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Editor's Summary

 
 
 

available in the clinic, one might say that physicians and researchers are ready to rock.
treatment option for age-related atherosclerosis. And because inhibitors of Rho signaling, such as fasudil, are already 
prevented leukocyte transmigration. These observations suggest that directly interfering with Rho signaling is a viable
authors showed that gap junction widths and endothelial cellular forces decreased. In vitro, the inhibitor also 
(ROCK). By administering a pharmacological ROCK inhibitor (Y-27632) to their in vitro setup and to old mice, the
hypothesized that they could reverse the effects of age-related intimal stiffening by inhibiting Rho-associated kinase 

.et alBecause the Rho signaling pathway is linked to the cellular cytoskeleton and, in turn, contractility, Huynh 

monolayer; along with leaky vasculature, cellular transmigration is a hallmark of atherosclerosis progression.
This increase in the so-called gap junction width also permitted the passage of leukocytes through the endothelial cell 

between neighboring cells.−−or junction−−the enhanced vessel permeability resulted from an increase in the distance
with decellularized thoracic aortas from both young (~10 weeks) and old (~92 weeks) mice. In both of these systems,
that age alone was a disruptive factor. These results were confirmed ex vivo by performing atomic force microscopy 

. determined that permeability increased as a function of matrix stiffness, suggestinget alacross the cell layer, Huynh 
administering a solution of fluorescently labeled molecules to the cell-gel system and watching how the dye moved
vessels. Synthetic hydrogel matrices of varying stiffnesses were seeded with bovine aortic endothelial cells. By 

The authors first developed an in vitro system that mimicked the basic structures of both young and old blood

atherosclerosis, showing that cell contractility is at the heart of it all.
biomaterials, cells, aortas, and mice, Huynh and colleagues have demystified the correlation between aging and
mechanical features that couple the two conditions have remained elusive. Now, using a clever combination of 
extracellular matrix that lines the blood vessels, a change that has been linked to atherosclerosis; yet, the cellular and
accompanied by several changes of heart, at least at the cellular level. One age-related ''wrinkle'' is stiffening of the 

). Unfortunately, despite a positive attitude, aging isPonkapoag Papersreverent, is to triumph over old age'' (from 
According to novelist Thomas Bailey Aldrich, ''To keep the heart unwrinkled, to be hopeful, kindly, cheerful,

Rock Your Heart Out
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CELL B IOMECHAN ICS
Age-Related Intimal Stiffening Enhances Endothelial
Permeability and Leukocyte Transmigration
John Huynh, Nozomi Nishimura, Kuldeepsinh Rana, John M. Peloquin, Joseph P. Califano,
Christine R. Montague, Michael R. King, Chris B. Schaffer, Cynthia A. Reinhart-King*
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Age is the most significant risk factor for atherosclerosis; however, the link between age and atherosclerosis is
poorly understood. During both aging and atherosclerosis progression, the blood vessel wall stiffens owing to
alterations in the extracellular matrix. Using in vitro and ex vivo models of vessel wall stiffness and aging, we
show that stiffening of extracellular matrix within the intima promotes endothelial cell permeability—a hallmark of
atherogenesis. When cultured on hydrogels fabricated to match the elasticity of young and aging intima, endothe-
lial monolayers exhibit increased permeability and disrupted cell-cell junctions on stiffer matrices. In parallel
experiments, we showed a corresponding increase in cell-cell junction width with age in ex vivo aortas from young
(10 weeks) and old (21 to 25 months) healthy mice. To investigate the mechanism by which matrix stiffening alters
monolayer integrity, we found that cell contractility increases with increased matrix stiffness, mechanically desta-
bilizing cell-cell junctions. This increase in endothelial permeability results in increased leukocyte extravasation,
which is a critical step in atherosclerotic plaque formation. Mild inhibition of Rho-dependent cell contractility using
Y-27632, an inhibitor of Rho-associated kinase, or small interfering RNA restored monolayer integrity in vitro and
in vivo. Our results suggest that extracellular matrix stiffening alone, which occurs during aging, can lead to
endothelial monolayer disruption and atherosclerosis pathogenesis. Because previous therapeutics designed to
decrease vascular stiffness have been met with limited success, our findings could be the basis for the design of
therapeutics that target the Rho-dependent cellular contractile response to matrix stiffening, rather than stiffness
itself, to more effectively prevent atherosclerosis progression.
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INTRODUCTION

Vascular stiffening accompanies a variety of cardiovascular patholo-
gies including hypertension (1) and atherosclerosis (2). The blood vessel
wall also stiffens with age (3). During aging, vessel stiffness increases
owing to changes in the microscale architecture of the extracellular matrix
(ECM) within the vessel wall, namely, the increases in elastin fragmenta-
tion, collagen deposition, and matrix protein cross-linking (4, 5). This
matrix stiffening decreases arterial distensibility and capacitance and
can increase mechanical strain on the heart. Macroscopic measurements
of arterial stiffness are often used for clinical diagnosis and can indepen-
dently predict cardiovascular events, such as coronary heart disease and
stroke (6) and mortality in elderly patients (7). Although vascular stiff-
ening occurs ubiquitously with age and is a predictor of cardiovascular
risk, little is known about how vessel stiffness affects endothelial cells
within blood vessels where arteriosclerosis initiates.

Recent evidence suggests that matrix stiffness affects cell behaviors
(8), including cell spreading and adhesion (9), migration (10), and dif-
ferentiation (11). It has been shown to alter vascular smooth muscle
cell phenotype (12) and promote intimal hyperplasia (13). Our own
data suggest that changes in matrix stiffness can alter cell-cell contact
(14). Because cell-cell contact is directly linked to monolayer integrity
and permeability, we hypothesized that increased matrix stiffness with
age may disrupt barrier function of the endothelium. Increased endo-
thelial permeability to lipoproteins and immune cells is considered the
initiating step of atherosclerosis pathogenesis, and the accumulation of
debris in the intima results in the formation of atherosclerotic plaques
(15–17). Notably, decreasing permeability decreases plaque formation
Department of Biomedical Engineering, Cornell University, Ithaca, NY 14853, USA.
*To whom correspondence should be addressed. E-mail: cak57@cornell.edu
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(18, 19). Endothelial permeability is controlled in part by the dynamic
opening and closing of endothelial cell-cell junctions (20), which are
directly affected by interactions between endothelial cells and the ECM
(21). Although the intima stiffens during aging and atherosclerosis pro-
gression, and endothelial permeability occurs with age and is regarded
as one of the first steps in atherogenesis, the relationship between age-
related blood vessel stiffening, endothelial cell function, and monolayer
integrity has not been investigated in depth.

Because endothelial permeability is known as an early event in athero-
genesis, we explored the effects of age-related matrix stiffness on endo-
thelial barrier function using both in vitro and ex vivo models of intimal
stiffening and aging. We found that stiffening of the matrix increased
monolayer permeability. This increase in permeability was the result
of up-regulated cell contractility, which mechanically disrupted cell-cell
junctions and promoted leukocyte transmigration—a critical step in ath-
erosclerotic plaque formation. Pharmacological inhibition of cell contrac-
tility reversed the effects of matrix stiffness on endothelial permeability
by restoring tight cell-cell junctions in mice and also decreased leukocyte
transmigration in vitro. These findings suggest that matrix stiffening
alone, which occurs during the natural aging process, can directly cause
endothelial monolayer permeability and atherosclerosis progression.
RESULTS

Increased matrix stiffness promotes endothelial monolayer
permeability by destabilizing cell-cell junctions
We first investigated the effect of substrate stiffness on the barrier
function of endothelial monolayers. To mimic the stiffness of young
and aged intima, we fabricated synthetic hydrogel substrates (22) that
ranslationalMedicine.org 7 December 2011 Vol 3 Issue 112 112ra122 1
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approximated and exceeded the Young’s modulus of 2.7 ± 1.1 kPa
reported previously for the subendothelial matrix in bovine carotid
arteries (23). Bovine aortic endothelial cells (BAECs) were seeded
on polyacrylamide substrates of 2.5, 5, and 10 kPa. Endothelium per-
meability was measured on the basis of 40-kD fluorescein isothio-
cyanate (FITC)–dextran movement across the monolayer (Fig. 1A
and fig. S1). Forty-kilodalton FITC-dextran was chosen because its hy-
drodynamic radius (~4.8 nm) approximates that of albumin (~3.6 nm)
(24), a model protein commonly used in permeability studies (25) and
www.ScienceT
whose permeation through the endothelium is associated with cardio-
vascular pathologies such as diabetes (26) and atherosclerosis (27). To
validate our permeability measurements, we treated BAECs on gels
with known barrier-altering agonists. Barrier-disruptive agonists vas-
cular endothelial growth factor (VEGF), tumor necrosis factor–a
(TNF-a), and thrombin (21) increased permeability, whereas barrier-
enhancing agonist BW245C (28) decreased permeability (Fig. 1B).
Endothelial monolayer permeability increased as a function of matrix
stiffness (Fig. 1C). These data suggest that matrix stiffness alone, with-
ranslationalMedicine.org 7 De
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out any externally added agonists, pro-
motes increased endothelial monolayer
permeability.

To investigate the mechanism by which
substrate stiffness contributes to changes in
permeability, we probed the integrity of the
cell-cell junctions within the endothelial
monolayer by fluorescently imaging vascu-
lar endothelial (VE)–cadherin (Fig. 1D), a
cell-cell adhesion molecule that mediates
endothelium stabilization (29). Usingmeth-
ods similar to those that have been de-
scribed previously (30) where lines were
drawn perpendicularly to cell junctions to
determine pixel intensities (fig. S2), we
measured the separation width of inter-
cellular junctions on polymers of varying
stiffnesses (2.5 to 10 kPa). These measure-
ments indicated that the distance between
cells increased as a function of matrix stiff-
ness (Fig. 1E). Together, these data suggest
that increased matrix stiffness disrupts the
formation of cell-cell junctions in vitro,
which increases endothelial permeability.

Age-related intimal stiffening
disrupts endothelial cell-cell
junction integrity
Because blood vessel stiffness increases
with age, and because our in vitro data
indicated that increased matrix stiffness
destabilizes cell-cell junctions (Fig. 1, C and
E), we investigated the effects of aging
and vessel stiffness on endothelial perme-
ability and cell-cell junction integrity in a
mouse model. We first characterized the
intimal stiffness of de-endothelialized tho-
racic aortas of young (10 to 11 weeks) and
old (21 to 25 months) mice using atomic
force microscopy (AFM) (fig. S3). There
was a significant increase in indentation
modulus of the subendothelium with age
(Fig. 2A). This measured modulus for
young mice (31.9 ± 4.5 kPa, mean ± SEM)
was higher than the value found for 18- to
30-month-old bovine carotid intima (2.7 ±
0.6 kPa, mean ± SEM) (23), presumably
owing to the close proximity of the first in-
ternal elastic lamina relative to the lumen
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Fig. 1. Matrix stiffness increases endothelial per-
meability and cell-cell junction width. (A) A car-
toon shows FITC-dextran permeation through an
endothelial monolayer into a polyacrylamide gel.
On the right is a representative confocal cross sec-
tion of dextran captured in a 2.5-kPa polyacrylamide
gel, depicting the method used to measure per-
meability. Dashed lines represent the top and
bottom edges of the gel. Permeability values of
BAEC-seeded gels were calculated as the pixel in-
tensity within the gel divided by the pixel intensity
above the gel normalized to that calculated in cell-
free gels. Scale bar, 20 mm. (B) Effects of known
barrier-disruptive (VEGF, TNF-a, or thrombin) and
barrier-enhancing (BW245C) agonists on the permeability of BAECs cultured on 5-kPa gels. Permeability
values are normalized to that of untreated cells. Data are means ± SEM. **P < 0.01; ***P < 0.001 (Dunnett’s
test) compared to untreated cells. AU, arbitrary units. (C) Relative permeability of BAECs cultured on sub-
strates matching (2.5 kPa) and exceeding (5 and 10 kPa) the stiffness of bovine arterial intima with (n = 8
gels, 3 independent experiments) or without (n = 16 to 20 gels, 10 independent experiments) Y-27632
treatment. Data are means ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001 (Tukey’s test) compared to respective
untreated conditions unless otherwise indicated by brackets. (D) Fluorescent images showing VE-cadherin
(red), actin (green), and nuclei (blue) of confluent BAECs on gels. Scale bars, 10 mm. (E) VE-cadherin junc-
tion width measurements of BAECs on gels with or without 30-min Y-27632 treatment (n = 60 junction
measurements, two independent experiments). Data are means ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001
(Tukey’s test) compared to respective untreated conditions unless otherwise indicated by brackets.
cember 2011 Vol 3 Issue 112 112ra122 2

http://stm.sciencemag.org/


R E S EARCH ART I C L E

ec
em

be
r 

7,
 2

01
1

of the mouse vessel, which prevents the intima from deforming fully
under indentation. The bovine carotid intima is more similar to the
human carotid intima in its structure. Despite the difference between
the moduli found for bovine and mouse intima, our data confirm that
there is a relative increase in ECM stiffness in blood vessels with age.

Using a different set of young (9 weeks) and old (19 to 22 months)
mice from those used in the stiffness measurements (Fig. 2A), we mea-
sured the permeability of thoracic aortas with an Evans blue dye assay.
We found that Evans blue deposition within the vessel wall increased
with age (Fig. 2B). Additionally, endothelial cell-cell junctions within
intact aortas were visualized on the basis of VE-cadherin localiza-
tion using two-photon microscopy (Fig. 2C). Intercellular distance,
measured as the widest VE-cadherin separation width between two
adjacent cells, was greater in aged, stiffer aortas than in younger, more
compliant vessels (Fig. 2D), similar to the effects measured in vitro
on stiffer matrices (Fig. 1E). These data suggest that, with age, the in-
tima stiffens, causing endothelial cell-cell junctions to separate and in-
crease permeability.

Endothelial permeability and cell-cell junctions
are regulated by cell contractility
Previous work suggests that endothelial permeability is regulated in
part by the cellular cytoskeleton and cell contractility (31). The Rho
www.ScienceT
signaling pathway is a well-established mediator of the sustained con-
traction of the cytoskeleton (21, 32). Evidence in other cell types sug-
gests that matrix stiffness induces changes in Rho activation (33, 34).
When activated, Rho and its downstream effector Rho-associated
kinase (ROCK) stimulate cell contractility by modulating actomyosin
contraction and cell-matrix adhesion. To explore the intracellular
mechanisms by which the mechanical properties of the matrix affect
monolayer permeability, we hypothesized that stiffer substrates in-
duce Rho activation, leading to increased cell contractility, the physical
separation of cell-cell junctions, and increased permeability. Using a
commercially available Rho detection kit, we found increased Rho ac-
tivity in endothelial cells on 10-kPa substrates compared to those
on 2.5-kPa substrates (Fig. 3A). To ensure that Rho activation was not
altered by the concentration of acrylamide within the hydrogel sub-
strates but by stiffness, we made two formulations of gels with dif-
ferent acrylamide concentrations that were both about 2.5 kPa in
stiffness (Fig. 4A). Rho activity was unchanged (Fig. 4B), suggesting
that polymer composition does not activate Rho independently of
stiffness. To determine whether increased Rho activity resulted in
increased cell contractility, we used traction force microscopy to quan-
tify the forces exerted by endothelial cells as a function of matrix stiff-
ness. Endothelial cells exerted stronger traction forces on 10-kPa
substrates than on 2.5-kPa substrates (Fig. 3B), and the total magni-
ranslation
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tude of cellular force increased as a function of matrix stiff-
ness (Fig. 3C).

To further investigate the role of the Rho pathway in reg-
ulating increased cellular contractility and monolayer perme-
ability in response to matrix stiffness, we inhibited ROCK, a
downstream target of Rho, using the pharmacological inhib-
itor Y-27632. When ROCK was inhibited by exposing cells
to Y-27632 for 30 min, cellular force decreased to a similar
level across all matrices (Fig. 3C). Furthermore, endothelial
permeability on 5- and 10-kPa substrates decreased to levels
found on 2.5-kPa substrates (Fig. 1C). Similarly, endothelial
permeability decreased with addition of small interfering
RNA (siRNA) targeting ROCK1 (Fig. 3D). In our mouse
model, Y-27632 treatment of old (20 months) mice also de-
creased the permeability of the thoracic aorta endothelium to
Evans blue dye compared to untreated old mice (Fig. 2B).
These data indicate that age-related stiffness-induced perme-
ability is mediated by increased contractility and that decreas-
ing contractility restores monolayer integrity.

Measurements of cell-cell junction separation width in
Y-27632–treated cells demonstrated that decreasing ROCK
activity decreases the average cell-cell separation distance
to about 2 mm (Fig. 1E). Likewise, cell-cell separation de-
creased significantly in Y-27632–treated old (21 to 24 months)
mice compared to untreated old mice (Fig. 2D). Y-27632
treatment did not change intimal stiffness (Fig. 2A), sug-
gesting that Y-27632 acts intracellularly to inhibit contrac-
tility, but does not cause local matrix rearrangement and
stiffness changes. Together, these data indicate that increased
endothelial monolayer permeability in response to matrix
stiffness is the result of greater cell contractility, which desta-
bilizes and widens intercellular junctions. Our data suggest
that the adverse effect of age-related matrix stiffening can be
reversed in vivo by inhibiting Rho pathway–mediated cell
contractility.
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Fig. 2. Aging increases subendothelial stiffness and endothelial intercellular junction
separation in mice. (A) AFM indentation measurements of thoracic aorta of untreated

young (10 to 11 weeks, n = 61 indent sites, three aortas) and old (20 to 25 months, n =
55 indent sites, five aortas) mice, as well as Y-27632–treated old (20 months, n = 76
indent sites, four aortas) mice. Data are means ± SEM. ***P < 0.001 (Dunn’s test). (B)
Permeability measurements of thoracic aorta of untreated young (9 weeks, n = 4
aortas) and old (19 to 22 months, n = 6 aortas) mice, as well as Y-27632–treated old
(20 months, n = 4 aortas) mice. Data are means ± SEM. *P < 0.05; **P < 0.01 (Dunn’s
test). (C) Two-photon microscopy of VE-cadherin immunofluorescence staining in en-
dothelial cells of intact, untreated young (10 weeks) and old (16 months) thoracic
mouse aortas, as well as Y-27632–treated old (24 months) thoracic aortas. Scale
bar, 10 mm. (D) VE-cadherin junction width measurements of thoracic aortic endo-
thelial cells from untreated young (10 weeks, n = 240 width measurements, four
aortas) and old (16 to 24 months, n = 390 width measurements, seven aortas) mice,
as well as Y-27632–treated old (21 to 24 months, n = 156 width measurements, three
aortas) mice. Data are means ± SEM. **P < 0.01; ***P < 0.001 (Dunn’s test).
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Increased matrix stiffness promotes
leukocyte transmigration
Because VE-cadherin rearrangement and monolayer permeability
are known to regulate leukocyte transmigration into the vessel wall
(35, 36), we asked whether stiffer substrates and the subsequent
widening of junctions promote increased transmigration of leuko-
cytes, a crucial step in the formation of atherosclerotic plaques. Pri-
mary human leukocytes were seeded on top of TNF-a–stimulated
endothelial cells that were first seeded on polyacrylamide matrices.
Leukocytes that had transmigrated were defined as those in which
at least 50% of their cell body appeared beneath the endothelial
monolayer (Fig. 5A). Notably, the number of transmigrated leuko-
cytes increased as a function of matrix stiffness (Fig. 5B), and Y-27632
treatment of endothelial monolayers decreased transmigration (Fig.
5B), which suggests that decreased cell-cell separation inhibits leuko-
cyte transmigration. Of the cells that transmigrated, between 87%
and 98% migrated through the monolayer at cell-cell junctions (Fig.
www.ScienceT
5C), indicating that paracellular transmigration dominated over trans-
cellular transmigration.

To determine whether increased transmigration may also be due
to differential expression of endothelial inflammatory molecules as-
sociated with leukocyte adhesion and transmigration, we also investi-
gated the number of captured leukocytes under shear (to mimic blood
flow) and the relative expression levels of intercellular adhesion mol-
ecule 1 (ICAM-1), vascular cell adhesion molecule 1 (VCAM-1), and
E-selectin—three endothelial cell inflammatory markers responsible
for mediating leukocyte adhesion to the endothelium. Our data re-
vealed no differences in leukocyte attachment to TNF-a–stimulated en-
dothelial cells as a function of matrix stiffness (Fig. 5D and fig. S4).
Additionally, the expression levels of ICAM-1, VCAM-1, and E-selectin
in TNF-a–treated endothelial cells did not change as a function of
matrix stiffness (Fig. 5E). Mouse immunoglobulin G (IgG) isotype
controls were used to ensure that nonspecific binding of antibodies
was not different between stiffnesses. These results suggest that the
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Fig. 3. Matrix stiffness increases Rho activity and cell contractility, and inhi-
bition of cell contractility restores barrier integrity. (A) Rho activity of BAECs

**P < 0.01; ***P < 0.001 (Tukey’s test) compared to respective untreated
conditions, unless otherwise indicated by brackets. (D) RNA interference (RNAi)
cultured on polyacrylamide gels of different stiffness (three independent
experiments, each performed in duplicate). Data are means ± SEM. **P <
0.01; ***P < 0.001 (Tukey’s test). (B) Representative traction force distribution
maps and phase images of BAECs on gels. Scale bars, 50 mm. (C) Traction force
microscopy measurements of cell contractility with (n = 9 to 12 cells) or with-
out (n = 19 to 34 cells) Y-27632 treatment. Data are means ± SEM. *P < 0.05;
of ROCK1 decreases stiffness-induced endothelial permeability. (Left) West-
ern blot analysis and densitometry quantification of siRNA of ROCK1 (n = 2).
(Right) Relative permeability of BAECs cultured on gels of varying stiffnesses
with (n = 13 to 15 gels) or without (n = 13 gels) siRNA knockdown of ROCK1.
Data are means ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001 (Tukey’s test) com-
pared to respective control siRNA, unless otherwise indicated by brackets.
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increase in transmigration on stiffer matrices is probably not from a
differential up-regulation of inflammatory molecules associated with
leukocyte attachment, but from an increase in cell-cell junction sepa-
ration, which promotes transmigration.
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DISCUSSION

Vessel stiffening accompanies the progression of both aging and ath-
erosclerosis and is used to predict risk of cardiovascular diseases (6, 7);
yet, the relationship between age-related changes in ECM mechanical
properties that result in blood vessel stiffening and endothelial cell per-
meability is relatively unknown. Here, we demonstrate that increased
vessel stiffness promotes disruption of endothelial barrier integrity, a
hallmark of atherogenesis. Moreover, we demonstrate that by inhibit-
ing endothelial cellular contractility via the Rho/ROCK pathway, we
can prevent increased permeability with age. Because increased per-
meability of the endothelium permits cholesterol uptake in the vessel
wall (16), these results demonstrate that one possible therapeutic ap-
proach to preventing cholesterol accumulation within the vessel wall is
to inhibit increased endothelial cell contractility.

Recently, others have also shown that endothelial cell contractile
pathways modulate permeability (37) and leukocyte transmigration
(18, 38). Krishnan et al. (37) showed that human umbilical vein en-
dothelial cells (HUVECs) generated strong traction forces on stiff sub-
strates (11 kPa) and formed intercellular gaps when treated with
permeability-inducing agent thrombin, whereas cells on more compli-
ant substrates (1.2 kPa) were less contractile and did not form gaps in
response to thrombin. Sun et al. (18) showed that nonmuscle myosin
light chain kinase deficiency, which reduces endothelial contractility,
attenuates endothelial permeability and monocyte transmigration in
an atherosclerotic mouse model. We reversed the negative effects of
matrix stiffening in both our mouse and in vitro models by pharma-
cologically inhibiting Rho-dependent cell contraction (Fig. 3C). In ad-
dition to matrix stiffening, ROCK inhibition has also been shown to
inhibit the negative effects of barrier-disruptive agonists that increase
www.ScienceT
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cell contractility, such as thrombin (39) and TNF-a (40). These data
collectively indicate that inhibiting increased endothelial cell contrac-
tility may inhibit the progression of atherosclerosis.

To assess cardiovascular risk, clinicians implement noninvasive
techniques, such as pulse wave velocity tests, to indirectly measure pa-
tient arterial stiffness (41). Because stiffness is known to correlate with
the risk of cardiovascular disease, there is now substantial interest in
the discovery or design of therapeutics that target vessel stiffening to
prevent and treat cardiovascular disease. Thus far, several drugs have
been identified, including angiotensin-converting enzyme inhibitors
and calcium channel blockers (42). However, their mechanisms of
action within the endothelium are poorly understood and often con-
founded owing to their actions on other aspects of the cardiovascular
system, like blood pressure and heart rate (43). More recently, alageb-
rium, a drug that disrupts advanced glycation end-product (AGE)
cross-links that stiffen vessel walls, has shown mild success in treating
patients with chronic (44) or diastolic heart failure (45) and improving
endothelial flow-mediated dilation in patients with systolic hyper-
tension (46). Therefore, there is evidence clinically that decreasing ves-
sel stiffness can improve patient health.

Here, we present another approach to mitigate the deleterious ef-
fects of vessel stiffening on cardiovascular health. Rather than exclusively
targeting vessel stiffness, we propose that also targeting the endothelial
cells’ response to vessel stiffening may also prevent or slow atherogenesis.
In some cases, directly targeting the stiffening within vessel walls is ben-
eficial because decreasing vessel stiffness decreases the load on the heart
and can decrease risk of heart failure. However, in the case of athero-
sclerosis, a therapy that also targets the endothelium may have certain
advantages over using “de-stiffening” agents alone. ROCK inhibitors, as
were used here, work quickly through intracellular signaling pathways
rather than on the matrix within the vessel wall, which may require
long-term treatment before significant changes occur. Because decreas-
ing cellular contractility decreases permeability, which is one of the
first steps in atherogenesis, ROCK inhibition therapy may be more
suitable for patients who are at risk or in the very early stages of ar-
teriosclerosis. In those patients with advanced atherosclerosis, inhibit-
ing endothelial contractility may slow the growth of atherosclerotic
lesions by preventing additional cholesterol uptake and inflammatory
cell transmigration, but may not directly reduce the size of lesions that
are already present. Therefore, ROCK inhibition therapy will likely be
best used as a preventative treatment for atherosclerosis and should be
used in conjunction with additional therapies for the treatment of other
cardiovascular complications, like heart failure, that are also due in part
to vessel stiffening.

Currently, fasudil is the only ROCK inhibitor approved for clinical
use (47). Originally used to treat cerebral vasospasm, fasudil has shown
promise in treating a variety of cardiovascular diseases, including pul-
monary hypertension (48), atherosclerosis (49), and aortic stiffness
(50). Ongoing phase 2 clinical trials using fasudil are being performed
to understand the relationship between Rho-dependent cell signaling
and carotid atherosclerosis (ClinicalTrials.gov identifier: NCT00670202).
There is also some evidence that statins, which include the widely mar-
keted Crestor and Lipitor brands, decrease Rho/ROCK activity through
pleiotropic effects (47). Hence, statins, in addition to their known ability
to lower cholesterol levels in the blood, may also be effective in lowering
cholesterol accumulation in the vessel wall by restoring barrier integrity.
Overall, our data indicate that pharmacological ROCK inhibition may
prevent atherosclerosis progression by preventing increased endothelial
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Fig. 4. Gels made from different acrylamide concentrations that are simi-
lar in stiffness elicit similar levels of Rho activation. (A) Stiffness measure-

ments of polyacrylamide gels of varying percentages of acrylamide and
bisacrylamide. Data are means ± SEM (n = 7 to 8 measurements, two gels
per group). ***P < 0.001; ns, not significant (Tukey’s test), compared to 5%
acrylamide/0.1% bisacrylamide. (B) Intracellular Rho activity of BAECs
seeded on polyacrylamide gels of similar stiffness. Data for the 5% acryl-
amide/0.1% bisacrylamide are replotted from the 2.5-kPa group of Fig. 3A.
Data are means ± SEM (n = 3 independent experiments, each performed in
duplicate). ns, not significant (Student’s t test).
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monolayer permeability and leukocyte transmigration in response to
vessel wall stiffening.
MATERIALS AND METHODS

Cell culture and gel synthesis
BAECs were maintained in Medium 199 (Invitrogen) with 10% Fetal-
Clone III (HyClone) and supplements. HUVECs were maintained in
Medium 200 (Invitrogen) supplemented with low-serum growth sup-
plement (Invitrogen) and 5% fetal bovine serum (Invitrogen). Poly-
www.ScienceTranslationalMedicine.org 7 December 201
acrylamide gels were prepared
as described previously (51) and
coated with rat tail collagen type
I (0.1 mg/ml) (BD Biosciences).
Gels(2.5,5,and10kPa)weremade
according to the ratios 5%:0.1%,
7.5%:0.175%, and 7.5%:0.35%
acrylamide/bisacrylamide, re-
spectively.All in vitro experiments
were performed 2 days after the
cells reached confluence.

Measurement of
in vitro and in vivo
endothelial permeability
For in vitro studies, a 10 mM so-
lution of 40-kD FITC-conjugated
dextran (Sigma-Aldrich) was
added to BAECs for 5 min. For
barrier-altering agonist experi-
ments, BAECs were pretreated
witheither1mMBW245C(Sigma-
Aldrich) for 30 min or recombi-
nant bovine TNF-a (100 ng/ml)
(R&DSystems) for4hours,which
was then washed out before be-
ing immersed in FITC-dextran
for 5 min. For human VEGF
(50ng/ml,R&DSystems)orbovine
thrombin (4 U/ml, Calbiochem)
experiments, drugs were admin-
istered simultaneously in FITC-
conjugated dextran for 5 min. For
Y-27632 experiments, BAECs were
pretreated with 10 mM Y-27632
(Sigma-Aldrich)for30min,which
was then washed out before the
addition of FITC-dextran. Con-
focal z-slices were obtained on
a Leica TCS SP2 equipped with
a 40× dipping lens. To calculate
relative permeability, we mea-
sured fluorescent intensities of
images using ImageJ software
(National Institutes of Health,
v. 1.42q).Dextran accumulation
was determined on the basis of
the fluorescent intensity within the gel normalized by the fluorescent
intensity above the BAEC monolayer. This value was then normalized
against dextran accumulation values determined for polyacrylamide
gels without cells, as described in the Supplementary Material.

All animal protocols were approved by the Cornell University
Institutional Animal Care and Use Committee. For in vivo studies,
endothelial permeability was measured with an Evans blue assay (18).
Briefly, C57BL/6 mice were anesthetized on isoflurane, and Y-27632
(0.1 mg/kg) in phosphate-buffered saline (PBS) or PBS only was ad-
ministered retro-orbitally and allowed to circulate for 1 hour while mice
were allowed to wake. Mice were again anesthetized, and Evans blue
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Fig. 5. Matrix stiffness enhances leukocyte transmigration. (A) Representative fluorescent images of leukocytes
(green) transmigrating through an endothelial monolayer (VE-cadherin, red). Images were taken at focal planes above

the monolayer (+2.5 mm), at the monolayer (0 mm), and below the monolayer (−2.5 mm). Arrows indicate transmi-
grated cells. Scale bar, 20 mm. (B) Histogram showing the effect of matrix stiffness on the number of transmigrated
leukocytes. Endothelial cells were either untreated (n = 19 fields of view, three independent experiments) or pre-
treated with Y-27632 (n = 17 to 18 fields of view). Data are means ± SEM. **P < 0.01 (Tukey’s test) compared to
respective untreated condition, unless otherwise indicated by brackets. (C) Percentage of leukocytes that transmi-
grated through intercellular junctions. Numbers above bars indicate the nominal values. Data are means ± SEM. (D)
Effect of substrate stiffness on the number of captured leukocytes. Data are means ± SEM (n = 79 to 96 fields of view
per stiffness). ns, not significant (Tukey’s test). (E) Flow cytometry analysis of HUVEC expression of ICAM-1, VCAM-1,
and E-selectin on gels after a 6-hour treatment with TNF-a. Shaded green curves represent overlapping mouse IgG
isotype controls (msIgG) for each of the three matrices. Three independent experiments were performed. No statis-
tically significant differences (Tukey’s test) were found between the three stiffnesses for all three adhesion molecules.
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dye (20 mg/kg) was administered retro-orbitally and allowed to circulate
for 1 hour while mice were allowed to wake. After reanesthetizing,
10 ml of PBS was perfused through the left ventricle, and the thoracic
aorta was excised and cleaned of connective tissue. After drying at 80°C
for 18 hours, aortas were weighed. Aortas were then immersed in 150 ml
of formamide and incubated at 60°C for 24 hours to extract Evans blue.
Absorbance was read at 620 nm. The amount of dye was determined
with standard curves and normalized to aorta dry weight.

Subendothelium and polyacrylamide gel
stiffness measurements
C57BL/6 mice were deeply anesthetized on isoflurane and euthanized.
In the Y-27632 group, Y-27632 (0.1 mg/kg) in PBS was administered
retro-orbitally and allowed to circulate for 1 hour while mice were
allowed to wake. The thoracic aorta was dissected, and individual sec-
tions were cut from the aorta, opened longitudinally, and gently scraped
10 to 15 times with a cotton-tipped applicator to remove the endothe-
lium. Stiffness of the subendothelium was measured by AFM, as de-
scribed in the Supplementary Methods. Stiffnesses of polyacrylamide
gels were measured with steel ball indentation, as described in the Sup-
plementary Methods.

In vitro and ex vivo VE-cadherin junctional gap
width quantification
BAECs on polyacrylamide gels were immunostained with goat poly-
clonal VE-cadherin primary antibody (C-19, Santa Cruz Biotechnology)
and Alexa Fluor 568 donkey anti-goat secondary antibody (Invitrogen).
Actin was stained with FITC-conjugated phalloidin (Sigma-Aldrich),
and nuclei with 4′,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich).
Images were captured on a Zeiss Axio Observer.Z1m microscope with a
Hamamatsu ORCA-ER camera.

C57BL/6 mice were anesthetized on isoflurane, and Y-27632 (0.1
mg/kg) in PBS or PBS only was administered retro-orbitally and al-
lowed to circulate for 1 hour while mice were allowed to wake. The mice
were then deeply anesthetized with isoflurane, overdosed on pento-
barbital, and intracardially perfused with cold 1% paraformaldehyde at
an average flow rate of 10 ml/min, which matches the blood flow in mice
to minimize artifacts from perfusion (52). Aortas were extracted and
postfixed in 1% paraformaldehyde for 1 hour. Sections of the descending
thoracic aorta about 1 mm long were stained with a biotinylated mono-
clonal antibody against mouse CD144 (eBioscience). Secondary label was
Texas Red streptavidin (Vector Laboratories or Invitrogen). Aortic
sections were opened longitudinally and covered with a coverslip. Endo-
thelial cells were imaged with a locally built two-photon excited fluores-
cence microscope using 830-nm excitation (MIRA-HP, Coherent) with
a 63×, 1.2 numerical aperture objective (Zeiss) and 645/65-nm emission
filter (Chroma Technology).

Junctional gap width measurements were analyzed with ImageJ
and a custom-written MATLAB algorithm. Briefly, using fluorescent
images of VE-cadherin, we drew a line perpendicular to the widest gap
per junction and recorded the intensity profiles using ImageJ. A two-
Gaussian curve was then fit to the intensity profiles in MATLAB. Gap
widths were defined as the width of the two-Gaussian fit 20% above
background pixel intensity (fig. S3).

Measurement of RhoA activity
BAEC intracellular RhoA activity was quantified with a RhoA G-LISA
kit (Cytoskeleton) according to the manufacturer’s protocol.
www.ScienceT
Traction force microscopy
BAECs plated on polyacrylamide gels embedded with 0.5-mm-diameter
fluorescent beads (Invitrogen) were allowed to adhere for 24 hours.
Isolated cells were imaged in phase, and the fluorescent bead field beneath
the cell was imaged immediately after. A second fluorescent image of the
bead field was taken after cells were removed with 0.05% trypsin/EDTA
(Invitrogen). Bead displacements were used to compute cellular traction
vectors, T, and total magnitudes of force, |F|, with the LIBTRC analysis
library developed by Dembo andWang (53). |F| (Eq. 1) is the sum of the
traction field magnitudes over the entire cell area,
jFj ¼ ∫∫ðT2
x (x,y)þ T2

y (x,y)
1=2dxdy ð1Þ

where T (x,y) ¼ ½Tx(x,y),Ty(x,y)�is the continuous field of cellular traction
vectors defined at spatial position (x, y) over the entire cell area (54).

RNA interference
BAECs at 90% confluency on tissue culture plastic were transfected with
10 nM nontargeting (control) siRNA or siRNA targeting ROCK1 using
Lipofectamine 2000 (2 mg/ml) (Invitrogen). The nontargeting sequence
was 5′-AAUCAUCAAGUCUUAACCCGUACUC-3′. The sequence
targeting ROCK1 was 5′-CAGAAGUGCAGAACGUCAAACAUAA-3′.
Both the control siRNA and the siRNA targeting ROCK1 (accession
number NM_001191227.1) were synthesized by Invitrogen. ROCK1 inter-
ference was quantified by Western blot densitometry. Primary antibodies
against ROCK1 and GAPDH (glyceraldehyde-3-phosphate dehydroge-
nase) were purchased from Santa Cruz Biotechnology and Millipore,
respectively.

Neutrophil transmigration and rolling adhesion
All human subject protocols have been approved by the Institutional
Review Board for Human Participants at Cornell University. Fresh
peripheral human blood was collected into vacutainer tubes con-
taining heparin and allowed to equilibrate at room temperature. Blood
was layered over 1-Step Polymorphs (Accurate Chemical) and sepa-
rated by centrifugation. The neutrophil layer was collected, washed,
and resuspended in flow buffer [0.5% human serum albumin (Sigma-
Aldrich), 10 mM Hepes, and 2 mM CaCO3 in Hanks’ balanced salt
solution]. HUVEC monolayers pretreated with recombinant human
TNF-a (0.1 ng/ml) (R&D Systems) for 6 hours were either untreated or
treated with 10 mM Y-27632 for 1 hour. Neutrophils (50,000 cells/cm2)
were then allowed to adhere for 5 min. Gels were gently washed twice
with flow buffer to remove unattached neutrophils. HUVEC VE-cadherin
was stained as described previously, and neutrophils were stained with a
FITC-conjugated antibody against human CD45 (Invitrogen). Images
were taken on a Zeiss LSM710 confocal microscope with a 25× objec-
tive. Transmigrated neutrophils were defined as CD45-positive cells with
at least 50% of its cell body located beneath the endothelial layer. For
rolling experiments, neutrophils were flowed over TNF-a–stimulated
HUVECs and quantified, as described in the Supplementary Methods.

Flow cytometry
HUVECs on gels were treated with TNF-a (0.1 ng/ml) for 6 hours. Gels
were rinsed with PBS and inverted onto accutase (MP Biomedicals).
Cells were dislodged by pipetting and pelleted by centrifugation. After
blocking with 1% goat serum, cells were incubated with primary anti-
bodies against ICAM-1, VCAM-1, E-selectin, or mouse IgG1 isotype
control (R&D Systems). Secondary label was Alexa Fluor 488 anti-mouse
ranslationalMedicine.org 7 December 2011 Vol 3 Issue 112 112ra122 7
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antibody (Invitrogen). Labeled cells were resuspended and analyzed with
an Accuri C6 flow cytometer.

Statistical analysis
All analyses were completed with JMP 8 (SAS Institute) or GraphPad
Prism 5 (GraphPad Software Inc.). Data in Fig. 1B were analyzed by
parametric one-way analysis of variance (ANOVA) with post hoc
Dunnett’s test to compare treated conditions to untreated control. Data
in Figs. 1, C and E, 3, 4A, and 5 were analyzed by parametric one-way
ANOVA with post hoc Tukey’s test to compare untreated conditions.
Two-way ANOVA with post hoc Tukey’s test was then used to com-
pare Y-27632 or ROCK1-targeted siRNA data to its respective control.
Data in Fig. 2 were analyzed by nonparametric Kruskal-Wallis ANOVA
with post hoc Dunn’s test. Data in Fig. 4B and fig. S1C were analyzed
with Student’s t test. All data are means ± SEM. P values <0.05 were
considered significant.
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Methods
Fig. S1. Endothelial permeability measurements.
Fig. S2. VE-cadherin junctional gap width measurement.
Fig. S3. Histology and AFM indentation of mouse thoracic aorta.
Fig. S4. Leukocytes captured on HUVEC monolayers grown on polyacrylamide gels under flow.
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