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Abstract

Background: Muscle tissue has an exceptional ability to regenerate, however,
unresting damage to the muscles by intense and frequent exercises occasionally
causes prolonged muscle fatigue, soreness, and underperformance in sports. Taking
rest is generally considered to be crucial for regular training to avoid the accumulation
of muscle damage. We hypothesized that differences in the resting intervals between
two periods of exercise may result in histological differences in muscle regeneration.

Method: An eccentric contraction model of mouse gastrocnemius muscle was made
using percutaneus electrical stimulation. The mice received eccentric exercises twice
with resting intervals of 0, 12, 24 hours, 2, and 3 days. The authors investigated the
ratio of myofibers with central nuclei to whole myofibers histologically (the cen-
tronuclear cell ratio; CNCR) at 14 days after the second exercise as an index of the
muscle regeneration.

Results: The CNCR of the group that exercised one-time was 29.5%. In the groups
exercised twice, it increased from 31.8% with an interval of 0 hours to a peak of
43.9% with 24 hours, then decreased to 32.8% with an interval of 3 days. The ratios
of the groups with intervals of 12 and 24 hours were higher than those with one-time
exercise and those with the intervals of 0 hours, 2 days, and 3 days.

Conclusions: The resting interval between two periods of eccentric exercises af-
fected the histology of muscle regeneration. The amount of muscle damage and/or the
recovery process of damaged muscles should vary depending on the length of resting
interval between strenuous exercises. An appropriate interval for rest must be neces-
sary in order to avoid further muscle damage.

Introduction

Basically, skeletal muscles undergo three kinds of exercise: isometric, isotonic, and
isokinetic. Isotonic exercise consists of two different types: concentric, and eccentric.
Various combinations of such exercises are employed for training [8,13,18]. Intense
and frequent exercises, particularly the eccentric type, causes histological muscle
damage [11,15]. Muscle tissue generally has an excellent ability to regenerate and
consequently develop muscular strength and mass (the supercompensation effect).
Nevertheless, unresting damage to the muscles occasionally leads to prolonged
muscle fatigue, soreness, and underperformance in sports [3,20]. The appropriate
balance of exercise and rest, therefore, should be crucial to avoid the accumulation
of muscle damage. So far, little has been reported on the effects of resting based on
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histological evaluations of muscle regeneration. We hypothesized that differences
in the resting intervals between two periods of exercise may result in histological
differences in muscle regeneration. T

Materials and methods

Eccentric contraction animal model

The experiment was carried out according to the guidelines of the Ethics Commit-
tee of Tohoku University. Thirty 10-week-old male C57BL mice were used . The
mice were anesthetized by an intraperitoneal injection of pentobarbital sodium at
50 mg/kg body mass. The hair of the right lower leg was removed with vanishing
cream. The right hind limb was fixed at the knee, and the right foot was strapped
with adhesive tape to a metal plate attached to the servomotor (RU-72, Kimura
Seisakujo, Japan). Contractions of the gastrocnemius muscle were induced by
percutaneus electrical stimulation, with a pair of electrodes applied to the skin of
the right lower leg and an electrical stimulator (DPS-07, Daiya Medical System,
Japan) with 0.5 millisecond pulses at 150 Hz and 15V for 0.6 seconds. During the
0.6-second activation period, the ankle was passively dorsiflexed by the motor by
90° from the position of maximum plantar flexion, which resulted in an eccentric
contraction of the gastrocunemius muscle. This action was repeated every 4 sec-
onds for 180 repetitions with a 3-minute rest in the middle [23].

Intervals between the two periods of exercises

Each group received exercise twice with a resting interval of either 0 hour (continu-
ously), 12 hours, 24 hours, 2 days, and 3 days, and were designated as the 0-hour,
12-hour, 24-hour, 2-day, and 3-day groups, respectively. The mice that underwent
just one-time exercise comprised the single-exercise group. Untreated mice were
used as a control. Those mice were allowed free cage activity between or after
exercises.

Muscle sampling and histological procedure

Five mice of each group were euthanized 14 days after the last exercise. The gas-
trocnemius muscles of the right leg were removed for this study. The midportion
of the muscle was cross-sectioned 5 mm thick, embedded in paraffin, and cut into
slices 2-mm thick. Sections from all mice were stained with hematoxylin and eosin
(H&E) for histological investigation [23].

Quantification of muscle regeneration

The central nucleus was used as an indicator of muscle regeneration. A higher num-
ber of central nuclei can be interpreted as reflecting greater damage and/or a slower
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Figure 1. Light microscopy
of muscle regeneration after
eccentric exercises. a) 24-
hour group. b) 3-day group.
Myofibers with central nuclei
(arrows) were detected. The
central nuclei were more fre-
quently found in the 24-hour
group. Original magnification
is x 200.

recovery of the muscle [2,3,17,22]. We evaluated the centronucleated cell ratio
(CNCR), defined by the percentage of central nucleated myofibers divided by the
total number of myofibers. Five fields containing the largest number of central nu-
cleated myofibers were selected at a magnification of x200. Myofibers with central
nuclei and those with nuclei peripherally shifted were counted three times, each.
Then, the CNCR was calculated using the mean numbers of those data.

Statistical analysis

Post hoc analysis was performed using the Tukey-Kramer test to determine differ-
ences in the CNCR among all exercise groups. The level of significance was set at
P<0.05. All statistical analyses were performed with commercially available soft-
ware, JMP (SAS Institute Inc.,Cary, NC, USA).



178 Daizo Sasaki et al.

70

A e [

50 r
I I_I_l

40

—
30
20
10
0

Centronucleated cell ratio (%)

single- 0-hour 12-hour  24-hour 2-day 3-day
exercise group group group group group
group

Figure 2. Centronuclear cell ratios. The 12- and 24-hour groups showed higher ratios than the other
groups. Values are means + SD; n =5. Statistical significance at P < 0.05 is denoted by *.

Results

Myofibers in each fascicle fit closely together with little variation in size and shape
in all groups. In the untreated control group, the nuclei of myofibers were relatively
inconspicuous and situated peripherally. No myofibers with central nuclei, which
indicates regenerating ones, were found. On the other hand, in every exercise group
myofibers with central nuclei were detected in all sections and could be distin-
guished easily from those whose nuclei were shifted peripherally. Neither disrupted
myofibers nor inflammatory cells were found. Myofibers with central nuclei were
more frequently found in the 12- and 24-hour groups (Figure 1).

The CNCR of the single-exercise group was 29.5%. In the twice exercised
groups, it increased from 31.8% in the 0-hour group to a peak of 43.9% in the 24-
hour group (Figure 1a), then decreased to 32.8% in the 3-day group (Figure 1b).
The ratios of the 12- and 24-hour groups were statistically higher than those of the
single-exercise, 0-hour, 2-day, and 3-day groups (Figure 2).

Discussion

The recovery process of myofibers begins with satellite cells, the primary stem
cells in skeletal muscle [14]. Simultaneously with the occurrence of muscle dam-
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age, satellite cells are activated, caused to proliferate and become differentiated,
and finally fuse with other satellite cells to form myofibers with central nuclei.
Then, their nuclei are shifted peripherally with the production of muscle-specific
proteins and the regeneration process is completed. Thus, central nuclei are used
as an indicator of the regenerating muscle, and the large number of those can be
interpreted as a greater muscle damage and/or a slower recovery of the damaged
muscle [2,3,17,22].

Exercise-induced muscle damage is primarily caused mechanically by direct
muscular strain during the lengthening of contracting muscle [5,21], and secondarily
by free radicals, an increase in the permeability of the membranes of myocytes, the
inflammatory response, and phagocytosis of neutrophils and macrophages [4,19].
In our study, the CNCRs showed no significant differences among the single-ex-
ercise, the 0-hour, the 2-day, and the 3-day group mice. It should be explained that
repetitive eccentric exercises reduced the muscular strain by the mechanism such
as the overstretched sarcomere to fail to reinterdigitate [1] and the intramuscular
exhaustion of glycogen and adenosine tri-phosphate [9,10]. Thus, the damage of
myofibers in both the single-exercise and the 0-hour group should have reached
a plateau in the middle of the exercises by the repetitive electrical stimulation. In
the interval from 2 to 3 days after the eccentric exercises, the structural damage of
myofibers was most prominent. The subsequent exercises in those groups, there-
fore, might have produced less muscular strain and no significant accumulation of
disrupted myofibers.

The CNCRs in the groups exercised twice with resting intervals from 12 to 24
hours were higher than those of the other groups. The muscular strain in those
phases might recover temporarily and yield greater muscle damage according to
the improvement of the metabolic supply. Another possibility is that the muscle re-
generative capacity might have been disturbed by the subsequent exercises in those
groups. The regulatory factors of muscle regeneration are reported to be locally
produced cytokines and growth factors, the local and systemic immune system, en-
docrine system [12,16], blood flow [7], and innervation [2,5]. Particularly, several
cytokines and growth factors are well known as substances secreted from muscle
tissue locally after intense exercise and are expressed in a time-dependent manner
with specific roles in the action of satellite cells [6,23]. After the subsequent exer-
cise in the 12- and 24-hour group, those substances might not be produced and/or
activated in the optimal manner, leading to a delay the process of muscle regenera-
tion.

Muscle has an excellent ability for regeneration. However, our results demon-
strate that the resting interval between two periods of eccentric exercises affects the
histology of muscle regeneration. This implies that an appropriate interval for rest
must be necessary in order to avoid the accumulation of muscle damage in mice.
A limitation of our study is that we cannot extrapolate from our data in mice on
the amounts of exercise and rest needed to achieve much more safe and effective
training in human beings.
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