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The myofibroblast is responsible for the generation
of contractile force associated with wound contrac-
tion and pathological contractures and is character-
ized by the presence of a-smooth muscle (a-sm)

ctin-containing stress fibers, vinculin-containing fi-
ronexus adhesion complexes, and fibronectin fibrils
ontaining the ED-A splice variant. Transforming
rowth factor-b1 (TGF-b1) can promote the expression

of a-sm actin in myofibroblasts, but the functional sig-
ificance of this increased expression is unclear. In
his study, we demonstrate, using the stress-relaxed
ollagen lattice contraction assay, that TGF-b1 pro-
oted a dose-dependent increase in the generation of

ontractile force in myofibroblasts and a concomitant
ncrease in the expression of a-sm actin. We also dem-

onstrate that TGF-b1 enhanced the formation of the
tructural elements important in myofibroblast con-
ractile force generation and transmission, including
tress fibers, vinculin-containing fibronexus adhesion
omplexes, and fibronectin fibrils, and that this en-
ancement occurred prior to, and independent of,

a-sm actin expression. This differentiated myofibro-
blast phenotype was not stable. Removal of TGF-b1
resulted in reduced expression of a-sm actin as well as
a decreased assembly of stress fibers and vinculin-
containing adhesion complexes; however, there was
no reduction in fibronectin fibrils. We conclude that
TGF-b1 promotes the morphological and functional

ifferentiation of the myofibroblast by first enhancing
he formation of the structural elements characteris-
ic of the myofibroblast followed by increased expres-
ion of a-sm actin and contractile force generation.
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INTRODUCTION

Tissue contraction is an integral part of normal
wound closure; however, excessive or abnormal con-
traction of granulation tissue or other tissues leads to
pathological contractures. An example is Dupuytren’s
disease, where contraction of the palmar fascia results
in irreversible contracture with loss of function of the
digits (for review, see [1]). Present in these tissues is
the myofibroblast, a specialized fibroblast that has de-
veloped a contractile phenotype and contributes to tis-
sue contraction [2–5]. With the development of a con-
tractile phenotype, the myofibroblast acquires specific
structural features associated with the generation and
transmission of contractile force: bundles of actin mi-
crofilaments (termed stress fibers), vinculin-containing
fibronexus adhesion complexes, and fibronectin (FN)
fibrils [2, 4, 6–8]. These structural elements are what
characterize myofibroblasts and distinguish them from
normal connective tissue fibroblasts in vivo. In addi-
ion to these structural elements, the myofibroblast
an also be identified based on the expression and
ssembly of a-smooth muscle (a-sm) actin into stress

fibers [5, 9].
The cytokine transforming growth factor-b1 (TGF-

b1) can be considered a direct inducer of the myofibro-
blast phenotype because it is capable of upregulating
a-sm actin in fibroblasts both in vitro and in vivo [10,
11]. Although the functional significance of a-sm actin
expression is unclear, studies have suggested that
a-sm actin may promote contractile force generation
[12–15]. For this reason, we hypothesized that TGF-b1
could promote increased generation of contractile force
in the myofibroblast and that this increase in force
would correlate with increased expression of a-sm ac-
tin. Previous studies have demonstrated that TGF-b1
can promote fibroblast-mediated collagen lattice con-
traction [16–24]; however, in all of these studies, col-
lagen lattice contraction assays monitored collagen
fibril reorganization that resulted from cell-generated
tractional forces (migrational forces) rather than con-
tractile force generation. In contrast, stress-relaxed

collagen lattices provide a mechanism by which gener-
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ation of contractile force can be directly measured [15,
25–28]. In this study, we have utilized stress-relaxed
collagen lattices to test whether TGF-b1 can promote
increased generation of contractile force by myofibro-
blasts and whether increased force generation is cor-
related with the expression of a-sm actin.

TGF-b1, in addition to promoting the expression of
a-sm actin, can upregulate the expression of the extra-
cellular glycoprotein FN [29]. Outside-in signals pro-
vided by FN have been shown to promote the formation
of focal adhesions and stress fibers [30, 31]. We hypoth-
esize that TGF-b1 can promote the formation of the
structural elements important in myofibroblast con-
tractile force generation and transmission, including
stress fibers, vinculin-containing fibronexus adhesion
complexes, and FN fibrils. Moreover, recent studies
have demonstrated a temporal relationship between
deposition of the ED-A isoform of FN (ED-A FN) and
the expression of a-sm actin, suggesting that deposi-
tion of ED-A FN may even be an intermediary step for
the induction of a-sm actin in response to TGF-b1 [32].
TGF-b1 may enhance the formation of the structural
elements that characterize the myofibroblast indepen-
dent of the expression of a-sm actin, and the formation
of these structural elements might even be a prerequi-
site for increased expression of a-sm actin and contrac-
tile force generation in response to TGF-b1.

In this study, we demonstrate that TGF-b1 produced
a dose-dependent increase in the generation of contrac-
tile force in myofibroblasts and that this correlated
with increased expression of a-sm actin. These results
suggest that the functional consequence of increased
expression of a-sm actin is increased generation of
contractile force. In addition, we found that TGF-b1

romoted the assembly of stress fibers, vinculin-con-
aining fibronexus adhesion complexes, and FN-con-
aining fibrils, all of which are structural elements
ostulated to be involved in force generation and trans-
uction in the myofibroblast. Importantly, the forma-
ion of these structural elements appeared to be inde-
endent of a-sm actin expression. We propose that

TGF-b1 promotes the formation of the structural ele-
ments characteristic of the myofibroblast first and sub-
sequently promotes increased expression of a-sm actin
nd increased contractile force generation.

MATERIALS AND METHODS

Cell culture. Human myofibroblasts were obtained as explant
ultures [15, 33] or by collagenase digestion [34] of palmar aponeu-
osis from patients with Dupuytren’s disease. Cells were cultured in
omplete culture medium composed of M-199 supplemented with
0% fetal bovine serum (FBS) (Irvine Scientific, Santa Ana, CA), 2
M glutamine, and 1% antibiotic–antimycotic and used in all exper-

ments between passages 5 and 12.
Preparation of stressed collagen lattices. Cells were cultured
within stabilized type I collagen lattices as previously described [15, c
25, 33, 35], such that the final collagen concentration was 0.65 mg/ml
and the cell concentration was 1.25 3 105 cells/ml. A 250-ml drop of
the collagen/cell suspension was plated onto 35-mm tissue culture
dishes. After 1 h, complete culture medium containing either recom-
binant human TGF-b1 (Sigma, St. Louis, MO) (1–1000 pg/ml) or the
appropriate dilution of vehicle (1 mg/ml bovine serum albumin in 4
mM HCl) was added to the cultures. After 2.5 days, fresh TGF-b1 or
vehicle was added to the culture. To determine the specificity of the
effect of TGF-b1, an anti-TGF-b1 neutralizing antibody or a control
IgY antibody (R&D Systems, Minneapolis, MN) was added along
with the TGF-b1. After 5 days in culture, collagen lattices were
prepared for the collagen lattice contraction assay, fluorescence mi-
croscopy, or Western immunoblotting. For some experiments, colla-
gen lattices were cultured for 5 days in the absence of TGF-b1
ollowed by an additional 4 days with or without TGF-b1. For rever-

sal experiments, collagen lattices were cultured for an additional 10
days with or without the addition of fresh TGF-b1 every 2.5 days.

Collagen lattice contraction assay. Collagen lattice contraction
was measured as previously described [15, 25, 33, 35]. After 5 days in
culture, collagen lattices were mechanically released from the bottom of
the tissue culture dishes by gently pipetting medium at the lattice–dish
interface. Rapid contraction was analyzed by measuring the lattice
diameter before release and at specific times after release using a Nikon
SMZ-1 stereoscope. The initial collagen lattice diameters ranged from
14 to 16 mm. The fraction of the original collagen lattice diameter was
obtained by dividing the diameter at each time point by the initial
diameter of the lattice. All contraction assays were carried out in trip-
licate, and every experiment was repeated three or more times. Data
points and error bars in these figures represent averages 6 SD. Where
error bars cannot be seen, the data points are overlapped.

Whole-mount staining. Collagen lattices were fixed and stained
as whole mounts as previously described [36]. Primary antibodies
used included a mouse anti-a-sm actin monoclonal antibody (1:1000
dilution, clone 1A4, Sigma), a mouse anti-vinculin monoclonal anti-
body (1:400 dilution; Sigma), a mouse anti-fibronectin monoclonal
antibody recognizing all fibronectin isoforms (IST-4), and a mouse
anti-fibronectin monoclonal antibody recognizing specifically the
ED-A isoform (IST-9; both fibronectin antibodies were generous gifts
of Luciano Zardi, Laboratory of Cell Biology, Istituto Nazionale per
la Ricerca sul Cancro, Genoa, Italy) [37, 38]. Secondary staining was
performed using a rhodamine-conjugated goat anti-mouse antibody
(1:100 dilution; Organon Teknika Corp., Durham, NC) or an Alexa
488-conjugated goat anti-mouse antibody (1:200 dilution; Molecular
Probes, Eugene, OR). For multiple labeling with primary mouse
antibodies, an isotype-specific goat anti-mouse IgG2a antibody con-
jugated to rhodamine (Sigma) was used to label the a-sm actin
antibody [32]. For a-sm actin quantitation, lattice pieces were sub-
equently stained with 49,6-diamidino-2-phenylindole HCl (DAPI) (1

mg/ml; Molecular Probes) to visualize nuclei. To visualize f-actin,
lattices were stained with a rhodamine-conjugated phalloidin as per
the manufacturer’s instructions (Molecular Probes).

Light and confocal laser microscopy. For light microscopy, whole
mounts of collagen lattices were viewed with an Olympus BH-2 or
Vanox-S microscope equipped with epifluorescence illumination. Im-
ages were collected using either a 66 series SIT camera (Dage-MTI,
Michigan City, IN) or a digital camera (SPOT; Diagnostic Instru-
ments, Sterling Heights, MI). For confocal microscopy, an imaging
system was employed (Microradiance; Bio-Rad) consisting of a
25-mW argon ion laser emitting at 488 and 514 nm and a 1-mW
green helium–neon laser emitting at 546 nm attached to a BX-50
microscope (Olympus). Output was digitally processed; images were
generated using 24-bit three-dimensional rendering software (Laser-
sharp; Bio-Rad).

Quantification of a-sm actin and vinculin staining. For a-sm
ctin images, a computerized image analysis program (Bioquant
ystem IV; R&M Biometrics, Nashville, TN) was used to maintain a

onstant threshold for determining positive immunostaining of cells
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182 VAUGHAN, HOWARD, AND TOMASEK
with the anti-a-sm actin antibody, while the number of cells in the
field was determined based on DAPI-positive nuclei. The percentage
of cells expressing a-sm actin was determined by counting at least
00 cells per collagen lattice per treatment group. Each experiment
as repeated at least three times. To quantitate vinculin staining,
igital images were saved as 8-bit bitmaps and then analyzed as
ollows using NIH Image program 1.6 (http://www.scioncorp.com;
cion Image, Scion Corp., Fredricksburg, MD). The area occupied by
he entire cell was selected and then translated from grayscale to
lack and white. The number of white pixels per total number of
ixels was then determined. The white pixels per mm2 were deter-

mined by analyzing at least 3 cells per collagen lattice with 3 lattices
per experimental group. Data points and error bars represent aver-
ages 6 SEM.

Western immunoblotting. The level of a-sm actin expression in
esponse to TGF-b1 was analyzed by immunoblotting. To isolate
ells, collagen lattices were washed in PBS for 10 min at room
emperature followed by incubation with 0.05% trypsin, 0.53 mM
DTA, in PBS (Life Technologies) for 10 min at 37°C and subse-
uently digested in 3 mg/ml collagenase (type I; Sigma) in buffer (130
M NaCl, 10 mM Ca acetate, 20 mM Hepes, pH 7.2) for 8 min at

7°C [28]. The enzymatic reaction was stopped by adding 50 ml of

FIG. 1. TGF-b1 increases myofibroblast contractility. Myofibro-
blasts were cultured within stressed collagen lattices for 5 days. (A)
Lattices were incubated for the 5 days with 0 (h), 10 (�), or 100 (F)
pg/ml TGF-b1 and then released. (B) Lattices were incubated for the

days with varying concentrations of TGF-b1 and then released.
ercent lattice contraction was determined 10 min after release.
ncreasing concentrations of TGF-b1 resulted in increasing genera-

tion of contractile force by myofibroblasts. (C) Lattices were incu-
bated for the 5 days without TGF-b1 (h) or with 100 pg/ml TGF-b1
n the presence of 0 (‚), 0.1 (�), 1 (L), or 10 (F) mg/ml anti-TGF-b1
ntibodies and then released. Anti-TGF-b1 antibody administered at

1 or 10 mg/ml inhibited TGF-b1-promoted contraction to the level of
the no TGF-b1 control. (D) After 5 days in culture, lattices were

ashed for 5 min with serum-free media, treated with serum-free
edia (Œ), 10% FBS (h), 1000 pg/ml TGF-b1 (E), or 1000 pg/ml
GF-b1 1 10% FBS (�), and then released. TGF-b1 did not promote
n increase in the reduction of collagen lattice diameter in the

resence or absence of FBS.
FBS and cell number was determined. Cells were pelleted and re-
suspended in sample buffer (5% SDS, 50% glycerol, 0.13 M Tris, pH
6.8, 0.1% bromophenol blue) at a concentration of 2.5 3 103 cells/ml,
followed by boiling for 3 min. A volume from each experimental
group containing 1.25 3 104 cells was electrophoresed on a 12.5%

DS gel. Separated proteins were transferred to PVDF membranes
Micron Separations Inc., Westborough, MA). Membranes were in-
ubated for 4 h at 25°C with either a mouse anti-a-sm actin mono-

clonal antibody (1:400 dilution, clone 1A4; Sigma) or a rabbit poly-
clonal anti-actin antibody (1:250 dilution; Sigma) followed by a goat
anti-mouse or a goat anti-rabbit alkaline phosphatase (Sigma) for 1 h
at 25°C and subsequently developed with Immun-Star chemilumi-
nescence substrate (Bio-Rad, Hercules, CA) for 5 min at 25°C. X-ray
film (X-OMAT AR5; Eastman Kodak, Rochester, NY) was exposed to
chemiluminescence reaction for a period of 5–120 s at 25°C and film
was developed.

RESULTS

TGF-b1 Increases Myofibroblast Contractility

We hypothesized that TGF-b1 would increase gener-
ation of contractile force in myofibroblasts. We found
that TGF-b1 (0–1000 pg/ml) could increase contraction
of myofibroblasts in stressed-relaxed collagen lattices
in a dose-dependent manner (Figs. 1A and 1B). We
examined five different myofibroblast cell strains from
three different patients. All showed increased contrac-
tion in response to TGF-b1; however, the percentage
increase in contraction varied between the different
strains (Table 1). To determine whether increased con-
traction was a direct result of TGF-b1 treatment, TGF-
b1-treated or control collagen lattices were incubated
in the presence or absence of TGF-b1-neutralizing an-
tibodies. Anti-TGF-b1 antibodies administered above 1
mg/ml reduced contraction to control levels (Fig. 1C). To
control against nonspecific antibody effect, similar lat-
tices were incubated with 10 mg/ml chicken IgY anti-
bodies. These control antibodies had no effect on TGF-
b1-promoted collagen lattice contraction (not shown).
These results demonstrate that TGF-b1 can increase
myofibroblast contraction of stress-relaxed collagen
lattices.

TABLE 1

Effects of TGF-b1 on Properties of Different
Myofibroblast Cultures

Cell
Culture

Contractility
% change

Cell number
% change

a-sm actin
expression

% before % after

P124p11 32 21 13.5 30.5
P142Cp1 16 214.5 14 33.5

DP142Ep2 34.5 33.5 4 33.5
DP142Ep6 31.5 25 3 20
DP131p16 11 9.5 13 23
We have previously demonstrated that the contrac-
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tion of stress-relaxed collagen lattices is dependent on
cell number [25]. Since TGF-b1 can affect the prolifer-
ation rate of fibroblasts [39], we examined its effect on
myofibroblast number in stressed collagen lattices. In
initial studies, we found that TGF-b1 administered in
the range of 5–50 ng/ml increased contraction of stress-
relaxed collagen lattices; however, there was also a
correlated increase in cell number compared with con-
trols (M. B. Vaughan and J. J. Tomasek, not reported).
TGF-b1 at lower concentrations (10–1000 pg/ml) pro-
moted contraction and had no effect on cell number of
the myofibroblast cell strain illustrated in Fig. 1 (Table
1, cell culture DP124). TGF-b1 had variable effects on
the cell number of the other strains examined; how-
ever, collagen lattice contraction increased in all cases
(Table 1). These results demonstrate that increased
collagen lattice contraction in response to TGF-b1 is
not the result of increased cell number.

Myofibroblast contraction of stress-relaxed collagen
lattices can be stimulated by agonists such as FBS,
LPA, and thrombin [25, 27, 33, 35]. To demonstrate
that TGF-b1 does not act as an agonist to promote
contraction, control stressed collagen lattices were
washed with serum-free media immediately prior to
addition of TGF-b1, FBS, or TGF-b1 1 FBS and mea-
surement of contraction. As previously described [25],
FBS promoted collagen lattice contraction, while ab-
sence of agonist promoted little contraction (Fig. 1D).
Addition of TGF-b1 did not increase contraction either
in the absence or in the presence of FBS (Fig. 1D).
These results demonstrate that TGF-b1 does not func-
tion as a contractile agonist, but appears to function by
promoting the differentiation of a more contractile phe-
notype.

Increased Generation of Contractile Force Is
Correlated with Increased Expression of a-sm Actin

We wished to determine whether increased collagen
attice contraction that occurs in response to TGF-b1 is

correlated with increased expression of a-sm actin. The
percentage of myofibroblasts immunostained for a-sm
actin was dramatically increased with TGF-b1 treat-
ment in a dose-dependent manner (Fig. 2A). Immuno-
staining for a-sm actin was restricted to bundles of
actin microfilaments within the myofibroblasts (see
Figs. 5A and 5C). An increase in the percentage of
myofibroblasts expressing a-sm actin was observed in
ll the cell strains examined (Table 1). The amount of

a-sm actin expressed in the entire cell population in-
creased with increasing concentrations of TGF-b1 as
measured by Western blot analysis (Fig. 2B). Similar
to what was observed for collagen lattice contraction,
neutralizing anti-TGF-b1 antibodies, when used at 1
mg/ml or above, reduced the percentage of cells express-

ing a-sm actin (Fig. 2C). These results demonstrate
that increased expression of a-sm actin in response to
TGF-b1 is correlated with increased force generation.

TGF-b1 Promotes Formation of Myofibroblast
Structural Elements

We wanted to determine whether TGF-b1 could en-
hance the formation of the structural elements that
characterize myofibroblasts. Stressed collagen lattices
containing myofibroblasts were cultured in the pres-
ence or absence of 100 pg/ml TGF-b1 for 5 days fol-
lowed by fixation. Staining with rhodamine phalloidin,
a fluorescent probe that binds f-actin, revealed that the

FIG. 2. TGF-b1 promotes increased expression of a-sm actin
expression in myofibroblasts in stressed collagen lattices. (A) Myofi-
broblasts within stressed collagen lattices were incubated for 5 days
in the presence of increasing concentrations of TGF-b1 and then

ouble stained with DAPI and anti-a-sm actin antibody. The per-
centage of myofibroblasts expressing a-sm actin was increased with
increasing concentration of TGF-b1. (B) Myofibroblasts within
stressed collagen lattices were incubated for 5 days in the presence of
increasing concentrations of TGF-b1; a-sm actin and total actin (all
actin isoforms) were then evaluated by Western blot analysis of
equal numbers of cells. Treatment with TGF-b1 resulted in in-
reased expression of a-sm actin compared with total actin. (C)

Myofibroblasts within stressed collagen lattices were incubated for 5
days in the presence of 100 pg/ml TGF-b1 containing either increas-
ng concentrations of a TGF-b1-neutralizing antibody or a control

chicken IgY antibody. Myofibroblasts were double stained with DAPI
and anti-a-sm actin antibody. The increase in the percentage of cells
expressing a-sm actin in response to TGF-b1 was blocked by anti-
TGF-b1 antibody.
thickness and number of stress fibers increased with
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TGF-b1 treatment (Figs. 3A and 3B). To investigate
the effect of TGF-b1 on the fibronexus adhesion com-

lex, we examined the distribution of the actin-binding
rotein vinculin, which has previously been shown to
e located in this complex [6]. Vinculin immunostain-
ng in untreated cultures was dispersed over the cell
ody and organized into small linear vinculin-contain-
ng adhesion complexes at the periphery of the cell
Fig. 3C). In contrast, TGF-b1 treatment resulted in a

dramatic increase in the number and size of the linear
vinculin-containing adhesion complexes (Fig. 3D). To

FIG. 3. TGF-b1 enhances assembly of stress fibers, vinculin-
containing adhesion complexes, and ED-A FN fibrils. Myofibroblasts
within stressed collagen lattices were treated for 5 days in the
absence (A, C, E, G) or presence (B, D, F, H) of 100 pg/ml TGF-b1.
Myofibroblasts were double labeled with rhodamine phalloidin (A, B)
and with anti-vinculin antibody (C, D) and visualized by confocal
microscopy. When compared with controls, TGF-b1 increased the
ssembly of stress fibers and vinculin-containing adhesion com-
lexes. Total fibronectin (E, F) and ED-A FN (G, H) were visualized
sing immunofluorescence. TGF-b1 promoted the assembly of both

total and ED-A fibronectin. Magnification: A–D, 3753; E–H, 3253.
quantitate this size increase, we measured these com-
plexes in control and TGF-b1-treated stressed collagen
lattices. The size of these fibronexus adhesion com-
plexes increased with TGF-b1 treatment (Fig. 4). We
also investigated whether FN fibril assembly was in-
creased with TGF-b1 treatment. Immunofluorescence
using a monoclonal antibody recognizing all FN iso-
forms demonstrated that FN fibril assembly was in-
creased with TGF-b1 treatment (Figs. 3E and 3F).
Previous work has demonstrated that the expression of
the ED-A FN is increased with TGF-b1 treatment and
is present in tissues containing myofibroblasts [32, 40].
Immunostaining with an antibody specific to ED-A FN
showed increased assembly of this FN isoform in re-
sponse to TGF-b1 (Figs. 3G and 3H).

TGF-b1-Enhanced Formation of Myofibroblast
Structural Elements Is Independent
of a-sm Actin Expression

During our study, we noticed that all of the myofi-
broblasts treated with TGF-b1 appeared to show in-
creased assembly of these structural elements, in con-
trast to immunostaining for a-sm actin, which only
stained a subset of the cells (20–30%). To further ex-
amine this finding, we performed double labeling of
myofibroblasts that had been treated with TGF-b1. We
found that increased assembly of stress fibers, vincu-
lin-containing adhesion complexes, and ED-A FN
fibrils could be found in both a-sm actin positive and
a-sm actin negative myofibroblasts (Fig. 5). These re-
sults demonstrate that increased assembly of these
structural elements occurs with TGF-b1 treatment;
however, increased assembly of the structural ele-
ments is not correlated on an individual-cell basis with
the expression of a-sm actin.

We next examined whether there was a temporal
correlation between the enhanced formation of these

FIG. 4. TGF-b1 increases the size of vinculin-containing adhe-
sion complexes in myofibroblasts. Myofibroblasts within stressed
collagen lattices were treated for 5 days with increasing concentra-
tions of TGF-b1. Myofibroblasts were immunostained with anti-
inculin antibody and the size of focal adhesions determined.
GF-b1 increased the size of vinculin-containing adhesion com-
plexes.
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structural elements and the expression of a-sm actin in
GF-b1-treated myofibroblasts. Myofibroblasts were

cultured in stressed collagen lattices for 5 days to allow
for the initial formation of stress fibers, fibronexus
adhesion complexes, and fibronectin fibrils followed by
treatment with 100 pg/ml TGF-b1 for up to 4 days.
Myofibroblasts were analyzed at days 1–4 post-
TGF-b1 treatment for formation of these structural
elements and percentage of cells expressing a-sm actin.
The percentage of cells expressing a-sm actin did not
increase until 2 days posttreatment and continued to

FIG. 5. Differential effect of TGF-b1 treatment on a-sm actin
xpression and assembly of structural elements. Myofibroblasts
ithin stressed collagen lattices were treated for 5 days with 100
g/ml TGF-b1 followed by preparation for immunocytochemistry.
ouble staining for a-sm actin (A, C) and stress fibers (B) or vinculin

(D) shows that the majority of cells have increased stress fiber and
vinculin staining, but only a subset of cells stain positively for a-sm
actin. Color photo (E) shows a small proportion of a-sm actin positive
cells (orange) and a large number of ED-A FN staining cells (green).
Colocalization of staining appears yellow. Magnification: 1253 (A,
B), 1753 (C–E).
increase at 4 days posttreatment (Fig. 6A). In contrast, r
the size of vinculin-containing adhesion complexes was
increased 1 day posttreatment and reached a maxi-
mum by 2 days posttreatment (Fig. 6B). The enhanced
formation of stress fibers and FN fibrils in response to
TGF-b1 followed a similar temporal pattern to that of
the vinculin immunostaining (not illustrated). These
results demonstrate that the enhanced formation of
structural elements in myofibroblasts in response to
TGF-b1 occurs prior to a-sm actin expression.

The Myofibroblast Phenotype Is Partially Reversed
after Removal of TGF-b1

To determine whether the effects we observed in
response to TGF-b1 could be reversed, TGF-b1-treated
5-day stressed collagen lattices were washed and incu-
bated for an additional 10 days in the presence or
absence of TGF-b1. Removal of TGF-b1 after 5 days of
treatment lowered the percentage of myofibroblasts
expressing a-sm actin compared to 15-day TGF-b1

FIG. 6. TGF-b1-enhanced formation of vinculin-containing ad-
hesion complexes occurs prior to a-sm actin expression. Myofibro-
blasts were cultured for 5 days within stressed collagen lattices
followed by treatment for 1–4 days with or without 100 pg/ml
TGF-b1. (A) Myofibroblasts were double stained with DAPI and
anti-a-sm actin antibody and the percentage of myofibroblasts ex-
pressing a-sm actin determined. TGF-b1 did not increase a-sm actin
xpression until 2 days posttreatment and expression continued to
ncrease dramatically between 3 and 4 days posttreatment. (B) Myo-
broblasts were immunostained with anti-vinculin antibody and the
ize of focal adhesions determined. TGF-b1 began to increase the size
f vinculin-containing adhesion complexes 1 day posttreatment and

eached a maximum by 2 days posttreatment.
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186 VAUGHAN, HOWARD, AND TOMASEK
treatment (from 37 to 17%) to near levels of untreated
15-day stressed collagen lattices (15%) (data not
shown). Similarly, the removal of TGF-b1 resulted in
tress fibers and vinculin-staining adhesion complexes
hat resembled those in untreated, 15-day stressed
attices (Figs. 7A–7C). However, FN fibrils, stained
ith the anti-total FN antibody IST-4 were not reduced

Figs. 7D–7F). These results suggest that removal of
GF-b1 reduces the expression of a-sm actin and the
ssembly of stress fibers and vinculin-containing adhe-
ion complexes, but does not result in a loss of previ-
usly assembled FN fibrils.

DISCUSSION

The expression of a-sm actin and the formation of
stress fibers, vinculin-containing adhesion complexes,
and FN fibrils are the primary criteria for determining
the differentiation of nonmuscle cells into contractile
myofibroblasts. TGF-b1 will increase the expression of
a-sm actin in myofibroblasts cultured within three-
dimensional stressed collagen lattices. The significance
of this increased expression of a-sm actin with regard
to function has not been fully established. We demon-
strate for the first time that TGF-b1 will increase gen-
eration of contractile force by myofibroblasts and that
increased contractile force generation is correlated

FIG. 7. Removal of TGF-b1 decreases assembly of vinculin-con-
aining adhesion complexes but not fibronectin fibrils. Myofibro-
lasts within stressed collage lattices were cultured for 15 days with
GF-b1 (A, D), 5 days with TGF-b1 followed by 10 days without
GF-b1 (B, E), or 15 days without TGF-b1 (C, F). Myofibroblasts
ere fixed and stained with anti-vinculin antibody (A–C) or anti-

otal fibronectin antibody (D–F) Magnification: 2753 (A–C), 753
D–F).
with increased expression of a-sm actin. These results
strongly suggest that the function of increased expres-
sion of a-sm actin is to increase the generation of
contractile force. We also demonstrate that TGF-b1
will enhance the formation of stress fibers, vinculin-
containing adhesion complexes, and FN fibrils by myo-
fibroblasts and that this enhanced formation of struc-
tural elements is independent of a-sm actin expression.
The assembly of these structural elements may actu-
ally be a prerequisite for TGF-b1-increased a-sm actin
expression and force generation. In our culture condi-
tions, this phenotype was not stable, in that with-
drawal of TGF-b1 resulted in the reversal of all ob-
served increases except for assembled FN fibrils, which
remained in the ECM. We propose that TGF-b1 first
promotes the enhanced formation of the structural el-
ements that characterize the myofibroblast followed by
increased expression of a-sm actin and contractile force
generation (Fig. 8).

The novel finding that TGF-b1 enhances the forma-
tion of stress fibers, vinculin-containing adhesion com-
plexes, and FN fibrils independent of a-sm actin ex-
pression is supported by two lines of evidence. First, all
of the myofibroblasts in stressed collagen lattices
treated with TGF-b1 have enhanced formation of the
structural elements, while only a maximum of 35%
have increased expression of a-sm actin in response to
TGF-b1. Second, enhanced formation of the structural
elements occurs prior to increased expression of a-sm

FIG. 8. Mechanism by which TGF-b1 promotes the morphologi-
cal and functional differentiation of the myofibroblast. TGF-b1 is

roposed to enhance the formation of the structural elements impor-
ant in myofibroblast contractile force generation and transmission,
ncluding stress fibers, vinculin-containing fibronexus adhesion com-
lexes, and fibronectin fibrils. The enhanced formation of these
tructural elements would occur prior to, and independent of, a-sm
ctin expression. TGF-b1, in combination with the enhanced forma-
ion of structural elements, is proposed to increase the expression of

a-sm actin. This increased expression of a-sm actin would result in

increased generation of contractile force.
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actin. The mechanism by which TGF-b1 enhances
structural element formation is unclear. TGF-b1 has
been previously demonstrated to increase the expres-
sion and assembly of FN [29, 41], which can provide
outside-in signals promoting focal adhesion and stress
fiber formation [30, 31]. TGF-b1 can also increase the
xpression of integrin receptors [42] and vinculin [43],
oth components of the fibronexus adhesion complex,
nd could potentially enhance the formation of these
tructural elements. Our results suggest that the for-
ation of these structural elements may actually be a

rerequisite for TGF-b1-induced expression of a-sm
actin, consistent with the observations of Serini and
co-workers that increased expression of a-sm actin in
response to TGF-b1 requires the presence of fibrillar
ED-A FN [32]. We propose a temporal relationship:
TGF-b1 first promotes enhanced formation of the
structural elements characterizing the myofibroblast
followed by increased expression of a-sm actin and
increased force generation (Fig. 8).

We have also demonstrated that TGF-b1 increases
the generation of contractile force by myofibroblasts, as
measured using stress-relaxed collagen lattices. We
specifically chose the stressed-relaxed collagen lattice
model for this study because it measures the relative
amount of contractile force generated by the myofibro-
blasts within the collagen lattice [25–27]. Myofibro-
blasts within the collagen lattice undergo isotonic con-
traction upon stress release, most likely the result of
stress fiber contraction, resulting in the rapid contrac-
tion of the collagen lattice [25–27]. Numerous other
investigators have demonstrated that TGF-b1 can pro-

ote collagen lattice contraction; however, all of these
tudies were examining either free-floating [16–22] or
ompliant collagen lattices [23, 24]. Lattice contraction
n these models occurs over hours or days and is the
esult of tractional force-mediated matrix remodeling
ue to cell motility and appears to be regulated by a
ifferent signaling pathway than contraction of stress-
elaxed collagen lattices [26, 27, 44]. In addition, fibro-
lasts in floating collagen lattices lack the structural
lements defining the myofibroblastic phenotype [26].
ur study directly demonstrates for the first time that
GF-b1 can increase contractile force generation in

myofibroblasts.
Our results demonstrating a correlation between

a-sm actin expression and contractile force generation
strongly support the hypothesis that increased expres-
sion of a-sm actin promotes increased force generation.
Consistent with these results, we have previously dem-
onstrated a correlation between a-sm actin expression
and contraction of stress-relaxed collagen lattices in
different strains of cultured Dupuytren’s myofibro-
blasts [15]. Other studies have presented evidence that
increased a-sm actin expression correlates with in-

creased collagen lattice contraction; however, these are
difficult to interpret since the lattice contraction in
these studies was the result of tractional force rather
than contractile force [16, 22, 24, 45]. Different actin
isoforms may have functional differences [13]. a-sm
actin is functionally sorted to contractile stress fibers,
while b-actin predominates in the highly motile lamel-
lopodia of cultured pericytes [12]. Similarly, the ex-
pression of a-sm actin has been inversely correlated
with the motility of myofibroblasts; antisense oligonu-
cleotides to a-sm actin will enhance the migration of
cultured myofibroblasts [14]. While we propose that
increased expression of a-sm actin is responsible for
increased force generation, it is possible that the en-
hanced formation of myofibroblast structural elements
accounts for at least some of the increased force gen-
eration. Currently, it is not possible to determine how
much each of these contribute to increased force gen-
eration; however, it is clear that together they result in
increased generation of contractile force by myofibro-
blasts in response to TGF-b1.

The mechanism by which TGF-b1 promotes in-
creased force generation in myofibroblasts is different
from what has been reported for other contractile ago-
nists, such as FBS, thrombin, and LPA. These agonists
appear to promote contraction by the activation of spe-
cific intracellular signaling cascades resulting in in-
creased myosin light chain phosphorylation and con-
tractility [27, 46, 47]. TGF-b1 by itself does not
promote contraction; rather, it enhances the contrac-
tile responsiveness of stress-relaxed collagen lattices to
these contractile agonists. We propose that TGF-b1
promotes the differentiation of a more contractile phe-
notype, including increased formation of structural el-
ements and expression of a-sm actin, both resulting in
enhanced myofibroblast contraction.

The myofibroblast phenotype that develops in re-
sponse to TGF-b1 is not stable. It has been previously
demonstrated that removal of TGF-b1 results in de-
creased expression of a-sm actin [48]. We show here
that removal of TGF-b1 also results in a return of
stress fibers and vinculin-containing adhesion com-
plexes to control levels. In contrast, assembly of FN
fibrils, including ED-A FN, did not return to control
levels after TGF-b1 removal. These results suggest
that the presence of ED-A FN fibrils, in the absence of
TGF-b1, was insufficient to maintain the enhanced
myofibroblast phenotype.

The role of TGF-b1 during wound healing may be
biphasic. Initially, TGF-b1 may function to increase
fibroblast migration into the wound, based on its abil-
ity to stimulate fibroblast chemotaxis and cell migra-
tion [49]. Tractional forces exerted by these migratory
fibroblasts could promote initial wound closure. With
time, however, resistance would increase and, similar
to stressed collagen lattices, tension would begin to

develop [26]. Under these conditions, the fibroblasts
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would begin to acquire the myofibroblast phenotype,
with the formation of stress fibers, fibronexus adhesion
complexes, and FN fibrils. TGF-b1 would enhance the
formation of these structural elements similar to myo-
fibroblasts in stressed collagen lattices. ED-A FN ex-
pressed in response to TGF-b1 would become assem-
bled into FN fibrils. TGF-b1 and ED-A FN may act
synergistically to promote a-sm actin expression [32],
which could serve as a brake for cell migration, favor-
ing increased force generation and increased tension.
In addition, increased tension could provide a positive-
feedback mechanism to enhance both ED-A FN assem-
bly and signaling from TGF-b1. If the signaling from
ED-A FN and TGF-b1 were to continue, a pathological
ontracture, such as Dupuytren’s disease, would occur.
his model provides a basis by which these steps can
ow be tested both in vitro and in vivo.
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