
Abstract Effects of mechanical forces exerted on mam-
malian skeletal muscle cells during development were
studied using an in vitro model to unidirectionally
stretch cultured C2C12 cells grown on silastic mem-
brane. Previous models to date have not studied these re-
sponses of the mammalian system specifically. The silas-
tic membrane upon which these cells were grown exhib-
ited linear strain behavior over the range of 3.6–14.6%
strain, with a Poisson’s ratio of approximately 0.5. To
mimic murine in utero long bone growth, cell substrates
were stretched at an average strain rate of 2.36%/day for
4 days or 1.77%/day for 6 days with an overall mem-
brane strain of 9.5% and 10.6%, respectively. Both con-
trol and stretched fibers stained positively for the con-
tractile protein, α-actinin, demonstrating muscle fiber
development. An effect of stretch on orientation and
length of myofibers was observed. At both strain rates,
stretched fibers aligned at a smaller angle relative to the
direction of stretch and were significantly longer com-
pared to randomly oriented control fibers. There was no
effect of duration of stretch on orientation or length, sug-
gesting the cellular responses are independent of strain
rate for the range tested. These results demonstrate that,
under conditions simulating mammalian long bone
growth, cultured myocytes respond to mechanical forces
by lengthening and orienting along the direction of
stretch.
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Introduction

The development, function, and adaptation of skeletal
muscle in vivo are influenced by neural, electrical, hor-
monal, and mechanical factors. Mechanical stimuli are
thought to play a significant role in influencing skeletal
muscle, as this tissue experiences several different types
of loads. For example, continuous loading occurs during
developmental long bone growth, and cyclic loading oc-
curs during exercise and movement. The effects of me-
chanical unloading are seen with the atrophy of skeletal
muscle after exposure to a low-gravity environment or
long-term bed rest (Baldwin 1996).

One way to observe the effects of loading on skeletal
muscle is by studying morphologic changes in loaded fi-
bers, such as fiber orientation and length. The orientation
of muscle fibers is critical to the function of the whole
muscle, as the fiber angle relative to the direction of
shortening affects force production (Gans and Gaunt
1991). Muscle fibers can be arranged parallel or pinnate
to the long axis of the muscle. In pinnate muscles, fiber
force transmitted to the tendon is reduced due to the fi-
bers being oriented at an angle to the long axis of the
muscle. However, a larger number of fibers can be
packed in a smaller cross-sectional area, resulting in an
increase in the maximum force production of the muscle.
In parallel muscles, the same amount of muscle tissue is
arranged in longer fibers, which have a faster speed of
shortening, but which also generate less power. Conse-
quently, the architectural arrangement of muscle fibers
within a muscle is one of the primary mechanisms used
to determine functional specificity (Garrett and Best
1994).

In vitro, several cell types have been found to orient
in response to mechanical stimuli, such as stretch. Cells
have often been shown to align perpendicular to the axis
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of stretch. For example, avian osteoblasts (Buckley et al.
1988), human endothelial cells (Shirinsky et al. 1989),
cardiac myocytes (Terracio et al. 1988), smooth muscle
cells (Mills et al. 1997) and even avian skeletal muscle
cells (Vandenburgh 1988) all align perpendicular to the
direction of cyclic mechanical stretch. Contrasting re-
sults such as no change in orientation in cardiac myo-
cytes (Samuel and Vandenburgh 1990) and parallel
alignment of smooth muscle cells grown in a 3D matrix
(Kanda and Matsuda 1994) have also been reported, in-
dicating that a large number of variables are involved in
producing a specific response. The stretch pattern ap-
pears to be critical, as human endothelial cells align par-
allel to the direction of a manual stepwise stretch (Ives et
al. 1986), and in response to a continuous unidirectional
stretch, mammalian cardiac (Samuel and Vandenburgh
1990) and embryonic avian skeletal muscle cells 
(Vandenburgh and Karlisch 1989) align parallel to the
axis of stretch.

Although responses of avian skeletal myocytes have
been characterized, there is reason to believe that avian
and mammalian cellular responses may be quite different
(White and Esser 1989; Russell et al. 1992). In general,
avian cell types tend to have a narrower range of re-
sponses, whereas mammalian cells can be manipulated
(e.g., with electrical stimulation) to express a wide range
of protein isoforms, demonstrating more plasticity than
the avian cell types (Eisenburg and Salmons 1981). Thus
to fully understand the responses of human skeletal mus-
cle to physiologic, pathologic stimuli and various envi-
ronmental stimuli (e.g., spaceflight), it is important to
study mammalian tissues in a variety of experimental
systems.

In vivo models present significant difficulties for the
study of mechanical cellular signal transduction. Due to
the simultaneous stimulation of the cell by other envi-
ronmental factors in vivo, it is difficult to isolate the ef-
fects of mechanical stimulation alone. We have used a
modified in vitro model described previously (Vanden-
burgh and Karlisch 1989) to mechanically stretch cells in
an attempt to isolate the mechanical stimulus from other
environmental stimuli and to study the effects of in-
creased loading at the cellular level.

The objectives of this study were to test the hypothe-
ses that (1) in response to a very slow unidirectional
stretch, with rates in the range of in utero long bone
growth in mice, mammalian muscle cells would begin
to align in the primary direction of stretch, and (2)
strain rate would affect the alignment of muscle fibers.
There are several models available that impose an iso-
tropic or nearly isotropic strain field (Andersen and
Norton 1991; Belloli et al. 1991; Brighton et al. 1991;
Schaffer et al. 1994). However, a biaxial strain field
model, designed initially for avian cells (Vandenburgh
and Karlisch 1989), was characterized and used to
mimic in vivo mechanical forces imposed on mammali-
an skeletal muscle during development. This device
was used to examine the effects of loading by qualita-
tively and quantitatively measuring the morphology of

mammalian skeletal muscle cells in response to a unidi-
rectional stretch. Morphology measurements included
fiber length and the orientation of the fibers relative to
the direction of stretch. Immunohistochemistry was
used to visualize the fibers. In this study, a slow unidi-
rectional stretch was found to significantly affect the
orientation and length of the mammalian skeletal mus-
cle fibers.

Materials and methods

Construction of the stretch device

The stretch device (30.5×38 cm) consisted of two sets of alumi-
num racks, each capable of holding a total of nine membrane
wells. One rack was attached to a stepper motor (Model SLS,
Hurst Manufacturing, Princeton, IN) via a linear actuator rod and
was mounted on a translation stage (NewPort Klinger, Irvine,
CA). The motor was connected to a Macintosh computer via a dig-
ital I/O connector (MacADIOS 8dio, GW Instruments, Somerville,
MA). Programs written in C language were used to impose a slow,
gradual stretch to the membrane wells in the attached rack. The
other rack of wells was used for nonstretch controls. The entire
stretch device was covered with a removable Plexiglas lid. The
stretch device was sterilized using ethylene oxide gas. It was then
allowed to air out for 1 week under a cell culture hood before use.
During experiments, the device was placed in an incubator to keep
cells at 37°C and 5% CO2.

Stretching of the membrane wells

The strain behavior of the silastic membrane was characterized by
measuring the movement of beads attached to a bare membrane well
while it was being stretched. The cell culture wells (3.2×1.5 cm)
were made of silastic membrane (Speciality Manufacturing Inc.,
Hemlock, MI) by gluing the ends with adhesive silicone (Type A,
Nusil Technology, Carpinteria, CA), which resulted in a shape re-
sembling a shoe box. After the silastic membrane was assembled in-
to rectangular-shaped wells, 180- to 230-µm polystyrene ion ex-
change resin beads (IRA-93, Rohm and Haas Co., Philadelphia, PA)
were attached to the membrane. To ensure that the beads would ad-
here to the silastic, they were mixed in 1 ml 2% pigskin gelatin (Sig-
ma, St. Louis, MO) and allowed to incubate for 30 min. A thin layer
of the bead mixture was then spread evenly over the membrane well.
Excess gelatin was immediately removed, and the membrane was al-
lowed to dry for 24 h.

Bead-coated membrane wells were assembled and placed in
the stretch side of the device. Both the stepper motor and a CCD
Cohu camera were separately connected to a Macintosh LC III
computer. The camera was mounted vertically above the stretch
device so that the central portion of the membrane was in the field
of view. A specified rate of stretch was programmed, and images
were taken of the same field of view using a Neotech Image Grab-
ber at a designated time interval during the entire stretch. Imposed
stretch was along the long axis of the wells.

Strain analysis

The movement of beads was analyzed using Ultimage software
(GFTS Inc., Santa Rosa, CA), which resulted in a set of coordi-
nates describing the location of each bead. These data were then
used to calculate strain using analysis of deformation, which re-
lates changes in the relative movement of beads to the strain. This
method is based on the change in distance among a triad of three
points (Fig. 1). The strain components are defined as (Fung 1965):

(1)
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where ds and dso are the deformed and undeformed lengths, re-
spectively, between two points, and dai are the differences in coor-
dinates of ds. The plane strain components (Exx, Exy, Eyy, where i
and j have been replaced by x, the direction of imposed stretch,
and y, the direction orthogonal to and in the same plane as x) can
then be determined by measuring the deformation of a triad of
beads (Fung 1965) and solving the system of equations from the
expanded form of Eq. 1:

(2)

where k denotes each of the three pairs of beads in the triad. Using
the plane strain components, the two principal strains were deter-
mined by solving the equation:

(3)

where vi is the direction vector. Because the membrane was
stretched in the x direction, the largest valued solution to Eq. 3
was defined as Exx.

A propagation of error analysis was performed on the triad
method. Strain is a function of 12 variables (see Eq. 2); therefore,
the propagation of error equation is written as:

(4)

where the standard deviation for a given length measurement
(σdaxk

=σdayk
) was one-half of a pixel. Mathematica software

(Wolfram Research Inc., Champaign, IL) was used to solve for the
derivatives of the strain matrix.

Skeletal muscle culture and stretch

The membrane wells were assembled into holders and the tension
was adjusted so that the bottoms of the wells were flat. They were
then coated with 100 µg/ml growth factor reduced Matrigel (GFR)
(Becton Dickinson, Bedford, MA). Matrigel matrix, whose major

components are laminin, collagen IV, entactin and heparan sulfate
proteoglycan, supports myotube formation better than each com-
ponent alone (Funanage et al. 1992; Lyles et al. 1992; Maley et al.
1995). However, GFR Matrigel was used, as regular Matrigel
tends to delay the onset of myotube formation (Hartley and 
Yablonka-Reuveni 1990). Cells grown on membranes coated with
GFR Matrigel were more developed, in terms of fiber length and
diameter, than those grown on wells coated with a 2% gelatin sub-
strate (Sigma, St. Louis, MO) (data not shown). Initially, cell den-
sity was varied to find the optimum plating density.

Murine C2C12 myoblasts (American Type Culture Collection,
Rockville, MD), a subclone derived from a cell line that originated
from normal adult C3H mouse leg muscle (Yaffe and Saxel 1977;
Blau et al. 1985), were used. They were plated in GFR Matrigel-
coated wells at a density of 7.5×104 cells/well in Dulbecco’s modi-
fied Eagle’s medium (DMEM) (GibcoBRL, Grand Island, NY)
supplemented with 10% calf serum (HyClone Laboratories, Logan,
UT), 0.5% chick embryo extract (GibcoBRL), and 0.5% gentami-
cin (GibcoBRL). At 80–90% confluency, the medium was removed
and replaced with DMEM supplemented with 10% horse serum
(Intergen, Purchase, NY) and gentamicin to promote differentiation
(process referred to as shifting). Cells were fed daily. Over the sub-
sequent several days, the individual myoblasts underwent differen-
tiation and fusion into multinucleated myotubes. The day before
the cells were shifted, stretching was initiated. The membranes
were stretched an average rate of either 0.048±0.001 mm/h for 4
days or 0.036±0.002 mm/h for 6 days. These rates were chosen as
they are representative of long bone growth rates during prenatal
mouse development (Patton and Kaufman 1995). The average
strain in the x-direction was 9.45±0.24% for the 4-day experiments
and 10.63±0.60% for the 6-day experiments. Measurements re-
corded determined that the average strain rates were
2.36±0.07%/day and 1.77±0.23%/day, respectively. Because the
deformation of the membrane was so small, the change in strain
rate over the period of stretch was negligible, resulting in an essen-
tially constant strain rate. Measurements of the magnitude of
stretch were made with a resolution of 0.01 mm. Parallel sets of
non-stretched control cells were grown in each experiment inside
and outside the device. After the stretch program was complete, the
medium was removed and the cells were fixed in 2% formaldehyde
and permeabilized in 0.25% nonidet P-40. The cultures were then
immunostained for the contractile protein, α-actinin (Sigma A-
7811), in order to visualize the myotubes, using methods previous-
ly described (Rastinejad and Blau 1993; Torgan et al. 1996).
Stained fibers were imaged using a Kodak Megaplus Camera, and
a Power Macintosh 7100 computer with MAXXGrab application
(Precision Digital Images Corporation, Redmond, WA). The aver-
age resolution of the images was 97 pixels/mm. Approximately
10–12 images were taken of each membrane well. Depending on
final cell density, the number of fibers selected from an individual
well ranged from 50 to 124. It was statistically determined that 50
fibers selected from each membrane were sufficient to produce an
accurate representation of the population mean (data not shown).
There did not appear to be any correlation between final confluen-
cy of the membrane and cell response. Fibers were not selected
from the outermost area of the membrane, including edges along
the length of the membrane and the very ends. Thus, approximately
75% of the surface area of the membrane was used for experimen-
tal analysis. Both the orientation of the fibers, which was defined
as the angle of the selected fiber relative to the direction of stretch,
and the length of the fibers were measured. These parameters were
analyzed using NIH Image software (Bethesda, MD). An average
for each well was calculated, then all wells in one group were
pooled to obtain an average for each condition in one experiment.
The percentage increase in fiber length was defined as the differ-
ence in final length between control and stretched fibers divided by
the average length of fibers in the control group. Due to variability
in fiber lengths between experiments, the data were compared in
terms of normalized lengths. Each experiment was treated as a sin-
gle data point and the average (n=4) for each duration of stretch
was analyzed. Unstretched control fibers, grown in wells both in-
side and outside the device, were analyzed in each experiment.
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Fig. 1 Triad method often used to calculate deformation. Points P,
P’, and P’’ represent an undeformed triad and Q, Q’, and Q’’ re-
present the deformed positions. The membrane was stretched in
the x-direction (adapted from Fung 1993)



Calculation of passive deformation due to stretch

To give reference to the magnitude of the observed response of the
cells, the deformation of the membrane due to stretch was calcu-
lated. This was done using simple geometry (Fig. 2). The equa-
tions describing the change in angle and length are as follows:

(5)

(6)

where z and z’ are the undeformed and deformed distances be-
tween material points on the membrane, φ1 and φ2 are the initial
and final orientations respectively, υ is the Poisson’s ratio of the
substrate material, and ε is the imposed strain. Depending on the
number of focal contacts and the rate of migration, cells may or
may not initially deform in a uniform manner similar to the mem-
brane. In addition, the stretch is initiated several days before the
myoblasts have formed tubes. It should be emphasized that the de-
formation is being made on single cells that have not yet fused to
form multinucleated myotubes. However, if mature fibers were to
passively deform with the membrane in response to stretch, the
change in length and angle that would occur if a preexisting fiber
were to be stretched 10% on the silastic membrane with a Pois-
son’s ratio of 0.5, was calculated to be 3.3% and 4.3°, respectively.

Statistical analysis

All values are reported as the mean ± standard error unless other-
wise stated. Lengths are reported in millimeters and angles are re-
ported in degrees. To compare stretched and control fibers, if the av-
erages of the inside control and outside control groups were found
to be statistically the same, then stretched fibers were compared
with the pooled control group. However, if control groups were
found to be statistically different, stretched fibers were compared
with control fibers grown inside the device only. Statistical signifi-
cance between the effect of stretch (stretch versus no stretch) and
the effect of rate of stretch (0.036 vs 0.048 mm/h) was calculated
using two-way analysis of variance. Statistical significance between
passive deformation and cellular response was calculated using the
paired Student’s t-test. Significance was defined as P<0.05.

Results

Characterization of the membrane substrate

Using the stretch device and imaging methods outlined
above, the strain distribution along the membrane was

calculated in response to a stretch imposed in the
x-direction. Using triads of beads, the average strain in
the x-direction was calculated to be the same as the im-
posed strain (Table 1). Placing the membrane well under
tension so that the bottom of the well was flat, the strain
distribution along the length of the membrane was found
to be uniform in the range of 3.6–14.6% strain. For a
10% strain in the x-direction, there was a 5% narrowing
in the transverse direction, yielding a Poisson’s ratio of
0.5 for the silastic membrane. This results in a larger ten-
sile force on the cells in the direction of stretch and a
smaller shortening or compressive force on the cells in
the transverse direction. Other models (Ives et al. 1986;
Terracio et al. 1988; Vandenburgh and Karlisch 1989;
Neidlinger-Wilke et al. 1994) which impose a unidirec-
tional stretch likely apply this compressive force, and
consequently exhibit a biaxial strain field. While the ex-
act deformation exerted on the cells is not known, it has
been shown that the deformation of endothelial cells
grown on a silastic membrane is approximately the same
magnitude as the substrate strain (Caille et al. 1998).
From a zero deformation experiment, the accuracy with
which strain could be measured was found to be 0.9% at
a 95% confidence level.

Cell stretch experiments

This study consisted of eight separate stretch experi-
ments, four of which imposed a 4-day stretch on the cells
and four of which imposed a 6-day stretch. An individual
experiment contained 1–14 separate wells at each condi-
tion (stretched or control). At least 50 fibers were select-
ed from each well analyzed, to yield the average of that
well. For both angle and length, the variation among ex-
periments was smaller than the variation within a given
experiment. Each experiment was thus treated as a single
data point. The data represent the average of the four ex-
periments at each strain rate.

The mammalian skeletal muscle cells developed into
myofibers on the silastic membrane wells in the stretch
device. Skeletal muscle development includes differentia-
tion and fusion of myoblasts. Differentiation involves ces-
sation of DNA synthesis and initiation of required tran-
scription events, and sometimes includes cytoplasmic fu-
sion. The fusion of myoblasts is an active process that in-
volves close proximity of the cells, contact of the lipid bi-
layers and finally the fusion itself (Franzini-Armstrong
and Fischman 1994). As fusion and elongation continue,
the result is the formation of long, multinucleated cells
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Table 1 Characterization of membrane: principal strains

Location Center Edge

Applied strain 0.049 0.036
Exx±SD 0.047±0.006 0.036±0.008
Eyy±SD 0.022±0.003 0.019±0.006
Poisson’s ratio±SD 0.47±0.09 0.53±0.08



called myotubes. Myotubes are visible approximately 
3 days following shifting, after which myotubes continue
to grow. Consequently, during the first few days of experi-
ments, stretch was imposed on actively fusing myoblasts.
Staining of the fibers for the contractile protein, α-actinin,
after 4 or 6 days of stretch (Fig. 3), confirmed that the
cells were differentiating, as this muscle-specific protein,
located in the Z-line of the sarcomeres, is not expressed
until fusion of the myoblasts occurs (Endo and Masaki
1984). Before stretch, cells appeared in clusters of aligned
cells, but the clusters did not preferentially align in any
one direction, resulting in a randomly oriented cell popu-
lation. However, after stretch, the majority of the cells
were in clusters aligned with the direction of stretch.

Each experiment resulted in distributions describing
the angles of orientation and the lengths of the fibers.
The representative histograms shown in Fig. 4 reveal
that there were changes in the morphology of the cell
population after mechanical stretch. Data in Fig. 4 de-
scribe a single experiment in which cells were stretched

for 6 days following shifting. Histograms describing in-
dividual 4- and 6-day experiments were similar. The an-
gle distributions were skewed toward lower angles after
stretch compared to the control distributions, indicating
the tendency of the fibers to orient along the direction of
stretch. The change in shape of the distributions showed
a random angle of orientation initially, indicating no pre-
ferred orientation (Fig. 4a), but a biased orientation to-
ward a smaller angle after stretch (Fig. 4b). In the length
distributions, often there was a shift to a longer fiber
mean, but the minimum and maximum were similar 
(Fig. 4c,d). The shapes of the length distributions gener-
ally remained the same between stretched and control fi-
bers, indicating the effect of stretch upon fiber length
was constant throughout the population.

A two-way analysis of variance (stretch versus rate)
revealed that there was an effect of stretch on both the
orientation (P<0.002) and percentage increase in length
(P<0.03). All experiments showed a decrease in angle
after stretching. The average orientation angles of
stretched fibers were significantly smaller (34.78±0.8°,
36.54±2.19°) than the average angles of control fibers
(40.79±0.6°, 43.08±1.74°) at both 4 and 6 days respec-
tively, demonstrating that the fibers subjected to a unidi-
rectional stretch aligned along the long axis of stretch
(Fig. 5). Because the lengths of fibers were variable from
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Fig. 3a–d Response of mammalian skeletal muscle fibers stretched
for b 4 and d 6 days after shifting to 10% horse serum medium,
along with their respective unstretched controls (a) and (c). Fibers
were stained for the contractile protein, α-actinin. Scale bars
1.0 mm



experiment to experiment, normalization of the data per-
mitted useful comparisons. The average percentage in-
crease in length of the fibers after stretch was 10.8±7.3%
for the 4-day and 10.7±4.5% for the 6-day experiments
(Fig. 6). 

Analysis of variance showed no effect due to rate of
stretch on myofiber orientation (P<0.16) or length
(P<0.99). The magnitudes of strain in the two sets of ex-
periments were the same, but the strain rates were differ-
ent. Therefore, the orientation and percentage increase in
length of the myofibers were independent of strain rate
over the range tested. There were no interaction effects
between stretch and time of stretch on either cellular re-
sponses measured.

Discussion

Mechanical forces influence physical and morphologic
changes (Vandenburgh 1982; Galler 1994) as well as
biochemical changes in skeletal muscle (Goldspink et 

al. 1991; Alway et al. 1995; Vandenburgh et al. 1995;
Baldwin 1996; Brownson and Loughna 1996). The in
vitro model we used allowed us to isolate and study the
effects of mechanical stretch on mammalian skeletal
muscle cells. We found that these cells respond to me-
chanical forces in vitro by aligning along the direction of
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Fig. 4a–d Histograms of a,b the orientation response and c,d the
length response of control and stretched fibers from an individual
experiment in which cells were stretched for 6 days after day of
shifting. The means±SE are a 44.27±1.18°(control), b 38.85±
1.50° (stretch), c 0.57±0.01 mm (control), and d 0.66±0.01 mm
(stretch)

Fig. 5 Orientation of mammalian skeletal muscle in response to 4
or 6 days of stretch at a strain rate of 2.36±0.07% and
1.77±0.23%/day, respectively (n=4). Asterisks indicate signifi-
cance, P<0.05. Standard error bars are shown



stretch under conditions simulating long bone growth,
and that stimulated muscle fibers were longer than con-
trol fibers. There was no effect of strain rate on the cells’
orientation and length responses.

These results obtained in our mammalian model are
similar, but not identical, to those previously described
in avian models (Vandenburgh and Karlisch 1989). Al-
though continuous stretch caused alignment and length-
ening of muscle cells in both models (Vandenburgh and
Karlisch 1989), length increases in the mammalian cells
were not as great as the two- to fourfold increase 
Vandenburgh reported using avian cells. Orientation re-
sponses were similar in that the average angle of
stretched fibers reported here is close to the nonstringent
±30° range around the stretch axis that Vandenburgh us-
es for parallel orientation criteria. They are not as close
to his stringent ±10° criteria (Samuel and Vandenburgh
1990). Several differences in experimental design might
account for the magnitude of responses observed in the
various experiments. It is important to note that the rate
of stretch used in Vandenburgh’s study (0.35 mm/h) was
the rate of avian bone elongation, and is approximately
10 times faster than the rate of mouse bone elongation
used here. The use of an adult cell line may have inher-
ent differences in satellite cell capacity, causing a dimin-
ished or delayed increase in myoblast fusion. Differences
in the length response may also be simply due to the dif-
ference in species of cells.

The orientation response of the stretched fibers sup-
ports the proposition of a large body of literature that
mechanical loading directly affects cellular processes.
Numerous studies have demonstrated the plastic nature
of striated muscle cells in their ability to adapt to 
stress. After only 2–4 weeks, pressure overload in cat
hearts results in hypertrophy and increased microtubule
density in the overloaded cardiocytes (Tsutsui et al.
1994; Tagawa et al. 1996). Chronic static stretch in rab-
bit limbs will also elicit a hypertrophy response from

skeletal muscle cells (Goldspink et al. 1991). Other in vi-
vo studies by Goldspink demonstrate that rabbit skeletal
muscle cells will adapt after only 4 days (Williams et al.
1986), and cat soleus will adapt after 4 weeks (Tabary et
al. 1972) to a chronic static stretch by increasing the
number of sarcomeres in series, implying an increase in
fiber length. The results presented here show that mam-
malian skeletal muscle cells in vitro also respond to me-
chanical loading by lengthening. Thus our results dem-
onstrate that mammalian skeletal muscle cells loaded in
vitro respond similarly to mechanically loaded muscle in
vivo. The orientation of myocytes may be a critical step
in skeletal muscle’s ability to organize into parallel ar-
rays of fibers aligned with the long axis of the muscle
belly. Our findings suggest that the mechanical stimulus,
without neural, hormonal or electrical influences, can af-
fect the orientation of mammalian skeletal muscle in vi-
vo. The orientation responses reported here concur with
other in vitro studies investigating the effects of mechan-
ical loading. Human endothelial cells (Ives et al. 1986)
and avian skeletal muscle cells (Vandenburgh 1988;
Vandenburgh and Karlisch 1989) orient parallel to the
long axis of a continuous stretch.

The strain field to which the cells responded was uni-
form in the range of 3.6–14.6% stretch. The Poisson ra-
tio of the substrate is 0.5, which results in a non-zero
strain on the cells in the transverse direction. The cells
are simultaneously exposed to the strains in both direc-
tions. It is difficult to say how important the transverse
component is in producing the results, but it is known
from the lengthening and contracting of skeletal muscle
along its long axis that a biaxial strain is more relevant to
skeletal muscle than a equibiaxial strain, which would be
more likely to occur in a smooth muscle or endothelial
cell environment. Alternatively, a constant volume ap-
proximation often used with muscle, implying a purely
unidirectional strain, is also not physiologically relevant
as there must be some transverse compression with elon-
gation. We conclude therefore that a transverse strain im-
posed on the muscle cells provides a physiologically re-
alistic component to the mechanical loading.

The orientation and increase in fiber length was statis-
tically the same for fibers that were stretched for either 4
or 6 days. Since the two stretch conditions differed in
strain rates but not strain magnitude, these data suggest
that the signals responsible for the observed changes are
strain rate independent within the range of rates tested.
While a different strain rate may elicit a different re-
sponse by the cells, we chose to remain within the physi-
ological range of long bone growth in mice while testing
the dependence on strain rate. Independence of strain
rate would suggest that mouse skeletal muscle will de-
velop in oriented parallel arrays while being stimulated
at various strain rates within this range.

The applied strain used in these experiments induced
certain cellular responses, suggesting these skeletal mus-
cle cell responses are dependent on strain magnitude.
Strain-dependent responses are possible as the orienta-
tion of smooth muscle cells (Mills et al. 1997) and cardi-
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Fig. 6 Percentage increase in length of mammalian skeletal mus-
cle in response to 4 or 6 days of stretch at a strain rate of
2.36±0.07% and 1.77±0.23%/day, respectively (n=4). Standard er-
ror bars are shown



ac myocytes (Samuel and Vandenburgh 1990) are strain
dependent. The amount of strain the cells experienced
may not be the exact magnitude of the imposed strain on
the membrane. However, we do know that the cells are
deformed due to the fact that they are attachment depen-
dent and no evidence of cell detachment was present. In
addition, it has been shown in endothelial cells that the
deformation of the cells closely follows that of the mem-
brane substrate (Caille et al. 1998). The signal(s) causing
the cells to orient, and possibly lengthen, may arise from
as little as a single stretch or as a result of multiple
stretches.

In summary, a stretch device was used as a develop-
mental model to determine the effects of long bone
growth on fiber length and orientation of mammalian
skeletal muscle. The considerable flexibility of this mod-
el lies in the ability to vary the type and magnitude of
mechanical stimuli, and in the opportunity it offers to
isolate the effect of the mechanical stimulus in cell cul-
ture. Mammalian myoblasts differentiated into myotubes
in the device. They responded to a continuous stretch by
lengthening and aligning along the direction of stretch.
This response was strain rate independent within the
range of rates tested. To our knowledge, this is the first
characterization of cultured mammalian muscle cells in
response to a simulation of long bone growth and muscle
development. This in vitro model will provide the vehi-
cle needed to study the mechanotransduction mecha-
nisms in many cell types, particularly in skeletal muscle,
where these mechanisms are very difficult to study in vi-
vo and where mechanical deformation occurs not only
during development, but as a routine part of the cell’s
contractile activity.
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