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Abstract

Background: Cardiac mortality in Duchenne muscular dystrophy (DMD) has recently become important, because risk
of respiratory failure has been reduced due to widespread use of the respirator. The cardiac involvement is characterized
by distinctive electrocardiographic abnormalities or dilated cardiomyopathy, but the pathogenesis has remained obscure.
In research on DMD, Golden retriever-based muscular dystrophy (GRMD) has attracted much attention as an animal
model because it resembles DMD, but GRMD is very difficuit to maintain because of their severe phenotypes. We
therefore established a line of dogs with Beagle-based canine X-linked muscular dystrophy in Japan (CXMD)) and
examined the cardiac involvement.

Methods: The cardiac phenotypes of eight CXMD, and four normal male dogs 2 to 21 months of age were evaluated
using electrocardiography, echocardiography, and histopathological examinations.

Results: Increases in the heart rate and decreases in PQ interval compared to a normal littermate were detected in two
littermate CXMD, dogs at 15 months of age or older. Distinct deep Q-waves and increase in Q/R ratios in leads I, Iil,
and aVF were detected by 6—7 months of age in all CXMD, dogs. In the echocardiogram, one of eight of CXMD, dogs
showed a hyperechoic lesion in the left ventricular posterior wall at 5 months of age, but the rest had not by 6~7 months
of age. The left ventricular function in the echocardiogram indicated no abnormality in all CXMD, dogs by é~7 months
of age. Histopathology revealed myocardial fibrosis, especially in the left ventricular posterobasal wall, in three of eight
CXMD, dogs by 21 months of age.
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Conclusion: Cardiac involvement in CXMD, dogs is milder and has slower progression than that described in GRMD
dogs. The distinct deep Q-waves have been ascribed to myocardial fibrosis in the posterobasal region of the left ventricle,
but our data showed that they precede the lesion on echocardiogram and histopathology. These findings imply that
studies of CXMD, may reveal not only another causative mechanism of the deep Q-waves but also more information on

the pathogenesis in the dystrophin-deficient heart.

Background :
Duchenne muscular dystrophy (DMD) is a common and
lethal genetic disease characterized by progressive muscle
wasting, [t is an X-linked recessive disorder caused by
mutations in the dystuophin gene, which encodes a
cytoskeletal protein, dystrophin [1]. The absence of dys-
trophin is accompanied by a loss of dystrophin-glycopro-
tein complex at the sarcolemnma and results in progressive
degeneration of skeletal and cardiac muscle with fibrotic
tissue replacement and fatty infiltration {2,3]. The onset of
the disease occurs between 2 and 5 years of age, and most
patients die of respiratory or cardiac failure [4,5]. Cardiac
involvernent, which occurs commonly in DMD patients,
has increasingly become an important cause of death
because recent clinical progress has reduced the risk of
death due to respiratory failure [6,7].

Like dystrophin-deficient skeletal muscle, dystrophin-
deficient cardiac muscle is replaced by fibrotic or fatty tis-
sue, especially in the left ventricular posterobasal wall
region [8-11]. Atrophic changes with loss of striation, vac-
uolation, fragmentation, or nudear degeneration in the
myocardium have also been reported [12]. Progressive
involvernent of the left ventricle leads to wall motion
abnormality and results in dilated cardiomyopathy. In
DMD patients, the electrocardiogram (ECG) may show
tall R-waves in the right precordial leads, deep Q-waves in
leads [, aVL, V5-6 or II, III, and aVF [8-13], as well as an
increased heart rate, shortened PQ (PR) interval, conduc-
tion abnormalities or arrhythmias such as sinus arrhyth-
mia, atrial ectopic beats, and ventricular premature
complexes in DMD patients [13-16]. One of the electro-
cardiographic abnormalities, deep Q-waves, has been
considered to be attributable to myocardial fibrosis
[8,9,17]. Echocardiography indicates myocardial thicken-
ing, wall motion abnormalities, enlargement of the left
ventricle, and left ventricular systolic and diastolic dys-
function. Hypokinesis of the posterobasal wall is consist-
ent with the spreading fibrosis and significant decrease in
the internal dimensions of the ventricles [14,15]. There
are, however, many unresolved issues in cardiac involve-
ment, such as the reason why the posterobasilar segment
of the left ventricle is consistently the first lesion, whether
extensive fibrosis involves the conduction system, the
pathogenesis of inappropriate tachycardia or electrocardi-
ographic abnormalities, and whether abnormal smooth
muscle regulation affects the cardiomyopathy [18]. One

way to darify these problems is to study suitable animal
models.

To date, the X-linked muscular dystrophy (mdx) mouse
and the Golden retriever-based muscular dystrophy dog
{GRMD) have been used for elucidation of the pathogen-
esis and development of therapy for DMD. The pheno-
types of GRMD are more similar to DMD than that of the
mdx mouse [19-21], and GRMD also shows similar elec-
trocardiographic findings and progressive cardiomyopa-
thy comparable to the cardiac involvement of DMD
patients [20-23]. In this respect, GRMD is a useful model
to explore cardiac involvement, but GRMD is very difficult
to maintain because of their severe phenotypes. Mild phe-
notypes can be expected in small sized dogs such as Bea-
gle, indicated by the cross-bred study by Valentine et al.
[20]. Moreover, medium-sized Beagle is easy to handle or
raise than GRMD, therefore they have definite advantages
in animal housing or welfare. Therefore, we established a
Beagle-based dog colony named canine X-linked muscu-
lar dystrophy in Japan (CXMDj) [24]. In CXMDy, involve-
ment of the temporalis and limb muscdles is observed from
2 months of age, and macroglossia, dysphagia, drooling,
and joint contracture are apparent from 4 months of age;
the phenotypes of CXMD,; are thus almost comparable to
GRMD [25]. In this study, we investigated the cardiac phe-
notypes in CXMD using electrocardiography, echocardi-
ography, and pathological examinations. Abnormalities
on echocardiogram and cardiac pathology were detected
from 12 months of age; however, the distinct deep Q-
waves in leads II, III, and aVF on ECG were consistently
observed by 6-7 months of age in all CXMD,; dogs exam-
ined. The cardiac phenotypes of CXMD; were identical to
but milder than those of GRMD described in the litera-
ture. Thus, CXMD; may also be a suitable animal model
for elucidation of the above-mentioned problems.

Methods

Animals

We imported frozen GRMD semen and artificially insern-
inated a Beagle bitch. The carriers produced were mated
with unrelated Beagles, and a Beagle-based canine X-
linked muscular dystrophy {CXMD,) breeding colony was
established [24]. In this study, four normal male and eight
affected male dogs of the third generation (G3) between 2
to 21 months of age were examined. All of the affected
and normal dogs were descendents of a single affected
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male, and were part of the CXMD, breeding colony at the
General Animal Research Facility, National Institute of
Neuroscience, National Center of Neurology and Psychia-
try (NCNP) (Tokyo, Japan) or the Chugai Research Inst-
tute for Medical Science, Inc. (Nagano, Japan). The
clinical and histopathological characteristics, except for
cardiac involvement, of CXMD; dogs were recently
described [25]. These dogs were cared for and treated in
accordance with the guidelines provided by the Ethics
Committee for the Treatment of Laboratory Middle-Sized
Animals of the National Institute of Neuroscience, NCNP
{Tokyo, Japan) or the Ethics Committee for Treatment of
Laboratory Animal of Chugai Pharmaceutical Co., Ltd.
(Tokyo, Japan). These studies were also approved by the
Ethics Committee for the Treatment of Laboratory Mid-
dle-Sized Animals of NCNP (approved No. 13-03, 14-03,
15-03, 16-03, 17-03, and 18-03). All experiments were
performed with consideration for preventing unnecessary
pain.

Genotyping of CXMD) allele

Each affected or normal male dog was identified by geno-
typing. A snapback method of single-strand conformation
polymorphism analysis was used to determine the GRMD
allele as described previously [26].

Measurement of serum creatine kinase (CK}

Blood samples were obtained from the cephalic vein at
sacrifice. Serum CK level was measured by colorimetric
assay using a FDC3500 clinical biochemistry analyzer
(FujiFilm Medical Co., Tokyo, Japan).

Electrocardiographic studies

Leads [, IL, III, aVR, aVL and aVF were recorded in the right
lateral recumbency using an ECG-922 electrocardiograph
(Nihon Koden, Tokyo, Japan) [27]. All ECGs were
obtained at a paper speed of 50 mm/sec and calibration of
10 mm/mV. First, the electrocardiography were per-
formed in two CXMD; (III-302MA, 11I-303MA) and one
normal littermate ([II-301MN) dogsat 2, 3, 4,6, 9, 12, 15,
18, and 21 months of age, and the heart rate (HR), inter-
vals of PQ and QRS, and Q/R ratios were measured. How-
ever, in normal control and in CXMD,;, Q waves were not
prominent in leads aVR and aVL, therefore, we measured
the Q/R ratios in leads [, II, Il and aVF. Next, we com-
pared the HR, intervals of PQ and QRS, or Q/R ratios in |,
I, Il and aVF in eight CXMD, and four normal dogs at 6-
7 months of age.

Echocardiographic studies

M-mode and two-dimensional echocardiography was per-
formed using an EUB-8000 echocardiograph (Hitachi
Medical Corporation, Tokyo, Japan). The thickness of the
interventricular septum (IVS) and left ventricular poste-
rior wall (LVPW) at end-diastole, left ventricular internal

http://iwww biomedcentral.com/1471-2261/6/47

dimension at end-diastole {LVIDd) and systole (LVIDs},
and fractional shortening (FS) were examined on normal
and CXMD, dogs using M-mode echocardiography. We
calculated the M-mode parameters based on multiple
measurements of 5 consecutive heart cycles, or 3 or 5 rep-
resentative heart cycles. We examined the parameters
mentioned above and myocardial echogenicity in two
CXMD; (1I-302MA, HI-303MA} and one normal litter-
mate ([[[-301MN) dogs at 2, 3,4, 6,9, 12, 15, 18, and 21
months of age. We also examined the parameters men-
tioned above and myocardial echogenicity in six CXMD;
(III-D53MA, HI-D55MA, III-1803MA, II-D38MA, Il
DO2MA, 1I-DO8MA) and three normal dogs (III-D56MN,
I[I-1804MN, HI-DO3MN) at the time point just before
euthanasia. Among those dogs, myocardial echogenicity
in one CXMD;, (IlI-D02MA) and its normal littermate (11l
DO03MN), and another CXMD, (III-DO8MA) dogs were
also examined at various time points.

Macroscopic and histopathological analyses

All dogs in this study underwent cardiac histological anal-
ysis. After a dog was given an overdose of intravenous
pentobarbital, the whole heart was removed and immedi-
ately fizxed in 15% buffered formalin. Formalin-fixed
hearts were cross-sectioned, and samples were taken from
the right and left ventricles at the apical papillary muscle
and basal levels (each level containing the interventricular
septum, anterior wall, lateral wall, and posterior wall).
The tissue blocks were embedded in paraffin, and 10 pm
sections were stained with hematoxylin and eosin or Mas-
son's trichrome stain. Photographs were taken with a DAS
Mikroskop LEITZ DMRB microscope (Leica, Wetzlar, Ger-
many), using a digital still camera system HC-2500 {Fuji-
Film, Tokyo, Japan).

Statistics

Data are expressed as means +/- SE. Student's ¢ test was
used to evaluate differences between the two groups. A p
value of less than 0.05 was considered to indicate statisti-
cal significance.

Results

Clinical profiles of CXMD,

We recently reported the detailed clinical and histopatho-
logical characteristics of CXMD; except for cardiac pheno-
types [25]. None of the dogs in the present study showed
clinical signs of heart failure, and no murmur was present
on auscultation in any CXMD) dog examined. We evalu-
ated body and heart weight, the ratio of heart to body
weight, and serum CK in eight CXMD; and four normal
male dogs aged 6-21 months just before euthanasia
(Table 1). There were no differences in body and heart
weight and heart/body weight ratio between normal and
CXMD, dogs. Serum CK levels in the CXMD, dogs ranged
from 12,500 to 13 8,000 [U/1. These values were signifi-
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cantly different from those in normal control dogs (60 to
515 IU/1). One 9-month-old CXMD; dog, ITI-D55MA4, did
not show any signs of respiratory or cardiac failure. When
we tried to record a routine ECG of the dog, the dog strug-
gled to escape from recording and then ceased moving.
Immediately afterwards, we recorded ECG and the moni-
tor showed an idioventricular thythm. The dog died
despite attempted cardiopulmonary resuscitation.

Electrocardiographic findings

The HR and PQ intervals of the affected littermates were
no different from those recorded from a normal littermate
at 12 months of age, but we detected an increase in HR
and a decrease in PQ interval in the affected dogs after 15
months of age (Fig. 1A). The HR and PQ intervals were
negatively correlated both in normal and affected dogs
{data not shown). The QRS interval in the affected dogs
did not differ from that in the normal littermate at any age
(Fig. 1A). Prominent deep Q-waves were observed in limb
leads IJ, 11, and aVF in some CXMD; dogs, but not in the
normal littermates, as shown in Fig. 1B. The Q/R ratios
were definitely increased in the affected littermates at 6
months of age or older compared with the normal litter-
mate (Fig. 1C). In all normal and CXMD; dogs at 6-7
months of age, the HR, and intervals of PQ and QRS were
not different between the two groups of dogs (Fig. 24),
but the Q/R ratios in leads II, IIl, and aVF in the affected
dogs were significantly higher than those in the normal
dogs (Fig. 2B).

Echocardiographic findings

The thickness of LVIDd, IVS, and PW in two CXMD; (IlI-
302MA, HI-303MA) were not different from those in a
normal littermate {II-301MN) by sequential analysis
with advancing age (Fig. 3A). Those parameters were not
different between other six CXMD; and three normal dogs,

Table 1: Clinical profiles of normal and CXMD, male dogs

http://www.biomedcentral.com/1471-2261/6/47

when examined just before euthanasia (Table 2). FS in IlI-
302MA decreased with advancing age, and the value
{27.3%) at 21 months of age was lower than that of the
normal littermate, but was within normal range reported
previously [28,29]. FS in the other seven CXMD;were nor-
mal, even just before euthanasia (Table 2). A mild hypok-
inesis of the left ventricular wall was detected in II-
302MA at 21 months of age (Fig. 3B), but any clinical
signs had not been developed in the dog.

The sequential studies of myocardial echogenicity with
advancing age in III-302MA and in III-303MA demon-
strated that the hyperechoic lesions in the left ventricular
posterior wall were seen at 12 months of age or older (Fig.
4A, Table 3). In the subsequent examinations of six
CXMD;, we found the hyperechoic lesion in a CXMD;, HI-
DO08MA, at 5 months of age (Fig. 4B, Table 3), however
the hyperechoic lesion was not detected in other four
CXMDj at 5 to 7 months old (Fig. 4B, Table 3). One
CXMDj, HI-D38MA, did not reveal any hyperechoic
lesions when examined at 12 months of age, but has not
been examined at 5 to 7 months of age (Table 3). Taken
these echocardiographic data, it is considered that the car-
diac functions in CXMD) were basically maintained well
by 21 months of age, despite showing hyperechoic lesions
of the left ventricle in limited numbers of CXMD,.

Macroscopic and histepathological findings

The right and left ventricular walls were examined macro-
scopically and histopathologically in four normal and
eight affected male dogs at the ages shown in Table 1. The
base view of the formalin-fixed heart did not show any
macroscopic lesions in [1I-1803MA at 7 months and III-
302MA at 21 months of age (Fig. 5A) like other affected
dogs (data notshown). No histopathological abnormality
was found in the posterior wall of the left ventricle of

Age {(mo) BW(g) HW(g) HW/BW (%) Serum CK (IU/1)
Normal dogs
11II-D56MN 6 12.0 95.1 0.97 515
-1804MN 7 13.6 110.0 0.81 215
I-DO3MN 14 13.1 127.0 0.84 215
i1-301 MN 21 14.4 120.0 0.96 60
CXMD, dogs
1-D53MA 6 9.6 91.9 0.90 63,100
I-D55MA 7 10.0 80.0 0.80 42,000
ih-1803MA 9 144 1286 0.69 69,100
11-D38MA 12 1.4 788 1.0l 138,000
i1-D02MA 15 91 92.0 0.87 17,600
111-DO8MA 15 12.0 104.3 0.97 40,700
1I-302MA 21 124 120.0 0.86 12,500
11-303MA 21 13.9 120.0 0.80 23,000
BW, body weight; HW, heart weight; HW/BW, heart weight/body weight ratio; * p < 0.01 normal dogs vs CXMD, dogs
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Electrocardiographic findings in CXMD; A: Sequential studies in electrocardiographic parameters with advancing age in
normal and CXMD, dogs. Heart rate (HR) (beats/min), PQ interval {ms), and duration (ms) of QRS complex on ECG in 2 nor-
mal littermate i~ 3&! MN (open circle), and CXMD, dogs IlI-302MA (closed circle) and 11i-303MA (closed square) at 2, 3,4, 6, 9,
12, 15, 18, and 21 months of age. B: Representauve ECGs in normal and CXMD, male dogs. ECGs were recorded from normal
dogs, 1II-301MN and liI-1804MN, and CXMD, dogs, l1l-302MA and 11i-1803MA, at 6 months of age. Distinct deep Q waves were
present in the CXMD, dogs. Leads were recorded at 50 mm/s, | cm/mV. C: Sequential studies in Q/R ratios with advancing age
in limb leads |, I, lll, and aVF in normal and CXMDJ dogs. Q/R ratios in limb leads |, Il I}, and aVF in 2 normal littermate lil-
30IMN {(open circle), and the CXMD, dogs 1-302MA (closed circle) and 11-303MA (closed square} at 2, 3,4, 6, 9, 12, 15, 18,
and 21 months of age.

affected dogs 1-1803MA, III-D55MA, and III-DO2MA  moderate fibrosis in the left ventricular wall, especially on
(Fig. 5B), and other affected dogs under the age of 12 the posterior side, was detected in an affected dog, III-
months (III-D53MA, III-D38MA). On the other hand,  302MA, at 21 months (Fig. 5B) as well as in [II-D08MA at
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Comparison of electrocardiographic parameters and Q/R ratios between normal and CXMD) dogs at 6-7
months of age A. Heart rate (HR) (beats/min), PQ interval (ms), and duration of QRS complex (ms) on ECG in normal (n =
4) and CXMD, (n = 8) dogs at 6—7 months of age. White columns indicate normal dogs, and black columns represent CXMD,
dogs. Bar shows mean +/- SE. B. Q/R ratios in limb leads | (Q/R 1), Il (Q/R I1), Il (Q/R 1il), and aVF (Q/R aVF) on ECG in normal |
{n = 4) and CXMD, (n = 8) dogs at 6~7 months of age. White columns indicate normal dogs, and black columns represent

CXMD, dogs. Bar shows mean +/- SE.
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0 3 6 9 122 15 18 21 mo 0 3 6 9 12 15 18 21 mo

Normal CAMD;
(HI-301MN, 21 mo) (1I-302MA, 21 mo)

Figure 3

Cardiac function by echocardiography in €MD, A: Sequential studies in echocardiographic parameters with advancing
age in normal and CXMD, dogs. LVIDd (mm), IVS and PW thickness (mm}, and FS (%) in a normal lictermate 111-301 MN (open
circle), and the CXMD, dogs HI-302MA (closed circle) and [I1-303MA (closed square) at 2, 3, 4, 6, 9,12, 15, 18, and 2| months
of age. B: M-mode echocardiogram in a normal lictermate H-301MN, compared to the CXMD, dog 11-302MA at 21 menths of
age. Hypokinesis of the left ventricular posterior wall was observed in the CXMD, dog.
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Table 2: Echocardiographic findings in normal and CXMD, male dogs

hitp://www bicmedcentral.com/1471-2261/6/47

Age (mo) LVIDd (mm) LVIDs {mm) VS (mm) PW (mm) FS (%)

Normal male dogs
1H-D56MN 6 342 125 6.6 5.6 63.5
11-1804MN 7 30.7 189 8.2 74 384
1-DO3MN 14 32.8 168 10.0 9.4 48.7
11-301 MN 21 36.1 230 7.0 6.4 36.2

CXMD, male dogs
H-D53MA 6 297 19.7 8.0 72 338
I-DS5MA 7 287 5.4 6.3 6.3 465
1-1803MA 7 325 167 5.8 75 48.5
I-D38MA 12 303 18.8 84 58 378
I-DO2MA IS 275 17.3 9.1 88 37.0
1-Do8MA 15 395 249 59 5.9 369
1-302MA 24 329 239 6.4 6.1 27.3
23.1 6.2 57 386

1-303MA 2! 376

Age, age at examination; LVIDd, LV internal dimension diastolic; LVIDs, LV internal dimension systolic; IVS, intraventricular septum thickness; PW,

posterior wall thickness; FS, fractional shartening

15 months and I1[-303MA at 21 months of age {data not
shown). We found that the right ventricular walls were
kept intact in all CXMD; dogs examined.

Disecussion

In electrocardiographic findings, an increased HR and a
shortened PQ interval have been reported in both DMD
patients [13] and GRMD [22]. These findings were also
observed in CXMD; dogs. Increased sympathetic activity
and decreased parasympathetic activity have been
observed in DMD patients and are associated with disease
progression [30]; therefore, autonomic dysfunction in
dystrophin deficiency might affect these parameters. [t has
been reported that HR is negatively correlated with PQ
interval in normal Beagle dogs and it may be ascribed to a
parasympathetic input at the level of the AV node [31}.
The negative correlation between HR and PQ intervals
was also found in affected dogs, indicating the parasym-
pathetic input was maintained well even in affected dogs
at AV node level. The QRS duration was within normal
limits in the CXMD, dogs, which is compatible with most
cases of DMD [13]. Another peculiar electrocardiographic
finding in DMD is the deep and narrow Q-waves in I, aVL
and V6 or in [f, Il and aVF [10,13,16,32]. CXMD; dogs
also showed prominent Q-waves and increases in the Q/R
ratio in leads II, III, and aVF, findings that are consistent
with those in GRMD [23]. In all CXMD, dogs examined,
the distinct deep Q-waves were recognized by 6-7 months
of age, which is earlier than the other abnormal electrocar-
diographic parameters, and the Q/R ratio in affected dogs
remained high from 6 to 21 months of age. Actually, the

prominent Q-wave and increase in Q/R ratio were also

detected in some of the CXMD, dogs at around 2 months
of age (Fig. 1C), but it is difficult to evaluate the degree of
the Q/R ratio increase before 3 months of age because the

QRS vector is almost exclusively directed to the right and
varies significantly in the weeks after birth [33]. A previ-
ous report described GRMD dogs ranging from 6 months
to > 2 years as having deep Q-waves and increased Q/R
ratios in leads I, III, and aVF [23]. The Q-waves, however,
might have been seen earlier and regarded as normal var-
iants or not have been considered important for the rea-
sons mentioned above.

Hyperechoic lesions indicating myocardial fibrosis in the
posterobasal left ventricular wall have been detected by
echocardiography in GRMD dogs as well as DMD patients
[22,23]. Moise et al. reported that hyperechoic lesions
were first detected in eight of eleven GRMD dogs (73%)
by 6-7 months of age and that they correlated with histo-
logically recognizable areas of mineralization and corre-
sponded to the progression of fibrosis {23]. In our study,
one of eight of CXMD; dogs showed a hyperechoic lesion
in the left ventricular posterior wall, but the rest had not
by the age of 6-7 months (Table 3, Fig. 4). The hypere-
choic lesion in the left ventricular posterior walls was
detected in both HI-302MA and III-303MA, but not early
as 12 months of age (Table 3). The results of echocardiog-
raphy indicated that the cardiac involvernent in CXMDj is
milder than that in GRMD. Echocardiography did not
reveal particular left ventricular dysfunction in any
CXMD; dog by 21 months of age, but a mild hypokinesis
of the left ventricular wall was observed in III-302MA at
21 months of age (Fig. 3B). The dysfunction found in the
dog, however, was mild and the dog had no cardiac symp-
tom. Moise et al. reported that three of the six GRMD dogs
> 2 years of age showed a decrease in fractional shorten-
ing, but did not mention at what age the abnormal cardiac
findings appeared.
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Normal (111-301MN) CXMD; (IH-302MA)

21 mo 6 mo 9mo 12 mo 21 mo

11I-301MN, 6 mo I-D53MA, 6 mo HI-D55MA, 7 mo 1-1803MA, 7 mo HI-DOBMA, 7 mo

Figure 4

Echogenicity in CXMD A: Sequential studies in echogenicity with advancing age by two-dimensional echocardiography in a
normal dog {lI-301 MN, and a CXMD, dog 1I-302MA, at 6-21 months of age. Hyperechoic lesions (arrowheads) of the left ven-
tricular posterior wall were detected in the CXMD, dog at 12 months of age and older.B: Two-dimensional echocardiograms
of a normal dog 111-301 MN at é months of age, and four CXMD, dogs 1l-D53MA, IIlLD55MA, ii-1803MA, and 1I-DO8MA at 6
to 7 months of age. The hyperechoic lesion (arrowhead) was detected only in the left ventricular posterior wall of [Il-DOSMA.

Previous studies of morphology in GRMD showed that  terobasal ventricular wall, similar to that of patients with
myocardial involvement is initially found in the left pos-  DMD [21-23]. Valentine et al. reported that GRMD dogs
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Table 3: Echogenicity of left ventricular posterior wall in normal and CXMD,; male dogs

Manths of age (mo)

2 3 4 S 6 7 8 9 o N 12 13 14 15 16 17 18 19 20 21
Normal dogs
11-D56MN (o
HI-1804MN ) *
H-DO3MN 0 (O] ) ) ) o
Hi-301 MN (O N O N O ) ¢) ) ¢ =) (-
CXMD, dogs
H-D53MA SN
HI-DS5SMA -} *
1HI-1803MA ¢ (O
NI-D38MA (O
H-DO2MA (O] (O] © ) O] Ok
N-DO8MA ) * ) [ N +*

N1-302MA (O e I O (9] ¢)
N1-303MA (O R O] ©) )

o} *) )
) *) (&)

(W

e

Hyperechoic lesion +, positive; -, negative; Asterisk in each CXMD, dog shows age at euthanasia.

at 6.5 months of age had acute severe lesions with focal
myocardial mineralization associated maaophages and
giant cells in the left ventricular papillary muscle and left
ventricular wall [22]. Moreover, GRMD dogs at 12
months of age or older demonstrated prominent myocar-
dial fibrosis in more widespread lesions [22]. The myocar-
dial fibrosis of the left ventricular wall in the older stage of
CXMD; dogs was consistent with that in DMD patients
and GRMD dogs. The change was detected at 15 months
of age or older in the CXMD; (III-DO8MA, III-302MA, and
1-303MA), although [I-DO8MA showed a hyperechoic
lesion at 5 months of age or older (Table 3). The cardiac
involvement in CXMD), therefore, was milder and slowly
progressed than that in GRMD, although a longer period
evaluation of large numbers of CXMD; will be needed to
conclude the mild cardiac phenotypes of CXMD.

Why is the cardiac involvement in CXMD; milder than
that in GRMD? Valentine et al. reported that skeletal mus-
cle involvemnent in small dystrophic dogs was milder than
that in large ones [19]. Several reports on dystrophic fea-
tures have hypothesized that the dinical severity may be
associated with growth rate {34] or musde fiber diameter
[35]. Living in a cage rather than running free could also
affect the cardiac phenotypes of CXMD; because physical
exercise promotes cardiac involvement in dystrophin-
deficient mdx mice [36]. The difference in the genetic
background between GRMD, golden retriever and
CXMD), Beagle might also affect the disease progression.

The prominent deep Q-waves seen in both DMD and
GRMD have been attributed to a reduction in or a loss of
electromotive force caused by scarring of the posterobasal

region of the left ventricle [8,9,17]. In our study, the deep
Q-waves and increases in the Q/R ratio in CXMD; pre-
ceded the lesions seen on echocardiogram and histopa-
thology, as shown in Fig. 6. Considering this result, the
origin of the distinctive Q-waves might not be associated
with the myocardial lesion in the posterobasal left ven-
tricular wall. It has recently been reported that expression
of a transgene in mdx mice for neuronal nitric oxide syn-
thase (nNOS), which occurs as a secondary loss in dys-
trophin deficiency, decreased cardiac inflammation and
fibrosis resulting in amelioration of both cardiac function
and electrocardiographic abnormalities, including deep
Q-waves [37]. Perloff et al. suggested that the alteration of
a particular ionic current by lack of specific membrane
proteins associated with dystrophin might participate in
electrocardiographic changes [17]. We will not therefore
deny that minimal myocardial damage could be associ-
ated with the pathogenesis of deep Q-waves, but our
results suggest that an investigation of the conduction and
cardiovascular systems will also be needed to explore the
pathophysiology of the deep Q-waves in dystrophin-defi-
cient heart. In this regard, CXMD; will be very useful to
elucidate aspects of the dystrophin-deficient heart, but we
may recognize that a longer period of time would be
required to complete cardiac phenotypes in CXMD;.

Conclusion

We demonstrated that the cardiac phenotypes of CXMD;
are comparable to but milder than those of GRMD. Fur-
thermore, we found for the first time that the distinct deep
Q-waves precede detection of the left ventricular postero-
basal lesion by echocardiography or histopathology.
CXMD; may provide not only new insights into the mech-
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H-301MN, 21 mo

Normal

H-1803MA, 7 mo
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H-302MA, 21 mo

CXMD,

H-3010N
2% mo

{H-1803MA
7 mo

H&E

MT

Figure 5

IH-DBE5MA
9 mo

1H-302MA
24 mo

HH-DO2MA,
18 mo

Macroscopic and histopathological findings in CX{MD) hearts A. Macroscopic examinations of the base of the formalin-

fixed hearts of a normal littermate I11-301 MN at 21 months and CXMD, dogs, 1Hl-1803MA at 7 months and 111-302MA at 2|
months of age. *Aortic valve. Bar shows | cm. B. Hematoxylin and eosin (H&E) and Masson's trichrome (MT) staining for his-
topathological evaluation of the left ventricular posterior wall in 2 normal fittermate, Il-30IMN at 21 months and the CXMD,
dogs, ll-1803MA at 7 months, lll-D55MA at 9 months, 11I-D02MA at |5 months, and [1l-302MA at 21 months of age. Posterior
walls of left ventricles of both HI-D55MA and IIl-DO2MA were macroscopically normal (data not shown). Bar shows 200 pm.

anisms causing the abnormal Q-waves but also more
information on the pathogenesis in the dystrophin-defi-
cient heart.
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Abstract

Skeletal muscle regeneration has been exclusively attributed to myogenic precursors, satellite cells. A stem cell-rich fraction referred to
as side population (SP) cells also resides in skeletal muscle, but its roles in muscle regeneration remain unclear. We found that muscle SP
cells could be subdivided into three sub-fractions using CD31 and CD45 markers. The majority of SP cells in normal non-regenerating
muscle expressed CD31 and had endothelial characteristics. However, CD317CD45™ SP cells, which are a minor subpopulation in nor-
mal muscle, actively proliferated upon muscle injury and expressed not only several regulatory genes for muscle regeneration but also
some mesenchymal lineage markers. CD317CD45~ SP cells showed the greatest myogenic potential among three SP sub-fractions,
but indeed revealed mesenchymal potentials in vitro. These SP cells preferentially differentiated into myofibers after intramuscular trans-
plantation in vivo. Qur results revealed the heterogeneity of muscle SP cells and suggest that CD317CD45™ SP cells participate in muscle

regeneration.
© 2006 Elsevier Inc. All rights reserved.

Keywords: Side population cells; Muscle regeneration; Mesenchymal differentiation; Transplantation

Adult skeletal muscles have a remarkable ability to
regenerate following muscle damage. This regeneration
has been attributed to satellite cells that reside between
the sarcolemma and the basal lamina. Satellite cells are qui-
escent mononucleated cells in normal conditions, however,
in response to muscle damage, they become activated, pro-
liferate, and then exit the cell cycle either to renew the qui-
escent satellite cell pool or to differentiate into mature
myofibers. Thus, they have been considered to be the myo-
genic precursor cells that give rise to myoblasts and the sole
source of adult myogenic cells [1]. ,

In 1998, Ferrari et al. [2] have demonstrated for the first
time that bone marrow (BM)-derived cells contribute to the
skeletal muscle after BM transplantation. Side population
(SP) cells were first identified in bone marrow based on
the ability to exclude Hoechst 33342 dye as an enriched

* Corresponding author. Fax: +81 42 346 1750.
E-mail address: takeda@ncnp.go.jp (S. Takeda).

0006-291X/3 - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/5.bbrc.2006.01.037

fraction of hematopoietic stem cells (HSCs) [3], later, it
has been reported that they also participate in muscle
regeneration [4]. Studies using whole BM cells showed that
BM-derived mononucleated cells display several character-
istics of satellite cells, suggesting that donor-derived BM
cells contribute to muscle fibers in a stepwise biological
progression {5,6]. However, using single HSC transplanta-
tion experiment, Camargo et al. [7] suggested that cells
committed to the myeloid lineage contribute to muscle
through fusion event. Therefore, multiple mechanisms
underlay contribution of BM-derived cells to skeletal mus-
cle regeneration.

SP cells have been also identified in skeletal muscle [4].
Muscle SP cells cannot only reconstitute the hematopoi-
etic system of lethally irradiated mice [4,8], but also dif-
ferentiate into skeletal muscle cells [4,9]. Furthermore,
they have been reported to participate in vascular regen-
eration [10]. Several lines of evidence suggest that muscle
SP cells are a cell population distinct from satellite cells
[9,11-13]. While muscle SP cells possess these attractive
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features, they have been reported to be heterogeneous
population. In fact, muscle SP cells contain both
CD45% and CD45~ cells, and hematopoietic potential
has been exclusively found in CD45" fraction [8,9] As
regards the myogenic potential, both CD45% and
CD45™ fractions have been shown to differentiate into
skeletal muscle cells [9,14], but there is no comparative
study dealing with subpopulation of muscle SP cells dur-
ing muscle regeneration.

In the present study, we have further divided muscle SP
cells into three sub-fractions using CD31 and CD45, exam-
ined the properties of each sub-fraction, and identified a
novel subpopulation (CD317CD45™ SP cells) that showed
the greatest myogenic potential both in vitro and in vivo.
These results provide a new insight for stem cell-based ther-
apy of muscular dystrophy.

Materials and methods

Animals. All procedures using experimental animals were approved by
the Experimental Animal Care and Use Committee at the National
Institute of Neuroscience. Eight- to ten-week-old C57BL/6 mice were
purchased from Nihon CLEA (Japan). GFP Tg mice were provided by
Dr. M. Okabe {Osaka University) and used in cell transplantation
experiments. NOD/scid mice provided by the Institute for Experimental
Animals, Japan, were used as recipients.

To induce muscle regeneration, 100 pl of CTX (10 uM in saline,
Wako Chemicals) was injected into the tibialis anterior (TA) muscle with
a 29-gauge needle. In FACS analysis experiments, CTX was injected into
TA (50 ul), gastrocnemius (50 pl), and quadriceps femoris muscles
(25 ul).

BM transplantation was performed as previously described [14]. Mice
were subjected to analysis 12 weeks after transplantation.

Antibodies. Mouse Berp-1 cDNA was provided by Dr. A.H. Schinkel
[15] A DNA fragment corresponding to cytoplasmic domain of Berpl,
amino acids 300-337, was fused to GST in a pGEX-4T-2 vector (Amer-
sham Biosciences), and the fusion protein was used to immunize rabbits.
The serum obtained was affinity-purified. Other antibodies used in these
studies are listed in Table S1.

Cell preparation and FACS analysis. Muscle-derived mononucleated
cells were prepared from C57BL/6 mice, GFP Tg mice, or GFP-BM
transplanted mice as previously described [14]. Hoechst staining was
performed as described by Goodell et al. (http//www.bcm.tme.edu/
genetherapy/goodell/new_site/protocols.html). Cells were re-suspended
at 10°cells per m! in DMEM (Invitrogen) containing 2% FBS (Trace
Biosciences), 10 mM Hepes, and 5 pg/ml Hoechst 33342 (Sigma), and
incubated for 90 min at 37 °C in the presence or the absence of 50 pM
verapamil (Sigma). During incubation, cells were mixed 3-4 times. For
analysis of Ac-LDL uptake, 10 pg/ml Dil-labeled Ac-LDL (Biomedical
Technologies) was added. After antibody staining, cells were re-sus-
pended in PBS containing 2.5% FBS and 2 ug/ml propidium iodide
(PI) (BD PharMingen). Cell sorting was performed on a FACS
VantageSE flow cytometer (BD Biosciences). Debris and dead cells
were excluded by forward scatter, side scatter, and PI gating. Cell
viability after staining and sorting was comparable to that previously
reported [14].

RNA extraction and RT-PCR. Total RNA was extracted from 1 x 10*
FACS sorted cells by using a RNeasy Micro Kit (Qiagen) and then reverse
transcribed into cDNA by using TagMan Reverse Transcription Reagents
(Roche). The PCRs were performed with 1 il cDNA product under the
following cycling conditions: 94 °C for 3 min followed by 40 cycles of
amplification (94 °C for 15 s, 60 °C for 30 s, and 72 °C for 30 s) with a final
incubation at 72 °C for 5 min. Specific primer sequences used for PCR are
available on request.

Cell culture. SP cells were cultured alone with growth medium (GM);
DMEM containing 20% FBS and 2.5ng/ml bFGF (Invitrogen) in
chamber slides (Nalge Nunc) coated with Matrigel (BD Biosciences) for 3-
5 days. For osteogenic differentiation, the medium was changed to a dif-
ferentiation medium (DM), 5% horse serum in DMEM supplemented with
or without 500 ng/ml recombinant human BMP2 (R&D Systems), and
cultured for 4-6 days. For adipogenic differentiation, cells were exposed to
3 cycles of 3 days of adipogenic induction medium (Cambrex Bioscience)
followed by 1 day of adipogenic maintenance medium (Cambrex Biosci-
ence) and then cells were maintained for five more days in the adipogenic
maintenance medium. Alkaline phosphatase (AP) was stained using Sigma
kit #85 according to the manufacturer’s instructions. To stain lipids, cells
were fixed in 10% formalin, rinsed in water and then 60% isopropanol,
stained with Oil red O in 60% isopropanol, and rinsed in water. For
myogenic differentiation, muSP-31, muSP-45, or muSP-DN purified from
GFP Tg mice were co-cultured with myoblasts prepared from C57BL/6
mice as previously described [16,17] in GM. DM was supplied 3-5 days
after starting co-culture.

Osteogenic activity and myotube-forming activity were determined by
the following formulas: osteogenic activity = [the number of AP™ cells in
seven randomly selected fields (corresponding to one-tenth of the whole
area of the well)/(the number of seeded cells) and myotube-forming
activity = (the number of GFP* myotubes in seven randomly selected
fields)/(the number of seeded cells). In order to measure the extent of
adipogenic differentiation, stained oil droplets were extracted for 5 min
with 100 pl of 4% Nonidet P40 in isopropanol, and the absorbance of the
dye-triglyceride complex was measured at 520 nm [18]; then, adipogenic
activity was determined by the following formula: (the absorbance at
520 nm)/(the number of seeded cells).

Intramuscular transplantation experiments. muSP-DN or muSP-31 cells
were purified from GFP Tg mice and were injected directly into the TA
mauscles of NOD/scid mice. One day before transplantation, host TA
muscles were treated with CTX. The number of transplanted cells is
indicated in Table 1. Three weeks after transplantation, TA muscles were
excised and fixed in 4% PFA for 30 min, immersed sequentially in 10%
sucrose/PBS and 20% sucrose/PBS, and frozen in isopentane cooled with
liquid nitrogen.

Immunohistochemistry. FACS sorted cells were collected by Cytospin3
(ThermoShandon). Cells were fixed with 4% PFA for 5 min. Frozen
muscle tissues were sectioned using a cryostat. Specimens were blocked
with 5% goat serum (Cedarlane) in PBS for 15 min and incubated with
primary antibodies at 4 °C overnight, followed by secondary staining.
Stained cells were mounted in Vectashield with DAPI (Vector) and pho-
tographed using a fluorescence microscope IX70 (OLYMPUS) equipped
with a QuantixTM air-cooled CCD camera (Photometrics) and IP Lab
software (Scanalytics Inc.). Stained muscle sections were counterstained
with TOTO-3 (1:5000; Molecular Probes), then mounted in Vectashield
(Vector), and observed under the confocal laser scanning microscope
system TCSSP (Leica).

Statistics. Values were expressed as means =+ SD or = SEM. Statistical
significance was assessed by Student’s 7 test. In comparison of more than
two groups, one-way analysis of variance (ANOVA) followed by the
Fisher’s PLSD was used. A probability of less than 5% (P < 0.05) or 1%
(P <0.01) was considered statistically significant.

Table 1
Appearance of GFP* myofibers after intramuscular transplantation

Cell type Experiment Number of injected Number of GFP

No. cells/TA muscle myofibers/TA muscle
muSP-DN cells Ex. 1 1.7 x 10° 14

Ex. 2 2.5x% 10° 9

Ex. 3 2.5x% 10° 0
muSP-31 cells  Ex. 1 1.6 x 10* 3

Ex. 2 1.6x 10° 0

Ex. 3 1.6 x 10° 0
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Results

Most muscle SP cells are found in a subset of capillary or
vein endothelial cells in non-regenerating skeletal muscle

We identified verapamil-sensitive SP cells in skeletal
muscle after Hoechst staining (Fig. 1A) and analyzed the
expression of several markers on them. The majority of
muscle SP cells were CD317, usually recognized as a mark-
er of endothelial cells (Figs. 1B-E), and negative for a pan-
hematopoietic marker, CD45 (Fig. 1B). More than half of
muscle SP cells were CD34™, and Sca-1" cells comprised
90% of muscle SP cells (Figs. 1C and D). Compared to
FACS profiles of whole-muscle-derived cells, SP cells were
enriched in Sca-17 cells (Fig. S1). More than 85% of muscle
SP cells were CD31% and took up acetylated low-density
lipoprotein (Ac-LDL), a functional marker for endothelial
cells and macrophages (Fig. 1E). These results indicate that
most muscle SP cells have endothelial characteristics. Only
cells in the main population (MP) were found to be Pax7",
indicating that SP cells do not include muscle satellite cells
(data not shown).

To examine the localization of muscle SP cells, we gen-
erated a rabbit polyclonal anti-mouse Berpl antibody,
because it has been reported that Berpl is the major deter-
minant of the SP phenotype [19]. Our antibody clearly rec-
ognized Berpl expression in liver, small intestine, and
kidney, as previously reported (Fig. S2) [20,21]. We con-
firmed that Berpl antibody recognizes more than 80% of
SP cells and less than 3% of MP cells collected by cytospin
(Figs. 1F and G). In skeletal muscle, Berpl™® cells were
found outside the muscle basal lamina (Fig. 1H), which
clearly distinguished Berpl™ cells from satellite cells. Next,
Berpl expression in the vascular system was investigated.
CD31 staining identified all endothelia from larger vessels
to capillaries in muscle sections. Intriguingly, Berpl was
expressed by CD3l-expressing endothelial cells, and its
expression was preferentially observed on a subpopulation
of capillary endothelium (Figs. 1I-K) and venous endothe-
lium surrounded by thin vessel walls, as revealed by
a-smooth muscle actin («SMA) expression (Figs. 1L-N).
These results, together with the results of FACS analysis,
strongly suggest that the majority of muscle SP cells are a
subset of endothelial cells present in capillaries or veins in
non-regenerating skeletal muscle.

Behavior of muscle SP cells during muscle regeneration

We next examined the kinetics of SP cells during muscle
regeneration induced by injection of cardiotoxin (CTX).
After CTX injection, the total number of mononuclear cells
per muscle weight gradually increased, with a peak at day
3. The number of SP cells also increased and reached its
peak at day 3 (Fig. 2A). Muscle SP cells could be divided
into three subpopulations based on CD31 and CD45
expression: CD31"CD45~ SP cells (designated muSP-31
cells), CD317CD45" SP cells (muSP-45 cells), and

CD317CD45~ SP cells (muSP-DN cells). muSP-31 cells
and muSP-DN cells distributed throughout the SP tail,
but muSP-45 cells were located close to the shoulder {data
not shown). The majority of muscle SP cells in untreated
muscle were muSP-31 cells (Fig. 1B). During regeneration,
however, muSP-45 cells and muSP-DN cells increased in
both their ratios and their numbers (Figs. 2B and C).
Although CD45™ cells were abundant in whole muscle-de-
rived cells during regeneration and most of them were F4/
80 antigen-positive mature macrophages, SP cells did not
contain any mature inflammatory cells, as previously
reported (data not shown) [14].

To clarify the origin of each subpopulation of SP cells,
BM transplantation experiments were performed. We con-
firmed that muSP-45 cells were mobilized from bone marrow
as previously reported (Figs. 3A and B) [14]. In contrast,
both CD45™ SP fractions are residents of skeletal muscle
(Figs. 3A and B), consistent with the results reported by Riv-
ier et al. [22).

Next, to determine whether each subpopulation of SP
cells proliferates in damaged muscle, cells were stained with
Ki67 antibody. Most muSP-45 cells (Figs. 3C and D) and
muSP-31 cells (Figs. 3G and H) prepared from regenerat-
ing muscle were negative for Ki67, suggesting that the pro-
liferation activities of these two fractions were low. On the
other hand, about 60% of muSP-DN cells were positive for
Ki67 (Figs. 3E and F), indicating that muSP-DN cells
actively proliferated during muscle regeneration.

We next examined Berpl expression on three sub-frac-
tionated SP cells and found that only muSP-31 cells were
Berpl-positive (Fig. 3K). These resulis suggest that some
ABC transporters other than Berpl are responsible for
the phenotype of CD31™ SP cells.

Gene expression of muscle SP cells during muscle
regeneration

Our analysis revealed that each subpopulation of SP
cells showed distinct kinetics during muscle regeneration.
To better understand the traits of muscle SP cells, we ana-
lyzed gene expression during muscle regeneration. Three
subpopulations of SP cells (in following experiments,
muSP-45 cells from untreated muscle were omitted because
of their low yield) or MP cells were collected from each
time point during muscle regeneration, and RT-PCR was
performed. We chose several myogenic (Pax3, Pax7, and
myf5), endothelial (Tie2, Flkl, and vWF), and mesoder-
mal-mesenchymal-associated (aSMA, PPARy, Runx2,
PDGFRu, and PDGFRp) genes to clarify lineage character-
istics of the target cells. We also examined expression of
genes of developmental regulators (msxl, Frizzledd
(Fzd4), Patchedl (Ptcl), and BMPRIA), angiogenic factors
(angiopoietin-1 (angl) and VEGF), and TGF-p superfamily
antagonists (follistatin and DAN). muSP-DN cells from
untreated muscles expressed only PDGFRf, Ptcl, angl,
Jfollistatin, and DAN (Fig. 4, cont, lane 1). Neither myogen-
ic nor other lineage-specific markers could be detected in
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Fig. 1. Characterization of skeletal muscle SP cells. (A) Flow cytometric analysis of muscle-derived mononucleated cells after Hoechst 33342 staining with
{lower panel) or without Verapamil (upper panel). The numbers indicate the percentage of SP cells (blue pentagons) in all mononucleated cells. (B-E) The
expression of CD45 (B), CD34 (C), Sca-1 (D), and Dil-Ac-LDL uptake (E), and CD31 (B-E) on muscle SP cells. The percentage of cells in each quadrant
is shown in the panel. (F,G) Immunoffuorescent staining for Berpl (green) and DAPI counterstaining (blue) of freshly sorted SP (F) and MP (G) cells.
Immunofiluorescent staining for Berpl (green) and laminin o2 chain (red) (H), Berpl (green) and CD31 (red) (I-K), and Berpl (green) and a-smooth
muscle actin (red) (L-N). TOTO-3 nuclear staining is shown in merged images (blue in H, K, and N). Berpl-positive cells are located outside the basal
lamina (arrow), and they are partially overlapped with endothelial cells of capillary (I-K) and vein (1-N). Bars: 50 um in (F,G), 20 pm in (H-N).
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Fig. 2. Behavior of subpopulations of SP cells during muscle regeneration. (A) At 1 day (1d), 2 days (2d), 3 days (3d), 5 days (5d), and 7 days (7d) after
CTX injection, the number of total cells (pink line) and SP cells (blue line) per gram of muscle weight was quantified. (B) At 3 days (3d), 5 days (5d), and 7
days (7d) after CTX injection, muscle SP cells prepared from regenerating muscle were analyzed for CD31 and CD45 expression. (C) Cell numbers in
subpopulations of SP cells. muSP-45 cells (light blue bar) and muSP-DN cells (dark red bar) were significantly increased in number during muscle
regeneration. Values (A,C) are the average of three independent experiments. Error bars represent SD.

this population indicating that muSP-DN cells do not con-
tain cells committed to the lineages tested. At day 3 after
CTX injection, muSP-DN cells began to express develop-
mental regulator genes (Fig. 4, 3d, lane 1), and then at
day 5, they also began to express several other lineage-spe-
cific genes (Tie2, aSMA, PPARy, and Runx2). Angiogenic
factors and TGF-B superfamily antagonists were also
strongly expressed at this time point (Fig. 4, 5d, lane 1). In
contrast, muSP-31 cells continuously expressed all three
endothelial genes analyzed throughout the regeneration pro-
cess (Fig. 4, lane 2). Expression of mature endothelial mark-
er, such as vWF, suggests that muSP-31 cells represent
committed endothelial cells. muSP-45 cells expressed only
low levels of aSMA, PDGFRf, and follistatin at day 5 after
CTX injection (Fig. 4, lane 3). Myogenic markers, Pax7
and myf3, were detected only in the MP fraction (Fig. 4,
MP) indicating ‘that myogenic cells are completely sorted
into the MP fraction even during the process of muscle
regeneration.

Differentiation potential of muscle SP cells for mesenchymal
lineages

muSP-DN cells showed a unique gene expression pat-
tern during muscle regeneration process: they began to
express several mesenchymal genes at a late phase of mus-
cle regeneration. Therefore, we examined the mesenchymal

potentials of muscle SP subpopulations. muSP-DN cells
from untreated muscle readily gave rise to alkaline phos-
phatase {AP)-positive cells when cultured in the presence
of bone morphogenetic protein 2 (BMP2) (Figs. 5A and
C). With adipogenic induction, they also differentiated into
adipocytes containing numerous lipid droplets in the cyto-
plasm (Figs. SA and D). Reflecting the results of gene
expression analysis, muSP-DN cells from regenerating
muscle more efficiently differentiated into osteogenic cells
and adipocytes than those from untreated muscle did (Figs.
5B-D). Unexpectedly, muSP-DN cells from regenerating
muscle also differentiated into adipocytes without adipo-
genic induction (Figs. 5B and D), suggesting that they
are susceptible to adipogenesis under our culture condition.
In contrast, muSP-31 cells did not possess these differenti-
ation potentials (Figs. 5A-D). Nor did muSP-45 cells,
which were dramatically mobilized from BM into regener-
ating muscle (Figs. 5B-D). The attribute of differentiation
potential is therefore a feature of muSP-DN.

Mpyogenic potential of muscle SP cells in vitro

We next evaluated the myogenic potential of muscle SP
cells in vitro. When SP cells were cultured alone, they never
differentiated into skeletal muscle cells (data not shown).
Each subpopulation of SP cells was prepared from GFP
Tg mice and co-cultured with wild type (WT) primary
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Fig. 3. Origin, proliferative activity, and Berpl expression of subpopulations of muscle SP cells. (A,B) C57BL/6 mice were transplanted with whole BM
from GFP Tg mice, and 3 months later, SP cells from untreated muscle (A) or regenerating muscle (3 days after CTX injection) (B) were further analyzed
for CD31, CD45, and GFP expression. Note that CD45™ SP cells (middle and lower panels) are almost all negative for GFP, indicating that they do not
originate from BM. In contrast, more than 90% of muSP-45 cells were GFP* (upper panels). (C-H) Ki67 expression (green) and nuclei stained with DAPI
(blue) on muSP-45 (C,D), muSP-DN (E,F), and muSP-31 (G,H) cells. The percentages of Ki67-positive cells were expressed as means & SD of three
independent experiments. muSP-45 (I), muSP-DN (J), and muSP-31 (K) were sorted from regenerating muscle and stained for Berpl (green) and nuclei

(blue). Only muSP-31 cells were stained positive for Berpl (K). Bar: 50 um.

myoblasts derived from satellite cells. muSP-DN cells
from untreated muscle rapidly proliferated in vitro as
observed in regenerating muscle (Fig. 2C). On the contrary,
muSP-31 cells hardly expanded. After 2-3 weeks co-cul-
ture, both muSP-DN cells and muSP-31 cells differentiated
not only into multinucleated myotubes co-expressing
GFP and sarcomeric-a-actinin (Figs. 5E-G, only muSP-
DN culture is shown) but also mononucleated myocytes
(shown in insets). The frequency of mononucleated

myocytes was too low to quantify, but existence of these
cells suggests that myogenic differentiation of SP cells could
occur without fusion. Strikingly, the myotube-forming
activity (the frequency of GFP' myotubes, see Materials
and methods for details) of muSP-DN cells was approxi-
mately 10-fold that of muSP-31 cells (Fig. 5H, lane for
cont, 0.026 & 0.007 vs 0.002 £ 0.001). In the experiments
using SP cells from regenerating muscle at 3 days after
CTX injection, muSP-DN cells showed the highest
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