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Boateng, Samuel Y., Thomas J. Hartman, Neil Ahlu-
walia, Himabindu Vidula, Tejal A. Desai, and Brenda
Russell. Inhibition of fibroblast proliferation in cardiac myo-
cyte cultures by surface microtopography. Am J Physiol Cell
Physiol 285: C171–C182, 2003. First published April 2, 2003;
10.1152/ajpcell.00013.2003.—Cardiac myocyte cultures usu-
ally require pharmacological intervention to prevent overpro-
liferation of contaminating nonmyocytes. Our aim is to pre-
vent excessive fibroblast cell proliferation without the use of
cytostatins. We have produced a silicone surface with 10-�m
vertical projections that we term “pegs,” to which over 80% of
rat neonatal cardiac fibroblasts attach within 48 h after
plating. There was a 50% decrease in cell proliferation by 5
days of culture compared with flat membranes (P � 0.001)
and a concomitant 60% decrease (P � 0.01) in cyclin D1
protein levels, suggesting a G1/S1 cell cycle arrest due to
microtopography. Inhibition of Rho kinase with 5 or 20 �M
Y-27632 reduced attachment of fibroblasts to the pegs by over
50% (P � 0.001), suggesting that this signaling pathway
plays an important role in the process. Using mobile and
immobile 10-�m polystyrene spheres, we show that reactive
forces are important for inhibiting fibroblast cell prolifera-
tion, because mobile spheres failed to reduce cell prolifera-
tion. In primary myocyte cultures, pegs also inhibit fibroblast
proliferation in the absence of cytostatins. The ratio of amin-
opropeptide of collagen protein from fibroblasts to myosin
from myocytes was significantly reduced in cultures from
pegged surfaces (P � 0.01), suggesting an increase in the
proportion of myocytes on the pegged surfaces. Connexin43
protein expression was also increased, suggesting improved
myocyte-myocyte interaction in the presence of pegs. We
conclude that this microtextured culture system is useful for
preventing proliferation of fibroblasts in myocyte cultures
and may ultimately be useful for tissue engineering applica-
tions in vivo.

tissue engineering; cell culture; cell cycle

IN PRIMARY CULTURES of the neonatal heart, cell interac-
tions between myocytes and nonmyocytes have a pro-
found effect on myocyte behavior by both autocrine and
paracrine signaling pathways (21). Therefore, reten-
tion of the physiological numbers of nonmyocytes in
cell culture is highly desirable. Terminally differenti-
ated myocytes do not proliferate, but other cells in the

primary culture do. Unfortunately, excessive prolifer-
ation of the nonmyocytes occurs in the serum media
necessary for myocyte viability. Researchers often re-
strict cell division by using cytostatic drugs such as
cytosine �-D-arabino-furanoside (AraC) (15), but these
can induce apoptosis in many cell types (12). Thus the
elimination of such drugs from these cultures would be
beneficial.

A long-term goal of our group is to use biotechnolog-
ical approaches to recapitulate both the architecture
and surface chemistry (1, 20), in vitro, to obtain a more
biological phenotype in culture. In other studies, cells
have been embedded into extracellular matrix proteins
in an attempt to recapitulate some of their native envi-
ronment. For example, hepatocytes can be maintained in
culture for more than 40 days in a three-dimensional
(3-D) collagen gel sandwich compared with only 1 wk on
a conventional collagen monolayer (9). Fibroblasts dis-
play different expression and localization of integrin and
cytoskeletal components in tissue-derived 3-D matrices
and 3-D collagen lattices compared with the conventional
2-D culture systems (7).

Microtextured surfaces have also been used to gen-
erate 3-D environments for cells in culture. These sur-
faces, formed through photolithography and microfab-
rication, have been shown to alter the behavior of many
cells types (8, 13, 32). The spatial dimensions of the
surface topography play a critical role in regulating cell
behavior (32, 35).

In addition to providing a more 3-D environment for
cell attachment and growth, we have found that mic-
rotopography with 10-�m vertical silicone projections
also reduces fibroblast cell proliferation. We explore
some of the mechanical and signaling mechanisms by
which microtopography affects the cell cycle in cul-
tured cardiac fibroblasts from newborn rats. The mech-
anism of contact inhibition is usually thought to be
initiated and mediated by the interaction of cell surface
molecules with adjacent cells (25). Integrins in focal
adhesions play an important part in contact and mech-
anosensory processes (10). The force-induced assembly
of the focal adhesions can activate a number of signal-
ing pathways, including the Rho GTPase family, that
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affect cell adhesion, differentiation, proliferation, and
survival (11). We have taken advantage of this inhibi-
tory phenomenon to decrease fibroblast overgrowth in
cardiac myocyte culture without the use of chemical
cytostatins.

In this study, we cultured cells on microtopography
with vertical silicone projections that we have termed
“pegs” and show altered gene expression and a reduc-
tion of fibroblast cell proliferation more like that seen
in vivo. We show, by our use of mobile and immobile
chemically inert spheres, that reactive forces on the
attached cells in association with the vertical topogra-
phy produce these effects in the absence of an extra-
cellular matrix. Our results show that the interaction
with the microtopography is mediated, at least in part,
through the Rho signal transduction pathway. Fur-
thermore, we show that microtextured membranes re-
duce nonmyocyte proliferation in myocyte cultures,
thereby removing the unwanted side effects of phar-
macological intervention in these cells.

MATERIALS AND METHODS

Polymeric microtextured membranes. Microtextured poly-
meric membranes were fabricated by using the technique of
photolithography, in which silicon wafers are used as tem-
plates to reproduce complimentary microscale topographies
on the desired polymers. Silicone membranes were fabricated
as described previously (8) to produce 10-�m pegs projecting
from the flat surface of the culture dish (Fig. 1). Membranes
were sterilized in 70% ethanol for at least 1 h, rinsed, and
plated with fibroblasts. Some cells were grown on mem-
branes produced from flat parylene to assess the effects of
any trace chemicals on the otherwise inert silicone. Some
membranes were coated with laminin before myocyte plating
to assess surface chemistry. For experiments with fibro-
blasts, the silicone membranes were not coated with matrix,
but for myocytes, membranes were coated with 20 �g/ml
laminin (Sigma) in Dulbecco’s modified Eagle’s medium
(DMEM) Nutrient Mixture F-12 Ham (Sigma) for 5 h before
plating.

Myocyte and fibroblast cell cultures. Hearts were removed
from 1- to 2-day-old neonatal Sprague-Dawley rats and
placed in Moscona’s saline (136.8 mM NaCl, 28.6 mM KCl,
11.9 mM NaHCO3, 9.4 mM glucose, and 0.08 mM NaH2PO4,
pH 7.4) on ice. The atria were removed and washed several
times with cold Moscona’s and then with cold KRB I [118.4
mM NaCl, 2.4 mM MgSO4, 4.7 mM KCl, 23.8 mM NaHCO3,
1.5 mM KH2PO4, 11.1 mM glucose, 1 mg/ml BSA fraction V,
1 m/ml penicillin G/streptomycin (Sigma), and phenol red,
gassed with 5% CO2, pH 7.4] and minced with dissecting

scissors. The cells were dissociated at 37°C in a shaking
water bath for 10-min periods at 50 oscillations/min with a
collagenase type 2 at 0.42 mg/ml (Worthington Biochemical)
in KRB II [118.4 mM NaCl, 2.4 mM MgSO4, 4.7 mM KCl,
23.8 mM NaHCO3, 1.5 mM KH2PO4, 11.1 mM glucose, 20
mg/ml BSA fraction V, 1 m/ml penicillin G/streptomycin
(Sigma), and phenol red, gassed with 5% CO2, pH 7.4].
During the digestion, triturating the tissue through a can-
nula/syringe mechanically disrupted the tissue. The cells
released after the first digestion were discarded (fibroblast
and debris-rich mixture), whereas the cells from subsequent
digestions were added to 25 ml of KRB II and kept on ice.
After final collection, the cells were pelleted by centrifugation
(5,000 rpm for 6 min at room temperature). The supernatant
was discarded, and cells were resuspended in complete me-
dium [DMEM Nutrient Mixture F-12 Ham without L-glu-
tamine (Sigma), standard amino acid concentrations plus
palmitic (2.56 mg/l) and linoleic (0.84 mg/l) fatty acids, pen-
icillin G/streptomycin (1 mg/ml) and gentamicin (50mg/l)]
and then filtered through a metal sieve to filter out large
material. The resulting cell mixture was preplated for 1 h in
a 37°C CO2 incubator to plate out the fibroblasts. The re-
maining enriched myocytes were then plated at high density
(1,000 cells/mm2) either with or without 18 �M AraC.

Complete medium was then added to the preplated fibro-
blasts, and they were then cultured for another 2 days before
being passaged for fibroblast experiments. Primary myocytes
were obtained from neonatal rats according to Institutional
Animal Care and Use Committee and National Institutes of
Health Guidelines for the Care and Use of Laboratory Ani-
mals (NIH publication 85-23, Revised 1985).

For the fibroblast experiments, cell number was assessed
by cytometric counting after 1, 2, and 5 days following
trypsinization. Cell number on each surface was assessed by
averaging the counts from four dishes. Comparisons between
surfaces and days were made by normalizing all other con-
ditions to the day 1 flat dish average, which was expressed as
100%.

Cell attachment and proliferation. To determine the degree
of fibroblast cell attachment to 10-�m-high pegs, cells were
initially plated at a density of 100 cells/mm2 on flat or
microtextured membranes in 35-mm dishes. Digital images
were taken of the cells at various time points after plating.
For each time point, cells were counted from five micrographs
randomly taken. A cell was considered attached when one of
its extensions terminated on a peg. As a control, micrographs
were taken from cells on a flat dish, and attachments were
assessed by means of “virtual pegs” drawn on an overlay. The
number of cells that would have randomly attached to a
virtual peg was assessed and compared with the cells actu-
ally attached from pegged membranes. The percentage of
cells attached was measured over 5 days, and cell number per
unit area was measured from micrographs and confirmed by
cytometric counts after trypsinization.

Microtopography and cell proliferation. The microtopogra-
phy of polystyrene petri dishes was altered by the addition of
10-�m polystyrene microspheres. Spheres were either al-
lowed to remain free in the dish (mobile) or were immobilized
to the surface (immobile) by being heated to 80°C. Digital
phase microscopy was used to determine fibroblast morphol-
ogy. The cells were cultured for 24 h. Cell number per unit
area was measured from micrographs and confirmed by cy-
tometric counts after trypsinization.

Total DNA measurements. DNA was isolated from myo-
cytes by using the DNeasy tissue kit (Qiagen) after 4 days of
culture. DNA was measured spectrophotometrically and ex-
pressed as micrograms per 35-mm culture dish.

Fig. 1. Diagram of a silicone surface with microtopography showing
10-�m-high pegs in a rectangular pattern with 30- and 100-�m
spacing between them.
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Protein analysis by Western blotting. Protein preparations,
Western blots, and their analyses were performed as de-
scribed previously (2). We measured vimentin (Santa Cruz
Biotechnology), actin (Oncogene Research Products), �1-inte-
grin (Research Diagnostics), and cyclin D1 (Santa Cruz Bio-
technology) in fibroblasts. The expression of connexin43

(Transduction Laboratories), myosin heavy chain [Develop-
mental Studies Hybridoma Bank (DSHB)], and the amino-
propeptide of collagen (DSHB) was measured in myocyte/
fibroblast cultures. Peroxidase-conjugated secondary anti-
bodies of donkey anti-goat, donkey anti-mouse, and donkey
anti-rabbit (Research Diagnostics) were used. Cyclin D1 and

Fig. 2. Cell attachment and proliferation on flat or microtextured silicone surfaces. A–D: phase images show
fibroblasts after 2 and 5 days of culture. A: 2 days on flat silicone membranes. B: 2 days on silicone textured with
rows of 10-�m pegs. C: 5 days on flat silicone membranes. D: 5 days on silicone textured with rows of 10-�m pegs.
E: time course of cellular attachment to pegs over a 48-h period. For flat surfaces, superimposed “virtual pegs”
measured “attachment” over the same period. F: time course of cell proliferation over a 5-day period on both flat
and pegged surfaces. Cells were cultured on flat untextured membranes (F), pegged membranes (P), flat silicone
made from untextured parylene (U), and pegged membranes coated with laminin protein (L); numbers refer to the
number of days of culture. Plotted values are means � SE; n � 8 cultures in all groups. **P � 0.001, F2 vs. F5.
#P � 0.001, F5 vs. P5. *P � 0.001, P2 vs. P5. ##P � 0.05, P5 vs. U5.
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�1-integrin were measured from fibroblasts after 2 days in
culture on flat and pegged membranes and before the cells on
the flat membranes became confluent. In myocytes, protein
expression was assessed after 4 days of culture.

Immunocytochemical staining. Immunostaining was per-
formed as previously described (28) by using anti-focal adhe-
sion kinase (FAK) antibody (Upstate Biotechnology), anti-�-
tubulin (Sigma), anti-myosin (MF-20; DSHB), anti-amino-
propeptide of collagen (SP1.D8; DSHB), and appropriate fluo-
rescently labeled secondary antibodies. Counterstaining for
actin was done by using either Alexa Fluor 488 phalloidin
(Molecular Probes) or rhodamine-phalloidin (Molecular
Probes). The concentration of rhodamine-conjugated phalloi-
din was kept relatively low (1 in 1,000) so that nonstriated
actin staining was minimal. This provided a way of distin-

guishing between fibroblasts and myocytes. Membranes were
then mounted on glass slides, and Vectashield with 4�,6-
diamidino-2-phenylindole (DAPI; Vector Laboratories) was
added as a nuclear stain and anti-fade reagent. Stains were
visualized with a fluorescence microscope (Nikon Microphot-
FXA), and images were digitally captured with a Spot RT
Color Camera (Diagnostic Instruments).

Cell attachment and motility with Rho kinase inhibition.
To examine the role of focal adhesions in the cell attachment
to pegged microtopography, 5 or 20 �M Y-27632, a Rho
kinase inhibitor drug, was used on cardiac fibroblasts. For
these studies, cells were again plated at a density of 100
cells/mm2. The concentration of Y-27632 used to inhibit Rho
kinase was 100 times lower than that required to affect the
cell cycle in fibroblasts (24). The drug was added 6 h after
plating, and the medium with drug was changed once after
24 h. Photographs of cells with and without drug treatment
were taken as described above at 7, 24, and 48 h after plating
and attachment of fibroblast cells was assessed (i.e., at 1, 18,
and 42 h of drug treatment). The velocity of cell motility was
assessed by observing cells under phase microscopy with
time-lapse video and was recorded in real time. To measure
cell crawling velocity (in �m/min), a single cell was observed
for six 10-min intervals totaling 1 h. The distance that the
nucleus traveled over 10 min was then averaged. Each n
value represents one separate week of culture and contains
an average of 5–7 cells per culture. This velocity measure-
ment was repeated after application of Y-27632 for 2 h
following an initial 6 h of plating, namely, at 8 h after plating.

Cell crawl velocities were also measured after attachment
to pegs. Attachment to a peg was deemed to have taken place
when a cell extension was in contact with the peg and the
nucleus had begun to move toward the peg. The velocity of
the cell was once again determined as described above.

Statistical analysis. Data are presented as means � SE.
Sample number (n) was defined as a separate culture per-
formed at a different time from different animals. Data
groups were compared using one-way ANOVA followed by a
Turkey-Kramer multiple comparisons test. Significance was
taken at P � 0.05.

RESULTS

Cell proliferation and microtopography. Cells were
plated on 10-�m pegged silicone membranes with a
microarchitecture of micropegs providing a vertical
surface for the attachment of cells (Fig. 1). Figure 2, A
and B, shows fibroblasts after 48 h of culture on flat
and pegged membranes, respectively. At this time, cell
number was similar between the two surfaces. After 5
days of culture, there were fewer cells on membranes

Fig. 3. A: Western blots of cyclin D1 and actin protein of fibroblasts
from flat and pegged membranes. B: relative changes in cyclin D1

protein abundance in fibroblasts plated on flat and pegged surfaces.
Values are means � SE; n � 6 cultures. Cyclin D1 protein is
significantly reduced on pegged membranes compared with flat ones
(**P � 0.01). Actin protein was used as an internal control because
it was unchanged in both groups.

Fig. 4. A: Rho kinase inhibition and cellular attachment to microtopography. In the absence of Y-27632, there was
a significant increase in cellular attachment to vertical pegs (as in Fig. 2C) from 7 h (0 �M drug) to 48 h (0 �M drug)
(##P � 0.001). However, with 5 or 20 �M Y-27632, there was no significant increase in cellular attachment with
time. There is a significant difference with decreased attachment to pegs at 24 h (*P � 0.05) and at 48 h (**P �
0.001) with 5 �M Y-27632; the same is also true at the respective times (***P � 0.001 and ###P � 0.001) with 20
�M Y-27632. Values are means � SE; n � 6 cultures. B: effect of Rho kinase inhibition and microtopography on
cell motility using time-lapse videography. Rho kinase inhibition with Y-27632 at concentrations of 5 or 20 �M had
no effect on cell motility. However, the velocity of cell motility was significantly reduced after attachment to pegs
(**P � 0.001). Values are means � SE; n � 3 cultures. C: immunofluorescence of fibroblasts stained for focal
adhesion kinase (FAK; red) and 4�,6-diamidino-2-phenylindole (DAPI; blue). Cell x is attached to 3 pegs (P
indicates the position of each peg); cell y is growing on a flat area of the membrane and is not attached to a peg.
There is an intense accumulation of FAK protein in the cell near a peg compared with the cell on the adjacent flat
surface. D: immunofluorescence of fibroblasts labeled for tubulin (green) and nuclei (DAPI; blue). Cells x are
attached to 2 pegs, and the nuclei are drawn toward them and are distorted. Cell y is unattached to any pegs, and
the nucleus is undistorted.
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with pegs (Fig. 2, C and D). The time course of cellular
attachment shows a steady increase in the number of
cells that have attached to a peg over 48 h (Fig. 2E).
Attachment increased from under 30% at 2 h to over

80% at 48 h. To assess whether this appearance was
random, we compared scores taken by placing draw-
ings of pegs on top of micrographs taken of cells grown
on a flat dish. The number of cells that ended at the
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location of virtual pegs was constant at �12% between
2 and 48 h. There was a steady increase in cell number
over 5 days of culture on flat dishes, detected by count-
ing from micrographs (Fig. 2F). However, there was a
smaller increase in cell proliferation on pegged mem-
branes over that period (Fig. 2F). By 5 days of culture,
the cell number was twofold higher on flat membranes
compared with pegged ones. These numbers were ver-
ified by trypsinization and cytometric cell counts (data
not shown).

We ruled out any side effects due to residues of
fabrication by growing cells on untextured silicone
made from the same precursor template material
(parylene) as the microtextured membrane (Fig. 2F).
After 5 days in culture, the number of fibroblasts on the
parylene-derived flat membranes did not differ signif-
icantly from that on the flat membranes made without
parylene. To test whether the effects of the pegged
surface on cell proliferation would be observed in the
presence of a layer of surface matrix, we also counted
cells on laminin-coated membranes. Fibroblast cell
number was not significantly different on day 5 be-
tween the laminin-coated and uncoated pegged mem-
branes (Fig. 2F).

Fibroblast gene expression and microtopography. To
determine whether the inhibition of cell proliferation
was being regulated at the level of the cell cycle, we
measured cyclin D1 levels in fibroblasts from flat and
pegged surfaces. Measurements from fibroblasts were
taken at 48 h, a time when cell density was low and cell
number was comparable on both surfaces. On flat
membranes, cells were in the logarithmic phase of cell
proliferation. Examples of Western blots of cyclin D1
along with total actin in the same samples are pre-
sented (Fig. 3A) and quantified (Fig. 3B). On flat mem-
branes, fibroblasts expressed high levels of cyclin D1,
indicating that the cells were actively dividing. How-
ever, there was a significant 65% decrease in cyclin D1
levels from fibroblast cultures grown on pegged mem-
branes after 48 h of culture compared with those on flat
membranes. The ratio of �1-integrin expression to ac-
tin was increased by 30% (P � 0.05, n � 4 cultures) on
pegged membranes after 48 h of cultures (data not
shown). Actin and vimentin protein expression as-
sessed by Westerns remained unchanged between both
groups (data not shown).

Rho kinase and FAK and cell attachment to microto-
pography. To examine the possible role of focal adhe-
sions in the time-dependent increase in cellular attach-
ment to pegs, we used the drug Y-27632 to inhibit Rho
kinase. The concentrations chosen (5 and 20 �M) do
not inhibit fibroblast cell proliferation (24). The effects
of Rho kinase inhibition on cellular attachment to pegs
are shown in Fig. 4A. In the absence of drug there is a
steady and significant increase in the number of fibro-
blasts attached to pegs, and this rises to �70% after
48 h of plating, also shown in Fig. 2E. In contrast, cells
exposed to either 5 or 20 �M Y-27632 showed signifi-
cantly lower cellular attachment at 7 h, after just 1 h of
drug treatment. In the presence of Y-27632, there was
no significant increase in cellular attachment over the

48-h period. After 48 h (and 42 h of drug treatment),
the number of cells attached to pegs was less than half
that of untreated cells.

To determine the effect of Rho kinase inhibition on
fibroblast cell motility, we took time-lapse video mi-
croscopy of cells on flat surfaces in the presence of
Y-27632. The results in Fig. 4B show that both 5 and
20 �M concentrations of Y-27632 did not significantly
alter the velocity of cell motility. Cell motility on the
micropeg surfaces was also determined before and af-
ter attachment to pegs. When cells were unattached to
the vertical pegs, the motility was similar to that on
flat surfaces (data not shown). However, when a fibro-
blast encountered a peg, the velocity of its crawling
was significantly decreased by �75%, (P � 0.01). Thus
attachment to vertical pegs significantly reduces fibro-
blast cell motility (Fig. 4B).

Immunocytochemical staining of fibroblasts with
FAK showed that all cells had a punctate expression of
the protein around their periphery and below their
nuclei. However, there was extensive accumulation
around the pegs (Fig. 4C, cell labeled x), but cells that
were not attached to pegs showed significantly less
FAK accumulation (cell labeled y). Microtubules were
visualized immunochemically with a tubulin antibody,
and nuclei were observed with DAPI stain (Fig. 4D).
Microscopy showed that fibroblast nuclei were located
centrally when cultured on flat surfaces but moved
very close to the pegs and often became distorted after
cell attachment to a peg (Fig. 4D). The microtubules
also showed a strong eccentric distribution in fibro-
blasts attached to a peg.

Reactive forces and fibroblast proliferation. We hy-
pothesized that fibroblast proliferation depended on
either the vertical topography itself or the action-reac-
tion force pairs that exist between two objects as gov-
erned by Newton’s third law. Newton’s third law states
that for every action (force), there is an equal and
opposite reaction. This means that a cell moving
against or attached to a vertical peg would experience
a force, and this would be consequently exerted on the
cell membrane and transmitted to the rest of the cell
via the cytoskeleton. Phase images are shown of fibro-
blasts plated on an unmodified polystyrene dish after
24 h of culture (Fig. 5A), a dish modified with the
addition of unbound mobile microspheres (Fig. 5B), or
a dish modified with immobile spheres (Fig. 5C). Fibro-
blasts can move the mobile microspheres around. On
dishes with immobile spheres, fibroblasts migrated un-
til a sphere was contacted and then attached to it much
as the fibroblasts did to the pegged structures. The
percentage of cells on dishes with mobile spheres was
not significantly different from those cultured on flat
dishes at 24 h (Fig. 5D). However, on dishes with
immobile spheres there was a significant 35% reduc-
tion in cell number compared with flat dishes (P �
0.05). These experiments were performed to examine
whether the presence of microtopography alone could
inhibit cell proliferation or whether reactive forces
were also important.
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Control of fibroblast cell proliferation in myocyte cul-
tures. Control of overgrowth of rapidly proliferating
nonmyocytes (mainly fibroblasts) is a problem in car-
diac cell culture. Therefore, we compared the effective-
ness of pegged membranes in reducing the hyperplasia
of the remaining fibroblasts in myocyte cultures from a
commonly used DNA replication inhibitor, AraC (Fig.
6). After 4 days of culture, total DNA was measured
(Fig. 6A) and found to be 37% lower on pegged mem-
branes compared with flat ones (P � 0.01, n � 4
cultures). DNA replication was further reduced in the
presence of AraC. These results are substantiated by
images of cells stained to show the contractile proteins
actin and myosin as well as the cell nuclei (Fig. 6,
B–E). The conditions used during staining ensured
that actin was only visible in the striated myocytes. In
this way nonmyocytic cells could be distinguished.

The ratio of fibroblasts to myocytes was estimated by
using antibodies specific for myosin heavy chain, which
is expressed only in myocytes, and antibodies specific
for the aminopropeptide of collagen, which is produced
by fibroblasts. A typical Western blot of myocyte myo-
sin and fibroblast aminopropeptide of collagen is
shown in Fig. 7A and quantified in Fig. 7, B and C.
There was a significant increase in the amount of
myosin when cells on flat membranes were treated
with AraC (Fig. 7B). Myosin protein was not signifi-
cantly different between myocytes cultured on pegs
with AraC and those cultured on the pegs alone. The
protein level of the aminopeptide of collagen was sig-
nificantly decreased on pegged membranes compared
with flat ones (Fig. 7C). However, in the presence of
AraC, collagen was undetectable in cells from both flat
and pegged membranes. There was a significant 50%
decrease in the ratio of aminopropeptide of collagen to
myosin on pegged membranes compared with flat ones
(Fig. 7D). Thus on pegged membranes there is a lower
ratio of fibroblasts to myocytes after 4 days of culture.

Connexin43 expression and microtopography. We hy-
pothesized that the reduction in fibroblast number on
pegged membranes might alter myocyte-myocyte inter-
actions and communication. A typical Western blot of
connexin43 is shown in Fig. 8A. After 4 days of culture,
connexin43 protein levels were measured from cells
cultured on flat or pegged membranes (Fig. 8B), and a
significant 40% increase on pegged membranes com-
pared with flat ones was found (P � 0.05).

DISCUSSION

We have presented here the finding that a novel
microtopography with immovable pegs can alter gene

Fig. 5. Cell proliferation on microtopography with mobile or immo-
bile microspheres. A: fibroblasts cultured on a flat polystyrene petri
dish. B: fibroblasts on a flat petri dish with mobile 10-�m polystyrene
spheres. C: fibroblasts on a flat petri dish with immobilized 10-�m
polystyrene spheres. D: proliferation of fibroblasts after 24 h of
culture on the 3 surfaces shown in A–C. There was no difference in
cell number between cells cultured on a flat surface and on mobile
spheres. There was a significant difference in cell number between
those cultured on mobile and immobile spheres. **P � 0.05, flat vs.
immobile spheres. Values are means � SE; n � 3 cultures.
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Fig. 6. Effect of microtopography and cytosine �-D-arabino-furanoside (AraC), a cytostatin, on nonmyocyte
proliferation in primary cultures from rat neonatal heart. A: total DNA isolated from cells in culture 4 days was
37% lower per dish on pegged membranes compared with flat ones (*P � 0.01, flat vs. peg). In the presence of AraC,
DNA replication was further reduced (**P � 0.01, flat vs. flat � AraC; ##P � 0.01, peg vs. peg � AraC). Values are
means � SE; n � 4 cultures. B–E: primary cardiac cultures stained for nuclei with DAPI (blue), for myosin with
MF-20 (green), and for actin with phalloidin (red). Cells are seen growing on a flat membrane without AraC (B),
a pegged membrane without AraC (C), a flat membrane with AraC (D), and a pegged membrane with AraC (E).
Note that in B there are many fibroblasts with blue nuclei but with hardly discernable actin staining.
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expression in rat cardiac fibroblast and myocyte cul-
tures. We also have shown that inhibition of cell pro-
liferation can occur by non-cell-to-cell-mediated mech-
anisms, namely, the reactive force on the cell when it
meets a vertical topographic surface. Fibroblasts cul-
tured in gel matrices that also provide a 3-D environ-
ment appear to respond according to the nature of the
extracellular matrix to which they are exposed. For
example, collagen gels appear to inhibit fibroblast pro-
liferation, whereas 3-D tissue-derived matrices in-
creased their proliferation (7). In our experiments, in-
hibition of cell proliferation occured in the absence of
an added extracellular matrix and, taken with the
findings of the mobile microsphere experiments, sug-
gest that microforces also play an important role in the

process. Cellular attachment to pegs inhibited fibro-
blast proliferation and was associated with a decreased
expression of cyclin D1 protein, suggesting a G1/S1 cell
cycle arrest in these fibroblasts (16). These measure-
ments were taken at a time when cell density on both
surfaces was similar so that the only difference was the
presence of microtopography. This vertical attachment
to pegs appears to be focal adhesion dependent, be-
cause inhibition of Rho kinase significantly reduced
cellular attachment. A similar inhibition of cell prolif-
eration was also observed with 10-�m immobile
spheres but was limited if the spheres were free to
move. The role of a physical mechanism to inhibit cell
division is a novel finding that has not been previously
reported and may contribute to the well-known molec-

Fig. 7. A: Western blot of myosin and amino-
propeptide of collagen. Lanes 1–3, cells cul-
tured on flat membranes; lanes 4–6: cells cul-
tured on pegged membranes; lanes 7–9: cells
cultured on flat membranes with AraC;
lanes10–12: cells cultured on pegged mem-
branes with AraC; lane 13: fibroblasts only;
and lane 14: a left ventricle from an adult rat
heart. B: total myosin heavy chain from the 4
experimental groups. *P � 0.05, flat vs. flat �
AraC. Values are means � SE; n � 5 cultures.
C: total aminopropeptide of collagen on flat,
pegged, and AraC-treated membranes. *P �
0.05, flat vs. peg. In the presence of AraC,
collagen protein was not detectable. Values are
means � SE; n � 5 cultures; nd refers to a
value that was below detection level. D: ratio of
procollagen to myosin. There is a significant
difference between cells cultured on flat mem-
branes and cells cultured on pegged ones
(## P � 0.01). Values are means � SE; n � 5
cultures; nd refers to a ratio that could not be
calculated because collagen detection levels
were too low.

C179MICROTOPOGRAPHY AND CONTACT-INHIBITION IN FIBROBLASTS

AJP-Cell Physiol • VOL 285 • JULY 2003 • www.ajpcell.org



ular cell-cell interactions. We have taken advantage of
this new phenomenon to enrich myocyte cultures by
inhibiting fibroblast overgrowth with pegs without the
use of pharmacological agents.

The mechanism of contact inhibition has been previ-
ously attributed to an interaction of plasma membrane
glycoproteins such as gangliosides with membrane re-
ceptor protein tyrosine phosphatases on an adjacent
cell (25). Plasma membrane gangliosides are also
known to be lost in transformed cancer cells (29). In
addition to activation of receptor protein tyrosine phos-
phatases, cell-cell contact is thought to activate a pro-
tein called contactinhibin, which in turn inhibits mito-
genic pathways (25, 37). These targeted mitogenic
pathways are thought to be associated with receptor
protein tyrosine kinase and integrin-activated kinases
(23, 34). Our findings in this study cannot be explained
by the traditional view that contact inhibition is initi-
ated by proteins on adjacent cells because the silicone
pegs or polystyrene microspheres are synthetic and
inert.

We demonstrate here that fibroblasts attached to
pegs often experience distortion of the nucleus. This
distortion of the nucleus in response to the reactive
forces from the immovable topography may present
one mechanism by which fibroblasts alter their prolif-
eration in response to the pegs. Mechanical transduc-
tion of force from the extracellular matrix is transmit-
ted to the cytoskeleton through integrins (36). This can
lead to displacement of internal organelles, including
deformation of the nucleus (18). In chondrocytes,
changes to nuclear shape and volume in response to
mechanical compressive forces are also mediated by
the cytoskeleton (14).

FAK is a tyrosine kinase known to localize to sites of
cellular attachment at the focal adhesions (31) and has

been associated with both cell motility and survival.
Our study shows that the highest FAK expression is
localized around the region of adhesion to the peg. In
our model, this is associated with restricted motility
following cell attachment as observed by time-lapse
video microscopy. The increased concentration of FAK
near the peg is also associated with reduced cell pro-
liferation. These data are in contrast to earlier findings
that have associated FAK with increased DNA synthe-
sis and G1/S1 transition (5). However, FAK-negative
cells do not show reduced proliferation, suggesting the
role of FAK is more complex than has been previously
suggested (17). Our results show that inhibition of Rho
kinase reduces cellular attachment to the microtopog-
raphy. It is known that focal adhesion and stress fiber
formation is induced by the Rho family of G proteins
(10). Rho targets a number proteins, of which Rho
kinase (ROCK) is the best studied. After activation by
Rho-GTP, ROCK is able to phosphorylate the myosin-
binding subunit of myosin light chain (11). This process
is thought to be important in the regulation of focal
adhesion formation by ROCK. Our data clearly impli-
cate the Rho signaling pathway as being important in
the attachment of fibroblasts to vertical microtopogra-
phy.

After we observed that fibroblast proliferation was
reduced on pegged membranes, we sought to determine
whether this could alter fibroblast number in primary
myocyte cultures. Myocytes contribute to �75% of
myocardial size but make up only about one-third of
total myocardial cell number (21). Over 90% of these
nonmyocytes are thought to be fibroblasts (3) in the
myocardium. These fibroblasts secrete most of the ex-
tracellular matrix within the myocardium, producing a
3-D network of interacting cells. They play an impor-
tant physiological role in regulating the activities of
myocytes in vivo. Cardiac fibroblasts can modulate the
beating frequency of myocytes (27), alter the hypertro-
phic response of myocytes to growth factors (30) and to
mechanical load (38), and change the distribution of
extracellular matrix components to influence cardiac
development (4) and remodeling (26). The physiological
importance of the nonmyocytes in the myocardium
cannot be overstated. Yet, in primary neonatal cul-
tures, the nonmyocytes will overgrow the nondividing
myocytes without intervention. Our data show that
fibroblast proliferation in myocyte cultures is signifi-
cantly inhibited by the presence of the microtopogra-
phy.

The proliferation of nonmyocytes, mainly fibroblasts,
can also obscure the interpretation of in vitro experi-
ments so that neonatal cultures are usually treated
with bromodeoxyuridine (BrdU) (33) or AraC (6). We
have shown that the addition of AraC increases the
proportion of myosin protein in myocyte cultures due to
removal of fibroblast proteins, which dilute the myosin
present. Although these compounds reduce nonmyo-
cytic proliferation, they have a number of undesired
side effects on myocytes. BrdU is known to depress
myocyte contractility (22), and AraC induces apoptosis
(12, 19).

Fig. 8. A: Western blot of connexin43 (Cx43) from primary myocyte
cultures grown on flat (lanes 1–3) or pegged membranes (lanes 4–6).
B: Cx43 protein expression in cardiac cultures on flat and pegged
membranes. Cx43 expression was significantly increased on pegged
vs. flat membranes in the absence of AraC (*P � 0.05). Values are
means � SE; n � 4 cultures.
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Our data show that total DNA isolated from cells
cultured on untreated pegged membranes was reduced
compared with that from untreated flat membranes.
This was accompanied by an increase in the ratio of
myocyte-specific myosin to fibroblast procollagen and
an increase in connexin43 protein expression. These
data strongly suggest that our culture model increases
the ratio of myocytes to fibroblasts, allowing more
myocyte-myocyte interactions, without pharmacologi-
cal intervention.

In conclusion, we present a culture model in which
the microscale spatial arrangement of vertical silicone
pegs provides a novel 3-D environment for cellular
attachment in vitro. We show that cell proliferation
can be inhibited when a cell meets an inert immovable
object in the absence of an added extracellular matrix.
This inhibition leads to a similar response that a cell
performs when another cell is encountered. We also
demonstrate that the Rho signaling pathway plays an
important role in this process. The use of silicone gives
the potential for studies of mechanical strain in this
model of cell culture. The control of nonmyocyte prolif-
eration in vitro may ultimately be useful for tissue
engineering applications in vivo.
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