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Abstract We compared the time-course of satellite cell

(SC) activation between eccentric and concentric contrac-

tions in the vastus lateralis (VL) muscle after step exercise.

Young adults participated in a 30-min step up/down exer-

cise which mainly involved concentric contractions with

the right VL muscle and eccentric contractions with the left

VL muscle. The concentric and eccentric contraction

phases of the VL muscles were identified by changes in the

electromyogram (EMG) and knee joint angle. Biopsy

samples were taken from both VL muscles at three time

periods: before the exercise and 2 and 5 days after the

exercise. We found that the numbers of SCs were signifi-

cantly increased in the type IIa fibers of the left VL at 2 and

5 days after the exercise. The expression of both hepato-

cyte growth factor (HGF) and myogenic differentiation 1

(MyoD) mRNA had significantly increased in the left VL

at 2 and 5 days after the exercise and in the right VL at

5 days after the exercise. The expression of transient

receptor potential canonical (TRPC) 1 mRNA also

increased in the left VL at 2 days after exercise. These

results indicate that eccentric contraction can effectively

activate SC proliferation for up to 5 days after exercise.

Similar changes in HGF, MyoD and TRPC1 mRNA

expression suggest that HGF/c-Met signal activation

through cation influx has a major impact on skeletal muscle

SC activation in response to eccentric exercise.
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Introduction

Dynamic muscle contractions can be divided into two

types: concentric contractions involving the shortening of

muscle fibers and eccentric contractions involving the

lengthening of muscle fibers. Eccentric contractions have

been shown to possess several physiological properties that

distinguish them from concentric contractions. For exam-

ple, eccentric contraction training results in greater gains in

strength and muscle hypertrophy than concentric contrac-

tion training at the same metabolic intensity [1–4]. Fur-

thermore, the possibility that eccentric contractions are

associated with selective recruitment of fast twitch fibers

has been demonstrated [5–7].

Muscle repair and regeneration following injury is

dependent on the activation of muscle satellite cells (SCs)

which are then released, proliferate and terminally differ-

entiate. SCs are muscle-specific stem cells located under

the basal lamina of muscle fibers [8]. In the uninjured adult

muscle, SCs remain in a quiescent state for most of the

time. However, in response to injury and hypertrophic

signals, the cells re-enter the cell cycle, during which they

proliferate and differentiate to provide additional myonu-

clei to existing fibers [9, 10]. The paired box transcription

factor 7 (Pax7) is expressed in both quiescent and activated

SCs and directs the induction of target genes, such as

myogenic differentiation 1 (MyoD), that regulate entry of

SCs into the myogenic program [11, 12]. The proliferative
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phase of the myogenic program is associated with the

coexpression of MyoD [13, 14]. The subsequent down-

regulation of MyoD is associated with the induction of

differentiation, while the upregulation of myogenin is

known to direct terminal differentiation.

It has been suggested that there is a temporal association

between SC regulators, such as insulin-like growth factor-1

(IGF-1) and hepatocyte growth factor (HGF), and the

expression of muscle regulatory factors in human tissue

after eccentric exercise [15, 16]. In addition, it has been

suggested that extracellular Ca2? entry through a stretch-

activated channel, called the transient receptor potential

canonical (TRPC) channels, is triggered by eccentric con-

tractions and promotes local depolarization of the SC

membrane to initiate the SC activation cascade [17, 18].

However, only a few published studies have compared

eccentric exercise with concentric exercise at the same

time in human subjects. It is difficult to isolate eccentric

and concentric contractions because both types of con-

tractions show an interacting cyclic repeating pattern dur-

ing normal human movements.

In the study reported here, we investigated the time-

course of the expression of several mRNAs and of SC

number in vastus lateralis (VL) muscles on both sides of

the body after step up/down exercise involving mainly

concentric contractions with the right VL muscle and

mainly eccentric contractions with the left VL muscle.

Materials and methods

Subjects

Sixteennon-trainedyoungadults (9males; age22.4 ± 1.1 years,

height 169.8 ± 8.7 cm, weight 58.7 ± 10.7 kg) provided

informed consent to participate in the study.

The experiment protocol was approved by the ethics

committee of Yamaguchi University. The study and anal-

ysis protocols conformed to all local and international

standards, including the revised 1983 Declaration of Hel-

sinki, on research involving human subjects.

Exercise protocol and muscle sampling

The subjects performed a 30-min step up/down exercise

using steps at the pace of 1 step per 1.5 s. The exercise was

performed as follows: forward step up with right leg first

with left leg providing support, followed by step up with

left leg; then backward step down with right leg first with

left leg providing support, followed by step down with left

leg (Fig. 1). The height of the step for each subject

(38–46 cm) was adjusted according to the height of the

subject (156–183 cm). Heart rate was measured during the

exercise using a portable heart rate monitor system (FT1;

Polar Electro Oy, Kempele, Finland). A visual analog scale

(VAS) was used to determine the pain level of the VL

Fig. 1 Electromyography

(EMG) and motion analysis

during the step up/down

exercise. Surface EMG activity

of the vastus lateralis (VL)

muscle and angle in the knee

joint of the sustained leg on the

step were recorded

simultaneously using a motion

analysis system. Concentric and

eccentric contraction phases

were identified by changes in

EMG amplitude and angle
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muscle as follows: each subject was asked to assess the

level of muscle pain on a 10-cm horizontal line marked

with numbers from zero to ten (with ‘‘0’’ indicating no pain

and ‘‘10’’ indicating the severest pain) at four time periods

(before the exercise and at 5 min and 2 and 5 days post-

exercise).

A needle biopsy was performed before the exercise (Pre)

and at 2 and 5 days after the exercise to obtain a muscle

sample from the VL muscle. During this procedure, the

skin was first anaesthetized with 1 % Xylocaine (As-

traZeneca, London, UK) and then muscle samples (approx.

15 mg wet weight) were biopsied from a point of 20 mm

away from the other two points at the mid-portion of both

sides of the VL muscles. These samples were immediately

frozen in liquid nitrogen and stored at -80 �C until

analysis.

Knee joint angles and EMG

To measure the changes in the knee joint angle, we placed

reflective markers in the greater trochanter, lateral epi-

condyle of the femur and malleolus lateralis. The EMG

activity of the VL muscle and joint angle change in the

knee joint were recorded simultaneously using a motion

analysis system (1200 Hz in EMG and 120 Hz in video;

Fig. 1) (CAPTUREEX; Library, Tokyo, Japan). Surface

EMG signals were recorded from the VL muscle using

electrodes with a 20-mm inter-electrode distance. The

EMG signals were amplified using an EMG amplifier

(amplification unit 4124; NEC-Sanei, Tokyo, Japan) and

then the analog EMG signals were converted to digital

signals and transmitted to a personal computer. Concentric

and eccentric contraction phases were identified by chan-

ges in the EMG pattern and joint angle using an motion

analysis system (Wave Disp; Library, Tokyo, Japan), and

the total integrated EMG of each contraction phase was

calculated. Concentric and eccentric contractions were

defined as ‘‘an increasing joint angle with appearance of

EMG’’ and ‘‘a decreasing joint angle with appearance of

EMG’’, respectively.

Immunohistochemistry analysis

The muscle fiber type population was determined using

methods described previously [9, 19]. Serial 7-lm-thick

cross-sections of the muscle were obtained on a cryostat at

-20 �C (model CM510; Leica Microsystems, Wetzlar,

Germany). The sections were warmed to room temperature

(RT) and then preincubated with 1 % normal goat serum

(EMD Millipore, Billerica, MA) in 0.1 lmol/l phosphate

buffered saline (PBS; pH 7.6) at RT for 10 min. The pri-

mary monoclonal antibody, fast myosin (1:2000; Sigma,

St. Louis, MO), which specifically reacts with the myosin

heavy chain (MHC) IIa and IIx, was then applied, followed

by SC-71 (1:1000; Developmental Studies Hybridoma

Bank, Iowa City, IA), which specifically reacts with MHC-

IIa. The sections were incubated with these two primary

antibodies at 37 �C for 3 h, then washed with PBS and

incubated with the secondary antibody [goat anti-mouse

(IgG)] conjugated with horseradish peroxidase (HRP) (Bio-

Rad, Hercules, CA) for 3 h at 37 �C for 3 h, and finally

washed once again with PBS. Diaminobenzidine tetrahy-

drochloride was used as a chromogen to the localized HRP.

Images of the stained muscle fibers were recorded with a

photomicroscopic (E600; Nikon Corp., Tokyo Japan)

image-processing system (DS-U1; Nikon Corp.). The fibers

were classified as type I, IIa, or IIx fibers based on the

immunohistochemical staining properties (Fig. 2), and the

population percentage and cross-sectional area of each

muscle fiber type were calculated from at least 200 muscle

fibers.

(A) (B) (C)

Fig. 2 Typical photomicrographs of serial transverse sections of VL

muscle. Two sections were stained with monoclonal antibodies

against fast myosin (a) and myosin heavy chain (MHC)-IIa (SC-71)

(b). Muscle fibers were classified into type I (fibers unstained in both

a and b), IIa (stained fibers in all sections), and IIx (stained fibers in a,
but unstained in b). c Triple-immunofluorescent stains for laminin,

paired box transcription factor 7 (Pax7), and nuclei. White arrows

indicate satellite cells (Pax7 ? nuclei)

J Physiol Sci (2015) 65:461–469 463

123



Identification of SC

A serial section from each biopsy was fixed in 2 %

paraformaldehyde in 0.1 mol/l PBS at 4 �C for 10 min and

washed with PBS. These sections were preincubated with a

blocking solution containing 10 % normal goat serum

(EMD Millipore) and 2 % bovine serum albumin (BSA;

Sigma) in PBS for 30 min. After preincubation, each sec-

tion was incubated at RT for 3 h with the primary anti-

bodies, a mouse anti-Pax7 (1:1000; Developmental Studies

Hybridoma Bank) and rabbit anti-laminin (1:1000; Sigma)

that was diluted in 2 % BSA in PBS. This anti-Pax7 is the

most widely used antibody for the identification of muscle

SCs in some species [20–24]. The section was washed with

PBS and treated with the appropriate secondary antibod-

ies—Cy3-conjugated Affini Pure goat anti-mouse IgG

(1:1000; Jackson ImmunoResearch, West Grove, Pa) and

Alexa Fluoer 488 goat anti-rabbit IgG (1:1000; Molecular

Probes, Eugene, OR)—diluted in 2 % BSA in PBS. After

incubating at RT for 2 h with the secondary antibodies, the

sections were washed with PBS and stained at RT for

5 min with 4,6-diamino-2-phenyl-indole (Molecular

Probes) diluted in 2 % BSA in PBS.

Microphotoscopic images of anti-Pax7, anti-laminin,

and DAPI were merged using image processing software

and used to quantify SCs (Fig. 2c). SCs were identified at

the periphery of each fiber beneath the basal lamina and

stained for both DAPI and Pax7. The number of SCs per

fiber was calculated separately for each of the three fiber

types.

Real time reverse transcription-PCR for mRNA

Each muscle sample was analyzed for the expression of

several mRNAs using a real time reverse transcription-PCR

system. Total RNA was extracted with TORIZOL reagent

(Invitrogen, Carlsbad, CA), and the purity and yield of the

total RNA extracted was determined by absorbance of ali-

quots at 260 and 280 nm. Total RNA was then treated with

TURBODNase (Ambion–Life Technologies, Austin, TX) at

37 �C for 30 min to remove genomic DNA from the sam-

ples. Samples of DNase-treated RNA (0.5 lg) were used to

first-strand cDNAwith an Exscript RT Reagent kit (TaKaRa

Bio, Otsu, Japan). Thereafter, the cDNA products were

analyzed using a Real Time PCR system with the SYBR

Green PCR Master Mix protocol in the StepOneTM Real

Time PCR System (Applied Biosystems, Foster City, CA).

The sequences of the specific primers used in this study

are summarized in Table 1. Each primer was designed

using Primer Express software (v3.0; Applied Biosystems),

and the oligonucleotides were purchased from FASMAC

Co. Ltd (Kanagawa, Japan).

Data analysis

Level of muscle pain, integrated EMG pattern, and number

of SCs per muscle fiber were analyzed with one-way

analysis of variance followed by the t test with Bonferroni

adjustment. The expression of each mRNA at 2 and 5 days

after exercise was presented as a relative value for before

the exercise (Pre), and these values were compared using

the Mann–Whitney U test. In all cases, data were reported

as the mean ± standard error, and statistical significance

was set at P\ 0.05.

Results

Changes in EMG activity and joint angle

during exercise

The surface EMG activity, joint angle change in the knee,

and total integrated EMG activity during the first set step

up/down exercise are shown in Fig. 1. The most effective

exercise patterns to induce mainly eccentric contraction in

the left leg and mainly concentric contraction in the right

leg were as follows: forward step up with right leg, support

Table 1 Real-time reverse transcription-PCR primer sequences

Gene target Forward sequence/ reverse sequence

Paired box transcription

factor 7 (Pax7)

50-GGACGACGGCGAAAAGAAG-30

50-CCCTTTGTCGCCCAGGAT-30

Myogenic determination

factor 1 (MyoD)

50-CGGCTCTCTCTGCTCCTTTG-30

50-TCGAAACACGGGTCGTCAT-30

Myogenin 50-CACTCCCTCACCTCCATCGT-30

50-CATCTGGGAAGGCCACAGA-30

Hepatocyte growth

factor (HGF)

50-TCCACGGAAGAGGAGATGAGA-30

50-GGCCATATACCAGCTGGGAAA-30

c-Met receptor 50-CTGCCAGCGACATGTCTTTC-30

50-AATATGCAGTGAACCTCCGACTGT-30

Transient receptor

potential canonical

1 (TRPC1)

50-CAAAGGAGCAGAAGGACTGTGTAG-30

50-GAACGAATGGAAGGTATCATTGC-30

TRPC6 50-GACGCTGATGTGGAGTGGAA-30

50-TCTGCCCTCCTCAAAGTAGGAA-30

Myostatin 50-GCTCCATCCTCAAGAAGGTGTT-30

50-CCAGCAGGCCTCGTTGAT-30

Interleukin-6 (IL-6) 50-AGGGCTCTTCGGCAAATGTA-30

50-GAAGGAATGCCCATTAACAACAA-30

Glyceraldehyde3-

phosphate

dehydrogenase

(GAPDH)

50-CAAGGCTGTGGGCAAGGT-30

50-GGAAGGCCATGCCAGTGA-30
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provided by left leg, and backward step with right leg, with

support provided by left leg. In all subjects, the mean value

of total integrated EMG activity of the left VL muscle was

70.1 ± 17.4 %, when integrated EMG activity in the right

VL muscle was 100 % (Fig. 3a). The percentage of inte-

grated EMG in the eccentric contraction phase relative to

total EMG activity was 33.1 ± 15.1 and 73.3 ± 7.7 % in

the right and left VL muscles, respectively. The percentage

of integrated EMG in the concentric contraction phase

relative to total EMG activity was 66.9 ± 15.1 % and

26.7 ± 7.7 % in the right and left VL muscles,

respectively.

Exercise intensity and muscle pain

The mean heart rate during the last 1 min of exercise was

138.9 ± 3.9 bpm. As shown in Fig. 3b, muscle pain in VL

increased immediately after exercise (left 1.2 ± 0.6, right

0.6 ± 0.2) and peaked at 2 days (left 6.7 ± 0.8, right

2.5 ± 0.7) and then began to decrease by 5 days after

exercise (left 1.3 ± 0.6, right 0.7 ± 0.5). Subjects had

greater muscle pain in the left VL muscle than in the right

VL muscle at 2 days after exercise.

Changes in the number of SCs

Changes in the numbers of SCs of the three fiber types are

shown in Fig. 4. The number of SCs per type IIa fiber

significantly increased at 2 and 5 days after exercise in the

left VL muscle (0.28 ± 0.04 at Pre, 0.36 ± 0.06 at 2 days,

0.42 ± 0.07 at 5 days). In comparison, the number of SCs

per type IIa fiber significantly increased only at 5 days after

exercise in the right VL muscle (0.27 ± 0.05 at Pre,

0.41 ± 0.07 at 5 days). The number of SCs per type I fiber

and type IIx fiber showed a tendency to increase in the VL

muscles of both sides. The histological studies did not

reveal any significant sex-related differences.

Change in the expression of mRNA

The expression of MyoDmRNAwas significantly increased

in the left VL muscle at 2 days after exercise (1.43 ± 0.17)

but not in the right VL muscle (Fig. 5). The expression of

both Pax7 and myogenin mRNAs in the left VL muscle

tended to increase after exercise. As shown in Fig. 6, the

expression of HGF mRNA had significantly increased at 2
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Fig. 3 a Percentage of integrated EMG in eccentric phase (gray) and

concentric phase (white) in right and left VL muscles. Data are

presented as the relative change against the total integrated EMG

activity of the right VL muscle. �Significant difference vs. total

integrated EMG in the right VL, *significant difference vs. integrated

EMG in each contraction phase of the right VL muscle. b Assessment

of muscle pain in VL muscles by the visual analog scale where ‘‘0’’

and ‘‘10’’ indicate no pain and severest pain, respectively. Muscle

pain in VL muscles on both sides was evaluated before exercise (Pre),

5 min after exercise (Post), and 2 (2d) and 5 (5d) days after exercise.

*Significant difference vs. Pre in each side leg, �significant difference

vs. 2 days in right leg. Values are the mean ± standard error (SE)
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Fig. 4 Change in the number of satellite cells (SCs) in the VL

muscles on both sides. Immunohistochemical analysis was performed

for biopsy samples obtained before exercise (Pre) and at 2 (2d) and 5

(5d) days after exercise from VL muscles on both sides. *Significant

difference from the Pre VL on both sides for each fiber type

(P\ 0.05)
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and 5 days after exercise in the left VL muscle (3.92 ± 1.33

and 3.36 ± 1.19, respectively) and at 2 days in the right VL

muscle (3.29 ± 1.25). The expression of c-Met mRNA and

TRPC1 increased at 2 days after exercise in the left VL

muscle (1.45 ± 0.11 and 4.02 ± 2.74, respectively), but not

in the right VL muscle. The expression of TRPC6 mRNA

showed a tendency to increase at 2 and 5 days after exercise

in the left VL muscle (2.92 ± 1.57 and 3.91 ± 2.82,

respectively), but not in the right VLmuscle. The expression

of myostatin mRNA had significantly increased at 2 and

5 days after exercise in the left VL muscle (1.40 ± 0.22 and

1.65 ± 0.17, respectively), but not in the right VL muscle.

The expression of interleukin-6, a typical inflammatory

marker, mRNA tended to increase at 5 days after exercise in

the left VL muscle (3.45 ± 0.18). There were no significant

sex-related differences in mRNA expression.

Discussion

Eccentric contractions in VL muscles during Step

up/down exercise

In this study, the mean value of integrated EMG in the left

VL muscle was significantly lower than that in the right VL

muscle, but the left VL muscle showed more severe muscle

pain than the right. In previous studies, eccentric contrac-

tion was in particular likely to cause muscle damage

characterized by immediate weakness and a more slowly

developing stiffness, soreness, and swelling [25–29].

Eccentric contractions cause sarcomere inhomogeneity, as

well as the loss of the normal continuity of Z lines [25, 26].

They also increase membrane permeability, which allows

soluble cytosolic proteins, such as creatine kinase, to leak

out of the muscle and into the plasma [27], whereas

extracellular proteins, such as albumin and fibronectin, can

be detected inside the muscle [28, 29]. Although we did not

find obvious histological damage, such as centrally nucle-

ated fibers and destruction of basement membrane, the

expression of IL-6 mRNA tended to increase at 5 days

after exercise in the left VL muscle, possibly suggesting

micro-disorders of the muscle fibers.

Proliferation of SCs following exercise

A significant increase in the number of SCs per IIa fiber

type was observed at 2 and 5 days after exercise in the left

VL muscle and only at 5 days after exercise in the right

VL muscle. These results suggest that eccentric contrac-

tion may impact the activation and proliferation of SCs

Fig. 5 Change in the expression of mRNA of myogenic regulation

factors in VL muscles of both sides. Expression of paired box

transcription factor 7 (Pax7; a), myogenic determination factor 1

(MyoD; b), myogenin (c) mRNA at 2 (2d) and 5 (5d) days after

exercise were calculated as a fold change from the Pre values in VL

muscles of both sides. *Significant difference vs. Pre (P\ 0.05)
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more than concentric contraction. In addition, the

expression of MyoD mRNA increased at 2 and 5 days

after exercise in the left VL muscle, which are in agree-

ment with the results of the immunohistochemical anal-

ysis. In contrast, the expression of MyoD mRNA in the

right VL muscle did not show any significant change. The

expression of Pax7 and myogenin mRNA tended to

increase in the left VL muscle after exercise. Previous

studies measuring myogenic regulation factor expression

following eccentric exercise have reported an increase in

MyoD at 4 h post-exercise, which returned to the baseline

level at 24 h post-exercise [16]. Other studies have

reported an increase in myogenin expression at 1 week

after exercise [9]. Although we did not investigate mRNA

expression at 1 week after exercise, the expression of

myogenin mRNA may be increased to regulate terminal

differentiation after 7 days.

Many studies have demonstrated that growth factors, such

as HGF, are associated with the activation and proliferation

of myoblasts [30–32]. Quiescent and activated SCs have

been shown in vitro and in vivo to express the c-Met receptor

that mediates the intracellular signaling response of HGF

[31, 33]. Amodel has been proposed inwhichHGF pooled in

the extracellular domain of skeletal muscle fibers is released

rapidly by matrix metalloproteinase activity caused by the

production of nitric oxide (NO) radicals following the

mechanical stretching of muscle tissue [34]. HGF subse-

quently binds to the c-Met receptor to generate a signal for

SC activation [34]. In the present study, the increase in both

HGF and c-Met mRNA expression in the left VL muscle

suggests that eccentric contraction enhances the expression

of these mRNAs more than concentric exercise. Although

the expressions of HGF and C-Met RNAs did significantly

differ from each other, the time-courses of their up- and

downregulation were very similar. This result may indicate

that a pathway of HGF/c-Met signaling plays a very

important role after the eccentric contraction in human

muscles. This notion is good agreement with the findings of

studies which showed that released HGF induces c-Met

expression as an immediate-early gene and thus also

enhances HGF/c-Met signaling in the SC activation process

[18, 35]. The observed increase in the expression of these

Fig. 6 Changes in mRNA

expression in VL muscles of

both sides. Expression of

hepatocyte growth factor (HGF;

a), c-Met (b), transient receptor
potential canonical 1 (TRPC1;

c), TRPC6 (d), myostatin (e),
and interleukin-6 (IL-6;

f) mRNA at 2 (2d) and 5 (5d)

days after exercise. Values were

calculated as fold change from

the Pre values in VL muscles of

both sides. *Significant

difference vs. Pre (P\ 0.05)
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mRNAs in the left VL muscle might occur simultaneously

with the change in MyoD mRNA expression. These results

suggest that SC activation and proliferation through HGF/c-

Met signaling may be promoted more by eccentric exercise

than by concentric exercise.

In SC cultures, cations may flow in through TRPC1,

which is a stretch-activated cation channel in muscle

fibers and SCs, thereby promoting the local depolarization

of SCs membranes to initiate the SC activation cascade

[18]. In this study, the expression of TRPC1 mRNA sig-

nificantly increased at 2 days after exercise in the left VL

muscle. Furthermore, although the change was not sig-

nificant, the expression of TRPC6 mRNA tended to

increase at 2 and 5 days after exercise in the left VL

muscle. These observations may suggest that the activa-

tion of SCs by stretch is a cascade of sequential events,

including an influx of cations and depolarization of cell

membranes, an influx of calcium ions, the binding of

calcium ions to calmodulin, NO radical production by

constitutive NO synthases, activation of matrix metallo-

proteinases, HGF release from the matrix, and presenta-

tion of HGF to the signaling receptor c-Met [18, 34, 36].

In addition, the flow of calcium ions through TRPC1,

which is related to the activation of calpain, causes pro-

teolysis of muscle cytoskeletal proteins [18]. Activation

of calpain may explain the results indicating greater

muscle pain in the left leg. In their study, Hara et al. [18]

noted the importance of another type of receptor, TRPC5,

which they described in cultured cells. Unfortunately,

although we were unable to detect the expression of

TRPC5 mRNA in this study, TRPC1 and TRPC6 seem to

be reasonable candidates for the mechanical-stretch

channel in the satellite cell activation pathway after

eccentric contraction of human anti-gravity muscles.

Myostatin is a member of the transforming growth

factor-b superfamily and a strong negative regulator of

skeletal muscle mass [37–39]. Recombinant myostatin has

been shown to reversibly inhibit C2C12 myoblast prolif-

eration by arresting cells in the G1 and G2/M stages of the

cell cycle [40, 41]. In many studies, downregulated myo-

statin mRNA expression has been observed in response to

exercise training [42–44]. An unexpected finding of our

study was that the expression of myostatin mRNA

increased in the left VL muscle at 2 and 5 days after

exercise. In an earlier study, Yamada et al. [45] reported

high concentrations of HGF with upregulated myostatin

mRNA expression, as well as enhanced expression and

secreation of myostatin protein in vitro in SC cultures.

These authors hypothesized that HGF may play dual roles

in SC activation, as follows. The initiation of SC activation

indeed requires HGF, but a low amount of extracellular

HGF may be sufficient for the rapid activation of SCs

through the growth factor ligand/high-affinity receptor

c-Met system. During muscle regeneration and hypertro-

phy, HGF synthesis is initiated in the SCs of the other cells,

and when extracellular HGF concentrations reach a suffi-

ciently high threshold to enable association with an

unidentified low-affinity receptor, SCs would start

expressing myostatin. Our results of relative mRNA

expressions supports the notion that the expression of

myostatin increases in order to control any excessive

increase in SCs following eccentric exercise.

The differences in the time-course of SC activation

between eccentric and concentric contractions were

investigated in the VL muscle after step up/down exercise.

The number of SCs had significantly increased in type IIa

fibers of the left VL, involving mainly eccentric contrac-

tions. The expression of HGF, TRPC1, and MyoD mRNAs

had significantly increased in the left VL at 2 days. These

results indicate that eccentric contractions can effectively

activate SC proliferation after exercise. Understanding

these mechanisms of SC activation related to eccentric

exercise provides fundamental information applicable for

use in training methods for human antigravity muscles.
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