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1 |  INTRODUCTION

Skeletal muscle is the contractile tissue that is distributed 
throughout the body. Its size and shape are anatomically and 
physiologically diverse, presenting a variety of functions 
such as movement, respiration, articulation, facial expres-
sion and mastication. It is well known that muscle fibre-type 
composition varies from a fast twitch to a slow twitch, where 
contraction proteins, energy metabolism and mitochondrial 

contents are different among the fibre types.1 The differences 
in fibre types also influence the effects of ageing and cancer 
cachexia in muscles.1,2

Adult skeletal muscle regenerates after an injury, and this 
regenerative capacity relies on the resident muscle tissue 
stem cells, namely, the satellite cells.3 However, a satellite 
cell dysfunction is observed in muscle diseases,4,5 such as 
muscular dystrophy, where muscle degenerative and regener-
ative cycles are repeated, gradually resulting in a regeneration 
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Abstract
Aim: Skeletal muscles are distributed throughout the body, presenting a variety of 
sizes, shapes and functions. Here, we examined whether muscle regeneration and 
atrophy occurred homogeneously throughout the body in mouse models.
Methods: Acute muscle regeneration was induced by a single intramuscular injec-
tion of cardiotoxin in adult mice. Chronic muscle regeneration was assessed in mdx 
mice. Muscle atrophy in different muscles was evaluated by cancer cachexia, ageing 
and castration mouse models.
Results: We found that, in the cardiotoxin-injected acute muscle injury model, head 
muscles slowly regenerated, while limb muscles exhibited a rapid regeneration and 
even overgrowth. This overgrowth was also observed in limb muscles alone (but 
not in head muscles) in mdx mice as chronic injury models. We described the body 
region–specific decline in the muscle mass in muscle atrophy models: cancer ca-
chexia-induced, aged and castrated mice. The positional identities, including gene 
expression profiles and hormone sensitivity, were robustly preserved in the ectopi-
cally engrafted satellite cell-derived muscles in the castrated model.
Conclusion: Our results indicate that positional identities in muscles should be con-
sidered for the development of efficient regenerative therapies for muscle weakness, 
such as muscular dystrophy and age-related sarcopenia.
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failure. Clinical observations have provided evidence of the 
distribution of region-specific predominant muscle pathol-
ogy in different types of muscular dystrophies.6 These ob-
servations indicate that muscle regeneration is regulated in a 
body region–dependent manner. Studies revealed that satel-
lite cells constitute a functionally heterogeneous population 
in different muscles, depending on the fibre types as well as 
the embryonic origins.7–16 Satellite cells in the pharyngeal 
muscle of the head constitutively proliferate and contribute 
to a myonuclear turnover under basal conditions, while this 
phenomenon is rarely observed in uninjured limb muscles.17 
Thus, the characteristics of certain muscles are not always ap-
plicable to other muscles. However, little attention has been 
paid to differences in the body region–specific properties 
in skeletal muscles, especially on head muscles originated 
mainly from the cranial mesoderm.18 Here, we examined how 
muscles were regionally and specifically affected in mouse 
models of muscle regeneration and atrophy.

2 |  MATERIALS AND METHODS

2.1 | Animals and in vivo experiments

The Experimental Animal Care and Use Committee of the 
Kumamoto University approved the animal experiments 
(Ref. No. A30-098). Wild-type (WT, C57/BL6J) and mdx 
mice were obtained from CREA Japan, Inc (Tokyo, Japan).

For muscle injury, mice were anaesthetized, and the hair 
on the lower jaw and lower leg areas was removed with a 
depilatory cream (Kracie, Tokyo, Japan). The facial nerve 
was percutaneously identified to avoid needle damage. To in-
duce muscle injury in anaesthetized mice, 50 µl and 40 µL of 
10 μmol/L cardiotoxin (CTX) were injected into the tibialis 
anterior (TA) and the masseter (MAS) muscles respectively. 
CTX-injected and non-injected (intact) muscles were har-
vested for transverse sectioning and immunostaining.

In the cancer cachexia model, mice were injected subcuta-
neously in the lower back with 1 × 106 cells of the Lewis lung 
carcinoma (LLC) cell line in PBS. Control mice were injected 
with PBS alone. The mice were sacrificed 4 weeks after the in-
jections. Castration was performed in 3-month-old male mice 
under anaesthesia. The skin of the scrotum was incised and 
the testicles were removed. Sham-operated mice were used 
as controls. To measure the diameter of the urethral sphincter 
(US), the urethral-specific muscle composed of urethral wall 
described as the peri-urethral sphincter was used.

For cell transplantation, Dmdmdx/Y homozygous male 
mdx and Dmdmdx/Dmdmdx homozygous female mdx mice 
were used as recipient mice. These mice were anaesthetized 
and their hind limbs were locally exposed to 18 Gy of γ-radi-
ation to eliminate the endogenous satellite cells.19 CTX was 
injected into the TA muscle immediately after the irradiation, 

and 1 × 104 YFP+ satellite cells sorted from the hind-limb 
muscles (TA, EDL, GAS, PLA, and SOL) or the perineal 
muscles (LA and BUL) of Pax7-YFP knock-in mice20 using 
a FACS Aria II flow cytometer (BD Immunocytometry 
Systems, CA) were engrafted into the TA muscles of mdx 
mice as per a previously described method.20

2.2 | Immunostaining and imaging

Immunohistochemistry of muscle cross-sections was per-
formed as per a previously described method.21 Samples were 
cross-sectioned at the maximum bulge region of each muscle. 
Briefly, samples were incubated with primary antibodies at 4°C 
overnight following fixation in 2%-4% paraformaldehyde and 
blocked/permeabilized in PBS containing 0.3% TritonX-100 
and 5% goat serum for 30 minutes, at room temperature. All 
immunostaining samples were visualized using appropriate 
species-specific Alexa Fluor 488 and/or 546 fluorescence-
conjugated secondary antibodies (Thermo Fisher Scientific, 
Waltham, MA). Mounting medium containing 4,6-diami-
dino-2-phenylindole (DAPI) was used for nuclear staining 
(Nacalai Tesque, Kyoto, Japan). Samples were viewed on an 
Olympus fluorescence microscope IX83 (Olympus) or BZ-
X700 (Keyence). Immunostaining for laminin or haematoxy-
lin-eosin staining was used to measure the cross-sectional area 
(CSA) of myofibers, and CSA was quantified from at least 300 
individual myofibers using Image-J (NIH).

For myofiber diameter measurements, individual myofi-
bers were isolated from the extensor digitorum longus (EDL) 
and the urethral sphincter (US) muscles by digestion with 
type I collagenase as per a previously described method.21 
Neuromuscular junctions were visualized by staining with 
α-Bungarotoxin to identify the longitudinal centre of individ-
ual myofibers. The diameters of isolated individual myofi-
bers are not completely uniform through myofibers. To avoid 
intentional measurements, the diameter of individual myofi-
bers was determined as an average from measurements of two 
ends of a neuromuscular junction.

2.3 | Real-time PCR

Total RNA was isolated with Isogen II (Nippon Gene) and 
cDNA was synthesized with the ReverTra Ace kit with 
genomic DNA remover (Toyobo). Real-time PCR was 
performed with the Thunderbird SYBR quantitative PCR 
(qPCR) mix (Toyobo) and the CFX96 Touch real-time 
PCR detection system (Bio-Rad). The expression levels of 
selected genes were quantified based on the standard curve 
method, and the values were normalized with the TATA box 
binding protein (TBP). Primer sequences used are as follows: 
TBP [forward (F) 5ʹ–CAGATGTGCGTCAGGCGTTC–3ʹ 



   | 3 of 9YOSHIOKA et Al.

and reverse (R) 5ʹ–TAGTGATGCTGGGCACTGCG–3ʹ]; 
MuRF-1 [F 5ʹ–TGATTCTCGATGGAAACGCTATGG–3ʹ 
and R 5ʹ–ATTCGCAGCCTGGAAGATGTC–3ʹ]; Atrogin-1 
[F 5ʹ–GACAAAGGGCAGCTGGATTGG–3ʹ and R 5ʹ–
TCAGTGCCCTTCCAGGAGAGA–3ʹ]; Myostatin [F 
5ʹ–ACCAGGAGAAGATGGGCTGAATC–3ʹ and R 5ʹ–
GGGATTCCGTGGAGTGCTCA–3ʹ]; Androgen recep-
tor (AR) [F 5ʹ–CAGGAGGAAGGAGAAAACTCCA–3ʹ 
and R 5ʹ–ATTGACAAGGCAGCAAAGGAATC–3ʹ]; zinc 
finger MYND domain-containing protein 17 (Zmynd17) 
[F 5ʹ–TAGGGCTTAACAGGCACTGGTCCCC–3ʹ and R 
5ʹ–TTCTTGTGCTTTCGCCGCCGTG–3ʹ].

2.4 | Statistical analysis

Statistical analysis was performed using GraphPad Prism 8 
(GraphPad Software, San Diego, CA). For statistical com-
parisons of two conditions, the Student's t-test was used. For 

comparisons of more than two groups, the data were analysed 
with one-way or two-way ANOVA according to the experi-
mental design followed by the Sidak's multiple comparison 
test. P < 0.05 were considered statistically significant. n.s. 
indicates data that are not statistically significant.

3 |  RESULTS

3.1 | Regional-specific phenotypes during 
muscle regeneration

We first determined how adult muscle regeneration differed 
between the head and limb muscles. Muscle regeneration 
was induced by cardiotoxin (CTX) injection into both MAS 
and TA in mice, who were killed 2, 4, 8 and 40 weeks after 
injury (Figure  1A). We found that TA efficiently regener-
ated 2 weeks after injury (Figure 1B). The injured TA mus-
cle of the hind limbs showed a gradual overgrowth: muscle 

F I G U R E  1  Regional specificity in muscle regeneration. (A–E) Muscle regeneration was induced by cardiotoxin (CTX) injection into the 
masseter (MAS) and the tibialis anterior (TA) muscles of adult male mice. (A) Illustration of the experiment and representative images of muscle 
tissues 40 weeks after a CTX injection. Scale bars, 5 mm. (B) Time course of regenerating muscle weight change normalized to that of intact 
muscles (n = 4 mice, #P < .05, ##P < .01, ###P < .001, intact vs. CTX. ***P < .001, MAS vs. TA). (C) Number of myofibers per whole muscle 
tissue section 40 weeks post-injury (n = 3 mice, **P < .01). (D) Mean cross-sectional area (CSA) of intact (CTX non-injected side) or centrally 
nucleated (CTX-injected side) myofibers (n = 4 mice). (E) CSA distribution of MAS and TA at 40 weeks post-injury (n = 4 mice). Scale bars, 
100 µm. - Data represent mean ± SEM. All error bars show the standard error of the mean (SEM)

(A)

(D) (E)

(B)
(C)
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weight and the number of myofibers significantly increased 
40 weeks after injury (Figure 1B and C). In the injured head 
MAS muscle, muscle mass, CSA of regenerating myofibers 
and the number of myofibers fully returned to basal (intact) 
levels without overgrowth 40 weeks post-injury (Figure 1A–
E). The CSA distribution of the regenerated muscles also dif-
fered between the MAS and TA muscles.

We further examined muscle regeneration in the dystro-
phin-deficient mdx mice, a Duchenne muscular dystrophy 
(DMD) model, in which muscles repeatedly undergo chronic 
degeneration and regeneration cycles. Although the mdx 
mouse line does not display the severe pathology character-
ized in human DMD patients, probably caused by the com-
pensatory upregulation of utrophin, an autosomal homologue 
of dystrophin and longer telomeres in satellite cells,22 it is 
useful to evaluate muscle regeneration throughout the body. 
Consistent with the CTX-induced acute injury models, over-
growth alterations of the limb muscles (but not head muscles) 
were observed in the mdx mice (Figure 2A–E).

3.2 | Effects of cancer cachexia, ageing and 
sex hormone reduction on different muscles

Afterwards, we determined whether muscle atrophy occurred 
similarly in different muscles. To induce muscle atrophy, a 
cancer cachexia-induced muscle atrophy model was estab-
lished by a subcutaneous injection of 1  ×  106 cells of the 
Lewis lung carcinoma (LLC) line into the lower back re-
gion of C57BL6 mice (Figure 3A and B). Mice were killed, 
and muscle weights were determined 4 weeks after an LLC 
injection. The weight and CSA of limb muscles, with the 
exception of the slow-fibre–rich soleus (SOL) muscle, had 
decreased in the cancer cachexia-induced mice, whereas the 
MAS and digastric (DIG) muscles of the head were unaf-
fected (Figure  3C and D). Consistent with these results, 
the muscle atrophy-related genes MuRF-1, Atrogin-1 and 
Myostatin23,24 were upregulated in atrophic limb muscles but 
not in the MAS head muscle under cancer cachexia condition 
(Figure 3E).

F I G U R E  2  Region-specific muscle regeneration in mdx mice. (A) Illustration of muscles. SS, supraspinatus; TRI, triceps brachii; BR, 
brachioradialis; GAS, gastrocnemius; PLA, plantaris; SOL, soleus. (B) Representative images of MAS and TA tissues in wild-type (WT) and mdx 
mice. Scale bars, 5 mm. (C) Muscle weights in mdx mice normalized to those in WT mice (WT; n = 8 mice, mdx; n = 8 mice). (D) Mean CSA of 
regenerative myofibers (WT; n = 5 mice, mdx; n = 6 mice). (E) CSA distribution of MAS and TA (WT; n = 5, mdx; n = 6). Scale bars, 100 µm. 
Data represent mean ± SEM. All error bars show the standard error of the mean (SEM). **P < .01, ***P < .001. MAS, masseter; DIG, digastric; 
SS, supraspinatus; TRI, triceps brachii; BR, brachioradialis; TA, tibialis anterior; EDL, extensor digitorum longus; GAS, gastrocnemius; PLA, 
plantaris; SOL, soleus

(A)

(D)

(E)

(B) (C)
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Given that muscle atrophic responses in limb muscles 
were distinct from head muscles in cancer cachexia, we pro-
ceeded to investigate the impact of ageing and sex hormone 
depletion on muscles. Muscle weight and CSA of all limb 
muscles were remarkably lower in 27-month-old mice com-
pared to 4-month-old mice, whereas head muscles remained 
unchanged (Figure  4A–C). Region-specific muscle atrophy 
was also observed in castrated mouse models, where andro-
gen levels were reduced; the levator ani (LA), bulbospongio-
sus (BUL) and US muscles were significantly reduced, as 
reported in previous studies25-27, whereas the head and limb 
muscle masses remained unaltered after 2 weeks of castration 
(Figure 5A–E). These findings indicate that perineal muscles 
are more sensitive to an androgen reduction compared to the 
sensitivity in the head and limb muscles.

We next examined how robustly the body region iden-
tities were maintained. Satellite cells were freshly iso-
lated from the hind limb or perineal muscles of Pax7-YFP 
knock-in male mice and then transplanted into the irradiated 

and CTX-injected TA muscles of male or female mdx mice 
(Figure 6A). We used mdx mice as the recipients because the 
donor-derived regenerating myofibers would be more easily 
visible by immunostaining for dystrophin. mdx mice were 
killed for analysis 3 weeks after transplantation. We have re-
cently reported that Zmynd17 is a regulator of the muscle 
mitochondrial quality, and its expression pattern varies in 
muscles.28,29 Since AR and Zmynd17 genes were highly ex-
pressed in perineal muscles compared to the expression in the 
limb muscles (Figure 6B), we used these gene sets as peri-
neal markers. We showed that engrafted satellite cell-derived 
muscles maintained the gene expression profiles based on an-
atomical origins in the limb host muscles (Figure 6B and C).

To further examine whether perineal satellite cell-derived 
muscles also maintained a sensitivity to the reduced androgen 
levels in ectopic sites, satellite cells were isolated from the 
perineal muscle in Pax7-YFP knock-in male mice as a donor 
and transplanted into the TA muscles of mdx male, castrated 
mdx male or mdx female mice. Hind-limb muscle-derived 

F I G U R E  3  Region-specific phenotypes in cancer cachexia. (A) Cancer cachexia was induced by an LLC injection to induce systemic muscle 
atrophy. (B) Body weight and epididymal fat were weighed (CON; n = 5 mice, LLC; n = 5 mice). (C) Muscle weight (LLC/ CON) at 4 weeks 
following an LLC injection (CON; n = 8 mice, LLC; n = 7 mice). FDP: flexor digitorum profundus. (D) Representative images of HE-stained 
muscle tissue sections. Mean myofiber CSA (MAS, FDP, PLA and SOL; n = 5 mice, TA; n = 4 mice). Scale bars, 100 µm. (E) Expression of the 
atrophy-related genes in MAS and TA (n = 5 mice each). All error bars show the SEM. *P < .05, **P < .01, ***P < .001. MAS, masseter; DIG; 
TRI, triceps brachii; BR, brachioradialis; FDP, flexor digitorum profundus; TA, tibialis anterior; GAS, gastrocnemius; PLA, plantaris; SOL, soleus

(A)

(D)
(E)

(B) (C)
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satellite cells were transplanted into the TA muscles as a con-
trol. Immunohistochemical analysis showed that perineal 
satellite cells gave rise to significantly smaller regenerative 
myofibers in both castrated male and female mdx mice, com-
pared to those in the male mdx mice (Figure 6D and E). We 
also confirmed that perineal satellite cell-derived regenerated 

muscles were more severely affected by an androgen reduction 
than the effects observed in the hind-limb satellite cell-derived 
muscles (Figure 6D and E). Taken together, our findings indi-
cate that muscle atrophy occurs in a body region– and disease 
model-specific manner, and positional identities in satellite 
cell-derived muscles are preserved even in the ectopic sites.

F I G U R E  4  Impact of ageing on 
head and limb muscles. (A) Muscle 
weight ratio (young adult; n = 10 mice, 
aged; n = 13 mice). (B) Representative 
immunohistochemical images of MAS and 
TA tissue sections stained for laminin. (C) 
Mean myofiber CSA (young adult; n = 5 
mice, aged; n = 6 mice). Scale bars, 100 µm. 
All error bars show the SEM. **P < .01, 
***P < .001. MAS, masseter; DIG; TRI, 
triceps brachii; BR, brachioradialis; TA, 
tibialis anterior; GAS, gastrocnemius; PLA, 
plantaris; SOL, soleus

(A)

(B) (C)

F I G U R E  5  Region-specific effects of castration on muscles. (A) Castration was conducted using an androgen insufficient model. (B) 
Representative muscle tissue images of the LA and BUL. (C) Muscle weight ratio (sham/castration) 2 weeks after the operation (n = 5 mice each). 
(D) Representative phase-contrast images of individual myofibers isolated from EDL and US. (E) The diameter of individual myofibers (n = 4 
mice each, 30 myofibers were counted per mouse). Scale bars, 50 µm. All error bars show the SEM. *P < .05, **P < .01, ***P < .001. MAS, 
masseter; DIG, digastric; SS, supraspinatus; TRI, triceps brachii; BR, brachioradialis; TA, tibialis anterior; EDL, extensor digitorum longus; GAS, 
gastrocnemius; PLA, plantaris; SOL, soleus; LA, levator ani; BUL, bulbospongiosus; US, urethral sphincter

(A)

(D) (E)

(B) (C)
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4 |  DISCUSSION

During muscle development, there are distinct genetic 
networks in myogenic progenitors between head and limb 
muscles.7–9 In adult mice, the head muscle has been re-
ported to poorly regenerate in response to an acute muscle 
injury compared to the regeneration in the limb muscle.30 
In the present study, we further examined the long-term 
effect of a muscle injury induced by a CTX injection on 
head and limb muscles. Muscle mass of the head was fully 
recovered to that of the basal level 40 weeks after injury, 
whereas limb muscle took only 2  weeks to recover, and 
its muscle mass was gradually increased up to 40  weeks 
post-injury. This overgrowth alteration of limb muscles 
was also observed in mdx mice, where muscles underwent 
a cycle of degeneration and regeneration. It is possible that 
the head muscles may be mildly injured in mdx mice, com-
pared with those of limb muscles, probably as result of the 
overexpression and correct membrane localization of utro-
phin protein in head muscles as previously reported.31,32 
We also found that the atrophic response of muscles was 

different among body regions in cancer cachexia. In this 
model, limb muscles except SOL were affected, while head 
muscles were spared despite a similar fibre-type composi-
tion between limb muscles and head muscles (mainly type 
llx and llb bases except SOL33). Therefore, our results in-
dicate that regenerative potential and atrophic responses 
are both remarkably diverse between the head and limb 
muscles. Although it has been reported that the molecu-
lar signatures of satellite cells from the head and limb are 
different,10,15–17,34 the mechanism underlying this diversity 
remains unclear. However, it may be, in part, caused by the 
differences in the function and number of satellite cells be-
tween the head and limb muscles: the head muscle contains 
a lower number of satellite cells compared to that in the 
limb muscles, while head satellite cells tend to maintain a 
longer proliferative state.16 Satellite cells in the pharyngeal 
muscle of the head, but not in the limb muscle, constitu-
tively undergo proliferation, contributing to a myonuclear 
turnover under basal conditions.17 It is well accepted that 
the number of satellite cells declines in limb muscles with 
age,35,36 but this may not be a universal phenomenon in 

F I G U R E  6  Positional identities in ectopically engrafted satellite cell-derived myofibers. (A) Schematic illustration of engraftment. TA (Host: 
mdx mice) was irradiated and pre-injured with a CTX injection. Satellite cells from the limb muscle or perineal muscle (Donor: Pax7-YFP mice) 
were engrafted into the TA. (B) qPCR analysis of gene expression in TA and BUL (n = 6 mice each). (C) qPCR analysis of gene expression in the 
engrafted TA (n = 4 mice each). (D) Representative immunohistochemical image of transverse sections of TA for dystrophin. Scale bars, 100 µm. 
(E) Mean CSA of the 50 largest dystrophin-positive myofibers in a section (n = 4 mice each). Two-way ANOVA results were as follow. Donor 
SCs, **. Host mice, ***. Interaction, **. All error bars show the SEM. *P < .05, **P < .01, ***P < .001. BUL, bulbospongiosus; TA, tibialis 
anterior

(A)

(D)

(E)

(B) (C)
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aged muscles since the number of satellite cells almost 
doubled in the head of aged mice.16 Collectively, head 
and limb muscles have developmentally and functionally 
distinct properties in regeneration abilities and atrophic re-
sponses, which may be involved in the heterogeneity of the 
satellite cell population among muscles.

In mouse embryonic myogenesis, perineal muscles de-
velop from the ventral muscle mass of hind limbs.37 Even 
though the perineal and hind-limb muscles are both derived 
from somites, we showed that, in castrated adult mice, peri-
neal muscles are highly influenced by sex hormones, as re-
ported in previous studies.25-27,38 We further found that the 
positional identities of satellite cells were robustly preserved 
in the ectopically engrafted satellite cell-derived muscles in 
the castrated model. It should be noted that the positional 
identities include not only gene expression profiles but also 
sex hormonal sensitivities. Since the satellite cell-based re-
generative medicine shows potential in intractable muscular 
diseases, we may need to consider the robustness of positional 
identities when developing efficient stem cell therapies.

In conclusion, we described distinct patterns of muscle  
regeneration and atrophy, which were not only based on the  
embryonic origin but also the body region specificity. Our study 
might have had a possible limitation: we did not restrict region-
ally specific muscle activities such as mastication activity, which 
is crucial to food consumption and, therefore, might have influ-
enced the features of muscle atrophy and regeneration. However, 
given that clinical observations reveal a body region–specific 
pathology in patients with muscular dystrophy, this study will 
expand our knowledge of the skeletal muscle diversity and pro-
vide new insights into the aetiology of muscle diseases as well as 
novel therapeutic strategies for muscle weakness.
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