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ABSTRACT Myofibroblasts, defined by their expression
of smooth muscle a-actin, appear at corneal and dermal
incisions and promote wound contraction. We report here that
cultured fibroblasts differentiate into myofibroblasts by a cell
density-dependent mechanism. Fibroblasts seeded at low den-
sity (5 cells per mm?) produced a cell culture population
consisting of 70-80% myofibroblasts, 5-7 days after seeding.
In contrast, fibroblasts seeded at high density (500 cells per
mm?) produced cultures with only 5-10% myofibroblasts.
When the myofibroblast-enriched cultures were subsequently
passaged at high density, the smooth muscle a-actin pheno-
type was lost within 3 days. Furthermore, initially 60% of the
low-density-cultured cells incorporated BrdUrd compared to
30% of cells passaged at high density. Media from myofibro-
blast-enriched cultures had more latent and active transform-
ing growth factor B (TGF-) than did media from fibroblast-
enriched cultures. Although there was a trend towards in-
creased numbers of myofibroblasts after addition of
exogenous TGF-B, the results did not reach statistical signif-
icance. We conclude that myofibroblast differentiation can be
induced in fibroblasts by plating at low density. We propose
a cell density-dependent model of myofibroblast differentia-
tion during wounding and healing in which at least two factors
interact: loss of cell contact and the presence of TGF-.

Myofibroblasts are essential to wound contraction and healing
(1). They differentiate from fibroblasts and are characterized
by the presence of stress fibers containing the a-actin isoform
that is expressed in smooth muscle (SM) cells (2-5). In the
cornea, fibroblasts adjacent to an incision quickly become
myofibroblasts (6). Myofibroblasts disappear with the com-
pletion of healing; the continuous presence of myofibroblasts
is characteristic of abnormal healing as in fibrotic lesions (7).

In the normal cornea, quiescent fibroblasts are connected to
one another via gap junctions (8, 9). Immediately after wound-
ing, fibroblasts become activated, exhibit protein synthesis, and
lose cell-cell contact (10, 11). Cell-cell connections are also
disrupted when quiescent corneal fibroblasts are placed in
culture and become activated. Cultured corneal fibroblasts
have been used to model aspects of the wounded cornea. For
example, we found that de novo expression in situ of the
fibronectin receptor in corneal fibroblasts after wounding is
mimicked by de novo expression of the fibronectin receptor in
fibroblasts cultured from corneal fibroblasts (12).

We have used cultured corneal fibroblasts as a model system
with which to examine mechanisms of differentiation during
wound healing (13, 14). In the current study, we passaged
corneal fibroblasts at low density (absent contact) or high
density (immediate contact). We report that two factors
interact for the conversion of fibroblasts to myofibroblasts: loss
of cell-cell contact and action of transforming growth factor
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B (TGF-B). Thus, although TGF-f is necessary to this process,
it is not sufficient.

MATERIALS AND METHODS

Preparation of Cultured Corneal Fibroblasts. After remov-
ing the epithelium and endothelium from extirpated rabbit
corneas, we prepared and passaged corneal fibroblasts as
described previously and used them in passages 2-8 (12). For
studies of cells passaged at low density or high density, cells
were counted after trypsinization and passaged at 103 cells per
ml (5 cells per mm?) or 103 cells per ml (500 cells per mm?),
respectively, in a single well of a 24-well plate. For the
comparable cell density in a 100-mm dish, we passaged ~4 X
10* cells (low density) and 4 X 10° cells (high density),
respectively. Cells were cultured in 1:1 (vol/vol) Dulbecco’s
modified Eagle’s medium (DMEM)/Ham’s F-12 medium con-
taining 10% (vol/vol) fetal bovine serum (FBS) and antibiotics
(100 units of penicillin, 100 ug of streptomycin, 0.25 ug of
amphotericin B, and 50 pg of gentamicin per ml).

In one series of experiments, we used plasminogen-free FBS
obtained by two passages of the serum through a lysine-
Sepharose column (15). Plasminogen-free serum was tested
for residual plasminogen (plasmin) in a chromogenic assay for
plasmin after acid treatment (to inactivate plasmin inhibitors)
supplemented with urokinase plasminogen activator (16).

Immunocytochemistry. We identified myofibroblasts by im-
munodetection of SM a-actin (17). The cells were fixed on
coverslips with 3% p-formaldehyde in PBS containing 2%
sucrose and permeabilized in 20 mM Hepes/300 mM sucrose/
0.5% Triton/50 mM NaCl/3 mM MgCl,, pH 7.4, for 3 min at
0°C (18); aldehyde-induced fluorescence was quenched with
50 mM NH,Cl. After blocking nonspecific binding with 3%
(vol/vol) normal serum, we incubated the cells with mouse
monoclonal antibodies against SM a-actin and with rabbit
polyclonal antibodies against vinculin (Sigma). Primary anti-
bodies were visualized with rhodamine-labeled anti-mouse IgG
and fluorescein-labeled anti-rabbit IgG. F-actin-containing stress
fibers were visualized with rhodamine- or fluorescein-labeled
phalloidin (Sigma). Coverslips were viewed with a Zeiss Axiomat
microscope equipped for epifluorescence and differential inter-
ference contrast and were photographed on Kodak TMAX 3200
(exposed at 6300 ASA). Each experimental condition was re-
peated at least three times. To quantitate the number of myofi-
broblasts and fibroblasts in each experimental condition, we
counted the SM a-actin-stained cells and the total number of cells
per coverslip in at least three randomly chosen microscopic fields
at x50 (total cells, >100). Differences were analyzed by the
two-tailed ¢ test; results were considered significant if P < 0.05.

Immunoblot Analysis. Cells plated at low and high density
in 100-mm diameter dishes were grown for 7 days and lysed in

Abbreviations: TGF-, transforming growth factor B; SM, smooth
muscle; FNR, fibronectin receptor.
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1% SDS sample buffer. Equal amounts of protein, determined
with the Pierce micro-BCA (bicinchoninic acid) method, were
separated by reducing electrophoresis on 10% polyacrylamide
gels.

Proteins were transblotted to nitrocellulose membrane (Bio-
Rad), and SM ea-actin was detected by an isoform-specific
mouse monoclonal antibody (Sigma), followed by anti-mouse
IgG-alkaline phosphatase detection (Pierce). Nonmuscle cal-
ponin was detected with rabbit anti-acidic calponin [D. Apple-
gate (19)], followed by anti-rabbit IgG-alkaline phosphatase
treatment. Coomassie blue staining of companion gels was
used to confirm that similar amounts of protein were loaded
onto each lane.

Cell Proliferation. Either 1 or 18 hr before fixation, cells
cultured on coverslips were incubated with BrdUrd. Incorpo-
rated BrdUrd was detected immunocytochemically with flu-
orescein isothiocyanate (FITC)-labeled anti-BrdUrd after
DNA denaturation (4 M HCI for 30 min at room temperature)
and viewed and quantitated as described above.

Bioassay for TGF-B. We used a specific nonradioactive
bioassay for active TGF-B1, -B2, and -B3 based on the induc-
tion by TGF of a construct carrying the gene for plasminogen
activator inhibitor 1 and the luciferase promoter (PAI-1/L) in
Mink lung epithelial cells (MLECs) (20). MLECs stably trans-
fected with PAI-1/L were plated in 96-well tissue culture
dishes at 1.6 X 10* cells per well and allowed to attach (for 3
hr at 37°C under 95% air/5% CO,). The medium was replaced
with DMEM/F-12 containing 0.1% bovine serum albumin
(BSA) and TGF-B (Becton Dickinson) at §, 10, 25, 100, 250,
or 500 pg/ml or replaced by test samples for 14 hr at 37°C. Test
samples were media from high- or low-density cell cultures,
cultured for up to 7 days in DMEM/F-12 containing 1% FBS.
(Myofibroblast content of the cultures was verified by immu-
nofluorescent detection of SM a-actin in fixed cells at day 7.)
To measure total (latent plus active) TGF-p, an aliquot of each
sample was heat-activated (80°C for 5 min) prior to testing. We
assayed luciferase activity by using a kit (Analytical Lumines-
cence Laboratory, San Diego) and standard curve generated
with known concentrations of TGF-p.

Exogenous TGF-B. Cells were diluted for high- or low-
density cell passage and suspended in DMEM/F-12 containing
1% FBS and 2 ng of TGF-B (Becton Dickinson) per ml
Furthermore, in two sets of experiments, the medium was
replaced every other day with the same fresh medium.

RESULTS

Cell Density-Dependent Myofibroblast Differentiation.
When corneal fibroblasts were plated at low density (5 cells per
mm?), they required 7-10 days to reach confluence, at which
time the majority of cells were found to be myofibroblasts. Fig.
1A4 depicts a representative culture, fixed at 7 days after

Fig. 1. Myofibroblasts predominate in cultures derived from cells
passaged at low density. Immunocytochemical localization of SM
a-actin in cultures 7 days after passage as low-density (4) or as
high-density (B) cultures. Fibroblasts passaged at low density (4) have
become myofibroblasts as indicated by SM a-actin staining of stress
fibers in all of the cells in the field. These are lacking in the high-density
cultures (B). In B the dotted lines indicate the borders of an individual
fibroblast. (Bar = 50 um.)
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low-density cell passaging: 80% of the cells were identified as
myofibroblasts, based on SM a-actin expression. In contrast,
Fig. 1B shows that the fibroblast phenotype was maintained
when fibroblasts were passaged at confluence by splitting at 1:2
or 1:3 dilution, yielding 500 cells per mm? (21).

Cells at the high density seedings (500 cells per mm?)
reached confluence in 2-3 days. In two representative corneal
fibroblast cultures fixed on days 3, 5, or 7 after high-density
passaging, 3%, 0%, and 6% of the fibroblasts, respectively,
were identified as myofibroblasts whereas 28%, 61%, and 80%
were myofibroblasts after low-density passaging. Inmunoblots
of lysates of confluent cells demonstrated SM a-actin in the
low-density cultures, but not in the high-density cultures (Fig.
2).
When cells were plated at an intermediate density, 50 cells
per mm?, the percent myofibroblasts in the culture was also
intermediate—e.g., on day 5 70% of the cells stained for SM
a-actin in a low-density culture, 35% in an intermediate-
density culture, and 3% in a high-density culture.

We did not directly assess the role of growth factors present
in FBS in the density-dependent myofibroblast differentiation.
However, comparable percentages of SM a-actin-positive cells
were seen in low-density cultures grown in DMEM/F-12
containing either 1% or 10% FBS when the cells were first
allowed to attach in DMEM/F12 with 10% FBS for several
hours prior to decreasing the concentration of FBS. It is
unlikely that this is solely an effect on cell adhesion, since
plating the cells on fibronectin-coated coverslips cannot sub-
stitute for the presence of 10% serum (data not shown).

Furthermore, the myofibroblast phenotype was maintained
in cultures that were allowed to grow for 7 days past confluency
(data not shown). Of interest, subsequent low-density plating
of myofibroblast cultures perpetuated the myofibroblast phe-
notype: SM ea-actin-positive cultures that arose from cells
grown at low density in medium containing 10% FBS that were
then replated at low density yielded a confluent culture in
which SM a-actin expression remained high.

However, the myofibroblast phenotype is not a state of
terminal differentiation. Cells of an SM a-actin-positive cul-
ture, subsequently trypsinized and plated at high density—e.g.,
500 cells per mm?>—exhibited a dramatic decrease in SM
a-actin expression in the resultant confluent cultures (Fig. 3).
Thus, the fibroblast and myofibroblast phenotype continued to
be dependent upon the cell density at plating.

Myofibroblasts also differentiated from noncorneal fibro-
blasts when they were plated as low-density cultures. In
cultures grown for 5-7 days after low-density plating, myofi-
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FiG. 2. Anti-SM a-actin detects a protein in lysates of myofibro-
blasts (lanes MF) but not fibroblasts (lanes CF) (arrowhead). In each
lane, 20 pug of protein was electrophoresed and either stained with
Coomassie blue or transferred to nitrocellulose and detected with
anti-SM ea-actin or anti-acidic calponin (nonmuscle calponin). No
significant difference is seen in the pattern of protein from both lysates
in the Coomassie blue-stained gel or in immunoblot detection of acidic
calponin, a nonmuscle form of an actin-binding protein which is
present in similar quantities in both lysates. In contrast, SM a-actin is
detected in lysates of myofibroblasts (MF) but not fibroblasts (CF).
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FiG. 3. The myofibroblast phenotype is not a terminal differenti-
ation. Immunocytochemical and immunoblot detection of SM a-actin
antibody. Myofibroblasts were passaged at high density and cultured
for 5 days. (4) The majority of cells lack organized stress fibers and
lack SM a-actin staining. The few SM a-actin-staining cells appear to
be growing on top of the confluent fibroblasts. (B) Immunoblot (30 pg
of protein per lane) of myofibroblasts lysed 7 days after low-density
passage (lane LD) or passaged at high density and cultured for an
additional 5 days as inA4 (lane HD). Immunodetectable SM a-actin was
greatly decreased after high-density passage.

broblasts were the majority cell type in primary cultures of
rabbit dermal fibroblasts, mouse corneal fibroblasts, mouse
dermal fibroblasts, human breast fibroblasts, and rat 6 cloned
fibroblasts (data not shown). Similarly SM «a-actin-positive
cells were the majority cell type 7-10 days after freshly isolated
SM a-actin-negative breast fibroblasts were plated as single
cells (22).

Characteristics of Myofibroblasts. Myofibroblasts were sig-
nificantly larger than fibroblasts (Fig. 1, 50 wm vs. 25 um wide,
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FiG. 4. Low-density cultures have actively proliferating cells. In-
corporation of BrdUrd added to the cultures for 18 hr before fixation
identifies actively prolifcrating cells in high- and low-density cultures
(A). BrdUrd was detected by using anti-BrdUrd conjugated to fluo-
rescein isothiocyanate (B and C). Cells from low-density culture were
fixed 7 days after plating and double labeled for SM «-actin and
BrdUrd incorporation. Whereas the majority of cells in the culture
were myofibroblasts (B), two nonmyofibroblasts had BrdUrd-labeled
nuclei (compare asterisks in B with C).
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FiG. 5. Addition of exogenous TGF-B increased the number of
cells staining for SM a-actin over non-TGF-B-treated cultures, but the
incrcase was not significant (P = 0.30). Cells were plated in DMEM/
F-12 containing 10% FBS, and then the medium was changed within
2 hr to DMEM/F-12 containing 1% FBS without (black bars) or with
(hatched bars) the addition of TGF-B at 2 ng/ml. In the high-density
cultures, the SM a-actin staining tended to be diffuse rather than
restricted to microfilaments.

respectively) and contained more protein per cell (1.5-2.0 mg
per 3 X 106 cells vs. 0.8-1.0 mg per 3 X 10° cells, respectively).

Although stress fibers of myofibroblasts stained for SM
a-actin, both fibroblasts and myofibroblasts were immunocy-
tochemically negative for desmin, basic (muscle) calponin, and
SM-20, a vascular smooth muscle protein (data not shown)
(23).

To determine the proliferative state of low-density and
high-density cultures, we evaluated BrdUrd incorporation into
nuclei. At 1, 3, and 7 days after plating, a larger proportion of
cells in the low-density cultures incorporated BrdUrd (Fig. 4).
In an apparent paradox, it was rare for a myofibroblast with
strong fibrillar SM a-actin staining to have a nucleus labeled
with BrdUrd. In fact, when they achieved confluence, neither
fibroblasts nor myofibroblasts incorporated BrdUrd.

TGF-B Effect. Previous studies have shown that TGF-f can
induce myofibroblast differentiation in dermal, breast, and
corneal fibroblasts (24-27). We also found that addition of
exogenous TGF-B (2 ng/ml) at the time of plating increased
the number of myofibroblasts. For cells seeded at high density,
the effect of TGF-B was greatest at day 3; however, at the end
of 7 days there were few or no myofibroblasts, even when fresh
TGF-B was added every other day. In contrast, exogenous
TGF-B added to cells plated at low density enhanced the
appearance of SM a-actin throughout the culture period (day
3 > day 5 > day 7) (Fig. 5). However, the increases were not
significant (P = 0.30).

Because fibroblasts grown on plastic secrete TGF-f3 (28), we
reasoned that autocrine TGF-f secretion might induce corneal
myofibroblast differentiation. At day 3 after plating, we de-
termined active TGF-f secretion, using a specific and sensitive
bioassay (20). In two separate experiments, the low-density
conditioned medium had active TGF- of 100 pg/ml, whereas
the high-density culture medium produced an activity of 5 or
25 pg/ml. (Total TGF-B, measured after heat activation of the
medium, was also higher in conditioned medium from cells
plated at low density compared with high-density plating: 250
pg/ml, compared with 25 or 50 pg/ml, respectively.) Thus,
although active TGF-B is present in the medium of cells plated
at high density, it is not effective at inducing myofibroblast
formation under these conditions. This is consistent with the
lack of myofibroblast differentiation in high density cultures
after the addition of exogenous TGF-B described above.

As indicated above, TGF-B is secreted in a latent form that
is activated in vivo by proteolysis (29). Many proteases, includ-
ing plasmin and its precursor, plasminogen, are found in FBS.
Plasminogen activator, found in culture medium, activates the
serum plasminogen, which can then activate TGF-8 (30). To
reduce TGF-B activation in one set of experiments, we plated
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and grew cells at low density in medium prepared with
plasminogen-depleted FBS (1% FBS*). In addition we added
aprotinin, a protease inhibitor. After 7 days, the cultures grown
in medium prepared with 1% FBS* and aprotinin contained
30% myofibroblasts compared with the 85% in DMEM/F-12
containing 1% FBS. Furthermore, if DMEM/F-12 containing
1% FBS* was replaced every other day, only 20% of the cells
were myofibroblasts. These results are consistent with SM
a-actin induction by an endogenous cytokine that is activated
by proteolysis.

DISCUSSION

The major finding of the present study is that fibroblast
populations can be directed into either the myofibroblast or
fibroblast phenotype by the density at which they are cultured.
Myofibroblasts have, as their signature, the expression of SM
a-actin. Myofibroblasts are not terminally differentiated but
can differentiate into fibroblasts upon rapid establishment of
cell-cell contact after passage under dense conditions.

TGF-f has been implicated as a regulatory agent in switch-
ing between fibroblasts and myofibroblasts. In the dermis,
myofibroblasts differentiate from fibroblasts after infusion of
active TGF-B in situ (24). In the normal cornea, there is
immunocytochemical evidence for several TGF-B isoforms
(31, 32), and TGF-B mRNA appears at corneal wound margins
(33). We found that sufficient TGF-p is secreted and activated
by cultured corneal fibroblasts to induce myofibroblast differ-
entiation.

Our data suggest that the absence of cell-cell contact is the
proximate cause of myofibroblast differentiation. Thus,
TGF-B added to or produced by high-density cells did not
cause the fibroblast to myofibroblast differentiation. One
hypothesis that would explain our results is that cell-cell
contact signals a decrease in the number of cell surface TGF-8
receptors (34). In any case, it seems likely that TGF-8 is
necessary, but not sufficient, for myofibroblast formation, and
that cell-cell contact is an overriding influence. Different
regulatory mechanisms are likely for vascular smooth muscle
cells in which cell-cell contact promotes the expression of SM
a-actin expression (35).

In addition to growth factors, the specific matrix composi-
tion may have inductive effects. For example, myofibroblasts
differentiate from hepatic lipocytes seeded on the EIIIA
isoform of fibronectin, an isoform found after hepatic wound-
ing (36). Similarly, since in high-density cultures when we
found myofibroblasts they were growing on top of a layer of
fibroblasts, we hypothesize that the fibroblast’s topography
and/or secreted matrix may be capable of inducing myofibro-
blast differentiation (37).

There is considerable evidence that the myofibroblast is a
contractile cell (1, 4). In parallel with the SM a-actin expres-
sion, the higher expression of integrins is consistent with the
greater adhesion of myofibroblasts to matrix protein and with
the provision of more insertion sites for the actin-based
contractile system of myofibroblasts (26). Also the ability of
myofibroblasts to produce tissue contraction could be greatly
enhanced by the insertion of actin in cell-cell adhesion mol-
ecules (e.g., cadherins). We have found along with SM a-actin
expression, actin-associated cell junctional proteins (cad-
herins) are synthesized and localized to myofibroblast cell-cell
borders. In contrast, in fibroblasts, the gap junctional protein
connexin43 is found in the fibroblast cell-cell junctions (38).
Taken together, the de novo synthesis in myofibroblast cultures
of SM a-actin (a contractile form of actin) and the increased
expression of cadherins, of integrins, and of matrix are con-
sistent with a role of myofibroblasts in promoting the contrac-
tion of wounds (6, 39, 40).

Our finding of density-dependent myofibroblast differenti-
ation has ramifications for the interpretation of experiments
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using subconfluent “fibroblast” cultures. Specifically, starting
a passage with few cells will produce a culture with high
numbers of myofibroblasts. In addition, the same “line” may
vary from passage to passage. The myofibroblast phenotype is
“lost” after high-density passage, and the fibroblast phenotype
is “lost” after low-density passage. Since there are physiolog-
ical differences between myofibroblasts and fibroblasts, (e.g.,
metalloproteinase secretion patterns, response to phorbol
esters and integrin expression), assay of cultures containing
different proportions of these two populations could provide
conflicting results (26).

These findings have physiological significance for corneal
wound healing. Plating cells at very low density mimics the
situation in the cornea after wounding, a condition in which
cell density is decreased by cell damage, infection, or inflam-
mation (41-44). Microscopically, after corneal wounding, stro-
mal fibroblasts are rounded, suggesting retraction of their
cytoplasmic extensions and loss of cell-cell contact (11). We
hypothesize that by plating the cells at low density, we have
reproduced the disconnection of one corneal fibroblast from
another. This allows myofibroblast differentiation in response
to TGF-B. After wounding, both corneal epithelium and
stroma are candidates for local TGF- secretion and activation
(33, 45, 46). We suggest that, in normal healing, reestablish-
ment of cell-cell contact is similar to culture at high density.
In this regard, the rapid turnover of SM a-actin mRNA may
facilitate rapid switching of phenotypes (47). Further study will
be required to evaluate the contribution of several factors,
including cell-matrix interaction, the role of integrins in
signaling, the role of junctional molecules in cell-cell adhesion
and communication, and the impact of cytokines and growth
factors in addition to TGF-B (28, 48, 49).
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