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ABSTRACT The migration of vascular endothelial cells in vivo occurs in a fluid dynamic environment due to blood flow, but the
role of hemodynamic forces in cell migration is not yet completely understood. Here we investigated the effect of shear stress,
the frictional drag of blood flowing over the cell surface, on the migration speed of individual endothelial cells on fibronectin-
coated surfaces, as well as the biochemical and biophysical bases underlying this shear effect. Under static conditions, cell
migration speed had a bell-shaped relationship with fibronectin concentration. Shear stress significantly increased the migration
speed at all fibronectin concentrations tested and shifted the bell-shaped curve upwards. Shear stress also induced the
activation of Rho GTPase and increased the traction force exerted by endothelial cells on the underlying substrate, both at
the leading edge and the rear, suggesting that shear stress enhances both the frontal forward-pulling force and tail retraction.
The inhibition of a Rho-associated kinase, p160ROCK, decreased the traction force and migration speed under both static and
shear conditions and eliminated the shear-enhancement of migration speed. Our results indicate that shear stress enhances the
migration speed of endothelial cells by modulating the biophysical force of tractions through the biochemical pathway of Rho-

p160ROCK.

INTRODUCTION

The migration of vascular endothelial cells (ECs), which
form the inner lining of blood vessels, is involved in many
normal and diseased conditions. For example, the migration
of ECs into the underlying basement membrane is a critical
step to initiate the formation of new blood vessels (i.e.,
angiogenesis). In wound healing circumstances, such as the
denudation of ECs by balloon angioplasty or bypass surgery,
the migration of nearby ECs into the injured area is crucial
for reconstituting an intact monolayer and thus preventing
the development of restenosis. A better understanding of the
process and mechanism of EC migration may provide a
rational base for developing strategies to control EC migra-
tion under pathological conditions.

The physical process involved in the migration of ECs is
similar to that in the migration of anchorage-dependent cell
types in general, which consists of cycles of 1), the extension
of the leading edge and its adhesion to the extracellular
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matrix (ECM), 2), the generation of contractile force by the
actin-myosin cytoskeleton for the forward translocation of
the cell body, which is transmitted to the underlying sub-
strate as a traction force, and, the last step, 3), the release of
adhesions at the rear; these steps all involve the continuous
rearrangement of cytoskeletal elements and dynamic cell-
ECM interactions (Lauffenburger and Horwitz, 1996; Sheetz
et al., 1997). There have been many studies on the mechan-
isms regulating the migration of ECs in response to several
extracellular cues such as growth factors and ECM modi-
fications (see Shuster and Herman, 1998, for review). How-
ever, the modulation of EC migration by the fluid dynamic
environment, which is unique to ECs because of their direct
contact with blood flow, and the molecular basis underlying
this flow effect have not yet been well understood.

ECs in vivo are constantly subjected to shear stress, which
is the tangential element of hemodynamic forces and has
been shown to modulate the gene expression and function of
ECs (Chien et al., 1998; Papadaki and Eskin, 1997). In this
study, we investigated the effect of shear stress on the
migration speed of individual ECs on surfaces coated with
fibronectin (FN), a physiologically relevant ECM protein.
Because it has been shown that growth factors may decrease
or increase cell motility depending on the matrix density
(Maheshwari et al., 1999; Ware et al., 1998), the shear effect
on EC migration speed was examined over a range of FN
density. Furthermore, we tested the hypothesis that shear
stress may modify the activity of the migration machineries
of the EC and its interaction with ECM, thereby modulating
cell migration speed. Special emphases were placed on the
activation of Rho GTPase and the traction force exerted by
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ECs on the underlying substrate, which is the driving force
for cell movement.

Rho belongs to a Ras-related Rho protein family that also
includes Rac and Cdc42. Like other members of the Ras
superfamily, these Rho proteins act as molecular switches to
control cellular processes by cycling between an active GTP-
bound state and an inactive GDP-bound state (Hall and
Nobes, 2000; Van and D’Souza, 1997). The activation of
Rho is known to increase the actin-myosin contractility and
subsequently the formation of stress fibers and focal adhe-
sions through a Rho-associate kinase pl60ROCK (Amano
et al.,, 1997; Chrzanowska and Burridge, 1996). Recent
investigations have implicated Rho as a mediator in the shear
stress-induced cytoskeletal alignments and directional migra-
tion of the ECs (Tzima et al., 2001; Wojciak-Stothard and
Ridley, 2003). Our study was focused on the role of Rho as a
mechanosensitive motor in the shear modulation of EC
migration speed and on the interplay between biochemical
pathways and biophysical forces underlying this shear
modulation.

Here we show that shear stress increases the migration
speed and Rho activity of the ECs over a range of FN density.
The inhibition of the Rho-associated kinase pl60ROCK
eliminates the shear-enhancement of migration speed. Using
the traction force microscopy technique (Munevar et al.,
2001a; Reinhart-King et al., 2003), we found that migrating
ECs under flow exert stronger traction force and that this
induction by shear may reflect an increase in cellular con-
tractility mediated by the Rho-p160ROCK pathway. Taken
together, these findings provide and correlate the biochemical
and biophysical bases (the Rho-pl60ROCK pathway and
traction force, respectively) underlying the shear stress en-
hancement of EC migration speed.

MATERIALS AND METHODS
Cell culture

Cell culture reagents were obtained from GibcoBRL (Grand Island, NY)
unless otherwise mentioned. Bovine aortic ECs (BAECs) were isolated from
the bovine aorta with collagenase as described (Li et al., 1999) and were
cultured in flasks in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 100 units/ml penicillin,
100 wg/ml streptomycin, and 0.292 mg/ml L-glutamine. Cell culture was
maintained in a humidified 5% CO0,/95% air incubator at 37°C. All
experiments were conducted with cultures before passage 15.

Preparation of FN-coated slides and inhibitor
treatment for ECs

Bovine FN (Sigma, St. Louis, MO) was diluted in phosphate-buffered saline
(PBS) and applied as a thin film onto 75 X 38 mm sterile glass slides (Fisher,
Pittsburgh, PA) at a final surface concentration of 0.5, 1, 5, 20, or 40 ,ug/cmz.
The FN solution was incubated on slides for 2 h at room temperature to
allow protein adsorption. The coated slides were washed with PBS three
times, and the nonspecific binding sites were blocked with 1% heat-
deactivated bovine serum albumin for 1 h at room temperature. BAECs were
then plated on FN-coated slides at ~10% confluence (~ 10* cells/cm?) and
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covered with DMEM containing 0.5% FBS for 2 h before shear stress
experiments started. The low serum condition and short spreading time
served to avoid the deposition of ECM proteins from serum on the FN-
coated surface and the de novo synthesis of ECM proteins by ECs.

Y27632, a specific inhibitor of the Rho-associated kinase pl60ROCK
(Ishizaki et al., 2000; Uehata et al., 1997), was provided by Welfide (Osaka,
Japan). When Y27632 was used, subconfluent BAECs were plated on FN-
coated slides for 2 h as described above and then incubated with Y27632 at
10 uM for 30 min. The treated cells were washed three times with PBS to
remove the inhibitors, and next were subjected to shear stress or kept as
static controls.

Shear stress experiments

A recirculating flow system was used to impose shear stress on cultured ECs
as described (Frangos et al., 1985). In brief, a 75 X 38 mm glass slide with
ECs formed the floor of a rectangular flow channel (0.025 c¢m in height, 2.5
cm in width, and 5 cm in length) created by sandwiching a silicone gasket
(Specialty Manufacturing, Saginaw, MI) between the glass slide and a
custom-made acrylic plate. The channel had inlet and outlet for perfusing the
cultured cells. A laminar shear stress of 12 dyn/cm? was generated by the
flow resulting from the height difference between two reservoirs. During the
flow experiments, the system was kept at 37°C in a constant-temperature
hood, and the circulation medium (DMEM supplemented with 0.5% FBS)
was ventilated with a humidified gas mixture of 95% air and 5% CO,. The
shear stress of 12 dyn/cm? is within the physiological range found in human
major arteries and has been shown to activate EC signal transduction and
induce the expression of several genes in vitro (Chien et al., 1998). All shear
stress experiments included static controls, i.e., ECs cultured on slides not
exposed to shear stress.

Cell migration studies

The migration of ECs under static and shear conditions was monitored
by time-lapse microscopy using a Nikon inverted microscope with a 10X
objective and a 10X eyepiece. Phase contrast images of the cells were
acquired at 10-min intervals with an analytical charge-coupled device
(CCD) camera (Model 72S, DAGE/MTI, Michigan City, IN) and transferred
from a frame grabber to computer storage. The Dynamic Image Analysis
System software (Solltech, Oakdale, IA) was used to determine the x, y
coordinates of cell centroids from the phase images and to track the path of
each cell during migration. The migration speed of ECs (V) was calculated
by quantifying the centroid displacement every 10 min over a 2-h period; the
direction of the displacement over the 10-min interval was not considered.
The 10-min interval was empirically chosen as the time window because it
was long enough to distinguish the actual locomotion from cell shape
alterations or instrument noises but was short enough to prevent overly
smoothed cell paths. The 2-h period was long enough to obtain reproducible
information on cell speed while ECs remained motile in the low serum
environment. Only isolated and well-spread cells were used for migration
analysis. Vgc is shown as mean * SE. Each condition had at least 60 cells
pooled from three independent experiments. Statistical tests were performed
using the commercial software StatView (SAS, Cary, NC). Difference
between sets of experiments was considered as statistically significant if
p-value < 0.05 by the paired #-test or analysis of variance (ANOVA) post
hoc tests (with Fisher’s PLSD).

Rho activity assays

The activity of Rho GTPase was determined by an affinity-precipitation
assay (Ren et al.,, 1999). BAECs were plated on glass slides at ~10%
confluence and covered with DMEM supplemented with 0.5% FBS for 2 h.
These cells were then subjected to shear stress at 12 dyn/cm2 or kept as static
controls. Thereafter, the BAECs were lysed with a radioimmunoprecipitation
assay (RIPA) buffer (50 mM Tris-HCI, pH 7.2, 1% Triton X-100, 0.5%
sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 500 mM NaCl,
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10 mM MgCl,, 10 ug/ml leupeptin, 10 wg/ml aprotinin, and 1 mM
phenylmethylsulfonyl fluoride (PMSF); cell lysates from three slides in the
same experiment were pooled together and centrifuged at 13,000 X g at 4°C
for 10 min. The supernatant was incubated with 20 ug GST-RBD beads
(Ren et al., 1999) for 45 min at 4°C. Bead-bound Rho (i.e., GTP-bound,
active Rho) was detected by Western blotting using a monoclonal antibody
against RhoA (Santa Cruz Biotechnology, Santa Cruz, CA). The amount of
bead-bound Rho was normalized to the total amount of Rho in cell lysates to
determine the percentage of GTP-bound Rho in different samples. The Rho
activity thus obtained in each experiment was further normalized to that of
the concurrent static controls plated on FN at 0.5 ug/cm? (set to be 1).
Relative Rho activities are shown as mean * SE. (from three independent
experiments) and were analyzed by using Statview as described above.

Traction force studies

Traction force microscopy was used to quantify the tractions generated by
migrating ECs on the underlying substrate. The detailed protocol of making
elastic polyacrylamide substrates was described previously (Beningo et al.,
2002; Dembo and Wang, 1999; Pelham and Wang, 1999); materials were
purchased from Bio-Rad (Hercules, CA) unless otherwise mentioned.
Briefly, a 70-ul droplet containing 5% acrylamide, 0.1% N,N-methylene-
bis-acrylamide, 0.06% ammonium sulfate, 0.4% N,N,N',N'-tetramethylene-
diamine (TEMED), and 0.4% fluorescent beads (0.2-um FluoSpheres:
carboxylate-modified orange beads; Molecular Probe, Eugene, OR) was
spread onto an activated coverslip (No. 1, 22 X 60 mm; Fisher) as a sheet
and allowed to polymerize. The surface of the polyacrylamide gel was then
coated with FN at 5 ug/cm® for EC culture. This protocol gives a gel
~75 wm in thickness and a Young’s Modulus of 2.8 X 10° dyn/cm? (Dembo
and Wang, 1999; Pelham and Wang, 1999).

BAECs in DMEM containing 0.5% FBS were plated on the poly-
acrylamide substrate for 2 h before the static and shear experiments. Phase
images of a single, isolated cell and fluorescence images of the beads were
recorded at 2-min intervals using a Nikon (Melville, NY) inverted
fluorescent microscope equipped with a 60X Plan-Apo oil objective. All
images were acquired with a SIT camera (Model C2400, Hamamatsu,
Bridgewater, NJ) and the IPLab software (Scanalytics, Fairfax, VA). At the
end of the experiment, the cell was removed via perfusing trypsin through
the flow chamber, and a final fluorescent image of the beads in the relaxed,
unstrained state was acquired. Tractions generated by an EC were deter-
mined as described previously (Marganski et al., 2003; Munevar et al.,
2001a) based on the bead displacement, the mechanical properties of the
elastic substrate, and the cell boundaries. Estimated EC tractions (Tgc) are
presented both as a vector map (with both direction and magnitude) and
a contour map generated by converting the magnitude of tractions
(mag(Tgc)) into a color coding scheme. Finally, the mean mag(Tgc) is
computed by averaging the values of mag(Tgc) over the entire cell area
(Munevar et al., 2001a).

RESULTS

Quantitative analysis of the EC migration
speed under static and flow conditions

First we characterized the migration speed of the ECs on FN-
coated surfaces under static and flow conditions. Because it
has been shown that growth factors may decrease or increase
cell motility depending on the matrix density (Maheshwari
et al., 1999; Ware et al., 1998), we examined the shear effect
over a range of surface concentrations of FN ([FN]; 0.5, 1, 5,
20, and 40 p,g/cmz). Subconfluent BAECs were plated on
FN-coated glass slides and were then kept as static controls
or subjected to shear stress at 12 dyn/cm?®. Cell movement

Biophysical Journal 86(4) 2558—2565

Shiu et al.

was monitored by time-lapse microscopy and the nondirec-
tional EC migration speed (Vgc) was determined as described
above. Under static conditions, Vgc showed a bell-shaped
relationship with [FN], having a peak at 5 ug/cm? (Fig. 1).
The application of shear stress significantly increased Vgc at
all [FN] and shifted the bell curve upwards, with the maximal
speed remaining at [FN] = 5 pg/cm? (Fig. 1).

The bell-shaped relationship between cell migration speed
and substrate concentration has been found in various cell-
ECM systems under static conditions (DiMilla et al., 1993;
Palecek et al., 1997). This is consistent with a mathematical
model predicting that, under static conditions, the maximal
migration speed of anchorage-dependent cells occurs at a
medium substrate concentration, at which the migrating cells
can form sufficient attachment with the substrate in the
advancing front and yet can break the adhesion with the
substrate in the trailing back (DiMilla et al., 1991). Our data
show that this relation applies also to cell migration in a fluid
dynamic environment. Moreover, our finding that shear
stress shifted the bell-shaped Vgc-[FN] curve upwards with
a higher maximal speed indicates that mechanical shearing
forces can superimpose on the effect of adhesion in promot-
ing EC migration. We investigated the molecular basis by
which shear stress increased Vgc, with a focus on the
intracellular signaling molecule Rho GTPase.

The shear-enhanced EC migration speed is
associated with the activation of Rho

Rho GTPase has been identified as a crucial regulatory
molecule in cell migration for its action on cellular contracti-
lity and actin-based cytoskeleton organization (i.e., the for-
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FIGURE 1 Shear stress increased EC migration speed over a range of
fibronectin concentrations. Subconfluent ECs were plated on glass slides
coated with fibronectin at 0.5, 1, 5, 20, and 40 ,LLg/cm2 and then subjected to
shear stress at 12 dyn/cm? or kept as static controls. The nondirectional EC
migration speed (Vgc) was determined as described. Data are shown as mean
+ SE. Each condition had at least 60 cells from three independent
experiments. At each fibronectin concentration, the p-value was <0.05 for
the difference in Vgc between static and shear conditions. Under static and
shear conditions, the p-values were <0.05 between Vgc at 5 ,u,g/cm2 and at
other fibronectin concentration.
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mation of focal adhesions and stress fibers) (Chrzanowska
and Burridge, 1996; Hall and Nobes, 2000). We hypothe-
sized that shear stress regulates Vgc by modulating Rho
activity. Subconfluent BAECs were plated on glass slides
coated with [FN] at 0.5, 5, and 20 /ug/cm2 for 2 h. These cells
were then kept as static controls or subjected to shear stress at
12 dyn/cm? for 30 min, and then the activity of Rho was
determined by an affinity-precipitation assay as described
above. The level of Rho activity under static conditions was
independent of [FN], and it was significantly increased by
shear stress at all [FN] (Fig. 2). This independence of shear-
induced Rho activation on [FN] is parallel to that seen for the
shear-induced increase of Vgc (Fig. 1), suggesting that Rho
activation may mediate the shear-induced increase of Vic.
We next confirmed this hypothesis by blocking the Rho-
mediated pathway.

The shear-enhanced EC migration speed is
dependent on p160ROCK

The inactivation of Rho by Rho inhibitors (e.g., C3 exo-
enzyme) or by dominant-negative mutants can abolish many
Rho-regulated functions in cells and often results in dramatic
morphological changes with a complete loss of motility
(Ishizaki et al., 2000; Miura et al., 1993; Nobes and Hall,
1999; Paterson et al., 1990). Therefore, we chose to block
a specific Rho effecter relevant to cell migration instead of
Rho directly. It has been shown that the activation of Rho
increases cellular contractility through pl60ROCK, a Rho as-
sociated serine/threonin kinase that increases the phosphor-
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FIGURE 2 Shear stress induced the activation of Rho GTPase over
arange of fibronectin concentrations. Subconfluent ECs were plated on glass
slides coated with fibronectin at 0.5, 5, and 20 ug/cm? and then subjected to
shear stress at 12 dyn/cm? for 30 min or kept as static controls. The activities
of Rho were assessed by affinity-precipitation. Representative Western blots
show the activation of Rho by shear stress. Values in the bar graph are the
means of three independent experiments; error bars are SE. (*) p-value
< 0.05 between sheared samples and static controls at the same fibronectin
concentration.
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ylation of myosin light chain, which subsequently increases
the actin-myosin contractility, enhancing the formation of
tension-dependent structures such as stress fibers (Amano
et al., 1997; Hall and Nobes, 2000; Van and D’Souza, 1997).
Y27632 is a specific inhibitor of pl60ROCK that disrupts
stress fibers and has been used extensively to assess the role of
the Rho-pl60ROCK pathway in regulating cell functions
(Ishizaki et al., 2000; Uehata et al., 1997). Previously it was
shown that Y27632 at 10 uM abolished stress fibers but had
little effect on the cell cycle and cytokinesis (Ishizaki et al.,
2000). Pretreatment of BAECs with 10 uM Y27632 for
30 min significantly decreased Vgc under both static and shear
conditions (Fig. 3), shifted the Vgc-[FN] curves downwards,
and abolished the difference of Vgc between static and shear
conditions. These results indicate that the Rho-p160ROCK
pathway mediates the shear-induced increase in Vgc. Next we
correlated the biochemical pathway with the biophysical
force necessary for powering cell movement.

Shear stress increased EC traction forces

During cell migration, the contractile force generated within
the cell by the actin-myosin cytoskeleton moves the cell
body forward and causes tractions on the underlying sub-
strate (Beningo and Wang, 2002; Sheetz et al., 1997). Trac-
tions are directly related to cell contractility (Beningo et al.,
2002; Beningo and Wang, 2002; DiMilla et al., 1991;
Maheshwari and Lauffenburger, 1998). Since Rho was acti-
vated in ECs by fluid shear stress (Fig. 2), we investigated
whether shear stress increased EC tractions (Tgc) by using
the traction force microscopy technique (Munevar et al.,
2001a; Reinhart-King et al., 2003). Subconfluent BAECs
were seeded for 2 h on FN-coated polyacrylamide substrates;
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FIGURE 3 The effect of Rho kinase inhibitor on the shear-enhanced EC
migration speed. BAECs were treated with Y27632, a specific inhibitor of
Rho-associated protein kinase pl60ROCK, at 10 uM for 30 min before the
experiments. Y27632 decreased the nondirectional EC migration speed
(Vgc) for both static and flow conditions to almost identical levels. Data are

shown as mean *= SE. Each condition had at least 60 cells from three
independent experiments.
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these cells were then kept as static controls or exposed to
shear stress at 12 dyn/cm2 while Tgc was measured as
described previously (Marganski et al., 2003; Munevar et al.,
2001a). Fig. 4 shows the traction maps of a representative
cell that was first kept under static conditions (Fig. 4, A-D)
and then exposed to flow for 30 min (Fig. 4, E-J). The upper
panel in Fig. 4 shows both the direction and magnitude of Tgc
(mag(Tgc)), and the lower panel presents contour images
generated by converting mag(Tgc) into acolor coding scheme.
The time course of mean mag(Tgc), i.e., the average of
mag(Tgc) over the entire cell area, in response to shear stress
is shown in Fig. 5.

Migrating ECs had well-defined leading lamellipodial and
trailing tail regions as shown in Fig. 4. Under both static and
flow conditions, the Tgc vectors were organized such that the
backward tractions were located in the advancing front and
the forward tractions in the trailing back (Fig. 4, upper
panel). This is the same as the ‘“‘centripetal pattern’” of
tractions observed in fibroblasts without flow (Beningo et al.,
2001; Galbraith and Sheetz, 1997; Munevar et al., 2001a;
Pelham and Wang, 1999). Under flow, however, the cells
generated a higher mean mag(Tgc) over the entire cell area
than under static conditions (Fig. 5). Fig. 4, E-J, shows that
the largest increases in regional mag(Tgc) tended to occur
along the edge of the advancing front (arrows in Fig. 4 J) and
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the area of detachment (arrowheads in Fig. 4 J). Pre-
treatment of ECs with 10 uM Y27632 decreased Tgc to an
undetectable level in our system, which remained so for 1 h
even after transfer to fresh media under both static and flow
conditions (data not shown).

Our results indicate that migrating ECs under flow exert
stronger tractions, which may reflect an increase in cell
contractility mediated via the Rho-p160ROCK pathway. The
shear-induced increase in mag(Tgc) in the advancing front
represents a stronger forward-pulling force, and that at the
rear reflects a stronger retraction force. These results suggest
that shear stress enhances both the attachment in the front
and the detachment at the rear, thus enhancing EC migration.

DISCUSSION

In this study we demonstrate the shear-enhancement of EC
migration speed over a range of FN density. Our data
indicate that the shear-induced increase in Rho activity
serves to modulate traction force generation and thus
promotes both the attachment in the front and the detachment
at the rear, thereby enhancing EC migration. These results
provide the biochemical and biophysical bases (the Rho-
pl60ROCK pathway and traction force, respectively) un-
derlying this shear effect and elucidate their interrelations.
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FIGURE 4 Representative EC traction maps. Traction maps of an EC before (A-D) and after (E—J) exposure to fluid shear stress at 12 dyn/cm?. Distributions
of tractions are shown as vector maps (upper panel) and as color images after converting the magnitude of tractions, mag(Tgc), into color codes (lower panel)
as described. Flow direction was from left to right. (*) Time relative to the start of flow. Arrows (<) and arrowheads (<) in J point to the edge of the advancing

front and the area of detachment, respectively (see text for details).
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FIGURE 5 Shear stress increased the average EC traction values. The
average of traction magnitudes over the entire cell area, mean mag(Tgc), was
computed as described. N = 7; all seven cells had similar morphology as that
in Fig 4, A-D, before flow started. Data are shown as mean * SE. (*) p-value
< 0.05 in comparison to the static controls (shearing time = 0 min).

Although shear stress has been shown to modulate EC
migration as early as 1987 by Ando et al. (1987), in-depth
knowledge in the molecular mechanisms involved was not
available until recently. As mentioned above, persistent cell
movement requires spatially and temporally coordinated
events that include lamellipodial extension at the leading
edge, the formation of lamellipod-substrate attachments, the
contraction of cytoskeletal elements, and the release of cell-
substrate attachments at the rear of the cell (Lauffenburger
and Horwitz, 1996; Sheetz et al., 1997). Recent studies have
shown that shear stress can modulate the asymmetric (or
polarized) and dynamic cell-substrate interactions in EC
migration. Studies by Li et al. (2002) demonstrated that sub-
confluent ECs under shear stress migrated with polarized
lamellipodial protrusion and formation of focal adhesions in
the direction of flow, and that these newly formed focal
adhesions subsequently disassembled after the rear of the cell
moved over them. Wojciak-Stothard and Ridley (2003) later
found that the shear-induced asymmetric shape and direc-
tional migration of the ECs was mediated through Rho and
Rac GTPases. Therefore, the following discussion on the
shear modulation of EC migration is focused on the overall
cell speed, not directionality, and on the role of the cytoske-
letal contraction in this shear modulation.

Our results showed that shear stress increased Vg (the
nondirectional migration speed as defined above) over a
range of FN concentrations and that, under both static and
shear conditions, Vgc had a biphasic relationship with FN
concentration. The adhesion between FN- or, more generally,
ECM- and cell surface receptors is crucial in cell motility. A
theoretical model predicted a biphasic relationship between
cell speed and cell-substrate adhesive strength, with the
maximal cell speed at an intermittent adhesive strength that is
optimal for the cell-substrate attachment and detachment
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events in cell migration (DiMilla et al.,, 1991). The cell-
substrate adhesive strength can be manipulated by several
means, such as the expression level or binding affinity of the
cell surface receptors and, as used in this study, the substrate
concentration. Although this theoretical model describes the
adhesiveness dependence of cell speed under static con-
ditions, interestingly, our data showed that it also applies in
a fluid dynamic environment. Our finding that shear stress
shifted the Vgc-[FN] curve upwards with a higher maximal
Vec indicates that mechanical shearing forces can superim-
pose on the effect of adhesion in promoting EC migration. It is
plausible that the effect of the mechanical shearing force is
mediated through the modulation of cytoskeletal contraction.

In the physical process of cell migration, the contraction of
the actin-myosin cytoskeleton drives the forward transloca-
tion of the cell body and causes traction force on the substrate
(Beningo and Wang, 2002; Sheetz et al., 1997). The stimu-
lation of actin-myosin contractility by activated Rho has
been studied extensively (Chrzanowska and Burridge, 1996;
Hall and Nobes, 2000). Our study showed that shear stress
induced the activation of Rho and that the independence of
shear-induced Rho activation on FN concentration parallels
that seen for the shear-induced increase of migration speed.
Furthermore, the shear-enhancement of migration speed was
eliminated by inhibiting pl60ROCK, the Rho effector for
cellular contractility (Amano et al., 1997). These results in-
dicate that the Rho-p160ROCK pathway mediates the shear-
induced increase in cell migration speed.

Finally, using the traction force microscopy technique, we
found that migrating ECs under flow exerts stronger traction
force, thus providing a link among the activation of Rho (as a
mechanosensing motor), an enhancement of the transmitted
contractile force (the physical force for the moving cell
body), and the resulting increase in migration speed. Note
that the shear-enhanced traction force occurred both at the
leading edge and the rear, suggesting that shear stress en-
hances both the attachment in the front and the detachment at
the rear, thus enhancing EC migration over the entire range
of [FN] studied: the former may account for the increased
Vic at a low [FN], where cell-substrate attachment is the
rate-limiting step; the latter may account for the increased
Vec at a high [FN], where cell-substrate detachment is the
rate-limiting step (DiMilla et al., 1991; Lauffenburger and
Horwitz, 1996). However, how the localized traction force is
generated needs further investigation. For example, a direct
assay of subcellular activity of Rho would allow us to corre-
late the sites of Rho activation and traction force generation
at the subcellular level, and the distribution of Rho activity
thus obtained would allow us to clarify whether the increases
in frontal and tail tractions are both due to active events
(i.e., Rho activation) or, as seen in fibroblast migration, the
increase in tail tractions is simply due to passive resistance to
the increase in frontal forces (Munevar et al., 2001b).

EC migration is synergistically regulated by both chemical
and mechanical factors in vivo. Several recent investigations
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have shown that the multiple and divergent pathways by
which EC motility is mediated by growth factors and ECM
may converge on the cytoskeleton via Rho GTPase (see
review by Shuster and Herman, 1998). Our study and others
(Tzima et al., 2001; Wojciak-Stothard and Ridley, 2003)
demonstrate that Rho GTPase also plays a crucial role in the
shear-induced EC motility. It is worth noting, however, that
the pattern of Rho activity in ECs in response to flow is
different in these studies. In contrast to our results shown in
Fig. 2, Rho activity in ECs was not significantly increased
after exposure to flow for 30 min in these studies (Tzima
et al.,, 2001; Wojciak-Stothard and Ridley, 2003). Such
discrepancy may be due to different cell conditions, including
the source of ECs (bovine versus human), the level of shear
stress (arterial versus venous), and particularly the degree of
confluence (confluent versus subconfluent). Indeed, it has
been shown that cell junction can modulate Rho activity
(Benais-Pont et al., 2003; Noren et al., 2000). Knowledge of
signaling events for cell migration under flow (versus static)
conditions can provide new insights into potential therapeu-
tic interventions and tissue-engineering applications, e.g., for
promoting EC migration in vascular wound repair and in
designing synthetic vascular prosthesis, respectively.
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