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Duchenne muscular dystrophy (DMD) is a lethal disorder of skeletal muscle caused by mutations in
the dystrophin gene. Adeno-associated virus (AAV) vector-mediated gene therapy is a promising
approach to the disease. Although a rod-truncated microdystrophin gene has been proven to
ameliorate dystrophic phenotypes, the level of microdystrophin expression required for effective
gene therapy by an AAV vector has not been determined yet. Here, we constructed a recombinant
AAV type 2 vector, AAV2-MCKACS1, expressing microdystrophin (ACS1) under the control of a
muscle-specific MCK promoter and injected it into TA muscles of 10-day-old and 5-week-old mdx
mice. AAV2-MCKACS1-mediated gene transfer into 5-week-old mdx muscle resulted in extensive
and long-term expression of microdystrophin and significantly improved force generation.
Interestingly, 10-day-old injected muscle expressed microdystrophin in a limited number of
myofibers but showed hypertrophy of microdystrophin-positive muscle fibers and considerable
recovery of contractile force, Thus, we concluded that AAV2-MCKACS1 could be a powerful tool
for gene therapy of DMD.

Key Words: Duchenne muscular dystrophy, gene therapy, adeno-associated virus vector,
dystrophin, microdystrophin, skeletal muscle, mdx mouse, hypertrophy

ARTICLE

INTRODUCTION

Duchenne muscular dystrophy (DMD) is an X-linked,
lethal disorder of skeletal muscle caused by mutations
in the dystrophin gene. There is no effective treatment
for the disease at present, although gene therapy
could be an attractive approach to the disease.
Several methods of gene transfer have been tried for
the treatment of dystrophin-deficient muscular dys-
trophy: naked plasmid injection [1], full-length dystro-
phin ¢cDNA transfer via a gutted adenovirus vector [2,3],
forced splicing using oligonucleotides [4], and gene
repair by a chimeric RNA/DNA oligonucleotide [5].
Among several gene transfer methods, an adeno-asso-
ciated virus (AAV) vector-mediated gene transfer is one
of the most promising approaches to DMD because
AAV vectors have been shown to evoke minimal
immune responses and mediate long-term transgene
expression in skeletal muscle [6-8]. Since the capacity

of an AAV vector to incorporate an exogenous gene is
limited to 4.9 kb, several groups have attempted to
truncate the 14-kb dystrophin cDNA to obtain func-
tional microdystrophins to be inserted into AAV vectors
{9-13]. We previously constructed three rod-truncated
microdystrophins and generated transgenic mdx mice
expressing these microdystrophins. Among the three
microdystrophins tested, only the 4.9-kb microdystro-
phin CS1 completely prevented muscle degeneration of
dystrophin-deficient mdx mice [14]. Based on this
result, we generated an AAV vector carrying ACS1
microdystrophin c¢cDNA, a modified version of CS1
¢DNA, and injected the vectors (designated AAV2-
MCKACS]1) directly into both 10-day-old and 5-week-
old mdx muscles. In this study, we demonstrate that
AAV vector-injected mdx muscles showed functional
recovery even 24 weeks after treatment. Surprisingly,
when introduced into neonatal muscle, microdystro-
phin expression in a relatively small percentage of
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muscle fibers dramatically improved the contractile
properties of dystrophic muscle. This improvement in
contractile force was thought to be achieved by hyper-
trophied microdystrophin-positive muscle fibers.

RESULTS

Construction of an AAV-2 Vector Carrying
Microdystrophin ACS1

We constructed an AAV-2 vector encoding microdystro-
phin ACS1 under the control of a truncated, muscle-
specific creatine kinase (MCK) promoter [15]. We design-
ated this recombinant AAV vector AAV2-MCKACS1. C51,
which has the N-terminal, actin-binding domain, four
rod repeats and three hinges, the cysteine-rich domain,
and the C-terminal domain, effectively rescued dystro-
phic phenotypes when introduced as a transgene [14]. To
shorten CS1 cDNA (4.9 kb) further, we deleted the 5" and
3 untranslated regions (UTRs) and exons 71-78 (alter-
native splicing regions of dystrophin mRNA} by PCR
techniques. We named the resultant 3.8-kb ¢cDNA ACS1
(Fig. 1).

Expression of ACS1 Microdystrophin at the
Sarcolemma after AAVZ-MCKACS1-Mediated Gene
Transfer into mdx Muscle

We injected AAVZ-MCKACS1 into tibialis anterior (TA)
muscles of 10-day-old and 5-week-old dystrophin-defi-
cient mdx mice (7.5 x 10'° vector genomes (vg) for
neonatal muscle; 2.5 x 10'! vg for young muscle). In a
natural course, 10-day-old ntdx muscle shows no obvious
dystrophic changes, while 5-week-old mdx muscle shows
active cycles of the degeneration-regeneration process.
We also analyzed contralateral TA muscles from the
treated mdx mice and TA muscles from age-matched

FiG. 1. Diagrams of human full-length dystrophin,
minidystrophin, and microdystrephin ¢DNAs (CS1,
ACS1) and AAVZ-MCKACS1. (A) Full-length dystro-
phin has the N-terminal, actin-binding domain,

full-length dystrophin

C57BL/10 (B10) mice as controls. When examined at 8
and 24 weeks after AAV2-MCKACS1 injection, ACS1 had
correctly localized at the sarcolemma (Figs. 2A and 2C).
Western blot using a dystrophin antibody showed a band
of the expected size (138 kDa) in the AAV vector-injected
mdx muscles (Fig. 2G). Most of the ACS1-positive fibers
were peripherally nucleated when AAV2-MCKACS1 was
injected into 10-day-old mdx muscles (Figs. 2A and 2B).
In contrast, we observed both centrally and peripherally
nucleated fibers when the vectors were injected into 5-
week-old mdx muscle (Figs. 2C and 2D). The mean
percentages of ACS1-positive fibers were 22.2 + 11.4%
at 8 weeks and 16.5 + 7.0% at 24 weeks after injection at
10 days of age (Fig. 2E). When injected at 5 weeks of age,
the mean percentages of dystrophin-positive fibers were
39.2 + 15.8% at 8 weeks and 51.5 + 17.3% at 24 weeks
after vector injection (Fig. 2F). Next, we quantified the
amount of ACS1 protein by immunoblotting, The
amount of microdystrophin protein in the AAV-injected
mdx muscles at 10 days of age was 12.7 = 8.4% of that of
full-length dystrophin in B10 muscle at 8 weeks (data not
shown) and 9.2 + 1.4% at 24 weeks after injection (Fig.
2G). When we injected AAV2-MCKACS1 into 5-week-old
mdx muscles, the amount was 32.6 = 8.0% of that of B10
muscle at 8 weeks and 39.8 + 7.0% at 24 weeks after
injection (data not shown).

AAV Vector-Mediated ACS1 Expression Ameliorated
Dystrophic Phenotypes at 24 Weeks after Injection

When we analyzed medx muscles treated at 10 days of age
at 24 weeks after vector injection, only a small percentage
of the ACS1-positive fibers (12.5 + 7.8%) had central
nuclei compared with untreated mdx muscle fibers (Fig.
3A), suggesting the protective function of ACS1 against
muscle degeneration. In contrast, the percentage of

central rod domain with 24 rod repeats and four
hinges, cysteine-rich domain, and C-terminal domain,
Minidystraphin, which was clened from a mild Becker
patient and reported previously, is shown as a
reference [28]. CS1 has the N-terminal domain, a
shortened version of the central rod domain with 4
rod repeats and three hinges, the cysteine-rich
domain, and the C.erminal domain [14], To incor-
perate microdystrophin C$T cDNA into the AAV2
vector plasmid, we deleted the 3' and 5" untranslated
regions and exons 71-78 from CS1 c¢DNA. The
resultant ACS]1 ¢DNA is 3.8 kb Jong. The number of
the rod repeats or hinges is shown inside the squares. B
(B) Structure of the AAV2 vector expressing ACS1.

206 bp

o i . . cDNA

actin-binding domain cysteine-rich domain
L HEN:SREEERRRNEERENEN : DREEE "0 14 kb

: Tod domain ! C-terminal domain
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6.4 kb
4.9 kb
B hinge

D rod repeat 2.8 kb
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ACS1 ¢DNA was incorporated into the AAV2 vector
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plasmid downstream of the truncated muscle-specific
MCK promoter [15].
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FIG. 2. ACS1 expression after AAV vector-mediated gene transfer into skeleta! muscles of dystrophin-deficient mdx mice, AAV2-MCKACS1 was infected into TA
muscles of rmdx mice at (A, B, E} 10 days or at (C, D, F) 5 weeks of age and the muscles were analyzed at 8 or 24 weeks after injection. (A-D} Histological analysis
of AAV-injected muscles 24 weeks after AAV injection. Immuncfluorescence using a dystrophin antibody (A, C) and H&E staining of serial sections (B, D) is
shown. ACS1 is correctly ocalized at the sarcolemma (A, C). Most ACS1-positive fibers (+) showed peripherally located nuclei, and their fiber diameters were
relatively larger than ACS1-negative fibers (+) in the muscles injected at 10 days of age (A, B). In contrast to the muscles injected at the neonatal stage, many
centrally nucleated fibers {+) coexist with peripherally nucleated fibers (+) in the muscles injected with the AAV vectors at 5 weeks of age (D). In (A and C), nuclei
were stained with TOTO-3 (blue). Bar, 50 urn. (E, F) The percentage of ACS1-positive fibers among all fibers of the injected mdx muscle, The means (black circles)
are indicated + SD (bars}. The percentage of ACS1-paositive fibers in muscles injected at 5 weeks of age {F} was higher than in the muscles injected at 10 days of
age (E). (G) Western blot analysis using a dystrophin antibody of AAV-injected mdx muscles. Muscles treated at 10 days of age were analyzed at 24 weeks after
injection. Lane 1, C57BL/10 muscle; lanes 2-7, AAV vector-injected mdx muscles; lane 8, uninjected mdx muscle. Full-length dystrophin {lane 1) and ACS1 (lanes

2-7) were detected at the predicted sizes (427 or 138 kDa, respectively),

centrally nucleated fibers among ACS1-positive fibers in
mdx muscles treated at 5 weeks of age (51.5 £ 11.0%) was
higher than that of mdx muscles treated at 10 days of age
(Fig. 3B).

Next, we evaluated the contractile properties of AAV2-
MCKACS1-injected mdx muscle. Untreated mdx muscle
showed remarkable hypertrophy, but its specific force
was much lower than in control B10 muscle (Table 1).
Similarly, the wet weight of mdx TA muscles treated with
AAV2-MCKACS1 at 10 days of age was much heavier than
that of control B10 TA muscles, but importantly, the
maximal force was also increased (Table 1). As a result,
there was no statistical difference in specific tetanic force
between AAV2-MCKACS1-treated mdx muscles and age-
matched B10 muscles (Table 1).

The transduction efficiency of AAV2 vector-mediated
gene transfer into 10-day-old mdx mice was relatively low
{only up to 20% of positive fibers) (Fig. 2E) compared to
gene transfer into S5-week-old mdx mice (around 50%)
(Fig. 2F), but, surprisingly, the specific tetanic force at 24
weeks after vector injection was almost equivalent to that
of age-matched B10 mice and much higher than that of
untreated mdx muscle (Table 1). To clarify the mecha-
nism of force generation recovery by small percentages of
ACS1-positive fibers, we next examined the relationship
between muscle hypertrophy and force generation. We
found a positive correlation (r =0.779, P < 0.05) between
the wet weight of the AAVZ2-MCKACS1-injected TA
muscle and the force generation (Fig. 4A), but not
between the muscle weight and the relative interstitial
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FIG. 3. Microdystrophin ACS1 prevents muscle degeneration. Quantitative
analysis of centrally nucleated fibers among ACS1-positive and -negative fibers
in AAV.injected mdx muscle, AAV2-MCKACS1 was injected into TA muscles of
mdx mice at (A) 10 days or at (B} 5 weeks of age and analyzed at 24 weeks
after injection. Uninjected mdx and age-matched control B10 muscles were
also examined. (A, B) Most of the ACS1-positive fibers in muscles injected at
10 days of age have peripherally located nuclei (A). The percentage of
centrally nucleated fibers in ACS1-positive fibers in muscles treated at 5 weeks
of age (51.5 + 11.0%) (B) was higher than that in muscles treated at 10 days
of age (12.5 + 7.8%) (A). Note that the ratio of centrally nucleated fibers was
significantly reduced even in AC$1-negative fibers in muscles injected at both
ages, *P < 0.01.

area (r = -0.596, P > 0.05) (Fig. 4B). To confirm whether
increased muscle weight reflected myofiber hypertrophy,
we measured individual cross-sectional areas (CSAs) of
ACS1-positive or -negative myofibers in AAV-injected
mdx muscles. The mean value of fiber CSAs was remark-
ably larger in ACS1-positive mdx fibers than in B10 fibers
(Fig. 4C). Histogram analysis further demonstrated that
the fiber CSA distribution of ACS1-positive mdx fibers was
shifted to the right compared to that of B10 muscle;
larger caliber fibers were dominant, reflecting hyper-
trophy of ACS1-expressing fibers (Fig. 4E). Thus, hyper-
trophied ACS1-positive fibers seemed to greatly improve
contractile force generation. Some of the untreated and
ACS1-negative mdx fibers were also hypertrophied, but
the hypertrophied fibers seemed not to improve the
specific force (Fig. 4E).

When we injected 5-week-old mice, force generation
was recovered in AAV-injected mdx muscles, as when

we treated 10-day-old mice, but there was no statisti-
cally significant difference in muscle weight between
AAV-treated mdx muscles and B10 muscles (Table 1).
The muscle weight had no correlation with the force
generation (r = —0.512, P > 0.05) (data not shown). In
addition, hypertrophy of ACSI-positive fibers was not
obvious (Fig. 4D). Therefore, we concluded that
improved specific force of the mdx muscles treated at
5 weeks of age was achieved without hypertrophy,
possibly because approximately 50% of the muscle
fibers were fully functional for ACS1 expression.

DiSCUSSION

The level of dystrophin or minidystrophin expression
required for effective gene therapy has not been deter-
mined yet, although estimates based eon either transgenic
mdx mouse studies {16~18] or the analysis of asympto-
matic carriers of dystrophin-deficiency have been
reported [19]. Clerk et al. reported that immunostaining
showed very few dystrophin-negative fibers in muscles of
asymptomatic DMD carriers, while immunoblot analysis
revealed a considerable reduction in dystrophin [19].
Furthermore, it was reported that transgenic mdx mice
expressing a minidystrophin at only 20-30% of endoge-
nous dystrophin levels showed significantly reduced
myopathic phenotypes [17]. Phelps et al. suggested that
uniform expression of dystrophin is much more benefi-
cial than the variable pattern when the overall levels of
dystrophin expression were the same [18]. These findings
suggest that the percentage of dystrophin-expressing
fibers is more critical than the total amount of the
protein. On the other hand, Rafael et al. showed that
the expression of minidystrophin in only half the mdx
muscle fibers resulted in a markedly milder phenotype
than mdx mice showed [16], suggesting that dystrophin-
positive fibers rescue surrounding dystrophin-negative
fibers from degenerative changes. In this study, we
administrated a recombinant AAV vector containing a
human microdystrophin gene to the mdx muscle and
analyzed the relationship between the level or extent of
microdystrophin expression and the recovery of contrac-
tile force. Importantly, relatively small percentages of
muscle fibers (less than 20%) dramatically improved the
specific contractile force of dystrophic muscle. Although
the molecular mechanisms by which microdystrophin
recovers the specific contractile force remain to be
shown, this result is encouraging in that the function of
dystrophin-deficient muscle might be greatly improved
by fewer dystrophin-positive myofibers than previously
estimated. As shown in Fig. 3, however, there is a
significant reduction in the percentage of centrally
nucleated fibers among ACS1-negative mdx fibers com-
pared to untreated mdx muscle, suggesting that micro-
dystrophin expression at levels below the detection limits
of immunostaining might be partially protective. There-
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TABLE 1: Contractile properties of AAV2-MCKACS1-injected mdx muscle

Muscle length (Lg, mm)

Muscle weight (MW, mg)

Maximal force {Po, mN) Specific force® (mN/mm?)

Injection at 10 days of age

B10 (n=4) 161 +£09 48.7 + 2.8 91.3 + 18.1 320+ 5.9

AAV-mdx (n = 7) 161 £ 1.2 64.3 + 4.7V 116.5 + 29.9* 30.9 + 7.9+

mdx (n=7) 16.1 £ 1.0 70.9 + 7.0* 79.8 £ 20.0 19.1 & 3.8*
Injection at 5 weeks of age

B10 (n = 6} 158 £ 0.9 549 £ 5.7 69.0 + 31.0 20.9 + 9.0

AAV-mdx (n = 11) 153 £ 0.8 60.9 + 6.8 81.7 + 24.2* 223 + 8.2*

mdx (n=11) 157 £ 0.7 67.9 £ 7.6 42.2 + 26.1 10.9 + 7.5*

Force generation was measured 24 weeks after injection. Data are expressed as means £ 50,

2 Specific force = (P X Ly X 1.06)/MW.,
) Significant difference (P < 0.05) compared to B10.
Significant difference (P < 0.05) compared to mdx muscles.

fore, exact estimation of the percentage of microdystro-
phin-positive fibers required for the full amelioration is
somewhat difficult.

Recovery of absolute maximal force and specific tetanic
force is one of the barometers of amelioration. The
difference between the contractile properties of ACS1-
expressing hypertrophied muscle and those of hyper-
trophied mdx muscle by overexpression of I1GF-1 [20,21]
deserves attention: ACSI-positive mdx muscle showed
considerable recovery of specific force, whereas IGF-
mediated hypertrophy modestly restored specific force
and the muscle remained susceptible to damage. Simi-
larly, a myostatin blockade of treated mdx muscle
reportedly improved specific force to some extent, but
showed a decrease in ECC force to the same extent as
control mdx muscle [22]. For comparison of the effects of
these different approaches toward DMD therapy, the
resistance of ACS1-treated muscle to eccentric contraction
remains to be evaluated. Importantly, however, myosta-
tin antibody-treated mice showed significantly decreased
serum creatine kinase concentrations, suggesting that
myostatin blockade endowed dystrophin-deficient fibers
with membrane stability.

Positive correlation between muscle wet weight and
specific tetanic force indicates that muscle hypertrophy is
responsible for functional amelioration at 10-day-cld
injected mdx mice. However, lack of small-caliber,
presumably regenerative fibers is the most prominent
finding on histograms of ACS1-positive mdx muscles
injected at 10 days of age. Therefore, not only a mild
increase in hypertrophic fibers, but also a decrease in
small-sized fibers due to inhibition of the cycle of
degeneration/regeneration, could greatly contribute to
normalization of specific tetanic force. Reduction in
embryonic myosin heavy chain and increase in mature
myosin heavy chain might contribute to the functional
recovery.

Watchko et al. injected an AAVZ vector carrying
microdystrophin into mdx mice and observed incomplete

recovery of specific tetanic force with 30-60% of dystro-
phin-positive fibers [13]. Their microdystrophin was
slightly Ionger than our ACS1, it had three hinges, and
the C-terminal domain was also deleted. Subtle diffe-
rences in the construction could affect the functional
aspects, and therefore we think that a functional exami-
ntation of transgenic mdx is inevitable.

We also injected AAV2-MCKACS] into S-week-old
mdx muscles, which usually show active cycles of
muscle degeneration and regeneration. Dystrophin
staining revealed that approximately 50% of mdx
myofibers expressed human-type ACS1 microdystrophin
24 weeks after injection. There was no obvious sign of
an immune response (data not shown). In contrast to
neonatal muscle, mdx muscles treated at 5 weeks of age
were not hypertrophied but still generated improved
contractile force, indicating that widely expressed ACS1
could recover muscle function of adult mice without
compensatory hypertrophy. Importantly, the CSAs of
ACS1-positive fibers treated at a neonatal stage were
larger than those of ACS1-positive fibers treated at 5
weeks of age (Figs. 4C and 4D). One possible explana-
tion for this is that neonatal muscle has a high potency
of compensatory hypertrophy in response to force
deficit,

Our ACS1 and R4-R23/delta71-78, previously reported
by Harper et al. {11], have similar structures. R4-R23/
delta71-78 robustly transformed centrally nucleated
fibers into peripherally nucleated fibers [11]. In contrast,
the expression of ACS1 in adult mdx myofibers resulted
in a modest reduction of centrally nucleated fibers when
introduced into 5-week-old mdx muscle (Fig. 3B). A
possible explanation for this discrepancy is a difference
in the promoters that drive the microdystrophin expres-
sion. Harper et al. used a muscle-specific, potent
promoter, CK6, and the positions of the Kozak sequen-
ces or splicing units are different from ours [11]. These
differences might greatly influence the timing and levels
of microdystrophin expression. A second possible factor
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FIG. 4. ACS1-positive mdx fibers in AAV-treated
muscle at 10 days of age show hypertrophy. TA
muscles of mdx mice were injected with AAVZ-
MCKACS? at 10 days of age (A-C, E) or at 5 weeks
of age (D) and analyzed at 24 weeks after
injection. {A} Correlation between muscle wet
weight and tetanic force genesation (n= 7). There
was a significant positive correlation between
muscle weight and force generation (r = 0.779,
P<0.01). (B) Relationship between muscle weight
and relative interstitial area in AAV-injected
muscles (n = 7). The increase in muscle weight is
not propoertional to the interstitial area. (C, D)
Mean cross-sectional area (CSA) of uninjected mdx
muscle fibers and ACS1-positive or -negative
fibers in AAV-injected mdx muscles or age-
matched B10 muscle fibers. Three TA muscles
were examined for each group. The total numbers
of fibers traced were 9674, 6347, 1525, and 5877
in (C) and 8077, 4075, 3479, and 5476 in (D) for
mdx, ACS1-negative mdx, ACS1-positive mdx, and
B10 fibers, respectively. When injected at 10 days
of age, the CSA of ACS1-positive mdx fibers was
definitely larger than that of normal B10, ACST-
negative mdx, or contralateral mdx fibers (C). In
contrast, when mice were treated at 5 weeks of
age, the mean CSA of ACS1-positive mdx fibers
was similar to that of B10 muscle and slightly
larger than that of mdx or ACST-negative mdx
fibers in treated muscle (D). *P < 0.01. (E)
Distribution of the fiber CSAs of untreated mdx,
ACS1-positive, or ACS1-negative fibers in mdx
muscles injected at 10 days of age and age-
matched B10 fibers, Shown are the same data set
presented in (C). In untreated mdx muscles or in
ACS1-negative mdx fibers, small-caliber fibers are
dominant, reflecting regeneration. The distribu-
tion pattern of ACS1-positive fibers deviated to
the right, reflecting a farger size than that of B10
fibers. Similar to B10 muscles, small-caliber fibers
were markedly reduced in ACS1-positive mdx
fibers, indicating that ACS1 prevented muscle
degeneration.

is the difference in muscle types used. Harper et al
injected AAV vectors into gastrocnemius muscles of 32-
day-old mice. The gastrocnemius shows less centrally
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nucleated fibers than TA muscle in the natural course of
the disease (Yuasa et al, unpublished data). In our
result, however, AAV-treated mdx muscle with a high
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percentage of centrally nucleated fibers (50%)} did not
show dystrophic dysfunction, e.g., decreased force gene-
ration. Therefore, centrally nucleated fibers do not
disprove the protective function of ACS1. The percent-
age of centrally nucleated fibers would reflect the state
of muscles at the time of injection. Our results are
important because it is sometimes difficult to start gene
therapies before the onset of the clinical course of DMD,
and AAV2-MCKACS1 is expected to show therapeutic
effects even after the onset of disease.

Although we injected high titers of AAV-vector
particles into the muscle, the transduction efficiency
in 10-day-old mdx muscles was much lower than that in
S-week-old mdx muscle. This phenomenon was also
noticed for the injection of AAV2-CMVLacZ into neo-
natal B10 muscle (unpublished results). This difference
might be due to the preferential expression of receptors
or coreceptors for an AAV-2 particle on adult muscle
fibers. Several molecules, such as heparan sulfate pro-
teoglycan [23], o VPS5 integrin [24], and dynamin T [25],
are proposed to play certain roles in AAV type 2
infection, although the expression of these molecules
in muscle fibers during development and aging has not
been fully determined. Another possibility is dilution of
AAV vectors by rapid growth of necnatal muscle. When
we cultured satellite cells prepared from AAV2-
CMVLacZ-injected mdx muscle, we observed no blue
myoblasts or myotubes (data not shown). Therefore,
proliferation and fusion of nontransduced satellite cells/
myoblasts would greatly dilute the microdystrophin
protein.

Our results are promising because AAV vector-medi-
ated ACS1 gene transfer had a restorative function for
dystrophin-deficient mdx muscle. However, demonstra-
tion of the benefits of this gene transfer strategy for
human DMD patients requires careful testing. Diffe-
rences between humans and mice, such as muscle size,
life span, or biological properties (especially immune
responses), should be taken into consideration. A bigger
animal model, e.g., canine X-linked muscular dystrophy
[26], will contribute to the preclinical study of gene
therapy.

MATERIALS AND METHODS

Constructs of human rod-truncated nicrodystrophin ¢DNAs and
generation of AAV vectors expressing microdystrophin. To incorporate
microdystrophin CS1 ¢DNA (4.9 kb) [14] into an AAV type 2 vector,
we further deleted the 3' and 5 UTRs and exons 71-78 from CS1
cDNA. In brief, DNA fragments of the 5 -terminal and 3 -terminal
regions were Independently amplified by PCR to remove exons 71-78
and the 5 and the ¥ UTRs and then replace them with corresponding
sequences of CS1 ¢DNA. The resulting microdystrophin ¢cDNA was 3.8
kb long and designated ACS1. Microdystrophin ACS1 ¢DNA was then
cloned into an AAV type 2 vector plasmid [15]. The recombinant AAV
vector expressing ACS1 under the contrel of the truncated muscle-
specific MCK promoter, designated AAV2-MCKACS1, was then purified
and titrated as previously described [15].

Administration of AAV vector to murine skeletal muscle. Fifteen micro-
liters (7.5 = 10' vg) or 50 pl (2.5 x 10'! vg) of AAV2Z-MCKACS1 was
injected directly into the right TA muscles of dystrophin-deficient C57BL/
10 mdx mice at 10 days or 5 weeks of age, respectively. AAV vector-
injected and uninjected mdx muscles and normal muscles of age-matched
C57BL/tO mice were isolated at 8 and 24 weeks after injection.

Contractile properties of AAV2-MCKACS1-infected TA muscles. Tetanic
force generation was measured and analyzed as described previously with
some modifications [14,27]. The entire TA muscle was removed with its
tibial origin intact, and the distal portion of the TA tendon and its origin
was secured with a 5-O silk suture. The TA was mounted in a vertical tissue
chamber and connected to a force transducer, UL-10GR (Minerva,
Nagano, Japan), and a length servosystem, MM-3 (Narishige, Tokye,
Japan). Electrical stimulation using a SEN3301 (Nihon Kohden, Tokyo,
Japan) was applied through a pair of platinum wires placed on both sides
of the muscle in physiological soft solution (150 mM NaCl, 4 mM KCl,
2 mM CaClz, 1 mM MgCl,, 5.6 mM glucose, 5 mM Hepes, pH 7.4, and
0.02 mM pb-tubocurarine). Muscle fiber length was adjusted incrementally
by using a micropositioner until peak isometric twitch force responses
were obtained (cptimal fiber length (Lo)). Maximal tetanic force (Py) was
assessed by stimulation frequencies of 125 pulses/s delivered in 500-ms
duration trains with 2 min intervening between each train. Following two
measurements, the stimulated muscle was weighed after tendon and bone
attachments were remocved. All forces were normalized to the physio-
logical cross-sectional area (pCSA), the latter estimated on the basis of the
following formula: muscle wet weight (in mg)/(Lo (in mm) x 1.06 (in mg/
mm?Y). The estimated pCSA was used to determine specific tetanic force
(Po/pCSA} of the muscle. After measurement of contractile force, the
muscle was quickly frozen in liquid nitrogen-cooled isopentane for
histopathological analysis.

Histopathological analyses. Histological, immunochistochemical, and
Western blot analyses were performed as described [14). After blocking
with an M.O.M. kit (Vector Laboratories, Burlingame, CA, USA), dystro-
phin was detected using a monoclonal anti-dystrophin antibody NCL-
DysB (Novocastra, Newcastle, UK; 1:20 difution) and visualized with
Alexa 488-labeled goat anti-mouse [gG antibody (Molecular Probes,
Eugene, OR, USA) {1:200 dilution}. Nuclei were stained with TOTO-3
{Molecular Probes}. In some cases, the signal was visualized with
diaminobenzidine and counterstained with hematoxylin. We counted
the number of centrally or peripherally nucleated fibers in dystrophin-
positive or -negative fibers of whole cross sections of TA muscle. In
addition, the CSA of each fiber was measured using an image analysis
system, ImagePro-Plus (Media Cybernetics, Silver Spring, MD, USA}). To
evaluate the level of fibrosis, we performed modified Masson trichrome
staining, and the blue-stained area was measured using Image Pro-Plus.
The relative connective tissue area was calculated to the entire muscle
cross-sectional area (%), The signals on immunoblotting were quantitated
using NIH Image.

Statistical analysis. Data were expressed as means + 5D or + SEM. if a
significant F ratio was detected by analysis of variance, comparisons
amoeng each group were performed using Fisher’s PLSD. A P value of <0.05
or <0.01 was considered statistically significant. The relation between the
muscle weight and the specific tetanic force was analyzed with Pearson’s
correlation coefficient (P < 0.05).
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Abstract

Recent studies have shown that bone marrow (BM) cells, including the BM side population {BM-SP) cells that enrich hemato-
poietic stem cells (HSCs), are incorporated into skeletal muscle during regeneration, but it is not ¢lear how and what kinds of BM
cells contribute to muscle fiber regeneration. We found that a large number of SP cells migrated from BM to muscles following in-
jury in BM-transplanted mice, These BM-derived SP cells in regenerating muscles expressed different surface markers from those of
HSCs and could not reconstitute the mouse blood system. BM-derived SP/Mac-1'"" cells increased in number in regenerating mus-
cles following injury. Importantly, our co-culture studies with activated satellite cells revealed that this fraction carried significant
potential for myogenic differentiation. By contrast, mature inflammatory (Mac-1"8") cells showed negligible myogenic activities.
Further, these BM-derived SP/Mac-1'"" cells gave rise to mononucleate myocytes, indicating that their myogenesis was not caused
by stochastic fusion with host myogenic cells, although they required cell-to-cell contact with myogenic cells for muscle differenti-
ation. Taken together, our data suggest that neither HSCs nor mature inflammatory cells, but Mac-1'" early myeloid cells in the
BM-derived SP fraction, play an important role in regenerating skeletal muscles.
© 2004 Elsevier Inc. All rights reserved.
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® Abbreviations: p-Gal, B-galactosidase; BM, bone marrow; CTX, Skeletal muscles have a remarkable CapaCity for re-
cardictoxin; FACS, fluorescence-activated cell sorting; GC, gastroc- generation in response to various types of damage, such
nemius; GFP, green fluorescence protein; HE, hematoxylin and eosin; as chemicals, stretching, exercise, injury, and diseases in-
HSC, hematopoictic stem ccll; MP, main population; SP, side cluding inherited muscular dystrophies. Satellite cells are

lation; TA, tibiali -4-chloro-3-indolyl . :
gf’;’_ug;;z?ongnggﬁls anterior; X-Gal, 5-bromo-4-chloro-3-indoly skeletal muscle-specific precursors and play an impor-

" Corresponding author. Fax: +81 42 346 1750. tant role in muscle fiber regeneration [3]. They are locat-
E-mail address: takeda@ncnp.go.jp (S. Takeda). ed beneath the basement membrane and are mitotically
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