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Abstract Eccentric contractions (ECC) induce myofibr-

illar collapse, edema, and inflammation in muscle cells.

Although apoptosis of myonuclei following ECC is acti-

vated during the inflammatory phase, the apoptosis

response of the regenerative phase remains to be eluci-

dated. The aim of the present study was to determine the

inflammatory and regenerative phase of the apoptosis

responses induced by ECC. In anesthetized rats, the tibialis

anterior muscles were subjected to ECC repeated 40 times,

evoked by surface electric stimulation (100 Hz, 10 V) with

mechanical muscle stretch. Apoptosis was examined in the

control group and in groups 1, 3, 7, and 14 days after ECC

(each group, n = 4–6). Terminal deoxynucleotidyl trans-

ferase-mediated dUTP nick end-labeling (TUNEL)-posi-

tive myonuclei were assessed by further labeling with

dystrophin staining and DAPI. The expression of proteins

related to apoptosis (Bcl-2 and Bax) was examined by

Western blot assay. At 1 and 3 days, focal edema and

necrotic myofibers invaded by mononuclear phagocytes

were present, whereas regenerated myofibers with central

nuclei were detected at 7 and 14 days. The occurrence of

TUNEL-positive myonuclei increased significantly at 7

(7.0 ± 1.5%) and 14 days (5.6 ± 0.6%) compared with

control (0.9 ± 0.5%). Further we found that myonuclear

apoptosis was restricted to the subsarcolemmal space at 7

and 14 days and markedly absent from the central nucleus.

The Bax/Bcl-2 ratio was significantly higher at 3

(4.5 ± 0.9) and 7 days (3.4 ± 0.5) after ECC. In conclu-

sion, myofiber apoptotic responses following ECC are

present not only in the inflammatory phase but also persist

during the regenerative phase.
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Introduction

It is well known that repetitive eccentric muscle contrac-

tions (ECC) induce muscle damage. ECC-induced muscle

damage leads to myofiber necrosis accompanied by ultra-

structural collapse, edema, and inflammation of myofibers

[6, 16, 17, 46]. These inflammatory reactions achieve their

peak responses 3 days after ECC, and subsequently the

muscle fiber shifts to the process of regeneration in

*7 days [6, 20, 21]. The elimination of damaged myofibers

by necrosis constitutes one of a series of responses in the

process of myofiber regeneration. It is also known that a

damaged or dysfunctional cell or myofiber is removed by a

genetic control through apoptosis [23, 31]. In fact, apoptotic

induction is observed with necrosis in myofibers due to

exercise [7, 12, 13, 30, 36, 42]. Previous studies demon-

strated that apoptosis plays an important role in controlling

the cell differentiation processes of skeletal muscle [8, 27].

For example, caspase-3 activation of apoptosis-induced

factor is required for skeletal muscle differentiation [19,

25]. MyoD, a muscle-specific transcription factor, promotes

differentiation of satellite cells. Recently, Asakura et al. [8]

reported that MyoD plays an essential role in apoptosis

during proliferation and differentiation phases. Therefore

apoptosis may play an important role for controlling the cell

differentiation processes of skeletal muscle. Based on these

studies, we hypothesized that the apoptosis response

induced by ECC would be activated in the regeneration

phase as well as the inflammation phase. The purpose of the
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present investigation, therefore, was to test this hypothesis

by examining the time course of the apoptotic response

from the early inflammation phase through the regeneration

phase following ECC.

In addition, endurance training causes apoptosis to a

muscular capillary (i.e., endothelial cell), but little is

known about whether ECC contraction with significant

damage induces endothelial cell apoptosis. We also

examined apoptosis induction in endothelial cells during

inflammation and regeneration process.

Materials and methods

Animals

Male Wistar rats (n = 27, Japan SLC) 12 weeks of age

were used in this study. Rats were maintained on a 12:12-h

light-dark cycle and received food and water ad libitum.

All experiments were conducted under the guidelines

established by the Physiological Society of Japan and were

approved by University of Electro-Communications Insti-

tutional Animal Care and Use Committee.

Eccentric contractions protocol

During eccentric exercise and all surgical procedures, the

rats were anesthetized with intraperitoneal injection of

pentobarbital sodium (70 mg kg-1 i.p.), and supplemen-

tal doses of anesthesia were administered as needed. The

right tibialis anterior (TA) muscle was stimulated elec-

trically via a surface electrode (10 V stimulation, 100 Hz

frequency, 700 ms stimulation period, i.e., 70 pulses). In

preliminary experiments and our previous study [26], we

confirmed that maximum muscle tension was achieved

by electrical stimulation of a surface electrode (100 Hz,

\10 V). In the resting condition before ECC, the right

foot was attached to the clamp unit and the plate was

connected to the electromotor system (Model RU-72,

NEC Medical Systems). The right ankle joint was

maintained at 50� as the initial angle, and during

electrostimulation of the TA muscle, the electromotor

was rotated at an angular velocity of 260� s-1 to 180� of

the ankle joint, which lengthened the dorsiflexor muscle

group. The muscle tension generated during ECC was

monitored using a strain gauge that was incorporated

into the plate fixing the foot. The strain gauge was

calibrated using precision calibration weights that span-

ned the expected range of strains. The right TA muscle

was subjected to 40 repeated ECCs. Each rat was

assigned randomly to one of five groups and examined at

control (n = 5) or 1 (n = 6), 3 (n = 4), 7 (n = 6), or 14

(n = 6) days post-ECC.

Histological evaluation for muscle damage

At 1, 3, 7, and 14 days after ECC, the TA muscles of both

legs were carefully dissected and the mid-belly region cut

transversely to the long axis of the muscle. The tissue

blocks were frozen rapidly in isopentane cooled by liquid

nitrogen. Transverse sections of 10 lm were made with a

cryostat (Leica, CM1510) at -20�C and stained with

hematoxylin–eosin (HE) to examine the histological fea-

tures of muscle damage. To avoid sampling bias, each

section was subsampled at six different regions: (1) ante-

rior-medial, (2) anterior-central, (3) anterior-lateral, (4)

posterior-medial, (5) posterior-central, and (6) posterior-

lateral; each of these fields was analyzed in all muscles.

Muscle fiber damage was determined by a point counting

method using a 30 9 40 mounted grid (i.e., 1,200 points

total; one square = 18 9 18 lm) on microscopic fields.

Damaged myofibers were defined as those with infiltration

of inflammatory cells, pale staining of the cytoplasm,

swollen appearance, or multiple central nuclei (Fig. 1A, B).

Muscle fiber damage was expressed as a percentage of

counted grid squares.

Identification of myofiber apoptosis

Double labeling with the TUNEL assay was performed

after dystrophin labeling. The sections were air dried at

room temperature, fixed in 4% paraformaldhyde for

15 min, and washed twice with phosphate-buffered saline

(PBS, 10 min each). The tissue was blocked by 1% bovine

serum albumin (BSA) in PBS for 30 min at room tem-

perature. After washing in PBS, sections were incubated

with an anti-dystrophin mouse–monoclonal antibody (1:30,

VP-D 505, Vector Laboratories) for 1 h at room tempera-

ture, followed by an anti-mouse IgG rhodamine-conjugated

antibody fragment incubation for 1 h at 37�C (1:100,

R0270, Dako).

After dystrophin labeling, apoptotic nuclei were asses-

sed from muscle cross-sections via a TUNEL assay.

Apoptotic nuclei were identified by a fluorometric TUNEL

detection kit (MEBSTAIN Apoptosis Kit Direct, Co. 8445,

Medical & Biological Laboratories) according to the

manufacturers’ instructions for both muscle cross-sections.

Briefly, tissue sections were incubated with a fluorescein-

conjugated TUNEL reaction. Negative control experiments

were performed by omitting the TdT enzyme in the

TUNEL reaction mixture on the tissue sections. After

dystrophin and TUNEL labeling, the muscle sections

were mounted with 4060-diamidino-2-phenylindole (DAPI;

H-1200, Vector Laboratories). TUNEL- and DAPI-positive

nuclei and dystrophin staining were captured under a

fluorescence microscope (Eclipse E800, Nikon). The

number of TUNEL and DAPI-positive nuclei was counted

406 J Physiol Sci (2009) 59:405–412

123



from six random, nonoverlapping fields at an objective

magnification of 910. Only the TUNEL-positive nuclei

inside the dystrophin were quantified as myofiber apoptotic

nuclei (Fig. 1C). The TUNEL labeling was quantified as

the number of myofiber TUNEL-positive nuclei per total

myofiber nuclei.

Identification of endothelial apoptosis

For endothelial apoptosis, serial cross-sections were

stained using TUNEL and alkaline phosphatase-dipeptidyl

peptidase IV (AP-DPPIV) stain [29], respectively. A small

amount of substrate solution specific for DPPIV was

poured onto the sections, which were maintained at 4�C

overnight. The sections were rinsed with PBS and treated

with the substrate solution specific for AP at 37�C for

60 min. The solution for demonstrating DPPIV consisted

of glycyl-L-proline-4-methoxy-beta-naphthyamine, which

is a substrate for DPPIV, dissolved in 1 ml of N,N-

dimethylformamide, and fast blue B dissolved in 0.1 M

acetate buffer (pH 7.4). The solution for AP consists of

naphthol AS-MAX phosphate, which is a substrate for AP,

dissolved in N,N-dimethylformamide, and variamine blue

salt RT dissolved in 0.1 M Tris–HCl buffer (pH 9.2).

Western blot analysis for Bcl-2 and Bax

Protein expressions of Bcl-2 and Bax were determined in

TA muscles after ECC. The samples were homogenized in

homogenizing buffer (50 mM Tris, 1 mM EDTA, PMSF)

and centrifuged at 8,000g for 15 min (4�C). Soluble protein

was heated for 5 min at 95�C, loaded on each lane of a

12% polyacrylamide gel, and separated by routine SDS-

PAGE for 50 min (20 V) at room temperature. The gels

were blotted to PVDF membranes (Millipore) by semi-dry

assay. The membranes were blocked in 10% skim milk in

PBS with 0.05% Tween-20 (PBS-T) at room temperature

for 1 h and probed with anti-Bcl-2 mouse monoclonal

antibody (1:500, sc-7382, Santa Cruz Biotechnology) and

anti-Bax rabbit polyclonal antibody (1:500, sc-493, Santa

Cruz Biotechnology) diluted in PBS-T.

All primary antibody incubations were at room

temperature for 1.5 h. Membranes were then incubated

with horseradish peroxidase (HRP)-conjugated secondary

Fig. 1 a Hematoxylin and eosin staining 3 days after ECC. Damaged

myofibers were defined as those inflammatory cells with swollen

(outlined arrows), swollen with infiltration (arrows), and infiltration

(arrow-heads) appearance. b The multiple central nuclei can be

detected (arrows) after 7 days of ECC. c TUNEL-positive nuclei

were found both inside (a) and outside (b) myofibers. Muscle

transverse sections were immunofluorescent-stained with dystrophin

antibody to identify the sarcolemma (red), fluorescein-mediated

TUNEL assay was performed to identify apoptotic nuclei (light blue),

and all nuclei were labeled by DAPI staining (blue). TUNEL-positive

nuclei positioned inside the dystrophin stain (a) were identified as

myofiber nuclei, whereas other nuclei located outside (b) were

counted as endothelial or interstitial cell nuclei. Bar 50 lm
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antibody, AP1254 for anti-mouse IgG antibody, and AP758

for anti-rabbit IgG antibody, and the signals were devel-

oped by ECL plus Western Blotting Detection System

(RPN2132, Amersham Biosciences). The resulting bands

were quantified as OD 9 band area by CS analyzer (ATTO

Corporation). The size of the immuno-detected proteins

was verified by using standard molecular-weight markers

(Bio-Rad Laboratories).

Statistical analyses

Statistical analyses consisted of a one-way ANOVA with

Dunnett post-hoc testing using Prism version 4.0 (Graph-

Pad software). For all statistical tests, the 0.05 and 0.01

levels of confidence were accepted for statistical signifi-

cance. All values are reported as mean ± SE.

Results

Muscle fiber damage

Histological examination of control muscles revealed no

visible evidence of muscle tissue inflammation. In contrast,

typical histological lesions appeared in the exercised

muscle fiber after around 1–3 days (Fig. 2, Table 1). One

day after ECC, damaged muscle fiber showed the swollen

condition (2.4 ± 2.1% of total fiber area). At 3 days after

ECC, focal edema and necrotic fiber invaded by mononu-

clear phagocytes were recognized and the extent of the

damaged fiber area was significantly increased (23.4 ±

6.2% of total fiber area, p \ 0.01 vs. control). A regener-

ation process was observed at 7 and 14 days after ECC,

characterized by a small-diameter fiber with multiple

central nuclei (7 days: 4.5 ± 1.3%, 14 days: 3.7 ± 1.4%

of total fiber area, p \ 0.05 vs. control).

Myofiber apoptosis and dystrophin

The TUNEL assay and dystrophin staining to investigate the

expression of myofiber apoptosis are presented in Fig. 1.

Loss of dystrophin was not observed in the control and 1 day

after ECC. Myofiber TUNEL-positive nuclei were margin-

ally detectable in control and 1 day after ECC (control:

0.9 ± 0.5%, 1 day: 2.5 ± 1.1%, Fig. 3). In contrast, intense

staining of TUNEL-positive nuclei and loss of dystrophin

were observed 3 days after ECC (Fig. 2). Because of sar-

colemmal degeneration after 3 days of ECC, we were unable

Fig. 2 Serial transverse

sections from control (a–c),

3 days (d–f), and 7 days (g–i)
after ECC in TA muscle. H&E

staining (a, d, g) was performed

to examine the histological

features of muscle damage,

triple histochemical staining

(b, e, h) for myofiber apoptotic

nuclei was used as shown in

Fig. 1, and AP-DPPIV staining

was performed to identify

endothelial cells (c, f, i).
Bar 50 lm
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to quantify myofiber apoptosis at this time point. In the

regeneration phase (7 and 14 days after ECC), loss of

dystrophin was not observed, however, regenerated myo-

fibers with central nuclei were detected. TUNEL-positive

myonuclei were significantly increased at 7 (7.0 ± 1.5%,

p \ 0.01) and 14 days (5.6 ± 0.6%, p \ 0.05) compared

with control.

Figure 4 shows the longitudinal section of TA muscle at

7 and 14 days after ECC by TUNEL and dystrophin

staining. We found that myonuclear apoptosis was located

in the subsarcolemmal region rather than the central

nucleus at 7 and 14 days.

Endothelial apoptosis

Using serial sections by TUNEL and AP-DPPIV assay, we

evaluated vascular endothelial cell apoptosis (Fig. 2). We

observed TUNEL-positive endothelial nuclei at 7 days

(7.6 ± 3.6%, p \ 0.05 vs. control) after ECC. The myo-

nuclear apoptosis remained higher than control at 14 days

after ECC, whereas endothelial nuclear apoptosis had

returned to basal levels.

Expression of apoptotic proteins

We performed Western blotting to determine the pro-

apoptotic (Bax) and anti-apoptotic (Bcl-2) muscle protein

content (Fig. 5). Bcl-2 protein significantly decreased in

muscles at 1, 3, and 7 days after ECC compared with

control (1 day: -35%, 3 days: -60%, 7 days: -56%,

p \ 0.05, Fig. 5b). Also, there was a tendency toward an

increase in Bax protein content at 3 days (88%) and 7 days

(51%). Thus the Bax/Bcl-2 ratio was significantly higher at

3 (4.5 ± 0.9) and 7 (3.4 ± 0.5) days after ECC (Fig. 5c).

Discussion

The present investigation has demonstrated for the first time

that, following ECC, myofiber apoptosis is not restricted

solely to the inflammation phase, but also occurs during the

regeneration phase. Furthermore, this regeneration phase

myonuclear apoptosis did not occur in central nuclei but

rather was restricted to the subsarcolemmal region.

Myofiber apoptosis during the inflammation phase

After ECC, inflammatory responses progress over the first

3 days following insult, and damaged cells undergo

phagocytosis [10, 32]. Previous studies [9, 15, 24, 33] have

shown that many genes related to inflammation are

expressed in skeletal muscle following high-intensity ECC.

Urso et al. [48] reported that gene expression related to

apoptotic pathways was approximately 9% for a total

expressed gene at 8 h after ECC in human skeletal muscle.

In the present investigation, we attempted to determine the

time course and spatial resolution of ECC-induced myo-

fiber apoptosis histologically. One day following ECC

some apoptotic nuclei could be identified within myofibers.

After 3 days, most damaged myofibers were accompanied

by collapse of a plasma membrane structure that precluded

identification of myofiber nuclei at that time. However,

many TUNEL-positive nuclei were observed within dam-

aged myofibers that lacked sarcolemmal dystrophin. It is

generally accepted that dystrophic muscle fibers are dis-

assembled by necrotic pathways, but several studies have

suggested that acute muscle fiber degeneration occurs by

apoptotic pathways [1, 41, 42, 47]. Biral and co-workers

[12] also reported that TUNEL-positive nuclei were

detected in fibers deprived of dystrophin or a sarcoglycan

sarcolemmal staining following 6 and 24 h of ECC. This

latter paper considered that the loss of several membrane

Table 1 Percentage of inflammation and regeneration muscle fiber after ECC

Control 1 day 3 days 7 days 14 days

Inflammation fiber (%) 0.0 ± 0.0 2.4 ± 2.2 23.4 ± 6.2** 0.0 ± 0.0 0.0 ± 0.0

Regeneration fiber (%) 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 4.5 ± 1.3* 3.7 ± 1.4*

Values are mean ± SE

* p \ 0.05, **p \ 0.01, significant difference from control
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Fig. 3 Percentage of myofiber and endothelial cell nuclei identified

as apoptotic in control and post-ECC muscles at 1, 7, and 14 days.

Values are mean ± SE. *p \ 0.05, **p \ 0.01, significant difference

from control
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skeletal proteins after ECC could lead to fiber death by

apoptosis or necrosis.

Myonuclear apoptosis during the regeneration phase

We have provided original evidence that myonuclear

apoptosis occurs in the regeneration phase following ECC.

These findings suggest the participation of apoptosis in the

processes of myofiber regeneration. The myocyte is a

multinucleated cell, and it is necessary to keep a fixed

muscle nuclei domain. Taking into consideration physio-

logical significance, apoptosis in the regeneration phase is

not targeting damaged myofiber for removal. We predict

that apoptosis plays a major role in regulating nuclear

localization and domains during myofiber regeneration. It

is well known that the number of nuclei is a causative

factor for the regulation of muscle fiber size [18, 22]. For

example, in atrophying fibers, apoptosis contributes to the

elimination of myonuclei and/or satellite cells [4, 5, 14, 43,

44]. A similar mechanism may contribute to the spatial

definition of muscle nuclear domains during myofiber

regeneration.

As shown in the myofiber longitudinal sections in

Fig. 4, myonuclear apoptosis was localized to the subsar-

colemma rather than the central cytoplasm at 7 and 14 days

after ECC. If a central nucleus represents a neogenic

nucleus from the satellite cell, it is possible that an existing

myofiber nucleus located in the sarcolemma leads to

preferential apoptosis. Muscle satellite cells are responsible

for repair as they function as muscle stem cells [2, 11]. The

myogenic regulatory factors such as MyoD, Myf5, and

myogenin play an essential role in regulating the satellite

cell activation program. In the ECC animal model

employed by Okada et al. [35], which was similar to the

present investigation, it was reported that the MyoD protein

expression level was increased markedly from 3 to 7 days

after ECC. Also, it is known that myotoxic-induced muscle

damage causes high MyoD expression after 5–21 days
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Fig. 5 Immunoblot analysis of the protein expression of Bcl-2 and

Bax. Inset displays representative images for control and ECC

muscles (a). Quantification by densitometry of Bcl-2 protein was

significantly decreased 1, 3, and 7 days after ECC compared with

control (b). Values are expressed as the percentage of the mean values

of the control. Bax/Bcl-2 ratio was significantly higher at 3 and 7 days

after ECC (c). *p \ 0.05, significant difference from control

Fig. 4 Longitudinal sections taken 7 and 14 days after ECC in TA

muscle. All nuclei were stained with DAPI (blue), and nuclei with

internal dystrophin stain (red) were defined as myofiber nuclei.

TUNEL-positive myofiber nuclei (arrow) were located in the

subsarcolemma, but central nuclei were not detected. Bar 50 lm
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[40]. Interestingly, Asakura et al. [8] have demonstrated

that MyoD regulates not only differentiation and prolifer-

ation of satellite cells but also the apoptosis response

during the regenerating phase. In the present investigation,

we found a very different quantitative and temporal profile

of expression of Bax and Bcl-2 between 7 and 14 days

post-ECC. Though apoptosis was induced at 14 days, the

Bax/Bcl-2 expression ratio declined to control levels. This

profile suggests participation of other pro-apoptosis genes

in the post-ECC response. Indeed, there is evidence that

MyoD alters the expression of many genes involved in

apoptosis [8].

Apoptosis response in endothelial cells

This study found that apoptosis occurs not only in myo-

fibers but also in capillary endothelial cells after ECC.

These findings were unexpected because we have shown

that ECC does not induce necrosis of endothelial cells [26].

Little is currently known about exercise-induced capillary

endothelial apoptosis. There is one report that examined

apoptosis after running in mice [37]. That previous study

showed that acute spontaneous running increased the

number of apoptotic nuclei in endothelial cells.

There is evidence that both reactive oxygen species

(ROS) [28, 34] and intracellular [Ca2?] ([Ca2?]i) dysreg-

ulation may participate in ECC-induced muscle damage

[3, 45]. Specifically, high [Ca2?]i serves to stimulate cal-

pain activity and consequently promotes neutrophil acti-

vation [39]. Activated neutrophils are potential sources of

free radicals and ROS production, which subsequently

damage proteins and DNA [38]. Thus, ROS caused by

neutrophilic activity acts on endothelial cells from inside

the vascular lumen and may induce endothelial cell

apoptosis.

In conclusion, we have discovered myofiber and endo-

thelial cell apoptosis throughout the 14-day inflammation-

regeneration period following ECC in male rat skeletal

muscle. Future investigations might usefully explore the

specific myonuclear domains during apoptosis found in the

regeneration phase following ECC-induced damage.
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