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Abstract 

Skeletal muscle regeneration is initiated by the activation of the transcription factor 

paired box 7 (Pax7), which is expressed in the satellite cells. The nuclear transcription 

factor T-cell factor 4 (Tcf4) is expressed in the fibroblasts and is involved in muscle 

tissue repair, while M2-like macrophages play an important role in skeletal muscle 

regeneration. However, the localization of M2-like macrophages and the expression of 

Tcf4 over a period of time during skeletal muscle regeneration remain unknown. 

Therefore, the murine masseter muscle was immunohistochemically investigated for the 

surface protein CD206 of M2-like macrophages and Tcf4 of fibroblasts during skeletal 

muscle regeneration to understand the changes in the CD206 and Tcf4 expression over 

time. We observed that CD206 entered the cytoplasm of some regenerating muscle 

fibers 5–7 days after the experimental muscle damage, that is, in the early stage of 

maturation of the regenerating muscle fibers with central nuclei. In addition, Tcf4 was 

expressed in the nuclei of the fibroblasts around the regenerating muscle fibers and in 

the central nuclei of the regenerating muscle fibers. Furthermore, the expression of 

laminin adjacent to Tcf4-positive cells was observed to partially disappear, and the 

shape of this missing part was observed to be identical to that of the nuclei of Tcf4-

positive cells adjacent to the laminin. clathrin was also expressed in these sites, 

demonstrating endocytosis. Thus, these results suggest that, in the early stage of 

maturation of the regenerating muscle fibers, M2-like macrophages and Tcf4-positive 

fibroblasts enter the cytoplasm of the regenerating muscle fibers, thereby regulating the 

expression of various maturation factors. 
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1. Introduction 

Satellite cells are tissue-specific stem cells that are found in the skeletal muscles. 

Damage to the skeletal muscle activates the satellite cells found in close proximity to 

the muscle fibers, thereby promoting muscle regeneration (Mauro, 1961). Previous 

studies have suggested that transcription factors present within the muscle tissues 

significantly influence the satellite cells during skeletal muscle regeneration. 

Specifically, activated transcription factors promote the differentiation of satellite cells 

into myoblasts, which then fuse with each other to form myotubes that further 

differentiate into muscle fibers to complete the regeneration process (Lescaudron et al, 

1999). Neutrophils and macrophages are involved in the processes of tissue damage and 

skeletal muscle regeneration, and this is akin to the inflammatory response mechanism. 

A study using selective macrophage depletion models demonstrated that macrophages 

are necessary to complete the regeneration of muscle fibers (Segawa et al., 2008). 

Furthermore, these cells have been demonstrated to exert a positive effect on muscle 

regeneration. Specifically, mouse models of atrophy were used, and the administration 

of macrophage colony-stimulating factor (M-CSF) into the muscles increased the levels 

of macrophages and muscle fibers (Arnold et al., 2007; Dumont and Frenette, 2013). On 

the other hand, the inhibition of M-CSF led to incomplete skeletal muscle regeneration 

and fibrosis. During inflammation, monocytes infiltrate the tissues and mature into 

macrophages (Nahrendorf et al., 2007; Soehnlein and Lindbom, 2010). Mature 

macrophages are classified into classically activated macrophages (M1-like 

macrophages) and alternatively activated macrophages (M2-like macrophages) (Stout 

and Suttles, 2004; Martinez et al., 2008). The differentiation of M1-like macrophages 

occurs when inflammatory monocytes are stimulated by proinflammatory cytokines, 
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such as tumor necrosis factor α (TNF-α), and they provide defense against pathogens 

and parasites. In contrast, M2-like macrophages differentiate when the tissue-resident 

macrophages are stimulated by cytokines, particularly interleukin 4 (IL-4) and 

interleukin 13 (IL-13) secreted by the helper T-cells, and they are involved in tissue 

repair in response to damage (Gordon, 2003). An in vitro study found that the subunits 

of M1-like and M2-like macrophages were expressed during myogenesis and that they 

have complementary functions (Arnold et al., 2007). However, the detailed 

morphological localization of M1-like and M2-like macrophages during skeletal muscle 

regeneration remains unclear. 

Recent studies have indicated that transcription factors found in the tissues play an 

important role in the regeneration of satellite cells during skeletal muscle regeneration. 

One such transcription factor is the Wnt protein, which is a secretory glycoprotein of 

approximately 40 kDa. This protein acts on cells to affect their fate and is involved in 

many diseases such as cancer and osteoporosis (Logan and Nusse, 2004). The Wnt 

signaling pathways have been well described, including the Wnt/β-catenin pathway that 

inhibits the expression of Wnt target genes via the β-catenin/T-cell factor (Tcf). More 

recently, the fourth signaling pathway, which results in the inhibition of myogenesis via 

protein kinase A, has been elucidated. Furthermore, studies have demonstrated that 

these pathways are activated when the secreted Wnt protein binds to a cell surface 

receptor known as frizzled (Dale, 1998; Moon et al., 2002). The Wnt signaling 

pathways are important in regulating the different stages of embryogenesis and 

morphogenesis as well as adult tissue homeostasis (Wodarz and Nusse, 1998; Mathew 

et al., 2011). 

Recent in vitro and in vivo studies have revealed that the β-catenin/Tcf4 complex, 
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which is a nuclear transcription factor produced by the fibroblasts in the connective 

tissue, plays an important role in regulating myogenesis and muscle regeneration 

(Mathew et al., 2011). In the Wnt/β-catenin signaling pathway, the binding of Wnt to 

cell surface receptors results in the accumulation of β-catenin in the cytoplasm, which 

subsequently facilitates the entry and binding of β-catenin to Tcf4 in the nucleus in 

order to initiate the gene expression. Tcf4-knockout results in the incomplete 

regeneration of skeletal muscles and the formation of relatively small muscle tissues. 

On the other hand, the knockout of paired box 7 (Pax7), a transcription factor that 

promotes the differentiation of satellite cells, does not result in muscle regeneration 

(Murphy et al., 2011). However, the exact site of morphological expression of Tcf4 

within the tissues during muscle regeneration remains unknown. 

As the inhibition of macrophage activity during muscle regeneration results in 

fibrosis of the skeletal muscles, there should be an important association between 

macrophages and fibroblasts. Moreover, in humans and mice, the expression and the 

subsequent endocytosis of the vesicular transport protein clathrin heavy chain (CHC22) 

within and in the periphery of regenerating muscle fibers has been reported to enhance 

the expression of glucose transporter type 4 (GLUT4), which then regulates the switch 

among different types of muscle fibers (Hoshino et al., 2013; Dannhauser et al., 2017). 

Collectively, these findings suggest that the complete process of muscle regeneration 

occurs when the regenerating muscle fibers interact with the fibroblasts and 

macrophages present in their periphery. However, the process by which the regenerating 

muscle fibers, fibroblasts, and macrophages interact with each other has not been 

completely elucidated. 

In the present study, we performed immunohistochemical analyses to clarify the 
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expression of Tcf4, M1-like macrophages, and M2-like macrophages during muscle 

regeneration and to determine the changes in expression over time. 

 

2. Materials and methods 

2.1. Animals and muscle injury 

We used C57BL/6J mice (male, 4-8-weeks old) in this study. These ages were 

selected because the maturation of mice skeletal muscles is complete after 4 weeks of 

age. The experiments were conducted in accordance with the National Institutes of 

Health guidelines for care and use of animals and also approved by the Tokyo Dental 

College Institutional Animal Care and Use Committee (approval number 300104). 

Briefly, the mice were stabilized in a supine position after deep anesthesia with 

intraperitoneal injection of a mixture of 0.3 mg/kg body weight medetomidine, 4.0 

mg/kg body weight midazoram, and 5.0 mg/kg body weight butorphanol. The procedure 

employed was identical to that described by Warren et al. (2004; 2007). In the 

preliminary experiment of this study, the masseter muscles that are easily injured was 

selected because no difference was observed between the masseter muscle ant tibialis 

anterior muscle. Briefly, a 1.5-cm incision was made through aseptically prepared skin 

overlying the left masseter muscle belly. Injury was induced by applying a steel probe 

cooled to the temperature of liquid nitrogen to the left masseter muscle belly for 10 s. 

After the muscle was frozen, the skin incision was closed with nylon sutures. The mice 

were killed at 1, 3, 5, 7, or 14 days after injury for histological observation (n = 25) and 

the analysis of gene expression (n = 25) (Figure 1a). The right masseter muscles from 

each mouse were used as the uninjured control specimens (Figure 1b). The masseter 

muscles were frozen immediately after removal and mounted on a cork block. In this 
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study, the body weights of the mice were not significantly changed (Figure 1c). 

 

2.2. Morphological examination 

Cryostat sections of 10-µm thickness were prepared at right angles to the longitudinal 

axis of the muscle fibers, followed by staining with hematoxylin and eosin (H & E) and 

Giemsa, and then examining using a universal photomicroscope (UPM Axiophot2; Carl 

Zeiss Microscopy, Germany). 

 

2.3. Immunohistochemistry 

To analyse the expression of protein in the samples, immuno-localization of 

embryonic myosin heavy chain (eMHC; a marker of immature muscle fibers), CD86 

(surface proteins of M1-like macrophages), CD206 (surface proteins of M2-like 

macrophages), T-cell factor 4 (Tcf4; nuclear transcription factor of fibroblasts), laminin 

(a marker of the basement membrane of muscle fibers), pericentriolar material 1 

(PCM1; a marker of the skeletal muscle nuclear), and clathrin (a marker of endocytosis) 

were investigated. The muscle sections were fixed for 10 min in 4% paraformaldehyde 

at the room temperature, washed in phosphate-buffered saline (PBS), and then 

incubated for 15 min in 0.05% Triton X 100 PBS at the room temperature for 

permeabilization. These sections were then subjected to several additional washings in 

PBS and incubated in 3% bovine serum albumin for 1 h at 37°C to block the 

nonspecific binding. Subsequently, the sections were treated with primary antibody 

against CD206 (64693, 1/400; Abcam, Cambridge, UK), Tcf4 (2569S, 1/500; Cell 

Signaling, MA, USA; or 05-511, 1/300; Millipore, MA, USA), eMHC [BF-45, 1/200, 

Developmental Studies Hybridoma Bank(DSHB), IA, USA], laminin α2 (L0663, 1/200; 
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Sigma Aldrich, USA), PCM1 (HPA023370, 1/400; Sigma Aldrich), and clathrin [X22] 

(ab2731, 1/100; Abcam) and incubated overnight at 4°C. Secondary antibody was then 

applied using the Alexa Fluor 488 Goat Anti-Rat IgG (1/500; Thermo Fisher Scientific, 

MA, USA), Alexa Fluor 633 Goat Anti-Rat IgG (1/500; Thermo Fisher Scientific), 

Alexa Fluor 488 Goat anti-Mouse IgG1 (ɤ1: 1/500; Thermo Fisher Scientific), and 

Alexa Fluor Plus 555 Goat anti-Rabbit IgG (1/500; Thermo Fisher Scientific) at the 

room temperature. The sections were imaged on a universal photomicroscope (UPM 

Axiophot2, Carl Zeiss) or a confocal laser scanning microscope (LSM 880 Airy NLO, 

Carl Zeiss). 

 

2.4. Real-time quantitative polymerase chain reaction (RT-qPCR) analysis 

Only the injured portion of muscle belly was selected and used as the sample (Figure 

1b). The muscles were removed into RNA later RNA Stabilization Reagent (QIAGEN, 

Hilden, Germany). mRNA was extracted by using the RNeasy Micro Kit (QIAGEN), 

and cDNA was prepared by using the QuantiTect Reverse Transcription Kit (QIAGEN). 

After the optimal PCR conditions for all primers were determined, the experiments were 

performed using the 7500 Fast Real-Time PCR System (Applied Biosystems, CA, 

USA) for RNA quantification. The experiments were performed according to the 

standard protocol for the 7500 Fast Real-Time PCR System. Real-Time PCR Master 

Mix (Toyobo, Osaka, Japan) was used as a hot-start PCR reaction mix for the 7500 

Real-Time PCR System. The PCR product contained 7.96 µL of sterile water, 10.0 µL 

of qPCR Mix, 0.44 µL of 50X ROX reference dye, and 1.0 µL of each target gene’s 

TaqMan Probe. 

In addition, 1.0 µL of diluted control cDNA was added to a final reaction volume of 
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20.0 µL. The FAM-conjugated TaqMan probes included Myh3 (Mm01332463_m1), 

CD86 (Mm00444540_m1), Mrc1 (Mm01329362_m1), and Tcf4 (Mm00443210_m1). 

The gene expression levels were normalized to glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) as the control. 

 

2.5. Transmission electron microscopy 

For electron microscopy, the masseter muscles were fixed in a mixture of 25% 

glutaraldehyde (Fujifilm Wako Pure Chemical Co., Osaka, Japan) and 10% 

paraformaldehyde (TAAB Laboratories Equipment Ltd., Berks, UK) in 0.1 M PBS (pH 

7.3) for 2 h at 4℃ and post-fixed 1% osmium tetroxide (Fujifilm Wako Pure Chemical 

Co.) in PBS. After dehydration through a graded ethanol series, the specimens were 

embedded in the Epon 812 Resin (TAAB Laboratories Equipment Ltd.). Ultrathin 

sections were prepared with the Reichert-Nissei Ultracut S ultramicrotome (Leica, 

Germany). Pale-gold sections were collected on 200-mesh copper grids. Ultrathin 

sections were stained with uranyl acetate and lead citrate and examined under the 

Hitachi H-7650 Electron Microscope (HITACHI, Ltd., Tokyo, Japan) at 80 kV. 

 

2.6. Cell internalization assay 

 The procedure employed was identical to that previously described by Takeuchi et al. 

(2010). CD206-positive cells and Tcf4-positive cells surrounded by regenerative muscle 

fibers, at least 50%, were considered to be internalized. The percentages were calculated 

from a total of 1500 cells in at least 14 independent experiments. 

 

2.7. Tcf4 and CD206 co-expression with clathrin assay 
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 To analyse the expression condition of clathrin, whether Tcf4 and CD206 were co-

expressed with clathrin outside and inside the regenerative muscle fibers was 

determined by measuring the distance from the margin of the regenerative muscle 

fibers. The distance from the inside or outside margins of regenerative muscle fibers to 

CD206-positive cells or Tcf4-positive cells were measured in terms of whether they 

were co-expressed with clathrin. These distances of each cells were measured from a 

total of 187 cells. 

 

2.8. Statistical analysis 

Data were statistically analyzed by one-way ANOVA with Bonferroni’s multiple 

comparison test, and the indirect data for tested by unpaired two-tailed t-test, and 

differences with P < 0.05 were considered to be statistically significant. 

 

3. Results 

3.1. Regeneration of the masseter muscle after freeze injury 

Cross sections of the injured masseter muscle were prepared, and H & E staining was 

performed to observe its morphology (Figure 1d-i). The muscle fibers without freeze 

injury were arranged closely in a well-organized manner. In addition, connective tissues 

surrounding them were observed to have slight gaps between the fibers. When 

compared with the muscle fibers in the uninjured region, those in the damaged frozen 

region had lost their normal shape 1 day after the injury (Figure 1d, asterisk). The gaps 

between the muscle fibers had widened, and the damaged fibers had lost the nuclei that 

were positioned at the periphery. An infiltration of inflammatory cells was observed 

around the muscle fibers (Figure 1e, arrow heads). After 3 days, an infiltration of 



12 

 

necrotic cells was seen; the damaged muscle fibers were phagocytosed, and 

inflammatory cells had infiltrated the site of injury. Small muscle fibers with central 

nuclei, which are indicative of regenerating muscle fibers, were noted within the site of 

necrotic cell infiltration (Figure 1f, arrows). The regenerating muscle fibers became 

larger 5 days after the injury when compared with those 3 days after the injury (Figure 

1g, arrows) and continued to grow after 7 days. As the area of the muscle fibers 

increased, the connective tissues surrounding them became constricted (Figure 1h, 

arrows). Furthermore, the nuclei in the center of the muscle fibers became smaller after 

7 days when compared with those at 5 days. Although the nuclei were still located in the 

center of the fibers, they grew even larger 14 days after the injury until their size was 

comparable to that of the uninjured fibers (Figure 1i, arrows). However, the nuclei were 

smaller than they were 7 days after the injury. Enlarged images of the regenerating 

muscle fibers are shown in Figure 1j-l. The cross-sectional area of the regenerating 

muscle fibers increased significantly between days 3 and 5 after the injury and 

continued to grow significantly between days 7 and 14 after the injury (Figure 1m). The 

nuclei in the center of the fibers were the largest at 3 days after the injury and decreased 

significantly at 5 days after the injury. The nuclei continued to decrease in size for up to 

14 days after the injury (Figure 1n). 

 

3.2. Expression of Tcf4 and CD206 in the regenerative muscle 

The regeneration of the muscle fibers upon activation of the satellite cells is essential 

for skeletal muscle regeneration. The connective tissue that surrounds the muscle fibers 

also plays an important role in this process (Segawa et al,.2008; Murphy et al., 2011). 

As shown in Figure 2, we performed immunofluorescence staining of several proteins 
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within the connective tissue to understand the locations of their expression during 

skeletal muscle regeneration. Specifically, we performed double staining using 

embryonic myosin heavy chain (eMHC), which is a marker of developing and 

regenerating muscle fibers, to observe the expression of Tcf4, a nuclear transcription 

factor of fibroblasts, as well as CD206, a surface protein of M2-like macrophages. As a 

result, we were able to observe the expression of small eMHC within the necrotic layer 

of the tissue 3 days after the injury. At this time point, Tcf4 was weakly expressed, 

whereas CD206 was strongly expressed around the eMHC (Figure 2a and 2b, arrows). 

The expression of Tcf4 and CD206 around the eMHC became more significant 5 days 

after the injury (Figure 2c and 2d, arrows). After 7 days, the expression of eMHC 

weakened, whereas that of Tcf4 and CD206 continued within the connective tissues 

surrounding the muscle fibers (Figure 2e and 2f, arrows). Tcf4 and CD206 were also 

expressed within eMHC (Figure 2e and 2f, yellow arrows). CD86 was strongly 

expressed around eMHC at 3, 5 and 7 days after the injury (data not shown). 

Subsequently, we detected gene expression during muscle regeneration using RT-

qPCR. We selected the following genes as our targets: Tcf4, CD86 (M1-like 

macrophage markers), Mrc1 (CD206; M2-like macrophage markers), and Myh3 

(eMHC; immature regenerating muscle fibers). The uninjured side of the masseter 

muscle was used as the control. As shown in Figure 2g-j, the mRNA levels of Mrc1 and 

transcription factor Tcf4 were higher when compared with that of the control 1 day after 

the injury, increased significantly up to 3 days after the injury, and gradually decreased 

over time (Figure 2h and i). The mRNA level of CD86 was the highest 1 days after the 

injury and gradually decreased over time (Figure 2g). Furthermore, the mRNA level of 

Myh3 was the highest 3 days after the injury and gradually decreased over time, 
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whereas Myh3 was only minimally expressed in the control samples (Figure 2j).  

 

3.3. Tcf4-positive cells and CD206-positive cells are localized in the muscle 

connective tissue and in the regenerating muscle fibers 

Tcf4-positive cells and CD206-positive cells accumulated within the regenerating muscle 

fibers and within the connective tissue surrounding them 7 days after the injury. When 

stained with Giemsa, some nuclei were observed to cross the margin of the muscle fibers 

(Figure 3a, arrows). To further examine the detailed structures between the regenerative 

muscle fibers and the muscle stromal cells, transmission electron microscopy was used. 

We observed that a part of the nucleus of the muscle connective tissue cell had entered 

the regenerative muscle fiber (Figures 3b and d, green: muscle connective tissue cell, 

blue: nucleus of the muscle connective tissue cell, red: muscle fiber). The cell membrane 

of the muscle connective tissue cells that had entered the inside of the muscle fiber was 

fused with the sarcolemma of the muscle fiber (Figures 3c and e, arrows, purple: fused 

cell membrane). We next analyzed these tissues using confocal laser scanning microscopy 

to elucidate the localization of the proteins. 

Double immunofluorescence staining of Tcf4-positive fibroblasts and eMHC is 

shown in Figure 3f. Tcf4 (red) was expressed around (Figure 3f, white arrows) and 

inside (Figure 3f, yellow arrowheads) the eMHC (green). Staining of Tcf4-positive 

fibroblasts and laminin (green) is presented in Figure 3g. Tcf4 was expressed both 

outside (Figure 3g, white arrow) and inside (Figure 3g, yellow arrowheads) of the 

laminin. A similar staining of CD206 and eMHC is depicted in Figure 3h. CD206 was 

expressed around the eMHC (Figure 3h, white arrow) and partially inside the eMHC 

(Figure 3h, yellow arrowheads). The staining of CD206 and laminin is illustrated in 
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Figure 3i. CD206 was found both outside (Figure 3i, white arrow) and inside the 

laminin (Figure 3i, yellow arrowhead). 

To investigate the entering of Tcf4-positive cells and CD206-positive cells into the 

regenerative muscle fibers in a detailed manner, we observed these structures three-

dimensionally using confocal microscopy. The expression of laminin adjacent to the 

Tcf4-positive cells was observed to disappear partially. The shape of this missing part 

was inferred to be identical to that of the nuclei of the Tcf4-positive cells adjacent to the 

laminin (Figure 3j, white arrows). CD206-positive cells were expressed both inside and 

around laminin expression (Figure 3k, white arrow). Moreover, ortho display with 

confocal microscopy showed that Tcf4-positive cells and CD206-positive cells were 

localized in the muscle fibers and were surrounded by laminin expression (Figure 3l and 

m, white arrows). Furthermore, we investigated whether the Tcf4-positve cells were 

localized in the nuclei of the regenerative muscle fibers or in the nuclei of the 

fibroblasts by multiple fluorescence images with DAPI, Tcf4 and laminin using 

pericentriolar material 1 (PCM1), which is a myonuclear specific marker (Winje I. M. et 

al., 2018). In the region surrounded by laminin, the expression of Tcf4 was observed not 

only in the PCM1-positive myonuclei but also in the PCM1-negative nuclei (Figure 3n). 

When the distance between the Tcf4-positive/PCM1-negative cells and the PCM1-

positive cells was measured, it was found that these cells were separated from each 

other (Figure 3o). Subsequently, the regenerative muscle fibers, including the Tcf4-

positive cells and CD206-positive cells, were counted; the intracellular index (%) was 

calculated, indicating the frequency of cell internalization. Tcf4-positive cells and 

CD206-positive cells were found to increase significantly from 5 days after the injury to 

7 days after the injury (Figures 3p and q). 
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3.4.Tcf4-positive cells and CD206-positive cells are co-expressed with clathrin 

We next examined the degree of endocytosis inside the regenerating muscle to 

enhance our understanding of the expression of Tcf4 and CD206 inside the regenerating 

muscle fibers 5 and 7 days after the injury. Specifically, we checked the expression of 

Tcf4 and CD206/clathrin by performing double immunofluorescence staining for Tcf4 

(red) and clathrin (green) (Figures 4a, c, e and g) as well as for CD206 (red) and clathrin 

(Figure 4b, d, f and h). The dashed lines in the figures indicate the shape of the 

regenerating muscle fibers. Subsequently, we explored the presence or absence of 

clathrin expression around the Tcf4-positive cells or CD206-positive cells and measured 

their distances outside or inside the regenerative muscle fibers. The co-expression of 

Tcf4 and clathrin inside the regenerative muscle fibers was observed at a short distance 

from the margin of the muscle fibers but not at a long distance. However, their co-

expression outside the regenerative muscle fibers did not differ with distance. The co-

expression of CD206 and clathrin did not differ between the inside and outside of the 

muscle fibers or with the distance from the margin of the muscle fibers (Figures 4i and 

j). 

 

4. Discussion 

Skeletal muscle damage leads to phagocytosis of the damaged muscle fibers by 

macrophages and neutrophils. Hence, the macrophages act as scavengers to form the 

basis of skeletal muscle regeneration. Subsequently, regenerative muscle fibers mature 

owing to the differentiation and proliferation of the myoblasts in injured are organized 

by macrophages. Murphy et al. have reported that the maturation of the regenerative 
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muscle fibers is regulated by the activation of fibroblasts in the skeletal muscle 

connective tissue (Murphy et al., 2011). In the present study, we have investigated the 

histological localization of the macrophages and fibroblasts during skeletal muscle 

regeneration. 

Macrophages have recently been classified into M1-like and M2-like, which are the 

key regulators of inflammation and tissue repair, respectively. In particular, M2-like 

macrophages express hepatocyte growth factor (HGF) during skeletal muscle 

regeneration. The expression of HGF in turn leads to the secretion of semaphorin3A 

(Sema3A), an important regulator of neural circuit formation that suppresses axon 

elongation, subsequently resulting in the maturation of the muscle fibers (Sakaguchi et 

al., 2014; Sawano et al., 2014; Tatsumi et al., 2017). We have also previously reported 

that the regenerating muscle fibers express HGF and insulin-like growth factor 1 (IGF-

1) (Honda et al., 2010). In the present study, we observed that a part of the cytoplasm of 

the CD206-positive cells enters the regenerative muscle fibers. When M2-like 

macrophages directly enter these fibers, HGF and IGF-1 are directly activated to form a 

neuromuscular junction. Therefore, it seems that HGF expression was also observed in 

the regenerated muscle fibers themselves. A study using mouse models of atrophy 

further demonstrated that the administration of M-CSF into the muscles increased the 

levels of macrophages and muscle fibers. Conversely, the suppression of M-CSF was 

found to induce fibrosis of the muscle fibers, resulting in incomplete muscle 

regeneration (Segawa et al., 2008; Dumont and Frenette, 2013). Thus, these reports are 

suggestive of the interaction between macrophages and fibroblasts. 

Fibroblasts are known to play an important role in myogenesis and skeletal muscle 

regeneration. Muscle attach to bones via tendons. Fibroblasts have been known to help 
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this muscle-tendon-bone complex (Nagakura et al., 2020; Yamamoto et al., 2020a and 

2020b). The activation of the nuclear transcription factor Tcf4 in these cells leads to the 

maturation of the muscle fibers (Mathew et al., 2011; Murphy et al., 2011). The 

expression of Tcf4 is regulated by the Wnt/β-catenin signaling pathway (Rudolf et al., 

2016), and Tcf4 is co-expressed with Pax7, a transcription factor in the satellite cells, 

during muscle regeneration. Tcf4-knockout mice have an increased level of eMHC, a 

marker of immature muscle fibers, and decreased levels of the isoforms of mature 

muscle fibers during the embryonic stage. In an in vitro experiment, it was noted that 

myoblasts cultured with Tcf4 expressed a significantly higher level of mature myosin 

heavy chain I than those cultured in a Tcf4-free environment (Mathew et al., 2011). The 

study of skeletal muscle regeneration further demonstrated that the damaged muscles in 

Pax7-knockout mice did not regenerate completely. In contrast, muscle damage resulted 

in muscle fiber regeneration in Tcf4-knockout mice. However, the regenerating muscle 

fibers were thin, and the process was completed prematurely (Murphy et al., 2011). 

In the present study, we performed RT-qPCR and found that CD86 mRNA was 

expressed shortly after the muscle injury, which suggests that M1-like macrophages act 

as scavengers to phagocytose the damaged muscle fibers. Furthermore, Tcf4 and Mrc1 

mRNA were expressed as early as 1 day and 3 days after the injury while the level of 

Tcf4 and Mrc1 decreased gradually from day 5 to day 14. Similarly, the level of CD86 

decreased significantly between days 3 and 14. These results suggest that M2-like 

macrophages and Tcf4-positive fibroblasts act on the regenerative muscle fibers at the 

same stages. 

With the help of Giemsa staining, we observed that some nuclei crossed into the 

cytoplasm of the muscle fibers. Furthermore, using electron microscopy, we were able 
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to show that the cell in the muscle connective tissue placed its cytoplasm in the 

connective tissue and only the nucleus entered the muscle fiber. 

Confocal laser scanning microscopy further revealed the presence of Tcf4, a nuclear 

transcription factor, in cells within the muscle connective tissue. Moreover, Tcf4 was 

found to be expressed in the nuclei that were positioned in the center of the regenerating 

muscle fibers. Immunofluorescence imaging of Tcf4 and laminin demonstrated that the 

Tcf4-positive nuclei crossed a part of laminin expression, which suggests that the 

connective tissue cells surrounding the muscle fibers enter the fibers directly. 

Furthermore, in three-dimensional images, the nuclei of the Tcf4-positive cells formed 

pores in the muscle fiber membrane composed of laminin. Moreover, a part of the 

cytoplasm of the CD206-positive cells had entered the interior of the regenerative 

muscle fibers. As CD206 is a surface marker of M2-like macrophages, the cell bodies of 

these macrophages may have partially infiltrated the muscle fibers to regulate the 

maturation of the regenerating fibers. This view is also supported by our observation of 

CD206 expression inside the laminin. This mechanism is likely related to the expression 

of HGF in the muscle fibers during the regeneration process and in the M2-like 

macrophages (Honda et al., 2010; Sakaguchi et al., 2014; Sawano et al., 2014; Tatsumi 

et al., 2017). Collectively, our findings imply that M2-like macrophages help develop 

the interaction between the muscle fibers and nerves by partially entering the 

regenerating fibers. In skeletal muscle regeneration, Tcf4-positive cells accumulate in 

the vicinity of the macrophages (Contreras et al., 2016). In addition, the satellite cells 

induce remodeling of the extracellular matrix and deposition of the skeletal muscle 

regeneration-related cells in the laminin of the basal lamina (Yasa et al., 2015; Eren 

Cimenci et al., 2017; Rayagiri et al., 2018). These reports allude that CD206 and Tcf4 
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are deeply involved in the entry into the cytoplasm of the muscle fibers. 

To further understand the mechanisms by which other types of cells enter the 

regenerating muscle fibers, we examined the expression of Tcf4 and CD206 with 

respect to clathrin for determining the existence of any association with endocytosis. 

CHC22, the clathrin isoform of the skeletal muscle, preferentially accumulates in the 

neuromuscular and muscle tendon junctions and plays an important role in establishing 

the contact between the muscle cell membrane and the extracellular matrix (Towler et 

al., 2004). Moreover, clathrin is involved in determining the type of the muscle fiber via 

the GLUT4 glucose transporter in skeletal muscle regeneration (Hoshino et al., 2013). 

Clathrin expression was observed both outside and inside of the regenerative muscle 

fibers. The co-expression of Tcf4 and clathrin was not significantly different on the 

outside of the regenerative muscle fibers; nevertheless, on the inside, it was co-

expressed near the margin of the regenerative muscle fibers and not as close to the 

center of the regenerative muscle fibers. On the other hand, the co-expression of CD206 

and clathrin was not significantly different between the outside and inside of the 

regenerative muscle fibers. This observation suggests that the fibroblasts enter the 

regenerating muscle fibers from the outside by forming pores in the basement 

membrane. 

In the present study, we investigated the expression of eMHC, laminin, CD86, 

CD206, and Tcf4 by multiple immunofluorescence imaging to observe the localization 

of the non-muscle cells during skeletal muscle regeneration and to determine the 

morphological interactions among them. We found that CD206 and Tcf4 were 

expressed both outside and inside of the muscle fibers and that the Tcf4-positive cells 

entered the muscle fibers by passing across the expression of laminin. Tcf4 and CD206 
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were co-expressed with clathrin, but when Tcf4 was expressed near the center of the 

regenerative muscle fibers, co-expression with clathrin was not significantly observed. 

Collectively, our findings suggest that the entry of Tcf4 into the interior of the 

regenerative muscle fibers depends on endocytosis. Moreover, a factor that decomposes 

the cell membrane (e.g., matrix metalloproteinases-2 or 9) may be involved. In skeletal 

muscle regeneration, the regenerating muscle fibers are terminated in an immature state 

when the cytoplasmic-degrading enzyme MMP is inhibited, and the muscle tissue 

becomes fibrous (Ohtake et al., 2006). The phenomenon of a living cell entering the 

cytoplasm of another cell is called “entosis.” Takeuchi et al. reported that the HOZOT 

cell, which is a type of T-cell from the human umbilical cord, selectively penetrates and 

kills the tumor cells (Takeuchi et al., 2010). However, the physiological role of entosis 

remains unclear. Entry into the regenerative muscle fibers of the Tcf4-positive cells and 

CD206-positive cells that we observed in this study might also have a positive effect on 

the regenerative muscle fibers. In addition, wnt/β-catenin signaling has been reported to 

be associated with regeneration in skeletal muscle contusion (Liagng et al., 2018). 

Besides, it has been established that direct in vitro contact between the human myogenic 

progenitor cells (MPC) and fibroblasts promotes MPC fusion (Mackey et al., 2017). 

Furthermore, Saclier et al. showed that anti-inflammatory macrophages strongly 

promote MPC differentiation by accentuating the formation of mature myotubes 

(Saclier et al., 2013). Our finding that the cells enter the regenerative muscle fibers 

agrees with the above reports. These results suggest that the physiological significance 

of entosis in skeletal muscle regeneration needs to be clarified as it is likely to be useful 

in future skeletal muscle regeneration studies. 
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Figures legends 

Figure 1. Regeneration process of masseter muscles after freeze injury. 

Hematoxylin and eosin staining revealed the cross section of injured masseter muscles by 

freeze injury. (a) The experimental setup. (b) The muscles before and after injury at 

surgery and uninjured and injured muscles at the time of harvest. (c) The change in body 

weight of mice during the experimental period. (d) At 1 day after injury, the image shows 

the region of damaged muscle fibers above the dotted line (*). (e) Injured muscle fibers 

had lost nuclei and were surrounded by inflammatory cells. (f) At 3 days after injury, the 

inflammatory cells had infiltrated to the site of injury and a few small regenerative muscle 

fibers were observed in same region. (g-i) At 5, 7 and 14 days after injury, the regenerative 

muscle fibers became larger than those at 3 days after injury. (j–l) Images showing high 

magnification of the regenerating muscle fibers at 3, 5 and 7 days after the injury. The 

significance of changes in the cross-sectional area of the regenerating muscle fibers and 

central core was calculated by Student’s t-test (n = 5). (m) The cross-sectional area of 

regenerating muscle fibers changed from 1 to 14 days after injury. (n) The cross-sectional 

area of the central nuclei changed from 1 to 14 days after injury. Scale bar: b–g, 50 µm; 

c and d insert, 10 µm; h–j, 20 µm. *p < 0.05. 

 

Figure 2. Expressions of Tcf4 and CD206 in the regenerating muscles. 

(a–f) Double immunofluorescence staining showing the expressions of Tcf4 and CD206 

during skeletal muscle regeneration. (a, c, e) Embryonic myosin heavy chain (eMHC, 

green) and Tcf4 (red, arrows). (a) At 3 days after injury, Tcf4 were expressed weekly 

around the regenerative muscle fiber. (c) At 5 days after injury, Tcf4 were expressed 

stronger than that at 3 days after injury. (e) At 7 days after injury, Tcf4 were expressed 
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inside (yellow arrows) and outside (white arrows) of the regenerative muscle fibers. (b, 

d, f) eMHC (green) and CD206 (red, arrows). CD206 were expressed around regenerative 

muscle fibers from 3 to 7 day after the injury. (f) At 7 days after injury, CD206 were 

expressed inside (yellow arrows) and outside (white arrows) of the regenerative muscle 

fibers. (g–h) mRNA of CD86, Mrc1 (CD206) and Tcf4 and Myh3 (eMHC) were analyzed 

relative expression by real-time quantitative polymerase chain reaction (RT-qPCR). Scale 

bar = 50 µm. *p < 0.05. 

 

Figure 3. Tcf4-positive cells and CD206-positive cells are localized in the muscle 

connective tissue and regenerating muscle fibers 

(a) Giemsa staining showing skeletal muscle fibers and the nuclei at 7 days after injury. 

(b-e) Transmission electron micrographs of regenerative muscle and a nucleus of muscle 

stromal cell at 7 days after the injury. (f–i) Double immunofluorescence staining showed 

the expression of Tcf4, CD206, eMHC and laminin. (f) Tcf4 were expressed inside and 

outside of eMHC (red, arrowheads were inside the muscle fibers and arrows were outside 

the regenerative muscle fibers). (g) Tcf4 were expressed inside and outside laminin (red, 

arrowheads and arrow). (h) CD206 were expressed inside and outside eMHC (red, 

arrowheads and arrow). (i) CD206 were expressed inside and outside laminin (red, 

arrowhead and arrow). (j) Three-dimensional images showed that the expression of a part 

of laminin-positive membrane in contact with a Tcf4-positive cell had disappeared. (k) 

three-dimensional images showing that most of the cell body of the CD206-positive cells 

were internal to the laminin-positive membrane. (n) Quadruple immunofluorescence 

image showing the expression of Tcf4 and PCM1, a myonuclear specific protein, 

expressed in different nuclei. (o) The distance between Tcf4-positive and PCM1-positive 
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cells were measured and found to be localized in different cell nuclei. (p and q) The cell 

internalization of Tcf4-positive cells and CD206-positive cells in 5 and 7 days after injury 

were analysed using cell-in-cell index. Scale bars: a, µm; b-e, µm; f-i,10 µm; j, µm; k, 

µm; l, µm; m, µm; n, µm. *p < 0.05. 

 

Figure 4. Tcf4-positive cells and CD206-positive cells are co-expressed with 

clathrin 

(a) Clathrin (green) was co-expressed with Tcf4 (red) in regenerative muscle fiber (dotted 

line) (white arrow). (b) Clathrin was co-expressed with CD206 (red) in regenerative 

muscle fiber (white arrow). (c) Clathrin was not expressed with Tcf4 in regenerative 

muscle fiber (white arrow). (d) Clathrin was not expressed with CD206 (white arrow).  

Clathrin was co-expressed with Tcf4 out of regenerative muscle fiber (white arrow). (f) 

Clathrin was not co-expressed with CD206 out of regenerative muscle fiber (white arrow). 

(g) Clathrin was not expressed with Tcf4 out of regenerative muscle fiber (white arrow). 

(h) Clathrin was not expressed with CD206 out of regenerative muscle fiber (white arrow). 

(i) The pattern of co-expression of clathrin and Tcf4 was analysed by measuring the 

distance from the margin of regenerative muscle fiber to the inside and outside. (j) The 

pattern of co-expression of clathrin and CD206 was analysed by measuring the distance 

from the margin of regenerative muscle fiber to the inside and outside. Scale bars: 5 μm. 

*p < 0.05. 
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