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Abstract Cyclic strain has been shown to modulate endothelial cell (EC) morphology, proliferation, and function.
We have recently reported that the focal adhesion proteins focal adhesion kinase (pp125FAK) and paxillin, are tyrosine
phosphorylated in EC exposed to strain and these events regulate the morphological change and migration induced by
cyclic strain. Integrins are also localized on focal adhesion sites and have been reported to induce tyrosine phosphoryla-
tion of pp125FAK under a variety of stimuli. To study the involvement of different integrins in signaling induced by cyclic
strain, we first observed the redistribution of a and b integrins in EC subjected to 4 h cyclic strain. Human umbilical vein
endothelial cells (HUVEC) seeded on either fibronectin or collagen surfaces were subjected to 10% average strain at a
frequency 60 cycles/min. Confocal microscopy revealed that b1 integrin reorganized in a linear pattern parallel with the
long axis of the elongated cells creating a fusion of focal adhesion plaques in EC plated on either fibronectin (a ligand for
a5b1) or collagen (a ligand for a2b1) coated plates after 4 h exposure to cyclic strain. b3 integrin, which is a vitronectin
receptor, did not redistribute in EC exposed to cyclic strain. Cyclic strain also led to a reorganization of a5 and a2

integrins in a linear pattern in HUVEC seeded on fibronectin or collagen, respectively. The expression of integrins a5, a2,
and b1 did not change even after 24 h exposure to strain when assessed by immunoprecipitation of these integrins.
Cyclic strain-induced tyrosine phosphorylation of pp125FAK occurred concomitant with the reorganization of b1 integrin.
We concluded that a5b1 and a2b1 integrins play an important role in transducing mechanical stimuli into intracellular
signals. J. Cell. Biochem. 64:505–513. r 1997 Wiley-Liss, Inc.
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Endothelial cells (EC) form the inner lining
of blood vessels and are exposed to a continu-
ally changing hemodynamic environment. We
have previously utilized an apparatus that can
apply cyclic strain to an attached monolayer of
EC to approximate the repetitive distension of
the endothelium in vivo [Gilbert et al., 1989;
Banes et al., 1990; Sumpio et al., 1987]. The use
of this in vitro model has demonstrated that
cyclic strain alters EC proliferation [Li et al.,
1994; Sumpio et al., 1987] and changes the
morphology of EC from a polygonal shape to
elongated shape, with their long axes aligned

perpendicular to the strain force [Iba et al.,
1991; Yano et al., 1996a].
In vivo, EC normally adhere to a basement

membrane composed of different matrix pro-
teins, such as fibronectin, laminin, vitronectin,
and collagen [Herman et al., 1987]. Integrins
are extracellularmatrix (ECM) receptors, which
are concentrated in focal adhesions [Chen et
al., 1985] and are capable of binding to various
cytoskeletal proteins [Horwitz et al., 1986]. The
a5b1 (fibronectin receptor), avb3 (vitronectin re-
ceptor), and a2b1 (collagen receptor) integrins
have been identified in EC [Kirchhofer et al.,
1990; Fath et al., 1989; Dejana et al., 1988;
Albelda et al., 1989] and recent studies have
shown that integrin clustering, either with li-
gand or with antibodies induces the tyrosine
phosphorylation of focal adhesion kinase
(pp125FAK)[Lipfert et al., 1992; Kornberg et al.,
1992].
Recently we reported that exposure of bovine

EC to cyclic strain (60 cycle/min, 10% average
strain) induced significant tyrosine phosphory-
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lation of focal adhesion proteins especially
pp125FAK and paxillin and these proteins regu-
late the morphological changes and increased
migration induced by cyclic strain [Yano et al.,
1996a]. We also reported that the strain-in-
duced tyrosine phosphorylation of these pro-
teins is regulated by small GTP-binding pro-
tein rho [Yano et al., 1996b]. Since we observed
that cyclic strain led to reorganization of the
focal adhesions [Yano et al., 1996a], we hypoth-
esized that integrins play critical roles in the
strain response of EC. In the present study we
show that cyclic strain results in reorganiza-
tion, but not expression level, of specific inte-
grins in focal adhesions of EC depending on the
substrate. We speculate that the a-subunit acts
as a mechanotransducer by sensing and re-
sponding to cyclic strain with subsequent trans-
duction of the signal inside the cell through the
cytoplasmic domain of b1 integrin.

MATERIAL AND METHODS
Culture of Human Umbilical Vein Endothelial

Cells

Human umbilical vein endothelial cells
(HUVEC) were obtained from the American
Type Tissue Collection (Rockville,MD). HUVEC
were also harvested from fresh human umbili-
cal vein using previously described techniques
[Gimbrone et al., 1974]. Both cell types re-
sponded in an identical manner. Cells were
cultured on plates that had been preincubated
with 1% gelatin andmaintained inMedium 199
(BioWhittaker, Inc., Walkersville, MD) supple-
mented with 20% heat-inactivated fetal bovine
serum (Hyclone Laboratories, Inc., Logan, UT),
100 µg/ml heparin (Sigma Chemical Co., St.
Louis, MO), 30 µg/ml endothelial cell growth
supplement from bovine pituitary (Sigma
Chemical Co.), 100 µg/ml L-glutamine, 1% peni-
cillin, streptomycin, and amphotericin B
(GIBCO BRL, Gaithersburg, MD) and grown to
confluence at 37°C in a humidified 5% CO2

incubator. HUVECwere identified by their typi-
cal cobble stone appearance and positive up-
take of di-I-acetylated-LDL (Biomedical Tech-
nologies Inc., Stoughton, MA).

In Vitro Application of Cyclic Strain

HUVEC were seeded on flexible-bottomed 25
mm culture plates coated with fibronectin or
collagen I (Flex I plate, Flexcell Corp., McKees-
port, PA). Mechanical deformation was induced

with a Flexercell Strain Unit (Flexcell Corp.)
which consists of vacuum manifold regulated
by solenoid valves that are controlled by a com-
puter timer program. When vacuum is applied
to the culture plate, the bottoms are deformed
to a known percentage elongation [Banes et al.,
1985, 1990; Gilbert et al., 1990, 1994]. For
these experiments, themembrane bottomswere
subjected to 150 mmHg vacuum, which pro-
duces an average strain of 10% on attached
cells, at a rate of 60 cycles/min (0.5 s deforma-
tion alternating with 0.5 s in the neutral posi-
tion). With this vacuum deformation, cells in
the periphery (more than 5 mm from the cen-
ter) experience 7–24% strain, whereas the cells
in the center (within 5 mm of the middle of the
membrane) experience less than 7% strain [Gil-
bert et al., 1989]. Unstretched cells grown on
Flex I plates were used as controls.

Cell Surface Protein Biotinylation and
Immunoprecipitation

At the end of the strain regimen, cells were
washed with phosphate-buffered saline (PBS)
and detached with PBS containing 2 mMEDTA
at 37°C for 5 min. The cells were pelleted at
1,000g for 5 min and were washed with PBS.
Sulfo-NHS-Biotin (Pierce Chemical Co., Rock-
ford, IL) was added to a final concentration of
100 µg/ml and the cell suspension was incu-
bated for 1 h. The cells were subsequently
washed with PBS and lysis buffer (50 mM Tris-
HCl, pH 7.5, 150 mMNaCl, 1 mM CaCl2, 1 mM
MgCl2, 1% NP-40, 1 mM phenylmethylsulfonyl
fluoride, 10 µg/ml leupeptin, and 10 µg/ml apro-
tinin) was added. Lysates were centrifuged at
15,000g for 10 min. For immunoprecipitation of
the integrins, aliquots of supernatants contain-
ing equal amount of protein were incubated
with anti-b1 integrin, anti-a2 integrin (Upstate
Biotechnology Inc., Lake Placid, NY) or anti-a5

integrin (GIBCO BRL, Gaithersburg, MD) fol-
lowed by additional incubation with rabbit anti-
mouse IgG and protein A-Sepharose (Pharma-
cia LKB Biotechnology Inc., Uppsala, Sweden).
The samples were subjected to electrophoresis
on SDS/7.5% polyacrylamide gels and subse-
quently transferred to nitrocellulose mem-
branes. Blots were incubated with horse radish
peroxidase-conjugated streptavidine (Amer-
sham Corp., Arlington Heights, IL) and immu-
noreactivity was determined by enhanced
chemiluminescence (ECL, Amersham Corp.).
Immunoprecipitation of pp125FAK was carried
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out as described previously utilizing anti-
pp125FAK antibody (Transduction Laboratories
Inc., Lexington, KY)[Yano et al., 1996a]. Blots
were labeled by anti-phosphotyrosine antibody
(py-20, Transduction Laboratories Inc.) to de-
tect tyrosine phosphorylation level of pp125FAK.
All the bands were quantitated with Visage
2000 densitometer (BioImage, Ann Arbor, MI).

Confocal Microscopy

After exposure to the strain regimen, EC
were fixed in 3% paraformaldehyde for 30 min,
preincubated with 1% BSA in PBS for 1 h at
room temperature, then incubated with anti-b1

integrin, anti-a2 integrin, or anti-a5 integrin for
1 h at room temperature. Cells were washed
three times in PBS and then incubated with
fluorescein-labeled affinity purified goat anti-
mouse IgG (Organon Teknika Corp., Durham,
NC) for 1 h at room temperature. Samples were
viewed with a confocal microscope (Axiovert
100, Carl Zeiss Inc., Thornwood, NY) with the
focus on the cell attachment to the underlying
membrane.

Statistics

Data are presented as themean6 SD. Statis-
tical analysis was performed by a paired t-test
with a P value of ,0.05 considered significant.

RESULTS
Redistribution of Integrins Induced

by Cyclic Strain

Under static conditions, a5 integrin, which is
a component of the fibronectin receptor, local-
ized in a random speckle pattern resembling
focal contacts in HUVEC grown on either fibro-
nectin (Fig. 1A) or collagen I (Fig. 1B). After 4 h
exposure to strain, HUVEC grown on fibronec-
tin were elongated and a5 integrin was more
concentrated and aligned along the long axis of
the cells creating a large fusion of focal contacts
(Fig. 1C). In contrast, in cells grown on the
collagen coated membrane, a5 integrin main-
tained a random speckle pattern, although the
cells were elongated (Fig. 1D).
InHUVECgrown on fibronectin coated plates,

a2 integrin, a component of the collagen recep-
tor, maintained a diffuse pattern with an occa-
sional speckle concentration in some regions, in
both the static or 4 h stretch group (Fig. 1E, G).
Under static condition in HUVEC grown on
collagen coated plates, a2 integrin also main-
tained homogeneous speckle distribution that

resembled focal contacts (Fig. 1F). However,
after exposure of HUVEC grown on the colla-
gen surface to cyclic strain, a2 integrin seems to
be more concentrated and reorganized in a lin-
ear fashion along the long axis of the elongated
cells (Fig. 1H).
Since the fibronectin receptor (a5b1) and colla-

gen receptor (a2b1) share the b1 subunit, the
distribution of b1 integrin was investigated. In
static HUVEC grown on either fibronectin or
collagen I coated membranes, b1 concentrates
on regions resembling focal contacts (Fig. 2A,
B). After 4 h exposure to strain, b1 integrin
seems to be brighter and its distribution aligned
to the elongated long axis of cells (Fig. 2C, D).
As b3 integrin, which is a component of vitro-

nectin receptor (avb3), has also been identified
in HUVEC [Newman et al., 1986; Plow et al.,
1986], the distribution of b3 integrin was inves-
tigated. In static cells grown on either fibronec-
tin or collagen coated surface, b3 integrin dem-
onstrated a punctate distribution (Fig. 2E, F).
After cells were exposed to 4 h strain, cells on
either surface were elongated but there was no
change in the distribution of b3 integrin seen
(Fig. 2G, H).

Effect of Strain on the Expression of Cell Surface
a5b1 AND a2b1

Since the stretched cells show brighter stain-
ing than static cells in Figures 1C, H and 2C, D,
immunoprecipitation of a5, a2, and b1 integrin
were performed to determine whether the level
of expression of cell surface a5b1 and a2b1 was
altered in response to cyclic strain. As shown in
Figure 3A, a5 integrin expression level does not
change significantly after 24 h of stretch (P .
0.5, n5 5) althoughHUVEC grown on fibronec-
tin coated plates have a higher expression level
in either group compared to HUVEC grown on
collagen I coated plates (2.0 6 0.2-fold, n 5 5).
These data are consistent with the previous
reports that ligand binding of a5b1 integrin
alters the integrin life cycle and permits a longer
retention of these proteins at the cell surface
[Dalton et al., 1995].
Similarly, the expression of a2 (Fig. 3B) or b1

integrin (Fig. 3C) did not change significantly
in static or stretched cells grown on either fibro-
nectin or collagen I (P . 0.5, n 5 5).
Thus, cyclic strain induces the reorganiza-

tion of specific integrins depending on the li-
gand in the absence of any significant changes
in expression levels.
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Effect of Cyclic Strain on Tyrosine
Phosphorylation of pp125FAK

4 h exposure to cyclic strain increased tyro-
sine phosphorylation of pp125FAK in HUVEC
grown on the either fibronectin or collagen I
(3.0 6 1.0-fold, 3.9 6 2.5-fold (n 5 5))(Fig. 4A).
These results confirm our previous findings uti-
lizing bovine aortic EC [Yano et al., 1996a]
although the magnitude of the response is less.

DISCUSSION

In the ‘‘tensegrity model’’ proposed by Ingber,
any external mechanical force acting on the
cells is balanced between tensile actin fila-
ments and the ECM anchoring proteins in the
focal adhesion plaque [Ingber et al., 1985; Ing-
ber, 1991]. Since integrins play a pivotal role in
maintaining this equilibrium [Ingber et al.,
1985; Ingber, 1991], they represent potential
mechanochemical transducers. We report here
for the first time that cyclic strain reorganizes
and fuses integrins in HUVEC (Fig. 1, 2) with-
out affecting their levels of surface expression
(Fig. 3A–C). Although cyclic strain did not
change the expression level of a5 integrin,
HUVEC on fibronectin express more a5 inte-
grins than those on collagen I (Fig 3A). Other
groups have observed the same phenomenon
and speculate that since integrin metabolism
involves the continuous synthesis and trans-
port to the cell surfacewith subsequent internal-
ization/degradation, integrin binding to extra-
cellular matrix protein interrupts the cycle by
blocking the internalization/degradation stage
and permitting the retention of integrins at the
cell surface [Dalton et al., 1995].
Although we did not detect any change in

expression of b1, Girard et al. reported that a

different mechanical force, shear stress, in-
duced a slight increase (two-fold) in integrin
a5b1 expression in bovine aortic EC exposed to
shear stress for 24 h but not 6 h [Girard et al.,
1995]. However, since themorphological change
and alignment of F-actin in EC start to appear
after 3 h exposure to shear stress [Girard et al.,
1995], it is more likely that spatial redistribu-
tion, and not the expressions, of b1 integrin play
a more important role in early signaling events
such as tyrosine phosphorylation and cytoskel-
etal reorganization. Our data is consistent with
this thesis since integrin reorganization starts
at the same time as when the morphological
change and increase in tyrosine phosphoryla-
tion of pp125FAK and paxillin are observed (Fig.
4)[Yano et al., 1996a]. As a5b1 integrin has no
intrinsic enzymatic activity and is itself not
phosphorylated [Damsky et al., 1992], it is most
likely that the activation and recruitment of
associated cytoskeletal elements and tyrosine
kinases such as pp125FAK initiate the biochemi-
cal signaling [Schaller et al., 1994]. Moreover,
we could not find significant increase in tyro-
sine phosphorylation of b1 integrin induced by
cyclic strain (data not shown).
Several investigators have reported that indi-

vidual matrix ligands only induce the cluster-
ing of their respective membrane receptors and
the integrins do not localize in focal contacts
unless they are bound to their extracellular
matrix [Sonnenberg, 1993; Dejana et al., 1988].
The a5b1 fibronectin receptor (but nota2b1 colla-
gen I receptor) would be expected to localize in
focal contacts whenHUVEC are grown on fibro-
nectin, whereas only the a2b1 receptor localizes
in focal contacts when cells are growing on
collagen I substrates. When HUVEC are plated
on fibronectin, the b1 integrins are clustered
but the b3 integrins are not clustered [Dejana et
al., 1988]. In our experiments, the a5 integrin
displays a speckle pattern resembling the focal
adhesions in HUVEC on both fibronectin and
collagen I (Fig. 1A, B). This discrepancy can be
partially accounted for by the difference of anti-
bodies that were used, but mainly by the differ-
ence in culture condition. Dejana et al. con-
ducted their experiments in the absence of
serum, while we conducted the present study in
the presence of 20% serumwhich contains fibro-
nectin and vitronectin [Hayman et al., 1983;
Hayman et al., 1985; Thom et al., 1979]. None-
theless after exposure ofHUVEC to cyclic strain,
fusion and redistribution of a specific integrin

Fig. 1. Spatial redistribution of a5 and a2 integrin induced by
cyclic strain. HUVEC were seeded on fibronectin (A,C,E,G) or
collagen I (B,D,F,H) coated membrane and were subjected to
cyclic strain for 4 h (C,D,G,H) or maintained in stationary
culture conditions (A,B,E,F). HUVEC were stained with anti-a5

(A-D) or anti-a2 integrin (E–H) and observed by confocal micros-
copy. In the static group, the cells cultured on fibronectin (A,E)
or collagen (B,F) show a random speckle distribution of a5 and
a2 integrin. After 4 h exposure to cyclic strain, cells were
elongated and aligned perpendicular to the force vector (from
left upper to right bottom). a5 integrin in the cells grown on
fibronectin (C) and a2 integrin in the cells grown on collagen I
(H) reorganized in a linear fashion, although a5 integrin in the
cells on collagen (D) and a2 integrin in the cells on fibronectin
(G) show a random punctate distribution similar to those in the
static cells (A,B,E,F). Scale bar 5 10 µm.
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could be observed only when HUVEC were
seeded on the specific ligand which match the
receptors respectively (Figs. 1 and 2).
Recent studies have shown that clustering of

b1 integrin induces the tyrosine phosphoryla-
tion of pp125FAK [Kornberg et al., 1991; Korn-

berg et al., 1992; Lipfert et al., 1992]. Consis-
tent with this observation, exposure of HUVEC
to cyclic strain also induced tyrosine phosphor-
ylation of pp125FAK concomitant with the reor-
ganization of b1 integrin either on fibronectin or
collagen I (Fig. 4). Considering the recent re-
ports which indicate that the b1 integrin chi-
mera is capable of localizing in focal adhesions
and inducing tyrosine phosphorylation of
pp125FAK [Geiger et al., 1992; LaFlamme et al.,
1992], our observation on the clustering and
reorganization of b1 integrin by strain suggest
that b1 subunit is involved in the increase in
strain-induced tyrosine phosphorylation of
pp125FAK followed by the change of morphology
and migration. Although we tested whether
antibodies directed against a5, a2, or b1 could
inhibit tyrosine phosphorylation ormorphologi-
cal change, no differences could be observed
between those in the presence or absence of
antibodies (data not shown). This finding may
be partially accounted for by the fact that the
antibodies were added after cells were already
attached to the substrate and most of the inte-
grin receptors were already occupied by specific
ligands at that time. Therefore, under these
condition, blocking effects of antibody were not
sufficient enough to block these events.
Our study could not directly dissect the indi-

vidual role of the a and b subunits in response

Fig. 2. Spatial redistribution of b1 and b3 integrin induced by
cyclic strain. HUVEC were stained with anti-b1 (A–D) and
anti-b3 (E–H) antibodies. Static cells grown on fibronectin (A,E)
or collagen I (B,F) show a random speckle distribution of b1 and
b3 integrin. After 4 h exposure of HUVEC to cyclic strain, b1

integrin reorganized in a linear fashion along the long axis of the
elongated cells in cells grown on either fibronectin (C) or
collagen (D). b3 integrin distribution remained unchanged (G,H).
Cell alignment is perpendicular to the strain vector (from upper
left to bottom right). Scale bar 5 10 µm.

Fig. 3. Immunoprecipitation of integrin complexes with mono-
clonal antibodies. HUVEC were seeded on fibronectin (FN;
lanes 1 and 2) or collagen I (Coll; lanes 3 and 4) and were
exposed to cyclic strain for 24 h (lanes 2 and 4) or left in
stationary culture (lanes 1 and 3). Cell extracts of surface
biotin-labeled HUVECwere processed for immunoprecipitation
using anti-a5 (A), anti-a2 (B), and anti-b1 (C), and subjected to
SDS-PAGE under nonreducing condition as described in Mate-
rial and Methods. Cyclic strain did not alter the expression of a5

(A), a2 (B), and b1 (C) significantly, although cells grown on
fibronectin expressed significantly greater amounts of a5 inte-
grin than cells on collagen (A).

Fig. 4. Tyrosine phosphorylation of pp125FAK induced by cy-
clic strain. HUVEC seeded on either fibronectin (Fn; lanes 1 and
2) or collagen I (Coll; lanes 3 and 4) substrates were subjected to
strain for 4 h (lanes 2 and 4) or left in stationary culture (lanes 1
and 3). pp125FAK was immunoprecipitated from cell lysates with
anti-pp125FAK antibody and immunoprecipitates were analyzed
by immunoblotting with py-20 (A) or anti-pp125FAK (B). Cyclic
strain increased tyrosine phosphorylation of pp125FAK in
HUVEC grown on either fibronectin or collagen I.
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to the cyclic strain. However, the associated a
subunit, which determines the binding specific-
ity of the receptor complex to substrate [Buck et
al., 1986; Kishimoto et al., 1987; Ruoslahti et
al., 1987] is likely to play an important role as
sensor and regulator of the mechanical stimuli
on the specific ligand since the engagement of
the a-subunit with its specific substrate deter-
mines which integrin complex localizes in the
focal adhesions [Ruoslahti et al., 1987; Kishi-
moto et al., 1987; Buck et al., 1986]. This in
turn regulates the interaction between the cyto-
skeletal proteins and the b1 cytoplasmic do-
main [LaFlamme et al., 1992].
In conclusion, our data support the role of the

integrin as a mechanotransducer, which is ca-
pable of coupling the outside forces on a cell to
biochemical signals in the focal adhesion that
potentially transmit these signals to the rest of
the cell.
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