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Abstract—Mechanical signals are critical regulators of cellul
gene expression, yet little is understood of the mechan
whereby cells sense mechanical forces. In this study we h
tested the hypothesis that mechanical strain applied to pop
tions of cells via their adhesion substrate rapidly alters
cellular distribution of focal contact proteins. Focal conta
associated components~vinculin, a-actinin, paxillin! were as-
sayed by immunofluorescence microscopy and quantita
western blotting. Application of a single step increase in str
in multiple experiments caused overall a small change in fo
contact-associated vinculin. In contrast, cyclic strain induce
large and very reproducible increase in detergent-insoluble
culin ~52% relative to static! after just 1 min of strain. In-
soluble paxillin was transiently enriched with a similar tim
course, whereas insolublea-actinin did not change significantly
in response to cyclic strain. Rhodamine-labeled chicken vin
lin added to permeabilized cells preferentially localized to fo
contacts in response to cyclic strain, but not a single s
increase in strain. These findings establish that insoluble le
of focal contact components are altered rapidly following a
plication of an appropriate number of mechanical perturbatio
and suggest that at least one component of the mechanism
not involve soluble intermediates. ©2002 Biomedical Engi-
neering Society.@DOI: 10.1114/1.1500408#

Keywords—Vinculin, Paxillin, Mechanical strain, Fluorescenc
labeling.

INTRODUCTION

Mechanical strain plays a critical role in the develo
ment and continuous remodeling of numerous tissu
such as blood vessels and bone.16,39 Aberrant strain pro-
files have been implicated in the pathogenesis of a n
ber of diseases affecting these tissues, includ
atherosclerosis.28,38 At the cellular level, strain applied
via the extracellular matrix has been shown to eli
numerous responses including proliferation, altered g
expression, and cytoskeletal reorganization.14,24,25,35,37

Despite the obvious importance of mechanical sign
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relatively little is understood about the mechanism~s!
mediating the transduction of mechanical informati
into the cell.

Focal adhesions are likely a major route for the tra
duction of mechanical signals. It has been well est
lished that in two-dimensional culture cells are mecha
cally integrated with their substrate via focal adhesio
and analogous structures, such as the dense plaque
smooth muscle, are known to existin vivo.5 Focal adhe-
sions, or focal contacts, are the strongest and closest
of adhesion between a cell and its substrate and
composed of clustered transmembrane integrin recep
and associated cytoskeletal and signaling molecules
the cytoplasmic face.5 By providing a continuous me
chanical linkage between the extracellular matrix~ECM!
and the cytoskeleton, as well as serving as centers
cellular signaling, focal contacts are ideally suited
serve as mechanosensors. Integrin binding to ECM p
teins and the clustering of integrin receptors recruit
host of cytoskeletal proteins to the nascent focal cont
including the cross-linking protein vinculin and the acti
bundling protein a-actinin.4,21 Through a series of
protein–protein interactions, these and other structu
components physically interconnect the integrin cytopl
mic tails with the actin cytoskeleton. Also present at
early stage of focal contact assembly are the tyros
kinase focal adhesion kinase~FAK! and one of its sub-
strates, the more abundant paxillin, which have be
implicated in the origin of intracellular chemical signa
from focal contacts.22

Vinculin was one of the first focal contact componen
to be characterized and may play a key role in stabiliz
adhesions.11,30 Overexpression of vinculin results in
large, stable focal contacts and relatively immobile ce
whereas disruption of vinculin expression produc
smaller adhesions and highly motile cells.26,27 Con-
versely, pharmacologic agents that act to alter cellu
contractility alter vinculin localization. Disruption o
actinomyosin-generated tension causes focal contacts~as
measured by vinculin distribution! to decrease in size
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928 CUNNINGHAM, LINDERMAN, and MOONEY
whereas increasing cellular contractility results in larg
adhesions.3,8,9

We hypothesize that externally applied mechani
stimuli, such as strain applied to cells via their adhes
substrate, regulate the localization of focal contact co
ponents. Few studies have addressed the effect of e
nally applied strain on focal contacts, and previous st
ies have focused primarily on relatively long-term~days!
strain application. We have conducted studies in cultu
smooth muscle cells to determine if the distribution
focal contact components is altered following short-te
~minutes! application of mechanical strain to cells cu
tured on flexible silicone substrates. We have tested
simplest type of strain, a single step increase in strain
well as the more complex but physiologically releva
condition of cyclic strain. Aortic smooth muscle cel
were used in these studies because of the clear relev
of mechanical strain and the similarity of focal adhesio
to native dense plaques. We have chosen to focus
several of the more abundant proteins as representa
structural ~vinculin, a-actinin! and signaling~paxillin!
components. Although previous studies found very s
nificant long-term changes in focal contact-associa
vinculin in response to strain,19,20 we anticipated that the
short-term responses immediately following strain app
cation might be quite subtle and possibly difficult
detect, particularly given the relatively large degree
uncertainty associated with current methods of quant
ing cellular proteins. Based on that assumption, we
signed the studies with multiple experiments and ma
replicates in order to capture the underlying trends.
order to begin elucidating the mechanism behind stra
induced focal contact changes, we also conducted stu
in permeabilized cells where the function of soluble s
naling intermediates is likely to be disrupte
Rhodamine-labeled vinculin protein was added to perm
abilized cells and its incorporation into focal adhe
ions, both with and without strain, was monitore
microscopically.

MATERIALS AND METHODS

Smooth Muscle Cell Isolation and Culture

Smooth muscle cells were obtained from primary is
lations of rat aorta using a previously publish
technique.29 Briefly, the descending aortas of male Lew
rats were dissected free and placed on ice. Surroun
fat and connective tissue were removed and the ar
was cut longitudinally. The interior surface was scrap
lightly with a scalpel and rinsed with phosphate buffer
saline @~PBS!, Gibco/Life Technologies, Gaithersburg
MD# to remove the endothelium. The tissue was th
minced and placed in enzymatic digestion buffer w
gentle agitation at 37 °C. Enzymatic digestion buffer
0.125 mg/ml elastase~Sigma Chemical Co., St. Louis
r-

e

e

s

MO!, 1.0 mg/ml collagenase~CLS type I, 204 units/mg,
Worthington Biochemical Corp., Freehold, NJ!, 0.250
mg/ml soybean trypsin inhibitor~type 1-S, Sigma!, and
2.0 mg/ml bovine serum albumin@~BSA!, Gibco#. The
digested suspension was then filtered through a 100mm
Nitex Filter ~Tetko, Inc., Briarcliff Manor, NY! and cen-
trifuged at 200 g for 5 min. The pellet was resuspend
in Medium 199 ~Gibco! supplemented with 20% feta
bovine serum@~FBS!, Gibco#, penicillin ~100 units/ml,
Gibco!, and streptomycin~0.1 mg/ml, Gibco!. After the
first passage, the cells were maintained in Medium 1
containing 10% FBS and cultured according to stand
techniques. Cells up to passage 20 were used
experiments.

Strain Application

BioFlex 6 well culture dishes with deformable sil
cone rubber bottom surfaces~Flexcell Int., Hillsborough,
NC! were used to apply strain to cultured cells. T
plates were passively coated with extracellular matrix
twice the theoretical saturating density of 1mg/cm2 us-
ing the carbonate buffer method.13 Briefly, plates were
exposed overnight to UV radiation from the sterilizatio
bulb in a standard cell culture hood in order to activa
the surface. Collagen type I~Vitrogen 100, 3 mg/ml,
Cohesion, Palo Alto, CA! was solubilized in carbonate
buffer ~15 mM Na2CO3, 35 mM NaHCO3, pH to 9.4
with glacial acetic acid, reagents from Sigma! and incu-
bated overnight on the surface to be coated. The pla
were then rinsed twice with PBS before seeding th
with cells.

Smooth muscle cells of passages 5–20 were see
onto the collagen-coated BioFlex culture dishes at a d
sity of 40,000–60,000 cells/cm2 in M199. Cells were
allowed to adhere and spread for 24 h, and were se
starved for 6–12 h prior to beginning the experiment
order to promote quiescence. For cyclic strain stud
strain was applied using the Flexercell strain unit~Flex-
cell Int.! connected to house vacuum. Cells were strain
at a magnitude empirically verified to be 7% over 80
of the culture surface, at a frequency of 0.25 Hz~2 s
strain, 2 s relaxation!. In order to apply single step in
creases in strain, a custom-built apparatus previously
scribed was used.24 Cells were strained by approximate
10%. Three to five wells were designated for prote
extraction, with the remaining wells reserved for ce
counts.

Although the flex membranes produce an equibiax
strain profile over most of the membrane surface,
outer 20% of the membrane experiences a very differ
strain profile.12,36 To avoid the confounding responses
cells in this region, cell seeding was restricted to t
center of the membrane by means of PVC cylind
‘‘fences.’’ The fences were constructed from 1 in. ID S
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929Strain Regulates Localization of Focal Contact Components
40 PVC pipe cut to a length of 3/4 in., slightly highe
than the depth of each well. The fences were steriliz
by immersion in 70% ethanol and were then placed a
centered in each BioFlex well. Holes 1 cm in diame
centered on each well were drilled in the culture dish l
to allow access for fluid changes. The lids were plac
on the dishes and held tightly in place with two rubb
bands, forcing the fences against the membrane to cr
a tight seal. After coating with ECM and cell seedin
but before strain application, the fences were remove

Immunofluorescence Staining and Microscopy

Cells were permeabilized, fixed, and stained in or
to visualize the cellular distribution of vinculin befor
and after various regimens of strain. The usual seque
of fixing and then permeabilizing was reversed in ord
to wash out soluble cytoplasmic vinculin, which obscur
focal contact staining. Cells in 6 well BioFlex cultur
dishes were washed twice with ice cold PBS, permea
lized for one minute with 1 ml of permeabilization buffe
@10 mM N- 2- hydroxyethylpiperazine-N8-2-ethane-
sulfonic acid ~HEPES! pH 6.9, 50 mM NaCl, 3 mM
MgCl2, and 300 mM sucrose plus 1 mM EGTA; a
reagents from Sigma# with 0.5% Triton X-100,2,18 and
then rinsed for 30 s with another 1 ml of permeabiliz
tion buffer. Cells were then fixed with 1 ml of 4% form
aldehyde in cytoskeleton buffer with sucrose~10 mM
MES, pH 6.1, 138 mM KCl, 3 mM MgCl2, 2 mM
EGTA, 0.32 M sucrose!. After several rinses in tris-
buffered saline~0.15 M NaCl, 0.02 M tris-HCl pH 7.4!
with 0.1% Triton X-100~TBST! nonspecific binding was
blocked for 10 min with antibody diluting solution@Ab-
Dil, 2% bovine serum albumin~Gibco! in TBST#. Pri-
mary and secondary antibody incubations were for 1 h at
room temperature in AbDil. Antihuman vinculin was ob
tained from Chemicon~Temecula, CA! and rhodamine-
labeled antimouse secondary was from Jackson Im
noResearch~West Grove, PA!.

Stained cells were visualized on a Nikon E800
search microscope equipped with epifluorescence.
ages were captured from the E800 with a DEI-470 ca
era ~Optronics Engineering, Goleta, CA! and frame
grabber board~Scion, Las Vegas, NV!.

Extraction of Insoluble and Total Cytoskeletal Fraction
from Cultured Cells

Cell extracts containing detergent-insoluble prote
~insoluble! and total cellular protein~total! were isolated
at various time points before and after strain. In ea
experiment, all conditions contained a sample numbe
3–5. In order to isolate insoluble proteins, cells we
washed once in PBS, and once in permeabilization bu
~same as above! without detergent. Cells were then pe
meabilized in 1 ml permeabilization buffer with 0.1%
e

e

-

Triton X-100 ~Sigma! and protease inhibitors~10 mg/ml
aprotinin, 10mg/ml leupeptin, 5mg/ml pepstatin A, 0.5
mM PMSF, all from Sigma! for 10 min. After a 5 min
wash in the same buffer, the remaining protein was so
bilized with 0.5 ml lysis buffer@25 mM tris-HCl pH 7.4,
0.4 M NaCl, and 0.5% sodium dodecyl sulfate~Ref. 6!#
with protease inhibitors for 5 min. The culture wel
were scraped with a rubber policeman and the cell lys
was transferred to a microcentrifuge tube and frozen
–70 °C until analysis. Total cellular protein was obtain
by incubating whole cells from parallel samples direc
with lysis buffer after four washes in PBS.

Western Blotting

Focal contact proteins in cell extracts were analyz
by standard western blotting techniques. Gel loading w
normalized to total protein in each extract as determin
by the Pierce BCA Assay~Pierce, Rockford, IL!, with
40–60 mg of protein loaded per lane. Electrophores
was performed in 10% SDS polyacrylamide gels acco
ing to standard methods.15 Proteins were transferred t
PVDF membrane~Bio-Rad Laboratories, Hercules, CA!
and blocked with 1%–5% BSA in tris-buffered salin
with Tween 20 ~TBST: 10 mM tris pH 7.5, 100 mM
NaCl, 0.1% Tween 20, Sigma! overnight at 4 °C.

Membranes were incubated with primary antibody
luted in blocking buffer for 1 h atroom temperature with
agitation. After washing in TBST, membranes were
cubated for 1 h with HRP-conjugated goat antimous
IgG ~Bio-Rad! diluted to 1:1000 in TBST. After severa
more washes, proteins were detected using enhan
chemiluminescence@~ECL!, Amersham Pharmacia Bio
tech, Piscataway, NJ# and recorded on Hyperfilm ECL
~Amersham!. Films were developed and fixed usin
GBX reagents~Kodak, Rochester, NY!. Developed films
were scanned and subjected to densitometry using N
Image. Monoclonal mouse antihuman alpha actin
~Chemicon!, monoclonal mouse antipaxillin~Transduc-
tion Laboratories, Lexington, KY!, and monoclonal
mouse antiphosphotyrosine, clone PY-20~Transduction
Laboratories! were obtained commercially. Statistica
analysis was performed with InStat Software~GraphPad
Software!. The Student’s t-test was used to determi
statistical significance.

Incorporation of Rhodamine-Labeled Vinculin
into Permeabilized Cells

Vinculin protein standard~American Research Prod
ucts, Belmont, MA! was labeled with lissamine
rhodamine B sulfonyl chloride~Molecular Probes, Eu-
gene, OR! according to a previously publishe
technique.1 The vinculin protein standard is formulate
in a tris buffer, and so requires dialysis to remove the
salts to prevent their undesired reaction with t
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930 CUNNINGHAM, LINDERMAN, and MOONEY
rhodamine. One milligram of vinculin protein was dia
lyzed at 4 °C for 8 h against a 0.2 M sodium carbona
buffer ~pH 8.5! in a Spectra/Por CE DispoDialyze
~MWCO 1000, 1 ml volume, Spectrum Laboratorie
Rancho Dominguez, CA!. After dialysis the protein was
reacted with a tenfold molar excess of rhodamine@stock
solution of 10 mg/ml prepared in dimethyl formamid
~DMF, Sigma!# for 1 h at 4 °Cwith gentle rocking. The
labeled protein was then separated from unreac
rhodamine on a Sephadex column~PD-10, Amersham
Pharmacia Biotech!. The molar labeling ratio~label/
protein! was 0.284. The purified protein was aliquott
and stored at270 °C.

Binding of rhodamine-labeled vinculin to permeab
lized SMC was carried out according to a previous
published technique.2 Briefly, cells were rinsed in cold
PBS, then permeabilized for 30 s in permeabilizati
buffer containing 0.5% Triton X-100. The cells we
then rinsed twice with cold binding buffer~25 mM MES,
pH 6.0, 3 mM MgCl2, 1 mM EGTA!, followed by incu-
bation with rhodamine vinculin in binding buffer~10
mg/ml! for 15 min on ice. Strain was also applied durin
this time. Cells were rinsed twice more with cold bindin
buffer, and then fixed for 20 min with 3% formaldehyd
in PBS.

RESULTS

Microscopic Evaluation of Focal Contact-Associated
Vinculin Levels With Strain

In order to grossly determine whether strain induc
changes in focal contact-associated vinculin levels, c
were subjected to either a 10% step increase in strai
a 7%, 0.25 Hz cyclic strain for varying lengths of tim
Cells were then stained using standard immunofluo
cence techniques and viewed under a microscope. A 1
step increase in strain induced no apparent chang
focal contact vinculin staining at 1, 5, 15, 30, or 60 m
following strain ~data not shown!. In contrast, cyclic
strain induced a slight increase in focal contact vincu
relative to unstrained cells~Fig. 1!. Significant variability
in vinculin staining was observed between cells. Beca
of this fact and the technical complexity of analyzin
small, numerous structures such as focal contacts
standard imaging techniques, changes in vinculin dis
bution were subsequently quantified by western blotti

Biochemical Quantification of Insoluble Vinculin Level
Following a Step Increase in Strain

Strain-induced changes in focal contact compone
were quantified at the cell population level by standa
biochemical methods. It must be noted that these m
ods do not discriminate between focal contact-associa
proteins and insoluble adhesion proteins associated
r

-

-

other cellular structures~i.e., cell–cell adhesions!. How-
ever, immunofluorescence microscopy suggests that
our cells, the vast majority of insoluble vinculin an
paxillin is present in cell–matrix adhesions. A sing
10% step increase in substrate strain was applied to c
grown in 6 well BioFlex dishes and focal contac
associated vinculin was quantified. Five independent
periments covering various time points were conduc
to compensate for variability. Combining the data fro
all five experiments@Fig. 2~a!# revealed a small but sta
tistically significant decrease in focal contact-associa
vinculin at 30 min following strain. Due to the short tim
course investigated in this study, protein synthesis a
degradation were not expected to play a role in the
served responses. This was verified in a separate ex
ment by measuring total cellular vinculin at various tim
points, which showed no change compared to the lev

FIGURE 1. Vinculin immunofluorescence micrographs of rat
aortic smooth muscle cells cultured on BioFlex dishes. Cells
were permeabilized, fixed, and stained 25 min after initiation
of strain. „a… Cells maintained in static culture. „b… Cells sub-
jected to a 7%, 0.25 Hz cyclic strain using the Flexercell
strain device. A subtle, but consistent, increase in the overall
intensity of vinculin staining was noted in the strained cells
compared to control. Size bar is 50 mm.
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931Strain Regulates Localization of Focal Contact Components
in unstrained cells@Fig. 2~b!#. To verify that the lack of
response was not due simply to the magnitude of st
tested, insoluble vinculin was quantified after step ap
cations of other magnitudes of strain. There was no s
nificant change in insoluble vinculin with any magnitud
tested, ranging from 5% to 20%~data not shown!.

Cyclic Strain Alters Insoluble Levels of Structural
and Signaling Components

Although single step strains are the simplest to stu
and are useful for experiments addressing mechan
cyclic strain has much more physiological relevance
vascular smooth muscle. After application of a 7% str
at a frequency of 0.25 Hz for varying lengths of tim
cell proteins were extracted and analyzed for vinculin
quantitative western blotting. In seven independent
periments, focal contact-associated vinculin was found
increase overall by 52% within 1 min of strain~p
,0.05! but then returned to lower levels by 1 h~Fig. 3!.

FIGURE 2. Biochemical quantification of focal contact-
associated vinculin in smooth muscle cells subjected to a
10% step increase in strain. Insoluble vinculin was assayed
as a function of time by quantitative western blotting. „a…
Results from five independent experiments, each containing
five independent samples, were combined and plotted to-
gether „mean Á SEM…. A small but statistically significant
decrease in insoluble vinculin was noted at 30 min
„*pË0.05 compared to tÄ0…. „b… Total cellular vinculin in a
representative experiment. There is no statistically signifi-
cant change in total vinculin even afte r 1 h of strain, con-
firming that protein synthesis and degradation do not play a
role in vinculin dynamics during this short time course.
,

Once again, in order to verify that the increase in
soluble vinculin is due to incorporation from the solub
cytoplasmic pool and not due to new synthesis, to
vinculin was also measured and found to remain cons
over the time course studied~data not shown!.

We next quantified focal contact-associated paxil
following cyclic strain application. Focal contac
associated paxillin increased in a similar manner,
though it increased by a much larger magnitude th
noted for vinculin@Fig. 4~a!#. In order to ensure that the
observed responses reflected actual changes, and
not just an artifact of the experimental methods, we a
quantified insolublea-actinin, which we did not expec
to change with strain. Any strain-induced changes
focal contacta-actinin would likely be small, and there
fore difficult to detect, relative to the large amounts i
corporated in actin stress fibers. As expected, insolu
a-actinin showed no statistically significant increase ov
the time course investigated@Fig. 4~b!#.

Strain-induced Incorporation of Rhodamine-labeled
Vinculin into Permeabilized SMC

To test whether soluble signaling intermediates
necessary for the observed enrichment of insoluble v
culin with cyclic strain, incorporation of rhodamine
labeled vinculin into the cytoskeleton of permeabiliz
cells was monitored microscopically. Smooth musc
cells were permeabilized by a brief detergent extract
and exposed to rhodamine-labeled vinculin at a conc
tration of 10mg/ml. A base-line incorporation of labele
vinculin into the focal contacts of permeabilized ce
was observed in static culture after 15 min of incubati
@Fig. 5~a!#. Application of 7%, 0.25 Hz cyclic strain
during this time significantly enhanced the incorporati

FIGURE 3. Biochemical quantification of focal contact-
associated vinculin with 7% cyclic strain at a frequency of
0.25 Hz. The results of seven independent experiments, each
containing five independent samples, were combined and
plotted together „mean Á SEM…. A much larger enrichment of
vinculin was noted as compared to a single step strain, fol-
lowed by a return to lower levels within 1 h. This may reflect
a reorganization of cell adhesions as the cells adapt to their
new mechanical environment „*pË0.05 compared to tÄ0….
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932 CUNNINGHAM, LINDERMAN, and MOONEY
of labeled vinculin into both focal contacts and cell–c
adhesions as revealed by fluorescence microscopy@Fig.
5~b!#. In contrast to cyclic strain, but in agreement wi
previous findings, a single step increase in strain did
cause any observable change in vinculin amounts a
ciated with either focal contacts or cell–cell contac
@Fig. 5~c!#.

DISCUSSION

The goal of this study was to determine whether e
ternally applied mechanical strain produces changes
the subcellular distribution of focal contact compone
in cultured smooth muscle cells. Previous attempts
address this question have investigated widely differ
strain regimes, time frames, and cell types. In order
begin elucidating the mechanism of force transduct
through focal contacts, we have chosen to examine sh
term changes using a combination of fluorescence
croscopy and quantitative measurement of focal con

FIGURE 4. Focal contact-associated paxillin and a-actinin
levels during cyclic strain relative to levels in unstrained
cells. „a… Cyclic strain induces a large increase in insoluble,
focal contact associated paxillin as detected by western blot-
ting with a monoclonal antibody. Data shown are averaged
results from two separate experiments „nÄ6 for each, mean
Á SEM… „*pË0.05 compared to tÄ0…. „b… Insoluble a-actinin
over time during application of 7%, 0.25 Hz cyclic strain.
Results shown are combined data from two independent ex-
periments „nÄ6 for each, mean Á SEM…. There is no statis-
tically significant change in insoluble a-actinin over the time
course investigated.
-

-

t

FIGURE 5. Fluorescence micrographs of permeabilized
SMCs to which rhodamine-labeled vinculin was added at a
concentration of 10 mgÕml. The permeabilized cells were in-
cubated for 15 min with the labeled vinculin, during which
time they were either „a… left in static culture; „b… strained
cyclically at 7%, 0.25 Hz; or „c… subjected to a 10% step
increase in strain. Insoluble vinculin levels increased signifi-
cantly compared to unstrained controls with cyclic strain but
not a single step increase in strain. Size bar is 50 mm.
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933Strain Regulates Localization of Focal Contact Components
components by western blotting with large sample nu
bers and multiple experiments. For these studies,
chose to focus on three relatively abundant proteins
are representative of the structural and signaling com
nents of focal adhesions, namely, vinculin,a-actinin, and
paxillin. Studies conducted in our laboratory reveal
that other components, including FAK, talin, and tens
are present in relatively small amounts in our cell syst
~data not shown!, making quantitative analysis of thes
components more difficult. We focused particularly
vinculin, because of its abundance in focal contacts,
physiological importance to cell adhesion, and the co
mercial availability of the purified protein.10,26,27

The major finding presented here is that application
cyclic strain, but not an individual step increase in stra
is sufficient to cause substantial enrichment of vincu
in focal contacts. Cyclic strain also induces enrichm
in paxillin of even greater magnitude, but no enrichme
in a-actinin. These results are consistent with ear
studies in the literature, although it is difficult to mak
direct comparisons because of differences in cell ty
and strain magnitudes, frequencies, and duration. It
previously been reported that focal contact-associa
vinculin in osteoblasts may increase or decrease dep
ing on the type and duration of strain.19,20 Pharmacologic
unloading of cardiac myocytes induces a depletion
cellular vinculin, which is reversed by application o
static strain.33 Cells cultured on pliant substrates ha
been shown to contain smaller, less stable adhesions
cells cultured on rigid substrates,23 and cells have been
observed to strengthen their adhesion in response
tension.7 It has also been reported that mechanical str
induces increased tyrosine phosphorylation of spec
focal contact components, including FAK an
paxillin.31,32,34,40 The results we have presented he
complement and extend these past findings by provid
information at earlier time points, which will be crucia
in elucidating the mechanism of focal contact-media
force transduction. Additional insight and relevance
previous studies will be gained by extending these st
ies to a wider range of cyclic strain frequencies, mag
tudes, and durations, as well as by conducting stud
addressing the dynamics of other focal contact com
nents, such as FAK.

The incorporation of vinculin and paxillin into foca
adhesions may be physiologically important. Vinculin,
a ubiquitous cross-linking element within focal adh
sions, appears to impart stability to adhesions and m
play a role in strengthening adhesion.10 It is reasonable
to expect that cells might strengthen their adhesion~or
subsets of adhesions! to the substratum when placed in
mechanically dynamic environment. The recruitment
paxillin may serve to enhance the generation of solu
second messenger signals from focal adhesions. M
surement ofa-actinin provides an appropriate negati
t
-

-

n

-

control on the methods since one would not expect s
nificant changes in insolublea-actinin due to the large
~presumably unchanging! amounts of the protein assoc
ated with the actin cytoskeleton.17 While we do suspect
that focal contact-associateda-actinin levels change, a
more discriminating method of isolating focal conta
components would be necessary to observe this cha

An important result of these studies is the finding th
a certain number of mechanical perturbations are
quired in order to significantly activate the enrichment
vinculin in focal contacts. This number of perturbatio
is less than 15 cycles, since enrichment was obser
after just 1 min of 0.25 Hz cyclic strain, but greater th
a single step. One possible explanation is that break
of adhesions by the initial cycle of strain may decrea
the net recruitment of vinculin due to that cycle. Only o
subsequent cycles, after the weakest contacts or those
favored by the applied regimen of strain have broken
substantial enrichment observed. Further microsco
studies are needed to investigate this possibility. We
vision two general~nonexclusive! classes of mechanism
that could account for vinculin recruitment with multipl
cycles of strain. The first involves strain-dependent a
vation of some chemical second messenger species
the threshold number of cycles, possibly mediated
paxillin phosphorylation, which then mediates enric
ment in vinculin. In this model, the transient nature
the vinculin and paxillin enrichment could reflect a su
sequent deactivation of the signaling pathway, possi
as a result of reorganization of the cell’s adhesions
response to the mechanically active environment. T
second class of mechanism is purely mechanical in
ture, involving conformational changes in focal conta
proteins caused directly by the mechanical strain pla
on those proteins. This could expose additional bind
sites for recruitment of components from the solub
cytoplasmic pool. Such a mechanism has already b
demonstrated to be involved in fibronectin matr
assembly.41

In order to begin discriminating between these pos
bilities, we conducted a strain experiment with perm
abilized cells to which fluorescently labeled vinculin w
added. Permeabilization was performed prior to initiati
of any mechanical signal and is sufficient to wash aw
soluble cellular components such as diffusible seco
messenger molecules. Our results are consistent with
possibility that new binding sites for vinculin are ex
posed by mechanical strain. Specifically, microscopy
vealed that cyclic strain significantly increased t
amount of labeled vinculin incorporated into both th
focal contacts and cell–cell contacts compared to b
unstrained cells and cells exposed to a single step
crease in strain. This is in agreement with our findin
from immunofluorescence of whole cells and suppo
the theory that at least one component of the mechan
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behind these observations is independent of soluble
naling intermediates and may be purely mechanica
nature. Additional experiments in which the frequen
magnitude, and duration of strain are varied will provi
further insight into the mechanism responsible for the
observations.

In summary, these studies indicate that multiple m
chanical perturbations significantly and rapidly alter f
cal contact-associated vinculin and paxillin levels, me
ated at least in part by a mechanism that is not depen
on the diffusion of chemical signaling intermediates. A
ditional microscopy studies will further complete the pi
ture by revealing the extent of adhesion breakage,
mation, and reorganization that occur during and a
strain. These studies and others will contribute to
greater understanding of how cells sense and respon
their mechanical environment.
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