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ABSTRACT

Several studies have reported that growth and differentiation of cultured myoblasts can be facili-
tated by applying appropriate mechanical stimulus. However, the effects of mechanical stimulus
on the characteristics of muscle fibers have not yet been fully elucidated. In this study, we gave
mechanical stress to C2C12 cells, which were myoblasts derived from mice skeletal muscle. The
following myosin heavy chain (MHC) isoforms were investigated in order to clarify muscle char-
acteristics: MHC-2b, 2d and 2a, all of which are fast-twitch fibers. After inoculating cells on a sil-
icone chamber, the chamber was mechanically stretched, and a LightCycler'™ was used to measure
the mRNA expression of each MHC isoform at several times. The results showed that, with me-
chanical stretching, the expression of MHC-2b was initially high. On the other hand, without
stretching, the expression of MHC-2d increased over time, but with stretching, it was hardly seen.
Furthermore, the expression of MHC-2a was significantly high in the stretching group. These re-
sults of this study suggest that, when intermittently stimulated, myoblasts express increased levels
of MHC-2a isoform. Therefore, it is indicated that myocytes respond to environmental changes
not only to facilitate growth and differentiation, but also to alter muscle function actively at the

MHC isoform level.

Myosin heavy chain (MHC), which is a muscle con-
traction protein, is known to be closely related to
muscle function (14). Also, MHC consists of several
isoforms, and changes in muscle function can be de-
termined by the composition ratios of these isoforms
(2, 14). In adult mice, there are four MHC isoforms;
MHC-2b, 2d, 2a and 1, and in vivo studies have
shown that these isoforms may undergo the follow-
ing reversible changes: 2b22d22a21 (15).
MHC-2b, 2d and 2a are all fast-twitch fibers, and
the contraction speed for MHC-2b is the fastest, fol-
lowed by 2d and 2a, and MHC-1 is slow-twitch fi-
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ber (1).

As to the relationship between the composition
ratios of MHC isoforms and changes in muscle
function, one study investigated the masseter muscle
in fetal and newborn mice (19). The results showed
that the composition ratios of MHC isoforms
changed markedly at 16 days post conception when
many oral tissues became ready for delivery and
slight jaw movements began. Another study investi-
gated the development process for the mouse mas-
seter muscle after birth, and reported that the
composition ratios of MHC isoforms changed mark-
edly during weaning when the masseter muscle be-
gan to masticate instead of suckle (6, 17). These
two investigations suggested a possibility that
changes in muscle function leads to changes in
MHC isoform composition. However, it is also pos-
sible that changes in MHC isoform are related to
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genetic regulations but not to environmental chang-
es. Recently, there have been more reports on
changes in muscle function and MHC isoforms dur-
ing the growth phase. In some of these studies, the
effects of mechanical stimuli on the growth and de-
velopment of cultured myoblasts have been assessed
(3, 20). Then, it has become clear that when appro-
priate mechanical stimuli are applied, growth and
development of cultured cells can be promoted, and
cell arrangement as well as cytoskeleton are affected
(3, 5, 21). In this experiment system, it is possible
to determine the effects of a stimulus on the charac-
teristics of muscle fibers by measuring the composi-
tion of isoforms during the growth phase. However,
no studies have yet measured mRNA expression in
MHC isoforms. In the present study, cultured myo-
blasts were mechanically stretched in order to eval-
uate the effects of this mechanical stimulation on
the characteristics of muscle fibers, including mRNA
expression in fast-twitch MHC isoforms (MHC-2b,
2d and 2a).

MATERIALS AND METHODS

Cell culture. C2C12 cells, which are mice skeletal
muscle myoblasts, were used in this study. C2C12
cells are an established cell line originating from
mice skeletal muscle, and as a result, subculturing is
possible and proliferation is stable (22). It has also
been reported that differentiation of C2C12 cells can
be induced using media with relatively low serum
concentrations, such as serum-free media or media
containing 2% horse serum (7). Cells were main-
tained in Dulbecco’s modified Eagle’s medium
(DMEM) (Sigma-Aldrich Co., St. Louis, MO) con-
taining Penicilin-Streptomycin Solution (Sigma Al-
drich Co.) and 2% or 10% fetal bovine serum (FBS)
(ICN Biomedicals Inc., Aurora, OH) was used. We
used stretching medium containing 2% FBS. Myo-
blasts were cultured at 37°C under 5% carbon diox-
ide. C2C12 cells (2.5x10° cells/well) were cultured
using type 1 collagen-coated 6-well BioFlex” cul-
ture plates (well diameter: 25 mm) (Flexcell Interna-
tional Corp., Mckeesport, PA). In order to attach
these cells to the plates, cells were cultured using
2.0 ml DMEM containing 10% FBS for half a day.
After 12 h, DMEM containing 2% FBS was used,
and the resulting cultured cells were mechanically
stretched. The following three observation stages
were established: Stage I (one day after the start of
culturing, or 12 h after the start of stretching), Stage
IT (two days after Stage I) and Stage III (two days
after Stage II). The culture solution was exchanged
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everyday.

Mechanical stretching, and how to count the num-
ber of cells and nuclei. Mechanical stretching was
conducted using a Flexercell” strain unit (Flexcell
International Corp.). C2C12 cells were stretched by
a vacuum created under the membrane using a
pump (Fig. 1). The intensity of stretching was 15%
at the maximally stretched area, and in this stretch-
ing stimulation, the membrane was stretched for 1 s
and then relaxed for 1 s. This intermittently stimula-
tion was repeated.

Morphological characteristics of cultured cells at
each stage were observed using a phase-contrast mi-
croscope (Nikon, Tokyo, Japan).

At each stage, cultured cells were immersed in
trypsin-EDTA (Gibco BRL, Gland Island, NY) for
5 min. After detaching the cells, they were thor-
oughly soaked in culture solution, and the number
of cells was counted using a hemocytometer. Fused
cells were counted as one. To ascertain the effects
of stretching on cell fusion, the number of nuclei
was counted in multinucleated muscle fibers. De-
tached cultured cells were stained using Nuclear
Fast Red (Funakoshi, Tokyo, Japan), washed using
phosphate buffered saline (PBS), and then counted
using a hemocytometer. We counted the number of
cells and nuclei eight times.

mRNA expression analyses. In order to investigate
the effects of mechanical stretching at the mRNA

cell Flexible silicone
rest _\ membrane
()

stretch
@ vacuum
Fig.1 Schematic diagram of stretching.

By creating a vacuum under the chamber, the membrane
that the cultured cells were placed on was pulled down-
ward, thus stretching the cultured cells.
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level, the LightCycler'™ instrument (Roche Molecu-
lar Biochemicals, Mannheim, Germany) was used to
quantify mRNA expression in each MHC isoform at
each stage: after extracting mRNA using a Quick-
Prep micro mRNA Purification Kit (Amersham
Pharmacia Biotech UK Ltd., Buckinghamshire, UK),
cDNA was prepared using Ready-To-Go PCR
T-Printed First Standard kit (Amersham Pharmacia
Biotech UK Ltd.). After establishing the optimal
conditions for all primers, mRNA expression was
quantified according to the standard LightCycler™
protocol. As a hot start PCR solution for the Light-
Cycler™, adjusted LC FastStart DNA Master SYBR
Green I (Roche Molecular Biochemicals) was used.
In the PCR mixture for demonstration runs for each
diluted PCR product, to 10.2 pul of sterile water, 2 pl
of LC FastStart DNA Master SYBR Green I con-
taining ADNA (5 pg/ul) and SYBR Green 1 (1/60,000
dilution), and 1.6 pl of MgCl, (25 mM) were added.
Furthermore, after adding 0.6 ul each of a sense
primer (10 pmol/ul) and an antisense primer (10
mol/pul) prepared using Oligo 5 primer design (Bio-
gene, Ltd., Kimbolton, UK), 5 ul of each diluted
PCR product was added, bringing the final reaction
volume to 20 pl. The primers for MHC-2b, 2d and
2a were designed by selecting a unique sequence
from the full DNA sequence of each isoform. The
base sequence of the primers for each isoform was
follows: MHC-2b (sense primer: 5’-ACAGACTA
AAGTGAAAGCC-3’, antisense primer: 5’-CTCT
CAACAGAAAGATGGAT-3’, Accession: XM
126119); MHC-2d (sense primer: 5’-GGACAAACT
GCAATCAAAGG-3’, antisense primer: 5-TTGGT
CACTTTCCTGCACTT-3’, Accession: AJ293626);
and MHC-2a (sense primer: 5’-CGATGATCTTGC
CAGTAATG-3, antisense primer: 5’-TGATAACT
GAGATACCAGCG-3’, Accession: NM_144961).
With regard to the PCR mixture, to 14.2 ul of sterile
water, 2 ul of LC FastStart DNA Master SYBR
Green | containing ADNA (5 pg/pl) and SYBR
Green 1 (1/60,000 dilution), 1.6 ul of MgCl,
(25 mM), and 0.6 pl each of a forward primer
(10 pmol/pl) and a reverse primer (10 pmol/ul) were
added. In addition, 1 pl of target DNA was added to
bring the final reaction volume to 20 pl. Each PCR
mixture (20 pl) prepared in the above manner was
added to the glass section of each capillary. PCR
was performed at 95°C for 10 min and then at 95°C
for 10 s, 62°C for 10 s and 72°C for 7 s for a total
of 50 cycles. As to gene amplification, according to
a melting program of 70°C for 15 s, fluorescence
was continuously monitored at a rate of 0.1°C per
second during the transition phase from 70 to 95°C.
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F1 (530 nm) was used as a fluorescent channel, and
the gain indicated 88.8°C for MHC-2b, 89.0°C for
MHC-2d and 88.6°C for MHC-2a. The amount of
each MHC isoform calculated by the above-men-
tioned methods was divided by the amount of
B-actin, which was one of house keeping genes, to
determine the mRNA expression of each isoform.
The base sequence of B-actin was as follows: (sense
primer: 5’-CCTGTATGCCTCTGGTCGTA-3’, anti-
sense primer: 5’-CCATCTCCTGCTCGAAGTCT-3’,
Accession: X-03672). Each PCR fragment was veri-
fied as part of an MHC isoform by ABI PRISM 310
Genetic Analyzer (Perkin-Elmer Japan Applied Bio-
system, Tokyo, Japan).

RESULTS

Effects of stretching on the morphological charac-
teristics of cultured cells (Fig. 2)

In stage I, no difference was noted between the con-
trol and stretch groups. In stage II, the number of
cells increased in the stretch group. At Stage III, the
cells in the control group (without mechanical
stretching) were arranged irregularly, but those in
the stretching group were arranged with some direc-
tionality. In addition, there were numerous long nar-
row cells that fused.

Effects of stretching on the numbers of cells (Fig. 3)
and nuclei (Fig. 4)

In the control group, the number of cells increased
at a constant rate from Stages I to III. On the other
hand, in the stretch group, the number of cells in-
creased rapidly between Stages I and II, but re-
mained mostly unchanged between Stages 11 and III.
The number of nuclei also increased at a constant
rate from Stages [ to III in both groups, but the
number of nuclei in the stretch group was signifi-
cantly higher than that in the control group in Stag-
es Il and III. This demonstrates that the application
of stretch stimuli promoted cell fusion. Next, to in-
vestigate the relationship between the amount of
load on muscle fibers and the change in the proper-
ties of muscle fibers, we determined the level of
each isoform component.

mRNA expression using a LightCycler™

Observed single band indicates that each primer was
specific to each MHC type (Fig. 5). In addition, we
confirmed that these reaction were only one in melt-
ing curve (Figs. 6, 7, 8). For both stretch and con-
trol groups, mRNA expression in all isoforms was
confirmed at each stage. In the stretch group, the
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Fig.2 A phase contrast microscope image of myoblasts at each stage.
a-c: control group. d-f: stretch group. a, d: stage I. b, e: stage Il. c, f: stage Ill. An arrow in f shows a long, slender multinu-
cleus cell. Bars: 100 pm

control control
(X 10%well) stretch (% 10%well) stretch
* *
— —

I I m I I m

Fig. 3 Number of myoblasts at each stage. (mean + S.D.) Fig. 4 Number of myoblast nuclei at each stage. (mean +
Statistical analysis: *p < 0.005 (n = 10). S.D.) Statistical analysis: *p < 0.005 (n = 10).

mRNA expression of MHC-2b (fastest contraction  sion decreased rapidly at stage II, and then hardly
speed) was highest at stage I. However, its expres-  changed at stage III. On the other hand, in the con-
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MHC-2b MHC-2d MHC-2a
Fig.5 RT-PCR

The numbers of base pairs in primer were 215, 232 and
223. Observed single band indicates that each primer was

specific to each MHC type.
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Fig. 7 Melting curve of MHC-2d
F1 (530 nm) was used as a fluorescent channel. The gain
indicated 89.0°C for MHC-2d.

trol group, only a few mRNA expressions of MHC-
2b were detected at all stages (Fig. 9).

The mRNA expression of MHC-2d (intermediate
isoform) in the control group was significantly high-
er than that in the stretch group at Stages II and III.
In the control group, the mRNA expression of
MHC-2d increased rapidly at Stage Il and was even
higher at Stage III (Fig. 10).

In both stretch and control groups, mRNA expres-
sion in MHC-2a (slowest contraction speed) in-
creased at Stage II. However, mRNA expression in
MHC-2a at Stage III decreased in the control group,
but increased in the stretch group (Fig. 11).

DISCUSSION

Effects of mechanical stretching on cultured cells

Numerous reports have been published on the rela-
tionship between mechanical stimuli and the growth
of various cultured cells. One study stretched cul-
tured chicken myoblasts and documented that the
number of total nuclei was higher than when these

65

Fluorascence -d{F1)/dT

7o 70 Ta0 74 70 Mo 7o M0 780 800 818 IO E15 M40 B0 M @70 M0 B0 GO0 @10 &LB GO

Temperature ("C)

Fig.6 Melting curve of MHC-2b
F1 (530 nm) was used as a fluorescent channel. The gain
indicated 88.8°C for MHC-2b.
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Fig. 8 Melting curve of MHC-2a
F1 (530 nm) was used as a fluorescent channel. The gain
indicated 88.6°C for MHC-2a.

cells were not stretched. It was concluded that
stretching facilitated fusion of myoblasts and be-
came to multinucleated myotubes (21). Other studies
confirmed the effects of stretching on the cytoskele-
ton: When cultured myoblasts were stretched repeat-
edly, actin in cytoskeleton aligned perpendicular to
the direction of stretching (3, 5). The reason for this
phenomenon may be that the actin realigned in or-
der to improve resistance to the stretching.

The stretch-activated (SA) channel is one of the
cellular membrane channels that responds to exter-
nal mechanical stresses, and when the membrane
stretches, this channel is activated, allowing a large
quantity of Ca’" into the cell (8). Ca’" also plays an
important role in muscle regeneration (13). Ca*" in-
flow activates calcineurin, which is a Ca*"/calmodu-
lin dependent phosphatase, and when a transcription
factor, NF-AT1, is transported into the nucleus, mus-
cular hypertrophy is induced (16).

In one study, when a surgically-removed and cul-
tured human anterior cruciate ligament was mechan-
ically stretched, the amounts of collagen I and III
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Fig.9 mRNA expression of MHC-2b

The amount of MHC-2b calculated by the described in the
text was divided by the amount of B-actin, which was one
of house keeping genes, to determine the mRNA expres-
sion. (mean + S.D.) Statistical analysis: *p < 0.005 (n = 8).
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Fig. 11 mRNA expression of MHC-2a

The amount of MHC-2a calculated by the described in the
text was divided by the amount of f3-actin, which was one
of house keeping genes, to determine the mRNA expres-
sion. (mean + S.D.) Statistical analysis: *p < 0.005. *p < 0.05
(n=8).

increased. Because the amount of collagens I and III
are reduced by suppressing TGF-B1 released by lig-
ament cells, TGF-B1 is involved in ligament regen-
eration. As a result, when ligament cells were
stretched, levels of TGF-B1 released by the cells
also increased in order to activate the regeneration
of ligament cells (9). In this way, numerous studies
have found that mechanical stretching affects cellu-
lar growth.

The present study also showed that the number of
cells and nuclei in the stretch group were signifi-
cantly higher than those in the control group. In ad-
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Fig. 10  mRNA expression of MHC-2d

The amount of MHC-2d calculated by the described in the
text was divided by the amount of 3-actin, which was one
of house keeping genes, to determine the mRNA expres-
sion. (mean + S.D.) Statistical analysis: *p < 0.005. 'p < 0.01
(n=8).

dition, multinucleated myotube like cells were
observed at stage III in the stretch group. These re-
sults suggest that direct stimuli to cultured myo-
blasts accelerate not only increase of cells (cellular
growth) but also cell fusion.

Changes in the composition of each MHC isoform
in mechanically-stretched cultured cells

In the stretch group MHC-2b greatly increased im-
mediately after stretching, and decreased subse-
quently. We found that although stretch stimuli
caused cultured myoblasts to transiently express
MHC-2b which is an isoform with the strongest
contraction force (1), continued stimulation subse-
quently reduced MHC-2b.

Compared to the control group, the stretch group
expressed low levels of MHC-2d. An in vivo study
has suggested that, in response to muscle functional
changes, MHC-2d is converted to MHC-2b with a
strong contraction force, or to MHC-2a with a weak
but sustained contraction force (15). Calcineurin ac-
tivation has been reported to induce muscular hyper-
trophy (16). Calcineurin activity is stimulated by
frequent activation of motor nerves, which in turn,
facilitates genetic expression of slow-twitch fibers.
On the other hand, suppression of calcineurin activi-
ty converts muscle fibers to fast-twitch fibers (4). In
this study, low levels of MHC-2d and abundant
MHC-2a were present in the stretch group. MHC-2a
is more resistant against fatigue when compared to
MHC-2b, and is superior in oxidative metabolism
(10). It is generally accepted that MHC-2b is more
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adept at anaerobic exercise, while MHC-2a is more
adept at aerobic exercise. We speculate that, there-
fore, in response to continued stimuli to myoblasts,
MHC-2d acquired the properties of MHC-2a suit-
able for aerobic exercise, or underwent conversion
to MHC-2a. Different results may be provided when
they change different stretching intensities and fre-
quencies on muscles. Several studies have previous-
ly documented that the higher the frequency of
electric stimulation were applied, the greater the ex-
pression of slow-twitch isoforms appeared, while
lower frequencies of electric stimulation result in
greater expression of fast-twitch isoforms (12, 18).
In addition, MHC-1 is not expressed the soleus
muscle of juvenile rats, however it was expressed
when mild electrical stimulation was continuously
applied (11). In other words, changes in the MHC
isoform composition appear to be dependent on
stimulation intensity and frequency.

In the control group the fastest muscle isoform
MHC-2b showed low levels of change in any stage.
Among the fast muscle types, the slowest muscle
isoform MHC-2a increased transiently, but de-
creased thereafter. In contrast, the intermediate type
MHC-2d increased slightly in a time-dependent
manner. It has been suggested that MHC-2d is re-
versibly converted to MHC-2b or MHC-2a (15).
Therefore MHC-2d increased presumably in re-
sponse to environmental changes in the control
group. MHC-2a in the stretch group was significant-
ly higher than that in the control group, while
MHC-2d in the stretch group was markedly lower
than that in the control group. These results suggest
that myoblasts tend to change into the more adapted
muscle fibers on application of stretch stimuli.

Our results showed that, when skeletal muscle
myoblasts were mechanically stretched, cell growth
was facilitated, and the number of cells reached a
plateau earlier when compared to the control group.
The number of myoblasts in the stretch group was
also greater than that for the control group. As far
as to factors affecting the composition of MHC iso-
forms, mRNA expression in MHC-2b (fast-twitch
isoform with the fastest contraction speed) increased
early, but continuous stimulation decreased expres-
sion with passage of time. On the other hand,
mRNA expression in MHC-2a (fast-twitch isoform
with the slowest contraction speed) increased with
time and was markedly greater when compared to
the control group. In other words, although the re-
sulting muscle fibers were of a fast-twitch type, they
had properties associated with slow-twitch fibers.
Furthermore, mRNA expression in intermediate
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MHC-2d hardly increased in the stretch group.
Therefore, when external stimuli such as stretching
are applied, muscle fibers adapt quickly to environ-
mental changes, thus clarifying the relationship be-
tween mechanical stimuli and muscle function
changes at the mRNA level.
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