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Abstract Satellite cells, muscle-specific stem cells, are

anatomically identified as the mononuclear cells residing

external to the myofiber plasma membrane and beneath the

basal lamina. Skeletal muscle has great regenerative poten-

tial, and the regeneration process depends absolutely on

satellite cells. In uninjured muscle, satellite cells are main-

tained in a quiescent state, and some genes are expressed in a

quiescent-specific manner. Here we show that Odz4/Ten-m4,

a mouse homolog of the Drosophila pair-rule gene odd Oz

(odz or Ten-m), is expressed in quiescent satellite cells on the

protein level, but not in activated/proliferating myoblasts.

Intriguingly, the timing of the reappearance of Odz4 and

calcitonin receptor (another quiescence molecule) on Pax7-

positive cells was different during the regeneration process.

In addition, almost all neonatal satellite cells express Odz4,

but only some of them express calcitonin receptor. These

results indicate that Odz4 may be useful as a new marker of

satellite cells and that quiescence molecules are differently

expressed in regenerating and neonatal muscle.
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Introduction

Satellite cells are located beneath the basal lamina and

maintained in an undifferentiated quiescent state in adult

skeletal muscle (Mauro 1961; Schultz et al. 1978). When a

muscle is damaged, satellite cells exit from quiescence and

start to proliferate (Charge and Rudnicki 2004). Prolifer-

ating satellite cells, called myoblasts, then differentiate,

fuse with each other or with injured myofibers, and even-

tually regenerate mature myofibers. During this process,

satellite cells self-renew in anticipation of future damage.

Satellite cells were first identified by their specific loca-

tion in frog skeletal muscle by electronic microscopy

(Mauro 1961). Now we easily detect satellite cells using

specific antibodies and microscopy. Among the antibodies,

Pax7 is the most accepted marker for satellite cells (Seale

et al. 2000). Satellite cells specifically express Pax7 in

skeletal muscle, and they require it during postnatal devel-

opment but not in adulthood (Lepper et al. 2009). In addition

to Pax7, many other molecules (including CD34, CXCR4,

c-met, m-cadherin, NCAM, integrin-b1, integrin-a7,

SM/C-2.6, Syndecan3, and 4) have been used to identify

satellite cells by microscopy or flow cytometry (Beauchamp

et al. 2000; Cornelison et al. 2001; Fukada et al. 2004;

Irintchev et al. 1994; Sherwood et al. 2004; Tatsumi et al.

1998). However, none of these markers is specific to qui-

escent satellite cells, and myoblasts also express these

markers (Kuang and Rudnicki 2008). The identification of a

quiescent satellite cell-specific molecule will allow us to

elucidate the cellular and molecular mechanisms of satellite

cell self-renewal and maintenance.
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Previously we compared quiescent satellite cells with

activated/proliferating satellite cells (myoblasts) and non-

myogenic cells in skeletal muscle, and identified quiescent

satellite cell-specific genes including calcitonin receptor

and Odz4 (Fukada et al. 2007). Odz is the vertebrate

homologue of the Drosophila odd Oz, which is known as a

pair-rule gene (Levine et al. 1994). Odz family proteins

belong to the type II transmembrane protein family (Ooh-

ashi et al. 1999). The functions of the Odz family are lar-

gely unknown, but Bagutti et al. indicated that the

intracellular domain of teneurin2 (an ortholog of Odz2 in

birds) localizes in the nucleus and functions as a tran-

scription repressor like Notch (Bagutti et al. 2003). Here,

we show that Odz4 is expressed in quiescent satellite cells

but not in activated/proliferating myoblasts on a protein

level. Intriguingly, in the middle stage of regeneration,

Pax7-positive cells express Odz4, but not calcitonin

receptor. In addition, almost all neonatal satellite cells

express Odz4, but only some of them express calcitonin

receptor. These results indicate that Odz4 is a marker of

satellite cells, and that quiescence genes are differently

expressed during the regeneration process and in neonatal

muscle.

Materials and methods

Mice

Eight- to 12-week-old C57BL/6 mice were purchased from

Charles River, Japan. All procedures for experimental

animals were approved by the Experimental Animal Care

and Use Committee at Osaka University.

Muscle injury

Muscle was injured by injecting 50, 150, and 100 ll car-

diotoxin (10 lM in saline, Wako Pure Chemical Industries,

Tokyo, Japan) into the tibialis anterior (TA), gastrocnemius

(GC), and quadriceps (Qu) muscle, respectively.

Antibodies

Rabbit anti-calcitonin receptor polyclonal antibody was

purchased from AbD Serotec Ltd. (Oxford, UK). Rabbit

anti-Odz4 polyclonal antibody was kindly provided by Dr.

Reinhard Faessler (Zhou et al. 2003). Rat anti-laminin a2

monoclonal antibody (clone 4H8-2) was purchased from

Alexis Biochemical (Lausen, Switzerland). Hybridoma of

mouse anti-Pax7 antibody was purchased from the Devel-

opmental Studies Hybridoma Bank (Iowa City, IA), and

the cell supernatant was prepared for immunostaining in

our laboratory. FITC-conjugated anti-mouse CD31, FITC

conjugated anti-mouse CD45, and PE (phycoerythrin)-

conjugated anti-mouse Sca-1 antibodies were purchased

from BD PharMingen (San Diego, CA, USA). Biotinylated

SM/C-2.6 antibody was produced in our laboratory (Fuk-

ada et al. 2004).

Preparation and FACS analysis of skeletal

muscle-derived mononuclear cells

Mononuclear cells from uninjured limb muscles were

prepared using 0.2 % collagenase type II (Worthington

Biochemical Corp., Lakewood, NJ, USA) as previously

described (Uezumi et al. 2006).

Mononuclear cells derived from skeletal muscle were

stained with FITC-conjugated anti-CD31, CD45, PE-con-

jugated anti-Sca-1, and biotinylated-SM/C-2.6 antibodies.

Cells were then incubated with streptavidin-labeled allo-

phycocyanin (BD Biosciences, San Diego, CA, USA) on

ice for 30 min, and resuspended in PBS containing 2 %

FCS and 2 lg/ml propidium iodide (PI). Cell sorting was

performed using a FACS Aria IITM flow cytometer (BD

Immunocytometry Systems, Mountain View, CA, USA).

Debris and dead cells were excluded by forward scatter,

side scatter, and PI gating. Data were collected using

FACSDivaTM software (BD Biosciences). Myogenic cells

from regenerating muscle are also highly enriched in

the SM/C-2.6(?)CD31(-)CD45(-)Sca-1(-) cell fraction

(Segawa et al. 2008).

RT-PCR

Total RNA was extracted from sorted cells using a Qiagen

RNeasy Mini Kit according to the manufacturer’s instruc-

tions (Qiagen, Hilden, Germany) and then reverse-tran-

scribed into cDNA by using TaqMan Reverse Transcription

Reagents (Roche Diagnostics, Mannheim, Germany). The

polymerase chain reaction (PCR) was performed with

cDNA and specific primers. The PCR primers were calci-

tonin receptor forward, 50-GAC CCT CAA AAT CTC CT

CTC AC; calcitonin receptor reverse, 50-ACA TCC TTC

CTT CAA TCC GTC C; Odz4 foward, 50-GGA CAA CAG

TGG ATG AGG AAA AGG; Odz4 reverse, 50-TCA CAA

AGA AGC CGT CGT AGC C; Pax7 forward, 50-GAA AGC

CAA ACA CAG CAT CGA; Pax7 reverse, 50-ACC CTG

ATG CAT GGT TGA TGG; Hprt forward, 50-CTT TGC

TGA CCT GCT GGA TTA CAT; and Hprt reverse, 50-GTC

AAG GGC ATA TCC AAC AAC AAA.

Immunohistochemistry

For immunohistochemical examinations, transverse cryo-

sections (6 lm) were fixed in 4 % paraformaldehyde for

10 min. After blocking with 5 % skim milk, sections were
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then stained with primary antibodies. For Pax7 staining, an

M.O.M. kit (Vector Laboratories Inc., Burlingame, CA,

USA) was used to block endogenous mouse IgG. After the

first staining at 4 �C overnight, sections were reacted with

secondary antibodies conjugated with Alexa 488, Alexa

568, or Alexa 647 (Molecular Probes, Eugene, OR, USA).

Coverslips were mounted using Vectashield (Vector Lab-

oratories Inc).

Results

Odz4 is expressed on quiescent satellite cells

Our previous study demonstrated the mRNA expression of

Odz4 in quiescent satellite cells (Fukada et al. 2007). To

examine the mRNA expression of Odz4 during skeletal

muscle regeneration, myogenic cells were isolated by flow

cytometry and RT-PCR was performed. As shown in

Fig. 1, the Odz4 transcript was detected in quiescent

satellite cells, but not in myogenic cells derived from

regenerating muscle 2–3 days after cardiotoxin (CTX)

injection. Odz4 mRNA was again detected at 5 days after

injury. Consistent with our previous results, the reappear-

ance of calcitonin receptor mRNA occurred in the later

stage of muscle regeneration. Although both calcitonin

receptor and Odz4 were identified as ‘quiescence genes’,

Fig. 1 mRNA expression of Odz4 and calcitonin receptor in

myogenic cells during skeletal muscle regeneration. RT-PCR was

performed to examine the expression levels of Odz4 and calcitonin

receptor (CTR) in quiescent satellite cells (QSC), myogenic cells

derived from injured muscle 2–14 days after cardiotoxin injection

(CTX). H2O was used as a negative control

Fig. 2 Odz4 protein expressed on quiescent satellite cells. Uninjured

TA muscles were dissected, and cross sections were stained with an

antibody to Odz4 (green). A section was co-stained with laminin a2

(LNa2; red) (a) or anti-Pax7 (red) (b) antibodies. Nuclei were stained

with TOTO3 (blue). Scale bar 20 lm. (Color figure online)
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the timing of the reappearance of the two genes was

completely different during the regeneration process.

To reveal the expression of Odz4 on a protein level,

uninjured muscle sections were stained with anti-Odz4,

laminin a2, and TOTO3. As shown in Fig. 2a, Odz4 pro-

tein was detected at the surface of mononuclear cells

located beneath the basal lamina. Combined immuno-

staining of Odz4 and Pax7, a satellite cell marker, also

showed that satellite cells expressed Odz4 on a protein

level (Fig. 2b).

We next stained a cross section of injured muscle with

anti-Odz4 antibody. Three day after cardiotoxin injection,

many activated satellite cells were stained with anti-

M-cadherin antibody (Fig. 3a), but Odz4 was not detected

in activated satellite cells on the serial sections (Fig. 3b).

These results indicate that Odz4 is down-regulated after

satellite cell activation/proliferation like calcitonin receptor

(Fukada et al. 2007).

Odz4 and calcitonin receptor expression in middle stage

of muscle regeneration

To examine the reappearance of Odz4 during skeletal

muscle regeneration, cross sections of the muscle 7 days

after cardiotoxin injection were stained with anti-Odz4

antibody. As shown in Fig. 4, Pax7? Odz4? cells were

found in the middle stage of muscle regeneration. In con-

trast, calcitonin receptor was not observed on Pax7? cells

located at small regenerating myofibers, as described pre-

viously (Fukada et al. 2007). These results indicated that

Fig. 3 Odz4 protein not expressed on activated/proliferating myo-

blasts. a 3 days after cardiotoxin (CTX) injection, muscles were

dissected, and cross sections were stained with antibodies to

M-cadherin (green) and LNa2 (red). b Serial sections were stained

with anti-Odz4 (green) and LNa2 (red) antibodies. Nuclei were

stained with TOTO3 (blue). Scale bar 40 lm. (Color figure online)
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both Odz4 and calcitonin receptor are expressed in quies-

cent satellite cells, but the regulation and timing of their

reappearance are different.

Expression of Odz4 and calcitonin receptor in neonatal

stage

During postnatal development, satellite cells actively pro-

liferate and contribute to myofiber growth. Pallafacchina

et al. reported that the gene expression profiles of neonatal

satellite cells and activated proliferating myoblasts are

different (Pallafacchina et al. 2010). To examine the

expression of Odz4 and calcitonin receptor in the neonatal

period, hind limb skeletal muscles of mice 7 days after

birth were fixed and stained with anti-Odz4 or calcitonin

receptor antibodies. As shown in Fig. 5, more than 95 %

of Pax7? cells expressed Odz4. On the other hand,

approximately 30 % of Pax7? cells expressed calcitonin

receptor in this stage. These results also indicate that Odz4

and calcitonin receptor are differently expressed in satellite

cells, and that neonatal satellite cells are different from

early proliferating myoblasts during skeletal muscle

regeneration.

Discussion

Here, we showed that Odz4 is expressed in quiescent

satellite cells, like calcitonin receptor, but the timing of the

reappearance of these genes is different during regenera-

tion. Odz4 is expressed in the middle stage of muscle

regeneration, but calcitonin receptor is not. On the other

hand, neither Odz4 or calcitonin receptor is expressed in

activated/proliferating satellite cells. These results suggest

Fig. 4 Reappearance of Odz4?, but not CTR? satellite cells at

7 days after cardiotoxin injection. TA muscles were sampled at

7 days after cardiotoxin injection. Sections were co-immunostained

with anti-CTR (green) or Odz4 (green), Pax7 (red), and LNa2 (white)

antibodies. Nuclei were stained with DAPI. Arrowheads indicate

Pax7? Odz4? cells. Scale bar 50 lm. (Color figure online)
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that the characteristics of myogenic cells in the middle

stage are different from quiescent and activated/prolifer-

ating satellite cells. The characterization of myogenic cells

in the middle stage will afford a better understanding of

skeletal muscle regeneration.

The Odz family belongs to a type II transmembrane

protein family that possesses a C-terminal extracellular

domain, transmembrane region, and intracellular domain.

Three postulated protease cleavage sites exist in the extra-

and transmembrane domains of Odzs (Tucker and Chiquet-

Ehrismann 2006). Functional studies of Drosophila indi-

cated that Odz functions as a pair-rule gene (Levine et al.

1994). This is a somewhat surprising because Odz is a cell-

surface protein, whereas all other pair-rule genes are tran-

scriptional factors. Intriguingly, the intracellular domain of

Odz2 was detected in a human cell line, HT1080 cells

(Bagutti et al. 2003). In C. elegans, localization of the

intracellular domain of Ten-1 (the C. elegans orthlog of odz)

was also demonstrated by using a specific antibody

(Drabikowski et al. 2005). Furthermore, it is reported that

Odz2 is cleaved at the intracellular domain and works as

transcriptional regulator of target genes (Bagutti et al. 2003).

Such a mechanism is well known for other signaling mole-

cules, the most prominent example of which is Notch. When

Notch is activated, the intracellular domain of Notch is

cleaved by c-secretase and translocates to the nucleus where

it activates transcription of target genes through interaction

with RBP-J (recombination signal binding protein for

immunoglobulin kappa J region, also known as CBF1). Odzs

are prominently found in the nervous system in adult mice

(Zhou et al. 2003). Although the roles of Odzs are not fully

understood, overexpression studies have indicated that Odz3

can promote neurite outgrowth and cell adhesion in vivo

(Leamey et al. 2008). In this study, we used an antibody that

Fig. 5 Expression of CTR and Odz4 in neonatal skeletal muscle.

Sections of neonatal muscles were co-immunostained with antibodies

to CTR (green), Odz4 (green), Pax7 (red), and LNa2 (white). Nuclei

were stained with DAPI. Arrowheads indicate Pax7? Odz4? or

Pax7? CTR? cells. Arrows indicate Pax7? CTR-/low cells. Scale
bar 30 lm. (Color figure online)
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recognized the extracellular domain of Odz4. Therefore, it is

unclear whether Odz4 acts as a transcriptional regulator in

satellite cells. The functional analysis of Odz4 might reveal

the importance of Odz4 as a transcriptional regulator like

Notch signaling in satellite cells.

Recently, it has been reported that microRNA-489,

resides in intron 4 of the gene encoding calcitonin receptor,

maintains the quiescent state of satellite cells (Cheung et al.

2012). As well as calcitonin receptor, the expression of

microRNA-489 is dramatically decreased after satellite cell

activation. Intriguingly, in satellite cells, the expression of

microRNA-708 is also downregulated after activation, and

it is encoded in the intron 1 of Odz4. Therefore, Odz4 and

microRNA-708 might play some roles in satellite cells as

well as calcitonin receptor and microRNA-489.

In conclusion, we demonstrated the expression of Odz4

in satellite cells in addition to calcitonin receptor. How-

ever, the staining patterns of both neonatal and regenerat-

ing muscle were different. These finding suggest that the

Odz4? CTR-Pax7? cell population might have a specific

function in the skeletal muscle regeneration process, and

further investigation will increase the depth of understating

of satellite cell biology.
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