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Abstract

This study elucidated the role of CaN-NFAT signaling and
neurotrophins on the transformation of myosin heavy chain
isoforms in the rat soleus muscle fiber following aerobic exer-
cise training. To do so, we examined the content and distribution
of myosin heavy chain (MyHC) isoforms in the rat soleus mus-
cle fiber, the activity of CaN and expression of NFATc1 in these
fibers, and changes in the expression of nerve growth factor
(NGF), brain-derived neurotrophic factor (BDNF) and neutro-
phin-3 (NT-3) in the soleus and striatum following high-and
medium-intensity aerobic treadmill training. Specific pathogen-
free 2 month old male Sprague-Dawley (SD) rats were randomly
divided into three groups: Control group (Con, n = 8), moderate-
intensity aerobic exercise group (M-Ex, n = 8) and high-
intensity aerobic exercise group (H-Ex, n = 8). We used ATPase
staining to identify the muscle fiber type I and 11, SDS-PAGE to
separate and analyze the isoforms MyHCI, MyHCIIA,
MyHCIIB and MyHCIIx, and performed western blots to deter-
mine the expression of NFATc1, NGF, BDNF and NT-3. CaN
activity was measured using a colorimetric assay. In the soleus
muscle, 8 weeks of moderate-intensity exercise can induce
transformation of MyHC 1A and MyHC I1B to MyHC 11X and
MyHC | (p < 0.01), while high-intensity treadmill exercise can
induce transform MyHC lix to MyHC IIB, MyHC IIA and
MyHC 1 (p < 0.01). In comparison to the control group, CaN
activity and NFATcl protein level were significantly increased
in both the M-Ex and H-Ex groups (p < 0.05, p < 0.01), with a
more pronounced upregulation in the M-Ex group (p < 0.05).
Eight weeks of moderate- and high-intensity aerobic exercise
induced the expression of NGF, BDNF and NT-3 in the soleus
muscle and the striatum (p < 0.01), with the most significant
increase in the H-Ex group (p < 0.01). In the rat soleus muscle,
(1) CaN-NFATcl signaling contributes to the conversion of
MyHC | isoform in response to moderate-intensity exercise; (2)
Neurotrophins NGF, BDNF and NT-3 might play a role in the
conversion of MyHC Il isoform in response to high-intensity
treadmill exercise.

Key words: Aerobic treadmill training, the muscle fiber type,
neurotrophins, Myosin heavy chain isoforms transformation,
Calcineurin/Nuclear factor of activated T cells c1.

Introduction

Contraction of the skeletal muscle requires the function of
myosin heavy chain (MyHC). Isoforms of MyHC perform
a variety of pleiotropic functions, depending on the iso-
zyme type, the content, composition and distribution of
skeletal muscle fiber, and the expression of neural, hor-
monal and mechanical factors. Skeletal muscles can de-

velop into two types of fibers: fast and slow, that differ in
the pattern of expression of MyHC isoforms. Several
hypotheses have been proposed to explain the mechanism
of action of skeletal muscle fibers. A variety of different
signaling pathways and molecular mechanisms, including
calcineurin  (CaN)/nuclear factor of activated t-cells
(NFAT) signaling, Ca?*/calmodulin-dependent kinase
(CaMK) signaling, histone deacetylase(HDAC)/ myocyte
enhancer factor 2 (MEF2) signaling, myogenic regulatory
factor (MRFS) pathway, RassMAPK signaling, Myostatin
and Wnt signaling, and PGC-la/B, AMPK and PPARS
signaling have been shown to regulate gene expression
and the choice of MyHC isoforms in the skeletal muscle
(Carlsen et al., 2000). CaN-NFAT signaling is also in-
volved in T cell differentiation and maturation, production
of cytokines, vascular smooth muscle cell proliferation,
synaptic transmission and myocardial hypertrophy. More
importantly, some studies have demonstrated its role in
the transformation of skeletal muscle fibers (Dupont-
Versteegden et al., 2002; Serfling et al., 2006). Calcineu-
rin is a cyclosporine- sensitive, calcium-regulated ser-
ine/threonine phosphatase, shown to be essential for skel-
etal muscle remodeling, where it facilitates the transduc-
tion of extracellular signals to the nucleus by targeting
members of the NFAT family of transcription factors
(Bassel-Duby et al., 2006). McCullagh et al. (2004)
showed that expression of a constitutively active form of
NFAT (NFATcl) stimulates expression of the MyHC-
slow isoforms in regenerating muscles, and inhibits the
fast MyHC 1IB promoter in fast muscles of the adult.
These results support the hypothesis that CaN-NFAT
signaling acts as a sensor of nerve activity in skeletal
muscles in vivo and consequently controls nerve activity-
dependent switch in expression of MyHC isoforms.
NFATcl, NFATc2 and NFATc3 have been detected in
both the cytoplasm and nucleus of skeletal muscle cells.
Despite the above findings on the role of NFAT signaling
in the specification of skeletal muscle fiber type, the issue
remains controversial (Schiaffino et al., 2002). In one
study, Bigard et al. (2000) showed that CaN-mediated
synergistic activation of NFAT (by phosphorylation)
leads to the expression of slow muscle fiber-associated
proteins in cooperation with the myocyte enhancer factor,
and contributes to the specification of skeletal muscle
fiber type. However, the involvement of CaN-NFAT
signaling in exercise training-induced skeletal myofiber
transformation is unclear.

Although NFAT is a key transcriptional regulator
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of neuronal development and function, it is poorly charac-
terized as a possible downstream target of nerve growth
factor (NGF) in neurons. Groth et al. (2007) showed that
NGF can induce NFAT-dependent transcription of brain-
derived neurotrophic factor (BDNF) and COX-2 in dorsal
root ganglion cells. Nguyen et al. (2009) reported that
NGF can repress the expression of GAP-43 (growth asso-
ciated protein 43) in PC12 cells and in cultured cortical
neurons through signaling mediated by NFAT3. Finally,
Stefos et al. (2013) provided evidence supporting the
hypothesis that CaN-NFAT signaling mediates gene regu-
latory effects of NGF in neurons.

An increasing quantity of experimental data sup-
ports the hypothesis that mature adult mammalian and
human skeletal muscles maintain a high degree of plas-
ticity, even after development is complete. The expression
of skeletal muscle fiber type-specific proteins and chang-
es in the composition of muscle fiber depend on devel-
opmental factors, neuromuscular activity, muscle load,
hormonal levels and aging (Pette and Staron, 1997). Pre-
vious studies have reported that exercise can affect the
composition and distribution of muscle fiber types. For
example, increased neuromuscular activity results in a
shift in MyHC isoform from fast to slow muscle fiber
(Pette and Staron, 1997), while inactivity leads to a gen-
eral shift in MyHC expression and associated metabolic
properties along the following line of progression- from
type I-IIA—-IIX—IIB (Talmadge., 2000). It is well
documented that exercise induces several physiological
and biochemical changes in the brain. Different mecha-
nisms, including CaN and Ras-ERK signaling, have been
implicated in fiber type specification induced by nerve
activity (Murgia et al., 2000; Sharma et al., 1991). Wang
et al. (2002a; 2002b) found that regionalization during
reinnervation of muscle fiber type is indirect evidence of
the important role played by muscle fiber composition
during normal innervation. In cases of reinnervation of
the lower limb muscles in rats by the sciatic nerve, and
reinnervation of the gastrocnemius muscle in rats by its
own nerve, quantitative analysis of the distribution of
muscle fiber type indicated that the normal muscle fiber
type has a "mosaic" distribution, with a significantly simi-
lar fiber aggregation style, called fiber type grouping. The
detection of similar fiber aggregation suggests that at least
part of the shift in muscle fiber type would allow innerva-
tion by different types of motor neurons (Wang et al.,
2002a; 2002b).

Neurons influence muscle fiber type-specific pro-
tein expression because changes in nerve activity can
induce muscle fiber to release neurotrophic factors such
as neuregulin even two species passing through the joint
action. Mousavi et al. (2004) investigated the role of cili-
ary neurotrophic factor (CNTF) and brain-derived neu-
rotrophic factor (BDNF) in the survival and maturation of
a subset of motor neurons innervating the extensor digi-
torum longus (EDL) and tibialis anterior (TA) muscles.
Their findings demonstrated the importance of muscle-
derived BDNF in the survival and maturation of a sub-
population of motor neurons, and the significance of
MyHC 1IB muscle fibers during neonatal development of
the neuromuscular junction. Carrasco et al. (2003) found

that during normal postnatal development in rats, the
expression of neurotrophin (NT)-4/5 in the slow-twitch
soleus muscles is indispensable to the fast to slow conver-
sion of MyHC isoforms. Simon et al. (2003) found that
the expression of NT-4 in neurons following denervation
or reinnervation can selectively promote the recovery of
the slow motor units. In vitro, Rende et al. (2000) showed
that another neurotrophic factor NGF regulates myoblast
proliferation and differentiation by signaling through its
specific receptor Tyrosine Kinase A (TrK A). Despite the
above findings, the expression and distribution of differ-
ent types of neurotrophic factors, and their respective
roles in determining the type of muscle fiber needs to be
explored further. NGF, BDNF and NT-3 are three im-
portant members of the family of neurotrophic factors,
mainly expressed in the brain and peripheral tissues, and
known to affect neuronal survival and differentiation.
Interestingly, neurotrophic factors are expressed not only
by neurons, but also by muscle cells. However, it is not
known whether their expression is specific to the type of
muscle fiber, or if specific stimulation conditions such as
long-term exercise training can change their expression in
the muscle.

In adult vertebrates, subtypes of skeletal myofibers
differ markedly in their contractile physiology, metabolic
capabilities, ultrastructural morphology, and susceptibility
to fatigue. In vivo experiments need to be conducted in
order to establish the contribution of the signaling path-
ways and molecular mechanisms discussed above to
pathophysiological alterations in MyHC isoforms. In this
study, we investigated the activity of CaN-NFAT signal-
ing, and changes in the expression and content of NGF,
BDNF and NT-3 in response to aerobic treadmill training.
Our results suggest that NGF, BDNF and NT-3 regulate
gene expression in myocytes of the soleus muscle and
neurons of the striatum by regulating the activity of the
calcineurin-NFAT signaling pathway.

Methods

Ethics statement

All animal procedures were approved by the local ethics
committee (the Institutional Review Board of Hunan
Normal University) and the Guidelines for Care and Use
of Laboratory Animals (2011). Disposal of animals was
done in accordance with “The guidance on the care of
laboratory animals” (The provisions were issued in 2006
by the Ministry of Science and Technology of the Peo-
ple's Republic of China).

Experimental animals and treatments

Experimental animals: Specific pathogen-free 2-month-
old male Sprague-Dawley (SD) rats (n=24, 220 + 10 g)
were supplied by the Animal Center of East Biotechnolo-
gy Services Company (Changsha, Hunan, China; License
number: Xiang scxk 2009 - 003). Four rats were housed
in one standard cage with free access to food and water.
All animals were kept in an air-conditioned room main-
tained at a constant temperature of 20°C to 25°C with a
relative humidity of 45%-55%. Rats were subjected to a
cycle of 12 h light and 12 h darkness. All animals were
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acclimated to laboratory conditions for 1 week, prior to
the start of the experiment. A total of 24 rats were ran-
domly assigned to three groups—sedentary control group
(Con, n = 8), moderate-intensity aerobic exercise runner
group (M-Ex, n = 8), and high-intensity aerobic exercise
runner group (H-Ex, n = 8).

Exercise protocol: The aerobic exercise regime used
in this study was proposed by Shuzhe et al. (2008), with
reference to the exercise load standards of Bedford et al.
(1979).All animals in the M-Ex and H-Ex groups were
first subjected to a 5-day adaptation period on a rat tread-
mill (slope gradient 0%, ZH-PT-1 Treadmill, Li Tai Bio-
Equipment Co., Ltd, Hangzhou, Zhejiang, China).
Adapted training was carried out at a speed of 10 m/min
and a gradient of 0°, for a gradually increasing duration of
time—210 min on the first day, 20 min on the second day,
25 min on the third day. During this period they were
placed on a belt facing away from the electrified grid (0.6
mA intensity) twice a day. For the actual experiment, the
M-Ex group underwent daily training by running at 19.3
m/min (equivalent to approx. 76% peak oxygen uptake)
(Bedford et al., 1979), on a slope of 5°, for a duration of
60 min. During the first 3 days at the start of the training,
the exercise duration was increased gradually from 10
min to 25 min to 60 min. The H-Ex group underwent
daily training by running at 26.8 m/min (equivalent to
approx. 92.3% peak oxygen uptake) (Bedford et al.,
1979), on a slope of 10°, for a duration of 40 min. The
acceleration of the treadmill was set such that at about 3
min after the start of the training, the final speed of 26.8
m/min was achieved. To ensure the animals completed
the exercise regime, we used sound stimulation and a
small wooden stick to stimulate the animals’ tails, when
necessary. We also used electrical stimulation to keep the
rats at one-third distance on the treadmill runway. Ani-
mals were required to perform the training 5 days a week
for a total of 8 weeks.

Tissue specimen collection and analysis

On the day following the last exercise schedule, the rats
were anesthetized with chloral hydrate (400 mg/kg, i.p.)
and decapitated. The striatum (Stereotaxic Atlas of the
Rat Brain; George and Charles, 2005) and the right limb
soleus muscle fibers were excised from eight rats. Tissue
samples were stored at —80°C until ready to be used for
immunoblot assays. All surgical procedures were per-
formed under anesthesia induced by chloral hydrate. All
efforts were made to minimize suffering and distress in
animals. The slow soleus muscle in adult rats is composed
of approximately 80% slow-twitch (type 1) fibers and
20% fast-twitch (type I1A) and a small number of undif-
ferentiated (type 11C) fibers (Pullen et al., 1977; Tasic et
al., 2003).

ATPase staining

Fibers in cross sections of rat soleus muscle were typed
by using histochemical ATPase stains, and the results
were compared with those of quantitative enzyme assays
of fragments of the same fibers dissected from serial
freeze-dried sections. The muscle samples were perpen-
dicularly fixed in the metallic supports of the microtome

where several series of 8 pum thick cross-sections were
obtained and fixed in previously identified slides. In order
to measure the area density and the number density of
muscle fibers, five slices were sliced randomly in each
group and five areas were sampled in each cut, resulting
in approximately 400 fibers per animal under light micro-
scope (x200) (Olympus BX51/BX51M/BX61, Ja-
pan).Two enzymes previously used to assess the metabol-
ic type were measured in each case: lactate dehydrogen-
ase and malate dehydrogenase. With rat soleus muscle
there was essentially complete agreement between
ATPase staining and the metabolic enzyme assays in
distinguishing types | and Il fibers. Calculator's image
analysis system is the Simple PCI software version 6.0
(Compix Inc, Sewickly, PA).

SDS-PAGE

A simple, effective and very high resolution method to
fractionate and analyze protein mixtures is the sodium
dodecyl sulfate (SDS) polyacrylamide gel electrophoresis
(PAGE). To determine the type of MyHC isoforms ex-
pressed in the soleus muscles, and the change in expres-
sion following exercise, we performed SDS-PAGE and
specifically examined the levels and expression patterns
of MyHC- IIA, 1IB, 11X, and MyHC-I. MyHC isoform
separation was carried out with some adaptations of the
methodology by Francisco et al. (2011) and Mizunoya et
al. (2008). The stained gel was then scanned and analyzed
on a Tanon gel image shooting system scan (Shanghai
Energy Technology Co., Ltd., China) in order to deter-
mine the gradation values of MyHC I, MyHC 1A, MyHC
11B and MyHC I1X. Finally, the percentage of MyHC I,
MyHC 1IA, MyHC 1IB and MyHC 11X protein level was
calculated using the Tanon gel image processing system
(Shanghai Energy Technology Co., Ltd.,China).

Calcineurin phosphatase assay

In this study, calcineurin activity in skeletal muscle fiber
was estimated using a colorimetric assay. Our experi-
mental procedure was strictly in accordance with the
instructions on the assay kit (Genmed Scientifics Inc.,
USA).

Western blot analysis of NFATcl, NGF, BDNF and
NT-3

We used the BCA Protein Assay Kit (Wellbio, American
Diagnostica Inc.) to determine total protein concentration,
and performed the assay according to the manufacturer’s
instructions. All antibodies used in this study were pur-
chased from Sigma Chemical Co. (St. Louis, MO, USA).
Total cellular protein extracts were separated on 10%
SDS-polyacrylamide gel and transferred to PVDF mem-
branes. A T-Pro pre-stained protein ladder was used as a
molecular marker to estimate the size of the proteins. The
membranes were incubated with the primary antibodies,
anti-NFATc1, anti-NGF, anti-BDNF and anti-NT-3, fol-
lowed by an HRP-conjugated secondary antibody (Pro-
teintech, 1:3000). The separated proteins were detected by
developing the membranes with a ChemilLucent ECL
Detection System (Millipore, Billerica, MA, USA). The
exposed X-ray films were scanned using the Tanon Gel
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Image Shooting System, and data analysis was performed
on the Tanon Gel Image Processing System.

Statistical analysis

Data from three independent experiments are presented as
mean + SEM. Statistical analysis was performed using
predictive analytics software statistics 16.0 (SPSS Inc.,
Chicago, IL, USA). Comparisons across the experimental
groups were performed using one-way analysis of vari-
ance (ANOVA). Statistical significance of the effects of
the experimental treatment was determined by comparing
the areas under the curve (p < 0.05; Student’s t-test).
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Figure 1. The dynamic changes of the body weight (g) of rats in
each group. H-Ex: High-intensity aerobic exercise group; M-Ex:
Moderate-intensity aerobic exercise group; Con: Control group. * p <
0.05 vs. Con.

Results

The dynamic changes of the body weight of rats

There was no significant difference between the groups of
rats through adaptive stratified according to the body
weight of rats. With the extension of the feeding, the body
weight of rats in each group were increased greatly, the
body weight of rats in H-Ex was significantly lighter than
the control group (p < 0.05, Figure 1). But the body
weight of rats in M-Ex was slightly lighter than the
control group, and had no significant difference (p > 0.05,
Figure 1).

Treadmill training leads to increased the muscle fiber
type I in the rat soleus by ATPase staining

We examined the muscle fiber type in the rat soleus by
using ATPase staining. As shown in Figures 2, 3 and 4,
after 8 weeks of treadmill training, the area density of the
muscle fiber type I in the soleus muscle in the M-Ex and

H-Ex groups was slightly higher (p>0.05, Figure 2 and
3) than the control group. But the number density of the
muscle fiber type | in the M-Ex and H-Ex groups was
significantly higher (p < 0.05, Figure 4) than the control
group. Then the area density and the number density of
the muscle fiber type Il showed only a slight change in
expression.
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Figure 3. The area density of the muscle fiber type | and 11
in the rat soleus(mm?). H-Ex: High-intensity aerobic exercise group;
M-Ex: Moderate-intensity aerobic exercise group; Con: Control

M/nm? B MyHC |

0.4 W MYHC

0.3
0.25
0.2
0.15
0.1
0.05
(]

H-Ex Can

Figure 4. The number density of the muscle fiber type I and
I1 in the rat soleus(M/mm?). H-Ex: High-intensity aerobic exercise
group; M-Ex: Moderate-intensity aerobic exercise group; Con: Control
group. * p <0.05 vs. Con.

Multiple myosin heavy chain isoforms are expressed in
the rat soleus muscle

We first examined changes in the expression of the myo-
sin heavy chain isoforms MyHC I, MyHC I1A, MyHC 1IB
and MyHC 11X, following 8 weeks of moderate or high
intensity treadmill exercise, using SDS-PAGE. We found
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Figure 2. ATPase staining to idenfity the muscle fiber type | and Il in the rat soleus. H-Ex: High-intensity aerobic
exercise group; M-Ex: Moderate-intensity aerobic exercise group; Con: Control.
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Table 1. Changes in the percentage of MyHC isoforms in the soleus muscle. Data are means (£SD).

Groups MyHC 1% MyHC 11A% MyHC 11X% __ MyHC 11B%
Con 62.29 (A7) 142 (11) 135 (17) 10.01+0.48

M-Ex 69.23 (.55) ** 8.43 (55) ** 14.46 (.34) 7.88+0.27 **
H-Ex 68.54 (1.20) **  14.45(1.10)##  6.33(40)**##  10.68 (10O

MyHC: Myosin Heavy Chain; H-Ex: High-intensity aerobic exercise group; M-Ex: Moder-
ate-intensity aerobic exercise group; Con: Control group. Lane 2: soleus, H-EXx; lane 6: so-
leus, M-EXx; lane 8: soleus, Con. ** p < 0.01 vs. Con; # p < 0.05, ## p < 0.01 vs. M-Ex.

that in comparison to the control group, the percentage of
MyHC 1 in the soleus muscle of the M-Ex group was
significantly higher (p < 0.01, Table 1), while the per-
centage of MyHC 1A and MyHC IIB was significantly
decreased (p < 0.01, Table 1), and the percentage of
MyHC 11X was only slightly increased. In the H-EXx
group, the percentage of MyHC I, MyHC I1A and MyHC
11B was increased significantly (p < 0.01, Table 1), while
the percentage of MyHC 11X was decreased (p < 0.01,
Table 1), in comparsion to the control group. Between the
two exercise groups, the percentage of MyHCIIA and
MyHCIIB in the soleus muscle was significantly higher in
the H-Ex than the M-Ex group (p < 0.01, Table 1). In
contrast, the percentage of MyHC 11X was significantly
reduced (p < 0.01, Table 1), while MyHC I showed only a
slight decrease in expression.

Treadmill training leads to increased calcineurin-
NFAT signaling in the rat soleus

We examined the level of activity of CaN signaling in the
rat soleus using a colorimetric assay. As shown in Figure
5, after 8 weeks of treadmill training, CaN activity in the
soleus muscle in the M-Ex and H-Ex groups was signifi-
cantly higher (p < 0.05, Figure 5) than the control group.
Interestingly, CaN activity in the M-Ex group was more
pronounced than the H-Ex group. Next, we measured the
expression of NFAT, known to be activated downstream
of CaN signaling, by western blotting. Compared with the
control group, NFATc1 protein level in the soleus muscle
of both M-Ex and H-Ex groups was significantly upregu-
lated (p < 0.01, Figure 6). Consistent with the CaN activi-
ty reported above, NFATcl protein level in the M-Ex
group was significantly higher than the H-Ex group (p <

0.05, Figure 6).

B(a\ (soleus)

H-Ex M-Ex Con

Figure 5. Colorimetric estimation of CaN activity in the rat
soleus muscle (nmol-mg™*-min‘!). caN: Calcineurin; H-Ex: High-
intensity aerobic exercise group; M-Ex: Moderate-intensity aerobic
exercise group; Con: Control group. ** p < 0.01 vs. Con; # p < 0.05, ##
p <0.01 vs. M-Ex.

Treadmill training leads to increased expression of
NGF, BDNF and NT-3 in the rat soleus and striatum

Finally, we analyzed changes in the expression of neu-
rotrophic factors NGF, BDNF and NT-3 in response to
moderate and high intensity training, in both the soleus
muscle as well as the striatum. The striatum is involved in
mediating and regulating motor activity. As shown in
Figures 7-9, western blot analysis revealed a significant
upregulation in the expression of all three factors in the
soleus and striatum in both M-Ex and H-Ex groups, in
comparison to control rats (p < 0.01). The level of
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Figure 6. Western blot-based estimation of the quantity

of NFATc1 in the soleus (meanszSD, n = 3). NFATc1:

Nuclear factor of activated T cells c1; H-Ex: High-intensity aerobic exercise group; M-Ex: Moderate-intensity aerobic exercise
group; Con: Control group. * p < 0.05, ** p< 0.01 vs. Con; # p < 0.05, ## p < 0.01 vs. M-Ex.
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Figure 7. Western blot analysis of NGF in the soleus and striatum (means+SD, n = 3). NGF: Nerve growth factor;
H-Ex: High-intensity aerobic exercise group, a, b and ¢; M-Ex: Moderate-intensity aerobic exercise group, d, e and f; Con: Control

group, g, hand i. ** p < 0.01 vs. Con; ## p < 0.01 vs. M-Ex.

expression of NGF, BDNF and NT-3 relative to the inter-
nal control Beta-actin (ratios NGF/ Beta-actin,
BDNF/Beta-actin and NT-3/Beta-actin) was also signifi-
cantly enhanced (p < 0.01). Amongst the two exercise
groups, the content of NGF, BDNF and NT-3 in the H-Ex
group was significantly higher than the M-Ex group (p <
0.01). Similarly, the relative expression of all three factors
(NGF/Beta-actin, BDNF/Beta-actin and NT-3/Beta-actin
ratios) was also significantly higher in the H-Ex group (p
< 0.01). Expression of NGF and NT-3 in the striatum was
lower than in the soleus muscle. However, the expression
of BDNF was similar in the soleus and the striatum and
did not differ between the groups.

Discussion

Aerobic exercise influences the expression of MyHC
isoforms in the skeletal soleus muscle

Skeletal muscles play an important role in mediating
physical performance and adaptation to exercise (Pette et
al., 1998). They can be functionally distinguished into
two types of myofibers -slow (type I) and -fast (type I1),
that differ in the pattern of expression of the myosin
heavy chain isoforms. Studies have shown that exercise
can induce the transformation of skeletal muscle fibers
from fast twitch to the slow type, accompanied by the
interconversion of MyHC isoforms. In general, physical
activity leads to transformation of MyHC 1IB to MyHC
11X, followed by MyHC I1A, and finally MyHC I. More-
over, the effects of endurance training on MyHC expres-
sion may depend both on the amount and the type of
training. Bigard et al. (2000) demonstrated that endurance
training has a greater impact on the regeneration of the
plantaris muscle with alterations in the pattern of ex-
pression of the fast fiber-type MyHC, but hardly affected
the expression of MyHC | isoform. On the other hand,
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Figure 8. Western blot analysis of BDNF in the soleus and striatum (means+SD, n = 3). BDNF: brain-derived neu-
rotrophic factor, H-Ex: High-intensity aerobic exercise group, a, b and c; M-Ex: Moderate-intensity aerobic exercise group, d, e and
f; Con: Control group, g, hand i. ** p < 0.01 vs. Con; ## p < 0.01 vs. M-Ex.
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Yan-hong Su et al. (2007; 2008) reported that while 4
weeks of endurance training had no effect on the expres-
sion of MyHC proteins in the anterior tibialis muscle in
rats, expression of MyHC IIA is reduced, while that of
MyHC 1IC and MyHC 1IB is significantly improved. The
quantity of MyHC IIA and MyHC 1IB transcripts was
found to be significantly increased under hypoxic training
conditions. In addition, Bruton (2002) showed that endur-
ance training can induce the conversion of MyHC 11X to
MyHC I1IA in skeletal muscle fibers, accompanied by an
increase in the expression of MyHC I. Furthermore, Jin-
zhu and Ruiyuan (2005) demonstrated that exercise train-
ing can improve the level of expression level of a-actin in
muscle fibers. They also found that the expression of slow
myofiber-associated MyHC 11X and MyHC IIA isoforms
in the quadriceps of rats increased after 2 weeks of endur-
ance training, while the expression of the fast myofiber-
associated MyHC IIB and slow myofiber-associated
MyHC 1 isoforms remained unaltered. Further investiga-
tion by Walters et al. (2004) involving co-staining of
endothelial cells and MyHCs isoforms indicated that there
is a transient increase in capillary contact in MyHC 1IB
and MyHC IID/X fibers during the time (day 7) when a
significant increase in total capillary density is observed.
These findings suggest that endurance training induces
angiogenesis in a subpopulation of MyHC I1A and MyHC
1ID/X myofibers before switching to MyHC 1A fibers.
Cornachione et al. (2011) compared the response of the
soleus muscles to endurance training versus eccentric
exercise, and found a significant decrease in MyHC IIA
and increase in MyHC 1IB content following endurance
training.

Aerobic exercise activates calcineurin-NFAT signaling
in the skeletal soleus muscle

It is known that endurance training, especially moderate-
intensity exercise, can induce the transformation of soleus
muscle fibers from fast to slow type. Also, the signaling
pathway mediated by calcineurin, a Ca?*/calmodulin-

activated phosphatase, is involved in nerve activity-
dependent fiber type specification of the skeletal muscle,
specifically the expression of slow muscle fiber-specific
proteins. In this study, we have shown that in comparison
to the control group, the content of calcineurin phospha-
tase and the expression of NFATcI are significantly in-
creased in the rat soleus muscle fibers in response to
moderate-intensity exercise. These findings suggest that
the increase in CaN activity induced by moderate physical
exertion leads to upregulation, and possibly activation, of
NFATc1.

Our results are consistent with the findings made
by Bagen et al. (2008). In this study, rats subjected to no-
slope endurance training showed an increase in the ratio
of slow muscle fibers in the soleus. When treated with
cyclosporin A (CSA), an inhibitor of calcineurin this
effect was inhibited, and the cross-sectional area of the
type | fiber was significantly reduced. This and other
studies have suggested that CaN signaling might be in-
volved in the regulation of skeletal muscle fiber type and
size, and that this function might be muscle-specific in
response to endurance exercise.

Researchers have studied the regulation of gene
expression during muscle contraction and neuromuscular
activity, and although the role of excitation—contraction
coupling in this context has been elucidated, its involve-
ment in specification and transformation of skeletal mus-
cle fiber type remains unclear. Also, the contribution of
the speed of neuronal activity to myofiber type conversion
and the myogenic signaling mechanisms underlying this
conversion process have not been clarified (Costelli et al.,
2007). CaN, a calcium/calmodulin-dependent phospha-
tase, is an important regulator of muscle growth and de-
velopment. It is involved in regulating maturation of my-
ocytes and differentiation of muscle fibers in adults.
However, the role of NFAT isoforms in muscle develop-
ment and physiology has been rarely studied. Some re-
searchers showed that nuclear translocation of different
combinations of activated NFATs might lead to muscle
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fiber type-specific gene expression and subsequently
conversion. There is experimental evidence that specific
combinations of NFAT family members are involved in
the interconversion of fast and slow MyHC isoforms.
Specifically, while NFATcl is involved in the induction of
MyHC 1IB expression, four different NFATs have been
shown to influence MyHC | expression. Chin et al. (1998)
reported that fiber type-specific gene expression in skele-
tal muscles is regulated by signaling mechanisms mediat-
ed by calcineurin. CaN activation in skeletal myocytes
selectively upregulates the activity of slow fiber-specific
gene promoters, thus facilitating the conversion of fast to
slow muscle fibers. Conversely, inhibition of calcineurin
activity by administration of cyclosporin A to healthy
animals promotes slow to fast fiber transformation. Acti-
vation of slow fiber-specific transcription appears to be
mediated by a combinatorial mechanism involving mem-
bers of the NFAT and MEF2 family of transcriptional
regulators. Altogether, these findings have identified a
molecular mechanism that could be responsible for trans-
lating different patterns of motor nerve activity into selec-
tive changes in gene expression to establish the special-
ized characteristics of slow and fast myofibers. The pro-
posed hypothesis states that motor neurons are electro-
chemically linked to, and hence act as initiators of muscle
fiber action potentials, causing a persistent increase in
Ca’* concentration in the muscle. These Ca®* ions in turn
bind to the calmodulin—calcineurin enzyme complex, and
modulate the activity of NFAT proteins. Phosphorylation
and subsequent translocation of NFATs from the cytosol
to the nucleus is tightly regulated by calcineurin. Nuclear
NFATs bind to corresponding nucleotide recognition
sequences and induce transcription of the target genes
(Rao et al., 1997). Several studies have elucidated the
diversity of the NFAT family of transcription factors, and
their functional association with other transcription fac-
tors to regulate the expression of inducible genes.

Our results show that NFATs play an important
role in skeletal muscle physiology, by mediating a selec-
tive response to slow muscle-specific motor neuron ac-
tivity. Just as receptors are essential in transducing the
effects of neural activity, NFATS are required for mediat-
ing subsequent specification of myofiber type. Further-
more, changes in the level of activated NFATcl further
corroborate the significance of NFATS in differentiation
of myofibers. Altogether, our findings support the physio-
logical role of CaN-NFAT signaling in promoting the
growth and repair of slow muscles and inhibiting gene
expression associated with the fast-twitch MyHC 11X-11B
muscles. Moreover, it is known that the intracellular cal-
cium level in slow muscle fibers is higher than fast-
twitch muscles, and that long-term low-frequency stimu-
lation can elevate the calcium levels in fast-twitch fibers.
In vitro experiments demonstrated that fast to slow myo-
sin conversion of skeletal muscle cells can be induced by
a ten-fold increase in intracellular calcium concentration
(Kubis et al., 1997). This finding further supports our own
results on the activity of CaN in skeletal muscles.

Aerobic exercise induces upregulation of neurotro-
phins in the skeletal soleus muscle

NGF, BDNF, NT-3 and NT-4/5 are small molecule pep-
tides/proteins that belong to a family of neurotrophic
factors, and perform essential nutritional functions in the
central and peripheral nervous system. In recent years,
BDNF was shown to interact with the cellular cytoskele-
ton and affect its rapid reorganization, while establishing
protrusions. Lanier et al. (2000) reported that the effect of
BDNF on cytoskeletal architecture is likely mediated via
Rho G-protein-coupled receptors and TrkB receptors,
known to be activated by BDNF. TrkB-mediated activa-
tion of the Src family kinases, the subsequent interaction
of Src with Abl tyrosine kinases, and regulation of TrkB
activity by receptor endocytosis, could possibly explain
the relationship between BDNF and cytoskeletal reorgan-
ization. Smart et al. and Gallo et al. provided additional
evidence of the involvement of BDNF in regulating mi-
crotubule organization when they reported that changes in
BDNF levels can regulate the content of F-actin in the
active growth cone near the synapse, and influence their
expansion (Gallo et al., 2004; Smart et al., 2003).

Funakoshi et al. first reported the expression of
NT-4 in slow-twitch myofibers (Funakoshi et al., 1995).
Recent studies, however, have shown that NT-4 expres-
sion in fast-twitch fibers is significantly higher than in
slow muscles (Sakuma et al., 2001). In addition, Carrasco
et al. (2003) showed that postnatal rat soleus muscles
undergo a shift from fast-twitch to slow-twitch fibers, a
process that can be accelerated upon intramuscular injec-
tion of NT-4/5. In addition, some researchers identified
multipotent muscle-derived stem cells (MDSCs) and
muscle satellite cells in the skeletal muscle that can un-
dergo mesodermal differentiation and potentially contrib-
ute to muscle regeneration. These cells can differentiate
into several mesenchymal lineages, including adipocytes,
chondrocytes and osteoblasts, as well as endothelial cells
and even neurons (Lee et al., 2000; Qu-Petersen et al.,
2002).

In this study, we show that following 8 weeks of
moderate- or high-intensity aerobic exercise, the absolute
and relative expression of NGF, BDNF and NT-3 in the
soleus muscle fibers is significantly enhanced, suggesting
that aerobic exercise can trigger the expression of various
skeletal muscle-associated neurotrophic factors. Others
have performed similar studies and made similar findings.
For example, Gomez-Pinilla et al. (2001) investigated the
effect of movement on spinal cord neurons and skeletal
muscles in rats. They found that while 1 day of exercise
on the treadmill did not affect BDNF expression either in
the spinal cord or the soleus muscle, after 5 days of train-
ing, at 2 h after the end of the exercise, there was a signif-
icant increase in BDNF mRNA levels. Next, the authors
(Gomez-Pinilla et al., 2001; 2002) showed that following
3-7 days of voluntary running wheel exercise in rodents,
the expression of BDNF and its receptor expression was
significantly increased in convalescent lumbar spinal
nerve and the soleus muscle. Interestingly, they also noted
an increase in neurotransmitter function, the mRNA and
protein levels of synaptophysin I, known to mediate syn-
aptic plasticity, and expression of CREB (CAMP response
element binding protein) mMRNA and growth protein-43 in
the joints.
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In this study, we also show that the expression lev-
el of NGF, BDNF and NT-3 is significantly higher fol-
lowing 8 weeks of high-intensity aerobic training than
moderate-intensity exercise. This is an interesting obser-
vation because the effect of intensity of physical training
on nutrition of different muscle fibers is not clear. Our
results are in contrast with other reports where BDNF
expression during the development of the neuromuscular
system in newborn animals was shown to play an im-
portant role in the survival and maturation of motor neu-
rons and fast-twitch MyHC 11B muscle fibers (Mousavi et
al., 2004). Furthermore, Nagano et al. (2003) showed that
in the neonatal gastrocnemius muscle, which contains a
higher proportion of MyHC 1IB fibers than the soleus
muscle, BDNF levels are higher. Altogether, these results
demonstrate that there is a preferential expression of
BDNF in those developing myofibers that mature into
MyHC 1IB fibers in adults. The pattern of expression of
the different neurotrophic factors and their respective
roles in determining the specification of muscle fiber type
needs to be explored further.

During neural development, BDNF promotes the
survival of neurons, including dopaminergic neurons in
the striatum and cholinergic neurons in the basal fore-
brain. It is also essential for the maintenance of the cranial
nerve, the optic nerve, and for the growth and survival of
motor neurons (McTigue et al., 1998). BDNF shares
55%-60% sequence homology with other members of the
same family of neurotrophic factors, NGF and NT-3 (Jun
et al., 2004), and is mostly expressed in the cerebral cor-
tex, hippocampus and striatum (Hofer et al., 1990; Rosen-
thal et al., 1990). In this study, we found that following 8
weeks of moderate- or high-intensity aerobic exercise, the
absolute and relative expression of NGF, BDNF and NT-
3 in the striatum is significantly upregulated, suggesting
that aerobic exercise can trigger the expression of neu-
rotrophic factors in the striatum. Our results are consistent
with the findings of Bo et al. (2007) who used the Morris
Water Maze to test the effects of swimming on learning
and memory in rodents, and examined associated changes
in BDNF expression in the hippocampus and striatum.
They found that in comparison to the control group, 8
weeks of swimming training significantly enhanced the
levels of BDNF mRNA in the hippocampus (38%) and
striatum (14%), and was associated with improved learn-
ing and memory.

Here, we show that in the striatum, the absolute
and relative expression of NGF, BDNF and NT-3 is sig-
nificantly higher following 8 weeks of high-intensity
aerobic training compared with moderate-intensity exer-
cise. This indicates that high-intensity aerobic exercise
contributes significantly to the expression of at least three
nutritional factors in the striatum. Our results are con-
sistent with the report by Decai and Lijuan (2007) where
the authors noted an upregulation in the expression of
BDNF and GFAP in the hippocampus and striatum in
response to exercise-induced fatigue. They concluded that
BDNF and GFAP contribute to the neurobiological regu-
lation of sports-associated fatigue, and that BDNF and
astrocytes might be necessary to avoid neuronal damage
in response to exercise-induced fatigue, as they might

mediate protective pro-survival and immunomodulatory
effects. In addition, Pengpai (2011) showed that immedi-
ately after a single exhaustive exercise, the brain shows
signs of early cortical ischemia-like changes, with signifi-
cant upregulation of NGF and its cognate receptor TrkA.
After 12 h, structural damage to the cerebral cortex was
more apparent, but the expression of NGF and TrkA was
significantly reduced. The authors further showed that at
24 h after exercise, cortical damage increased progres-
sively accompanied by significant enhancement in NGF
and TrkA expression. Recovery and remodeling of the
damaged cortex was noted after 48 h, together with a
decrease in NGF and TrkA expression, which continued
to remain high. These results suggest that there is a dy-
namic association between structural damage and remod-
eling of the cerebral cortex and the expression of NGF
and TrkA following a single exhaustive exercise.

Conclusion

Our experiments demonstrate that while the expression of
NGF and NT-3 in the striatum is lower than in the soleus
muscle, the levels of BDNF are similar and show no sig-
nificant differences between the experimental groups. To
our knowledge, there are no reports on the expression of
neurotrophins in either the central striatum or the periph-
eral nerves innervating the skeletal muscle and. It was
worthy of further study.
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Key points

e Eight weeks of moderate-intensity treadmill train-
ing induces the transformation MyHC IIA and
MyHC 1B to MyHC 11X and MyHC 1 in the soleus
muscles, while high-intensity exercise leads to
transformation of MyHC 11X to MyHC 1A, MyHC
1B and MyHC I.

e MyHC | conversion in response to moderate-
intensity aerobic exercise is mediated by calcineu-
rin-NFATcl signaling.

e Eight weeks of moderate- and high-ntensity aerobic
exercise induces the expression of NGF, BDNF and
NT-3 in expression noted in rats subjected to high-
intensity training. NGF and NT-3 expression in the
striatum is lower than in the soleus muscle, while
BDNF levels are similar. Neurotrophins may be in-
volved in mediating MyHC Il conversion in re-
sponse to high-intensity aerobic exercise.
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