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Abstract

Endothelium forms a semi-permeable barrier that separates blood from the underlying tissue. Barrier
function is largely determined by cell-cell and cell-matrix adhesions that define the limits of cell
borders. Yet, such cell-cell and cell-matrix tethering is critically reliant upon the nature of adherence
within the cell itself. Indeed, the actin cytoskeleton fulfills this essential function, to provide a strong,
dynamic intracellular scaffold that organizes integral membrane proteins with the cell’s interior, and
responds to environmental cues to orchestrate appropriate cell shape. The actin cytoskeleton is
comprised of three distinct, but interrelated structures, including actin cross-linking of spectrin within
the membrane skeleton, the cortical actin rim, and actomyosin-based stress fibers. This review
addresses each of these actin-based structures, and discusses cellular signals that control the
disposition of actin in different endothelial cell phenotypes.
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Introduction

Actin microfilaments, microtubules and intermediate filaments are in constant and intimate
communication with one other, and are principal determinants of cell shape (Chang and
Goldman, 2004; Revenu et al., 2004; Dudek and Garcia, 2001). In quiescent endothelium, actin
forms a cortical rim that interacts with both cell-cell and cell-matrix adhesion complexes, and
tethers these structures to intracellular organelles. Actin tethering to adhesion complexes is
absolutely essential to maintaining a functional endothelial cell barrier (Dudek and Garcia,
2001; Lee and Gotlieb, 2002; Lee and Gotlieb, 2003; Revenu et al., 2004). Indeed, agents that
disrupt the cortical actin rim increase endothelial permeability(Shasby et al., 1982), whereas
agents that stabilize the cortical actin rim prevent inflammatory agonists from disrupting the
endothelial cell barrier (Phillips et al., 1989).

Inflammatory agonists, such as thrombin and histamine, reorganize the cortical actin rim as a
necessary prerequisite to inter-endothelial cell gap formation. In many cases, inflammatory
agonists increase cytosolic calcium, decrease CAMP and activate RhoA/Rho kinase, which
collectively initiate actin reorganization from a cortical actin distribution into fibers that stretch
throughout the cell body. These actin stress fibers increase centripetal tension and, along with
the reorganization of adhesion complex architecture, mediate retraction of cell-cell borders
into discernible gaps (Dudek and Garcia, 2001; Phillips et al., 1989; Shasby et al., 1982). Thus,

*Corresponding author. Center for Lung Biology, College of Medicine, University of South Alabama, Mobile, AL 36688, USA., E-mail
address: E-mail: cjordan@jaguarl.usouthal.edu (T. Stevens).



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Prasain and Stevens

Page 2

actin reorganization from its cortical distribution into stress fibers is a principal component of
the endothelial response to inflammation (Dudek and Garcia, 2001; Phillips et al., 1989), and
preservation of the cortical actin cytoskeletal network is necessary for maintenance of
endothelial barrier integrity (Fukuhara et al., 2005; Stelzner et al., 1989).

However, not all endothelial cells possess an equally restrictive barrier function. For many
years endothelial cell biologists have recognized that endothelium can be characterized as
continuous, discontinuous, or fenestrated, where continuous endothelium possesses a
restrictive barrier function and fenestrated endothelium does not. However, in recent years it
has become increasingly recognized that vast differences in barrier properties exist even within
continuous endothelium. Capillary endothelial cells, such as those found within the pulmonary
microcirculation, possess a much tighter barrier than do endothelial cells within conduit
vessels, such as those found in pulmonary arteries and veins. Actin organization, and the signal
transduction events that control actin disposition, are fundamentally different in pulmonary
artery and microvascular endothelial cells, and contribute greatly to the difference in barrier
properties among these cell types. This review therefore addresses the fundamental actin
organization in endothelium, and addresses important molecular interactions that control actin
distribution and, hence, the endothelial cell barrier.

Actin organization

Actin constitutes approximately 5-15% of the total protein in endothelial cells (Patterson and
Lum, 2001). The actin cytoskeleton is a highly dynamic structure, and undergoes
polymerization and depolymerization based upon cellular demand. In non-smooth muscle
cells, individual globular B-actin and y-actin subunits alternatively polymerize in a helical
fashion to form a double stranded filamentous structure known as F-actin. In general the amount
of globular(G)-actin and F-actin exist in an equal balance (Stossel et al., 1985). Actin
polymerization is required for the formation of F-actin, which is a fundamental structural unit
for actin-based cytoskeletal structures.

Actin polymerization occurs in two sequential processes, including nucleation and elongation
(Stossel, 1993). Nucleation occurs when three actin monomers bind together in geometric
configuration, and it provides a site for elongation, where ATP bound G-actin binds and grows
to form F-actin. F-actin has a fast growing end known as the plus end, where actin monomers
quickly bind and elongate the filament. The slow growing actin end is known as the minus end,
where actin monomers are added at a relatively slower rate, making F-actin a polar structure
(Pollard, 1984; Steinmetz et al., 1997; Wegner, 1976). F-actin depolymerizes primarily due to
hydrolysis of bound ATP into ADP, resulting in loss of binding affinity between adjacent
monomers (Lambrechts et al., 2004; Lee and Gotlieb, 2002; Lee and Gotlieb, 2003). Several
actin-binding proteins have been identified which induce actin nucleation, elongation and
cross-linking, processes that are responsible for modulating the organization and function of
the actin cytoskeleton.

F-actin organizes into three distinct cytoskeletal structures, including the membrane skeleton,
the cortical actin rim and stress fibers. Both the membrane skeleton and stress fibers are
composed of relatively short F-actin filaments (Brenner and Korn, 1979; Brenner and Korn,
1980; Cramer et al., 1997; De Matteis and Morrow, 2000; Heimann et al., 1999), while the
cortical actin rim is composed of long F-actin bundles (De Matteis and Morrow, 2000; Heimann
etal., 1999). Each of these three distinct structures has a unique role in controlling endothelial
cell shape.
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The membrane skeleton

The membrane skeleton determines membrane architecture, and enables for membrane
distensibility (De Matteis and Morrow, 2000). This support structure is immediately adjacent
to the plasma membrane, where it possesses a thickness of just a few nanometers. The molecular
basis of the membrane skeleton was first identified in erythrocytes (De Matteis and Morrow,
2000), and subsequently resolved in non-erythroid cells (Bennett and Gilligan, 1993;
Goodman, 1999; Goodman et al., 1981; Heltianu et al., 1986; Pratt et al., 1984; Wu et al.,
2001). The non-erythroid membrane skeleton is primarily composed of spectrin and its binding
proteins (Fig. 1), including F-actin, ankyrin, protein 4.1, adducin and a-catenin (De Matteis
and Morrow, 2000; Pradhan et al., 2001; Ungewickell et al., 1979). Spectrin is a rod-shaped
protein that exists as an a- and B-heterotetramer, and associates directly with short filamentous
F-actin (Brenner and Korn, 1979; Brenner and Korn, 1980; De Matteis and Morrow, 2000;
Heimann et al., 1999). Integral membrane proteins are linked to the spectrin-based membrane
skeleton either directly, or through adaptor proteins such as protein 4.1 and ankyrin. Spectrin
interaction with a-catenin provides a platform through which adhesion complexes connect sites
of cell-cell tethering to the membrane skeleton and, ultimately, the cortical actin rim (see
below). Thus, short actin filaments play a central role in controlling plasma membrane
organization through their interaction with spectrin, and can provide a platform for interaction
with the underlying cortical actin rim.

The cortical actin Rim

The cortical actin rim is organized and stabilized just beneath the spectrin-based membrane
skeleton (Fig. 2). This dense rim of actin fibers is coordinated by actin-binding and cross-
linking proteins, including spectrin, filamin, cortactin, Wiskott-Aldrich syndrome protein
(WASP), vasodilator-stimulated phosphoprotein (VASP), gelsolin, cofilin, ezrin-radixin-
moesin (ERM), and heat shock protein 27 (HSP27). The membrane skeleton and the cortical
actin rim are distinct cytoskeletal structures, although they interact through the coordination
of large multi-protein complexes.

Spectrin organizes and stabilizes the cortical actin rim by cross-linking F-actin to inter-
endothelial junction proteins such as ZO-1 (Itoh et al., 1993; Itoh et al., 1991), a-catenin
(Imamura et al., 1999; Muller et al., 2005), connexin-43 (Toyofuku et al., 1998; Wu et al.,
2003), and VASP (Comerford et al., 2002). Cortactin and WASP activate the Arp2/3 complex
responsible for nucleating new actin branches from preexisting F-actin, thereby organizing
stable cortical actin cytoskeletal networks at the membrane, and promoting the assembly of
endothelial cell-cell and cell-matrix adhesions (Millard et al., 2004; Weed and Parsons,
2001).

In addition, phosphorylated filamin cross-links F-actin to membrane glycoproteins and
stabilizes the cortical actin rim at the plasma membrane, so that F-actin is available for the
assembly of endothelial cell-cell and cell-matrix adhesions, but not available for the formation
of stress fibers (Stossel et al., 2001). Filamin is constitutively phosphorylated by PKA. PKA
phosphorylated filamin promotes organization and stabilization of the cortical actin rim and,
consequently, stabilizes adhesion plaques. In contrast, oxidant stress, such as that induced by
H»0,, inactivates PKA and dephosphorylates filamin (Hastie et al., 1997). Dephosphorylated
filamin undergoes proteolytic degradation by calpain (Zhang et al., 1988), disrupting the
cortical actin rim and increasing endothelial permeability(Hastie et al., 1997).

VASP activates actin polymerization, limits stress fiber formation, and promotes assembly and
stabilization of cell-cell and cell-matrix adhesions (Krause et al., 2003). These functions of
VASP rely upon the actions of actin binding proteins, such as cofilin (Reinhard et al., 1995;
Salazar et al., 1999), vinculin (Reinhard et al., 1996), and gelsolin (Bearer et al., 2000; Salazar
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et al., 1999). Indeed, cofilin and gelsolin limit F-actin turnover (Lappalainen and Drubin,
1997) by capping the barbed ends of F-actin and inhibiting actin polymerization, hence limiting
stress fiber formation (Gorovoy et al., 2005; Maekawa et al., 1999).

ERM proteins are distributed throughout the cortical actin rim and the adherens junctions, and
are involved in directly or indirectly linking actin microfilaments to the cell membrane
(Bretscher et al., 2002; Ivetic and Ridley, 2004; Niggli and Rossy, 2008). The amino-terminal
domain of ERM proteins binds to membrane proteins on the cell surface, and connect them to
the cortical actin rim by binding with F-actin through their carboxyl-terminal domains
(Bretscher et al., 2002; Ivetic and Ridley, 2004; Niggli and Rossy, 2008). Thus, ERM proteins
integrate cell surface proteins and receptors with the cortical actin rim, although their role in
the regulation of endothelial barrier function is not well understood.

HSP27 isamember of the small heat shock protein family. When it is dephosphorylated, HSP27
inhibits actin polymerization (Miron et al., 1991). However, several edemagenic agents, such
as thrombin, TNF-a, LPS and H,0,, induce HSP27 phosphorylation (Gilmont et al., 1996;
Hirano et al., 2004; Huot et al., 1997; Mendelsohn et al., 1991). In its phosphorylated state,
HSP27 relieves its inhibitory effect on actin polymerization (Benndorf et al., 1994) and stress
fiber formation, causing endothelial barrier disruption. These findings suggest that in extreme
cases, F-actin polymerization disrupts the endothelial barrier. However, extreme F-actin
depolymerization also results in endothelial barrier disruption (Bogatcheva et al., 2003; Moy
et al., 2004). Thus, a tightly controlled balance of polymerization and depolymerization is
necessary to maintain cell shape and control the endothelial cell barrier function.

Stress Fibers

Stress fibers (Fig. 3) are actomyosin bundles that are necessary for inducing cell contraction
(Hotulainen and Lappalainen, 2006); stress fibers dramatically influence the rate and size of
the inter-endothelial cell gaps that form as cells retract from their borders (Dudek and Garcia,
2001;Patterson and Lum, 2001). Stress fibers consist of short F-actins with alternating polarity
(Cramer et al., 1997), and are cross linked by a-actinin and other actin binding proteins
(Hotulainen and Lappalainen, 2006). Myosin motor proteins track along cross-linked F-actin
and form actomyosin contractile bundles necessary for generating centripetal tension (Dudek
and Garcia, 2001), and for linking the cell to cell-matrix adhesions (Dudek and Garcia,
2001;Small et al., 1999). While the membrane skeleton and the cortical actin rim are situated
close to the cell membrane, stress fibers extend throughout the cell cytoplasm. Indeed, stress
fibers generate a centripetal (inward) tension that counteracts the centrifugal (outward) tension
established by the cortical actin rim.

Rho GTPases

Rho, Rac, and Cdc42 are Rho GTPases that belong to the superfamily of small GTP binding
proteins. These proteins are responsible for transducing extracellular signals to control of the
actin cytoskeleton (Tapon and Hall, 1997). Rho GTPases therefore regulate endothelial cell
barrier function (Wojciak-Stothard and Ridley, 2002). While Rac and Cdc42 induce
lamellipodia and filopodia formation (Nobes and Hall, 1995; Takai et al., 2001), Rho proteins
(RhoA, RhoB, RhoC), and RhoA in particular, induces stress fiber and focal adhesion
formation. RhoA activates its downstream kinase, rho kinase, which phosphorylates actin
regulatory targets (Birukova et al., 2004a; Birukova et al., 2004d; Essler et al., 1998; Essler et
al., 1999; Nobes and Hall, 1995; Verin et al., 2001; Wojciak-Stothard and Ridley, 2002). For
example, activated Rho kinase inhibits myosin light chain (MLC) phosphatase by
phosphorylating its myosin binding subunit (Birukova et al., 2004d; Essler et al., 1998; Essler
etal., 1999; Verin et al., 2001). Inhibition of MLC phosphatase activity leads to a net increase
in MLC phosphorylation induced by the calcium/CaM-dependent MLC kinase (Birukova et
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al., 2004d; Essler et al., 1998; Essler et al., 1999; Verin et al., 2001). Increased MLC
phosphorylation increases actomyosin interaction, causing diffuse F-actin to bundle into stress
fibers and increase endothelial permeability. Indeed, inhibition of RhoA activity by
Clostridium botulinum toxin attenuates oxidant-induced MLC kinase activity and subsequent
disruption in endothelial barrier function (Garcia et al., 1999). RhoA activation also induces
actin polymerization and stress fiber formation by inhibiting the actin binding protein cofilin,
independent of the Rho kinase-induced increase in MLC phosphorylation (Gorovoy et al.,
2005; Maekawa et al., 1999). Dephosphorylated cofilin depolymerizes F-actin and limits stress
fiber formation (Lappalainen and Drubin, 1997). RhoA effectors such as mDia (a mammalian
diaphanous homolog) and Rho kinase activate LIM kinase, causing cofilin phosphorylation
(Gorovoy et al., 2005; Maekawa et al., 1999). Phosphorylated cofilin is inactive, and RhoA-
induced inactivation of cofilin promotes actin polymerization, stress fiber formation and
endothelial barrier disruption. Additionally, localization of Round1l, another family member
of Rho, to adherens junctions induces F-actin depolymerization and causes cell rounding and
loss of cell-cell adhesions in fibroblasts (Nobes et al., 1998).

Cell-cell junctions

Direct assocation of the actin cytoskeleton with cell adhesion proteins is essential to barrier
function (Fig. 4). Tight junctions and adherens junctions connect adjacent cells and regulate
paracellular permeability (Bazzoni and Dejana, 2004). Adherens junctions are formed by
calcium-dependent homophilic binding between extra-cellular amino-terminal domains of VE-
cadherin molecules from adjacent cells (Bazzoni and Dejana, 2004;Dejana et al., 1999). VE-
cadherin also possesses two cytosolic domains, known as a juxtra-membrane membrane
domain and a carboxyl-terminal domain. The cytosolic domains of cadherin are connected to
the actin cytoskeleton through intracellular anchoring proteins such as p120-catenin, a-catenin,
B-catenin and y-catenin (Bazzoni and Dejana, 2004). p120-catenin binds to the juxtramembrane
domain, whereas B-catenin or y-catenin bind to the carboxyl-terminal domain; in this latter
case, B-catenin and y-catenin binding is mutually exclusive. p-catenin and y-catenin also
interact with a-catenin (Dejana et al., 2001). a-catenin binds to F-actin directly or indirectly
through actin binding proteins, including a-actinin (Knudsen et al., 1995), vinculin (Watabe-
Uchida et al., 1998), and zona occludens protein-1 (ZO-1) (Imamura et al., 1999). Finally, a-
catenin links the VE-cadherin-f-catenin complex or the VE-cadherin-y-catenin complex to the
actin cytoskeleton(Bazzoni and Dejana, 2004). Formation of leaky adherens junctions after
ectopic expression of VE-cadherin lacking the extracellular domain (Venkiteswaran et al.,
2002), disruption of VE-cadherin homotypic binding (Corada et al., 2001;Gotsch et al.,
1997;Hordijk et al., 1999), or the chelation of extracellular calcium from homotypic junctions
(Gao et al., 2000), all suggest that VE-cadherin plays an essential role in maintaining integrity
of the endothelial barrier. Moreover, VE-cadherin null mice die in utero due to immature
vascular development, indicating a central role for VE-cadherin in proper adherens junction
assembly (Carmeliet et al., 1999;Vittet et al., 1997).

The actin cytoskeleton plays a crucial role in assembly and organization of adherens junctions.
In non-endothelial cells, homo-typic binding of E-cadherin molecules from adjacent cells
promote outside-in signal transduction, activating Cdc42 and causing cortactin and WASP
activation (Erickson and Cerione, 2001; Millard et al., 2004). Cortactin and WASP, in turn,
induce Arp2/3 activation, causing increased actin polymerization and promoting stabilization
of adherens junctions (Erickson and Cerione, 2001; Millard et al., 2004). Additionally, cadherin
homotypic binding between adjacent cells recruits other members of Rho GTPases, such as
Rac, close to adherens junctions to further promote actin polymerization and junctional stability
(Lampugnani et al., 2002; Noren et al., 2001).
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Anchoring adherens junction proteins to F-actin is particularly important in regulation of
endothelial barrier function (Navarro et al., 1995; Takeichi, 1990). The p—catenin binding site
in the cytoplasmic domain of VE-cadherin is essential for maintaining a restrictive barrier,
since transfection of VE-cadherin lacking amino acid sequences responsible for p—catenin
binding causes loss of barrier function, while cell-cell contacts remain intact (Navarro et al.,
1995). Also, localization of actin polymerizing proteins such as VASP (Comerford et al.,
2002), a-actinin (Knudsen et al., 1995), vinculin (Imamura et al., 1999; Watabe-Uchida et al.,
1998), and formin (Kobielak et al., 2004) close to adherens junctions enable linkage with a-
catenin, and support the important role of actin polymerization in the formation and
stabilization of adherens junctions.

The actin cytoskeleton is invariably involved in the assembly and stabilization of tight
junctions. Endothelial tight junctions, first described by Staehelin (Staehelin, 1975) and by
Yee and Revel (Yee and Revel, 1975), constitutes nearly 20% of the total endothelial junctional
complexes (Wojciak-Stothard et al., 2001), and are involved in the regulation of
macromolecular permeability (Milton and Knutson, 1990). Tight junctions are formed by the
homaotypic or heterotypic binding of the amino terminal domains of transmembrane adhesion
molecules, such as claudin, occludin and junctional adhesion molecules from the adjacent
endothelial cells. Claudin is the major transmembrane protein and forms homotypic or
heterotypic binding (Furuse et al., 1999; Tsukita and Furuse, 2000). Occludin was the first tight
junction transmembrane adhesion protein identified, and forms only homotypic binding with
another occludin from an adjacent cell (Furuse et al., 1993). The intracellular linker protein
Z0-1 links the carboxyl terminal of transmembrane adhesion proteins (Chen et al., 1997;
Furuse et al., 1994) with a-catenin (Muller et al., 2005; Schmidt et al., 2004), spectrin
(Mattagajasingh et al., 2000) and F-actin (Chen et al., 1997; Furuse et al., 1994). ZO-1 also
binds to the actin polymerizing protein VASP (Comerford et al., 2002), indicating an essential
role of actin polymerization in the assembly and stabilization of tight junctions.

Cell-matrix adhesion

Intimate interaction of the actin cytoskeleton with integrins and, consequently, the extracellular
matrix, also contributes to endothelial barrier integrity (Curtis et al., 1995). Association of F-
actin with the actin binding proteins vinculin, talin, a-actinin, zyxin, tensin, and filamin form
cytoplasmic focal adhesion plaques, which in turn bind to the short cytoplasmic domain of the
transmembrane integrin receptor that is tethered to the extracellular matrix (Burridge et al.,
1988; Geiger et al., 2001). In non-activated confluent endothelial cells, focal adhesion plaques
and associated cytoskeleton binding proteins are arranged around the cell periphery and appear
as punctuate structures (Schaphorst et al., 1997; Curtis et al., 1995; Patterson and Lum,
2001). Upon endothelial cell activation by permeability inducing agonists such as thrombin or
phorbol myristate acetate, focal adhesion plagues and the associated actin binding proteins
from the cell periphery reorganize to sites where stress fibers anchor to the extracellular matrix
and generate tension (Garcia et al., 1995; Schaphorst et al., 1997). Although the specific role
of the F-actin-to-matrix attachment in the assembly of inter-endothelial junctions is still
incompletely understood, the F-actin-matrix attachment clearly favors cell adhesion over cell
proliferation (Form et al., 1986).

Microtubules and actin

Microtubules are rigid hollow tubes that originate from the microtubule organizing center
(MTOC) near the nucleus, and radiate from the nucleus to the cell periphery (Wade and Hyman,
1997). Microtubules extend throughout the cytosol and utilize the motor proteins dynein and
dynactin to interact with the spectrin-based membrane skeleton (Lambert et al., 1997;
Malchiodi-Albedi et al., 1993; Wechsler and Teichberg, 1998; Drenckhahn and Merte, 1987).
However, microtubules do not themselves extend to the plasma membrane (Conacci-Sorrell
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et al., 2002; Dejana, 2004; Dudek and Garcia, 2001; Lampugnani et al., 2002; Small and
Kaverina, 2003).

Microtubules undergo frequent assembly and disassembly (Wade and Hyman,1997). Each
microtubule is 25 nm in diameter, and its wall is made from approximately 13 parallel
protofilaments formed by the self-assembly of alternating o~ and B-tubulin heterodimers (Wade
and Hyman, 1997). Endothelial cell shape and, consequently, barrier integrity is critically
determined by organization of the actin cytoskeleton and microtubules (Dudek and Garcia,
2001; Lee and Gotlieb, 2003). As with the cortical actin network, microtubule disruption
impairs endothelial cell barrier function (Birukova et al., 2004a; Verin et al., 2001), whereas
microtubule stabilization strengthens barrier function (Suzuki et al., 2004). Interestingly,
microtubule disruption reorganizes the cortical actin rim into stress fibers, and the combination
of disrupted microtubules and increased actomyosin-based tension causes endothelial barrier
disruption (Birukova et al., 2004a; Verin et al., 2001). These findings reveal an important role
for microtubule-actin cross talk in regulation of endothelial barrier function.

Indeed, microtubule architecture directly influences organization of the actin cytoskeleton.
Microtubule disruption frees Rho activators, such as Rho guanine exchange factors
(RhoGEFs), from bound tubulin, causing RhoA activation and stress fiber formation (Krendel
et al., 2002; van Horck et al., 2001), whereas microtubule polymerization sequesters LIM
kinase 1 and limits its access to the actin cytoskeleton (Gorovoy et al., 2005; Maekawa et al.,
1999). LIM kinase 1 reorganizes the cortical actin rim into stress fibers by phosphorylating
and inhibiting activity of the actin depolymerizing factor cofilin (Gorovoy et al., 2005;
Maekawa et al., 1999). Interestingly, administration of anticancer vinca alkaloids, which
disrupt microtubules, result in sudden development of pulmonary edema (Cattan and Oberg,
1999). Thus, the interaction between microtubules and actin greatly influence the nature of
cytoskeletal interactions that control endothelial cell barrier integrity.

Microtubule and actin coupling

For many years, microtubules and actin were thought to be separate entities, however recent
findings indicate they are intricately inter-related (Fuchs and Yang, 1999; Goode et al., 2000;
Klymkowsky, 1999). The physical interaction between microtubules and actin occurs directly,
or indirectly through intermediate proteins and signaling molecules (Goode et al., 2000; Lee
and Gotlieb, 2002; Lee and Gotlieb, 2003). Deepetch electron microscopy studies in neurons
revealed direct interaction between microtubules and actin cytoskeleton (Goode et al., 2000).
In these studies, microtubule-associated proteins were found to cross-link microtubules to the
actin cytoskeleton. Indirect cross-linking of microtubules with actin is also mediated by
intermediate linker or scaffolding proteins that bind to both microtubules and actin, such as
coronin (Goode et al., 1999), centractin (Clark and Meyer, 1992), and IQGAP1 (Brunner,
2002; Fukata et al., 2002). Among these known interactions, the best understood is IQGAP1
(Brunner, 2002; Fukata et al., 2002; Tirnauer, 2004). Recent studies have established a role for
IQGAP1 in integrating signals that control microtubule and actin organization, such as Ca?*,
calmodulin, and Cdc42 (Briggs and Sacks, 2003; Mateer et al., 2003; Watanabe et al., 2004).
IQGAP1 is named for its sequence homology to GTPase activating proteins, and for the
presence of calmodulin binding motifs (IQ domain), although it does not possess GAP activity
(Briggs and Sacks, 2003; Mateer et al., 2003; Tirnauer, 2004). While the amino terminus of
IQGAPL1 directly binds and cross links F-actin (Bashour et al., 1997), its carboxyl terminus
binds to microtubule binding proteins such as CLIP-170 and EB1 (Brunner, 2002; Fukata et
al., 2002; Watanabe et al., 2004). IQGAP1 cross-links the actin cytoskeleton to microtubules
by binding to microtubule bound CLIP-170 and EB1 (Watanabe et al., 2004). CLIP-170 and
EB1 are microtubule plus end tracking proteins (+tips) that localize to the plus end of growing
microtubules and form polarized microtubule arrays (Gundersen, 2002; Schuyler and Pellman,
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2001), which can be captured by IQGAP1 (Watanabe et al., 2004). Additionally, near the cell
cortex, peripheral microtubules are stabilized by RhoA and its effector mDia (Palazzo et al.,
2001). Thus, scaffolding proteins bind to both microtubules and actin, and integrate signals to
achieve a coordinated cytoskeletal response to environmental cues.

In addition to the control of endothelial cell barrier function, the coordinated interaction
between microtubules and actin is important for vesicular transport (Allan and Schroer,1999;
Kuznetsov et al.,1992; Langford, 1995). Microtubule and actin motor proteins physically
associate with each other to form hetero-motor complexes (Benashski et al., 1997; Huang et
al., 1999) that indirectly cross-link microtubules and actin cytoskeleton, providing an
explanation for how two separate motor systems influence transport of a single vesicle or
organelle.

cAMP and the endothelial barrier

CAMP is an important second messenger that critically influences cytoskeletal disposition and,
hence, endothelial cell barrier function. cAMP is synthesized by the activity of adenylyl
cyclases (ACs), and is degraded by the activity of phospodiesterases (PDES), which together
establish the concentration of whole cell cAMP (Chetham et al., 1997; Stevens et al., 1995;
Thompson et al., 2002). High membrane cAMP levels are established by the coordinated
activities of membrane-associated ACs (AC1 to AC9) which generate CAMP near the plasma
membrane (Ludwig and Seuwen, 2002; Sayner and Stevens, 2006; Sayner et al., 2006; Sayner
et al., 2004). PDEs degrade cAMP before it enters into the bulk cytosol (Creighton et al.,
2003; Insel, 2003; Stevens et al., 1999). In pulmonary microvascular endothelial cells, AC6
(Ludwig and Seuwen, 2002) and PDE4 (Thompson et al., 2002) are the principal adenylyl
cyclase and phospodiesterases isoforms which establish a membrane-delimited cAMP pool
that is barrier protective (Ludwig and Seuwen, 2002; Sayner and Stevens, 2006; Sayner et al.,
2006; Sayner etal., 2004). Calcium inhibition of AC6 (calcium-inhibited) is sufficient to reduce
membrane cAMP and increase permeability (Cioffi et al., 2002; Stevens et al., 1995), as
expression of a calcium-stimulated isoform (e.g. AC8) maintains membrane cAMP levels and
blocks calcium-induced permeability (Cioffi et al., 2002). These data collectively suggest that
high plasma membrane cCAMP levels are barrier protective.

Paradoxically, while increased membrane cAMP levels are barrier protective, recent studies
have shown that cytosolic AC activity is barrier disruptive. ExoY is a bacterial toxin from
Pseudomonas aeruginosa that acts as a soluble adenylyl cyclase (SAC). When ExoY is
introduced into pulmonary microvascular endothelial cells, it combines with a mammalian co-
factor and specifically increases cytosolic cAMP that disrupts the barrier (Sayner et al.,
2004). Like ExoY, sACI/Il is asoluble AC. This enzyme is a chimeric mammalian soluble AC
that is generated by linking the C1a loop of ACI to the C2a loop of ACII using a 14 amino acid
linker. When this enzyme is stimulated by forskolin it increases total CAMP by a modest 1.5
fold (Dessauer and Gilman, 1996; Sayner and Stevens, 2006; Sayner et al., 2006; Tang and
Gilman,1995). The sACI/Il-generated increase in CAMP originates in the cytosolic
compartment, and in contrast to increased CAMP that is generated by endogenous membrane
ACs, the increase in cytosolic cAMP generated by chimeric SACI/II disrupts the barrier
function in a manner that is remarkably similar to that observed with bacterial toxins (Sayner
and Stevens, 2006; Sayner etal., 2006). These findings highlight the importance of maintaining
cAMP within discrete cellular compartments, and provide insight into why cAMP
concentrations are 12-fold higher in membrane compartment than they are in the cytosolic
compartment (Rich et al., 2001).
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cAMP, actin and microtubules

It is unclear how cAMP interacts with actin microfilaments and microtubules to regulate
endothelial barrier function. There are few studies addressing the mechanism by which
increased CAMP strengthens the cortical actin cytoskeletal network that enhances the
endothelial barrier. Stelzner and colleagues originally implicated cCAMP in stabilizing the
cortical actin rim (Stelzner et al., 1989). Recently, Fukuhara and coworkers reported that cAMP
acts through an Epac-Rap1 signaling pathway to enhances the endothelial barrier function by
facilitating cell-cell contact (Fukuhara et al., 2005). However, specific CAMP effectors that
control microtubule organization remain largely unexplored. Our recent studies have begun to
address this important issue. Interestingly, we observed that SAC/II activation disassembles
microtubules and induces inter-endothelial gaps. However, in contrast to other agents that
disassemble microtubules, F-actin did not reorgnize from its cortical rim into stress fibers
(Stevens, unpublished). Our findings illustrate the preferential targeting of CAMP that is
synthesized within the cytosol to microtubule structures, and demonstrate that cell border
retraction can occur in the absence of concomitant stress fiber formation.

Endothelial cell retraction that occurs in the absence of stress fiber formation, while the cortical
actin rim remains intact, is a surprising observation. As indicated, pharmacological agents that
directly disrupt microtubules also result in stress fiber formation (Birukova et al., 2004d; Verin
etal., 2001). Similarly, microtubule disruption by neurohumoral inflammatory mediators
induces stress fiber formation (Birukova et al., 2004a; van Nieuw Amerongen et al., 1998; van
Nieuw Amerongen et al., 2000). Endothelial cell retraction can be attenuated by either
stabilizing microtubules (Birukova et al., 2004a) or inhibiting stress fiber formation (Phillips,
1994; Phillips et al., 1989; van Nieuw Amerongen et al., 1998; van Nieuw Amerongen et al.,
2000), suggesting both processes are essential for cell retraction to proceed. Microtubule
disruption causes myosin light chain (MLC) kinase and RhoA activation, ultimately leading
to increased MLC,q phosphorylation that promotes actomyosin interaction and endothelial cell
retraction (Birukova et al., 2005; Birukova et al., 2004c; Verin et al., 2001). cCAMP opposes
the actions of both myosin light chain kinase and RhoA; PKA directly phosphorylates both
myaosin light chain kinase and RhoA, and decreases MLC,q phosphorylation (Birukova et al.,
2004b). Activation of SACI/Il increases cytosolic cCAMP that decreases MLCyq
phosphorylation preventing reorganization of the cortical actin rim into stress fibers. Indeed,
our recent findings provide new information regarding how compartmentalized signals may
be exploited to reveal important regulatory pathways that uniquely uncouple the microtubule
and actin tangle.

Endothelial cell heterogeneity and barrier function

All organs possess a vascular system composed of complex artery, capillary, and vein networks
that supply blood constituents to meet the local requirements of underlying tissues (Butcher et
al., 1980; Leach, 2002; Thurston et al., 2000). Endothelium forms the innermost cellular lining
of blood vessels and lymphatics, and is involved in variety of physiological processes,
including the regulation of vasomotor tone, leukocyte trafficking, homeostatic balance,
angiogenesis, innate and adaptive immunity and permeability (Aird, 2003, 2008; Cines et al.,
1998). While endothelial cell-cell and cell-matrix contacts establish the semipermeable barrier
that regulates passage of proteins, fluid and leukocytes between the blood and interstitium
(Patterson and Lum, 2001), the role that actin plays in regulating these processes, particularly
within individual endothelial cell phenotypes, is not well understood.

Every organ is specialized to perform a unique function(s), and the endothelium within each
organ is similarly specialized. For example, in brain, unrestricted access of blood constituents
to cerebrospinal tissue is deleterious, and therefore adjacent endothelial cells form tight
adhesions giving rise to a highly restrictive, continuous endothelium known as blood-brain
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barrier, in which only limited exchange between blood and brain is allowed (Gloor et al.,
2001). By contrast, glomerular endothelium in the kidney is fenestrated to allow for increased
fluid filtration, while restricting protein and large molecule filtration (Stan et al., 1999). It is
therefore apparent that endothelial cell barrier function differs substantially among vascular
bed within different organs (Aird, 2007a; Gebb and Stevens, 2004; Ofori-Acquah et al.,
2008).

In addition, endothelial barrier function differs within an organ. Each of the segments within
the pulmonary vascular tree- arteries, capillaries, and veins- are structurally and functionally
distinct (Aird, 2007b; Gebb and Stevens, 2004). Muscularized arteries function as conduit
vessels regulating the distribution of blood volume and flow to the lung. As these arteries
descend into the lung parenchyma they divide into smaller, less muscularized vessels, and
ultimately, into a fine capillary network composed of just a single endothelial cell layer
immediately adjacent to the distal epithelial cell lining. This alveolar-capillary network
optimizes gas exchange, enabling efficient delivery of O, from the alveoli into the capillary
and CO, from the capillary into the alveoli. Oxygenated blood is collected by venules, which
are poorly muscularized, and ultimately delivered to the left heart by larger conduit veins,
which become increasingly muscularized.

Although the endothelium lining each of these segments is continuous, barrier function is quite
diverse. About 20% of fluid filtration occurs in the arteries, about 40% in the capillaries, and
the remaining 40% occurs in veins (Parker and Yoshikawa, 2002). While pulmonary capillary
endothelial cells form a tighter barrier compared to arterial and venous endothelial cell barriers
(Chetham et al., 1999; Kelly et al., 1998; Moore et al., 1998), the large capillary surface area
is responsible for the higher amount of fluid filtration in this segment (Parker and Y oshikawa,
2002). Thus, when fluid and protein filtration is corrected for unit surface area, the fluid and

protein filtration is significantly lower in lung capillaries than in arterial and venous segments.
These in vivo observations parallel results obtained using cultured endothelium isolated from
these discrete compartments (Chetham et al., 1999; Kelly et al., 1998; Moore et al., 1998). This
apparent difference in endothelial barrier function for capillary and conduit endothelial cells

underscores the presence of stable phenotypic differences that exist between endothelial cells
isolated from capillary and conduit vessels.

Despite an increasing appreciation for heterogeneity among different endothelial cell
populations, the underlying mechanism conferring such heterogeneity is not fully understood.
Different mechanisms ranging from environment to endothelial cell origin have been proposed
for explaining endothelial cell heterogeneity (Gebb and Stevens, 2004). For example, the
mechano-chemical milieu differs substantially from arterial to capillary to venous segments.
Endothelial cells sense these stimuli and can activate downstream signaling pathways that
contribute site-specific endothelial cell behavior (Davies, 1995). However, the cause for
endothelial functional heterogeneity cannot be fully ascribed to environmental cues. For
example, histamine induces inter-endothelial gap formation in post-capillary venules of the
systemic circulation, but immediately adjacent endothelial cells do not respond to histamine
with gap formation (Majno and Palade, 1961). Similarly, thapsigargin, an edema-inducing
plant alkaloid known to activate store-operated calcium entry (Chetham et al., 1999) by
inhibiting the sarcoplasmic/endoplasmic reticulum calcium ATPase (Thastrup et al., 1990),
induces inter-endothelial gap formation in intermediate to large arteries and veins, but not in
capillaries, both in vivo and in vitro (Gebb and Stevens, 2004; Lowe et al., 2007; Kelly et al.,
1998). Collectively, these data support the idea that environmental cues are not sufficient to
cause endothelial functional heterogeneity.

Fluid and protein transport across the endothelial barrier occurs through paracellular and
transcellular pathways. Transcellular transport of fluid and proteins occurs through vesicular

Microvasc Res. Author manuscript; available in PMC 2010 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Prasain and Stevens

Summary

Page 11

carriers, whereas paracellular transport of fluid and proteins occurs through gaps between
adjacent endothelial cells (Lum and Malik, 1994; Stevens et al., 2000). While the overall
breadth and scope of transcellular transport remains an area of important study, the paracellular
pathway is a major route of bulk fluid and large protein transport (Lum and Malik, 1994;
Patterson and Lum, 2001; Stevens et al., 2000). Paracellular transport of fluid and proteins is
initiated following loss of cell-cell and/or cell-matrix adhesions (Lum and Malik, 1994; Mehta
and Malik, 2006; Stevens et al., 2000). Since the actin cytoskeleton stabilizes cell-cell and cell-
matrix adhesion, stimuli that disrupt actin in the membrane skeleton, disrupt the cortical actin
rim, or promote stress fiber formation also increase paracellular transport. Our recent studies
indicate there is no difference in the amount of total actin that is present in cell lysates from
microvascular and macrovascular endothelial cells (Ofori-Acquah et al., 2008). Moreover, the
amount of circumferential actin that is directly involved in the formation and stabilization of
cell-cell and cell-matrix adhesions is similar in microvascular endothelial cells when compared
to macrovascular endothelial cells. However, a 5-fold greater cytochalasin D concentration is
required to disrupt the pulmonary microvascular endothelial cell barrier than is needed to
disrupt the pulmonary artery endothelial cell barrier. Thus, it appears that either signaling
events which control actin organization, the increased expression or function of actin binding
proteins that stabilize cell-cell and cell-matrix adhesion, or more effective coupling between
the membrane skeleton/cortical actin rim and junctional plaques, generate a more restrictive
barrier in microvascular endothelial cells (Ofori-Acquah et al., 2008).

In support of the latter idea, cell-cell adhesion molecules, such as N-cadherin and activated
leukocyte cell adhesion molecule (ALCAM), are recruited to the adherens junction in
pulmonary microvascular endothelial cells, where they interact with VE-cadherin to form a
multi-protein complex that strengthens the barrier function (Ofori-Acquah et al., 2008). N-
cadherin expression was 16.5-fold higher in pulmonary microvascular endothelial cells than it
was in pulmonary artery endothelial cells, and N-cadherin protein was not detected in
pulmonary artery endothelial cells. Similarly, ALCAM expression was higher in microvascular
than in conduit cells. Further, ALCAM was concentrated at cell-cell contacts in pulmonary
microvascular endothelial cells, but was not at cell-cell contacts in pulmonary artery
endothelial cells. Thus, unique actin regulatory properties and protein complexes are found in
microvascular endothelial cells, that collectively conribute to the greater barrier strength of
these cells when compared with their macrovacular counterparts.

The actin cytoskeleton represents a collection of highly dynamic structures that contribute to
the architecture of the membrane skeleton, the cortical actin rim, and actomyosin based stress
fibers. Actin interacts with many secondary proteins, and its function is highly controlled by
the nature of these interactions. In quiescent endothelium, the actin cytoskeleton cross-links
spectrin in the membrane skeleton, which is then linked to the underlying cortical actin rim.
These structures interact with transmembrane proteins, such as cell-cell and cell-matrix
adhesion complexes, providing structural support for the endothelial barrier. In response to
physico-chemical signals that induce cell border retraction, the cortical actin rim typically
reorganizes into stress fibers, where it increases the centripetally directed tension that promotes
gap formation. Recent identification of mechanisms which enable cell retraction without
reorganization of the cortical actin rim into stress fibers bring into question which cell signaling
networks are responsible for controlling actin disposition. Indeed, given the broad importance
of cytoskeletal control over cell shape, it will be essential to further probe the intricacies of
actin dynamics, to better understand its regulatory signals and proteins and, ultimately, how it
exerts control over endothelial cell shape.
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Fig. 1.

The spectrin-based membrane skeleton lies just beneath the plasma membrane, where it
determines membrane architecture important for control of cell shape. Spectrin cross-links
short F-actin forming a distensible network of scaffolding proteins that structurally support the
plasma membrane. Spectrin (- ) is a rod-shaped anti-parallel heterotetramer comprised of a-
spectrin and B-spectrin. B-spectrin binds to F-actin (- ), ankyrin (@), protein 4.1 (* ), adducin
and a-catenin (). Ankyrin, protein 4.1, adducin and a-catenin link transmembrane proteins
to the spectrin membrane skeleton. Additionally, protein 4.1 mediates formation of a ternary
complex with spectrin and actin.

Microvasc Res. Author manuscript; available in PMC 2010 January 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Prasain and Stevens

Page 21

n.on00s
Z =30.00

Fig. 2.

The cortical actin rim lies just beneath the spectrin-based membrane skeleton where it
determines cell shape. The cortical actin rim is associated with cell-cell and cell-matrix
adhesion complexes that keep cells in juxtaposition to each other and to the matrix. The cortical
actin rim provides strength for cell adhesion and generates outward centrifugal tension. A)
Schematic of the cortical actin rim showing extensively cross-linked long F-actin ()
networks. F-actin is shown interacting with micro-tubules (— ). B) Organization of the cortical
actin rim is shown in pulmonary microvascular endothelial cells that were infected with a
retrovirus to stably express GFP-B-actin. White arrows illustrate the cortical actin rim
organization in PMVECs.
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Fig. 3.

Stress fibers course through the cytosol, and also interact with focal adhesion complexes as
they generate an inward centripetal tension. A) Schematic of stress fiber organization
composed of long parallel bundles of actomyosin (..-.) in the cytosol. B) Schematic of focal
adhesion organization showing an integrin (o and p-heterodioamer)-mediated plaque. F-actin
binds to vinculin, a-actinin, talin, and filamin and forms cytoplasmic focal adhesion plaques
by binding to short cytoplasmic domain of transmembrane integrin receptor bound to
extracellular matrix. C) Stress fibers are shown in pulmonary microvascular endothelial cells
that were infected with a retrovirus to stably express GFP-B-actin. White arrows point the
organization of stress fibers.
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VE-cadherin-mediated adherens junctions and occludin-mediated tight junctions generate
tethering forces that keep cells in juxtaposition to each other, and oppose centripetal contractile
forces. A) Schematic of VE-cadherin-mediated adherens junctions. Adherens junctions are
formed by the calcium-dependent homophilic binding between extracellular amino-terminal

domains of VE-cadherin molecules from the adjacent cells. While the VE-cadherin

juxtramembrane domain (JMD) binds p120, the carboxyl-terminal domain (CTD) binds
mutually exclusively to either B-catenin or y-catenin. 3-catenin or y-catenin binds to a-catenin,
which then interacts with F-actin. a-catenin also binds to several actin binding proteins
including vinculin and a-actinin, further strengthening the link between adherens junction
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complexes and F-actin. B) Schematic of the occludin-mediated tight junctions. Occludin-
mediated tight junctions are formed by the homotypic binding between extracellular amino
terminal domains of occludin molecules from the adjacent cells. The cytoplasmic carboxyl
domain of occludin binds to ZO-1. ZO-1, by binding with a-catenin, connects the tight junction
complexes to the F-actin. C) TEM analysis shows organization of electron dense adhesion
complexes (black arrows). Adherens junctions and tight junctions form zipperlike electron
dense structures between the adjacent cells and regulate paracellular permeability.
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