
 
 

 

 

 

PROTEIN KINASE A, EXCHANGE PROTEIN ACTIVATED BY cAMP 1, AND 

PHOSPHODIESTERASE 4D ALL ASSOCIATE WITH VE-CADHERIN TO 

REGULATE ENDOTHELIAL BARRIER FUNCTION  

 

 

BY 

 

 

JEFFREY DAVID OVENS 

 

 

A thesis submitted to the Department of Pathology and Molecular Medicine in 

conformity with the requirements for the degree of Master of Science 

 

 

Queen’s University 

Kingston, Ontario, Canada 

September 2007 

 

 

Copyright © Jeffrey David Ovens, 2007 



ii 
 

ABSTRACT 

Vascular endothelial cells (VECs) play an essential role in regulating the passage 

of macromolecules and cells between the blood stream and underlying tissues.  The 

second messenger 3’, 5’ cyclic adenosine monophosphate (cAMP) regulates numerous 

events in VECs, including permeability.  Since human VECs express several distinct 

cAMP-hydrolyzing phosphodiesterases (PDEs), and these are the only enzymes that 

catalyze the inactivation of cAMP, we investigated if selective pharmacological 

inhibition of PDEs could impact VEC permeability.  Interestingly, we found that PDE4 

inhibitors decreased human aortic VEC (HAEC) permeability and PDE4 and PDE3 

inhibitors decreased human microvascular VEC (HMVEC) permeability.  Consistent with 

a role for both protein kinase A (PKA) and exchange protein activated by cAMP (EPAC) 

in regulating VEC permeability, selective activators of these enzymes significantly 

decreased permeability.  Since neither PDE4 nor PDE3 inhibitors significantly increased 

cAMP in these cells, our data are consistent with the idea that PDE inhibition causes 

small localized increases in “pools” of cAMP that regulate permeability.  In order to test 

if PDE4 enzymes could act locally on pools of cAMP that regulated permeability, we 

selectively isolated the adherens junctional protein VE-cadherin from confluent 

monolayers of HAECs or HMVECs, and immunoblotted these isolates for cAMP-

effectors and PDEs.  Briefly, we found that each PKA-II, EPAC1, and a PDE4D variant, 

but not PDE3 enzymes, each could be isolated in VE-cadherin-based complexes from 

these cells.  These novel findings identify PKA-II, EPAC1, and PDE4D as members of 

VE-cadherin-based signaling complexes in human VECs and are consistent with the idea 

that localized cAMP-signaling regulates permeability in these cells. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Blood Vessel Structure and Function 

Blood vessels are composed of three anatomically distinct layers.  The inner most 

layer, the tunica intima, is comprised of a monolayer of VECs that surround the lumen of 

the blood vessel and are attached to the underlying basement membrane.  An internal 

elastic lamina separates the tunica intima from the next layer, the tunica media.  In 

addition to providing an interface between the tunica intima and the tunica media, the 

internal elastic lamina provides VECs with flexibility to induce shape changes that 

influence physiological processes.  The underlying tunica media is the muscular layer of 

blood vessels and is comprised of vascular smooth muscle cells (VSMCs), in addition to 

collagen and elastin fibers.  The tunica media varies in size according to the function of 

the blood vessel.  Muscular arteries have many concentric layers of VSMCs which 

coordinate contractility and allow these vessels to distribute oxygenated blood to various 

locations in the body.  In contrast, capillaries are not involved in active distribution of 

blood and have no VSMCs.  The final layer of blood vessels is the tunica adventitia 

which is composed mainly of elastic connective tissue and can have some fibroblasts and 

nerves which innervate the VSMCs of the tunica media.    

As the first line of defense between the blood and the underlying tissues, VECs 

are very important in the regulation of events such as permeability, angiogenesis, and the 

migration of inflammatory mediators.  The selective regulation of vascular permeability 
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by VECs is vital to maintaining homeostasis and preventing disease.  For example, an 

inflammatory response elicited by tissue damage is dependent on local increases in 

permeability so that blood cells such as neutrophils, lymphocytes, and monocytes can 

reach the site of damage and participate in tissue repair and pathogen destruction.  When 

vascular permeability is not tightly regulated it can significantly contribute to the 

progression of several human diseases including diabetes, atherosclerosis, the metastasis 

of tumor cells, and chronic inflammation.   

 

1.2 Vascular Permeability 

An important characteristic of VECs is their ability to adhere to one another, 

which is controlled by the action of membrane-bound receptor-proteins called adheren 

junctional proteins (AJs) and tight junctional proteins (TJs) (Dejana, 2004).  Passage of 

macromolecules through this adhesive VEC barrier is essential for proper maintenance of 

homeostasis and is coordinated by the formation of small gaps between VECs 

(paracellular transport), or the transport of specialized vesicles through VECs 

(transcellular transport) (Cullere et al, 2005).  When macromolecules are transported 

through the VEC barrier paracellularly, a remodeling of junctional proteins at AJs and 

TJs is required (Dejana, 2004).  At TJs, adhesion between VECs occurs through several 

types of proteins including, claudins, occludin, members of the junctional adhesion 

molecule (JAM) family, and endothelial cell selective adhesion molecule (ESAM).  On 

the other hand, AJ adhesion occurs through vascular endothelial cadherin (VE-cadherin).  
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There are additional VEC adhesion proteins including platelet and endothelial cell 

adhesion molecule-1 (PECAM-1) and nectin (Dejana, 2004) (Figure 1.1).   

Past studies have shown that the AJ protein VE-cadherin is important in 

regulating VEC permeability (Corada et al, 2001), migration (Breviario et al, 1995), and 

assembly of new blood vessels (Vittet et al, 1996).  VE-cadherin is clustered at 

intercellular junctions and mediates homophilic, Ca2+-dependent adhesion between 

VECs.  Structurally, VE-cadherin is composed of an extracellular domain, a 

transmembrane domain, and a cytoplasmic domain.  The extracellular domain consists of 

5 cadherin domains, while the short cytoplasmic tail acts as a docking site for signal-

transduction molecules.  The cytoplasmic domain of VE-cadherin interacts with three 

armadillo family proteins, β-, γ-, and p120-catenins (Fukuhara et al, 2005).  β-catenin is 

especially important in this sense as it also has the ability to bind α-catenin allowing 

linkage of these plasma membrane receptors to the actin cytoskeleton (Kobielak and 

Fuchs, 2004).  Since previous studies have shown that vascular permeability is regulated, 

in part, by the contraction of the actin cytoskeleton (Vouret-Craviari et al, 1998), it is 

therefore proposed that the VE-cadherin-β-catenin-α-catenin complex maintains cell-cell 

adhesion by strengthening AJ adhesiveness through its association with the actin 

cytoskeleton (Dejana, 2004).  In fact, inhibition of VE-cadherin mediated, but not 

PECAM-1 mediated, adhesion caused a reorganization of the actin cytoskeleton, loss of 

cell-cell adhesion, increases in monolayer permeability, and increase in neutophil 

transendothelial migration (Hordijk et al, 1999).  More specifically, when the catenins 

were not able to bind a truncated VE-cadherin protein, VE-cadherin did not associate  
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Figure 1.1 Regulation of VEC permeability through interactions between AJs and 

TJs 

Paracellular permeability is regulated by the dynamic interaction between 

membrane-bound receptor-proteins called adheren junctional proteins (AJs) and tight 

junctional proteins (TJs).  At TJs, adhesion between VECs occurs through several types 

of proteins including, claudins, occludin, members of the junctional adhesion molecule 

(JAM) family, and endothelial cell selective adhesion molecule (ESAM).  On the other 

hand, AJ adhesion occurs through vascular endothelial cadherin (VE-cadherin).  There 

are additional VEC adhesion proteins including platelet and endothelial cell adhesion 

molecule-1 (PECAM-1) and nectin (Dejana, 2004).  This diagram also includes binding 

partners for specific AJs and TJs.   

 

            Dejana, Mol Cell Biol, 2004  
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with the actin cytoskeleton, thus resulting in an increase in VEC permeability (Navarro et 

al, 1995).   

Numerous reports of the action of inflammatory mediators on VE-cadherin 

function have been published.  Indeed, histamine (Andriopoulou et al, 1999), cytokines 

such as tumor necrosis factor α (TNFα) or interleukin-1 (IL-1) (Nwariaku et al, 2002), 

and thrombin (Konstantoulaki et al, 2003), have all been shown to i) catalyze the 

phosphorylation of signaling tyrosine residues in the VE-cadherin-catenin complex, ii) 

cause intercellular gap formation, and iii) increase permeability.  Consistent with the idea 

that these phosphorylation events of AJ components contribute to the regulation of VEC 

permeability, Volberg et al, 1992, reported that inhibiting tyrosine-specific phosphatases 

caused a specific loss of AJ contacts and cell rounding, without an effect on TJ-based 

cell-cell adhesions.  Furthermore, these observations are not only relevant in vitro but 

also in vivo as mice receiving an anti-VE-cadherin antibody caused the hearts and lungs 

of these mice to have inflammatory cell recruitment, interstitial edema, and an increase in 

permeability (Corada et al, 1999).  β-catenin, along with VE-cadherin, plays an important 

role in the regulation of vascular permeability.  In confluent VECs β-catenin is 

complexed with VE-cadherin at the cell membrane and regulates actin cytoskeleton 

dynamics to produce an adherent phenotype.  However, in non-confluent VECs, β-

catenin is released and can translocate to the nucleus to bind with the T-cell 

factor/lymphoid enhancer family (TCF/LEF) of transcription factors leading to the 

activation of several genes, including the gene for the inflammatory mediator 

cyclooxygenase-2 (COX-2) (Kim et al, 2002).   
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Vascular endothelial growth factor (VEGF) is a soluble peptide that initiates 

angiogenesis and causes an increase in paracellular permeability.  There are six different 

isoforms of VEGF that are formed from alternative splicing of one gene, and these VEGF 

isoforms can bind to three different VEGF receptors (VEGFR1-3), all of which have 

intrinsic tyrosine kinase activity.  It has been shown that VEGF binding to VEGFR-2 

initiates the downstream phosphorylation of the VE-cadherin/β-catenin/γ-catenin/p120-

catenin complex following autophosphorylation of VEGFR-2 on tyrosine residues (Esser 

et al, 1998).  In this earlier report, the authors concluded that the VE-cadherin complex is 

a downstream signaling target of VEGFR-2 and that tyrosine phosphorylation of VE-

cadherin complex components results in a decrease in the adhesive properties of 

neighboring VECs, thus causing an increase in permeability.  However, tyrosine 

phosphatase activity increases as VECs become more confluent (Gaits et al, 1995), and 

there have been several phosphatases that have been found to associate with the VE-

cadherin complex including vascular endothelial tyrosine phosphatase (VE-PTP) which 

binds and dephosphorylates VE-cadherin (Nawroth et al, 2002).   

In addition to the effects of VEGFR-2 on VE-cadherin functions, VE-cadherin has 

also been reported to associate with VEGFR-2 and decrease tyrosine phosphorylation of 

VEGFR-2 through the action of density-enhanced phosphatase-1 (DEP-1), thus 

promoting survival and a decrease in proliferation (Lampugnani et al, 2003).  Therefore, 

it appears that when VE-cadherin is immobilized at cell-cell contacts in a confluent 

monolayer of VECs, VE-cadherin has mechanisms to inhibit the growth promoting 

effects of VEGF.  Recently, the molecular basis by which VEGF could decrease VEC 

permeability was described.  Thus, Gavard and Gutkind, 2007, found that when VEGFR-
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2 was activated it signaled to the small GTPase Rac through a Src-dependent 

phosphorylation of a guanine nucleotide-exchange factor (GEF) for Rac; Vav2.  As with 

all G-proteins, Rac can exist in either a GTP- or GDP-bound form.  When bound to GTP 

these proteins are active, but when bound to GDP these proteins are inactive.  GEFs are 

enzymes which catalyze the dissociation of GDP, which consequently promotes the 

binding of the more abundant GTP.  The small GTPase family has intrinsic GTPase 

hydrolyzing activity; however, in many cases this intrinsic activity is too slow and thus 

requires help form GTPase activating proteins (GAPs).  Therefore, when Src is recruited 

to VEGFR-2 it phosphorylates Vav2, and Vav2 then exchanges GDP for GTP on the 

small GTPase Rac.  Now that Rac is in the GTP-bound form and active, it can signal to 

the p21-activated kinase (PAK) which phosphorylates a highly conserved serine residue 

in the intracellular domain of VE-cadherin.  This phosphorylation recruits β-arrestin-2 to 

bind VE-cadherin and causes its internalization into clathrin-coated vesicles.  The β-

arrestin-2 mediated endocytosis of VE-cadherin therefore promotes gap formation and an 

increase in permeability (Figure 1.2).   

The ability of VECs to regulate permeability must be a very dynamic process in 

that they must allow transient openings for paracellular passage of macromolecules to the 

underlying tissues.  The idea that VEGF causes the endocytosis of VE-cadherin raises the 

question of whether there is rapid recycling of VE-cadherin back to the plasma 

membrane after permeability requirements are met.  Wright et al, 2002, found that within 

3 hours of treatment with VEGF that human umbilical vein endothelial cells (HUVECs) 

had all their VE-cadherin and β-catenin lost from their border, but that VE-cadherin and 

β-catenin remained associated in the clathrin-coated vesicles.  It is therefore possible that 
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Figure 1.2 A schematic outlining the molecular mechanism for VEGF-induced VE-

cadherin internalization 

 VEGF induces an increase in paracellular permeability through downstream 

signaling mechanisms that lead to the internalization of VE-cadherin.  Briefly, activation 

of VEGFR-2 recruits Src to its intracellular domain to phosphorylate Vav2.  When 

phosphorylated, Vav2 is active and acts a GEF for Rac.  Once in the GTP-bound form, 

Rac can activate PAK and PAK can then phosphorylate a highly conserved serine residue 

in the intracellular domain of VE-cadherin.  This phosphorylation event recruits β-

arrestin-2 to bind VE-cadherin and cause its internalization into clathrin-coated vesicles 

(Gavard and Gutkind, 2007).      

          

Gavard and Gutkind, Nat Cell Biol, 2007 
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VE-cadherin is not turned-over after VEGF treatment, but rather VEGF strengthens the 

binding between VE-cadherin and β-catenin and allows them be localized near the 

plasma membrane so that they can be rapidly returned to points of cell-cell contact to 

reform VE-cadherin-based adhesive structures.    

 

1.3 cAMP Synthesis 

The second messenger 3’, 5’ cyclic adenosine monophosphate (cAMP) is an 

intracellular signaling molecule that regulates numerous events in VECs.  cAMP is 

produced in response to a number of extracellular signals, and most of these bind Gs-

protein-coupled receptors (GPCR).  GPCRs in their inactive form bind both Gα- and Gβγ-

proteins, which are members of the heterotrimeric G-protein family (Hurley, 1999).  In 

the inactive form Gα is bound to GDP, however, when an extracellular signal binds a 

GPCR it promotes the dissociation of GDP, thus promoting the more abundant GTP to 

bind Gα and activate the heterotrimeric G-proteins.  When active, the Gα- and Gβγ-

proteins dissociate from each other and also from the membrane-bound GPCR, and begin 

separate intracellular signaling cascades.  In the case of Gαs, it signals to a family of 

proteins called adenylyl cyclases (AC).  There are in fact 10 members of the AC family 

including 9 membrane-spanning ACs (AC1-9), and one soluble isoform (Hurley, 1999).  

Gαs-GTP binding to an AC induces a conformational change in the catalytic region of the 

AC, thus causing the AC to increase its production of cAMP from adenosine triphosphate 

(ATP) (Hurley, 1999).  Gαs terminates its own signaling to ACs with its intrinsic GTPase 

activity that hydrolyzes GTP to GDP, thereby rendering Gαs inactive.  Past studies have 
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shown that VECs express AC3, AC6, and AC7 (Sunahara and Taussig, 2002), and that 

AC6 is the most abundant isoform in this cell type (Cioffi et al, 2002).             

                   

1.4 cAMP Effectors 

Once cAMP is produced by ACs it can affect cellular function by acting through 

one of three effector systems; cAMP-dependent protein kinase A (PKA), exchange 

proteins activated by cAMP (EPAC1 or EPAC 2), or cyclic nucleotide gated ion-channels 

(CN channels) (Figure 1.3).  CN channels are nonselective cation channels, and although 

they are important in many cell types including rod and cone photoreceptors, extraretinal 

photoreceptors, and sensory neurons of the olfactory epithelium (Kaupp and Seifert, 

2002), PKA and EPAC have been found to exert the majority of the effects of cAMP in 

VECs.  

There are in fact two different types of PKA, a cytosolic PKA called PKA type I 

(PKA-I), and a membrane PKA called PKA type II (PKA-II).  When in an inactive form, 

PKA exists as a heterotetramer composed of two regulatory subunits (R) (in the case of 

PKA-I:  RIα and RIβ, or in the case of PKA-II:  RIIα and RIIβ) and two catalytic subunits 

(C) from three possible variants (Cα, Cβ, or Cγ) (Taylor et al, 2004).  Following a local 

increase in cAMP, the R-subunits bind cAMP and cause the release of the C-subunits.  

Once the C-subunits are free of the inhibitory control of the R-subunits, they can act as 

Ser/Thr kinases and phosphorylate downstream substrates containing a –R-R/K-X-S/T- 

consensus sequence.  Within the cell, PKA is localized to discrete subcellular locations 

through their binding with A-kinase anchoring proteins (AKAPs).  AKAPs bind the N-  
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Figure 1.3 cAMP signaling cascade 

 cAMP is produced from ATP once an AC is activated by a GTP-bound Gαs G-

protein.  Once cAMP is produced it can act through one of three effector systems to exert 

its physiological effects; cAMP-dependent protein kinase A (PKA), exchange proteins 

activated by cAMP (EPAC1 or EPAC 2), or cyclic nucleotide gated ion-channels (CN 

channels).  Inactivation of cAMP is achieved through its hydrolysis by 

phosphodiesterases (PDEs).      

 

 

               Wong and Scott, Mol Cell Biol, 2004   
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terminal dimerization domain of the R-subunits and localize PKA to areas where 

phosphorylation events occur to only a specific subset of potential substrates (Wong and 

Scott, 2004).    

Originally it was thought that PKA was the dominant downstream effector of 

cAMP, however, there has been mounting evidence in recent years to suggest that EPAC 

plays a very important role in cAMP signaling.  For example, it has been shown that 

cAMP-elevating agents such as the AC activator forskolin (Fsk) can decrease basal VEC 

permeability and reverse vascular leakage induced by some inflammatory mediators 

(Cullere et al, 2005).  At first it was thought that cAMP exerted these effects by 

activating PKA; however, it was found that pharmacological inhibitors of PKA did not 

completely reverse the cAMP-induced decrease in basal VEC permeability, thus 

suggesting that cAMP was acting through both PKA and EPAC to improve endothelial 

barrier function (Cullere et al, 2005).   

EPAC was discovered as another target for cAMP action when cAMP-induced 

activation of Rap1 was shown to be insensitive to inhibition of PKA (de Rooij et al, 

1998).  Biochemical analysis has shown that EPAC is a cAMP responsive guanine 

nucleotide exchange factor (GEF) for Ras-like small GTPases including Rap1 and Rap2 

(Bos, 2003).  EPAC activation by cAMP is a two-step process; initially, the hinge region 

of EPAC bends towards the cAMP pocket, and then there is a conformational change 

resulting in the release of the inhibitory constraint on the catalytic GEF domain (Bos, 

2003).  The GEF domain can then interact with Rap and activate it by exchanging its 

bound GDP to GTP (Li et al, 2005).  This association of Rap with GTP causes a 

conformational change and allows Rap to bind and activate downstream substrates. 
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 There are two different isoforms of EPAC, EPAC1 and EPAC2.  EPAC1 contains 

a single cAMP binding domain and is widely expressed, while EPAC2 contains two 

cAMP binding domains and is highly expressed in neuroendocrine and neuronal cells 

(Wang et al, 2006).  The second cAMP binding domain of EPAC2 is at its amino-

terminus and binds cAMP with a lower affinity and is not directly involved in activating 

Rap (Bos, 2003).  EPAC2 also has a Ras-association domain that interacts with Ras, and 

this complex is translocated from the cytosol to the plasma membrane where EPAC2 can 

activate a pool of membrane-bound Rap1 (Li et al, 2005).  

 

1.5 cAMP Degradation 

Although several plasma membrane pumps can extrude cAMP from cells, 

intracellular hydrolysis of cAMP by cyclic nucleotide phosphodiesterases (PDEs) 

represent the most prominent mechanism through which this cyclic nucleotide is 

inactivated.  There are 11 distinct mammalian PDE gene families and these are identified 

based on amino acid sequence, domain structure, and catalytic and regulatory differences 

(Maurice et al, 2003).  In fact, through the use of alternate promoter initiation sites and 

alternate splicing of mRNA, there are more than 50 distinct isoform variants of PDEs 

(Maurice et al, 2003).  Genetic analysis has shown that the sequence identity within the 

catalytic domain is high between families of PDEs; however, the amino- and carboxyl-

terminal sequences are very different, suggesting that these sequences help regulate 

enzyme activity and control the localization of PDEs to subcellular locations (Maurice et 

al, 2003).  PDEs have the ability to hydrolyze both cAMP and 3’, 5’ cyclic guanosine 
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monophosphate (cGMP), with some PDE families hydrolyzing both cAMP and cGMP 

(PDE1, PDE2, PDE3, PDE10, PDE11), while others only hydrolyze cAMP (PDE4, 

PDE7, PDE8) or cGMP (PDE5, PDE6, PDE9) (Maurice et al, 2003). 

PDE families and their isoforms are differentially expressed, and this expression 

depends on the tissue type and the pathological or physiological condition of the tissue 

(Maurice et al, 2003).  In the cardiovascular system, PDEs have been shown to play a 

central role in regulating many functions including:  adhesion, proliferation, migration, 

and cell cycle progression (Favot et al, 2003; Netherton and Maurice, 2005).  VECs are 

essential in the regulation of cardiovascular functions and this cell type has been found to 

express variants of PDE2, PDE3, PDE4 and PDE5, and this expression can be different in 

VECs isolated from distinct vascular structures (Netherton and Maurice, 2005).  For 

example, human aortic VECs (HAECs) and human microvascular VECs (HMVECs) 

express distinct patterns of PDEs (Netherton and Maurice, 2005).  Inhibition of PDEs 

with family-selective inhibitors has helped elucidate the activity levels of specific PDE 

families in many cell types including HAECs, HMVECs, and HUVECs (Netherton & 

Maurice, 2005; Table 1.1).  The inhibition of PDEs in VECs has functionally been shown 

to increase adhesion, inhibit proliferation, and inhibit migration (Netherton and Maurice, 

2005).  However, the outcome of PDE inhibition differs according to the VEC type, 

which suggests that VEC types differentially regulate specific subcellular pools of cAMP 

with different PDE isoforms. 
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Table 1.1 Percent cAMP PDE activity in human endothelial cells from different 

origins 

PDE enzyme activity varies across different species and even across different cell 

types.  This table shows the activity of cAMP PDEs in different VEC types of the 

mammalian vascular system after the addition of PDE inhibitors for PDE2 (100nM BAY 

31-9472), PDE3 (1μM Cilostamide), and PDE4 (10μM Ro 20-1724) (Netherton and 

Maurice, 2005).  It is important to note that all these VEC types expressed the same PDE 

families and isoforms, but that each cell type had varying activities.   

 

 PDE2 PDE3 PDE4 

HAEC < 17% 36% 45% 

HMVEC < 17% 6% 79% 

HUVEC < 17% 7% 54% 

 

 

 

 

 

 



16 
 

1.6 PDE Localization 

Recently, the idea that PDEs localize to different subcellular locations through 

their association with specific anchoring proteins has been an idea that has garnered 

significant interest.  In principle, the localization of PDEs to specific subcellular locations 

would allow them to regulate distinct pools of cAMP, or cGMP.  Live cell imaging 

studies have shown that cAMP signals at specific sites within the cell rather than 

homogeneously throughout the cell (Zaccolo and Pozzan, 2002). 

The first evidence of compartmented cAMP signals came from work done on 

rabbit hearts.  Working with two GPCR agonists that stimulated the production of cAMP, 

prostaglandin E1 (PGE1) and isoproterenol (ISO), Hayes et al, 1980, found that these two 

agonists produced differing physiological results.  In fact, they discovered that these two 

GPCR agonists formed cAMP that activated different PKA fractions; PGE1 activated 

only soluble PKA, while ISO activated both particulate and soluble PKA (Hayes et al, 

1980).  However, with the addition of PDE inhibitors, PGE1 could also activate 

particulate PKA (Hayes et al, 1980), suggesting that PDEs are localized in specific 

locations to limit cAMPs access to certain PKA fractions for some stimuli, but not for 

others.  This example and others have helped create a theory to try and explain 

compartmented cAMP signaling.  This theory includes three principles:  a) not all cAMP 

has access to all effectors; b) not all effectors have access to all substrates; and c) not all 

cAMP has access to all PDEs (Brunton, 2003).  In order for this theory to hold true there 

must be a spatio-temporal organization of all cAMP signaling members including:  

GPCRs, ACs, cAMP, PKA, EPAC, and PDEs.      
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A more recent example of cAMP compartmentation is in cardiac myocytes where 

a specific PDE4 family variant, PDE4D3, associates with a muscle AKAP (mAKAP) on 

the nuclear envelope (Kapiloff et al, 2001).  This mAKAP also binds PKA which allows 

the spatio-temporal regulation of cAMP signals.  In this complex, when PKA becomes 

active through the binding of cAMP to the regulatory subunits, the catalytic subunits of 

PKA phosphorylate PDE4D3 in one of two sites.  If PKA phosphorylates PDE4D3 on 

Ser13 then it increases the affinity of PDE4D3 for the mAKAP, while if PKA 

phosphorylates PDE4D3 on Ser54 it increases the hydrolyzing activity of PDE4D3 by a 

factor of approximately 2.  This increase in activity allows PDE4D3 to hydrolyze 

localized cAMP, thus terminating the signal.  Not only does PKA bind to the mAKAP, 

but so does EPAC1 and extracellular regulated kinase 5 (ERK5) (Dodge-Kafka et al, 

2005).  ERK5 is a member of the MAP kinase signaling pathway and it phosphorylates 

PDE4D3 at Ser579 which consequently decreases PDE4D3 activity (Hoffmann et al, 

1999).  cAMP signaling however causes EPAC1/Rap1 activation at the mAKAP 

complex, leading to inhibition of ERK5 (Dodge-Kafka et al, 2005).  Collectively, this 

data illustrates how scaffolding molecules such as the mAKAP provide a stage where 

different signaling pathways can converge and influence the actions of one another.     

Microdomains of cAMP are produced through the actions of both ACs and PDEs.  

An example of this phenomenon occurs at β-adrenergic receptors (β2ARs) in 

cardiomyoctes.  The β2AR is a GPCR that couples through Gαs to stimulate ACs to 

produce cAMP.  The β2AR responds to its extracellular ligand epinephrine and causes an 

increase in heart rate; therefore PDEs are important in the regulatory control of this 

emergency pathway.  PKA is localized to β2AR through its association with AKAP79 
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(Fraser et al, 2000).  When activated by a local increase in cAMP, PKA phosphorylates 

β2AR and causes it to switch from Gαs signaling to Gαi signaling (Daaka et al, 1997).  This 

switch in G-protein signaling leads to downstream signaling events that result in the Src-

dependent activation of ERK (Daaka et al, 1997).  A PDE4 isoform, PDE4D5, plays a 

pivotal role in this mechanism as it has been found to form a stable complex with β-

arrestin (Perry et al, 2002).  β-arrestins are scaffolding proteins that bind to 

phosphorylated GPRCs and are involved in the desensitization and internalization of 

many GPCRs (Mundell et al, 2002).  In the case of the β2AR GPCR, the β-arrestin-

PDE4D5 complex is recruited to the membrane after β2AR phosphorylation and β-

arrestin binds β2AR and blocks downstream signaling, while PDE4D5 terminates any 

localized cAMP signals (Lynch et al, 2005).  This mechanism is an elegant example of 

how PDEs regulate cellular processes and how their localization can provide restrictive 

subcellular cAMP signaling.                     

 

1.7 cAMP Signaling and VEC Barrier Function 

VEC barrier stability and cAMP signaling have been shown to be very closely 

linked in recent years, and although there are numerous signaling pathways which 

influence barrier function, cAMP plays a principal role in this regulation.  Studies have 

shown that agents which increase intracellular cAMP lower basal VEC permeability both 

in vivo and in vitro (Cullere et al, 2005).  Not only does cAMP influence basal 

permeability, but it can also reverse vascular leakage induced by some inflammatory 

mediators (Cullere et al, 2005).  As stated in section 1.4 of this introduction, cAMP at 
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first was thought to influence VEC barrier stability exclusively through PKA, however 

pharmaceutical inhibition of PKA did not abolish this effect, thus suggesting that EPAC 

also plays an important role (Ishizaki et al, 2003). 

As previously alluded to, inflammatory mediators such as thrombin increase 

vascular permeability by inducing tyrosine phosphorylation of the VE-cadherin complex, 

which leads to weakened cell-cell contacts (Konstantoulaki et al, 2003).  In contrast, 

cAMP elevating agents such as adrenomedullin (Hippenstiel et al, 2002), prostaglandin 

E2 (Farmer et al, 2001), prostacyclin, and epinephrine (Langeler and van Hinsbergh, 

1991) all reverse the hyperpermeability induced by inflammatory stimuli.  It has been 

suggested that cAMP does not limit the effect of the inflammatory stimuli, but rather 

cAMP enhances the reestablishment of the disrupted VE-cadherin border.     

EPAC was confirmed to play a pivotal role in the cAMP-induced endothelial 

barrier stability when the EPAC-selective analog 8-pCPT-2’-O-Me-cAMP (8-CPT) was 

developed (Bos, 2003).  Fukuhara et al, 2005, found that the AC-activator forskolin, and 

prostacyclin, increased intracellular cAMP, decreased permeability, and improved VE-

cadherin mediated cell adhesion.  These effects on permeability and VE-cadherin were 

replicated when VECs were treated with 8-CPT (Fukuhara et al, 2005).  Therefore, an 

increase in cAMP causes the activation of the EPAC-Rap1 pathway which decreases 

permeability independently of PKA.  It is interesting that both forskolin and prostacyclin 

decreases permeability through a Rap1-mediated cortical actin rearrangement (Fukuhara 

et al, 2005).  However, the influence of the EPAC-Rap1 pathway on VEC barrier 

stability is dependent on VE-cadherin, as 8-CPT is unable to decrease permeability in 

cells lacking VE-cadherin (Kooistra et al, 2005).  A possible candidate for the observed 
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downstream effects of EPAC-Rap1 on VEC barrier function is the junctional adhesion 

protein AF-6.  AF-6 has been shown to localize to AJ’s, and has the ability to bind both 

activated Rap1 and the actin-binding protein profilin (Boettner et al, 2000).  Profilin is an 

important regulator of cell shape as it mediates the growth and stability of actin filaments.  

Treatment of VECs with 8-CPT caused the breakdown of actin stress fibers and the 

development of cortical actin (Kooistra et al, 2005), so it is therefore plausible that Rap1-

GTP can activate profilin and cause actin cytoskeletal rearrangements to mediate VE-

cadherin based cell adhesion, thus increasing VEC barrier stability.   

Shape changes in VECs are in part mediated by actin-myosin contraction, and this 

effect is controlled by the phosphorylation status of myosin light chain (MLC).  MLC 

kinase (MLCK) phosphorylates MLC and causes actin to bind myosin which pulls the 

filaments closer together, thus resulting in contraction.  However, MLC phosphatase 

(MLCP) regulates this process by dephosphorylating MLC and causing cell relaxation.  

One pathway which regulates this phosphorylation event is the Rho-GTP – Rho kinase 

pathway.  When Rho is activated through the binding of GTP it activates its downstream 

effector Rho kinase, which in turn phosphorylates and inactivates MLCP, thus promoting 

cell contraction.  These processes are thought to be involved in the transient opening and 

closing of VE-cadherin mediated cell junctions in VECs.  For example, within 1 minute 

after thrombin addition to VECs, there was an approximate fourfold increase in Rho 

activation, leading to cell contraction and VEC barrier dysfunction (Qiao et al, 2003).  

However, pretreatment with forskolin and the non-selective PDE inhibitor IBMX, 

inhibited these effects in a PKA-dependent manner (Qiao et al, 2003).  Additionally, 

another study found that the barrier-protective effects of PKA were related to i) a 
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decrease in MLC phosphorylation through PKA inhibition of Rho activation, and ii) an 

increase in MLCP activity through PKA induced phosphorylation of the regulatory 

subunit of MLCP (Birukova et al, 2004).           

As described above, Rho GTPase activation stimulates an increase in 

permeability, but it has been shown that Rac GTPase activation deceases permeability, 

thus suggesting that both these members of the Rho-like GTPases act in opposite 

manners to influence VEC permeability (Wojciak-Stothard et al, 2001).  A recent study 

elaborated on these observations and showed that active Rac inhibited Rho activation, 

thus decreasing permeability (Birukova et al, 2007).  cAMP signaling has been 

implicated in Rac signaling both through PKA and EPAC.  Waschke et al, 2004, 

illustrated that PKA repressed an inhibitory glucosylation event on Rac-1 after 

Clostridium sordellii lethal toxin addition, thereby allowing Rac-1 to enhance VEC 

barrier function.  On the other hand, Birukova et al, 2007, found that both PKA and 

EPAC1 signaling enhanced Rac activation and lead to increased VEC barrier function 

through both cytoskeletal rearrangements and AJ maturation.  There has been evidence of 

Rac acting downstream of Rap1 (Maillet et al, 2003), therefore Rac has been shown to 

enhance VEC barrier function by influencing both EPAC/Rap1 mediated cortical actin 

rearrangements, and PKA regulated actin-myosin relaxation.  It is interesting though how 

Rac is also implicated in the VEGF-induced VE-cadherin internalization (Gavard and 

Gutkind, 2007), thus Rac may act as an important molecular switch for the regulated 

opening and closing of intercellular gap junctions.  Additionally, cAMP signaling 

through both PKA and EPAC may play a prominent role in deciding whether Rac is VEC 

barrier disruptive or protective.   
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1.8 Research Rational 

The dynamic regulations of the highly specialized cell-cell junctions which form 

between neighbouring VECs regulate vascular permeability to solutes, macromolecules, 

and cells.  Numerous reports have demonstrated that the cAMP signaling system plays a 

central role in regulating VEC barrier function.  Although cAMP-elevating agents 

reportedly increase VEC adhesions to extracellular matrix proteins (Netherton et al, 

2007), and decrease vascular permeability (Cullere et al, 2005), little is known 

concerning the molecular bases of these effects.  Indeed, no reports have documented the 

roles which the two dominant cAMP effectors, PKA or EPAC, play in these 

phenomenons.  Moreover, there exists at present a paucity of information concerning how 

localized intracellular hydrolysis of cAMP by the numerous distinct PDEs expressed by 

VECs may influence this process.  Herein, we report data which clarify the relative 

contributions of PKA and/or EPAC in controlling the permeability of human VECs to the 

passage of macromolecules.  In addition, our data identifies a novel macromolecular 

signaling complex which likely allows localized control of cAMP signaling within the 

intracellular compartment harbouring VE-cadherin-dependent adherens junctions.   
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CHAPTER 2 

MATERIALS & METHODS 

 

2.1 Materials 

 Human Aortic Endothelial Cells (HAECs), Human Microvascular Endothelial 

Cells (HMVECs) (derived from gluteal biopsies), and endothelial cell growth medium-2-

microvascular (EGM-2-MV) were from Cambrex Bio Science (Walkersville, MD, USA).  

Tissue culture flasks were from Life Technologies, Inc. (Gaithersburg, MD, USA).  

Permeability assay plates and transwell inserts (polycarbonate, tissue culture treated, 

0.4μm pore size) were from BD Falcon (Mississauga, ON, Canada).  Fluorescein 

isothiocyanate (FITC)-tagged dextran (70 kDa) was from Sigma-Aldrich (Mississauga, 

ON, Canada).  N6-Benzoyladenosine-3’, 5’-cyclic monophosphate (6-Bz-cAMP) and 8-

(4-Chlorophenylthio)-2’-O-methyl-cAMP (8-CPT) were from BioLog (Bremen, 

Germany).  Fibronectin was from Promega (Madison, WI, USA).  Ro 20-1724 (Ro), 

Cilostamide (Cil), and Forskolin (Fsk) were from Calbiochem-Novachem Corporation 

(Mississauga, ON, Canada).  Other chemicals used in these experiments were from ICN 

Biomedicals Incorporated (Montreal, QC, Canada) or Fisher Scientific (Ottawa, ON, 

Canada).  Plasmids encoding a VSV-tagged human PDE4D3 or a FLAG-tagged human 

PDE3B were provided by Drs. Miles Houslay (University of Glasgow, Scotland) and V. 

Manganiello (NIH, Bethesda, MD, USA), respectively.  A plasmid for the expression of a 

Fc-VE-cadherin chimera protein in mammalian cells was a gift from Dr. Michael Shasby 

(University of Iowa College of Medicine, Iowa City, Iowa, USA).  A FLAG-tagged 
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EPAC1 expression vector was a gift from Dr. X Cheng (University of Texas Medical 

Branch, Galveston, TX, USA). 

 

2.2 Cell Culture 

 HAECs or HMVECs were cultured using endothelial cell growth medium-2-

microvascular (EGM-2-MV).  The EGM-2-MV was supplemented with a solution 

containing 1% of penicillin, streptomyosin, and fungasome (PSF).  HAECs were sub-

cultured (“passaged”) at a dilution of 1:3 while HMVECs were sub-cultured at a dilution 

of 1:2.  In our studies HAECs and HMVECs were used between passages 3 and 10 as in 

Netherton and Maurice, 2005. 

 

2.3 Transwell-Based VEC Permeability Assay 

 HAECs or HMVECs were grown on the upper chambers of fibronectin coated 

inserts with 0.4μm pores at densities between 2 X 105 and 3 X 105 cells/mL and grown 

for 3-5 days prior to use.  Barrier function of these cells (“permeability”) was measured 

by determining the extent to which fluorescein isothiocyanate (FITC)-tagged dextran (70 

kDa) was allowed to transit from the upper to the lower chamber of the apparatus during 

a 1 h incubation at 37oC.  The impact of cAMP-elevating agents, or direct activators of 

cAMP-effectors, was determined by their addition to the upper chamber at the same time 

as the FITC-dextran.  Thus, the effects of vehicle dimethyl-sulphoxide (0.1 % v/v,   

DMSO), or 10μM Ro 20-1724 (Ro, a selective PDE4 inhibitor), 1μM Cilostamide (Cil, a 
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selective PDE3 inhibitor), 10μM Forskolin (Fsk, an activator of adenylyl cyclases), 

10μM Isoproterenol (ISO, a β-adrenergic receptor agonist), 10μM 8-(4-

Chlorophenylthio)-2’-O-methyl-cAMP, (8-CPT, an EPAC selective activator) or 3μM 

N6-Benzoyladenosine-3’, 5’-cyclic monophosphate (6-Bz-cAMP, a PKA-selective 

activator) on FITC-dextran permeability were measured in these studies.  FITC-dextran 

in the lower chamber was quantified using a Molecular Devices Spectra MAX Gemini X 

5 and quantitated using SoftMax Pro 4.8 software.  

 

2.4 Transient Transfection of HAECs 

 HAECs were grown to 80% confluence on 10cm culture dishes and transfected 

using 15μL Lipofectamine 2000 (Invitrogen) and 3μg of the relevant plasmids (VSV-

PDE4D3, FLAG-PDE3B, or FLAG-EPAC1).  The cells were incubated for 3 h in 

transfection media (EGM-2-MV, 2% FBS) which was then replaced with regular cell 

culture media (EGM-2-MV, 5% FBS, 1% PSF).  The cells were then either frozen for use 

in immunoprecipitate or immunoblotting experiments, or recovered and plated onto 

fibronectin-coated cover slips for use in immunostaining experiments.  

 

2.5 VE-cadherin Pulldown and Immunoblotting 

 A chimera encoding the extracellular domain of vascular endothelium (VE)-

cadherin and the Fc portion of an immunoglobulin molecule, (herein called “Fc-VE-

cadherin”), was expressed in 293E cells and purified from the conditioned media by 
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adsoption to protein A-Sepharose followed by extensive washing with 400mL of PBS.  

To identify potential VE-cadherin-interacting proteins, Fc-VE-cadherin-liganded protein 

A-Sepharose was used as a column to isolate VE-cadherin from HAEC, or HMVEC 

lysates.  Briefly, HAEC or HMVEC lysates (1-2mg of cellular proteins) generated by 

homogenization of PBS-rinsed frozen cell pellets in a lysis buffer constituted of 52.5mM 

of Tris-HCL, 5.25mM MgCl2, 5mM Benzamidine, 10mM Na-β-Glycerophosphate, 5mM 

Na-Pyrophosphate, 1mM EDTA, 100mM Phenylmethylsulfonyl Fluoride, 1μM 

Leupeptin, 1X Dithiothreitol, 1X Aprotinin, 1X Pepstatin A, 1X E-64, 1μM Bestatin, 

50mM NaCl, 10mM NaF, and 1% Triton X-100, were incubated with 100μL (packed 

volume) of Protein A – Fc-VE-cadherin beads in the presence of CaCl2  (2 mM) on a 

rotating platform at 4°C for 16-24 h.  Following this binding step, and extensive washing 

of the column matrix, VE-cadherin was specifically eluted with EGTA (20 mM).  EGTA-

eluted column fractions were concentrated (~10-fold) by centrifugation at 18 000 x g for 

15 min using IEC Centra CL3R centricons.  Concentrated eluates were resolved by SDS-

PAGE, transferred to nitrocellulose membranes (Bio Rad), and immunoblotted for the 

proteins of interest in our studies including ; VE-cadherin (1:1000, Sigma-Aldrich, 

Mississauga, ON, Canada) , β-catenin (1:500, Transduction Laboratories, Lexington, 

KY) , PKA-RII (1:500, Transduction Laboratories, Lexington, KY), PKA-C (1:1000, 

Transduction Laboratories, Lexington, KY), FLAG-EPAC1 (anti-FLAG antibody, 1:10, 

000, Sigma-Aldrich, Mississauga, ON, Canada), PDE3 (1:4000, generously provided by 

ICOS Corporation,  Bothell, WA, USA), and PDE4 (1:4000, generously provided by 

ICOS Corporation,  Bothell, WA, USA).  Immunoreactive proteins were visualized by 

ECL using a horseradish peroxidase-conjugated secondary antisera. 
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2.6 VSV-Immunoprecipitation 

VSV-PDE4D3 tagged HAECs were lysed in a lysis buffer absent of any reducing 

agents.  The cell lysate was pre-cleared with A/G Sepharose beads for 3 h on a rotating 

platform at 4°C, and removal of the A/G Sepharose beads and any non-specific binding 

proteins was achieved with centrifugation.  After the pre-clear, 20μL of A/G Sepharose 

beads and 1μg of anti-VSV antibody were added to the HAEC lysate and allowed to 

rotate overnight on a rotating platform at 4°C.  Unbound proteins were removed by 

centrifugation, and weakly bound proteins were removed by washing 3 times with lysis 

buffer.  Selectively bound proteins were removed by adding 50μL of 2X Laemmli for 30 

min at room temperature.  Samples were resolved by SDS-PAGE, transferred to 

nitrocellulose membranes (Bio Rad), and immunoblotted for the proteins of interest; VSV 

(1:25, 000, Sigma-Aldrich, Mississauga, ON, Canada) and VE-cadherin.  

 

2.7 Immunohistochemistry 

 HAECs, or HMVECs, were plated on fibronectin coated cover slips at initial 

densities between 2 X 105 and 3 X 105 cells/mL and allowed to grow to confluence (2-3 

days).  In certain experiments with HAECs, cells were first transiently transfected with 

VSV-PDE4D3, FLAG-PDE3B, or FLAG-EPAC1 expression plasmids prior to being 

placed on the cover slips.  At confluence, cells were fixed using paraformaldehyde (4%) 

for 20 min, permeabilized with Triton X 100 (0.2% v/v) for 5 min at 4oC and 

subsequently incubated with a PBS buffer supplemented with BSA (0.1% w/v) for 1 h.  

Treated cover slips were incubated with optimized dilutions of various primary 
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antibodies in a PBS buffer supplemented with BSA (0.1% w/v) (anti-VE-cadherin 1:250, 

anti-β-catenin 1:500, anti-VSV 1:50, 000, or anti-FLAG 1:10, 000) for 30-60 min.  

Following these incubations, cover slips were washed 3 times with PBS (0.1 % v/v) and 

then subsequently incubated with 100μL of appropriate secondary antibodies in 0.1% 

BSA for 1 h (goat-anti-mouse (GAM) 1:1000, or goat-anti-rabbit (GAR) 1:1000).  In 

these studies nuclei were visualized using 4’, 6’-diamidino-2-phenylindole (DAPI) 

(1:1000).  Actin was visualized using phalloidin-tetramethylrhodamine-B-isothiocyanate 

(1:1000).  Following these processing steps, cover slips were mounted on glass slides and 

the staining was visualized using a Zeiss Axiovert S100 microscope with fluorescent 

capabilities.   

 

2.8 PDE Activity Assay 

cAMP hydrolysis by members of the PDE3 or PDE4 family enzymes were 

determined as described previously by Netherton and Maurice, 2005.  Briefly, HAEC, or 

HMVEC lysates, or samples generated from Fc-VE-cadherin pulldowns (see section 2.5), 

or immunoprecipitations, were measured using the PDE3-selective inhibitor Cil (1μM), 

the PDE4-selective inhibitor Ro (10μM), or a broad-selectivity PDE inhibitor IBMX (500 

μM).  PDE activities were determined in triplicate in each experiment and results similar 

to those shown in this thesis were obtained in at least three separate experiments.  
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2.9 VE-cadherin Assembly Assay 

  HAECs grown to confluence on fibronectin coated cover slips were rinsed twice 

with PBS (500μL of 1%) and then incubated with a 500μL aliquot of this solution which 

had been supplemented with EGTA (5mM) for 20 min.  Following this EGTA-treatment 

and a brief rinse with PBS (1%), cells were incubated with endothelial cell culture media 

(EGM-2-MV, 5% FBS, 1% PSF) which had been supplemented with DMSO (0.1 %v/v), 

Ro (10μM), 6-Bz-cAMP (10μM), or 8-CPT (10μM) for 0.5, 1, 2, 3, or 4 h.  Following 

these incubations, cells were fixed with paraformaldehyde (4%) and stained for VE-

cadherin and β-catenin as described above (see section 2.7).  The extent to which VE-

cadherin-based cell-cell contacts had reassembled at each time point were quantified by 

overlaying the images of the cells with a grid and counting the number of contiguous 

stained border structures which were present.  

 

2.10 VE-cadherin Disassembly Assay 

 HAECs grown to confluence on fibronectin coated cover slips were allowed to 

incubate for 2 h in EGM-2-MV media in which growth factors had been excluded.  

Subsequently, individual cover slips were incubated with Fsk (10μM), 8-CPT (10μM), 6-

Bz-cAMP (10μM), Ro (10μM), or Cil (1μM) for 20 min.  Following these 20 min 

challenges, cells were incubated for a further 20 min with VEGF (50ng/mL) and fixed 

with paraformaldehyde (4%).  VE-cadherin and β-catenin immunostaining were 

visualized as described previously (see section 2.7).  Loss of VE-cadherin staining from 
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cell-cell boundaries was determined by counting the number of VE-cadherin positive 

punctuate structures in a series of random images of the VEC treated cells.  

 

2.11 Statistical Analysis 

 Individual permeability assays were conducted in quadruplicate (n = 4 within 

each experiment) and each experiment was replicated at least 10 times (n > 10).  

Statistical significance was tested by one-way analysis of variance (ANOVA) and using a 

Neuman post-hoc test with significance considered P < 0.05.  In the result section where 

imagines of immunoblots or immunostaining of HAECs are shown, they are 

representative imagines of at least 3 separate experiments (n > 3). 
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CHAPTER 3 

RESULTS 

 

3.1 Impact of direct activators of PKA or EPAC, and of cAMP PDE inhibitors, on 

the barrier function of HAECs or HMVECs 

 The impact of a series of cAMP-elevating agents and of selective activators of 

PKA, or EPAC, on HAEC and HMVEC barrier function was measured using a 

modification of the method described in Stelzner et al., 1989.  Thus, the ability of a β-

adrenergic receptor agonist (isoproterenol, ISO), a pan-adenylyl cyclase (AC) activator 

(forskolin, Fsk), the PKA-selective activator cAMP analogue (6-benzoyladenosine-3’, 5’-

cyclic monophosphate, 6-Bz-cAMP), the EPAC-selective activator cAMP analogue (8-

(4-Chlorophenylthio)-2’-O-methyl-cAMP, 8-CPT), the PDE3-selective inhibitor 

(cilostamide, Cil), or the PDE4-selective inhibitor (Ro 20-1724, Ro), to reduce the transit 

of FITC-dextran across confluent HAEC or HMVEC monolayers was measured.  Results 

of these experiments indicate that with the exception of Cil in HAECs, each of the test 

agents significantly reduced the transit (i.e. increased barrier function) of FITC-dextran 

across confluent monolayers of HAECs (Figure 3.1A) or HMVECs (Figure 3.1B).  Thus, 

while ISO increased barrier function of each of these cells to the greatest extent, Fsk also 

had marked effects in both VEC types.  Consistent with the idea that ISO, or Fsk, could 

have utilized either PKA, or EPAC, to bring about their barrier stabilizing effects, cAMP 

analogues known to specifically activate either PKA, or EPAC, also increased human 

VEC barrier function (Figure 3.1A & B).  While each of the PKA-, or EPAC-selective 
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activating agents significantly increased barrier function when used alone, neither of 

these agents was as effective as ISO or Fsk.  In contrast, when combined, 6-Bz-cAMP 

and 8-CPT increased barrier function supra-additively.  Thus, while 8-CPT, or 6-Bz-

cAMP, increased HAEC barrier function by 18 ± 4% or 16 ± 6%, respectively (Figure 

3.1A), together these agents increased barrier function by 49 ± 7% (n = 4).  Similarly, in 

HMVECs, 8-CPT or 6-Bz-cAMP, each increased barrier function by ~18% (Figure 3.1B) 

respectively, and together increased barrier function by 52 ± 5% (n = 3).  Consistent with 

the idea that PDE4 enzymes, but not PDE3 enzymes, regulated intracellular “pool(s)” of 

cAMP regulating HAEC barrier function, Ro, but not Cil, significantly stabilized the 

border.  Although Cil did not impact HAEC barrier function when used alone, or when 

used in combination with Fsk, this agent did allow synergistic increases in barrier 

function when added in combination with both Fsk and Ro (Figure 3.1C).  Interestingly, 

while Ro did stabilize HAEC barrier function when used alone, this agent did not 

potentiate the effects of Fsk when used in combination.  The impact of Cil is consistent 

with the idea that there is some overlap between PDE3-, and PDE4-regulated cAMP 

pool(s) in these cells.  In contrast to HAECs, both Cil and Ro had stabilizing effects in 

HMVECs, thus suggesting that HMVECs can use both PDE3- and/or PDE4-based 

mechanisms to regulate barrier function.  Overall, these data were consistent with the 

idea that some cAMP elevating agents (ISO, Fsk, and Ro) and selective activators of 

either PKA or EPAC, could increase human VEC barrier stability, and that the cAMP 

elevating agent Cil had a stabilizing effect in HMVECs, but not in HAECs.  
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Figure 3.1 Impact of cAMP-elevating agents, or of selective activators of PKA or 

EPAC, on HAEC and HMVEC permeability 

 The ability of isoproterenol (ISO, 10μM), forskolin (Fsk, 10μM), 8-(4-

chlorophenylthio)-2’-O-methyl-cAMP (8-CPT, 10μM), 6-benzoyladenosine-3’, 5’-cyclic 

monophosphate (6-Bz-cAMP, 3μM), Ro 20-1724 (Ro, 10μM), or cilostamide (Cil, 1μM) 

to influence human endothelial cell permeability to a macromolecular substrate 

(fluorescently tagged dextran) was tested (see Materials & Methods).  At time zero, 

dextran was added to the top layer of control and treatment samples (individual wells of a 

24 well culture dish-based transwell apparatus) and the amount of dextran which was 

allowed to pass to the lower level of the transwell was quantified by fluorescence after 1 

h incubation.  As compared to the amount of dextran in the top layer of the inserts after 1 

h, only approximately 15% of the dextran had travelled through the insert and into the 

lower level of the transwell during these incubations.  The impacts of the cAMP-

elevating agents tested were tested alone on HAECs (A), on HMVECs (B), or in 

combination on HAECs (C), and expressed as a change in the percentage of the dextran 

recovered in the bottom level after 1 h.  Data are expressed as a percentage of control and 

* indicates significant differences between treatments and controls (p < 0.05) and # 

indicates significant differences between treatment groups (p < 0.05).   
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3.2 Integration of PKA, EPAC1, and PDE4D, but not PDE3B, into VE-cadherin-

based signaling complexes in human VECs 

 VE-cadherin-based signaling complexes regulate the barrier function of VECs 

and thus the paracellular transport of macromolecules, including FITC-dextran (Dejana, 

2004).  Since our previous studies indicated that the PDE inhibitors used in these studies 

(Ro or Cil) did not increase global cAMP in human VECs (Netherton and Maurice, 2005, 

and Netherton et al, 2007), we decided to investigate whether PDE4, and perhaps other 

cAMP signaling proteins, might be integral to VE-cadherin-based complexes and thus 

have the capacity to act locally to regulate barrier function.  For these experiments, two 

distinct approaches were used.  Thus, VE-cadherin-based cellular complexes were 

isolated by i) immunoprecipitation with an anti-VE-cadherin antibody, or ii) using a 

selective VE-cadherin adsorption and precipitation procedure (“VE-cadherin pulldown”) 

approach.  While similar data were obtained using both strategies, due to the low 

efficiency with which our anti-VE-cadherin antibody immunoprecipitated this protein, 

most of our studies were carried out using the VE-cadherin pulldowns.  Consistent with 

our hypothesis, cAMP-signaling proteins were detected in VE-cadherin pulldowns from 

human VECs (Figure 3.2).  Thus, in addition to VE-cadherin and β-catenin, immunoblot 

analysis of VE-cadherin pulldowns identified both the regulatory and catalytic subunits 

of PKA (RIIβ and C), EPAC1, and PDE4D, but not the other dominant human VEC 

cAMP-PDE, PDE3B (Figure 3.2).  Consistent with the immunoblotting data, significant 

PDE4, but not PDE3, activity was detected in VE-cadherin pulldowns (Table 3.1).  

Association of PDE4D and VE-cadherin was also confirmed when VE-cadherin was 
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detected in anti-VSV immunoprecipitates from transiently transfected HAECs expressing 

VSV-PDE4D3 (data not shown). 



38 
 

Figure 3.2 cAMP signaling proteins are present within VE-cadherin-based 

complexes in confluent monolayers of HAECs  

 Confluent monolayers of HAECs were lysed and subjected to a VE-cadherin 

pulldown procedure (see Materials & Methods).  Proteins isolated using VE-cadherin-

based pulldowns were resolved by SDS-PAGE and immunoblotted in series for the 

proteins of interest including VE-cadherin, β-catenin, PKA-RIIβ, PKA-C, EPAC1, 

PDE3B and PDE4D (for information regarding antisera and their dilutions, see Materials 

& Methods).  30μg of protein was loaded in the Total and Unbound lanes.  In addition, a 

negative control experiment was performed in which HAEC or HMVEC lysate was 

added to protein A-Sepharose in the absence of the Fc-VE-cadherin fusion protein.  

When immunoblotted in series for the proteins of interest (see above), no bands were 

evident in the elution (data not shown).    
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Table  3.1 cAMP PDE activity in VE-cadherin-based pulldowns 

A VE-cadherin pulldown (see Materials & Methods) was performed on a 

confluent HAEC culture.  Aliquots of processed cell lysates (Total), or those proteins that 

specifically bound to VE-cadherin (Beads) were subjected to a cAMP PDE activity assay.  

Total cAMP PDE activity present in these fractions (Total), PDE4 activity (Ro, 20-1724-

inhibited, 10μM) or PDE3 activity (cilosamide-inhibited, 1μM) were determined (see 

Materials & Methods).  Data indicating either total cAMP PDE activities, or those 

fractions inhibited by the indicated selective inhibitors are shown, (n = 3 independent 

samples from one of four representative experiments). 

 

cAMP PDE Activities 
(pmol/min/mg of protein) 

Total HAEC Lysate 
(pmol/min/mg of protein) 

VE-cadherin Pulldown 
(pmol/min/mg of protein) 

Total 232.1 +/- 8.0 12.8 +/- 0.5 

PDE4 67.0 +/- 23.2 5.3 +/- 3.0 

PDE3 115.4 +/- 23.4 -1.1 +/- 3.5 
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3.3 Co-localization of membrane-associated cAMP signaling proteins and VE-

cadherin in confluent HAEC monolayers     

 In order to further test our hypothesis that selected members of the cAMP-

signaling system could interact with the VE-cadherin signaling complex in human VECs, 

we used an immunofluorescence-based approach.  Consistent with our VE-cadherin 

pulldown data, cellular staining data also indicated that PKA, EPAC1, and PDE4D, but 

not PDE3B, were co-localized to areas of inter-cellular contact between confluent 

HAECs.  Thus, as expected, staining for endogenous VE-cadherin and β-catenin 

identifies both these proteins at regions of cell-cell contact in confluent cultures of 

HAECs (Figure 3.3A).  Immunostaining of endogenous PKA-RIIβ detected this protein 

throughout the cytosol of confluent HAECs and indicated that this protein was enriched 

at areas of strong intercellular contact (Figure 3.3C).  Similarly, although FLAG-EPAC1 

was distributed throughout these cells, a significant fraction of this protein was also 

concentrated at areas of cell-cell contact in confluent HAEC cultures (Figure 3.3B).  

Interestingly, in areas of our cultures in which cell-cell contacts had not yet been 

established, and in which VE-cadherin and β-catenin did not co-localize, no accumulation 

of PKA-RIIβ, or EPAC1, was detected.  Although immunostaining for VSV-tagged 

PDE4D3 showed this enzyme to be broadly localized throughout the cell, as was the case 

with PKA-RIIβ or EPAC1, anti-VSV immunostaining was also concentrated at areas of 

cell-cell contact (Figure 3.3D).  In marked contrast, but consistent with results of our VE-

cadherin pulldowns, FLAG-tagged PDE3B was not concentrated in areas of cell-cell 

contact in confluent HAEC monolayers (Figure 3.3E).   Taken together, these data are 
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consistent with the idea that PKA, EPAC1, and PDE4D are present at sites of inter-

endothelial contacts and that PDE3B is excluded from these sites. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



43 
 

Figure 3.3 cAMP signaling proteins co-localize with VE-cadherin in confluent 

monolayers of HAECs 

 HAECs were grown to confluence on fibronectin coated cover slips and fixed 

with 4% paraformaldehyde for 20 min (see Materials & Methods).  As described in 

Materials & Methods, HAECs were permeabilized with Triton-X-100 (0.2% vol/vol, 5 

min) and subsequently blocked with bovine serum albumin (BSA, 0.1% wt/vol, 1 h).  

Processed cover slips were incubated with primary antibodies raised to specifically react 

with VE-cadherin (green all sections), β-catenin (A), FLAG-EPAC1 (B), PKA-RIIβ (C), 

VSV-PDE4D3 (D), or FLAG-PDE3B (E) (red) for 1 h.  The cover slips were then 

incubated with the appropriate secondary antibody for 1 h (see Materials & Methods).  

Images were generated with a Zeiss Axiovert S100 microscope which has fluorescent 

capabilities.         

 

 

 

 

 

 

 

 



44 
 

 

3.3) 



45 
 

3.4 PKA- or EPAC-selective activators promote the rate of formation of VE-

cadherin structures in HAECs 

 Having established that cAMP-elevating agents could stabilize human VEC 

barrier function through either PKA, and/or EPAC, we next determined the mechanism(s) 

through which these agents might be acting.  Thus, we next investigated the effects of 

cAMP-elevating agents on the rate of barrier formation.  For these studies, the ability of 

the test agents to assist in the re-establishment of HAEC intercellular contacts was 

measured following EGTA-based Ca2+-chelation and subsequent barrier disassembly.  As 

predicted, EGTA treatment caused a complete loss of VE-cadherin/β-catenin staining at 

cell-cell boundaries, and a slight rounding of these cells (Figure 3.4A).  Following 

removal of the EGTA and re-introduction of Ca2+, the rate of re-establishment of VE-

cadherin staining at VEC boundaries was measured in cells incubated with growth media 

(control), or growth media which was supplemented with 6-Bz-cAMP (10μM), 8-CPT 

(10μM), or Ro (10μM), for 2, 3, or 4 h.  When compared to controls cells, addition of 

either 6-Bz-cAMP or of 8-CPT each markedly increased the amount of VE-cadherin 

staining observed at each of the test time points (Figure 3.4B/C).  In contrast, when used 

alone Ro did not increase border formation relative to the control group.  These data were 

consistent with the idea that activation of either PKA, or EPAC, could stimulate the re-

establishment of VE-cadherin complexes which had been disassembled by Ca2+-

chelation, but that inhibition of PDE4 alone did not recapitulate this effect.  While PDE4 

inhibition increased barrier function in these cells when added to confluent monolayers, it 

had no significant impact on the rate of VE-cadherin-barrier formation.  Due to time 

constraints, similar experiments were not conducted in HMVECs.   
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Figure 3.4 Activation of both PKA and EPAC promotes VE-cadherin barrier 

formation 

 Confluent HAECs grown on fibronectin coacted cover slips were treated with 

EGTA (5mM, 20 min).  After this treatment, cells were washed once with Phosphate-

Buffered Saline (PBS, 1% v/v) and replaced with regular cell culture media (EGM-2-

MV, 5% FBS, 1% PSF, see Materials & Methods) in the presence or absence of Ro, 20-

1724 (Ro, 10μM), 6-benzoyladenosine-3’, 5’-cyclic monophosphate, (6-Bz-cAMP, 

10μM) or 8-(4-chlorophenylthio)-2’-O-methyl-cAMP (8-CPT, 10μM).  Control cells 

incubated with EGTA and fixed are shown in (A).  After 3 h (B), or 4 h (C), HAECs were 

fixed (4% paraformaldehyde, 20 min) and then stained for VE-cadherin (green), β-

catenin (red), or DAPI (blue) to stain the nuclei.  Note: without addition of cAMP-

elevating agents, several areas are present in which there is little to no VE-cadherin or β-

catenin staining (arrows).  In contrast, in the presence of 8-CPT or of 6-Bz-cAMP, 

marked increases in staining at cell-cell boundaries are observed (arrows).  
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3.5 PKA and EPAC activation have distinct effects on VEGF-induced VE-cadherin 

internalization in HAECs 

 In order to determine if PKA and/or EPAC were also involved in regulating 

VEGF-induced VE-cadherin-complex dissassembly and VE-cadherin internalization, we 

next determined the impact of our test agents on the ability of VEGF to promote VE-

cadherin internalization in confluent HAEC cultures.  To investigate this issue, HAECs 

were grown to confluence, starved of growth factors, and treated subsequently with 

VEGF (50ng/mL)-supplemented growth media in the presence, or absence, of Fsk 

(10μM), 8-CPT (10μM), 6-Bz-cAMP (10μM), Ro (10μM), or Cil (10μM) for 20 min.  

Internalization of VE-cadherin was monitored as previously described (Gavard and 

Gutkind, 2007), and quantitated by measuring the number of cells that contained VE-

cadherin-positive internalized vesicles.  Although Fsk, or 6-Bz-cAMP, each decreased 

the number of cells actively internalizing VE-cadherin in response to VEGF treatment, 

those treated with either 8-CPT, Ro, or Cil, did not (Figure 3.5A/B).  These data are 

consistent with the idea that PKA is involved in antagoinizing VEGF-induced VE-

cadherin internalization and with the corollary that EPAC activation does not.  Again, 

while PDE4 inhibition increased barrier function in these cells when added to confluent 

monolayers it had no significant impact on the rate of VEGF-induced VE-cadherin 

internalization.  Due to time constraints, similar experiments were not conducted in 

HMVECs.   
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Figure 3.5 Activation of PKA, but not EPAC, inhibits VEGF-induced VE-cadherin 

internalization 

 HAECs plated on fibronectin coacted cover slips were allowed to grow to 

confluence.  Confluent HAEC cultures were incubated for 2 h in minimal EGM-2-MV 

media in which all growth factors were absent (see Materials & Methods).  The impact of 

forskolin (Fsk, 10μM), 8-(4-chlorophenylthio)-2’-O-methyl-cAMP (8-CPT, 10μM), 6-

benzoyladenosine-3’, 5’-cyclic monophosphate (6-Bz-cAMP 10μM), Ro 20-1724 (Ro, 

10μM), or cilostamide (Cil, 1μM) on VEGF-induced VE-cadherin internalization was 

measured (A) (see Materials & Methods).  Immunostaining with VE-cadherin (green) 

was used to quantitate VE-cadherin internalization and internalized VE-cadherin was 

detected as the presence or absence of a punctate structure in the cytoplasm of treated 

HAECs (arrows).  The effects of the cAMP-elevating agents were measured by 

comparing the number of cells with punctate staining structures in 8 random fields 

counted twice and these data are shown in histogram form (B).    
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CHAPTER 4 

DISCUSSION 

 

4.1 cAMP Signaling Regulating VEC Permeability 

 Previous research has shown that cAMP signaling through either PKA or EPAC 

can enhance VEC barrier function (Cullere et al, 2005, Ishizaki et al, 2003, Fukuhara et 

al, 2005).  Our current study not only supports past research in this field, but also 

expands on it by introducing the concept that compartmentation of proteins involved in 

cAMP-signaling likely plays an important role in regulating this process.  Indeed, in this 

thesis we show that several proteins involved in regulating the actions of cAMP, namely 

PKA, EPAC1, and PDE4D are part of a VE-cadherin-based signaling macromolecular 

complex that forms at sites of VEC intercellular contacts and regulates paracellular 

permeability in these cells (Figure 4.1).  This complex of signaling proteins includes the 

AJ protein VE-cadherin, its binding partner β-catenin, and the cAMP effector proteins 

PKA and EPAC1.  Presumably in order to control local increases in cAMP within the 

membrane sub-domains that control permeability, this complex also contains a PDE4D 

family variant.  Interestingly, we found that while inhibitors of PDE4 family enzymes did 

not increase total cAMP levels in VECs (Netherton and Maurice, 2005), these agents did 

decrease permeability.  Consistent with the idea that the PDE inhibitors may allow 

cAMP-effectors to bring about these effects, selective activation of either PKA or EPAC 

also decreased permeability.  These data add to the growing list of evidence that PDE 

inhibition causes small increases in localized “pools” of cAMP, and in the case of our 
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Figure 4.1 PKA, EPAC1, and PDE4D all assemble at the VE-cadherin 

macromolecule complex to regulate VEC barrier function 
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current study, an increase in cAMP in the membrane sub-domains that regulate VE-

cadherin-mediated paracellular permeability. 

 Although cAMP has been shown to increase VEC adhesiveness and decrease 

VEC permeability, it is not presently known how PKA and EPAC fit into this model, or 

how PDEs regulate their activity.  Recently in our lab, it was shown that both PKA and 

EPAC coordinate adhesion of macrovasculature VECs (HAECs) and microvasculature 

VECs (HMVECs) to extracellular matrix proteins (Netherton et al, 2007).  In this present 

study we have shown that activators of both PKA and EPAC decrease permeability in 

both HAECs and HMVECs.  Interestingly, when activators of both PKA and EPAC were 

added in combination, they had a supra-additive effect on HAEC barrier function 

suggesting that they likely act at distinct levels of this process to control permeability.  

Consistent with this possibility, both PKA and EPAC1 were found to be part of a 

macromolecule complex that assembles at VE-cadherin.  Therefore, although PKA and 

EPAC may decrease permeability by acting through different downstream effectors, it is 

a plausible that these effectors both influence VE-cadherin-mediated VEC adhesion.  

Also, by binding to a VE-cadherin complex, both PKA and EPAC1 can act locally to 

stabilize the VEC border. 

 The ability of PKA and EPAC to decrease vascular permeability suggests that 

there must be a down-regulatory mechanism to “shutoff” this signaling system.  There 

have been many examples in past studies that have shown that PDEs are localized to 

discrete subcellular locations in order to control cAMP signaling to PKA and/or EPAC 

(Kapiloff et al, 2001, Lynch et al, 2005).  This system is no different as a PDE4D family 

variant binds the VE-cadherin complex, and PDE4 inhibition alone can decrease VEC 
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permeability to an extent similar to that initiated by activators of PKA or EPAC.  In fact, 

immunoblot analysis of the VE-cadherin pulldown in both HAECs and HMVECs showed 

two immunoreactive bands when blotting for PDE4D.  Previous studies have shown that 

the ~115 kDa band could represent PDE4D5 and/or PDE4D7, and that the ~98 kDa band 

could be one of PDE4D3, PDE4D8, PDE4D9 (Richter et al, 2005).  In both HAEC and 

HMVEC VE-cadherin pulldowns the most abundant PDE4D had a molecular weight 

consistent with PDE4D5 and/or PDE4D7.  It will be interesting in the future to see if β-

arrestin is involved in mediating VE-cadherin adhesion as PDE4D5 preferentially binds 

β-arrestin (Perry et al, 2002), and β-arrestin also regulates VEGF-induced internalization 

of VE-cadherin (Gavard and Gutkind, 2007).   

 The barrier stabilizing effect of PKA and/or EPAC is regulated by PDE4D in 

HAECs; however, in HMVECs this effect was sensitive to both PDE4 and PDE3 

inhibitors.  Indeed, although PDE3 activity only constitutes approximately 6% of total 

PDE activity in HMVECs (Netherton and Maurice, 2005), our permeability assay data 

indicated that inhibition of PDE3 activity decreases permeability to the same extent as 

inhibition of PDE4 activity.  In previous work, our laboratory has shown that PDE4D and 

PDE3B were not co-localized in VECs, and in fact, could not be co-immunoprecipitated 

from these cells.  Consistent with this, PDE3B was not recovered with PDE4D in the VE-

cadherin macromolecule complex in HAECs or HMVECs.  This effect of PDE3B on 

permeability is similar to the effect of this enzyme in previous work investigating PDE-

inhibitor based regulation of VEC adhesions to extracellular matrix proteins (Netherton et 

al, 2007).  This finding supports the general theory that the amount of PDE activity 

expressed in a cell is less important than its intracellular local.  Although PDE3B 
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localization is in punctate structures in the cytosol (as shown in immunohistochemical 

pictures staining for PDE3B; Netherton et al., 2007), HMVECs may have additional 

mechanisms which regulate permeability through these structures.  The proposal for 

additional regulatory mechanisms in HMVECs which are not present in HAECs could be 

plausible as it is accepted that HMVECs more readily participate in events requiring an 

increase in permeability (Netherton and Maurice, 2005).          

Functionally, the idea that PDE4D and PDE3B regulate distinct sub-domains of 

cAMP signaling in HAECs is supported by the permeability assay data which examines 

the ability of combinations of Fsk, Ro, and Cil to influence permeability.  Although 

inhibiting PDE3 activity with Cil did not impact HAEC barrier function when used alone, 

or when used with Fsk, it did increase barrier function synergistically when used in 

combination with both Fsk and Ro.  In HAECs, PDE4 and PDE3 activity account for 

45% and 36%, respectively, of total cAMP hydrolytic activity (Netherton and Maurice, 

2005).  Therefore, by inhibiting both PDE4 and PDE3 activities, and stimulating 

production of cAMP with the addition of Fsk, there will be a dramatic increase in global 

cAMP which can then diffuse to the effectors which influence permeability.  When 

HAECs are treated with Ro alone, there is not a global increase in cAMP (Netherton and 

Maurice, 2005), but rather a localized increase in cAMP around the inner leaflet of the 

plasma membrane where VE-cadherin is clustered.  Therefore, in the context of 

regulating permeability, PDE4 family variants may act as regulators of cAMP signaling 

to VE-cadherin.  On the other hand, PDE3 family variants may be strategically localized 

to inhibit cAMP diffusion to other subcellular domains that could influence permeability.  

Either way, these data are consistent with the idea that there may be some overlap 
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between PDE4- and PDE3-regulated cAMP pools in HAECs, and that these become 

functionally relevant when cAMP levels are dramatically increased.  If such localization 

exists, then it would explain how inhibition of both PDE4 and PDE3 could allow a 

synergistic decrease in permeability after stimulation of cAMP production.         

Another possible explanation for the combination experiment data involving Fsk, 

Ro, and Cil, is that PDE4D and PDE3B have preferred binding partners.  In a recent 

report from our group, (Netherton et al, 2007), it was revealed that PDE4D associated 

more abundantly within PKA-based cellular signaling complexes and that PDE3B was 

preferentially associated in complexes formed around EPAC.  Our data from the HAEC 

assembly and disassembly experiments showed that PKA had a more marked effect on 

stabilizing the barrier during formation, or disruption, of the VE-cadherin border.  In 

addition, our co-localization studies showed that PDE4D was involved in regulating these 

processes.  Therefore, it is possible that EPAC was additionally recruited to the border 

from another subcellular compartment when PDE3B was inhibited.  Since PDE activity 

can be thought of as “barrier disruptive”, by inhibiting PDE3B it may allow for additional 

barrier stabilizing EPAC molecules to be recruited to VE-cadherin, thus causing a 

synergistic decrease in permeability.          

 

4.2 cAMP Signaling Regulating VEC Barrier Formation    

Studies which have examined the mechanisms by which VE-cadherin forms an 

adhesive barrier between VECs are limited.  We specifically wanted to see if cAMP 

signaling influenced the ability of HAECs to form VE-cadherin based structures.  Since 
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VE-cadherin requires Ca2+ for its adhesive properties, we treated HAECs with EGTA to 

disrupt the intercellular contacts mediated by VE-cadherin.  Within 20 minutes of EGTA 

treatment, the HAECs were rounded up and completely devoid of anti-VE-cadherin 

staining at the border.  In comparison to a control group, activators of both PKA and 

EPAC significantly increased the rate of reformation of the VE-cadherin border, with 

PKA activation having a more pronounced effect.  However, when the PDE4 inhibitor Ro 

was added there was no effect on the reformation of the VE-cadherin border as compared 

to the control.  These results suggest that PKA and EPAC are involved in the 

establishment of a VE-cadherin-based monolayer and that PDE4 inhibition alone was 

unable to influence this effect.  Taken together, although PKA, EPAC1, and PDE4D all 

bind VE-cadherin in confluent monolayers of HAECs, only PKA and EPAC promote the 

formation of VE-cadherin structures either through direct/indirect interactions with VE-

cadherin, or by increasing HAEC motility.  It would be interesting to see whether PKA 

and EPAC1 bind to VE-cadherin not only at the membrane, but also in the cytosol after 

disruption of the border.  In terms of PDE4D, it is an attractive possibility that it is 

recruited to the VE-cadherin complex once the monolayer is formed.  Whether this 

recruitment involves β-arrestin, as is the case during β2AR desensitization (Lynch et al, 

2005), is something which requires further research.     

 

4.3 cAMP Signaling Regulating VE-cadherin Internalization  

VEGF is a soluble peptide that can bind its receptor (VEGFR-2) on the plasma 

membrane of HAECs and induce an increase in paracellular permeability.  In fact, many 
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studies have shown that VEGFR-2 and VE-cadherin are very closely linked.  VE-

cadherin has been shown to be a downstream signaling target of VEGFR-2 (Gavard and 

Gutkind, 2007) and VE-cadherin has also been shown to interact with VEGFR-2 to 

promote cell survival and decrease cell proliferation (Lampugnani et al, 2003).  

Therapeutically, interference with VEGF signaling has been used to limit angiogenesis in 

human malignancies (Herbst, 2006), and recently it was shown that VEGF signaling 

decreased VE-cadherin/β-catenin expression at the cell-cell border (Gavard and Gutkind, 

2007).  In fact, a decrease in the expression of VE-cadherin/β-catenin at the cell-cell 

border has been correlated with increased tumor cell invasion and metastasis (Takeichi, 

1991).  These data suggests that VEGF and VE-cadherin signaling are involved in 

regulating barrier stability and that disruptions in this regulation can lead to the 

progression of several human diseases including cancer.  It was therefore of interest to us 

to examine whether cAMP signaling mechanisms could influence the VEGF-induced 

internalization of VE-cadherin. 

For these studies, we optimized a VE-cadherin disassembly assay where HAECs 

were grown to confluence, starved of growth factors, and then treated with VEGF with/or 

without the addition of Fsk, 8-CPT, 6-Bz-cAMP, Ro, or Cil.  Internalization of VE-

cadherin was monitored as previously described (Gavard and Gutkind, 2007) and 

quantitated by measuring the number of cells that contained VE-cadherin-positive 

internalized vesicles.  While Fsk or 6-Bz-cAMP significantly decreased the number of 

cells with internalized VE-cadherin vesicles, similar treatments with 8-CPT, Ro, or Cil 

did not.  These results suggest that cAMP acts through PKA to enhance HAEC barrier 

function during times of pro-angiogenetic and/or pro-inflammatory signaling through 
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VEGF.  Whether these effects are regulated through phosphoylation events at VE-

cadherin by PKA is presently unknown; however, the fact that PKA decreases VEGF-

induced VE-cadherin internalization, and EPAC does not, is a novel finding which may 

provide future therapeutic options once further research is conducted. 

 

4.4 cAMP Signaling Compartmentation 

 PDE localization has recently been a topic of great interest as there is mounting 

evidence that the specific subcellular localization of PDE isoforms regulate distinct pools 

of cAMP, and that these cAMP pools regulate separate cellular functions.  As stated in 

the Introduction section of this thesis, there are three principles that help explain cAMP 

compartmentation:  a) not all cAMP has access to all effectors; b) not all effectors have 

access to all substrates; and c) not all cAMP has access to all PDEs (Brunton, 2003).  In 

order for this theory to hold true, there must be both spatial and temporal characteristics 

that allow selectivity in the actions of GPCRs, ACs, cAMP, PKA, EPAC, and PDEs.  The 

fact that cAMP has such a vast variety of cellular effects emphasizes the importance of 

the spatio-temporal location of where cAMP signaling occurs.  Therefore, a signal that 

generates the production of intracellular cAMP might do so in a completely different 

cellular compartment than the generation of cAMP from a different signal.  The strategic 

localization of PDEs to subcellular compartments generates “sinks” or “barriers” which 

either degrades cAMP, or forces cAMP to activate a specific subset of the total cellular 

PKA and/or EPAC.  This type of regulation allows cells to have multiple physiologically 

effects in response to the production of the same second messenger.   
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 In the case of the second messenger cAMP, there has been a wealth of evidence in 

recent years that suggests that PDEs are targeted to discrete subcellular locations in order 

to control cAMP signaling to PKA and/or EPAC.  The mAKAP complex (Kapiloff et al, 

2001) and the β-arrestin-dependent desensitization of the β2AR GPCR (Lynch et al, 

2005) are just two of the many examples where PDEs regulate compartmented 

intracellular cAMP levels.  In fact, FRET-based investigations in which subcellular 

delimited changes in cAMP have been measured have shown that PDE4 and PDE3 

family enzymes localize to different subcellular compartments and likely regulate distinct 

cAMP pools in most cells (Mongillo et al, 2004).  Since the cAMP effectors PKA and 

EPAC have both independently been shown to enhance VEC barrier function, our 

laboratory hypothesized that PDEs must be localized in close proximity to proteins which 

regulate VEC permeability.  Therein, we decided to examine the AJ protein VE-cadherin.  

To our knowledge we are the first to report that there is a macromolecule complex at the 

VEC cell membrane that includes VE-cadherin, PKA, EPAC1, and PDE4D, and that this 

complex assists in regulating paracellular permeability. 

 The homophilic, Ca2+-dependent adhesion between adjacent VE-cadherin 

molecules is considered one of the primary mechanisms that VECs use to regulate 

paracellular permeability.  The selective regulation of paracellular permeability must 

occur through a process that is very dynamic in nature.  The mechanism by which VE-

cadherin regulates such a dynamic event is currently unknown; however, the ability of 

VE-cadherin to respond to inside-out signals initiated by ligand-induced receptor 

activation suggests that second messengers play a large part in this regulation.  The 

second messenger cAMP can regulate numerous events in VECs, and it is the strategic 
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localization of PDEs that select which PKA and/or EPAC pools cAMP activates.  In the 

context of permeability, cAMP generated in the membrane sub-domains that regulate 

permeability activate PKA and/or EPAC1 in a VE-cadherin macromolecule complex.  

The activation of this pool of PKA and/or EPAC1 leads to downstream signaling events 

that enhance VEC barrier function. 

 As with most other signaling systems, there must be an “off” switch in order to 

control cellular processes.  In the process of paracellular permeability, VE-cadherin must 

be able to decrease its adhesive properties in order to allow passage of macromolecules 

through the VEC monolayer.  Since cAMP signaling to both PKA and EPAC enhances 

VEC barrier function, and PDE hydrolytic activity is the only mechanism to terminate 

this signaling, we hypothesized that PDEs must localize to where these events take place 

and they must have a barrier disruptive effect.  To this end, we report that a PDE4D 

family variant binds to the VE-cadherin macromolecule complex and has a barrier 

disruptive effect.  Whether PDE4D is recruited to the complex, or is always present, is 

currently unknown and requires further research.  Either way however, the localization of 

PDE4D to VE-cadherin provides a means to counter the PKA and/or EPAC barrier 

stabilizing effect, and therefore, PDE4D assists in the regulation of paracellular 

permeability.   
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4.5 Future Studies 

1)  Examine the role that PDE3B plays in regulating HMVEC permeability. 

As predicted, HMVECs have additional mechanisms to regulate permeability as 

compared to HAECs.  Although there exists a VE-cadherin-PKA-PDE4D macromolecule 

complex in HMVECs, and inhibition of PDE4 significantly decreases permeability, 

PDE3 inhibition also significantly decreases permeability in HMVECs.  However, 

PDE3B is absent from the VE-cadherin macromolecule complex in HMVECs, suggesting 

that PDE3B is regulating cAMP signaling to a different subset of PKA and/or EPAC in 

this cell type.  These data are especially interesting considering PDE3 cAMP hydrolytic 

activity only consists of 6% of the total PDE cAMP hydrolytic activity in HMVECs 

(Netherton and Maurice, 2005).  This fact further illustrates the importance of PDE 

compartmentation.  Therefore, permeability assay experiments involving a combination 

of Fsk, Ro, and Cil in HMVECs would be useful to help elucidate a possible mechanistic 

role for PDE3B in regulating HMVEC permeability. 

2)  Investigate whether β-arrestin-PDE4D5 is involved in the internalization of VE-

cadherin. 

 Past studies have shown that PDE4D5 preferentially binds β-arrestin (Perry et al, 

2002) and that the β-arrestin-PDE4D5 complex is involved in the desensitization of the 

β2AR GPCR (Lynch et al, 2005).  Recently, β-arrestin-2 has been shown to regulate the 

VEGF-induced internalization of VE-cadherin (Gavard and Gutkind, 2007).  It would 

therefore be interesting to see how β-arrestin fits into our proposed model.  It is especially 

intriguing that when we probed for PDE4D in our VE-cadherin pulldowns, the majority 
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of the elution was either PDE4D5 and/or PDE4D7 (Richter et al, 2005).  To elucidate 

whether PDE4D is always bound to the VE-cadherin complex, or recruited there with β-

arrestin upon growth factor stimulation, a VE-cadherin pulldown could be done on VECs 

that were exposed, or not exposed, to VEGF.  With a good β-arrestin antibody it would 

be interesting to see how these two groups differ in the amount of β-arrestin and PDE4D 

in the elution.               

3)  Explore the relationship between PKA and PAK at the border of VECs. 

A pathway by which VEGF increases permeability through the internalization of 

VE-cadherin was recently reported (Gavard and Gutkind, 2007).  The p21-activated 

kinase (PAK) was instrumental in this signaling pathway as when activated it 

phosphorylates a highly conserved serine residue in the intracellular domain of VE-

cadherin, thus recruiting β-arrestin-2 to bind VE-cadherin and cause its internalization 

into clathrin-coated vesicles.  The β-arrestin-2 mediated endocytosis of VE-cadherin 

therefore promotes gap formation and an increase in permeability.  We report in this 

thesis that PKA significantly inhibits the VEGF-induced internalization of VE-cadherin.  

Therefore, mechanistically it would be interesting to see if PKA influences the actions of 

PAK, as past studies have shown that PKA negatively regulates PAK in vivo (Howe and 

Juliano, 2000).  In our lab we have received a wild-type Myc-tagged PAK1 plasmid 

(pCMV5 WT PAK1), a constitutively active Myc-tagged PAK1 plasmid (pCMV5 L107F 

PAK1), and a dominant-negative Myc-tagged PAK1 plasmid (pCMV5 LLKR PAK1), 

which were generous gifts from Dr. Cote’s Lab (Queen’s University, Kingston, Ontario, 

Canada).  Therefore, an experiment where VECs where first transfected with these 

plasmids and then exposed to VEGF in our optimized VE-cadherin disassembly assay 



66 
 

would be an informative experiment to further elucidate the role of PKA and PAK in 

regulating VE-cadherin-based VEC barrier stability.   

4)  Further examine the role of PDEs in VEC barrier function by transfecting VECs with 

siRNA for PDE4D and PDE3B. 

 Our permeability assay data shows that PDE4 inhibition increases barrier function 

in HAECs, and that both PDE4- and PDE3-inhibition increases barrier function in 

HMVECs.  By knocking-out the majority of cellular PDE4D and PDE3B we may see 

additional effects on barrier function, as these PDEs may influence the activity of other 

enzymes through their binding properties.  An experiment where VECs are first 

transfected with siRNA directed against PDE4D and/or PDE3B, and then exposed to the 

VE-cadherin assembly assay, or the VE-cadherin disassembly assay, would help clarify 

the roles these PDEs have in regulating VEC barrier function.      
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