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Short-Term Shear Stress Induces Rapid Actin Dynamics in Living
Endothelial Cells

Colin K. Choi∗ and Brian P. Helmke∗,†

Abstract: Hemodynamic shear stress guides a
variety of endothelial phenotype characteristics,
including cell morphology, cytoskeletal structure,
and gene expression profile. The sensing and pro-
cessing of extracellular fluid forces may be me-
diated by mechanotransmission through the actin
cytoskeleton network to intracellular locations of
signal initiation. In this study, we identify rapid
actin-mediated morphological changes in living
subconfluent and confluent bovine aortic endothe-
lial cells (ECs) in response to onset of unidirec-
tional steady fluid shear stress (15 dyn/cm2). Af-
ter flow onset, subconfluent cells exhibited dy-
namic edge activity in lamellipodia and small ruf-
fles in the downstream and side directions for the
first 12 min; activity was minimal in the upstream
direction. After 12 min, peripheral edge exten-
sion subsided. Confluent cell monolayers that
were exposed to shear stress exhibited only sub-
tle increases in edge fluctuations after flow on-
set. Addition of cytochalasin D to disrupt actin
polymerization served to suppress the magnitude
of flow-mediated actin remodeling in both sub-
confluent confluent EC monolayers. Interestingly,
when subconfluent ECs were exposed to two se-
quential flow step increases (1 dyn/cm2 followed
by 15 dyn/cm2 12 min later), actin-mediated edge
activity was not additionally increased after the
second flow step. Thus, repeated flow increases
served to desensitize mechanosensitive structural
dynamics in the actin cytoskeleton.
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1 Introduction

The endothelium, a one-cell-thick inner lining
of blood vessels that is formed by endothelial
cells, serves numerous important vascular func-
tions, and many of these are influenced by me-
chanical cues associated with hemodynamic shear
stress (1, 2). In vascular pathology, atheroscle-
rosis is characterized by lesion formation on the
artery wall, suggesting that the endothelium plays
a major role in disease development (3, 4). More-
over, the locations of atherogenesis in the arterial
tree correlate with the spatial distribution of fluid
shear stress (5, 6). Thus, the need for a clear un-
derstanding of how blood flow affects the biology
of endothelial cells is well-recognized.

The luminal surface of endothelial cells (ECs) is
the boundary that is exposed to blood flow; thus,
it is continually subjected to hemodynamic shear
stress. In vitro shear stress studies have shown
that endothelial cells respond dynamically to spe-
cific patterns of hemodynamic forces to produce
functional biochemical agents, to regulate gene
expression, and to rearrange their morphology
and cytoskeleton (7-11). In addition, many of the
flow-mediated reactions are exquisitely orches-
trated both temporally and spatially (12). A de-
centralized mechanotransduction model proposes
that the mechanical load of shear stress is trans-
mitted along the cytoskeleton and is distributed to
various intracellular locations (1). The resultant
biochemical signals from both local and remote
sites may then be integrated to yield flow-induced
endothelial adaptation.

Without intact cytoskeleton, mechanotransduc-
tion would be depressed or even eliminated if the
structure were required to facilitate force trans-
mission. Thus, cytoskeletal mechanics and dy-
namics continue to be major focal points in un-
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derstanding how endothelial cells coordinate me-
chanical forces and signaling pathways systemati-
cally. While actin microfilaments, vimentin inter-
mediate filaments, and tubulin microtubules make
up the cytoskeleton that undergoes flow-induced
reorganization, actin has been most widely stud-
ied (13-17). The importance is due to the physical
connections that actin filaments make to potential
mechanotransduction sites, including focal adhe-
sions and the nucleus (18, 19). Indeed, numer-
ous flow-mediated endothelial responses, includ-
ing shape realignment, focal adhesion remodel-
ing, and gene expression regulation are inhibited
when actin polymerization is disrupted (1).

The overall goal of this work was to test the hy-
pothesis that the actin cytoskeleton serves as a
primary force-affected element that the cell em-
ploys from the onset of flow to sense fluid shear
stress. GFP-actin and high resolution 4-D mi-
croscopy enabled fast, real-time visualization of
actin-mediated morphology changes in living en-
dothelial cells.

2 Materials and Methods

2.1 Cell Culture and Transfection with GFP-
actin

Bovine aortic endothelial cells (ECs), pas-
sages 10-14, were cultured in complete growth
medium consisting of Dulbecco’s Modified Ea-
gle’s Medium (Invitrogen, Carlsbad, CA) sup-
plemented with 10% heat-inactivated newborn
calf serum (HyClone, Leesburg, VA), 2 mM L-
glutamine (Invitrogen), 50 IU/ml penicillin (Invit-
rogen), and 50 μg/ml streptomycin (Invitrogen).
Cells were maintained in a 100% relative humid-
ity atmosphere of 95% air and 5% CO2 at 37 ˚C.
Cells were transfected for 2.5 h with pEGFP-actin
(Clontech, Mountain View, CA) in Opti-MEM
I (Invitrogen) using a liposomal method (Lipo-
fectin, Invitrogen). Cells were allowed to recover
for 24 h in complete medium and were plated
onto sterile No. 1.5 glass coverslips (Bioptechs,
Butler, PA) coated with red fluorescent micro-
spheres (0.1-μm diameter, FluoSpheres, Molec-
ular Probes, Eugene OR) that served as substrate
fiducial marks during time-lapse imaging.

2.2 Shear Stress Apparatus

Coverslips with transfected cells at the desired
area density were assembled into a parallel plate
flow chamber (Bioptechs) that was connected to
a closed flow loop, as described previously (20,
21). The perfusion medium consisted of complete
growth medium without phenol red and supple-
mented with 25 mM HEPES buffer (Invitrogen).
Volumetric flow rate in the chamber was driven by
gravitational force and adjusted to generate wall
shear stress of 15 dyn/cm2. The objective lens
and the flow chamber were maintained at 37 ˚C.
In some experiments, a syringe pump (Harvard
Apparatus, Holliston, MA) was switched into the
flow loop to set wall shear stress magnitude at 1
dyn/cm2. In separate experiments, 0.05 μM cy-
tochalasin D (Sigma-Aldrich, St. Louis, MO) was
introduced in the perfusion medium.

2.3 3-D Time-lapse Image Acquisition

Wide-field fluorescence optical sections were
acquired using a DeltaVision restoration mi-
croscopy system (Applied Precision, Issaquah,
WA). Image stacks with thickness 3-4 μm and z-
interval 0.2 μm were acquired every 2 to 3 min
during an experiment. The image acquisition pro-
tocol was divided into three phases: 9-14 min
without flow; 30 min with flow; and 9-14 min
without flow. During the second phase with flow,
the wall shear stress either was maintained at 15
dyn/cm2 for 30 min or was started at 1 dyn/cm2

for 12 min and was stepped up to 15 dyn/cm2 for
18 min. One to three cells were examined per cov-
erslip.

2.4 Deconvolution and Image Analysis

In order to reposition out of focus light, 3-D im-
ages at each time point were deconvolved us-
ing SoftWoRx software (Applied Precision) as de-
scribed previously (20, 21) to reposition out of fo-
cus light (22). In order to reduce effects of shot
noise in the low light level optical sections, a 3x3-
pixel median filter was implemented using MAT-
LAB (MathWorks, Natick, MA). Stacks of opti-
cal sections were then restored as volumetric pro-
jections. The area of GFP-actin in the volume
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projections was measured by manually outlining
the fluorescence border using Scion Image (Scion
Corporation, Frederick, MD). Time-lapse movies
were generated using ImageJ software (23). The
spatial directionality of actin area dynamics in the
cell was scored as follows. Outlined cell im-
ages were divided into four symmetric regions,
and the differences of actin areas in these regions
at consecutive time points were accumulated to
find average increases or decreases within an in-
terval. The centroid of the reference image at
the earlier time point was chosen as the foci of
the quadrants. Analysis of variance (ANOVA)
with repeated measures and Tukey-Kramer pair-
wise comparisons were performed in MINITAB
(Minitab Inc.), and means were considered sig-
nificantly different at the 95% confidence level.

3 Results

3.1 Actin Reorganization in Subconfluent and
Confluent ECs Under Shear Stress

Using 4-D fluorescence microscopy, GFP-actin
mediated morphological changes induced by flow
were analyzed both qualitatively and quantita-
tively. In the absence of flow, random bursts
of actin polymerization existed around the pe-
riphery of subconfluent ECs (Figure 1A). These
bursts were qualitatively defined as balloon-like,
actin-containing projections at the cell boundary,
including lamellipodia and outward edge expan-
sions. When subconfluent ECs were exposed
to fluid shear stress, they exhibited synchronized
bursts of actin polymerization activity within min-
utes of flow onset (Figure 1B). The F-actin edge
structures formed, enlarged, and retracted tran-
siently on a minutes time scale. During continued
flow, actin bursts subsided and peripheral edge
extension ceased. Direct comparison of images
across time in colored overlays demonstrated that
actin filaments and stress fibers were elongated,
shortened, and displaced laterally during the first
few minutes after flow onset (Figure 1C).

In order to determine whether flow onset induced
a systematic cell spreading response, the pro-
jected cell area derived from GFP-actin fluores-
cence was tracked relative to the area at flow onset

Figure 1: GFP-actin boundary activity in a sub-
confluent EC layer. Arrows indicate peripheral
actin bursts or remodeling. (A) No-flow control.
(B) Before and after flow onset at t=0:00 (left
to right). (C) After flow onset at t=0:00. Inset
demonstrates displacement of basal stress fibers
(arrows) from t=0:00 (red) to t=10:00 (green).
Time=mm:ss. Bar=10 μm.

(Time = 0 min, Figure 2A). Prior to the flow on-
set, the relative cell area remained constant near
unity. Within 2 min after flow onset, the rela-
tive cell area increased rapidly to 1.03±0.02. This
upward trend was continued until a maximum of
1.11±0.05 was reached at 12 min. After this time,
normalized area decreased linearly at a rate of
−0.0030 min−1 (R2 = 0.97). During at least the
first 30 min of flow, the projected cell area was
significantly larger than cells maintained under
no-flow conditions (p<0.05, n=7-10). In contrast
to the response to flow onset, cells maintained un-
der no-flow condition maintained a constant pro-
jected area; a linear regression demonstrated that
the rate of change of relative area was −0.0008
min−1, which was not significantly different from
zero (n=10).

In order to determine whether flow-induced,
actin-mediated morphology changes that were
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Figure 2: Cell area (mean ± SD) relative to t=0
min indicated by GFP-actin in (A) subconfluent
and (B) confluent EC layers exposed to no-flow
(open circles) or to steady unidirectional flow dur-
ing the indicated interval (closed circles) at a wall
shear stress of 15 dyn/cm2. *Significantly differ-
ent than no-flow (p<0.05).

similar to those observed in subconfluent ECs also
occur in a more physiological condition, conflu-
ent monolayers were examined. Prior to the onset
of shear stress, projected cell area was constant
with time. In contrast to the behavior of subcon-
fluent ECs, this relatively steady area was main-
tained at a level similar to control after flow on-
set. Over a longer time scale, confluent ECs did
gradually increase in area, reaching 1.02±0.04
after 24 min (n=9-11). The relative cell area
in monolayers maintained under no-flow condi-
tions remained constant (linear regression slope
of −0.0006 min−1).

Visual analysis of ECs in confluent monolay-
ers revealed subtle morphological dynamics. Al-
though these ECs were tightly surrounded by ad-
jacent cells (verified with vascular endothelial
cadherin immunostaining; data not shown), un-
dulating edge fluctuations occurred (Figure 3).
These wavy structures were not large enough to

induce an area change, and they were not ob-
served in subconfluent layers. ECs in conflu-
ent monolayers also produced small random actin
bursts throughout the course of experiments; how-
ever, dominant flow-induced actin bursts were not
detected. Moreover, seven of nine cells under no-
flow conditions either elongated or spread to re-
shape while only four of eleven cells exposed to
the flow condition displayed similar shape remod-
eling. This observation indicates that shear stress
enables cells to maintain shape and architecture.

Figure 3: GFP-actin boundary activity in a conflu-
ent EC layer (A) 6:00 before and (B) 3:00 before
flow onset. Arrows indicate locations of periph-
eral actin bursts. (C) and (D) are insets from (A)
and (B), respectively, that illustrate subtle edge
position fluctuations during the 3-min interval.
Time=mm:ss. Bar=10 μm.

3.2 Shear Stress-Mediated Actin Dynamics in
the Presence of Cytochalasin D

To examine whether disruption of actin dynam-
ics would affect flow-induced actin morphology
responses, ECs were treated with cytochalasin D
to inhibit actin polymerization. In the presence
of cytochalasin D under no-flow conditions, ECs
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Figure 4: GFP-actin remodeling in a subconfluent
EC layer treated with cytochalasin D at t=0:00.
White arrows indicate filament shortening, edge
retraction, or speckle formation. Green arrows
follow centripetal motion of actin aggregate that
was formed at a leading edge. (A) No-flow con-
trol after addition of cytochalasin D. (B) After on-
set of flow at t=0:00 with medium containing cy-
tochalasin D. Time=mm:ss. Bar=10 μm.

in subconfluent layers slowly retracted their edges
via actin filament bundle shortening and bound-
ary displacement. In some cases, the cell pe-
riphery became concentrated with actin, and the
fragments of actin moved centripetally in time
(Figure 4A). Moreover, speckles of actin with
no clear traffic pattern were developed in the cy-
toplasm as early as 3 min after the introduction
of cytochalasin D. After flow onset, cytochalasin
D suppressed the degree of synchronized actin
bursts at the cell boundary (Figure 4B). In a man-
ner similar to the no-flow condition, actin speck-
les emerged within minutes of flow, and in some
cells, they were heavily localized in the active
periphery regions. In addition, cells that were
treated with cytochalasin D and flow exhibited
large displacements of actin stress fibers, espe-
cially when edges were retracting quickly.

The projected area of ECs in subconfluent layers
treated with cytochalasin D decreased linearly at
a rate of -0.0030 min−1 (measured from 12 to 39
min, R2 = 0.995, Figure 5A). The onset of flow
caused a rapid, small magnitude increase in rela-

Figure 5: Cell area (mean ± SD) relative to t=0
min indicated by GFP-actin in (A) subconfluent
and (B) confluent EC layers. At t=0 min, either
cytochalasin was added under no-flow conditions
(open circles) or simultaneously with the onset
of steady unidirectional flow (closed circles) at a
wall shear stress of 15 dyn/cm2. *Significantly
different than no-flow (p<0.05).

tive cell area, reaching a peak value of 1.03±0.04
after 12 min. In a manner similar to untreated
cells, the relative cell area decreased gradually af-
ter 12 min despite sustained flow. A linear trend
line fit from 12 to 39 min indicated that the area
decreased at -0.0034 min−1 (R2 = 0.995).

Qualitative analysis of confluent EC layers
demonstrated that these cells exhibited subtle
edge fluctuations that were similar to those in the
absence of cytochalasin D. Also, eight of nine
confluent cells under no-flow conditions with cy-
tochalasin D underwent a shape change, which
included elongation and spreading that decreased
the mean shape index of the cells from 0.44±0.08
at t=0 to 0.38±0.09. In cells that were exposed
to shear stress, shape changes were not observed;
however, seven of nine cells exhibited small syn-
chronized actin bursts.
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Figure 6: Directionality of GFP-actin area change in a subconfluent EC layer. (A) Schematic overlay of
GFP-actin images at the beginning and end of a 6-min interval after flow onset, illustrating area growth
(red) and retraction (blue). White indicates areas that did not change in quadrants oriented upstream (U),
downstream (D), or towards the sides (S) with respect to the flow direction. (B) Area changes (mean±SE)
during consecutive 6-min intervals without flow. (C) Area changes during consecutive 6-min intervals after
onset of unidirectional steady flow at t=0 min. (D) Area changes after onset of flow with medium containing
cytochalasin D. *Significantly different than zero (p<0.05).

Between 6 and 21 min after the application of
cytochalasin D, the ECs in confluent monolayers
under no-flow conditions decreased their relative
cell area (Figure 5B). After 21 min with cytocha-
lasin D, the relative cell area remained constant at
0.96±0.11. Area changes in the presence of drug
were highly variable, as indicated by increased
standard deviation. When confluent monolay-
ers were exposed to shear stress in the presence
of cytochalasin D, relative cell area increased to
1.02±0.04 after 3 min. Relative cell area was sig-
nificantly greater than that in the absence of flow
(p<0.05, n=9-11) but was not greater than that of
cells not treated with cytochalasin D.

3.3 Directionality of Flow-induced Actin
Bursts

The spatial distribution of these flow-induced
actin bursts were quantitatively analyzed by plot-
ting relative area change in quandrants designated
upstream, downstream, or side-to-side relative to
the direction of shear stress (Figure 6A). ECs
in subconfluent layers under no-flow conditions
maintained constant projected area as a function
of time in all quadrants (Figure 6B). During the
first 6 min after flow onset, flow-induced actin
bursts were more prominent in the downstream
and side directions compared to the upstream di-
rection, as demonstrated by a significant increase
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in area in those regions (Figure 6B, p<0.05,
n=10). During the next 6-min interval, the area
changes in all regions decreased, consistent with
maintenance of cell area. During the interval 12-
24 min after flow onset, area decreased signifi-
cantly in the upstream and side regions (p<0.05,
n=7) but not in the downstream region, suggest-
ing that cells were establishing a polarity oriented
parallel to the shear stress direction. The direc-
tionality of flow-induced actin bursts in the pres-
ence of cytochalasin D exhibited similar spatial
and temporal trends as in untreated cells (Figure
6D), but the magnitude of area changes was gen-
erally smaller. A clear trend towards directional
polarity (increased area in downstream and side
regions accompanied by decreased area in the up-
stream region) was apparent during all intervals.
During the interval 6-12 min after flow onset, area
increased significantly in the downstream region
(p<0.05, n=10) and was maintained during the
subsequent 12-min interval. During the interval
12-24 min after flow onset, area decreased signif-
icantly in the side regions, consistent with shape
elongation parallel to the flow axis.

3.4 Desensitization of Flow-induced Actin Re-
sponse

Since it is not clear whether mechanically-
triggered changes in actin dynamics represent an
all-or-none response, we asked whether ECs are
capable of sensing a second change in flow while
they are responding to the initial flow step. To ad-
dress this question, subconfluent EC layers were
first exposed to shear stress at 1 dyn/cm2. Af-
ter 12 min, the time point at which the maxi-
mum mean area occurs, a step increase in shear
stress to 15 dyn/cm2 was imposed. Time-lapse
movies revealed that ECs in subconfluent lay-
ers responded in a less dramatic fashion to 1
dyn/cm2 shear stress than they did to 15 dyn/cm2

alone. After flow onset, previously quiescent bor-
ders developed spatially concentrated GFP-actin
and subsequently expanded then subsided in time.
More importantly, a second step increase of 15
dyn/cm2 did not cause additional flow-mediated
actin bursts (Figure 7).

The relative cell areas exhibited two key features

Figure 7: GFP-actin boundary activity in a sub-
confluent EC layer before and after onset of
steady unidirectional shear stress to 1 dyn/cm2

at t=0 min followed by a second increase to
15 dyn/cm2 at t=12 min. Arrows indicate lo-
cations of peripheral actin bursts or remodeling.
Time=mm:ss. Bar=10 μm.

Figure 8: Cell area (mean ± SD) relative to t=0
min indicated by GFP-actin area in a subconfluent
EC layer exposed to a single step onset of shear
stress to 1 dyn/cm2 at t=0 min (open circles) or to
1 dyn/cm2 at 0 min followed by a step increase to
15 dyn/cm2 at t=12 min (closed circles).

(Figure 8). First, the degree of flow-induced
actin bursts was shear stress magnitude depen-
dent. Compared to ECs exposed to 15 dyn/cm2

(Figure 2A), the relative cell area increased less
in response to onset of shear stress at 1 dyn/cm2.
At 12 min after onset of 1 dyn/cm2, the maximum
relative cell area was 1.04±0.04, which was sig-
nificantly less than the value reached after onset
of 15 dyn/cm2 (p<0.05). Second, increasing the
shear stress from 1 dyn/cm2 to 15 dyn/cm2 did
not induce a second transient increase in relative
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cell area. The relative cell area of cells exposed
to double step changes followed the same tempo-
ral pattern as that of cells exposed to a single step
onset of 1 dyn/cm2, increasing during first 12 min
and returning to the baseline afterwards.

4 Discussion

In the present study, the actin cytoskeleton in
endothelial cells was reorganized rapidly in re-
sponse to shear stress, suggesting that the me-
chanical cue from fluid shear stress was a direct
regulator in promoting structural remodeling. On-
set of shear stress has been shown to induce rapid
intermediate filament displacement and strain fo-
cusing at discrete locations, suggesting that ap-
plied forces are distributed in the intracellular
space (21, 24). Over a time scale of hours to
days, the actin cytoskeleton realigns in the direc-
tion of flow (2, 8), yet it is not yet known how
the cell employs actin in its force-sensing mech-
anism from the onset of flow. Most other studies
reporting flow-mediated actin reorganization have
reported structure by immunostaining cells fixed
at hourly or 30-min intervals. Thus, there ex-
isted a gap in knowledge regarding how early and
in what way endothelial cells adapt the actin cy-
toskeleton when a change in the flow environment
is introduced. In this study, GFP-actin enabled
continuous visualization of the actin cytoskeleton
in living endothelial cells during and after onset
of hemodynamic shear stress.

After the onset of shear stress, ECs in subconflu-
ent layers exhibited synchronized, transient actin
polymerization bursts, which included lamellipo-
dia and small peripheral extensions. Although
it is unclear whether this phenomenon is a di-
rect flow-sensing mechanism or a prerequisite for
long-term, flow-mediated structural realignment,
the results suggest that the initial response of ECs
to an acute change in fluid shear stress is to ex-
tend their periphery via actin bursts in the non-
upstream directions (25-27). The polymerization
of actin to produce these dynamic peripheral edge
structures is regulated by the small GTPase Rac
(28). Rac pull-down assays revealed that shear
stress forces cause a transient upregulation of Rac
activity within minutes in subconfluent cells (27).

The timing of flow-mediated peripheral remodel-
ing observed here matches with this Rac activity.
In addition, shear stress-induced Rac activity reg-
ulation required new integrin-ECM ligand bind-
ing in the downstream direction, which conferred
directional polarity to cells (29). Thus, the spa-
tial dynamics in ECs after onset of shear stress is
likely regulated by the polarization of Rac and in-
tegrin binding to extracellular matrix ligands.

In contrast to ECs in subconfluent layers, cells in
confluent monolayers did not display prominent
edge protrusions and lamella-like extensions af-
ter the onset of flow. Shear-dependent upregula-
tion of Rac activity is also transient in confluent
cell layers (29), and it is also required for the for-
mation and strengthening of cadherin-dependent
intercellular adhesion (30-33). Thus, when con-
fluent monolayers were exposed to shear stress,
the resultant upregulation in Rac activity may
have served a dual role: (1) to prevent indirectly
dramatic peripheral movements by strengthening
cell-cell adhesions and (2) to induce actin bursts
in the edge regions where cell-cell adhesion is
not tightly maintained. The latter case is sup-
ported by our observation of subtle actin fluctua-
tions at the cell periphery, which indicate that not
all the borders between confluent cells are tightly
sealed. The nature of these rapid, flow-induced
actin bursts suggest the hypothesis that prominent
periphery extension is a key part of an endothelial
cell’s “early-phase flow sensing mechanism” that
determines whether to migrate (e.g. subconfluent
cells, cells near a wound) or to undergo remod-
eling/realignment (confluent monolayers). The
ability of individual endothelial cells to generate
actin bursts in response to flow may act as a signal
for them to become directionally polarized and to
migrate in the direction of flow. In contrast, the
prevention of similar flow-induced actin dynam-
ics in confluent monolayers may cause those cells
to go into a period of long-term adaptation that in-
cludes morphological realignment and adaptation
of gene expression profiles.

Activation of GFP-actin edge activity requires
shear stress, since relative cell area remained con-
stant under no-flow conditions. In all cases tested,
the slope of the relative cell area with respect
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to time was not significantly different from zero.
Small trends indicated systematic measurement
errors that were most likely due primarily to the
low signal-to-noise ratio necessary for live-cell
imaging of GFP-actin at this sampling frequency.

One way to test whether the actin dynamics in-
deed were mediating flow-induced edge activity
was to disrupt polymerization (34, 35). In or-
der to preserve the basic structure of cells dur-
ing the experiments, we chose a low concentra-
tion of 0.05 μM cytochalasin D. When ECs in
subconfluent layers were exposed to flow with
cytochalasin D, their relative cell area increased
transiently on a similar time scale to that without
cytochalasin D, indicating that part of the spread-
ing response to flow onset is not affected by fil-
ament capping. The directional polarization of
actin bursts appeared more pronounced with cy-
tochalasin D, as indicated by increased GFP-actin
area in the upstream region. Although disrup-
tion of dendritic nucleation near ruffling edges
would be expected in the presence of cytocha-
lasin D, it is not clear how such directionality
would be established in the presence of unidirec-
tional shear stress. Cytochalasin D has been sug-
gested to diminish viscoelastic moduli and struc-
tural resistance against applied flow and to dis-
rupt cell-substrate adhesions by preventing actin
polymerization (36, 37). Such disruption of the
actin-integrin-extracellular matrix association and
suppression of flow-mediated Rac upregulation
may be expected to lead to the reduced actin re-
sponse observed here (38). Furthermore, this loss
of structural resistance may have caused upstream
regions of the cell to be displaced passively in the
direction of flow or retracted by elastic prestress
forces as the connection between actin and sub-
strate anchors weakened. In subconfluent layers,
another possibility is that transient upregulation
of Rho-mediated contractility occurred after onset
of shear stress that promoted active contractility
(27). However, it seems likely that cytochalasin D
would prevent Rho-mediated contractility in the
presence of cytochalasin D, and the decreased rel-
ative cell area after flow onset is more likely to be
due to a passive structural collapse in the presence
of increased extracellular force.

When confluent monolayers of ECs were sub-
jected to shear stress in the presence of cytocha-
lasin D, cells exhibited a synchronized activity
which caused a small but non-significant increase
in relative cell area followed by a plateau inter-
val. Several reports have demonstrated that cy-
tochalasin D destabilizes the anchorage between
vascular endothelial cadherin and the actin cy-
toskeleton and disrupts cell-cell adhesions (39-
41). Thus, we speculate that cytochalasin D
weakened the mechanical stability of adherens
junctions and promoted flow-induced displace-
ment of edge-associated actin. Once the cell
boundaries became loose, GFP-actin bursts did
not likely extend into adjacent cells but rather pro-
duced actin “edge explorations” above or below
adjacent cells, since the relatively compact mono-
layer configuration was still present. Two possi-
bilities may explain the rapid flattening of the rel-
ative cell area curve: (1) the maximum level of
actin polymerization was low, either due to sup-
pression of Rac upregulation or due to filament
capping by cytochalasin D, or (2) the degree of
cell-cell separation limited further area expansion.
If the second hypothesis were true, increased cell
edge spreading might be expected in the presence
of cytochalasin D because of reduced mechani-
cal modulus. Since this did not occur and the
time scale of these measurements was likely too
slow to isolate passive deformation from active
cellular processes, we suggest that the modifica-
tion in actin dynamics near the cell edge involved
re-balancing of Rac-mediated polymerization dy-
namics and Rho-mediated contractility. This hy-
pothesis remains to be investigated.

If flow-induced cell edge activity is indeed the re-
sult of passive deformation only, then the degree
of edge spreading would be expected to depend on
the magnitude of shear stress. However, the rela-
tive cell area in response to 1 dyn/cm2 was not
significantly different than that in response to 15
dyn/cm2. Furthermore, increasing the shear stress
from 1 dyn/cm2 to 15 dyn/cm2 at the time of max-
imum spreading did not cause an additional in-
crease in relative cell area, suggesting that an ac-
tive signaling mechanism was saturated or desen-
sitized to additional increases in force magnitude.
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In addition, the temporal profile of relative cell
area is shear stress magnitude independent. Cells
responded to both 1 dyn/cm2 and 15 dyn/cm2 by
increasing their area for about 12 min and then
gradually recovering.

Taken together, the measurements presented here
implicate a balance of Rac- and Rho-dependent
pathways in rapidly guiding actin remodeling in
response to fluid shear stress. Mechanical cues
associated with onset of shear stress induce dif-
ferential actin-mediated morphological changes
that are dependent on the monolayer organiza-
tion, and these rapid phenomena suggest that the
actin cytoskeleton serves as a primary integrator
in flow sensing mechanisms of cellular mechan-
otransduction.
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