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Abstract
Acute lung injury, sepsis, lung inflammation, and ventilator-induced lung injury are life-
threatening conditions associated with lung vascular barrier dysfunction, which may lead to
pulmonary edema. Increased levels of atrial natriuretic peptide (ANP) in lung circulation reported
in these pathologies suggest its potential role in the modulation of lung injury. Besides well
recognized physiological effects on vascular tone, plasma volume, and renal function, ANP may
exhibit protective effects in models of lung vascular endothelial cell (EC) barrier dysfunction.
However, the molecular mechanisms of ANP protective effects are not well understood. The
recently described cAMP-dependent guanine nucleotide exchange factor (GEF) Epac activates
small GTPase Rap1, which results in activation of small GTPase Rac-specific GEFs Tiam1 and
Vav2 and Rac-mediated EC barrier protective responses. Our results show that ANP stimulated
protein kinase A and the Epac/Rap1/Tiam/Vav/Rac cascade dramatically attenuated thrombin-
induced pulmonary EC permeability and the disruption of EC monolayer integrity. Using
pharmacological and molecular activation and inhibition of cAMP- and cGMP-dependent protein
kinases (PKA and PKG), Epac, Rap1, Tiam1, Vav2, and Rac we linked ANP-mediated protective
effects to the activation of Epac/Rap and PKA signaling cascades, which dramatically inhibited
the Rho pathway of thrombin-induced EC hyper-permeability. These results suggest a novel
mechanism of ANP protective effects against agonist-induced pulmonary EC barrier dysfunction
via inhibition of Rho signaling by Epac/Rap1-Rac and PKA signaling cascades.
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INTRODUCTION
Atrial natriuretic peptide (ANP) regulates a variety of physiological functions including
blood pressure, progesterone secretion, and release of rennin, vasopressin, and endothelin by
interacting with plasma membrane-bound receptors and elevating intracellular cGMP
concentrations, or affecting ion channels (see (Ahluwalia et al., 2004) for review). The role
of ANP in the cardiovascular system has been well studied, and investigations have
concentrated mainly on the diuretic, natriuretic and vasodilating properties of ANP (Baxter,
2004). However, it is increasingly recognized that ANP functions are not restricted to
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regulation of volume homeostasis. In vivo and in vitro models of lung injury show that ANP
can protect endothelial barrier function apart from its vasodilatory and natriuretic action
(Irwin et al., 2001; Irwin et al., 2005; Klinger et al., 2006; Mitaka et al., 1998; Tanabe et al.,
1996). However, molecular mechanisms that could explain the protective effects of ANP
remain unexplored.

Recent studies have described the involvement of small GTPases Rho and Rac in ANP-
mediated regulation of EC permeability (Furst et al., 2005; Klinger et al., 2006). Rho and
Rac play important roles in the regulation of cytoskeletal remodeling and EC barrier
regulation by mechanical forces and bioactive molecules (Birukov et al., 2004; Birukova et
al., 2005a; Birukova et al., 2006a; Birukova et al., 2004c; Essler et al., 1998; Majumdar et
al., 1998; Sanders et al., 1999). Rho and Rho-associated kinase may directly catalyze
myosin light chain (MLC) phosphorylation or act indirectly via inactivation of MLC
phosphatase (van Nieuw Amerongen et al., 2000; Vouret-Craviari et al., 1998) and cause
actomyosin-driven cell contraction and EC barrier dysfunction. In turn, EC barrier
enhancement is associated with Rac-mediated formation of a peripheral F-actin rim,
increased association of focal adhesion proteins, and enlargement of intercellular adherens
junctions (Birukov et al., 2004; Garcia et al., 2001; Liu et al., 2002). Thus, a precise balance
between Rho- and Rac-mediated signaling is essential for EC barrier regulation. Rac and
Rho GTPases act as a molecular switch, cycling between the active GTP-bound and the
inactive GDP-bound state which is regulated by guanine nucleotide exchange factors (GEFs)
facilitating exchange of GDP for GTP, GTPase-activating proteins (GAPs), which increase
the intrinsic rate of GTP hydrolysis by Rho GTPases, and by guanine nucleotide dissociation
inhibitors (RhoGDI) which associate with inactivated Rho and Rac (Bishop and Hall, 2000;
Boguski and McCormick, 1993; Zheng, 2001). Recent studies have suggested several
mechanisms of Rac-mediated downregulation of Rho pathway (Rosenfeldt et al., 2006),
including direct Rac interaction with RhoGDI (Wong et al., 2006), PAK1-dependent
inhibition of Rho-specific GEF p115RhoGEF, and Rac stimulation of Rho-specific GTPase-
activating protein p190-RhoGAP (Herbrand and Ahmadian, 2006). However, the
mechanisms of Rac-Rho crosstalk, while critical for endothelial permeability responses
(Birukov et al., 2004; Birukova et al., 2006b; Kouklis et al., 2004; Shikata et al., 2003), are
still poorly understood.

The second messenger, cAMP, is intimately involved in barrier regulation of the pulmonary
vascular endothelium (Birukova et al., 2004b; Cullere et al., 2005; Parker, 2000; Sayner et
al., 2006). Several reports indicate the involvement of cAMP and cAMP-dependent protein
kinase (PKA) in physiological responses elicited by ANP (Kulhanek-Heinze et al., 2004;
Sanghi et al., 2005). Effects of cAMP-elevating agents on EC monolayers have been mostly
associated with the activation of PKA-dependent mechanisms of endothelial barrier
protection (Birukova et al., 2004b; Liu et al., 2001; Yuan et al., 1997). Recent studies have
described a novel PKA-independent pathway of Rac activation via cyclic AMP-activated
guanine nucleotide exchange factor (GEF) Epac1 and small GTPase Rap1, which activate
Rac-specific GEFs Tiam1 and Vav2 (Bos, 2003; de Rooij et al., 1998).

In this study, we explored cGMP- and cAMP-mediated signaling pathways triggered by
ANP and investigated the involvement of PKA and Epac-Rap1 cascades in the ANP-
induced activation of Rac and its effector PAK1. Using the inhibitory approach and siRNA-
based target protein depletion, we also examined the role of PKA- and Epac-Rap-dependent
pathways of Rac activation induced by ANP as protective mechanisms against thrombin-
induced Rho activation and EC barrier dysfunction.
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MATERIALS AND METHODS
Cell culture and reagents

Human pulmonary artery endothelial cells (HPAEC) were obtained from Cambrex
(Walkersville, MD). The cells were maintained in a complete culture medium according to
the manufacturer's recommendations and used for experiments at passages 5-9. Texas Red-
conjugated phalloidin and Alexa Flour 488 were purchased form Molecular Probes (Eugene,
OR). Rho1, Rac1 and VE-cadherin antibodies were purchased from BD Transduction
Laboratories (San Diego, CA); Tiam1, Epac1, Rap1, p115-RhoGEF, phospho-Vav2, and
pan-Vav2 antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA), and
HRP-linked anti-mouse and anti-rabbit IgG, di-phospho-MLC, phospho-PKA substrate,
phospho-PAK1, and PAK1 antibodies were obtained from Cell Signaling Inc (Beverly,
MA). Anti-GEF-H1 antibodies were kindly provided by our co-author Dr. G. Bokoch.
NSC-23766, GGTI-298, Rp-8-Br-cGMPS, 8-CPT-2’-O-Me-cAMP, and 8-Br-PET-cGMPS
were purchased from Calbiochem (La Jolla, CA). N6-Benzoyl-cAMP was purchased from
Biolog (Hayward, CA). Cell permeable PKA inhibitory peptide (PKI) was purchased from
Promega (Madison, WI). Unless otherwise specified, all biochemical reagents were obtained
from Sigma (St. Louis, MO).

Depletion of Rac1, Tiam1, Vav2, Epac1, Rap1, and GEF-H1 in EC
To reduce the content of target proteins HPAEC were treated with specific siRNA duplexes
which guide sequence-specific degradation of homologous mRNA (Elbashir et al., 2001).
To down-regulate endogenous expression of GEF-H1, Tiam1, Vav2, or Rac1 HPAEC were
treated with gene-specific siRNA duplexes, as described elsewhere (Birukov et al., 2004;
Birukova et al., 2006a; Gampel and Mellor, 2002; Malliri et al., 2004). To deplete
endogenous Epac1 and Rap1, Stealth™ Select 3 RNAi (Homo sapiens) sets were used. Pre-
designed Stealth siRNAs of standard purity were ordered from Invitrogen (Carlsbad, CA),
and transfection of EC with siRNA was performed as previously described (Birukov et al.,
2004; Birukova et al., 2006a). Non-specific, non-targeting siRNA (Dharmacon Research,
Lafayette, CO) was used as a control treatment. Seventy-two hours after transfection, cells
were harvested and used for experiments.

Rac, Rho, and Rap activation assays were performed using commercially available assay
kits purchased from Upstate Biotechnology (Lake Placid, NY), as we have previously
described (Birukov et al., 2004). In brief, after stimulation, cell lysates were collected, and
GTP-bound Rac, Rho or Rap were captured using pull-down assays with immobilized
PAK1-PBD, rhotekin-RBD, and RalGDS-RBD respectively, according to the manufacturer's
protocols. The levels of activated small GTPases as well as total Rho, Rac or Rap content
were evaluated by western blot analysis and quantified by scanning densitometry of
autoradiography films. The levels of activated GTPases were normalized to Rac, Rho and
Rap content in total cell lysates for densitometry evaluations.

Measurement of transendothelial electrical resistance
Measurements of transendothelial electrical resistance (TER) across confluent HPAEC
monolayers were performed using the electrical cell-substrate impedance sensing system
(ECIS) (Applied Biophysics, Troy, NY) as previously described (Birukov et al., 2004;
Birukova et al., 2006a; Birukova et al., 2004a; Birukova et al., 2004c).

Measurements of intracellular cAMP and cGMP levels, and protein kinase A activities were
performed using using non-radioactive HitHunter Chemiluminescence assays (Amersham
Bioscience, Piscataway, NJ), and PepTag non-radioactive assays (Promega, Madison, WI)
according to the manufacturer's instructions.

Birukova et al. Page 3

J Cell Physiol. Author manuscript; available in PMC 2013 May 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Immunofluorescence staining
Endothelial monolayers plated on glass cover slips were treated with the agonist of interest,
fixed in 3.7% formaldehyde solution in PBS for 10 min at 4° C, washed three times with
PBS, permeabilized with 0.1% triton X-100 in PBS-Tween (PBST) for 30 min at room
temperature, and blocked with 2% BSA in PBST for 30 min. Incubation with VE-cadherin
antibodies were performed in blocking solution (2% BSA in PBST) for 1 hr at room
temperature followed by staining with Alexa 488-conjugated secondary antibodies. Actin
filaments were stained with Texas Red- conjugated phalloidin. After immunostaining, slides
were analyzed using a Nikon video imaging system (Nikon Instech Co., Tokyo, Japan) as
described elsewhere (Birukov et al., 2004; Birukova et al., 2004c).

Immunoblotting
After stimulation, cells were lysed, and protein extracts were separated by SDS-PAGE,
transferred to nitrocellulose membrane, and probed with specific antibodies as previously
described (Birukova et al., 2005b). Intensities of immunoreactive protein bands were
quantified using Image Quant software.

Statistical analysis
Results are expressed as means ± SD of three to five independent experiments. Stimulated
samples were compared to controls by unpaired Student's t-tests. For multiple-group
comparisons, a one-way variance analysis (ANOVA), followed by the post hoc Fisher's test,
were used. P<0.05 was considered statistically significant.

RESULTS
Effects of ANP on cAMP and cGMP pathways

ANP ligation to the NPR-A receptor, which is a membrane-bound guanylate cyclase,
stimulates the production of intracellular cGMP and activates cGMP-dependent protein
kinase (PKG) (Ahluwalia et al., 2004; Koller and Goeddel, 1992). Our results show that, in
addition to significant elevation of intracellular cGMP levels, ANP treatment of human
pulmonary EC induced time-dependent increases in intracellular cAMP concentrations
(Figure 1A,B) and activation of cAMP-dependent protein kinase (PKA) (Figure 1C).
Consistently with these findings, ANP treatment stimulated phosphorylation of intracellular
PKA protein substrates (Figure 1D).

Activation of small GTPases and guanine nucleotide exchange factors by ANP
Direct measurements of small GTPase activity in human pulmonary EC showed activation
of Rac and Cdc42 upon ANP stimulation (Figure 2A,B). Moreover, ANP stimulation
increased association of Rac-specific GEFs Tiam1 and phosphorylated Vav2 with activated
Rac (Rac-GTP) bound to PAK1-PBD agarose (Figure 2A, upper panels). Consistently with
these data, ANP treatment induced time-dependent phosphorylation of Vav2 and Rac
effector PAK1, which were detected in total cell lysates (Figure 2C). Vav2 phosphorylation
observed in these experiments reflects the activation of Rac-specific Vav2 nucleotide
exchange activity (Aghazadeh et al., 2000). In contrast, Rho activity was not affected by
ANP (Figure 2D).

Recent reports have described a novel mechanism of cAMP-dependent regulation of the Rac
pathway via cAMP-binding nucleotide exchange factor Epac, which activates small GTPase
Rap1 (Arthur et al., 2004; Fukuhara et al., 2005; Price et al., 2004). Our results show an
ANP-induced transient activation of Rap1 detected by in vitro Rap1 activation assay
(Figure 2E). Similarly to results depicted in Figure 2A, ANP stimulation caused increased
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association of Rap1-specific exchange factor Epac1 with activated Rap1 (Rap1-GTP) bound
to Ral GDS-RBD agarose.

Involvement of PKA, Epac/Rap1, and Tiam1-Vav2 cascade in the ANP-induced Rac
activation

In the following experiments, we examined a potential involvement of PKA-, PKG-, and
Epac/Rap-dependent mechanisms in the ANP-mediated activation of Rac-dependent
signaling. Pharmacological inhibition of Rap1 processing by a cell permeable inhibitor
(GGTI-298, 10μM, 30 min) abolished ANP-induced PAK autophosphorylation associated
with Rac activation (Bokoch, 2003), whereas PKG inhibitor Rp-8-Br-cGMPS (10μM, 30
min) was ineffective (Figure 3A). In agreement with previous observations, PKG
expression was not detected in human pulmonary artery endothelial cells used in this study
(Figure 3B and (Moldobaeva et al., 2005) ). Therefore, in our model inhibitor of PKG was
used as a negative control. Treatment of EC with Rac inhibitor NSC-23766 (200 μM, 30
min) served as a positive control and markedly inhibited ANP-induced PAK1
autophosphorylation. Importantly, EC pretreatment with the cell permeable PKA inhibitory
peptide PKI (10μM, 30 min) also dramatically attenuated ANP-induced PAK
autophosphorylation, suggesting involvement of the PKA-dependent mechanism in Rac
activation by ANP (Figure 3A).

To further substantiate the involvement of the Epac/Rap1 pathway in ANP-induced Rac
activation, we performed sequential protein depletion of Epac, Rap1, Vav2, Tiam1 and Rac
using transfection with specific siRNAs (Figure 3C). The expression levels of housekeeping
proteins actin and β-tubulin were analyzed in all siRNA experiments and showed no
changes in control and siRNA-transfected EC (data not shown). Inhibition of Epac, Rap1,
Vav2, Tiam1, or Rac markedly attenuated PAK1 phosphorylation after 15 min of ANP
treatment, in comparison with EC transfected with nonspecific RNA duplexes (Figure 3D).
Depletion of each member of the Epac cascade tested in these experiments had no effect on
the levels of other studied proteins (data not shown). Additional control experiments showed
that a siRNA-induced downregulation of Rho-specific exchange factor GEF-H1 was without
effect on ANP-induced phosphorylation of PAK1.

ANP attenuates Rho-mediated EC barrier dysfunction
In the following experiments, the potential protective effects of ANP were tested in the
model of thrombin-induced pulmonary EC barrier dysfunction. ANP dramatically attenuated
thrombin-induced EC hyper-permeability, which was monitored by changes in
transendothelial electrical resistance (TER) (Figure 4A). Because our data showed ANP-
induced stimulation of cGMP, cAMP, PKA and Epac, we next tested the involvement of
these mechanisms in ANP-mediated protective effects against thrombin-induced EC hyper-
permeability. PKA activator (N6-Benzoyl-cAMP, 100μM) and Epac activator (8-CPT-2’-O-
Me-cAMP, 100μM) markedly attenuated thrombin-induced TER decline, with TER levels
elevated above the baseline in EC treated with Epac activator, whereas PKG activator (SP-8-
Br-PET-cGMPS, 100μM) exhibited marginal effects (Figure 4B-D). Because cultured
human pulmonary artery endothelial cells exhibit residual levels of PKG expression
(Moldobaeva et al., 2005), in these experiments PKG activator served as a negative control.
Taken together, these data suggest the involvement of PKA and Epac signaling pathways in
ANP-mediated barrier protection in pulmonary EC.

Because thrombin-induced EC barrier dysfunction is mediated by the Rho pathway
(Birukova et al., 2004c), we next examined the effects of ANP on thrombin-induced Rho
signaling. ANP pretreatment dramatically attenuated thrombin-induced Rho activation
(Figure 5A) and MLC phosphorylation (Figure 5B) during the acute phase (5 - 15 min) of
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thrombin-induced barrier dysfunction and completely inhibited Rho activation and MLC
phosphorylation after 30 min of thrombin challenge, the time point corresponding to the
onset of EC monolayer recovery (Figure 4A). Remarkably, ANP pretreatment, which
suppressed thrombin-induced Rho activation, also significantly attenuated Rho association
with its activator, p115-RhoGEF (Figure 5C).

Effects of ANP on thrombin-induced actin stress fiber formation and disruption of
pulmonary EC monolayer integrity

Treatment of pulmonary EC with ANP alone caused slight decrease in central stress fibers
and increased VE-cadherin immunoreactivity at the areas of intercellular junctions (Figure
6). Consistently with the protective effects of ANP against thrombin-induced hyper-
permeability, thrombin-induced stress fiber formation (Figure 6A), disruption of VE-
cadherin-positive adherens junctions (Figure 6B), and paracellular gap formation (Figure
6A-C) was dramatically attenuated by 15-min pretreatment of EC with ANP prior to
thrombin challenge.

Role of PKA, Rac, and Rap1 in ANP protective effects against thrombin-induced EC barrier
dysfunction

PKA, Epac-Rap and Rac are intimately involved in the mechanisms of endothelial barrier
protection (Birukova et al., 2006b; Cullere et al., 2005; Garcia et al., 2001; Kooistra et al.,
2005; Qiao et al., 2003). As noted above, an inhibitor of PKG was used as a negative
control. In the following experiments we examined the involvement of PKA-, PKG-, Epac/
Rap-, and Rac-dependent signaling in the ANP-mediated EC protection against thrombin-
induced barrier dysfunction. Pharmacological Rac inhibition by NSC-23766 suppressed the
inhibitory effect of ANP on thrombin-induced Rho activation (Figure 7A). In agreement
with these observations, downregulation of Rac suppressed inhibitory effects of ANP on
thrombin-induced MLC phosphorylation (Figure 7B). Importantly, inhibition of Rap1
processing (GGTI-298, 10μM, 30 min) or PKA activity (PKI, 10μM, 30 min) dramatically
decreased inhibitory effect of ANP on thrombin-induced MLC phosphorylation, whereas
pretreatment with PKG inhibitor (Rp-8-Br-cGMPS, 10μM, 30 min) did not influence effects
of ANP (Figure 7B). Taken together, these results suggest the role of PKA- and Rap-Rac-
dependent mechanisms in the inhibition of Rho pathway of EC barrier dysfunction by ANP.

To further delineate the role of the Rap1/Rac-dependent mechanisms in barrier protective
effects by ANP, we depleted endogenous Rap1 protein pool using siRNA-based approach.
Down-regulation of Rap1 expression significantly reduced inhibitory effects of ANP on
thrombin-induced MLC phosphorylation associated with thrombin-induced EC hyper-
permeability (Figure 7C). Furthermore, siRNA-based depletion of endogenous Rac
dramatically abolished the inhibitory effects of ANP on thrombin-induced MLC
phosphorylation.

Our results show that PKG inhibitor neither affected ANP-induced, Rac-dependent PAK
autophosphorylation (Figure 3), nor influenced thrombin-induced MLC phosphorylation,
nor it affected attenuation of thrombin-induced MLC phosphorylation by ANP (Figure 7).
These data clearly show that the PKG mechanism is not involved in the barrier protective
effects elicited by ANP in our cell model of acute endothelial barrier dysfunction, most
likely due to residual levels of PKG expression in this model (Moldobaeva et al., 2005).
Consistently with these results, PKG activator failed to attenuate thrombin-induced
permeability in human pulmonary artery EC (Figure 4). However, we do not exclude a
possibility for PKG involvement in the barrier regulation in other EC models with
considerable PKG expression levels. Indeed, gene transfer of recombinant PKG significantly
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modified permeability responses of cultured HPAEC to hydrogen peroxide treatment
(Moldobaeva et al., 2005).

DISCUSSION
Clinical observations and animal studies strongly suggest beneficiary effects of ANP in
pathological settings such as ischemia/reperfusion, acute lung injury, vascular wound repair
and pulmonary hypertension. Moreover, recent studies have suggested the role of PKA
mechanisms in protective effects of ANP against ischemia-reperfusion-induced spinal cord
injury (Nakayama et al., 2007) and ischemia-induced apoptosis in perfused livers
(Kulhanek-Heinze et al., 2004).

However, the signaling mechanisms involved in ANP protective effects on the pulmonary
EC barrier dysfunction associated with acute lung injury remain virtually unexplored.
Inhibitory effects of ANP on Rho-dependent signaling have been implicated in the ANP
protective effects against thrombin-induced pulmonary EC permeability (Klinger et al.,
2006), and ANP-induced activation of Rac GTPase has been observed (Furst et al., 2005).
However, upstream mechanisms of ANP-dependent small GTPase regulation remained
unclear. This study described a novel mechanism underlying ANP protective effect against
thrombin-induced EC barrier compromise via inhibition of Rho activities by PKA and Epac-
Rap1-Rac signaling cascades.

Although activation of membrane-bound guanylate cyclase activity and increased cGMP
production is considered to be a major signaling response to ANP, several observations
suggest involvement of cAMP- and PKA-mediated signaling in physiologic responses to
ANP (Nakayama et al., 2007; Surapisitchat et al., 2007). On the other hand, some authors
were unable to detect cAMP increase in EC upon ANP stimulation (Kishi et al., 1994;
Yonemaru et al., 1992). A role of endothelial heterogeneity in responses to humoral and
mechanical environment is well recognized (Gebb and Stevens, 2004), and apparently
conflicting results obtained by different groups clearly suggest that cAMP elevation in
response to ANP appears to be dependent on the endothelial cell source (bovine, porcine or
human EC) and origin (systemic vs pulmonary circulation; macrovascular versus
microvascular beds).

ANP may elevate cAMP concentration via cGMP-mediated inhibition of cAMP
phosphodiesterase (Surapisitchat et al., 2007). In addition, the dual regulation of PKA and
Epac-Rap1 by cAMP and cGMP has been also described. Under certain conditions, PKA
can act as a target molecule for cGMP (Cornwell et al., 1994; Schumacher et al., 1992). The
other report demonstrates PKA-independent activation of Rap1 by both cAMP and cGMP
analogs and suggests activation of Rap1 through a cAMP/cGMP-regulated guanine
nucleotide exchange factor (von Lintig et al., 2000). These two possibilities may account for
ANP-induced elevation of cAMP and activation of PKA and Epac/Rap1 signaling reported
in this study.

Because cultured pulmonary EC used in this study did not express detectable levels of PKG
(Figure 3B and (Mackie et al., 1986; Moldobaeva et al., 2005) ), this model allowed a more
detailed analysis of PKG-independent pathways involved in ANP-mediated EC barrier
regulation. In vivo, PKG expression levels also depend on multiple factors and may be
affected by various pathological conditions. The decreased PKG levels in vascular smooth
muscle cells have been found in some models of hypertension and vascular injury. For
example in vasculature, PKG expression can be suppressed by hypoxia or high glucose
exposure (Liu et al., 2007; Zhou et al., 2007). Pro-inflammatory cytokines decreased PKG
expression in vascular smooth muscle cells (Browner et al., 2004a; Browner et al., 2004b).
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Chronic hypoxia via Rho-dependent mechanisms inhibited PKG in pulmonary vessels (Gao
et al., 2007; Zeng et al., 2006). Thus, the role of PKA and other signaling mechanisms may
become predominant even in PKG-expressing cells and tissues under conditions when PKG
activity or expression is suppressed by pathological factors.

Our data show that ANP induced the activation of Rac and Cdc42, but not Rho in human
pulmonary EC. Furthermore, we demonstrate for the first time the critical involvement of
the PKA- and Epac/Rap1-dependent mechanisms in ANP-induced activation of Rac
pathway. Activation of cAMP-dependent GEF Epac stimulates small GTPase Rap1, which
in turn induces membrane localization of Rac-specific GEFs Tiam1 and Vav2 (Arthur et al.,
2004), local activation of Rac, and Rac-dependent remodeling of cytoskeleton and adherens
junctions associated with EC barrier-protective response (Cullere et al., 2005; Fukuhara et
al., 2005; Kooistra et al., 2005; Rangarajan et al., 2003).

In addition to the Epac-Rap1 mechanism, cAMP-induced activation of Tiam1 nucleotide
exchange activity may be achieved by PKA-mediated phosphorylation (O'Connor and
Mercurio, 2001). In turn, phosphorylation of Vav2 induces conformational change and
makes Vav2 DH domain available for interaction with Rac (Aghazadeh et al., 2000; Bustelo,
2000). Consistently with these findings, our data show that ANP causes elevation of cAMP
and cGMP levels and stimulation of PKA and Epac/Rap1 signaling leading to Tiam1/Vav2-
dependent Rac activation.

Our data show the inhibitory effects of ANP on Rho activation and EC barrier dysfunction
caused by thrombin. These effects may be due to ANP-induced activation of cAMP/PKA
and direct phosphorylation of RhoA, which has an inhibitory effect on RhoA activity (Dong
et al., 1998; Lang et al., 1996). Another reported mechanism of PKA-mediated Rho
inhibition is PKA-mediated phosphorylation of Rho-GDP dissociation inhibitor, a negative
regulator of small GTPase Rho, which results in Rho inactivation and blocks Rho-dependent
mechanism of EC hyperpermeability (Qiao et al., 2003).

Accumulating evidence suggests that small GTPases may regulate the activity of each other.
However, precise mechanisms of crosstalk between Rac and Rho remain to be determined.
Our results show that ANP treatment decreased thrombin-induced association of p115-
RhoGEF with Rho (Figure 5C). On the other hand, ANP stimulated the Rac-PAK1 pathway
(Figure 2). Recent report indicates that Rac effector PAK1 may associate with and inhibit
p115-RhoGEF, which plays a major role in signaling from thrombin receptors to Rho
(Rosenfeldt et al., 2006). ANP may also inactivate Rho directly by PKA-dependent
phosphorylation or indirectly, via PKA-dependent phosphorylation of Rho-GDI (Dong et al.,
1998; Lang et al., 1996; Qiao et al., 2003). Alternatively, activated Rac may regulate RhoA
activity via direct interaction with RhoGDI (Wong et al., 2006). Activation of Rac
downstream target PAK1 may further increase the Rac activity and enhance Rac inhibitory
effects on Rho pathway (Herbrand and Ahmadian, 2006). Collectively, these results
emphasize complexity of the mechanisms regulating the crosstalk between Rac and Rho.
Therefore, we believe that PAK1-dependent inhibition of p115RhoGEF is not a sole
mechanism of ANP-mediated Rho inactivation. Further investigation of the mechanisms of
Rac/Rho cross-regulation is the focus of our ongoing studies.

Agonist-induced elevation of cAMP has been previously associated with barrier-protective
effects on endothelium via PKA-dependent phosphorylation of several targets including
myosin light chain, Rho and Rho-GDI leading to decreased myosin light chain
phosphorylation and inhibition of cell contraction and gap formation (Mehta and Malik,
2006). Our recent study (Birukova et al., 2007) and report by Cullere et al. (Cullere et al.,
2005) describes signaling pathways activated by prostaglandin E2 (PGE2) and prostacyclin
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and demonstrates that barrier-protective effects of these prostaglandins on the thrombin-
induced permeability are mediated by the PKA and Epac/Rap pathways, which converge on
Rac activation and lead to the enhancement of peripheral actin cytoskeleton and adherens
junctions. We suggest that cAMP-dependent activation of the PKA and Epac/Rap pathways
may be a common mechanism of EC barrier protection by physiologic cAMP-elevating
agonists including ANP in the settings of acute lung injury caused by high tidal volume
mechanical ventilation or bacterial infection.

In summary, the results of this study demonstrate that ANP markedly attenuates barrier
dysfunction induced by edemagenic mediator thrombin and promotes EC barrier recovery
following pathological stimulation. Importantly, our data suggest a novel mechanism of
ANP-mediated protective effects against agonist-induced pulmonary EC barrier dysfunction,
which involves the regulation of small GTPases Rac and Rho by Rap- and PKA-dependent
mechanisms. Based on previous reports and the results of this study, we propose a
hypothetical scheme of ANP-mediated regulation of small GTPases and EC permeability by
cAMP and cGMP (Figure 8). Activation of Rap1 by cGMP via putative cGMP-activated
GEF has been reported previously (von Lintig et al., 2000). In addition, Rap1 activity is
regulated by cAMP-dependent guanine nucleotide exchange factor Epac1 (Bos, 2003),
which also appears to be activated by high concentrations of cGMP (Christensen et al.,
2003). Activation of Epac/Rap1- and PKA-dependent signaling then leads to Tiam1/Vav2-
dependent activation of Rac. Activated Rac stimulates PAK1 and cytoskeletal Rac effectors.
Activation of Rac signaling also inhibits Rho activity, possibly via PAK1-dependent
inhibition of p115RhoGEF activity, attenuates Rho-mediated barrier disruption and may
contribute to the maintenance of EC monolayer integrity in injured lungs. These findings
may represent a fundamental mechanism of endothelial cellular response to a spectrum of
barrier-protective agonists. Thus, molecular mechanisms of the protective effects of ANP in
the model of pulmonary EC barrier dysfunction described in this study may be utilized for
identification of novel protein targets and development of new therapies for prevention of
pulmonary vascular leak associated with acute lung inflammation and injury.
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Figure 1. Effect of ANP on cAMP, cGMP, and PKA activation
A and B: EC were stimulated with 100nM of ANP for indicated periods of time, and
intracellular cAMP (Panel A) and cGMP (Panel B) levels were determined using a non-
radioactive immunoassay, as described in Materials and Methods. Results are mean ± SD of
three independent experiments. *P<0.001. C: Cell lysates were analyzed for PKA activity
by non-radioactive in vitro PKA assay. The inset represents fluorescent phosphorylated form
of PKA substrate kemptide separated from non-phosphorylated form by 0.8% agarose gel
electrophoresis. The fluorescence intensity was detected and quantified by a EagleEye
Image System. Results are mean ± SD of three independent experiments. *P<0.001. D:
PKA-mediated phosphorylation of endogenous substrates was monitored by immunoblotting
with anti-phospho-PKA substrate antibody.
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Figure 2. Effect of ANP on activation of small GTPases Rac and Rac-dependent signaling,
Cdc42, Rho, and Rap1
EC were stimulated with 100nM of ANP for indicated periods of time. A: Results of Rac
activation assay. Upper panels depict Tiam1 and p-Vav2 bound to activate Rac (Rac-GTP).
Middle panel depicts the levels of activated Rac, and the lower panel shows total Rac
content in EC lysates. B: Results of Cdc42 activation assay. Upper panel depicts the levels
of activated Cdc42, and the lower panel shows total Cdc42 content in EC lysates. C:
Phosphorylation of Vav2 and PAK1 in control and ANP-stimulated EC was determined in
the total lysates using specific antibodies. Equal loading was confirmed by probing of
membranes for β-tubulin. D: Results of Rho activation assay. Upper panel depicts the levels
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of activated Rho, and the lower panel shows total Rho content in EC lysates. E: Rap1
activation pull-down assay. Upper panels depict Epac1 bound to activate Rap1 (Rap-GTP).
Lower panel shows total Rap1 content in EC lysates. Results are representative of three
independent experiments.
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Figure 3. Involvement of Epac/Rap1-, Tiam1-Vav2- and PKA-dependent mechanisms in the
regulation ANP-mediated Rac activation
A: EC were pretreated with NSC-23766 (200μM), PKI (10μM), GGTI-298 (10μM), or
Rp-8-Br-cGMPS (10μM) for 30 min followed by stimulation with ANP (100 nM, 15 min).
Phosphorylation of PAK1 was determined in the total lysates using phospho-PAK1 specific
antibody. Results are representative of three independent experiments. B: Expression of
PKG has been analyzed by western blot in samples obtained from HPAEC, rat heart, and
mouse lung. C: Pulmonary EC were transfected with siRNA specific to Epac1, Rap1,
Tiam1, Vav2, Rac, or GEF-H1. Depletion of target proteins induced by specific siRNA
duplexes was confirmed by immunoblotting with appropriate antibody, as compared to
treatment with non-specific RNA. Results are representative of three to five independent
experiments. D: Pulmonary EC were transfected with specific siRNAs followed by ANP
stimulation and detection of PAK1 phosphorylation using specific antibody. Control cells
were treated with non-specific RNA. Results are representative of three independent
experiments.
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Figure 4. Effect of ANP, PKA, Epac, and PKG activators on thrombin-induced permeability
Human pulmonary EC were treated with ANP (100 nM, marked by first arrow). At the time
point indicated by second arrow, cells were stimulated with thrombin (0.5 U/ml), and TER
was monitored over the time (upper panel) (A). In complementary experiments N6-Benzoyl-
cAMP (100μM) (B), 8-CPT-2’-O-Me-cAMP (100μM) (C), or SP-8-Br-PET-cGMPS
(100μM) (D) were used instead of ANP.
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Figure 5. Effect of ANP on thrombin-induced modulation of Rho- and Rac-dependent pathways
Pulmonary EC were pre-incubated with ANP (100nM, 15 min), followed by treatment with
thrombin (0.5 U/ml) for 5 min, 15 min or 30 min.A: Rho activation pull-down assay. Upper
panel depicts the levels of activated Rho, and the lower panel shows total Rho content in EC
lysates. B: Phosphorylation of MLC in EC pretreated with ANP followed by thrombin
challenge was detected by western blot with diphospho-MLC specific antibodies. The lower
panel represents the membrane re-probed with pan-MLC antibody. C: The upper panel
depicts p115Rho-GEF associated with activated Rho. The lower panel represents p115Rho-
GEF content in the total lysates detected by western blot. Results in each group are
representative of three independent experiments.
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Figure 6. Effect of ANP on thrombin-induced EC remodeling of actin cytoskeleton, adherens
junctions and monolayer disruption
A and B: EC grown on glass coverslips were preincubated with ANP (100nM 15 min),
followed by thrombin treatment (0.5 U/ml) for 15 min and double immunofluorescence
staining with Texas Red phalloidin to detect actin filaments (A) and with VE-cadherin
antibodies to visualize adherens junctions (B). C: Merged images depict ANP-induced
accumulation of peripheral F-actin at adherens junctions’ areas and ANP-mediated
preservation of EC monolayer integrity against thrombin-induced disruption. Paracellular
gaps and disrupted intercellular contacts are marked by arrows. Results are representative of
three independent experiments.
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Figure 7. Effects of Rac, Rap1, and PKA inhibition on modulation of thrombin-induced Rho
signaling by ANP
A: EC preincubated with vehicle or NSC-23766 (200 μM, 30min), were treated with ANP
(100nM, 15 min) and stimulated with thrombin (0.5 U/ml, 15 min). Control cells were
treated with thrombin alone. Rho activation pull-down assays were performed as described
in Methods. B: HPAEC were pretreated with NSC-23766 (200μM), Rp-8-Br-cGMPS
(10μM) (upper panels), GGTI-298 (10μM), or PKI (10μM) (lower panels) for 30 min
followed by ANP stimulation (100nM, 15 min) and thrombin challenge (0.5 U/ml, 15 min).
Phosphorylation of MLC was determined in the total lysates using phospho-specific
antibodies. Results are representative of three independent experiments. C: Pulmonary EC
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transfected with Rap1- or Rac-specific siRNA or non-specific RNA duplexes were
stimulated with vehicle or ANP (100 nM, 15 min), followed by thrombin addition (0.5 U/ml,
15 min). Phosphorylated MLC was determined by immunoblotting using MLC phospho-
specific antibodies. The lower panel represents the membrane re-probed with pan-MLC
antibody.
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Figure 8. Upstream mechanisms of ANP-induced Rac activation and modulation of Rho pathway
of EC barrier dysfunction
Stimulation of EC with ANP elevates intracellular cAMP/cGMP levels and stimulates
cAMP-dependent protein kinase (PKA) and cAMP-activated guanine nucleotide exchange
factor Epac1, which activates its effector small GTPase Rap1. Epac1 may be also activated
by high local cGMP concentrations (Christensen et al., 2003). In addition, Rap1 may be
activated by putative cGMP-specific GEF (von Lintig et al., 2000). Activated PKA and
Rap1 promote Rac activation via stimulation of Rac specific GEFs Tiam1 and Vav2.
Activated Rac attenuates the Rho pathway of endothelial barrier dysfunction via reduction
of Rho activity, which leads to decreased myosin light chain phosphorylation, EC
contraction, and less severe endothelial barrier dysfunction. In addition, PKA may directly
affect EC cytoskeletal organization and monolayer barrier properties via modulation of
myosin light chain kinase activity or VASP-dependent relaxation of actin cytoskeleton.
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