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Summary

Genetic strain-dependent reactivity to mechanical stimuli in rat
skeletal muscle has not been examined. This study aimed to
examine whether genetic strain-dependency is associated with
reactivity in protein metabolism and the resultant muscle
hypertrophy after isometric resistance training (RT). The right
triceps of Sprague-Dawley (SD) and Wistar rats underwent
12 sessions of RT. After RT, a transition from the IIb to the IIx
myosin heavy-chain isoform was observed in both strains. In SD
rats, the lateral gastrocnemius muscle (LG) mass of the trained
legs (TRN) was significantly higher than that of the control legs
(CON) (7.8 %, P<0.05). Meanwhile, in Wistar rats, the LG mass
was unchanged. In SD rats, the levels of 70-kDa ribosomal
protein S6 kinase (p70S6k) and forkhead box 3a (FOXO3a)
phosphorylation in the TRN were significantly greater than those
of the CON (2.2- and 1.9-fold, respectively; P<0.05). The
expression of muscle ring finger-1 (MuRF1) and muscle atrophy
F-box (MAFbx/atrogin-1) in the TRN were significantly lower than
those of the CON (0.6- and 0.7-fold, respectively; P<0.05).
However, in Wistar rats, there was no significant difference.
These results suggest a genetic strain difference in protein
metabolism. This phenomenon may be useful for studying
individual differences in response to RT.
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Introduction

Skeletal muscle size is believed to be regulated
by both muscle protein synthesis (MPS) and muscle
protein breakdown (MPB). Appropriate stimulation of
skeletal muscle enhances MPS, resulting in muscle
hypertrophy. A number of studies have confirmed this
(Dreyer et al. 2006, Dreyer et al. 2008). Conversely,
unloading (i.e., hindlimb unloading (Hornberger et al.
2001, Haddad et al. 2006) and denervation (Hornberger
et al. 2001)) induce muscle atrophy as a result of
increased MPB-related indexes.

Anabolic reactions in skeletal muscle exerted by
resistance exercise (Biolo et al. 1995), electrical
stimulation (Baar and Esser 1999, Nader and Esser 2001),
and compensatory overload (Bodine et al. 2001) have
been investigated at the molecular level. For example, it
was reported that acute bouts of eccentric knee extension
augmented the phosphorylation of Akt, mammalian target
of rapamycin (mTOR), and 70-kDa ribosomal protein S6
(p70S6k);
phosphorylation

kinase these are translation regulator

proteins belonging to the
serine/threonine kinases, which are related to protein

synthesis (Roschel ef al. 2011). In agreement with these
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findings, resistance training (RT) resulting in muscle
hypertrophy is closely involved in the activities of the
Akt/mTOR/p70S6k pathway (Ochi et al. 2010), leading
to an anabolic response.

Protein

synthesis and protein degradation

following resistance exercise have recently been
investigated at the molecular level. Louis et al. (2007)
clarified the impact of acute exercise on muscle ring
(MuRF1)

(MAFbx/atrogin-1), which are ubiquitin ligases (E3)

finger 1 and muscle atrophy F-box
involved in muscular protein degradation (Sandri et al.
2004, Stitt et al. 2004). E3 is regulated by Forkhead
transcription factor (FOXO). In situations where protein
synthesis was increased, FOXO was phosphorylated by
Akt and was localized in the cytosol. When FOXO is
dephosphorylated, it is transported from the cytosol to the
nucleus, leading to higher expression of E3 expression
(Sandri et al. 2004). It has been confirmed that RT
leading to skeletal muscle hypertrophy decreases MuRF1
and MaFbx/Atrogin-1 mRNA expression in rats (Zanchi
et al. 2009).

Since Adams et al. (2004) and Haddad et al.
(1998) report that all 3 contraction modes (i.e., isometric,
concentric, and eccentric contraction) successfully induce
muscle hypertrophy in Sprague-Dawley (SD) rat
Gastrocnemius (GA), we also applied isometric RT to
Wistar rat GA to further elucidate the molecular
mechanisms

of muscle hypertrophy. Contrary to

expectations, we were unable to confirm muscle
hypertrophy (our unpublished observation). Such strain-
dependent reactions suggest that anabolic and/or
catabolic responses should differ between Wistar and SD
rats. In fact, Soukup and his colleagues have reported
inter-strain differences are present in muscle fiber type
composition (Novék et al. 2010). They found that the
proportion of fast fibers in the soleus is larger in
Spontaneously Hypertensive (SHR) rat than in Wistar
rats. This difference is in close agreement with
differences in twitch contraction and relaxation time
(Lewis et al. 1994). As skeletal muscle hypertrophy
occurs mainly in fast fibers, the lower content of fast
fibers in Wistar rat skeletal muscle might decrease the
hypertrophic response to resistance training. Inter-strain
differences in endocrine secretion may also have
influenced the muscle hypertrophy results.

This study aimed to elucidate the molecular
background underlying the genetic strain-dependent
response of rats to chronic isometric training. We focused

on protein synthesis and degradation reactions in both SD

and Wistar rats to examine the detailed differences
between these strains.

Materials and Methods

Animals

Male SD rats (age, 10 weeks; body mass, 300-
330 g; n=5) (CLEA Japan, Tokyo, Japan) and male
Wistar rats (age, 10 weeks; body mass, 290-320 g; n=6)
(CLEA Japan, Tokyo, Japan) were used in this study.
Each strain underwent RT: 12 sessions of isometric RT in
the SD (n=5) and Wistar rat groups (n=6). The right GA
was trained, and the left GA was used as a control. Thus,
we formed 4 groups as follows: the trained SD group
(SD-TRN), control SD group (SD-CON), trained Wistar
group (W-TRN), and control Wistar group (W-CON).

The rats were housed in individually ventilated
cage systems (Tecniplast, Milan, Italy) maintained at 22-
24 °C with a 12:12-h light/dark cycle. This study was
approved by the Ethical Committee of the Nippon Sports
Science University on the Use of Animal Subject in
Research (010-A04).

Muscle activation and training apparatus

For each training bout, the rats were lightly
anesthetized with isoflurane (aspiration rate, 450 ml/min;
concentration, 2.0 %), and the right hindlimbs were
shaved. Stimulation electrodes coated with urethane wire
(Unique Medical,
subcutaneously in the region adjacent to the popliteal

Tokyo, Japan) were introduced
fossa via 27-gauge hypodermic needles that were
subsequently withdrawn, leaving the electrode in place.
Before insertion, a section of the urethane was removed,
leaving the wire exposed in the area lateral and medial to
the sciatic nerve and to permit field stimulation of the
nerve. The electrodes were connected to an electric
stimulator and isolator (SS-104; Nihon Koden, Tokyo,
Japan).

When the stimulation electrodes were in place,
the rats were positioned on the platform of a training
dynamometer. The right leg was then positioned in a
footplate attached to the dynamometer. The stimulation
intensity was adjusted to produce maximal isometric
tension (pulse duration: 0.4 ms; frequency: 60 Hz;
intensity, ~19 V).

Training protocol
The model used in the present study is similar to
that described by Haddad er al (1998) with some
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modifications. The triceps surae muscle in each TRN was
stimulated 5 times for isometric contraction (5 s) with 5 s
of rest time between contractions; each training session
consisted of 5 sets with a rest interval of 5 min between
each set. The rats were positioned with the right foot on
the footplate at 80 ° relative to the tibia. After each
training session, the electrodes were withdrawn. The
training regimen involved a sequence of 2 days of
training followed by a day of rest. Twenty-four hour after
the last exercise session, the GA muscle was dissected,
ground to a powder, and immediately frozen in liquid N,
and stored at —80 °C until analysis. The GA of the trained
right-leg was compared with that of the contralateral
(left) leg. Posterior legs muscles are made up of GA
(medial and lateral), soleus and plantaris. Both of SD and
Wistar rats, lateral GA (LG) account for the greatest
proportion (about 40 %) of posterior legs. Thus we
believe that the changes seen in the LG reflect a response
to stimulation used in this study. Therefore LG was used
for further biochemical analysis.

Myosin heavy-chain (MyHC) isoform analysis

Powdered muscles were homogenized in a
sodium dodecyl sulphate (SDS) solution containing 10 %
w/v SDS, 40 mM dithiothreitol (DTT), 5 nM EDTA, and
0.1 M Tris-HCL buffer (pH 8.0) to give a final
concentration of muscle tissue of 0.25 mg/ul. We added
Protease Inhibitor Cocktail for Use with Mammalian Cell
and Tissue Extracts (Nacalai Tesque) to some sample
homogenates at 1:100. These sample homogenates were
heated at 85 °C for 10 min. The samples were diluted in
2xsample buffer (1.0 % v/v B-mercaptoethanol (B-ME) or
100 mM DTT, 4.0 % w/v SDS, 0.16 M Tris-HCI
(pH 6.8), 43 % v/v glycerol, and 0.2 % w/v bromophenol
blue) and dH,0 to give final protein concentrations of 10-
1280 ng/ul in 1xsample buffer.

Gel and transfer conditions as well as the
method for detecting bands were performed as described
previously (Mizunoya et al. 2008). The bands were
quantified by densitometry using Light Capture (ATTO,
Tokyo, Japan).

Western blot analysis
A 30pg total
homogenized samples (as identified above) was mixed

protein extract from the

with sample buffer, boiled on SDS-polyacrylamide gel
(10-12.5 %), and electrophoresed at 20 mA. The samples

were electrophoretically separated, and the separated
proteins were then transferred onto polyvinylidene
difluoride (PVDF) membranes (ATTO, Tokyo, Japan).
The membranes were blocked with PBS containing 1 %
skimmed milk for 1 h and then incubated overnight at
4 °C with the following primary antibodies (all diluted
1:1,000): monoclonal anti-Akt (no. 2920; Cell Signaling
Technology, Danvers, MA), monoclonal anti-Akt (P)
(no. 4051; Cell Signaling Technology), monoclonal anti-
mTOR (no. 2983; Cell Signaling Technology), polyclonal
anti-mTOR (P) (no. 2971; Cell Signaling Technology),
polyclonal anti-p70S6k (no. 9202; Cell Signaling
Technology), polyclonal anti-p70S6k (P) (no. 9205; Cell
anti-FOXO1
(no. 2880; Cell Signaling Technology), polyclonal anti-
FOXO1 (P) (no. 9461; Cell Signaling Technology),
monoclonal anti-FOXO3 (no. 2497; Cell Signaling
Technology), polyclonal anti-FOXO3 (P) (no. 9466; Cell
Signaling Technology), monoclonal anti-f actin (no.

Signaling  Technology), monoclonal

3700; Cell Signaling Technology), polyclonal anti-
MuRF1 (no. sc-32920; Santa Cruz Biotechnology, Santa
Cruz, CA), and polyclonal anti-MaFbx/Atrogin-1 (no. sc-
33782; Santa Cruz Biotechnology). The membranes were
then washed (5 minx3 times) and incubated overnight
with the secondary antibody at 4 °C. Horseradish
(HRP)-conjugated
immunoglobulin G (IgG) or ant-rabbit IgG (dilution,
1:10,000) was
(SuperSignal West Dura;

peroxidase goat  anti-mouse

used as the secondary antibody
Pierce Protein Research
Products, Rockford, IL). Chemiluminescent signals were
detected using a chemiluminescence detector (AE6961;
ATTO) and quantified using a personal computer with
image analysis software (SC Analyzer; ATTO). The band
densities were expressed relative to those obtained for the
control.

Statistical analysis

The Wilcoxon-signed-rank test was used to test
for differences between TRN and CON. Furthermore, the
Mann-Whitney U test was used to test for differences
between SD and Wistar rats; the tested variables were
body mass, each muscle mass, each muscle mass relative
to body mass, and the MyHC isoform composition ratio.
The level of significance was set at P<0.05. All values are
expressed as means + SE. All analyses were performed
using SPSS for Windows (SPSS Japan, Tokyo, Japan).
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Table 1. Rat characteristics.
SD-IT W-IT
CON TRN CON TRN
Body weight after the training (g) 424.10+9.60 ' 340.18+4.34
Medial gastrocnemius (mg) 971.36+24.16 % 1056.24+37.03 % 750.08+17.97  777.07+11.45
Medial gastrocnemius / ,
, 2.29+0.04 2.49+0.07 2.21+0.08 2.26+0.05
Body weight (mg/g)
Lateral gastrocnemius (mg) 1146.96+31.19  1239.80+21.23 "% 908.03+22.76  878.63+38.13
Lateral gast us / :
aterdl gastrocnems 2.70+0.05 2.93+0.07 2.67+0.05 2.58+0.12

Body weight (mg/g)

Gastrocnemius (mg) 2122.62+59.16 %%

Gast us /
as rocn.emlus 5.01+0.10
Body weight (mg/g)

2304.10+£60.49 %% 1658.25433.72  1655.72453.44

5.4440.15 "% 4.87+0.07 4.87+0.16

Values are means + SE. TRN, trained legs; CON, control legs; W, Wistar; IT, Isometric resistance training. ' P<0.01, SD-IT vs. W-IT,
*P<0.05, TRN vs. CON in SD-IT. *P<0.05, ¥ P<0.01, SD-IT vs. W-IT of CON or SD-IT vs. W-IT of TRN.
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Results

Body weights of rats and wet masses of GA muscles

The rat characteristics are presented in Table 1.
The mean body weight, medial GA (MG) and GA masses
of the CON, and MG, LG, and GA masses of the TRN of
the SD rats were significantly greater than those of the
Wistar rats (P<0.01). In addition, the GA mass of the
TRN relative to the body mass of the SD rats was
significantly greater than that of the Wistar rats (P<0.05).

In SD rats, the MG, LG, and GA masses and

Fig. 1. Myosin heavy-chain (MyHC)
isoform protein expression in the
lateral gastrocnemius muscle (LG)
after the isometric RT program. SD-IT
(A). W-IT (B). Values are means + SE
o bars. * P<0.05, TRN vs. CON. In the

s < IIx SD rats, the proportion of the IIx

’ - <lIIb isoform was significantly higher in the

o TRN than in the CON [9.8 %; P<0.05

(A)]. The proportion of the IIb isoform

in the TRN was significantly lower

than in the CON (13.1 %; P<0.05). In

the Wistar rats, the proportion of the

IIx isoform in the TRN was

la significantly higher than that in the

‘ <« 1z CON [4.91 %; P<0.05 (B)]. There

oy <1lb were no significant  differences
oy i between the SD-IT and W-IT groups.

muscle mass/body weight ratios of the TRN were
significantly higher than those of the CON (P<0.05). In
contrast, in the Wistar rats, no significant difference was
observed between the TRN and CON.

Changes in MyHC isoform composition
The MyHC
electrophoresis and the proportions of the isoforms

isoforms were separated by
quantified by densitometry using Light Capture (ATTO,
Tokyo, Japan).

In the SD rats, the proportion of the IIx isoform
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Fig. 2. The ratio of phosphorylated Akt [Akt (P)] to total Akt (A), the ratio of phosphorylated mammalian target of rapamycin [mTOR
(P)] to total mTOR (B), and the ratio of 70-kDa ribosomal protein S6 kinase [p70S6k (P)] to total p70S6k (C) in SD-TRN and -CON
determined by western blotting. The ratio of p70S6k (P) to total protein in the TRN was significantly greater than that in the CON (C).
However, ratio of Akt(P) to total Akt and mTOR(P) to total mTOR did not differ between the TRN and CON (A and B). Values are

expressed as means + SE. “P<0.05, TRN vs. CON.
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was significantly higher in the TRN than in the CON
[9.8 %; P<0.05 (Fig. 1A)]. In contrast, the proportion of
the IIb isoform in the TRN was significantly lower than
that in the CON (13.1 %, P<0.05). The proportions of the
I and Ila isoforms were similar between the TRN and
CON.

In the Wistar rats, the proportion of the IIx
isoform in the TRN was significantly higher than that in

the CON [4.91 %; P<0.05 (Fig. 1B)]. In contrast, the
proportions of the I, Ila, and IIIb isoforms were similar
between the TRN and CON.

Protein content

In the SD rats, the phosphorylation level of
p70S6k in the TRN was higher than that in the CON
(P<0.05). The phosphorylation level of Akt and mTOR
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Fig. 4. The ratio of Akt (P) to total Akt (A), the ratio of mTOR (P) to total mTOR (B), and the ratio of p70S6k (P) to total p70S6k (C) in
the SD-TRN and -CON determined by western blotting. No significant difference was observed between TRN and CON. Values are
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FOXO1 (A), the ratio of FOXO3a (P) to
total FOX0O3a (B), and the levels of
MuRF1 (C) and MaFbx/Atrogin-1 (D)
in the W-TRN and -CON determined
by western blotting. No significant
difference was observed between TRN
and CON rats. Values are expressed
as means £ SE. TRN vs. CON.
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were not significantly different between the TRN and  (Fig. 3).

CON. In contrast, in Wistar rats, the phosphorylation
level of p70S6k, akt, mTOR in the TRN were not
significantly different from those in the CON (Fig. 2).
Phosphorylation level of FOXO3a in the TRN
was significantly higher than that in the SD (P<0.05). The
protein contents of MuRF1 and MaFbx/Atrogin-1 in the
TRN were significantly lower than those of the CON
(P<0.05). However, in Wistar rats, phosphorylation level
of these protein kinases, and protein contents in the TRN
were not significantly different from those in the CON

In Wistar rats, the contents of the examined
protein in the W-TRN group were not significantly
different from those in the W-CON group (Fig. 4 and 5).

Discussion

Muscle hypertrophy caused by RT induced
through electrical stimulation of the sciatic nerve is a
well-established rat model that is used to elucidate
intramuscular mechanisms (Haddad ef al. 1998, Baar and
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Esser 1999, Adams et al. 2004). The aim of the present
study was to determine whether the genetic inter-strain
difference in muscle hypertrophy influences the
activation of intramuscular signaling cascades associated
with muscle size. The primary finding of the present
study is that genetic inter-strain differences in RT-
induced muscle hypertrophy do indeed exist.
Furthermore, this difference appeared to be associated
with alterations in intramuscular signaling cascades
related to protein metabolism.

In SD rats, the LG mass of the TRN was
significantly greater (7.8 %) than that of the CON after
12 sessions of isometric RT. The same tendency was
shown in a previous study using a similar RT model
(Haddad et al. 1998). They demonstrated that 12 sessions
of isometric training increased the MG mass (13 %) in
SD rats, suggesting that isometric training in the rat
model successfully induces muscle hypertrophy in SD
rats. Because we electrically stimulated the sciatic nerve,
not only the gastrocnemius but also the lower leg muscles
were activated. We are convinced that a fixed pedal
provides larger mechanical loads to induce hypertrophy
of the gastrocnemius, as previously reported by other
group (Haddad et al. 1998).

On the other hand, the LG mass of the W-TRN
was similar to that of the W-CON. This result indicates
that isometric training fails to induce muscle hypertrophy
in Wistar rats. In the past, several researchers have
reported that there are genetic strain differences between
SD and Wistar rats with respect to muscle fiber type,
memory, and behavior (Wyss et al. 2000, Rittenhouse et
al. 2002, Novak et al. 2010). To our knowledge, we are
the first to show that the muscle anabolic response of SD
rats is higher than that of Wistar rats under mechanical
stimuli.

Furthermore, genetic strain-dependent
differences in muscle fiber type (e.g., in the soleus and
extensor digitorum longus) have been demonstrated
between SD and Wistar rats (see Novak et al. 2010). Rat
muscle fibers are classified into 4 types: type I, type Ila,
type IIx, and type IIB; each type has a different
contraction speed, fatigue tolerance, metabolism, and
muscle fiber size. Since fiber type composition is
dependent on metabolic states in skeletal muscle, it is
possible that inter-strain differences exist in muscle
adaptation to resistance exercise stimulation.

In the present study, the fiber type levels of
control LG muscles were similar between SD and Wistar

rats. Furthermore, the occurrence rate of type IIx

increased significantly in both SD and Wistar rats. It is a
well-known fact that high-intensity RT upregulates the
fast-to-slow MyHC isoform transition (from type IIb to
types IIx and Ila). Haddad et al. (1998) also reported that
12 sessions of RT significantly reduces the type IIb
MyHC ratio and concomitantly increases type IIx MyHC
in SD rats. As the muscle weights after RT differed
significantly between SD and Wistar rats, it was
unexpected that their MyHC isoform compositions and
MyHC isoform transitions were no different. Fiber-typing
techniques, such as ATPase staining and immunostaining,
would provide further information.

It should be noted that the body weights of the
SD and Wistar rats were different. Although the weights
of the rats used in this study were almost the same at the
time of delivery (ref. Methods), they differed by the end
of the RT regimen. Because testosterone, which is a
hormone secreted by the testis, elicits protein synthesis,
we suspect that this difference in growth influences the
response to RT. As the stage of growth influences muscle
adaptation (Kumar et al. 2009), in the present study we
adjusted the results by age before making comparisons. In
the future, we will need to conduct additional studies in
fully grown rats.

A number of studies have shown that protein
synthesis-related signaling is activated after resistance
exercise (Baar and Esser 1999, Nader and Esser 2001,
Ochi et al. 2010, Roschel et al. 2011). In the present
study, we found that the p70S6k phosphorylation of the
SD-TRN increased relative to that of the SD-CON 24 h
after the last training session. However, the levels of
phosphorylated Akt and mTOR were similar between the
SD-TRN and SD-CON. Several researchers have shown
that exercise-induced p70S6k activity is maintained for
more than 24 h after exercise (Baar and Esser 1999,
Hernandez et al. 2000, Lai et al. 2004). Since Akt and
mTOR  are p70S6k,
phosphorylated Akt and mTOR might decay earlier than
p70S6k. Akt, mTOR, and p70S6k
phosphorylation did not change in Wistar rats. These

upstream  molecules  of
However,

results, when combined with those for muscle mass,
suggest that muscle hypertrophy is related to molecules
involved in protein synthesis.

In the present study, we observed that RT in SD
rats that received isometric training decreased
MaFbx/Atrogin-1 and MuRF1 protein contents and
concomitantly increased FOXO3a phosphorylation. A
comparable result that chronic resistance exercise

decreases the mRNA expression levels of E3 ligases has
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also been reported (Zanchi et al. 2009). These reports
suggest that FOXO proteins and E3 ubiquitin ligases
fluctuate similarly-under various mechanical conditions.
Moreover, RT reduces protein degradation and causes
muscle hypertrophy. However, this tendency was not
observed in Wistar rats. Since significant hypertrophy
was not observed, it is consistent that protein degradation
was not suppressed.

In contrast to SD rats, Wistar rats showed little
or no response to RT, suggesting that they are “low
responders” to RT. On the other hand, Ochi et al. (2010)
successfully induced muscle hypertrophy in Wistar rats
after eccentric RT using the same training machine. We
speculate that the difference in the anabolic responses of
the muscles is due to differences in the stimulation
volume and contraction type. We suspect that this
variation in the stimulation volume caused the difference
in muscle hypertrophy. Further consideration of training
volume is necessary to understand the appropriate
mechanical stimulus for muscle hypertrophy. Eccentric
but not concentric contraction training in humans has
been reported to increase the IGF-1 mRNA content
(Bamman et al. 2001). Moreover, maximal eccentric-
contraction exercise has been confirmed to increase the
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