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Fibroblast responses to cyclic mechanical stretching depend on
cell orientation to the stretching direction

James H.-C. Wang*, Guoguang Yang, Zhaozhu Li, Wei Shen
Departments of Orthopaedic Surgery and Bioengineering, University of Pittsburgh, BST, E1641, 210 Lothrop Street, P.O. Box 71199,

Pittsburgh, PA 15213, USA

Accepted 9 September 2003

Abstract

Fibroblasts in intact tendons align with stretching direction, but they tend to orient randomly in healing tendons. Therefore, a
question arises: Do fibroblast responses to mechanical stretching depend on their orientation? To address this question, human
patellar tendon fibroblasts were grown in custom-made silicone dishes that possess microgrooved culture surfaces. The direction of
the microgrooves was either parallel or normal to the direction of cyclic uniaxial stretching. Fibroblasts grown in these microgrooves
had a polar morphology and oriented along the direction of the microgrooves regardless of the stretching conditions. Tendon
fibroblasts expressed higher levels of a-smooth muscle actin when they were oriented parallel to the stretching direction than when
they were oriented normal to the stretching direction. Also, cyclic stretching of the fibroblasts perpendicular to their orientation
induced a higher activity level of secretory phospholipase A2 compared with stretching of the cells parallel to their orientation. Thus,
these results show that fibroblast responses to mechanical stretching depend on cell orientation to the stretching direction.
r 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

In vitro model systems are widely used to investigate
the effects of mechanical forces on cells. Typically, cells
are grown on deformable materials with smooth culture
surfaces and subjected to cyclic mechanical stretching. It
has been shown that cyclic stretching of cells induces
various biological responses, including remodeling of
actin cytoskeleton (Dartsch and Hammerle, 1986; Wang
et al., 1995) and changes in cell proliferation (Buckley
et al., 1988; Neidlinger-Wilke et al., 1994), gene
expression and protein synthesis (Carver et al., 1991;
Leung et al., 1977). It has also been noted that under
cyclic uniaxial stretching, many types of cells (e.g.,
fibroblasts and smooth muscle cells) change their
orientation (Buck, 1980; Dartsch and Hammerle, 1986;
Wang et al., 1995). Fibroblasts in intact tendons,
however, align with the stretching direction, but they
tend to orient randomly in healing tendons. So the

question then arose: Do fibroblast responses depend on
cell orientation with respect to the stretching direction?

Under uniaxial stretching, cells with different orienta-
tions will be subjected to different axial substrate strains
that act along the cells’ long axes (Wang et al., 1995),
and also the axial substrate strains determine actin
cytoskeletal remodeling (Wang, 2000). Thus, we hy-
pothesized that cell responses to uniaxial mechanical
stretching would depend on cell orientation with respect
to the stretching direction. To test this hypothesis,
human patellar tendon fibroblasts were grown in
custom-made silicone dishes containing microgrooved
culture surfaces. The direction of the microgrooves was
either parallel or perpendicular to the dish’s long axis,
where the long axis was also the stretching direction.
Cell alignment in the microgrooves was examined with
light microscopy, and the level of a-smooth muscle actin
(a-SMA) expression was measured by Western blot. In
addition, the activity levels of secretory PLA2 (sPLA2),
an enzyme that mediates cellular production of eicosa-
noids, were measured with ELISA. The a-SMA and
sPLA2 were chosen because they are often expressed in
fibroblasts in response to environmental stimuli (de Beer
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et al., 1997; Hinz et al., 2001a). The results of this study
showed that both a-SMA expression and sPLA2 activity
levels of the human patellar tendon fibroblasts were
dependent on cell orientation with respect to the
stretching direction.

2. Materials and methods

Silicone dishes were used to grow and apply cyclic
mechanical stretching to human tendon fibroblasts.
Silicone is transparent, elastic, and non-toxic to cultured
cells, and it has successfully been used in previous cell
stretching experiments (Wang et al., 1995; Wang and
Grood, 2000). The silicone dishes were fabricated by
mixing two liquid components, 601A and 601B (Wacker
Silicones Corporation, Adrian, MI) in a ratio of 10:1.
The silicone mixture was subjected to a vacuum to
extract air and then poured slowly into a multiple-dish
mold made of acrylic (Plexiglass). After removing the
dishes from the mold, silicone dishes with smooth
culture surfaces were obtained.

To obtain silicone dishes with microgrooved culture
surfaces, silicon wafers containing parallel microgrooves
on their surfaces were first made using standard
lithographic and reactive ion etching techniques. The
wafers were then used to mold microgrooved silicone
membranes. The obtained microgrooved membranes
were bonded, using silicone adhesive (Dow Corning,
MI), to the bottoms of silicone dishes whose smooth
culture surfaces had been removed. The microgrooved
culture surface of the dish was 3! 6 cm, with the
microgrooves either parallel or perpendicular to the
dish’s long axis, which was also the stretching direction
(Fig. 1a). The microgrooves were rectangular in profile,
with 10 mm ridge and groove width, and 3 mm groove
depth (Fig. 1b).

The silicone dishes were coated with 10 mg/ml
ProNectin (BioSource International, Inc., Camarillo,
CA) to promote cell attachment. Human patellar tendon
fibroblasts were isolated from tendon pieces trimmed
from patellar tendon autografts of healthy donors
(Male, 20 and 40 years old) undergoing ACL recon-
struction. The protocol for collecting human tendon
samples was approved by the Institutional Review
Board of the University of Pittsburgh Medical Center
(IRB # 0108109). The fibroblasts were subcultured up to
seven times, and no apparent changes in cell morphol-
ogy or doubling time were noted.

The fibroblasts were plated at a density of
2! 104 cells/cm2 to silicone dishes with microgrooves
either parallel or perpendicular to the stretching
direction. The cells were grown in DMEM supplemen-
ted with 10% FBS and 1% penicillin/streptomycin
(Invitrogen, CA). After incubation for 24 h, the silicone
dishes were mounted on a custom-made stretching
apparatus, with a similar mechanism described pre-
viously (Neidlinger-Wilke et al., 2001). An 8% stretch-
ing magnitude was applied at 0.5Hz for up to 72 h. In
order to verify cell alignment before and after stretching,
digital microphotographs were taken of fibroblasts in
the microgrooved silicone dishes. In separate experi-
ments, after 8% stretching at 0.5Hz for 4 h, followed by
4 h of rest, the stretched as well as non-stretched
fibroblasts were lysed to collect cellular proteins. A
20 mg protein sample was loaded into a 10% polyacry-
lamide gel for electrophoresis, and separated proteins
were then transferred to a nitrocellulose membrane.
After blocking with 5% non-fat milk in 0.1% PBS-
Tween 20, the membrane was then incubated with a
mouse anti-human monoclonal antibody to a-SMA
(Sigma, St. Louis, MO) with a ratio of 1:1500 in PBS-
0.1% Tween 20 containing 1% non-fat milk at room
temperature for 2 h. Then, the membrane was washed
extensively and incubated for 2 h with the secondary
antibody, which was a goat anti-mouse IgG conjugated
with horseradish peroxidase (1:5000 dilution ratio;
Jackson Immunoresearch Lab, Inc., West Grove, PA).
Finally, actin bands on the membrane were detected
using the ECL system (Amersham, Piscataway, NJ). In
addition, the medium was collected and used to measure
sPLA2 activity levels using an ELISA kit (R&D
Systems, Minneapolis, MN) according to the protocol
provided by the manufacturer. ANOVA was used for
statistical analysis, with a significance level set at 0.05.

3. Results

Regardless of whether the microgrooves of the dish
were oriented parallel or perpendicular to the stretching
direction, the tendon fibroblasts aligned with the
microgrooves (Fig. 2). Also, a-SMA expression levels
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Fig. 1. Silicone dishes were used for growing and stretching tendon
fibroblasts. The dishes had microgrooved surfaces with a culture area
of 3! 6 cm (a). The microgrooves had a rectangular profile (b) and
were either aligned parallel or perpendicular to the stretching direction
(arrows).
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of the fibroblasts stretched parallel to cell orientation
were significantly increased compared to that of the cells
stretched perpendicular to their orientation (Fig. 3).

Furthermore, sPLA2 activity level of stretched fibro-
blasts was significantly increased, compared with that of
non-stretched cells. The level of the increase in the
sPLA2 activity, however, was significantly higher in
fibroblasts that were stretched perpendicular to their

orientation, as compared with those cells stretched
parallel to cell orientation (Fig. 4).

4. Discussion

Despite the same uniaxial stretching conditions being
applied to the microgroove substrate, a-SMA expression
and sPLA2 activity levels of tendon fibroblasts differed,
depending on the orientation of the cells with respect to
the stretching direction (Figs. 3 and 4). Therefore, it is
likely that fibroblast responses to mechanical stretching
in general depend on orientation of the cells to the
stretching direction. Thus, to define fibroblast responses
to cyclic uniaxial stretching, it is necessary to control cell
orientation.

This study showed that mechanical stretching in-
creases a-SMA expression levels. Since a-SMA is a
marker of myofibroblasts (Hinz et al., 2001a), the result
suggests that mechanical stretching can induce differ-
entiation of fibroblasts into myofibroblasts, an interest-
ing hypothesis that requires further testing. The result of
a-SMA expression is consistent with previous findings
that mechanical loading increases a-SMA expression in
smooth muscle cells (Tock et al., 2003) and that
mechanical tension in granulation tissues controls
myofibroblast differentiation (Hinz et al., 2001b).
In addition, the finding that cyclic mechanical stretch-
ing induces higher levels of sPLA2 is also consistent
with the previous finding that mechanical stretching of
avian skeletal muscle cells enhances PLA2 activity
(Vandenburgh et al., 1993). The increased sPLA2

activity levels suggests that mechanical stretching of
tendon fibroblasts may induce tendon inflammation
when cells in wound sites are stretched perpendicular to
their long axes, or their orientation.

Note that cyclic stretching of fibroblasts on the
microgrooved surfaces did not change their alignment,
regardless of whether the cells were aligned parallel or
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Fig. 2. Human tendon fibroblasts were aligned in the microgrooved
surfaces without stretching and the cell alignment was maintained with
8% cyclic mechanical stretching for up to 72 h, regardless of whether
the fibroblasts were oriented parallel (a) or perpendicular to the
stretching direction (b). Note that the yellow arrows point to
fibroblasts that were oriented parallel (a) or perpendicular (b) to the
stretching direction.
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Fig. 3. A representative result of a-SMA expression levels of human
tendon fibroblasts on the microgrooved surfaces (a). When cyclic
uniaxial stretching was applied parallel to the cell orientation, the a-
SMA expression levels were significantly increased. However, when the
cells were stretched perpendicular to their orientation, the a-SMA
expression levels were not significantly increased compared with that of
non-stretched cells (b). Note that the a-SMA expression levels of both
groups (i.e., S0 and S90) were normalized with respect to non-stretched
group. (S0: stretching parallel to cell orientation; S90: stretching
perpendicular to cell orientation).
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Fig. 4. The sPLA2 activity levels of human tendon fibroblasts in
response to cyclic uniaxial stretching. Stretching of the fibroblasts
either parallel (S0) or perpendicular (S90) to their orientation increased
sPLA2 activity levels compared with that of non-stretched cells, but
perpendicular stretching induced a significantly higher level of sPLA2

activity than parallel stretching. Note that the same numbers of
fibroblasts were present in the three experimental groups ( i.e., non-
stretched, S0, and S90).
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perpendicular to the stretching direction. Cell contact
guidance is thought to be responsible for the cell
alignment on the microgrooved surfaces (Dunn and
Heath, 1976) or on the strands of fibronectin (Mudera
et al., 2000). This cell alignment in microgrooved
surfaces is in contrast to cell reorientation on smooth
culture surfaces in response to uniaxial stretching (Buck,
1980; Buckley et al., 1988; Dartsch and Hammerle,
1986; Wang and Grood, 2000). Therefore, a micro-
grooved silicone substrate is effective in applying defined
substrate strains relative to the long axis of the cell. This
makes it possible to study mechanobiological responses
of the cells (e.g., tendon or ligament fibroblasts) more
closely.

The mechanism responsible for the cell-orientation-
dependent fibroblast response remains unclear. How-
ever, it is clear that although the same stretching (i.e.,
8% uniaxial stretching) was applied to microgrooved
surfaces, the tendon fibroblasts were subjected to two
different loading conditions with respect to their long
axes (i.e., tension vs. compression). Therefore, the
resulting different cell deformations may activate
different mechano-transduction mechanisms, such as
integrin-cytoskeleton (Ingber, 1991), mechanically sen-
sitive ion channels, and load-conformation sensitive
receptors (Banes et al., 1995). The different mechano-
transduction mechanisms may be responsible for the
different fibroblast responses observed in this study.

A limitation of this study was that it examined only
two cellular responses (a-SMA expression and sPLA2

activity levels) and one type of cell under a single
stretching condition. Future studies should determine
global changes in phenotypic expression of tendon
fibroblasts or other types of cells under various
stretching conditions using gene and protein profiling
technologies (Pelech et al., 2003; Schild and Trueb,
2002).
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