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Yamane, Akira, Satonari Akutsu, Thomas G. H. Diekwisch,

and Ryoeichi Matsuda. Satellite cells and utrophin are not directly
correlated with the degree of skeletal muscle damage in mdx mice.
Am J Physiol Cell Physiol 289: C42-C48, 2005. First published
February 9, 2005; doi:10.1152/ajpcell.00577.2004.—To determine
whether muscle satellite cells and utrophin are correlated with the
degree of damage in mdx skeletal muscles, we measured the area of
the degenerative region as an indicator of myofiber degeneration in
the masseter, gastrocnemius, soleus, and diaphragm muscles of mdx
mice. Furthermore, we analyzed the expression levels of the paired
box homeotic gene 7 (pax7). m-cadherin (the makers of muscle
satellite cells), and utrophin mRNA. We also investigated the immu-
nolocalization of m-cadherin and ntrophin proteins in the muscles of
normal C57BL/10J (B10) and mdx mice. The expression level of pax7
mRNA and the percentage of m-cadherin-positive cells among the
total number of cell nuclei in the muscle tissues in all four muscles
studied were greater in the mdx mice than in the B10 mice. However,
there was no significant correlation between muscle damage and
expression level for pax7 mRNA (R = —0.140), nor was there a
correlation between muscle damage and the percentage of satellite
cells among the total number of cell nuclei (R = —0.411) in the mdx
mice. The expression level of utrophin mRNA and the intensity of
immunostaining for utrophin in all four muscles studied were greater
in the mdx mice than in the B10 mice. However, there also was not a
significant correlation between muscle damage and expression level
of utrophin mRNA (R = 0.231) in the mdx mice, although upregulated
utrophin was incorporated into the sarcolemma. These results suggest
that satellite cells and utrophin are not directly correlated with the
degree of skeletal muscle damage in mdx mice.

dystrophy; pax7; m-cadherin; dystrophin-related proteins

THE X CHROMOSOME-LINKED MUSCULAR .dystrophic mudx mouse
lacks the sarcolemmal protein dystrophin and represents a
_ genetic homolog of human Duchenne muscular dystrophy.
Dystrophin is a 427-kDa cytoskeletal protein that is expressed
_in the sarcolemma (the membrane structure of the myofiber)
and contributes to the stability of the sarcolemma. Lack of
. dystrophin causes myofiber degeneration caused by membrane
amage, Ca®" overuptake by muscle cells, muscle overcon-
action, and activation of intracellular proteinase (2, 8). The
amage to myofibers varies among the muscles of the mdx
ouse; the mdx diaphragm muscle is damaged more severely
y dystrophy than are the other muscles (10, 27), whereas
raniofacial muscles such as the masseter and extraocular
uscles are less damaged (16, 20). However, the mechanism

underlying differences in the degree of myofiber damage
among mdx skeletal muscles is unclear.

Muscle satellite cells are mononucleated, quiescent stem
cells that reside between the sarcolemma and the basal lamina
of adult myofibers (4, 13). In response to stimuli such as
mechanical loading, unloading, denervation, and injury, the
satellite cells are activated to proliferate, differentiate into
myoblasts, and fuse to preexisting myofibers. This activation is
thought to induce adaptive changes of skeletal muscle such as
hypertrophy, the alteration of fiber type, and regeneration (1, 4,
13, 23). These observations suggest that the activity and pool
size of satellite cells are correlated with the degree of damage
in mdx skeletal muscles.

Utrophin is a paralog of dystrophin and can functionally
replace dystrophin (2, 7, 30). In normal adult myofibers, the
expression of utrophin is confined to the neuromuscular and
myotendinous junctions, whereas in mdx myofibers, utrophin is
expressed throughout the sarcolemma instead of dystrophin,
and the total amount of utrophin is markedly elevated com-
pared with that in normal myofibers (2, 33). Moreover, trans-
genic mdx mice displaying fairly high amounts of utrophin
show a complete correction of the dystrophic status (30). On
the other hand, mdx mice in which the utrophin gene is
inactivated present a catastrophic aggravation of myopathy,
leading to early death (6). The situation in mdx muscles,
however, lies between these latter two extremes. It seems
important to know whether the spontaneous level of utrophin
expression is negatively correlated with the degree of damage
in mdx skeletal muscles.

In the present study, to determine whether muscle satellite
cells and the expression of utrophin are correlated with the
degree of damage in mdx skeletal muscles, we measured the
area of the degenerative region relative to the total muscle area,
an indicator of myofiber degeneration, in the masseter, gas-
trocnemius, soleus, and diaphragm muscles of the mdx mouse.
Furthermore, we analyzed the mRNA expression levels of the
paired box homeotic gene 7 (pax7), m-cadherin (maker of
muscle satellite cells), and utrophin and investigated the im-
munolocalization of m-cadherin and utrophin in the muscles of
both normal and mdx mice.

MATERIALS AND METHODS

Experimental animals. Dystrophic mdx and control C57BL/10J
(B10) mice, obtained from the Central Animal Research Laboratory
(Kanagawa, Japan), were used throughout the present study. All mice
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were maintained on a 12:12-h light-dark cycle, fed a pellet diet (CE-2;
Clea Japan, T'okyo, Japan), and allowed access to tap water ad libitum.
All experimental protocols concerning animal handling were re-
viewed and approved by the Institutional Animal Care Commitiee of
the Tsurami University School of Dental Medicine.

Histological analysis of degenerative area. Six mdx and six control
B10 mice, aged 6 wk, were killed by cervical dislocation under ether
anesthesia. The body weights of the mdx and B10 mice were 17.2 =
1.9 gand 18.9 = 1.5 g (mean * SD), respectively. Whole portions of
the left masseter, gastrocnemius, soleus, and diaphragm muscles were
removed and fixed in Bouin’s fixative for 1 h at 4°C. After being
washed in phosphate-buffered saline (PBS), the sections were im-
mersed in a graduated series of sucrose solutions (~20-40% wi/vol)
in PBS at 4°C, embedded in Tissue-Tek OCT compound (Miles
Laboratories, Elkhart, IN), and frozen. Middle portions of the muscles
were cut at 10-pm thickness using a cryostat and air dried for 1 h at
room temperature. The sections were stained with hematoxylin and
eosin and observed under a light microscope. The total and degener-
ative areas of the muscle sections were measured using an image
analyzer (Luzex 3U; Nikon, Tokyo, Japan). The degenerative area
was normalized to the total area and expressed as a percentage of the
total area of the muscles.

Immunohistochemistry for m-cadherin and utrophin. To detect the
satellite cells in the mdx and B10 muscles, the cryosections of the
muscles were inmmunostained for a goat antibody against m-cadherin
(Santa Cruz Biotechnology, Santa Cruz, CA) as described previously
(31). The number of m-cadherin-positive cells in the periphery of
myofibers and in the degenerative area was counted as satellite cells
in a total of 10 rectangular areas of 140 X 130 pm® on several
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Fig. 1. A: electrophoretic gel pattern of m-cadherin and its competitor after
competitive polymerase chain reaction (PCR) to examine the relationship
between the amount of PCR products and the conceniration of m-cadherin
cDNA. Target gene is shown in top band, while competitor is shown in bottom
band. B: regression line for the m-cadherin generated from the result of image
analysis of the electrophoretic bands in A. The formula used to create the
regression line is y = 0.772x + 0.978, where y is the logarithmic value of the
ratio of the fluorescence intensity in the m-cadherin band to that in its
competitor band, and x is the logarithmic value of the concentration of the
m-cadherin cDNA.

POP
l opp 1

2 -

i
o
zz

5 ¥

2T

-

Mlasaelo Cas Sofcas D

Fig. 2. A-D: hematoxylin and eosin-stained images of the masseter (A),
gastrocnernius (B), soleus (C), and diaphragm (D) muscles of mdx mice. E:
area of the degenerative region is shown relative to the total muscle area of the
mdx mice. Bach column and vertical bar represent the mean = SD of six mdx
mice. The y-axis is expressed as a percentage of the total sectional area of the
muscles set at 100. dbdP < 0.01 and dbdP < 0.001, significant differences
among mdx muscles.

sections obtained from each mouse (21). The 10 rectangular areas,
which did not overlap and were uniformly distributed on the sectional
area of muscles, were selected throughout the several sections and
composed ~5-20% of the total sectional area of the B10 and mdx
muscles. The number of total cell nuclei in muscle tissues was also
counted, and the percentage of m-cadherin-positive cells to the total
number of cell nuclei in the muscle tissues was calculated. The
percentage values in the 10 rectangular areas were averaged to obtain
the mean value for each mouse. This mean value was further averaged
10 obtain the mean values for six mdx and six B10 mice. To analyze
the change in the expression of utrophin. immunostaining for utrophin
was performed using a goat antibody against utrophin (Santa Cruz
Biotechnology). For control staining, the primary aniibody was re-
placed with PBS or normal goat IgG.

RNA extraction, reverse transcription, and competitive polymerase
chain reaction amplification. Six mdx and six B10 mice, aged 6 wk,
were killed by cervical dislocation while they were under ether
anesthesia. The body weights of the mdx and B10 mice were 19.8 +
0.8 g and 24.3 * 0.5 g (means = SD), respectively. Whole portions
of the left masseter, gastrocnemius, soleus, and diaphragm muscles
were removed, immediately frozen, and stored at —80°C until use.

Total RNA extraction, reverse transcription, and competitive poly-
merase chain reaction (PCR) amplification were performed as previ-

AJP-Cell Physiol - VOL 289 - JULY 2005 « www.ajpcell.org

WO} popeojuMod

8002 ‘G udley uo



C44

ously described (34, 36). Briefly, total RNA extraction was performed
according to the manufacturer’s specifications (rapid total RNA iso-
lation kit; 5 Prime-3 Prime, Boulder, CO). The RNA was treated with
2 U of ribonuclease-free deoxyribonuclease 1 (Life Technologies,
Gaithersburg, MD) and was then reverse tanscribed with 200 U of
reverse transcriptase (SuperScript II; Life Technologies).

In the conventional PCR technique, a small difference in the
starting amount of target DNA can result in a large change in the yield
of the final product, owing to the exponential nature of the PCR
reaction. A plateau effect after many cycles can lead to an inaccurate
estimation of final product yield. Furthermore, because the PCR
amplification depends on the reaction efficiency, small changes in
efficiency can lead to major differences in the final product yield. To
overcome these problems, the competitor (an internal standard),
which has the same primer sequences as those of the target DNA
at the 5’ and 3’ ends, was amplified simultaneously with the target
(11, 25, 34, 36). Competitors for the competitive PCR amplifica-
tion were constructed according to the manufacturer’s instructions
(Competitive DNA Construction Kit; Takara, Shiga, Japan). The
sequences of primers for pax7, m-cadherin, and utrophin were as
follows: pax7, FW, 5'-CCACAGCTTCTCCAGCTACTCTG-3' and
BW, 5-CACTCGGGTTGCTAAGGATGCTC-3' (29); m-cadherin,
FW, 5-ATGTGCCACAGCCACATCG-3' and BW, 5'-YCCATA-
CATGCTCGCCAGC-3’ (14); utrophin, FW, 5-AAACTCCTATCA-
CGCTCATCA-3' and BW, 5'-CTCATCCTCCACGCTTCCT-3' (9).
Those for $16 were identical to those used in a previous report (18).
The amplification products were isolated by performing electrophore-
sis with an agarose gel containing ethidium bromide. The fluorescence
intensities of the bands of the target genes (Fig. 14, rop bands) and
their respective competitors (Fig. 14, bottom bands) were measured
using an image analyzer (Molecular Imager FX; Bio-Rad, Hercules,
CA). We then calculated the ratios of the fluorescence intensities of
the target gene bands to those of their respective competitors. The
logarithmic value of the fluorescence intensity ratio was used to
calculate the amount of endogenous target mRNA on the basis of the
line formula derived from a standard curve for each target gene. The
standard curve was generated as described previousty (18, 35). Figure
1B shows the standard curve for m-cadherin calculated using the
image analysis data of electrophoretic bands shown in Fig. 1A. The

A

Fig. 3. A: typical example of gel electrophoretic
_ patiern for paired box homeotic gene 7 (pax7)-
_ competitive RT-PCR products of the masseter,
_ gastrocnemius, soleus, and diaphragm muscles

SATELLITE CELLS AND UTROPHIN IN MDX MUSCLE DAMAGE

slope of the regression line was 0.772, and the correlation coefficient
was 0.994, which was significantly different from zero (£ < 0.001).
The quantity of each target gene was normalized to the quantity of
S16 (ribosomal protein). The resulting ratio value in each sample was
expressed as a percentage of the mean value for the B10 masseter
muscle. Because each percentage value relative to the mean value for
the B10 masseter muscle (% of B10 masseter value) was an arbitrary
unit, it was used in the scatterplots shown in Figs. 3-5, although the
scatterplots contain no data regarding the B10 muscles.

Statistical analyses. The Tukey-Kramer method was used to com-
pare multiple combinations of two muscles among the four mdx
muscles. Student’s I-test was used to compare single combinations of
the same types of muscles between the B10 and mdx mice. Regression
analysis was used to examine the correlations in the mdx mice
between the degenerative areas of the skeletal muscles and the
expression levels for pax7 or utophin mRNA and between the
degenerative areas of the skeletal muscles and the percentages of
m-cadherin-positive cells to the total number of cell nuclei in the
muscle tissues. Differences were considered significant at P < 0.05.

RESULTS

To detect the degenerative area of the mdx muscle, cryosec-
tions from the middle portions of the muscies were stained with
hematoxylin and eosin (Fig. 2, A-D). In the mdx gastrocnemius
and diaphragm muscles, histopathological changes such as
myofiber degeneration (Fig. 2, B and D) were observed. By
contrast, none of the muscles of the control B10 mice showed
such histopathological changes (data not shown). Figure 2F
shows the degenerative area relative to the total cross-sectional
area of the mdx muscles. The degenerative areas of the dia-
phragm and gastrocnemius muscles were 11.7 = 3.6% and
8.5 & 3.7% of the total muscle areas, respectively. These areas
were significantly greater than those of the masseter (2.8 = 1.6%)
and soleus muscles (2.4 * 1.5%) (P < 0.01 to gastrocnemius and
P < 0.001 to diaphragm).

To determine whether the activity and pool size of muscle
satellite cells are correlated with the degree of damage in mdx

Gastroc
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Soleus Diaphragm

_ obtained from control C57BL/10] (B10) and & Masseter
mdx mice. The target gene is shown in the 3 C Gastrocnemius
. boitom bands, while the competitor is shown in e Soleus
p £,
the rop band. B: mRNA expression levels for % [ ! 500 X Diaphragm
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M-cadherin mRNA
(% of B10 masseter value)

Fig. 4. A: mRNA expression levels for m-
cadherin in the masseter, gastrocnemius, so-
leus, and diaphragm muscles obtained from
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B10 and mdx mice. Each column and vertical
bar represent the mean * SD of six B10 or
mdx mice. The y-axis is expressed as a per-
centage of the mean value of the B10 mas-
- { seter muscle set at 100. B-D: immunostain-
ing images for m-cadherin in the mdx mas-
seter muscle tissues. Arrows in B and C
indicate the satellite cells identified by im-
munostaining for m-cadherin. Arrows in D
indicate the m-cadherin-positive cells in the
areas interspaced among the myofibers. E:
ratio of satellite cells to total number of cell
nuclei in the masseter, gastrocnemius, so-
leus, and diaphragm muscles obtained from
B10 and mdx mice. Each column and vertical
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degenerative areas of skeletal muscles and
ratio of satellite cells to total number of cell
nuclei in muscle tissues in mdx mice.
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skeletal muscles, we analyzed the expression of pax7 (Fig. 3)
and m-cadherin (Fig. 4), which are both markers for muscle
- satellite cells. Figure 3A shows a typical gel electrophoretic
pattern of pax7-competitive PCR products for the masseter,
. gastrocnemius, soleus, and diaphragm muscles of the B10
~ mice. The fluorescence intensities of the pax7 bands (bottom
- band) and of its respective competitor bands (fop band) were
measured using an image analyzer. Image analysis of the PCR
bands indicated that in all muscles studied except the gastroc-
nemius muscle, the expression levels of pax7 mRNA were
significantly higher in the mdx mice than in the B10 mice (P <
0.05 and P < 0.01) (Fig. 3B). In the mdx mice, the expression
level for pax7 mRNA in the masseter muscle was more than
sixfold the levels in the soleus and diaphragm muscles (P <
0.01) but not significantly different from that in the gastrocne-
mius muscle. Figure 3C shows a scatterplot and a regression
line between the degenerative areas of the skeletal muscles and
the expression levels of pax7 in the mdx mice. The correlation

W

10 IN] 20

neimits Area of degenerative region
(% of total muscle area)

coefficient was —0.140, which was not significantly different
from zero.

In all muscles studied, the mean values of the expression
levels for m-cadherin mRNA were higher in the mdx mice than
in the B10 mice; only the 2.4-fold increase in the diaphragm
muscle was statistically significant (Fig. 4A). In the mdx mice,
no significant difference in the expression levels for m-cad-
herin mRNA was found among the muscles. Because m-
cadherin is reportedly expressed in neural cells within muscle
tissues (19), we also investigated the immunolocalization of
m-cadherin. The number of m-cadherin-positive cells in the
periphery of myofibers (arrow in Fig. 4B) and in the degener-
ative area (arrows in Fig. 4C) was counted as satellite cells.
M-cadherin-positive cells in the areas interspaced among myo-
fibers (arrows in Fig. 4D) were excluded. In all muscles studied
except the gastrocnemius muscle, the ratio of satellite cells to
the total number of cell nuclei in the muscle tissues was
significantly higher in the mdx mice than in the B10 mice (P <
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0.05 and P < 0.001) (Fig. 4E). In the mdx mice, the percentage
of satellite cells to the total number of cell nuclei in the muscle
tissues in the masseter muscle was ~2.7- to 5.4-fold those in
the other three muscle types (P < 0.01). The correlation
coefficient between the degenerative areas of the skeletal
muscles and the percentage of m-cadherin-positive cells to the
total number of cell nuclei in the muscle tissues in the mdx
mice was —0.411, which was not significantly different from
zero (Fig. 4F).

To investigate the relationship between utrophin expression
and the degree of damage in the mdx skeletal muscles, we
analyzed the expression levels of utrophin mRNA and the
immunolocalization of utrophin (Fig. 5). In all muscles studied,
the mean values of the expression levels for utrophin mRNA
were higher in the mdx mice than in the B10 mice, and the 1.4-
and 3.0-fold increases in the soleus and diaphragm muscles,
respectively, were statistically significant (P < 0.05 and P <
0.001) (Fig. 5A). In the mdx mice, the expression level of
“utrophin mRNA in the diaphragm muscle was ~1.4- to 2.7
fold (P < 0.05 and P < 0.01) the levels in the other three
- muscles, and that in the gastrocnemius muscle was ~2-fold
(P < 0.01) the levels in the masseter and soleus muscles. The
correlation coefficient between the degenerative areas of the
skeletal muscles and the expression levels for utrophin mRINA
in the mdx mice was 0.231, which was not significantly

SATELLITE CELLS AND UTROPHIN IN MDX MUSCLE DAMAGE

different from zero (Fig. 5B). In the B10 mice, immunostaining
for utrophin was sporadically found in the periphery of myo-
fibers (black arrowheads in Fig. 5, C and E). In the mdx
masseter muscle, the periphery (black arrowheads) and the
whole sarcoplasm of regenerative myofibers with central nuclei
were immunostained for utrophin (Fig. 5D). The periphery of
normal masseter myofibers without central nuclei (white ar-
rowheads) was slightly stained, but the sarcoplasm (arrows)
was not stained (Fig. 5D). In the mdx diaphragm muscle,
immunostaining for utrophin was observed in both the whole
sarcoplasm and the periphery of normal and degenerative
myofibers, and the immunostaining in the periphery (sarco-
lemma) of myofibers (black arrowheads) was more intense
than that in the sarcoplasm (Fig. 5F). The immunostaining
patterns for utrophin in the gastrocnemius and soleus muscles
were similar to those in the masseter muscle (data not shown).

DISCUSSION

In the course of skeletal muscle regeneration, quiescent
satellite cells are activated to proliferate, and after several
rounds of proliferation, the majority of satellite cells differen-
tiate and fuse to form new myofibers or to repair damaged
myofibers. We analyzed the expression of pax7 and m-cad-
herin as markers for satellite cells. On the basis of their

B @ Masseter
B (Gastrocnemius v = 468

& Soleus .

X Diaphragm -

~ Fig. 5. A: mRNA expression levels for utro-
. phin in the masseter, gastrocnemius, and di-
aphragm muscles obtained from B10 and
. mdx mice. Each column and vertical bar
 represent the mean * SD of six B10 or mdx
mice. The y-axis values are expressed as a
ratio of the mean value of the B10 masseter
muscle set at 100, *P < 0,05 and ***P <
- 0.001, significant differences between B10
_ and mdx muscles. $P < 0.05 and dbdP <

Utrophin mRNA
(% of B0 masseter value)

Utrophin mRNA

(% of B10 masseter value)

0.01, significant differences among mdx
muscles. B: scatterplot and regression line
between degenerative areas of skeletal mus-
cles and expression levels of utrophin
mRNA in mdx mice. C-F: immunostaining
images for utrophin in the masseter (C and
D) and diaphragm (E and F) muscle tissues
of the B10 (C and E) and mdx (D and F)
mice. Black and white arrowheads in C-F'
indicate immunostaining for utrophin in the
periphery of the myofibers. Arrows in D
indicate sarcoplasm of normal myofibers un-
stained for utrophin. Image shown in E was
obtained at same original magnification as
the one shown in C, and image shown in F/
was obtained at same original magnification
as the one shown in D.
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expression patterns and functions (4, 13, 15, 24), pax7 and
m-cadherin are considered markers for quiescent, activating,
and proliferating satellite cells. In the present study, the ex-
pression level of pax7 mRNA and the percentage of m-
cadherin-positive cells to the total number of cell nuclei in the
muscle tissues in all four muscles studied were greater in the
mdx mice than in the B10 mice (Fig. 3B and 4F), suggesting
that the activation and proliferation processes of muscle satel-
lite cells occur more actively in mdx muscles than in B10
muscles. Reimann et al. (21) reported no significant difference
in the percentage of m-cadherin-positive cells to the total
number of cell nuclei in the soleus muscle between B10 and
mdx mice, which appears to be inconsistent with our present
data. This inconsistency is probably due to the difference in the
age of mice in the present study (6 wk of age) from the ages of
the mice that Reimann et al. (21) studied (~11-14.5 mo of age).
In the mdx mice, we found no significant correlation be-
tween muscle damage and expression level of pax7 (Fig. 3C)
and no correlation between muscle damage and the ratio of
satellite cells to the total number of cell nuclei in the muscle
tissues (Fig. 4F), suggesting that the levels of activation and
proliferation of muscle satellite cells are not correlated with the
degree of damage in mdx skeletal muscles. However, because
the correlation between muscle damage and the ratio of satel-
lite cells to the total number of cell nuclei in the muscle tissues
‘was nearly significant (when the ¢ value for the correlation is
- >>2.07, the correlation is statistically significant; the  value in

_the present study was 2.01), muscle satellite cells seem to be

one of several factors influencing the degree of damage in mdx
skeletal muscles, but not a great influencing factor. Gillis (12)
__proposed the following three factors that can lead to severe
- myofiber damage in the mdx diaphragm muscle: a large pro-
- portion of fast oxidative fibers having a large diameter, lifelong
- sustained activity, and forced lengthening during each contrac-
tion. Further studies are necessary to elucidate the factors that
determine the degree of damage in mdx skeletal muscles other
_than the diaphragm muscle.
In both the B10 and mdx mice, the ratios of m-cadherin-
_ positive cells to the total number of cell nuclei in the muscle
tissues were greatest in the masseter muscles. This result
indicates that the masseter muscle contains the largest pool of
satellite cells, suggesting that the regeneration potential of the
masseter muscle is much larger than that of the other muscles.
If the same situation existed in the mdx muscles before the first
episode of degeneration, it would not be surprising for the mdx
masseter muscle to show much less damage than the mdx
_ diaphragm muscle (Fig. 2E). In the present study, however, a
clear and statistically significant negative correlation between
muscle damage and the percentage of satellite cells could not
be obtained (Fig. 4F). This result is probably due to the
existence of other factors more influential than satellite cells.
Masseter muscle reportedly has several unique characteristics
@3, 5, 17, 26, 28, 32), and to these we may now add the
characteristic of having a large pool of satellite cells and a large
potential for regeneration.
Previous studies have reported that utrophin can functionally
replace dystrophin and that the transgene expression of utro-
phin can prevent muscular dystrophy in mdx mice (2, 7, 30).
Thus we had expected a high negative correlation between
damage to the skeletal muscles and the expression level of
utrophin mRNA in the mdx mice. Contrary to our expectation,

the correlation coefficient between muscle damage and expres-
sion level was low and not significantly different from zero
(Fig. 5B). In particular, the mdx diaphragm muscle exhibited
the highest expression level for utrophin mRNA, although it
was the most severely damaged by dystrophy. To determine
whether upregulated utrophin cannot functionally replace dys-
trophin because it is not incorporated into the sarcolemma
instead of dystrophin, we investigated the immunolocalization
of utrophin (Fig. 5, C-F). Because intense immunostaining for
utrophin was observed in the periphery of mdx myofibers (Fig.
5, D and F), we presumed that it was incorporated into the
sarcolemma. In the present study, the expression level of
utrophin mRNA in the mdx diaphragm muscle was ~1.4- to
2.7-fold the levels in the other three mdx muscles studied (Fig.
54). To obtain complete disappearance of muscle damage,
transgene expression is needed to reach ~11- and 25-fold the
utrophin expression in mdx and normal mice, respectively (22).
Thus it is most likely that the difference in the spontaneous
upregulation of utrophin among different mdx muscles is too
small to produce a difference in the degree of damage among
different mdx muscles.
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SUMMARY Satellite cells are responsible for postnatal growth, hypertrophy, and re-
generation of skeletal muscle. They are normally quiescent, and must be activated to ful-
fill these functions, yet little is known of how this is regulated. As a first step in determining
the role of lipids in this process, we examined the dynamics of sphingomyelin in the plasma
membrane. Sphingomyelin contributes to caveolae/lipid rafts, which act to concentrate
signaling molecules and are also precursors of several bioactive lipids. Proliferating or
differentiated €2C12 muscle cells did not bind lysenin, a sphingomyelin-specific binding

protein, but noncydling reserve cells did. Quiescent satellite cells also bound lysenin, revealing KEY WORDS
high levels of sphingomyelin in their plasma membranes. On activation, however, the levels satellite cell

of sphingomyelin drop, so that lysenin did not label proliferating satellite cells. Although stern cell

most satellite cell progeny differentiate, others stop cycling, maintain Pax7, downregulate skeletal muscle
MyoD, and escape immediate differentiation. Importantly, many of these Pax7 +ve/MyoD-ve activation

cells also regained lysenin binding on their surface, showing that the levels of sphingomyelin regeneration
had again increased. Our observations show that quiescent satellite cells are characterized by sphingolipid
high levels of sphingomyelin in their plasma membranes and that lysenin provides a novel sphingomyelin
marker of myogenic quiescence. (I Histochem Cytochem B:1-10, 2006) lysenin

SKELETAL MUSCLE CONTAINS both differentiated myofibers
and stem cells, termed satellite cells. Myofibers are
long, multinucleated cells specialized for rapid force
generation. Muscle satellite cells are mononucleated
and closely associated with myofibers, being located
within the basal lamina that surrounds each myofiber
(Mauro 1961). Satellite cells are responsible for post-
natal growth, hypertrophy, and repair of skeletal mus-
cle {reviewed in Zammit and Beauchamp (2001)]. In
adult muscle, satellite cells are mitotically quiescent
(Schultz et al. 1978), but can be activated to enter the
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cell cycle and produce myogenic precursor cells that
then differentiate and fuse into multinucleated myo-
tubes or existing myofibers (Snow 1977,1978). The
numbers and replicative capacity of satellite cells are
severely reduced in myopathic conditions such as
Duchenne muscular dystrophy (Schultz and Jaryszak

1985; Webster and Blau 1990) showing the importance Q2

of regulated satellite cell activation for maintaining
functional skeletal muscle.

Signals released from crushed myofibers, invading
macrophages, and connective tissue have been implicated
in the initiation of satellite cell activation (reviewed in
Charge and Rudnicki 2004). However, the molecular
mechanisms responsible for the transduction of such ex-
tracellular signals in satellite cells remain poorly defined
and the potential role of lipid-mediated signaling has
not previously been considered in this context.

Lipids have been recognized to play vital roles in
various cellular functions. For example, phosphatidy!-
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serine is involved in myoblast fusion (van den Eijnde
et al. 2001), and phosphatidylethanolamine is essen-
tial in cytokinesis (Emoto and Umeda 2000). Although
differences in phospholipid composition during myo-
blast differentiation and fusion have been reported (Kent
et al. 1974; Sessions and Horwitz 1983; Anderson 1991;
Pediconi et al. 1992), the dynamics of phospholipid com-
position during satellite cell activation remains unknown.

Sphingomyelin is an integral lipid component of cell
membranes in animals. Although sphingomyelin is lo-
cated in intracellular membranes such as those of the
endosomes, lysosomes, and Golgi apparatus and nu-
cleus, significant amounts are also found in the plasma
membrane [reviewed in van Meer and Holthuis (2000)].
Sphingomyelin in the plasma membrane forms lipid
microdomains with other sphingolipids, cholesterols,
and proteins. It has been suggested that these rafts or
caveolae lipid microdomains facilitate cytoplasmic sig-
naling by acting to concentrate signaling molecules
[reviewed in Simons and Toomre (2000)}. Moreover,
sphingomyelin in the plasma membrane also acts as
a reservoir of bioactive sphingolipids. Sphingomyelin
metabolites, such as ceramide, sphingosine, and sphin-
gosine-1-phosphate, are emerging as important regu-
lators of a variety of cellular events, including cell
proliferation, differentiation, and apoptosis (reviewed
in Ohanian and Ohanian 2001; Spiegel and Milstien,
2003). Despite the importance of these sphingomyelin
metabolites, few studies have attempted to examine
the dynamics of cellular sphingomyelin, and those that
have, have relied on indirect biochemical analysis of
extracted lipids lacking single-cell resolution [e.g., Kent
et al. (1974)}.

In this study, we focus on sphingomyelin levels in the
plasma membrane of myogenic cells using lysenin, a
protein isolated from the earthworm Eisenia foetida
(Sekizawa et al. 1997; reviewed in Kobayashi et al.
2004). Because lysenin binds specifically to sphingo-
myelin (Yamaji et al. 1998), we used it to directly assay
sphingomyelin levels in individual myogenic cells as
they activate from quiescence. We initially used C2 re-
serve cells, which model myogenic cell quiescence
(Yoshida et al. 1998). Lysenin bound selectively to qui-
escent reserve cells, but not cycling and differentiated
cells, indicating sphingomyelin levels fell with activa-
tion. Quiescent satellite cells also had robust lysenin
immunostaining, showing that sphingomyelin levels
were also high on myogenic cells in vivo. During sat-
ellite cell activation and subsequent proliferation,
however, sphingomyelin levels became practically unde-
tectable. Some satellite cells maintained in culture adopt
characteristics consistent with a return to a quiescent-
like state (Zammit et al. 2004). Importantly, many of
these cells also regained lysenin binding, showing that
sphingomyelin levels in their plasma membranes had
increased to levels seen in quiescent satellite cells.

Materials and Methods

Cell Culture

C2C12 myogenic cells (Yaffe and Saxel 1977; Blau et al.
1983) were maintained in growth medium comprising
DMEM (Gibco; Grand Island, NY) containing 20% FBS
(Equitec-Bio; Kerrville, TX), 4 mM ir-glutamine, 100 U/ml
penicillin, and 100 wg/ml streptomycin (Sigma; St. Louis,
MO) at 37C in $% CO;3. To induce differentiation and pro-
duce reserve cells, § X 107 cells were seeded on a 35-mm tissue
culture dish in growth medium, and, 24 hr later, the medium
was replaced with serum-free differentiation medium
(DMEM supplemented with § pg/ml insulin, S pg/ml trans-
ferrin, 5 ng/ml sodium selenite, and 1 mg/mi BSA (Sigma).

To isolate reserve cells from myotubes, C2C12 cells were
cultured in differentiation medium for 4-5 days and then all
cells were detached using with 0.05% trypsin-0.53 mM
EDTA (Gibco; Grand Island, NY) for 5§ min at 37C. Cells
were then plated in fresh 20% FBS/DMEM in new Petri
dishes. After 30 min at 37C, cells were gently rinsed with PBS
to remove floating cells (mostly myotubes) and further cul-
tured in 20% FBS/DMEM.

Phospholipid Analysis

To determine the phospholipid content, 8 X 10° C2C12 cells
were plated per 300-mm tissue culture dish in growth me-
dium, and 24 hr later, the medium was switched to serum-free
differentiation medium. Four days later, reserve cells and
myotubes were separated using a modified version of the
method of Kitzmann et al. (1998). Briefly, cells were rinsed
with PBS containing 0.1 g/liter MgCly/6H,O and 0.13 gfliter
CaClL/2H,0 before incubation with 0.05% trypsin (without
EDTA) at room temperature for 5~10 min. Myotubes detach
under these conditions and were collected. Residual cells re-
mained attached and were then rinsed with PBS and collected
using standard trypsin-EDTA, as detailed previously. Lipids
were then extracted from each fraction according to the
method of Bligh and Dyer (1959) and were separated on a
silica gel 60 TLC plate (Merck; Darmstadt, Germany) using
chloroform/methanol/acetic acid/water (100:75:7:4, v/v).
Lipids were then visualized with iodine vapor and compared
with those of standards before being assayed for phosphorous
content with malachite green reagent (Sigma) (Zhou and
Arthur 1992).

Isolation and Culture of Mouse Myofibers

Single myofibers with associated satellite cells were prepared
as previously described (Rosenblatt et al. 1995). Briefly, adult
{(~8 weeks old) CS7BL/6 mice were killed by cervical dis-
location and the extensor digitorum longus muscle was care-
fully removed. After washing with PBS, the muscles were
immersed in 0.6% Collagenase Type 1 (Worthington Bio-
chemical; Lakewood, NJ) in DMEM and incubated at 38C
for 100 min with agitation. Single myofibers were then liber-
ated from the muscle by repeatedly triturating with a Pasteur
pipette and then washed in several changes of DMEM. For the
analysis of quiescent satellite cells, myofibers were immedi-
ately fixed by the addition of 4% paraformaldehyde/PBS
for 10 min before washing in PBS. To activate the associated
satellite cells, myofibers were cultured in suspension in
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