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Abstract
Despite being an extremely thin single-cell layer, the endothelium performs exceedingly well in
preventing blood fluids from leaking into the surrounding tissues. However, under specific pathological
conditions this cell layer can be affected, compromising the integrity of the barrier. Vascular leakage
is a hallmark of many cardiovascular diseases and albeit its medical importance no specialized
therapies are available to prevent it or reduce it. Small guanosine triphosphatases of the Rho family
are known as key regulators of different aspects of cell behavior and studies have shown that they
can exert both positive and negative effects on the endothelial barrier integrity. Moreover, the role
of extracellular matrix stiffness has now been implicated in the regulation of Rho GTPases signaling,
which have a direct impact on the integrity of the endothelial junctions. However, knowledge about
both the precise mechanism of this regulation and the individual contribution of specific regulatory
proteins remains fragmentary. In this review, we discuss recent findings on the balanced activities of
Rho GTPases, in particular aspects of regulation of the endothelial barrier and highlight their role in
intimate relationships between biomechanical forces, the influence of the microenvironment and the
endothelial intercellular junctions, interwoven like a beautiful piece of filigree.
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Introduction
The endothelium is a dynamic and metabolically active single layer of cells that lines the entire
vasculature. It is now well established that endothelial cells (EC) play a critical role in many physiological
processes, including angiogenesis, permeability, control of vasomotor tone, the maintenance of blood
fluidity, trafficking of blood molecules and cells, and both innate and adaptative immunity.1 ECs act like
gatekeepers and control the infiltration of cells and blood proteins into the vessel wall.2 During the last
decades it has been shown that both intercellular junctions and cell matrix adhesions are key elements
in the barrier properties of both epithelial and endothelial cells and that disruption of these junctions
is a primary cause for formation of intercellular gaps.3 An impaired endothelial barrier function
contributes to fluid movements and passage of macromolecules to the interstitial space,4 resulting
in a prolonged or uncontrolled vascular leak and edema.5 Moreover, vascular leakage is a hallmark of
several different cardiovascular and inflammatory diseases.6 An impaired vascular barrier integrity is
also directly related to other disorders, such as cancer, atherosclerosis, diabetes and leading to lifethreatening conditions like sepsis and acute lung injury.7–12 Despite the direct consequences of these
conditions, there are no specific treatments and/or therapies available to prevent or reduce them.13
Over the last decade, it has become clear that Ras-homolog (Rho) GTPases, by their
ability to control different aspects of cell behavior, particularly cell adhesion and dynamics of the
cytoskeleton,14,15 are important regulators of the barrier function of the endothelium.2,4,6,9,16 Rho
GTPases are activated by diverse vaso-active agents such as thrombin, vascular endothelial growth
factor (VEGF), histamine, tumor necrosis factor-α (TNF-α), platelet derived growth factor (PDGF),
via G protein coupled receptors (GPCRs) or tyrosine kinase receptors that induce cell contractility or
stabilization (we would also like to refer readers to other recent reviews on endothelial permeability
and Rho GTPases 3,17–19). Moreover, bio-physical stimuli like (blood) pressure and shear stress can also
activate Rho GTPases.16,20 As we recently showed, Rho GTPases can exert both positive and negative
effects on the integrity of the vascular barrier.21 This balance of activities is a tight and thoroughly
orchestrated mechanism. Control of Rho GTPase activity involves more than 150 different regulatory
proteins. However, knowledge about the individual contribution of these regulatory proteins to spatiotemporal control of vascular barrier dynamics remains fragmentary.17
The endothelium senses subtle changes of its microenvironment, which in vivo is mechanically
compliant and highly dynamic, and has the ability to respond with appropriate alterations in barrier
characteristics. It is known that our blood vessels stiffen with age 22 and this stiffening is increased by
risk factors associated with many common disorders such as diabetes, hypertension, atherosclerosis
and renal disease. A consequence of stiffening is profound vascular remodeling which exposes the
EC barrier to abnormal hemodynamic forces, modified extracellular matrix ligation and inflammatory
cytokines.23,24 It was observed that in addition to low shear stress and cyclic stretch, enhanced arterial
wall stiffness could be a precondition for the initiation and development of atherosclerosis.25 Recent
data now indicate a critical role for extracellular matrix stiffness in the regulation of the Rho GTPase
signaling balance, with subsequent consequences for the intercellular force balance and integrity of
endothelial intercellular junctions.26–28
In this review we aim to discuss recent findings on the crucial role of Rho GTPases in
maintenance, disruption and restoration of the vascular barrier integrity. We focus on the dual behavior
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of Rho GTPases, as they can exert both positive and negative effects that directly influence the status
of the endothelial barrier. Moreover, the precisely regulated balance between GTPases activating
proteins (GAPs) and guanine nucleotide exchange factors (GEFs) is highlighted. Finally, we discuss the
contribution of Rho GTPases to biomechanical forces in the endothelium and its consequences for
vascular permeability.
Permeability in the endothelium
Maintaining a semi-permeable and size-selective barrier appears to play a crucial role in controlling the
passage of macromolecules and fluid between the blood and the interstitial space. Loss of its proper
function may lead to vascular leakage and subsequent edema and tissue inflammation, hallmarks of
several different diseases, namely cardiovascular and inflammatory disease.6 Transient permeability
is thus necessary to ensure a normal vascular homeostasis.29,30 Permeability to solutes and/or
macromolecules can occur via two main routes: through channels or vesicles within an individual
endothelial cell via the transcellular pathway, or between two adjacent endothelial cells via the
paracellular pathway.5,6,9 The transcellular pathway (also named transcytosis) is vesicle-mediated and
specialized for the transport of macromolecules (e.g., plasma proteins) across the endothelial barrier.
This process begins on the luminal side of the plasma membrane where macromolecules interact with
specific macrodomains enriched with Caveolin-1 (Cav-1). This is followed by the scission of the vesicles
into the cytosol before the final release through the basal membrane via exocytosis.6,31 In contrast,
the paracellular permeability pathway is regulated by a complex network of adhesion molecules
which main function is to allow diffusion of molecules within the 3nm diameter range and restrict
the passage of bigger sized molecules.5,6,9,31,32 However, in many pathological conditions the regulation
of the adhesion molecules at cell-cell contacts is misbalanced and results in hyperpermeability of
the endothelium. Regulation of endothelial junctions is, thus, for all types of permeability of critical
importance and can be influenced by many pathways. For a better appreciation of the multiples roles
of Rho GTPases in its regulation, we first discuss the major determinants of the endothelial barrier
function in more detail.
Endothelial junctions
Endothelial cells are connected by two main types of intercellular junctions, tight junctions (TJs)
and adherens junctions (AJs). In both TJs and AJs, adhesion is mediated by transmembrane proteins
that promote homophilic interactions and form a zipper-like structure along the cell border.2 The
distribution of tight and adherens junctional proteins is, in endothelial cells, highly intermingled,
which indicates the absence of distinct distribution patterns for their function as seen in other cell
types.2,33,34 For transmitting signals between adjacent cells, a third type of junction is expressed, named
gap junctions (GJs). Gap junction complexes are channel-like structures between two endothelial cells
which allow passage of water, ions, and other small molecules of signaling along the cell layer.6,31 Gap
junctions as well as TJs and AJs function as specialized communication structures that inform about
cell position, growth and apoptosis, cell differentiation, and regulate homeostasis, however all in their
own unique way.2 To guide those diverse signaling pathways, cell junctions are highly regulated and
dynamic structures whose main regulatory partners, among others, include the Rho family of GTPases,
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and the Ras family, which is involved in cell proliferation and differentiation.34
Adherens Junctions
Adherens junctions are located at cell-cell contact areas. By virtue of their connection with the actin
cytoskeleton, participate on the maintenance of the tissue integrity. Endothelial AJs main molecular
component is vascular endothelial cadherin (VE-cad), which is exclusively expressed in blood and
lymph vessels.2,35,36 VE-cadherin deletion induces massive vascular defects leading to early mortality
in embryonic mice, while, in adults, loss of its function causes a hyperpermeability phenotype.37,38
VE-cadherin consists of five extracellular homologous cadherin-like repeats, a transmembrane
domain and a cytoplasmatic tail. The external domain mediates homophilic interactions (in trans)
among cadherins of adjacent cells and confers Ca2+ dependency. While the transmembrane domain
and cadherins cooperate to promote parallel binding within the same cell (in cis), the cytoplasmatic
tail binds to intracellular proteins – β-catenin, p120-catenin and plakoglobin (γ-catenin) – providing
cadherin stability and the adhesive properties of AJs.2,31,32,39,40
Four main catenins that coordinate the dynamics and signaling of AJs have been identified: β-catenins,
p120, plakoglobin and α-catenin. The first three contain homologous armadillo repeats, while
α-catenin is homologous to vinculin, an actin-binding protein. Additionally, p120-catenin binds to the
juxtamembrane domain (JMD) of VE-cad and is involved in its retention at the cell surface as well as
preventing its degradation. The C-terminal domain binds with β-catenins and α-catenins, which in turn
connect AJs to the actin cytoskeleton.2 This association to the actin cytoskeleton is crucial for junction
assembly and maintenance. For instance, it has been shown that increased tension within the AJs is
associated with an increase in AJs size.41 Furthermore, by the inhibition of the Rho-Rock-actomyosin
contractility the growth, maintenance and remodeling could be hampered.41,42
Since actin binding is crucial for AJs function, the linker proteins play an important role. There are a
number of known actin-binding proteins located at AJs, such as: vinculin, EPLIN, α-actinin, the already
mentioned α-catenin 43 and other adhesive proteins including N-cadherin, platelet-endothelial cell
adhesion molecule (PECAM-1) and junctional adhesion molecules (JAMs). However, it is not yet fully
understood how these proteins cooperatively interact and how they relate to the junctions and actin
dynamics.43 For instance, α-catenin has been considered to link AJs to the actin cytoskeleton by direct
interactions with both F-actin and β-catenin.44 Nevertheless, this concept has been questioned due
to observations showing how its binding to F-actin and β-catenin is actually mutually exclusive.45,46
The bridge to the cytoskeleton might be mediated by other actin-binding proteins also located in
the AJs such as EPLIN and vinculin.47 As described recently, α-catenin in combination with EPLIN (in
an actomyosin-dependent manner) could cause recruitment of vinculin and α-actinin to the AJs,
leading to reinforcement of the actin cytoskeletal.48 Moreover, the involvement of vinculin in the
force-dependent remodeling of the AJs 49 and the critical role for Rho GTPase in this response were
previously published. 50,51
AJs can occur in two different forms: in a stable and linear form or in a dynamic punctuated form.
The first form, also known as zonula adherens, is supported by linear actin bundles which align along
the cell-cell junctions which are defined as circumferential actin bundles (CAB); regarding the second
form, the dynamic punctuated type is connected by radial stress fibers (SF).49,52,53 The switch between
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these two different AJs forms is controlled by multiple extracellular stimuli (shear stress, wound
healing, inflammatory mediators and angiogenesis) and cell density.44,54 Inflammatory mediators, such
as thrombin or histamine that induce the increase of permeability will prompt formation of punctuate
AJs.49,52 On the other hand, GPCR agonists known by acting as barrier integrity enhancers, will induce
the formation of linear AJs.55–57 In addition, RacGTPase Rap1 was also recently identified as a regulator
of this switch of AJs forms,58 which will be discussed in more detail in the following section 3.
Moreover, a new mechanism that explains the capacity of cell junctions to respond to stimuli and
concomitant junction dynamics and cell adhesion was recently proposed. VE-cad dynamics and its
subsequent plasticity are pushed by an interdependent control cycle between VE-cad-mediated cell
adhesion and ARP2/3-controlled and actin-driven junction-associated intermitted lamelipodia (JAIL)
formation.54
Tight Junctions
In the endothelium, tight junctions represent only one-fifth of the cell junctions but are essential to
maintain the integrity of the endothelial barrier.6 There is a considerable variety between different
areas of the vascular tree: large artery endothelial cells, exposed to high flow exhibit a well-developed
TJs’ system, whereas in the microvasculature, TJs display a lower complexity.32
The main molecular components of TJs are transmembrane proteins, namely occludins,
claudins and junctional adhesion molecules (JAMs). TJs are known to have two mutually exclusive
functions: a fence function that prevents diffusion of apical and basolateral membrane components
and a gate function, which controls the paracellular passage of ions and solutes.59 Besides these two
classical functions, TJs have been considered to act as dynamic heteromeric signaling complexes, on
a bidirectional way: they can transmit information from the outside to the cell interior, regulating
this way gene expression and consecutive cellular responses and the other way around, from the
interior to the membrane where new or existing TJs are located and regulate this way their assembly
and function.60 Moreover, TJs are also known to be linked to the actin cytoskeleton and, in this way,
essential to the regulation of the endothelial barrier.61
Despite this knowledge of the function and the characteristic signaling of TJs, their regulation
in the endothelium is far less understood than the regulation of the adherens junctions.9 What has
become clear, is that also for the TJs, Rho GTPases are crucial components of signaling mechanisms
associated with their integrity and dynamics.62–64
Endothelial cell matrix adhesion
In addition to adhering to neighboring cells, the endothelial microenvironment is also characterized by
the adhesion of the endothelial ventral/basolateral surface to the sub-endothelial extracellular matrix
(ECM). This EC-ECM interaction is an important determinant of the endothelial monolayer behavior.
It involves more than 150 intracellular proteins and connects the cytoskeleton to the extracellular
matrix via integrins.65 Through this interaction complex, an important part of the local biochemical
and mechanical niche of the cell is defined. The interplay with the microenvironment is balanced
within the cytoskeleton, which is able to handle different stimuli based on its enormous capability
to disassemble, assemble, and stabilize original interactions.66 Through the matrix interaction, the
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endothelium experiences physical forces either endogenously or exogenously generated, which are
responsible for the majority of the cytoskeleton tension (Fig. 1). This tension can be subsequently
transmitted through the cytoskeleton, where it regulates the function of TJs and AJs to a great extent.
Similar plasticity trait holds true for the cytoskeleton connection with endothelial junctions and the
extracellular matrix. For example, the initial integrin linkage to the extracellular matrix, named nascent
adhesion, is poorly connected to the cytoskeleton and hardly bears any force.67–69 Upon different force
stimuli, force transmission can increase, which signals for reinforcement of the adherent structures. In
response, integrins, predominantly αvβ3 and α5β1, filamentous actin and different linker proteins are
recruited to the nascent adhesions site.70 This reinforcement gives rise to focal complexes which can
subsequently transform into full-grown focal adhesions when traction forces are further increased.71
Interestingly, integrin activation itself can cause an increase in internal contractility via RhoA/ROCK
pathway and, because cell contractility results in integrin activation this process is like a self-sustaining
mechanical loop. Recently, it has been shown that CCM1 (an effector of Ras-related protein-1 small
GTPase – Rap1) could be one of the regulatory proteins controlling this process, as its absence
destabilizes ICAP-1 (integrin cytoplasmic domain-associated protein-1), which in turn results in the
activation of β1 integrins and additional binding to the ECM.72
However, when the focal adhesion stops being required, e.g. by the reduction in force transmission,
the opposite path can be activated resulting in a reduced matrix-cytoskeleton link. The complex
interplay of exogenous and endogenous applied forces (Fig.1) and the ability of endothelial cells to
cope with these forces, will determine the permeability status of the endothelial monolayer via the
linkage to the endothelial junctions. Nevertheless, it is important to realize that this is a continuous
process which needs constant feedback and that the strength of the cell-matrix interaction is not the
only parameter that determines force transmission.
Force transmission via the cell-matrix interaction is tightly regulated and predominately
achieved by the Rho GTPase balance. It is already known for more than two decades that Rho plays
a significant role in the regulation of focal adhesion assembly.73 However, the specific molecular
mechanism that translates mechanical cues in to cellular signaling of the Rho GTPases is not yet fully
understood, as recently reviewed by Ross et al..74 A first example which gives a glance of the specific
molecular basis for cellular mechanotransduction and the coupling to Rho GTPase family member
Rac is the actin-binding protein filamin A. Recent studies showed that filamin A can be mechanically
deformed by its interaction with the tension bearing actin cytoskeleton, which causes dissociation of
FilGAP and binding of β-integrins to the filamin A-actin complex.75,76 The release of FilGAP will cause
a negative feedback to Rac activation and could potentially explain the inhibition of lamellipodia
formation.77 A second example which links focal adhesion force-sensitivity to Rho GTPase family
activity is the work of Guilluy and colleagues. In this study a feedback mechanism is shown between
the force-dependent stimulation of β-integrins and increased activity of RhoA by the activation of two
GEFs: leukemia-associated RhoGEF (LARG) and microtubule-associated GEF (GEF-H1).78
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Rho GTPases and barrier function
Rho-family proteins are related to many different cell activities: they are known regulators of the
actin cytoskeleton, cell-cycle progression, gene transcription and have been implicated in different
cellular processes like adhesion, migration, phagocytosis, cytokinesis, morphogenesis, polarization,
growth and survival.79,80 Rho GTPases are able to modulate the organization and dynamics
of the
37
actin cytoskeleton through the activation of downstream signaling. Thus, they can induce either cell
contraction or enhance cell protrusion and/or expansion by the activation of a complex cascade of
effectors. Moreover, this process requires a meticulous spatio-temporally balance,16 which involves
over 150 regulatory proteins as we recently reviewed.17 However, knowledge regarding the contribution
of each individual regulatory protein to regulation of endothelial barrier integrity remains fragmental.
Rho GTPases are one of five families of the Ras protein superfamily grouped according to sequence
homologies.81 To date, twenty two members are known in mammals 80–86 of which eighteen have been
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identified in the human genome: Rho (A, B and C), Rac (1, 2 and 3), Cdc42, TC10, RhoG, TCL, Rif, RhoD,
RhoV/Chp, RhoU/Wrch, Rnd (1, 2 and 3) and RhoH/Tif.81,87 Rho family members act like molecular
switches, oscillating between an active GTP-bound state and an inactive GDP-bound state (Fig.1),16,79
changing the conformation of the nucleotide binding site.88 This swap induces conformational changes
in switch I and switch II of the GTPase regions which allows small GTPases to bind to effectors and
forward the upstream signals.3 So far, three different types of regulatory proteins are known to
affect the activation/inactivation state: Guanine nucleotide exchange factors (GEFs) which catalyze
the exchange of GTP for GDP, GTPases activating proteins (GAPs) which stimulate the intrinsic GTP
hydrolysis and guanine-nucleotide dissociation inhibitors (GDIs) which inhibit the dissociation of GDP
(Fig.1).82 When in the active form (GTP-bound), these proteins transduce signals by interacting with
downstream effectors. The activation process is mediated by many cell-surface receptors, including
cytokines, tyrosine kinases and adhesion receptors, as well as G-protein-coupled receptors.80,89
The three best characterized members of this family of proteins are RhoA (Ras homolog gene family
member A), Rac1 (Ras-related C3 botulinum toxic substrate 1) and Cdc 42 (cell division control protein
42). All three are key players in regulating permeability of the endothelial barrier as will be outlined
below. In addition, recent evidence indicates for an emerging role of RhoB in barrier function and
finally we briefly touch upon a related small GTPase, Rap1, in regulating the endothelial vascular
function.
RhoA
According to the original paradigm, RhoA is associated with loss of barrier integrity, Rac1 with
maintenance and Cdc42 with barrier stabilization and recovery. During the late 90’s it was shown
that upon stimulation with vaso-active substances like endotoxin, VEGF and thrombin, activated
RhoA induced (in vitro) loss of endothelial barrier integrity.90,91 It was observed that this loss of barrier
integrity was accompanied by the formation of prominent filamentous actin (F-actin) fibers and a
contractile response of the endothelium (see below under ‘The contraction process’). In apparent
contrast, RhoA was also observed to be involved in the maintenance of endothelial barrier function.92 It
is now known that basal activity of RhoA is important in the maintenance of inter-endothelial junctions
(IEJs) by stimulating VE-cad to anchor at the membrane and by enhancing endothelial cortical actin
via its effector diaphanous (Dia).93 Recently, using live fluorescence resonance energy transfer (FRET)
microscopy, we showed that RhoA activity, besides being associated with cell contractility is also
associated with barrier-protective effects.21 Activity hotspots associated with closure, not opening, of
junctional spaces were observed in the vicinity of membrane protrusions.21
The contraction process
Cross-link activity of myosin light chain (MLC) is dependent on cytosolic Ca2+ and its binding to
calmodulin.94 This interaction results in the phosphorylation of MLC by myosin light chain kinase
(MLCK), inducing increased ATPase activity and myosin assembly into bipolar filaments and as a
consequence results in the activation of the myosin motor proteins.20 The actomyosin II-generated
contraction is tightly controlled by phosphorylation of the regulatory MLC domain, but can also be
hampered by phosphatase activity. The balance between MLCK and myosin light chain phosphatase
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(MLCP) determines the contractile status of the endothelial cell.95–98 A prominent determinant in the
interplay between MLCK and MLCP is RhoA and its downstream effector Rho kinase (ROCK).99 ROCK
is capable of phosphorylating the regulatory subunit of MLCP at Thr695, Ser894, and Thr850.90 This
results in the inactivity of MLCP and by inhibition of MLC dephosphorylation, which causes actomyosin
II contraction and can cause endothelial barrier disruption (Fig. 2).99,100 This mechanism can proceed
even in the presence of relatively low levels of calcium.101 Pharmacological inhibition of ROCK decreases
endothelial cytoskeletal contraction, reduces stress fiber formation and reduces permeability.99,102,103
Another effect of ROCK activity is the phosphorylation of LIM kinase, resulting in the inhibition of
cofilin, which is an important actin-severing protein (Fig. 2).104 As a consequence, depolarization of
actin is hampered leading to an indirect promotion of actin filaments and their propulsive force. Thus,
due to the activation of the downstream effector ROCK and consequent increased level of MLC and
phosphorylation at the F-actin filaments, there is stress fiber formation which allows contractile forces
and pulling apart of the IEJs.
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VE-cadherin endocytosis (PAR-1 protease-activated receptor-1, ROCK RhoA kinase,
JAM junctional adhesion molecule, S1P sphingosine-1-phosphate, ZO zonula occludens, S1PR1
sphingosine-1-phosphate receptor1, F-actin filamentous actin).

VE-cadherin endocytosis (PAR-1 protease-activated receptor-1, ROCK RhoA kinase, JAM junctional adhesion
molecule, S1P sphingosine-1-phosphate, ZO zonula occludens, S1PR1 sphingosine-1-phosphate receptor1, F-actin
filamentous actin).

Rac1 and Cdc42
Similar to RhoA, Rac1 has a dual role on the endothelial barrier function: it can mediate both
permeability and adhesion of the endothelial barrier, depending on its context. Initially, its main
function was shown to be related to junction stabilization and thereby counteracting the permeability
increasing effects of RhoA activation.105,106 Rac1 activity increases during junction formation 50,107 and
has been associated with reannealing of junctions in response to GPCRs activation.108 Interestingly, it
was observed that its deletion led to enhanced basal and thrombin-induced increased permeability
in ECs, which emphasized its direct connection to intercellular junctions and gaps formation.106
Thrombin-mediated permeability is accompanied by a long-lasting Rac1 inactivation, which by
consequence weakens the junctional complexes.108 In contrast, upon action by VEGF, the activity of
Rac1 is increased as well as its downstream effector p21-activated kinase (PAK1) 109 which induces
the phosphorylation and internalization of VE-cad and consequent permeability of the endothelial
barrier (Fig. 2).110 Similarly, it was observed both in vitro and in vivo, that Platelet-activating Factor
(PAF)-induced hyperpermeability required activation and translocation of Rac1.111 Moreover, it
was also shown that deletion of Rac1 in primary ECs in vitro decreased VEGF-mediated endothelial
permeability.112 Additionally, VEGF-induced Rac1 activation leads to the production of reactive oxygen
species (ROS) resulting in the phosphorylation of VE-cad and detachment of β-catenin and p120ctn,
which increase permeability.113
The maintenance of the endothelial barrier depends on the activation of RhoA, Rac1 and
Cdc42. Moreover, RhoA activity decreases upon gap closure due to VE-cad and p120ctn engagement.17
It has been shown that Rac1 and Cdc42, by inhibiting actomyosin II contractility and promoting
assembly of IEJs, promote tethering forces in the endothelium.3,16,17,114 It appears that both Rac and
Cdc42 are equally relevant for barrier maintenance and enhancement, however Cdc 42 has different
functions.3 Cdc42 seems to be the most prominent GTPase for barrier restoration, due to its ability
to regulate VE-cad, which is prerequisite for AJs stability.108,115 During the recovery phase of AJs post
thrombin stimulation, Cdc42 activation is prolonged and Cdc42 is translocated from the cytosol to
the membrane.108 After loss of homotypic VE-cad interactions, the cytoplasmatic domain of VE-cad is
responsible for Cdc42 activation by a yet unknown Cdc42-specific GEF.
The coordinated activation of RhoA, Rac1 and Cdc42 secures an effective vascular function.18
RhoB
RhoB was recently implicated in the regulation of vascular function. It is highly expressed in the
lung and is 85% homologous to RhoA.18 RhoB is activated by hypoxia 116 and oxidative stress, tumor
growth factor-β (TGFβ), tyrosine kinases, among others.117,118 Interestingly, both RhoA and RhoB can
interact with the same downstream targets and under hypoxia conditions it was observed that RhoB
actions seem to be complementary to RhoA in what concerns actomyosin contractility and pulmonary
endothelial permeability.118 According to recent data, hypoxia-activated RhoB enhances actin
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filament formation by interacting with forming homolog protein mDia1 (mDia), while RhoA promotes
phosphorylation of MLC mediated by ROCK. However, both RhoA and RhoB induced cell contractility
and therefore affected endothelial permeability.118 This study has shown that inhibition of either RhoA
or RhoB in human pulmonary arterial endothelial cells (HPAECs) prevented hypoxia-induced increase
of endothelial permeability. Furthermore, deletion of RhoB in human umbilical vein endothelial cells
(HUVECs) reduced cell migration, sprouting and capillary morphogenesis but increased VEGF-induced
RhoA activation.119 As previously observed in mice, its activation in human pulmonary vascular cells
induced cell growth.120
Rap1
Not only Rho members are involved in permeability control. Ras-related protein-1 small GTPase (Rap1)
is known to be a critical regulator of cell-cell junctions and endothelial permeability. Initially described
in vitro,56,121–123 Rap1 activation by cyclic adenosine monophosphate (cAMP)-activated Epac promotes
cell-cell junction formation and endothelial barrier enhancement. This signaling pathway Epac-Rap1
was also demonstrated in vivo, where its protective effects on the lung endothelium in a ventilatorinduced lung injury mice model were observed.124 Similarly, it was recently shown that Rap1 enhances
EC junctions (Fig. 2). Rap1 induces dynamic punctuated AJs to shift into stable linear AJs by regulating
non-muscle myosin II activity and by differentially regulating two Rho GTPases pathways: it suppresses
Rho-ROCK-myosin II pathway and therefore inhibits formation of SF connecting to punctuate AJs, and it
enhances Cdc42 activation at cell-cell junctions which, through the myotonic dystrophy kinase-related
Cdc42-binding kinase (MRCK) that activates myosin II, promotes CAB formation.58 Furthermore, the
signaling cascade through which Rap1 regulates Rho and actomyosin-induced tension was recently
identified. Ras-interacting protein 1 (Rasip1) is a Rac-effector that is involved in endothelial barrier
function through its interaction with RhoGAP ArhGAP29.125 Recent data shows that axis Rap1-Rasip1ArhGAP29 induces endothelial barrier function.126
Interestingly, it was also shown by another group that Rap1 and its family member Rap2 have
antagonistic actions in what concerns controlling the endothelial barrier resistance.127 While the
presence of Rap1 is related to barrier resistance induction, the absence of Rap2 resulted in an
increased barrier resistance. Moreover, it was observed that deletion of both isoforms of Rap1 (Rap1a
and Rap1b) led to partial embryonic lethality, showing its importance in angiogenesis and maintenance
of vascular stability.128,129
Regulation of Rho GTPases by GEFs, GAPs and GDIs
When activated, Rho GTPases excel in binding to numerous effector proteins, which lead to a cascadelike activation of downstream signals. In order to regulate so many different cellular functions, these
highly dynamic proteins are tightly and spatio-temporal regulated.130,131 Moreover, as a repercussion of
this universality, Rho proteins regularly cooperate or antagonize each other to control so many different
cellular processes. In fact, Rho proteins crosstalk and interact at different levels: regulation of activity,
regulation of protein expression and regulation of downstream effectors.132 These coordinated actions
of Rho GTPases are required for various biological processes, including the regulation of endothelial
barrier function.
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As previously mentioned, there are three classes of regulatory proteins that control the activation
state of small GTPases: GEFs, GAPs and GDIs (recently reviewed by Cherfils and Zeghouf).88 Here we,
provide recent examples of the specific contribution of members of each class (GDIs/GAPs/GEFs) to
particular aspects of the regulation of permeability.
RhoGDIs
Rho GTPases, in the inactive form (GDP-bound), can be sequestrated in the cytoplasm by RhoGDIs.133,134
RhoGDIs consist, up to now, of three members: RhoGDI1 (also known as RhoGDIα), RhoGDI2 (also
known as RhoGDIβ, LY-GDI and D4-GDI) and RhoGDI3 (also known as RhoGDIγ).135,136 RhoGDI-1 is
the most abundant, best characterized member and ubiquitously expressed, and was shown to bind
to Rho GTPases in vitro.137–139 However, it was unknown if RhoGDI itself could affect the endothelial
barrier function in vivo. An elegant approach by Gorovoy and colleagues showed an increased basal
permeability in lungs of RhoGDI-1 knockout mice as well as an increased RhoA activity. These findings
suggest that by inhibiting RhoA activation, RhoGDI-1 regulates lung micro vessel endothelial barrier
function in vivo.140 To the best of our knowledge, no information regarding the influence of both
RhoGDI2 and RhoGDI3 on barrier function is available at the moment.
RhoGAPs
Compared to RhoGDIs, RhoGAPs represent a much bigger group of proteins that regulate Rho
GTPases. As mentioned before, RhoGAPs promote the hydrolysis of GTP-bound Rho GTPases causing
their inactivation. To date, more than 70 RhoGAPs have been identified of which 67 found in the
human genome and at least one of them, p73GAP has preferential endothelial expression.141 RhoGAPs
are regulated by extracellular stimuli, such as growth factors and vaso-active agents.142 For example, as
recently reviewed, thrombin can induce inactivation of RhoA through p190RhoGAP as can it inactivate
Rac1 through ArhGAP22 or FilGAP.17 Similarly, VEGF stimulation can promote inactivation of Cdc42 by
Rich1 and induce inactivation of Rac1 through ArhGAP22, p73RhoGAP or p68RhoGAP.17 However, only
for p190RhoGAP solid evidence exists that it plays a direct role in the regulation of the endothelial
barrier.143–145
Recent studies on the RhoGAP p190RhoGAP-A shed light on a longstanding question of the correlation
between the trans-cellular and para-cellular pathway. It is now known that these two permeability
mechanisms are interrelated and there is molecule crosstalk between them. Caveolin-1 was shown
to be necessary for transcellular protein routes 146 but also that mice lacking this molecule displayed
permeable AJs, suggesting that Cav-1 probably helps sealing these junctions.147 In fact, recent work
shows that loss of Cav-1 activates the enzyme endothelial nitric oxide synthase (eNOS), which
generates nitric oxide (NO) that by reaction forms peroxynitrite. As a consequence, peroxynitrite
modifies the adherens junction protein p190RhoGAP-A, preventing it from inhibiting RhoA. And as a
consequence, activated RhoA interferes with the AJs structure, disassembles it and makes it leaky.145
In cav-1 deficient mice, tyrosine nitration of p190RhoGAP increased RhoA activation and thrombininduced endothelial permeability.148 Moreover, Cav-1 has also been shown to regulate Rac1 activity in
rat pulmonary microvascular endothelial cells. Its down regulation significantly increased the activity
of Rac1, which enhanced AJs and therefore induced barrier protection. However, if stimulated with
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TNFα, Cav-1 down regulation, decreased Rac1 activity which lead to barrier disruption effects.149
Finally, as mentioned in the previous section, Rap1 is a Rac GTPase involved in the regulation of cellcell adhesion as it is known to be a key regulator of junctional formation.150 It was recently shown
that two Rap1 effectors – Rasip1 and Ras-association and dilute domain-containing protein (Radil)
– by interacting with a RhoGAP (ArhGAP29), form a complex that mediates Rap1-induced endothelial
barrier function.126 Through this ArhGAP29 interaction, RhoA signaling pathway is impaired and
therefore there is inhibition of stress fiber formation but enhancement of junctional tightening.126
RhoGEFs
RhoGEFs represent the functional connection between different extracellular stimuli and activation
of Rho-family GTPases and as consequence, regulate numerous cellular responses.80,151 RhoGEFs are
essential for the regulation of the cytoskeleton and in this way influence the status of the cell-cell
junctions. Based on their homology, over 80 GEF members are known.87,152 However, there are small
differences between them (either in the domains or flanking sequences) which determine their role
in the regulatory process. Like RhoGAPs, RhoGEFs are mainly regulated by external stimuli like vasoactive agents or even exogenous forces. Upon thrombin stimulation, RhoA can be activated by several
RhoGEFs, such as LARG, PDZ-RhoGEF, p115RhoGEF or GEF-H1. Similarly, Cdc42 can be thrombinactivated through the action of RhoGEF Px-RICS. In contrast, VEGF can induce RhoA activation through
other RhoGEFs, namely ECT2 or Syx, and it can also activate Rac1 through Vav2 or even Rap1 via
RapGEF1.17 Here, we highlight a few recent examples of RhoGEFs that influence the endothelial barrier
directly, revealing exciting novel insights on the regulation of vascular function.
The cell cytoskeleton is composed of actin filaments, microtubules and intermediate filaments.
Disturbance of these elements can lead to changes in cell shape and also an increase in vascular
permeability. It has been reported the key role of microtubules-associated GEF-H1 in microtubulesmediated regulation of Rho activity, cytoskeletal remodeling and endothelial permeability.153 Moreover,
GEF-H1 was associated with microtubules disassembly, which in turn is associated with the disruptive
effects of vaso-active molecules like thrombin, which activate the Rho signaling cascade, disrupting
the endothelium barrier. Additionally, depletion of GEF-H1 in a specific mice model attenuated
vascular leak induced by lung ventilation.154 This study also showed the importance of microtubules,
the cytoskeleton and forces in vascular function. In a recent publication, the same group reveals how
the modulation of GEF-H1 activity via Rac1 effector PAK1 and consequent suppression of Rho signaling
protected the atrial natriuretic peptide-mediated endothelial barrier in an acute lung injury model.155
Upon stimulation of lysophosphatidic acid (LPA), protease-activated receptor-1 (PAR-1), angiotensinII and sphingosine-1-phosphate (S1P), GPCRs can induce activation of the heterotrimeric G proteins
Gα12 and Gα13. Once activated, Gα13 can bind to p115RhoGEF that initiates the activation cycle
of RhoA, inducing its downstream signaling cascade, via ROCK and mDia, which impair the barrier
function.6 However, besides being a GEF for Rho GTPase, p115RhoGEF also acts as a GAP towards the
Gα12 and Gα13.156,157
Tumor necrosis factor-α, a common proinflammatory factor, is known to disrupt the endothelial barrier
and thus, increase the permeability.158 Although the activation of the small GTPase Rac and production
of ROS have been previously associated with TNF-α induced endothelial barrier dysfunction 159,160 the
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interrelationship between these two separate entities were unknown. In a recent study, a Rac-specific
GEF that mediates the TNF-α-induced vascular permeability was identified.161
Phosphatidylinositol (3,4,5)-triphosphate–dependent Rac exchanger-1 (P-Rex1), which is highly
expressed in vascular ECs, is a key mediator in this process that involves Rac activation and ROS
production in a phosphoinositide 3-kinase (PI3k) dependent manner. Moreover, P-Rex1 deletion
was shown to protect junction integrity and significantly reduce intercellular adhesion molecule-1
(ICAM-1) expression, impairing this way leukocyte transendothelial migration and sequestration.161
In addition, another junctional RhoGEF was recently identified. Tumor endothelial marker 4 (TEM4)
was shown to be crucial for cell junction integrity, cell-cell adhesion and barrier function. Its depletion
disrupted HUVECs cell junctions and affected negatively the endothelial barrier function.162 Moreover,
it has also been shown to regulate endothelial cell migration and to be an essential regulator of the
actin cytoskeleton.163
Evidence has accumulated that Rap1 activation, besides enhancing VE-cad interaction with p120
catenin, is crucial for down-regulation of Rho signaling and dissolution of actin SF. Moreover, Rap effector
Afadin (known for regulating epithelial cell-cell junctions) mediates and stimulates AJs reannealing by
the translocation of the Rac1-specific GEF Tiam1 (T-cell lymphoma invasion and metastasis1), which
leads to the resealing of intercellular gaps.164 Interestingly, Tiam1 was also recently reported to be
involved in VEGF-induced permeability. It was observed an increased recruitment of Tiam1 to AJs and
VE-cad in the absence of NO as well as reduced Rho activation and stress fibers formation.165
Similarly, another RhoGEF has been reported to be involved in Rap1 and VEGF-induced permeability.
Facial-genital dysplasia-5 (FGD5) was identified in a genome-wide profile analysis of specific ECs
genes 166 and some of its family members have been characterized to be a GEF for Cdc42.167–169 FGD5
expressed in ECs is involved in vascular function as a regulator of vascular pruning 170 and endothelial
adhesion 171 and is known to partially localizes at cell-cell junctions.172 FGD5 was recently identified
as a Rap1 downstream signaling molecule to induce Cdc42 activation at ECs junctions and therefore
stimulate the formation of linear AJs.58
Forces and barrier function
Endothelial cells interact with their environment as well as with neighboring endothelial cells to
form a monolayer structure with unique barrier properties. Both cell-cell and cell-matrix interactions
are mediated by adhesion molecules which, through specialized linker proteins, are coupled to the
actin cytoskeleton. These adhesion complexes are of pivotal importance as force bearing structures:
via these adhesions, external forces can be transmitted to the endothelial cells and vice-versa; the
transmission of forces can also be used in opposite direction for the endogenously generated forces.
In this light, the actin cytoskeleton is of great importance since this is the main framework on which all
forces are exerted on.98,173,174 Coupled to this structure are different force-bearing proteins that have
the ability to sense mechanical forces through their force sensitive elements.74,175,176 The interaction
of Rho GTPases and forces can activate the stretch sensitive focal adhesion protein talin and the
intercellular signaling cascade that follows. By the application of force over the integrin-cytoskeleton
binding protein talin, molecular conformation changes occur which expose cryptic binding sites for
vinculin.177,178 As a consequence, vinculin becomes activated in the vinculin-paxillin-Focal-adhesion

Regulation of the endothelial barrier function: a filum granum of cellular forces, Rho-GTPase sigaling - 41

2

kinase complex which is essential for transmission of high traction.179
This enables the endothelial cell to translate mechanical forces into biochemically relevant signaling
which is called mechanotransduction.180,181 Sensing forces via mechanotransduction is of critical
importance to balance the highly dynamic forces which are applied on the endothelium and despite
that, maintain proper cell-cell interactions. Balancing forces within the endothelial monolayer is, in
that perspective, predominately achieved by modulation of the focal adhesion contacts and by finetuning of the internal contractile forces. As a consequence, the disruption of cell-cell contacts and
thereby the formation of inter-endothelial gaps, can only result of too high contractile forces or too
low adhesive forces.4 In both processes the Rho GTPases play a major role and are therefore seen as
the main regulators of endothelial permeability. As an example of the link between traction forces
and vascular permeability Faurobert and colleagues recently connected RhoA-mediated β1 integrin
activation, ROCK-dependent SF formation and cell contractility with reduced VE-cad cell-cell junction
stability and increased vascular permeability in an ICAP-1 deficient mouse model.72
In vivo, the balance of basal forces can be disturbed by the influence of many external physical and
mechanical cues, such as shear stress, cyclic strain, osmotic and hydrostatic pressure (Fig. 1). As a result
of these stimuli, Rho GTPase balance is disturbed 182–185 and a new equilibrium needs to be formed
quickly to prevent barrier dysfunction.186–188 Furthermore, within a monolayer of approximately 1 to
6 x 1013 endothelial cells 189 this is a complex enterprise to manage. Fortunately, despite the marked
difference between the origin of the forces (internal or external), the involved molecular transduction
mechanisms are analogous to a great extent.190–192 This enables the ECs to filter all input signals to a
certain degree and elicit one general response. It is for instance well known that both force sensing
and ECM rigidity sensing are critically important to control multiple aspects of cell behavior, such as
cell growth, differentiation and cancer malignant progression, but also rigidity sensing of the ECM.175,193
A key determinant for the force balancing and force transduction in ECs is the physical
microenvironment. The local endothelial niche is highly variable and it is mainly determined by
the compliance of the surrounding substrate. Within the human body a wide range of substrate
stiffnesses is observed 192,194: from ~1 kPa in the brain,195,196 to ~10 kPa in striated muscle,197,198 to ~30
kPa in precalcified bone,198 or to ~100 kPa in calcified sites of atherosclerotic rabbit thoracic artery.41,199
Furthermore, there is high local variation that can be due inter alia to constriction 200 or local injury
of the vasculature.41,201 Endothelial cells, due to their diverse distribution, have to cope with the
whole range of substrate stiffnesses and as a consequence have to adapt their functions to their local
surrounding. Previous studies have shown that substrate stiffness is a strong determinant of endothelial
behavior, such as cell morphology,194,202–205 locomotion,206,207 spreading,194,208 and growth.194 In all these
responses, remodeling of the force bearing actin cytoskeleton plays a central role. By the formation of
F-actin SF and the maturation of focal adhesions, the cell-matrix interaction is reinforced in response
to stiffer substrates.187,205,208,209 Recently, Krishnan and co-workers established the importance of the
endothelial response to increased substrate stiffness for regulation of endothelial barrier properties,
showing that this was accompanied by increased traction forces.26 The group of Birukov recently
provided mechanistical explanation for this observation by demonstrating a stiffness-dependent
activation of myosin phosphatase subunit 1 (MYPT1) and MLC phosphorylation in combination with
SF formation.28 Also evidence of focal adhesion maturation on stiffer substrates was provided by the
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observation of an increasing surface area 194,210–212 and the recruitment of unbound integrins by focal
adhesion kinase (FAK) and phosphatidylinositol 3- kinase (PI3K) activation.70 Furthermore, Stroka
and Aranda-Espinoza linked this increased cell-substrate interaction to higher mechanical loading
and showed the significance of the cell-cell junctions in the balancing of these physical forces.202
Altogether, these studies show that upon increased substrate stiffness the cell-matrix interaction is
reinforced and associated with higher cytoskeleton tension, and thus a higher probability of cell-cell
contact disruption leading to barrier dysfunction. These findings might have importance for different
pathological conditions such as diabetes, hypertension, cancer and atherosclerosis, which are all
associated with increased substrate stiffness.24,210,213–216 Moreover, substrate stiffening has also been
associated with aging,22 and has been shown to enhance endothelial permeability via Rho-dependent
cellular contractile responses.27
Intermezzo on force measurements
Ever since it became clear that the endothelium itself can contract, a tremendous interest developed
in setting up experiments to prove it. One of the first who linked the importance of endothelial
contraction to an increase permeability of blood vessels was Majno and colleagues.217 With the use of
electron microscopy it was observed that upon stimulation of histamine-type mediators endothelial
cells showed cytoplasmic changes which suggested contraction. The visualization of endothelial
contractions was elegantly studied by Morel and colleagues, who developed a wrinkling assay with
single pulmonary microvascular endothelial cells.218 They observed that cell-generated tension
created wrinkles in the underlying deformable substrate and that the same wrinkles would disappear
upon relaxation without loss of cell adhesion. Subsequently, new methods were developed which
made it possible to study contraction of whole endothelial monolayers. Firstly, isometric tension
measurements were performed on HUVECs with the use of isometric force monitory apparatus.219 This
technique allowed quantitative measurements of isometric tension which were strongly correlated
to activation of the actomyosin II based contractile system.98 Moreover, it was shown that the actin
cytoskeleton was essential for contraction and upon stimulation with the vaso-active agent thrombin,
a rapid increase of 2- to 2.5-fold in isometric contraction was observed.98 Secondly, more local force
measurements were developed to analyze mechanical properties of the endothelium. With the
introduction of atomic force microscopy, local structural and mechanical information about individual
SF 202 and VE-cad 220,221 could be studied. Topographical information of ECs showed an increase in
SF stiffness upon contraction 222 of which micromechanical properties and endothelial permeability
were strongly related.223 Recently developed possibilities to measure local forces include tensionsensitive fluorescence resonance energy transfer (FRET) sensors for measurements of intracellular
tensions 224,225 and also the tension gauge tether (TGT) assay, developed to evaluate molecular forces
within the cell-matrix interactions of single ligand-receptors.226 All in all, the previously described
methods are able to measure endothelial contractility. However, they lack the ability to produce force
maps of an endothelial monolayer as a whole. This changed with the introduction of traction force
microscopy (TFM), which has now proven itself as a powerful tool to study endothelial cell monolayer
contractility.227–229 With the use of this technique it became clear that traction forces underneath a
monolayer are characterized by a diverse heterogenic force landscape with punctuated hotspots with
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a magnitude multiple times greater than the mean traction force. Interestingly, thrombin-induced
force hotspots are associated with paracellular gap formation (Fig. 3) yet, this does not represent a
direct correlation.
To study this process in more detail, new TFM experiments were designed to study the local
force transduction of the cell-matrix interaction. These studies inter alia showed that an increase in
traction forces (TFs) was linearly correlated to an increase in the number of focal adhesions (FAs).212
Moreover, with the use of distinct knowledge over FAs in combination with the traction force
characteristics, forces at individual FAs can be calculated nowadays. Different studies revealed mean
TFs of 0.16 ± 0.08 kPa per mm2 of focal adhesion footprint area and mean peak forces of 0.8 ± 0.3
kPa.179,230 These differences between mean and peak forces indicate enormous time and location
dependent variation which is an indication of force balancing in single ECs. Within the endothelial
monolayer this mechanism is of critical importance to maintain cell-matrix but also cell-cell contacts
and is, in that sense, crucial for proper barrier function.
Force propagation via cell-cell contacts is called intercellular stresses and triggers
cytoskeleton rearrangements of influenced cells. Via this interplay of forces the endothelium behaves
as a coordinated cellular collective, rather than a simple assembly of many individual cells.102 Within
this tightly connected monolayer sheet, force needs to be balanced according to Newton’s laws within
the cytoskeleton. This principle in combination with the ability to measure traction force resulted
in an elegant approach from the group of Fredberg, to modulate monolayer stress.231,232 Monolayer
stress microscopy showed increased intercellular stress with higher TF in a similar heterogeneous
pattern to TFM. Interestingly, the force landscape of many closely opposed peaks and valleys had a
long transduction length scale of multiple cell diameters, which even increased upon treatment with
vaso-active agents when there was no complete separation of cell-cell interactions.102 Maruthamuthu
and colleagues also demonstrated the strong correlation between forces transmitted through cell–
cell adhesions and cell-matrix adhesions and showed a constant fractional relationship of 0.5.233
These results pinpoint the great importance of the physical microenvironment for the integrity of the
endothelial monolayer and indicate the prominent role for the cell-matrix in this relationship.
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Fig. 3 Traction force microscopy (TFM) of endothelial cells. TFM maps of a confluent monolayer of human umbilical
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regulated by distinct and opposing Rho GTPases activities. Of 22 known Rho GTPases, only robust
information about three and an emerging fourth member are available, whereas for the rest of the
family members hardly any information or studies are known although most of them have profound
effects on the EC cytoskeleton.234 As RhoB and its recent implication on vascular function, it is very likely
that other Rho GTPases, like RhoC that shares downstream targets with RhoA, will also be implicated
in the regulation of the endothelial barrier. The combined actions of Rho GTPases require a crucial
spatio-temporal regulation and this process is thoroughly orchestrated. However, the fundamental
53
question regarding how both contractile and adhesive forces are driven remains unanswered. We
hypothesize that Rho GTPases are driven by yet unknown distinct combinations of regulatory proteins

Regulation of the endothelial barrier function: a filum granum of cellular forces, Rho-GTPase sigaling - 45

and expect that in the near future detailed information from systematic analysis resulting from lossof-function screens will reveal.
What we do know is that the cell-matrix interaction plays a key role in this relationship and
that this interaction displays high local variation and is enormously dynamic. To study this process,
high spatial resolution microscopy is used to study force dynamics up to single focal adhesions.235
Plotnikov and colleagues showed that single FAs work autonomously and can only be found in two
distinct states: either expressing stable or dynamic fluctuating traction forces.179 In single mouse
embryonic fibroblasts, both observations were linked to rigidity sensing of the matrix, however if this
is also the case in other cell types and cell clusters, such as an endothelial monolayer, is unknown. To
get a better understanding of the involvement of forces in endothelial function and barrier disruption,
in depth knowledge of mechanotransduction is essential. In this light, new single molecular imaging
using fluorescence resonance energy transfer techniques can be useful to gain additional knowledge
about local force transmission.226,236 Moreover, Dubrovskyi and colleagues recently published a method
which enables new studies to map changes in local trans-monolayer permeability in an endothelial cell
monolayer over time.237 Such new methods will allow in the near future simultaneous mapping of
forces and monolayer integrity, which is essential for a better understanding of relationship between
forces and monolayer integrity.102
To obtain more insight in the in vivo situation, it is important to study the role of fluid shear
stress on the dynamics and regulation of traction forces in ECs. The recent study of Hur and co-workers
showed that cytoskeletal remodeling, changes in cell-matrix and cell–cell interactions and increased
intracellular tensions were effects of chemo-mechanical responses rather than a direct result of
mechanical loading due to the shear stress.225 The effect of soluble factors on endothelial barrier
function is unknown and should be addressed in new studies.
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