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ABSTRACT

Past eccentric contraction (ECC)-induced muscle injury reduces the severity of symptoms
of subsequent muscle injury; this phenomenon is known as a repeated bout effect (RBE). It
has been reported that increases in the duration of the interval between the first and second
bouts are linked to weakening of the RBE. However, the histology following the attenuation
of the RBE remains unclear. We examined the sustained effects of the second bout with re-
gard to myofiber permeability and muscle force. Sixty-four male rats were randomly as-
signed to eight groups that varied in the number of exercise sessions and the duration of the
interval between the first and second bouts: the non-ECC (Control); the single-injury (Post
1st bout); groups that were allowed to recover for 1, 2, and 4 weeks after a single injury (Pre
2nd bout_lw, Pre 2nd bout_2w, and Pre 2nd bout_4w); and groups that were subjected to
second injuries 1, 2, and 4 weeks after the first (Post 2nd bout_1w, Post 2nd bout_2w, and
Post 2nd bout_4w). The tibialis anterior was electrically stimulated in each ECC group.
Twenty-four hours before muscle sampling, Evans blue dye (EBD) (a marker of myofiber
damage) was administered. The maximal isometric contraction tension was measured im-
mediately before sampling. The number of EBD-positive (+) fibers was determined via his-
tological analysis. An RBE was revealed by functional examination at the 1- and 2-week and
histological examination at the 1-, 2-, and 4-week time points (P < 0.05). In terms of myo-
fiber permeability, prolongation of the interval before the second bout weakened this effect
(P < 0.05). Experiments with 1-, 2-, and 4-week intervals indicated that prolongation of the
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interval before the second bout weakened the RBE with regard to myofiber permeability.

1. INTRODUCTION

Compared with concentric contraction and isometric contraction, eccentric contraction (ECC) results
in greater muscle strength [1, 2]. On the other hand, ECC more easily causes muscle damage, swelling, and
loss of function than these other types of contraction [3-6].

Excessive ECC increases membrane permeability, causes creatine kinase to leak out of myofibers [7],
into the plasma, and causes extracellular proteins such as albumin to enter myofibers [8]. Infiltration of
extracellular fluid causes myofibers to become swollen and opaque [9]. The main pathways for extracellu-
lar fluid entry into myofibers following ECC have been reported to be membrane tears and stretch-activated
channels [10]. Evans blue dye (EBD; molar mass 960.8), as a marker of increased myofiber membrane
permeability, is a tool for studying ECC-induced muscle damage [8]. EBD is water soluble and membrane
impermeable, has high binding affinity for serum albumin, and can be used to detect damaged myofibers.
Positive staining for glyoxal-bis (2-hydroxyanil) (GBHA) (a free calcium indicator) has been observed in
EBD-stained infiltrated myofibers after ECC [9]. Excessive increases in intracellular calcium ions promote
the production of calcium dependent proteases, such as calpain and phospholipases, which causes myofi-
ber membrane damage and disruption in intermediate filament proteins, such as desmin, that link myofi-
brils laterally to each other [11-14].

Adaptation of damaged skeletal muscle to injury reduces the severity of symptoms of subsequent
muscle damage; this phenomenon is known as a repeated bout effect (RBE). It has been reported that the
ECC RBE results in a shorter period of muscle strength recovery post ECC, a lower concentration of blood
creatine kinase, and less muscle soreness in the second bout than in the initial bout [15-19]. Animal stu-
dies investigating ECC have also suggested functional implications (e.g., smaller isometric strength deficits
in the second bout than in the first bout) and structural implications (e.g., smaller reductions in muscle
cell membrane structural proteins, such as dystrophin, and less disruption of inter-mediate filament pro-
teins, such as desmin) [20, 21]. In addition, fewer myofibers with increased membrane permeability are
observed in the second bout than in the first bout, and a history of ECC-induced exercise injury attenuates
calpain activation [22].

A previous study reported that prolonging the duration of the interval between the first and second
bouts with the same load strength weakened the RBE (e.g., it weakened the attenuation of changes in peak
plasma creatinine kinase activity and the recovery of maximal isometric force post exercise) [19]. Howev-
er, in that human study, the histological changes following the attenuation of the RBE were unclear. Ani-
mal studies conducted with 2- or 4-week intervals have used different ECC intervention intensities and
examined different target muscles [21, 23], and the associated persistence and attenuation have remained
unclear. Thus, the ECC RBE-associated histological changes that occur in skeletal muscle when the inter-
val is prolonged need to be elucidated. Moreover, few investigations have assessed the recovery process
after the first bout, increases in myofiber permeability, the recovery of myofibers, and the muscle function
of the same skeletal muscle immediately prior to the second bout. In the rat tibialis anterior (TA) muscle,
the cross-sectional areas of myofibers have been found to decrease after ECC. This myofiber size decrease
is caused by preferential ECC-related damage to type IIb myofibers with large cross-sectional areas rather
than type I or IIa myofibers [24]. In addition, calcium uptake during contractions is higher in fast-twitch
myofibers than in slow-twitch myofibers [25], and fast-twitch fibers are more susceptible to ECC-induced
muscle injury than slow-twitch fibers [26]. Myofiber regeneration can be evaluated using developmental
myosin heavy chain (d-MHC) as an indicator, and d-MHC reactivity has been used to assess myofibers
after ECC-induced muscle injury [27, 28], and in denervated muscles [29, 30].

In this study, we observed histological changes (e.g., injury, regeneration) and muscle function
changes that occur during the post-first bout period immediately prior to the second bout (pre-second
bout) with 1-, 2-, and 4-week intervals between the two bouts and examined the sustained effects of the
second bout relative to the histological changes and muscle function.
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2. METHODS
2.1. Animals

Sixty-four male Fischer 344 rats (CLEA Japan, Inc., Tokyo, Japan) were housed in standard cages in a
temperature-controlled room under the following conditions: a temperature of 23°C * 2°C, a humidity of
55% + 5%, and a 12-h light-dark cycle. The rats had ad libitum access to CE-2 rodent chow (CLEA Japan)
and water. All procedures were performed in accordance with the Guiding Principles for the Care and Use
of Animals in the Field of Physiological Sciences published by the Physiological Society of Japan. This
study was approved by the Animal Study Committee of the National Institute of Fitness and Sports and
the Animal Study Committee of Niigata University of Health and Welfare. This study was carried out at
the Laboratory of Niigata University of Health and Welfare from 2016 to 2018.

2.2. Experimental Protocol

At the age of 12 weeks, rats weighing 251.58 + 16.79 g were randomly assigned to one of eight groups,
which differed in the number of exercise sessions (bouts) and the duration of the interval between the first
and second bouts. These groups included the non-ECC (Control) group (22 = 8); the single-injury (Post 1st
bout) group (22 = 8); groups allowed to recover for 1, 2, and 4 weeks after a single injury (the Pre 2nd
bout_1w, Pre 2nd bout_2w, and Pre 2nd bout_4w groups; n = 8 per group); and groups subjected to
second injuries at 1-, 2-, and 4-week intervals (the Post 2nd bout_lw, Post 2nd bout_2w, and Post 2nd
bout_4w groups; n = 8 per group) (Figure 1). The appropriate sample size (12 = 8 per group) was calcu-
lated with reference to EBD-positive fiber data from a previous study conducted in our laboratory using
the following formula [9]:
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Figure 1. Experimental protocol. Groups: Control (non-ECC; n = 8); Post 1st bout (single injury;
n = 8); Pre 2nd bout_1w, Pre 2nd bout_2w, and Pre 2nd bout_4w (recovery for 1, 2, and 4 weeks
after a single injury; n = 8 per group); and Post 2nd bout_lw, Post 2nd bout_2w, and Post 2nd
bout_4w (2nd injuries at 1-, 2-, and 4-week intervals; n = 8 per group). At the age of 16 weeks, all
rats were anaesthetized, and muscle samples were obtained. EBD was intraperitoneally adminis-
tered 24 h prior to the collection of muscle samples, and the maximal isometric contraction ten-
sion was measured immediately prior to muscle sampling. The first and second bouts of eccentric
contraction were set to the same load strength. ECC, eccentric contraction; EBD, Evans blue dye.
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n=(re1)frxo®(Z,,+2,) /6%,

where ris the ratio of the larger group size to the smaller group size, ois the standard deviation, A is the
effect size, a = 0.05 (for 95% confidence), #= 0.2 (for 80% power), Z,, = 1.96, and Z; = 0.84.

At the age of 16 weeks, all rats were anaesthetized, and muscle samples were obtained. EBD was
intraperitoneally administered twenty-four hours prior to the collection of muscle samples, and the max-
imal isometric contraction tension was measured immediately prior to muscle sampling. The first and
second bouts of ECC were set to the same load strength and were performed as described in a previous
study [9]. Briefly, the left TA muscles of the rats in each ECC group were electrically stimulated under 2%
isoflurane inhalation anaesthesia. The rats were placed supine on the platform of a custom-made appara-
tus. The left foot was attached to a footplate connected to a servomotor (Tower Pro SG-90; Umemoto,
Tokyo, Japan), and the ankle joint was set at 0° dorsiflexion. A pair of surface electrodes were attached to
the shaved skin over the TA muscle. Percutaneous stimulation was performed using an electrostimulator
(SEN-7203; Nihon Kohden, Tokyo, Japan) and isolator (SS-201]; Nihon Kohden). The electrical stimula-
tion parameters were as follows: an intensity of 30 V, a frequency of 100 Hz and a pulse width of 500 ps to
induce submaximal tetanic contraction for 2 s. The footplate was moved in synchrony with the electrical
stimulator and the time-delay device (Raspberry Pi 2 Model B; Raspberry Pi Foundation, Cambridge, UK).
ECC were induced at an angular velocity of 200°/s. One ECC set was composed of 10 contractions every 10
s, and eight sets were acquired per animal at 3-min intervals.

2.3. Injection of EBD

To assess the myofibers responsible for increasing membrane permeability, rats received an intrape-
ritoneal injection of 1% EBD solution (E2129; Sigma-Aldrich, St. Louis, MO, USA) at a volume of 1% of
the body mass (1 mg EBD/0.1mL phosphate-buffered saline [PBS]/10g of body mass) 24 h prior to TA
muscle collection [9, 31].

2.4. Measurement of Maximal Isometric Contraction Tension

TA muscle maximal isometric contraction tension was measured at 16 weeks of age 24 h after injec-
tion of EBD (Control, n = 6; Post 1st bout, n = 7; Pre 2nd bout_1w, n = 8; Post 2nd bout_lw, n = 7; Pre
2nd bout_2w, n = 6; Post 2nd bout_2w, n = 4; Pre 2nd bout_4w, n = 4; and Post 2nd bout_4w, n = 4).
Maximal isometric contraction tension was measured in the Post 1st bout and Post 2nd bout groups 2 days
after the last ECC intervention. Maximal isometric contraction tension was measured separately in the Pre
2nd bout groups (Pre 2nd bout_1w, Pre 2nd bout_2w, and Pre 2nd bout_4w) each week after the first ECC
intervention. Measurement was performed as previously described [32, 33]. Briefly, under isoflurane
anaesthesia, rats were placed on a working platform with restraining bars and pins at the knee and ankle
joints. The TA muscle distal tendon was oriented along the natural pull of the muscle and attached to an iso-
metric transducer (TB-654T; Nihon Kohden) that was secured using 4-0 suture silk on a three-dimensional
(3D) drive precision stage. Maximal isometric contraction tension was determined from the average of
three tetanic contractions. The signals were sampled via a PowerLab A/D converter (AD Instruments,
Nagoya, Japan) with a sampling frequency of 2 kHz.

2.5. Muscle Sampling

At the end of the experiment, following the measurement of tension, the rats were anaesthetized with
sodium pentobarbital (50 mg/kg body weight), and their TA muscles were collected and weighed. For his-
tological analyses, the TA muscles were mounted with optimal cutting temperature compound, frozen in
isopentane cooled using liquid nitrogen and stored at —80°C until use.

2.6. Histological Analysis

Frozen transverse sections (10 um) were cut from the middle portion of the TA muscle at —20°C us-
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ing a cryostat (CM3050S; Leica, Wetzlar, Germany). The sections were mounted on silanized slides, and
signal detection analysis of EBD (a marker of myofibers with membrane damage caused by ECC) was per-
formed. Images of transverse sections of the muscle belly were acquired using fluorescence microscopy
(BZ-X710; KEYENCE, Osaka, Japan). The myofibers in the muscle belly were counted using Image-Pro
Premier software (Media Cybernetics, Rockville, MD, USA) to quantify the number of EBD-positive (+)
fibers. The transverse sections stained with hematoxylin and eosin (H&E) for histological observation. For
immunohistochemical analysis of TA muscle tissues, sections were fixed in ice-cold 4% paraformaldehyde
for 15 min. The sections were blocked with 10% normal goat serum (NGS) and 1% Triton X-100 in PBS at
room temperature for 1 h and then washed twice (5 min each) in PBS. Subsequently, the sections were in-
cubated for 16 - 20 h at 4°C with primary antibodies against dystrophin (ab15277; 1:500 dilution; Abcam,
Tokyo, Japan) and d-MHC (MHCD; 1:20 dilution; Novocastra, Newcastle upon Tyne, UK) (a marker of
myofiber regeneration) in PBS containing 2.5% NGS and 0.1% Triton X-100. The sections were washed
several times with PBS, incubated with an Alexa Fluor 488 (ab150117; 1:500 dilution; Abcam) or 568
(ab175471; 1:500 dilution; Abcam)-conjugated secondary antibody diluted with PBS containing 2.5% NGS
and 1% Triton X-100 for 1 h at room temperature, and finally mounted using VECTASHIELD mounting
medium with 4',6-diamidino-2-phenylindole (H-1200; Vector Laboratories, Burlingame, CA, USA). Im-
munofluorescence of the transverse sections was detected using a light/fluorescence microscope (BZ-X710;
KEYENCE). The numbers of d-MHC-labelled (+) and dystrophin+ myofibers in five 500 x 700 um fields
of deep, superficial, middle, inside-middle, and outside-middle layers in eight transverse sections of TA
muscle were determined manually.

2.7. Statistical Analysis

All data are presented as the mean * standard deviation. Data sets were analysed using one-way anal-
ysis of variance (ANOVA) followed by either a post hoc Tukey-Kramer test or a Kruskal-Wallis test fol-
lowed by a Steel-Dwass test or a Steel test (BellCurve for Excel, Social Survey Research Information Co.,
Ltd., Tokyo, Japan), depending on the normality of the data distribution. P-values < 0.05 denoted statistic-
al significance.

3. RESULTS
3.1. Muscle Wet Weight

TA muscle weight relative to body weight was significantly higher in the Post 1st bout, Pre 2nd
bout_4w, and Post 2nd bout_4w groups than in the Control group (P < 0.05) (Control = 1.67 + 0.05, Post
1st bout = 2.05 + 0.08, Pre 2nd bout_4w = 2.02 *+ 0.13, and Post 2nd bout_4w = 2.15 + 0.08). In contrast,
TA muscle weight relative to body weight was lower in the Pre 2nd bout_1w and Post 2nd bout_1w groups
than in the Control group (P < 0.05) (Pre 2nd bout_lw = 1.31 + 0.21, and Post 2nd bout_Ilw = 1.24 +
0.21). There were no significant differences in the Pre 2nd bout_2w and Post 2nd bout_2w groups com-
pared with the Control group (Pre 2nd bout 2w = 1.63 + 0.09 and Post 2nd bout 2w = 1.71 + 0.13)
(Figure 2).

3.2. Maximal Isometric Contraction Tension

TA maximal isometric contraction tension relative to muscle wet weight was significantly lower in the
Post 1st bout group than in the Control group (P < 0.05). There were no significant differences among the
Pre 2nd bout_1w, Pre 2nd bout_2w, Pre 2nd bout_4w, and Control groups. The tension was significantly
higher in the Post 2nd bout_lw and Post 2nd bout_2w groups than in the Post 1st bout group (P < 0.05).
There were no significant differences among the Post 2nd bout_lw, Post 2nd bout_2w, and Post 2nd
bout_4w groups (Control = 0.016 + 0.003, Post 1st bout = 0.004 + 0.001, Pre 2nd bout_1w = 0.013 + 0.002,
Post 2nd bout_1w = 0.011 + 0.003, Pre 2nd bout_2w = 0.015 + 0.001, Post 2nd bout_2w = 0.011 + 0.002,
Pre 2nd bout_4w = 0.014 + 0.001, and Post 2nd bout_4w = 0.007 + 0.002) (Figure 3). The decreases in
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maximal isometric contraction tension according to the bout interval in the different groups were as fol-
lows: Post 2nd bout_lw/Pre 2nd bout_1w*100 = 15%, Post 2nd bout_2w/Pre 2nd bout_2w*100 = 31%,
and Post 2nd bout_4w/Pre 2nd bout_4w*100 = 47%.
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Figure 2. Muscle wet weight of the tibialis anterior muscle relative to body weight in
each group. *P < 0.05 versus Control; 1P < 0.05 versus Post 1st bout. The values are
presented as the mean + SD. SD, standard deviation.
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Figure 3. Maximal isometric contraction tension relative to muscle wet weight in each group. *P
< 0.05 versus Control; P < 0.05 versus Post 1st bout. The values are presented as the mean + SD.
SD, standard deviation.
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3.3. Number of EBD+ Fibers and Histological Analysis

EBD+ fibers were observed in the Post 1st bout, Post 2nd bout_1w, Post 2nd bout_2w, and Post 2nd
bout_4w groups. In the Control group, almost no EBD+ fibers were detected. Similarly, EBD+ fibers were
rarely detected in the Pre 2nd bout_lw, Pre 2nd bout_2w, and Pre 2nd bout_4w groups. Among the
second-bout groups, there were fewer EBD+ fibers in the Post 2nd bout_1w, Post 2nd bout_2w, and Post
2nd bout_4w groups than in the Post 1st bout group (P < 0.05). Moreover, there were significantly more
fibers in the Post 2nd bout_4w group than in the Post 2nd bout_Iw and Post 2nd bout_2w groups (P <
0.05) (Control = 0.25 + 0.46 cells, Post 1st bout = 2214.38 + 535.99 cells, Pre 2nd bout_lw = 1.25 + 1.67
cells, Post 2nd bout_1w = 3.00 + 2.27 cells, Pre 2nd bout_2w = 0.75 + 0.89 cells, Post 2nd bout_2w = 80.63
* 85.62 cells, Pre 2nd bout_4w = 1.50 * 2.27 cells, and Post 2nd bout_4w = 839.88 + 335.99 cells) (Figures
4A-TI). Using H-E Staining, we examined myofiber damage and recovery in each group. Swollen myofibers,
necrotic myofibers and infiltration of inflammatory cells observed in the Post 1st bout, Post 2nd bout_2w,
and Post 2nd bout_4w groups (Figure 5).
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Figure 4. Number of EBD-positive (+) myofibers in each group. (a) Number of EBD+ myofibers
in each group. *P < 0.05 versus Control; 1P < 0.05 versus Post 1st bout; +P < 0.05 versus Post
2nd bout_4w. The values are presented as the mean + SD. EBD, Evans blue dye; SD, standard
deviation. (b-i) Histological images of EBD+ myofibers in each group. (b) Control, (c) Post 1st

bout, (d) Pre 2nd bout_1w, (e) Post 2nd bout_1w, (f) Pre 2nd bout_2w, (g) Post 2nd bout_2w,
(h) Pre 2nd bout_4w, and (i) Post 2nd bout_4w. S, D; Superficial, deep side of the TA.
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Figure 5. Image of cross-sections of tibialis anterior muscles stained for Hematox-
ylin and Eosin (H&E) in each group. (a) Control, (b) Post 1st bout, (c) Pre 2nd
bout_lw, (d) Post 2nd bout_1w, (e) Pre 2nd bout_2w, (f) Post 2nd bout_2w, (g)
Pre 2nd bout_4w, and (h) Post 2nd bout_4w groups. Scale bar = 50 um.

3.4. d-MHC +/Dystrophin + Fibers

There were significantly more d-MHC+/dystrophin+ fibers in the Pre 2nd bout_lw and Post 2nd
bout_lw groups than in the Post 1st bout group (P < 0.05). No significant difference was found between
the Pre 2nd bout_lw and Post 2nd bout_1w groups. In contrast, d-MHC+/dystrophin+ fibers were rarely
detected in the Control, Post 1st bout, Pre 2nd bout_2w, Post 2nd bout_2w, Pre 2nd bout_4w, and Post
2nd bout_4w groups (Control = not detected, Post 1st bout = 1.25 + 1.75 cells, Pre 2nd bout_Iw = 16.63 +
9.01 cells, Post 2nd bout_1w = 11.00 * 6.59 cells, Pre 2nd bout_2w = 0.13 * 0.35 cells, Post 2nd bout_2w =
0.50 + 0.76 cells, Pre 2nd bout_4w = 0.13 + 0.35 cells, and Post 2nd bout_4w = not detected) (Figures 6-8).
Moreover, myofibers with increased membrane permeability were rarely observed, and dystrophin+ fibers
were observed in almost all areas of the TA transverse sections in the Pre 2nd bout_1w, Pre 2nd bout_2w,
and Pre 2nd bout_4w groups (Figure 7).

4. DISCUSSION

This study investigated the following: 1) the histological changes, muscle swelling and muscle func-
tion prior to the second bout of ECC at 1-, 2-, and 4-week intervals; and 2) the effects of repeated bouts of
ECC on myofiber damage and force production dependent on the interval between the first and second
bouts.

The muscle wet weight was found to increase 48 h after ECC due to swelling and tissue damage in the
rat TA muscles. Extracellular fluid influx into myofibers is induced by mechanical stress due to ECC, ap-
pear swollen and opaque 48 h after ECC, EBD+ fibers (as a marker of increased myofiber membrane per-
meability) swell approximately twice as much as non-EBD fibers, and muscle wet weight and EBD+ fiber
numbers are increased 48 h after ECC [9, 24, 34]. It has been reported that the several pathways for extra-
cellular fluid entry to myofibers following ECC, the main pathways are cell membrane lesions (membrane
tears) and stretch-activated channels (SACs) [10]. EBD exhibits high binding affinity for albumin, and al-
bumin binds avidly to calcium [35]. This complex flows into damaged myofibers following increases in
membrane permeability. The concentration of intracellular calcium ions ([Ca®*]i) increases 48 h after ECC
[34], calcium-dependent protease (calpain) becomes activated with increases in [Ca*]i [36], and activated
calpain breaks down cytoskeleton-related proteins and contraction-related proteins in myofibers [37].
Moreover, negative reaction for dystrophin and desmin on immunostaining has been reported to be ob-
served in EBD infiltrated myofibers 48 h after ECC [9].

After myofiber damage accompanied by increased membrane permeability is caused by ECC, myofi-
ber regeneration occurs, and d-MHC immunoreactivity is observed [27, 28]. In this study, there were sig-
nificantly more d-MHC+/dystrophin+ myofibers in the Pre 2nd bout_lw and Post 2nd bout_lw groups
than in the Post 1st bout group, and membrane-permeable myofibers were rarely observed 1 week after
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ECC. Previous studies have also shown that the number of d-MHC+ myofibers is significantly elevated >5
days after ECC, that there are significant numbers of positive myofibers by day 7 and that there are almost
no positive myofibers by day 12 [27, 28]. In a previous study have reported muscle tension to recover to its
baseline level one week after ECC [31]. In other studies, however, recovery of muscle tension has been re-
ported to be inadequate 3 weeks after ECC [27]. The lengths of the recovery periods for plasma creatine
kinase activity and muscle strength after ECC increase as the severity of muscle injury increases [38, 39].

An RBE was observed with regard to increases in myofiber permeability when 1-, 2-, and 4-week in-
tervals between bouts, force production when 1- and 2-week intervals between bouts were used. Prolonga-
tion of the interval prior to the second bout weakened the effect on myofiber permeability. Previous hu-
man studies have similarly reported that prolonging the interval weakens RBEs in terms of blood creatine
kinase activity and maximal isometric force [19]. In rodent studies involving two bouts of ECC separated
by 2- and 4-week intervals, eccentric torque and isometric tetanic torque have been found to be reduced to
a greater extent during the first versus the second ECC bout [20, 21, 23]. However, among these previous
rodent studies, the target muscles and intensity of ECC have differed. The findings of our study, which was
conducted with the same intensity and the same target muscle for both bouts, revealed that the degree of
RBE was associated with the interval duration. Cellular influx of extracellular fluids occurs through cell
membrane defects after ECC as well as through stretch-activated channels, transient receptor potential
channels [10], and aquaporins (AQPs). In particular, AQP4 is thought to play roles in adjusting osmotic
pressure and intracellular volume [40, 41] and is also related to the expression of dystrophin. AQP4 has
been reported to be absent in dystrophin-deficient Duchenne muscular dystrophy model (mdx) mice [42].
A study involving administration of AQP4 in a muscle injury model reported an immunonegative reaction
as early as 2 weeks after muscle injury. Notably, a significant positive response was observed 4 weeks later
[43]. While an immunopositive response to dystrophin was observed 1 week after ECC in this study, there
was almost no intracellular infiltration of EBD, and only minor infiltration was observed 2 weeks after
ECC, although significantly increased infiltration was observed by 4 weeks. Furthermore, in many cases,
AQP4 was selectively expressed in fast-twitch myofibers. The rat TA tissues used in this study showed
widespread distribution of fast-twitch myofibers. Therefore, we suggest that the expression of AQP4 after
the regeneration of myofibers is involved in the RBE due to its effects on membrane permeability.
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Figure 6. Number of d-MHC+ and dystrophin+ myofibers in each group. 1P <
0.05 versus Post 1st bout. The values are presented as the mean + SD. d-MHC,
developmental myosin heavy chain; SD, standard deviation.

https://doi.org/10.4236/jbise.2020.1312025 283 J. Biomedical Science and Engineering


https://doi.org/10.4236/jbise.2020.1312025

Dystrophin d-MHC DAPI Merge

Control

Post 1st bout

»

Pre 2nd bout_Iw

Post 2nd bout_1w

Pre 2nd bout 2w

Post 2nd bout 2w

Pre 2nd bout 4w

Post 2nd bout_4w

Figure 7. Image of immunostained tibialis anterior muscles cross-sections from each group.
Red indicates dystrophin+ areas. Green indicates developmental myosin heavy chain
(d-MHC)+ fibers. Blue indicates 4',6-diamidino-2-phenylindole (DAPI). The arrows indi-
cate d-MHC+ and dystrophin+ myofibers. The inset images are high-magnification images
of the d-MHC+ and dystrophin+ myofibers. Scale bar = 50 um.

In this study, myofibers with increased membrane permeability were rarely observed, whereas dy-
strophin-immunoreactive fibers were observed in almost all areas of the TA transverse sections in the Pre
2nd bout_lw, Pre 2nd bout_2w, and Pre 2nd bout_4w groups. The numbers of d-MHC+/dystrophin+
myofibers were significantly elevated in the Pre 2nd bout_lw and Post 2nd bout_Iw groups. It has been
reported that regenerated myofibers are present in denervated muscles [29, 30] and that denervation re-
versibly affects the domains of the membrane systems involved in excitation-contraction coupling [44].
Fast-velocity ECC (180°/s) induces functional and structural damage to nerves [45]. In our study, nerve
injury appeared 7 days after ECC, suggesting that d-MHC was expressed under conditions of injury. In
addition, there was no significant difference in the number of d-MHC+ myofibers between the Pre 2nd
bout_Iw and Post 2nd bout_1w groups, suggesting that d-MHC+ fibers are resistant to damage in the ear-
ly stages after ECC.
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Figure 8. Higher-magnification images of immunostained tibialis anterior muscles
cross-sections of d-MHC expressed in the cytoplasm of myofibers (inside dystro-
phin-positive plasma membrane). Red indicates dystrophin+ areas. Green indicates
d-MHC+ fibers. Blue indicates 4',6-diamidino-2-phenylindole (DAPI). The arrows in-
dicate d-MHC+ and dystrophin+ myofibers. (a) merged images in the Pre 2nd bout_lw
group and (b) merged images in the Post 2nd bout_1w group. Scale bar = 50 um.

A limitation of this study is that we did not examine cellular influx of extracellular fluids through
stretch-activated channels, transient receptor potential channels or AQPs. In addition, previous reviews
have suggested that the potential mechanism of RBE involves neural adaptations, connective tissues, and
myofiber structural remodeling of the extracellular matrix [46, 47]. However, the details of the mechanism
are unknown and should be investigated. Moreover, we did not determine the molecular parameters in the
present study. This study observed an RBE in terms of myofiber permeability. These results provide, for
the first time, evidence that prolongation of the interval between the first and second bouts of ECC wea-
kens the RBE with regard to increased myofiber permeability.

5. CONCLUSION

This study observed an RBE in terms of muscle function and histology. Experiments with 1-, 2-, and
4-week intervals revealed that prolongation of the interval between the first and second bouts of ECC
weakened the RBE with regard to increased myofiber permeability. For the first time, this study provides
information on basic changes that occur with prolongation of the interval between the first and second
bouts: namely, weakening of the RBE associated with increases in myofiber permeability. The findings
may aid in the development of strategies for prevention of muscle injury during physical rehabilitation,
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sports and fitness pursuits for health promotion. Further study is needed for a more complete under-
standing of the mechanism for the RBE on muscle damage. Especially molecular-level analysis would re-
veal valuable new information on the molecular mechanisms underlying RBE on muscle damage.
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