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ABSTRACT
Stretch is applied to skin under normal physiological conditions, for example pregnancy, or artificially using soft
tissue expanders. Because cells are known to orient in response to the application of mechanical forces, the current
studies were carried out to assess the effects of stretch on dermal fibroblast orientation and cell signalling. Dermal
fibroblasts were seeded onto collagen-coated flexible membranes and grown to 70–80% confluence. Membranes
were then deformed at 10 cycles per minute by the application of 135 mmHg subatmospheric pressure. This
corresponded to strain levels of 0–24% from the centre to extremity of the flexible membrane. We show that
a minimum of 15% cell stretch is required to significantly stimulate the fibroblast orientation response. focal
adhesion kinase (FAK), p38 and Rho were activated in fibroblasts exposed to cyclic stretch and incubation of
cells with anti-integrin β1 before the application of stretch abrogated fibroblast orientation, as well as FAK, p38
and Rho activation. Fibroblast orientation in response to cyclic stretch is mediated at least in part by integrin β1
through phosphorylation of FAK, p38 and activation of Rho.
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INTRODUCTION
Mechanotransduction is the perception of
cellular signalling occurring in response to
mechanical force. In vivo, cells may experience
mechanical forces because of the pulsatile
nature of blood flow or during the wound
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contraction process (1,2). Mechanical forces
may also be applied externally to tissues
during distraction osteogenesis in hard tissues,
during tissue expansion due to implantation
of soft tissue expanders (3) or during wound
healing using (4) negative pressure wound
therapy. Fibroblasts play an essential role
in granulation tissue formation during the
proliferative phase of wound healing. During
this phase, fibroblasts must migrate into the
wound bed, proliferate, synthesise growth
factors, produce new extracellular matrix
(ECM) and express key proteins essential to
wound healing such as actin (5,6).

Key Points

• mechanotransduction is the
perception of cellular sig-
nalling occurring in response
to mechanical force

• in vivo, cells may experience
mechanical forces because of
the pulsatile nature of blood
flow or during the wound
contraction process

• fibroblasts play an essential
role in granulation tissue for-
mation during the proliferative
phase of wound healing

• during this phase, fibrob-
lasts must migrate into the
wound bed, proliferate, synthe-
sise growth factors, produce
new extracellular matrix (ECM)
and express key proteins essen-
tial to wound healing such as
actin

In two-dimensional cell culture, application
of mechanical force [in the form of cyclic
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strain regimes of 6–120 cycles per minute
(cpm)] has been shown to influence many
aspects of fibroblast cell physiology including
migration, proliferation, protein synthesis and
gene expression (7–12). Cells of the connective
tissue including fibroblasts are known to orient
in response to cyclic strain (13–15).

Key Points

• cells of the connective tissue
including fibroblasts are known
to orient in response to cyclic
strain

• for cell orientation and migra-
tion to occur, lamellepodia pro-
trusions must form at the cell’s
leading edge, and adhere to
the ECM

• in addition to their importance
in focal adhesion formation,
various Rho family members
have been shown to activate
other targets such as the
p38 mitogen-activated protein
(MAP) kinase family

• signal transduction through
focal adhesions has been
linked to cell locomotion

• the objective of the follow-
ing study was to assess the
effects of cyclic stretch (CS)
on fibroblast orientation and to
better understand the integrin-
stimulated signalling cascade
leading to this orientation

For cell orientation and migration to occur,
lamellepodia protrusions must form at the
cell’s leading edge, and adhere to the ECM.
The cell body is advanced by pulling against
the leading edge adhesions, while the rear
adhesions weaken (16). Focal adhesions are
critical to this process, as they couple the
ECM to the actin cytoskeleton. It is the
contraction of the actin cytoskeleton that leads
to cell movement. Central to the formation and
maintenance of focal adhesions are the Rho
family of small GTPases (17). In addition to
their importance in focal adhesion formation,
various Rho family members have been
shown to activate other targets such as the
p38 mitogen-activated protein (MAP) kinase
family (18).

Focal adhesions are protein complexes
which link actin to integrin receptors. The
attachment of actin to integrins through focal
adhesions is althought to be crucial to traction
and lamellepodia protrusion as well as the
ability of cells to respond to mechanical
strain (19,20). Integrin activation is known
to promote Focal adhesion kinase (FAK)
phosphorylation (21,22). FAK is a key mediator
of focal adhesion signalling, and may be
involved with integrin-mediated proliferative
signalling (23). Signal transduction through
focal adhesions has been linked to cell
locomotion (24).

The objective of the following study was to
assess the effects of cyclic stretch (CS) on fibrob-
last orientation and to better understand the
integrin-stimulated signalling cascade leading
to this orientation.

METHODS

Culture of human foreskin dermal
fibroblast
Fibroblasts were obtained from the Yale
Skin Disease Research Core Labs, Depart-
ment of Dermatology, Yale Medical School.
Cells were maintained in Dulbecco’s mod-
ified Eagle’s medium-Ham’s F-12 (GIBCO-
BRL/Life Technologies, Gaithersburg, MD)

supplemented with 10% fetal calf serum
(Gemini Bio-products, Woodland, CA), 5 μg/ml
deoxycytidine–thymidine (Sigma-Aldrich, St.
Louis, MO) and antibiotics (100 U/l penicillin,
100 μg/ml streptomycin, 250 μg/ml ampho-
tericin B; all from GIBCO-BRL) at 37◦C in a
humidified incubator with 5% CO2. Cells used
for experiments were from passages 6 to 12.

Application of CS
Fibroblasts were seeded onto type I collagen-
coated flexible membranes (Flex 1 plate; Flex-
cell International, McKeesport, PA), and when
they attained 70–80% confluence, they were
subjected to repetitive mechanical deformation
with a Flexcell Strain Unit (FX-4000; Flexcell
International) as described earlier (25,26). The
apparatus produces a heterogeneous strain
pattern across the stretched membrane (27).
When a vacuum of 135 mmHg is applied to the
membrane, cells grown at 6–10 mm from the
centre of the well experience strains of 10–24%,
while cells 0–5 mm from the centre of the well
experience a little to no strain.

Cell rotation studies
Cells were seeded on plates for 24 hours before
study initiation. Four sites were chosen at
the well periphery and centre of the well for
analysis. Pictures were taken from the same
four sites at time 0 and following 4- and 12-hour
stretch. Cells were counted based on rotation
angle from the stretch vector (Figure 1A).
Cells parallel to the stretch vector were
considered 0◦ rotated and cells perpendicular
to the stretch vector were considered 90◦

rotated. Cells between 0◦ and 30◦ rotated were
scored as – (negative rotation), cells rotated
between 30◦ and 60◦ were scored as 1+
(positive rotation) and cells rotated between
60◦ and 90◦ were scored as 2+. The change
in the percentage of cells rotated in the three
groupings was compared at the different time
points.

In some experiments, fibroblasts were
treated with anti-integrins α1 (20 μg/ml), α2
(20 μg/ml), α3 (20 μg/ml) or β1 (5 μg/ml)
antibodies (UPSTATE, Charolottesville, VA)
or to C3 transferase (0·6 μg/ml) (Cytoskeleton,
CA) or SB203580 (30 μM) (A.G. Scientific, San
Diego, CA) before cs. The C3 transferase is a
selective inhibitor of RhoA, RhoB and RhoC.
SB203580 is a pridinyl imidazole which acts as
a specific inhibitor of p38 MAP kinase.
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Figure 1. Analysis of radial distance-dependent rotation angle of dermal fibroblast exposed to 10 cpm cyclic strain for 4 hours
(CS). (A) Representation of cell rotation classification; Neg = 0–30◦ rotated; 1+ = 30–60◦ rotated; 2+ = 60–90◦ rotated.
(B) Representative series of micrographs used to measure cell rotation. Micrographs were taken from the centre (0 mm) to periphery
(12·7 mm) of the plate (magnification × 100). Arrow indicates the direction of applied stretch. Cells were stained by a Giemsa
staining method. Scion Image was used to measure the rotation angle of the fibroblasts. (C) Radial strain profiles and percentage of
cells rotated in each classification. The peak radial strain occurs between 8·7 and 10·7 mm from the centre of the well. Data for
percentage of cells rotated are the means of three experiments. Asterisks represent distances where significantly more cells were
rotated 60–90◦ (2+) (P < 0·05). Pound sign represents initial distance where cells show significantly greater 2+ rotation than that
seen at the centre of the well (P < 0·05).

Immunoblot technique
Before (static conditions) and after exposure
to 10% average stretch, 10 cycles per minute
(10%/10 cpm) of CS, cells were washed
with ice-cold phosphate buffered solution
(PBS) and scraped into lysis buffer (50-
mM HEPES, 150-mM sodium chloride, 1-
mM sodium orthovanadate, 1-mM phenyl-
methylsulfonyl fluoride, 10% glycerol, 1% Tri-
ton X-100 and 10 mg/ml leupeptin). Super-
natants were collected following cell lysis and
Laemmli buffer was added. Gels (10%; Bio-
Rad Laboratories, Hercules, CA) were loaded
with equal protein (38 mg/lane). Proteins
were separated via gel electrophoresis (Bio-
Rad Laboratories) and then electrophoretically

transferred onto nitrocellulose membranes
(Amersham Life Science, Arlington Heights,
IL). Membranes were incubated with primary
antibody: anti-FAK antibody, anti-phospho-
FAK (Tyr576/577) antibody (Cell Signaling
Technology), anti-p38 antibody, anti-phospho-
p38 antibody, anti-Rho antibody, anti-GTP-
Rho antibody, anti-integrin α1 antibody, anti-
integrin α2 antibody, anti-integrin α3 anti-
body or anti-integrin β1 antibody. Mem-
branes were then probed with appropriate
secondary antibodies: goat anti-rabbit IgG anti-
body conjugated to horseradish peroxidase,
before detection of immunoreactivity using
enhanced chemiluminescence (Amersham).
All blots were quantified using densitometry
(BioImage, Ann Arbor, MI).
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IMMUNOCYTOCHEMICAL
STAINING
After exposure to static and CS, cells were
washed with ice-cold PBS. Cells were then
fixed with ice-cold acetone for 15 minutes,
allowed to air dry, rinsed in PBS and
incubated in 3% bovine serum albumium
(BSA) for 1 hour. Then, cells were washed
with PBST (PBS, pH 7·4 with 0·1% Triton X-
100), and incubated with the following diluted
antibodies: anti-integrin β1 (1:200; UPSTATE,
Charolottesville, VA), anti-integrin α1 (1:60),
anti-integrin α2 (1:70), anti-integrin α3 (1:50) or
anti-p-FAK [(1:300); CHEMSION International
Inc., Temecula CA]. Following incubation, cells
were washed in PBST, covered with 200 μl
of Image-iTTM FX signal enhancer (Invitrogen
Cor., Carlbad CA) and incubated for 30
minutes at room temperature. Cells were then
rinsed thoroughly with buffer, and antigens of

interest were visualised using Alexa Fluor®

488 conjugated secondary antibody (1:200).
Cells were assessed by confocal microscopy.

Statistical analysis
Data for cell orientation were analysed using
Wilkoxon/Kruskal-Wallis Rank Sum tests.
Means were compared using Tukey–Kramer
method. For FAK, Rho, p38 and integrin exper-
iments, data were analysed using ANOVA.
Means were compared with t-tests. All analy-
ses were conducted using JMP software (SAS
Institute, Inc., Cary, NC) and P values less than
0·05 were considered significant.

RESULTS
Radial strain increases non linearly from the
centre of the well to the well edge. Peak radial
strain occurs between 9·2 and 10·7 mm from
the centre of the Flexcell well. In this area
of exposure to high strain, following 4 hours
of exposure to 10 cpm and 0–24% strain (cs),
over 80% of the cells were rotated between 60◦

and 90◦ (2+ rotation) from the strain vector
(Figure 1B and C). A higher percentage of cells
were rotated 2+ between 9·2 and 10·7 mm than
for any other distance from the centre of the
well (P < 0·05). Significantly more cells were
rotated between 60◦ and 90◦ from the strain
vector following exposure to higher strain than
to the lower strains experienced between 0 and
8·2 mm from the centre of the Flexcell well
(Figure 1B and C). The first significant increase
in cells rotated 2+ (relative to the centre of the

Figure 2. Analysis of percentages of cells rotated following
either 4 or 12 hours of exposure to 10 cpm cyclic strain. Rotation
was measured 10 mm from the centre of the wells, corresponding
to areas of greatest strain. Neg = cells rotated 0–30◦ from the
stretch vector; 1+ = 30–60◦ rotated from the stretch vector;
2+ = 60–90◦ rotated from the stretch vector. Asterisk indicates
value which is significantly higher than all other percentage
rotation values (P < 0·05).

well) occurred at 8·2 mm from the centre of the
well (P < 0·05). This corresponds to strain lev-
els of approximately 15%. By 12 hours of expo-
sure to cs, 97% of cells at the area of high strain
exhibited 2+ rotation (Figure 2). This number
was significantly greater than the percentage of
cells showing 2+ rotation at 4 hours (P < 0·05).

Figure 3 shows that it is the actual expo-
sure to strain that induces rotation. There
was no significant difference in cells rotated
0–30◦ (negative rotation) between static cells
not exposed to cs and cells from near the cen-
tre of stretched wells experiencing 0% stretch
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Figure 3. Analysis of the rotation angle of dermal fibroblasts
not exposed to cyclic stretch (cs, static) compared to fibroblasts
from near the centre of wells exposed to cs (cs −0% strain)
and to fibroblasts from near the edge of the wells exposed to
cs for 4 hours (cs −23% strain). Lines between bars indicate
values which were not significantly different from each other
(P > 0·05). Asterisks represent values which differ from all
other values (P < 0·05).
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(P = 0·17). There was also no significant
difference in cells rotated 30–60◦ (1+ rota-
tion) between static cells not exposed to cs
and cells from near the centre of stretched
wells experiencing 0% stretch (P = 0·32). Sig-
nificantly less cells experienced negative or 1+
rotation when exposed to 23% cs than for static
cultures or cells from stretched wells in areas of
0% stretch (P < 0·05). Significantly more cells
were rotated between 60◦ and 90◦ (2+ rotation)
when exposed to 23% cs than for static cultures
or cells from stretched wells in areas of 0%
stretch (P < 0·05).

To determine which integrins were involved
in mechanotransduction, fibroblast cultures
were exposed to cs for 30 minutes and
the distribution and amounts of integrin α1,
α2, α3 and β1 were measured using confo-
cal microscopy, immunohistochemistry and
immunoblotting (Figures 4 and 5). A visual
inspection of confocal micrographs indicated

that integrin α3 fluorescence intensity appeared
higher than for integrins α1 and α2 (Figure 4A).
It also appeared that integrin α3 showed a per-
inuclear redistribution following 30 minutes of
cs (Figure 5C and D). There did not appear to
be any cellular redistribution of integrins α1
and α2 following 30 minutes of exposure to cs.
The apparent increase in fluorescence intensity
for integrin α3 was confirmed in immunoblot
analysis (Figure 4B). While relative amounts of
α integrins did not change over 30 minutes of
exposure to cs (P > 0·05), the relative amount
of integrin α3 initially present in the fibroblasts
was 2·1- and 1·6-fold higher than for integrins
α1 and α2, respectively (P < 0·05). The dis-
tribution of integrin β1 was also determined
following 30 minutes of exposure to stretch.
Integrin β1 seemed to show a nuclear redistri-
bution in response to 30 minutes of exposure
to cs (Figure 5A and B). There was no increase
in amount of integrin β1 following 30 minutes
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Figure 4. (A) Immunocytochemical staining of fibroblasts for integrins α1, α2 and α3. Integrins were stained in fibroblasts not
exposed to cyclic stretch (static) or exposed to 30 minutes of 10 cpm cyclic stretch (cs). Representative micrographs were taken
at 9·7 mm from the centre of the well. Using confocal microscopy, fluorescence intensity of integrin α3 appears greater than
fluorescence intensity for integrins α1 and α2 (B) Representative immunoblots of integrins α1, α2 and α3 for fibroblasts not exposed
to cs or exposed to cs for 30 minutes. β-Actin was used as loading control. (C) Densitometric analysis of integrins α1, α2 and
α3 normalised to loading control. Values represent the means from three separate experiments. Integrin α3 levels are significantly
higher than either integrin α1 or α2 (P < 0·05).
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Figure 5. The redistribution of integrins β1 (A and B) and α3 (C and D) following exposure to cyclic stretch (cs). Immunocytochemical
staining for fibroblasts not exposed to cyclic stretch (A and C) or exposed to 30 minutes of 10 cpm cs (B and D). Representative
micrographs were taken at 9·7 mm from the centre of the well. Using confocal microscopy, it appeared that both integrins β1 and
α3 showed a perinuclear redistribution following 30 minutes of cyclic stretch. Arrow indicates perinuclear redistribution of integrin
β1).

of cs as determined by immunoblot (data not
shown).

To determine if integrins were involved
in cell rotation, cell cultures were treated
with integrin antibodies before exposure to
cs. Figure 6 shows that treatment with anti-
integrin α1, −α2 or −α3 antibodies did not lead
to a decrease in percentage of cells (from cells
exposed to cs alone) rotated between 60◦ and
90◦ from the strain vector (P > 0·05). However,
there were 56·9% less cells rotated between 60◦

and 90◦ (P < 0·05) from the strain vector for cell
cultures treated with anti-integrin β1 antibody
before cs. There was no significant difference
in the percentages of cells rotating 60–90◦ from
the strain vector between cells treated with
anti-integrin β1 antibody before cs and cells
not exposed to stretch (static).

Figure 7 shows that FAK phosphoryla-
tion values were significantly increased in

cs control after 0·25, 1 and 5 minutes
of treatment (P < 0·05). When fibroblasts
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Figure 6. Percentages of cells rotated between 60◦ and 90◦

in response to 10 cpm (10% ave) cyclic stretch (cs). Cells were
exposed to either no stretch (static) or cs for 4 hours. For
comparison, cells were incubated with anti-integrin α1 (aa1),
α2 (aa2), α3 (aa3) or β1 (aB1) before cs. Data for percentage
of cells rotated are the means of three experiments. Asterisks
represent those values which are significantly different from all
values without asterisks (P < 0·05).
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Figure 7. Immunoblot analyses of FAK phosphorylation for
dermal fibroblasts following 0, 0·25, 1, 5, 10 or 30 minutes of
exposure to: (A) 10 cpm cyclic stretch (cs control) (B) CS plus
anti-integrin β1 antibody (5 μg/ml) treatment. (C) CS plus anti-
integrin β4 antibody (5 μg/ml) treatment. (D) Densitometric
analysis of FAK phosphorylation normalised to β-actin loading
control. Values represent the means from three separate
experiments. Asterisks show FAK phosphorylation values were
significantly increased in cs control after 0·25, 1 and 5
minutes of treatment (P < 0·05). Pound symbols show that FAK
phosphorylation for anti-β1–treated fibroblasts was significantly
less than cs controls at 0·25 and 1 minutes (P < 0·05).

were treated with anti-integrin-β1 before
stretching, FAK phosphorylation was signif-
icantly decreased 1·6- and 1·7-fold relative to
cs controls at 0·25 and 1 minutes, respectively
(P < 0·05). Treatment of cells with anti-
integrin-β4 antibody before cs did not decrease
FAK phosphorylation over cs controls (P >

0·05).
Figure 8 shows that following 5 to 10

minutes exposure to cs, levels of activated
p38 (phospho-p38) were increased 2·0- and 2·1-
fold, respectively, from time 0 (P < 0·05). There
was no similar increase in activated p38 seen
for cell cultures pre-incubated with integrin β1
antibodies.

Following the 10 minutes of exposure to
cs, GTP-Rho (activated Rho) was increased
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Figure 8. Immunoblot analyses of p38 phosphorylation for
dermal fibroblasts following 0, 0·25, 1, 5, 10 or 30 minutes
of exposure to: (A) 10 cpm cyclic stretch (cs control); (B) CS
plus anti-integrin β1 antibody (5 μg/ml) treatment; (C) CS plus
anti-integrin β4 antibody (5 μg/ml) treatment; (D) Densitometric
analysis of p38 phosphorylation normalised to β-actin loading
control. Values represent the means from three separate
experiments. Asterisks show p38 phosphorylation values were
significantly increased in cs control after 5 and 10 minutes of
treatment (P < 0·05).

2·3-fold over time 0 (Figure 9A, P < 0·05). To
determine if the increases in activated Rho
and p38 were involved in cell orientation, cell
cultures were treated with either C3 transferase
or SB203580 before exposure to cs to inhibit
Rho or p38 activation, respectively (Fig. 9B).
Pre-treatment of the cell cultures with C3
transferase led to a 21% decrease in cells
rotating 60–90◦ from the stretch vector while
pre-treatment of cell cultures with SB203580
led to a 14% decrease in cells rotating 60–90◦

from the stretch vector.

Key Points

• in the present study, we
have examined the integrin-
mediated signalling events
involved in cell orientation in
response to exposure to cs

• fibroblasts were grown on flex-
ible, collagen-coated Flexcell
membranes and exposed to cs

• the degree of stretch deforma-
tion was not uniform through-
out the different regions of the
significant 2+ rotation

• the percentage of cells maxi-
mally oriented in response to
stretch reached a maximum of
97% following 12 hours of
stretch

• it is believed that the recycling
of integrins between the lead-
ing edge and the perinuclear
region may facilitate cell move-
ment

DISCUSSION
In the present study, we have examined the
integrin-mediated signalling events involved
in cell orientation in response to exposure to cs.
Fibroblasts were grown on flexible, collagen-
coated Flexcell membranes and exposed to cs.
The degree of stretch deformation was not
uniform throughout the different regions of the
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Figure 9. (A) Densitometric analysis of immunoblots Rho
activation (GTP-Rho) following exposure to 10 cpm cyclic stretch
(cs control). Activated Rho was normalised to total Rho following
normalisation to β-actin loading control. Values represent
the means from three separate experiments. Asterisks show
that activated Rho values were significantly increased in cs
control following 10 minutes of exposure to cs (P < 0·05).
(B) Percentages of cells rotated in response to exposure to
10 cpm (10% ave) cyclic stretch (cs control), C3 transferase + cs
or SB203580 + cs. Rotation was measured 10 mm from
the centre of the wells, corresponding to areas of greatest
strain. Neg = cells rotated 0–30◦ from the stretch vector;
1+ = 30–60◦ rotated from the stretch vector; 2+ = 60–90◦

rotated from the stretch vector. Asterisk indicates value which
is significantly higher than all other percentage rotation values
(P < 0·05).

Flexcell well membranes. Figure 1 shows that

Key Points

• in the present study FAK
phosphorylation in response
to cs occurred quickly, within
1minute of exposure to cs.
This increase in phosphoryla-
tion was dependent upon inte-
grin β1, as when cells were
incubated with anti-integrin
β1 antibody before cs, FAK
phosphorylation was abrogate

• in a similar manner, p38 acti-
vation also increased quickly,
showing significant increases
within 5–10 minutes of expo-
sure to cs. This activation was
also dependent upon integrin
β1, as pre-incubation of cell
cultures with anti-integrin β1
antibody before cs abrogated
p38 activation

• significant Rho activation also
occurred within 10 minutes of
exposure to cs. Rho regulates
formation of stress fibres which
are thought to provide the
impetus for forward movement
of the cell

from the centre to the periphery of the well, the
strain levels range from – 1·8% to a maximum
of approximately 23%. The maximum strain
occurs between 9·2 and 10 mm from the
centre of the well. The peak cell rotation in
response to cs occurred in the portion of the
well experiencing the maximum strain. There
was no difference in percentage cell rotation
between 0◦ and 60◦ for static cell cultures not
exposed to cs and for cells from stretched wells
exposed to 0% stretch. This is evidence that
it is the physical experience of stretch which
stimulates individual cell movement and not
paracrine or juxtacrine signalling from cells
experiencing stretch. A threshold strain level of
approximately 15% was required to stimulate

significant 2+ rotation. The percentage of cells
maximally oriented in response to stretch
reached a maximum of 97% following 12 hours
of stretch.

Integrins are transmembrane glycoprotein
receptors that mediate cell–matrix or cell–cell
adhesion, and transduce signals that regulate
gene expression and cell growth and migra-
tion (13,28). These heterodimeric molecules
consist of non covalently linked α and β sub-
units. Different combinations of alpha and
beta polypeptides form complexes that vary
in their ligand-binding specificities. Integrins
α1β1, α2β1, and α3β1 are considered collagen-
binding integrins. The α subunit may be fur-
ther subcategorised into I and non I domain
integrins. Integrins α1 and α2 are I domain
whereas integrin α3 is non I domain. Only
the I domain integrins play a significant role
in ligand binding (29). While no increases in
integrins were observed in response to cs in
the current study, initial amounts of integrin
α3 were greater than integrins α1 and α2 and
in response to cs, integrins β1 and α3 showed
perinuclear redistribution. Clustering and per-
inuclear distribution of integrins have been
reported previously (30,31). It is believed that
the recycling of integrins between the leading
edge and the perinuclear region may facilitate
cell movement (31,32).

FAK is also believed to be important in
mechanotransduction to the cytoskeleton from
integrin-mediated signalling networks during
migration (13,33–35). FAK-/- cells are unable
to re-orient in response to changes in the
ECM (36). CS is known to stimulate FAK phos-
phorylation (13). In the present study FAK
phosphorylation in response to cs occurred
quickly, within 1 minute of exposure to cs. This
increase in phosphorylation was dependent
upon integrin β1, as when cells were incu-
bated with anti-integrin β1 antibody before cs,
FAK phosphorylation was abrogated. Treat-
ment with anti-integrin β4 antibody (a non
collagen–binding integrin) did not affect FAK
phosphorylation in response to cs.

In a similar manner, p38 activation also
increased quickly, showing significant
increases within 5–10 minutes of exposure to
cs. This activation was also dependent upon
integrin β1, as pre-incubation of cell cultures
with anti-integrin β1 antibody before cs abro-
gated p38 activation. Significant Rho activation
also occurred within 10 minutes of exposure
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to cs. Rho regulates formation of stress fibres
which are thought to provide the impetus for
forward movement of the cell (17). Indeed, it
was found that inhibition of p38 and Rho led
to significant decreases in percentages of cells
oriented 60–90◦ to the stretch vector. Therefore,
it seems that p38 and Rho are at least partially
responsible for cell movement in response to
stretch.

Tension is one of the most important stimuli
involved in the transformation of fibroblasts
to myofibroblasts (37). Myofibroblasts appear
in wound granulation tissue during the
proliferative phase of wound healing. During
this phase, tension builds up in the granulation
tissue and cells align parallel to the tension (4).
The current study shows that cell alignment
occurs rapidly, within 4 hours of exposure
to cs. At least 15% stretch is necessary
to stimulate significant cell alignment and
integrin β1 is at least partially responsible for
this alignment. Downstream signalling events
associated with cs seem to include FAK, p38
and Rho activation. Although inhibition of any
one of these markers decreases but does not
totally abrogate cell alignment, each of these
markers contributes to cell alignment. Future
studies will assess sequences of downstream
signalling events which are involved in cell
alignment in response to cs exposure.
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