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Endothelial Cell Migration and Mechanotransduction
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Endothelial cell (EC)migration is critical inwound healing and angiogenesis. Fluid shear stress due to blood flowplays an important
role in EC migration. However, the role of EC surface heparan sulfate proteoglycans (HSPGs) in EC adhesion, migration, and
mechanotransduction is not well understood. Here, we investigated the effects of HSPG disruption on the adhesion, migration, and
mechanotransduction of ECs cultured on fibronectin.We showed that disruption of HSPGswith heparinase decreased EC adhesion
rate by 40% and adhesion strength by 33%. At the molecular level, HSPG disruption decreased stress fibers and the size of focal
adhesions (FAs), increased filopodia formation, and enhanced ECmigration. Under flowcondition, heparinase treatment increased
EC migration speed, but inhibited shear stress-induced directionality of EC migration and the recruitment of phosphorylated focal
adhesion kinase in the flow direction, suggesting that HSPGs are important for sensing the direction of shear stress. In addition,
decreasing cell adhesion by lowering fibronectin density enhanced ECmigration under static and flow condition, but did not affect
the directional migration of ECs under flow. Based on our results, we propose that HSPGs play dual roles as mechanotransducer on
the EC surface: (1) HSPGs–matrix interaction on the abluminal surface regulates EC migration speed through an adhesion-
dependent manner, and (2) HSPGs without binding to matrix (e.g., on the luminal surface) are involved in sensing the direction of
flow through an adhesion-independent manner. J. Cell. Physiol. 203: 166–176, 2005. ! 2004 Wiley-Liss, Inc.

The endothelial monolayer serves a number of
important homeostatic functions, e.g., the regulation of
permeability and vasoactivity, and the mediation of cell
adhesion and inflammatory responses. Under patholo-
gical conditions such as atherosclerosis and denudation
injury following angioplasty and bypass grafting, the
loss of endothelial integrity leads to endothelial cell (EC)
dysfunction. The recovery of endothelial integrity and
vascular wall homeostasis requires endothelial healing,
which involves EC migration at the wound edges. The
migration process includes the extension of the leading
edge, adhesion to the matrix, contraction of the cytopla-
sm, and release of adhesions at the rear (Lauffenburger
and Horwitz, 1996; Sheetz et al., 1998). This process is
regulated by cell–matrix interaction and many envir-
onmental factors.

EC migration can be modulated not only by chemical
stimuli, but also by hemodynamic forces such as fluid
shear stress, the tangential component of the hemody-
namic forces acting on the vessel wall. Flow channels
have been used to investigate the responses of cultured
ECs to shear stress in vitro because the chemical and
mechanical factors can be well controlled. Such in vitro
studies have shown that shear stress enhances EC
migration in wound healing (Ando et al., 1987; Masuda
and Fujiwara, 1993; van et al., 1994; Sprague et al.,
1997; Albuquerque et al., 2000; Hsu et al., 2001). ECs
extend lamellipodia and migrate faster in the flow
direction—a mechanotaxis process induced by shear
stress (Masuda and Fujiwara, 1993; van et al., 1994;
Sprague et al., 1997; Hsu et al., 2001; Li et al., 2002).
Mechanotaxis not only promotes EC wound healing in
large vessels such as arteries, but may also induce
directional angiogenesis in microcirculation, e.g., along
the interstitial flow paths or tunnels during wound
healing and lymphangenesis (Branemark, 1965; Moldo-
van et al., 2000; Boardman and Swartz, 2003).

By monitoring green fluorescence protein (GFP)-
tagged actin and focal adhesion kinase (FAK) in ECs,

we have shown that shear stress induces lamellipodial
protrusion and actin polymerization in the flow direc-
tion, followed by recruitment of FAK to focal adhesions
(FAs) at the leading edge (Li et al., 2002). Recent studies
have also shown that microtubule instability, actin
dynamics, PI-3 kinase, ERK, and small GTPases Rac
and Rho are involved in shear stress-induced EC
migration (Albuquerque and Flozak, 2001; Hu et al.,
2002; Urbich et al., 2002; Wojciak-Stothard and Ridley,
2003). However, how shear stress is sensed and trans-
mitted from cell surface to intracellular space is unclear.

EC surface is covered by a layer of glycocalyx, a
network of glycoproteins and proteoglycans about 0.05–
0.5 mm thick (Luft, 1966; Vink and Duling, 1996; Squire
et al., 2001), whichmay function asmechanotransducer
for shear stress applied on EC surface. EC surface
heparan sulfate proteoglycans (HSPGs), composed of
core protein and heparan sulfate-type glycosaminogly-
can side chains, may play important roles in the re-
gulation of growth factor binding, blood cell adhesion,
and focal adhesion (FA) formation in ECs (Marcum and
Rosenberg, 1987; Saksela et al., 1988; Rapraeger et al.,
1991; Yayon et al., 1991; Mertens et al., 1992; Tanaka
et al., 1998;Bernfield et al., 1999;CouchmanandWoods,
1999; Iivanainen et al., 2003). In fibroblasts, HSPGs
such as syndecan-4 bind to the heparin-binding domain
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of fibronectin (FN) (Woods et al., 2000), and collaborate
with integrins to promote cell adhesion assembly
(Woods and Couchman, 1994, 1998; Couchman and
Woods, 1999;Longley et al., 1999; Saoncella et al., 1999).
However, the role of HSPGs in EC adhesion and
migration, especiallyunderphysiological flowcondition,
is not well characterized.
Here, we investigated the roles of HSPGs in EC

adhesion and migration under static and flow condi-
tions. To focus on the role of HSPGs in cell–matrix
interaction, subconfluent ECs were used in this study.
We showed that disruption of HSPGs with heparinase
decreased EC adhesion rate and strength, decreased
stress fibers and the size of FAs, and enhanced EC
migration. Under flow, heparinase treatment increased
EC migration speed, but inhibited shear stress-induced
directional migration, new FA formation, and the
recruitment of phosphorylated FAK in the flow direc-
tion. These results suggest that HSPGs play significant
roles in mechanotransduction during shear stress-
induced EC migration.

MATERIALS AND METHODS
Cell culture

Cell culture reagents were obtained fromGibco BRL (Grand
Island, NY) unless otherwise specified. Bovine aortic endothe-
lial cells (BAECs) were isolated from bovine aorta with brief
treatment of collagenase. After expansion, the isolated ECs
were stained positive for vascular endothelial cadherin (using
a antibody from Santa Cruz Biotechnologies, Inc., Santa Cruz,
CA), and the cells took in DiI-labeled acetylated low-density
lipoproteins (from Molecular Probes, Inc., Eugene, OR),
suggestingECphenotype.BAECswere cultured and expanded
inDulbecco’smodifiedEagle’smedium(DMEM) supplemented
with 10% fetal bovine serum (FBS), 2 mM L-glutamine, and
penicillin (100 U/ml)–streptomycin (100 mg/ml) (complete
medium). Cell cultures were maintained in a humidified 5%
CO2–95% air incubator at 378C. All experiments were con-
ducted with BAEC prior to passage 10.

For all experiments, to minimize HSPG synthesis by ECs
after heparinase-treatment and avoid introducing HSPG into
serum, ECs were trypsinized, resuspended and cultured in
low-serummedium, i.e., DMEMsupplementedwith 0.5%FBS,
2 mM L-glutamine, and penicillin (100 U/ml)–streptomycin
(100 mg/ml).

Surface coating and heparinase treatment

All experiments were conducted on FN-coated surfaces.
Bovine FN (Fisher Scientific) at 1 mg/cm2 (unless otherwise
specified) was adsorbed onto culture surfaces (culture wells or
glass slides) for 2 h at room temperature. Non-specific binding
sites were blocked with 1% bovine serum albumin (Sigma-
Aldrich, St. Louis, MO) for 30 min at room temperature. The
surfaceswerewashedwith phosphate buffer saline (PBS) after
coating.

Heparinase II (Hep II), which cleaves heparin and heparan
sulfate in HSPGs (Linhardt et al., 1990), was used to disrupt
HSPGs on EC surface. Our pilot studies showed that
Heparinase I and Heparinase III had the same effects on
BAEC adhesion and migration as Hep II (data not shown).
Before experiments, confluent ECs were detached with
trypsin, resuspended in low-serum medium with or without
Hep II (Sigma-Aldrich) at 0.857 U/106 cells, and incubated at
378C for 30 min. Then the cells were seeded onto FN-coated
surfaces with a density of 2.5! 104 cells/cm2 (for adhesion
assays and immunostaining experiments) or 1! 104 cells/cm2

(for migration assays) in the presence or absence of Hep II.
In some experiments, ECs were first seeded on FN-coated
surfaces, andHep II was added to the adherent cells to disrupt
HSPGs. Applied dosage of Hep II was determined to be
sufficient as the higher dosage of 12.0 U/106 cells had same
effects on migration speed and adhesion force as the applied
dosage (data not shown). This dosage was within the range of

those dosages used previously in other studies (Kapila et al.,
1999; Moyano et al., 1999). All our experiments were finished
within 6 h after heparinase treatment, which was before the
significant synthesis of HSPGs by cells (Yoneda et al., 1995).

Shear stress experiments

A flow system was used to impose shear stress on cultured
ECs as described previouslywithminormodifications (Li et al.,
2002). In brief, the glass slide (75! 25 mm) with EC culture
wasmounted in a rectangular flowchannel (0.025 cm inheight,
1.0 cm in width, and 5.0 cm in length) created by sandwiching
a silicone gasket between the glass slide and an acrylic plate.
The channel has an inlet and on outlet for perfusing the
cultured cells. Laminar shear stress was generated by using a
MasterFlex peristaltic pump (Cole-Parmer Instrument Com-
pany, Vernon Hills, IL) and a damping reservoir. Shear stress
was determined by the following equation: t¼ 6 mQ/Wh2,
where t is shear stress, m is viscosity of the medium (0.0084
poise), Q is the flow rate across the flow chamber, andW and h
are the width and height of the chamber, respectively. During
theflowexperiments, the systemwaskeptat 378Cina constant
temperature hood, and circulating medium was ventilated
with 95% humidified air with 5% CO2. All shear stress
experiments were conducted at 12 dyn/cm2. This level of shear
stress is in the physiological range found in human major
arteries and has been shown to regulate EC migration (Hsu
et al., 2001; Hu et al., 2002; Li et al., 2002). All shear stress
experiments include static controls, i.e., ECs cultured on slides
not exposed to shear stress. For static controls, BAECs were
cultured on Lab-Tek chamber slides coated with FN. The
chamber slides were immobilized in a 10! 10 cm square dish
with 5% CO2 ventilation for time-lapse microscopy.

Time-lapse phase-contrast microscopy

Time-lapse microscopy of cell movement under static and
flow conditions was performed using a Nikon inverted
microscope (TE300) equipped with 10! objective. A tempera-
ture hood was built around the microscope to keep the
temperature at 378C during experiments. Phase-contrast
images were collected using a Hamamatsu Orca100 cooled
digital CCD camera at 20-min intervals and transferred
directly from a frame grabber to computer storage using C-
Imaging System software (Compix, Inc., Cranberry Township,
PA). Cell outlines were visualized by phase contrast micro-
scopy with 10! objective. A scanning stage allowed us to
automatically collect images from different areas of the
sample. Dynamic motion of individual cells was analyzed by
using Dynamic Image Analysis System (DIAS) software
(Solltech, Inc.,Oakdale, IA).Cells contacting eachother during
migration were excluded. The DIAS program was used to
determine the centroid position of each cell from the cell outline
at each time point, and the cell migration path was generated.
The cell migration speed and migration direction were quan-
tified based on cell migration paths. The migration direction-
alitywasmeasured by the average of Cosy, where y is the angle
between the migration direction and flow direction (or a
specified direction under static conditions).

Cell adhesion assay and cell adhesion
strength measurement

Cell adhesion assays were performed to determine the
contribution of HSPG on cellular adhesion. ECs with or
without Hep II treatment in suspension were seeded onto
FN-coated wells of 6-well culture plates with a density of
2.5! 105 cells/well. After allowing cells to spread for 30 min in
an incubator, non-adherent cells were washed away with two
changes of PBS. Images of adherent cells from random areas
within each sample were recorded with the Nikon inverted
microscope (TE300) equipped with a Hamamatsu Orca100
CCD camera.

The effect of HSPG disruption on cell adhesion strength
was further assessed by cell detachment experiments using a
flow chamber that generated a linear gradient of shear stress
as described previously (Usami et al., 1993). In brief, ECs with
or without Hep II treatment were seeded onto a FN-adsorbed
glass slide (75! 25 mm), and were incubated for 30 min in an
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incubator. A tapered flow channel (0.0125 cm in height, 3.6 cm
in length, and 0.22 cm in entrance width) was created by
stacking the glass slide with EC culture on top of an acrylic
plate with a silicon gasket with a profile of the Hele-Shaw flow
streamline (Usami et al., 1993). A laminar flowwithmaximum
wall shear stress of 2,500 dyn/cm2was deliveredwith a syringe
pump (Cole-Parmer Instrument Company) for 10 sec. The flow
across the tapered flow channel generated a linear gradient of
thewall shear stress along the centerline of the channel. Shear
stress at each sampling areawas calculatedwith this equation:
t¼ (6mQ/Wh2)(1# z/L), where t is shear stress, m is viscosity of
themedium, Q is the flow rate across the flow chamber, z is the
distance from the inlet, and L is the length of the flow chamber.
Using a Nikon inverted microscope (TE300) equipped with a
HamamatsuOrca100 CCD camera, the phase-contrast images
in each area along the centerline of the chamber were recorded
before and after the application of shear stress for 10 sec. The
cell numbers were quantified from these images, and the
percentage of cells remaining in each area was calculated.

Time-lapse confocal microscopy
of GFP-tagged paxillin

GFP-paxillin was expressed in BAECs to monitor the
molecular dynamics of FAs. DNA plasmids encoding GFP-
paxillin was a gift from Dr. Christopher Turner at SUNY
Health Science Center at Syracuse. The DNA plasmids were
purified with QIAGEN Plasmid Maxi Kits (QIAGEN, Inc.,
Valencia, CA). DNA plasmids encoding GFP-paxillin were
transfected intoBAECs byusingLipofectAminePLUS reagent
(from GibcoBRL) according to the instructions from the
manufacturer. This method resulted in $40% transfection
efficiency in BAECs. After incubation for 5 h, the transfected
cells were washed with PBS and maintained in the complete
medium to reach confluence. Two days post-transfection, the
transfectedECswere detachedwith trypsin, resuspended, and
incubated in low-serum medium with or without Hep II, and
seeded on Lab-Tek chamber coverglasses coated with FN for
the experiments.

Two hours after cell adhesion, the chamber coverglass was
immobilized on the stage of a Leica confocal microscope. A
temperature hood built around the microscope kept the
temperature at 378C during experiments. The dynamics of
GFP-paxillin in BAECs was tracked every 30 min by confocal
fluorescence microscopy using a 40! oil objective. GFP was
excited at a wavelength of 488 nm and detected within a band
between 506 and 538 nm.

Fluorescence staining and confocal microscopy

For the staining of cytoskeleton andFAs, the cells were fixed
in 4% paraformaldehyde in PBS for 15 min, followed by
permeabilization with 0.5% Triton X-100 in PBS for 10 min.
For actin staining, the specimens were stained with Rhoda-
mine-conjugated phalloidin (5 U/ml, Molecular Probes) for 1 h.
The images of actin structure were collected as Z-series
sections with the Leica confocal microscopy system. Multiple
sections (0.3 mm thick for each section) were projected onto one
plane for presentation. For immunostaining of FAs, specimens
were incubated with a primary antibody against vinculin
(Sigma-Aldrich) or phosphorylated FAK at tyrosine 397 re-
sidue (p-FAK(Y397)) (Transduction Laboratories, Lexington,
KY) for 2 h and with FITC-conjugated secondary antibody
(Jackson ImmunoResearch, West Grove, PA) for 1 h, followed
by confocal microscopy.

For the staining of HSPGs and chondroitin sulfate proteo-
glycans (CSPGs), BAECs were fixed for 15 min in PBS
containing 4% paraformaldehyde, 1.5 mM CaCl2, and 0.1%
gluteraldehyde. The cells were incubated with the monoclonal
antibody against heparan sulfate (Seikagaku Corp., Japan) or
CSPGs (ChemiconCorp, Temecula, CA) for 1h, andwithFITC-
conjugated secondary antibody (Jackson ImmunoResearch)
for 1 h, followed by confocal microscopy.

RESULTS
Hep II specifically disrupted HSPGs

To demonstrate that Hep II specifically disrupted
HSPGs in BAECs, the cells with or without Hep II

treatment were subjected to immunostaining and im-
munoblotting analysis. As shown in Figure 1, Hep II
treatment decreased cell surface heparan sulfate and
cell spreading, but did not affect the cell surface CSPGs.
In addition, Hep II did not affect the expression of b1
integrin—a major integrin receptor for FN.

Disruption of HSPGs by Hep II decreased EC
adhesion rate and strength

To determine the role of HSPG on EC adhesion, ECs
with or without pre-treatment of Hep II were allowed to
spread onFN-coatedwells for 30min, and non-adherent
cells were washed away with PBS. Disruption of HSPG
significantly decreased cell adhesion rate to $60% of
that for un-treated cells (Fig. 2). Cell spreading was also
decreased by Hep II. Some heparinase-treated cells
still remained attached, possibly through integrin-FN
binding.

To further determine the contribution of HSPG on
cell adhesion strength, we measured the reduction in
adhesion force due to heparinase treatment. Using a
syringe pump to drive flow through a tapered flow
chamber, a linear shear stress gradient with maximum
shear stress of 2,500 dyn/cm2 was created. After 30-min
adhesion subconfluent ECs were subjected to this shear
stress gradient for 10 sec. The number of cells that
remained adherent on the surface correlated inversely
and linearly with the magnitude of shear stress (Fig. 3).
Adhesion force at which 50% cell detachment occurred
(F50%) was extrapolated from the best-fit linear curve.

Fig. 1. Effects of Heparinase II (Hep II) on cell surface molecules.
Bovine aortic endothelial cells (BAECs) with or without pretreatment
of Hep II were plated onto FN-coated glass slides for 1–3 h.A–D: After
1 h adhesion, the cells were fixed and stained on heparan sulfate or
chondroitin sulfate proteoglycans (CSPGs), and observed by confocal
microscopy. Bar¼ 30 mm. E: After 1 or 3 h adhesion, the cells were
lysed, and equal amount of proteins from each sample were used for
immunoblotting analysis for b1 integrin expression.

168 MOON ET AL.



F50% for control was 2,670 dyn/cm2 while F50% for
heparinase-treated ECs was decreased to 1,766 dyn/
cm2. The reduction in EC adhesion strength and the
decreased cell adhesion rate (Fig. 2) due to heparinase-
treatment suggest that binding of HSPG to FN sig-
nificantly contributes ($33%) to EC attachment to the
extracellular matrix.

Disruption of HSPGs decreased the number
of actin stress fibers and the size of FAs,

and enhanced EC migration

To determine the role of HSPGs in the regulation of
actin structure and FAs, ECs with or without pre-
treatment of Hep II were seeded onto FN-coated glass
slides for 2 h and double-stained for actin filaments and
vinculin (Fig. 4).Heparinase treatmentdecreased stress
fibers in ECs, and induced more filopodia (indicated
by arrowheads in Fig. 4B). Consistently, untreated
ECs had more mature and large FAs (indicated by
arrows in Fig. 4C), while FAs in heparinase-treated ECs
were smaller. These effects of HSPG disruption on the
molecular structure of actin and FAs explain the dec-
rease inECadhesion rate and strength after heparinase
treatment.

To determine the role of HSPG in the regulation of FA
dynamics and EC migration, living ECs expressing
GFP-paxillin were imaged by time-lapse confocal micro-
scopy. Three representative cells under different condi-
tions are shown in Figure 5. The left column is the time-
lapse fluorescent microscopy of GFP-paxillin in an EC
without heparinase treatment. The cell formed newFAs
on the left. However, the migration was limited by the
slow detachment of FAs on the right (indicated by an
arrow at 30 min). In contrast, the cell pre-treated with
Hep II (themiddle column) had less prominent FAs. The
FAs at the rear (indicated by an arrow) detached easily,
which allowed efficient cell migration. To monitor the
effect ofHSPGdisruption onto FA dynamics in the same
cell, ECs were seeded on FN-coated chamber cover-
glasses, and GFP-paxillin was imaged before and after

Fig. 2. Role of heparan sulfate proteoglycan (HSPG) on BAEC
adhesion rate. BAECs were incubated in suspension for 30 min in
DMEM with or without Hep II (0.875 U/106 cells), and plated in FN-
coated culture wells and incubated for 30 min at 378C. After washing
off non-adherent cells, phase contrast images of remaining adherent
cells were taken at random areas, and cell numbers were counted.A: A
representative phase-contrast image of BAECs without pre-treatment
of Hep II. B: A representative phase-contrast image of BAECs with
pre-treatment of Hep II. C: Statistical analysis of the number of
adherent BAECs with or without Hep II treatment. Bars represent
mean% standard error of mean (SEM). The number of adherent cells
for the Hep II-treated samples was normalized with that of the no-
treatment sample (control). *P¼ 0.05 (t-test) in comparison with
control.

Fig. 3. Adhesion strength contributed by HSPG. Reduction in
adhesion strength due to Hep II treatment was measured by applying
a linear gradient of shear stress for 10 sec to subconfluent BAECs
as described in ‘‘Materials and Methods.’’ Images before and after
application of shear stress were recorded along the centerline of
the flow chamber. After cell counting, the percentage of remaining
adherent cells after application of shear stress in each field were
calculated and plotted. *, control; &, Hep II-treatment. Best-fitted
linear curves were plotted for the linear region of each sample. Results
are presented as mean%SEM.

Fig. 4. Role of HSPG in actin assembly and FA formation. BAECs
were incubated in suspension for 30 min in DMEM with or without
Hep II, and plated onto FN-coated coverglasses and incubated for 2 h.
The cells were fixed and double stained for actin and vinculin as
described in ‘‘Materials and Methods.’’ A: Actin filaments in endo-
thelial cells (ECs) without treatment. B: Actin filaments in ECs
with pre-treatment of Hep II. C: Vinculin staining in ECs without
treatment. D: Vinculin staining in ECs with pre-treatment of Hep II.
Bar¼30 mm. The arrowheads indicate the filopodia. The arrows
indicate large FAs.
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heparinase treatment. As shown in the right column in
Figure 5, the cell had prominent FAs and fully spread
before Heparinase treatment (t¼0). After 5 min, Hep II
was added to the cells, which enhanced the detachment
of FAs and cell migration.

These results on actin structure and FA dynamics
suggest that HSPGs promote stable adhesions and re-
tardECmigration, and thatHSPGdisruption decreases
stress fibers and facilitates the detachment of FAs, thus
enhancing EC migration.

Fig. 5. Effect of HSPG disruption on FA dynamics and ECmigration. ECs expressing GFP-paxillin were
incubated in suspension for 30 min in the absence (columns 1 and 3) or presence (column 2) of Hep II, and
seeded onto chamber coverglasses for 2 h. The fluorescence images of GFP-paxillin in selected cells were
collected by using a confocal microscope at different time points. In column 3, Hep II was added to the
adherent cells at 5 min time point. Bar¼ 20 mm. The arrows indicate the detaching FAs.
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Disruption of HSPGs increased EC migration
speed but inhibited shear stress-induced

directional migration

Since ECs are constantly subjected to fluid shear
stress in vivo, we determined the role of HSPG in EC
migration under both static and flow conditions by time-
lapse microscopy. Cell tracing and cell migration paths
under static and flow conditions are shown in Figure 6.
Phase-contrast images (Fig. 6A–D)were collected at 20-
min interval for 5 h, and the centroid positions of each
cell were connected at different time points to generate
migration paths (Fig. 6E,F). In static culture, cell
migration was random (Fig. 6A,C,E). Under flow, the
cells either migrated in the flow direction or gradually
turned into the flow direction (Fig. 6B,D,F).
To determine the role of HSPG in ECmigration under

static and flow conditions, ECs with or without pre-
treatment of Hep II were seeded on FN-coated glass
slides, and ECmigration was monitored as described in
Figure 6. Themigration paths of 40–50 cells under each
condition were plotted with same origin in Figure 7.
Under static condition, EC migration was random, and

the cell travel distancewas dramatically increased after
heparinase treatment (Fig. 7A,B), consistent with the
result inFigure 5. Fluid shear stress induced directional
migration of ECs, and some cells that originally migrat-
ed against flow gradually turned around (Fig. 7C). In
contrast, after HSPG disruption, some migration paths
of heparinase-treated cells were either perpendicular or
opposite to thedirectionof theflow(Fig. 7D).Withina5h
period, shear stress failed to reverse the cell migration
against the flow, although shear stress enhanced the
migration of some cells that originally migrated in the
flow direction.

To quantify the phenomenon in Figure 7, EC migra-
tion speed and direction were calculated. As shown in
Figure 8A, heparinase-treated ECs migrated faster
under both static and flow conditions. Under flow condi-
tion, the speed of cell migration was slightly enhanced
by shear stress. These results suggest that HSPG
disruption may decrease cell adhesion to the matrix
and that shear stress may further augment the cell–
matrix dissociation process.

The direction of EC migration was quantified with
Cosy where y is the angle between the migration
direction and flow direction (or a specified direction for
static condition). As shown in Figure 8B, heparinase
treatment did not affect the directionality of EC migra-
tion under static condition. In contrast, the directional
migration induced by shear stress was inhibited in
heparinase-treated cells. This result suggests that
HSPG on the cell surface may function as a mechano-
transducer to relay extracellularmechanical stimulus to
intracellularmechano-chemical transduction pathways
and thatECswithoutHSPGon their surfacesmight lose
their ability to sense the mechanical stimulus and
migrate in the flow direction.

Decreasing cell adhesion by lowering FN density
enhanced EC migration but did not affect the

directional migration of ECs under flow

A possible mechanism for the loss of the directional
migration of ECs under flow after HSPG disruption was
that HSPG disruption decreased cell adhesion and thus
decreased the EC sensitivity to flow. To determine
whether the decrease of cell–matrix interaction ac-
counted for the loss of directional migration of ECs
under flow, BAECs were cultured on slides coated with
lower density (0.2 mg/cm2) of FN, on which less cell
spreading was observed when compared with the cells
on higher density (1 mg/cm2) of FN (Fig. 9A,B). As shown
in Figure 9C, the decrease of cell adhesion slightly
enhanced EC migration under both static and flow
conditions, similar to the effect of HSPG disruption.
However, the decrease of cell adhesion did not affect the
directional migration of ECs under flow (Fig. 9D),
suggesting that the decrease of cell adhesion does not
account for the loss of directional migration under flow
after HSPG disruption.

Disruption of HSPGs decreased shear
stress-induced FA formation and the recruitment

of phosphorylated FAK in the flow direction

FAK is a cytoplasmic tyrosine kinase that localizes at
FAs and mediates integrin-initiated signaling (Cary
et al., 1999; Schlaepfer et al., 1999). Activation and
autophosphorylation of FAK at Y397 upon cell adhesion
allows FAK to associate with Src, which triggers down-
stream signaling events such as phosphorylation of
MAPKs, p130cas (CAS), and paxillin to mediate cell
adhesion and migration (Burridge et al., 1992; Chen

Fig. 6. Analysis of EC migration under static and flow conditions.
BAECs were seeded on FN-coated slides, and were either kept as
static control or subjected to fluid shear stress for 5 h. EC migration
was monitored by phase-contrast microscopy at 20 min interval.
Representative images of migrating cells at t¼ 0 h and 5 h under static
condition (A and C) and under flow condition (B and D) are shown.
Centroids of cells shown in A–Dwere determined with DIAS software,
and the cell migration paths were generated and shown in E (static)
andF (under flow), respectively. Arrows indicate the direction of shear
stress. Bar¼ 50 mm.
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et al., 1994; Schlaepfer et al., 1994; Vuori andRuoslahti,
1995; Zhu and Assoian, 1995; Cary et al., 1998). To
determine the effects of HSPG disruption on FAK
activation, ECs with or without heparinase treatment
were subjected to shear stress or kept as static control,
and stained for p-FAK(Y397). As shown in Figure 10,
heparinase treatment decreased prominent p-
FAK(Y397) at FAs (Fig. 10A,B) under static condition,
consistent with the results on FAs in Figures 4 and 5.
Shear stress induced polarized cell morphology and p-
FAK(Y397) at lamellipodia in the flow direction (indi-
cated by arrowheads in Fig. 10C), whereas heparinase
treatment decreased cell alignment, lamellipodial pro-
trusion and its associated p-FAK(Y397) in the flow
direction (Fig. 10D). These results suggest that HSPG
disruption decreases shear stress-induced signaling at
FAs, especially at lamellipodia in the flow direction.

DISCUSSION

We have shown that disruption of HSPGs with
heparinase decreased EC adhesion, stress fibers, and
the size of FAs in ECs (Figs. 2–4), which is consistent
with the role of HSPGs in cell–FN interaction. FN has
multiple binding domains for integrins and cell surface
proteoglycans (Ruoslahti and Pierschbacher, 1987;
Mohri, 1997; Romberger, 1997; Ruoslahti and Engvall,
1997; Magnusson and Mosher, 1998; Sharma et al.,

1999). FN primarily interacts with integrin b1 or avb3
through RGD tri-peptide in the III10 region. In addition
to FN–integrin interaction, FN binds to HSPGs at the
cell surface via motifs in repeats FN12-14, which act in
concert with FN–integrin binding to stimulate the
formation of focal adhesions (Beyth and Culp, 1984;
Woods et al., 1986, 1993). It has been shown that FN
fragments lacking the heparin binding domain attenu-
ates cell attachment, spreading, and cell survival in
fibroblasts (Woods et al., 1986; Jeong et al., 2001).

For the first time, we quantified the contribution of
HSPGs to cell adhesion strength. Our results showed
thatHSPGscontribute to$33%of theadhesion strength
inECs (Fig. 3), suggesting thatHSPGsplay a significant
role in cell–FN interaction. In the cell detachment
experiments, we used very high shear stress (up to
2,500 dyn/cm2) for a short period (10 sec). By applying
shear stress to cells for 10 sec, we aimed to capture the
instantaneous adhesion strength, and to avoid the cel-
lular responses suchas the remodeling of actin structure
and FAs and the re-enforcement of cell adhesions
induced by shear stress (Li et al., 1999, 2002; Koo et al.,
2002; Mathur et al., 2003).

Several HSPGs involved in FN binding have been
characterized. So far two gene families of cell surface
HSPGs are identified: syndecan and glypican family
with four and six gene products in mammals, respec-

Fig. 7. Effect of HSPG disruption on EC migration under static and
flow conditions. BAECs with or without heparinase-treatment were
plated onto FN-coated slides. EC migration under static and flow
conditions was monitored for 5 h, and the migration paths were
generated as in Figure 6. Under each condition, the migration paths of
40–50 cells were plotted with same origin. A: Cell migration paths

under static condition without pre-treatment of Hep II. B: Cell
migration paths under static condition after pre-treatment of Hep II.
C: Cell migration paths under flow condition without pre-treatment of
Hep II. D: Cell migration paths under flow condition after pre-
treatment of Hep II.
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tively (Fransson et al., 1986; Yamashita et al., 1999).
Syndecans are composed of an extracellular domain, a
transmembrane domain, and a short cytoplasmic do-
main that is capable of interacting with actin cytoske-
leton and mediating signal cascades (Rapraeger, 1993;
Bernfield et al., 1999; Couchman and Woods, 1999).
Glypicans have an extracellular domain that is cova-
lently linked to plasma membrane lipid by glycosylpho-
sphatidylinositol anchor (Bernfield et al., 1999; De Cat
and David, 2001). Cell surface HSPGs expressed in ECs
include syndecan-1, syndecan-4, glypican-1, and glypi-
can-4, in addition to betaglycan and CD-44 that may
have HS sidechains (Mertens et al., 1992; Karumanchi
et al., 2001; Jarvelainen and Wight, 2002; Iivanainen
et al., 2003). Among these HSPGs, syndecan-4 plays a
crucial role in focal adhesion assembly and cytoskeleton
reorganization (LeBaron et al., 1988;Woods et al., 1993;
Woods and Couchman, 1994, 1998; Yoneda et al., 1995;
Couchman and Woods, 1999; Longley et al., 1999;
Saoncella et al., 1999). However, syndecan-4 knock-out
fibroblasts still form FAs and stress fibers (Ishiguro
et al., 2000), suggesting that other neparin-binding re-
ceptorsmayalsobe involved in cell–matrix interactions.

Our results showed that heparinase treatment in-
creased EC migration speed under both static and flow
conditions (Figs. 5–8), suggesting that HSPGs promote
stable FAs that may retard cell migration. Indeed,
HSPG disruption decreases the size of prominent FAs
(Fig. 4) and p-FAK(Y397) (Fig. 10). Interestingly, the
increase of cellmigration speedwasmore pronounced in
heparinase-treated ECs than in untreated ECs under
flow condition, which may be due to the increased
dissociation of FAs by shear stress. These results are in
agreement with a previous report that CHO cells over-
expressing syndecan-4 show decreased migration and
wound healing (Longley et al., 1999). However, in vivo
experiments have shown that skin wound repair and

Fig. 8. Role of HSPG in shear stress-induced directional migration of
ECs. BAECs with or without heparinase-treatment were plated onto
FN-coated slides. EC migration under static and flow conditions was
monitored for 5 h, and the migration speed and direction were
calculated from migration paths using the DIAS software. More than
30 cells from each sample were included in statistical analysis. A:
Migration speed. B: Migration direction. The cell migration direction
was indexed with Cosy, where y is the angle between the migration
direction and flow direction. Bars represent mean%SEM. *P¼0.05
(t test). Fig. 9. Effect of decreasing cell adhesion on shear stress-induced

directional migration of ECs. BAECs were plated onto slides coated
with 1 or 0.2 mg/cm2 of FN. EC migration under static and flow
conditions was monitored for 5 h, and the migration speed and
direction were calculated from migration paths using the DIAS
software. More than 30 cells from each sample were included in
statistical analysis. A: Phase contrast image of BAECs on 1 mg/cm2 of
FN. B: Phase contrast image of BAECs on 0.2 mg/cm2 of FN. C:
Migration speed. D: Migration direction. The cell migration direction
was indexed with Cosy, where y is the angle between the migration
direction and flow direction. Bars represent mean%SEM. *P¼ 0.05 (t
test).
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angiogenesis are impaired by the disruption of synde-
can-4 gene (Echtermeyer et al., 2001). One explanation
for this discrepancy is that HSPGs have multiple
functions, e.g., mediation of growth factor bindings

and interactions with many matrix proteins, and that
the HSPG disruption may impair these functions thus
indirectly affecting cell migration.

In addition to regulating cell adhesion and migration
speed, HSPGs seem to be important in sensing the
direction of shear stress. Upon exposure to shear stress,
ECs are known to polarize their cell body and reorient
their path ofmigration to thedirection of shear stress (Li
et al., 2002). However, this mechanotaxis process is
drastically attenuated in ECs with disrupted cell sur-
face HSPGs (Figs. 7–8), and the recruitment and
activation of FAK at lamellipodia in the flow direction
are reduced (Fig. 10). Since the decrease of EC adhesion
by lowering the FN coating density did not inhibit the
directional EC migration induced by shear stress
(Fig. 9), the inhibition of mechanotaxis by HSPG disru-
ption is unlikely due to the decrease of cell adhesions at
the abluminal surface ofECs.Rather itmaybe related to
the HSPGs on the luminal surface. The extensive
polysaccharide structure of HSPGs sticking out on the
luminal surface of ECs may function as sensors and
transducers of shear stress, and transmits the extra-
cellular stimulation via the interaction of HSPGs with
plasma membranes and underlying actin structure. A
recent theoretical analysis predicts that the glycocalyx
can deform in response to shear stress and transmit the
bending and torque into cells (Weinbaum et al., 2003).
Furthermore, recent studies have shown that the
disruption of hyaluronic acid glycosaminoglycans or
HSPG in the glycocalyx attenuates shear stress-induced
nitric oxide release (Florian et al., 2003;Mochizuki et al.,
2003). Based on these results, we propose that HSPGs
play dual roles asmechanotransducer on theEC surface
(Fig. 11): (1) HSPGs–matrix interaction on the ablum-
inal surface regulates EC migration speed through an
adhesion-dependent manner, and (2) HSPGs that are
not binding to matrix (e.g., on the luminal surface) are
involved in sensing the direction of flow through an
adhesion-independent manner.

Fig. 10. Effect of HSPG disruption on FAK phosphorylation at FAs.
BAECs with (in B and D) or without heparinase-treatment (in A and
C) were plated onto FN-coated slides. After 2 h incubation, the cells
were either kept as static control (in A and B) or subjected to shear
stress (in C and D) for 2 h. The cells were fixed and stained with an
antibody against phospho-FAK(Y397). Bar¼ 25 mm. The arrows in A
indicate prominent FAs in cells. The arrowheads in C indicate new
FAs formed at the leading edge in the flow direction.

Fig. 11. A model on the dual roles of HSPGs in mechanotransduction
during ECmigration. ECs adhere to matrix proteins through adhesion
receptors such as integrins and HSPGs. The cytoplasmic domains of
integrins and HSPGs link to actin cytoskeleton through proteins in
focal complexes (e.g., vinculin, FAK). The adhesion-dependent signal-
ing can regulate EC migration speed. On the other hand, HSPGs

without binding to matrix proteins (e.g., on the luminal surface) are
involved in sensing the direction of shear stress and transmitting the
mechanical signal into intracellular space through cell membrane or
underlying actin cytoskeleton. This adhesion-independent signaling
regulates the direction of EC migration.
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