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ABSTRACT 

Skeletal muscle regeneration requires processes different from developmental 

myogenesis. One important difference is a requirement of inflammatory 

reactions prior to regenerative myogenesis, by which injured muscle fibers must 

be eliminated to make new myotubes. In this study, we show that efficient 

elimination of injured muscle fibers during regeneration requires ADAM8, a 

member of a disintegrin and metalloprotease (ADAM) family. Skeletal muscle of 

dystrophin-null mice, an animal model for Duchenne Muscular Dystrophy, 

deteriorates by the lack of ADAM8, which is characterized by increased area of 

muscle degeneration and increased number of necrotic and calcified muscle 

fibers. Adam8 is highly expressed in neutrophils. Upon cardiotoxin-induced 

skeletal muscle injury, neutrophils invade into muscle fibers through the 

basement membrane and form large clusters in wild type, but not in 

ADAM8-deficient mice, although neutrophils of the latter infiltrate into interstitial 

tissues similarly to those of wild type mice. Neutrophils lose their adhesiveness 

to blood vessels after infiltration, which includes an ectodomain shedding of 

P-Selectin Glycoprotein Ligand-1 (PSGL-1) on their surface. Expression of 

PSGL-1 on the surface of neutrophils remains higher in ADAM8-deficient than in 

wild type mice. These results suggest that ADAM8 mediates an enhanced 

invasiveness of neutrophils into injured muscle fibers by the removal of their 

adhesiveness to blood vessels after infiltration into interstitial tissues.  
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Highlights 

ADAM8 is highly expressed in neutrophils in injured skeletal muscle. 

ADAM8 is required for efficient elimination of injured muscle prior to 

regeneration.  

ADAM8 promotes invasion of neutrophils into injured muscle fibers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1. Introduction 

When skeletal muscle suffers injury, muscle satellite cells, skeletal 

muscle-specific stem cells, are activated and differentiate to form new muscle 

fibers that replace damaged ones. This regeneration process of skeletal muscle 

recapitulates myogenesis during development to some extent. Activation of 

myogenic transcription factors, Myf5/MyoD and myogenin, for example, is 

essential both for myogenesis during development and for myogenic activation 

and differentiation of muscle stem cells during regeneration in common (Chargé 

and Rudnicki, 2004). Regenerative myogenesis, however, includes processes 

different from developmental myogenesis; adult muscle stem cells generate 

muscle fibers solely at injured sites, and therefore, injured muscle fibers need to 

be eliminated before regenerative myogenesis starts (Aurora and Olson, 2014).   

Inflammatory cells, including neutrophils and macrophages, play roles in the 

elimination of damaged, necrotic muscle fibers. These cells infiltrate into injured 

muscle, remove necrotic tissues or cell debris, and stimulate stem cell growth 

and differentiation. Evidence suggests that proper inflammatory reactions are 

necessary for muscle regeneration (Tidball et al., 2014). Neutrophil recruitment 

is one of earliest innate responses to tissue injury in general. Neutrophils release 

enzymes such as myeloperoxidase and reactive oxygen species at damaged 

sites, secrete cytokines that promote recruitment of monocytes/macrophages, 

and contribute to clearance of cell debris. They then disappear from injured sites. 

A significant part of neutrophils disappear by undergoing apoptosis to terminate 



these activities in general (Soehnlein and Lindbom, 2010). However, molecular 

and cellular mechanisms that regulate prompt and accurate migration of 

neutrophils towards injured muscle remain to be elucidated. 

In this study, we investigated roles of ADAM8 in muscle regeneration. 

ADAM family is one of major protease families that participate in the ectodomain 

shedding of various transmembrane proteins (Khokha et al., 2013; Weber and 

Saftig, 2012). ADAM8 is originally identified as a transmembrane protein 

expressed in macrophages, and is involved in regulation of inflammatory 

conditions such as asthma, cancer or myopathy (Knolle et al., 2013; Liang et al., 

2012; Naus et al., 2010). We found that ADAM8 regulates the onset of blood 

circulation by inducing detachment of blood cells from blood vessels in zebrafish, 

and proposed  PSGL-1 and/or related cell adhesion molecules as ADAM8 

substrates (Iida et al., 2010). These studies lead us to further investigate 

whether ADAM8 regulates skeletal muscle regeneration that includes 

inflammatory reactions using ADAM8-deficient (Adam8-/-) mice although they 

survive and grow without any apparent phenotypes (Kelly et al., 2005). Here we 

demonstrate requirement of ADAM8 in efficient muscle regeneration. 

Macrophages remain surrounding non-eliminated muscle fibers. Although 

neutrophils infiltrate into interstitial tissues in muscle considerably, they cannot 

migrate through interstitial tissues and/or cross the basement membrane to 

invade into damaged muscle fibers efficiently. Expression of PSGL-1 on the 

surface of neutrophils remains higher in Adam8-/- than in wild type mice. We 



discuss ADAM8-dependent regulatory mechanisms of inflammatory reactions 

that are critical for elimination of injured muscle fibers prior to muscle 

regeneration. 

 

2. Materials and Methods 

2.1. Mice 

Adam8-/- mice (Kelly et al., 2005) were backcrossed with C57BL/6 more than 10 

times. DMD-null mice were described previously (Kudoh et al., 2005). Adam8-/- 

male mice in a129SvEv-C57BL6 mixed background were crossed with 

heterozygous DMD+/- female mice to generate DMD+/ -; Adam8+/- female mice. 

DMD+/ -; Adam8+/- female mice were then crossed with Adam8+/- male mice to 

generate DMD-null; Adam8+/+ or  DMD-null; Adam8-/- male mice.  

The skeletal muscle injury was induced with Cardiotoxin (CTX). CTX from Naja 

mossambica (Sigma-Aldrich, St Louis, MO) was dissolved in PBS to a final 

concentration of 1 M. Mice were anesthetized by diethyl ether. CTX, 60ul of 

1M, was injected into the Tibialis Anterior (TA) muscle with a 29-gauge needle. 

 

2.2. Histological analysis of skeletal muscle 

TA muscles were isolated and flash frozen in isopentane. Frozen sections (10 

m) were produced on a cryostat (Leica Microsystems, Wetzlar, Germany) 

(Sakai et al., 2013). 

 



2.3. Isolation of single cells from skeletal muscle 

Single cell isolation from TA muscles was described previously (Nishimura et al., 

2009) with minor modification. Briefly, isolated TA muscles were cut into small 

pieces after removal of epimysium tissues, and then, these were incubated for 

20 min in 0.2% collagenase solution (Worthington Biochemical, Lakewood, NJ) 

in D-MEM containing 10% FBS with agitation. Cells were liberated from digested 

tissue by passing through 21-gauge needle. Cells were resuspended in PBS 

containing 3% FBS, and incubated with Fc block (Clone 2.4G2; BD Pharmingen, 

San Diego, CA) on ice for 15 min, which was followed by incubation with 

monoclonal antibodies for 40 min. After centrifugation, cells were incubated with 

appropriate second antibodies for 30 min. Resuspended cells were filtrated and 

stained with Sytox Blue (Invitrogen, Carlsbad, CA, USA) to exclude dead cells. 

Flow cytometry and cell sorting were performed using FACSCanto II (BD) and 

FACSAria II (BD), respectively.  

 

2.4. Immunohistochemistry 

Cryosections were fixed in 4% paraformaldehyde for 20 min and washed with 

PBS for 10 min three times. Sections were then fixed with methanol for 20 min at 

-30°C, and washed three times with PBS. After these sections were incubated 

with blocking solution containing 5% FBS and 5% skim milk for 1 hour, they were 

incubated with primary antibodies diluted in the blocking solution at 4°C 

overnight. Sections were washed three times with PBS and incubated with 



secondary antibodies and DAPI (4'-6-diamidino-2-phenylindole) diluted in 

blocking solution at 4°C overnight. Sections were then washed and mounted 

with PermaFluor (Thermo Scientific, Hudson, NH, USA). Images were taken on 

a Leica TCF-SP5 or TCF-SP8 confocal microscope (Leica Microsystems). Area 

of neutrophil clustering was quantified by ImageJ software (National Institute of 

Health). The following antibodies were used for immunostaining or flow 

cytometry: CD11b (M1/70, Biolegend), CXCR4 (2B11, BD Pharmingen), Ly6C 

(AL-21, Biolegend), Ly6G (1A8, BD Pharmingen), PSGL-1 (4RA10, BD 

Pharmingen), Laminin (L-9393, SIGMA). 

 

2.5. Real-time RT-PCR analysis 

Total RNA was prepared from TA muscles or from sorted cells using the RNeasy 

mini kit (QIAGEN, Hilden, Germany). Total RNA was reverse transcribed using 

SuperScript VILO cDNA synthesis kit (QIAGEN). Real-time RT-PCR was 

performed using Power SYBR green PCR Master mix (Applied Biosystems, 

Foster City, CA, USA). All the qRT-PCR results were normalized to the 

expression level of ribosomal protein RpL13a as a control (housekeeping) gene. 

Primer sequences are as follows. Rpl13a forward; 5’-gtggtccctgctgctctcaag-3’; 

reverse; 5’- cgatagtgcatcttggcctttt-3’ (Sato et al., 2014). Adam8 forward; 

5’-ggatgctactgtcctgaacca-3’; reverse; 5’- gaatatcctggggaacttgga-3’. 

 

2.6. Phagocytosis assay 



Peritoneal macrophages were isolated from peritoneal lavage fluid using D-MEM 

with 10% FBS. Cell necrosis was induced by heat treatment with 55°C for 60 min. 

Cells were resuspended in D-MEM with 10% FBS. Phagocytosis assay was 

described previously (Miksa et al., 2009; Toda et al., 2012) with minor 

modifications. C2C12 (obtained from American Type Culture Collection) cells 

were washed twice with PBS and incubated at 4°C for overnight with 1g/ml 

pHrodo (Life Technologies, Carlsbad, CA, USA). Then the C2C12 cells were 

washed by PBS containing 10% FBS and resusupended in D-MEM containing 

10% FBS. After incubation of peritoneal macrophage for 2 hours, necrotic 

C2C12 cells were added to peritoneal macrophages. Cells were incubated for 3 

days and cells were detached from the plate by incubating with 0.25% trypsin 

and 1mM EDTA. The cells were resuspended with 20 mM CHES-NaOH buffer 

(pH9.0) and analyzed FACSCanto II.     

 

2.7. Transmigration assay 

Transmigration assay was described previously (Sasawatari et al., 2010). By 

using a Chemotaxicell system with a 3 μm pore size (Kurabo Ind. LTD, Osaka, 

Japan), BM cells (1.3 × 106) in serum-free RPMI containing 2% BSA 

(Sigma-Aldrich), 1 mM sodium pyruvate MEM-Non Essential Amino Acid (Life 

technologies), 2 mM L-glutamine, 1 mM HEPES, 0.1% 2-mercaptoethanol were 

seeded into the upper chambers of the system. In the lower chambers, 100 M 

fMLP was added. After 45 min of incubation at 37°C, 5% CO2, the cells that 



migrated to the lower chamber were collected by centrifugation, and counted. 

The neutrophil invasion assay was performed using BD Matrigel Invasion 

Chamber 24-well plates (BD Biosciences), according to the manufacturer’s 

protocol with minor modifications. Briefly, BM cells (2.5 × 106) in serum-free 

RPMI containing 2% BSA were seeded into the upper chambers of the system. 

In the lower chambers, 100 M fMLP was added. After 2 hours incubation at 

37°C, 5% CO2, the filters were stained with Giemsa Stain and analyzed by light 

microscopy (Olympus, Hamamatsu, Japan). Five randomly selected fields at 

200-fold magnification were photographed, and the cells were counted. 

 

2.8. Statistics 

Statistical analyses were performed with Excel software (version 2007, 

Microsoft) to determine significant differences from a two-tailed distribution using 

the unpaired Student’s t-tests. All error bars are indicated as standard deviation 

(s.d). 

 

3. Results 

3.1. ADAM8 is expressed in infiltrated leukocytes in injured muscles 

Previous analysis of expressed sequence tags (EST) from human tissues 

revealed that ADAM8 is highly expressed in adult blood and hematopoietic 

tissues but not in other organs including skeletal muscle (Iida et al., 2010). In 

order to know whether the Adam8 gene is induced during skeletal muscle 



regeneration, muscle injury was induced by cardiotoxin (CTX) injection into the 

tibialis anterior (TA) muscle, and examined time course of expression of Adam8 

transcripts from 12 hours until 15 days after injury by qRT-PCR. As a result, 

expression levels of Adam8 were dramatically increased up to 1 day after injury, 

and gradually decreased over time (Fig. 1A). To identify the source of Adam8 

expression, we examined expression of Adam8 mRNA in whole muscle, single 

cells, and CD45-positive (+) and –negative (-) cells separated from single cells, 

prepared from TA muscle 1 day after injury. Adam8 was almost solely expressed 

in CD45 (+) leukocytes (Fig. 1B). During the early phase of muscle regeneration, 

i.e. between a few hours and 3 days after injury, neutrophils and 

monocytes/macrophages have predominant roles in injured muscle (Tidball and 

Villalta, 2010). To determine the cell types mainly expressing Adam8, we then 

subdivided CD11b (+) leukocytes by expression of cell surface makers Ly6G and 

Ly6C, and examined expression of Adam8 mRNA in individual cell populations. 

As a result, Adam8 was prominently expressed in Ly6G (+) Ly6C (-) neutrophils, 

isolated from muscle 1 day after injury (Fig. 1C, D). Ly6G (-) Ly6C (+) cells, 

mainly monocytes, also expressed Adam8, to a lesser extent. Adam8 is 

expressed at a similar level in Ly6G (+) Ly6C (-) neutrophils of the peripheral 

blood (data not shown), suggesting that the activation of Adam8 in injured 

muscle is owing to migration of neutrophils to injured sites.   

 

 



 

3.2. Elimination of injured muscle fibers prior to muscle regeneration is 

affected in Adam8-/- mice 

In order to know whether ADAM8 participates in muscle regeneration, we 

analyzed Adam8-/- mice under dystrophin-null background. The DMD-null mouse 

whose dystrophin gene is entirely deleted is a mouse model for Duchenne 

muscular dystrophy (DMD), and exhibits repetitive degeneration and 

regeneration of muscle fibers (Kudoh et al., 2005). Histological analyses 

revealed remarkably large necrotic areas remain in muscles of DMD-null;  

Adam8-/- mice compared to DMD-null; Adam8+/+ mice although regenerative 

muscle fibers with central nuclei are found in both the mice (Fig. 2A). The Von 

Kossa staining showed enhanced calcification in muscles of DMD-null; Adam8-/- 

mice, indicative of deteriorated muscular dystrophy phenotypes by lack of 

Adam8. These results indicate that loss of ADAM8 causes exacerbation of the 

DMD phenotype. We confirmed that necrotic muscle fibers were similarly 

observed in Adam8-/- mice when CTX was injected into their TA muscles (Fig. 

S1), suggesting roles of ADAM8 in elimination of necrotic muscle fibers prior to 

muscle regeneration.Calcification is a one of hallmarks of progression of 

muscular dystrophy phenotype, and dysfunction of proper inflammatory 

reactions likely cause calcification (Liu et al., 2012; Senf et al., 2013). Recent 

studies showed that macrophages which infiltrated into injured muscle were 

calcified (Senf et al., 2013). Because Adam8 is highly expressed in inflammatory 



cells including macrophages, we examined distribution of CD68 (+) 

macrophages together with basement membrane surrounding muscle fibers 

detected with anti-Laminin antibody. As a result, much larger number of 

macrophages were found in skeletal muscle of DMD-null; Adam8-/- than in that of 

DMD-null; Adam8+/+ mice (Fig. 2B). Moreover, we noticed a significant difference 

in the local distribution of macrophages inside the basement membrane 

between in DMD-null; Adam8-/- and DMD-null; Adam8+/+ mice. Although 

macrophages invade into injured muscles of both the mice, most of invaded 

macrophages surround necrotic fibers in DMD-null; Adam8-/- mice, suggesting 

that elimination or phagocytosis of injured muscle fibers are affected in these 

mice. To access phagocytosis ability of macrophages isolated from Adam8+/+ 

and Adam8-/- mice, we measured their engulfment of necrotic C2C12 myoblast 

cells by using a pH-sensitive dye, pHrodo (Miksa et al., 2009; Toda et al., 2012). 

No significant difference in phagocytosis ability was observed between 

macrophages of Adam8+/+ and those of Adam8-/- mice (Fig. 2C).  

 

3.3. Invasion of neutrophils into injured muscle fibers after infiltration 

requires ADAM8  

Inefficient elimination of necrotic muscle fibers in Adam8-/- 
mice could be due to 

some defects in an acute phase of inflammatory reactions. Because previous 

reports indicated that the lack of ADAM8 affects leukocyte influx into 

inflammatory tissues (Knolle et al., 2013; Naus et al., 2010), we examined 



leukocyte influx into CTX-induced regenerating muscle of Adam8-/- mice. When 

analyzed by flow cytometer, the major CD11b (+) inflammatory cells 1 day after 

injury are Ly6G (+) Ly6C (-) neutrophils and Ly6G (-) Ly6C (+) monocytes. The 

ratios of both neutrophils and monocytes in Adam8-/- mice were similar to those 

in Adam8+/+ mice (Fig. 3A). During muscle injury, monocytes are divided into two 

types depending on Ly6C expression, and proper muscle regeneration 

accompanies a switch from Ly6C (+) to Ly6C (-) monocyte populations (Arnold 

et al., 2007; Varga et al., 2013). The percentage of Ly6C (-) monocytes in 

Adam8-/- mice were also comparable to that in Adam8+/+ mice (data not shown). 

These results suggest that both monocytes and neutrophils migrate into injured 

muscle tissues of Adam8-/- and Adam8+/+ mice similarly. We then asked how 

neutrophils distribute spatially and temporally in injured muscle of those mice. At 

the site of muscle injury, Ly6G (+) neutrophils started to infiltrate into the 

interstitial space of injured muscle at 0.5 hours, and accumulated to form 

expanded interstitial space at 3-6 hours (Fig. 3B). These neutrophils are then 

disseminated into the interstitial space among individual muscle fibers up to 24 

hours. Twenty-four hours after injury, neutrophils formed large clusters in 

Adam8+/+ mice with a similar morphology to the one reported previously 

(Lämmermann et al., 2013; Ng et al., 2011). These large clusters were often 

found inside of the basement membrane stained with Laminin, indicating that 

those clusters were formed after invasion into muscle fibers through the 

basement membrane (Fig. 3B). In injured muscle tissues of Adam8-/- mice, 



neutrophils also accumulated in the interstitial space and expanded within 3 

hours, suggesting similar infiltration ability of neutrophils in Adam8-/- mice. Then, 

neutrophils spread over the interstitial tissues also in Adam8-/- mice. At 24 hours 

after injury, however, large cluster formation of neutrophils were affected in 

Adam8-/- mice (Fig. 3C). Neutrophils of Adam8-/- mice often failed to be 

disseminated into narrow interstitial space between muscle fibers at 15 hours 

after injury (data not shown). However, more precise analyses are necessary to 

show its significance.    

 

3.4. ADAM8 contributes to removal of cell surface PSGL-1 in neutrophils 

after their infiltration into injured muscle 

Neutrophils are generated in the bone marrow, circulate in the peripheral blood, 

and infiltrate into injured muscle tissues. We found that neutrophils further 

invade into muscle fibers through the basement membrane. The impairment of 

this step in Adam8-/- mice lead us to further analyze expression of PSGL-1 in 

those mice. PSGL-1 is involved in the rolling of neutrophils on endothelial cells 

expressing its receptors P-selectin or E-selectin, which is followed by 

integrin-dependent firm adhesion and transmigration (infiltration) of neutrophils 

to the interstitial space. Neutrophils are known to lose cell surface PSGL-1 by 

the ectodomain shedding upon activation, and we previously showed that 

PSGL-1 is a candidate substrate for ADAM8 (Domínguez-Luis et al., 2011; Iida 

et al., 2010). Therefore, we investigated whether impaired invasion of 



neutrophils of Adam8-/- mice is associated with removal of PSGL-1 on their 

surface. Immunostaining analysis indicated that invaded and clustered Ly6G (+) 

neutrophils lose expression of cell surface PSGL-1 (Fig. 4A). Thus, invasion of 

neutrophils through the basement membrane is likely linked to the decreased 

ectodomain of PSGL-1. To know whether the removal of the ectodomain of 

PSGL-1 on the neutrophil surface is affected in Adam8-/- mice, we next 

performed FACS analyses. We used anti-CXCR4 antibody in addition to an 

antibody against PSGL-1 to separate neutrophil populations. Since CXCR4high 

neutrophils are considered as those recruited back to the bone marrow after its 

aging (Beyrau et al., 2012; Casanova-Acebes et al., 2013; Kolaczkowska and 

Kubes, 2013), level of CXCR4 could reflect the resolution status of neutrophils. 

While essentially all of neutrophils in the peripheral blood are 

PSGL1highCXCR4low
, they shift to PSGL1lowCXCR4high 1 day after CTX-induced 

muscle injury (Fig. 4B). Neutrophils in the peripheral blood were exclusively 

PSGL1high both in Adam8+/+ and in Adam8-/- mice 24 hours after injury, indicating 

that PSGL1high neutrophils shift to PSGL1low neutrophils after infiltration into the 

injured muscle (Fig. S2). Although neutrophils also shift to PSGL1lowCXCR4high 

population in the injured muscle of Adam8-/- mice, the ratio of 

PSGL1lowCXCR4high neutrophils of Adam8-/- muscle was significantly less than 

that of Adam8+/+ mice (Fig. 4C). The result showed that removal of the 

ectodomain of PSGL-1 on the neutrophil surface after infiltration is indeed 

affected in Adam8-/- mice. 



 

4. Discussion  

4.1. Roles of ADAM8 in elimination of injured muscle prior to muscle 

regeneration  

This study revealed that ADAM8 is involved in muscle regeneration through the 

process of eliminating injured muscle fibers, while ADAM8 is dispensable for 

regenerative myogenesis itself. Both neutrophils and monocytes/macrophages 

highly express Adam8, and its lack affects behaviors of both types of 

inflammatory cells in the injured muscle; invasion of neutrophils into the muscle 

fibers over the basement membrane is significantly affected in Adam8-/- mice, on 

one hand, and Adam8-/- 
deficient macrophages remained surrounding the 

necrotic muscle fibers inside the basement membrane although phagocytotic 

ability of these macrophages is similar to that of Adam8+/+ macrophages, on the 

other hand. Previous studies showed that CD11b (+) cells in blood including both 

neutrophils and monocytes are required for regenerative myogenesis (Arnold et 

al., 2007). Moreover, regenerative myogenesis requires Ly6C (+) 

monocytes/macrophages, which are mobilized from bone marrow to the 

peripheral blood and from the blood to the injured muscle in a manner 

dependent on CC chemokine receptor 2 (CCR2) (Lu et al., 2011). In contrast, 

neutrophils are not essential for regenerative myogenesis but for elimination of 

necrotic muscle fibers; depletion of neutrophils with a Ly6G-specific antibody 

results in impaired elimination of necrotic muscle fibers rather than affecting 



regenerative myogenesis itself when skeletal muscle is injured (Hodgetts et al., 

2006; Teixeira et al., 2003). Taken together with these studies, we interpret our 

data indicating that a primary defect of Adam8-/-
 mice is impaired invasion of 

neutrophils into injured muscle fibers. Cytolytic activities of neutrophils such as 

that of myeloperoxidase should cause fatal damage to injured muscle fibers, 

which would be critical for their efficient phagocytosis by macrophages. 

Defective invasion of neutrophils into injured muscle fibers, therefore, should 

result in incomplete elimination of those muscle fibers in Adam8-/- mice although 

we cannot rule out that ADAM8 also plays roles in macrophages. 

 

4.2. Invasion of neutrophils into injured muscle tissues consists of 

ADAM8-dependent and -independent processes.    

In Adam8-/- mice, neutrophils migrated into interstitial tissues intercalating 

muscle fibers initially, but then, could not invade into muscle fibers. Thus, we 

could show for the first time that invasion of neutrophils into injured muscle 

tissues consists of at least two step processes distinguishable as 

ADAM8-independent and -dependent processes, respectively: a step of 

infiltration from blood to interstitial tissues and that of invasion from interstitial 

tissues into muscle fibers through the basement membrane. Dissemination of 

neutrophils, that is, their spreading through the interstitial tissue was likely 

affected to some extent in Adam8-/- mice. Further investigations are necessary to 

separate a step of neutrophil invasion through the basement membrane from 



that of neutrophil migration through the interstitial space in terms of molecules. 

Injured muscle need to be eliminated prior to making new muscle fibers 

apparently. However, the basement membrane, at least remnant of Laminin, 

would have to be maintained as a framework or as a template of myogenesis in 

order to recover newly formed muscle fibers of the same size as they were 

before injury. Thus, neutrophils invade the basement membrane rather than 

degrade it completely. In this scenario, neutrophils would use matrix 

metalloproteinases (MMPs) to degrade the basement membrane partially to 

crawl through it. Although ADAM8-deficient neutrophils expressed MMP9 

transcripts and transmigrated through Matrigel as efficiently as wild type 

neutrophils (data not shown), this does not rule out possible roles of ADAM8 in 

the activation or secretion of MMPs or other proteases in neutrophils for their 

invasion through the muscle basement membrane.  

 

4.3. ADAM8 contribute to the removal of cell surface PSGL-1 of neutrophils 

in injured muscle   

During extravasation, PSGL-1 is required for rolling of leukocytes on endothelial 

cells of blood vessels by binding to its receptor P-selectin or E-selectin, which 

triggers integrin-dependent firm adhesion and transmigration toward the 

interstitial space (Kolaczkowska and Kubes, 2013). Leukocytes undergo 

ectodomain shedding of PSGL-1, and lose its expression from cell surface by 

activation (Davenpeck et al., 2000). We showed previously that ADAM8 is an 



active metalloprotease that sheds the ectodomain (extracellular domain) of 

PSGL-1 efficiently (Iida et al., 2010). In this study, we found that neutrophils 

recruited to injured muscle were roughly subdivided into PSGL-1high CXCR4low 

and PSGL-1low CXCR4 high populations. Neutrophils were exclusively PSGL-1high 

CXCR4low in peripheral blood, and they shifted to PSGL-1low CXCR4 high after 

infiltration into the injured muscle. Whereas neutrophils in the peripheral blood of 

Adam8-/-
 mice express PSGL-1 on the cell surface similarly to those of wild type 

mice, ratio of neutrophils losing PSGL-1 was significantly lower in injured muscle 

of Adam8-/-
 than that of wild type mice. Thus, ADAM8-dependent ectodomain 

shedding of PSGL-1 likely contributes to the removal of cell surface PSGL-1 of 

neutrophils after their infiltration. Moreover, immunostaining experiments 

indicate that the majority of neutrophils that invade into muscle fibers over the 

basement membrane do not express PSGL-1 on their surface, suggesting 

preferential invasion of PSGL-1low neutrophils into muscle fibers. CXCR4high 

neutrophils are considered as those recruited back to the bone marrow after its 

aging (Casanova-Acebes et al., 2013). Thus, changing the status of cell surface 

from PSGL-1high CXCR4low to PSGL-1low CXCR4high in neutrophils would indicate 

their aging in injured tissues or their condition being ready for resolution. 

PSGL-1low CXCR4high neutrophils in injured muscles would be engulfed by 

macrophages recruited to the injured site or engulfed after neutrophils are 

recruited back to the bone marrow (Casanova-Acebes et al., 2013).   

 



4.4. Possible roles of ADAM8 in changing migratory modes of neutrophils 

in injured muscle after infiltration. 

 Little is known about changes that occur in neutrophils after infiltration into 

injured skeletal muscle. Our study revealed that neutrophils are converted from 

PSGL-1high CXCR4low to PSGL-1low CXCR4high, and ADAM8 is involved in that 

process. We interpret these results as that ADAM8 plays a role in changing 

migratory modes of neutrophils in injured muscle after infiltration. Upon tissue 

inflammation, neutrophils in the peripheral blood roll in the blood vessel by 

selectin-based adhesion, start to adhere firmly to endothelial cells by activating 

LFA-1 and Mac-1 integrins, and then, infiltrate into the interstitial tissues of the 

injured muscle by transmigration (Weber et al., 2007). In order to reach injured 

muscle fibers, however, neutrophils further need to invade through the interstitial 

tissues containing extracellular matrix (ECM) proteins such as fibrin/fibrinogen 

before crawling through the basement membrane towards injured muscle fibers. 

Thus, neutrophils need to change their migratory modes from PSGL-1/selectin- 

and integrin-dependent interactions with endothelial cells to migration/invasion 

through the ECM and/or its degradation after infiltration. The ectodomain 

shedding of PSGL-1 abolishes PSGL-1-selectin-dependent adhesion apparently. 

Retention of PSGL-1 on the cell surface would tether neutrophils to capillaries or 

to platelets expressing selectins, and should inhibit (or attenuate) invasion of 

neutrophils into muscle fibers through the basement membrane in Adam8-/-
 mice. 

Our working hypothesis is summarized shown in Fig. 5. Further studies should 



also elucidate whether and how ADAM8 activates the ability to invade through 

the basement membrane, and whether the ADAM8-dependent ectodomain 

shedding of PSGL-1 is associated with that activity.  

 

 In summary, we showed that ADAM8 is involved in invasion of neutrophils into 

injured muscle fibers, and is required for their efficient elimination. Defective 

elimination of injured muscles was reported previously in urokinase-type 

plasminogen activator (uPA) deficient mice, in which degenerating muscle 

tissues deposit fibrin persistently (Suelves et al., 2007). By further analyses of 

various mutant mice showing defective elimination of injured muscle fibers, we 

will be able to elucidate precise mechanisms of neutrophil invasion and 

elimination of injured muscle fibers prior to muscle regeneration. 
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Figure 1 

Expression of ADAM8 increases in skeletal muscle after 

cardiotoxin-induced injury  

(A) Real-time RT-PCR of Adam8 expression in TA muscle from 12h to 15 days 

after cardiotoxin-induced injury. Adam8 was upregulated on day 1. (B) CD45 (+) 

leukocytes were the cells expressing Adam8 prominently at day 1 after 

cardiotoxin injury. Figure was representative data obtained from four 

independent experiments. (C) Flow cytometry analysis of CD11b (+) 

inflammatory cells expressing Ly6G and/or Ly6C in skeletal muscle 1 day after 

cardiotoxin injury. (D) Adam8 mRNA expression of inflammatory cell population 

separated in (C). Individual cell populations were obtained from seven mice, and 

mixed for analyses.  

 



Figure 2 

Elimination of injured muscle fibers prior to muscle regeneration is 

affected in Adam8-/- mice 

(A) Hematoxylin&Eosin and von Kossa staining of TA muscle of DMD-null; 

Adam8+/+ and DMD-null; Adam8-/- mice at 8 weeks of age. Necrotic muscle fibers 

(darkly stained with H&E) and enhanced calcification detected with von Kossa 

staining in DMD-null; Adam8-/- mice are remarkable although muscle fibers with 

centrally located nuclei indicate that ADAM8 is dispensable for muscle 

regeneration. Scale bar = 50 m. (B) Immunostaining for CD68 on TA muscle of 

DMD-null; Adam8+/+ and DMD-null; Adam8-/- mice at 8 weeks of age. Scale bar = 

200 m. Right panels were amplified views of left panels with bright field. Scale 

bar = 20 m. (C) Macrophages of Adam8-/- mice engulf necrotic cells as 

efficiently as those of wild type mice. (Left) Measurement of phagocytosis 

activity in CD11b (+) leukocytes. Necrotic myocytes labeled with pHrodo were 

incubated with CD11b (+) cells for 3 days. Because fluorescence of pHrodo is 

activated when necrotic cells were phagocytosed, pHrodo (+) CD11b (+) cells 

are phagocytic ones. (Right) Quantification of phagocytic CD11b (+) cells, 

indicating ratio of phagocytic cells is similar between wild type and Adam8-/- mice 

(n= 3-5).  

 

Figure 3  



Clustering of neutrophils in regenerating muscle tissue is impaired in 

Adam8-/- mice 

(A) (Left) Similar populations of CD11b (+) inflammatory cells infiltrate into 

injured muscle of wild type and Adam8-/- mice 24 hours after induction with CTX. 

(Right) Quantification of FACS analysis shown on the left. Ly6G (+) Ly6C (-) 

neutrophils and Ly6G (-) Ly6C (+) monocytes infiltrate into injured muscle 

similarly in wild type and Adam8-/- mice. (B) Immunostaining of wild type and 

Adam8-/- TA muscle 3 hours (left) and 24 hours (right) after cardiotoxin injection 

with antibodies against Ly6G (green) and Laminin (red), showing prominent 

neutrophil clustering inside the basement membrane in wild type mice. Scale bar 

= 100 m. (C) Size distribution of neutrophil clusters in Adam8+/+ and Adam8-/- 

mice (n=5-6). *P < 0.05.  

 

Figure 4. 

Expression of PSGL-1 on the surface of neutrophils was higher in Adam8-/- 

mice 

(A) Transverse sections of Adam8+/+ mice. TA muscle stained with H&E (left) and 

immunostained for Ly6G (green), PSGL-1 (red), and Laminin (white) in the TA 

muscle 1 day after cardiotoxin injection. Scale bar = 20 μm. (B) Flow cytometry 

analysis of PSGL-1high CXCR4low and PSGL-1low CXCR4high populations of 

neutrophils isolated from the peripheral blood and TA muscle of wild type mice 1 

day after muscle injury with CTX. (C) (Left) Flow cytometry analysis of 



PSGL-1high CXCR4low and PSGL-1low CXCR4high populations of neutrophils 

isolated from Adam8+/+ and Adam8-/- TA muscles 1 day after cardiotoxin injection. 

(Right) Quantitative analyses of left panels (n = 3), indicating a less ratio of 

PSGL-1low CXCR4high neutrophil population in Adam8-/- than in wild type TA 

muscle.  *P < 0.05, #P = 0.0575. 

 

Figure 5.  

Working Hypothesis on the possible role of ADAM8 in muscle regeneration 

Neutrophils invade into muscle fibers through three steps upon skeletal muscle 

injury: (Step1) infiltration from the peripheral blood, (Step2) migration through 

the interstitial space, and (Step3) invasion into muscle fibers through the 

basement membrane. Invasion of neutrophils (yellow cells) into injured muscle 

fibers (grey) through the basement membrane (red lines) would activate 

monocytes/macrophages that eliminate injured muscle fibers completely. 

PSGL-1 (red line on neutrophils ) is involved in the rolling of neutrophils, which 

activates integrins (orange lines) and infiltration. Once infiltrated, neutrophils 

need to abrogate their adhesiveness to blood vessels. ADAM8 should mediate 

this process by the ectodomain shedding of cell surface PSGL-1, and promote 

Step2 and/or Step3. The migratory behaviors that could be affected in Adam8-/- 

mice are indicated by a blue dotted line. 
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Supplementary Figure. 1 

H&E staining of transverse sections  of Adam8+/+ and Adam8-/-  TA muscles at 

day 0 and day 15 after injection with CTX are shown. Prominent necrotic area is 

observed in muscle of the  Adam8-/-  mouse  at day15. Results were obtained 

from a129SvEv-C57BL6 mixed background mice. Scale bar = 50 μm  

 

 

 

 

 

 

 

 



 

 

 

Supplementary Figure.2 

Flow cytometry analysis of PSGL-1high and PSGL-1low populations of neutrophils 

isolated from the peripheral blood of Adam8+/+ and that of Adam8-/- 24 hours 

after cardiotoxin injection, showing that essentially all the neutrophils are 

PSGL-1high in the peripheral blood. 

 

 




