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Myogenic cell differentiation is modulated by multiple regulatory factors, such as myogenin,
p21, and cyclin D3 during myogenesis in vitro. It is also recognized that myogenin and p21
play important roles in regulating muscle satellite cell (SC) differentiation during overload-
induced muscle hypertrophy in vivo. However, the expression patterns and functional role of
cyclin D3 in the progress of muscle hypertrophy remain unclear. Thus, the present study
investigated cyclin D3 expression in skeletal muscles during early-stage functional overload.
Plantaris muscles were exposed to functional overload due to ablation of the gastrocnemius
and soleus muscles. As a result, cyclin D3 expression was detected in the nuclei of SCs but
not in myonuclei on day 1 after surgery. Cyclin D3 expression, after functional overload,
gradually increased, reaching a maximum on day 7 along with myogenin expression. More-
over, in response to the functional overload, cyclin D3 was expressed simultaneously with
myogenin and p21 in SC nuclei. Therefore, the present study suggests that cyclin D3 with
myogenin and p21 may interactively regulate SC differentiation during early-stage functional

overload.
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I. Introduction

Skeletal muscles induce muscle hypertrophy in
response to increased muscle activities like functional over-
load. Among muscle hypertrophy-related processes, those
involving muscle SCs, such as activation, proliferation, dif-
ferentiation, and fusion to existing myofibers, are essential
[12, 31]. SC differentiation is particularly essential for mus-
cle hypertrophy processes prior to SC fusion with existing
myofibers.

During myogenesis, the differentiation of myogenic
cells, like SCs, is interactively modulated by multiple regu-
latory factors in vitro, including myogenin, p21, retinoblas-
toma tumor suppressor protein, and cyclin D3 [1, 2, 6, §,
34, 39]. Cyclin D3 is a particularly interesting factor for
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myogenic cell differentiation.

Cyclin D3 is of the cyclin D family (cyclin DI, etc.).
This family, represented by cyclin DI, is pivotal in cell
cycle promotion and inhibiting differentiation [29, 32].
Cyclin D3 is an exception, however, shown to be deeply
involved in cell differentiation but not in the cell cycle [2].
In fact, during myogenesis, cyclin D3 is reported to regu-
late myogenic cell differentiation by inhibiting cyclin-
dependent kinase 2 activity in vitro [4]. The previous study
also demonstrated cyclin D3-mediated reorganization of
internal Lamin, a major filament component underlying the
nuclear lamina, and highlighted the critical role played in
regulating myogenic cell differentiation [25]. Moreover,
cyclin D3 deficiency both decreased the number of differ-
entiated myocytes and resulted in immature differentiation
states, thus reducing the number and size of myotubes
formed in vitro [5]. Interestingly, a recent study reported
that cyclin D3 may be involved in regulating myofiber type
transition and skeletal muscle energy metabolism [9].
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These findings show that cyclin D3 is a key regulatory fac-
tor in myogenic cell differentiation in vitro. However, dur-
ing muscle hypertrophy in vivo, the expression patterns and
functional role of cyclin D3 in SCs remain unclear. There-
fore, the present study investigated the properties of cyclin
D3 expression in skeletal muscle during early-stage func-
tional overload.

II. Materials and Methods

Experimental design and surgical procedure

Eight-week-old female Fischer 344 rats were used in
this study (n = 6/group). Between 2-3 rats were housed in
each cage at 22°C with a 12 h light/dark cycle and were
provided food and water ad libitum. All experiments were
carried out following approval from the Ethics Committee
on Life Sciences of Osaka Institute of Technology.

To produce overload-induced muscle hypertrophy, the
plantaris muscle received ablation of the ipsilateral syner-
gistic gastrocnemius and soleus muscles, as described pre-
viously [13, 18, 19]. Briefly, with the rats under
pentobarbital sodium anesthesia (60 mg kg™' ip.) and
inhalation anesthesia with 0.7% isoflurane, a skin incision
was made to fully expose the dorsal region of the experi-
mental leg. The soleus muscle was completely removed
except for a small portion at the proximal end, where it
attaches to the plantaris. Both the lateral and medial gas-
trocnemius muscles were completely removed. Contralat-
eral plantaris muscles were used as sham-operated controls.
At 1, 3, 5, and 7 days after surgery, the animals were sacri-
ficed under pentobarbital sodium anesthesia (60 mg kg™
i.p.) and inhalation anesthesia with 0.7% isoflurane. The
plantaris muscles were removed and samples were frozen
in liquid nitrogen and stored at —80°C until use.

Immunostaining

The primary antibodies used in the present study were
as follows; rabbit polyclonal anti-laminin (a marker
molecule for the basement membrane; 1:3000; Sigma, St
Louis, MO), goat polyclonal anti-M-cadherin (a previously
determined SC marker molecule [12, 18]) (1:200; Santa
Cruz Biotech., Santa Cruz, CA), mouse monoclonal anti-
cyclin D3, rabbit polyclonal anti-dystrophin (a marker
molecule for the plasma membrane) (1:100; NeoMarkers,
Fremont, CA, USA), rabbit polyclonal anti-myogenin
(1:100; Santa Cruz Biotech.), mouse monoclonal anti-
myogenin (1:100; BD PharMingen, San Diego, CA, USA),
rabbit polyclonal anti-cyclin-dependent kinase inhibitor
p21 (Ab-5, 1:100; Oncogen Research Products, Cambridge,
MA, USA) and rabbit polyclonal anti-Ki67 (1:100; Novo-
castra, Newcastle upon Tyne, UK). Ki67 was used as the
marker molecular for proliferating SCs [10, 30]. Myogenin
and p21 were used as marker molecules for differentiating
SCs [11, 20, 33, 40].

For immunostaining, serial cross-sections (5 or 10 um
thickness) of mid-belly muscles were cut using a cryostat at

—20°C and thawed on 3-amino propylethoxysilane-coated
slides. The sections were fixed with 4% paraformaldehyde
in 0.1 M phosphate buffer (pH 7.4) for 15 min and washed
with 0.1 M phosphate-buffered saline (PBS, pH 7.4). To
block non-specific reactions, the sections were incubated
with 0.1 M PBS containing 10% normal serum and 1% Tri-
ton X-100 for 1 h. The primary antibodies were diluted as
required with 0.1 M PBS containing 5% normal serum and
0.3% Triton X-100, and the secondary antibodies were
diluted as required with 0.1 M PBS containing 5% normal
serum and 0.1% Triton X-100.

For triple fluorescence staining, the sections were
simultaneously incubated for 16 h to 48 h at 4°C with the
primary antibodies. They were washed in 0.1 M PBS and
simultaneously incubated overnight at 4°C with secondary
antibodies. The secondary antibodies used in this study
were fluorescein-labeled horse anti-mouse IgG (1:300; Vec-
tor Labs), rhodamine-labeled goat anti-rabbit IgG (1:300;
Chemicon, Temecala, CA) or Alexa Fluor 568-labeled don-
key anti-goat IgG (1:300; Molecular Probes, Eugene, OR).
The sections were washed in 0.1 M PBS and mounted in
Vectashield mounting medium with DAPI (Vector Labs) to
visualize the nuclei. Image analysis was performed with the
fluorescence microscope (Bx51, Olympus Co., Tokyo,
Japan) and RS image (Roper Scientific Inc., Chiba, Japan).

Quantitative analysis

Myofiber quantitative analysis showing positive
immunoreactivities in SCs was performed using a method
described elsewhere [7, 18, 38]. All myofibers in a cross-
section were analyzed for each sample. Myofibers showing
cyclin D3-, myogenin-positive immunoreactivities in the
nuclei of M-cadherin-positive SCs were counted on days 1,
3, 5, and 7 post-surgery and are presented as a percentage
of the total myofiber number counted in the same cross-
section.

Statistical analysis

All data are presented as the mean + SD and were ana-
lyzed with StatView (SAS institute Inc., Cary, NC). Differ-
ences in relative muscle weight between the overloaded
muscles and post-surgery-matched contralateral sham-
operated muscles were tested by paired t-test. Differences
among the groups in which the expression of cyclin D3 and
myogenin (days 1, 3, 5, and 7 post-surgery) was detected in
the nuclei of SCs were tested by one-way ANOVA using
Scheffé’s S test. It should be noted that differences between
the overloaded muscles and contralateral sham-operated
control muscles were not tested, as the expression of cyclin
D3 and myogenin was not detected in the nuclei of SCs in
the sham-operated controls. Differences were considered
significant at the p < 0.05 confidence level.

III. Results

The relative weights of the plantaris muscles over-
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Table 1.  Time course changes in relative muscle weight in contralateral

sham-operated and overloaded plantaris muscles

Time post-surgery group
(days) cs ov
1 94.11 £8.34 142.21 £ 5.35%
3 94.84 + 7.38 138.80 + 14.62*
5 90.52 +3.26 122.81 £9.07*
7 94.53 £7.50 121.18 £9.34*

Values are mean + SD.

Relative muscle weight is presented as a mg per 100 g body weight.

CS: contralateral sham-operated muscles. OV: overloaded muscles.

* Significant difference from post-surgery-matched contralateral sham-
operated muscles (p < 0.05).

loaded by synergistic ablation were significantly increased
compared with the contralateral sham-operated muscles
throughout the experimental periods (p < 0.05) (Table 1).
These results indicate the surgical procedure was sufficient
to induce compensatory hypertrophy in the functionally
overloaded skeletal muscles.

Localization and expression patterns of cyclin D3 in
overloaded skeletal muscle

To confirm whether cyclin D3 expression was induced
in the plantaris muscles during early-stage functional over-
load, immunostaining was performed on post-surgery day 1

using anti-cyclin D3 and DAPI. This identified cyclin D3-
positive immunoreactivities in DAPI-positive nuclei (Fig.
la—c). Furthermore, cyclin D3 positive-immunoreactivities
were detected in nuclei located inside laminin-positive
basement membranes (Fig. 1d—g). These findings indicated
that cyclin D3 expression was induced in the nuclei associ-
ated with myofibers during early-stage functional overload.

To identify whether cyclin D3 expression was induced
in myonuclei during early-stage functional overload,
immunostaining was performed with anti-cyclin D3, anti-
dystrophin, and DAPI on post-surgery day | (Fig. 2a—d).
This detected no cyclin D3-positive immunoreactivity in
nuclei located inside dystrophin-positive plasma mem-
branes. On the other hand, immunostaining with anti-cyclin
D3, anti-M-cadherin, and DAPI was performed on post-
surgery day 1 (Fig. 2e-h). M-caherin is one of the mem-
brane proteins that specifically localize to the plasma
membrane of muscle satellite cells and is widely recog-
nized as a molecular marker for muscle satellite cells [12,
18]. Cyclin D3-positive immunoreactivities were detected
in the nuclei of M-cadherin-positive SCs. These findings
indicate that cyclin D3 is expressed in the nuclei of SCs,
but not in myonuclei during early-stage functional over-
load.

In addition, the cyclin D3 time course changes were
examined in the SC nuclei of overloaded muscles (Fig. 3).
The percentage of myofibers with cyclin D3-positive
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Fig. 1. Photomicrographs showing cyclin D3 localization in post-surgery day 1 overloaded muscles. Immunostaining was performed to visualize the
localization of cyclin D3 (a) and nuclei (b), and the two merged images (¢). Immunostaining was performed to visualize the localization of cyclin D3
(d), laminin (e), and nuclei (f), and the three merged images (g). The arrows in (d), (f), and (g) indicate cyclin D3-positive nuclei located inside the
laminin-positive basement membrane of myofibers. Bar = 30 pm.
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Fig. 2. Photomicrographs of overloaded muscles on post-surgery day 1 showing the expression of cyclin D3 in the nuclei of satellite cells (SCs) but not
myonuclei. Immunostaining was performed to visualize the localization of cyclin D3 (a), dystrophin (b), and nuclei (¢), and the three images merged
(d). The arrows in (a), (¢), and (d) indicate cyclin D3-positive nuclei located outside the dystrophin-positive plasma membrane of myofibers.
Immunostaining was performed to visualize the localization of cyclin D3 (e), M-cadherin (f), nuclei (g), and the three images merged (h). The arrows in
(e), (g), and (h) indicate cyclin D3-positive nuclei expressed in an M-cadherin-positive SC. Bar = 30 um.
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Fig. 3. The expression patterns of cyclin D3 in satellite cell (SC) nuclei of overloaded muscles. The line graph indicates time course changes in the
percentage of myofibers with SC nuclei expressing cyclin D3. Values are the mean = SD. Note: in the contralateral sham-operated muscles, neither
cyclin D3 nor myogenin expression was detected in the nuclei of SCs throughout the experimental periods. * Significantly different compared with
post-surgery day 1 and 3 muscles (p < 0.05).

immunoreactivities in the nuclei of M-cadherin-positive of cyclin D3 expression in SCs on post-surgery day 7 was
SCs significantly increased by post-surgery day 7, com- slightly larger than on day 5. These findings indicate that
pared with day 1 and 3 post-surgery (p < 0.05, respec- cyclin D3 expression in SCs increases over time during
tively). Moreover, although no significant difference was early-stage functional overload.

detected between day 5 and 7 post-surgery, the percentage
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Fig. 4. Photomicrographs of post-surgery day 1 overloaded muscles showing the relationship between cyclin D3 and Ki67 in a satellite cell (SC) nucleus.
Immunostaining was performed to visualize the localization of cyclin D3 (a), Ki67 (b), nuclei (¢), and the three images merged (d). The arrows in (a)—
(d) indicate a DAPI-positive nucleus expressing cyclin D3 but not Ki67. Bar = 30 pm.

The expression of cyclin D3 on the nuclei of proliferating
SCs during early-stage functional overload

To elucidate the role of cyclin D3 expressed in SC
nuclei during early-stage functional overload, immuno-
staining was performed with anti-cyclin D3, anti-Ki67, and
DAPI on post-surgery day 1 (Fig. 4a—d). This identified no
colocalization in any nuclei of cyclin D3 and Ki67. These
findings show that cyclin D3 expression was not induced in
the nuclei of proliferating SCs during early-stage functional
overload.

The relationship among cyclin D3, myogenin, and p21
expression on the nuclei of differentiating SCs during early-
stage functional overload

Immunostaining was performed on post-surgery day 7
with anti-myogenin, anti-M-cadherin, and DAPI, detecting
myogenin-positive immunoreactivities in the nuclei of M-
cadherin-positive SCs (Fig. 5a—d). In addition, on post-
surgery day 7 there was a significant increase in the
percentage of myofibers with myogenin-positive
immunoreactivities in the nuclei of M-cadherin-positive
SCs, compared with post-surgery days 1, 3, and 5 (p < 0.05,
respectively) (Fig. 5e). These findings indicated that myo-
genin expression in SCs increases over time during early-
stage functional overload, as well as cyclin D3 expression.

The relationship between cyclin D3 and myogenin
during early-stage functional overload was then examined.
After immunostaining on post-surgery day 7, with anti-
cyclin D3, anti-myogenin, and DAPI, the colocalization of
cyclin D3 and myogenin was detected in the nuclei of SCs
(Fig. 6a—d). Furthermore, after immunostaining with anti-
cyclin D3, anti-p21, and DAPI, the colocalization of cyclin
D3 and p21 was also detected in the nuclei of SCs on post-
surgery day 7 (Fig. 6e-h). Finally, the colocalization of
myogenin and p21 was detected in the nuclei of SCs on
post-surgery day 7 (Fig. 6i-1) after immunostaining with
anti-myogenin, anti-p21, and DAPI.

Next, the colocalization of cyclin D3, myogenin, and
p21 was examined in differentiated SCs during early-stage
functional overload. The SC nucleus length in rats is

approximately 9—12 um [37] and if 5 um serial sections are
cut, the SC nucleus can be divided twice. Therefore, 5 um
serial sections were prepared according to previous studies
[16, 17]. First, to detect the colocalization of cyclin D3 and
myogenin in the differentiated SCs of muscles on post-
surgery day 5, a serial section was immunostained for
cyclin D3, myogenin, and with DAPI, then the section adja-
cent was immunostained for cyclin D3, p21, and with
DAPI (Fig. 7, A-d). Myogenin and p21 were colocalized in
an SC expressing cyclin D3 in its nucleus. These results
demonstrate cyclin D3 colocalization with myogenin and
p21 in SCs differentiation stages during early-stage func-
tional overload.

IV. Discussion

The increases in relative muscle weight in plantaris
muscles shown in the present study were consistent with
previous studies that investigated plantaris muscle hyper-
trophy during early-stage functional overload [14, 18, 28].
Therefore, in the present study, functional overload was
confirmed to induce muscle hypertrophy from an early
stage.

In general, the myonuclei have lost mitosis capacity in
the skeletal muscle in vivo [27, 35]. Therefore, as D-type
cyclins, including cyclin D3, are fundamental regulatory
factors of proliferation/differentiation processes [3, 32], the
present study’s detection of cyclin D3 expression in SCs
but not myonuclei is reasonable.

In the current study, the expression of cyclin D3 were
not colocalized with that of Ki67 in the nucleus in func-
tional overloaded skeletal muscles throughout the experi-
mental periods. These results were supported by the
previous studies which demonstrated that cyclin D3 funda-
mentally regulates the cell differentiation of cells, but not
cell proliferation, by interacting with retinoblastoma, which
is key factor to regulate the cell differentiation [2, 6, 23].
On the other hand, the current study could not identify the
cell type of Ki67-expressing cells. Hence, it was not ruled
out the possibility that Ki67 was expressing in cells other
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Fig. 5. The expression patterns of myogenin in satellite cell (SC) nuclei in overloaded muscles. In post-surgery day 7 overloaded muscles,
immunostaining was performed to visualize the localization of myogenin (a), M-cadherin (b), nuclei (¢), and the three merged images (d). The arrows
in (a), (¢), and (d) indicate myogenin-positive nuclei expressed in an M-cadherin-positive SC. Bar = 30 um. (e) time course changes in the percentage
of myofibers with SC nuclei expressing myogenin in overloaded muscles. Values are the mean + SD. Note: in the contralateral sham-operated muscles,
neither myogenin nor myogenin expression was detected in the nuclei of SCs throughout the experimental periods. *Significantly different compared

with post-surgery days 1, 3, and 5 in overloaded muscles (p < 0.05).

than muscle satellite cells. For example, the previous stud-
ies indicated that in addition to the muscle satellite cells
muscle-derived stem cells located in the interstitial spaces
between myofibers were activated in the skeletal muscles
during muscle development such as muscle hypertrophy
[16, 36]. Therefore, in the current study, Ki67-expressing
cells may possibly be the activated muscle-derived stem
cells in addition to the muscles satellite cells. Moreover, the
previous studies demonstrated that the remodeling of extra-
cellular matrix was induced by the increase of skeletal mus-
cle activities [22, 26, 42]. Therefore, it was not ruled out
the possibility that the fibroblasts located in the interstitial
spaces between myofibers were activated in response to the
increase of muscle activities during the functional overload
in the current study. In addition, the current study could not
exclude the possibility that not all cells in proliferative
phase had been detected due to technical limitations of
immunohistochemical staining. Thus, further studies are
needed to conclude on the involvement of cyclinD3 in the
proliferation phase of muscle satellite cells.

After functional overload, the rate of SCs expressing
cyclin D3 gradually increased, and reached a maximum on
day 7. The expression pattern changes of cyclin D3 in the
SC functional overload response were similar to myogenin
in SCs during early-stage functional overload indicated by
the present and previous studies [15, 18]. In fact, the colo-
calization of cyclin D3 and myogenin was detected in the
SC nuclei of overloaded muscles. Moreover, the colocaliza-
tion of cyclin D3, myogenin, and p21 was detected in the
nucleus of SCs in the overloaded muscles. It is well-known
that myogenin and p21 are key factors in regulating myo-
genic cell differentiation [1, 24, 33, 41]. For example, stud-
ies demonstrated the important roles myogenin and p21
play in regulating SC differentiation during muscle regen-
eration and hypertrophy in vivo [15, 21]. Although, previ-
ous studies reported cyclin D3 participation in regulating
differentiation but not the proliferation of myogenic cells in
vitro [2-4]. The functional roles of cyclin D3 in morpho-
logical changes of skeletal muscle involving muscle SC dif-
ferentiation, such as regeneration and hypertrophy, remain
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Fig. 6. Photomicrographs of post-surgery day 7 overloaded muscles showing the relationship between myogenin and p21 in a satellite cell (SC) nucleus.
Immunostaining was performed to visualize the localization of cyclin D3 (a), myogenin (b), and nuclei (c), and the three images merged (d). The
arrows in (a)—(d) indicate the coexpression of cyclin and myogenin in an SC. Immunostaining was performed to visualize the localization of cyclin D3
(e), p21 (f), and nuclei (g), and the three images merged (h). The arrows in (e)—(h) indicate myogenin and p21 coexpression in an SC. Immunostaining
was performed to visualize the localization of myogenin (i), p21 (j), and nuclei (k), and the three images merged (I). The arrows in (i)—(l) indicate

myogenin and p21 coexpression in a SC. Bar = 30 pm.

Fig. 7. Photomicrographs of post-surgery day 5 overloaded muscles showing the coexpression of cyclin D3, myogenin, and p21. Triple fluorescence
staining to visualize the localization of cyclin D3 (a), myogenin (b), p21 (¢), and nuclei (d) were performed. An adjacent serial section of post-surgery
day 5 overloaded muscle was prepared at 5 pm thickness and immunostained for cyclin D3/myogenin/p21 and with DAPI. Arrows (a)—(d) indicate
coexpression of cyclin D3, myogenin and p21-positive immunoreactivities in a nucleus. Bar = 30 um.
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unclear until now. The present study, for the first time, indi-
cated the simultaneous expression of cyclin D3 with myo-
genin and p21 in differentiating SCs of overloaded skeletal
muscle which suggests that cyclin D3 may jointly regulate,
with myogenin and p21, the differentiation of SCs during
early-stage functional overload.

In conclusion, the rate of SC cyclin D3 and myogenin
expression gradually increased after functional overload,
reaching the highest value on post-surgery day 7. More-
over, cyclin D3 was shown to colocalize with myogenin
and p21 in the SC nucleus of overloaded skeletal muscles.
Therefore, it is suggested that cyclin D3 may interactively
regulate the differentiation of SCs with myogenin and p21
during early-stage functional overload.
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