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ackground & Aims: Complex deformation during nor-
al digestion due to peristalsis or villous motility may be

rophic for the intestinal mucosa. Because tissue fibronectin is
ncreased in inflammatory states that may accompany mucosal
njury, we evaluated the effects of cyclic mechanical strain and
bronectin on intestinal epithelial monolayer wound closure

n Caco-2 and IEC-6 intestinal epithelial cells. Methods:
ounds created in intestinal epithelial monolayers were sub-

ected to cyclic deformation. Wound closure was assessed by
orphometry using microscopic imaging. Cell signals were

ssessed by Western blot and confocal microscopy. Results:
echanical strain stimulated wound closure on fibronectin but

nhibited closure on collagen in Caco-2 and IEC-6 cells. The
ffect was independent of proliferation or cell spreading. Myo-
in light chain (MLC) and extracellular signal–regulated kinase
ERK) were phosphorylated in response to strain in confluent

onolayers on both collagen and fibronectin. Blocking MLC or
RK phosphorylation inhibited the motogenic effect of strain
n fibronectin. Although phosphorylated MLC was redistrib-
ted to the leading edge of migrating cells following 6 hours of
train on collagen and fibronectin, phosphorylated ERK was
edistributed to the lamellipodial edge only on fibronectin.
onclusions: Strain promotes intestinal epithelial wound clo-

ure by a pathway requiring ERK and MLC kinase. Fibronectin-
ependent ERK redistribution in response to strain in confluent
igrating cells may explain the matrix dependence of the mo-

ogenic effect. Repetitive deformation stimulates intestinal epithe-
ial proliferation on a collagen substrate, but not fibronectin.

eformation may exert matrix-dependent effects on intestinal
pithelial cells, promoting epithelial restitution in fibronectin-rich
issue and proliferation in fibronectin-poor mucosa.

he intestinal mucosa is subject to repetitive deformation
from diverse physical forces under normal and pathophys-

ologic conditions. A variety of deformation patterns occur in
he small intestine to ensure mixing and propulsion of contents
uring normal digestion,1,2 including peristaltic contractions,3

egmental contractions,4,5 and pendular movements.1,6 Villous
otility is a distinct but important phenomenon in which

ntestinal villi repetitively lengthen and shorten in a fashion
egulated by neural and humoral inputs and by the constitu-
nts of luminal chyme.7–10 The luminal contents, while liquid,
re largely noncompressible11 and themselves interact repeti-
ively with the gut mucosa in complex ways as they pass along
he intestinal villi, inducing additional deformation of the villi
nd mucosa and even mucosal injury.12 Such repetitive defor-
ation stimulates intestinal epithelial proliferation and mod-
lates intestinal epithelial differentiation in vitro13 and acti-
ates tyrosine kinase signaling within the gut mucosa in vivo.14

ndeed, a recent preliminary investigation suggested that a
ifferent model of repetitively increasing stretch could stimu-

ate intestinal epithelial proliferation in pigs.15 However, the
ffects of such deformation on epithelial migration and muco-
al wound healing have not been investigated beyond the sug-
estion that villous shortening may aid restitution in guinea pig
ucosal sheets.16

Mucosal healing is affected in many pathophysiologic states
hat have alterations in intestinal mucosal deformation. Sepsis,
ostsurgical ileus, and prolonged fasting may be associated
ith altered contractile rhythms, altered villous motility, and
ecreased mucosal deformation from luminal contents. The
illi also change shape in adaptation to nutrients within the
ut17 and shorten in starvation or fasting,18 and such changes
n shape induce further deformation. Under these conditions,
he mucosa atrophies,19,20 proliferation slows,21–23 brush border
nzyme and transporter function are altered in a complex man-
er, 19,20,24 –26 and mucosal barrier function is impaired, sug-
esting abnormalities in the mucosal response to injury.27,28

Early in response to injury, a complex healing process begins
ith cell migration. Restitution, independent of cell proliferation,

s regulated by signals from growth factors, signaling molecules,
nd the extracellular matrix to which cells bind and across which
hey move via integrin receptors for matrix proteins.29 Cell migra-
ion is a coordinated event of extension and retraction as integrins
t the leading and trailing edges of the cell interact with matrix
roteins and cause net movement across a surface.30 Motility is
ore complex than simple cell spreading, which is necessary for

ell migration and is also dependent on actin and myosin activa-
ion but does not result in net movement.31,32

The intestinal mucosa is constantly subjected to mucosal
njuries that must heal to maintain normal gut function.33 This
hysiologic repair system is required for recovery from patho-

ogic mucosal injury such as chronic ulceration and inflamma-
ion in ulcerative colitis and Crohn’s disease and is likely defi-
ient when the mucosal barrier deteriorates in sepsis. Failure of
ucosal healing is critical in these disease states and has even

een implicated in their pathogenesis.34 If mechanical forces in
he gut contribute to intestinal homeostasis by influencing
ntestinal epithelial proliferation and differentiation, the ques-

Abbreviations used in this paper: DMSO, dimethyl sulfoxide; ERK,
xtracellular signal–regulated kinase; MLC, myosin light chain; pMLC,
yosin light chain phosphorylation; pERK, extracellular signal–regu-

ated kinase phosphorylation.
© 2006 by the American Gastroenterological Association (AGA) Institute
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ion then arises whether alterations in such forces during dis-
ase might alter intestinal epithelial restitution, another impor-
ant aspect of mucosal homeostasis.

Recent literature suggests that extracellular matrix plays a
ital role in regulating cell migration and wound healing. Hu-
an colonic epithelial cells migrate rapidly on the dominant

rotein of the interstitial matrix, type I collagen, but more
lowly on fibronectin.35 However, blocking fibronectin can also
mpair corneal epithelial cell migration across a fibronectin
ubstrate,36,37 suggesting that fibronectin may nevertheless fa-
ilitate wound closure under some circumstances. Strain is
itogenic for intestinal epithelial cells on various matrix sub-

trates in vitro, but the effect is inhibited by tissue fibronectin.13

tudies in 2 animal models suggest that similar pathways may
perate in vivo.14,38 Because inflammation and injury lead to

ncreased deposition of tissue fibronectin in chronic inflamma-
ory states such as Crohn’s disease or ulcerative colitis39 – 41 and
hese and other disease states have altered gut motility, it is
rucial to understand how fibronectin might modulate mucosal
ealing during altered intestinal strain states.

Precisely regulating mechanical deformation and matrix
omposition in vivo would be difficult without altering diverse
ther aspects of an organism’s physiology. We therefore applied
epetitive mechanical strain in vitro via standard tech-
iques42– 44 to a common in vitro monolayer wound closure
odel45– 47 to examine the regulatory role of fibronectin and

yclic mechanical strain on intestinal epithelial motility during
estitution. We hypothesized that mechanical strain modulates
ntestinal epithelial wound closure via extracellular signal–regu-
ated kinase (ERK) phosphorylation (pERK) and myosin light
hain (MLC) phosphorylation (pMLC) and that such modula-
ion is matrix dependent.

Materials and Methods
Cell Culture
Human intestinal epithelial Caco-2 cells, an established

ighly differentiated human colonocyte cell line, were isolated
nd maintained as previously described.48 Briefly, cells were
aintained at 37°C in 5% CO2 in Dulbecco’s minimal essential
edium containing 10% fetal calf serum and 10 �g/mL trans-

errin. All studies were performed on cells within 8 passages.
he cells were grown to confluence in Petri dishes or matrix-
recoated Flexwell I plates (Flexcell International Corp, Hills-
orough, NC). IEC-6 normal rat intestinal epithelial cells were
btained from American Type Culture Collection (Manassas,
A) and grown in high-glucose (4.5 g/L) Dulbecco’s minimal
ssential medium supplemented with 10% fetal bovine serum
nd 0.1 U/mL bovine insulin. Cells were maintained in a 5%
O2 in-air atmosphere and subcultured every third day. Only

ells below passage 25 were used for experiments.

Matrix Precoating and Medium Treatments
Petri dishes and 6-well amino-coated Flexwell I plates

ere precoated with 12.5 �g/mL collagen I or tissue fibronectin
Sigma Chemical Co, St Louis, MO) at saturating concentra-
ions.13,48 Cells were seeded 300,000/well and again grown to
onfluence. ERK activation induced by strain was blocked by 20
mol/L MEK antagonist PD98059 (Calbiochem, La Jolla, CA)
r MLCK activation induced by strain was blocked with 10

mol/L MLCK antagonist ML7 (Sigma Chemical Co) or 250 s
mol/L specific MLCK inhibitor PIK,49 all for 30 minutes
efore the application of strain to assess wound closure with

nhibited signaling. Because PD98059, ML7, and PIK were dis-
olved in dimethyl sulfoxide (DMSO), control cells in these
tudies were similarly treated with 0.1% DMSO. In another
tudy, during closure of defects made in the cell monolayers,
ells were incubated in 15 �g/mL mitomycin C in phosphate-
uffered saline for 2 hours before strain to block proliferation.

Strain Application
Once the cell monolayers were confluent, Flexwell

lates were placed in a cell culture incubator (5% CO2, 37°C)
nd the membranes were repetitively deformed, utilizing a com-
uter-controlled vacuum manifold (FX3000; Flexcel, McKees-
ort, PA), by �20 kPa vacuum at 10 cycles/min, producing an
verage 10% strain on the adherent cells during periods of
eformation. Nonuniformity of strain in the center of the
exible wells was addressed by placing a Plexiglas ring in the
enter and cells were plated around the periphery of the ring
here strain is relatively uniform. Previous studies have shown

hat the cells remain adherent under these conditions and
xperience parallel elongation and relaxation.50

Motility Measurements
Caco-2 or IEC-6 monolayers on deformable membranes

recoated with fibronectin or collagen I were subjected to 10%
eformation at 10 cycles/min for 0–72 hours (Caco-2) or 0–24
ours (IEC-6) after induction of a small uniform circular wound.
he wound model, as previously described by other investiga-

ors,45–47 was created using a 1000-mL pipet tip (1.5-mm diameter)
ttached to a vacuum source, and suction was applied for approx-
mately 1 second. At each time interval, the remaining wound area
n each wound, an index of migration, was calculated after visu-
lization on a Kodak Image Station (Perkin Elmer, Boston, MA)
nd compared with migration without strain.

Western Blot Analysis
Following strain, Caco-2 cells were lysed in lysis buffer

50 mmol/L Tris [pH 7.4], 150 mmol/L NaCl, 1% Triton X-100,
% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1
mol/L EDTA, 1 mmol/L phenylmethylsulfonyl fluoride, 1
mol/L Na3VO4, 50 mmol/L NaF, 10 mmol/L sodium pyro-

hosphate, 2 �g/mL aprotinin, and 2 �g/mL leupeptin [pH
.4]) and centrifuged at 10,000g for 15 minutes at 4°C. Super-
atant protein concentrations were determined using bicincho-
inic acid reagent (Pierce Chemical, Rockford, IL). Equal
mounts of protein were resolved by sodium dodecyl sulfate/
olyacrylamide gel electrophoresis and electrophoretically
ransferred to Hybond ECL nitrocellulose membrane (Amer-
ham Pharmacia Biotech, Piscataway, NJ). Membranes were
lotted with specific antibodies for phospho-ERK Thr 202,
yr204 (Cell Signaling Technology, Beverly, MA), or phospho-
LC (Santa Cruz Biotechnology, Santa Cruz, CA), followed by

ncubation in appropriate secondary antibody conjugated to
orseradish peroxidase. Bands were visualized using enhanced
hemiluminescence (Amersham Pharmacia Biotech) and ana-
yzed with a Kodak Image Station 440CF. Membranes were
hen stripped and reprobed with antibodies specific for total
RK and MLC, followed by incubation with appropriate sec-
ndary antibodies. All exposures used for densitometric analy-

is were within the linear range.
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Immunocytochemistry
Following strain, cells were washed with 0.1 mol/L phos-

hate-buffered saline, fixed with periodate-lysine-paraformalde-
yde fixative for 30 minutes on ice, and permeabilized with 0.2%
riton X-100 for 10 minutes at room temperature. Cells were then
locked in 10% heat-inactivated normal goat serum for 30 minutes
t room temperature and incubated with polyclonal rabbit anti–
hospho-ERK, polyclonal rabbit anti–phospho-MLC (both 1:50;
ell Signaling Technology), or integrin subunit �v (1:100; Chemi-

on, Temecula, CA) overnight at 4°C. Detection of proteins was
chieved by incubating cells with Alexa Fluor 633–conjugated goat
nti-rabbit secondary antibody for phospho-ERK, phospho-MLC,
nd �v, Alexa Fluor 488–conjugated phalloidin for actin (both
:50; Molecular Probes, Eugene, OR), and Hoechst (1:20,000) stain
or the nucleus. Flexwell membranes were removed from the wells
nd mounted on glass slides and coverslipped using Geltol mount-
ng media (Immunon, Pittsburgh, PA); the cells were visualized on
n LSM 510 confocal microscope (Carl Zeiss, Jena, Germany)
quipped with a 40� objective and LSM software version 3.2 (Carl
eiss).

Statistical Analysis
All data are expressed as mean � SE. Statistical analysis

as performed using paired or unpaired t tests or analysis of
ariance as appropriate. A P value of �.05 was considered
ignificant.

Results
Strain Effects on Wound Closure in
Caco-2 Cells
Basal migration was more rapid on collagen I than on

igure 1. (Top) The initial size of each wound is depicted at 0 hours.
fter 24 hours, restitution in static cells is faster on collagen (left) than on
bronectin (right). However, strain inhibits motility on collagen but en-
ances it on fibronectin. Quantification showed that strain slightly inhib-

ted motility on collagen (A; n � 9; *P � .001). Although static cells on
bronectin migrated more slowly than on collagen at all time points,
train significantly enhanced motility on fibronectin (B; n � 7; *P � .001)
t all time points evaluated in this time course.
bronectin, consistent with previous findings.51 Motility on u
ollagen was slightly inhibited by repetitive strain (Figure 1A).
n contrast, the relatively slower rate of migration observed on

fibronectin substrate was reversed by strain, which indeed
ignificantly enhanced wound closure (Figure 1B). Cells precon-
itioned with 24 hours of mechanical strain on fibronectin
howed a 34% � 4.4% decrease in cell spreading when replated
n fibronectin for 6 hours (n � 26; P � .01), a change in the
pposite direction to the effect of strain on motility, suggesting
hat increased wound closure on fibronectin reflects some as-
ect of cell motility other than cell spreading.

We have previously reported that strain stimulates cell pro-
iferation on collagen substrates but not on fibronectin, indi-
ating that the effects we observed here were not due to in-
reased proliferation on fibronectin. We further confirmed this
y observing that strain increased motility across fibronectin as
arly as 6 hours after wounding (Figure 2A), too soon for
ubstantial proliferation. Strain also promoted wound closure
cross fibronectin for up to 48 hours even with 2-hour pretreat-
ent with mitomycin C to ablate proliferation (Figure 2B and

ata not shown). These results indicated that the observed
ffects of strain on the rates of wound closure on fibronectin are
ue to migration rather than proliferation.

Strain Effects on Wound Closure in IEC Cells
Although Caco-2 cells are commonly used to model

iverse aspects of nonmalignant intestinal epithelial biology
nd signal transduction,52–54 they are nevertheless an estab-
ished cell line originally derived from a colon cancer.55,56 We
herefore exposed normal small intestinal epithelial IEC-6 cells
o strain for up to 24 hours (Figure 3). Stimulation of wound
losure across tissue fibronectin by strain was statistically sig-
ificant at 8 and 24 hours. In contrast, strain inhibited wound
losure on collagen I (n � 6, *P � .05). This parallel study in
EC-6 cells confirms that our observations in Caco-2 cells are
ot artifacts of a single established cell line.

Strain Effects on MLC
pMLC is essential in actin-myosin interaction, stress

ber and contractile ring formation, and ultimately cell motil-
ty.57 We evaluated pMLC during strain on either collagen or
bronectin to determine if there was variation in MLC activa-
ion and localization on different matrix proteins.

Effects of strain on pMLC. Caco-2 cells grown to
igh confluence were subjected to 1 hour of strain on either
ollagen or fibronectin, and levels of pMLC were assessed by

estern blot analysis (Figure 4). Strain was associated with a

igure 2. (A) Strain enhances motility on fibronectin as early as 6
ours after wounding (n � 13; *P � .001). (B) At 24 hours, strain
timulates motility across fibronectin even if proliferation is prevented

sing mitomycin C (n � 10; *P � .05).
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2% increase in pMLC on collagen (n � 5; *P � .05) and a 35%
ncrease in pMLC on fibronectin (n � 3; *P � .01). This
uggests that MLC is phosphorylated in response to strain in a

atrix-independent manner.
Strain and matrix effects on phosphorylated MLC

ocalization. To assess the effects of strain and matrix sub-
trate on MLC localization, Caco-2 cells grown to high conflu-
nce were subjected to 1 hour of strain on either collagen or
bronectin and localization of pMLC was determined by im-
unofluorescence confocal microscopy (Figure 5). Immunore-

ctivity for pMLC is generally increased in both static cells on
bronectin substrates and cells subjected to repetitive strain on
bronectin compared with cells grown on collagen under the
ame conditions and appear to colocalize with actin filaments
Figure 5, column 1, rows 3 and 4; actin: column 3, rows 3 and
). pMLC is redirected to the lamellipodial edge in cells cultured
n collagen and fibronectin substrates only after being sub-

ected to 6 hours of strain (Figure 5, column 1, rows 2 and 4).
istribution of pMLC, nuclei, and actin are shown in single-

hannel and overlay images. Thus, the presence of fibronectin
ncreased the amount of phosphorylated myosin immunoreac-
ivity, but redirection to the lamellipodial edge occurred only
ith strain.

igure 3. IEC-6 cells were cultured on membranes coated with (A)
ollagen I or (B) fibronectin. Migration of IEC-6 cells is different in re-
ponse to strain on collagen I compared with fibronectin (n � 6; *P �
05). As with Caco-2 cells, although static IEC-6 cells on fibronectin
igrated more slowly than on collagen at all time points, strain signifi-

antly enhanced motility on fibronectin.

igure 4. pMLC in confluent Caco-2 cells increased 42% on colla-
en and 35% on fibronectin following 1 hour of strain (n � 5 and n � 3,
pP � .05). There was no change in total MLC.
Strain Effects on ERK
Signaling diversity between subconfluent and

onfluent cells on fibronectin. We previously reported the
bsence of pERK13 and the apparent decrease in cell number in
esponse to strain on a fibronectin substrate. In these previous
tudies of strain effects on cell proliferation, cells were seeded at
ow density and subjected to strain at very low confluence to
void contact inhibition that might inhibit cell proliferation.
owever, subsequent work conducted in our laboratory sug-

ested different results when confluent monolayers were stud-
ed and that the confluence of Caco-2 cell monolayers on
bronectin might alter the way the cells respond to strain. For
his reason, we investigated the strain effect on Caco-2 mono-
ayers that were confluent at the time of wound induction and
yclic mechanical strain. We observed activation of ERK 1 and

when confluent cell monolayers were subjected to strain on
issue fibronectin substrates (Figure 6). In contrast, little stim-
lation of ERK activation by strain was observed in subconflu-
nt cells cultured on fibronectin, consistent with our previous
eport.

Matrix dependence of ERK phosphorylation fol-
owing strain in confluent Caco-2 cells. Caco-2 cells grown
o high confluence were subjected to 1 hour of strain on either
ollagen or fibronectin, and levels of pERK were assessed by

estern blot analysis (Figure 7). We observed a 53% increase in
ERK on collagen (n � 4; *P � .04) and a 67% increase in pERK
n fibronectin (n � 4; *P � .001) following strain. This indi-
ates that strain induces phosphorylation of ERK in cells plated
n both collagen and fibronectin substrates in confluent Caco-2
onolayers.

Phosphorylated ERK relocalization following
train. Phosphorylated ERK is faintly present at the lamelli-

igure 5. Confocal fluorescent microscopy of phosphorylated MLC
elocalization following strain. Immunoreactivity of Alexa Fluor 633–
tained pMLC is increased in cells plated on fibronectin, particularly
long actin fibers. Strain is associated with redistribution of pMLC to the

amellipodial edge in cells plated on either collagen or fibronectin. Nuclei
ere stained with Hoechst and actin stained with Alexa Fluor 488 phal-

oidin. Distribution of pMLC, nuclei, and actin is shown in single-channel
nd overlay images.
odial edge in static cells plated on collagen but not cells plated
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October 2006 MOTOGENIC EFFECTS OF CYCLIC MECHANICAL STRAIN 1183
n fibronectin (Figure 8). Interestingly, this coincides with our
bservation that wound closure occurs more rapidly in static
ells plated on collagen and more slowly on fibronectin (Figure 1).
train results in the translocation of phosphorylated ERK to
he nucleus slightly on collagen but more substantially on
bronectin (Figure 8, column 1, rows 2 and 4). However, phos-
horylated ERK translocates to the lamellipodial edge only on
bronectin following 6 hours of strain (Figure 8, column 1, row
). Thus, phosphorylated ERK is redirected to the lamellipodial
dge by strain only on fibronectin and not when cells were
lated on collagen.

igure 6. Caco-2 cells grown on fibronectin and subjected to 1
our of cyclic strain show increased phosphorylation of ERK 1 and 2 in
igh-confluence cells but not in low-confluence cells. pERK was inhib-

ted by PD98059. Thus, the level of confluence affects pERK in cells
ubjected to strain on fibronectin. A representative blot from an inde-
endent experiment is shown.

igure 7. Phosphorylation of ERK in confluent Caco-2 cells in-
reased 53% on collagen and 67% on fibronectin following 1 hour of
ctrain (n � 4; *P � .05). There was no change in total ERK.
Role of MLC and ERK Following Strain on
Fibronectin
To determine the role of MLCK and the ERK kinase,

EK, in pMLC following strain on fibronectin, we inhibited
LCK (ML-7 and the peptide, PIK) and MEK (PD98059) for 30
inutes before strain and assessed the effect on pMLC by
estern blot. Inhibition with PD98059 had no effect on pMLC

ollowing strain on fibronectin. Treatment with ML-7 reduced
he level of pMLC in static cells, and both ML-7 and PIK
liminated the strain effect on fibronectin (Figure 9A).

To determine the role of MLCK and the ERK kinase, MEK,
n pERK following strain on fibronectin, we inhibited MLCK
ML-7 and PIK) and MEK (PD98059) for 30 minutes before
train and assessed the effect on pERK by Western blot
Figure 9B). Inhibition with PD98059 greatly reduced the
evels of pERK but did not eliminate the strain effect on
bronectin. Treatment with ML-7 had no effect on pERK

ollowing strain on fibronectin. Treatment with PIK substan-
ially reduced basal pERK in static cells. However, PIK did
ot eliminate the strain effect. Indeed, we demonstrated a
9% increase in pERK with no inhibitor treatment following
train and a very similar 39% increase in pERK following
reatment with PIK during strain.

The effect of MEK inhibition and MLCK inhibition on
ound closure was determined by plating Caco-2 cells on

ollagen or fibronectin and treating for 30 minutes with
D98059 or ML-7, respectively, before strain for 24 hours

Figure 10). Photomicrographs were taken at times 0 and 24
ours to assess wound closure (Figure 10A). Quantification
f motility indicated that neither MEK or MLCK inhibition
liminated the strain effect on collagen (Figure 10B, left),
ith a 27% decrease in restitution under all experimental

igure 8. Confocal fluorescent microscopy of phosphorylated ERK
elocalization following strain. Immunoreactivity of Alexa Fluor 633–
tained pERK is increased in the nucleus following 6 hours of strain
lightly on collagen and substantially on fibronectin. On fibronectin,
owever, activated ERK is also redistributed to the lamellipodial edge.
uclei were stained with Hoechst and actin stained with Alexa Fluor 488
halloidin. Distribution of pERK, nuclei, and actin is shown in single-
hannel and overlay images.
onditions on collagen (DMSO: n � 10, *P � .007; ML7:
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� 10, *P � .02), although the amount of wound closure
nder static conditions was significantly less with MEK in-
ibition and even more so with MLCK inhibition (Figure
0A; n � 8, #P � .05). However, MEK inhibition on fibronec-
in eliminated the strain effect of a 15% increase in wound
losure, and MLCK inhibition significantly reversed the
train effect on fibronectin (Figure 10B, right; DMSO: n � 6,
P � .001; ML7: n � 9, *P � .007).

�v Integrin Relocalization in Response to
Mechanical Deformation on a Fibronectin
Substrate
Cell motility across matrix proteins requires the bind-

ng and interaction of matrix-specific integrin heterodimers.
ntegrins containing the �v subunit bind specifically to fi-
ronectin but not to collagens. We therefore evaluated �v
ubunit immunoreactivity by confocal microscopy in Caco-2
ells at the edge of monolayer wounds on a fibronectin sub-
trate under static conditions or after 1 hour of repetitive

echanical deformation. Immunoreactivity for �v was predom-
nantly perinuclear in cells under static conditions, with only

odest immunoreactivity at the migrating lamellipodial edge.
owever, under conditions of repetitive mechanical deforma-

ion, we observed increased �v immunoreactivity at the lamel-
ipodial edge (Figure 11).

Discussion
Basal Caco-2 motility was more rapid on collagen I than

n fibronectin in a wound closure assay, consistent with previ-
us observations of Caco-2 radial sheet migration.48 However,

n Caco-2 monolayers subjected to repetitive deformation,
ound closure was accelerated on fibronectin but inhibited on

ollagen I. Neither proliferation nor cell spreading contributed

o this increase in wound closure on fibronectin, and nonma- m
ignant intestinal epithelial IEC-6 cells behaved similarly. Re-
etitive deformation stimulated the phosphorylation of 2 pro-
eins that influence epithelial migration in response to other
timuli, MLC and ERK, and these increases were matrix inde-
endent. MEK inhibition to block pERK eliminated the mo-
ogenic effects of strain across fibronectin. MLCK inhibition to
lock pMLC not only blocked the motogenic effect of strain
cross fibronectin, but reversed it. Blocking MEK or MLCK also
lowed basal wound closure on collagen but did not eliminate
he further decrease in wound closure on collagen associated
ith mechanical strain. Thus, pERK by MEK and pMLC by
LCK may be required for strain-induced promotion of wound

losure across fibronectin, while the deformation-induced inhi-
ition of wound closure on collagen appears independent of
EK and MLCK and awaits further study.
The magnitude of wound closure in these studies appears

elatively small, but the effect is highly statistically significant.
e13,58 and others59 – 62 have described changes in migration,

roliferation, or cell signaling of similar magnitude due to
arious other stimuli in intestinal epithelial cells. In a previous
tudy, Caco-2 cells plated on various matrix proteins were
ubjected to mechanical strain and quantification of cell pro-
iferation showed an average 22% change.13 Here, wound clo-
ure decreased an average 12% on collagen and increased an
verage 35% on fibronectin compared with cells not subjected
o mechanical strain. Such apparently modest alterations may
ell be biologically important in determining whether a muco-

al wound heals or fails to heal in vivo.
Abnormalities in mucosal healing may be critical in intesti-

al disease states such as Crohn’s disease, ulcerative colitis, and
he loss of intestinal mucosal barrier function during chronic
ritical illness with ileus. Physical forces generated under nor-
al conditions of digestion by intestinal contraction, villous

Figure 9. (A) pMLC on fi-
bronectin following strain was
not affected by MEK inhibition
with PD98059 (n � 5; P � .05).
However, MLCK inhibition with
ML-7 eliminated strain-induced
increases in pMLC on fibronec-
tin. Inhibition of MLCK with the
specific inhibitor PIK49 also elim-
inated the strain effect on pMLC
on fibronectin. (B) pERK follow-
ing MEK (PD98059) or MLCK
(ML-7) inhibition in Caco-2 cells
strained for 1 hour on fibronec-
tin. MEK inhibition reduced basal
levels of pERK but did not elimi-
nate the strain effect on fi-
bronectin (n � 6; DMSO: *P �
.03; PD: *P � .00949). MLCK in-
hibition had no effect on pERK
following strain when inhibited
with ML-7. There was a signifi-
cant decrease in overall pERK
when PIK was used, but this did
not eliminate the strain effect
(n � 6; *P � .01).
otility, shear stress, and wall stretch due to luminal contents
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ay affect cell signaling, and changes in these rhythms may
lter mucosal healing. Our previous work,13,14,50,58,63– 66 consis-
ent with studies of other organs and tissues,67–70 suggests that
hysical forces affect intestinal epithelial cells by flexing the
atrix, altering integrin binding, and initiating matrix-depen-

ent signals that regulate enterocyte proliferation and function.
owever, mucosal healing requires epithelial sheet migration as
ell as proliferation. We therefore sought to investigate the

nfluence of repetitive deformation and extracellular matrix
roteins on intestinal epithelial migration.

The 10-cycles/min frequency of cyclic mechanical strain
tudied here was consistent with normal peristaltic frequencies.
ne recent magnetic resonance imaging study clocked average
eristaltic frequency at 10.96 waves/min,71 although the fre-
uency and pattern of peristalsis in vivo is actually highly
ariable. To address the relevance of the amplitude of the
eformation studied here, we measured the percentage devia-
ion from average luminal diameter over 30 seconds at 0.5-
econd intervals at 5 random points in the small bowel in 5
atients who had normal small bowel follow-through studies
fter upper gastrointestinal contrast studies. The average defor-
ation over this time interval for each of these 25 series ranged

rom 7.2% to 27.4% (data not shown), consistent with the 10%
eformation studied here.

Villous motility similarly varies along the gut axis and with
eurohumoral and environmental factors, but it is of generally
imilar frequencies to the 10 cycles/min that we studied
ere.8 –10 We are not aware of measurements of the magnitude
f villus deformation during villous shortening, but published

mages suggest that the amplitude of such deformation is likely
ven greater than the 10% average strain that we studied in the

igure 10. (A) Photomicrographs of ini-
ial size of each wound is depicted at 0
ours. After 24 hours, restitution in static
ells is faster on collagen (left) than on fi-
ronectin (right). Treatment with MEK inhib-

tor PD98059 for 30 minutes before strain
howed inhibition of wound closure on col-

agen but not fibronectin with cyclic strain.
reatment with MLCK inhibitor ML-7
howed inhibition of wound closure on both
bronectin and collagen with cyclic strain.
B) Quantification of wound images demon-
trates a 27% decrease in restitution in ve-
icle-, PD98059-, and ML-7–treated cells
n collagen (collagen: DMSO, n � 10, *P �
007; ML-7, n � 10, *P � .02; PD and
L-7, n � 8, #P � .05). Cells treated with

ehicle on fibronectin demonstrated a 15%
ncrease in restitution following cyclic strain,

ith no significant change when treated
ith PD98059. ML-7 treatment resulted in
14% decrease of restitution following

train (fibronectin: DMSO, n � 6, *P � .001;
L-7, n � 9, *P � .007).
resent work.72 A
Although we have previously reported that mechanical strain
s mitogenic, inducing intestinal epithelial proliferation on col-
agen substrates, our present data suggest that it is also mo-
ogenic. Extant literature on the potential motogenic effects of
yclic mechanical strain has previously seemed in conflict. Cy-
lic mechanical strain inhibits respiratory epithelial wound clo-
ure on collagen44,73 but increases the migration of endothelial
ells and vascular myocytes on fibronectin.59,74 These differ-
nces have previously been attributed to cell-specific response
atterns to deformation. However, the motogenic effects of
epetitive deformation on different matrix substrates had not
reviously been compared in these cell types. Although these
revious observations appear disparate, they are actually all
onsistent with our results suggesting that strain promotes
igration on fibronectin but inhibits it on collagen.

igure 11. Lamellipodial staining for the integrin subunit �v is more
unctate and intense at the edge of the healing wound in response to
train on fibronectin (right) than in static cells on the same matrix (left).

rrows indicate the migrating lamellipodial edges of the cells.
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The mechanisms by which deformation elicits any cellular
esponse are poorly understood, and the mechanisms by which

atrix modulates the motogenic effects of strain thus await
urther study. However, several possibilities exist. First, the
esponse to strain seems likely to depend critically on cell shape.

atrix proteins regulate cell shape,13,48,75,76 which critically
nfluences static cell biology,77 and the response to mechanical
train may also be so influenced. Second, some investigators
ostulate that the cellular response to physical forces involves
eformation of the cytoskeletal tensegrity structure78 against
he constraints of anchorage to the extracellular matrix
hrough focal adhesion complexes and clusters of matrix recep-
ors, including integrins. Different matrix proteins elicit differ-
nt sorts of matrix receptor localization and would be expected
o constrain cytoskeletal architecture differently. A third impor-
ant concept is that cell-matrix adhesion involves specific inte-
rins or nonintegrin receptors, and different receptors associate
ith focal adhesion complex proteins and initiate intracellular

ignals differently.79,80 Varying the matrix alters the type of
atrix receptor expressed on the intestinal epithelial cell sur-

ace48 as well as the conformation of these receptors and might
e expected to therefore alter the signaling associated with
eceptor-associated focal adhesion complexes after cytoskeletal
eformation. We have previously reported that the mitogenic
ffects of strain on intestinal epithelial cells are similarly not
nly matrix dependent but also integrin dependent.13 Finally,
ell migration is itself receptor dependent as well as matrix
ependent. If strain alters the surface expression and localiza-
ion of integrin heterodimers or other matrix receptors that
ind to collagen differently from those that bind to fibronectin,
hen it would not be surprising if motility across one matrix
as affected differently by strain than motility across another.

ndeed, preliminary studies suggest that mechanical strain re-
rganizes integrins containing the �v integrin subunit, which
re specific for fibronectin, and would be expected to modulate
otility across fibronectin but not collagen.
Fibronectin regulates cell migration, adhesion, and wound

ealing81,82 through receptor-associated focal adhesion complex
ignaling. Tissue and plasma fibronectin may increase substan-
ially in chronic inflammatory states or following injury.39,40,70

hus, a fibronectin-regulated switch in deformation-induced re-
ponsiveness from a mitogenic response (maintaining normal tis-
ue homeostasis) to a motogenic response (dedicated to wound
ealing) might be teleologically appropriate in the setting of fi-
ronectin deposition during inflammation.

In this study, strain induced both pERK and pMLC on
bronectin, and each was independently required for the mo-
ogenic effect of strain. pMLC by MLCK is the first step in
ctivating the myosin motor that moves cells. ERK promotes
ntestinal epithelial cell motility in vitro83 and activation of
RK, which appears to mediate the motogenic effect of me-
hanical strain in our model, has been implicated in the mu-
osal response to injury in various settings in vivo.84 – 87 The
ifference between the motogenic effect of ERK activation by
echanical strain on fibronectin and the mitogenic effect of

RK activation by mechanical strain on collagen13 may reflect
he differences in the subcellular distribution of ERK on each
ubstrate that we observed here. Studies of ERK activation in
hole cell lysates may not effectively distinguish between the

ctions of ERK at the lamellipodial migrating edge of an intes-
inal epithelial cell, to which ERK is localized in response to
train on fibronectin, and ERK actions in other parts of the cell.

We have previously reported that ERK is phosphorylated in
aco-2 cells in response to repetitive mechanical strain on

ollagen I but not fibronectin.13 However, these previous stud-
es were performed in sparse subconfluent cell populations to

odel the effects of repetitive mechanical strain on proliferat-
ng intestinal epithelial cells, while the present studies were
erformed in confluent cell monolayers to model wound clo-
ure in the epithelial sheets more characteristic of intestinal

ucosal restitution. In these confluent monolayers, we ob-
erved ERK activation on both substrates in response to me-
hanical strain. Differences in cell-cell contact and confluence
ave previously been reported to alter the expression and acti-
ation of various signal proteins, including ERK, in a matrix-
ependent fashion in intestinal epithelial cells in the absence of
echanical strain.83,88 –90 Because such signals interact and ac-

ivate or suppress each other, it may not be surprising that
onfluence also may affect signal responsiveness to mechanical
eformation. Changes in cell signaling in response to levels of
onfluence have also been observed in other cells.83,91,92

Intestinal mucosal healing is a complex process involving
amellipodial extension of epithelial cells, migration, and pro-
iferation. Physical forces due to intestinal contraction as in
eristalsis, villous motility, and interactions with luminal con-
ents likely interact with the effects of cell-matrix interactions
nd soluble factor signaling to influence these processes. Cyclic
echanical strain applied to cells plated on fibronectin acti-

ates cell signals necessary for cell movement, modulating cell
otility and monolayer wound closure in a matrix-dependent

ashion. Because fibronectin would be expected to increase in
ettings of chronic injury or inflammation, the fibronectin-
ependent nature of this trigger may be teleologically appro-
riate. These results suggest that mechanical forces in the gut
ay influence epithelial wound healing in intestinal disease or

njury.
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