under the regu-
lation of enzymes, but unlike S-nitrosocysteine, the enzymatic removal of the nitro group from the
aromatic ring of tyrosine residues has not been discovered, despite evidence for its existence (17–23).
Proteins modified by nitration include Mn superoxide dismutase, prostacyclin synthase, Ca2+-AT-
Pase, α-synuclein, actin, histones and the plasma proteins, ceruloplasmin, transferrin, anti-chymot-
rypsin, α1-protease inhibitor, and fibrinogen (24–29). Nitration of tyrosine residues in these proteins
has been found to inhibit, have no effect on, or in one case selectively enhance protein function.

2. SPECIFICITY OF CYSTEINE AND TYROSINE MODIFICATION
BY NITRIC OXIDE AND NITRATING AGENTS

Both cysteine S-nitrosation and tyrosine nitration appear to be specific: only selective proteins and
specific residues within these proteins are modified by S-nitrosation or tyrosine nitration. A number
of the factors listed below provide a biochemical and biophysical rationale for this apparent selectiv-
ity. The selectivity can be derived mainly by the proximity of certain proteins to sites of nitric oxide
generation, and by the biophysical properties of the target protein.

Fig. 1. Protein modifications by nitric oxide and reactive nitrogen species.
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Compartmentalization and proximity to the target. Stamler et al. provided discussion of and sev-
eral examples indicating that the proximity of a protein to the source of nitric oxide generation is an
important factor in predicting the proteins modified by cysteine S-nitrosation (9). We have reasoned
that the biological reactivity of nitrating agents is closely associated with the sites of superoxide
formation and peroxidases (14). The superoxide dismutases maintain a low steady-state level of su-
peroxide and thus prevent reactions between superoxide and iron-sulfur proteins or nitric oxide. How-
ever, in local environments where the superoxide dismutase is not efficient in removing superoxide,
and under conditions where higher levels of superoxide are generated, peroxynitrite will be formed,
and protein nitration will ensue. This may be the case with mitochondria, as Poderoso and co-workers
have recently reported a superoxide-dependent nitration of mitochondrial proteins (30). Similarly,
the presence of peroxidases and hydrogen peroxide may be instrumental in forming nitrating agents
at local sites (31).

Biophysical properties of the target protein. The probability of a Cys-Glu or Asp motif, which
likely contains a polar amino acid (Gly, Ser, The, Cys, Tyr, Asn, Gln) in the -2 position and either
acidic (Glu, Asp) or basic amino acid (Lys, Arg) in the -1 position, may predict the site of S-nitrosation
(12). A sequence analysis failed to determine a similar sequence for tyrosine nitration, but several
structural requirements may determine the sites of tyrosine nitration. These factors include the de-
gree of surface exposure of the tyrosine, the folding of the protein, the absence of steric hindrances,
the paucity of cysteine residues, and the proximity of the tyrosine residue to negatively charged
residues (32). Overall, the information that targets a tyrosine residue in a specific protein for modifi-
cation appears to be embedded in the structure and local environment of the tyrosine residue in the
protein. We should also note that other factors, such as the abundance of a protein, the abundance of
cysteine and tyrosine residues, and the second-order rate constants for the reaction of the nitrogen
species with the protein, do not appear to play any significant role in the selectivity of protein modi-
fication. It is clear that proteins found to be modified by S-nitrosation of cysteine and nitration of
tyrosine residues in vivo are not the most abundantly expressed proteins. Moreover, S-nitrosation of
selective cysteine residues of proteins takes place in the presence of several mM cytosolic glutathione
levels. Similarly, the fact that nitration of protein tyrosine residues takes place even in the presence of
reduced thiols and other peroxynitrite and nitrogen dioxide scavengers (33) indicates that simple rate
constants are not the only factors determining the biological reactivity of nitric oxide and reactive
nitrogen species.

In summary, the selective modification of cysteine and tyrosine residues may have a profound
effect in the biological function of proteins in living organisms. S-nitrosation of cysteine residues is
a reversible process, and thus it does not have a long-lasting effect on biological function; but it is
sufficient to induce allosteric and signal transduction events. Similarly, tyrosine nitration can induce
alterations in protein function. The removal of the nitro group or proteolytic degradation of the pro-
tein prevents any long-term effect on protein function. The failure to repair modified proteins could
result in a sustained disturbance in protein function that could lead to the development of a patho-
genic phenotype.
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Redox Signaling in Hypoxic Pulmonary Vasoconstriction

E. Kenneth Weir, Zhigang Hong, Anthony Varghese,
Daniel P. Nelson, and Andrea Olschewski

SUMMARY
Changes in oxygen tension are sensed by a variety of tissues, such as the carotid body, ductus arterio-

sus (DA), and pulmonary vasculature. In the fetus, hypoxia keeps the DA open and the pulmonary vessels
constricted. After birth, hypoxic pulmonary vasoconstriction (HPV) helps to match ventilation and perfu-
sion. HPV is induced by three general mechanisms—influx of calcium into the smooth muscle cells through

L-type channels and store-operated channels, release of calcium from the sarcoplasmic reticulum, and
sensitization of actin/myosin to a given level of calcium. We show that reducing agents mimic the effects
of hypoxia by reducing potassium current, causing membrane depolarization and increasing calcium in-
flux in pulmonary artery smooth muscle cells (PASMCs), while doing exactly the opposite in the DA. On
the other hand, oxidizing agents mimic normoxia by increasing potassium current, causing membrane
hyperpolarization and reducing cytosolic calcium in PASMCs. They again do the opposite in the DA. As
these redox agents elicit the same responses as shifts in oxygen tension, we consider that changes in
oxygen may be signaled by changes in redox status.

Key Words: Oxygen; hypoxia; redox; potassium channels; pulmonary hypertension; ductus arteriosus.

1. INTRODUCTION

The ambient oxygen tension is sensed by many different cells in the body for different purposes.
The type I cell of the carotid body monitors the oxygen tension in the systemic arterial blood and, if
the tension falls, increases activity in the carotid sinus nerve to stimulate respiration (1).

Adrenomedullary chromaffin cells and their related cell lines (PC 12, derived from pheochro-
mocytoma [2] tissue, and MAH from embryonic rat adrenomedulla) (3) release catecholamines in
response to hypoxia. Similarly, neuroepithelial bodies (NEB) in the lung (4) and the associated H-
146 small-cell lung carcinoma line secrete neurotransmitters under hypoxic conditions (5).

In the fetus, constriction of the small, resistance pulmonary arteries, as a result of hypoxia, reduces
blood flow through the nonventilated lungs and diverts blood through the ductus arteriosus. At birth,
in conjunction with ventilation of the lungs and a big rise in the arterial oxygen tension, the ductus
arteriosus closes and the small, resistance pulmonary arteries dilate. The opposite effects of an in-
crease in oxygen on the tone in these two vessels has fascinated researchers for many years.

The ability of animals to alter blood flow to maximize oxygen uptake is phylogenetically old,
occurring in fish, amphibia, reptiles, and birds, as well as mammals. In the mammalian lung, hy-
poxia-induced vasoconstriction of small pulmonary arteries (about 200 to 400 µm in diameter in the
cat) (6) in the vicinity of areas of atelectasis or consolidation, serves the useful purpose of diverting
desaturated mixed venous blood away from these areas to others that are better ventilated. Hypoxic
pulmonary vasoconstriction (HPV) occurs within 7 s of the start of hypoxic ventilation (7).
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Contraction in response to hypoxia can be seen in single pulmonary artery smooth-muscle cells
(PASMCs), but can be enhanced or diminished by substances in the blood or released from the endot-
helium. One example of this is the observation that HPV can be ablated by a minute dose of endot-
oxin (8). This effect can be mimicked by the intravenous infusion of plasma activated with zymosan
to stimulate the formation of C5a (9). A consequence of the C5a administration might be neutrophil
adhesion, activation, and the production of reactive oxygen species (ROS).

2. SIGNALING OF HPV: ION CHANNELS

In PASCMCs, as in the type I cell of the carotid body, PC12 and MAH cells, NEBs, and H-146
cells, hypoxia causes inhibition of an outward potassium current (Ik), membrane depolarization, and
entry of calcium though L-type voltage-gated calcium channels. It is likely that there is also hypoxia-
induced release of intracellular calcium (10). The inhibition of Ik, membrane depolarization, and
increase in cytosolic calcium have a dose-response relationship to the severity of hypoxia (11).

In Fig. 1 it can be seen that at –20 mV, a membrane potential relatively close to the resting poten-
tial of the PASMC, the more severe the hypoxia, the greater the inhibition of Ik. Inhibition of Ik would
not be meaningful in relation to cytosolic calcium levels if it did not cause significant membrane
depolarization. In Fig. 2 it is apparent that increasing severity of hypoxia leads to greater depolariza-
tion. This in turn is associated with higher calcium levels (11).

Fig. 1. Effect of hypoxia on whole-cell outward potassium current of pulmonary artery smooth muscle cells
(PASMCs). (A) Representative 300-ms traces demonstrate potassium currents from PASMCs under normoxic
conditions (left) and after 4-min exposure to low oxygen tension (right). Currents were evoked from a holding
potential of –70 mV to +50 mV in incremental depolarizing 10-mV steps. (B) Hypoxia modulation of whole-
cell potassium current at –20 mV. Currents were normalized relative to each cell’s control current under
normoxic conditions at –20 mV. Values are mean ± SEM. Five cells in each group. *p < 0.05 for difference
from control (21% O2).
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At least some of the oxygen-sensitive channels in PASMCs are voltage-sensitive potassium (Kv)
channels. Kv channels are inhibited by 4-aminopyridine (4-AP). Applications of 4-AP to PASMCs
results in an increase in cytosolic calcium (Fig. 3), presumably as a result of membrane depolariza-
tion and calcium influx. Figure 3 also illustrates that hypoxia, in the absence of extracellular calcium
around the PASMCs, increases cytosolic calcium. This calcium is likely to be released from the
sarcoplasmic reticulum. These two components, influx and release, account for the total increase in
calcium stimulated by hypoxia, with influx playing the greater part.

In the PASMCs, hypoxia results in a decrease in Ik and leads to vasoconstriction; but in the case of
smooth muscle cells dissected from the ductus arteriosus (DASMCs), hypoxia increases lK and leads
to dilatation (12). Consequently, it is apparent that either hypoxia gives rise to different signals or
signaling cascades in PASMCs and DASMCs, which control potassium channels and the release of
calcium within the cell, or the same signal elicited by hypoxia has opposite effects on the gating of
some potassium channels, calcium channels, and/or calcium release mechanisms in the SMCs from

Fig. 2. Effects of hypoxia on resting membrane otential (Em) measured with current-clamp in pulmonary
artery smooth muscle cells (PASMCs). (A) Original recording shows the change in Em during exposure to
hypoxia (3% O2). (B) Change in Em ( E m) was measured after 4-min exposure to 10% (n = 7), 5% (n = 7), 3%
(n = 5), and 0% (n = 7) O2. Values are mean ± SEM. *p < 0.05 for difference from control (21% O2).
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these vessels. Normoxic constriction of the DA occurs even in the absence of cyclo-oxygenase or
nitric oxide synthase products, and after blockade of ET-A receptors (13). This again makes it seem
that the opposite responses to oxygen are not based on the release of endothelial factors.

3. SIGNALING OF HPV: REDOX

In 1986 we proposed that the tone, and possibly the structure, of the pulmonary vasculature is
regulated by the redox status (GSH/GSSG, NADPH/NADP) of the pulmonary vascular smooth-
muscle cell (14). Subsequent work has supported the concept that changes in the sulfhydryl redox
status transduce the effect of changing oxygen tension, although it is still unclear whether the pri-
mary shift is in the production of ROS, or in redox couples in the cytosol or the cell membrane.
Hypoxia and metabolic inhibitors, such as rotenone and antimycin A, cause pulmonary vasoconstric-
tion in the isolated rat lung and reduce whole-lung ROS production as measured by enhanced chemi-
luminescence (15). Initially this provided support for a role for ROS, but subsequently normal HPV
was demonstrated in the lungs of mice that lacked the 91 phox subunit of NADPH oxidase and had
virtually no whole-lung chemiluminescence even during normoxia (16).

It is clear that oxidants, such as diamide, can cause pulmonary vasodilatation, can rapidly reverse
HPV, and can increase potassium current in PASMCs (9,17,18). N-acetyl cysteine in the perfusate
can decrease Ik in PASMCs (17). Similarly, reduced glutathione can decrease Ik and cause membrane
depolarization (19). Likewise, reduced glutathione in the patch pipet can decrease potassium current,
while oxidized glutathione increases it (20). The reducing agents dithiothreitol (DTT), GSH, and
NADH applied to the internal face of a PASMC patch decrease lK but do not alter lk in ear artery
smooth-muscle cells (EASMCs) (21). However, although oxidizing agents such as
dithiobisnitrobenzoic acid (DTNB), GSSG, and NAD increase lk in inside-out patches of PASMC,
this effect is not specific, as it also occurs in EASMCs. Park et al. suggested that the basal state of the
ESMCs, being more hypoxic than PASMCs, would also be more reduced and thus less affected by
reducing agents. This would be in keeping with the increased levels of GSH measured in the lung
after both acute and chronic hypoxia (22).

Fig. 3. Two independent mechanisms contribute to the hypoxia-induced cytosolic [Ca2+] increase in pulmo-
nary artery smooth muscle cells. The release of internal [Ca2+] (0% O2 + O [Ca2+] and the influx of external
[Ca2+] mimicked by 4-AP-induced inhibition of Ik.
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Recently we examined the effects of the same reducing agent (DTT) and oxidizing agent (DTNB)
on vascular ring tension in the PA and ductus arteriosus and on lk, membrane potential (Em), and
cytosolic calcium (Ca2+) in PASMCs and DASMCs (23). Under normoxic conditions, DTT con-
stricted fetal resistance PA rings, while in DA rings DTT acted as a potent dilator. In the PASMCs,
DTT decreased lk, and caused membrane depolarization and an increase in Ca2+. However, in the
DASMCs, DTT did exactly the opposite. In the case of the oxidizing agent DTNB, given under
hypoxic conditions, fetal PA rings dilated and DA rings constricted. In the PASMCs, DTNB in-
creased lk and caused hyperpolarization, while in the DASMCs it did the opposite. These changes in
lk and Em are illustrated in Fig. 4. The ability of these redox agents to elicit opposite responses in the
PA and DA is consistent with a role for redox changes in their contrary responses to hypoxia and to
normoxia. We are not aware of other interventions that can mimic the effects of oxygen by having
opposite actions in the two vessels.

Fig. 4. Dithiothreitol (DTT) and dithiobisnitrobenzoic acid (DTNB) modulation of whole-cell potassium
current resting membrane potential (Em) of smooth muscle cells from fetal pulmonary arteries (FrbPA) and
from ductus arteriosus (RbDA). (A) Effect of DTT and DTNB on whole-cell potassium current at +50 mV.
Currents were normalized relative to each cell’s control current under normoxic (DTT) or hypoxic (DTNB)
conditions at +50 mV. Five cells in each group. Values are mean ± SEM. *p < 0.05 for difference from control.
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If redox changes were to signal changes in oxygen tension, how might they occur? Hypoxia might
be signaled by a decrease in ROS, such as superoxide anion or hydrogen peroxide, generated by
mitochondria or NADPH oxidase. Alternatively, hypoxia might be signaled by an increase in redox
couples such as NAD(P)H/NAD(P) and GSH/GSSG. It is still controversial whether ROS go up or
down during hypoxia (for review, see 29). Two examples related to oxygen sensing suggest that they
may go down. In the neuroepithelial bodies of the lung, hypoxia inhibits lk and hydrogen peroxide
increases lk (24,25). Thus, if hydrogen peroxide is involved in the oxygen sensing, it should be re-
duced by hypoxia. In rat PA rings, hypoxia reduces ROS production as measured by lucigenin-en-
hanced chemiluminescence. Diphenyleneiodonium (DPI), an inhibitor of ROS production by NADPH
oxidase, also reduces chemiluminescence, again suggesting that hypoxia reduces ROS (16).

We consider that in both the PA and DA, during normoxia there are higher levels of ROS
(15,26,13). In the DASMCs, when catalase is included in the patch pipet solution, lk is enhanced (26).
This indicates that endogenous hydrogen peroxide, generated during normoxia, inhibits lk, leading to
membrane depolarization and calcium entry. It is not clear whether ROS act directly on the oxygen-
sensitive K+ channel(s) or whether they alter the redox couples mentioned earlier. Hypoxia is known
to increase the ratios of the reduced to the oxidized forms of cytosolic redox couples in the lung
(27,28). From the evidence discussed above, we consider that changes in oxygen levels are reflected
in changes in the redox status of the cytoplasm of the smooth muscle cells. This in turn determines the
gating of sarcolemmal K+ channels, the influx of external calcium, and probably the release of cal-
cium from the sarcoplasmic reticulum.
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cGMP-Dependent Protein Kinase in Regulation

of the Perinatal Pulmonary Circulation

Usha Raj, Yuansheng Gao, Srinivas Dhanakoti, and Fred Sander

SUMMARY

At birth, the increase in oxygen tension results in upregulation of the nitric oxide-cGMP pathway in the
pulmonary vasculature and facilitates vasodilation and a fall in pulmonary vascular resistance. In the
perinatal period, both cAMP and cyclic guanosine monophosphate (cGMP) act via cGMP-dependent pro-
tein kinase (PKG) in mediating relaxation of the pulmonary circulation, with cGMP working predomi-
nantly via PKG. Oxygen exposure results in an increase in PKG activity, PKG protein content, and mRNA
expression in fetal pulmonary vascular smooth muscle. The increased production of reactive oxygen spe-
cies in pulmonary vascular smooth muscle that occurs during hypoxia in the fetus is responsible for
downregulation of PKG activity and the PKG protein levels in pulmonary vascular smooth muscle in the
fetus, which is reversed on exposure to increased oxygen tension at birth. PKG mRNA expression also
appears to be regulated by nitric oxide and cGMP, such that chronic exposure of pulmonary vascular
smooth muscle to nitric oxide and cGMP results in downregulation of PKG mRNA levels. This might be
one mechanism by which chronic inhalation therapy with nitric oxide in neonates with persistent pulmo-
nary hypertension of the newborn results in development of resistance to nitric oxide-mediated vasodila-
tion in the pulmonary circulation.

Key Words: Nitric oxide-cGMP-cGMP dependent pathway; fetal pulmonary circulation; oxygen-
dependent signaling; pulmonary vascular smooth muscle.

1. INTRODUCTION

In the fetus, pulmonary vasomotor tone is maintained at a high level by the action of a variety of
constrictor pathways. The low oxygen tension in the fetal environment is thought to be the primary
trigger for upregulation of constrictor mechanisms as well as the downregulation of vasodilator
mechanisms. In the transition from fetal to neonatal life at birth, there is a dramatic fall in pulmonary
vascular resistance, which is brought about by a host of events. The sudden increase in oxygen ten-
sion following the first breath is thought to be the primary stimulus for upregulation of dilator mecha-
nisms. Other stimuli for the vasodilatory pathways are an increase in shear stress on vascular
endothelium induced by the increase in pulmonary blood flow after birth, and the increase in stretch
that the blood vessels are subjected to by the larger breathing movements postnatally. These stimuli
result in an increase in vasodilator mediators, such as endothelium-derived nitric oxide, prostaglan-
dins I2 and E2, β-adrenergic agents, and bradykinin (1).

We have previously reported (2–6) that there is heterogeneity in relaxation responses of pulmo-
nary arteries and veins of near-term fetal and newborn lambs to cGMP- and cAMP-elevating agents.
We have also shown that fetal and neonatal intrapulmonary arteries and veins are much more sensi-
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Fig. 1. Relaxation responses of intact pulmonary arteries of newborn lambs to 8-bromo-cGMP (8-BrcGMP)
and 8-bromo-cAMP (8-BrcAMP). Active tension (g/dry wt of tissue) of the arteries was first raised by
endothelin-1 (3 nM; ET-1), followed by exposure to increasing concentrations (0.01–300 µM) of 8-BrcGMP or
8-BrcAMP, respectively. Changes in tension induced by both agents are recorded over a 4-h period. A represen-
tative trace is shown.

tive to cGMP-induced relaxation than cAMP. Based on our data, we believe that the nitric oxide
(NO)-cGMP pathway of vasodilation is critically important in the perinatal period. A representative
trace, shown in Fig. 1, depicts the change in tension (g) of pulmonary arteries, previously raised by
endothelin-1 (ET-1) (3 nM), to increasing concentrations (10 nM–300 µM) of 8-Br-cGMP or 8-Br-
cAMP, observed over a 4-h period. The control tension raised by ET-1 was 1.12 ± 0.13 and 0.98 ±
0.10 g/mg tissue, for 8-Br-cGMP- and 8-Br-cAMP-treated vessels (n = 5 animals/group), respec-
tively. Maximal relaxation responses were 92.1 ± 4.9 % and 59.1 ± 6.8 % for vessels treated with 300
µM 8-Br-cGMP or 8-Br-cAMP, respectively. The calculated EC50 (µM) values were 35.5 ± 5.2 and
120.2 ± 15.8 for 8-Br-cGMP and 8-Br-cAMP, respectively. Figure 2 shows that the EC50 for cGMP
is significantly lower in fetal and newborn ovine intrapulmonary arteries and veins, suggesting that
perinatal pulmonary vessels are more sensitive to relaxation by cGMP than cAMP.

Cyclic guanosine monophosphate (cGMP) plays an important role in smooth-muscle relaxation
and acts mainly by the cGMP-PKG pathway (7,8). Action of cGMP in animal cells is mediated via
three different receptors: (1) cGMP-dependent protein kinase (PKG), (2) cGMP-gated channel pro-
teins, and (3) cGMP-regulated phosphodiesterase (PDEs). PKG was first described in animal tissues
(9), and Felbel et al. (10) first suggested that PKG might mediate smooth-muscle relaxation. PKG is
a serine/threonine protein kinase, and its activity is modulated by autophosphorylation of its serine or
threonine residues. The same residues are phosphorylated in its protein substrates. PKG exists in high
concentrations in lung, smooth muscle, cerebellum, smooth-muscle-related cells such as pericytes
and contractile mesangial cells, and platelets (11).

The high level of PKG in organs is thought to be largely derived from the smooth muscle of blood
vessels. PKG is found in both cytoplasmic and membranous fractions of tissue homogenate, and its
distribution is tissue dependent. In lung and smooth muscle, PKG is predominantly cytoplasmic,
while in intestinal epithelial cells or platelets, it is almost entirely membrane-bound (11,12). PKG
exists in animal cells in two forms—type I and type II. The type-I form, usually cytoplasmic, is a
dimer of identical subunits (molecular mass approx 78 kDa each) and the type-II form, predomi-
nantly membrane-bound, is a monomer with a mass of approx 86 kDa. Type-I PKG is a mixture of
two closely related isoforms (type Iα and Iβ), which have been purified from vascular tissues. cDNA
encoding type-I forms have been cloned. Both isoforms are homodimers with blocked amino termini
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(type-Iα acetylated) and both bind 2 moles of cGMP/mole of PKG. However, they may exhibit dif-
ferences in activity (11,13). In vascular smooth muscle (bovine coronary arteries, bovine and human
aortas) type Iα and Iβ are present in approximately equal proportions. Cyclic GMP analog effects on
tracheal and vascular smooth muscle show a strong relation between the potencies with which ana-
logs activate purified type Iα PKG and the concentrations required to induce relaxation in these
tissues (11). The relative roles of type I and type II PKG in relaxing pulmonary vascular smooth
muscle are not known.

Activation of PKG is the primary mechanism of vasodilation induced by agents that elevate intra-
cellular cGMP. The mechanisms by which PKG acts are still not clearly elucidated. Studies suggest
that PKG may cause smooth muscle to relax by reducing [Ca++]I through the following mechanisms:
(1) by stimulating a Ca++-ATPase of sarcoplasmic reticulum and thus increasing sequestration of
[Ca++]I (14), (2) by phosphorylating inositol 1,4,5-triphosphate receptor and subsequently reducing
Ca++ release from sarcoplasmic reticulum (15), (3) by stimulating Ca++-activated K+ channels and
thus causing membrane hyperpolarization (16), (4) by inhibiting Ca++ channels (17), and (5) by stimu-
lating smooth-muscle phosphatase activity, which causes dephosphorylation of the myosin light chain
and thus relaxation (18) (see Fig. 3).

We have investigated the role of PKG in both cGMP- and cAMP-mediated pulmonary vasodila-
tion by examining the relaxation responses of ovine pulmonary arteries to 8-Br-cGMP and 8-Br-
cAMP, in the absence or presence of selective PKG inhibitor, Rp-8-Br-PET-cGMPs (Ki = 0.03 µM),
or selective PKA inhibitor KT-5720 (Ki = 0.056 µM), and determined the activation of PKG by
cGMP and cAMP in pulmonary arterial extracts.

Involvement of PKG or PKA in cGMP-induced relaxation of arteries: experiments were carried
out in the presence of cell-permeable inhibitors of PKG and PKA. The inhibitors, Rp-8-Br-PET-
cGMPS (a potent inhibitor of PKG, Ki = 0.035 µM) and KT-5720 (a potent inhibitor of PKA, Ki =
0.056 µM) did not significantly affect resting tension in the arteries. Pretreatment with Rp-8-Br-PET-
cGMPS significantly inhibited 8-Br-cGMP-induced relaxation of arteries; only approx 40% relax-

Fig. 2. Calculated EC50 (nM) for 8-BrcGMP and 8-BrcAMP in intrapulmonary arteries and veins of fetal and
newborn lambs. Concentration of 8-BrcGMP required to induce 50% relaxation in all vessel types was lower
than that of 8-BrcAMP. Newborn vessels were more sensitive than fetal vessels to 8-BrcGMP. In both fetal and
newborn lambs, veins were more sensitive than arteries to relaxation responses mediated by the cyclic nucle-
otides. *Significant difference from vessels treated with 8-BrcAMP (p < 0.05)
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ation was observed with 300 µM 8-Br-cGMP. In the presence of 8-Br-PET-cGMPS (Fig. 4), KT-
5720 did not have any effect.

Involvement of PKA or PKG in cAMP-induced relaxation of arteries: as shown in Fig. 5, the
maximal relaxation response of arteries was approx 59% with 300 µM 8-Br-cAMP, and this relax-
ation was inhibited by both KT-5720 (50 µM) and Rp-8-Br-PET-cGMPS (30 µM). There was no
significant difference (P > 0.05) between the two inhibitors in their inhibitory effect on relaxation
induced by 8-Br-cAMP. Our results indicate that ovine pulmonary arteries are more sensitive to
relaxation induced by cGMP than cAMP and that activation of PKG plays a major role in both cGMP-
and cAMP-induced relaxation.

Importance of PKG-1 in the normal fetal to neonatal transition: in animal models of neonatal
pulmonary hypertension, the NO-cGMP pathway has been shown to be impaired (19–25). Further-
more, in some models of hypoxia-induced pulmonary hypertension in the neonatal(26,27) and adult
(28) animal, the vasodilator response of pulmonary vessels to cGMP is specifically impaired. Other
reports in the literature indicate that hypoxia attenuates cGMP-mediated effects in vascular smooth
muscle (29,30). We were first to establish in the literature that PKG is a major pathway by which
cGMP mediates vasodilation in the developing pulmonary vasculature (7,8). We hypothesize that the
impaired pulmonary vascular responses to cGMP in these animal models of neonatal pulmonary
hypertension may be explained by impaired PKG activity. Hofmann et al. have developed knockout
mice bearing homozygous PKG type-1 null mutations (in both α and β) to eliminate PKG type-1
gene expression and abolish NO/cGMP-dependent vascular relaxation (31,32). Notably in this knock-
out, there is a very high amount of fetal loss, most of them dying immediately after birth. Only 20–
25% of the fetuses survive at birth (Dr. Pryzwansky, University of North Carolina, personal
communication), and of the survivors, several more die within days. This strongly supports our con-
tention that PKG is critical for fetal to neonatal transition. Surviving PKG deficient mice have sys-

Fig. 3. Depiction of intracellular signaling pathways in pulmonary vascular smooth muscle. NO, nitric ox-
ide; PKG, cGMP-dependent protein kinase; PKA, protein kinase A; EDNO, endothelium-derived nitric oxide;
ANF, atrial natriuretic factor; AC, adenylyl cyclase; GC, guanylyl cyclase; MLC, myosin light chain; MLC-p,
phosphorylated myosin light chain; MLCK, myosin light chain kinase.
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temic hypertension. Hofmann did not study the pulmonary vessels but did report that PKG activity
was absent in lung homogenates. Aortic rings showed a 90-fold increase in cGMP production but did
not relax in response to cGMP analog (100 µM). Thus, in survivors, other mechanisms of vasodila-
tion must be in play.

Oxygen effect on cGMP-PKG-mediated pulmonary vasodilation: because at birth, an increase in
oxygen tension is an important biological stimulus, the role of oxygen in upregulating the cGMP-
PKG pathway in fetal pulmonary vascular smooth muscle cells (PVSMC) is being actively investi-
gated. Gao et al. have found that fetal pulmonary vessels exposed to oxygen have an augmented
relaxation response to cGMP when preconstricted, compared to fetal vessels that have not been ex-
posed to oxygen (Fig. 6). This augmented relaxation response to cGMP is mostly abolished if PKG
kinase activity is blocked, suggesting that the effect of oxygen is predominantly on PKG activity.
Oxygen can increase PKG activity by affecting (a) the catalytic rate/amount of cGMP binding, (b)
the dissociation rate of bound cGMP, (c) autophosphorylation of PKG, (d) its intracellular location,
(e) oxidation of thiol groups in PKG protein via generation of oxygen radicals, (f) inhibition of sub-
strate binding, (g) the proteolytic rate of PKG, (h) conformational change, (i) kinetics of ATP bind-
ing, (j) activation of an inhibitor of PKG, (k) binding of other regulatory factors to allosteric site(s),
and (l) complexing with other protein factors. These mechanisms need to be investigated.

Oxygen effect on pulmonary vasoactivity via reactive oxygen and nitrogen species (ROS/RNS):
biologically relevant reactive oxygen species (ROS) include superoxide anion (O2

–), hydrogen per-
oxide (H2O2), and hydroxy radical (·OH). Approximately 1–3% of all tissue oxygen consumption
occurs through the partial reduction of oxygen to O2

–, with this species present at a steady-state
concentration of approx 10 pM, increasing to 0.01–0.1 µM in pathological states (33). Under physi-

Fig. 4. Effects of Rp-8-β-phenyl-1, N2-etheno-8-bromo-guanosine cyclic monophosphorothioate (Rp-8-Br-
PET-cGMPS) and KT-5720 on 8-Br-cGMP-induced relaxation of pulmonary arteries of newborn lambs. Ex-
periments were performed during contraction to endothelin-1 (3 nM). Values are means ± SE (n = 5 animals for
all groups except KT-5720, where n = 4). Control tensions (g/mg dry wt of tissue) raised by endothelin-1 were
1.12 ± 0.13 for untreated tissue (control), 1.05 ± 0.11 for tissue treated with Rp-8-Br-PET-cGMPs, and 1.03 ±
0.06 for tissue treated with KT-5720. Changes in tension are expressed as percent contraction to endothelin-1.
*Significant difference (p < 0.05) from control.
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Fig. 5. Effects of KT-5720 and Rp-8-Br-PET-cGMPS on 8-BrcAMP-induced relaxation of pulmonary arter-
ies of newborn lambs. Experiments were performed during contraction to endothelin-1 (3 nM). Values are
means ± SE (n = 5). Control tensions (g/mg dry wt of tissue) raised by endothelin-1 were 0.98 ± 0.10 for
untreated tissue (control), 1.01 ± 0.06 for tissue treated with Rp-8-Br-PET-cGMPS, and 0.98 ± 0.09 for tissue
treated with KT-5720. Changes in tension are expressed as percent contraction to endothelin-1. *Significant
difference (p < 0.05) from vessels treated with KT-5720; **significant difference between control and vessels
treated with Rp-8-Br-PET-cGMPS.

Fig. 6. Intrapulmonary vessels incubated in low or high oxygen tensions were preconstricted with endothelin-
1 and then exposed to increasing concentrations of cGMP, as described for Fig. 4. The responsiveness to cGMP
was significantly augmented by exposure of the vessels to a high oxygen tension, indicating that signaling
mechanisms downstream from cGMP were augmented by oxygen. *Significant difference (p < 0.05) between
high and low oxygen tension.
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ological conditions, antioxidant enzymes such as superoxide dismutase (SOD), glutathione peroxi-
dase, and catalase modulate ambient steady-state levels of ROS (34). In vascular SMC, recent studies
show that the majority of O2

– produced is attributable to NAD(P)H oxidases. The cardiovascular
NAD(P)H oxidases are low-output, slow-release enzymes with biochemical characteristics that dif-
fer considerably from those of neutrophil NADPH oxidase. Also, the vascular enzymes appear to
have a moderate constitutive activity that is absent in phagocytes. The kinetics of activation on cellu-
lar stimulation are also unique; O2

– is produced in minutes to hours in endothelial cells, vascular
SMC, and fibroblasts, in contrast to the almost instantaneous release seen in neutrophils (35). In
lungs, O2

– inhibits cGMP-mediated vasodilation; in contrast, H2O2 augments vasodilation via activa-
tion of soluble guanylyl cyclase (36).

Reactive oxygen and nitrogen species in pulmonary vascular smooth muscle: biologically relevant
nitrogen species include nitric oxide (NO) and peroxynitrite. Endothelial and vascular SMC produce
both NO and O2

– (35–37). These two radicals can recombine to form peroxynitrite. NO reacts more
rapidly with O2

– than SOD and can scavenge O2
– very efficiently.

Although SOD concentration in cells is 1–10 µM, the rapid reaction of NO with O2
– assures that

peroxynitrite is always formed (33). Normally in the cell, peroxynitrite is converted to
nitrosoglutathione mainly by reduced glutathione. These thiol intermediates may subsequently re-
generate NO and cause vasodilation (38). When cellular glutathione levels are low, as in hypoxia,
peroxynitrite is likely to accumulate. Peroxynitrite is a powerful one- and two-electron oxidant, which
can cause DNA damage. Protein tyrosine nitration by peroxynitrite may interfere with phosphoryla-
tion/dephosphorylation-signaling pathways or alter protein function (39). In pulmonary arterial SMC,
production of ROS and NOS may dramatically increase during hypoxia (40,41). Recent studies iden-
tify a novel mitochondrial nitric oxide synthase (42). A drop in cellular pO2 may stimulate NO pro-
duction by this enzyme or lead to liberation of NO from heme-binding sites in cytoplasm and
mitochondrial matrix (42), and this NO may readily react with O2

- to form peroxynitrite. Increased
production of ROS in hypoxia may decrease intracellular glutathione levels and lead to further
peroxynitrite accumulation, due to reduced conversion of peroxynitrite by glutathione into thiol in-
termediates (43). The net effect might be that during hypoxia, there is greater accumulation of
peroxynitrite than under normoxic conditions.

Previously, ROS have been viewed as toxic, leading to DNA damage and lipid oxidation. Recent
data suggest that this concept may be incorrect. It is believed that ROS are produced in a controlled
fashion and have critical cellular functions as second messengers. Activation of signaling cascades
and redox-sensitive transcription factors leads to induction of many genes in vascular cells (35,44,45).
No one has studied the role of ROS and/or RNS in modulating PKG activity, protein levels, and gene
expression. Preliminary data have been presented to show that in fetal PVSMC, increased levels of
peroxynitrite are produced during hypoxia, which decrease PKG protein levels. Additionally, data
have also been presented to show that exogenous peroxynitrite (1 pM) decreased PKG protein level
in fetal PVSMC by approx 30%, suggesting that peroxynitrite is involved in regulation of PKG pro-
tein level during hypoxia.

Regulation of PKG type-1 gene expression: PKG type 1 is the major intracellular substrate for
cGMP in vascular SMC (46). In humans, PKG-1 gene expression is highest in aorta, heart, kidneys,
and adrenals, and lowest in lung, thymus, and liver (47). PKG-1 isoforms α and β are differentially
expressed, being equally expressed in aorta, with 90% α isoform in lung and predominately β isoform
in uterus (47). The mechanisms by which PKG-1 gene expression and the expression of the specific
isoforms are regulated remain elusive (48,49). Agents that can regulate PKG-1 gene expression lev-
els in vivo include angiotensin II, transforming growth factor (TGF)-β, and tumor necrosis factor
(TNF)-α, all of which decreased PKG mRNA levels to approx 40%, 6 h after their addition to cul-
tured rat aortic SMC, followed by recovery to normal levels after 24 h (47). Lincoln et al. showed that
in rat aortic SMC, PKG-1 gene expression increased with increasing cell density and decreased with
repetitive passage of cells, and that this effect was not due to serum-derived factors (48). In human
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vascular SMC, PKG-1 mRNA levels could not be increased by agents that elevate cGMP, or growth
factors such as platelet-derived growth factor (PDGF), TGF-β, or angiotensin. Lincoln also showed
that in bovine and rat aorta SMC, PKG-1 mRNA levels progressively decrease during 5–48 h of
incubation with the nitrovasodilators SNAP and SNP, and that this is due to decreasing gene tran-
scription and not due to mRNA destabilization.

Downregulation of PKG following chronic exposure to nitric oxide and cGMP: inhaled NO is
used as a selective pulmonary vasodilator for a number of pulmonary vasculature diseases, such as
persistent pulmonary hypertension of the newborn and congenital heart disease with pulmonary hy-
pertension (50,51). However, a life-threatening increase in pulmonary vascular resistance may occur
with acute withdrawal of inhaled NO. There are numerous reports that an acute and potentially life-
threatening increase in pulmonary vascular resistance can occur upon acute withdrawal of inhaled
NO (50–54). In newborns with persistent pulmonary hypertension, this can result in a sudden de-
crease in systemic arterial oxygen saturation. In children with congenital heart disease, an increase in
PVR may compromise cardiac output. This rebound pulmonary hypertension can occur after only
hours of therapy and is independent of the initial response; patients with no initial pulmonary
vasodilatory response can have life-threatening pulmonary vasoconstriction upon withdrawal. The
underlying mechanism is not clear (52,53). In juvenile lambs, endothelial nitric oxide synthase
(eNOS) activity of pulmonary arteries is reduced after inhaled NO therapy. The development of NO
tolerance is alleviated by endothelin A (ETA) receptor antagonists and superoxide scavengers, sug-
gesting the involvement of endothelin and superoxide production(54). NO tolerance during NO inha-
lation therapy may share some mechanisms with the NO tolerance that develops during
nitrovasodilator treatment. In systemic blood vessels, continuous exposure to nitric oxide (NO) or
nitrovasodilators induces NO tolerance. Multiple factors may be involved in the development of NO
tolerance, such as downregulation of aortic eNOS protein expression (55), induction of phosphodi-
esterase 1A1 (56), and a decrease in sGC protein levels (57). In the aortas of transgenic mice (Tg)
overexpressing eNOS in the endothelium, relaxations to acetylcholine, sodium nitroprusside, atrial
natriuretic peptide, and 8-bromo-cGMP were also significantly reduced. Furthermore, soluble
guanylyl cyclase (sGC) activity, PKG protein levels, and PKG enzyme activity are decreased in Tg
vessels (58). In rats and rabbits that are tolerant to nitroglycerin, as well as in patients who have
developed tolerance to nitroglycerin, a marked decrease of P-VASP, a surrogate parameter for in
vivo PKG activity, was observed (59,60). In bovine aortic SMC, continuous exposure to
nitrovasodilators results in marked suppression of PKG I mRNA (49). Recently, Sellak et al. have
reported that chronic exposure to NO, cAMP, and cGMP downregulates PKGIα expression in bovine
and rat aortic smooth-muscle cells through transcription factor Sp1 (61). We have data to show that
exposure of pulmonary vessels and PVSMC to nitric oxide and cGMP for as short a period as 20 h
results in downregulation of PKG.

Regulation of gene transcription by cyclic GMP: cGMP is a known modulator of transcription
factor binding and gene transcription. Idriss et al. have shown that cGMP analogs can increase re-
porter gene activity by acting through the serum response element (SRE), AP-1 binding site, and
cAMP response element (CRE) of the human fos promoter, and that this activity is dependent upon
PKG activity (62). cGMP treatment can increase or decrease transcription-factor binding and re-
porter gene activity in a tissue-specific manner. For example, Gertzberg et al. showed that AP-1
binding to DNA in pulmonary endothelial cells is increased by 8-Br-cGMP. This binding is depen-
dent upon PKG activity, and is not affected by incubation with 8-Br-cAMP or increases in PKA
activity (63). Thus, activation of AP-1 binding in the pulmonary endothelial model studied by
Gertzberg is not due to “cross-talk” between the cGMP-PKG and cAMP-PKA pathways, although an
indirect effect whereby increased cGMP levels might suppress PKA activity via cGMP stimulation
of PDEII is discussed. On the other hand, binding of AP-1 as well as nuclear factor (NF)-κB de-
creases in rat livers perfused with 8-Br-cGMP (64), while in cat hearts perfused with 8-Br-cGMP,
AP-1 activity is unaffected and that of NF-κB is increased (65). In perfused heart, NF-κB binding
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was demonstrated to require PKG activity, which was shown to directly phosphorylate the NF-κB
inhibitor IκBα, leading to activation of NF-κB (65). The activity of AP-1 may be modulated by PKG
phosphorylation of the AP-1 subcomponents cFOS and cJUN (63). The cAMP-regulated transcrip-
tion factor CREB can be phosphorylated indirectly by 8-Br-cGMP acting through PKG, which acti-
vates adenylyl cyclase, ultimately leading to increased binding to CRE (66). There is just one study to
date of transcription-factor regulation of the PKG1 promoter. Lincoln et al. demonstrated SP1 bind-
ing at two sites within the first 47 bp of the PKG1α promoter (61). Incubation with 8pCTP-cGMP
caused decreased binding and decreased reported gene expression, primarily via activation of PKA.

2. CONCLUSIONS
In the newly born infant, the immediate fall in pulmonary vascular resistance is mediated mainly

via the nitric oxide-cGMP-PKG pathway. Fetal pulmonary vessels appear to be exquisitely sensitive
to the vasodilator actions of cGMP as compared to cAMP. We have shown that cGMP acts primarily
by activation of PKG and that oxygen upregulates PKG-dependent pulmonary vasodilation. In the
fetus, the hypoxic environment results in downregulation of this pathway, and exposure to oxygen
results in augmentation of cGMP-mediated vasodilation by upregulation of PKG. Hypoxia results in
increased reactive oxygen species being generated in the vascular smooth-muscle cells that appear to
be responsible for downregulation of PKG protein. This unique oxygen-sensitive mechanism of regu-
lation of the pulmonary circulation is present in the perinatal pulmonary circulation.
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Glutamate Receptor Activation in the Pathogenesis

of Acute Lung Injury

Sami I. Said

SUMMARY

The excitatory amino acids glutamate and aspartate, acting on glutamate receptors, exert important
physiological functions in the central nervous system. But overactivation of these receptors can produce
neuronal cell injury and death. Recent studies show that the glutamate agonist N-methyl-D-aspartate
(NMDA) can trigger acute lung injury (ALI), manifested by high-permeability pulmonary edema, and that
NMDA receptor subtypes are expressed in normal rat lung. These findings suggest that glutamate signal-
ing may be involved in the pathogenesis of ALI and, as such, may be a novel target for the prevention or
attenuation of this condition.

Key Words: Glutamate receptors; lung injury; NMDA; excitotoxicity; excitatory amino acids.

1. GLUTAMATE IS A PHYSIOLOGICAL NEUROTRANSMITTER

The amino acids glutamate and aspartate, abundantly present in the mammalian central nervous
system (CNS), are the major excitatory neurotransmitters. These excitatory amino acids (EAAs),
acting on glutamate receptors, play an important role in many physiological functions, including
learning, memory, development, and other forms of synaptic plasticity (1). More recently, glutamate
has received some recognition as a neurotransmitter in the peripheral nervous system, and glutamate
receptors have been detected in several sites outside the CNS (2,3).

2. GLUTAMATE IS POTENTIALLY TOXIC TO NEURONS: EXCITOTOXICITY

Despite its physiological role as a neurotransmitter, glutamate can be lethal to neurons upon in-
tense exposure (4). Overactivation of glutamate receptors has been implicated in neuronal degenera-
tion and loss in such acute conditions as hypoxia-ischemia, hypoglycemia, head injury, stroke, and
prolonged epileptic seizures, as well as in chronic neurodegenerative diseases, including Alzheimer’s
disease, Huntington’s disease, Parkinson’s disease, amyotrophic lateral sclerosis, and acquired im-
munodeficiency syndrome (AIDS) dementia (4). In most instances, neuronal cell loss is attributable
to excitotoxicity, a term derived from its mediation by excitatory amino acid receptors.

3. GLUTAMATE RECEPTORS

Several classes of glutamate receptors, widely distributed throughout the CNS, have been identi-
fied (5). Already cloned and characterized are three subtypes of ionotropic receptors, classified ac-
cording to their activation by specific agonists: N-methyl-D-aspartate (NMDA), AMPA
(α-amino-3-hydroxy-5-methyl-4-isoxazole-propionate) and kainate receptors, and a family of het-
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erogeneous, G protein-coupled metabotropic receptors. These receptors regulate the activity of mem-
brane enzymes and ion channels, and act through different second-messenger systems (Fig. 1). The
NMDA receptor has been the focus of much attention because of its implication in excitotoxic (4), as
well as neuroexcitatory, events.

4. THE NMDA RECEPTOR

The NMDA receptor forms an ion channel whose permeability to Ca2+ is increased upon ligand
binding (6). Calcium permeability can be blocked by Mg2+. Functional NMDA receptors in the brain
are formed by combinations of two subunits: NR1 and NR2. NR1 exists as a family of eight isoforms
formed by alternative splicing at three exons (N1, C1, C2), and contains a binding site for the cofac-

Fig. 1. Schematic representation of signaling pathways and enzymatic reactions triggered by glutamate re-
ceptor activation that lead to cell death. CaM, calmodulin; DAG, diacylglycerol; Ins(1,4,5)P3, inositol 1,4,5
trisphosphate; NMDA, N-methyl-D-aspartate; NO, nitric oxide; PARP, poly(ADP-ribose) polymerase; PKC,
protein kinase C; PLA2 and PLC, phospholipase A2 and C, respectively; ROS, reactive oxygen species; VSCC,
voltage-sensitive Ca2+ channels. (Reproduced with permission from ref. 17.)
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tor glycine. The NR2 subfamily consists of four individual isoforms: NR2A, NR2B, NR2C, NR2D,
and contains the glutamate (NMDA) binding site. NMDA receptor isoforms are differentially ex-
pressed in different regions of the brain, where they presumably mediate site-specific functions (5).

5. GLUTAMATE TOXICITY IN THE LUNG: EXCITOTOXICITY
AS A MECHANISM OF LUNG INJURY

As mentioned above, other investigators have reported the presence of NMDA-type glutamate
receptors in nonneuronal tissues, such as pancreatic-islet β-cells, megakaryocytes (2,3), and cerebral
microvasculature. Our interest in the potential occurrence of glutamate toxicity in the lung, and its
pathophysiological significance, began with the demonstration that the excitotoxin NMDA caused
acute lung injury in the rat (7). The injury was in the form of high-permeability edema, marked by
increased lung weight, increased protein content in bronchoalveolar lavage (BAL) fluid, and elevated
airway and pulmonary artery pressures. The injury was prevented by NMDA receptor blockade and
was nitric oxide (NO) dependent (7).

These observations raised the possibility that glutamate (NMDA) toxicity could be a novel mecha-
nism in the pathogenesis of acute lung injury, as seen in the acute respiratory distress syndrome
(ARDS) (8). To validate this hypothesis, at least two criteria need to be fulfilled. First, NMDA toxic-
ity must be shown to be involved in lung injury induced by other than the application of NMDA
itself. Secondly, NMDA receptors should be expressed in the lung. To test the first requirement, we
demonstrated that the NMDA receptor antagonist MK-801 reduced acute pulmonary injury due not
only to NMDA itself, but also to the oxidants paraquat and xanthine + xanthine oxidase (9). These
findings suggested that endogenous activation of NMDA receptors, probably by glutamate released
from damaged cells, could play a role in oxidant lung injury. Data from neuroscience have shown
that intracellular glutamate levels are a thousand-fold greater than extracellular levels, and that
glutamate released from injured neurons acts as a source of excitotoxic injury of other cells (10). The
significance of this mechanism, by which glutamate toxicity can be perpetuated and amplified, has
yet to be explored in the lung.

6. NMDA RECEPTORS ARE EXPRESSED IN THE LUNG

The observation that high concentrations of the glutamate agonist NMDA induced high- perme-
ability pulmonary edema implied the presence of NMDA receptors in the lung, particularly in the
alveolar-capillary area. For direct evidence, we used a variety of experimental approaches to identify
the subtypes of NMDA receptors expressed in the lung, and to localize them to specific regions of the
lungs and airways. First, with the help of immunhistochemical techniques, we demonstrated the pres-
ence of NMDAR 2B in airway neurons (11). We then showed by autoradiography the localization of
specific binding of NMDA receptor antagonist MK-801 to alveolar walls and bronchial smooth-
muscle and epithelial cells (12). More recently, the use of RT-PCR revealed the constitutive expres-
sion of the NR1 and four NMDAR2 receptor subunits in rat lung. mRNA for the NR1 and NMDAR
2D subunits were constitutively expressed in the peripheral lung, mid-lung, and central-lung regions,
as well as in alveolar macrophages. NMDAR 2A and 2B expression was not detectable in any of the
lung regions examined, while NMDAR 2C was present in peripheral and mid-lung regions. Western
blot analysis confirmed the presence of NR1 isoforms with C2 sites in peripheral rat lung. It is likely
that the localization of these receptor subunits in the lung is largely nonneuronal, particularly in
peripheral lung, which is devoid of neurons (13).

7. HOW DOES GLUTAMATE KILL CELLS?

As stated before, activation of the NMDA receptor opens up a receptor-gated Ca2+ channel, caus-
ing the rapid influx of Ca2+ into the cell. In neurons, the sharp elevation of Ca2+ concentration induces
the activation of several enzyme pathways and signaling cascades, including various protein kinases,
phospholipases, lipoxygenase, cyclooxygenase, proteases and NOS, and the generation of reactive
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oxygen species (ROS, oxygen free radicals) and peroxynitrite, a toxic reaction product of NO and
superoxide. These reaction cascades culminate in lipid peroxidation, DNA strand breaks, and activa-
tion of caspases and poly (ADP-ribose) polymerase (PARP). As a result of these events, the affected
cells die, through both apoptosis and necrosis (Fig. 1) (14,15). In the lung, we have shown that acute
NMDA exposure increases NO production and activates caspase-3 (15). Furthermore, both NO syn-
thase (NOS) inhibitors and PARP inhibitors block the development of high-permeability pulmonary
edema in response to NMDA, and injury is attenuated or delayed in both neuronal NOS- and PARP-
knockout mice compared to wild-type (16).

8. CONCLUSIONS

Glutamate, an excitatory neurotransmitter that can be lethal to neurons upon hyperactivation of
NMDA receptors, can also induce acute lung injury when added directly to perfused rat lungs. In
addition, we have provided evidence that NMDA-type glutamate receptors are present in the lungs,
and that activation of these receptors plays a major role in the pathogenesis of oxidant lung injury.
We postulate that signaling via NMDA receptors may be a pathogenetic factor in the acute lung
injury of ARDS (and may also be causally related to bronchial asthma [17]). Recognition of the
potential significance of glutamate toxicity could lead to the introduction of novel therapeutic ap-
proaches. The physiological role(s) of glutamate signaling in the lung remains to be determined.
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Carboxyl Methylation of Small GTPases

and Endothelial Cell Function

Sharon Rounds, Elizabeth O. Harrington, and Qing Lu

SUMMARY
Posttranslational modifications of small GTPases regulate enzyme activity and subcellular localiza-

tion, resulting in altered cellular functions. The role of small-GTPase carboxyl methylation in modulating
endothelial functions is not well understood. In our study, we have used cultured endothelial cells to
assess the effects of inhibition of carboxyl methylation on endothelial cell function. We have found that
isoprenylcysteine carboxyl methyltransferase (ICMT) inhibitors cause relocalization of focal adhesion
complexes and apoptosis of endothelial cells. This is accompanied by decreased carboxyl methylation and
decreased activation of Ras GTPase. Furthermore, overexpression of Ras prevents apoptosis caused by the
ICMT inhibitor adenosine/homocysteine. Thus, we conclude that inhibition of Ras carboxyl methylation
causes endothelial cell apoptosis. We have also found that ICMT inhibitors decrease endothelial cell mi-
gration and monolayer permeability, an effect that may be related to impaired RhoA carboxyl methylation
and activation. Thus, it is evident that altered small-GTPase methylation has multiple effects on endothe-
lial cell functions.

Key Words: Small GTPases; Ras; RhoA; carboxyl methylation; endothelium; apoptosis; cell migra-
tion; monolayer permeability.

1. INTRODUCTION
Endothelial cell injury is a hallmark of vascular injury caused by sepsis or associated with trauma.

Apoptosis is a form of endothelial cell injury that controls the removal of cells during development
and in response to injury. Evidence for apoptosis has been reported in lungs of patients with acute
respiratory distress syndrome (ARDS) (1), in atherosclerosis (2), in hyperoxia-induced lung injury
(3), and in allograft rejection of heart transplants (4). Furthermore, apoptosis is the mechanism by
which angiogenesis is inhibited by angiostatin, a peptide inhibitor of neovascularization (5). Thus,
the balance between endothelial cell apoptosis and proliferation is crucial in vascular injury and
repair and in angiogenesis.

Angiogenesis plays a role in repair from lung injury and in conditions of abnormal lung repair,
such as idopathic pulmonary fibrosis. Endothelial cell migration is an important step in angiogenesis.
Changes in microvascular permeability are a hallmark of acute lung injuries such as ARDS. Thus, it
is important to understand the regulation of endothelial cell apoptosis, migration, and monolayer
permeability.

2. SMALL GTPASES AND THEIR POSTTRANSLATIONAL MODIFICATIONS
2.1. Small GTPases

The small GTPases are a superfamily of monomeric regulatory guanosine 5'-triphosphate (GTP)-
binding proteins. The Ras protein was the first characterized of this superfamily, which is now known
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to consist of five major classes—Ras, Rho, Rab, Arf, and RAN. In our recent work we have focused
on effects of carboxyl methylation on Ras and Rho GTPases.

Mammalian small GTPases are 20- to 25-kDa GTP-binding proteins that regulate a variety of
cellular functions and are ubiquitously expressed (6,7). These proteins act as “molecular switches”
and control cell processes by shuttling between active and inactive GTP-bound states (6).

As an example, a simplified model of the Rho family GTPase cycle is displayed in Fig. 1. GTP
binding and Rho activation are modulated by guanine exchange factors (GEFs), by GTPase-activat-
ing proteins (GAPs), and by guanine nucleotide dissociation inhibitors (GDIs) (7).

The pathway(s) by which small GTPases regulate the organization of the actin cytoskeleton and
associated functions is complex and the subject of intense investigation. For example, among the
downstream mammalian targets of Rho identified to date are phosphatidylinositol-4-phosphate 5-
kinase (PIP 5-kinase), which converts PIP to PIP2 (8,9), the serine/threonine kinases ROKα/Rho
kinase and p160ROCK (8), and p140mDia (10). Upstream regulation of Rho activity includes factors
regulating cell localization and GTP binding, as noted above. In this monograph, we focus on car-
boxyl methylation as a means of modulating small-GTPase activation, recognizing that there are
other possible modulators of GTPase action, both upstream and downstream.

Among the effects of Rho activation are changes in cell contractile properties (11), such as induc-
tion of stress fibers, regulation of cell motility, enhancement of smooth-muscle contractility, and
changes in myosin light chain (MLC) phosphorylation resulting in altered endothelial barrier func-
tion (12,13). In addition, RhoA GTPase activation modulates integrin-mediated cell-matrix interac-
tions via regulation of formation of focal adhesion complexes (9).

2.2. Posttranslational Processing Alters Small-GTPase Function and Localization
Reversible posttranslational modifications of proteins are important mechanisms of intracellular

communication. Phosphorylation is a well-studied means of modulating enzyme activity in cell sig-
naling pathways. Methylation is analogous to phosphorylation in modulating the activity and/or loca-
tion of signaling proteins, but is not as well studied. Four types of methylation reactions have been
described (14): (1) carboxylmethylation of glutamate side chains of cytoplasmic domains of bacterial

Fig. 1. Small GTPase activation cycle. GEF = guanine nucleotide exchange factor; GAP = GTPase activat-
ing protein; GDI = guanine nucleotide dissociation inhibitor.
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chemotaxis receptors; (2) methylation of α-carboxyl groups of terminal leucine in phosphatase 2A;
(3) NG,NG-dimethylation of arginines in hetergeneous nuclear ribonucleoproteins; and (4) α-carboxyl
methylation of cysteines in isoprenylated proteins that terminate in the CAAX motif (C = cysteine, A
= aliphatic amino acid, X = any amino acid). Carboxyl methylation is reversible and thus is capable
of regulating protein activity and/or location (14).

Ras and Rho GTPases display a cysteine located four amino acids from the C-terminus (CAAX
motif) and are subjected to a sequence of posttranslational processing (Fig. 2), which first involves
prenylation of the cysteine with either a farnesyl (C15) or geranylgeranyl (C20) group. Prenylation is
followed by proteolysis, which removes the terminal AAX amino acids. The final step is methyl
esterification of the carboxyl of the prenylated cysteine by isoprenylcysteine-O-carboxyl
methyltransferase (ICMT, EC 2.1.1.100) which utilizes S-adenosylmethionine (SAM) as the methyl
donor, producing S-adenosylhomocysteine (SAH). Prenylcysteine methyl transferases have been
shown to be localized in the endoplasmic reticulum membrane in Saccharomyces cerevisiae (15) and
in mammalian cells (16).

Prenylation of the CAAX motif targets proteins to the endomembrane, where they are proteolyzed
and methylated. Targeting of RhoA GTPase to the cytosol is also modulated by binding to Rho
guanine nucleotide dissociation inhibitor (RhoGDI) (17).

Less is known about the role of methylation in regulating membrane trafficking of small GTPases.
Methylation may facilitate membrane localization by enhancing hydrophobicity (14), but may also
regulate protein–protein interactions in a reversible manner (18). In the case of RhoA GTPase, car-
boxyl methylation increases the half-life of the protein by decreasing degradation (19). In the case of
Ras GTPase, the CAAX motif is necessary for efficient tracking of Ras from the cytosol through the
endomembrane system and out to the plasma membrane (18). In support of the importance of
isoprenylcysteine carboxyl methyltransferase (ICMT), Bergo and associates have also found that
ICMT-deficient mice die by mid-gestation and lack ability to methylate Ras (20).

The tools available to assess the effects of ICMT on endothelial cell functions are limited by lack
of availability of an ICMT dominant negative plasmid. However, in vitro studies have demonstrated
that S-adenosylhomocysteine (SAH) exerts product inhibition of ICMT (Fig. 3) (21). Accumulation
of SAH occurs when the action of SAH hydrolase is reversed by increased intracellular concentra-
tions of the products adenosine and homocysteine. We have utilized adenosine and homocysteine to
assess the effects of ICMT inhibition on endothelial cell function. We have studied a model of endot-

Fig. 2. Posttranslational processing of the C-terminal CAAX (C = cysteine, A = aliphatic amino acid, X =
any amino acid) motif in small GTPases.
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helial cell apoptosis caused by extracellular ATP and adenosine, which is dependent upon cellular
uptake of adenosine, derived by ectonucleotidase action on ATP (22). The effect of adenosine was
potentiated by homocysteine and mimicked by inhibitors of SAH hydrolase (23). We have found that
adenosine increases endothelial-cell SAH and decreases the ratio of S-adenosylmethionine (SAM) to
SAH, a condition favoring inhibition of ICMT (23). This model of endothelial cell injury has been a
useful tool to assess the effects of inhibition of methyltransferases on small-GTPase methylation,
activation, and function.

In addition, chemical inhibitors of ICMT are available, such as N-acetyl-S-geranylgeranyl-L-cys-
teine (AGGC) and N-acetyl-S-farnesyl-L-cysteine (AFC). These agents compete with endogenous
substrates for methylation. We found that the chemical inhibitors of ICMT, AGGC and AFC, also
caused endothelial cell apoptosis. The inactive analog, N-acetyl-geranyl-L-cysteine (AGC), had no
effect (24,25).

3. CARBOXYL METHYLATION OF RAS GTPASE
AND ENDOTHELIAL CELL APOPTOSIS

3.1. Inhibition of ICMT Causes Disruption of Focal Adhesion Complexes
and Endothelial Cell Apoptosis

Focal adhesion complexes are critical in maintaining cell–extracellular matrix interactions. Dis-
ruption of cell–substratum association causes apoptosis of anchorage-dependent cells, such as endo-
thelial cells. This process has been termed anoikis or homelessness (26).

Focal adhesion complexes are protein aggregates that link cytoskeletal actin filaments to the cyto-
plasmic domain of extracellular matrix receptors (integrins) and mediate intracellular signal trans-
duction (Fig. 4) (11). Among the components of focal adhesion complexes are cytoplasmic domains
of α and β integrin subunits; intracellular signaling proteins, such as the tyrosine kinases, Src, and

Fig. 3. Intracellular adenosine metabolism. This cartoon illustrates cellular uptake of adenosine and the
effects of increased intracellular adenosine on reversal of S-adenosylhomocysteine (SAH) hydrolase. Increased
cell concentrations of SAH, in turn, exert product inhibition of methyltransferases.
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focal adhesion kinase (FAK); actin-binding structural proteins, such as vinculin, talin, and α-actinin;
and adaptor proteins, such as paxillin and p130Cas, which mediate protein–protein interactions.

We found that disruption of focal adhesion complexes occurred after only a few hours of incuba-
tion with adenosine/homocysteine (Fig. 5) (27). This was followed by caspase-dependent degrada-
tion of FAK, paxillin, and p130Cas, and apoptosis (27). However, caspase inhibition did not alter
relocalization of focal adhesion complex components. These studies indicate that disruption of focal
adhesion complexes, independent of caspase activation, is an important early event in adenosine/
homocysteine-induced apoptosis. As further evidence of the central importance of focal adhesion
complexes in endothelial apoptosis, we have reported that overexpression of focal adhesion kinase
blunts endothelial apoptosis resulting from adenosine/homocysteine (28).

3.2. Ras Carboxyl Methylation Is Involved in Endothelial Cell Apoptosis
Ras GTPases are signaling proteins important in many cellular functions, including the organiza-

tion of cytoskeletal proteins necessary for cell motility, adhesion, and proliferation (10). It is possible
that ICMT modulates apoptosis through effects on carboxyl methylation of small GTPases. Indeed,
the absence of ICMT caused mislocalization of K-Ras from the plasma membrane to cytoplasm in
cells derived from ICMT knockout embryos (29), suggesting that carboxyl methylation of C-terminal
isoprenylcysteine is important in subcellular localization and possibly in normal enzymatic function
of K-Ras GTPase. Wang et al. demonstrated that coincubation of endothelial cells with homocysteine
and the adenosine deaminase inhibitor erythro-9-(2-hydroxy-3-nonyl)-adenosine (EHNA), a maneu-
ver which inhibits carboxyl methyltransferase activity, decreased plasma membrane localization of
Ras (30). These data again suggest the importance for carboxyl methylation of Ras GTPase in protein
subcellular localization. Yet, little is known about the effects of ICMT inhibition and the importance
of alterations in posttranslational modification on small-GTPase function.

We assessed the effects of ICMT inhibitors on Ras carboxyl methylation and activation. We found
that adenosine/homocysteine and AGGC decreased Ras activation, and that AGGC decreased Ras
carboxyl methylation (Fig. 6) (25). Furthermore, we found that overexpression of wild-type or domi-
nant active Ras blunted adenosine/homocysteine-induced endothelial cell apoptosis (25). These re-
sults indicate that inhibitors of ICMT cause endothelial cell apoptosis by interfering with carboxyl
methylation and activation of Ras GTPase.

Fig. 4. Components of focal adhesion complexes.
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Fig. 5. Effects of adenosine/homocysteine on focal adhesion complexes. Cultured bovine pulmonary artery
endothelial cells were incubated with medium alone (vehicle), or adenosine/homocysteine (100 µM) for 4 h.
Cells were then assessed for localization of focal adhesion complexes (arrows) with antibodies directly against
FAK, paxillin and vinculin by immunofluorescence microscopy.

4. CARBOXYL METHYLATION OF SMALL GTPASES AND CELL MIGRATION

Actomyosin stress fiber formation occurs in endothelial cells in response to a variety of stimuli,
such as shear stress and thrombin. Cell migration is complex, involving a coordinated sequence of
events, including cell extension, attachment of extended lamellipodia, contraction, release of focal
adhesion complexes, and recycling of adhesive and signaling materials (31). Inhibition of stress fiber
formation inhibits endothelial cell motility.

Effects of small-GTPase activation on endothelial cell migration appear to be stimulus specific.
Inhibition of RhoA prevented cell migration in response to wounding (32). However, Liu et al. have
reported that sphingosine-1-phosphate, but not vascular endothelial growth factor (VEGF), -induced
endothelial cell chemotaxis is dependent on Rho activation (33). Furthermore, Soga et al. have re-
ported that VEGF- and collagen-stimulated endothelial cell chemotaxis were dependent on Rac, but
not on RhoA GTPase activation (34). Soga et al. point out that although overexpression of dominant
active RhoA enhanced microvascular endothelial cell stress fiber and focal adhesion complex forma-
tion, there was no effect on chemotaxis (34). Thus, it is possible that other small GTPases are more
important than RhoA in regulating endothelial-cell motility, dependent upon the stimulus. Indeed,
cell extension and lamellipodia formation are thought to involve the small GTPases Rac and Cdc42,
while RhoA GTPase regulates stress fiber formation and focal adhesion complex formation (31).
Thus, the role of small GTPases in regulation of cell migration is complex.

We have found that ICMT inhibitors decrease lamellipodia formation stimulated by hepatocyte
growth factor (HGF) (35). In addition, adenosine/homocysteine decreases both baseline and HGF-
stimulated endothelial cell migration (35). Further studies will be necessary to determine which small
GTPase(s) is (are) critical to endothelial cell migration.
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Fig. 6. Isoprenylcysteine carboxyl methyltransferase (ICMT) inhibition attenuates H-Ras GTPase carboxyl
methylation and activity. porcine aortic endothelial cells were incubated in the absence or presence of 100 µM
Ado/HC, 20 µM AGC, or 20 µM AGGC (A and B) for 4 h at 37°C. In A, cell lysates were harvested and active
Ras GTPase was purified with glutathione-S-transferase (GST) fused Raf-1 protein bound to glutathione agar-
ose beads. Parallel gels were run with corresponding crude lysates. All gels were immunoblotted for H-Ras
GTPase. Immunoblot signals were quantitated by densitometry and are presented as the mean ± standard error
of the ratio of GST-Raf-1-bound H-Ras GTPase to total H-Ras GTPase present in crude lysate. In B, H-Ras
GTPase was immunoprecipitated, resolved on sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophore-
sis (PAGE), and immunoblotted for H-Ras GTPase. Illuminated bands were excised, hydrolyzed, and the level
of 3H-methyl incorporation was determined. n = 4. *p < 0.05.
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5. CARBOXYL METHYLATION OF SMALL GTPASES
AND MONOLAYER PERMEABILITY

The actomyosin cytoskeleton is also critical in modulating monolayer permeability. Cell activa-
tion by a variety of agents, including thrombin, tumor necrosis factor (TNF)-α, and reactive oxygen
species, and stretch stimulates stress fiber formation, followed by the appearance of intercellular
gaps and enhanced monolayer permeability (36). The process of enhancement of monolayer perme-
ability is complex, involving disruption of focal adhesion complexes, phosphorylation of MLC, stress
fiber formation, and disruption of cell–cell junctions. Inhibition of stress fiber formation by inhibi-
tion of MLC kinase has been shown to prevent monolayer permeability caused by a variety of agents.

RhoA GTPase stimulation by lysophosphatidic acid or by overexpression of dominant active RhoA
mutants enhances stress fiber formation in a number of cell types, while inhibition of RhoA GTPase,
such as by C3 exotoxin and overexpression of dominant negative mutants, has the opposite effect
(37,38). In endothelial cells, inhibition of RhoA GTPase prevented stress fiber formation, MLC phos-
phorylation, and increased monolayer permeability caused by thrombin (39–42), oxidized low-den-
sity lipoprotein (43), bacterial lipopolysaccharide (42), histamine (13), and shear stress (44). The
mechanism of RhoA GTPase-induced increases in monolayer permeability may involve activation of
the downsteam effector Rho kinase, resulting in phosphorylation of MLC. Alternatively, Rho kinase
may inhibit MLC phosphatase (PP1M), indirectly increasing MLC phosphorylation (36). Less well
understood in endothelial cells are other mechanisms by which RhoA may modulate stress fiber
formation, including effects on mDia, PIP 5-kinase, ERM proteins, Na+/H+ exchanger, adducin, and
LIM kinase (13). Finally, it is also possible that other small GTPases, Rac1 and Cdc42, modulate
endothelial monolayer permeability by altering cell-cell junctions.We hypothesized that decreased
carboxyl methylation and decreased activation of either RhoA or Rac1/Cdc42 might alter endothelial
monolayer permeability. We have found that ICMT inhibitors decrease endothelial monolayer per-
meability (35,45). This was concomitant with decreased carboxyl methylation and activation of RhoA
GTPase. Further studies are needed to determine the identity of small GTPase(s) involved in regula-
tion of monolayer permeability.

6. IN VIVO CORRELATION

The studies reported above were all performed using cultured bovine pulmonary artery endothe-
lial cells. Recent studies suggest that increased concentrations of adenosine causes lung-cell apoptosis
in the intact organism. Blackburn et al. have developed a very interesting model of lung injury in
which the enzyme adenosine deaminase (ADA) is absent and lung adenosine levels are increased. In
ADA-deficient mice, alveologenesis was lacking (46). Subsequently these investigators have reported
increased apoptosis in lungs from ADA-deficient animals (47). These studies suggest that increased
adenosine causes lung-cell apoptosis, perhaps through inhibition of ICMT.

In another recent study Cohen et al. assessed the effects of an adenosine deaminase inhibitor, 2'-
deoxycoformycin, on vascular leakage in a mouse model of sepsis caused by cecal ligation and punc-
ture (48). These investigators found that the ADA inhibitor decreased vascular leakage and improved
mortality in this model of multisystem organ failure. These results suggest that increased adenosine
decreases vascular permeability in vivo, an effect potentially related to ICMT inhibition.

Clearly, further work is needed to determine the in vivo effects of changes in small-GTPase me-
thylation and activation.
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Pressure-Induced Inflammatory Signaling

in Lung Endothelial Cells

Wolfgang M. Kuebler

SUMMARY

Elevation of lung capillary pressure is a frequent clinical consequence of left-sided heart disease and
characteristically results in the formation not only of pulmonary edema, but also of inflammatory reac-
tions in the lung. These processes are largely attributable to mechano-induced second-messenger responses
in lung capillary endothelial cells. Pressure- and stretch-induced mobilization of intra- and extracellular
calcium mediates an increase in capillary permeability, thus contributing to pulmonary edema formation.
In addition, endothelial calcium signaling promotes the exocytosis of endothelial Weibel-Palade bodies
and, in consequence, vascular expression of P-selectin, thus initiating the sequestration of circulating
leukocytes.

Inflammatory effects of mechanical forces are not only evident in endothelial cell cultures, but are a
prominent feature in intact lung capillaries, as demonstrated by in situ fluorescence imaging techniques.
Clinical data support the notion of pressure-induced inflammatory signaling in the pulmonary microvas-
culature, which may play an important, yet commonly neglected role in the pathophysiology of acute and
chronic pressure-induced lung disease.

Key Words: Lung edema; pulmonary venous hypertension; hydrostatic pressure; mechanotransduction;
pulmonary endothelium; endothelial dysfunction; calcium signaling; exocytosis; P-selectin; leukocyte-
endothelial interaction.

1. INTRODUCTION

In lung capillaries, endothelial cells serve numerous physiological functions, such as the mainte-
nance of microvascular barrier properties, the establishment of a nonthrombogenic luminal surface,
or the release of vasoactive factors such as nitric oxide (NO), prostacyclin (PGI2), or cytochrome
P450-derived arachidonic acid metabolites. Under inflammatory and/or thrombogenic conditions,
the endothelium moreover releases pro-inflammatory cytokines and pro-coagulant factors and pro-
motes the adhesion and emigration of leukocytes and the sequestration of platelets. These endothelial
functions and reactions are regulated by complex intracellular second-messenger pathways, which
are evoked not only by activation of receptors on the cell surface, but also by mechanical forces such
as shear, stretch, or pressure stress. Here, we will focus specifically on endothelial signaling path-
ways in response to increased capillary pressure in the lung.

2. THE PATHOGENESIS OF HYDROSTATIC STRESS IN LUNG CAPILLARIES

By far the most common cause of increased hydrostatic pressure in lung capillaries is pulmonary
congestion resulting from left-sided atrial, ventricular, or valvular heart disease. Lung capillary pres-
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sure (Pc) depends largely upon left atrial pressure (PLA), which is markedly elevated under these
pathological conditions. In healthy subjects, PLA rarely exceeds 6 mmHg, but may rise above 20
mmHg during strenuous exercise (1). Rare causes of increased hydrostatic stress in lung capillaries
include extrinsic compression of central pulmonary veins due to fibrosing mediastinitis, adenopa-
thies or tumors, or idiopathic disorders such as pulmonary veno-occlusive disease.

In addition, increased lung capillary pressure may also derive from downstream transmission of
pulmonary arterial hypertension. This unique phenomenon may play a prominent role in the patho-
genesis of high-altitude and neurogenic pulmonary edema. While arterial/arteriolar vasoconstriction
is considered to be the predominant cause of pulmonary hypertension in both scenarios, edema for-
mation correlates closely with pulmonary capillary, but not arterial, pressure (2). The hemodynamic
mechanisms underlying capillary hypertension in high-altitude pulmonary edema are still discussed,
but three main hypotheses have been proposed:

1. Lung capillaries frequently branch off directly from large arterioles and form complex perivascular net-
works (3). These capillary beds are less protected from arterial hypertension and co-localize with the site
of initial fluid accumulation in diverse pathologic states, including high-altitude pulmonary edema.

2. Uneven distribution of arteriolar smooth-muscle cells may cause inhomogeneous hypoxic vasoconstric-
tion and hence result in regional overperfusion (4).

3. Finally, hypoxia induces pulmonary venoconstriction, which may account for up to 20% of the total in-
crease in pulmonary vascular resistance (5).

3. ENDOTHELIAL DYSFUNCTION IN LUNG CAPILLARY HYPERTENSION

The notion of pressure-induced pathology in lung capillaries was long determined by the basic
concepts of transcapillary fluid dynamics, with little attention to active cellular responses. Elevated
microvascular pressure increases lung fluid filtration, as described by the Starling equation, and thus
promotes the formation of hydrostatic pulmonary edema. Since under physiological conditions, more
than 80% of total transendothelial protein flux is attributable to convection, Pc determines not only
the rate of passive fluid filtration but also that of protein transport. In addition, transmural pressures
greater than 40 mmHg can cause capillary stress failure, which is characterized by ultrastructural
disruptions of both the capillary endothelial and the alveolar epithelial layer, and may result in inter-
stitial and alveolar extravasation of blood cells and plasma proteins (6).

However, recent reports indicate that the lung microvascular response to high pressure may be
more complex. PLA elevation to 20–50 cmH2O increases the lung capillary filtration coefficient (Kfc)
(7) and enhances transvascular protein flow (8). Bhattacharya et al. reported an exponential increase
in lung wet weight at increased hydrostatic pressure, indicating a progressive deterioration of the
microvascular barrier function (9). In isolated perfused rat lungs exposed to pulmonary venous pres-
sures of 24 mmHg, Parker and Ivey demonstrated an increase in Kfc that was largely inhibitable by
isoproterenol (7). The authors suggested that isoproterenol may inhibit the Ca2+-dependent activation
of endothelial myosin light chain kinase by increasing the intracellular concentration of cAMP, thus
proposing an active endothelial response regulated by different second-messenger pathways.

More recently, increased hydrostatic pressure was shown to induce apoptosis in lung capillary
endothelial cells (10) and impair active Na+ transport in alveolar type II cells, as well as alveolar fluid
absorption (11). Although the latter phenomenon reflects an epithelial response, it requires signal
communication across the endothelial layer and the alveolo-capillary membrane, which presumably
involves activation of second-messenger pathways and/or intercellular signaling molecules (12).

The notion of an active endothelial reaction to pressure stress is based on the principles of
mechanotransduction, which mediates cellular responses to mechanical stress through activation and
regulation of intracellular second-messenger pathways. Of relevance are not only endothelial re-
sponses to compressive effects of vascular pressure, but also to possible stretch-induced effects oc-
curring secondary to vascular distension. Vessel distension may, in addition, alter capillary
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hemodynamics, and thus affect shear forces acting on the endothelial layer. Since the microvascular
endothelium forms the front line exposed to hemodynamic alterations, microvascular endothelial
cells are considered to direct pressure-dependent cellular responses. However, a traditional difficulty
in the understanding of mechano-induced effects and underlying mechanotransduction pathways lies
in the quantification of single cell responses in the complex, dynamic, and multicellular context of an
intact microvascular bed.

4. IN SITU IMAGING OF ENDOTHELIAL RESPONSES
TO HYDROSTATIC STRESS

We have addressed this issue through the application of fluorescence microscopy and digital im-
aging techniques in venular capillaries of the isolated, blood-perfused rat lung. This approach, which
enables optical analyses of endothelial responses to elevated capillary pressure, is briefly described
here. Experiments are performed in the previously described model of the isolated, blood-perfused
rat lung (13). Lungs are constantly inflated and continuously pump perfused with 14 mL/min autolo-
gous rat blood. At baseline, pulmonary artery pressure (PPA) is adjusted to 10 cmH2O and PLA to 5
cmH2O. For local delivery of fluorophores, a microcatheter is advanced through the left atrium into
the pulmonary venous system and wedged in a small vein draining a capillary area on the lung sur-
face. Via this microcatheter, fluorophores are loaded into subpleural lung capillaries and/or the cap-
illary endothelium, depending on their membrane permeability. Fluorescence is excited by
single-wavelength illumination generated either by a monochromator or a filter wheel. Fluorescence
emission is collected through appropriate objectives and filters by a digital camera and subjected to
digital image analysis.

5. ENDOTHELIAL CA2+ RESPONSE TO HYDROSTATIC STRESS
IN LUNG CAPILLARIES

Specifically, we considered the possibility that hydrostatic stress may trigger changes in the cyto-
solic Ca2+ concentration ([Ca2+]i) in capillary endothelial cells. [Ca2+]i is a ubiquitous second-mes-
senger system mediating cellular responses to chemical, electrical, mechanical, or humoral stimuli.
[Ca2+]i transients play a central role in endothelial mechanotransduction and can be evoked in vitro
by mechanical stretch (14) or direct pressure stress (15). We therefore monitored endothelial [Ca2+]i

in lung capillaries in situ by use of the fura-2 ratio imaging technique (13). Membrane-permeant fura-
2/AM, which de-esterifies intracellularly to the impermeant Ca2+-indicator fura-2, is loaded to capil-
lary endothelial cells of the isolated rat lung using the venous microcatheter. From the ratio of
endothelial fluorescence intensities determined at excitation wavelengths of 340 and 380 nm, respec-
tively, endothelial [Ca2+]i is calculated based on a Kd of 224 nmol/L and appropriate calibration
parameters (13).

In a first set of experiments, we studied the endothelial [Ca2+]i response during a 30-min increase
of PLA from 5 to 20 cmH2O. Corresponding PPA rose from 10 to 24 cmH2O. PLA elevation results in
a rapid dilation of lung venular capillaries and a progressive increase in mean endothelial [Ca2+]i.
Concomitantly, [Ca2+]i oscillations, which are absent in cultured endothelial cells in vitro but gener-
ated spontaneously in intact lung microvessels in situ (13), increase in amplitude, but not in fre-
quency (16). These [Ca2+]i transients demonstrate an active endothelial second-messenger response
to elevated lung hydrostatic pressure. Both increases are initiated after a temporal lag of approx 5 min
and continue progressively over the 30-min interval of PLA elevation (Fig. 1). Returning PLA to physi-
ological values re-establishes the baseline [Ca2+]i profile in less than 2 min. The approx 5-min lag in
the onset of the observed [Ca2+]i responses contrasts with reports from cultured endothelial cells, in
which mechanical stretch mobilizes [Ca2+]i within seconds (14). In vivo, the lag may constitute a
protective mechanism, since lung capillary endothelial cells are physiologically exposed to cyclic
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pressure pulsations transmitted from the arterial system and distortional stress during the breathing
cycle. Since the lag interval exceeds the time course of these oscillatory distortions, it may act as a
lowpass filter and prevent endothelial activation by these physiological cycles.

To determine the sensitivity of the endothelial [Ca2+]i response to hydrostatic stress, we deter-
mined the effects of different levels of pressure elevation. The resulting increases in mean endothe-
lial [Ca2+]i and in the amplitude of [Ca2+]i oscillations occur in linear proportion to the imposed
pressure stress, and are evident at pressure increases of as little as 5 cmH2O (16). This finding indi-
cates that in the lung, microvascular pressure elevations that were previously considered nonpatho-
genic suffice to activate endothelial second-messenger signaling.

In order to determine the origin of these pressure-induced endothelial [Ca2+]i transients, we el-
evated PLA while infusing capillaries with either gadolinium (GdCl3) (an inhibitor of both stretch-
and pressure-activated cell membrane cation channels) or a Ca2+-free buffer. Both treatments inhibit
the increase in mean endothelial [Ca2+]i but not the increase in [Ca2+]i oscillations (Fig. 1). Hence,
the endothelial [Ca2+]i response to hydrostatic stress is complex and involves at least two different
mechanotransduction pathways:

1. Hydrotstatic stress induces Ca2+ influx through mechanosensitive, gadolinium-inhibitable cation chan-
nels. This finding is consistent with previous reports in cultured endothelial cells exposed to uniaxial
stretch (14).

2. In addition, pressure elevation enhances [Ca2+]i oscillations, which are independent from external Ca2+

and gadolinium-inhibitable cation channels, and thus result from mobilization of intracellular Ca2+ stores.

Since in cultured endothelial cells, cyclic stretch activates phospholipase C leading to the genera-
tion of inositol 1,4,5-trisphosphate (IP3) and IP3-mediated Ca2+ release from intracellular Ca2+ pools

Fig. 1. Endothelial cell cytosolic Ca2+ concentration (EC [Ca2+]i) response to increased pulmonary left atrial
pressure (PLA, top graph). Tracings of [Ca2+]i in representative, single endothelial cells of lung venular capillaries
were obtained under control conditions (center graph) and during infusion of the cation channel blocker gado-
linium (bottom graph). Note baseline [Ca2+]i oscillations and pressure-induced [Ca2+]i oscillations of increased
amplitude in both tracings. Methods and experimental protocol have previously been described in detail (16).
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(17), activation of the phospholipase C/IP3-pathway may account for the pressure-induced genera-
tion of endothelial [Ca2+]i oscillations in situ. Taken together, hydrostatic stress evokes complex
[Ca2+]i signaling in lung capillary endothelial cells that involves mobilization of both extra- and
intracellular Ca2+.

Sequential images and fast Fourier analysis revealed that both spontaneous and pressure-induced
[Ca2+]i oscillations are spatially heterogeneous, in that they originate from a specific subset of endo-
thelial cells and are propagated for short distances along the capillary wall as intercellular Ca2+ waves
(13,16). Accordingly, the cells from which these Ca2+ waves originate are called “pacemaker cells.”
Pacemaker cells are preferentially located at the microvascular branch points and characterized by a
30% higher [Ca2+]i as compared to adjacent nonpacemaker endothelial cells (16). The unique ability
of the pacemaker cells to generate [Ca2+]i oscillations remains to be elucidated, but so far methods for
isolating this specific subset of cells have not been established.

From pacemaker cells, [Ca2+]i oscillations are propagated as intercellular Ca2+ waves to adjacent
nonpacemaker endothelial cells with a velocity of approx 5 µm/s. The gap junctional uncoupler
heptanol blocks wave propagation without impairing [Ca2+]i oscillations in pacemaker cells (13,16).
Hence, intercellular Ca2+ waves are communicated through gap junctions, a mechanism previously
attributed to the generation and intercellular communication of IP3. In various cell types, such as
tracheal epithelium or hepatocytes, intercellular Ca2+ waves have been reported to coordinate cellular
functions like ciliary beat frequency or bile flow. Interestingly, intercellular Ca2+ waves are absent in
capillaries of chronic hypertensive lungs, which are simultaneously characterized by an impaired
control of the vascular lumen (unpublished observation). Hence, interendothelial Ca2+ waves may be
relevant in the control of vessel diameters and microhemodynamics, and achieve functional homoge-
neity in lung capillaries.

6. PRO-INFLAMMATORY EFFECTS OF HYDROSTATIC STRESS
The question arises as to the pathophysiological relevance of pressure-induced endothelial [Ca2+]i

signaling in lung capillaries. Since intracellular [Ca2+]i transients play a key role in the regulation of
vesicular trafficking, pressure-induced increases of endothelial [Ca2+]i may promote Ca2+-dependent
exocytotic vesicle fusion events. In vesicular exocytosis, docking of cytosolic vesicles at the cell
membrane is followed by the fusion of cell and vesicle membranes and the formation of a fusion
pore, allowing for the secretion of vesicular storage products into the extracellular space (18). [Ca2+]i

closely regulates the latter process by activating Ca2+-binding proteins, such as calmodulin or annexin,
which mediate membrane fusion. The hypothesis of pressure-induced, Ca2+-dependent vesicular traf-
ficking is testable in situ by the use of the styryl pryridinium dye FM1-43, which has been used
extensively to monitor vesicular trafficking in neuronal (19) and nonneuronal cells (20). FM1-43 is
virtually nonfluorescent in aqueous solution, but yields a bright fluorescent signal once it interchelates
with a lipid bilayer. Inititation of exocytosis increases fluorescence in FM1-43 treated cells as the dye
attaches to new membrane at the fusion pore (20). Subsequent removal of FM1-43 from the medium
causes fluorescence decay as dye is lost from exocyotic vesicles (19).

When FM1-43 is infused over 5 min into a lung venular capillary, little fusion pore formation is
detectable at baseline (21). At elevated PLA of 20 cmH2O, however, a marked and progressive forma-
tion of fusion pores is evident at endothelial cell locations (Fig. 2). FM1-43 fluorescence is predomi-
nantly localized at microvascular branch points and appears as single spots of up to 4 µm in diameter,
which presumably result from exocytosis of large endothelial vesicles such as Weibel-Palade bodies.
The evoked fluorescent spots appear within as little as 3 µm of one another, indicating that a single
endothelial cell can support exocytotic events at several locations on its apical plasma membrane.
Pretreatment of lungs with the cell-membrane cation channel inhibitor gadolinium has no effect on
capillary FM1-43 at baseline. However, gadolinium blocks the increase of FM1-43 fluorescence
during PLA elevation, indicating that the enhanced formation of fusion pores results from pressure-
induced [Ca2+]i signaling in lung capillary endothelial cells (Fig. 2).
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Potential candidates for vesicular exocytosis in endothelial cells are the Weibel-Palade bodies,
which serve as storage pools for the pro-coagulant von Willebrand factor, the chemokine interleukin-
8, and the leukocyte and platelet adhesion receptor P-selectin in resting endothelium. Upon activa-
tion by Ca2+-mobilizing agents such as histamine or thrombin, Weibel-Palade bodies are exocytosed
within minutes and P-selectin is expressed on the vascular surface, promoting the interaction of cir-
culating leukocytes and platelets with the vascular wall. By use of in situ micropuncture techniques,
we performed indirect immunofluorescence labeling for P-selectin in venular capillaries of the iso-
lated perfused rat lung. Consistent with previous reports, P-selectin expression in lung capillaries is
barely detectable at baseline (22). In contrast, hydrostatic pressure increases the expression of P-
selectin throughout the luminal vessel surface (21). Increased P-selectin expression is clearly of en-
dothelial, not of platelet origin, since simultaneously determined immunofluorescence attributable to
the platelet-specific antigen CD41 is completely absent. The spatial continuity of P-selectin expres-
sion along the microvascular wall allows leukocytes to roll along the length of the microvessels (23).
However, P-selectin expression is particularly pronounced at the vascular branch points, and hence
parallels the spatial distribution of exocytotic fusion pores. This similarity could be confirmed in
pixel-to-pixel correlation analyses of fluorescence labelings by FM1-43 and P-selectin
immunostaining, respectively (21). Preferential exocytosis of P-selectin at microvascular branch
points may facilitate tethering and initiate rolling of leukocytes emerging out of the capillary bed.

Although gadolinium given under baseline conditions has no effect on P-selectin expression, the
blocker abolishes the enhanced P-selectin expression at high pressure, indicating involvement of
cation channels and [Ca2+]i signaling in the P-selectin response to pressure stress. Hence, in endothe-
lial cells of intact lung capillaries, hydrostatic pressure induces second-messenger pathways that
promote exocytotic events and P-selectin expression on the vascular surface. Since P-selectin medi-
ates leukocyte rolling as a substantial part of the early inflammatory response, its enhanced expres-
sion reflects a pro-inflammatory response to pressure stress. Moreover, P-selectin is implicated in the
pathogenesis of various forms of neutrophil-dependent lung injury, including complement activation
and ischemia/reperfusion injury (24,25). To assess the effects of hydrostatic pressure on vascular

Fig. 2. Pressure-induced formation of exocytotic fusion pores in lung venular capillaries. After a 5-min
infusion of the fusion pore marker FM1-43, capillary fluorescence was quantified in 5 × 5 µm2 pixels at
midsegmental (white bars) and branch point (black bars) locations. Data were obtained at PLA of 5 cmH2O and
after 30 min of PLA elevation to 20 cmH2O in control and gadolinium-treated lungs. * p < 0.05 vs PLA of 5
cmH2O, # p < 0.05 vs mid-segmental locations. Methods and experimental protocol have previously been de-
scribed in detail (21).
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inflammation and neutrophil accumulation in lung microvessels directly, we quantified in situ the
kinetics of native white blood cells labeled with the mitochondrial dye rhodamin 6G (26). At baseline,
the majority of leukocytes pass lung venular capillaries without interacting with the endothelial layer.
However at elevated PLA, leukocyte/endothelial cell interaction becomes a prominent feature, thus
confirming the pro-inflammatory effect of hydrostatic pressure. PLA elevation increases not only the
fraction of leukocytes rolling along the vascular wall, but also the number of leukocytes firmly adher-
ent to the endothelium (Fig. 3). Adherent leukocytes are again predominantly localized in the vicinity
of microvascular junctions. In addition, occasional extravasation of leukocytes can be observed. Pres-
sure-dependent leukocyte/endothelial cell interaction is blocked in the presence of the cation channel
blocker gadolinium, indicating that increased leukocyte sequestration does not result from altered
hemodynamic shear forces, but from second-messenger responses in lung endothelial cells.

The spatial distribution of exocytotic events, P-selectin expression, and leukocyte/endothelial cell
interaction is of striking similarity in that all phenomena occur primarily at microvascular branch
points. A rheological explanation for this site dominance may be considered, since in large vessels,
vascular bifurcations are characterized by changing gradients of shear force and increased turbu-
lence. However, Reynolds number in lung capillaries is low, due to the relatively slow blood flow in
the pulmonary microcirculation (23), thus maintaining low shear rates and making turbulence an
unlikely event. An alternative explanation for the site dominance may lie in the heterogeneity of lung
capillary endothelial cells. Branch points are the preferential location for endothelial pacemaker cells,
which are characterized by a higher [Ca2+]i as compared to adjacent nonpacemaker endothelial cells
(16). Because endothelial [Ca2+]i regulates the extent of exocytosis, P-selectin expression, and subse-
quent cell/cell interaction, pacemaker cells may be responsible for the spatial distribution of these
phenomena, and thus play an important role in the onset of pressure-induced vascular inflammation.

Fig. 3. Leukocyte/endothelial cell interaction in lung venular capillaries. The fraction of rolling leukocytes
(top graph) and the number of sticking leukocytes (bottom) were determined at PLA of 5 cmH2O (white bars)
and after 30 min of PLA elevation to 20 cmH2O (black bars). * p < 0.05 vs PLA of 5 cmH2O. Methods have
previously been described in detail (23).
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These findings demonstrate that lung endothelial cells respond actively and rapidly to the chal-
lenge of high vascular pressure by initiating second-messenger signaling cascades that promote lung
inflammatory responses. Pressure-induced leukocyte accumulation may be particularly relevant in
the pulmonary microcirculation, since under physiological conditions the lung harbors a large reser-
voir of marginated leukocytes (27), and neutrophils contribute importantly to various forms of lung
injury.

7. EVIDENCE FROM CLINICAL STUDIES
The notion of a pressure-induced inititation of this pro-inflammatory cascade is supported by

several clinical studies. Sakamaki and coworkers demonstrated elevated plasma concentrations of
soluble P-selectin and von Willebrand factor not only in plasma from patients with pulmonary arte-
rial hypertension, but also in those with pulmonary venous hypertension, indicating that capillary
hydrostatic pressure promotes the exocytosis of endothelial Weibel-Palade bodies in the clinical situ-
ation (28). In patients with cardiogenic respiratory failure, Geppert and coworkers detected reduced
plasma concentrations of soluble L-selectin as compared to critically ill patients without respiratory
failure (29). L-selectin removal was predominantly confined to the pulmonary compartment, as deter-
mined by transpulmonary gradient calculation, suggesting that lung endothelial activation and ex-
pression of L-selectin counterligands may have occurred. Most importantly, inflammation and
leukocyte infiltration are directly evident as increased numbers of white cells and elevated cytokine
levels in bronchoalveolar lavage fluid of subjects with hydrostatic edema or high-altitude pulmonary
edema (30,31). These inflammatory processes may surpass the actual duration of pressure stress,
which could account for the vulnerability of these patients to recurrent edema formation (32).

8. INTERCOMPARTMENTAL COMMUNICATION
Despite considerable evidence for pressure-induced leukocyte sequestration in the lung, it remains

unclear how leukocytes extravasate into the interstitial and alveolar space in the absence of an obvi-
ous chemotactic gradient. A possible explanation may lie in the recent observations that hydrostatic
pressure not only induces active responses in capillary endothelial, but also in alveolar epithelial
cells. At increased hydrostatic pressure, Ca2+-dependent exocytosis of lamellar bodies is increased in
alveolar type-II cells (33), while active Na+ transport is reduced (11). Epithelial stimulation by hy-
drostatic pressure presumably results from second-messenger-mediated, intercellular communica-
tion between endothelial and epithelial cells across the alveolo-capillary barrier, which plays an
important role in intercompartmental propagation of pro-inflammatory stimuli (12). Stretch-induced
endothelial generation of intra- and intercellular signaling molecules such as nitric oxide (34) or
reactive oxygen species (35) may play an important role in the intercompartmental propagation of
vascular pressure stress. Upon stimulation, alveolar type-II cells secrete a variety of chemokines,
which may facilitate pressure-induced leukocyte migration in the lung. Further research is required to
gain better insights into the complex signaling pathways across the alveolar membrane.

9. ENDOTHELIAL RESPONSES TO MECHANICAL STRESS IN VITRO
Here, we have focused specifically on endothelial [Ca2+]i signaling in lung capillaries and its

relevance for pressure-induced inflammatory responses. However, a large number of additional en-
dothelial responses to mechanical stimulation by either direct pressure or stretch effects have been
proposed in vitro. These include the secretion of vasoconstrictive (36) as well as vasodilatory media-
tors (37), chemokines (38), growth factors (39), and tissue-type plasminogen activator (40). In addi-
tion, mechanical factors regulate endothelial cell orientation, proliferation, and apoptosis (41,42).
These cellular responses involve the activation of transcription factors (43) and tyrosine kinases (44),
and may be mediated by second messengers such as reactive oxygen species (45) or cAMP (46).
However, the extent to which these responses are present and of physiological/pathophysiological
relevance in the intact pulmonary microcirculation remains to be elucidated.
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10. CONCLUSION

Traditionally, increased hydrostatic pressure was considered to cause lung pathology by a passive
increase of fluid filtration, while cellular mechanisms were poorly understood. In contrast, recent in
vitro studies using cultured endothelial cells and our own experiments in the intact lung microvascu-
lature have demonstrated a complex scenario of pressure- and stretch-induced active cellular re-
sponses, which are mediated through endothelial second-messenger signaling and seem to be relevant
in the pathogenesis of pressure-induced lung disease. Specifically, hydrostatic stress evokes complex
[Ca2+]i responses in lung capillary endothelium (Fig. 4). Mean endothelial [Ca2+]i increases because
of Ca2+ influx through mechanosensitive membrane channels, whereas pacemaker-generated [Ca2+]i

oscillations are induced through Ca2+ release from intracellular stores, and propagated as an intercel-
lular Ca2+ wave through gap junctional communication. Although the significance of this dual re-
sponse remains unclear at present, the rise in mean [Ca2+]i may provide the critical step that initiates
vesicular secretion and induces a pro-inflammatory endothelial phenotype, for example by expres-
sion of P-selectin. [Ca2+]i oscillations may activate effectors responsive to oscillation amplitude or
frequency, such as mitochondrial dehydrogenases, calmodulin-dependent protein kinases, or tran-
scription factors. Intercellular Ca2+ waves may coordinate these phenomena to achieve a homoge-
neous response to pressure stress in lung capillaries.

Fig. 4. Schematic model of pressure-induced endothelial [Ca2+]i signaling and pro-inflammatory response in
lung venular capillaries. (1) Vascular lumen. (2) Endothelial pacemaker cell. (3) Endothelial nonpacemaker
cell. (4) Basement membrane. (5) Intercellular propagation of Ca2+ waves through gap junctions. (6) Intracellu-
lar Ca2+ pool with Ca2+-ATPase. (7) Mechanosensitive, gadolinium-inhibitable cation channel. (8) Gadolinium-
independent mechanosensor amplifying [Ca2+]i oscillations. (9) Weibel-Palade body. (10) P-selectin expressed
on the endothelial surface. (11) Leukocyte interacting with the vascular wall via P-selectin.
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Additional Ca2+-dependent and Ca2+-independent endothelial responses to hydrostatic pressure
and cell strain have been proposed in vitro and may be relevant in pressure-induced lung pathology.
However, care should be taken in extrapolating these results to the intact lung, since endothelial
responses in vitro may differ markedly from the in vivo situation. In addition, little is known yet on
endothelial responses and adaptation mechanisms to chronic pressure stress, although chronic pul-
monary capillary hypertension is clinically the more relevant condition. The introduction of cellular
and molecular biology techniques to the in situ or in vivo situation provides new tools to study endo-
thelial responses in an integrative approach, but we are just beginning to understand the complex
cellular mechanisms and underlying second-messenger pathways in pressure-induced lung disease.
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Regulation of Endothelial Barrier Function

Contributions of the Transcellular and Paracellular Pathways

Dolly Mehta, Richard D. Minshall, and Asrar B. Malik

SUMMARY

The vascular endothelium, consisting of a monolayer of endothelial cells and extracellular matrix,
represents the major barrier to exchange of liquid and solutes across the vessel wall. Thus, minute changes
in the endothelial monolayer with respect to its permeability to plasma proteins can have marked effects
on the tissue fluid balance and can lead to edema. The paracellular and transcellular pathways control
endothelial barrier function. Under physiological conditions, the endothelial barrier is described as being
restrictive in that only small molecules (<3 nm) can move through the barrier via the paracellular route,
whereas macromolecules are actively transported via the transcellular pathway. This restrictive barrier is
required to establish the transendothelial oncotic pressure gradient that maintains tissue fluid homeostasis.
Endothelial permeability to albumin, the main plasma protein, is the primary determinant of the oncotic
pressure gradient and hence maintains the barrier function of the endothelium. The transcellular pathway,
by transporting albumin through the endothelial cell, contributes to maintenance of the barrier function of
the endothelium. This pathway is comprised of cargo-containing plasmalemmal vesicles, the caveolae.
Recent data indicate that the formation, fission, and transport of caveolae in endothelial cells are dynamic
processes that are regulated by coherent actions of the albumin-binding proteins caveolin-1 and dynamin.
The activity of these proteins is positively regulated by Src-mediated phosphorylation. Pro-inflammatory
mediators and growth factors, by binding endothelial cell-surface receptors, initiate a series of events that
lead to the opening of intercellular junctions, thereby allowing passage of albumin across the endothelial
monolayer by the paracellular route, disrupting the barrier function of the endothelium. Activation of the
small-guanosine-5'-triphosphate (GTP)-binding protein RhoA has been shown to play a primary role in
regulating paracellular permeability by modulating the integrity of the intercellular junctional protein
complexes. This review focuses on the distinct contributions of caveolae-mediated transcellular and Rho-
mediated paracellular pathways and their respective roles in regulating endothelial permeability.

1. INTRODUCTION

Studies of the biology of endothelial cells over the past three decades have led to the understand-
ing that the endothelium is not a simple, inert barrier with fixed permeability, but rather a dynamic
structure composed of metabolically active and functionally responsive cells. Regulation of tissue
fluid balance is the most important function of endothelial cells. Endothelial cells act as an interface
between the plasma and interstitial fluid because of their unique location in the vasculature. Thus,
minute changes in the permeability of the endothelial monolayer to plasma proteins can have marked
effects on the tissue fluid balance and can lead to edema. The transport of substances across the
endothelium was initially proposed to be regulated by two types of endothelial pores, each with a



74 Mehta, Minshall, and Malik

discrete radius. One pore was thought to allow passage of small solutes (approx 3 nm) and the other,
larger molecules (approx 25 nm) (1,2). However, the lack of convincing structural data demonstrat-
ing the existence of these pores has promoted an intensive re-evaluation of the pore theory.

With the use of electron microscopy and molecular biology techniques, a general consensus has
been reached. It is now believed that solutes cross the endothelium not through pores but by one of
two mechanisms that appear to act in concert to regulate vascular permeability (3,4), and hence the
barrier function of the endothelium (Fig. 1). The first mechanism, known as the paracellular path-
way, reported initially by Majno and Palade, is one in which solutes pass from the luminal to the
abluminal side of the endothelium through gaps formed by the opening of junctions between indi-
vidual endothelial cells (5,6). The second mechanism, the transcellular pathway (7–10), is one in
which the material to be transported is internalized at the luminal surface into specialized vesicles,
transported across the cell, and subsequently released at the abluminal surface. The latter process is
mediated by plasmalemmal structures known as caveolae (7–10).

Fig. 1. Schematic of mechanisms regulating transport of albumin via transcellular and paracellular path-
ways. The transport of albumin through the transcellular pathway is mediated by caveolae. Caveolin-1 is the
primary scaffold protein associated with the caveolae. Dynamin, a GTPase localized at the neck of caveolae,
activates the release of caveolae from the endothelial cell surface. Released caveolae then shuttle across the cell
and/or form VVOs (clusters of caveolae), which mediate transport of albumin across the endothelium. The
transcellular pathway may also be involved in the transport of larger molecules, such as human immunodefi-
ciency virus. The paracellular pathway describes transit of proteins through intercellular junctions, i.e., tight
junctions and adherens junctions. This figure shows the typical arrangement of adherens junction proteins by
which endothelial cells adhere and communicate with each other. VE-cadherin is the backbone of adherens
junctions. While the extracellular domains maintain cell-cell contact through Ca2+-dependent homotypic adhe-
sion of VE-cadherin molecules, the intracellular domains provide junctional stability through their linkage with
the actin cytoskeleton via catenins.
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Under physiological conditions, the endothelial barrier is described as being restrictive, in that it is
semipermeable to solutes based on solute size (3,4). This restrictive barrier function is required to
establish the transendothelial oncotic pressure gradient, which maintains tissue fluid homeostasis
(3,4). The permeability to albumin, the main plasma protein, is the primary determinant of the oncotic
pressure gradient; therefore, understanding how albumin permeability is regulated is of paramount
importance. In Subheadings 2 and 3, the distinct contributions of the transcellular and paracellular
pathways in regulating endothelial permeability are discussed.

2. ROLE OF THE TRANSCELLULAR PATHWAY IN REGULATING
ENDOTHELIAL PERMEABILITY

The endothelial cell expresses a number of distinct cell-surface receptors, defined as albumin-
binding proteins (ABPs), which regulate albumin endocytosis and its transcellular transport, and
hence the transendothelial oncotic pressure gradient. ABPs and the signaling machinery that activate
transcellular albumin transport are described below.

2.1. Endothelial Caveolae
Caveolae are non-clathrin-coated, approx 75-nm, flask-shaped invaginations of the plasma mem-

brane. They were first described morphologically nearly 50 yr ago by Palade (11). Caveolae are
major structures in endothelial cells, as they account for 95% of the cell-surface invaginations and
approx 15% of endothelial cell volume (9). Caveolae have a unique lipid composition: their main
components are cholesterol and sphingolipids (sphingomyelin and glycosphingolipid). Because
sphingolipids are precursors of the intracellular second messenger ceramide, caveolae serve an im-
portant function in the signaling pathway requiring lipid intermediates (12). The other main compo-
nent, cholesterol, is essential for maintaining the caveolae structure, as it creates the framework in
which all other elements of the caveolae are inserted (13). This is consistent with the finding that
endocytosis of fluorescently tagged albumin is blocked by filipin (14) or methyl-β-cyclodextrin (15),
sterol-binding agents that disassemble cholesterol-rich caveolae (16–18). The specific marker and
major structural component of caveolae is caveolin-1, an integral membrane protein (20–22 kDa)
having both amino- and carboxy-temini on the cytoplasmic face of the membrane. The caveolin gene
family consists of caveolins 1, 2, and 3 (19). Caveolins 1 and 2 are co-expressed in many cell types,
such as endothelial cells, fibroblasts, smooth muscle cells, and adipocytes (19,20). In contrast, the
expression of caveolin-3 is muscle specific (19,20). Caveolin proteins form homo- and hetero-oligo-
mers that are stabilized by cholesterol (21). Caveolin oligomers may also interact with
glycosphingolipids (22), and these protein–protein and protein–lipid interactions may act as the driv-
ing force for caveolae formation (23). It is also possible that caveolin oligomers serve as docking
sites for other important signaling molecules, such as receptors coupled to monomeric or
heterotrimeric G proteins (24). Since the 1950s, when caveolae were first discovered, they have been
implicated in transcytosis of both large and small molecules across endothelial cells (15,24,25).

2.2. Role of ABP gp60 in Regulating Endothelial Permeability
Studies have provided evidence that the 60-kDa glycoprotein gp60 (or albondin), found in the

microvascular endothelial cell membrane, may regulate transendothelial permeability through its
ability to bind native albumin (14,15,25–34). The binding of albumin to cell-surface gp60 may be an
important event, initiating endocytosis and the consequent release of caveolae from the membrane.
Vesicles containing gp60-bound albumin as well as albumin in the fluid phase compartment are
transported to the basolateral membrane, where the vesicle contents are released into the subendothe-
lial space by exocytosis (7,9,14,25,34,35).

The 60-kDa ABP was initially characterized by its unique affinity for the galactose-binding lectins
Limax flavus agglutinin and Ricinus communis agglutinin, which in competition experiments inhib-
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ited albumin binding to rat fat-tissue microvessel endothelial gp60 (26,36). Siflinger-Birnboim et al.
showed that Ricinus communis agglutinin precipitated gp60 in bovine lung endothelial cell mem-
branes, and, importantly, that it inhibited transendothelial albumin transport (36).

With the availability of anti-gp60 antibodies, an important functional role for gp60 in inducing
albumin-specific endothelial permeability was shown in cultured endothelial cells (Fig. 2) (14,29,31).
The specificity of the interaction of albumin with gp60 in caveolae was further demonstrated by
measuring albumin uptake in rat lung endothelial cell monolayers using cholera toxin subunit B, a
specific marker for caveolae, because it labels the caveolae-specific ganglioside GM1 (37) .

Albumin uptake in caveolae was found to be sensitive to the cholesterol-depleting agent methyl-β-
cyclodextrin. It was shown that cyclodextrin blocked iodinated albumin uptake in a dose-dependent
manner with a maximal inhibition occurring at 10 mM cyclodextrin. The inhibition appears to be due
to cyclodextrin depletion of cell-surface caveolin-1 (Figs. 2 and 3) (15). A similar role for gp60 in
regulating the uptake of albumin in vivo in intact rat microcirculation was shown by Vogel et al.
(32,33). These investigators showed that gp60 activation is capable of inducing active transport of
albumin across a continuous endothelial cell barrier in both skeletal muscle and pulmonary
microvessels, but did so without increasing permeability to liquids (as measured by hydraulic con-
ductivity) (32,33). Thus, gp60 activation uncouples hydraulic conductivity (likely regulated by the
diffusive paracellular pathway) from the transcellullar pathway involving vesicular transport. All

Fig. 2. 60-kDa albumin-binding protein (gp60)-dependent 125I-albumin transport in bovine lung microvas-
cular endothelial cells (BLMVEC). Endothelial monolayers were washed twice with HEPES-buffered DMEM
at 4°C and incubated for 30 min with anti-gp60 antibody (10 µg/mL) at 4°C and with secondary antibody (goat
antirabbit, 10 µg/mL) for 30 min to induce crosslinking. Cells were rewarmed to 37°C to activate uptake of 125I-
albumin and 1.5 µM unlabeled albumin. Crosslinking of gp60 increased 125I-albumin permeability 2.3-fold
from a control value of 38 ± 15 nL/min/cm2. To deplete cell-surface gp60, monolayers were washed twice with
HEPES-buffered DMEM and incubated with anti-gp60 antibody (10 µg/mL) for 2 h at 37°C. Depletion of gp60
reduced 125I-albumin transport 85%. 125I-albumin flux was also blocked 95% when cells were co-incubated
with 1.5 mM unlabeled albumin (100 mg/mL) or 10 mM cyclodextrin. Reproduced from ref. 102, by copyright
permission from The Rockefeller University Press.
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Fig. 3. Inhibitory effect of methyl-β-cyclodextrin on flux of 125I-albumin. (A) Rat lung microvessel endothe-
lial cells (RLMVEC) monolayers on glass coverslips were pretreated with vehicle or 2 mM methyl-β-
cyclodextrin for 15 min, incubated with HBSS containing 50 µg/mL Alexa 488 albumin and 1.5 µM unlabeled
albumin for 30 min, fixed, and stained with anti-caveolin-1 Ab (1 µg/mL) followed by goat-anti-mouse Alexa
568 and DAPI. Uptake of fluorescent albumin was blocked when cells were first treated with cyclodextrin. In
addition, cyclodextrin significantly reduced cell-surface caveolin-1 immunostaining. (B) RLMVEC grown on
transwell inserts were preincubated for 15 min with 0.2 nM–10 mM methyl-β-cyclodextrin or vehicle and then
with 125I-albumin in Hanks’ balanced salt solution (HBSS) containing 1.5 µM free albumin for 15 min. A dose-
dependent inhibition of 125I-albumin flux from a control value of 7.7 ± 0.3 fmol/min/106 cells was observed.
From John et al. (15), with permission.
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together, these studies indicate that gp60 activates membrane trafficking and regulates endothelial
permeability to albumin by such a mechanism.

A recent report by our group described two binding affinities for albumin on the microvascular
endothelial cell surface (KD1 = 13.5 nM and KD2 = 1.6 µM) that may reflect unclustered and clustered
states of gp60 (15). By comparing albumin’s binding kinetics to its uptake and transport, this study
suggested that the majority of albumin is transported through caveolae in the fluid phase rather than
by receptor-mediated endocytosis, although receptor activation appears to be required for fluid-phase
transport. Interestingly, despite the relatively high affinity of gp60 for albumin, the capacity of recep-
tor-mediated albumin transport was submaximal in the presence of saturating levels of albumin, since
further activation of gp60 by antibody crosslinking more than doubled the amount of albumin trans-
ported (15). Thus, endothelial cells could use the transcellular pathway to increase albumin transport
under pathological conditions associated with inflammation. Future studies are required to define the
contribution of gp60-induced albumin transport in inflammatory states.

2.3. Caveolar Dynamics

Transcytosis via caveolae consists of two basic steps: budding (vesicle formation at the “donor”
membrane) and fusion (vesicle fusion with the “acceptor” membrane) (38). Endothelial caveolae are,
indeed, like other carrier vesicles that undergo budding and fusion steps in a NEM-sensitive manner
(39). Caveolae are enriched for the molecular machinery required for vesicle formation, including v-
SNAREs, VAMP-2, monomeric and heterotrimeric guanine nucleotide-binding proteins (GTPases),
annexin II and VI, and NEM-sensitive fusion factor and its attachment protein SNAP, all of which
contribute to the vesicular budding and fission processes (39,40). Additionally, dynamin, a cytosolic
GTPase, is found in endothelial caveolae. Dynamin mediates internalization and fission of caveolae
(41,42). Dynamin was found to be concentrated in the caveolar neck region, where, upon GTP hy-
drolysis, it mediates vesicular fission, releasing the caveolae from the plasma membrane into the
cytosol. Additional components of endothelial caveolae include Rab 5, the ganglioside GM1, and the
cholera toxin docking protein (43,44). The functional roles of Rab 5 and gangliosides in caveolar
trafficking are not known. The transport of caveolae following fission is facilitated by their associa-
tion with actin cytoskeleton-associated proteins such as myosin, gelsolin, spectrin, and dystrophin (45).

The dynamin-based mechanism mediating the release of caveolae from the plasma membrane is
poorly understood. Phosphorylation events are likely important, since caveolar fission is increased
by inhibiting phosphatases and decreased by inhibiting kinases (46). Caveolin-1 is known to be phos-
phorylated (47) on tyrosine residue 14 by Src kinase (48), suggesting a link between tyrosine kinase
activity and release of caveolae. Studies show that the binding of albumin to gp60 induces tyrosine
phosphorylation of both gp60 and caveolin-1 and facilitates their association (14,31). This suggests
that the activation of a gp60–caveolin-1 complex may induce the fission of the membrane-associated
caveolae, resulting in albumin endocytosis (14). The functional importance of this event is evident
from the finding that the tyrosine kinase inhibitors herbimycin A and genistein, as well as the expres-
sion of a dominant-negative Src, prevented gp60-activated vesicle formation and albumin endocyto-
sis (14,31,37) (Fig. 4). It is possible that Src may regulate dynamin function by regulating its
phosphorylation, since in other cell types, dynamin is known to be a substrate for Src and has also
been shown to promote actin cytoskeleton reorganization (49,50,51), suggesting that Src-dynamin
interactions may be an important component of the transcytosis signaling machinery.

The activation of a G protein-coupled pathway may also be involved in signaling albumin
transcytosis (14,19,52). This is evidenced by the findings that the inhibition of Gαi function with
pertusis toxin inhibited 125I-albumin uptake induced by gp60 antibody crosslinking in rat lung endot-
helial cells (Fig. 5A). Similarly, inhibition of Gαi function by expression of a Gαi minigene construct
that competitively inhibits endogenous Gαi-receptor interactions prevented the albumin-activated
endocytosis of RH414 (a styryl piridinium dye that fluoresces once intercalated into the membrane
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Fig. 4. Activation of Src kinase is required to induce 125I-albumin uptake. (A) bovine pulmonary microvas-
cular endothelial cells (BPMVEC) grown in six-well plates were incubated with the tyrosine kinase inhibitors
for 30 min at 37°C, after which they were used for uptake of 125I-albumin and 1.5 µM unlabeled albumin at
37°C. (B) BPMVEC were transfected with pcDNA3.1 alone (mock) or dn-Src cDNA, after which they were
grown to confluence (48 h posttransfection). Whereas albumin induced the endocytosis of RH414, a styryl
piridinium dye that fluoresces once intercalated in the membrane bilayer of the endocytic vesicle, it failed to
induce the endocytosis of RH414 in cells expressing dn-Src, indicating that Src activation is required to induce
albumin endocytosis. From Tiruppathi et al. (31) with permission, and reproduced from ref. 14, by copyright
permission from The Rockefeller University Press.

Fig. 5. Albumin endocytosis by crosslinking gp60 Ab occurs by a Gi-linked signaling pathway. (A) Endo-
thelial monolayers were pretreated for 18 h with 100 ng/mL pertussis toxin, after which albumin uptake was
induced by gp60 crosslinking. (B) Cells were transfected with a minigene construct that encodes the C-terminus
of Gαi, a Gαq peptide, or a scrambled version of the Gαi minigene. After 48 h, these cells were activated with
albumin and RH414 endocytosis was measured. Whereas the Gαi minigene blocked RH414 endocytosis, the
Gαq minigene peptide or a scrambled version of the Gαi minigene had no effect. Reproduced from ref. 14, by
copyright permission from The Rockefeller University Press.

bilayer of the endocytic vesicle), whereas it was not affected by Gαq minigene expression in these
cells (Fig. 5B). Attenuation of gp60-induced vesicle formation was also observed to be accompanied
by overexpression of wild-type caveolin-1 by a mechanism involving the sequestration of endog-
enous Gαi by caveolin-1, thereby inhibiting its function (14).
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The pathway by which Gi signals the release of caveolae has not yet been elucidated. It is possible
that Src may play an important role, because Src activation has been shown to occur downstream of
Gi (53,54). The finding that the expression of a catalytically inactive Src mutant prevented vesicle
formation in endothelial cells (14) is consistent with this hypothesis. Interestingly, the catalytically
inactive Src mutant also interfered with the binding of Gαi to caveolin-1 (14). Thus, the release of
caveolae may require Src to be in the active state. As the binding of this Src mutant to caveolin-1
displaced Gαi from caveolin-1, it is possible that Src and Gαi compete for a common binding site on
the caveolin-1 scaffold domain (19,55,56). This possibility is supported by the data showing that Gαi

binds less caveolin-1 in cells transfected with the inactive Src mutant than with wild-type Src.

2.4. Role of Caveolin-1 in Regulating Endothelial Permeability
Caveolin-1 sequesters proteins such as endothelial nitric oxide synthase (eNOS), Src, and Gαi, and

is thought to maintain them in an inactive conformation (19,56). These signaling molecules are thus
concentrated in cholesterol-rich microdomains and stand ready to mediate a variety of cellular sig-
naling functions. Caveolin-1 oligomerization and insertion into the cytoplasmic face of the plasma
membrane not only serves as a scaffold for signaling molecules (55), but may also facilitate mem-
brane invagination and formation of the classic flask-shaped structure of the caveolae (19,56). Fur-
ther studies are needed to determine the precise role Src-induced phosphorylation of caveolin-1 plays
in activating caveolae formation and thereby initiating transcytosis. The recent generation of caveolin-
1 null mice is an important advance in this field (57–59). These mice are viable but show a loss of
endothelial caveolae; uncontrolled endothelial cell proliferation and lung fibrosis; a constitutively
active eNOS, which accounts for an approximately fivefold increase in plasma NO levels (59); and,
importantly, defective endocytosis of albumin. These defects could be reversed by introduction of
caveolin-1 cDNA (57,58). However, despite the important role of caveolin-1 in regulating endothe-
lial barrier function under normal conditions, caveolin-1 knockout mice are viable. This raises the
possibility that a compensatory pathway regulating albumin transport is functional in these mice.
One possibility is that the endothelial junctions open, allowing passage of albumin by the paracellular
pathway (59). Lisanti and colleagues showed that in caveolin-1 knockout mice, lung capillaries had
defects in tight-junction morphology and abnormalities in capillary endothelial cell adhesion to the
basement membrane (59). These findings are significant, as they indicate that caveolin-1 may not
only be involved in the caveolar transcytosis pathway, but may also play a regulatory role in the
mechanisms that regulate permeability by the paracellular pathway. Future studies will clarify the
role of caveolin-1 in the regulation of both the transcellular and paracellular pathways.

Figure 6 describes our model of albumin-stimulated endocytosis in endothelial cells. Caveolin-1
plays a central role in this model, as it serves as a scaffold for components of the caveolar release
complex, Gi and Src, the signaling machinery responsible for gp60-induced endocytosis. Src kinases,
which are activated by Gi upon stimulation of G protein-coupled receptors (53), phosphorylated ty-
rosine residues on caveolin-1 (14,31,48,55), as well as gp60 (31). This model will need to be evalu-
ated further to determine the precise relationship between gp60 and caveolin-1, as well as between
gp60, Gi, and Src.

3. ROLE OF THE PARACELLULAR PATHWAY IN REGULATING
ENDOTHELIAL PERMEABILITY

The endothelial cell is a target for many proinflammatory and thrombogenic mediators and growth
factors. Proinflammatory mediators (thrombin, histamine, bradykinin, and substance P) and some
growth factors (vascular endothelial growth factor [VEGF] and platelet-derived growth factor
[PDGF]) disrupt interendothelial junctions, increasing endothelial permeability and allowing the pas-
sage of plasma proteins through intercellular gaps (3,60). This pathway, known as the paracellular
pathway, is enhanced in inflammatory diseases such as acute lung injury, acute respiratory distress
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syndrome, and sepsis. Specific adhesion molecules, organized at cell-cell junctions, are responsible
for endothelial integrity and thus contribute to the barrier function of the endothelium. There are two
types of intercellular junctions—adherens junctions (AJ) and tight junctions (TJ) (61–63). Studies
have shown that disassembly of AJs is the principal mechanism of increased endothelial permeability
via the paracellular pathway and of the resultant pulmonary edema (64–67). The structural organiza-
tion of the AJs and the signals that regulate their integrity are described later.

3.1. Adherens Junctions
Vascular endothelial specific type II cadherin (VE-cadherin) constitutes the backbone of the AJ

(Fig. 1). The extracellular cadherin repeats are involved in mediating adhesion via specific Ca2+

binding sites (61–63). Cadherins oligomerize in the same cell (cis oligomers) or with cadherins in
adjacent cells (trans oligomers). The cytoplasmic domain contains two identified functional domains:
the juxtamembrane domain (JMD), where p120 catenin binds, and the C-terminal domain (CTD),
where β-catenin or plakoglobin (γ-catenin) bind in a mutually exclusive manner. β-catenin and
plakoglobin associate with α-catenin, which in turn links VE-cadherin to the actin cytoskeleton. The
homologous catenins p120, β-catenin, and plakoglobin belong to the armadillo-like family (contain-
ing 40 amino acid motifs originally described in the Drosophila gene armadillo). Catenins bind to
cadherins through domains containing these armadillo repeats. p120 is distinct in that it interacts
only with the VE-cadherin JMD, where it has no interaction with either α-catenin or the actin cytosk-
eleton (62,63) but is involved in regulation of the adhesive interaction between cells. p120 also has
other activities relevant to permeability, such as inhibition or activation of Rho (68,69) and Rac,
through which it may regulate AJ function. However, the mechanisms by which p120 and β-catenin
regulate AJ function in endothelial cells remains to be elucidated.

Fig. 6. Hypothesized mechanisms of gp60-activated vesicle formation. Albumin binding to endothelial cell-
surface 60-kDa glycoprotein (gp60) induces clustering of gp60 and its physical interaction with caveolin-1. The
heterotrimeric guanosine 5'-triphosphate (GTP)-binding protein, Gi, and Src tyrosine kinase, bind to the
caveolin-1 scaffolding domain in their inactive conformations, and are activated upon albumin binding to gp60.
Activated Src in turn is thought to phosphorylate caveolin-1, gp60, and dynamin to initiate plasmalemmal
vesicle fission and transendothelial vesicular transport. Thus, the high-affinity albumin-binding protein, gp60,
induces high-capacity receptor-bound and fluid-phase albumin transport via caveolae.
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3.1.1. Role of RhoA in Regulating Adherens Junction Integrity

A critical factor controlling endothelial barrier integrity may be the modifications of VE-cadherin/
catenin binding, which may shift AJ adhesive strength from strong to weak (3,60,62,63). Pro-inflam-
matory mediators such as thrombin, histamine, bradykinin, and substance P act on their cognate
endothelial surface receptors, activate second messengers, and induce increased endothelial perme-
ability responses by reducing the adhesive strength of AJs (3,60,62,63). Thrombin has been widely
used to study endothelial cell signaling because it is a multi-functional mediator involved in both
thrombosis and inflammation (3,60,70). Thrombin binds to the protease activated receptor (PAR-1)
in endothelial cells and cleaves and releases its N-terminus, generating a new PAR-1 N-terminus
(71–73). This new terminus functions as a tethered ligand, activating the heterotrimeric G proteins
G12/13, Gq, and Gi (72). Both direct activation of G12/13 and its cross-activation by Gq may activate the
monomeric Rho family of GTPases (74–77).

Recent studies have shown that thrombin induces the activation of RhoA in human endothelial
cells in a PKCα-dependent manner (Fig. 7) (75–79). Inhibition of RhoA by C3 transferase (a specific
inhibitor of Rho) also blocks thrombin-induced decrease in transendothelial electrical resistance (re-
flecting increased paracellular endothelial permeability) (Fig. 8). Previous studies have shown that
RhoA, by activating its downstream effector Rho kinase, stimulates actin-myosin-driven contractile
forces, which may be transmitted to actin filaments linked to the endothelial adherens junction com-
plex (78–80). This series of events may cause the disruption of adherens junctions, inducing endothe-
lial gap formation and increased paracellular permeability (3,60).

The multiple functions of Rho are mediated by its tightly controlled GTPase cycle. Rho is regu-
lated by a number of proteins, including: (1) guanine nucleotide exchange factors (GEFs), which
stimulate GDP to GTP exchange; (2) GTPase-activating proteins (GAPs), which stimulate GTP-
hydrolysis; and (3) guanine nucleotide dissociation inhibitors (GDIs), which bind and stabilize Rho-
GDP (74,81–83). The GDP-bound form of Rho complexed with GDI is not activated by RhoGEFs,
suggesting that Rho activation critically depends upon upstream factors mediating the dissociation of
GDI from Rho (81). We have shown that thrombin induces the phosphorylation of GDI and that GDI
phosphorylation occurrs concurrently with the thrombin-induced activation of Rho (76). Further-
more, the inhibition of protein kinase C (PKC)α abrogates not only thrombin-induced Rho activa-
tion, but also GDI phosphorylation and the increase in transendothelial electrical resistance (Figs.
7–9). These observations indicate that phosphorylation/dephosphorylation of GDI may play a role in
the mechanism of PKCα-induced activation of Rho and endothelial barrier dysfunction.

Several studies show that an increase in cytosolic Ca2+ ([Ca2+]i) is a critical factor in activating the
disassembly of adherens junctions (67,84,85). PKCα may regulate these events by directly or indi-
rectly regulating the phosphorylation/dephosphorylation state of AJ components (67). Because PKCα
regulates Rho activation (76), it is possible that Rho may contribute to the regulation of AJ integrity
by way of modulating the increase in [Ca2+]i.

Thrombin increases [Ca2+]i through the Gq-coupled PLCβ pathway, which triggers Ca2+ mobiliza-
tion from the endoplasmic reticulum (ER). This series of events is followed by Ca2+ entry into the cell
through the plasmalemma by a process known as capacitative (or store operated) Ca2+ entry (CCE)
(86–91). The key feature of CCE is that it is activated by a signal generated by the emptying of ER
Ca2+ stores (86–91). Molecular cloning and functional expression studies have shown that products
of the Drosophila transient receptor potential (TRP) family of proteins serve as Ca2+ channels in non-
excitable cells, e.g., endothelial cells (86–91). These channels are activated in response to stimula-
tion of heterotrimeric G-protein-coupled receptors, such as PAR-1. TRP-1, -2, -4, and -5 channels are
likely candidates for endogenous store-operated channels (SOCs) since they are activated by Ca2+

store depletion (90). TRP channel-1 (TRPC-1) has been demonstrated to mediate Ca2+ entry upon
store depletion in a variety of cell types, including endothelial cells (90,92,93). However, the identity
of the signal that links depletion of ER stores to the activation of Ca2+ entry through TRPC remains
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unclear. Coupling between depleted ER stores with SOC channels has been proposed as the mecha-
nism that activates SOC channels and increases Ca2+ influx (86–91). Both chemical and/or confor-
mational coupling has been indicated as a basis for activation of TRPC-1 upon store depletion
(86–91). In the chemical-coupling model, Ca2+ entry through TRPC may occur as a result of release
of a chemical from ER that carries the message for activation of the cell-surface SOC channels;
however, identity of these mediator(s) is not known (94–96). In the conformational coupling model,

Fig. 7. Thrombin activates Rho in a protein kinase C (PKC)-dependent manner. Human umbilical vein
endothelial cells (HUVEC), grown to confluence, were serum starved, then stimulated with thrombin. Rho
activity was assayed by pull-down assay at the indicated times. (A) Thrombin stimulated Rho activity in a time-
dependent manner, with the maximum response occurring at 1 min followed by a slow decline at 10 min. Top
panel shows Rho activity as indicated by the amount of Rho bound to beads, whereas bottom panel shows
amount of Rho in whole-cell lysates. (B) HUVEC were treated with chelerythrine (a broad-spectrum PKC
inhibitor) for 30 min, or (C) were treated overnight with PMA to deplete conventional and novel PKC isozymes.
Cells were lysed after 1 min of thrombin challenge to assay Rho activity. Overnight treatment of HUVEC with
PMA prevented Rho activation in response to thrombin, indicating that phorbol-sensitive PKC isozymes induce
the activation of Rho. Top panel shows Rho activity as indicated by the amount of Rho bound to beads, whereas
bottom panel shows amount of Rho in whole-cell lysates. α-T, α-thrombin; PMA, phorbol 12-myristate 13-
acetate. From ref. 76, with permission.
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store depletion causes inositol 1,4,5-trisphosphate (IP3) R conformational change, enabling it to in-
teract with TRPC, thereby resulting in channel opening (86–91). If a change in IP3R conformation is
the sole requirement for its coupling to TRPC and its activation, Ca2+ entry through these channels
should be essentially complete upon store depletion (86). Furthermore, this model fails to explain
Ca2+ entry by TRPC-1, as these channels have been shown to localize within intracellular membranes
(97). Thus, it is possible that this coupling may be induced by a protein that is known to shuttle
between the cytosol and PM upon activation.

Small-GTP-binding proteins, such as Rho, have the ability to move from the cytosol to plasmale-
mma (83). These proteins were initially implicated in inducing SOC activation (98,99). Spatial reor-
ganization of actin filaments in the cell (a Rho-regulated phenomenon) has been shown to regulate
Ca2+ entry (100,101). In a recent report, we showed that thrombin activated Rho in a time frame
corresponding to store depletion-induced Ca2+ entry (91). Thrombin stimulation of endothelial cells
also induced translocation of Rho and subsequent co-localization of Rho with TRPC-1 and IP3R at
the plasmalemma (91). The present results also demonstrated that appearance of IP3R and TRPC-1 at
the membrane required the activated form of Rho, since thrombin failed to induce PM translocation
of these components in endothelial cells pretreated with C3. Inhibition of Rho function with either

Fig. 8. Effects of inhibition of Rho or depletion of protein kinase C (PKC) on thrombin-induced endothelial
cell retraction. Monolayers of Human umbilical vein endothelial cells (HUVEC) grown on gold electrodes were
either pretreated overnight with 500 nM PMA to deplete phorbol ester-sensitive PKC isozymes (top), or pre-
treated for 16 h with 10 µg/mL C3 transferase (bottom). Serum-deprived cells were stimulated with 50 nM
thrombin to measure the changes in transendothelial electrical resistance in real time. The inhibition of Rho or
depletion of phorbol-sensitive isozyme markedly attenuated thrombin-induced endothelial cell retraction, indi-
cating that PKC induces the permeability increase activated by thrombin via the Rho-mediated pathway. From
ref. 76, with permission.
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dn-Rho or C3 transferase significantly reduced Ca2+ entry as well as SOC current in single-cell re-
cordings (Fig. 10). This was the result of Rho activation of TRPC-1, since overexpression of TRPC-
1 in endothelial cells produced a sustained C3 transferase-sensitive increase in [Ca2+]i in response to
thrombin exposure. All together, our results demonstrate an important role of Rho in inducing inter-
action of the key proteins required for activation of SOC-induced Ca2+ entry. Thus, Ca2+ entry by this
mechanism is important in increasing endothelial permeability, as inhibition of Rho attenuated throm-
bin-induced increase in endothelial permeability (Fig. 10). The present results are consistent with the
Rho-activated coupling model, in which Rho, by signaling trafficking of IP3R and TRPC-1 to PM,
promotes the interaction of these components of the complex (Fig. 11). Membrane insertion of this
complex thereby triggers Ca2+ entry through TRPC-1 after Ca2+ store depletion. Rho-induced actin
polymerization also participates in this process by maintaining stable interaction of IP3R and TRPC-
1 channels at the PM. Thus, Rho, by regulating [Ca2+] i, may provide an additional regulatory mecha-
nism by which thrombin induces disruption of adherens junctions and increases endothelial
permeability due to the paracellular pathway.

4. FUTURE PERSPECTIVES
Studies over the past several years have greatly advanced our understanding of the transcellular

and paracellular pathways that regulate endothelial barrier function. Recent studies suggest that these
two pathways function in a compensatory way, such that albumin transit across the endothelium is
tightly regulated. However, additional research is needed to more fully understand the mechanisms
that maintain these pathways in proper balance regulating endothelial permeability.
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Sphingolipid Signaling

Implications for Vascular Biology

Margaret M. Harnett

SUMMARY

Sphingolipids comprise a family (>300) of lipids that are characterized by their sphingoid backbone
but differ in their headgroup constituents. Complex headgroups involving β-glucose or galactose linkages
(cerebrosides), sialic acid (gangliosides), or sulphated-galactosyl linkages (sulphatides) are known as
glycosphingolipids and have long been recognized as playing roles in maintaining the structural integrity
of membranes and mediating cell-cell recognition and interactions. In contrast, the addition of
phosphorylcholine to ceramide by sphingomyelin synthase generates the prototypic phosphosphingolipid,
sphingomyelin. These phosphosphingolipids are present in much lower concentrations, and recent interest
has focused on the role of three sphingomyelin-derived second messengers—ceramide, sphingosine, and
sphingosine-1-phosphate (S1P)—in regulating cell fate (death/survival) decisions. Moreover, there is in-
creasing evidence that sphingolipids can also signal by modulating receptor function by regulating the
formation of lipid rafts, specialized membrane signaling domains that are enriched in cholesterol and
sphingolipids. This review will discuss the signaling roles of the sphingolipid-derived second messengers
and the implications for vascular biology.

Key Words: Sphingolipids; signal transduction; ceramide; sphingosine-1-phosphate; Edg receptors;
calcium.

1. INTRODUCTION

Until the late 1970s, lipids were considered to play simply a structural role in the generation and
maintenance of cell-membrane permeability barriers due to their amphipathic nature and ability to
form bilayers. However, at this time it was discovered that the “second messenger” molecule re-
quired for the receptor-mediated mobilization of intracellular stores of calcium was inositol 1,4,5-
trisphosphate (IP3), a product of the phospholipase C-mediated hydrolysis of a minor phospholipid
species phosphatidylinositol 4,5-bisphosphate (PIP2) (1). Moreover, the alternative product of PIP2

hydrolysis, diacylglycerol (DAG), was found to be the physiological activator of a family of key
downstream signaling serine/threonine protein kinases known generically as protein kinase C (PKC),
which had previously been identified as the target of the tumor promoter phorbol myristate acetate
(PMA). The importance of these lipid-derived second messengers was underlined by the finding that
receptor-mediated responses such as exocytosis or proliferation of many cell types could be mim-
icked by pharmacological activation of PKC by PMA and calcium mobilization by calcium iono-
phores (2). Moreover, PIP2 was also found to be the substrate for the lipid kinase phosphoinositide
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3-kinase (PI 3K), which generates the lipid second messenger PI (3,4,5)P3, a key player in many
cellular responses, including the movement of organelle membranes, shape alteration through rear-
rangement of cytoskeletal actin, rescue from apoptosis, transformation, and chemotaxis (3). These
findings triggered an explosive burst of research into the role of lipids and their products as key
players in receptor-mediated signal transduction (1–4).

The fact that PIP2 was a minor phospholipid species found in the inner leaflet of the plasma mem-
brane fitted with the then current dogma that second-messenger signals had to be transient signals.
However, it became apparent that for many prolonged responses such as proliferation, sustained and
substantial generation of DAG and/or PKC activation was required, suggesting that such DAG was
generated from alternative sources (Fig. 1). This proposal led to the finding that hydrolysis of the
major phospholipid phosphatidylcholine (PtdCho; <40% plasma membrane lipid) provided a range
of lipid second messengers. Indeed, PtdCho can be hydrolyzed by (1) PLC, to generate
phosphocholine (PC) and DAG; (2) phospholipase D (PLD), to generate choline and phosphatiditic
acid (PA); and (3) phospholipase A2, to produce arachidonic acid (AA) and lysophosphatidylcholine
(5,6). It is now widely established that DAG, PA (these are interconvertible), and AA all can have
second-messenger function (7,8), and there is increasing evidence that PC can also function in this
manner (9).

Fig. 1. Receptor-coupled lipid signal transduction. G protein-coupled receptors or growth-factor receptor
tyrosine kinases couple to one or more phospholipid and sphingolipid signaling pathways to transduce signals
leading to apoptosis, survival, differentiation, or proliferation. These signals may crosstalk: for example, in
many cell types tumor necrosis factor receptor (TNF-R) coupling to SMase-mediated generation of ceramide is
dependent on prior induction of AA via cPLA2. Likewise, in monocytes, FcγRI coupling to sphingosine kinase
and S1P generation is dependent on upstream coupling to PI 3K and PtdCho-PLD. Abbreviations: AA, arachi-
donic acid; Akt, the proto-oncogene ser/thr kinase, Akt; DAG, diacylglycerol; IP3, inositol 1,4,5-trisphosphate;
PA, phosphatiditic acid; PI 3K, phosphoinositide 3-kinase; PIP2, phosphatidylinositol 4,5-bisphosphate; PIP3,
phosphatidylinositol 3,4,5-trisphosphate; PKC, protein kinase C; PLA2, phospholipase A2; PLC, phospholipase
C; PLD, phospholipase D; PtdCho, phosphatidylcholine; S1P, sphingosine-1-phosphate; SM, sphingomyelin;
SMase, sphingomyelinase.
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The finding that PtdCho is generally found in the outer leaflet of the plasma membrane also dem-
onstrated that bioactive lipids need not be located in the inner leaflet of the plasma membrane, and
suggested that all membrane lipids could potentially act as sources of lipid second messengers. In-
deed, a wealth of data in the last 10–15 yr has implicated key signaling roles for another major class
of lipids, the sphingolipids. Sphingolipids, which are found in all eukaryotes and can be broadly
subdivided into glycophingolipids and phosphosphingolipids, comprise a family (>300) of lipids that
are characterized by their sphingoid backbone but differ in their headgroup constituents (Fig. 2).
Complex headgroups involving β-glucose or galactose linkages (cerebrosides), sialic acid (ganglio-
sides), or sulphated-galactosyl linkages (sulphatides) are known as glycosphingolipids and have long
been recognized as playing roles in maintaining the structural integrity of membranes and mediating
cell–cell recognition and interactions. In contrast, the addition of phosphorylcholine to ceramide by
sphingomyelin synthase generates the prototypic phosphosphingolipid sphingomyelin. These
phosphosphingolipids are present in much lower concentrations, and recent interest has focused on

Fig. 2. Sphingolipid metabolic pathways. Serine palmitoyltransferase condenses palmitoyl-CoA plus serine
to generate 3-oxosphinganine, which is then converted to sphinganine by oxosphinganine reductase.
Sphinganine is then converted to dihydroceramide by dihydroceramide synthase, the target of the inhibitor
fumonisin B. Dihydroceramide is then converted to ceramide by dihydroceramide desaturase (de novo ceramide
generation). Ceramide can then be incorporated into phosphosphingolipids such as sphingomyelin by
sphingomelin synthase or alternatively, into glycosphingolipids by enzymes such as glucosylceramide syn-
thase. During prosurvival signaling ceramide may be metabolized to sphingosine by ceramidase and subse-
quently to sphingosine-1-phosphate by sphingosine kinase. Sphingosine-1-phosphate can then be degraded by
sphingosine-1-phosphate lyase or reconverted to sphingosine by sphingosine-1-phosphatase. Ceramide can also
be generated by sphingomyelinase-mediated hydrolysis of sphingomyelin.
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the role of three sphingomyelin-derived second messengers—ceramide, sphingosine, and sphin-
gosine-1-phosphate (S1P)—in regulating cell fate (death/survival) decisions (10–16). Moreover, there
is increasing evidence that sphingolipids can also signal by modulating receptor function by regulat-
ing the formation of lipid rafts, specialized membrane signaling domains that are enriched in choles-
terol and sphingolipids (17–20). This review will discuss the signaling roles of the
sphingolipid-derived second messengers and the implications for vascular biology.

2. CERAMIDE AND APOPTOSIS
Ceramide, which can be generated either by hydrolysis of the sphingolipid sphingomyelin (SM)

by a family of acid and neutral sphingomyelinases (SMase) or by de novo synthesis, has been pro-
posed to be a coordinator of stress responses (10,12,18,21,22). Indeed, stress signals such as cytokines
(e.g., tumor necrosis factor [TNF]), heat, ultraviolet (UV) irradiation, hypoxia, and chemotherapeu-
tic agents (e.g., doxorubicin, etoposide) all induce SMase and/or de novo generation of ceramide, and
this induction of ceramide correlates with apoptosis. Indeed, it is well established that such apoptosis
can be mimicked by pharmacological application of the short ceramides C2-ceramide or C6-ceramide.

Ceramide-mediated apoptosis appears to act by disrupting mitochondrial integrity, leading to the
activation of caspases and consequent cellular disassembly. Thus, the role of SMase activation and
ceramide generation in the outer leaflet of the plasma membrane in transducing apoptosis is not clear,
and indeed the generation of acid SMase knockout mice have further questioned the likelihood of an
essential role of this pool of ceramide in transducing apoptotic signals. In contrast, the recent com-
plete delineation of the pathways of sphingolipid metabolism in yeast indicated that the enzymes
involved in de novo synthesis of ceramide are localized to the endoplasmic reticulum, golgi, and
mitochondrial membranes. Together with the finding that inhibitors of this pathway induce apoptosis
in vitro, the localization of these enzymes has suggested a key role for receptor-driven de novo syn-
thesis of ceramide in the transduction of apoptosis (21,22). This proposal has been supported by the
finding that inhibition of enzymes such as dihydroceramide synthase (by the fungal agent fumonisin
B, Fig. 2) in vivo results in disorders associated with disruption of apoptosis, such as various cancers,
pulmonary edema, kidney toxicity, and neural tube disorders (15,18,21,22). Care should be taken
when interpreting the effects of fumonisin B, however, as blockage of dihydroceramide synthase
could lead to generation of the anti-apoptotic/promitogenic homolog of S1P, sphinganine-1-phos-
phate. Nevertheless, mutations in the first enzyme of the pathway, serine palmitoyl transferase
(SPTLC1), similarly cause hereditary type-1 sensory neuropathy, the most common hereditary disor-
der of peripheral sensory neurons (21,22).

Although the precise mechanisms underlying ceramide-induced apoptosis are unclear, disruption
of mitochondrial potential, regulated by pro- and anti-apoptotic members of the Bcl-2 family, results
in the release of cytochrome C to the cytoplasm and activation of effector caspases or other execu-
tioner proteases, such as cathepsins. Loss of mitochondrial integrity results in cell-cycle arrest, and
activation of caspases/cathepsins leads to endonuclease activation and cellular disassembly, hall-
marks of apoptosis (Fig. 3). Growth factor-derived signals can rescue/prevent such mitochondrial
targeted apoptosis by coupling to the PI 3K-dependent generation of PIP3 and consequent activation
of the proto-oncogene serine/threonine kinase Akt (or protein kinase B; PKB). Akt acts, in least in
part, to phosphorylate and deactivate pro-apoptotic Bcl-2 family members, such as Bad, and thus
protects mitochondrial integrity. Ceramide impacts on these signals in a number of ways
(10,12,18,21,22): firstly, ceramide signaling generally acts to oppose mitogenic PLD, PKC, and Ras
signaling. In addition, ceramide can induce the activation of the stress kinases p38 and Jnk MAPK,
which have been implicated in the transduction of apoptosis (23). Moreover, ceramide can induce the
activation of the serine/threonine protein phosphatases PP1 and PP2A, which can act to switch off
survival signals by, for example, dephosphorylating and inactivating Akt, dephosphorylating and
activating Bad, and/or regulating induction and activation of Bcl-2/Bcl-X and caspase 9 (10,12,24).
Similarly, dephosphorylation of the retinoblastoma protein that regulates the transcription of genes
required for mitogenesis (Rb) results in cell-cycle arrest at the G1-S-phase transition point. Finally, it
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appears that ceramide can also bind directly to and activate executioner proteases such as cathepsin D
(10,12).

3. THE CERAMIDE-SPHINGOSINE-1-PHOSPHATE RHEOSTAT

The identification of S1P as an anti-apoptotic/promitogenic lipid second messenger led to the
proposal that the receptor-driven interconversion of ceramide and S1P provided a dynamic switch
mechanism, “the ceramide-sphingosine-1-phosphate rheostat,” for regulating commitment to and res-
cue from apoptosis (Fig. 4). As S1P is derived from ceramide via sphingosine by the consecutive
actions of ceramidase and sphingosine kinase, and the actions of ceramide and S1P are mutually
antagonistic, the balance of signal dictates the functional outcome (13–16,25). Indeed, this rheostat
provides a dynamic and amplifying system of regulation. Thus, while ceramide acts to downregulate
mitogenic signals such as PKC and Erk, and induces apoptotic signals such as stress kinases and
caspases, conversion to S1P both relieves such negative signaling and actively promotes positive
signaling by downregulating apoptotic signals and inducing mitogenic signals such as PKC and Erk
(13–16).

The importance of S1P in mitogenic signaling has been indicated not only by studies involving the
addition of exogenous S1P or sphingosine kinase (SPHK) inhibitors, but also by recent genetic stud-
ies overexpressing wild-type or dominant-negative constructs of the recently cloned SPHK (14,25)
or S1P phosphatases (S1PPases) (26). Two forms of human SPHK have recently been cloned—
SPHK1 and SPHK2, which although cytosolic appear to be able to associate and be active in mem-
brane preparations (14,25,27). Overexpression of SPHK1 in NIH3T3 fibroblasts was found to be

Fig. 3. Mechanisms of ceramide induction of apoptosis. Disruption of mitochondrial potential, regulated by
pro- (Bad) and anti-apoptotic (Bcl-2) members of the Bcl-2 family, leads to the release of cytochrome C to the
cytoplasm and activation of effector caspases or other executioner proteases, such as cathepsins, and results in
apoptosis. Growth factor-derived signals can rescue/prevent such mitochondrial-targeted apoptosis by coupling
to the activation of Akt. Akt phosphorylates and deactivates Bad and thus protects mitochondrial integrity.
Ceramide opposes mitogenic signaling and induces the activation of the stress kinases p38 and Jnk MAPK and
the serine/threonine protein phosphatases PP1 and PP2A. PP1 and PP2A switch off survival/proliferation sig-
nals by dephosphorylating and inactivating Akt, Bad, and Rb. Finally, it appears that ceramide can also bind
directly to, and activate, executioner proteases such as cathepsin D.
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protective against apoptosis, and these protective effects appeared to be mediated by the inhibition of
Jnk and caspase 2, 3, and 7 activity (14,15,25). Moreover, such overexpression of SPHK1 enhances
growth and proliferation of NIH3T3 cells and tumor formation when such cells are transplanted in
NOD or SCID mice (28,29). Consistent with this, sphingosine kinase inhibitors such as
dimethylsphingosine or dominant-negative constructs of SPHK can inhibit the effects of SPHK and
block Ras-mediated transformation (14,25,28,29). Furthermore, a family of membrane-bound S1P
phosphatases (S1PPases) have recently been identified and cloned. Thus, S1PPase and SPHK act in
concert to keep sphingosine and S1P in dynamic equilibrium (Fig. 4). Loss of S1PPase in yeast
results in elevation of S1P and protection from stress, whereas transfection of mammalian cells with
S1PPase results in the elevation of ceramide and the induction of apoptosis. Similarly, S1P can also
be metabolized by S1P lyase, an endoplasmic reticulum-located enzyme whose deletion in yeast
mutants results in growth arrest (14,26). Interestingly, platelets, which have high levels of SPHK, do
not express S1P lyase, and this is thought to be the basis of the ability of platelets to act as stores of
high concentrations of S1P. Because S1P can mediate many of the essential endothelial responses
required for neovascularization, this has implicated platelet release of S1P as a key regulator in the
process of angiogenesis during clotting and wound healing (30,31).

4. SPHINGOSINE-1-PHOSPHATE: AN INTRACELLULAR
AND EXTRACELLULAR SIGNALING MOLECULE

S1P is a particularly interesting second messenger as there is increasing evidence that it can signal
both intracellularly and extracellularly (13,14,32–35). Following growth factor stimulation of recep-
tors such as PDGFR, SPHK is translocated to the membranes, resulting in generation of S1P. Such
S1P can be released from the cells, and although it is not clear how this release is mediated, it has
recently been shown that the cystic fibrosis transmembrane regulator (CFTR), a member of the ABC
family of translocators, can regulate uptake of S1P (20,36). Following release from the cells, S1P can
act either in an autocrine or paracrine manner, on a family of G protein coupled receptors (GPCRs)

Fig. 4. The ceramide-sphingosine-1-phosphate rheostat. Ceramide, sphingosine, and sphingosine-1-phos-
phate are in dynamic equilibrium, with the functional outcome of apoptosis, growth arrest, or proliferation
dependent on the balance of receptor-driven levels of these sphingolipid second messengers and the mitogenic
vs apoptotic signals they elicit.
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that are specific for S1P (Fig. 5). These receptors are members of the endothelial differentiation gene
(Edg) receptors, and to date S1P has been shown to be a natural ligand for the Edg-1, -3, -5, -6 and -
8 receptors, which have been renamed S1PRs—namely S1P1, S1P3, S1P2, S1P4, and S1P5 respec-
tively (13,14,32–35). S1PRs appear to be ubiquitously expressed, and while S1P1 and S1P5 mainly
couple to Gi, it appears that S1P2 can couple to all classes of G proteins; S1P3 couples to Gi, Gq, and
G12/13; and S1P4 couples to Gi and G12. Thus, the differential functional outcomes of S1P-signaling
are likely to depend on the specific profile of S1PR and G protein expression in particular cell types.
Nevertheless, S1PR signaling has been reported to induce migration via Rho GTPase signaling, which
is widely established to be important for cytoskeletal rearrangement and motility, and proliferation
and differentiation via PKC and ErkMAPK. Rather surprisingly, S1P5, which appears to be restricted
to the neural system, mediates anti-proliferative, apoptotic signaling and couples to inhibition of Erk
by activation of a tyrosine phosphatase and induction of Jnk MAPK and caspase activation (13,14,32–35).

The finding that the Edg-1/S1P1 knockout mouse was embryonically lethal as a result of the fail-
ure of vascular smooth-muscle cells to migrate around arteries and capillaries and reinforce them, has
focused considerable attention on the role of S1P and Edg receptors in directing vascular maturation
and pathophysiological lesions such as atherogenesis (14,15,30–34,37–41). Moreover, the PDGF-
BB and PDGFR-β knockout mice exhibited similar phenotypes to the Edg-1 null mice and revealed
that crosstalk between the PDGF-R and the S1P1-GPCR plays a vital role in mediating angiogenesis
(14,37). Interestingly, the S1PRs appear to undergo several novel forms of crosstalk with growth
factor receptors, and this is likely to provide additional levels of specificity of functional responses.
For example, it has recently been shown that the PDGFR and S1P1 form tethered receptor complexes
in order to promote the integrative, synergistic signaling required for endothelial migration essential
in vascular maturation. By contrast, the insulin-like growth factor-1 receptor (IGF-1R) activates S1P1

in an SPHK-independent manner by inducing the AKT-dependent phosphorylation of S1P1 at Thr-
236, resulting in the coupling of the receptor to Rac GTPase activation and chemotaxis (13,14,32–35).

Although this is still controversial, there is increasing evidence that S1P can also signal to regulate
calcium mobilization, exocytosis, survival, differentiation, and proliferation by acting as an intracel-
lular second messenger (13,14,32–35). For example, while many of the effects of S1P cannot be
mimicked by addition of exogenous S1P, microinjection of S1P or caged S1P has been shown to

Fig. 5. Mechanism of action of sphingosine-1-phosphate. Sphingosine-1-phosphate may be released from
cells to act in an autocrine or paracrine fashion via Edg receptors to induce a variety of functional outcomes.
Alternatively, sphingosine-1-phosphate can act as an intracellular second messenger.
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mobilize calcium and promote survival and proliferation. Similarly, while the S1P analog
sphinganine-1-phosphate can bind to and activate all S1PRs, it does not mimic the pro-survival ef-
fects of S1P. Moreover, yeast do not express GPCRs, yet S1P promotes their cell survival (13,14,32–35).

Consistent with this, we have recently shown that the high-affinity IgG receptor on monocytes,
FcγRI, is coupled to a novel S1P-dependent pathway that is responsible for mobilizing calcium in an
IP3-independent manner. Moreover, FcγRI plays a central role in the clearance of immune com-
plexes, and this SPHK-dependent pathway is essential for trafficking internalized immune complexes
for degradation (42–44). This novel pathway involves the tyrosine kinase-dependent activation of PI
3K (p85- and G protein-regulated isoforms) and PtdCho-PLD in the absence of any measurable acti-
vation of PIP2-PLC. The immediate product of PLD is PA, and this has been shown to directly acti-
vate SPHK in vitro, indicating that PLD activation is upstream of the SPHK activity responsible for
generating S1P and resultant calcium transients. Moreover, antisense knockdown experiments dem-
onstrated a specific role for PLD1 and not PLD2 in coupling this receptor to SPHK activation and
calcium transients (42–44). It has recently been shown (45) that this pathway is also responsible for
the FcεR-mediated, S1P-dependent release of calcium and exocytosis from mast cells (46). Although
S1P has been frequently proposed to play a role in mobilizing calcium from intracellular stores (47),
the ability of S1P to directly mobilize calcium has proved controversial due to the ability of the Edg
receptors to mobilize calcium through conventional IP3-dependent pathways (13,14,47). Neverthe-
less, there are increasing data suggesting that S1P can access the same intracellular calcium pools as
IP3 but in an IP3-insensitive (i.e., insensitive to the IP3 antagonist heparin) manner (47). The recent
cloning of the SCaMPER (sphingolipid calcium release-mediating protein of endoplasmic reticulum)
receptor provides additional evidence that sphingoid derivatives are able to engage intracellular re-
ceptors and effect calcium release from stores independently of IP3 generation (48). This putative
calcium channel comprises 181 amino acids with two potential transmembrane spanning domains,
and therefore constitutes a completely different structure from either the IP3 or ryanodine receptors.
Moreover, such responses to sphingolipids are not blocked by La3+, ryanodine, or heparin, indicating
that SCaMPER does not simply act as an accessory molecule for either the IP3 or ryanodine recep-
tors. However, it remains to be determined whether SCaMPER represents the receptor-coupled S1P-
sensitive calcium channel in vivo (47). It should also be borne in mind that alternative mechanisms
may contribute to S1P-mediated calcium mobilization. For example, sphingosine has been shown to
inhibit the receptor-coupled store-operated calcium release–activated calcium channel (ICRAC), and
thus, in addition to mobilizing calcium directly, generation of S1P from sphingosine should also
alleviate the inhibition of ICRAC and result in elevated intracellular calcium (14,49).

5. SPHINGOLIPIDS AND LIPID RAFTS

Much interest has focused recently on the role of sphingolipid-enriched membrane microdomains,
called lipid rafts, in promoting receptor-driven intracellular signaling, particularly of immune cells
(17–20). These lipid rafts act to recruit or sequester receptors and signaling molecules such that foci
of signaling are organized around activated receptor complexes. These domains are enriched in cer-
tain proteins, such as GPI-anchored proteins and signaling molecules, e.g., Src kinases (via acyla-
tion) and Ras (via farnesylation), while others, e.g., negative regulatory receptors, are excluded
(17–20). In certain cell types, such as endothelial cells and smooth-muscle cells, lipid-raft domains
are associated with caveolae, which are also enriched with signaling elements such as Erk MAPKs,
GPCRs, and growth-factor receptors (18).

Indeed, Src kinases appear to exhibit optimal activity only in lipid rafts, and are inhibited in nonraft
domains, providing additional layers of regulation to prevent aberrant receptor activation. Thus, in
naïve T-cells, the T-cell antigen receptors (TCR) are excluded from lipid rafts, but enter following
ligation due to increased affinity of the ligated receptors for these microdomains. Entry into rafts
allows Src kinase-mediated phosphorylation of immunoreceptor tyrosine-based activation motifs
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(ITAMs) localized in the cytoplasmic domains of these receptors, resulting in recruitment of signal-
ing molecules via phosphotyrosine–SH2 domain interactions. Naïve T-cells have few and small
plasma membrane rafts, but mitogenic signaling targets rafts normally sequestered intracellularly in
vesicles to the surface to promote rapid and sustained signaling. Such rafts coalesce to form polarized
centers of signaling at the point of antigen recognition. Activated or memory T-cells, have more and
larger lipid rafts, allowing rapid and amplified responses (19). Furthermore, recruitment or exclusion
of receptors from lipid rafts can dictate the differential functional responses of receptors during im-
mune cell development. Thus, while in mature B-cells, signaling through the B-cell antigen receptor
(BCR) occurs in lipid rafts and leads to activation, in immature B-cells, the BCR is excluded from
rafts, and signaling leads to apoptosis (50).

Interestingly, recent studies investigating the role of lipid rafts in transducing Fas-mediated
apoptosis may finally have identified the role for the stress signal-mediated activation of SMase and
resultant ceramide generation in the plasma membrane. Indeed, SM hydrolysis and ceramide genera-
tion in the outer leaflet of the plasma membrane appears to be required for the clustering of Fas
receptors (CD95) required for apoptotic signaling. Disruption of lipid-raft formation by cholesterol
depletion prevented such ceramide generation and Fas aggregation, suggesting important roles for
plasma membrane localized sphingolipid metabolism and lipid rafts in receptor signaling (51,52).

6. IMPLICATIONS FOR VASCULAR BIOLOGY
The finding that the Edg-1/S1P1 knockout mouse was embryonically lethal due to failure of vascu-

lar smooth-muscle cells to migrate around arteries and capillaries and reinforce them, has focused
considerable attention on the role of S1P in directing vascular maturation (14,15,30–34,37–41). In-
deed, S1P mediates many important endothelial cell responses associated with angiogenesis, includ-
ing detachment of endothelial cells, chemotactic migration, survival, proliferation, adhesion,
recruitment of smooth-muscle cells, and maturation into capillary-like structures in vivo (14,15,30–
34,37–41). The source of this S1P in vivo is controversial, but it is likely that it is released from
platelets, which, due to their high SPHK activity and lack of S1P lyase, accumulate and store high
concentrations of S1P until stimulation during clotting and wound healing. Although dysfunctional
regulation is apparent in certain disease states, such as atherogenesis, it would appear that aberrant
angiogenesis is normally prevented by the dynamic interactions of sphingolipid metabolic enzymes
in regulating serum levels of S1P. Indeed, the challenge now is to dissect the precise roles of the
ceramide-S1P rheostat in directing differentiation, migration adhesion, proliferation, and death of all
vascular cell types in order to define the signaling mechanisms underlying normal physiology that
can be targeted for therapeutic manipulation during pathophysiology and disease.
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SUMMARY

Cytokines are important modulators of the immune response that underlies the inflammatory process in
atopic forms of asthma. Interleukin (IL)-4 and IL-13 are important cytokines for the regulation of these
asthmatic immune responses. However, the cellular mechanisms that regulate IL-4 and IL-13 signaling
remain unknown. Recently, a new family of proteins, termed suppressors of cytokine signaling (SOCS),
has been identified. We have previously shown that SOCS-1 is a potent inhibitor of JAK-STAT signaling
activated by IL-4. SOCS-1 expression is regulated both at the RNA and protein stability level. To identify
proteins that bind and potentially regulate SOCS-1, we used the yeast two-hybrid system. We have iden-
tified the serine-threonine kinase Pim-2 as a binding partner for SOCS-1. Our preliminary studies demon-
strate that SOCS-1 can interact with all three Pim kinases in mammalian cells. Co-expression of SOCS-1
with Pim kinases leads to the expression of novel SOCS-1 isoforms to require serine-threonine kinase
activity. Pim kinases can directly phosphorylate SOCS-1. In addition, co-expression of SOCS-1 with Pim-
2 increases the levels of SOCS-1 protein. Finally, expression of Pim-2 increases the inhibition of IL-4
signaling by SOCS-1. These data lead to a model by which the expression of Pim kinases alters SOCS-1
function through a phosphorylation event that stabilizes the SOCS-1 protein. This chapter proposes ex-
periments to test this model and determine the role Pim kinases play in regulating IL-4 signaling in vivo.
In addition, we propose to study the role of Pim kinases in a murine model of asthma.

Key Words: PIM kinases; SOCS (suppressor of cytokine signaling); interleukin-4 (IL-4); interferon-γ
(IFN-γ); cytokine signaling; allergy.

1. INTRODUCTION

The immune response responsible for the inflammation found in allergic states is extremely com-
plex and involves a variety of inflammatory cells, including B and T lymphocytes, mast cells, eosino-
phils, macrophages, and dendritic cells. For example, in response to challenge with allergen, cells in
the lung initiate a cascade of events characterized by the production of TH2 cytokines and the recruit-
ment of inflammatory cells including eosinophils into the lung (reviewed in ref. 1). The resulting
inflammation results in bronchial hyper-responsiveness and the clinical manifestations of asthma.
Current research in this field has been directed at understanding this inflammatory process to identify
essential molecules responsible for this immune response. These molecules would be targets for the
development of therapeutic interventions. Recent work has demonstrated that a variety of molecules
participate in the inflammatory immune response. Although the importance of many of these mol-
ecules in atopic immune responses remains unclear, interleukin (IL)-4, IL-13, and molecules regulat-
ing the signal transduction of these cytokines have been demonstrated to be essential for the
development of atopic immune responses (reviewed in ref. 2).
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The pathways by which cytokines exert their biological effects have been a major focus of re-
search over the past several years. Much of this work has defined the mechanisms by which binding
of cytokines to their cognate receptors activates downstream signaling pathways. For type I and II
cytokines, one of these pathways is the JAK-STAT signaling pathway. Our laboratory has been fo-
cused on defining the signaling pathway of IL-4, a cytokine involved in the activation, proliferation,
and differentiation of a variety of hematopoietic cells, including B-cells, T-cells, and mast cells (3).
When IL-4 is provided to a cell, it initiates signaling by oligomerizing the heterodimeric IL-4 recep-
tor (Fig. 1), which in hematopoietic cells is composed of the ligand-specific IL-4 receptor α chain
(IL-4Rα) and the common gamma chain (γc) (reviewed in ref. 4). This oligomerization initiates sig-
naling by activating two nonreceptor tyrosine kinases (JAK1 and JAK3), which are constitutively
associated with the cytokine receptor chains (JAK1 with IL-4Rα and JAK3 with γc). The activated
JAK kinases phosphorylate specific tyrosines (Tyr-497, 575, 603, 631, and 713) on the cytoplasmic
domain of IL-4Rα, which act as docking sites for signaling molecules that contain either PTB or SH2
domains. One molecule that binds to the phosphorylated IL-4Rα is a member of the STAT (signal
transducer and activator of transcription) family of transcription factors, STAT6. Binding of STAT6
to the phosphorylated IL-4Rα induces the phosphorylation of STAT6 on Tyr-641 by the receptor-
associated JAK kinases. Phosphorylated STAT6 dimerizes, translocates into the nucleus, and acti-
vates transcription of genes involved in B-cell differentiation, including the germline Iε gene and the
low-affinity FcεII receptor CD23. The observations that cell lines deficient in JAK1 are unable to
phosphorylate STAT6 (5) and that B-cells from STAT6-deficient mice are deficient in class switch-
ing to IgE (6–8) underscore the essential role of JAK1 and STAT6 in IL-4 function.

Although the effect of most cytokines is limited in both magnitude and duration, the mechanisms
responsible for this limitation have not been well studied. The activity of cytokines is partly regulated
by their production. In addition, we and others have demonstrated that the developmentally regulated
expression of cytokine receptors is an important mechanism utilized by the immune system to limit

Fig. 1. Model for interleukin (IL)-4 signal transduction. The binding of IL-4 to its heterodimeric receptor
results in the activation of two Jak kinases. These kinases phosphorylate conserved tyrosines present on the
cytoplasmic tail of the IL-4Rα chain. The signaling molecule Stat6 docks on these residues via its SH-2 do-
main. Stat6 is itself tyrosine-phosphorylated by the Jak kinases, allowing Stat6 to form homodimers via recip-
rocal SH2-phosphotyrosyl interactions. Stat6 homodimers are found in the nucleus, where they bind IL-4
response elements present within promoters of genes that are induced by IL-4.
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the biological effects of cytokines (9,10). Recent research has been focused on the intracellular mecha-
nisms used to limit cytokine signaling (Fig. 2). Several mechanisms regulating cytokine signaling in
the cell have been identified. Tyrosine phosphatases regulate the phosphorylation of various compo-
nents in the signaling pathway. For example, the recruitment of SHP-1 to cytokine receptors (e.g.,
erythropoietin) is believed to regulate the duration and/or magnitude of cytokine signaling (11–14).
Recent data have also demonstrated that STATs are dephosphorylated by nuclear phosphatases (15)
and targeted for degradation by the proteosome (16). In addition, PIAS (protein inhibitor of activated
STAT) proteins can limit the ability of STATs to bind DNA (17).

More recently, suppressors of cytokine signaling (SOCS) proteins have been identified as potent
inhibitors of cytokine signaling (Fig. 3). The first family member, cytokine-induced SH2-containing
protein (CIS) is induced by erythropoietin (EPO) and IL-3, and associates with tyrosine-phosphory-
lated EPO or IL-3 receptors (18). CIS is thought to regulate cytokine signaling by acting as an adapter
protein that recruits a negative regulator, or by blocking the phosphotyrosines of the activated recep-
tor that normally bind to STATs. Although transgenic mice overexpressing CIS have severe defects
in T-cell development (19), the importance of CIS in vivo is undefined. The second SOCS family
member, SOCS-1 (a.k.a. JAB and SSI-1), was cloned by three different groups (20–22). The same
gene was cloned as an inhibitor of IL-6 signaling, a JAK-binding protein, and a protein with an SH2
domain similar to STAT’s. Other members of the SOCS family, SOCS-2 through SOCS-7, were
identified in an analysis of DNA databases (23). All of the SOCS family members have a conserved
carboxyl terminal motif, termed the SOCS box, a central SH2 domain, and a divergent N-terminus.

A number of cytokines that signal through JAKs, including IL-4, have been shown to induce
expression of SOCS mRNA in bone marrow (20). Therefore, we examined the effect of SOCS-1,
SOCS-2, and SOCS-3 expression on IL-4 signaling (24). We found that expression of SOCS-1, but
not SOCS-2, inhibited IL-4-induced phosphorylation of JAK1 and STAT6 and activation of STAT6
DNA-binding and transcriptional activity in stable cell lines. Furthermore, transient overexpression
of SOCS-3 was capable of inhibiting IL-4-induced gene transcription, although stable expression of
SOCS-3 had no detectable effect on IL-4 signaling. Analysis of cells from socs1–/– mice confirmed
the importance of SOCS-1 in the regulation of STAT6 activation by IL-4 (25).

Fig. 2. Mechanisms to regulate cytokine signaling. Both the duration and amplitude of cytokine signaling
are regulated at multiple steps in the process.
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SOCS protein levels are regulated by several different mechanisms. The transcription of SOCS
genes is induced by cytokines and other mitogens. In bone-marrow cells, CIS, SOCS-1, SOCS-2, and
SOCS-3 mRNA is expressed at low levels and upregulated by many cytokines (20). Recent data
suggest that translation of SOCS-1 mRNA is regulated by its 5' untranslated region (26,27). In addi-
tion, the half-life of the SOCS proteins is tightly controlled. SOCS proteins are unstable, and
proteosome inhibitors decrease their turnover (28). Some data suggest that the conserved C-terminal
SOCS box may regulate the turnover of SOCS proteins (28); however, the role of the SOCS box in
regulating the levels of SOCS proteins remains controversial (29–31). Interestingly, the SOCS box
shares homology to the F box, which is present in proteins such as VHL and Cdc4 (32). Both the F
box and the SOCS box have been shown to interact with the elongin BC complex to regulate the
degradation of proteins by the ubiquitin proteosome pathway (32) (Fig. 4).

Structure-function analysis of SOCS-1 has suggested that its SH2 domain, SOCS box, and amino
terminus are important for its function or protein stability (31,33,34), suggesting that SOCS-1 might
interact with other proteins to regulate its activity. To identify proteins that regulate the function of
SOCS-1, we used a yeast two-hybrid screen to isolate SOCS-1-interacting proteins. One of the clones
isolated in the screen encoded the kinase domain of PIM2. Additional experiments using yeast two-
hybrids and GST fusion proteins confirmed that the PIM2/SOCS-1 interaction was specific and that
domains in the amino terminus of SOCS-1 were required for this interaction.

PIM2 is a member of the PIM family of serine-threonine kinases. The first PIM family member to
be identified was PIM1, which was isolated as a common proviral insertion site in Moloney murine
leukemia virus-induced T-cell lymphomas in mice (35). Subsequently, PIM1 was shown to be in-
volved in the generation of B-cell lymphomas (36,37) as well as erythroleukemias (38). By sequence
similarity with PIM1, van der Lugt and colleagues cloned PIM2, which also encodes a serine/threo-
nine kinase (39). Transgenic overexpression of either PIM1 or PIM2 predisposes mice to T-cell lym-
phomas (40,41). Moreover, both PIM1 and PIM2 exhibit potent synergy with other oncogenes such
as c-myc and bcl-2 in lymphomagenesis (37,41). Consistent with their roles in lymphomagenesis,

Fig. 3. Domain structure of the suppressors of cytokine signaling (SOCS) family of proteins. SOCS family
of proteins contain a conserved SOCS box motif at the carboxyl-terminal, a central SH2 domain, and amino-
terminal domains that are not conserved between the eight family members.
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both PIM1 and PIM2 are found to be expressed at high levels in activated lymphocytes (41). In
addition, PIM1 and PIM2 mRNA and protein are induced and stabilized by a variety of cytokines
(42–45). Surprisingly, mice deficient for PIM1 or PIM2 show no obvious phenotypic alterations in
their hematopoietic system (46), suggesting some functional redundancy between PIM1, PIM2, and
other genes. Recently, PIM3 was cloned from an EST database search (B. Vuong and P. Rothman,
unpublished data). The amino acid homology of the PIM2 and PIM3 proteins to PIM1 is 53% and
65%, respectively (39) (B. Vuong and P. Rothman, unpublished data). However, despite intensive
studies, the precise in vivo role of the PIM kinases and the identity of their cellular substrates remains
unclear.

To confirm the interaction of PIM2 and SOCS-1 in mammalian cells, cDNAs expressing full-
length PIM2 and SOCS-1 were transfected into 293T-cells. Co-immunoprecipitation experiments
demonstrated that these proteins interact when overexpressed in mammalian cells. Similarly, PIM1
and PIM3 interact with SOCS-1 when overexpressed in mammalian cells. Recently, we demonstrated
co-immunoprecipitation of SOCS-1 and PIM1 in murine thymocytes, which were cultured with PMA/
ionomycin for 4 h to induce PIM1 protein levels. Immunoprecipitation of endogenous SOCS-1 dem-
onstrated that PIM1 co-immunoprecipitates with SOCS-1, suggesting that SOCS-1 can interact with
PIM1 in lymphocytes. Two forms of PIM1 are expressed in mice and are encoded by different trans-
lation initiation sites in the PIM1 mRNA (47). Interestingly, SOCS-1 preferentially interacts with the
smaller 34-kD isoform of PIM1, which has been shown to have a shorter half-life than the 44-kD
isoform.

In 293T-cells, co-expression of SOCS-1 with the PIM kinases induced the appearance of another
isoform of SOCS-1, which migrated at a slower mobility on Western blots. Similar experiments

Fig. 4. Mechanisms for regulation of Jak/STAT signaling by suppressor of cytokine signaling (SOCS)-1.
SOCS-1 functions in an autofeedback loop to affect Jak/STAT signaling. Activation of Jak-STAT signaling
by cytokines induces STAT activation, which leads to induction of SOCS-1. SOCS-1 can inhibit Jak kinases
function both by acting as a pseudosubstrate and by targeting activated Jak kinases for proteasomal degradation.
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performed with other SOCS proteins did not result in new species. Because SOCS-1 and PIM2 can
interact, we sought to determine whether SOCS-1 might be a substrate for the PIM kinases.
Overexpression of SOCS-1 with a PIM2 mutant that lacks kinase activity (K61M) does not induce
the formation of the slower-migrating SOCS-1 isoforms. In addition, the presence of the slower-
migrating SOCS-1 species was sensitive to the kinase inhibitor H7. Novel SOCS-1 species were also
observed when either PIM1 or PIM3 was co-expressed with SOCS-1. These results suggest that
overexpression of the PIM kinases with SOCS-1 induces a posttranslational modification of SOCS-1.

To determine whether PIM2 can directly phosphorylate SOCS-1, we generated recombinant GST-
SOCS-1 and GST-PIM2 proteins. Subsequently, an in vitro kinase assay was performed with the
recombinant SOCS-1 and PIM2 proteins in the presence of γ[32P]-ATP. SDS-PAGE analysis of the in
vitro kinase assay demonstrated that PIM2 can directly phosphorylate SOCS-1 in vitro. In addition,
experiments with deletion mutants of SOCS-1 showed that the N-terminal domain of SOCS-1 is
required for the PIM2-induced phosphorylation. Similar results were obtained with PIM1 and PIM3.
Interestingly, the Pim-induced slower-mobility isoforms of SOCS-1 are lost when whole-cell ex-
tracts containing these isoforms are treated with lambda phosphatase in vitro. These data thus dem-
onstrate that SOCS-1 is a direct substrate for the PIM kinases in vivo.

Because overexpression of the PIM kinases with SOCS-1 induces a posttranslational modification
of SOCS-1, we sought to determine whether the PIM-induced modification of SOCS-1 altered the
function of SOCS-1. Recent data suggest that the protein stability of SOCS-1 may be regulated
posttranslationally (29–31). Interestingly, co-expression of SOCS-1 with PIM2 in 293T-cells dra-
matically increases the protein levels of SOCS-1. The levels of SOCS-1 are similarly increased if
SOCS-1-expressing cells are grown in the presence of the proteasomal inhibitor LLnL (28,48). In
cells expressing only SOCS-1, the levels of SOCS-1 protein decrease rapidly in the presence of a
protein synthesis inhibitor such as cycloheximide. However, in cells expressing both SOCS-1 and
PIM2, the levels of SOCS-1 protein decrease more slowly. Interestingly, the slower-migrating, PIM-
dependent form of SOCS-1 degrades more slowly than the faster-migrating, PIM-independent form
of SOCS-1. Pulse chase analysis with [35S]-methionine in cells expressing SOCS-1 in the presence or
absence of PIM2 confirmed that PIM2 could alter the protein stability of SOCS-1. Thus, these data
demonstrate that expression of PIM2 increases the stability of the SOCS-1 protein.

Our studies in cell lines demonstrated that the PIM kinases bind and phosphorylate SOCS-1. To
complement these results genetically, thymocytes from PIM1–/–PIM2–/– or wild-type mice were iso-
lated and stimulated with PMA/ionomcyin for 4 h to induce PIM kinase and/or SOCS-1 expression
(49). Protein extracts from these cells were immunoprecipitated with SOCS-1 antisera, and the levels
of SOCS-1 protein were examined. Consistent with our previous observations using cell lines, SOCS-
1 protein levels were 5–10 times higher in activated thymocytes from wild-type mice as compared to
levels in PIM1–/–PIM2–/– mice. Interestingly, PMA/ionomcyin stimulates SOCS-1 protein levels but
does not alter the levels of SOCS-1 mRNA in wild-type thymocytes. To determine whether SOCS-1
protein levels are similarly altered in mice overexpressing PIM1, thymocytes from Em-PIM1
transgenic (TG) or wild-type mice were isolated and stimulated with PMA/ionomcyin for 1 h to
induce PIM1 and SOCS-1 expression (40). A shorter time point for stimulation was chosen to ensure
that the levels of PIM1 in wild-type and transgenic mice were different. Consistent with previously
mentioned observations, SOCS-1 protein levels in thymocytes from PIM1 TG mice were higher than
in wild-type controls.

To determine whether the PIM-mediated increase in SOCS-1 protein levels altered cytokine sig-
naling, we examined the effects of SOCS-1 and PIM expression on IL-4 and interferon (IFN)-γ-
mediated transcription. 293T-cells were transfected with a luciferase reporter construct under the
control of a multimerized-STAT6 or -STAT1 promoter in the presence or absence of SOCS-1 and/or
PIM2. Comparison of luciferase activity following stimulation with IL-4 or IFN -γ demonstrated that
SOCS-1 could inhibit IL-4 and IFN-γ-induced transcription mediated by STAT6 and STAT1, respec-
tively. Strikingly, co-expression of wild-type PIM2 with SOCS-1 increased the inhibition of STAT6
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or STAT1 transcriptional activity; however, co-expression of a kinase-inactive PIM2 did not enhance
the ability of SOCS-1 to regulate STAT6 or STAT1 transcriptional activity. These data are consistent
with previously published data using cells from SOCS-1-deficient mice, which demonstrate pro-
longed STAT6 and STAT1 tyrosine phosphorylation downstream of IL-4 and IFN-γ signaling, re-
spectively (50,51). Together with the results presented above, these data suggest that PIM2 increases
the protein levels of SOCS-1 to enhance the ability of SOCS-1 to inhibit JAK-STAT signaling acti-
vated by IL-4 and IFN-γ. As mentioned earlier, transient transfections in 293T-cells demonstrated
that overexpression of the PIM kinases increases the ability of SOCS-1 to inhibit IL-4 signaling. To
examine the role of the PIM kinases in regulating SOCS-1 function in vivo, thymocytes were isolated
from wild-type and PIM1/PIM2-deficient mice and stimulated with IL-4. Interestingly, tyrosine phos-
phorylation of STAT6 downstream of IL-4 is prolonged in PIM1/PIM2-deficient cells as compared
to wild-type cells. These data demonstrate that the PIM kinases act to regulate IL-4 signaling.

The data described herein suggest an intriguing model for the regulation of JAK-STAT signaling
(Fig. 5). Cytokine stimulation up-regulates the expression of both SOCS-1 and the PIM kinases.
Expression of the PIM kinases enhances the ability of SOCS-1 to negatively regulate JAK-STAT
signaling by phosphorylating and stabilizing the protein levels of SOCS-1. The regulation of SOCS-
1 protein stability by the PIM kinases may define tissue-specific cytokine responsiveness. SOCS-1
mRNA is found in many tissues (20), whereas PIM2 is predominantly expressed in the hematopoietic
system (39) and PIM1 and PIM3 are more ubiquitously expressed (41) (B. Vuong and P. Rothman,
unpublished data). In addition, the cytokine-mediated regulation of PIM and SOCS-1 expression
may play a role in the crosstalk between cytokines. IFN-γ signaling induces PIM and SOCS-1 protein
expression (20,43). Further, IFN-γ signaling inhibits IL-4 signaling, possibly through SOCS-1 (52).
Thus, expression of the PIM kinases and the subsequent stabilization of SOCS-1 may be important

Fig. 5. PIM kinases modulate suppressor of cytokine signaling (SOCS)-1 regulation of Jak/STAT signal-
ing. The levels of PIM kinases are induced in response to different cytokines. PIM kinases can phosphorylate
SOCS-1. This phosphorylation can both alter SOCS-1 levels and SOCS-1 function, thereyby alteing SOCS-
1’s ability to regulate Jak kinases.
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for the inhibition of IL-4 signaling by IFN-γ. The identification of SOCS-1 and the PIM kinases as
critical regulators of IL-4 and IFN-γ signaling may allow for the development of novel anti-inflam-
matory agents that reduce the severity and/or development of atopic immune responses.
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SUMMARY

The vasoactive agents serotonin, endothelin-1, and angiotensin-2 have all been shown to produce pro-
liferation of smooth muscle cells and thereby act as cellular mitogens. Although these vasoactive sub-
stances differ substantially in structure, their effects on cell signaling pathways are very similar. In general,
following cellular ligation of the agents, reactive oxygen species (ROS) are generated through stimulation
of NAD(P)H oxidase, and MAP kinases are subsequently activated. This leads to activation of multiple
transcription factors, including AP-1, Egr-1, and GATA. Cell-cycling proteins are expressed to initiate the
cell-growth response. Similar cellular responses by these vasoactive substances may be important in the
production and release of cytokines, such as interleukin-6, which participate in vascular inflammation.
The inflammatory responses of vasoactive substances are in need of further study.

Key Words: Cell signaling; serotonin; endothelin-1; angiotensin II; NAD(P)H oxidases; reactive oxy-
gen species; MAP kinases; GATA; transcription factors; cytokines.

1. INTRODUCTION

It has been recognized since the early work of Owens and colleagues (1) that vasoactive sub-
stances may accelerate vascular smooth muscle cell (SMC) growth. More recent studies have indi-
cated that vasoactive agents also regulate inflammatory responses (2). Three particular vasoactive
substances—i.e., serotonin (5-HT), angiotensin II (Ang II), and endothelin-1 (ET-1) (see Table 1)—
have been studied extensively for their actions, and their signaling intermediates have been defined.

Both 5-HT and ET-1 are potent vasoconstrictors, and an increase in their functions has been asso-
ciated with pulmonary hypertension. The fawn-hooded rat with a genetic disorder in storage of 5-HT
by platelets and elevated serum levels of 5-HT develops pulmonary hypertension spontaneously (3).
Eddahibi et al. have demonstrated that treatment with 5-HT potentiates development of pulmonary
hypertension in chronically hypoxic rats (4), and serotonin transporter (SERT) knockout mice show
a comparatively muted response of the pulmonary vasculature to exposure to hypoxia (5). Further-
more, there is an enhanced expression of SERT in pulmonary artery SMCs of patients with pulmo-
nary hypertension (6). Similarly, ET-1 expression is increased in the lungs of patients with pulmonary
hypertension (7).

 While 5-HT and ET-1 have been most closely associated with pulmonary hypertension (7,8), Ang
II has been related to systemic hypertension, congestive heart failure, and pulmonary fibrosis (9,10).
Ang II is upregulated in patients with systemic hypertension. Ang II receptor antagonists as well as
inhibitors of angiotensin-converting enzyme (ACE, a protease that activates Ang II from its inactive
precursor Ang I) are known to reduce hypertension. A growing literature implicates the activity of
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Ang II and ACE in fibrotic diseases, and recent studies with animal models show that inhibitors of
these proteins block cardiovascular remodeling after ischemia/reperfusion (11).

2. VASOACTIVE AGENTS AND THEIR RECEPTORS

Although they have all been classified as vasoactive agents, 5-HT, Ang II, and ET-1 bear little
resemblance to each other. Ang II and ET-1 are peptides of 8 and 21 amino acids, respectively. Ang
II affects cellular growth in SMCs through the Ang II type 1 and type 2 receptors (AT1R and AT2R,
respectively), while ET-1 signals through the endothelin A and endothelin B (ETA and ETB) recep-
tors. Although there are no sequence similarities between these factors, their receptors are all seven-
membrane-spanning proteins in the G protein-coupled receptor (GPCR) family. Both Ang II and
ET-1 appear to have pro- and anti-apoptotic effects on cells; the type of biological outcome of Ang II
and ET-1 treatment appears to depend on a variety of factors, including the cell type observed, the
receptor subtypes expressed, and the concentration of the factor. Apoptosis-inducing concentrations
were roughly 10- to 100-fold higher than doses required for cell growth (12). Studies have indicated
that the ETA receptor and AT1R are most frequently associated with SMC proliferation in response
to their respective factors (12).

Unlike Ang II and ET-1, 5-HT (5-hydroxytryptamine) is a modified amino acid, not a peptide.
Also unlike the ET-1 and Ang II receptors, 5-HT produces its mitogenic effect on pulmonary artery
SMCs through an energy-dependent transport process via the serotonin transporter (SERT), a mem-
ber of a sodium- and energy-dependent family of transporters (13–15). In addition to the 5-HT trans-
porter, at least 14 subtypes of the 5-HT receptor (also in the GPCR family) have been identified;
many of these as well as SERT have been cloned (16–19). While some studies have shown prolifera-
tion in other cell types downstream of 5-HT receptors (20), studies in our laboratory have shown that
cellular internalization of 5-HT via SERT is required for the mitogenic action to occur in SMCs.
Figure 1 shows a proliferative response of bovine pulmonary artery smooth muscle cells (BPSMC)
to 5-HT at concentrations as low as 1 µM. The stimulation is most marked in the presence of
iproniazide, a monoamine oxidase inhibitor, which blocks intracellular degradation of 5-HT. 5-
hydroxyindoleacetic acid, the end-product of 5-HT degradation, failed to stimulate smooth muscle
cell proliferation. In contrast to Ang II and ET-1, 5-HT has not been found to induce apoptosis in
any cell types examined to date.

3. FORMATION OF ROS IN RESPONSE TO VASOACTIVE SUBSTANCES,
ROLE IN MITOGENESIS

Oxidants are well known to produce injury to the lung. It became recognized in the mid- to late-
1980s that oxidants may also enhance cellular proliferation when induced through cell signaling
processes. Much of our knowledge about this was initially derived from the oncologic literature
(21,22) and was later transmitted to studies of nontransformed cells, including those of the lung and
vasculature (2).

Table 1
Activation of Transcription Factors by Vasoactive Agents (see text for references)

5-HT Ang II ET-1

AP-1 AP-1 AP-1
GATA-4 CREB GATA-4
Egr-1 GATA-4 NF-κB
STAT Egr-1

NF-kB
STAT
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During the last several years, it has become apparent that the binding of many polypeptides to cell-
membrane tyrosine kinases and GPCRs initiates reactive oxygen species (ROS)-generating reactions
such as the activation of NAD(P)H oxidase (24). Generation of ROS occurs similarly to that of the
phagocyte, where ROS formation is initiated by bacterial engulfment. In fact, many of the same
components of NAD(P)H oxidase present in phagocytic cells have also been identified in vascular
cells and participate in ROS generation (25,26).

Both ET-1 and Ang II produce intracellular ROS, which are believed to act as second messengers
for signal transduction by their respective receptors. ET-1 has been shown to stimulate pulmonary
artery smooth muscle cell proliferation through induction of ROS (27). The increased relative
dihydroethidium fluorescence, which was the measurement of ROS produced by ET-1, was reduced
to control level by PD 156707, an inhibitor of MEK in the mitogen-activated protein kinase (MAPK)
pathway, suggesting that MAPK activation was upstream to ROS production. Ang II also produces
H2O2 formation in smooth muscle cells, and Ang II-induced cellular proliferation is dependent upon
ROS generation (28). Extensive studies in the Ang II/ROS system have helped in the identification of
proteins such as p22phox, the gp91phox analogs nox1 and nox4, and the small G proteins Rho and/or
Rac 1, which are critical components of the O2

--generating system in SMCs (29–32).
Studies in our laboratory have demonstrated that the mitogenic effect of 5-HT on pulmonary ar-

tery SMCs also requires activation of an NAD(P)H oxidase that produces O2
– (Fig. 2) (33). The SMC

growth response appears to be dependent upon the dismutation of O2
– to H2O2, which may be the

actual ROS responsible for cellular growth (34). Activation of the NAD(P)H oxidase requires active
uptake of 5-HT by the cell since, like mitogenesis, it is blocked by the 5-HT transporter inhibitor
imipramine. 5-HT-induced SMC growth is also blocked by diphenyliodonium (DPI) and quinacrine,
inhibitors of NAD(P)H oxidase (Fig. 3), and a variety of antioxidants (Fig. 4), but not by allupurinol,
an inhibitor of xanthine oxidase (33). α-Hydroxyfarnesylphosphonic acid, which inhibits activation
of p21ras, also blocks both cellular proliferation and ROS-linked chemiluminescence downstream of
5-HT (Fig. 5) (33). Because of the role of Rac implied by ROS production in response to growth

Fig. 1. 5-HT stimulates proliferation of smooth muscle cells (SMCs). Bovine pulmonary artery SMCs were
incubated with 5-HT plus iproniazid (Ipr) for 24 h. DNA synthesis was determined by monitoring [3H]thymidine
incorporation. Values represent means ± SD. (n = 4). The figure was reproduced from Lee et al. (13), with
permission.
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Fig. 2. Effect of 5-HT transporter inhibitor imipramine (IMP) on O2
– generation. Bovine pulmonary artery

smooth muscle cells (SMCs) were incubated with 1 µM 5-HT plus 0.1 mM iproniazid without (closed circles)
or with 0.1 mM imipramine (closed squares). O2

– generation was measured by a lucigenin-enhanced chemilu-
minescence assay. The figure was reproduced from Lee et al. (33), with permission.

Fig. 3. Effects of NAD(P)H oxidase inhibitors on 5-HT-induced proliferation of SMCs. Bovine pulmonary
artery smooth muscle cells (SMCs) were pretreated with diphenyliodonium (DPI), quinacrine (NAD[P]H oxi-
dase inhibitors), or allopurinol (xanthine oxidase inhibitor), then incubated with 1 µM 5-HT for 24 h. DNA
synthesis was determined by monitoring [3H]thymidine incorporation. Values represent means ± SD. (n = 4).
(*) denotes the value that is significantly different from control at p < 0.05. (**) denotes values significantly
different from 5-HT alone at p < 0.05. The figure was reproduced from Lee et al. (33), with permission.

factors in fibroblasts (35), we examined Rac’s role in 5-HT-mediated cell signaling. Overexpression
of dominant-negative Rac 1 (N17Rac1) inhibited 5-HT-mediated activation of a c-fos-luciferase re-
porter gene expression (unpublished data). These results support a concept that 5-HT-mediated ROS
production also utilizes a Rac-dependent mechanism. Interestingly, NAD(P)H oxidase is not acti-
vated by 5-HT in endothelial cells from the same vessels, where there is no growth response (data not
shown).
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4. ACTIVATION OF MAPK

The MAP kinases provide an intermediate signal transduction pathway in response to stimuli that
lead to cellular growth (36,37). Receptor tyrosine kinases or G protein-coupled receptors may use
Ras to activate this pathway, or activation may be Ras-independent. Both exogenous and endogenous
ROS have been reported to activate MAP kinases via phosphorylation of tyrosine or threonine resi-
dues (37–40). Similarly, phosphorylation may occur by inhibition of phosphatases.

As stated above, activation of MAPK by ET-1 appears to occur upstream of ROS production, as
inhibitors of MAPK blocked ROS. However, activation of MAPK by Ang II can occur upstream and

Fig. 4. Effects of antioxidants on 5-HT-induced O2
– generation and proliferation of smooth muscle cells

(SMCs). Bovine pulmonary artery SMCs were pretreated with α-hydroxyfarnesylphosphonic acid (FPA, 0.1
mM), tiron (10 mM), or N-acetylcysteine (NAC, 10 mM), then incubated with 1 µM 5-HT. (A) O2

– generation
was measured by a lucigenin-enhanced chemiluminescence assay. (B) DNA synthesis was determined by moni-
toring [3H]thymidine incorporation. Values represent means ± SD. (n = 4). (*) denotes the value that is signifi-
cantly different from control at p < 0.05. (**) denotes values significantly different from 5-HT alone at p < 0.05.
The figure was reproduced from Lee et al. (33), with permission.
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downstream of ROS. Ang II activates both the p42/p44 and p38 MAPK pathways in SMCs. Transfec-
tion of cells with catalase blocked phosphorylation of MAPKs produced by Ang II in the studies of
Ushio-Fukai et al. (29), and it was concluded that the p42/p44 and p38 MAPK pathways for this
signaling were not in series, but rather occurred in parallel. Viedt et al. further showed that transfec-
tion of SMCs with p22phox antisense blocked p38 MAPK activation, indicating the requirement of
NAD(P)H oxidase (41). These findings are supported by recent studies of MAPK, which show that
these kinases are activated in large complexes in coordination with scaffolding proteins, and the
scaffolds for the p42/p44 and p38 MAPKs are distinct, independent modules (42). However, no
mechanism has yet been proposed for the differences in ROS-dependent or -independent activation
of these complexes.

p42/p44 MAPKs are activated by 5-HT, and this activation is dependent upon the generation of
ROS (Fig. 6) (43). The MAPK inhibitor, PD98059, blocks MAPK activation, but fails to block ROS
generation, indicating that ROS generation, in this case, is upstream of MAPK in the signaling cas-
cade. As anticipated, activation of MAPK by 5-HT is blocked by a variety of anti-oxidants, including
tiron, N-acetylcysteine, and Ginkgo biloba extract, and the NAD(P)H oxidase inhibitor DPI, which
also blocks cellular proliferation induced by 5-HT (43). Unlike Ang II, which activates both p42/p44
and p38 MAPKs (28), 5-HT failed to activate p38 MAPK despite the ability of the p38 MAPK inhibi-
tors SB202190 and SB203580 to block (3H)- thymidine incorporation by SMC treated with 5-HT
(34). We attributed this inhibition of cellular proliferation to the demonstrated ability of SB202190
and SB203580 to function as an O2

–-quenching antioxidant (Fig. 7). The specific oxidase involved in
5-HT-regulated pathways has not yet been identified.

5. TRANSCRIPTION FACTOR ACTIVATION AND GENE REGULATION
BY VASOACTIVE AGENTS

There have been a number of previous studies on transcription factor activation by vasoactive
peptides (Table 1). Many of the factors that have been found to be activated by the vasoactive pep-
tides are associated with growth, e.g., activator protein-1 (AP-1), early growth response-1 (Egr-1),

Fig. 5. Effect of the p21ras inhibitor on 5-HT-induced proliferation of smooth muscle cells (SMCs). Bovine
pulmonary artery SMCs were pre-treated with α-hydroxyfarnesylphosphonic acid, then incubated with 1 µM 5-
HT for 24 h. DNA synthesis was determined by monitoring [3H]thymidine incorporation. Values represent
means ± SD. (n = 4). (*) denotes the value that is significantly different from control at p < 0.05. (**) denotes
values significantly different from 5-HT alone at p < 0.05. The figure was reproduced from Lee et al. (33), with
permission.
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Fig. 6. Effects of MEK inhibitor and antioxidants on 5-HT-induced activation of p42/p44 MAPK. Bovine
pulmonary artery smooth muscle cells (SMCs) were pretreated with PD98059 (PD, 10 µM), tiron (2 mM), N-
acetylcysteine (NAC, 10 mM), or Ginkgo biloba (GK, 200 µg/mL), then incubated with 5-HT. Phosphorylation
of p42/p44 MAPK was determined by Western blot analysis using the phospho-specific antibody. The figure
was reproduced from Lee et al. (43), with permission.

Fig. 7. Effect of SB-203580 (SB-1) and SB-202190 (SB-2) on O2
– generation. Bovine pulmonary artery

smooth muscle cells (SMCs) incubated with 1 µM 5-HT with varied concentrations of SB-1 and SB-2. O2
–

generation was measured by a lucigenin-enhanced chemiluminescence assay. The figure was reproduced from
Lee et al. (34), with permission.

and cyclic AMP-response element-binding protein (CREB) (44,45). Nuclear factor-κB (NF-κB) is
often considered for its role in anti-apoptotic gene activation, an activity often associated with but not
required for growth. Some of these transcription factors are also associated with inflammation. The
GATA family of transcription factors includes six genes with a highly conserved zinc finger DNA
domain that interacts with DNA regulatory elements containing a consensus (A/T)GATA(A/G) se-
quence. Recently, our laboratory has uncovered a mitogenic function for GATA-4 in pulmonary
vascular SMCs (46).

The factors AP-1, Egr-1, GATA, and CREB are known to be activated downstream of MAPKs
(45). Signal transducers and activators of transcription (STATs) have been shown to be activated
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exclusively downstream of the Janus kinases (Jaks) or the related kinase Tyk2 (44,45). Interestingly,
the Jaks, which are often considered to be activated independently of MAPKs, have also recently
been shown to be activated downstream of intracellular ROS (47). NF-κB is most notably activated
primarily in response to ROS, whether added exogenously or generated intracellularly by the
NAD(P)H oxidase (44,45,48). Activation of NF-κB is largely dependent upon degradation of its
inhibitory subunit, IκB.

The most intensive investigation of transcription factor activation has been done for Ang II signal-
ing. Cell growth in response to Ang II has been largely attributed to the activation of the AP-1,
GATA-4, and Egr-1 factor activities (downstream of MAPK) (44,49–51). Other factors have been
shown to be activated as a part of Ang II-induced inflammation. Activation of CREB, NF-κB, STAT
1a, 2, 3, and 5, and, in some cell types, AP-1, are associated with the early activation of inflammatory
effects and cytokine regulation after tissue damage (52). The mechanisms of Ang II-induced tran-
scription factor activation have been found to be largely downstream of ROS generation, with one
intervening kinase as described above (29,44,50).

Compared with the extensive literature available for Ang II activation of transcription factors,
comparatively little is known about ET-1-induced transcription factor activation. The factors identi-
fied for ET-1 include AP-1, GATA-4, and NF-κB; the first two of these have been shown to play
roles in ET-1-induced cell growth (53,54). In SMCs, AP-1 was induced downstream of MAPK, but in
a ROS-dependent manner, through the induction of Jun-amino-terminal kinase (JNK) activation (53),
although NF-κB has been shown to regulate the cytokine interleukin-6 (55).

Our laboratory has been increasingly interested in the activation of transcription factors involved
in SMC proliferation. A number of studies have shown that the 5-HT receptors can activate gene
transcription through a variety of transcription factors (56–58). Several of these activities are associ-
ated with the stimulation of cytokines or proteins associated with fibrosis. We studied the influence
of 5-HT on GATA factors in pulmonary artery smooth muscle cells. 5-HT upregulated GATA DNA-
binding activity fivefold, and supershift experiments showed this to be attributed at least in part to
GATA-4 (46). Pretreatment of cells with inhibitors of SERT, ROS, and MEK blocked the GATA-4
activation by 5-HT, and the dominant-negative mutant of GATA-4 blocked cell growth produced
by 5-HT.

We also recently found that 5-HT induces sustained activation of the Egr-1 transcription factor
(unpublished data). A number of studies have correlated Egr-1 activity with cell growth (59,60), and
the factor is activated through phosphorylation sites in a serine/threonine-rich region (61). As stated
above, Egr-1 nuclear translocation and DNA-binding activity are believed to be controlled largely
through the activity of upstream MAP kinases, suggesting that this may be the mechanism by which
5-HT regulates this factor (45,61,62).

Because 5-HT is mitogenic in vascular smooth muscle, candidate downstream target genes are
those genes involved in cellular proliferation. Much is already known about how external stimuli,
such as growth factors and cytokines, result in cell-cycle progression through the G1 phase of the
cycle. This involves the activation of immediate early genes such as c-myc, with the subsequent
activation of cyclin D1, which results in its association with and activation of cyclin-dependent ki-
nases (CDK) and the inactivation of Rb (63). We have verified that α- and β-actin (64) and the early
response genes c-fos (unpublished data) and c-myc (64) are all upregulated by 5-HT in smooth muscle
cells. In addition, we have determined that the cell-cycle regulator cyclin D is upregulated by 5-HT in
vascular SMCs (unpublished data). This regulation of cyclin D1 by 5-HT is consistent with what
others have reported in mouse fibroblasts that contain 5-HT 2B receptors (65).

6. VASOACTIVE AGENTS AND INFLAMMATORY RESPONSES

Recently, the roles of vascular SMCs and vasoactive agents in the regulation of inflammatory
events have been recognized. Mechanisms of these agents in mediating pro-inflammatory events
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may involve the activation of various transcription factors as described above. Gene transcription of
pro-inflammatory cytokine interleukin-6 is regulated by STAT, CREB, and NF-κB transcription fac-
tors. 5-HT (66), Ang II (67,68), and ET-1 (55) all induce gene transcription of interleukin-6, perhaps
through the activation of these transcription factors. Interleukin-6 is well-known to be an upstream
regulator of a number of inflammatory cytokines. Further, these transcription factors also directly
regulate other pro-inflammatory cytokines, such as interleukin-1 and tumor necrosis factor.

7. DISCUSSION

Research in our laboratory has focused on the mechanism of 5-HT-induced proliferation and hy-
pertrophy of pulmonary artery SMCs. Despite the well known presence of a variety of subtypes of 5-
HT receptors on cellular membranes, our studies demonstrate that active transport of 5-HT in SMCs
is coupled to intracellular processes that activate the development of hyperplasia and hypertrophy.
This fits well with the known pathology that occurs in pulmonary hypertension. The schema of sig-
naling events that occur in this process is illustrated in Fig. 8. Cellular internalization of 5-HT acti-
vates GTPase-activating protein and initiates a probable combination of Rac 1 and other components
of NAD(P)H oxidase, whose activation then produces O2

–. Dismutation of O2
– forms H2O2, which

activates p42/p44 MAPKs. The specific physicochemical process by which this occurs is unknown,
but presumably involves either its oxidation or the oxidation of a related phosphatase, thereby inacti-
vating the phosphatase.

Subsequently, transcription factors are activated. We have found activation of GATA-4 and Egr-
1 in pulmonary artery SMCs. Cyclin genes contain elements in promoter regions for both of these
transcription factors. Similarly, early-response genes, including c-fos, and cellular structural genes,
such as α- and β-actins, are stimulated. These signals initiate cell-cycle progression and result in
hyperplasia and hypertrophy of SMCs. It appears from the literature that other vasoactive agents,
such as ET-1 and Ang II, utilize similar pathways to 5-HT in their initiation of smooth-muscle hyper-
plasia and hypertrophy. Whether or not any other signaling pathways can produce a similar effect has
not been determined. Furthermore, very little information is presently available about signaling path-
ways that lead vasoactive agents to produce an inflammatory response.

Fig. 8. Proposed pathway for 5-HT stimulation of smooth muscle cell growth.
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Reactive Oxygen Species and Cell Signaling

in Lung Ischemia
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SUMMARY

This chapter presents a new paradigm for the response to ischemia in the pulmonary circulation. The
ischemic response depends on the sensing of decreased shear stress by the endothelial cell, resulting in the
activation of membrane-associated NADPH oxidase, generation of O2

–, and activation of a signaling cas-
cade. The initial response of the endothelium leading to NADPH oxidase activation is depolarization of
the endothelial cell membrane, possibly a result of inactivation of membrane KATP channels (KIR 6.2).
ROS signaling leads to NO generation and cell proliferation. Thus, the KATP channel may function as a
“flow sensor” with the ability to initiate signaling subsequent to flow cessation. This response to altered
shear stress may represent a physiological attempt to promote both vasodilation and the generation of new
capillaries as mechanisms to restore blood perfusion.

Key Words: Endothelial cells; mechanotransduction; shear stress; superoxide generation; NADPH
oxidase; KATP channel; eNOS activation; Ca2+ influx; cell proliferation.

1. INTRODUCTION TO ISCHEMIA/REPERFUSION INJURY

Recent years have seen a rapid increase in our understanding of the phenomenon of tissue injury
mediated by reperfusion following a period of ischemia (I/R). Ischemia is defined as the loss of blood
flow and in most instances is accompanied by anoxia, which accounts for the major manifestations.
Thus, the pathophysiology of I/R essentially represents the effects of anoxia/reoxygenation. The ba-
sic observation is that tissues that “survive” an ischemic episode show increased damage during the
subsequent reperfusion period. This paradoxical response to restoration of blood flow has been de-
scribed in the intestine, kidneys, heart, brain, skeletal muscle, and other organs, including the lung
(1,2). The major pulmonary manifestations include increased lung permeability, fluid accumulation,
hemorrhage, and increased pulmonary vascular resistance (3–7). With intact dogs, lung fluid accu-
mulation occurred with 2–4 h of ischemia and 0.5–5 h of reperfusion, although additional stress, such
as positive end-expiratory pressure (PEEP) or increased left atrial pressure, sometimes was required
to elicit the injury (8–12). A longer protocol (48 h of ischemia with 4 h of reperfusion) resulted in
greater injury, including ultrastructural alterations of capillary endothelial and alveolar epithelial
cells (13).

These in vivo studies have been supplemented by studies with isolated perfused lung preparations.
With the perfused lung model, the direct effects of ischemia-reperfusion can be evaluated without the
confounding variables of neuroendocrine effects, altered cardiac output, secondary effects on the
control lung, and other systemic manifestations. Evidence of altered endothelial permeability and/or
lung edema was seen after 3 h of ischemia and 1 h of reperfusion in the isolated dog lung (14), after
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0.5–2 h of ischemia followed by 1 h of reperfusion in the isolated rabbit lung (15–18), after 3 h
ischemia plus short reperfusion in the isolated ferret lung (19), and with varying periods of ischemia
(45–90 min) and reperfusion (30–105 min) in isolated rat lung models (20–30). The increased filtra-
tion coefficient associated with I/R in the rat lung was reversible by treatment with enhancers of
cAMP activity, indicating that edema was not just a terminal event (17,23,25).

It is widely accepted that tissue damage with I/R represents an oxidative injury associated with
increased generation of reactive oxygen species (ROS). I usually will refer generically to ROS in this
chapter, because differentiation of the individual species using chemical traps is difficult and gener-
ally has not been clearly delineated in the literature. Although ROS may be generated during
reperfusion from more than one source, a widely accepted pathway is via xanthine oxidase, which is
produced during the ischemic period by proteolytic conversion of xanthine dexydrogenase (1). The
major substrates for this pathway are derived from breakdown of ATP during anoxia; O2 is necessary
and is supplied by reperfusion (Fig. 1).

ROS generation has been demonstrated with I/R in isolated lung models and appears to correlate
with subsequent pathophysiology. With I/R in isolated rabbit lungs, production of *OH was demon-
strated by the salicylate trap (hydroxylation) method (18), and release of O2

– into the perfusate was
shown by reduction of succinylated ferricytochrome c (20). Reperfusion lung edema in this model
was partially blocked by a xanthine oxidase inhibitor, allopurinol, providing evidence that this en-
zyme has a role in the generation of ROS. ROS scavengers also protect against the (patho) physi-
ological manifestations of injury with I/R; superoxide dismutase (SOD), catalase, and thiols all have
been effective (14,20,31,32). Pretreatment of isolated rat lungs with Fe chelators such as U74500A or
U74389G (21 amino steroids), transferrin, or desferrioxamine also inhibited lung edema formation
with I/R, providing evidence that Fe2+ in addition to ROS is required for oxidant injury (20,33,34).

Fig. 1. Mechanism for generation of reactive oxygen species with ischemia reperfusion. Ischemia (anoxia)
results in breakdown of ATP to hypoxanthine and proteolytic conversion of xanthine dihydrogenase (XDH) to
xanthine oxidase (XO). With reperfusion and re-introduction of oxygen, XO converts hypoxanthine to uric acid
and generates O2

–, which can dismute to H2O2.



ROS in Lung Ischemia 127

In contrast to the biochemical effects in systemic organs, the response of the lung to acute is-
chemia is unique, since continued ventilation is expected to maintain adequate tissue oxygenation.
Stated another way, O2 diffuses from the airspaces to the capillaries, and the function of the pulmo-
nary circulation is to accept O2 for systemic delivery, not to deliver it to the lung parenchyma. Thus,
acute ischemia, such as that seen with a pulmonary thromboembolus, does not result in lung anoxia,
and reperfusion is not accompanied by reoxygenation. (Over the longer term, ischemia may lead to
atelectasis and resultant tissue hypoxia.) Despite these differences between the lung and systemic
organs with respect to tissue oxygenation, I/R is associated with lung tissue injury as described above.

2. ROS PRODUCTION WITH ISCHEMIA BY THE INTACT LUNG

We have used the isolated perfused rat lung preparation as an intact organ model for studying the
response to I/R and for comparison to the effects of anoxia/reoxygenation. Lungs were isolated under
surgical anesthesia, cleared of blood, placed in a perfusion apparatus maintained at 37°C, perfused at
8–10 mL/min with artificial medium (Krebs-Ringer bicarbonate solution containing glucose and ei-
ther albumin or dextran to maintain osmolality) and continuously ventilated with air. Global ischemia
was produced by cessation of perfusion while ventilation continued; anoxia/reoxygenation was pro-
duced by ventilation of lungs with N2 and then subsequently with O2 while perfusion continued. All
ventilation gases contained 5% CO2 to maintain pH homeostasis. As expected, tissue ATP was un-
changed with ischemia but decreased significantly with anoxia (Table 1) (35,36). The major finding
of this study was that generation of ROS occurs during the ischemic period itself, provided that tissue
oxygenation is maintained by ventilation (36–39). (By definition, oxygen must be present for genera-
tion of ROS.) In our isolated rat lung model, oxidative tissue injury as indicated by lipid peroxidation
and protein oxidation was detected at approx 15–30 min of ischemia, with a significant further in-
crease at 60 min of ischemia (Table 1) (35,40).

To detect ROS generation during ischemia, lungs were preperfused with a fluorescent dye that
serves as a trap for radical species. We used a light guide placed against the pleural surface to excite
the fluorophore and to record the reflected light at specific wavelengths (35). The ROS indicator
utilized for this study was dihydroethidine, a fluorophore that is oxidized by ROS to ethidium, which
intercalates into cellular DNA. Dihydroethidine and ethidium have very different fluorescence spec-
tra, which can be clearly differentiated. The pleural surface fluorescence signals during ischemia
showed a marked increase in ethidium and parallel decrease in hydroethidine, indicating the genera-
tion of ROS (Fig. 2). A recent study of rat lungs using an enhanced chemiluminescence method has
provided evidence for the generation of ROS in vivo with lung ischemia (41).

In order to determine the cellular origin of ROS, we used an inverted epifluoresence microscope
and a charge-coupled device (CCD) or digital camera for high-resolution digital imaging of the sub-

Table 1
ATP Content and Tissue Oxidation in Isolated Rat Lung During Anoxia/Reoxygenation

ATP TBARS Protein carbonyls DCF fluorescence
mmol/g dry wt pmol/mg prot. nmol/mg prot. arbitrary units

Control perfusion 9.4 ± 0.5 34.7 ± 3.6 3.7 ± 0.1 10.6 ± 0.7
Ischemia, 1 h 8.9 ± 0.6 134 ± 3.4* 10.1 ± 0.7* 84.6 ± 1.7*
N2, 1 h 3.9 ± 0.6* 40.1 ± 3.8 3.9 ± 0.2 10.6 ± 1.3
N2 → O2 5.6 ± 0.5* 132 ± 17* 5.4 ± 0.1* 38.1 ± 2.5*

Data are mean ± SE for n = 4-7. N2 → O2 indicates 1 h anoxia followed by 1 h reoxygenation. TBARS,
thiobarbituric acid reactive substances, an index of lipid peroxidation. Protein carbonyls are an index of
oxidatively modified proteins. All parameters were measured in the lung homogenate. *p < 0.05 vs control.
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pleural microvascular endothelial cells (37). Deconvolution of fluorescence images was obtained
using a graphic software program (Metamorph Imaging System, Universal Imaging Corp., West
Chester, PA). For these studies, we used as fluorophore dichlorofluorescein (DCF) diacetate, a cell-
membrane-permeable probe that becomes less permeable following deacetylation. A marked increase
in DCF fluorescence with ischemia indicated endothelial ROS generation. Localization of DCF to
microvascular endothelium was confirmed by imaging the cell association of diI-acetylated low-
density lipoprotein (diI-LDL), an endothelial-specific marker (37).

Additional studies of ROS generation utilized amplex red, a fluorophore that gives increased fluo-
rescence primarily after reaction with H2O2 (in the presence of peroxidase). This fluorophore re-
mains in the pulmonary vascular space and is not taken up by the endothelial cells. Increased ROS
generation with ischemia was indicated by a marked increase in amplex red fluorescence, which was
abolished by the addition of catalase (38). With video imaging of the pulmonary microvasculature,
we could determine the temporal relationship between ischemia and ROS generation (38). Increased
fluorescence of amplex red was detected at approx 2–4 s after abrupt cessation of perfusion, with a
progressive increase during a 30-min observation period. Thus, ROS generation with ischemia is
initiated rapidly and is continuous. The generation of ROS continuously over a period of 30 min or
longer provides a mechanism for the oxidative injury to rat lung detected at 15–30 min of ischemia by
our assays for lipid peroxidation and protein oxidation (39,40). At a still later time, approx 180 min
of ischemia in the ferret lung, physiological derangement, i.e., increased microvascular permeability,
can be demonstrated (19).

3. MECHANOTRANSDUCTION AND ENDOTHELIAL ROS GENERATION

The basic mechanism(s) for the initiation of ROS production during lung ischemia is not immedi-
ately obvious. That is, what is the trigger, or how does the lung “know” that it is ischemic? With other
tissues, either decreased delivery of O2 or other substrates, or decreased metabolite removal could

Fig. 2. Effect of ischemia on hydroethidine and ethidium fluorescence from the lung surface. Ischemia is
indicated by the abrupt decrease in pulmonary artery (PPA) perfusion pressure. Note the increase in ethidium
fluorescence and corresponding decrease in hydroethidine fluorescence, indicating oxidation of hydroethidine
by reactive oxygen species (ROS). From ref. 39, with permission of the American Physiological Society.
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theoretically be the mechanisms(s) for initiation of ROS generation. With the ventilated lung model,
oxygen lack (anoxia) is not a factor. The lack of change in ATP during ischemia in the isolated lung
model provides support for this conclusion (35,39). Likewise, we found that changes in pH (either
acidosis or alkalosis) or change in substrate supply (glucose) did not significantly alter the extent of
oxidant-mediated ischemic injury in the perfused lung model (39). Our conclusion is that metabolic
alterations commonly associated with ischemia in other organs are unlikely to be primary initiators of
lung ROS generation with ischemia.

Another possibility is that a mechanical, e.g., decreased flow, rather than a metabolic component
of ischemia is responsible for initiation of the events leading to oxidative lung injury. Pulsatile blood
flow evokes physical forces such as pressure, stretch, and shear-stress, which act on the vessel wall,
specifically on the endothelium, which transforms the mechanical stimuli into electrical and bio-
chemical signals (mechanotransduction). These physical factors and the concept of their role in en-
dothelial regulation have come under study relatively recently (42–46). Although the precise
mechanism(s) of cellular mechanotransduction have yet to be elucidated, ion channels and
cytoskeletal elements responsive to stretch and shear-stress appear to be involved. We have put par-
ticular emphasis on the effects of shear stress, since the endothelial cell is in a unique position to
sense this physical force associated with blood flow (Fig. 3).

Prior studies of mechanotransduction in endothelium have evaluated the effect of increased shear
in endothelial cells cultured under static conditions that then are subjected to shear. Time-dependent
responses with aortic endothelial cells include hyperpolarization of the cell membrane and activation
of G proteins within 1 min, activation of MAP kinases and NFκβ and cytoskeletal rearrangement in
1–60 min, induction of connexin 43 and cell adhesion protein realignment of focal adhesions in 1–6
h, and a reorganized cell surface and cellular alignment in the direction of flow in 6–24 h (47). These
cells are then considered “flow adapted.” In seeking an explanation for the effect of ischemia on cell

Fig. 3. Schematic representation of the effect of flow on the endothelial cell. This figure indicates the distor-
tion of the endothelial cell membrane and cell contents that results with changes in shear stress.
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function, we recognized that endothelial cells may sense loss of shear in an analogous fashion to their
ability to sense increased shear.

4. SIMULATED ISCHEMIA IN FLOW-ADAPTED
ENDOTHELIAL CELLS IN VITRO

Mechanotransduction as the basis for the response to ischemia was further investigated with an in
vitro model. Bovine pulmonary artery endothelial cells (BPAEC) were first flow adapted and then
studied for their response to acute cessation of flow (“simulated ischemia”). A parallel-plate flow
chamber was designed so that endothelial cells could be flow adapted and then placed in a standard
cuvette holder for continuous monitoring of cellular fluorescence (48). This design permitted the
real-time detection of the cellular response to acute ischemia. BPAEC cultured under flow for 24 h in
this apparatus demonstrated cellular realignment in the direction of flow indicating adaptation to a
laminar shear stress (48).

The generation of ROS was evaluated with this model during simulated ischemia by measuring
changes in absorbance of cytochrome c added to the perfusing medium. There was no change in
absorbance with cells that had been cultured under static conditions and then subjected to 30 min of
flow immediately before the experiment (Fig. 4). However, cells that had been flow adapted for 24 h
demonstrated a rapid increase in absorbance at 550 nm shortly after stopping perfusate flow, indicat-
ing cytochrome c reduction. The reaction was inhibited by superoxide dismutase but was unaffected
by catalase (a slight increase in absorbance with catalase is compatible with reoxidation
of reduced cytochrome c by H2O2) (Fig. 4). The reaction also was inhibited by the presence of
diphenyleneiodonium (DPI), an inhibitor of flavoprotein oxidases. These results are compatible with
ischemia-induced generation of O2

– into the extracellular space, where its dismutation would pro-
duce freely diffusible H2O2. The calculated O2

– production with ischemia accounted for approx 70%

Fig. 4. Extracellular production of O2
– by bovine pulmonary artery endothelial cells during simulated is-

chemia. Absorbance was measured in a spectrophotometer in the presence of cytochrome c as an indicator for
O2

– production. Simulated ischemia is indicated by “stop flow,” resulting in increased O2
– production by flow-

adapted cells that is inhibited by superoxide dismutase (SOD) and diphenyleneiodonium (DPI). Catalase (CAT)
or equilibration of medium with 100% oxygen had no significant effect on the initial rate of O2

– production.
There was no O2

– production in cells that were cultured under static conditions and were not flow adapted
(static cells). Adapted from ref. 48, with permission of the American Physiological Society.
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of the O2 consumption of “ischemic” BPAEC and was similar in magnitude (approx 6 nmol/min/106

cells) to the respiratory burst of stimulated polymorphonuclear leukocytes (48).

5. SOURCE OF ROS WITH LUNG ISCHEMIA

Based on these observations, we postulated that the enzymatic source of endothelial O2
– with

ischemia was a membrane NADPH oxidase similar to the enzyme in phagocytes. Phagocyte-type
NADPH oxidase is a multi-component system that is activated by the translocation of three cytosolic
protein components (p47phox, p67phox, and p21rac1) to the plasma membrane, where they associate
with the cytochrome b558 heterodimer (gp91phox and p22phox); other components may be involved in
transport and stability of the complex (49,50). Recently published results indicate the presence in
endothelial cells of many of the components of the phagocyte-type NADPH oxidase enzyme system
(37,51–53). Activity of this enzyme in phagocytes is inhibited by DPI and produces superoxide into
the extracellular milieu, properties that echo the results described above for ischemia in flow-adapted
endothelial cells.

The results obtained with isolated cells were confirmed with the isolated perfused rat lung. As
mentioned above, oxidation of amplex red in the isolated lung suggests extracellular generation of
oxidants (38), although diffusion of H2O2 from intracellular sources cannot be excluded. Like the
observations with cells, there was marked inhibition of ischemia-mediated ROS production (DCF
oxidation) by the presence of DPI (36,37). DCF oxidation with ischemia also was prevented by pre-
perfusion with PR-39, a polypeptide that inhibits src homology 3 (SH3) domains; the NADPH com-
plex is known to utilize these domains for activation of the enzyme complex (37). Confirmation of a
role for NADPH oxidase was obtained by the study of mice that were deficient (knockout) in gp91phox,
the flavoprotein component of the complex responsible for O2

– production (37). Lungs from the
knockout animals showed no increase in DCF fluorescence after ischemia, in contrast to the effects
of ischemia in lungs from wild-type mice. Further, we showed that lung tissue oxidative injury also
occurs with anoxia/reoxygenation as well as ischemia (Table 1); however, distinctly different bio-
chemical pathways are responsible for ROS generation during ischemia (inhibited by DPI, but not
allopurinol) vs anoxia/reoxygenation (inhibited by allopurinol but not DPI) (Fig. 5) (36).

6. ROS-MEDIATED SIGNALING IN RESPONSE TO ISCHEMIA

These results indicating a rapid onset of ROS generation associated with ischemia led us to inves-
tigate the physiological significance of the response. We focused on signaling pathways, since recent
studies have demonstrated an important role for ROS as signaling molecules (54). In order to gener-
ate a sufficient number of cells for study, flow adaptation was accomplished utilizing a commercially
available artificial capillary system, which simulates the pulmonary microvasculature (55). BPAEC
were seeded in the capillaries and allowed to attach while oxygenation of the medium was main-
tained by the flow of medium through abluminal ports. Following attachment, flow adaptation was
obtained by switching flow to the lumen of the capillaries. Simulated ischemia was produced by
again switching perfusion to the abluminal ports, abolishing shear stress but providing continued
oxygenation of the medium during the ischemic period. BPAEC cultured in the artificial capillary
system either could be adapted to continuous laminar flow or cultured under static conditions.

Flow-adapted BPAEC, when subjected to simulated ischemia (cessation of flow with continued
oxygenation), showed ROS production that was inhibited by pretreatment with DPI. This effect was
in clear contrast to the cells cultured under static conditions, which showed no change in ROS pro-
duction when flow was discontinued after a 30-min perfusion period (55). We measured extracellular
signal-regulated kinases 1and 2 (ERK1/2), nuclear factor (NF)-κB, and activator protein-1 (AP-1)
with ischemia in flow-adapted cells. ERK1/2 was activated (i.e., phosphorylated) during the first 10
min of ischemia and reached a plateau of activity at 20–30 min (56). NF-kB showed activation when
studied at 1 h of ischemia, with increase in both the p65/p65 and p65/p50 dimers (55). AP-1, also
studied at 1 h of ischemia, showed activation of c-jun/c-fos heterodimer (55). These changes in sig-
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naling molecules required prior flow adaptation of the cells and were inhibited by pretreatment of
cells with either of the antioxidants N-acetylcysteine or DPI. Thus, generation of ROS by the endot-
helial cells with ischemia appears to represent a cell signaling mechanism.

7. THE ENDOTHELIAL RESPONSE TO ISCHEMIA

These studies present a new paradigm for the response to ischemia in the pulmonary circulation.
The ischemic response depends on the sensing of decreased shear stress by the endothelial cell, re-
sulting in the activation of membrane-associated NADPH oxidase, generation of O2

–, and activation
of a signaling cascade (Fig. 6). Evidence gathered during these investigations has indicated that the
initial response of the endothelium leading to NADPH oxidase activation is depolarization of the
endothelial cell membrane, possibly due to inactivation of membrane KATP channels (KIR 6.2)
(38,57,58). Additional studies have provided evidence that ROS signaling leads to NO generation
(56,59) and cell proliferation, as indicated by increased DNA synthesis with entry of cells into the
cell cycle (55). Thus, the KATP channel may function as a “flow sensor” with the ability to initiate
signaling subsequent to flow cessation. This response to altered shear stress may represent a physi-
ological attempt to promote both vasodilation and the generation of new capillaries as mechanisms to
restore blood perfusion.
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Pulmonary Vascular Barrier Regulation

by Thrombin and Edg Receptors

Jeffrey R. Jacobson and Joe G. N. Garcia

SUMMARY

Lung vascular permeability is directly determined by the integrity of the endothelial cell (EC) mono-
layer, which involves dynamic regulation by the actomyosin cytoskeleton with subsequent effects on cell–
cell and cell–matrix interactions. Although the list of biochemical and biophysical agonists that alter EC
barrier regulation is extensive, in this chapter we consider two in particular—the barrier-disruptive serine
protease thrombin and barrier-enhancing sphingosine-1-phosphate, an activator of the Edg receptor. Both
agonists, via elaborate receptor-specific and tightly orchestrated signaling pathways, offer important in-
sights into lung vascular barrier regulation with respect to the role of individual cellular components and
signaling events that target the endothelial cytoskeleton. Additionally, we detail the combined effect of
thrombin and cyclic stretch, mechanistically distinct agonists, to provide further insight into lung vascular
regulation. Our understanding of EC barrier regulation and lung vascular permeability has advanced re-
markably in only a short time and, with the use of newly available technologies, will undoubtedly continue
to rapidly evolve.

Key Words: Thrombin; sphingosine-1-phosphate; PAR1; endothelial; permeability; vascular leak;
mechanical stretch; cytoskeleton; actin; transendothelial electrical resistance.

1. OVERVIEW OF LUNG ENDOTHELIAL CELL BARRIER REGULATION

The pulmonary vasculature exists as a dynamically regulated, semipermeable barrier between the
lung interstitium and the pulmonary circulation. This endotheial cell barrier is maintained by mul-
tiple components, including the negatively charged glycocalyx, comprised of membrane-bound
proteoglycans and glycoproteins, which coat the luminal surface. Specific members of the glycocalyx
include a number of bioactive elements, such as various cell-adhesion molecules as well as mediators
of coagulation and fibrinolysis, including tissue factor and plasminogen (1). A second major con-
tributor to the intact cellular barrier is the tight apposition of individual endothelial cells with neigh-
boring cells via intercellular junctions (quasi “tight junctions,” adherens junctions, PECAM), which
collectively contribute to basal endothelial barrier function. Finally, specific components of the focal
adhesion complex, i.e., the integrin-based linkage between the extracellular matrix and the endothe-
lial cytoskeleton, provide strong tethering of the endothelium to the vessel wall and thus enhanced
barrier integrity. Although once perceived as a passive cellular barrier, endothelial cells are now
recognized as highly dynamic and are responsive to a number of barrier promoting effectors. For
example, our studies and others have separately characterized the effects of growth factors such as hepato-
cyte growth factor (2), mechanical shear stress (3), and novel angiogenic factors such as angiopoietin (4)
and sphingosine-1-phosphate (Sph-1-P) (5), a product of platelets, in this respect (Fig. 1).
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It is, therefore, intuitive that any increases in vascular permeability must ultimately be attributed
to a loss or disruption of endothelial intercellular junctions, in combination with a breakdown of the
tethering forces characteristic of cell–cell or cell–matrix interactions, which result in paracellular
vascular leakage. Similar to barrier enhancement, this loss of barrier integrity appears to also occur as
a result of adhesive biophysical forces, as with the cyclic lung stretch associated with ventilator-
induced lung injury, or as a consequence of receptor ligation by specific inflammatory mediators,
such as thrombin (Fig. 1).

It has now been well established that a key common element to vascular barrier regulation is the
deep integration of both barrier-enhancing and integrity-reducing responses, with dynamic
cytoskeletal elements driven primarily by actin and myosin but also with contributions of the micro-
tubule scaffolding complex (6,7). Consistent with a central role for the endothelial cytoskeleton as a
key effector in barrier regulation, our lab has examined in detail the activation of the EC contractile
apparatus, a critical determinant of vascular permeability characterized by increased myosin light

Fig. 1. Endothelial cell (EC) barrier regulation by thrombin and sphingosine-1-phosphate (Sph-1-P). Throm-
bin cleavage of the PAR-1 receptor on the surface of EC activates both heterotrimeric G proteins (Gq, Gi, G12/
13) as well as small GTPases such as Rho. Activated Rho, Rho-GTP, induces Rho kinase which via phosphory-
lation of the phosphatase regulatory subunit inhibits the myosin light chain (MLC) phosphatase. Rho kinase and
myosin light chain kinase (MLCK) activation occurs via independent pathways (left panel). Separately, in-
creased cytosolic Ca++ activates the Ca++/calmodulindependent MLCK with conformational changes allowing
the enzyme to access the preferred substrate (MLC). Rho kinase and MLCK activation both culminate in in-
creased MLC phosphorylation which, in turn, enables actomyosin contraction resulting in increased cellular
contraction, paracellular gap formation, and ultimately barrier dysfunction. Conversely, Sph-1-P enhances EC
barrier function via activation of a signaling cascade which involves Rac, MLCK, cortactin, and various com-
ponents of adherens junctions and focal adhesions (right). Sph-1-P activates specific G protein-coupled EC Edg
receptors leading to activation of the small GTPase Rac. Subsequently, Rac activation initiates intracellular
events dependent on Pak, LIM kinase, and the actin severing protein, cofilin which contribute to increased
cortical actin (left).
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chain (MLC) phosphorylation mediated by rho kinase and the Ca2+/calmodulin (CaM)-dependent
MLC kinase (MLCK). These events culminate in the formation of actin stress fibers and resultant
increased intracellular tension (7).

In this chapter, regulation of pulmonary vascular barrier properties will be discussed, with specific
focus on cytoskeletal rearrangements that occur after endothelial cell (EC) activation with thrombin,
the central regulatory molecule of hemostasis and coagulation. These results will be discussed and
contrasted with the specific signaling pathways evoked by Sph-1-P, an activator of the Edg receptor,
which potentially enhances EC barrier function.

2. THROMBIN

The serine protease thrombin represents an ideal model for the examination of agonist-mediated
EC activation and barrier dysfunction. Thrombin evokes numerous endothelial cell responses that
regulate hemostasis, thrombosis, and vessel wall pathophysiology, and is recognized as a potentially
important mediator in the pathogenesis of acute lung injury. Our prior studies and work detailed the
events that followed thrombin infusion into the pulmonary artery of the chronically instrumented
lung lymph sheep model. The result is profound lung microembolization by proteolytic conversion of
fibrinogen to fibrin, initiating a cascade of events that culminate in intravascular coagulation, inflam-
mation, and vascular leak (8–11). In this awake sheep model, thrombin increases both pulmonary
lymph flow and lung weight gain, and reduces the sigma reflective coefficient in the isolated per-
fused lung, consistent with enhanced permeability (12–14).

We have also previously investigated the ability of thrombin to activate the endothelium directly
and to increase albumin permeability across endothelial cell monolayers in vitro (15). Thrombin
induced a concentration-dependent increase in I125-albumin clearance that was independent of its
interaction with fibrinogen and appeared to be due to a reversible change in EC shape with the forma-
tion of intercellular gaps (Fig. 2). This observation provided a blueprint for the mechanistic examina-
tion of EC barrier properties, with subsequent studies reporting that the direct activation of ECs by
thrombin is dependent upon the ability of thrombin to proteolytically cleave the extracellular NH2-
terminal domain of the PAR-1 receptor, a member of the family of proteinase-activated receptors
(PARs) (16–19) (Fig. 1). The cleaved NH2-terminus, acting as a tethered ligand, activates the recep-
tor and initiates a number of downstream effects, including the activation of phospholipases A2, C,

Fig. 2. Endothelial cell (EC) cytoskeletal rearrangement induced by thrombin and sphingosine-1-phosphate
(Sph-1-P). These immunofuorescent images utilizing Texas red-conjugated phalloidin to identify polymerized
actin filaments demonstrate that relative to controls, human pulmonary artery EC stimulated with thrombin
demonstrate a prominent increase in actin stress fibers associated with cell contraction and evidence of
paracellular gaps (small arrows) (5). In contrast, EC stimulated with Sph-1-P reveal prominent cortical actin
enhancement (large arrows), a relative paucity of central stress fibers, and no paracellular gaps.
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and D, increases in cytosolic Ca++, and increased permeability (18–23). Activation of the EC throm-
bin receptor also induces the release of various products, including von Willebrand factor, endothelin,
NO, and PGI2 (24–26).

Our work has elucidated specific components of the contractile apparatus as the target for throm-
bin-mediated barrier regulatory signaling pathways. For example, activation of the thrombin receptor
induces rapid activation of a Gq protein-coupled phospholipase C, leading to inositol 1,4,5-triphos-
phate3 (IP3)-mediated increases in cyotsolic Ca++. In turn, increased cytosolic Ca++ leads to the coor-
dinate activation of the small GTPase Rho and Ca++/CaM-dependent MLCK (27–31) (Fig. 1), which
phosophorylates MLC at Thr-18 and Ser-19. Activation of the thrombin receptor also induces G12/
13-mediated Rho activation and, via its target effector, Rho kinase, inhibits MLC phosphatase activ-
ity by myosin phosphatase phosphorylation, thus attenuating dephosphorylation of MLC (28). This
potent increase in MLCK/Rho kinase-mediated MLC phosphorylation results in a dramatic increase
in intracellular force development and tension, a diminution of the cortical actin ring, and a promi-
nent increase in F-actin stress fibers that traverse the cell (Fig. 2).

The resultant increases in actin stress fiber formation and actomyosin cellular contraction disrupt
the barrier regulatory balance with tethering forces unable to maintain the paracellular space, culmi-
nating in increased EC barrier permeability (27,32). Indeed, the morphologic cellular changes ob-
served in the setting of thrombin-induced endothelial cell permeability are associated with the
formation of intercellular gaps with the disruption of adherens junctions and reorganization of focal
adhesion plaques (15,33–35). Evidence as to the critical importance of these changes in the regula-
tion of barrier function is provided by the ability of NBD-phallacidin, a stabilizer of actin filaments,
to prevent thrombin-induced increases in EC permeability (36). Consistent with this, we have previ-
ously reported that both direct inhibition of either MLCK or Rho kinase as well as Ca++/calmodulin
antagonism attenuate thrombin-induced MLC phosphorylation and barrier dysfunction (34,37).

The endothelial MLCK isoform was initially cloned by our lab, and we have demonstrated its
involvement in regulating EC apoptosis, leukocyte diapedesis, EC migration, and redox signaling.
The regulation of the MLCK isoform in the endothelium is complex and differs significantly from the
smooth-muscle MLCK isoform (for review, see Dudek [7]). EC MLCK is a high-molecular-mass
(214 kDa) protein and has a unique NH2 terminus containing multiple sites for protein–protein inter-
actions as well as sites for p60src-catalyzed tyrosine phosphorylation, which regulates enzyme activ-
ity (38–40). Protein tyrosine phosphorylation appears to play an important role in regulation of EC
permeability, as evidenced by the modest enhancement of barrier function with the nonspecific ty-
rosine kinase inhibitor genistein (41). We found that diperoxovanadate, both an activator of tyrosine
kinase and an inhibitor of tyrosine phosphatase, stimulates EC MLCK phosphotyrosine accumula-
tion and promotes the stable association of p60src and cortactin, an 80-kDa actin-binding protein,
with MLCK and the actin cytoskeleton (7). The importance of these components (p60src and
cortactin, along with Ca++/calmodulin, MLC, and actin) in the regulation of EC barrier function by
MLCK is now well recognized, although a full understanding of their coordinate activity remains an
area of ongoing investigation.

3. EFFECT OF THROMBIN ON CYCLIC STRETCH-CONDITIONED
LUNG ENDOTHELIUM

Our work indicates that the attenuation of thrombin-induced EC permeability by MLCK inhibi-
tion may have significant clinical implications. Specifically, there is evidence to suggest that such a
strategy may be able to improve outcomes in ventilator-induced lung injury (VILI), a condition char-
acterized by increased vascular permeability (42). In our lab, employing the Flexercell® Tension
Plus™ (FX-4000T™) system, we have studied EC subjected to cyclic stretch as an in vitro model of
VILI (Fig. 3). This apparatus allows for EC to be grown in a monolayer overlying a flexible substrate
under which a vacuum can be applied, thus inducing stretch proportional to the degree of vacuum
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pressure. EC exposed to 18% radial stretch for 48 h did not demonstrate any breach in monolayer
integrity evaluated histologically or by measurements of transmonolayer electrical resistance (TER)
under basal conditions. However, cyclic stretch-preconditioned EC demonstrated greater paracellular
gap formation, with increase gap surface area in response to thrombin (Fig. 3) that correlated with
increased levels of MLC phosphorylation (Fig. 4) (43). Likely determinants of this heightened re-

Fig. 3. Thrombin-induced barrier dysfunction in cyclic-stretched endothelial cells (EC). Employing the
Flexercell® Tension Plus™ system, human pulmonary artery EC were grown in a monolayer on a flexible
substrate overlying a fixed loading post around which a vacuum was applied (A). Cells were subjected to 18%
radial stretch with a frequency of 0.5 hz for 48 h prior to thrombin stimulation (B). Relative to controls, stretched
cells demonstrated reorientation of the cytoskeleton and exhibited a more pronounced response to thrombin
stimulation characterized by prominent paracellular gaps (arrows).

Fig. 4. Effect of cyclic stretch on thrombin-induced MLC phosphorylation and barrier dysfunction. Human
pulmonary artery endothelial cells (EC) exposed to 18% radial stretch, 0.5 hz for 48 h exhibit an increased MLC
phosphorylation relative to controls after thrombin stimulation (50 nm, 5 min) consistent with activated
cytoskeletal rearrangement (A). Transmonolayer electrical resistance (TER) measured 16 h after stretching in
cells replated on gold microelectrodes demonstrate a more pronounced response to thrombin consistent with
increased barrier dysfunction and a slower recovery relative to static controls (B).
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sponse include increased intracellular signaling events via mechanical transduction, priming of the
activated cytoskeleton, and the resultant concurrent effects of increased contractile and decreased
tethering forces. Additionally, our findings were associated with significant changes in the expres-
sion of genes related to regulation of the cytoskeleton (including MLCK) as determined by Affymetrix
microarray experiments (43,44).

4. SPHINGOSINE-1-PHOSPHATE

Our lab has been interested in the integration between EC barrier regulation and angiogenesis. Our
initial studies determined that sphingosine-1-phosphate (Sph-1-P), a platelet-derived phospholipid,
is the most potent EC chemotactic agent present in serum and is ultimately involved in angiogenesis
and vascular hemostasis through its ability to evoke various cell-specific responses (45–51). In the
setting of coagulation, Sph-1-P is abundantly released from platelets and, via its pleiotropic effects,
potentially contributes to new blood-vessel formation. This is evidenced by in vivo studies that estab-
lish Sph-1-P as remarkably effective in avian chorioallantoic membranes (52), in Matrigel-implanted
plugs in mice (48), and in the avascular mouse cornea (46).

Direct activation of EC by Sph-1-P is dependent in part on its binding to G protein (Gi and Gi2/
i3)-coupled receptors encoded by members of the endothelial differentiation gene (Edg) family of
receptors (48,49,53). Of this family, Edg-1 and -3, found on the surface of EC, as well as Edg-5 and
-6, are high-affinity Edg receptors for Sph-1-P (5,50,54). We recently described Sph-1-P as a potent
enhancer of barrier function in vitro (5), and more recently in vivo (55). Sph-1-P strongly enhances
transmonolayer electrical resistance (TER) across both bovine and human EC monolayers (Fig. 5). In
addition, Sph-1-P significantly attenuates thrombin-induced barrier disruption and is able to rapidly
restore barrier integrity when added subsequent to thrombin stimulation (5). Preincubation with Edg-

Fig. 5. Effect of sphingosine-1-phosphate (Sph-1-P) on endothelial cell (EC) barrier function: dependence
on Edg receptor ligation. EC treated with Sph-1-P show a rapid, dose-response effect with respect to barrier
enhancement as measured by transmonolayer electrical resistance via Electric Cell-substrate Impedance Sens-
ing (ECIS™, Applied Biophysics, Troy, NY) (A). This effect is significantly attenuated by expression of both
an Edg-1 and Edg-3 antisense oligonucleotide (B). Conversely, overexpression of Edg-5, an Edg receptor not
normally present in vascular endothelium, leads to an increased barrier enhancing response to Sph-1-P (left).
Reprinted from ref. 5, with permission.
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1 or Edg-3 antisense oligonucleotides to deplete the Sph-1-P receptor expression leads to decreased
barrier protection in response to Sph-1-P as measured by TER, whereas overexpression of Edg-5, not
normally expressed in EC, accentuates the protective effects of Sph-1-P (Fig. 5). Furthermore, we are
now confident that Sph-1-P is a major component of platelet releasates that nurture the microcircula-
tion (56).

We investigated several potential mediators of intercellular signaling events instigated by Sph-1-
P and identified an important role for Rho family GTPases. Specifically, Rac GTPase, recognized as
playing an important role in lamellipodial formation and cortical cytoskeletal reorganization (57), is
rapidly activated by Sph-1-P (5). Evidence suggests that the p21-associated Ser/Thr kinase 1 (PAK1)
may be an important downstream Rac target in this setting (5), as its binding to Rac results in the
phosphorylation and activation of LIM kinase and the subsequent inactivation of the LIM kinase
target cofilin, an actin-severing protein (58), events that are consistent with EC barrier enhancement.
Additionally, we recently reported that Sph-1-P induces rapid redistribution of focal adhesions, at-
tachment sites for actin filaments, via Rac and G protein-coupled receptor kinase interacting proteins
(GITs) (59,60).

Interestingly, both cortactin and MLCK appear to participate in Sph-1-P-induced cortical actin
thickening and lamellipodia formation (61), although their interaction in the context of Sph-1-P re-
mains to be elucidated.

5. CONCLUSION

Our understanding of pulmonary vascular permeability and EC barrier regulation continues to
evolve. There is little doubt that the specific features of thrombin-induced barrier disruption and Sph-
1-P-mediated barrier enhancement have helped identify critically important effectors of EC
cytoskeletal regulation. Further investigation of these and other agonists, relying on thoughtful ex-
perimental design and employing powerful tools such as cDNA microarray analysis and proteomic
approaches, will ultimately allow us to fine-tune our current working model of EC barrier regulation.
Realization of a detailed and accurate model will be of enormous significance and has the potential to
lead to novel approaches in the management of many clinical conditions in which aberrant EC barrier
function is a prominent feature.
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Second-Messenger Signaling in Lung Capillaries

Kaushik Parthasarathi

SUMMARY

In the lung, several endothelial cell (EC) processes are regulated by an increase in EC cytosolic Ca2+.
However, the role of EC cytosolic Ca2+ in mediating capillary proinflammatory processes is not clear.
Mainly, it is not clear to what extent EC cytosolic Ca2+ increases activate other second messengers, which
in turn might play a direct role in initiating proinflammatory responses. We determined this in intact lung
capillaries using videomicroscopy and image analysis. We subjected the lungs to stressors including in-
creased vascular pressure and tumor necrosis factor α. Our studies indicate that the primary response to
these lung stresses is an increase in EC cytosolic Ca2+. These stresses induce proinflammatory responses
in these capillaries, as indicated by the increase in P-selectin expression. However, determination of the
signaling pathways underlying the Ca2+-induced P-selectin expression indicates a role for mitochondrial
mechanisms. The lung stressors induce cytosolic Ca2+-dependent increases in mitochondrial Ca2+ and
reactive oxygen species, which in turn regulate exocytosis of P-selectin. Hence, mitochondrial reactive
oxygen species act as signaling intermediates in Ca2+-induced P-selectin exocytosis in lung capillaries.
Thus, second messengers Ca2+ and mitochondrial reactive oxygen species are critical in the regulation of
lung proinflammatory responses.

Key Words: Arachidonate; endothelial; mitochondria; P-selectin; reactive oxygen species; TNF-α.

1. INTRODUCTION

Lung stressors, including sepsis (1), pneumonia (2), and high vascular pressure (3), lead to endot-
helial cell (EC) activation. Activated EC exhibit increased cytosolic calcium (Ca2+

CYT), which medi-
ates several cellular processes, including secretion (4), nuclear factor (NF)-κB activation (5) and
gene transcription (5,6), and other proinflammatory responses. Regulation of Ca2+

CYT may underlie
the extent to which proinflammatory responses are regulated. In addition, Ca2+

CYT modulates other
cellular messengers (7,8) that might play a role in regulating specific proinflammatory responses,
like an increase in EC P-selectin expression. This chapter addresses the role of Ca2+

CYT in coordinat-
ing other second-messenger activation and, finally, P-selectin expression in lung capillaries.

2. Ca2+
CYT REGULATION

Regulation of Ca2+
CYT is characterized by mechanisms that cause an influx of Ca2+ and those that

extrude Ca2+ to maintain Ca2+
CYT at resting levels. The balance between these two opposing sets of

mechanisms determines Ca2+
CYT homeostasis in lung capillaries.

2.1. Receptor-Mediated Mechanisms
Ligand binding activates phospholipase C leading to release of inositol 1,4,5-trisphosphate (InsP3)

(9–11). Receptor ligation of InsP3 on the endoplasmic reticulum (ER) (12,13) leads to formation of
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an ion channel on the ER membrane (14). As Ca2+ concentration in ER is higher than that in cytosol
(1 mM vs 100 nM) (15), the ER ion channel formation leads to release of ER store Ca2+ into the
cytosol, resulting in a rapid increase in Ca2+

CYT (16,17). This increase in Ca2+
CYT acts in a negative

feedback loop to limit the sensitivity of InsP3 receptors, leading to a reduction in Ca2+ release from
ER (17).

Release of Ca2+ from the ER activates compensatory replenishment mechanisms that serve to
maintain ER Ca2+ levels. Sarcoplasmic/endoplasmic reticulum Ca2+-ATPase (SERCA) pumps on the
ER membrane refill the ER through rapid re-uptake of Ca2+ from the cytosol (13,18,19). This re-
uptake entails a transient nature to the InsP3-mediated Ca2+

CYT responses. Further, the resulting de-
crease in Ca2+

CYT restores the sensitivity of the ER InsP3 receptors and a repeated Ca2+ release
(13,17). Continuation of this negative-feedback-regulated process leads to the generation of Ca2+

CYT

oscillations (17,20,21), which may mediate cellular processes (22–25).
In addition, depletion of ER Ca2+ stores also activates plasma membrane Ca2+ channels that in-

duce entry of external Ca2+ into the cytosol. This mechanism is termed capacitative Ca2+ entry
(CCE) and serves to further amplify the InsP3-induced Ca2+

CYT increase (14,26,27). This increase in
Ca2+

CYT leads to activation of proteins in the cytosol (28). Because a prolonged increase in Ca2+
CYT is

detrimental to cellular survival, an increase in Ca2+
CYT also activates Ca2+-ATPase pumps on the

plasma membrane (13,29,30) that extrude calcium out into the extracellular space and return Ca2+
CYT

to resting levels.

2.2. Direct Entry of External Ca2+

A second mechanism of Ca2+
CYT regulation is through direct entry of external Ca2+ into the cyto-

sol. This mechanism is invoked by agents that act directly on plasma membrane ion channels and
induce Ca2+ entry from outside the cell, where the Ca2+ concentration is higher. For example,
arachidonate activates plasma membrane channels that are different from those that are activated
during CCE (31). This mechanism bypasses both generation of InsP3 and release of ER Ca2+ from
stores.

3. Ca2+ OSCILLATIONS

Modulations in frequency and amplitude of Ca2+ oscillations may be important factors controlling
cellular responses to agonists in EC. Ca2+ oscillations are inherently advantageous over an increase in
mean Ca2+ in that the message may be conveyed through changes in amplitude and frequency (22),
thus sparing the cell from detrimental increases in Ca2+ (32). Both physiological and pathological
stimuli, including shear stress, tumor necrosis factor (TNF)-α, ATP, vascular pressure, and hista-
mine, have been reported to increase Ca2+ oscillations (15,33). EC exposed to shear stress exhibit
Ca2+ oscillations that vary with varying flow patterns (34). Keubler et al. (35) reported that in EC of
lung venular capillaries, Ca2+ oscillations increase in response to capillary infusion of TNF-α. In
addition, it has been indicated that in lung capillaries, increased vascular pressure increases both the
frequency and amplitude of EC Ca2+ oscillations (36). Glucose and ATP increased the frequency of
Ca2+ oscillations in the bovine arotic EC (37). Ca2+ oscillations have been reported to regulate several
processes in both EC and other nonexcitable cells. In pancreatic acinar cells, Ca2+ oscillations closely
regulate exocytosis (38). Ca2+ oscillations lower the threshold for activating transcription factors NF-
AT and NF-κB (22). In EC, changes in Ca2+ oscillation frequency modulated NF-κB activity in
histamine-stimulated human aortic EC (28). Transcription factor regulation then appropriately regu-
lates the cellular responses in EC subjected to either physiological or pathological stimuli.

4. REACTIVE OXYGEN SPECIES

Reactive oxygen species (ROS) commonly denotes the group of oxygen-derived reactive species
including the superoxide radical and its derivatives hydrogen peroxide (H2O2) and hydroxyl radical.
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Superoxide is produced by the univalent reduction of oxygen, and the major sources include the
plasma membrane-bound NADPH oxidase, xanthine oxidase, and the electron transport chain of the
mitochondria. Dismutation of superoxide by mitochondrial manganese superoxide dismutase (Mn-
SOD) or cytosolic cupric superoxide dismutase (Cu-SOD) in the cytosol yields the nonradical H2O2.
H2O2 is converted to the highly reactive hydroxy radical in the presence of Fe3+ or Cu2+ ions or to
water in the presence of catalase or glutathione peroxidase. Leukocytes are major producers of ROS
that is secreted at sites of inflammation and used in phagocytosis. Activated EC also produce in-
creased amounts of ROS. Although this increased EC ROS production is widely considered cytotoxic
through oxidative damage of proteins (39,40), several recent findings have increasingly implicated
ROS as second messengers involved in EC signaling. In EC subjected to hypoxia, generation of EC
ROS regulated proinflammatory cytokine secretion leading to altered EC permeability (41). ROS
augments as well as reduces several EC secretions. For example, H2O2 reduced endothelin-1 secre-
tion by pulmonary artery EC (42) while it increased the secretion of vasodilators C-type natriuretic
peptide and adrenomedullin from carotid EC (43). H2O2 also mediated cyclic-strain-induced increase
in endothelin secretion (44), whereas superoxide mediated low-density lipoprotein component-in-
duced secretion of matrix metalloproteinases (45). ROS mediate thrombin-induced rapid exocytosis
of P-selectin in human umblical vein EC (46). In lung, our studies indicate that exocytosis of P-
selectin induced by physiological stimuli is also regulated by ROS.

5. LUNG EC STRESSORS

Lung capillary EC are subjected to several pathological stimuli that elicit responses through evok-
ing Ca2+ as the second messenger. An increase in capillary pressure increases shear stress on lung EC
and also increases vascular distension. These mechano-stresses induce increases of Ca2+

CYT (47),
activation of transcription factors (48), and suppression of mRNA levels (49). In sepsis, the lung
capillary EC are the target of cytokines, such as TNF-α. Alveolar macrophages secrete TNF-α and
other cytokines in response to bacterial invasion of the alveoli. The target of these alveolar secretions
is the capillary EC, which responds through an increase in Ca2+. These responses might underlie
induction of vascular pathological responses such as inflammation (50) or permeability increases
(51). Studies using cultured EC have attempted to address these issues, but the difficulty is in delin-
eating these issues at the single EC level in situ. Our studies using the isolated blood-perfused rat
lung have permitted us to determine EC responses to pathological stimuli in situ. We herein describe
responses to lung stressors including high vascular pressure and TNF-α in EC of lung capillaries.

5.1. Vascular Pressure

Increases in microvascular pressure are pathogenic in the lung vasculature. The cellular mecha-
nisms that underlie this pathogenesis are poorly understood and are only currently beginning to be
delineated. Because EC subjected to high pressure undergo both high shear stress and high stretch,
quantification of EC responses in intact capillaries reflects the in situ responses more closely than in
vitro. Hence, EC responses to increased vascular pressure were determined in the intact blood-per-
fused rat lung preparation. The description of the lung preparation is detailed elsewhere (52). In brief,
rat lungs were isolated and artificially perfused with autologous blood through cannulas connected to
the pulmonary artery and left atrium. The lungs were maintained at constant inflation. Agents and
dyes were infused into lungs using a left atrial catheter. Fluorescence images of surface capillaries
were visualized using a epifluorescence microscope and recorded.

In the first study, Kuebler et al. (53) increased left atrial pressure from a 5 cmH2O baseline and
maintained at 20 cmH2O for 30 min (53). EC Ca2+

CYT responses were determined using the ratiometric
indicator fura 2. In response to the increased vascular pressure, both the mean and oscillations of
venular capillary EC Ca2+

CYT rapidly increased twofold from baseline levels. The Ca2+ responses
were abolished both in the presence of gadolinium, an inhibitor of mechano-gated plasma membrane
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channels, and under external Ca2+-depleted conditions, indicating that entry of external Ca2+ induced
these cytosolic responses. Elevated vascular pressure also increased fusion pore formation, as deter-
mined by the fluorescence of FM1-43, which localizes to specific exocytotic sites (53). Fusion pore
formation was a Ca2+-dependent process, indicating that Ca2+ increases were necessary for exocyto-
sis in EC. Because P-selectin is stored in Weibel-Palade bodies (54) and is exocytosed in response to
inflammatory stimuli, Kuebler et al. (53) determined P-selectin expression using indirect immuno-
fluorescence (53). Elevated vascular pressure upregulated P-selectin expression in these capillaries.
As P-selectin induces neutrophil rolling (55) as part of the early inflammatory response, the increase
in P-selectin expression indicated that moderate increases in vascular pressure initiates
proinflammatory processes in the lung capillaries. In addition, the P-selectin expression was Ca2+

CYT-
dependent, suggesting that Ca2+ is a second messenger that mediates proinflammatory responses to
elevated vascular pressure.

Ichimura et al. (56) determined lung capillary responses to a vascular pressure increase from 5 to
15 cmH2O and maintained the higher pressure for 10 min. This stimulus also increased EC Ca2+

CYT

oscillations and capillary P-selectin expression. To determine the intermediate mechanisms, Ichimura
et al. (56) measured Ca2+

MIT responses in these capillaries. Elevation of vascular pressure increased
both the mean and amplitude of Ca2+

MIT, which was concomitant with the Ca2+
CYT increase. Both

mitochondrial and endoplasmic reticulum inhibitors blocked the Ca2+
MIT response, indicating that

vascular pressure increase induced ER Ca2+ release and subsequent Ca2+
MIT increase. Further, the EC

ROS production measured using the fluorescent indicator dichloro fluorescin (DCFH) also increased
in response to the pressure stress. Inhibiting either the cytosolic or the mitochondrial Ca2+ increase
abolished the ROS response, suggesting its mitochondrial origin. Increases in mitochondrial ROS
production were spatially predominant at capillary branch-point EC, implying a spatial distribution
of these responses. Mitochondrial ROS increase was upstream of the P-selectin responses, indicating
that the vascular pressure-induced proinflammatory responses were mediated by Ca2+-regulated mi-
tochondrial mechanisms.

5.2. Alveolar TNF-α
In lung, pathogens and other airborne particles that lodge in alveolar spaces activate alveolar

macrophages and stimulate the upregulation of cytokines such as TNF-α (57). This leads to increased
recruitment of leukocytes from the adjoining capillaries (58) and their subsequent transmigration
into the interstitial and alveolar compartments. The role of cellular second messengers in mediating
this crosstalk between the alveolar and vascular compartments was explored in experiments by
Kuebler et al. (59). A main reason for targeting second messengers as the mediator of this communi-
cation is that the alveolar barrier is impermeable to the passage of macromolecules, and hence limits
direct cytokine access to the vasculature. Instillation of TNF-α in the alveolar compartment increased
Ca2+ in both alveolar epithelium and capillary EC. These increases were abolished by ligation of the
epithelial TNF-α receptor, but not the EC TNF-α, confirming that the EC Ca2+ response was not as a
result of TNF-α diffusion into the vascular segment. Alveolar TNF-α also increased EC P-selectin
expression, indicating a possible mechanism for inducing leukocyte adhesion in the vasculature. Epi-
thelial Ca2+ induced activation of cytosolic phospholipase A2 and its subsequent translocation to the
perinuclear EC. Ca2+ responses were inhibited by blocking activation of cytosolic phospholipase A2,
a precursor of arachidonate (60), indicating a second-messenger role for arachidonate. In addition,
this also abolished the EC P-selectin expression, indicating that arachidonate mediates capillary
proinflammatory responses to alveolar TNF-α. Hence, Ca2+

CYT increases in both epithelial and en-
dothelial cells acts as the second messenger in mediating proinflammatory responses in lung capillar-
ies to alveolar stresses.

5.3. Capillary TNF-α
Impairment of pulmonary function is commonly referred to as acute respiratory distress syndrome

(ARDS). One of the major causes of ARDS is an increase in levels of TNF-α in the blood. Pathologi-
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cal conditions such as sepsis increase levels of TNF-α in the circulation (61,62). A concurrent event
is an increase in leukocyte recruitment (62). It has been reported that the increased level of TNF-α
might be responsible for this increased recruitment (63–64) through expression of endothelial cell
adhesion molecules, including P- and E-selectin (63–65). To determine the EC signaling pathways,
we conducted experiments in the isolated blood-perfused intact lung (66). Infusion of TNF-α through
a microcatheter into venular capillaries of the lung increased EC Ca2+

CYT. Concomitantly, the mito-
chondrial Ca2+ (Ca2+

MIT) also increased. To determine whether the increase in Ca2+
MIT was depen-

dent on the mechanism of Ca2+
CYT increase, the ER store Ca2+ was determined. In response to TNF-α

infusion, store Ca2+ levels decreased. Blocking the store Ca2+ release by previously emptying store
Ca2+ using the SERCA pump blocker tert-butyl hydroquinone (t-BHQ) completely abolished this
increase. In addition, the ER InsP3 blocker xestospongin C also prevented the store Ca2+ release and
the Ca2+

CYT increase, indicating that the TNF-α-induced Ca2+
CYT increase was mediated by InsP3.

To test the mechanism of Ca2+
MIT increase further, we infused venular capillaries with the inflamma-

tory product arachidonate. Arachidonate also caused an equipotent increase in EC Ca2+
CYT that was

dependent on external Ca2+, but not release of ER store Ca2+. This mechanism of Ca2+
CYT increase

also did not increase Ca2+
MIT, indicating that in EC of lung capillaries, store Ca2+ release determines

Ca2+
MIT increase. This functional coupling of ER and mitochondria could be as a result of the close

proximity of ER to mitochondria (67). To determine whether an increase in Ca2+
MIT could increase

ROS production in mitochondria, we determined ROS using the indicator dichlorofluorescin (DCFH).
DCFH is converted to fluorescent dichlorofluorescein (DCF) by ROS. In response to TNF-α infu-
sion, EC ROS production increased (Fig. 1). Inhibition of mitochondrial Ca2+ uptake prevented this
ROS increase, indicating that the TNF-α-induced ROS production was dependent on mitochondrial
Ca2+ increases. Further, the ROS responses were abolished by inhibitors of the mitochondrial elec-
tron transport chain, indicating that the TNF-α-induced ROS originated in mitochondria. In contrast
to the TNF-α-induced ROS response, arachidonate-induced ROS (Fig. 1) originated from
nonmitochondrial sources. However, the arachidonate-induced ROS production was also dependent
on Ca2+

CYT increases. Hence, we conclude that Ca2+
CYT increases mediate the augmentation of EC

ROS, the origin of which is dependent on the Ca2+ increase mechanism.
To determine whether TNF-α-induced ROS acted as a second messenger in mediating down-

stream events, we quantified P-selectin expression in venular capillaries. TNF-α infusion markedly
increased P-selectin expression in capillaries, indicating that TNF-α induced proinflammatory re-

Fig. 1. Endothelial cell (EC) reactive oxygen species (ROS) responses in lung capillaries. Capillaries were
loaded with the cell-permeable form of the ROS indicator, dichloro fluorescin (DCFH). Arrowheads indicate
branch point EC, whereas arrows indicate mid-segmental EC. Fluorescence was sparse at baseline (left), indi-
cating very low ROS production. Both tumor necrosis factor (TNF)-α (200 ng/mL) (center) and arachidonate
(10 µM) increased capillary ROS production. Note that the TNF-α-induced ROS production was uneven and
predominated at branch points, while that by arachidonate was more spatially extensive (right).
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sponses in lung capillaries. These responses were abolished by both increases in Ca2+
CYT as well as

ROS inhibitors. These results support the commonly held view that Ca2+
CYT acts as a signaling me-

diator to increase P-selectin expression in EC. However, these results also introduce the new signal-
ing concept that an increase in Ca2+

CYT is not a sufficient condition to induce P-selectin expression,
but a downstream induction of ROS is required.

Another aspect of this study was that it highlighted spatial heterogeneity in EC to responses evoked
by the two Ca2+ mobilization mechanisms. ROS responses induced by TNF-α were predominantly
higher at branch-point EC than at mid-segment EC (Fig. 1). However, ROS responses by arachidonate
were more extensive (Fig. 1). The spatial distributions of P-selectin responses were similar to those
of the ROS responses. In addition, the spatial patterning of the TNF-α-induced responses were simi-
lar to those of the mitochondrial distributions, that predominated at branch-point EC. Hence, the
spatial patterning of the TNF-α-induced ROS and P-selectin responses could be attributed to their
being mediated by mitochondrial mechanisms. In contrast, the extensive spatial distribution of the
arachidonate-induced responses could be attributed to their nonmitochondrial mechanisms, whose
distributions may define the spatial distributions to arachidonate.

In summary, our findings with vascular pressure increase and capillary TNF-α reveal the new
insight that in EC, mitochondrial ROS may act as diffusible messengers to induce proinflammatory
signaling. The branch-point dominance of vascular pressure and TNF-α-induced proinflammatory
responses may reflect a mechanism that protects capillary mid-segments from deleterious inflamma-
tory effects that could interfere with gas exchange and reduce blood flow. By contrast, the spatially
extensive effects of arachidonate may exemplify the pattern of a more fulminant response. These
considerations may be relevant to the understanding of the extent to which the spatial profile of
vascular inflammation determines lung injury. In addition, the differences in the signaling mecha-
nisms mediated by ER-derived Ca2+ increases and direct Ca2+ increases might represent that the Ca2+

mobilization pathway may determine the extent to which EC participate in vascular inflammation.
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Plasma Membrane-to-Nucleus Calcium Signaling

Giles E. Hardingham

SUMMARY

Calcium is a ubiquitous cellular second messenger that mediates a vast array of cellular processes.
Elevation of intracellular calcium activates signaling cascades that are able to target the nucleus, where
they modify gene transcription. The eukaryotic cell is wired up in a sophisticated manner to enable it to
respond differently to different calcium signals. In this way a single second messenger can exert differing
effects within the same cell.

Key Words: Calcium; CaM kinase; MAP kinase; transcription; CREB; CBP; NFAT.

1. INTRODUCTION

Many extracellular stimuli result in an elevation of intracellular calcium concentration. Calcium
ions act as messengers, coupling many external events or stimuli to the cell’s responses to those
stimuli. Calcium has a central role to play in the nervous system, as well as mediating other important
processes such as activation of the immune system and fertilization.

As eukaryotic cells evolved, the calcium ion has been selected as an intracellular second messen-
ger in preference to other monatomic ions prevalent in the cellular environment—namely magne-
sium, sodium, potassium, and chloride ions. The reasons why this is the case are discussed more fully
in a review by Carafoli and Penniston (1982) (1), and essentially center around the need for an intra-
cellular messenger to bind tightly and with high specificity to downstream components of the signal-
ing cascade (often enzymes) and for the capacity for the concentration of the messenger to vary
considerably between elevated and basal levels in a manner that is as energetically efficient as possible.

The singly charged ions of sodium, potassium, and chlorine would not bind as tightly to the bind-
ing site of proteins as doubly charged calcium. In addition, potassium and chloride ions are consider-
ably larger than calcium, meaning even weaker interactions. The doubly charged magnesium ion is
smaller than the calcium ion, but rather than creating strong interactions with the protein binding site,
it cannot be effectively coordinated by protein binding sites—being too inflexible, the ion ends up
forming bonds with water molecules as well as the protein. As the coordination number of magne-
sium is invariant (six), this means fewer bonds are made with the protein, and so fewer bonds need
breaking to free the magnesium. Thus it seems that the calcium ion strikes a happy balance between
strength of interaction with electron donating groups on the protein, and a certain level of flexibility
that enables it to interact tightly and specifically with the appropriate protein.

In addition, it is energetically favorable to utilize calcium as a second messenger. Basal levels of
free calcium in the cell are necessarily very low (approx 10–7 M), as higher levels would combine
with phosphate ions in the cell to form a lethal precipitate. The very low basal levels of intracellular
calcium compared to other ions (approx 10–3 M for magnesium) make it energetically efficient to use
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it as a second messenger—a relatively small amount of calcium needs to pass into the cytoplasm to
increase the concentration of the ion several fold, and similarly, relatively little energy need be spent
pumping it out again to return the concentration to basal levels.

This review will address how calcium acts as a second messenger in mammalian neurons to couple
synaptic activity to gene transcription. Such new gene expression has an important role to play in
triggering long-term changes to neuronal physiology, function, and fate.

2. CALCIUM AS AN INTRACELLULAR SECOND MESSENGER

Many cell types rely on an elevation of intracellular calcium to activate essential biological func-
tions. This elevation can occur either via influx of calcium through proteinaceous channels into the
cell from the extracellular medium, or through the release of calcium from internal stores (typically
the endoplasmic reticulum).

Calcium influx is a critical step in communication between neurons. An action potential, traveling
the length of a neuron, will arrive at the axon terminal and trigger calcium entry into the terminal
through voltage-dependent calcium channels. This in turn results in calcium-dependent neurotrans-
mitter release into the synaptic cleft. This neurotransmitter causes an electrical change in the postsyn-
aptic neuron through the activation of neurotransmitter-gated ion channels. Thus, calcium is
responsible for coupling action potentials to neurotransmitter release and enabling information to be
passed on from neuron to neuron.

However, as well as contributing to the nuts and bolts of interneuronal communication, synapti-
cally evoked cellular calcium transients activate signaling pathways in the cell and so are responsible
for much intracellular communication as well. The predominant excitatory neurotransmitter in the
central nervous system is glutamate, and when released at the synapse it acts on glutamate receptors
located on the postsynaptic membrane. Calcium influx is mainly mediated by the NMDA subtype of
ionotropic glutamate receptors. Although some forms of non-NMDA receptors also pass calcium, it
is more often than not NMDA receptors that mediate the calcium influx at the postsynaptic mem-
brane and activate intracellular signaling pathways. This calcium influx can be augmented by release
from intracellular stores—for example, release from inositol triphosphate-sensitive stores via the
activation of certain metabotropic glutamate receptors or via simple calcium-induced calcium release
via ryanodine receptors (2).

3. SYNAPTIC PLASTICITY IN THE NERVOUS SYSTEM

An important characteristic of an animal’s nervous system is that it adapts in a structural and
functional way in response to certain patterns of synaptic stimulation (3). The mature animal depends
on this activity-dependent plasticity to change neuronal connectivity and strength in ways that enable
the process of learning and memory. It is therefore a fundamental goal of neurobiologists to under-
stand how electrical activity results in these long-lasting changes.

Synaptic plasticity can be split into two phases. During the early phase, seconds to minutes after
electrical activity, changes in neuronal connections take place via the modification of existing pro-
teins, particularly ion channels, for example by phosphorylation or delivery to the postsynaptic mem-
brane (4,5). In the later stage (minutes to hours), new gene expression and subsequent protein
synthesis converts these initial transient changes into long-lasting ones. In the mammalian brain,
these changes in gene expression are primarily triggered by calcium influx into neurons and involve
the activation of intracellular signaling pathways (6).

The hippocampus has long been the focus of studies of memory formation in mammals, since
clinicians observed that patients with hippocampal lesions could not form new memory, suffered
anterograde and retrograde amnesia, and were deficient in spatial learning tasks (7,8). The phenom-
enon of hippocampal long-term potentiation (LTP) is an extensively studied model for learning and
memory. LTP is an activity-dependent increase in synaptic efficacy that can last for days to weeks in
intact animals (9). It is induced in the postsynaptic neuron by repeated high-frequency stimulation of
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presynaptic afferents. LTP is characterized by an early protein synthesis-independent phase and a
late phase whose establishment is blocked by protein synthesis inhibitors (10) and requires a critical
period of transcription after the LTP-inducing stimuli have been applied (11). Critically, its induction
was found to be dependent on an elevation of postsynaptic calcium (12).

The changes in calcium following LTP-inducing stimuli elicit the rapid induction of a number of
immediate early genes (IEGs). IEGs are genes whose transcription can be triggered in the absence of
de novo protein synthesis, and many are transcription factors. These transcription factors likely con-
tribute to secondary waves of transcription, leading to the structural and functional changes to the
neuron required for the maintenance of LTP, although the exact mechanisms underlying this are
unclear. Since these early studies, many genes upregulated by LTP-inducing stimuli have been impli-
cated in the maintenance phase of LTP, such as tissue plasminogen activator and activity-regulated
cytoskeleton-associated protein (ARC), although an analysis of their importance and proposed mode
of action falls outside the scope of this review.

Thus, the activation of gene expression in electrically excitable cells has been the subject of much
recent research. Below is a brief overview of the essentials of transcriptional activation—the point at
which gene expression is most often regulated.

4. CONTROL OF GENE EXPRESSION

The control of gene expression (at the protein level) can occur at many stages in the process; at
transcription initiation and elongation, RNA processing (including alternative splicing), mRNA sta-
bility, and control of translation and of protein degradation. By far the most common point of regula-
tion is in transcription initiation. The synthesis of mRNA is catalyzed by RNA polymerase (pol) II,
but a large number of additional proteins are needed to direct and catalyze initiation at the correct place.

A DNA sequence near the transcription start site, called the core promoter element, is the site for
the formation of the pre-initiation complex (PIC), a complex of RNA pol II and proteins called basal
transcription factors. RNA pol II and the basal transcription factors are sufficient to facilitate a con-
siderable amount of transcription in vitro (called basal transcription). However, in vivo, basal tran-
scription levels are often extremely low, reflecting the fact that in vivo the DNA containing the core
promoter is associated with histones and consequently less accessible to incoming factors. For tran-
scription to take place, other accessory factors, called activating transcription factors (hereafter known
as transcription factors), are required. These factors bind to specific DNA promoter elements located
upstream of the core promoter, and enhance the rate of PIC formation by contacting and recruiting
the basal transcription factors, either directly or indirectly, via adapters or coactivators (13). They
can also modify or disrupt the chromatin structure (for example, by histone acetylation) to make it
easier for other factors to come in and bind.

The ability of many transcription factors to influence the rate of transcription initiation can be
regulated by signaling pathways. This provides a mechanism whereby a stimulus applied to the cell
that activates a signaling pathway can result in the specific activation of a subset of transcription
factors. These signaling mechanisms often involve regulatory phosphorylation events at the tran-
scription factor level that control, for example, DNA binding affinity, subcellular localization, or its
interactions with the basal transcription machinery (14). Genes whose promoters contain binding
sites for these signal-inducible transcription factors are transcribed as a result of signal-activating
stimuli. There are several well-characterized DNA elements that act as binding sites for transcription
factors that are regulated by calcium-activated signaling pathways, some examples of which are
listed below.

4.1. Calcium-Responsive DNA Regulatory Elements and Their Transcription Factors
The cyclic-AMP response element (CRE) was first identified in the promoter of the somatostatin

gene as the element required to confer cAMP inducibility on the gene (15,16). The CRE was subse-
quently found in a number of other genes and is an 8-bp palindromic sequence, 5'-TGACGTCA-3'.
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Bursts of synaptic activity strongly activate CRE-binding protein (CREB) by triggering synaptic
NMDA receptor-dependent calcium transients in hippocampal neurons (17), and the CRE is acti-
vated by stimuli that generate long-lasting LTP in area CA1 of the hippocampus (18). The transcrip-
tion factor that can mediate activation via the CRE, CREB, was isolated as a phosphoprotein that
bound the CRE on the mouse somatostatin gene (19). In neurons, calcium activation of CREB is
mediated by the CaM kinase and Ras-ERK1/2 signaling pathways (discussed later).

The serum response element (SRE) was identified as an element centered at -310 bp required for
serum induction of c-fos in fibroblasts (20). The SRE comprises a core element 5'-CC[A/T]6GG-3'
that is the binding site for serum response factor, SRF (21,22). In addition, the SRE contains a ternary
complex factor (TCF) binding site, 5'-CAGGAT-3', situated immediately 5' to the core SRE, which is
bound by TCF. TCF is an umbrella name for a group of Ets domain proteins—SAP-1, Elk-1, and
SAP-2. These proteins cannot bind the SRE on their own, but recognize the SRE/SRF complex. Like
the CRE, the SRE is a target for calcium signaling pathways, and can confer calcium inducibility
onto a minimal c-fos promoter in response to activation of L-type calcium channels and NMDA
receptors (6). Calcium-dependent synaptic activation of the SRE in hippocampal neurons is mediated
by the ERK1/2 pathway (23).

The nuclear factor of activated T-cells (NFAT) response element is another well-characterized
calcium-response element (24). NFAT activity is regulated by the calcium-activated phosphatase
calcineurin at the level of subcellular localization. Calcineurin dephosphorylates the normally cyto-
plasmic NFAT, which exposes a nuclear localization signal and leads to its active transport into the
nucleus. In the absence of continuing elevated levels of calcium (and calcineurin activity), NFAT
becomes rephosphorylated by glycogen synthase kinase 3 (GSK3) and is re-exported to the cyto-
plasm. While these mechanisms were primarily characterized in T-cells, they also apply to neurons (25).

The next section of this review will focus on the mechanism of calcium-dependent CREB activa-
tion. The importance of CREB-dependent transcription on various aspects of neuronal physiology
makes it an extensively studied transcription factor.

5. THE PHYSIOLOGICAL IMPORTANCE OF CREB

The study of the calcium activation of CREB-mediated gene expression bears considerable neuro-
physiological relevance. CREB seems to have an important role in the establishment of long-term
memory in a variety of organisms (26). Genetic and molecular studies of learning paradigms in the
marine snail Aplysia californica and the fruit fly Drosophila melanogaster have shown that modulat-
ing CREB levels or affecting CREB-dependent transcription severely affects the long-term, protein
synthesis-dependent phase of the learning paradigm studied (see 26, and references therein). In the
mammalian central nervous system, CREB was also found to play a role in information storage. The
intrahippocampal perfusion of antisense oligonucleotides designed to bind and trigger degradation of
CREB mRNA achieved a transient decrease in CREB levels in the hippocampus, an area of the brain
needed for certain spatial memory tasks. This strategy blocked the animal’s long-term memory of
these spatial tasks without affecting short-term memory (27). Mice deficient in alpha and delta forms
of CREB have defective long-term (but not short-term) memory (28).

There is also considerable evidence that CREB has a role in other aspects of neuronal physiology,
including drug addiction (29), circadian rhythmicity (30), and neuronal survival (31). Mice deficient
in CREB exhibit excess apoptosis in sensory neurons (32), and CREB mediates many of the
prosurvival effects of neurotrophins (31).

One mechanism by which the calcium-mediated activation of CREB modulates neuronal func-
tions may involve BDNF, the activation of which is controlled at least in part by a CRE/CREB-
dependent mechanism (33,34). BDNF plays an important role in the survival and differentiation of
certain classes of neurons during development (35,36) and is also implicated in the establishment of
neuronal plasticity. Other CREB-regulated genes that are implicated in maintaining changes in syn-
aptic strength and efficacy include nNOS (37) and tissue plasminogen activator (38). Apart from
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BDNF, other CREB-dependent pro-survival genes include bcl-2, mcl-1, and vasoactive intestinal
peptide.

6. THE MECHANISM OF CREB ACTIVATION

6.1. CREB Activation Requires a Crucial Phosphorylation Event
CREB can bind to the CRE even prior to the activation of CRE-dependent gene expression, in-

dicating that regulation of its activity is not via the control of its DNA-binding activity (39). CREB
binds the CRE as a dimer, mediated by a leucine zipper motif. To activate CREB-mediated transcrip-
tion, CREB must become phosphorylated on serine 133 (40).

Sheng et al. showed that elevation of intracellular calcium, following depolarization of PC12 cells,
resulted in CREB phosphorylation on serine 133 and activation of CREB-mediated gene expression
(41). CREB-mediated gene expression was abolished by mutating serine 133 to an alanine, underlin-
ing the importance of the site as a point of control by calcium signaling pathways. These results
showed that CREB is a calcium-responsive transcription factor and led to the assumption that CREB-
mediated gene expression was triggered solely by phosphorylation of CREB on serine 133. Calcium-
activated phosphorylation of CREB was subsequently shown in neurons of several types (42–44).

6.1.1. Calcium-Dependent Signaling Molecules Capable of Phosphorylating CREB on Serine 133
6.1.1.1. CAM KINASES AND THEIR ROLE IN CALCIUM-ACTIVATED,
CRE-DEPENDENT GENE EXPRESSION

CREB phosphorylation on serine 133 can be mediated by a number of protein kinases, including
the multifunctional calcium/calmodulin-dependent protein kinases (CaM kinases) II, IV, and the less
well studied CaM kinase I (41,45,46). CaM kinases play a role in diverse biological processes, such
as secretion, gene expression, LTP, cell-cycle regulation, and translational control. A role for CaM
kinases in the calcium activation of c-fos expression (which contains a CRE and a SRE) was indi-
cated by the attenuation of L-type calcium channel–activated c-fos expression in neurons by the CaM
kinase inhibitor KN-62 (6), and by the blocking of calcium-dependent c-fos expression by the
calmodulin antagonist calmidazolium (6). CaM kinase II is a protein highly expressed in the nervous
system. CaM kinase IV is similar in sequence to CaM kinase II’s catalytic domain and is expressed in
some cells of the immune system, but also in neuronal cells, including the cerebellum and the hippoc-
ampus; it has been shown to be mainly localized to the nucleus (43).

Regulation and structural organization of CaM kinases II and IV are broadly similar (47–49). Both
have an N-terminal catalytic domain and a central calcium/calmodulin-binding regulatory domain.
Note that the kinase itself does not bind calcium; activation of the enzyme occurs when calcium
complexed with a small protein, calmodulin, binds and displaces an auto-inhibitory domain that oth-
erwise occludes the catalytic site. Despite their structural similarities and their ability to phosphory-
late CREB on serine 133, CaM kinases II and IV have very different effects on CRE/CREB-mediated
gene expression. Matthews et al. (46) showed that a constitutively active form of CaM kinase IV, but
not an active form of CaM kinase II, could activate CRE-dependent transcription. This is because
CaM kinase II also phosphorylates CREB at an inhibitory site, serine 142 (45).

Thus CaM kinase IV appears to be a prime candidate for the activation of CREB-mediated gene
expression by nuclear calcium signals, being located largely in the nucleus and able to efficiently
activate CREB. Indeed, antisense oligonucleotide-mediated disruption of CaM kinase IV expression
suppressed calcium-activated CREB phosphorylation in hippocampal neurons (43), and calcium-
activated CREB phosphorylation is impaired in neuron cultures from mice deficient in CaM kinase
IV (50–52). As would be predicted from the importance of CREB in long-term synaptic plasticity,
CaM kinase IV is critical for long-term hippocampal LTP (50,51).

6.1.1.2. THE RAS-ERK1/2 (MAP KINASE) CASCADE

The role of the ERK1/2 pathway in signaling to CREB was characterized first in the context of
growth-factor stimulation. Growth factors such as nerve growth factor (NGF) can activate CREB
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phosphorylation by a mechanism mediated by the Ras-ERK1/2 pathway. NGF treatment of PC12
cells resulted in the Ras-ERK1/2-dependent activation of a CREB kinase (53) found to be the a
member of the previously identified pp90 RSK family, RSK2. RSK2 was able to mediate CREB
phosphorylation in vivo and in vitro. The fact that NGF cannot efficiently activate CRE-dependent
transcription (54) demonstrates that CREB phosphorylation on serine 133 is not sufficient to activate
CREB-mediated gene expression—additional activating steps are required (discussed later).

The Ras/MAP kinase (ERK1/2) pathway is also activated by calcium (55), and so RSK2 is acti-
vated by calcium signals as well as growth factors. This pathway is involved in both the induction
and maintenance of LTP and other memory paradigms (56).

6.1.2. Parallel Activation of CaM Kinase and ERK1/2 Pathways by Synaptic Activity
At first glance, it may appear that there is a certain degree of redundancy in the parallel activation

of both the CaM kinase and ERK1/2 pathways when it comes to phosphorylating CREB. However,
both pathways have critical roles to play. Whereas CaM kinase IV itself is calcium dependent, ERK1/
2 and RSK2 are not (the calcium-dependent activation step is far upstream); they are activated slower
than CaM kinases and, importantly, their activity remains long after synaptic activity has ceased.
Thus, while the CaM kinase pathway mediates CREB phosphorylation within the first few seconds of
calcium influx, and both pathways contribute to CREB phosphorylation at intermediate time points,
the ERK1/2 pathway is needed to prolong CREB phosphorylation after activity has ceased (23,57–
59), which is important for robust activation of CREB-dependent gene expression (43,59).

The importance of CaM kinase IV comes from its role in not only phosphorylating CREB, but in
carrying out a second critical activating step.

6.1.3. Uncoupling of CREB Phosphorylation From CREB-Mediated Transcription
CREB phosphorylation on serine 133, while necessary for CREB to function as a transcriptional

activator, is not sufficient for full induction of gene expression. A wide variety of extracellular sig-
nals lead to CREB phosphorylation on serine 133, but many of them, including stimulation with NGF
or epidermal growth factor (EGF), which rely solely on the ERK1/2 pathway to trigger phosphoryla-
tion, are poor activators of CRE-mediated transcription (60). Further experiments demonstrate that
serine 133 phosphorylation is not sufficient for calcium-induced CREB-mediated transcription: CaM
kinase inhibition blocks CRE-mediated gene expression without inhibiting CREB phosphorylation
(57,61), showing that the remaining “CREB kinase” pathway (the ERK1/2 pathway) is unable to
activate CREB-dependent gene expression.

Thus, CRE-dependent transcription requires additional activation events that are provided by CaM
kinase activity but not, for example, by NGF or EGF treatment, activators of the Ras-ERK1/2 kinase
pathway. This fact is further reinforced by the observation that both acutely activated CaM kinase IV
and activated Ras trigger CREB phosphorylation, but that only CaM kinase IV could activate CREB-
mediated transcription (61).

6.2. The Role of CREB-Binding Protein (CBP) in CREB-Mediated Transcription
6.2.1. Phosphorylated CREB Activates Transcription
by Recruiting Its Coactivator, CREB-Binding Protein

As stated earlier, CREB is regulated by modification of its transactivation domain, rather than its
subcellular localization or DNA-binding activity. For CREB to activate transcription, it must be as-
sociated with its coactivator, CBP, via the inducible part of the CREB transactivation domain, the
kinase-inducible domain (KID). CBP and p300 (a closely related protein) function as coactivators for
many signal-dependent transcription factors, such as c-Jun, interferon-α signaling through STAT2,
Elk-1, p53, and nuclear hormone receptors. The association of CBP with CREB is dependent on
CREB being phosphorylated on serine 133 (62).
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CBP’s ability to stimulate transcription may be due to its ability to recruit to the promoter compo-
nents of the basal transcription machinery—it has been reported to associate with TFIIB, TATA
binding protein (TBP), and RNA polymerase II complex. In addition, CBP has an intrinsic histone
acetyl transferase (HAT) activity as well as being able to associate with other HAT proteins, p/CAF
and SRC1 (see ref. 63 for a thorough review on CBP).

6.2.2. A Model for Nuclear Calcium-Regulated Transcription: Regulation of CBP
The purpose of CREB phosphorylation on serine 133 appears to be to recruit the transcriptional

coactivator CREB-binding protein (CBP) to the promoter (62). However, evidence described above
suggests that this is insufficient to activate transcription fully. This pointed to the possibility that the
second regulatory event critical for transcriptional activation may involve the activation of CBP.
This was indeed found to be the case. CBP’s transactivating potential is positively regulated by cal-
cium, acting via CaM kinase IV (57,61,64). CaM kinase IV-dependent enhancement of CBPs activity
occurs predominantly via a phosphorylation event on serine-301 (65). In addition, recent use of a
mutant form of CREB that constitutively binds CBP showed that in hippocampal neurons this mu-
tant, while modestly active, is nowhere near as active as wild-type CREB activated by calcium sig-
nals, and could itself be further activated by calcium signals and CaM kinase IV (65). Thus, the
critical role for CaM kinase IV in calcium activation of CREB-dependent transcription is in activat-
ing CBP, while the ERK1/2 pathway is responsible for ensuring prolonged CREB phosphorylation
(and thus association of CREB with CBP) (see Fig. 1).

As mentioned earlier, CBP/p300 acts as a coactivator for a large number of transcription factors.
Thus, the fact that CBP is subject to calcium-dependent regulation means that calcium could poten-
tially regulate transcription mediated by many of these factors, either on its own or in conjunction
with other signals. Indeed, the calcium-dependent activation of the CBP-interacting transcription
factor c-Jun has been reported (66) to be able to occur independently of what were hitherto thought to
be crucial regulatory phosphorylation sites (targets of stress-activated protein kinases).

7. DECODING THE CALCIUM SIGNAL

Until a few years ago, there was little evidence to suggest anything other than the idea that el-
evated levels of intracellular calcium activate a specific set of “calcium-responsive genes” to a greater
or lesser extent, depending on the level of calcium concentration in the cell. This was in contrast to
the apparent complexity of the processes that calcium was mediating. However, evidence is mount-
ing that intracellular signaling pathways in neurons are laid down in a very sophisticated manner to
enable cells to distinguish between calcium signals of differing properties. These properties include
the amplitude of the signal (67), its temporal properties (including oscillatory frequency) (68), its
spatial properties (23,67,69), and its site of entry (6,17,57,70). The subcellular localization of cal-
cium-responsive signaling molecules points to different spatial requirements for calcium. For ex-
ample, CaM kinase IV is predominantly nuclear, which reflects the fact that nuclear calcium transients
are necessary for the activation of CREB-dependent transcription and sufficient to activate CaM
kinases in the neuronal nucleus (67,68). As well as elevation of nuclear calcium being triggered by
electrical activity, translocation of the calcium-sensing protein calmodulin into the nucleus has also
been described (71). Were this to happen in neurons where nuclear calmodulin concentration is lim-
iting, this would assist in the activation of nuclear CaM kinases. Thus, an elevation of nuclear cal-
cium is necessary for triggering the crucial second CREB-activating step—activation of CBP
(57,61,64,65).

In sharp contrast, many components of the Ras-ERK1/2 pathway (including putative calcium-
dependent activators of the pathway, PYK2 and synGAP) are contained within a protein complex
with the NMDA receptor at the membrane (72). Calcium requirements for activation of this pathway
are very different; increased calcium levels just under the membrane near the site of entry are suffi-
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cient to activate the ERK1/2 pathway (23). Thus, relatively weak or spatially restricted calcium sig-
nals would be able to activate this pathway, which acts on the SRF/TCF transcription factor complex
and is responsible for prolonged CREB phosphorylation (though it is unable to carry out the crucial
second activation step).

Many proteins located to the cytoplasm are of course not tethered near the membrane. For the
freely diffusible cytoplasmic signaling molecule calcineurin, submembranous calcium elevation is
not enough—it requires a global increase in cytoplasmic calcium concentration to be appreciably
activated in order to trigger NFAT nuclear translocation (23). Continued nuclear localization would
then rely on active calcineurin in the nucleus (and therefore an elevation in nuclear calcium).

The ability of spatially distinct calcium signals to differentially activate transcription naturally has
relevance only if scenarios exist in the neuron whereby nuclear, cytoplasmic, and submembranous
calcium levels change to differing degrees. In neurons, isolated synaptic inputs can yield extremely
spatially restricted calcium transients (73). However, where synaptic inputs are stronger or repetitive,
global calcium transients can result (74). Also, where synaptic inputs contribute to causing the
postsynaptic cell to fire action potentials, synaptic inputs can cooperate with back propagating action
potentials to yield global calcium transients (75). Thus, differing patterns of electrical activity can in

Fig. 1. Calcium-activation of the transcription factor CRE-binding protein (CREB). Synaptically evoked
calcium transients trigger two parallel pathways that result in CREB phosphorylation on serine 133 (necessary
for CBP recruitment), the Ras-ERK1/2 pathway, and the CaM kinase IV pathway. The Ras-ERK1/2 pathway
that activates the CREB kinase RSK2 is in particular responsible for the prolonged phosphorylation of CREB.
CaM kinase IV carries out the second critical activation step, targeting CBP; this includes a phosphorylation
event on serine 301. Note: the spatial requirements for calcium activation of these pathways is different (see
Subheading 7.).
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theory recruit different calcium-dependent signaling modules, which would have a qualitative effect
on the resulting transcriptional output.

Differing buffering capacities or calcium clearance mechanisms of different areas of the cell can
also lead to transient subcellular differences in calcium. The nucleus appears to be particularly suited
to the propagation and prolongation of calcium signals. The absence of calcium-buffering ATPases
(which take calcium up into the ER/intermembrane space) on the inner nuclear membrane (76) is
thought to be behind the striking ability of elementary calcium-release events proximal to the nucleus
to trigger global increases in nuclear calcium concentration that last long after the cytoplasmic el-
ementary trigger has died away (77,78). This property of nuclei applies to primary neurons, where
the nucleus is able to integrate synaptically evoked global calcium transients of quite low frequencies
to give an elevated calcium plateau (68) ideal for the activation of nuclear events (for example, via
CaM kinase IV).

8. CONCLUDING REMARKS
Activation of transcription by synaptic activity is an important adaptive response in the mamma-

lian central nervous system. The neuron is wired in a sophisticated way to respond differently to
different calcium signals. Although much remains undiscovered, the molecular mechanisms of tran-
scription-factor activation and the basis for differential genomic responses to different calcium sig-
nals are becoming clearer. Such knowledge, coupled with an understanding of the physiological role
of synaptically evoked transcription, means that a bridge between molecular and cellular events and
physiological behavior is slowly being built.
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Signaling by Mitochondria

Navdeep S. Chandel

SUMMARY

A resurgence of interest in mitochondrial physiology has recently developed as a result of new experi-
mental data demonstrating that mitochondria function as important participants in a diverse collection of
novel intracellular signaling pathways. Recent data demonstrate that mitochondria regulate molecular and
cellular responses to low oxygen levels (hypoxia). Hypoxic conditions between 1 and 2% oxygen typi-
cally elicit an increase in transcription of over 100 genes. By contrast, oxygen levels close to 0% initiate
programmed cell death. Mitochondria release free radicals that are necessary and sufficient to initiate the
increase in gene transcription during hypoxia. Mitochondria also regulate the initiation of programmed
cell death during anaerobic conditions by releasing cytochrome c, which results in the activation of
caspases. Thus, mitochondria serve to integrate changes in environmental conditions such as changes in
oxygen levels to the activation of diverse events, such as gene transcription and programmed cell death

Key Words: Mitochondria; oxygen sensing; HIF-1; Bax; apoptosis; hypoxia; anoxia.

1. INTRODUCTION

The mitochondrion has long been referred to as the “power-house” of the cell because of its ability
to generate adenosine-5'-triphosphate (ATP) from adenosine-5'-diphosphate (ADP) and inorganic
phosphate (Pi) via respiratory chain phosphorylation. However, the classical viewpoint that mito-
chondria simply function as organelles responding to changes in ATP demand has recently given way
to a more complex portrait. Data have emerged indicating that mitochondria also function as active
signaling organelles in a number of important intracellular signaling pathways.

This chapter focuses on the role that mitochondria play in the intracellular signaling mechanisms
involved in regulating cellular and molecular responses to low oxygen levels (i.e., hypoxia), such as
cellular oxygen sensing and programmed cell death (apoptosis).

2. CELLULAR RESPONSES TO HYPOXIA

Oxygen is necessary for cellular processes, most notably the production of ATP by cellular respi-
ration. The major source of this energy comes from a process known as oxidative phosphorylation,
which occurs in the mitochondria of aerobic organisms. Tissue oxygen tension is normally in the
range of 20–40 torr. However, cells can encounter oxygen tensions less than 1 torr under a variety of
pathological states associated with diseases such as cancer, myocardial infarction, and stroke. Cells
deprived of oxygen ultimately undergo death. Cells encounter two different types of oxygen depriva-
tion states. One type of oxygen deprivation is ischemia/reperfusion or hypoxia/reoxygenation (1–3).
Briefly, this involves a short period of time (minutes) where oxygen is removed from cells or tissues,
followed by a period of time (hours) where oxygen is supplied to the same cells or tissues. This
occurs in vivo by stopping blood flow to a perfused tissue bed or in vitro by placing cells in chambers
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that allow precision control of oxygen tensions. This transient change in oxygen levels is more spe-
cific to a stroke and/or a myocardial infarction model. A second type of oxygen deprivation involves
a more sustained decrease or absence of oxygen over many hours. This often occurs during disease
states characterized by microcirculatory disturbances that result in hypoperfused tissues (4). How-
ever, cells have developed an adaptive response to counteract the conditions that lead to the develop-
ment of a severe deficit of oxygen. Cells respond to hypoxia by activating a multitude of responses
designed to prevent cells from reaching 0% oxygen. The best-characterized cellular response is the
activation of the transcription factor HIF-1. HIF-1 is a dimeric transcription factor composed of HIF-
1α and HIF-1β subunits. HIF-1 is a transcriptional activator that is required for the upregulation of
gene expression, such as vascular endothelial growth factor, erythropoietin, glycolytic enzymes, and
endothelin-1 in response to low oxygen concentration (5). HIF-1 plays important roles in normal
development, physiological responses to hypoxia, and the pathophysiology of common human dis-
eases. In mice, complete HIF-1α deficiency results in embryonic lethality at mid-gestation because
of cardiac and vascular malformations (6). Mice that are partially HIF-1α deficient as a result of the
loss of one allele (heterozygous) develop normally. However, when these mice are subjected to long-
term hypoxia (10% O2 for 3 wk), they have impaired hypoxia-induced pulmonary hypertension, as
indicated by a diminished medial-wall hypertrophy in small pulmonary arterioles (7). Thus, under-
standing how hypoxia activates HIF-1 is important for understanding the pathology of diseases such
as pulmonary hypertension. This chapter explores mechanisms by which mitochondria regulate the
activation of HIF-1 during hypoxia, and mechanisms by which the complete absence of oxygen elic-
its a mitochondria-dependent apoptotic pathway (see Fig. 1).

3. MITOCHONDRIA REGULATE HYPOXIC STABILIZATION OF HIF-1

HIF-1 is a heterodimer of two basic helix loop–helix/PAS proteins: HIF-1α and the aryl hydrocar-
bon nuclear translocator (ARNT or HIF-1β) (8). ARNT protein levels are constitutively expressed
and not significantly affected by oxygen. In contrast, HIF-1α protein is present only in hypoxic cells.

Fig. 1. Mitochondria regulate transcription and apoptosis during hypoxia. We propose that the mitochon-
drial electron-transport chain is required for hypoxic induction of the electron-transport chain as well as the
initiation of apoptosis during hypoxia.
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During normoxia (21% O2), HIF-1α undergoes polyubiquitination by an E3 ubiquitin ligase complex
that contains the von Hippel-Lindau tumor-suppressor protein (pVHL), elongin B, elongin C, Cul2,
and Rbx1 (9,10). The binding of pVHL to the oxygen-dependent degradation (ODD) domain is lo-
cated in the central region of HIF-1α. pVHL binding to HIF-1α is dependent on the hydroxylation of
proline residues within HIF-1α (see Fig. 2) (11,12). This hydroxylated prolyl residue forms two
critical hydrogen bonds with pVHL side chains present within the β domain. This constitutes the
pVHL substrate recognition unit. The enzymatic hydroxylation reaction is inherently oxygen depen-
dent since the oxygen atom of the hydroxy group is derived from molecular oxygen. In addition,
prolyl hydroxylation requires 2-oxoglutarate and iron as cofactors. 2-Oxoglutarate is required be-
cause the hydroxylation reaction is coupled to the decarboxylation of 2-oxoglutarate to succinate,
which accepts the remaining oxygen atom. In mammalian cells, HIF prolyl hydroxylation is carried
out by one of three homologs of C. elegans Egl-9 (EGLN1, EGLN2, and EGLN3; also called PHD2,
PHD1, and PHD3, respectively, or HPH-2, HPH-3, and HPH-1, respectively) (13). Presumably, the
prolyl hydroxylation-mediated degradation of HIF-1α protein is suppressed under hypoxic condi-
tions ranging from 0 to 5% O2.

A fundamental question for understanding HIF-1α regulation involves the mechanism by which
cells sense the lack of oxygen and initiate a signaling cascade that results in the stabilization of HIF-
1α protein. Early progress in understanding molecular mechanisms underlying mammalian oxygen
sensing came from the observation that erythropoietin mRNA can be induced under normoxic condi-
tions in the human hepatoma Hep3B cell line by incubation with transition metals such as cobalt and
iron chelators such as desferrioxamine (DFO) (14). This led to the proposal that a rapidly turning
over heme protein capable of interacting with O2 is a putative oxygen sensor. However, studies using
heme synthesis inhibitors failed to show any effect on the hypoxia activation of HIF-1, suggesting
that rapidly turning over heme proteins are not involved in hypoxia sensing (15). Subsequently, the

Fig. 2. Hypoxic regulation of HIF-1α. HIF-1α is hydroxylated at two different proline residues under
normoxia. The proline residues reside in the oxygen-dependent domain (ODD residues 401–603) of HIF-1α.
The hydroxylation of proline residues occurs by a family of prolyl hydroxylases (PHD1-3). The hydroxylation
of proline residues serves as a recognition motif for pVHL. The binding of pVHL targets the HIF-1α protein for
ubiquitin-mediated degradation.
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NADPH oxidase was proposed as a possible oxygen sensor, acting by decreasing reactive oxygen
species (ROS) generation during hypoxia (16). The decrease in ROS triggers the stabilization of HIF-
1. However, this model is confounded by the observation that diphenylene iodonium (DPI), a wide-
ranging inhibitor of flavoprotein-containing enzymes including NAD(P)H oxidase, does not trigger
HIF-1 stabilization during normoxia. Rather, DPI inhibits the hypoxic induction of HIF-1-dependent
genes (17). Because mitochondria are the main site of oxygen consumption, they have long been
considered as a possible site of O2 sensing. As a postdoctoral fellow in the lab of Paul Schumacker, I
began to explore whether mitochondria could serve as oxygen sensors by regulating the hypoxic
activation of HIF-1. These experiments were done as a collaborative effort between Paul
Schumacker’s lab and Celeste Simon’s lab. We proposed a model in which the increased generation
of reactive oxygen species at complex III of the mitochondrial electron transport chain serves as the
oxygen sensor for HIF-1α protein stabilization during hypoxia. In support of this model, hypoxia
increased ROS generation, HIF-1α protein accumulation, and the expression of a luciferase reporter
construct under the control of a hypoxic response element in wild-type cells, but not in cells depleted
of their mitochondrial DNA (ρ° cells) (18,19). The ρ° cells do not have a functional electron trans-
port chain. Furthermore, catalase overexpression abolished the luciferase expression in response to
hypoxia. Hydrogen peroxide was able to stabilize HIF-1α protein levels and activate luciferase ex-
pression under normoxic conditions in both wild-type and ρ° cells. Thus, ROS are both necessary and
sufficient to trigger HIF-1 activation. The site of ROS generation during hypoxia is localized to
complex III within the mitochondrial electron transport chain. Mitochondrial complex I inhibitors,
such as rotenone, that prevent electron flux upstream of complex III ablate ROS generation during
hypoxia and subsequently the hypoxic stabilization of HIF-1α protein stabilization. These results
have been corroborated by Lamanna and colleagues, who have demonstrated that the neurotoxin 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), a complex-I inhibitor, prevents the hypoxic sta-
bilization of HIF-1α protein in PC12 cells (20). These investigators have also shown that hypoxic
stabilization of HIF-1 protein is severely reduced in human xenomitochondrial cybrids harboring a
partial (40%) complex-I deficiency. Further evidence that mitochondria regulate HIF-1 activation
comes from Stratford and colleagues, who demonstrated that the complex-IV inhibitor cyanide is
sufficient to activate HIF-1-dependent transcription in wild-type Chinese hamster ovary (CHO) cells
and HT1080 cells under normoxic conditions (21). Cyanide inhibits the electron transport chain down-
stream of complex III, thus eliciting an increase in ROS generation.

Recently, Ratcliffe and colleagues have challenged the role of mitochondria as a potential oxygen
sensor. These investigators have demonstrated that ρ° cells are able to stabilize HIF-1α protein levels
at an oxygen concentration of 0.1% O2 (22). They have proposed that the prolyl hydroxylases are
oxygen sensors that regulate hypoxic stabilization of HIF-1α protein. This model is based on the
observation that prolyl hydroxylases require molecular oxygen and iron to catalyze the hydroxylation
of proline residues within HIF-1α. In the absence of oxygen or iron, HIF-1α would not undergo
proline hydroxylation and subsequent pVHL-mediated ubiquitin-targeted degradation. The hydroxy-
lation inhibition due to anoxia or iron chelation would indicate prolyl hydroxylases as the sensor.
However, it is not known whether prolyl hydroxylase would intrinsically be inhibited at an oxygen
concentration of 1–2% O2, where HIF-1 is activated. My lab recently investigated the response of ρ°
cells to both hypoxia and anoxia, because Ratcliffe and colleagues used conditions close to anoxia in
examining their hypoxic response to ρ° cells. Our results demonstrate that the stabilization of HIF-1α
protein at oxygen concentrations of 1–2% did not occur in ρ° cells. However, ρ° cells were able to
stabilize HIF-1α protein at 0% O2 or in the presence of an iron chelator under normoxic conditions
(23). This observation is consistent with the requirement of proline hydroxylation as a mechanism for
HIF-1α protein degradation under normal oxygen conditions. In the absence of oxygen, hydroxyla-
tion of proline residues within HIF-1α by prolyl hydroxylases cannot occur, and intracellular signal-
ing events are not required for the stabilization of HIF-1α protein. Thus, prolyl hydroxylases would
effectively serve directly as the oxygen sensors during anoxia or during iron chelation under
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normoxia. Furthermore, if prolyl hydroxylase is by itself the oxygen sensor for both hypoxia- and
anoxia-induced HIF-1, then there would be no signaling required upstream of prolyl hydroxylase,
i.e., kinases/ROS upstream of prolyl hydroxylase. However, other investigators have shown that that
hypoxia (1% O2) stimulates Rac1 activity, and Rac1 is required for the hypoxic stabilization of HIF-
1α protein (24). Both the hypoxic activation of Rac1 and the stabilization of HIF-1α protein were
abolished by the complex-I inhibitor rotenone. These results indicate that Rac1 is downstream of
mitochondrial signaling. Moreover, mitochondria-dependent oxidant signaling has been shown to
regulate HIF-1α protein accumulation following exposure to tumor necrosis factor (TNF)-α (25).
Non-mitochondria-dependent oxidant signaling has also been shown to stabilize HIF-1α protein un-
der normoxia. For example, thrombin or angiotensin II stabilizes HIF-1α under normoxia through an
increase in ROS generation from nonmitochondrial sources (26). Further support for the idea that
hypoxic signaling is distinct from anoxia or iron chelation comes from the observation that DPI, an
inhibitor of a wide range of flavoproteins including complex I, prevents stabilization of HIF-1α
protein and HIF-1 target genes at oxygen levels of 1% (10). However, DPI fails to affect stabilization
of HIF-1 in response to the iron chelator desferrioxamine (DFO). This observation is consistent with
the notion that iron chelators or lack of oxygen directly inhibit prolyl hydroxylase activity due to
substrate limitations, and stabilize HIF-1α protein (see Fig. 3). Interestingly, DPI can prevent a vari-
ety of other hypoxic responses, such as pulmonary vasoconstriction and carotid body nerve firing
(16). We speculate that the ultimate target of the oxidant-dependent signaling pathway originating
from mitochondria during hypoxia or nonmitochondrial sources such as angiotensin II during
normoxia is to inhibit proline hydroxylation (see Fig. 3).

4. OXYGEN DEPRIVATION INDUCES MITOCHONDRIA-DEPENDENT
CELL DEATH

Cells can activate an intracellular death program and “commit suicide” in a controlled process,
known as apoptosis, or cells can die by an uncontrolled process known as necrosis (27–30). Apoptosis

Fig. 3. Mitochondria regulate HIF-1α protein stability during hypoxia. Prolyl hydroxylases catalyze hy-
droxylation of proline residues in HIF-1α under normal oxygen conditions. Prolyl hydroxylation is required to
target HIF-1α for ubiquitination and subsequent protein degradation by the 26S proteasome. In the absence of
oxygen (anoxia), proline hydroxylation cannot occur because oxygen is a required substrate for hydroxylation.
Thus anoxia would directly inhibit prolyl hydroxylases, thereby stabilizing HIF-1α. In contrast, hypoxia re-
quires a functional mitochondrial electron-transport chain to initiate oxidant-dependent signaling that ultimately
inhibits prolyl hydroxylases and stabilizes HIF-1α.
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is a morphologically distinct form of programmed cell death that plays essential roles in develop-
ment, tissue homeostasis, and a wide variety of diseases including cancer, AIDS, stroke, myopathies,
and various neurodegenerative disorders (31). Apoptosis, or programmed cell death, can be induced
by a variety of factors, including ligand activation of death receptors, growth-factor deprivation,
oncogenes, cancer drugs, and staurosporine. The apoptosis pathway is dependent upon caspase acti-
vation. Caspases comprise an expanding family of cysteine proteases that exist as inactive pro-en-
zymes in viable cells (32,33). Upon activation, caspases acquire the ability to cleave key intracellular
substrates as well as activate other caspases, resulting in the induction of a protease cascade that can
induce cell death. Caspase activation is an ATP-dependent process and is sufficient to induce all of
the morphological features of apoptosis. In contrast, necrosis does not involve the activation of
caspases and is not an energy-dependent process (34). Apoptotic cells display intranucleosomal DNA
cleavage, shrink, and are rapidly engulfed by neighboring cells (35). In contrast, necrotic cells tend to
swell and burst, resulting in the spillage of their intracellular contents, triggering an inflammatory
response.

Extrinsic and intrinsic apoptotic pathways have been identified by which cells can initiate and
execute the cell death process (see Fig. 4) (36,37). The critical regulators of the intrinsic pathway are
the Bcl-2 family members (38). In response to a variety of apoptotic stimuli, pro-apoptotic Bcl-2
family members such as Bax or Bak initiate the mitochondria-dependent apoptotic pathway by caus-
ing a loss of outer mitochondrial membrane integrity (39–41). This releases apoptogenic proteins
located in the intermembrane space of mitochondria, such as cytochrome c, Smac/Diablo, and
apoptosis-inducing factor (AIF) into the cytosol (41–47). Cytochrome c is an electron carrier within
the respiratory chain that interacts directly with Apaf-1 in the cytoplasm, leading to the ATP-depen-
dent formation of a macromolecular complex known as the apoptosome. This complex recruits and
activates the aspartyl-directed protease caspase-9. Activated caspase-9 can activate additional
caspase-9 molecules, as well as the downstream caspases, such as caspase-3 or -7, resulting in mor-
phological features of apoptosis. Smac/DIABLO, another mitochondrial protein released into the
cytosol in response to apoptotic stimuli, promotes caspase activation by eliminating the function of
the inhibitory of apoptosis protein (IAP). Anti-apoptotic members Bcl-2 and Bcl-XL inhibit mito-
chondria-dependent apoptosis by preventing Bax or Bak from disrupting the integrity of the outer
mitochondrial membrane. Previous studies have shown that DNA-damaging agents, serum depriva-
tion, and endoplasmic reticulum stress agents trigger apoptosis through the mitochondria-dependent
pathway. Fibroblasts from embryos of mice lacking either Bax or Bak genes, or cells that overexpress
Bcl-XL or Bcl-2, are resistant to these apoptotic agents (48,49). The mechanisms by which these
apoptotic stimuli converge on Bax or Bak to activate mitochondria-dependent apoptosis remain unknown.

The extrinsic pathway is initiated when a death ligand, such as FasL or TNF-α, interacts with its
cell-surface receptor, Fas (CD95) or TNF receptor (TNFR1/2) (50–52). This results in the formation
of a death-inducing signaling complex (DISC) (53–55). The formation of DISC involves adaptor
proteins such as FADD (Fas-associating protein with death domain) or TRADD (TNF-α receptor
associating death domain). These proteins are involved in the recruitment of pro-caspase-8 and its
subsequent proteolytic activation. A variety of cell types undergoing apoptosis through this pathway
show strong activation of caspase-8 and direct activation of caspase-3 (56–58). In contrast, other cell
types initially display a weak activation of caspase-8, which subsequently employs the mitochondria
for amplification of the death signal. This process occurs by the caspase-8-dependent cleavage of
Bid, a pro-apoptotic factor (59,60). A truncated Bid requires either Bax or Bak to induce the loss of
outer mitochondrial membrane integrity, leading to cytochrome c release and caspase-9 activation
(48). Thus, there is crosstalk between the extrinsic and intrinsic pathways through truncated Bid.

Several studies indicate that oxygen deprivation can induce apoptosis in a variety of cell types.
This occurs in cells with oxygen levels in the range of 0–0.5%; cells with oxygen levels in the range
of 1–3% do not undergo apoptosis (60). As long as cells have an adequate supply of glycolytic ATP
during oxygen deprivation, apoptosis can be executed (61). However, if cells are deprived of both
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oxygen and glucose, then cells undergo necrosis. The requirement for glycolytic ATP to execute
apoptosis during oxygen deprivation is attributed to energy-dependent activation of caspases. Cells
overexpressing the anti-apoptotic proteins Bcl-2 or Bcl-XL have been shown to prevent oxygen dep-
rivation–induced apoptosis by inhibiting the release of cytochrome c from the mitochondria (61–65).
Fibroblasts from mice lacking both Bax and Bak genes are resistant to oxygen deprivation–induced
apoptosis (61). Furthermore, the pro-apoptotic protein Bax translocates from the cytosol to the mito-
chondria during oxygen deprivation (66). Cytochrome c is released and caspase-9 is activated in
oxygen-deprived cells undergoing apoptosis (61,67). Cytochrome c is still released in the presence of
the caspase inhibitor zVAD, indicating that cytochrome c is released independent of caspase activa-
tion (60). Consistent with this, Bid null fibroblasts are able to undergo apoptosis in response to oxy-
gen deprivation, indicating that the extrinsic pathway does not contribute to oxygen
deprivation-induced apoptosis (Brunelle, J. K., Chandel, N. S., unpublished data). Thus, oxygen dep-
rivation-induced apoptosis is dependent only on the intrinsic mitochondrial pathway.

An unknown in understanding oxygen deprivation-induced apoptosis is determining the initiating
mechanism by which Bax or Bak are activated to cause loss of outer mitochondrial membrane integ-
rity. Under normal physiological conditions, the oxidation of NADH is coupled to the reduction of

Fig. 4. Apoptotic pathways. The two best-described cell-death pathways involve the activation of caspase-3
or -7. Activation of the first pathway, the receptor-mediated pathway, occurs with engagement of a cell-surface
receptor with its respective death ligand, resulting in binding of the adaptor molecule FADD (Fas-associated
protein with a death domain) to the receptor. This results in the recruitment of procaspase-8, the key caspase
that distinguishes the receptor-mediated apoptotic pathway. Caspase-8 can then directly activate caspase-3/7.
The second pathway, the mitochondria-dependent pathway, requires the activation of pro-apoptotic Bcl-2 fam-
ily members Bax or Bak, which results in outer mitochondrial membrane permeabilization and the subsequent
release of pro-apoptotic proteins such as cytochrome c or apoptosis-inducing factor (AIF). Release of these
proteins initiates cell death by caspase-dependent and -independent mechanisms. There is communication be-
tween the receptor and mitochondrial apoptotic pathways. The receptor-mediated pathway may utilize the mi-
tochondria as an amplification loop. Caspase-8 may cleave the pro-apoptotic protein, Bid. Truncated Bid
activates Bax and/or Bak, resulting in mitochondrial permeabilization, cytochrome c release, and downstream
caspase activation.
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oxygen through the respiratory chain. Oxygen is reduced to water by cytochrome c oxidase. Electron
transfer through the respiratory chain is coupled to the directional movement of protons across the
inner mitochondrial membrane. This movement across the membrane establishes an electrochemical
potential that provides the thermodynamic driving force for the F1F0-ATP synthase to generate ATP
in the matrix. The loss of oxygen leads to an inhibition of the electron transport chain at cytochrome
c oxidase, resulting in a decrease in inner mitochondrial membrane potential. This initial decrease in
inner mitochondrial membrane potential due to electron transport inhibition during oxygen depriva-
tion might be responsible for triggering Bax or Bak activation. Consistent with this hypothesis, mito-
chondrial membrane potential decreases in response to oxygen deprivation prior to cytochrome c
release (61). Cells devoid of mitochondrial DNA (ρ° cells) do not undergo cell death in response to
oxygen deprivation (60,61). Mitochondrial DNA encodes 13 polypeptides, including the three cata-
lytic subunits of cytochrome c oxidase, whereas nuclear DNA encodes the pro-apoptotic protein
cytochrome c. Therefore, ρ° cells do not have a functional electron transport chain and must rely only
on ATP derived from anaerobic glycolysis for survival and growth. The mitochondria-dependent
cell-death pathway is intact in ρ° cells, as shown by their ability to undergo death in response to a
variety of apoptotic stimuli, such as doxorubicin, growth-factor withdrawal, and staurosporine treat-
ment (68–70). Based on these observations, our current model proposes that oxygen deprivation
inhibits the electron transport chain, which causes a fall in mitochondrial membrane potential and
results in Bax or Bak activation (see Fig. 5). Activated Bax or Bak are sufficient to cause loss of outer
mitochondrial membrane integrity and release of cytochrome c.

Fig. 5. Mitochondrial electron-transport chain activates Bax or Bak to initiate anoxia-induced apoptosis.
Our current model proposes that oxygen deprivation inhibits the electron transport chain, which causes a fall in
mitochondrial membrane potential and results in Bax or Bak activation. Activated Bax or Bak are sufficient to
cause loss of outer mitochondrial membrane integrity and release of cytochrome c.
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5. CONCLUSIONS

Mammalian cells have multiple responses to low or zero oxygen concentrations. In the complete
absence of oxygen, cells undergo cell death through apoptosis, and not necrosis. Apoptotic signaling
during oxygen deprivation occurs through the release of cytochrome c and apaf-1-mediated caspase-
9 activation. The upstream regulators of cytochrome c release are the Bcl-2 family members. Pro-
apoptotic Bcl-2 family members are clearly required to initiate cytochrome c/apaf-1/
caspase-9-mediated cell death during oxygen deprivation. Clearly, finding the upstream regulators of
Bax or Bak is the next major step in understanding apoptotic signaling pathways in response to
oxygen deprivation. A preventive strategy for cells to develop conditions resulting in absence of
oxygen is to activate the HIF-1 under low oxygen concentrations. This allows cells to release factors
such as VEGF to activate angiogenesis that would prevent conditions resulting in the absence of
oxygen. How cells sense decreases in oxygen is not fully understood. We propose that mitochondria
are the oxygen sensors. To date, our data are based on the observations that ρ° cells do not respond to
low oxygen levels with respect to HIF-1 activation. The next challenge is to develop other genetic
means to perturb mitochondrial function and reach conclusions similar to those that ρ° cells have
provided.
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Pro-Inflammatory Signaling by Endothelial

Focal Complexes in Lung

Sunita Bhattacharya

SUMMARY

Ligation of integrins or subjecting them to mechanical stress induces signaling in intracellular protein
complexes known as focal complexes (FC). Such integrin-mediated responses were likely participants in
our previously reported finding that the αvβ3 integrin increased lung capillary permeability. We identified
underlying signaling in bovine pulmonary artery endothelial cell (BPAEC) monolayers exposed to soluble
αvβ3 ligands. αvβ3 ligation induced tyrosine phosphorylation (TyrP) of FC-associated cytoskeletal pro-
teins paxillin, cortactin, and ezrin, as well as the SH2 domain-containing proteins Shc and p125FAK. Dur-
ing ligation, αvβ3 aggregation occurred at the apical surface of endothelial cells (EC). In parallel, αvβ3
ligation increased endothelial cytosolic Ca2+ concentration ([Ca2+]i), as determined by fura 2 ratio imag-
ing. The [Ca2+]i increase was attributable to release of Ca2+ from endosomal stores and Ca2+ influx across
the plasma membrane. Underlying mechanisms were αvβ3-mediated tyrosine phosphorylation of phos-
pholipase C-γ1 (PLC-γ1) and production of inositol (1,4,5) trisphosphate (InsP3). Further studies revealed
that αvβ3 ligation triggered arachidonate release, which was attributable to the simultaneous increase in
[Ca2+]i, cPLA2 (cytosolic phospholipase A2) membrane translocation, and MAPK (mitogen-activated
tyrosine kinase) TyrP. Taken together, these findings established the αvβ3 integrin in lung EC displayed
inflammatory potential in vitro. To understand the relevance of these mechanisms to inflammatory signal-
ing in lung EC in situ, we used a new approach. Using high tidal volume ventilation (HV) in isolated,
blood-perfused rat lungs, we subjected EC to mechanical stress. After 2 h, we perfused lungs with collage-
nase to obtain mixed cells, which we immune sorted (4°C) to isolate fresh lung EC (FLEC). Subjection of
FLEC lysates to electrophoresis and immunoblotting indicated that HV as compared to low tidal volume
ventilation (LV) markedly enhanced TyrP. The tyrosine kinase blocker genistein inhibited this response.
Immunofluorescent labeling of FLEC indicated HV induced FC in which aggregates of αvβ3 co-localized
with FAK. Immunoprecipitation revealed HV-mediated TyrP of the FC protein paxillin, along with
paxillin-associated P-selectin expression. Both responses were genistein inhibitable. However, 2-h HV
did not increase lung water. These results indicate that in lung EC, the αvβ3 integrin forms FC in vitro and
in vivo in association with EC TyrP. These responses are associated with [Ca2+]i increase, arachidonate
release, and P-selectin expression, effects capable of promoting lung leukocyte sequestration, which fur-
ther enhances inflammation.

Key Words: Mechanical ventilation; cell signaling; αvβ3; FLEC; tyrosine phosphorylation; cPLA2;
arachidonate; calcium.

1. INTRODUCTION

At the cell-matrix interface, proteins exist in complexes called focal complexes (FC). FC consist
of cytoskeleton-linked molecules, such as paxillin and talin, kinases such as focal adhesion kinase
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(FAK), and integrins, which are transmembrane heterodimers linking extracellular matrix with focal
complexes (1,2). Such linkage enables matrix-integrin interactions to induce signaling in FC. Matrix
glycoproteins aggregate integrins to generate second messengers in FCs (1,2). Similarly, mechanical
stress leading to integrin aggregation generates signal transduction in focal complexes (3). Such
signaling is exemplified in enhancement of TyrP, cytosolic Ca2+ ([Ca2+]i) increase, transcription-
factor generation, and stress fiber formation.

Although the role of endothelial integrins in focal complexes has been discussed largely in the
context of matrix-dependent functions, such as cell adhesion, angiogenesis, and wound healing (4,5),
their significance in the quiescent, nonproliferating lung vascular bed is undefined. Furthermore,
studies of matrix-dependent responses that address functions of basal, matrix-facing integrins do not
clarify the roles of apical integrins at the luminal surface. Because these luminal integrins (6) face the
circulation, they may function as receptors for blood-borne ligands. Relevant to such a role is the
αvβ3 integrin, which is abundantly distributed luminally and abluminally (7) in microvessels of the
lung. At the luminal surface, its ability to bind pro-inflammatory molecules such as the activated
complement complex SC5b-9, the thrombin–antithrombin complex, and viruses (8–10), is likely to
enhance capillary permeability (11). The promiscuous binding property across the vast vascular sur-
face of the lung, together with its ability to mobilize Ca2+ rapidly when it spreads on its ligand (12),
accords the luminal αvβ3 integrin a pathologic potential that warrants further study. These consider-
ations indicate the need to investigate the underlying mechanisms of αvβ3-mediated signaling in lung
inflammation and edema.

2. LUNG ENDOTHELIAL SIGNALING IN VITRO:
THE ROLE OF THE αVβ3 INTEGRIN

We defined αvβ3-induced signaling responses in monolayers of bovine pulmonary artery endothe-
lial cells (BPAEC).

2.1. αvβ3-Mediated TyrP
We first determined whether αvβ3 ligation induced EC TyrP (8), since we previously observed

that αvβ3-mediated increase of lung capillary permeability was TyrP dependent (11). We ligated the
αvβ3 integrin with the soluble glycoprotein ligands, multimeric vitronectin (Vn), or the Vn-contain-
ing complement complex SC5b-9, whose levels increase during sepsis. Alternatively, we used the
anti-αvβ3 monoclonal antibody LM609, followed by crosslinking secondary antibody. Vn recognizes
the αvβ3 integrin by means of its tripeptide RGD (arginine, glycine, aspartic acid) epitope (13).
Multimeric Vn and SC5b-9 elicited time- and concentration-dependent increases in TyrP of numer-
ous proteins (8) (Fig. 1A). Furthermore, antibody-mediated integrin clustering induced a similar
profile of protein TyrP. Antiserum against Vn, RGD peptides, and monoclonal and polyclonal anti-
αvβ3 antibodies blocked the Vn- and SC5b-9-induced TyrP, while antibodies against the β1 and αvβ5
integrins did not. These findings suggest integrin aggregation was critical for signaling. Among the
proteins undergoing vitronectin-mediated TyrP were the cytoskeletal proteins paxillin, cortactin, and
ezrin, as well as the SH2 domain-containing protein Shc, and p125FAK. The wide functional range of
these responses suggested multiple signals may be activated during inflammatory conditions associ-
ated with accumulation of the αvβ3 ligand SC5b-9. Furthermore, αvβ3-mediated TyrP of FC proteins
(1,2) suggested it played a role in the induction of FCs.

2.2. αvβ3 Aggregation
To localize the site of αvβ3 aggregation, we characterized its distribution on BPAEC monolayers

at baseline and following ligation (14). We exposed lightly fixed monolayers to fluorescently tagged
anti-αvβ3 antibody followed by secondary crosslinking antibody. Confocal images viewed by low
and high magnification revealed diffuse distribution of the αvβ3 integrin at baseline (Fig. 1B a and c).
In contrast, following secondary antibody-mediated clustering, fluorescence was distributed in
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clumps, mainly at the cell periphery (Fig. 1B b and d, arrows mark aggregates). These findings
indicated the potential for integrin ligation to induce integrin aggregation, which in turn leads to FC
formation (1). Similar aggregation followed exposure to multimeric Vn and SC5b-9. Images in the z-
axis showed that while the apical surface displayed fluorescence in a clumped distribution (Fig. 1B,
e and f), the basal surface did not (14). These findings together suggested that circulating αvβ3 ligands
may aggregate luminal integrins during signaling. Furthermore, distribution of αvβ3 aggregates at the
lung EC periphery indicated their likely proximity to inter-endothelial junctions, where they may
regulate endothelial barrier responses.

2.3. The αvβ3 Integrin in [Ca2+]i Signaling
A consideration in defining mechanisms underlying αvβ3-mediated increase of capillary perme-

ability (11) was the role of cytosolic Ca2+ concentration ([Ca2+]i), since [Ca2+]i increase regulates cell
contraction, which in turn opens interendothelial junctions (16). Moreover, the rapid mobilization of

Fig. 1. αvβ3-induced bovine pulmonary artery endothelial cell (BPAEC) signaling. LM609, mAb to αvβ3;
20Ab, secondary Ab. (A) Antiphosphotyrosine blots of whole-cell lysates. (B) Confocal microscopy of the
fluorescently labeled αvβ3 integrin. Replicated three times. (C) Ratio imaging of time-dependent cytosolic Ca2+

([Ca2+]i) responses in single cells of separate, fura 2-loaded BPAEC monolayers: αvβ3 crosslinking (top panel),
1 mmol/L histamine (lower panel). Key gives [Ca2+]i in nmol/L. Reproduced from refs. 8, 14, and 15, with
permission.
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endothelial Ca2+, which is characteristic of inflammatory processes, suggested [Ca2+]i increase may
play a role in αvβ3-mediated increase of capillary permeability. To determine [Ca2+]i responses to
αvβ3 ligation, we used multimeric Vn, SC5b-9 and crosslinking primary anti-αvβ3, and secondary
antibodies (14). We quantified endothelial [Ca2+]i by the fura 2 ratio imaging method of single cells
in confluent BPAEC monolayers. At baseline, endothelial [Ca2+]i levels remained steady at 86 nmol/
L for >20 min (Fig. 1C). Crosslinking the αvβ3 integrin by sequential exposure of monolayers to anti-
αvβ3 mAb, LM609, and secondary immunoglobulin (Ig)G resulted in a [Ca2+]i increase that initiated
at the cell periphery, then spread centripetally. The increase, which was 100% above baseline, com-
menced in <0.5 min, peaked in <2 min, and decayed to baseline in approx 5 min (Fig. 1C, upper
panel). Similar responses occurred following the addition of vitronectin (400 µg/mL) and SC5b-9. In
contrast, histamine-induced [Ca2+]i increases occurred more globally and usually initiated at the cell
center, then spread outward (Fig. 1C, lower panel).

2.4. Protein Tyrosine Phosphorylation and [Ca2+]i Regulation in BPAEC
External Ca2+ depletion blunted the crosslinking-induced [Ca2+]i increase by 60%, a response that

was completely inhibited by thapsigargin pretreatment. Thus, the [Ca2+]i increase was attributable
partly to release of Ca2+ from endosomal stores, but mostly to Ca2+ influx across the plasma mem-
brane. Induced aggregation of the αvβ3 integrin enhanced TyrP of phospholipase C–γ1 (PLC-γ1) and
increased accumulation of inositol (1,4,5) trisphosphate (InsP3). Genistein, a broad-spectrum tyrosine
kinase inhibitor (17), abrogated both these effects as well as the αvβ3-induced [Ca2+]i increases. We
concluded that aggregation of the endothelial αvβ3 integrin induced a rapid TyrP-dependent increase
of [Ca2+]i. This response may subserve the αvβ3 integrin’s inflammatory role in blood vessels.

2.5. The Role of the αvβ3 Integrin in Cytosolic Phospholipase A2 Activation
Thus far, our investigations have revealed that αvβ3 integrin aggregation induced proinflammatory

processes such as EC protein TyrP and increase of [Ca2+]i, but an inflammatory endpoint to these
signaling pathways was not clear. Since both these pathways underlie EC production of the inflam-
matory mediator arachidonic acid, we considered that αvβ3 ligation on lung EC may activate cytoso-
lic phospholipase A2 (cPLA2). cPLA2 activation releases free arachidonic acid, which may generate
prostaglandins and other oxidated compounds. Released arachidonate may cause further Ca2+ mobi-
lization (18,19) and generate feedback effects by activating ERK (20), thereby amplifying αvβ3-
induced proinflammatory signaling to augment lung injury. In the family of cytoadhesive integrins,
ligation of β1 integrins has been shown to induce cPLA2 activation (21,22). However, these reports
concern circulating or proliferating cells and do not represent responses that may be relevant to cells
under stable conditions, such as those of endothelial cells of lung vessels. The role of the αvβ3 integrin,
which is richly supplied in lung endothelium, was not clear in the context of cPLA2 activation despite
its ability to initiate the required signaling.

In confluent EC monolayers, cPLA2 is located in the cytosol, but on activation, it translocates to
membranes (18). The translocation is attributable to an increase of EC Ca2+, although activation also
requires the enzyme to be phosphorylated (18). Signaling pathways acting through TyrP may regu-
late both events, since TyrP activates the ERK (extracellular signal regulated kinase) MAPK (mito-
gen activated protein kinase), which phosphorylates cPLA2 (18) and also activates phospholipase Cγ
(PLCγ, leading to EC Ca2+ increases (14). Since we showed that αvβ3 ligation induced several signal-
ing pathways in lung EC (8,14), we tested the extent to which these pathways interacted for cPLA2

activation (15).

2.6. Vitronectin-Induced Arachidonate Release
αvβ3 ligation with multimeric Vn caused concentration-dependent arachidonate (Fig. 2A) produc-

tion that was inhibited by pretreating the monolayers with the anti-αvβ3 mAb LM609 (15). No inhi-
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bition occurred in the presence of the isotypic mAb PIF6 that recognizes the integrin αvβ5. The
underlying mechanism of arachidonate release was activation of pathways that lead to cPLA2 activa-
tion, because membrane translocation of cPLA2 (cytosolic phospholipase A2) (Fig. 2B) and tyrosine
phosphorylation of the MAPK (mitogen activated tyrosine kinase) ERK2 were also attributable to
αvβ3 ligation. The cPLA2 inhibitor arachidonyl trifluoromethyl ketone (AACOCF3), the tyrosine
kinase inhibitor genistein, and the MAPK kinase inhibitor PD 98059 all blocked the induced
arachidonate release. Moreover, the intracellular Ca2+-chelator MAPTAM also inhibited arachidonate
release. These findings indicated that ligation of apical αvβ3 in BPAEC caused ERK2 activation and
an increase of intracellular Ca2+, both conjointly required for cPLA2 activation and arachidonate
release. This was the first instance of integrin-induced protein TyrP that initiated these dual regula-
tory pathways to generate a proinflammatory response.

In summary, ligating the αvβ3 integrin on BPAEC monolayers induced: (1) integrin aggregation at
the apical surface, mainly at the cell periphery; (2) TyrP of multiple focal adhesion proteins; (3)
tyrosine phosphorylation of PLCγ, InsP3 production, and increase of [Ca2+]i, chiefly attributable to
entry of external Ca2+; and (4) arachidonate release attributable to the confluence of αvβ3-mediated
[Ca2+]i increase, cPLA2 phosphorylation, and membrane translocation of cPLA2 and MAPK TyrP.
Thus our in vitro findings indicated that αvβ3-mediated protein TyrP initiates proinflammatory sig-
naling, such as increase of [Ca2+]i and cPLA2-mediated arachidonate release. Because both these
second messengers induce inflammatory signaling (16,18), aggregating the apical αvβ3 integrin on
lung EC has considerable potential for inducing lung injury. However, since these studies were con-
ducted in vitro, the potential for αvβ3 to induce inflammatory lung endothelial signaling in vivo
remains undefined, except for its ability to induce an increase of lung capillary permeability (11).

Fig. 2. αvβ3-mediated arachidonate release is associated with membrane translocation of cPLA2. VN,
vitronectin. (A) Arachidonate release following the addition of different concentrations of VN was determined
in [3H]-arachidonate-loaded, confluent bovine pulmonary artery endothelial cell (BPAEC) monolayers. Data
are mean ± SE. n = number of monolayers. Linear regression, *p < 0.01; (B) membrane translocation of cPLA2
in BPAEC. Monolayers were treated with buffer or vitronectin (400 mg/mL, 15 min), fixed, permeabilized, and
labeled with anti-cPLA2 mAb followed by FITC antimouse immunoglobulin (Ig)G. Replicated in three experi-
ments. Reproduced from ref. 15, with permission.
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Moreover, the role of lung endothelial focal complexes in lung inflammation is also not understood.
In this regard, mechanical stress-induced formation of FC in vitro (3) indicates that similar integrin-
mediated effects may occur in endothelium in situ when it is subjected to mechanical stress. To
understand the role of integrin-mediated focal-complex formation in such stress, we studied endothe-
lial signaling in lungs subjected to high tidal volume ventilation.

3. MECHANICAL STRESS-INDUCED LUNG ENDOTHELIAL SIGNALING
IN SITU: RESPONSES OF THE αVβ3 INTEGRIN, FOCAL COMPLEXES,
AND P-SELECTIN

Mechanical ventilation is essential for managing respiratory failure in lung injury. However, the
high airway pressures and large tidal volumes that are often necessary exacerbate the injury (23).
Many studies indicate that lungs exposed to mechanical ventilation develop an inflammatory pheno-
type, characterized by increase of microvascular permeability (24), secretion of cytokines (25), and
enhanced leukocyte sequestration (26). These findings provide broad-based evidence that mechani-
cal ventilation causes tissue stress in lungs. However, no studies have addressed the intracellular
signaling mechanisms that underlie the inflammatory response to ventilation stress.

Endothelial cells (ECs) lining lung microvessels initiate inflammation by expressing the leuko-
cyte adhesion receptor P-selectin, which induces leukocyte rolling on the EC surface (27). In lung
endothelium, P-selectin, a constituent of Weibel-Palade bodies (WPB), is probably restricted to ex-
tra-alveolar vessels (28), although others propose a more extensive expression (29). Nevertheless, a
role for the receptor may be indicated in lung pathology in that P-selectin expression increases in
vascular stress (30).

We considered the possibility that high-volume lung ventilation (HV) may induce P-selectin ex-
pression in lung EC. Lung expansion during HV stretches the pulmonary vascular bed and is there-
fore likely to stretch lung ECs. In vitro studies indicate that EC monolayers subjected to stretch
enhance protein TyrP and induce formation of FCs (3). Although the relevance of these EC responses
to lung inflammation remains unclear, there are indications from other cell types that TyrP plays a
role in P-selectin responses. Thus, platelet activation is accompanied by P-selectin TyrP (31), and
specific tyrosine residues in the cytoplasmic tail of P-selectin determine its sorting to secretory gran-
ules in the AtT tumor cell line (32). However, the extent to which TyrP induces EC expression of P-
selectin is not known.

A general difficulty is that the understanding of EC signaling mechanisms has been developed
through studies in vitro that may not apply to mechanisms in situ. Here, we used a new approach
involving immunomagnetic cell recovery from ventilation-stressed lungs to determine signaling
mechanisms in EC in situ (33).

3.1. Ventilation Protocol and EC Isolation
We prepared isolated blood-perfused lungs as described in (30). Briefly, we excised lungs from

anesthetized, heparinized rats, pump-perfused them with autologous blood (37°C, 14 mL/min), and
mechanically ventilated them using low (LV) or high (HV) tidal volumes of 6 or 12 mL/kg, respec-
tively. The higher tidal volume closely corresponded to those associated with worse outcomes (23).
The corresponding inspiratory pressures were 11 and 22 cmH2O. Throughout the ventilation period,
ventilatory rate and end expiratory pressure were held constant at 30/min and 5 cmH2O, respectively.
After 2 h of mechanical ventilation, we chilled the lungs (4°C), prior to recovery of fresh lung EC
(FLEC). To obtain FLEC, we buffer-perfused (4°C) lungs to clear them of blood, then sequentially
infused collagenase, trypsin, and buffer. We filtered the mixed cell effluent (100 µm pore) and washed
cells three times by repeated suspension in buffer and centrifugation. We incubated the mixed cells
(4°C) with anti-factor VIIIR:Ag/vWf-labeled magnetic beads, prepared as described in (33). Follow-
ing incubation, EC attached to the beads were magnetically isolated. The FLEC isolate displayed 93
± 0.6% viability with trypan blue exclusion (n = 4). We immunofluorescently labeled (33) for the
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EC-specific markers CD31, factor VIIIR:Ag/vWf, and acetylated low-density lipoprotein (Ac-LDL),
viewing cells by both brightfield and confocal fluorescence microscopy (Zeiss, LSM 510). Fluores-
cence determinations on 60 cells/lung for each marker indicated positive EC phenotype in 97 ± 1% (n
= 9 lungs).

3.2. Protein Tyrosine Phosphorylation in FLEC
Because in vitro studies indicate that mechanical challenge to cells causes the induction of protein

TyrP and the formation of FCs (3), we determined the extent to which these responses occurred in the
present experiments. By our immunomagnetic separation protocol, we isolated 1.7 ± 0.4 × 106 EC per
rat lung. We lysed FLEC, as we reported previously for cultured EC (8), then determined protein
concentrations, which indicated a protein yield of 40 ± 5 µg/g lung (n = 14). Because approximately
twice this amount was required for immunoprecipitation studies (8), we combined FLEC lysates
from two lungs for a single immunoprecipitation experiment. To determine TyrP in FLEC, we sub-
jected lysates containing equal amounts of protein to gel electrophoresis in duplicate using reducing
conditions. After transfer to nitrocellulose, we immunoblotted using anti-phosphotyrosine antibody
as described in (8). Duplicate gels were stained with Coomassie Blue. Blots were developed using
enhanced chemiluminescence. In the LV group, immunoblots of FLEC lysates showed low levels of
TyrP for several proteins (Fig. 3A). By contrast, in the HV group, TyrP was markedly enhanced for
several proteins. Since this response suggested that tyrosine kinases were activated, in some experi-
ments we infused the tyrosine kinase inhibitor genistein (17) in the lung’s blood flow throughout the
experiment. Genistein completely inhibited the enhanced TyrP (Fig. 3B). These findings indicated
that ventilation stress enhanced protein TyrP in EC.

3.3. Focal Complexes
Because integrins constitute the link between subcellular matrix and cytoskeleton at focal adhe-

sions, distortions at the cell-matrix interface attributable to shear and stretch induce integrin aggrega-

Fig. 3. Protein tyrosine phosphorylation in fresh lung endothelial cells (FLEC). LV, low tidal volume venti-
lation; HV, high tidal volume ventilation; anti-TyrP, anti-tyrosine phosphorylation; GN, genistein (100 mmol/
L). (A) FLEC lysates from HV and LV were each subjected to SDS-PAGE in duplicate. Anti-tyrosine phospho-
rylation blots (left) and Coomassie Blue staining (right). Molecular-weight markers on right. (B) Quantification
of band densities in A, at molecular weights indicated (n = 5 paired experiments). *p < 0.05, compared with bar
on either side. Values are mean ± SE. Reproduced from ref. 33, with permission.
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tion and FC formation (3). We used immunofluorescent labeling of the αvβ3 integrin and the focal
adhesion protein FAK in FLEC to detect the extent to which these events may have occurred in the
present study. To assess FC formation, we determined aggregation of FAK and of the αvβ3 integrin
by confocal microscopy. We immunofluorescently labeled the αvβ3 integrin and FAK on fixed
permeabilized FLEC from LV and HV. We detected immunofluorescence using confocal fluores-
cence microscopy (Zeiss, LSM 510). In LV, cell-surface fluorescence was weak and diffuse (Fig.
4A,B). By contrast, in HV (Fig. 4D,E), fluorescent aggregates of 2–5 µm diameter were evident over
>50% of the cell surface. The merged pseudocolors in image overlays (Fig. 4C,F) indicated that the
proteins had co-localized in the presence of ventilation stress in HV. We digitally imaged single cells
to quantify fluorescence intensity (MCID-M4, Imaging Research, Brock Univ., St. Catharines,
Canada). Fluorescence intensity per unit area for both proteins was greater in HV than LV (Fig. 4G).
Since initial TyrP blots of FLEC lysates revealed a prominent band at approx 68 kD (Fig. 3A) that
potentially indicated paxillin; in a separate group we sequentially blotted for TyrP and paxillin. Fur-
ther, we immunoprecipitated paxillin from FLEC lysates. These experiments revealed that TyrP on
paxillin was two times greater in HV than in LV. Both the HV-induced co-localization of the αvβ3

integrin and FAK in aggregates and the enhanced TyrP of paxillin are consistent with increased focal
adhesion formation. We speculate that to promote cell anchorage, EC in situ developed FC to with-
stand mechanical stresses induced by HV.

3.4. P-Selectin Expression
To define inflammatory consequences of HV-induced EC TyrP, we determined surface expres-

sion of P-selectin, using immunofluorescence to label FLEC. We sequentially exposed FLEC to anti-
P-selectin mAb and fluorescence-tagged antimouse IgG. We maintained cells at 4°C to prevent
cellular uptake of the antibodies, and thereby to label surface proteins selectively. In fields of cells
viewed at low power by confocal microscopy, immunofluorescence of P-selectin was weak and dif-
fuse in LV, but extensive and present on >97% of cells in HV (Fig. 5A, arrows mark cells that were

Fig. 4. Effect of high tidal volume ventilation on fresh lung endothelial cell (FLEC) expression of FAK and
the αvβ3 integrin. LV, low tidal volume ventilation; HV, high tidal volume ventilation. Confocal fluorescent
images of single, freshly isolated cell from LV (upper panel) and HV (lower panel) labeled for the αvβ3 integrin
(A,D) and FAK (B,E), and corresponding overlay images (C,F). (G) Quantification of fluorescence intensity
(digital imaging) in 50 cells/lung from three paired LV and HV experiments. *p < 0.01 compared with bar on
left. Values are mean ± SE. Reproduced from ref. 33, with permission.
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viewed at low [top] and high [bottom] magnifications in each group). Viewed at high magnification,
most cells for HV revealed a clumped fluorescence at the cell periphery. By contrast, fluorescence
was diffuse and weak for LV. Quantification by digital image analysis indicated a twofold increase of
fluorescence in HV (Fig. 5B), reaffirming that HV increased cell-surface P-selectin expression. In-
clusion of genistein in the perfusate diminished immunofluorescence of P-selectin. We also used
immunoprecipitation to detect surface expression of P-selectin. We surface-biotinylated FLEC at
4°C, lysed the cells, and immunoprecipitated P-selectin. Sequential blotting of electrophoresed, trans-
ferred immunoprecipitates revealed a band at 140 kDa that was more prominent in HV than in LV on
streptavidin-horseradish peroxidase blotting. Reprobing with anti-P-selectin mAb identified the band
as P-selectin, indicating that surface expression of P-selectin was enhanced in HV. This blot, which
also provided an assessment of the total amount of P-selectin protein in FLEC, namely that compris-
ing the intracellular as well as the surface-expressed contents revealed bands that were consistently
more pronounced in HV. This finding indicated that HV increased the overall amounts of P-selectin
protein in FLEC. We reprobed the blot of immunoprecipitated P-selectin with anti-paxillin mAb.
This blot also revealed a more prominent band in HV than in LV, indicating that ventilation stress
increased the association of paxillin with P-selectin. Inclusion of genistein in the perfusate during
HV decreased the recovery of cell-surface P-selectin by immunoprecipitation (Fig. 5C). These find-

Fig. 5. P-selectin expression in fresh lung endothelial cells (FLEC). LV, low tidal volume ventilation; HV,
high tidal volume ventilation; IP, immunoprecipitation; SA-HRP, streptavidin horseradish-peroxidase; GN,
genistein (100 mmol/L). (A) Confocal fluorescent images of FLEC, labeled for P-selectin. (B) Quantification of
fluorescence intensity (digital imaging of single cells), mean ± SE for 30 cells per lung (n = 3 paired experi-
ments). *p < 0.05, compared with left bar. (C) SA-HRP (top) and anti-P-selectin (bottom) blots of IP of P-
selectin from surface-biotinylated FLEC. Molecular-weight markers on left. n = 3 paired experiments.
Reproduced from ref. 33, with permission.
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ings indicated that the HV-induced P-selectin expression was blocked by blockade of TyrP. It is
proposed that TyrP of P-selectin regulates its incorporation in secretory granules (32). Although the
specific targets of tyrosine phosphorylation remain unclear, taken together with the reported data, our
findings indicate that protein TyrP is critical in the regulation of P-selectin expression in EC.

P-selectin is stored in Weibel-Palade bodies (WPB) adjacent to the EC luminal membrane (34).
Activation of WPB exocytosis causes P-selectin expression and is generally attributed to increases of
cytosolic Ca2+ (35). In previous studies (14,15), we showed that exposing EC to the αvβ3 ligand
vitronectin causes aggregation of the αvβ3 integrin. Genistein blocks the associated induction of TyrP
that leads to ER release of Ca2+, but not the integrin aggregation itself. These findings suggest that
αvβ3 aggregation is not determined by TyrP, although the aggregation event activates tyrosine ki-
nases. To the extent that these mechanisms apply to the present experiments, we speculate that the
present αvβ3 aggregation activated TyrP-dependent pathways to induce the Ca2+ increase required
for WPB exocytosis.

The localization of P-selectin with paxillin points to a new mechanism underlying P-selectin ex-
pression. Paxillin, which is recruited to focal adhesions following aggregation and
autophosphorylation of FAK, is increasingly regarded as an adaptor protein that forms a docking
platform for signaling proteins (1). Although such mechanisms remain inadequately understood in
the context of inflammation, the enhanced association between paxillin and P-selectin in ventilation
stress suggests that paxillin may provide a docking function for P-selectin exocytosis. Although this
issue requires further investigation, the tyrosine residue on P-selectin has been previously implicated
in the sorting of P-selectin to secretory vesicles (32). Tyrosine kinases are implicated in some forms
of exocytosis (38), and tyrosine-phosphorylated adaptor proteins may act as P-selectin chaperones
during WPB exocytosis.

3.5. Lung Water
To assess the extent to which pulmonary edema is associated with the HV-induced TyrP, focal

adhesion formation, and P-selectin expression, we determined extravascular lung water by our stan-
dard methods (33). In paired LV and HV experiments, lung water averaged 4 ± 0.1 and 4.1 ± 0.1 g/g
dry (mean ± SE; n = 4), respectively. These values were within our established limits of normal. We
point out that despite the enhanced P-selectin expression on FLEC, HV for 2 h did not increase lung
water. To this extent, our findings agree with those of Frank et al. (37), who showed that mechanical
ventilation at tidal volume of 12 mL/kg does not cause pulmonary edema. However, the fact that
proinflammatory signaling was induced in the present experiments is an indication that even in the
absence of pulmonary edema, these modest levels of ventilation stress may be sufficient to initiate
endothelial signaling that primes the microvascular bed for injury. Thus, Frank et al. (37) have shown
that mechanical ventilation at 12 mL/kg exacerbates pre-existing lung injury induced by acid instillation.

In summary, freshly isolated lung EC provided novel in situ evidence showing high tidal volume-
mediated endothelial protein TyrP, which induces P-selectin expression. Furthermore, the newly de-
veloped immunochemical and immunofluorescence assays in FLEC showed activation of several
proteins in focal complexes. Among these were (a) aggregation and co-localization of the αvβ3

integrin and FAK, (b) paxillin TyrP, and (c) its association with P-selectin, whose surface expression
was induced. We ruled out platelets as a source of the present P-selectin expression, because lungs
were cleared of blood components with extensive buffer perfusion prior to cell isolation. Moreover,
the high purity of the cell isolate and the phenotypic appearance of P-selectin expressing cells also
indicated the absence of platelets. The increased P-selectin expression was blocked by inhibition of
EC protein TyrP. We conclude that in ventilation stress, protein TyrP constitutes a major pathway for
proinflammatory signaling in lung EC.

For the first time, these methods allow detection of signaling mechanisms in EC that are freshly
isolated from experimentally treated lungs. Cell recovery at 4°C inactivated enzymatic processes and
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thereby preserved phosphorylation responses developed in situ. Immunomagnetic protocols for EC
recovery have targeted CD31 or bound lectins on the cell surface (33). We avoided these targets,
since CD31 is nonspecific for EC and is also expressed on leukocytes (38), while lectins may cause
cell lysis. In EC, vWf is contained in Weibel-Palade bodies (34) and is secreted by WPB exocytosis
(35). Under nonstimulated conditions, vWf is expressed on the surface of nonpermeabilized cells
(39) as well as of unfixed peri-alveolar capillary endothelium (40). Our finding that vWf is expressed
on the surface of FLEC corroborates these reports.

Microscopy of FLEC indicated that our recovery procedure yielded single as well as clumped
cells. Because of clumping, these isolated cells were amenable to immunofluorescence and confocal
microscopy, but not to fluorescence-activated cell sorting. Using immunofluorescent labeling for
three EC-specific markers, we determined that the cells were recovered with high purity and viabil-
ity. Presently, the vascular sites of origin for these cells remain undetermined. In the pulmonary
circulation, extra-alveolar vessels are preferred sites of expression for both vWf and P-selectin
(39,40). Since our recovered EC expressed both proteins, they may be of extra-alveolar origin. This
possibility is also supported by the relatively small cell recovery by our isolation methods. Thus, in
both LV and HV, each lung yielded 1–2 million FLEC that constitutes a small fraction of the esti-
mated 410 × 106 EC in rat lung (41). Since the bulk of lung EC are contained in alveolar capillaries,
we attribute the small FLEC yield to the possibility that capillary EC were not accessible to our
isolation methods.

In conclusion, our in vitro and in situ lung endothelial studies suggest that the αvβ3 integrin in-
duces FC formation that is associated with EC TyrP. Furthermore, in cultured BPAEC the αvβ3

integrin induces proinflammatory signaling such as [Ca2+]i increase and arachidonate release. In lung
endothelium in situ, mechanical stress is also proinflammatory, since HV leads to TyrP-dependent
expression of the cell adhesion molecule P-selectin, as well as its association with the FC protein
paxillin. Leukocyte-mediated lung injury may result from these integrin-associated FC signaling
cascades.
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Hydrogen Peroxide As Intracellular Messenger

Production, Target, and Elimination

Sue Goo Rhee, Tong-Shin Chang, Yun Soo Bae,
Seung-Rock Lee, and Sang Won Kang

SUMMARY

Engagement of peptide growth-factor receptors induces a transient production of low levels of H2O2 in
various cells. The H2O2 response to platelet-derived growth factor requires the intrinsic tyrosine kinase
activity of the receptor as well as the activation of phosphatidylinositol 3-kinase (PI 3-kinase). It appears
that PtdIns(3,4,5)P3, a product of PI 3-kinase, is necessary to activate an isoform of NADPH oxidase
through the small GTP-binding protein Rac. H2O2 thus produced propagates its signal by specifically
acting on protein tyrosine phosphatases. And enhancement of protein tyrosine phosphorylation in growth
factor-stimulated cells depends on the H2O2 production. This is probably because the activation of a re-
ceptor tyrosine kinase is not sufficient to increase the steady-state level of protein tyrosine phosphoryla-
tion in cells, and that concurrent inhibition of protein tyrosine phosphatase by H2O2 might be needed as
well. Elimination of H2O2 appears to be an extensively regulated process. Peroxiredoxin I (Prx I) and Prx
II, two cytosolic thioredoxin-dependent peroxidases, are inactivated at the G2-M transition through Cdc2
kinase-dependent phosphorylation.

Key Words: Hydrogen peroxide; intracellular messenger; PDGF receptor; NADPH oxidase; protein
tyrosine phosphatase; peroxiredoxin; Cdc2 kinase.

1. INTRODUCTION

There is increasing evidence that hydrogen peroxide (H2O2) serves as an intracellular messenger
mediating various cell functions, including proliferation, differentiation, apoptosis, and senescence,
when produced in low amount and in a controlled fashion (1–9). Ligands that elicit an H2O2 response
include peptide growth factors such as platelet-derived growth factor (PDGF) (10), epidermal growth
factor (EGF) (11), basic fibroblast growth factor (bFGF) (12), insulin (13), vascular endothelial
growth factor (VEGF) (14), and granulocyte-macrophage colony-stimulating factor (GMCSF) (15);
cytokines such as transforming growth factor-β1 (16–18), interleukin (IL)-1 (15,19,20), IL-3 (15),
IL-4 (21), interferon (IFN)-γ (20), and tumor necrosis factor (TNF)-α (19,20,22); ligands of immune
receptors such as T-cell antigen receptor ligands (23) and immunoglobulin (Ig)E receptor (24); ago-
nists of heterotrimeric GTP-binding protein (G protein)-coupled receptors (GPCRs), such as angio-
tensin IIf (25–27), thrombin , thyrotropin (20), parathyroid hormone (20,28), lysophosphatidic acid
(LPA) (29,30), sphingosine 1-phosphate (31), serotonin (32,33), endothelin (34), acetylcholine (35),
platelet-activating factor (36,37), histamine (38), and bradykinin (39); and other stimulants, like leptin
(40) and shear stress (41). The addition of exogenous H2O2 or the intracellular production in response
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to receptor stimulation affect the function of various proteins, including transcription factors (42–
44), protein kinases (2), protein tyrosine phosphatases (45–48), phospholipases (49,50), inositol lipid
phosphatase (51), ion channels (52), and G proteins (53). Accordingly, H2O2 is now recognized as a
ubiquitous intracellular messenger under subtoxic conditions.

The essential role of H2O2 production in intracellular signaling by various receptors has been
demonstrated by the observation that corresponding receptor-mediated events are abrogated by in-
hibiting the production of H2O2 with a dominant negative Rac1 (Rac1N17), an inhibitor of NADPH
oxidase complex, or by blocking the accumulation of H2O2 with enzymes such as catalase and
peroxiredoxin. Several examples are:

1. The response of rat vascular smooth-muscle cells to PDGF, which includes tyrosine phosphorylation of
various cecllular proteins, activations of mitogen-activated protein kinases (MAPKs), DNA synthesis,
and chemotaxis, was inhibited when the growth factor-stimulated rise in H2O2 concentration was blocked
by incubating the cells with catalase (10).

2. The elimination of H2O2 by catalase inhibited the EGF-induced tyrosine phosphorylation of various cellu-
lar proteins, including the EGF receptor and phospholipase C-1 in A431 cells (11).

3. The angiotensin II stimulation of Akt/PKB in rat vascular smooth-muscle cells was abrogated by
overexpression of catalase that blocked angiotensin II-induced intracellular H2O2.

4. The activation of nuclear factor (NF)κB induced by tumor necrosis factor α was blocked by overproduc-
tion of Prx II (54); and the calcium oscillation induced by histamine in human aortic endothelial cells was
blocked by expressing RacN17 (38).

Understanding the intracellular messenger function of H2O2 calls for studies of how receptor oc-
cupation elicits the production of H2O2, what kinds of molecules are targeted by the produced H2O2,
and how H2O2 is eliminated after the completion of its mission. Here, we summarize progress made
in these areas of research, with emphasis on those from our own laboratory.

2. GROWTH FACTOR-INDUCED H2O2 PRODUCTION

H2O2 is generated in all aerobic organisms as a result of normal cellular metabolism. Thus, elec-
trons that leak from the electron transport chain of mitochondria cause the univalent reduction of
molecular oxygen to the superoxide anion (O2

•–), which is then spontaneously or enzymatically
dismutated to H2O2. Hydrogen peroxide is also generated in cells by arachidonic acid-metabolizing
enzymes (55), xanthine oxidase (56), nitric oxide synthase (56), and cytochrome P450 (57), NADPH
oxidase (58), as well as in the cellular response to ultraviolet radiation. Some of these H2O2 produc-
tion mechanisms have been linked to receptor activation—for example, xanthine oxidase for reactive
oxygen species (ROS) produced in thrombin-activated platelets (59), and 5-lipoxygenase for ROS
produced in TNF-stimulated Rat-2 fibroblasts (60). Even the mitochondrial production was suggested
to be deliberate and responsible for ROS produced when endothelial cells were detached from a solid
surface (61). Among those H2O2-generating enzymes, however, the best studied in relation to recep-
tor stimulation is NADPH oxidase in phagocytic cells.

Phagocytes undergo a respiratory burst in response to bacteria, resulting in robust production of
ROS, which together function in bacterial killing. The multisubunit NADPH oxidase complex gener-
ates O2

•– via the one-electron reduction of O2 (62). The O2
•– is then spontaneously or enzymatically

dismutated to H2O2. The membrane-associated catalytic moiety gp91 phox contains all the prosthetic
groups needed to transfer electrons from NADPH to oxygen (FAD, two hemes, and a binding site for
NADPH), but is catalytically inactive in the absence of regulatory proteins. Another membrane pro-
tein, p22 phox, complexes with gp91 phox to form flavocytochrome b 558 and serves as a docking site
for the cytosolic regulatory proteins p47 phox, p67 phox, p40 phox, and the small GTPase Rac. These
proteins translocate to the plasma membrane upon cell activation, and p67 phox activates electron
flow within gp91 phox (63).

Nonphagocytic cells generate ROS at much lower levels compared to phagocytic cells. Although
it was commonly assumed that this ROS originated from mitochondria, diphenylene iodonium, an
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inhibitor of the respiratory burst oxidase, sometimes blocked ROS production (17,19,27,38). In addi-
tion, overexpression of wild-type Rac1 or a constitutively active form of Rac1 (Rac1V12) in fibro-
blasts was associated with increased production of H2O2, suggesting the involvement of gp91
phox-like protein (64,65).

The first homolog of gp91 phox, cloned from colon cDNA, is Nox1, formerly Mox1 (66). Nox1
generated low levels of superoxide (66) and H2O2 when expressed in NIH 3T3 cells (66,67). Addi-
tional homologs were cloned subsequently (58,68–70), and the family, called Nox/Duox family, cur-
rently consists of seven human homologs. Evolutionary relationships reveal three subgroupings: The
gp91 phox subfamily consists of Nox1, gp91 phox, Nox3, and Nox4. These homologs are, like gp91
phox, approx 65 kD. A second group, the Duox enzymes, are 180 kD, in which two domains are
present in addition to the C-terminal gp91 phox homology domain: an N-terminal peroxidase homol-
ogy domain, and a central domain containing two EF-hand calcium-binding motifs. Thus, for Duox,
both the catalytic moiety that generates the hydrogen peroxide and the one that uses the hydrogen
peroxide as substrate are incorporated into the same polypeptide. The Nox5 group exists in two splice
variants: The short form is similar in size to gp91 phox, and the long forms, like Duox, also contain a
calcium-binding domain.

In addition to the well-established host defense function, ROS produced by the members of Nox/
Duox family were shown to play the roles of intracellular messenger and oxygen sensor (58). In
support of the messenger role, Nox1 was induced in vascular smooth muscle by platelet-derived
growth factor, angiotensin II, and phorbol esters (66,71), and Nox1 overexpression produced a can-
cer phenotype of NIH 3T3 and epithelial cells (66,72). The ROS production induced by angiotensin
II and PDGF in vascular smooth muscle, which normally expresses Nox1, was blocked by antisense-
Nox1, and the Nox1-antisense cells exhibited a slower growth phenotype (71).

We studied the mechanism of PDGF-mediated generation of H2O2. The binding of PDGF to its
receptors results in receptor autophosphorylation on specific tyrosine residues. These phosphotyrosine
residues initiate cellular signaling by acting as high-affinity binding sites for the Src homology 2
(SH2) domains of various effector proteins. In the PDGF β receptor (PDGFβR), seven
autophosphorylation sites have been identified as specific binding sites for Src family tyrosine ki-
nases (Tyr579 and Tyr581), phosphatidylinositol 3-kinase (PI3K) (Tyr740 and Tyr751), the GTPase-
activating protein of Ras (GAP) (Tyr771), SH2 domain-containing protein tyrosine phosphatase-2
(SHP-2) (Tyr1009), and phospholipase C-γ1 (PLC-γ1) (Tyr1021). A series of PDGFβR mutants was
previously constructed that includes a kinase-deficient mutant and receptors in which the binding
sites for PI3K, GAP, SHP-2, and PLC-γ1 were changed individually or in various combinations to
phenylalanine (73). To characterize the mechanism of H2O2 production in nonphagocytic cells, we
measured PDGF-dependent H2O2 generation in human hepatoma HepG2 cells expressing these vari-
ous PDGFβR mutants. PDGF failed to increase H2O2 production in cells expressing either the kinase-
deficient mutant or a receptor in which the two Tyr residues required for the binding of PI3K were
replaced by Phe. In contrast, PDGF-induced H2O2 production in cells expressing a receptor in which
the binding sites for GAP, SHP-2, and PLC-γ1 were all mutated was slightly greater than that in cells
expressing the wild-type receptor. Only the PI3K binding site was alone sufficient for PDGF-induced
H2O2 production. The effect of PDGF on H2O2 generation was blocked by the PI3K inhibitors
LY294002 and wortmannin or by overexpression of Rac1N17. Furthermore, expression of the mem-
brane-targeted p110 subunit (p110-CAAX) of PI3K was sufficient to induce H2O2 production. These
results suggest that a product of PI3K is required for PDGF-induced production of H2O2 in
nonphagocytic cells, and that Rac1 mediates signaling between the PI3K product and the putative
NADPH oxidase.

Our observation that Rac1N17 blocked the Y740/751 receptor-induced generation of H2O2 indi-
cates that Rac1 acts downstream of PI3K in the signaling pathway that leads to activation of NADPH
oxidase. Moreover, signaling by this pathway appears independent of activation of GAP, SHP-2, and
PLC-γ1. Additional evidence suggests that Rac functions downstream of PI3K (74). Thus, the ex-



194 Rhee et al.

change of Rac-bound GDP for GTP catalyzed by guanine nucleotide exchange factors (GEFs) is
stimulated by phosphatidylinositol 3,4,5-trisphosphate (PI[3,4,5]P3), a product of the action of PI3K.
A family of GEF proteins that mediate the activation of Rac-related proteins has been identified. All
members of this family, including Vav, Sos, and βPix, contain a pleckstrin homology (PH) domain
that binds inositol-containing phospholipids such as PI(4,5)P2 and PI(3,4,5)P3 (74,75). PI(4,5)P2,
when bound to the PH domain of Vav, inhibited activation of Vav GEF activity by the protein ty-
rosine kinase Lck, whereas PI(3,4,5)P3 enhanced phosphorylation and activation of Vav by Lck (76).
Thus, the activation of PI3K might serve to convert a Vav inhibitor to an activator, resulting in a rapid
transformation of inactive, GDP-bound Rac to its active, GTP-bound form. Our unpublished results
indicate that βPix might be the Rac GEF responsible for the activation of Nox1. Thus, βPix physi-
cally associated with Nox1 protein, and PDGF-induced H2O2 production was significantly reduced
when βPix expression was reduced by RNA interference in several different cell lines.

Figure 1 depicts the mechanism of PDGF-induced H2O2 production. The essential role of PI3K is
likely to provide PI(3,4,5)P3 that recruits and activates βPix by interacting with its PH domain. The
PI(3,4,5)P3-bound βPix then converts GDP-bound Rac to GTP-bound form, which induces NADPH
oxidase activity in both phagocytes and nonphagocytic cells.

3. REVERSIBLE INACTIVATION OF PROTEIN TYROSINE PHOSPHATASES
IN CELLS STIMULATED WITH GROWTH FACTORS

H2O2 itself is a mild oxidant and is relatively inert to most biomolecules. However, H2O2 is able to
oxidize cysteine (Cys-SH) residues in proteins to Cys sulfenic acid or disulfide, both of which are
readily reduced back to Cys-SH by various cellular reductants. The cysteine thiolate anion (Cys-S-) is
more readily oxidized by H2O2 than is the Cys sulfhydryl group (Cys-SH). Because the pKa values of
most protein Cys-SH residues are approx 8.5 (77), few proteins would be expected to possess a Cys-
SH residue that is readily susceptible to oxidation by H2O2 in cells. Protein Cys residues exist as
thiolate anions at neutral pH, often because the negatively charged thiolate is stabilized by salt bridges
to positively charged amino acid residues.

Fig. 1. The mechanism of platelet-derived growth factor-induced H2O2 production.
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Proteins with low-pKa cysteine residues include protein tyrosine phosphatases (PTPs). All PTPs
contain an essential cysteine residue (pKa = 4.7 to 5.4) in the signature active site motif His-Cys-X-
X-Gly-X-X-Arg-Ser/Thr (where X is any amino acid), which exists as a thiolate anion at neutral pH
(78). This thiolate anion contributes to formation of a thiol-phosphate intermediate in the catalytic
mechanism of PTPs. The active-site cysteine is the target of specific oxidation by various oxidants,
including H2O2, and this modification can be reversed by incubation with thiol compounds such as
dithiothreitol (DTT) and reduced glutathione. These observations suggested that PTPs might un-
dergo H2O2-dependent inactivation in cells. However, such evidence was not available until we dem-
onstrated the ability of intracellularly produced H2O2 to oxidize PTP1B in EGF-stimulated A431
cells (45).

We followed the oxidation of PTP1B in EGF-stimulated cells by taking advantage of the fact that
H2O2 and [14C]iodoacetic acid (IAA) selectively and competitively react with cysteine residues that
exhibit a low pKa.. A431 cells were stimulated with EGF (200 ng/mL) and then lysed in a buffer
containing 2 mM [14C]IAA. PTP1B was precipitated from the cell lysates with a specific mAb, and
the decrease in [14C] radioactivity associated with the immunoprecipitated PTP1B was taken as the
measure of its oxidation. The amount of oxidatively inactivated PTP1B was maximal (approx 40%)
10 min after exposure of cells to EGF and returned to baseline values by 40 min, suggesting that the
oxidation of this phosphatase by H2O2 is reversible in cells. With the use of the recombinant 37-kDa
form of PTP1B, we also showed that the site of oxidation by H2O2 was the essential residue Cys215.

The oxidized products of cysteine include sulfenic acid (Cys-SOH), disulfide (Cys-S-S-Cys),
sulfinic acid (Cys- SO2H), and sulfonic acid (Cys-SO3H). The oxidative product of PTP1B was pro-
posed to be sulfenic acid. The disulfide intermediate was excluded as the H2O2-modified form of
PTP1B on the basis of the observation that only one out of six DTNB (5,5'-dithiobis-2-nitorbenzoic
acid)-sensitive residues was lost after H2O2 oxidation, and the sulfinic and sulfonic acid intermedi-
ates on the basis of the observation that the oxidized PTP1B could be reduced back to its original
state by DTT. Cysteine sulfenic acid is highly unstable and readily undergoes condensation with a
thiol. However, the sulfenic-acid intermediate of PTP1B is likely stabilized by the fact that, accord-
ing to the X-ray structure of the 37-kDa form of PTP1B (79), no cysteine residues are located near
Cys215. Furthermore, the sulfenate anion (Cys-SO-) is also likely stabilized by a salt bridge to Arg221,
which was shown to stabilize the thiolate anion of Cys215 and consequently to reduce its pKa. Alterna-
tively, Cys215-SOH might react with glutathione, as Chock’s laboratory detected glutathionylated
PTP-1B in A431 cells treated with EGF (46). Deglutathionylation of PTP1B is most likely catalyzed
by glutaredoxin (thioltranferase).

Experiments with purified PTP1B suggest that the sufenic acid-containing PTP1B is reactivated
more effectively by thioredoxin (Trx) than by glutaredoxin or glutathione at the physiological con-
centrations of these reductants. Thus, Trx might be a physiological electron donor for PTP1B, as well
as other protein tyrosine phosphatases, when the oxidized enzymes are not glutathionylated.

Insulin stimulation also induces the production of intracellular H2O2 (13). Goldstein’s laboratory
demonstrated the reversible oxidation of PTP1B and possibly other PTPs in insulin-stimulated cells
by directly measuring the catalytic activity of PTPase activity in cell homogenates under strictly
anaerobic conditions (47). About 62% of total cellular PTPase activity was found to be reversibly
inactivated in 3T3-L1 adipocytes and hepatoma cells stimulated with insulin. PTP1B, selectively
immunoprecipitated from cell homogenates, was inhibited up to 88% following insulin stimulation.
These results suggested that H2O2 produced in response to insulin contributes to the insulin-stimu-
lated cascade of protein tyrosine phosphorylation by oxidatively inactivating PTP1B and other PTPs.

Tonks’s laboratory developed another method to reveal reversible oxidation of PTPs in cells (48).
This method is based on the fact that those PTPs with the oxidized Cys-SOH at their active site are
resistant to alkylation by IAA and can be reactivated by treatment with DTT, whereas any PTPs that
had not been oxidized by H2O2 in the cell became irreversibly inactivated by alkylation with IAA. To
visualize active PTPs, an aliquot of cell lysate that had been prepared under anaerobic conditions was
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subjected to sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) containing a
radioactively labeled substrate, and proteins in the gel were renatured in the presence of DTT. Under
these conditions, the activity of the PTPs in which the active-site Cys had been subjected to H2O2

oxidation to sulfenic acid was recovered, whereas those that were not oxidized in response to the
initial stimulus and were irreversibly alkylated in the lysis step remained inactive. The bands corre-
sponding to activated PTPs were then detected by dephosphorylation of a [32P]phosphate-labeled
poly Glu-Tyr. Using this in-gel assay, Tonks’s laboratory showed that the SH2 domain containing
PTP, SHP-2, was reversibly oxidized in Rat-1 cells treated with PDGF. As in the case of PTP1B, the
oxidation of SHP-2 was reversible.

SHP-2 is a ubiquitously expressed cytosolic PTP that contains two SH2 domains and a PTP cata-
lytic domain. The crystal structure revealed that SHP-2 exists in an inactive conformation in which
the active site is occluded by the N-terminal SH2 domain (80). Binding of autophosphorylated PDGF
receptor promotes adoption of an open, active conformation in which the catalytic site of SHP-2 is
free to interact with substrates (80). Thus, one would anticipate that following binding of SHP-2 to
autophosphorylated receptor, tyrosine phosphorylation of the PDGF receptor would be decreased.
However, the peak of PDGF receptor autophosphorylation occurred during the time in which SHP-2
was associated with the receptor. These seemingly contradictory observations can be explained if the
PDGF receptor–bound SHP-2 is temporarily inhibited. It is likely that the temporary inhibition is
achieved through H2O2 produced in response to PDGF stimulation, and SHP-2 becomes reactivated
after the intracellular concentration of H2O2 declines.

The results summarized above clearly indicate that H2O2 produced in response to growth-factor
stimulation is capable of causing a reversible oxidation of PTPs in cells. These results, together with
the observation that increased levels of PDGF-, EGF-, or insulin-induced protein tyrosine phospho-
rylation requires H2O2 production (10,11,47,48), indicate that the activation of receptor protein ty-
rosine kinase (RTK) per se by binding of the corresponding growth factor may not be sufficient to
increase the steady-state level of protein tyrosine phosphorylation in cells. Rather, the concurrent
inhibition of PTPs by H2O2 may also be required. This suggests that the extent of autophosphorylation
of RTKs and their substrates would return to basal values after degradation of H2O2 and the subse-
quent reactivation of PTPs by electron donors. The proposed role of H2O2 in growth factor–induced
protein tyrosine phosphorylation is depicted in Fig. 2.

4. CONTROLLED ELIMINATION OF INTRACELLULAR H2O2 VIA
PEROXIREDOXIN

As exemplified by cyclic nucleotides and inisitol 1,4,5-trisphosphate, timely elimination of sec-
ond messengers after completion of their functions is critical for cellular signaling. Thus, in general,
elimination as well as production of intracellular messengers is a highly controlled process. This
would seem especially true for H2O2, which is readily converted to deleterious hydroxyl radicals.
Enzymes that are capable of eliminating H2O2 include catalase and glutathione peroxidase, as well as
peroxiredoxin (Prx). There is no evidence that the activities of the two conventional enzymes cata-
lase and glutathione peroxidase are regulated.

Prx is a novel family of peroxidases that are present in organisms from all kingdoms (81). All Prx
enzymes contain a conserved cysteine residue at the amino-terminal region, which is the primary site
of oxidation by H2O2. Mammalian Prx exists as at least six isoforms, which can be divided into three
subgroups—namely, 2-Cys, atypical 2-Cys, and 1-Cys subgroups (54,82,83). The 2-Cys members,
which include Prx I, II, II, and IV, contain an additional conserved cysteine at the carboxy-terminal
region, whereas Prx V and Prx VI, the members of the atypical 2-Cys and 1-Cys subgroups, respec-
tively, do not contain this second conserved cysteine. The amino acid sequence identity among the
three subgroup members is low (<20%), whereas that among the 2-Cys subgroup members is 60–
80%. Prx isoforms are differently distributed in organelles: Prx I and II are in the cytosol; Prx III is
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expressed with the mitochondrial targeting sequence and exclusively localized in the mitochondria;
Prx IV contains the amino-terminal signal sequence for secretion and is found in the endoplasmic
reticulum as well as in the extracellular space; Prx V is expressed in the long and short forms that are
found in the mitochondria and peroxisomes, respectively (83); and Prx VI is found in the cytosol
(84,85). When overexpressed in various cells, Prx enzymes efficiently reduced the intracellular level
of H2O2 produced in the cells stimulated with platelet-derived growth factor or TNF-α, inhibited
NFκB activation induced by TNF-α, and blocked the apoptosis induced by ceramide (84,86), indicat-
ing that Prx enzymes serve as a component of signaling cascades by removing H2O2.

Prx I contains a consensus site (Thr90-Pro-Lys-Lys93) for phosphorylation by cyclin-dependent
kinases (Cdks). We recently showed that Prx I and Prx II can be phosphorylated specifically at Thr90

by several Cdks, including Cdc2 kinase (87). Prx I phsphorylation at Thr90 caused a decrease in
peroxidase activity by more than 80%. To monitor Prx I phosphorylation in cells, we prepared anti-
bodies specific to Prx I phosphorylated at Thr90. Experiments with HeLa cells arrested at various
stages of the cell cycle show that Prx I phosphoryaltion at Thr90 occurs in parallel to the activation of
Cdc2 kinase. Prx I phosphoryaltion was observed in cells in mitotic phase but not in interphase,
despite the fact that Prx I can be phosphorylated by other Cdk isoforms in vitro. This is probably
because Prx I, a cytosolic protein, can encounter activated Cdks only after the nuclear envelope
breaks down during mitosis, and because Cdc2 kinase is the Cdk that is activated in mitotic phase.
Both the in vitro and in vivo phosphorylation of Prx I at Thr90 was inhibited by roscovitine, an
inhibitor of Cdks. Prx II also can be phosphorylated, albeit more weakly than is Prx I, by Cdc2 kinase
in vitro. Prx II is also a cytosolic protein. Therefore, Cdc2 kinase-dependent phosphorylation and
inactivation of Prx II are likely to occur in mitosis.

Inactivation of Prx I and Prx II is expected to result in an increase in the intracellular concentration
of H2O2. The significance of the temporary increase of H2O2 concentration during mitosis is not

Fig. 2. Oxidative inhibition of PTP by H2O2 in growth factor-stimulated cells and reactivation by thioredoxin
(Trx) or glutaredoxin (Grx)
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clear. One of the potential target molecules on which H2O2 acts to propagate its signal is Cdc25C dual
phosphatase, an important regulator of Cdc2 kinase. At the onset of mitosis, the Cdc25C phosphatase
activates Cdc2 kinase by dephosphorylating Thr14 and Tyr15 (88,89). The Cdc25C phosphatase is
weakly active during interphase and fully activated during mitosis. Control of Cdc25C itself is also a
highly regulated process, which involves phosphorylation and dephosphorylation: Cdc25C is phos-
phorylated and activated by several kinases, including Cdc2 kinase, and inactivated by OA-sensitive
phosphatases (90). Therefore, the small amount of active Cdc2 kinase produced by Cdc25C is ex-
pected to stimulate further Cdc2 kinase activation, creating a positive feedback effect. Like other
protein tyrosine phosphatases, Cdc25 phosphatases contain an essential cysteine residue in the His-
Cys-X-X-X-X-X-Arg motif (91). Cdc25C was shown to be sensitive to oxidation and requires the
presence of reducing agents for its activity (92,93). Exposure of Cdc25 to H2O2 promotes an intramo-
lecular disulfide bond between the active site Cys330 and another invariant Cys377. This disulfide
bond formation altered the binding of Cdc25 with 14-3-3 and hence the subcellular localization of the
protein (93).

Taken together, we speculate that as mitosis progresses to prometaphase, the nuclear envelope
breaks down, and Prx I, likely Prx II also, becomes phosphorylated by Cdc2 kinase that had been
activated at the stage of G2 to M transition. As the result of phosphorylation, the two cytosolic Prx
enzymes become inactive, allowing accumulation of H2O2 in cells. The resulting H2O2 causes inacti-
vation of Cdc25C, which in turn serves as a mechanism to halt the positive feedback loop of Cdc25
phosphatase and Cdc2 kinase. Thus, H2O2 might serve as an inhibitor of Cdc25C phosphatase
throughout later stages of mitosis and cooperate with cyclin B degradation to promote the exit from
mitosis.

Irrespective of whether or not CDC25C is a target of H2O2 during the cell cycle, our results clearly
demonstrate that peroxidase activity of Prx I is regulated through phosphorylation (Fig. 3). This is
the first example that any of the H2O2 eliminating enzymes—catalase, glutathione peroxidase, and
peroxiredoxin—is regulated through posttranslational modification. The Prx phosphorylation is con-

Fig. 3. Regulation of Prx I peroxidase activity through Cdc2 kinase-dependent phosphorylation and inacti-
vation of Cdc25C by H2O2.
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sistent with the thesis that intracellular concentration of H2O2 is strictly regulated through the fine
control of processes involved in the production as well as elimination.

5. CONCLUDING REMARKS

Increasing evidence now qualifies H2O2 to join the ranks of cAMP, Ca2+, inositol 1,4,5-
trisphosphate, and NO in its role as an intracellular messenger. However, unlike the other second
messengers, very little is known about the pathway by which H2O2 is generated in response to recep-
tor stimulation and what molecules are direct targets of the H2O2 messenger function. We have de-
scribed how H2O2 production by PDGF involves signaling molecules like PI3K, Rac1, a Rac GEF
called βPix, and Nox1, an isoform of NADPH oxidase. Evidence suggests that lipoxygenases and
cyclooxygenases are also involved in receptor-mediated H2O2 generation. Considering that stimula-
tion of numerous (cytokine, growth factor, G protein-coupled) receptors induces H2O2 production, as
with other second messengers, various protein kinases and phosphatases, heterotrimeric and small G
proteins, adaptor proteins, and scaffolding proteins are likely to be involved in the production of
H2O2. Additionally, these components are expected to be subject to control by other second messen-
ger-generating cascades.

We have proposed that H2O2 can propagate its signal by oxidizing active-site cysteines of PTPs
that are sensitive to oxidation by H2O2 because their pKas are lower than those of other cysteines. In
addition, many protein kinases, transcriptional factors, and ion channels have been proposed to be
controlled by H2O2 through oxidation of their H2O2-sensitive cysteine residues.

A lot less is known about the termination of H2O2 messenger function. H2O2 has long been consid-
ered an undesirable byproduct of respiration and thought to be removed by the passive action of
enzymes like catalase and glutathione peroxidase. With our result that Prx I and Prx II can be regu-
lated through Cdc2 kinase-dependent phosphorylation, we are finding evidence for the active partici-
pation of H2O2-eliminating enzymes in intracellular signaling.
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Calcium-Inhibited Adenylyl Cyclase (AC6)
Controls Endothelial Cell Barrier Function

Troy Stevens

SUMMARY

For many years, investigators have recognized that inflammatory mediators increase cytosolic calcium
in endothelial cells, which triggers intercellular gap formation and increased permeability. However, this
calcium-mediated increase in permeability occurs only when cAMP levels are not also increased. Indeed,
a rise in cAMP prevents inflammatory mediators from increasing permeability, and it even reverses tissue
edema that has already been initiated. Studies examining the crosstalk between cytosolic calcium and
cAMP reveal an inverse relationship, where increased cytosolic calcium decreases cAMP. Endothelial
cell expression of a type 6 (calcium-inhibited) adenylyl cyclase is responsible for this action, so that
calcium entry across the cell membrane decreases cAMP synthesis. Eliminating calcium inhibition of
cAMP prevents inflammatory mediators from increasing endothelial cell permeability, indicating that
crosstalk between these intracellular messengers is necessary for the endothelium to change its shape.

Key Words: cAMP; cytosolic calcium; signal transduction; permeability; lung.

1. INTRODUCTION

Under normal conditions, endothelium represents a semipermeable barrier to water, solutes, mol-
ecules, and circulating cells. This barrier is maintained by cell–cell and cell–matrix adhesions, and
opposed by a constitutive inward tension. In response to various inflammatory stimuli, transient in-
tercellular gaps form, allowing delivery of plasma-rich constituents to underlying tissue. Such a
breach in barrier function involves both an increase in centripetally directed tension and a decrease in
cell–cell and cell–matrix tethering (reviewed in refs. 1–7). Understanding the molecular events that
underlie endothelial cell gap formation and resolution are of significant interest, because prolonged
disruption of the endothelial cell barrier results in tissue edema that compromises organ function.

Studies from the 1950 to the 1990s clearly implicated two signaling pathways in control of endot-
helial cell barrier function (reviewed in ref. 8). Physiological transitions in cytosolic calcium ([Ca2+]i)
induce interendothelial cell gaps. Majno and Palade (9) were among the first investigators to lay such
groundwork, utilizing electron microscopy to describe histamine- and serotonin-induced intercellu-
lar gaps selectively arising in postcapillary venules. Many subsequent studies confirmed these find-
ings, and further demonstrated that gap formation is accompanied by an increase in protein and fluid
flux across the barrier. It is now a well-accepted idea that physiological transitions in [Ca2+]i are
sufficient to disrupt the endothelial cell barrier and increase permeability.

Studies from other investigator groups resolved that an increase in adenosine 3'5'-cyclic mono-
phosphate (cAMP) strengthens endothelial cell barrier function (reviewed in ref. 8). Since its original
description (10), several physiological roles have been described for cAMP, though none are more
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convincing than its dominant control of endothelial cell barrier function (8). cAMP directly activates
several signaling molecules, including cyclic nucleotide-gated cation channels (11) and EPAC (12),
but its best-accepted mode of action is through activation of the cAMP-dependent protein kinase
(PKA) (13). PKA phosphorylates the endothelial cell myosin light chain kinase to reduce centrip-
etally directed tension (14), and is also resolved within sites of cell–cell adhesion. At this time, PKA
substrates within sites of cell-cell and cell-matrix tethering are poorly described, but recent findings
suggest that cAMP elevations intensely increase endothelial cell adhesion (15). Indeed, we have
come to find that physiological transitions in [Ca2+]i increase permeability only if cAMP concentra-
tions do not rise (8), leading to the idea that cAMP plays a dominant role in the control of endothelial
cell barrier function.

If [Ca2+]i transitions increase endothelial cell permeability only in the absence of a rise in cAMP,
then it stands to reason that crosstalk between these signaling pathways must contribute critically to
the cell’s response to inflammatory agonists. Our group addressed this idea in the mid-1990s, and we
have resolved that Ca2+ influx across the endothelial cell membrane directly inhibits type 6 adenylyl
cyclase (AC6) (16). Inhibition of AC6 reduces cAMP, absolutely necessary for endothelial cell bar-
rier disruption. This review details studies leading up to the current-day thinking regarding such
physiological crosstalk between [Ca2+]i and cAMP signaling pathways in control of endothelial cell
barrier function.

2. PULMONARY ARTERY ENDOTHELIUM

Some of the earliest work in postcapillary venules revealed that inflammatory agonists that in-
crease [Ca2+]i promote intercellular gap formation. While this observation was initially made using
histamine as a model, later work resolved similar endothelial gaps formed in response to thrombin,
brakykinin, ATP, ADP, substance P, and other inflammagens (8). These agonists share in common
the ability to couple through their receptors to activation of Gq proteins and, in turn, phospholipase C.
Phospholipase C hydrolyzes phosphatidyl inositol 4,5-bisphosphate into two products: inositol 1,4,5-
trisphosphate (InsP3) and diacylglycerol. InsP3 diffuses to the nearby endoplasmic reticulum, where
it promotes Ca2+ release that transiently depletes Ca2+ in the store. Such Ca2+ depletion from endo-
plasmic reticulum activates a Ca2+ entry pathway generally referred to as store-operated Ca2+ entry
(17–25). The signaling complexity associated with Gq activation of store-operated channel (SOC)
entry can be simplified using thapsigargin, a plant alkaloid that inhibits the sarcoplasmic/endoplas-
mic reticulum Ca2+ ATPase (SERCA) (26). Direct inhibition of SERCA prevents Ca2+ reuptake into
the endoplasmic reticulum, and depletes Ca2+ stores. Although InsP3-induced Ca2+ store depletion is
transient (because released Ca2+ is rapidly re-sequestered by SERCA) whereas thapsigargin-induced
Ca2+ store depletion is prolonged (because Ca2+ reuptake is inhibited), both of these agonists activate
SOC entry. In nonexcitable cells like endothelia, SOC entry is thought to represent the principal
mode of Ca2+ entry across the cell membrane (8,18,20,27).

Recent studies utilized thapsigargin, or other agents that directly inhibit SERCA activity, to assess
the contribution of SOC entry to endothelial cell barrier function. Using mostly conduit-derived en-
dothelial cells like pulmonary artery endothelial cells (PAECs), several studies reported thapsigargin
dose-dependently increases [Ca2+]i and macromolecular permeability (16,28–33) over an identical
concentration range. Moreover, increased permeability required the presence of physiological extra-
cellular Ca2+ concentrations; decreasing extracellular Ca2+ to 100 nM prevented thapsigargin from
increasing permeability (Fig. 1) (16,28,31,33). To confirm this idea, recalcification experiments were
performed, where thapsigargin was applied in low extracellular Ca2+ (30–32). Under such condi-
tions, thapsigargin induces Ca2+ release from the endoplasmic reticulum and opens SOC entry chan-
nels. However, since extracellular Ca2+ is not present to permeate the plasma membrane, Ca2+ does
not enter through SOC channels. Replenishing extracellular Ca2+ promotes immediate Ca2+ entry
through already open channels, resulting in a sustained rise in [Ca2+]i (Fig. 2A). Interestingly,
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Fig. 1. Activation of store-operated Ca2+ entry increases pulmonary artery endothelial cells (PAECs) perme-
ability. (A) Activation of store-operated Ca2+ entry using thapsigargin (TG; 1 µM) increases [Ca2+]i, reflected
as an increase in the 340/380 ratio in fura-2-loaded cells. Adapted from ref. 33. (B) Thapsigargin increased
PAEC macromolecular permeability, as indicated by the diffusive capacity (PS) values for 23-Å dextran mac-
romolecules. This effect of thapsigargin requires normal extracellular Ca2+ ([Ca2+]o). Adapted from ref. 32.

Fig. 2. Ca2+ entry across the cell membrane is required for thapsigargin to increase endothelial cell perme-
ability. (A) Thapsigargin (TG; 1 µM) was applied to fura-loaded pulmonary artery endothelial cells (PAECs)
incubated in 100 nM extracellular Ca2+. Under these conditions, thapsigargin induced a small, transient rise in
[Ca2+]i (reflected by an increase in the 340/380 ratio) as a result of passive Ca2+ release from the endoplasmic
reticulum. Subsequently adding 2 mM extracellular Ca2+ resulted in a large, sustained rise in [Ca2+]i owing to
entry across the plasmalemma through open channels. In this study, Ca2+ entry was inhibited using a myosin
light chain kinase inhibitor, ML-9. Adapted from (33). (B) Using a similar re-calcification protocol,
thapsigargin-induced Ca2+ release did not alter endothelial cell permeability. However, re-addition of extracel-
lular Ca2+ induced an abrupt, large increase in PAEC permeability. Adapted from ref. 30.

thapsigargin does not increase endothelial cell permeability until extracellular Ca2+ is replenished to
allow for entry through SOC entry channels (Fig. 2B). These findings are compatible with the idea
that Ca2+ entry through SOC entry channels is sufficient to increase endothelial cell permeability.

Because rises in [Ca2+]i increase endothelial cell permeability only if intracellular cAMP does not
also increase, we examined the impact of thapsigargin on cAMP concentrations. Thapsigargin acutely
decreased cAMP in intact PAECs (16). Similar Ca2+ inhibition of cAMP was observed when the
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PAEC membrane was permeabilized to allow access of extracellular Ca2+ to the intracellular com-
partment. Inhibition of constitutive Ca2+ leak into the cells increased cAMP, and prevented
thapsigargin from decreasing cAMP. Collectively, these early observations suggested that Ca2+ entry
across the cell membrane regulated either cAMP synthesis or degradation.

Two enzyme systems control cAMP pools in living cells, including adenylyl cyclases that synthe-
size cAMP and phosphodiesterases that degrade cAMP. Each enzyme family has a large number of
members that exhibit unique regulatory properties, although appreciation for such diversity was not
fully realized until the mid-1990s. Cooper and coworkers discovered an adenylyl cyclase that was
inhibited by submicromolar Ca2+ concentrations, e.g., AC6 (34). We screened PAECs for the pres-
ence of this enzyme and found AC6 was expressed in lung endothelium, both in vitro and in vivo
(16,28). AC6 was found to be enriched in lipid rafts and caveolae that are isolated in a 30–40%
sucrose gradient. PAEC membranes isolated from the 30–40% sucrose gradient exhibited adenylyl
cyclase activity that could be stimulated by isoproterenol and forskolin, and potentiated by phos-
phodiesterase inhibition (16,35). Moreover, cAMP synthesized in isolated membranes was inhibited
by submicromolar Ca2+ concentrations, consistent with the presence of a high-affinity Ca2+ binding
site that reduced enzyme catalytic activity (Fig. 3) (34,36). Thus, PAECs express an AC6 that is
inhibited specifically by SOC entry pathways, providing a plausible mechanism by which inflamma-
tory Ca2+ agonists reduce cAMP necessary for inter-endothelial cell gap formation and increased
endothelial cell permeability.

Type 1 phosphodiesterase is activated by rises in [Ca2+]i. Thompson and colleagues (37) have
examined the expression and activity of PAEC phosphodiesterases and found expression of types
3,4, and 5. The dominant cAMP hydrolyzing enzyme is type 4 phosphodiesterase, which is inhibited
by rolipram. Thus, at the present time neither expression nor activity of type 1 phosphodiesterase has
been observed in endothelia, suggesting that the principal mechanism by which SOC entry reduces
cAMP is by inhibition of AC6.

To begin to address the physiological significance of AC6 in control of endothelial cell barrier
function, forskolin (direct adenylyl cyclase activator), rolipram (type 4 phosphodiesterase inhibitor),
or their combination were applied to PAEC monolayers before thapsigargin (16,28). As in earlier

Fig. 3. Submicromolar Ca2+ concentrations inhibit adenylyl cyclase activity in pulmonary artery endothelial
cells (PAECs). (A) PAEC membranes were enriched using a 30–40% sucrose gradient. Application of isoprot-
erenol and forskolin each increased cAMP, indicating the presence of adenylyl cyclase activity. Isoproterenol
and forskolin stimulation together produced an additive rise in cAMP. Adapted from ref. 16. (B) Exposure of
isoproterenol- and forskolin-stimulated PAEC membranes to increasing Ca2+ concentrations revealed adenylyl
cyclase activity was inhibited within submicromolar concentration ranges. These findings are consistent with
the presence of a Ca2+-inhibited adenylyl cyclase, AC6, in PAECs. Adapted from ref. 16.
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reports, cAMP elevating agents were profoundly barrier protective. However, these studies were
significantly limited by an inability to precisely control physiological cAMP concentrations. Indeed,
forskolin and rolipram induce substantial increases in cAMP and do not therefore answer the real
question of whether a decrease in cAMP is necessary for barrier disruption to proceed.

3. PULMONARY MICROVASCULAR ENDOTHELIUM

While most permeability studies are conducted using conduit endothelium, control of microvascu-
lar endothelial cell barrier function is of the greatest physiological interest, as it directly pertains to
efficiency of gas exchange across the alveolar-capillary unit. This issue has become exceedingly
important as we now realize that pulmonary artery and microvascular endothelium likely arise from
distinct precursor cell types in the course of development, where macrovascular endothelium arises
from angiogenesis of the pulmonary truncus and microvascular endothelium arises from
vasculogenesis of the lung bud (38,39). These epigenetically distinct cells give rise to large and small
vessels, respectively, that do not fuse to form a continuous circulation until mid-gestation in the late
pseudoglandular phase of lung development. It appears such divergent origins—e.g., epigenetic ori-
gins—confer long-lasting attributes that functionally distinguish macrovascular and microvascular
endothelium (40,41).

One functional difference between PAECs and pulmonary microvascular endothelial cells
(PMVECs) is their barrier function. PMVECs form a tighter, more restrictive barrier than do their
macrovascular counterparts, both in vitro and in vivo (Fig. 4) (29,30,42). Under basal conditions,
fluid and macromolecular flux is greatly attenuated in PMVECs. Such enhanced PMVEC barrier
function is likely required to protect the lung’s gas exchange area from fluid and protein accumula-
tion, to optimize gas exchange.

We examined the ability of thapsigargin to increase PMVEC permeability first using an isolated
perfused rat lung model, in which hydraulic conductivity was measured as an index for permeability
(28,29). Thapsigargin induced a dose-dependent increase in permeability with an EC50 approx 30 nM
(Fig. 5), identical to the EC50 for thapsigargin to inhibit SERCA and identical to its ability to increase

Fig. 4. Lung microvascular endothelial cells possess a more restrictive barrier than do pulmonary artery and
vein endothelial cells. (A) Segmental permeability measurements in an isolated perfused rat lung reveals that
venous and microvascular endothelial cell segments contribute equally to the basal filtration across the lung
circulation, whereas arterial segments contribute less significantly. Standardization of these measurements to
total surface area indicates that microvascular endothelial cells possess a substantially enhanced barrier func-
tion. Adapted from ref. 42. (B) Macromolecular (12,000 mol wt FITC-dextran) permeability is greater across
cultured pulmonary artery endothelial cells (PAECs) than across cultured PMVECs, indicating further that
microvascular endothelial cells possess enhanced barrier function when compared with their macrovascular
counterparts. Adapted from ref. 30.
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endothelial cell [Ca2+]i. Thus, thapsigargin increases lung permeability by activating SOC entry.
Moreover, either reducing extracellular Ca2+ to 10 µM or increasing endothelial cell cAMP prevented
thapsigargin from increasing permeability, compatible with the idea that activation of SOC entry
reduces cAMP necessary for barrier disruption—just as in the PAEC models described above.

In isolated perfused lung studies, the measurement endpoint is Kfc, or capillary filtration coeffi-
cient. Partly because of the lung’s large surface area, filtration across the capillaries is thought to
dominate this index. However, light microscopy revealed that the thapsigargin-induced increase in
permeability was accompanied by substantial perivascular cuffing with only limited degrees of al-
veolar-capillary engorgement, with no sign of alveolar fluid accumulation or atelectasis (Fig. 6A)
(29). Ultra-structural studies further supported this finding, demonstrating prominent intercellular
gaps in arteries and veins larger than 100 µM (Fig. 6B). In these larger vessels, interstitial spaces
were hydrated, consistent with the presence of fluid throughout the interstitium and in perivascular
compartments. In stark contrast, gaps between capillary and microvascular endothelial cells were not
observed.

We therefore sought to determine whether the apparent insensitivity to thapsigargin in PMVECs
was a result of the cell type per se or, rather, a function of the microvascular environment in vivo.
Thapsigargin was applied to PMVECs in culture and macromolecular flux examined (30). Just as in
studies in the isolated perfused lung, activation of SOC entry did not increase macromolecular per-
meability and did not induce inter-PMVEC gap formation (Fig. 7). It appears, therefore, that a prin-
cipal difference between PAEC and PMVECs—even under identical environmental conditions—is
coupling between activation of SOC entry and formation of intercellular gaps.

One explanation for such a discrepancy is that PMVECs just possess a lower [Ca2+]i response to
thapsigargin. We examined this possibility and, indeed, found that while each cell type exhibited a
similar sensitivity to thapsigargin, the magnitude of the increase in [Ca2+]i was substantially lower in
PMVECs than in PAECs (30,43). Recalcification experiments revealed that maximal activation of
SOC entry in PMVECs induced an extremely high rise in [Ca2+]i—albeit still slightly lower than the
maximal [Ca2+]i response in PAECs (Fig. 8A). Under these conditions, maximal activation of SOC
entry still did not increase PMVEC permeability (Fig. 8B), suggesting either an uncoupling of [Ca2+]i

Fig. 5. Thapsigargin increases lung permeability. (A) Re-circulation of thapsigargin (TG) in an isolated
perfused rat lung preparation dose-dependently increases permeability, estimated by the filtration coefficient.
Adapted from ref. 29. (B) Dose response reveals an EC50 = 30 nM, similar to the IC50 of thapsigargin for the
sarcoplasmic/endoplasmic reticulum Ca2+ ATPase (SERCA). Adapted from ref. 29.
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Fig. 6. Thapsigargin increased lung macrovascular and not microvascular permeability. (A) Histological
analysis of thapsigargin-perfused lung vessels revealed prominent perivascular cuffing and limited interstitial
hydration along capillary segments, consistent with increased permeability of macrovascular segments. a de-
notes arteriole; b denotes bronchiole; v denotes vein. Adapted from ref. 29. (B) Ultrastructural analysis of lung
segments demonstrated clearly delimited endothelial cell-cell borders in control-perfused vessels (upper left
panel). However, in thapsigargin-perfused lungs, intercellular gaps were observed in pulmonary vein (upper
right panel) and artery (lower left panel) segments. Similar gaps were not observed in microvascular lung
segments (lower right panel), again consistent with the idea that thapsigargin increased permeability across
larger vascular segments. Arrowheads denote cell–cell borders. Adapted from ref. 29.
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Fig. 7. Thapsigargin increases permeability across pulmonary artery endothelial cell (PAEC) and not pul-
monary microvascular endothelial cell (PMVEC) monolayers. (A) Macromolecular (dextran) permeability
across confluent cell monolayers demonstrates that thapsigargin increases PAEC and not PMVEC permeabil-
ity. Adapted from ref. 30.

Fig. 8. Large increases in [Ca2+]i are not sufficient to increase pulmonary microvascular endothelial cell
(PMVEC) permeability. (A) Re-calcification experiment demonstrates that re-addition of extracellular Ca2+

induces a large rise in [Ca2+]i in PMVECs. However, this large rise in [Ca2+]i is still lower than that observed in
pulmonary artery endothelial cells. (B) The large [Ca2+]i rise observed using the re-calcification protocol was
not sufficient to increase PMVEC macromolecular (dextran) permeability. Adapted from ref. 30.

from cytoskeletal elements that mediate barrier disruption or the relative absence of a critical channel
that uniquely couples SOC entry to barrier disruption.

Thapsigargin activates multiple ion channels, which collectively result in a global rise in [Ca2+]i.
These channels are both Ca2+ selective and nonselective, and can be distinguished electrophysiologi-
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cally (44–46). We utilized a fura-based approach developed by Zweifach (47) to examine ion selec-
tivity of SOC entry channels in PAECs and PMVECs. These findings revealed that thapsigargin
activated common nonselective cation entry pathways in PAECs and PMVECs. However, it appeared
that Ca2+ permeation was higher in PAECs than in PMVECs, suggesting that PMVECs may not
possess the Ca2+ selective pathway activated by thapsigargin (Stevens, unpublished). Indeed, electro-
physiological recordings indicated that while thapsigargin activates a Ca2+-selective current (ISOC) in
PAECs, this current is normally absent in PMVECs (Stevens, unpublished). Thus, while contributing
a relatively minor portion of the global [Ca2+]i response to thapsigargin, activation of ISOC appears to
be a critical stimulus that disrupts endothelial cell barrier function.

Because of the implied role of AC6 in translating physiological [Ca2+]i transitions into barrier
disruption, we investigated whether activation of ISOC decreased cAMP. PMVECs possess an approx
10-fold greater cAMP turnover rate than do PAECs, largely the result of active type 4 phosphodi-
esterase activity (43). Currently, the mechanism for such enhanced phosphodiesterase hydrolytic
activity is unknown, but has been implicated in establishing cAMP gradients within the cell, where
the plasma membrane possesses an approx 12-fold greater cAMP concentration than the bulk cytoso-
lic compartments (48,49). Acute thapsigargin application did not reduce global cAMP concentrations
in PMVECs, as we observed in PAECs (35). However, isolated PMVEC membranes possessed high-
affinity Ca2+ inhibition of AC6 activity, and these studies indicated that AC6 represents the dominant
adenylyl cyclase isoform in microvascular cells (35). Inhibition of type 4 phosphodiesterase activity
amplified the global cAMP response, and revealed inhibition of cAMP by thapsigargin. Interest-
ingly, rolipram also translocated endoplasmic reticulum to the abluminal cell membrane, and un-
masked activation of ISOC (Stevens, unpublished). Presently, the mechanism(s) responsible for this
rolipram-induced translocation of endoplasmic reticulum is (are) unknown. We have not resolved
whether rolipram reveals Ca2+ inhibition of AC6 because it allows thapsigargin to activate ISOC, or
because it amplifies the membrane-associated cAMP pool so that currently available assessment
methods can resolve an inhibition. Nonetheless, rolipram—which translocates endoplasmic reticu-
lum to the cell’s abluminal surface, allows ISOC activation, and reveals AC6 inhibition—also unmasks
intercellular gap formation in response to thapsigargin (Stevens, unpublished). These findings there-
fore support the idea that endoplasmic reticulum coupling to the plasma membrane is critical for ISOC

channels to become activated following Ca2+ store depletion. Close coupling between the endoplas-
mic reticulum and basolateral membrane unmasks thapsigargin-induced ISOC activation, which serves
as a prerequisite for AC6 inhibition and intercellular gap formation.

To specifically test this role of AC6 in mediating PMVEC gap formation, it is necessary to prevent
Ca2+ from inhibiting enzyme function. At this time, the high-affinity Ca2+ binding site on AC6 is
unknown, although inhibition does not require calmodulin or other Ca2+-binding proteins (36,50).
Until the high-affinity Ca2+ binding site on AC6 is resolved, site-directed mutagenesis to eliminate
AC6 Ca2+ sensitivity is not possible. We therefore adapted an approach developed by Cooper and
colleagues (51) to express a Ca2+-stimulated adenylyl cyclase, and convert Ca2+ inhibition of cAMP
into Ca2+ stimulation of cAMP. The type 8 adenylyl cyclase (AC8) was heterologously expressed
using an adenoviral approach (15). Virtually 100% of PMVECs expressed AC8, limited specifically
to a punctate staining pattern on the apical and basolateral membrane surfaces with enrichment at
cell-cell borders (Fig. 9A,B). Enzyme expression did not change basal cAMP levels (data not shown).
Whereas thrombin normally reduced cAMP, in PMVECs heterologously expressing AC8 thrombin
slightly increased cAMP. Moreover, whereas thrombin application rapidly induced very large inter-
cellular gaps (Fig. 9C), in PMVECs heterologously expressing AC8 thrombin did not induce signifi-
cant gap formation (Fig. 9D). The magnitude of this effect was striking, and indicated convincingly
that membrane-associated cAMP possesses profound barrier enhancing capacity—even only small
cAMP rises. Time-lapse movies further demonstrated that thrombin induces inward cell tension in
cells expressing AC8, suggesting cAMP’s barrier-enhancing effect is likely due to its ability to
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Fig. 9. Converting Ca2+ inhibition of cAMP to Ca2+ stimulation of cAMP prevents thrombin from inducing
gap formation in pulmonary microvascular endothelial cells (PMVECs). (A) Adenoviral expression of a Ca2+-
stimulated isoform of adenylyl cyclase AC8 as a YFP fusion revealed nearly 100% infection efficiency. Phase
contrast (i) and fluorescent (ii) images of infected cells demonstrate enrichment of YFP-AC8 at cell-cell bor-
ders. Overlay (iii) reveals the high level of expression efficiency. Adapted from ref. 15. (B) Three-dimensional
reconstruction of cells in white box from A demonstrate YFP-AC8 is enriched at cell–cell borders, with punc-
tate staining apparent on both apical and basolateral cells aspects. (i) Sideview (arrow denotes AC8 expression
at cell–cell borders and arrowhead denotes cell’s lumical aspect); (ii) tilted view (arrowheads denote punctate
staining); and (iii) top view. Adapted from (15). (C) Application of thrombin to confluent pulmonary artery
endothelial cell (PAEC) and PMVEC monolayers revealed distinct responses. In PAECs, gaps were slowly
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Fig. 9. (continued) developing and progressive. In PMVECs, gaps appeared and resolved quickly. This graph
standardizes gap size between cell types to illustrate the different thrombin responses. Overall, however, throm-
bin induced larger gaps in PMVECs than in PAECs. Adapted from ref. 15. (D) Heterologous expression of AC8
prevented thrombin from inducing gaps in PMVECs. Only infrequent, small gaps appeared. These gaps re-
sealed very quickly, demonstrating pronounced barrier-protective effects of membrane-associated cAMP con-
centrations. Adapted from ref. 15.

strengthen cell-cell adhesions. These findings provided the first direct evidence implicating Ca2+

inhibition of cAMP—e.g., Ca2+ inhibition of AC6—in development of interendothelial cell gaps.

4. CONCLUSION

For many years now, endothelial cell biologists have recognized the mutually opposing actions of
physiological transitions in [Ca2+]i and cAMP in control of endothelial cell barrier function. A rise in
[Ca2+]i disrupts the endothelial cell barrier, whereas a rise in cAMP strengthens the endothelial cell
barrier. Only recently have we developed an understanding for crosstalk mechanisms between [Ca2+]i
and cAMP in endothelium, which represent a normal physiological signaling response to inflamma-
tory mediators. Indeed, Gq agonists that increase [Ca2+]i inhibit AC6 activity and reduce membrane-
associated cAMP. Such inhibition of cAMP is essential for intercellular gap formation, placing AC6
as a key upstream signaling molecule that intensely controls endothelial cell barrier function.
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