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The migration of vascular endothelial cells (ECs) is critical in
vascular remodeling. We showed that fluid shear stress enhanced
EC migration in flow direction and called this ““mechanotaxis.” To
visualize the molecular dynamics of focal adhesion kinase (FAK) at
focal adhesions (FAs), FAK tagged with green fluorescence protein
(GFP) was expressed in ECs. Within 10 min of shear stress applica-
tion, lamellipodial protrusion was induced at cell periphery in the
flow direction, with the recruitment of FAK at FAs. ECs under flow
migrated with polarized formation of new FAs in flow direction,
and these newly formed FAs subsequently disassembled after the
rear of the cell moved over them. The cells migrating under flow
had a decreased number of FAs. In contrast to shear stress, serum
did not significantly affect the speed of cell migration. Serum
induced lamellipodia and FAK recruitment at FAs without direc-
tional preference. FAK(Y397) phosphorylation colocalized with
GFP-FAK at FAs in both shear stress and serum experiments. The
total level of FAK(Y397) phosphorylation after shear stress was
lower than that after serum treatment, suggesting that the polar-
ized change at cell periphery rather than the total level of
FAK(Y397) phosphorylation is important for directional migration.
Our results demonstrate the dynamics of FAK at FAs during the
directional migration of EC in response to mechanical force, and
suggest that mechanotaxis is an important mechanism controlling
EC migration.

he migration of vascular endothelial cells (ECs) plays an

important role in angiogenesis and postangioplasty wound
healing. Cell migration is a coordinated process consisting of
adhesion at the leading edge and detachment at the rear (1, 2).
The focal adhesions (FAs), cytoskeleton, and signaling pathways
that mediate cell migration need to respond to diverse extracel-
lular signals and translate them into precisely regulated intra-
cellular responses. There have been many studies on EC migra-
tion in response to gradients of soluble chemicals (chemotaxis)
and immobilized extracellular matrix (haptotaxis; refs. 3-6).
However, the effect of mechanical environment on EC migration
is not well understood.

ECs are constantly subjected to shear stress, the tangential
component of hemodynamic force caused by blood flow. It has
been shown that shear stress induces EC monolayer remodeling,
e.g., increase of stress fibers and alterations in gene expression
(7, 8). Shear stress can modulate EC migration in wounding area
and vascular stent surface (9-12), but the kinetics and molecular
mechanism of EC migration in response to shear stress remain
to be determined.

Integrins are transmembrane adhesion receptors that link the
extracellular matrix to cytoskeletal proteins and signaling mol-
ecules at FAs (13-15). Integrin-matrix binding activates the
signaling cascade at FAs to modulate cell migration (13, 14).
Focal adhesion kinase (FAK) is a cytoplasmic tyrosine kinase
that colocalizes with integrins at FAs. FAK mediates the FA
dynamics and signaling in response to growth factors and
integrin-ligand binding (16, 17). Phosphorylation of FAK at
Tyr-397 [p-FAK(Y397)] upon cell adhesion allows FAK to
associate with Src, which triggers downstream signaling events
such as phosphorylation of mitogen-activated kinases, p130°,
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and paxillin to mediate cell adhesion and migration (18-24).
Recent studies show that FAK is required for mechanosensing
and persistent migration of fibroblasts (25, 26). We and others
have shown that shear stress induces a transient activation of
FAK in EC monolayer (27-29). These previous studies focused
on the analysis of the global activity of FAK by using traditional
biochemical assays; the subcellular distribution and dynamics of
FAK at FAs and the role of this spatial dynamics in cell migration
in response to mechanical and chemical stimuli remain to be
determined.

Here, we defined the kinetics of shear stress-induced direc-
tional migration of ECs. By expressing green fluorescence
protein (GFP)-tagged FAK, we demonstrated the molecular
dynamics of FAK at FAs in migrating ECs in response to shear
stress and serum. The results showed that p-FAK(Y397) was
correlated with FAK dynamics at FAs. Our findings indicate that
the spatial dynamics of signaling at FAs is critical in directional
migration, and that mechanotaxis is an important mechanism
controlling EC migration.

Materials and Methods

Cell Culture. Cell culture reagents were obtained from GIBCO/
BRL. Bovine aortic ECs (BAECs) before passage 10 were
maintained in DMEM supplemented with 10% (vol/vol) FBS.
All cell cultures were maintained in a humidified 5% CO,/95%
air incubator at 37°C. Before cell seeding, glass slides were
coated with fibronectin (1 pg/cm?) for 2 h and blocked with 1%
BSA for 30 min. BAECs were seeded on fibronectin-coated
slides in DMEM containing 0.5% serum for 3 h at ~10%
confluence; they were subjected to shear stress, stimulated with
10% serum in DMEM, or kept as static control.

Flow System. A circulation flow system (30) was used to impose
shear stress on cultured ECs at 37°C. The slide with subconfluent
BAECs was mounted in a rectangular flow channel created by
sandwiching a silicone gasket (0.015-cm thick) between the slide
and an acrylic plate. Laminar shear stress was generated by the
flow resulting from the hydrostatic pressure difference between
two reservoirs. The shear stress applied was 12 dyn/cm?, a level
found in arteries and capillaries.

DNA Constructs and Transfection. GFP-actin was obtained from
CLONTECH. To construct GFP-FAK, the cDNA encoding
FAK was excised from pBS-FAK (gift of J. Thomas Parsons,
Univ. of Virginia, Charlottesville) by digestion with Smal and
Sall and inserted into pEGFP-c3 (CLONTECH). DNA plasmids
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were transfected into ECs by using GenePorter reagent (Gene-
Systems, San Diego, CA). ECs were used for experiments 2 days
after transfection.

Time-Lapse Microscopy. Cell migration was monitored by time-
lapse microscopy with a Nikon inverted microscope with 10X
objective. Phase contrast images were collected with a
Hamamatsu charge-coupled device camera at 10-min intervals
and transferred from a frame grabber to computer storage.
Dynamic motion of individual cells was analyzed by
using Dynamic Image Analysis System software (Solltech,
Oakdale, IA).

The dynamics of GFP proteins were monitored by time-lapse
confocal microscopy with a Nikon inverted microscope (40X oil
objective) and a Bio-Rad MRC 1024 laser scanning confocal
imaging system. GFP was excited at 488 nm and detected
between 506 and 538 nm. The dynamics of FAs were individually
tracked and analyzed with a program written in Labview G
programming language (National Instruments, Austin, TX).
After background subtraction, the images were thresholded, and
FAs were tracked by a modified nearest-neighbor algorithm for
calculation of the position, number, and area of FAs.

Immunostaining and Confocal Microscopy. BAECs were fixed in 4%
(wt/vol) paraformaldehyde, permeabilized in 0.5% Triton
X-100, and stained with a monoclonal anti-p-FAK(Y397) anti-
body (BD Transduction Laboratories, Lexington, KY), which
was detected with an anti-mouse antibody conjugated with Cy5.
Actin cytoskeleton was stained with rhodamine-conjugated
phalloidin. Stained samples were examined by using Zeiss
LSM510 confocal microscopy system with 100X oil objective. An
image of a 1-um thick section was collected at the bottom of the
cell for each field. GFP, rhodamine, and Cy5 were excited at 488,
543, and 633 nm and detected at 505-530, 560-615, and >650
nm, respectively. The images were acquired under the same
conditions for each experiment. The intensity of fluorescence
signals was quantified with NIH IMAGE software.

Results

Shear Stress, but Not Serum, Induced Directional Migration of ECs. We
first characterized the modulation of BAEC migration by shear
stress as a function of time. We also treated BAECs with serum,
which has been shown to regulate cytoskeleton and cell adhesion
(31). BAECs at 10% confluency were subjected to shear stress,
stimulated with serum, or kept as static control. The migration
speed and its projections in directions parallel (Vx) and per-
pendicular (Vy) to the long axis of the channel (X-direction)
were calculated from the time-lapse phase contrast microscopy
(Fig. 1). Under static conditions, ECs showed random migration
without any preferential direction (Fig. 14). Serum did not
significantly affect EC migration. The application of shear stress
for 1 h, however, caused >90% of cells to migrate in the flow
direction. We use “mechanotaxis” to describe the directional
migration of cells induced by mechanical forces, analogous to
chemotaxis and haptotaxis. Application of shear stress in a
direction opposite to that of the migration of a cell caused the
cell to change its direction and migrate along the flow direction
(Fig. 1B). Shear stress caused lamellipodial protrusion in the
flow direction (in 0.5 h), leading to a gradual turning of the cell
body (in 1 h). The effects of shear stress on the temporal change
of cell migration speed (regardless of direction) are shown in Fig.
1C. After 30 min of shearing, the migration speed increased by
50% above the preshear value (P < 0.05). Shear stress caused the
absolute value of velocity in the X direction ( | Vx | ) to increase
significantly over that under static conditions, with a peak of
+70% at 30 min and a plateau of about +30% at 1-2 h (P <
0.05). The average Vx (with directional signs taken into account)
increased from 0 (random directions of migration) to a positive
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Fig. 1. Modulation of EC migration by shear stress and serum. BAECs were

plated on fibronectin-coated slides for 3 h in DMEM with 0.5% serum. The ECs
were subjected to fluid shear stress, treated with 10% serum, or kept as
control. EC migration was monitored by phase contrast microscopy at 10-min
intervals for 2 h. The migration speed and its projections in the longitudinal
direction of the flow channel (X) and the perpendicular direction (Y) were
determined from the positions of cell centroids. The flow direction was from
left to right in the X direction. (A) The speed in X (Vx) and Y (Vy) directions of
a cell after 1 h of experiment (or control) was plotted in the Vx-Vy plane as a
dot. Data were obtained by analyzing the migration of 100 cells pooled from
three separate experiments. (B) Phase contrast images of a cell from a time-
lapse recording after applying shear stress (0, 0.5, and 1 h). (C) Temporal
changes of the EC migration rate.

value in the flow direction (+4 pwm/10 min) after 30 min of
shearing. The convergence of | Vx | and Vxafter 1 h of shearing
indicates that the migration was predominantly in the X-
direction. The average Vy did not change significantly, and the
average | Vy | decreased slightly after 1 h (P < 0.05). These
results suggest that shear stress modulates both the rate and
direction of EC migration, and that shearing for 1 h or longer
increases migration in the flow direction while suppressing that
in the perpendicular direction.

Shear Stress-Induced Polarized Recruitment of FAK at New FAs and
Polarized Actin Polymerization.To visualize the dynamics of FAK
and FAs during shear stress-induced cell migration, GFP-FAK
was expressed in BAECs and its dynamics was monitored by
confocal microscopy. Fig. 24 shows a cell migrating in the
perpendicular direction before flow. The application of shear
stress induced lamellipodial protrusions at the cell periphery
within 2 min (arrows in Fig. 24) without a preferential direction.
By 10 min, FAK was recruited to FAs under the lamellipodial
protrusion in the flow direction (arrows in Fig. 24, 10 min).
These new FAs provided attachment points for the lamellipo-
dium for its stepwise protrusion in the flow direction. In contrast,
the lamellipodia in the other directions had no such focal
adhesion support and underwent retraction. There was no
significant movement of preexisting FAs within the first 10 min
of shearing, suggesting that shear stress did not move the FAs
simply by mechanical pushing.

We expressed GFP-actin in BAECs to visualize the dynamics
of actin in the shear-induced lamellipodial protrusion. As shown
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Fig.2. Formation of focal adhesions stimulated by shear stress and serum at
the early stage. BAECs expressing GFP-FAK or GFP-actin were subjected to
shear stress or treated with serum as in Fig. 1. The flow direction was from left
to right. The dynamics of GFP-FAK or GFP-actin were monitored by time-lapse
confocal microscopy. (A) Fluorescence images of GFP-FAK taken at 0, 2, and 10
min after applying shear stress. (B) Fluorescence images of GFP-actin taken at
0, 2, and 10 min after applying shear stress. (C) Fluorescence images of
GFP-FAK taken at 0, 5, and 30 min after serum stimulation. (Bars = 10 um.)

in Fig. 2B, shear stress induced the formation of lamellipodia in
all directions at the cell periphery within 2 min, and these
lamellipodia waved around and were not stable. These results
suggest that cell membrane extension is the first cell motion in
response to shear stress. After 10 min of shearing, lamellipodial
protrusion in the flow direction was stabilized by the polymer-
ization of actin filaments (arrows in Fig. 2B, 10 min), whereas
lamellipodia in other directions were either waving or retracting.
These findings on the polarized lamellipodial protrusion, to-
gether with the results from Fig. 24, suggest that shear stress can
induce the formation of polarized FAs and the polymerization of
actin filaments in the flow direction to support the persistent
lamellipodial protrusion.

Serum also stimulated the formation of lamellipodia and FAs
within minutes (Fig. 2C), but the lamellipodia extended in many
directions throughout the period of observation, and the cells
usually showed a multipolar shape and increased spreading (see
Movie 1, which is published as supporting information on the
PNAS web site, www.pnas.org). These morphological findings
may explain why serum did not significantly affect cell migration
speed (Fig. 1A4).

Shear Stress-Induced Remodeling of Existing FAs for Directional
Migration. After the initial phase of polarized lamellipodial
protrusion, ECs under flow started the remodeling (movement,
merging, or disappearance) of FAK at FAs to allow the cell body
to turn toward the flow direction. Fig. 3 shows that a cell initially
migrating against the flow turned into the flow direction under
continuous shear stress. FAK was recruited to FAs at the front
of the lamellipodium and the cell periphery by 30 min (arrow in
Fig. 3). After 60 min of shearing, the polarity of the cell was more
prominent, with more new FAs formed at the leading edge of the
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Fig. 3. Remodeling of FAs stimulated by shear stress. As in Fig. 2, BAECs
expressing GFP-FAK were subjected to shear stress (from left to right). The
dynamics of GFP-FAK was monitored by time-lapse confocal microscopy.
Fluorescence images were taken at 0, 30, 60, 120, 150, and 165 min after
applying shear stress. (Bar = 10 um.)

cell (arrow in Fig. 3, 60 min), whereas no new FA formed in the
central region of the cell. The preexisting FAs in the central
region moved, merged, or disappeared, resulting in a decrease in
number and increase in size (see Movie 2, which is published as
supporting information on the PNAS web site; also, see quan-
titation in next section). These results suggest that the central
region remodels its preexisting FAs, rather than forming new
FAs, to adapt to the change of mechanical environment. FAK at
the cell tail either became separated from the cell or disassem-
bled. As shown in Fig. 3 (arrows at bottom left, 120 and 150 min),
FAK detached from the cell tail and remained with the sub-
stratum. Cell detachment at the rear seemed to facilitate lamel-
lipodial protrusion in the front, with a concurrent increase in
new FA formation (see Movie 2). Forward movement of the
lamellipodia was restrained until the rear part of the cell
retracted (Fig. 3, 120 min).

After the remodeling phase, cells entered a phase of persistent
migration under flow, indicating an adaptation to the new
mechanical environment. The distribution of FAK was highly
polarized, being recruited only to FAs at the leading edge. These
newly formed FAs did not grow in size (see Movie 2); they either
dissembled shortly or remained stationary until passed over by
the cell body (arrows at top right in Fig. 3, 150 and 165 min) and
then dissembled.

Quantitative Analysis of Shear Stress- and Serum-Induced FA

Remodeling. To quantify the remodeling of FAK at FAs, we
tracked the movement of individual FAs, and determined the
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Fig.4. The X-centroid position of FAs in response to shear stress and serum.
The dynamics of FAs were tracked in shear stress and serum experiments, and
the X-centroid positions of FAs were calculated. The longitudinal direction of
the flow channel was defined as the X direction. The flow was in the X
direction. The origin of the X and Y coordinates was chosen at the average X
centroid position of the FAs in the cell at the beginning of the experiments. (A)
Average of the X centroids of existing and new FAs (in Fig. 3) under shear
stress. (B) Average of the X centroids of existing and new FAs (in Fig. 2C) after
serum stimulation. (C) Statistical analysis of average X-centroid position of
new FAs within the first hour after shear stress or serum stimulation. In A and
B, filled circles represent the results for existing FAs in each frame. Open circles
represent the results for new FAs in each frame. The vertical dotted lines
indicate the time when shear stress or serum was applied to the cell. In C, bars
represent means *+ SE (at least three cells). *, statistical significance (P < 0.05)
compared with that at t = 0. **, statistical significance (P < 0.05) compared
with that at t = 0 and within the first hour of serum stimulation.

position, number, and area of FAs. The results for the cells in
Figs. 3 and 2C are shown in Figs. 4 and 5 as representative
examples for treatments with shear stress and serum, respec-
tively. Fig. 44 shows the position of the average X-centroid
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Fig.5. Thenumberand areaof FAsinresponse toshearstressand serum. The
dynamics of FAs was tracked in shear stress and serum experiments, and the
number and area of FAs were calculated. (A) Average of the number of
existing and new FAs (in Fig. 3) under shear stress. (B) Average of the number
of existing and new FAs (in Fig. 2C) after serum stimulation. (C) Statistical
analysis of the total number of FAs after 1 h of shear stress or serum stimu-
lation. The number of FAs was normalized with the cell number at the
beginning of the experiment (t = 0). (D) Average of the area of existing and
new FAs (in Fig. 3) under shear stress. (E) Average of the area of existing and
new FAs (in Fig. 2C) after serum stimulation. (F) Statistical analysis of the total
area of all FAs after 1 h of shear stress or serum stimulation. The area was
normalized with the total area at t = 0. Other figure legends are the same as
in Fig. 4, except that ** denotes statistical significance (P < 0.05) compared
with that at t = 0 and after 1 h of serum stimulation.
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position of FAs (positive values indicate a motion in the X-
direction, i.e., in the direction of flow). In these figures, the “new
FAs” refer to the FAs that appeared during the most recent
period; all others are designated as “existing FAs,” which include
the FAs formed in the preceding period. Comparison of the
curves for new and existing FAs showed that the X-centroid
values were greater for the new FAs induced by shear stress,
indicating that they were located preferentially in the front part
of the cell. In contrast, the X centroids of new FAs fluctuated
after serum stimulation, implying that they formed in different
directions (Fig. 4B). Statistical analysis of new FAs formed
within the first hour of stimulation showed that shear stress
induced new FAs preferentially in the flow direction, but serum
did not (Fig. 4C).

Both shear stress (Fig. 54) and serum (Fig. 5B) decreased the
total number of FAs. After 1 h, shear stress decreased the total
number of FAs (=—60%) more than serum stimulation
(=—20%; Fig. 5C), suggesting that shear stress induces a faster
FA disassembly. Both shear stress and serum increased total
areas of FAs (Fig. 5 D and E), which would enhance cell
adhesion. Together, these data indicate that the FAs became
larger after the application of shear stress and serum. The shear
stress induced a transient increase in total FA area, which later
decreased with the faster disassembly of FAs. In contrast, serum
caused a sustained increase in total FA area, which was main-
tained at a plateau of ~+25% over control (Fig. 5F).

FAK(Y397) Phosphorylation Correlated with the Recruitment of FAK to
FAs. The effects of shear stress and serum on p-FAK(Y397)
distribution in BAECs are shown in Fig. 6 (pseudocolored red).
The spatial distribution of p-FAK(Y397) shows excellent corre-
lation with GFP-FAK (pseudocolored green) in BAECs under
shear stress, serum treatment, as well as control states, as shown
by the yellow or white colors in Fig. 6 A-E and by the enlarged
images (Fig. 6 F-=I). Thus, the recruitment of GFP-FAK at FAs
could be used as an index of p-FAK(Y397). Application of shear
stress for 10 min induced lamellipodial protrusion in flow
direction (arrows in Fig. 6B), and this protrusion was accompa-
nied by FAK recruitment and p-FAK(Y397) phosphorylation at
the new FAs in lamellipodia. After 3 h of shearing, the cells
turned into the flow direction (Fig. 6C). The FAs at the cell tail
had less connection with stress fibers; this decrease in connection
may facilitate tail detachment as the cell migrated under flow.
In contrast, serum stimulation induced new FAs and p-
FAK(Y397) in many directions (Fig. 6D). After 3 h of serum
stimulation, the cells had larger FAs and more stress fibers (Fig.
6F). The total p-FAK(Y397) level after serum stimulation was
1.63 £ 0.23 fold (n = 5, P < 0.05) of that induced by shear stress.

New FAs under lamellipodia were usually small, and p-
FAK(Y397) (Fig. 6F) had the same pattern as GFP-FAK (Fig.
6G). In the central portions of large FAs (=2 um?), where actin
filaments anchored, there was no detectable staining of either
p-FAK(Y397) (arrows, Fig. 6H) or FAK (data not shown),
suggesting the absence of FAK at the actin filament anchorage
points at large FA complexes.

Discussion

We have studied the kinetics of directional EC migration in
response to shear stress (Fig. 1) and the molecular dynamics of
FAK at FAs during this mechanotaxis. The FA dynamics in
response to shear stress consists of three phases. The first phase
lasts for ~10 min. It starts with random membrane spreading,
which is followed by lamellipodial protrusion and new FA
formation in the leading edge without significant movement of
preexisting FAs (Fig. 2). The second phase is FA remodeling
which may take hours, depending on FA distribution and cell
orientation. The preexisting FAs merge, move, and/or disap-
pear. The third phase is the persistent migration of ECs under
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Fig. 6. Distribution of FAK(Y397) phosphorylation, GFP-FAK, and actin
cytoskeleton. BAECs were subjected to shear stress (from left to right) or serum
stimulation for 10 min or 3 h. The cells were stained for p-FAK(Y397) (pseudo-
colored red) and actin (pseudocolored blue). GFP-FAK was pseudocolored
green. The pixels show yellow when green and red overlap and show white
when green, red and blue all overlap. (A) Cells in 0.5% serum. (B) Cells
subjected to shear stress for 10 min. (C) Cells subjected to shear stress for 3 h.
(D) Cells stimulated with serum for 10 min. (E) Cells stimulated with serum for
3 h. (Fand G) Enlarged portions of B with p-FAK(Y397) staining and GFP-FAK
respectively. (H and /) Enlarged portions of E with p-FAK(Y397) staining and
GFP-FAK respectively. (Bar = 10 um.)

flow. New FAs form at the leading edge, and either turn over
quickly or remain stationary until the cell body glides over them
(Fig. 3). Smilenov et al. found that FAs were stationary in
migrating cells but motile in stationary cells (32). Our data
showed that mechanotaxis involved both phenotypes. The move-
ment of FAs in our stationary cells occurs when they remodel
their FAs and change the migration direction (second phase of
mechanotaxis), and this change in direction is probably related
to the contraction of actin fibers, as reported in ref. 32.

The formation of new FAs in the flow direction is a key event
in mechanotaxis. There are several possible explanations for the
mechanisms of the polarized attachment of lamellipodia. One is
that shear stress may cause polarized transport in the flow
direction because of regional changes in membrane tension. The
EC membrane has local high membrane curvature in resting
state (33). Shear stress may unfold the membrane and cause the
initial random spreading of cell membrane, followed by direc-
tional membrane movement, cytoplasm flow, and transport of

3550 | www.pnas.org/cgi/doi/10.1073/pnas.052018099

receptors and signaling molecules. Although there is no report
on the shear-induced intracellular transport, it has been shown
that shear stress can increase membrane fluidity in EC mono-
layer (34, 35). Alternatively, shear stress may produce a polarized
mechanical microenvironment, which induces polarized subcel-
lular activation of mechano-chemical signaling events such as
actin polymerization and integrin activation. We have shown that
shear stress can induce integrin activation (36, 37). It will be
interesting to determine the subcellular distribution of activated
integrins.

Shear stress not only induces new FAs at the leading edge but
also enhances the disassembly of existing FAs. The number of
FAs decreased significantly in ECs migrating under flow (Fig. 5).
The rear detachment of a migrating cell facilitates the formation
of new FAs at the leading edge (see Movie 2). The decrease of
adhesions at the rear may break the balance of traction forces
between the leading edge and the rear, thus generating a
polarized driving force to promote lamellipodial protrusion and
new FA formation in the flow direction. FAK disassembled at
FAs could either recycle in cells or segregate from the cells and
remain with the substratum (Fig. 3). This observation indicates
that not only the transmembrane receptors (e.g., integrins; refs.
38 and 39), but also cytoplasmic signaling molecules at FAs (e.g.,
FAK) could segregate from the cells. This observation is con-
sistent with the recent report that shear stress activates m-calpain
and decreases FAK at FAs (40).

The exact role of FAK in FA dynamics (i.e., assembly or
turnover) is controversial. Although FAK activation is accom-
panied by cell adhesion, FAK knock-out fibroblasts have in-
creased number of FAs but reduced migration rate (41). Our
time-lapse observation showed that FAK was recruited to new
FAs to support lamellipodial protrusion and disappeared at the
rear of cells (Figs. 2 and 3). These data suggest that FAK is
involved in the assembly of FAs. The phenotype in FAK
knockout cells could be attributed to the compensation of other
pathways involved in FA assembly (42).

It has been shown that FAK phosphorylation is required for
cell migration (18-25). In the present study, shear stress
induced polarized FAK recruitment and p-FAK(Y397) phos-
phorylation at FAs in the leading edge (Figs. 3 and 6). In
contrast, serum stimulation did not induce any changes with
direction preference, although there was a high level of
induced p-FAK(Y397). These results suggest that the polar-
ized change of p-FAK(Y397) at the cell periphery, rather than
the total level of p-FAK(Y397) per se, is necessary for effective
directional migration. This suggestion might explain the recent
finding by Wang et al. that overexpression of negative mutant
FAK(Y397F), which interferes with the downstream signaling
of endogenous p-FAK(Y397), did not affect fibroblast migra-
tion toward a more rigid substrate (26). On the other hand, the
total level of p-FAK(Y397) may be more relevant to functions
such as the regulation of gene expression and cell proliferation.

Mechanotaxis may be a general phenomenon operative in
other types of cells. For example, we have shown that a me-
chanical force of 0.003 dyn can counter or reverse the chemotaxis
migration of a polymorphonuclear leukocyte in a micropipette
(43). The threshold of shear stress needed to induce mechano-
taxis may depend on many factors such as cell types, adhesion
strength, and the composition and activity of intracellular sig-
naling molecules.

The remodeling of FAs and cytoskeleton in nonconfluent ECs
and EC monolayer shares some common features, but there are
also differences. Shear stress increases the size and decreases the
number of FAs in both nonconfluent ECs (Figs. 3-5) and EC
monolayers (44). However, shear stress induces polarized FAs at
the downstream end of the nonconfluent ECs (Fig. 3), although
it induces a polarized distribution of «vB3 integrin at the
upstream end of the ECs in a monolayer (45). Shear stress
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decreases stress fibers to enhance the migration of nonconfluent
ECs (Fig. 6), but it increases stress fibers in EC monolayers to
enhance anchorage (46, 47). These differences may be attributed
to the constraint of EC migration in monolayer by cell-cell
interactions vs. the relative lack of constraint for the migration
of nonconfluent ECs. These results suggest that ECs can adapt
to the mechanical environment in different manners to fulfill
their functional needs.

The role of mechanical forces in FA dynamics during EC
migration has important implications in EC wound healing and
angiogenesis. In large vessels where convection is strong, mech-
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anotaxis may have a more significant effect than chemotaxis. In
the microcirculation, mechanotaxis may guide EC migration in
angiogenesis during wound repair. Our results demonstrate the
molecular dynamics of cell migration in response to shear stress
and suggest that, in addition to chemotaxis and haptotaxis,
mechanotaxis is an important mechanism controlling EC
migration.
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