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Abstract

Increased vascular endothelial cell (EC) permeability is a result of
intercellular gap formation that may be induced by contraction-
dependent and contraction-independent mechanisms. This study
investigated a role of the adaptor protein vinculin in EC permeability
induced by contractile (thrombin) and noncontractile (IL-6)
agonists. Although thrombin and IL-6 caused a similar permeability
increase in human pulmonary ECs and disrupted the association
between vinculin and vascular endothelial–cadherin, they induced
different patterns of focal adhesion (FA) arrangement. Thrombin,
but not IL-6, caused formation of large, vinculin-positive FAs,
phosphorylation of FA proteins, FA kinase and Crk-associated
substrate, and increased vinculin–talin association. Thrombin-
induced formation of talin-positive FA and intercellular gaps
were suppressed in ECs with small interfering RNA–induced
vinculin knockdown. Vinculin knockdown and inhibitors of
Rho kinase andmyosin-II motor activity also attenuated thrombin-
induced EC permeability. Importantly, ectopic expression of
the vinculin mutant lacking the F-actin–binding domain
decreased thrombin-induced Rho pathway activation and EC
permeability. In contrast, IL-6–induced EC permeability did
not involve RhoA- or myosin-dependent mechanisms but
engaged Janus kinase/signal transducer and activator of
transcription–mediated phosphorylation and internalization

of vascular endothelial–cadherin. This process was vinculin
independent but Janus kinase/tyrosine kinase Src-dependent.
These data suggest that vinculin participates in a contractile-
dependentmechanismof permeability by integrating FAwith stress
fibers, leading to maximal RhoA activation and EC permeability
response. Vinculin inhibition does not affect contractile-
independentmechanisms of EC barrier failure. This study provides,
for the first time, a comparative analysis of two alternative
mechanisms of vascular endothelial barrier dysfunction and
defines a specific role for vinculin in the contractile type of
permeability response.
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Clinical Relevance

This study investigates the involvement of vinculin in
mechanisms of agonist-induced endothelial permeability
activated by contractile and noncontractile agonists and
defines the role for vinculin-driven focal adhesion–actin
cytoskeleton anchoring in the propagation of Rho-dependent
endothelial permeability caused by contractile agonists.

The lung endothelial cells (ECs) form a
semiselective barrier between circulating
blood and interstitial fluid. The contractile
model of EC barrier regulation (1, 2)

suggests that paracellular gap formation is
controlled by the balance of competing
contractile forces imposed by the
actomyosin cytoskeleton anchored to

focal adhesions (FAs), which generate
centripetal tension, and adhesive cell–cell
and cell–matrix tethering forces imposed by
peripheral FAs and adherens junctions
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(AJs). In this model, agonist-induced EC
permeability requires activation of myosin
light chain (MLC) kinase, RhoA GTPase,
and other signaling kinases, which trigger
actomyosin cytoskeletal rearrangement,
phosphorylation of regulatory MLC,
activation of EC contraction, disruption
of intercellular AJs, and formation of
paracellular gaps (1, 3).

FAs are multimolecular complexes
that form a bidirectional linkage
between the actin cytoskeleton and the
cell–extracellular matrix adhesions formed
by integrins (4, 5). FAs provide additional
tethering forces that help maintain EC
barrier integrity. Integrins and integrin-
associated intracellular FA proteins not
only physically connect the cytoskeleton to
the extracellular matrix, but also function as
the important transmitters of physical
forces into chemical signals (6–8).

Enhancement of FAs experiencing
increased mechanical loads requires
additional recruitment and activation of FA
proteins. Indeed, early studies that evaluated
force development by agonist-stimulated
cultured cells using traction force
microscopy showed that cytoskeletal tension
induced by thrombin caused tension-
associated enlargement of vinculin-positive
FAs, whereas inhibitors of contractility
promoted FA disassembly (9). Vinculin is
a globular FA protein consisting of five
helical domains (D1–D5). D1–D4 form
the vinculin head, which is connected to
the vinculin tail domain (Vt) by a flexible
linker region (10). Direct interaction of
the head domain (D1) with the Vt
renders a closed, autoinhibited vinculin
conformation. The Vt contains binding sites
for F-actin, paxillin, and phosphatidylinositol
4,5-bisphosphate, whereas the head domain,
D1, holds binding sites for talin, a-actinin,
and a-catenin, which are essential for
vinculin targeting to FAs. In the closed
conformation, vinculin is unable to bind
both filamentous actin at Vt and talin
at D1. The fraction of vinculin stably
incorporated in FAs increases with cell
forces and believed to be mediated by
force-dependent change of vinculin
conformation (11). Extracellular and
intracellular mechanical forces stimulate
formation of a stable complex between
vinculin and its FA-associated partner,
talin, as well as vinculin interaction with
the actin cytoskeleton. This FA-associated
mechanosensitive module stabilizes FA
complexes and cell adhesion, and is
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Figure 1. Effects of thrombin and IL-6 on endothelial permeability and focal adhesion (FA) remodeling. (A
and B) Human pulmonary artery endothelial cells (HPAECs) grown on glass coverslips (A) or in 96-well plates
(B) with immobilized, biotinylated gelatin (0.25 mg/ml) were treated with thrombin (0.2 U/ml, 10 min) or IL-6
and soluble receptor (SR; 30 ng/ml and 60 ng/ml, 5 h), followed by addition of fluorescein isothiocyanate
(FITC)-avidin (25 µg/ml, 3 min). Unbound FITC-avidin was removed, and FITC fluorescence (Fluor) was
measured; n=4; *P,0.05 versus vehicle. (C) Cells grown on coverslips were stimulated with thrombin
(0.2 U/ml, 10 min) or IL-6 and SR (30 ng/ml and 60 ng/ml, 5 h). FA remodeling was analyzed by
immunofluorescence staining for vinculin. (D) Levels of phosphorylated FA kinase (p-FAK) and Crk-associated
substrate (p130Cas) were determined by Western blot analysis using specific antibodies. Equal protein
loading was confirmed by determination of b-actin content in total cell lysates. (E) HPAECs were stimulated
with thrombin or IL-6/SR (10 min and 5 h, respectively) followed by double immunofluorescence staining with
antibodies against vinculin (red) and p-FAK (green). Merged images depict areas of vinculin and p-FAK
colocalization, which appear in yellow. Higher-magnification insets show details of FA localization. (F and G)
Co-immunoprecipitation assays using antibodies to vinculin (F) or vascular endothelial (VE)-cadherin (G) were
performed, and talin or vinculin content in the immunoprecipitates was detected using the appropriate
antibody. Bar graphs depict quantitative analysis of Western blot data; n=3; *P,0.05 versus vehicle. AU,
arbitrary units; IP, immunoprecipitation; RDU, relative density unit; Thr, thrombin; Veh, vehicle.
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essential for the proper functioning of
the intracellular contractile machinery
(12–14).

Thrombin is a serine protease produced
on the surface of the injured endothelium
from circulating prothrombin. Thrombin
rapidly activates EC actomyosin contractile
machinery (15) and increases pulmonary
vascular permeability via activation of
protease-activated receptor, protease
activated receptor 1, and direct activation
of RhoA through G12/13-coupled
p115Rho-guanosine nucleotide exchange
factor (16), which leads to increased MLC
phosphorylation, stress fiber formation,
increased actomyosin contraction, and EC
barrier dysfunction (15). In addition to the
contractile mechanism of EC permeability,
an alternative mechanism of increased
permeability involves partial disassembly of
AJs dependent on tyrosine phosphorylation
of vascular endothelial (VE)-cadherin (17,
18) and leading to the opening of intercellular
junctions and increased macromolecule
flux. AJs, composed of cadherins bound
together in a homotypic and Ca21-dependent
fashion, serve to link adjacent ECs.
Transmembrane AJ cadherins interact
through the cytoplasmic tail with the
catenin family of intracellular proteins (a, b,
g, p120) and adaptor protein vinculin,
providing anchorage to the actin cytoskeleton
(19, 20).

IL-6 is an inflammatory mediator up-
regulated in septic and ventilator-induced
lung injury (21, 22). The IL-6 receptor
(IL-6R) consists of two polypeptide chains:
an 80-kD IL-6R and a 130-kD signal
transducer (glycoprotein 130 [gp130]). IL-6
associates with the gp130 coreceptor on the
EC membrane surface and triggers the
activation of Janus kinase/signal transducer
and activator of transcription–mediated
transcription, phosphatidylinositol-3-
kinase-kinase/AKT cascade, and mitogen-
activated protein kinase pathways (23). The
signaling pathways activated in pulmonary
endothelium by IL-6 are not clearly
understood, and the precise mechanisms
of IL-6–mediated EC barrier dysfunction
remain to be elucidated. Our previous
study suggests that IL-6–induced EC
permeability is independent of RhoA
signaling (24). In the current study, we used
thrombin and IL-6 as model agents to
investigate a role of vinculin in contractile-
dependent and contractile-independent
mechanisms of EC barrier failure relevant
to pathological conditions of lung

vascular barrier dysfunction caused by
circulating vasoactive agonists and
proinflammatory cytokines.

Materials and Methods

Cell Culture and Reagents
Human pulmonary artery ECs (HPAECs)
were obtained from Lonza (Allendale, NJ).
Human IL-6 and IL-6–soluble receptor were
from R&D Systems (Minneapolis, MN).
MLC-threonine18/serine19, STAT3-Y705,
FA kinase (FAK)-Y576/577, Crk-associated
substrate (p130Cas)-Y410, tyrosine kinase
Src-Y416 antibodies were from Cell
Signaling (Beverly, MA); VE-cadherin was
from Santa Cruz Biotechnology (Santa
Cruz, CA); vinculin and b-actin were from
Sigma (St. Louis, MO); myosin-A was from
Covance (Berkley, CA), phospho-VE-
cadherin-Y658 was from Invitrogen
(Carlsbad, CA). MLC phosphatase (MYPT)
1–threonine850 and talin antibodies,
blebbistatin, JAK inhibitor-I, Y27632, and
PP2 kinase inhibitor were purchased from
EMD Millipore (Billerica, MA). Reagents
for immunofluorescence were from
Molecular Probes (Eugene, OR). Unless
otherwise specified, biochemical reagents
were obtained from Sigma. YFP-vinculin
and YFP-VNC-880 mutant lacking C-
terminal F-actin binding domain were
provided by C. Ballestrem (13). Transient
DNA transfections of HPAECs were
performed using PolyJet reagent from
Signagen Laboratories (Rockville, MD), as
recommended by the manufacturer. Cells
were used 24 hours after transfection. In
experiments with vinculin knockdown,
predesigned, standard-purity, vinculin-
specific small interfering RNA sets were
ordered from Ambion (Austin, TX), and
transfection of ECs was performed as
described previously (25). After 48–72
hours of transfection, cells were used for
experiments or harvested for Western blot
verification of specific protein depletion.
Nonspecific, nontargeting siRNA
(Dharmacon, Lafayette, CO) was used as a
control. Cell viability assay was performed
using the Viability/Cytotoxicity kit from
Molecular Probes according to the
manufacturer’s protocol.

Measurement of EC Permeability
Transendothelial electrical resistance (TER)
across confluent human pulmonary artery
endothelial monolayers was measured

using an electrical cell-substrate
impedance–sensing system (Applied
Biophysics, Troy, NY) (26). Measurement
of EC permeability for macromolecules was
performed using Express Permeability
Testing assay (XPerT), recently developed
by our group (27). Images of were acquired
using Nikon video imaging system Eclipse
TE 300 (Nikon, Tokyo, Japan) equipped
with a digital camera (DKC 5000; Sony,
Tokyo, Japan) and processed with Adobe
Photoshop 7.0 software (Adobe Systems,
San Jose, CA).

GTPase Activation, Protein
Fractionation, and
Immunoprecipitation
Rho activation was assessed using the
GTP-bound GTPase pulldown assays as
described previously (15). Cytosolic and
membrane fractions were separated using a
subcellular protein fractionation kit
(Thermo Fisher Scientific, Rockford, IL).
Coimmunoprecipitation studies and
Western blot analysis were performed
using confluent HPAEC monolayers, as
described elsewhere (28). Protein extracts
were separated by SDS-PAGE and
transferred to polyvinylidene difluoride
membranes, and the membranes were
incubated with specific antibodies of
interest.

Immunofluorescence
Endothelial monolayers plated on glass
coverslips were subjected to double
immunofluorescence staining with the
appropriate antibody, as described
previously (28). Texas red phalloidin
was used to visualize F-actin. After
immunostaining, slides were analyzed using
a Nikon video imaging system (Nikon
Instech Co., Tokyo, Japan). Images were
processed with Adobe Photoshop 7.0
software. Agonist-induced gap formation
was quantified in EC monolayers after
affinity staining with Texas red phalloidin,
as described previously (15).

Statistical Analysis
Results are expressed as means (6SD).
Experimental samples were compared with
controls by the unpaired Student’s t test. For
multiple-group comparisons, one-way variance
analysis (ANOVA) and post hoc multiple
comparison tests were used. P less
than 0.05 was considered statistically
significant.
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Results

EC Permeability Caused by Thrombin
and IL-6 Is Associated with Different
Patterns of FA Remodeling and
Signaling
Human pulmonary ECs were treated with
IL-6 in the presence of IL-6–soluble receptor
or thrombin. Both agonists increased EC
paracellular permeability (Figures 1A and
1B) monitored by the previously described
XPerT assay (27). Thrombin-induced
permeability was associated with significant
enlargement of vinculin-positive FAs. By
contrast, the EC permeability response to
IL-6 was not accompanied by significant
changes in FA arrangement (Figure 1C).
Previous studies have shown more
delayed EC permeability response to IL-6,
which developed after 0.5–5.0 hours of
stimulation (24) in contrast to more
rapid (5–20 min) development of
permeability caused by thrombin, which
also was followed by recovery of EC
barrier by 60 minutes after treatment
(29). These time points were further
used for analysis of thrombin- and
IL-6–induced EC signaling and cytoskeletal
remodeling.

Biochemical analysis of agonist-
induced activation of FA proteins
showed increased levels of phosphorylated
FA-associated signaling proteins, FAK
and p130Cas, after thrombin stimulation.
In contrast, IL-6 treatment did not
induce noticeable FAK or p130Cas
phosphorylation (Figure 1D). In addition
to activation of FAK and p130Cas, and
FA remodeling, thrombin stimulation
also induced colocalization of vinculin
and activated FAK at the enlarged
FAs (Figure 1E), which is consistent
with activation of vinculin by tyrosine
phosphorylation in mechanically loaded
FAs (30). In contrast, colocalization of
vinculin and phospho-FAK was not
observed in IL-6–stimulated cells.
These data illustrate the fundamental
differences in FA remodeling in the
contractile and noncontractile models of
EC permeability.

Increased accumulation of vinculin at
FAs or AJs has been linked to generation of
intracellular tension (20, 31), suggesting a
role for vinculin as a force sensor and
mechanotransducer at FAs and AJs. The
next tests examined vinculin interactions
with FA and AJ protein complexes in ECs

treated with thrombin and IL-6. Thrombin
stimulated interactions between vinculin
and its FA-associated binding partner, talin,
as detected by co-immunoprecipitation
assays. In contrast, vinculin–talin
interaction was not stimulated by cell
treatment with IL-6 (Figure 1F).

Both, thrombin and IL-6 decreased
co-immunoprecipitation of vinculin and
AJ protein VE-cadherin (Figure 1G). The
data show that thrombin caused transient
disruption of the vinculin–VE-cadherin
complex, whereas dissociation of vinculin
from VE-cadherin caused by IL-6 was more
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Figure 2. Effects of vinculin knockdown on thrombin– and IL-6–induced FA rearrangement, actin
cytoskeletal remodeling, and endothelial permeability. Human pulmonary ECs were transfected
with vinculin-specific (si-VNC) or nonspecific small interfering RNA. (A and B) FA (A) and cytoskeletal
(B) remodeling in thrombin– (0.2 U/ml, 10 min) or IL-6/SR (30 ng/ml and 60 ng/ml, 5 h)–treated
cells was analyzed by immunofluorescence staining for talin or F-actin, respectively. Paracellular gaps
are marked by arrows. (C) Quantitative analysis of paracellular gap formation in control and treated
HPAECs. Data are expressed as mean6 SD; n = 4; *P, 0.05 versus nonspecific RNA (ns-RNA). (D)
HPAECs plated on microelectrodes were treated with thrombin or IL-6/SR followed by
measurements of transendothelial electrical resistance (TER). Arrows in panel D indicate time point of
agonist.
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sustained and was observed at up to 6 hours
after IL-6 treatment.

Involvement of Vinculin in Contractile
and Noncontractile Mechanisms of
EC Permeability
The role of vinculin in the modulation of the
EC permeability response was examined
using vinculin depletion by gene-specific
siRNA. Vinculin knockdown significantly
decreased the size of talin-positive FAs
in thrombin-stimulated ECs, without a
noticeable effect on IL-6–stimulated cells
(Figure 2A).

Vinculin knockdown attenuated
thrombin-induced actin stress fiber
formation and EC monolayer disruption,
but was without an effect on F-actin
arrangement or formation of paracellular
gaps in ECs treated with IL-6 (Figures 2B
and 2C). Measurements of TER
showed significant attenuation of the
TER drop caused by thrombin in ECs
with vinculin knockdown. In contrast,
vinculin knockdown did not affect the
TER drop in IL-6–stimulated ECs
(Figure 2D).

Differential Effects of Rho and Myosin
Inhibitors on EC Permeability Caused
by Thrombin and IL-6
Activation of actomyosin contractility in
vascular endothelium is triggered by
the Rho pathway, which causes Rho
kinase–dependent phosphorylation and
inactivation of MYPT1 and increased
phosphorylation of regulatory MLCs (15).
As a reflection of the classical mechanism
of Rho-dependent remodeling, thrombin
stimulation rapidly activated RhoA
(Figure 3A), and stimulated formation of
central stress fibers containing F-actin and
myosin A, essential for activation of cell
contractile response (Figure 3B), and
promoted anchoring of contractile
stress fibers to FAs (Figure 3C). Cell
pretreatment with Rho kinase inhibitor
Y-27632 abolished thrombin-induced
phosphorylation of MYPT1 and MLC,
whereas inhibition of JAK was without
effect (Figure 3D). Inhibition of Rho
signaling by Y-27632 (Figure 3E) or
inhibition of myosin A motor activity by
cell treatment with blebbistatin (Figure 3F)
attenuated a thrombin-induced increase
in EC permeability, reflected by TER
decline and suppressed thrombin-induced
formation of paracellular gaps (Figure 3G). In
contrast, thrombin-induced EC permeability
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was not affected by cell pretreatment with
JAK inhibitor (Figure 3H).

Unlike thrombin, IL-6 neither activated
Rho (Figure 4A) nor stimulated formation of
central stress fibers containing F-actin and
myosin A, the complex essential for
contractile mechanism of EC permeability
(Figure 4B). Also in contrast with thrombin-
stimulated conditions, IL-6 did not induce
colocalization of vinculin with tips of actin
filaments (Figure 4C). Y-27632 (Figure 4D)
and blebbistatin (Figure 4E) were ineffective in
the attenuation of EC permeability and
paracellular gap formation caused by IL-6.
However, in control experiments, EC barrier
dysfunction caused by IL-6 was blocked by
EC pretreatment with the pharmacologic
inhibitor of Jak kinase (Figures 4F and 4G).

IL-6 activated JAK stress kinase
(Figure 5A, upper panel); this activation led to
phosphorylation of JAK substrates, STAT and
VE-cadherin (Figure 5A, middle panel).
IL-6–induced VE-cadherin phosphorylation
caused its disappearance from the cell
membrane fraction (Figure 5B), which reflects
VE-cadherin internalization and disassembly
of AJ complexes in IL-6–challenged ECs.
Immunofluorescence staining of IL-6–treated
ECs showed time-dependent disappearance of
the continuous VE-cadherin–positive rim,
reflecting disassembly of AJs (Figure 5C). In
contrast to uniform VE-cadherin
disappearance from the cell junctions of
IL-6–stimulated cells, VE-cadherin
disappearance in thrombin-stimulated cells
was observed at sites of cell retraction
(Figure 5C and high-magnification inset), but
was still preserved in nonretracting regions.
Pretreatment with Rho kinase inhibitor
Y-27632 did not affect the IL-6–induced
disassembly of VE-cadherin–positive AJs,
which was monitored by immunofluorescence
staining (Figure 5D) and VE-cadherin
disappearance from the membrane fraction
(Figure 5E), but inhibited VE-cadherin
disappearance from the cell junctions and
the membrane fractions of thrombin-
stimulated ECs.

Role of Vinculin in Thrombin- and
IL-6–Mediated EC Barrier–Disruptive
Effects
The results of this study suggest the role
of vinculin in the contractile mechanism
of actomyosin remodeling and EC
permeability driven by Rho signaling.
The next experiments tested the direct
role of vinculin in barrier-disruptive
mechanisms activated by thrombin and

IL-6. Knockdown of vinculin using gene-
specific siRNA dramatically attenuated
thrombin-induced activation of Rho
(Figure 6A) and phosphorylation of MLC
(Figure 6B). Such vinculin-mediated
inhibition of Rho signaling caused
attenuation of thrombin-induced formation
of stress fibers containing F-actin and
myosin A (Figure 6C). In contrast,

molecular inhibition of vinculin did not
affect IL-6–induced phosphorylation of
STAT3 and VE-cadherin (Figure 6D).
IL-6–induced activation of STAT3,
phosphorylation of VE-cadherin and
disruption of VE-cadherin AJs was rescued by
inhibitor of Jak kinase (Figures 6D and 6E).
Further analysis of IL-6–induced signaling
leading to VE-cadherin phosphorylation
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showed that pharmacological inhibition of
JAK suppressed IL-6–induced activation
of Src (Figure 6F, left panels), suggesting
Src to be downstream of JAK. In turn,
inhibition of Src activity by PP2 kinase
inhibitor abolished IL-6–induced
phosphorylation of VE-cadherin
(Figure 6F, right panels).

Role of Vinculin Interaction with Actin
Cytoskeleton in Thrombin-Induced
Rho Signaling, EC Permeability, and
Actomyosin Assembly
Vinculin head region participates in the
stabilization of cell adhesion sites
independently of actomyosin-mediated
tension; however, its interaction with talin

is crucial in maintaining this function (13).
In contrast, tensile forces mediated by
actomyosin are required for conformational
changes and activation of native vinculin in
living cells (32), which is a critical step
in force-induced enhancement of cell
adhesion to the substrate. The next
experiments tested if vinculin linkage
to both the FA complex and actin
cytoskeleton is required for full activation
of signaling, and cytoskeletal and
permeability responses by pulmonary
ECs to thrombin and IL-6. Cells were
transfected with plasmids encoding the
full-length vinculin (vinc-FL) and the
truncated vinculin mutant (VNC-880)
lacking the C-terminal domain
responsible for interaction with the
actin cytoskeleton (13).

Expression of the VNC-880 mutant
with preserved talin-binding domain, but
missing actin-binding domain, attenuated
thrombin-induced TER decline (Figure 7A),
which was linked to suppression of
Rho activation (Figure 7B) and MLC
phosphorylation in ECs stimulated with
thrombin (Figure 7C). Consistent with the
observed attenuation of thrombin-induced
permeability and signaling response,
expression of VNC-880 attenuated
thrombin-induced stress fiber formation
(Figure 7D, left panels). In contrast,
expression of VNC-880 did not affect the
F-actin arrangement in the ECs stimulated
with IL-6 (Figure 7D, right panels).
Immunofluorescence analysis demonstrated
colocalization of ectopically expressed
recombinant vinc-FL and VNC-880 mutant
with endogenous vinculin at the FAs
(Figure 7E).

Discussion

This study tested, for the first time,
side by side, the role of FA-associated
mechanosensitive protein vinculin in the
mediation of EC permeability responses
to contractile and noncontractile agonists.
The results show the direct involvement of
vinculin in the contractile mechanism of
agonist-induced EC permeability induced
by thrombin. In contrast, vinculin inhibition
did not affect EC barrier dysfunction caused
by IL-6, which was independent of the
Rho pathway and cell contractile forces.
Instead, IL-6–induced permeability was
associated with phosphorylation and
internalization of VE-cadherin, leading to
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Figure 5. Analysis of adherens junction (AJ) remodeling in response to IL-6. HPAECs were treated
with IL-6 and SR (30 ng/ml and 60 ng/ml). (A) Levels of phosphorylated signal transducer and
activator of transcription (STAT) and VE-cadherin in the cell lysates were determined by Western blot
analysis using specific antibodies. Equal protein loading was confirmed by determination of b-actin
content in total cell lysates. (B) Membrane translocation of VE-cadherin was analyzed by Western blot
analysis of EC membrane fractions. Lower panel shows Western blot detection of VE-cadherin in total
cell lysates. (C) AJ disassembly in control and IL-6/SR–stimulated EC monolayers was analyzed over
a 5-hour time period by immunofluorescence staining for VE-cadherin. In contrast, thrombin treatment
(0.2 U/ml, 10 min) caused acute disruption of adherence junctions initiated by cell contraction. Higher-
magnification insets (boxes 1 to 4) show details of AJ remodeling. (D and E) HPAECs were pretreated with
vehicle or Y-27632 (2 µM, 30 min) followed by stimulation with thrombin or IL-6/SR (10 min and 5 h,
respectively). (D) AJ disassembly was analyzed by immunofluorescence staining for VE-cadherin. Membrane
translocation of VE-cadherin was analyzed by Western blot analysis of the EC membrane fractions. (E)
Lower panels in upper and lower gel sets show Western blot detection of VE-cadherin in total cell lysates.
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disassembly of AJs, which was not affected
by inhibition of Rho-dependent
contractile mechanisms. In support of
the contractile mechanism of thrombin-
induced EC barrier dysfunction,
pharmacologic inhibition of Rho kinase or
myosin motor activity abolished EC
permeability caused by thrombin, but did
not affect permeability caused by IL-6.
On the other side, inhibition of JAK kinase
did not affect permeability caused by
thrombin, but abolished VE-cadherin
phosphorylation, AJ disassembly and
barrier dysfunction caused by IL-6.

The molecular inhibition of vinculin in
this study not only suppressed thrombin-
induced formation of enlarged FAs
linked to actomyosin stress fibers and EC
permeability response. Vinculin localization
to FAs and transition to the activated
state is regulated by external mechanical
forces applied to focal contacts (33) or by
internal forces generated by actomyosin
contraction (14). External or internal
actomyosin-generated mechanical strain
also triggers Rho signaling at FAs (8, 33,
34), suggesting a role of FAs and vinculin
in particular, in feedback regulation of
agonist-induced Rho signaling, cell
contractility, and EC permeability response.

Interestingly, siRNA-induced vinculin
depletion only partially attenuated RhoA
GTPase activity, but almost completely blocked
the thrombin-induced permeability and stress
fiber formation. Primary activation of RhoA by
thrombin is mediated by a protease-activated
receptor 1 receptor–dependent mechanism
(35, 36) and is therefore independent on
vinculin. However, thrombin-induced, RhoA-
dependent stress fiber formation and internal
force generation depends on assembly of FA
complexes and triggers a positive feedback
mechanism of RhoA activation (8, 34).
Vinculin has been proposed to contribute to
the mechanical stability under large external
forces by regulating contractile stress
generation (37). These findings may explain
incomplete inhibition of thrombin-induced
RhoA activation, but almost complete
abrogation of permeability in ECs with
vinculin knockdown.

Our results also show that expression of
the VNC-880 mutant, which uncouples
FA complexes from actomyosin fibers (13),
attenuated thrombin-induced Rho signaling
and EC permeability response. These results
highlight the importance of vinculin as a linker
integrating FAs with the actin cytoskeleton
and point out the essential role for the

B

A

C

R
ho

-G
T

P
, R

D
U

*
*

*

800
600

200
400

0
Thrombin: 0 5 10

ns-RNA si-Vinculin

30 0 5 10 30 (min)

pp
-M

LC
, R

D
U 500 *

*
400

100

300
200

0
Thrombin: 0 10 30

ns-RNA
0 10 30 (min)

si-Vinculin

E

D

F

ns-RNA

ns
-R

N
A

si
-V

in
cu

lin

0Thrombin:

IL-6:

p-STAT

p-VE-Cad

β-Actin

p-STAT

Veh IL
-6 Ja

k-
i

+I
L-

6

Veh IL
-6 Ja

k-
i

+I
L-

6

Veh IL
-6 Ja

k-
i

+I
L-

6

p-VE-Cad

p-VE-Cad

p-Src

β-Actin

β-Actin

β-Actin

Thrombin:

pp-MLC

β-Actin

Rho-GTP

Rho total

Vinculin

5 15 30 0 5 15 30 (min)

si-Vinculin

ns-RNA

0 10 1030 0

0 1 2 0 1 2 (hr)

30 (min)

si-Vinculin

ns-RNA si-Vinculin
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vinculin-dependent mechanotransduction
module in the development of a full EC
permeability response to contractile agonists.
Vinculin-mediated FA-actin cytoskeleton
linkage was critical for the mediation of the
contractile mechanism of EC permeability and
FA-dependent activation of Rho signaling. A
recent report by Dumbauld and colleagues
(38) further supports a role of vinculin in
contractile responses by demonstrating
absolute requirement for a vinc-FL and
activated vinculin molecule for the
development of vinculin-dependent traction
forces in adherent cells.

In relation to the role of vinculin as
a tension-bearing element at the cell
junctions, the study by Huveneers and
colleagues (39) described VE-cadherin
containing focal cell–cell adhesive
complexes called focal AJs, which appeared
in thrombin-stimulated ECs after
disruption of a continuous line of classical
AJs surrounding the cell borders. Focal AJs
were attached to radial F-actin bundles and
shown to contain vinculin (39). These
structures do not protect against the acute
phase of thrombin-induced permeability,
but rather play an important role in EC

barrier restoration, as they serve as
initiation points for reannealing of AJs and
restoration of EC monolayer integrity.

On the other hand, noncontractile
mechanisms of EC barrier dysfunction
caused by IL-6 were independent of vinculin
and were not affected by vinculin
knockdown. Instead, IL-6 caused JAK-
dependent phosphorylation of Stat and
VE-cadherin, VE-cadherin internalization,
disassembly of AJs, and increased EC
permeability. VE-cadherin internalization is
triggered by serine/threonine or tyrosine
phosphorylation mediated by p21 activated
kinase (40) or Src kinase family (41, 42). The
JAK-dependent mechanism of IL-6–induced
endothelial permeability involved
downstream activation of Src, as Jak
inhibitor abolished Src phosphorylation at
Y-416, reflecting its activation, whereas both
Jak and Src inhibitors suppressed
phosphorylation of VE-cadherin (Figure 6F)
and VE-cadherin disappearance from cell
junctions (data not shown). The precise
mechanism of IL-6–JAK–mediated Src
activation awaits further investigation. It has
been reported that ligation of IL-6R gp130
recruits and activates JAK, which, in turn,
phosphorylates and additionally activates
gp130 (43). Full activation of gp130
stimulates association of the related tyrosine
kinases, Src and tyrosine protein kinase
Yes1, which are activated on receptor
engagement (44). Experiments with
pharmacological kinase inhibitors
performed in this study support the JAK–Src
mechanism of VE-cadherin phosphorylation
in IL-6–stimulated ECs. It is important to
note that the noncontractile mechanism of
EC permeability described for IL-6 in this
study may be applicable for other
proinflammatory agonists. For example,
Rho-independent, VE-cadherin
phosphorylation–dependent permeability
responses have been observed in ECs treated
with truncated, oxidized phospholipids (45)
and platelet-activating factor (46).

The goal of this study was to dissect
contractile (modulation of the cytoskeleton)
and noncontractile (modulation of the
cell junctions) mechanisms of endothelial
permeability. Endothelial culture is an ideal
model for the separation and molecular
analysis of these mechanisms. In turn, the
lung endothelial environment in vivo is
more complex and includes mechanical
forces (shear forces and mechanical strain),
circulating barrier-protective and barrier-
disruptive agonists, mechanical stretch,
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pressure, et cetera. These factors lead to
a more complex pattern of endothelial
response, which will engage both
contractile and noncontractile mechanisms.
Thus, the translational impact of this study
is a demonstration of the necessity of
inhibiting the two mechanisms (contractile
and noncontractile) to restore lung vascular
barrier in contrast to monotherapies
with agonists acting solely on EC
cytoskeleton or cell junctions.

In summary, this study provides, for
the first time, a comparative analysis of
contractile and noncontractile mechanisms

of agonist-induced EC permeability, and
defines a role for vinculin-driven FA–actin
cytoskeleton anchoring in the propagation
of Rho-dependent EC permeability caused
by contractile agonists. The data also show
that alteration of vinculin does not affect
noncontractile mechanism of vascular
endothelial leak. This study expands
our understanding of contractile and
noncontractile mechanisms of vascular
permeability, which might explain the
diversity of pathways leading to vascular
dysfunction in acute lung injury and
other conditions associated with vascular

inflammation. The results of this study
also suggest the necessity of targeting
both contractile and noncontractile
mechanisms to restore lung vascular
barrier in contrast to monotherapies
acting on one mechanism of EC barrier
dysfunction. n
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