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nuclei in the cerebral pia mater along the basal lamina, but
did not find many f-gal-positive nuclei in the cerebellum.
There are several possibilities to explain this discrepancy.
The first possibility is that the domain that regulates
utrophin expression in the pia mater of the cerebellum
is different from that for the pia mater in the cerebrum.
The second possibility is that transcription of utrophin
might be less active in fibroblastic cells of the pia mater of
cerebellum compared to those in the cerebrum. However,
a fundamental difference between fibroblastic cells in
the cerebrum and those in the cerebellum has not been
reported; further experiments are required to explain this
discrepancy.

We demonstrated that DUE is necessary for utrophin
expression in skeletal muscle, but the increase in the
utrophin expression level was much larger than the
transgene expression in regenerated muscle. Another
study [11] also detected the increase in the abundance
of A-utrophin protein in muscle from mdx mice but could
not find any parallel elevation in the levels of utrophin
transcripts. Therefore, A-utrophin expression may also
be regulated at the post-transcriptional level. Indeed,
recent studies have shown that distinct cis-acting elements
within the utrophin 3'-UTR were important not only for
controlling the stability of utrophin transcripts in muscle
cells, but also for targeting them to specific subcellular
locations [34,35].

Post-translational levels are also important for utrophin
expression through stabilization of the protein. DAPs
such as dystrophin, g-dystroglycan, o-dystroglycan,
and a-sarcoglycan have been linked to regulation by
protein degradation mechanisms including the ubiquitin-
proteasome pathway [36] and calpain-mediated prote-
olysis [37]. Inhibition of the proteasomal degradation
pathway was found to rescue the expression levels of
several DAPs in mdx mice [36]. Treatment of normal
and DMD human myotubes with glucocorticoid induced
utrophin protein without elevations in transcripts, and
this was suggested to involve calpain inhibition [38].

It is likely that extrasynaptic expression of utrophin in
skeletal muscle of DMD patients would ameliorate the
dystrophic pathology, at least to some extent [17,18].
The results of the present study demonstrate that DUE is
indispensable to utrophin expression in skeletal muscle
and heart. To further investigate the up-regulation
mechanisms of utrophin in both tissues, we need to search
for transcription factors bound to DUE. In addition, we
established primary myogenic cell cultures from DUE Tg
mice and found that utrophin up-regulation depends on
the DUE motf during muscle differentiation. These cells
provide a high through-put screening system for drugs
that can up-regulate utrophin expression in myogenic
cells.

Acknowledgements
We thank Dr Imamura for giving the utrophin antibody. We also

thank all members of the Department of Molecular Therapy,
National Institute of Neuroscience, for technical assistance and

Copyright © 2008 John Wiley & Sons, Ld

J. Tanihata et al.

useful discussion and suggestions, especially S. Fukada, A.
Uezumi, and M. lkemoto. This work is supported by grants
for Research on Nervous and Mental Disorders (grant 16B-2);
Health Science Research Grams for research on the human
genome and gene therapy (H16-genome-003) and for research
on brain science (H15-kokoro-021 and H18-kokoro-019) from
the Japanese Ministry of Health, Labour, and Welfare; Grants-
in-Aid for Scientific Research (14657158, 15390281, 16590333,
17590857, and 18590392) from the Japanese Ministry of
Education, Culture, Sports, Science, and Technology; and the
Ground-based Research Program for Space Utilization, promoted
by Japan Space Forum.

References

1. Koenig M, Hoffman EP, Bertelson CJ, et al. Complete cloning of
the Duchenne muscular dystrophy (DMD) cDNA and preliminary
genomic organization of the DMD gene in normal and affected
individuals. Cell 1987; 50: 509-517.

2. Ahn AH, Kunkel LM. The suructural and functional diversity of
dystrophin. Nat Genet 1993; 3: 283-291.

3. Tinsley JM, Blake DJ, Zuellig RA, et al, Increasing complexiry of
the dystrophin-associated protein complex. Proc Natl Acad Sci
USA 1994; 91: 8307-8313.

4. Campbell KP. Three muscular dystrophies: loss of cytoskeleton-
extracellular martrix linkage, Cell 1995; 80: 675-679,

5. Ozawa E, Yoshida M, SuzukiA, etal. Dystrophin-associated
proteins in muscular dystrophy. Hum Mol Genet 1995; 4:
1711-1716.

6. Pearce M, Blake DJ, Tinsley JM, etal. The utrophin and
dystrophin genes share similarities in genomic structure. Hum
Mol Genet 1993; 2: 1765-1772.

7. Grady RM, Teng H, Nichol MC, eral. Skeletal and cardiac
myopathies in mice lacking utrophin and dystrophin: a model
for Duchenne muscular dystrophy. Cell 1997; 90: 729-738.

8. Khurana TS, Watkins SC, Chafey P, et al. Immunolocalization
and developmental expression of dystrophin related protein in
skeletal muscle. Neuromuscul Disord 1991; 1: 185-194.

9. Ohlendieck K, ErvastiJM, Matsumura K, etal. Dystrophin-
related protein is localized to neuromuscular junctions of adult
skeletal muscle, Neuron 1991; 7: 499-508,

10. Galvagni F, Cantini M, Oliviero 5. The uwophin gene is
transcriptionally up-regulated in regenerating muscle, J Hiol
Chem 2002; 277: 19106-19113,

11. Weir AP, Burton EA, Harrod G, et al. A- and B-utrophin have
different expression patterns and are differentially up-regulated
in mdx muscle. J Biol Chem 2002; 277: 45285-45290.

12. Takemitsu M, Ishiura S, KogaR, etal. Dysuophin-related
protein in the feral and denervated skeletal muscles of normal
and mdx mice. Biochem Biophys Res Commun 1991; 1B0:
1179-1186.

13. Matsumura K, Ervasti JM, Ohlendieck K, er al. Association of
dystrophin-related protein with dystrophin-associated proteins
in mdx mouse muscle, Narure 1992; 360; 588-591,

14. Helliwell TR, Man NT, Morris GE, etal. The dystrophin-
related protein, utrophin, is expressed on the sarcolemma
of regenerating human skeletal muscle fibres in dystrophies
and infl Iy myoj Neuromuscul Disord 1992; 2:
177-184.

15. Nguyen TM, Ellis JM, Love DR, et al. Localization of the DMDL
gene-encoded dystrophin-related protein using a panel of 19
monoclonal antibodies: presence at neuromuscular junctions, in
the sarcolemma of dystrophic skeleral muscle, in vascular and
other smooth muscles, and in proliferating brain cell lines. J Cell
Biol 1991; 115: 1695-1700,

16. Tinsley JM, Potter AC, Phelps SR, et al. Amelioration of the
dystrophic phenorype of mdx mice using a truncated utrophin
transgene. Nature 1996; 384: 349-353.

17. Deconinck N, Tinsley ), De Backer F, eral. Expression of
truncated utrophin leads to major functional improvements
in dystrophin-deficient muscles of mice. Nat Med 1997; 3:
1216-1221.

J Gene Med 2008; 10: 702-713
DOL: 10,1002/ jgm




DUE is Necessary for Utrophin Expression

18,

19.

20.

21,

23,

24,

25,

206,
27.

28.

29,

Tinsley J, Deconinck N, Fisher R, et al. Expression of full-length
utrophin prevents muscular dystrophy in mdx mice. Nar Med
1998, 4: 1441- 1444,

Gilbert R, Nalbantoglu J, Perrof BJ, et al. Adenovirus-mediated
utrophin gene transfer mitigates the dystrophic phenotype of
mdx mouse muscles. Hum Gene Ther 1999; 10: 1299-1310,
Yamamoto K, Yuasa K, Miyagoe Y, et al. Inmune response o
adenovirus-delivered antigens upregulates utrophin and results
in mitigation of muscle pathology in mdx mice. Hum Gene Ther
2000; 11: 669-680.

Dennis CL, Tinsley JM, Deconinck AE, eral. Molecular and
functional analysis of the utrophin promoter. Nucleic Acids Res
1996; 24: 1646-1652.

. Burton EA, Tinsley JM, Holzfeind PJ, et al. A second promoter

provides an alternative rarget for therapeutic up-regulation of
utrophin in Duchenne muscular dystrophy. Proc Natl Acad Sci
USA 1999; 96: 14025-14030.

Jimenez-Mallebrera C, Davies K, Putt W, et al. A study of short
utrophin isoforms in mice deficient for full-length utrophin,
Mamm Genome 2003; 14: 47-60.

Takahashi J, ltohY, Fujimori K, et al. The utrophin promoter
A drives high expression of the transgenic LacZ gene in liver,
testis, colon, submandibular gland, and small intestine. J Gene
Med 2005; 7: 237-248.

Hirst RC, McCullagh KJ, Davies KE. Utrophin upregulation in
Duchenne muscular dystrophy. Acta Myol 2005; 24: 209-216.
Galvagni F, Oliviero . Utrophin transcription is activated by an
intronic enhancer. J Biol Chem 2000; 275: 3168-3172.
Kalderon D, Roberts BL, Richardson WD, et al. A short amino
acid sequence able to specify nuclear location. Cell 1984; 39:
499-509.

Ishii A, Hagiwara Y, Saito Y, et al, Effective adenovirus-mediated
gene expression in adult murine skeletal muscle. Muscle Nerve
1999, 22: 592-599.

Imamura M, Ozawa E. Differential expression of dystrophin
isoforms and utophin  during  dibutyryl-cAMP-induced

Copyright © 2008 John Wiley & Sons, Lid
JC 06/2008/62

30.

3L

32,

33.

34,

35

36.

<

38,

713

morphological differentiation of rat brain astrocytes. Proc Natl
Acad Sci USA 1998; 95: 6139-6144,

Couteaux R, Mira JC, d'Albis A. Regeneration of muscles after
cardiotoxin injury. 1. Cytological aspects, Biol Cell 1988; 62:
171-182.

Rando TA, Blau HM. Primary mouse myoblast purification,
characterization, and transplantation for cell-mediated gene
therapy. J Cell Biol 1994; 125: 1275-1287,

Uezumi A, Ojima K, Fukada S, et al. Functional heterogeneity of
side population cells in skeletal muscle. Biochem Biophys Res
Commun 2006; 341: 864-873.

Coso OA, Montaner S, Fromm C, etal. Signaling from G
protein-coupled receptors to the c-jun promoter involves the
MEF2 transcription factor. Evidence for a novel c-jun amino-
terminal kinase-independent pathway. J Biol Chem 1997, 272;
20691-20697,

Gramolini AD, Belanger G, Jasmin BJ, Distinct regions in the 3
untranslated region are responsible for targeting and stabilizing
utrophin transcripts in skeletal muscle cells. J Cell Biol 2001;
154: 1173-1183.

Miura P, Thompson J, Chakkalakal JV, et al. The utrophin A
5'-unrranslared region confers internal ribosome entry site-
mediated translational control during regeneration of skeletal
muscle fibers. J Biol Chem 2005; 280: 32997 -33005.
Bonuccelli G, Sotgia F, Schubert W, er al. Proteasome inhibitor
(MG-132) rrearment of mdx mice rescues the expression and
membrane localization of dystrophin and dystrophin-associated
proteins, Am J Pathol 2003; 163: 1663-1675.

Lescop C, Herzner H, Siendt H, et al. Novel cell-penetrating
alpha-keto-amide calpain inhibitors as potential treatment
for museular dystrophy. Bioorg Med Chem Lett 2005; 15:
5176-5181.

Courdier-Fruh I, Barman L, Briguet A, etal. Glucocorticoid-
mediated regulation of utrophin levels in human muscle fibers.
Neuromuscul Disord 2002; 12: 595-104.

J Gene Med 2008; 10: 702-713
DOI: 10,1002/jgm



HUMAN GENE THERAPY 19:719-730 (July 2008)
© Mary Ann Liebert, Inc
DOI: 10.1089/hum.2007.184

Recombinant Adeno-Associated Virus Type 8-Mediated
Extensive Therapeutic Gene Delivery into Skeletal Muscle
of a-Sarcoglycan-Deficient Mice

Akiyo Nishiyama,' Beryl Nyamekye Ampong,' Sachiko Ohshima,' Jin-Hong Shin,' Hiroyuki Nakai,?
Michihiro Imamura,' Yuko Miyagoe-Suzuki,' Takashi Okada,' and Shin'ichi Takeda'

Abstract

Autosomal recessive limb-girdle muscular dystrophy type 2D (LGMD 2D) is caused by mutations in the a-
sarcoglycan gene (@-SG). The absence of a-SG results in the loss of the SG complex at the sarcolemma and com-
promises the integrity of the sarcolemma. To establish a method for recombinant adeno-associated virus (rAAV)-
mediated a-5SG gene therapy into a-5G-deficient muscle, we constructed rAAV serotypes 2 and 8 expressing
the human a-5G gene under the control of the ubiquitous cytomegalovirus promoter (rAAV2-a-5G and rAAVS-
a-5G). We compared the transduction profiles and evaluated the therapeutic effects of a single intramuscular
injection of rAAVs into a-SG-deficient (Sgca™ /") mice. Four weeks after rAAV2 injection into the tibialis ante-
rior (TA) muscle of 10-day-old Sgca~ /= mice, transduction of the a-SG gene was localized to a limited area of
the TA muscle. On the other hand, rAAV8-mediated -SG expression was widely distributed in the hind limb
muscle, and persisted for 7 months without inducing cytotoxic and immunological reactions, with a reversal
of the muscle pathology and improvement in the contractile force of the Sgca~/~ muscle. This extensive rAAVS-

mediated a-5G transduction in LGMD 2D model animals paves the way for future clinical application.

Introduction

LIMB-G;IRDI,E MUSCULAR DYSTROPHY TYPE 2D (LGMD 2D) is
caused by mutations in the a-sarcoglycan (a-SG) gene,
and is the most frequent cause of the autosomal recessive
LGMD. LGMD 2D patients have the clinical characteristics
of progressive muscle necrosis in the proximal limb muscles
(Eymard et al., 1997). Sarcoglycans (SGs) are essential con-
stituents of the dystrophin-associated protein (DAP) com-
plex, which consists of several membrane-spanning and cy-
toplasmic proteins, including dystroglycans (e and ), SGs
(a, B, v, and 6), sarcospan, syntrophins (ay, By, and f8;), and
dystrobrevins that directly or indirectly associate with dys-
trophin (Ervasti ¢t al., 1990; Yoshida and Ozawa, 1990; Iwata
et al., 1993). A defect in any one of the four SGs can disrupt
the entire SG complex. Mutations in four genes encoding
a-, B+, y-, and 8-5G are responsible for autosomal recessive
LGMD 2D, 2E, 2C and 2F, respectively (Ervasti et al,, 1990;
Bonnemann et al., 1995; Noguchi ef al., 1995; Nigro et al., 1996;
Eymard el al., 1997; Fanin et al., 1997).

Many in pivo studies have demonstrated that recombinant
adenc-associated virus (rAAV) packaged in various
serotypes of AAV capsids exhibits serotype-specific tissue or
cell tropism with different transduction efficiencies (Fisher
et al.,, 1997; Greelish et al., 1999; Gao e al., 2002, 2004; Wang
el al., 2005). rAAV has been shown to mediate long-term
transgene expression in many tissues without evoking se-
vere immune reactions. Some rAAVs efficiently transduce
skeletal muscle (Kessler et al., 1996; Xiao et al., 1996; Fisher
etal, 1997). rAAV serotype 2 (rAAV2)-mediated muscle gene
therapy is a promising approach, but it is effective only lo-
cally. In contrast, rAAV serotype 8 (rAAVS)-mediated gene
transfer is capable of crossing capillary blood vessels to
achieve systemic gene delivery, and effectively transduces
genes into cardiac and skeletal muscle (Wang et al., 2005).
Therefore, rAAVS is a good candidate for a therapeutic tool.

To assess the efficacy and therapeutic potential of rAAVS for
LGMD 2D, we directly injected rAAV2-a-5G and rAAVS-a-SG
into the tibialis anterior (TA) muscles of 10-day-old a-SG-defi-
cient mice (neonatal Sgca™/~ mice). Our data suggested not
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only the extensive expression of a-5G in Sgea™ /'~ skeletal mus-
cle, but also a robust level of expression of a-SG at the sar-
colemma after a single intramuscular injection of rAAV8-a-SG.
In addition, rAAVB-a-5G effectively transduced the cardiac
muscle of 7-week-old Sgea™/~ mice (adult Sgea™/ ~ mice). Most
importantly, 7 months after the injection of rAAVE-a-SG into
neonatal Sgca™/ "~ mice, expression of a-SG and improvement
of sarcolemmal function were sustained, without inducing cy-
totoxic and immunological reactions. Thus, the AAVS vector 1s
a promising tool for gene therapy of LGMD 2D,

Materials and Methods
Recombinant AAV production

The full-length human a-5G cDNA was amplified from a
skeletal muscle single-strand ¢cDNA library (Human Skele-
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of oligonucleotide primers: 5'-CTCTGTCACTCACCGGG-3
(nucleotide positions 2-18) and 5-AGGATCAAGTC-
AGGGCTGGAC-3" (nucleotide positions 1223-1243) (M-
Nally et al., 1994). The amplification was carried out with
LA-Taq polymerase (TaKaRa Bio, Shiga, Japan) for 30 cycles,
with each cycle consisting of 94°C for 30 sec and 60°C for 2
min. The PCR products were then cloned into a TA cloning
vector (Invitrogen, Carlsbad, CA), and sequenced with an
ABI310 sequencer (Applied Biosystems, Foster City, CA).
a-SG cDNA was then cloned into an AAV serotype 2 vector
plasmid (Xiao ef al., 1998; Yuasa et al., 2002) including the cy-
tomegalovirus (CMV) promoter, splicing donor/acceptor
(SD/SA) sites derived from the simian virus 40 (SV40), an
SV40 poly(A) signal, inverted terminal repeat (ITR) of the
AAV2 viral genome, and 2.0 kb of A DNA, which served as
a stuffer (depicted in Fig. 1A).

tal Muscle Marathon-Ready cDNA; Clontech, Palo Alto, CA)

The vector genome was packaged in the AAV2 capsid or
by polymerase chain reaction (PCR) with the following set

pseudotyped into the AAVS capsid by triple transfection of

A

SN g

D

rAAvV2
rAAVE
rAAVZ
rAAVE

TA EDL SoL
FIG. 1. Widespread expression of a-5G in hind limb muscles after a single injection of rAAV2-a-5G or rAAV8-a-5G into
the tibialis anterior (TA) muscles of 10-day-old a-SG-deficient mice. (A) Genomic structure of rAAV used in this study. Hu-
man a-SG cDNA (1.2 kb) was inserted downstream of the CMV promoter. ITR, inverted terminal repeat from AAV2 ge-
nome; SD/SA, splicing donor/acceptor sites derived from SV40 intron; poly(A), a polyadenylation signal from SV40. The
large shaded box represents a stuffer sequence derived from A DNA. (B-D) Right TA muscles of neonatal Sgca™/~ mice
were injected with 1 % 10" VG of rAAV2-a-SG (C) or rAAVS-a-5G (D). Four weeks after rAAV injection, the hind limb
muscles of Sgea™/~ mice were immunolabeled with a rabbit polyclonal antibody to a-SG. Hind limb muscles included the
TA, extensor digitorum longus (EDL), plantaris (PL)/tibialis posterior (TP), soleus (SOL), and gastrocnemius (GAS) mus-
cles. The TA and EDL muscles of Sgca™/~ mice are shown as negative controls (B). Note that a-5G is expressed not only
in rAAVB-injected TA muscle, but also in all hind limb muscles after direct injection of rAAVE-a-5G into the right TA mus-
cle (D). Scale bars (B-D): 500 um. (E) Percentages of a-SG-positive myofibers in TA, EDL, and SOL muscles after injection
of rAAV2-a-SG (shaded columns) and rAAVE-a-SG (solid columns) injection into TA muscles of Sgea™/~ mice. The right
TA muscles of neonatal Sgca™/~ mice were transduced with 1 % 10" VG of rAAVZ-a-SG or rAAVS-a-5G. Four weeks af-
ter rAAV injection, the hind limb muscles of Sgea™/~ mice were immunolabeled with the a-5G antibody and then coun-
terstained with hematoxylin and eosin. Hind limb muscles include the TA, EDL, and SOL muscles. The percentage of a-
SG-positive myofibers was calculated on the basis of more than 200 total myofibers in cross-sections from three animals for
each group. p Values are indicated and show statistical significance between Sgea ™/~ mice and rAAV8-injected Sgea /
mice (p < 0.01 for TA, p < 0.001 for EDL, and p < 0.001 for SOL).
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the AAV vector plasmid, AAV helper plasmid (p5E18
VD2/8) (Wang et al.,, 2005), and adenovirus helper plasmid
(XX6) (Xiao el al, 1998) at a molecular ratio of 1:1:1 in 293
cells, using the calcium phosphate coprecipitation method
(Wigler et 1980). All the vectors were then punfied by
two cycles of cesium chloride gradient centrifugation, and
concentrated as described by Burton and coworkers (19949)

T'he final viral preparations were kept in phosphate-buffered
saline. Physical particle titers were determined by a quanti

tative dot-blot assay.

Administration of rAAV vectors to murine skeletal muscle

All animal-handling procedures were done in accordance
with a protocol approved by the committee of the National
Institute of Neuroscience (National Center of Neurology and
Kodaira, Japan).
mice (Burnham Institute, La Jolla, CA) were used

Psychiatry, Wild-type (Sgeca*’*) and
aJgca
The TA muscles of 10-day-old (neonate) and 7-week-old
(adult) Sgca mice were transduced with 1 X 10" vector
genomes (VG) (10 pl) and 5 x 10" VG (50 pl), respectively,

of rAAV2- or rAAVE-a-5G, using 29-gauge needles.

Transgene expression analyses

Histological and immunohistochemical analyses were per-

formed as described (Imamura ef al., 2000; Yuasa ¢l al., 2002).

Cryosections (6 um thick) were prepared from frozen
muscle
FIG. 2. Extensive a-SG expression after in-

jection of rAAVE-a-5G into TA muscles of 7
week-old a-SG-deficient mice R1_"."|‘|1 TA mus-
cles of adult Sgca or Sgca®’ " mice were
transduced with 5 % 10" VG of rAAVS-a-5G.
Four weeks after rAAVS injection, a cross-sec-
tion of the right hind limb muscles (rAAVS-
injected) (A), left contralateral hind limb mus-
cles (B), and cardiac apex (C) were labeled by
indirect im wofluoresce , using a-SG an-
(A and B) 500 pm;
(C) 100 em. Note the n'hhwprr:ld expression
of @-5G in the hind limb muscles and cardiac
muscle of rAAVE-a-5G-injected mice. (D)
Cross-sections of TA muscle from agea” '’
and rAAVS-injected Sgea’ (rAAVE) mice
were immunolabeled with «-SG antibody

and

tibody (green). Scale bars:

counterstained with hematoxylin and

eosin, Overexpression of a-SG caused no cy

totoxic reactions in Sgca’ muscle. Scale

bars (D): 50 pm
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immunodetection of «-SG, blocked
cryosections were incubated with a 1:1000 dilution of rabbit
polyclonal anti-a-SG (Araishi et al., 1999) for 1 hr at room
temperature. The signal was visualized with a VECTA-
STAIN ABC kit (Vector Laboratories, Burlingame, CA) and
then counterstained with hematoxylin and eosin (H&E)

For colorimetric

Stained sections were photographed with a light microscope
(Leica, Heidelberg, Germany) using DP70 image scanning
software (Olympus, Tokyo, Japan)
For Auorescence immunchistochemical detection of SGs,
cryosections were fixed by immersion in cold acetone at
20°C for 5 min. After blocking with 2% casein in Tris-
buffered saline (TBS, pH 7.4) at room temperature for 1 hr,
a-5G was detected with rabbit polyclonal anti-a-SG (1:1000
dilution) (Araishi el al., 1999). -, ¥-, and 8-5Gs were detected
with mouse monoclonal anti-8-5G (NCL-b-SARC, 1:50 dilu
tion; Novocastra Laboratories, Newcastle upon- Tyne, UK),
anti-y-5G (1:50 dilution), and anti-5-5G (DSG-1; 1:50 dilu-
tion), respectively, after blocking with an M.OM. kit (Vec

tor Laboratories). Mouse monoclonal antibodies against
56 and 6-5G (DSG-1) were generated in our laboratory
(Yamamoto el al., 1994; Noguchi et al., 1999). The signal was
visualized with Alexa 488-conjugated anti-rabbit and anti-
mouse IgG antibodies (Invitrogen Molecular Probes, Eugene,
OR). Fluorescence signals were observed with a confocal
laser-scanning micre scope (Leica TCS SP; Leica)

Sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) and protein transfer to a polyvinylidene di
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fluoride (PVDF) membrane were performed as described by
Laemmli (1970) and Kyhse-Andersen (1984), respectively.
Protein concentrations were determined with a protein as-
say kit (Bio-Rad, Hercules, CA) with bovine serum albumin
as a standard.

Transgene copy number analyses

Cryosections of mouse hind limb muscle were collected
for vector copy number analysis by quantitative PCR. After
DNA extraction by successive treatments with RNase and
proteinase K, viral genomes were quantified by a real-time
PCR assay using SYBR Premix Ex Taq (TaKaRa Bio). The real-
time PCR was carried out for 40 cycles, with each cycle con-
sisting of 95°C for 5 sec, 60°C for 10 sec, 72°C for 10 sec, and
75°C for 10 sec. Oligonucleotide primers for this assay were
5 -CTCTAGAGGATCCGGTACTCGAGGAAC-3"  (SD/SA
sites) and 5-AGAGCAGTCCAGAAGAGTGTCTCAGCC-3'
(human oa-5G gene) for the a-SG gene in the rAAV2 genome
and 5-TGCCATGAGCAGCCCATTTTG-3' and 5-ATAA-
CATCGCGGTGGCTCAGG-3" for the slug promoter. The
slug promoter was used for normalization of data across
samples.

Analysis of toxicity

Blood was obtained from a murine heart. Serum alanine
aminotransferase, y-glutamyl transpeptidase, albumin, and
total protein concentration were determined with a Fuji Dri-
Chem slide system (Fujifilm, Tokyo, Japan).

Muscle physiological function

TA and extensor digitorum longus (EDL) muscles were
exposed by removal of overlying connective tissue (Xiao et
al., 2000; Yoshimura et al.,, 2004; Imamura et al., 2005). Both
tendons of the TA and EDL muscles were cut from their in-
sertions and secured with 5-0 silk sutures. Muscles were
mounted in a vertical tissue chamber containing physiolog-
ical salt solution (150 mM NaCl, 4 mM KCl, 1.8 mM CaCls,
1 mM MgCly, 5 mM HEPES, 5.6 mM glucose [pH 7.4], and
0.02 mM p-tubocurarine) maintained at 37°C with continu-
ous aeration, The chamber was connected to a force trans-
ducer (UL-10GR; Minerva, Nagano, Japan) and a length ser-
vosystem (MM-3; Narishige, Tokyo, Japan). Electrical
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stimulation (SEN3301; Nihon Kohden, Tokyo, Japan) was de-
livered through a pair of platinum wires placed on both sides
of the muscle. The muscle fiber length was adjusted incre-
mentally with a micropositioner until peak isometric twitch
force responses were obtained (i.e, optimal fiber length L,).
Ly was measured with a microcaliper. Maximal tetanic force
(Py) was induced by stimulation frequencies of 125 pulses
per second, delivered in trains of 500-msec duration with 2-
min intervals between each train. The muscle was weighed,
rapidly frozen in liquid nitrogen-cooled isopentane, and
stored at =80°C for further analysis. All forces were normal-
ized to the physiological cross-section area (CSA), which was
estimated on the basis of the following formula: muscle wet
weight (in mg)/[L, (in mm) X 1.06 (in mg/mm?)]. The esti-
mated CSA was used to determine specific tetanic (P, /CSA)
force of the muscle. Data are presented as means + SE. Dif-
ferences between groups were assessed by Student ! test.

Exercise tolerance tests

Mice were subjected to an exhaustion treadmill test
(Mourkioti et al., 2006). Each mouse was placed on the belt
of a four-lane motorized treadmill (MK-680; Muromachi
Kikai, Tokyo, Japan) supplied with shocker plates. The tread-
mill was run at an inclination of 7 degrees at 5 m/min for 5
min, after which the speed was increased by 1 m/min every
minute. The test was terminated when the mouse remained
on the shocker plate for more than 20 sec without attempt-
ing to reengage the treadmill, and the time to exhaustion was
determined.

Results

Expression of a-SG after injection of rAAVEZ- or
rAAVB-u-SG into TA muscles of neonatal
a-SG-deficient mice

We constructed rAAV?2- and rAAVE-a-5G expressing hu-
man a-5G ¢cDNA under the control of the ubiquitous CMV
promoter, and injected 1 % 10" VG into the right TA mus-
cle of neonatal Sgeca™ /" mice (Fig. 1A). Neonatal Sgea ™/
mice showed no obvious dystrophic changes, whereas adult
(=4 weeks old) Sgca~/~ skeletal muscles showed active cy-
cles of the degeneration-regeneration process. In the hind
limb muscles of 5-week-old Sgea™/~ mice, a-SG-positive

Tansie 1. EFfecT OF rAAV2- anD TAAVE-a-SARCOGLYCAN ADMINISTRATION ON THE Liver FuncTion oF

ApuLr Sgea ™/

MICE 4 WEEKS AFTER INJECTION™D

ALT y-GTP ALB ™"

Number of mice (Uliter) (UAiter) (g/dl) (g/dl)
Sgea*/* 3 26.67 + 8.50¢ <10 243 = 021 4.80 *+ 0.20
Sgea / 3 145.33 = 2222 <10 233 = 023 4.60 = 0.42
rAAV2-injected Sgea / 3 149 + od <10 2.10 = 044 4.00 = 0.53
rAAVE-injected Sgca/ 3 124 = 15.10¢ <10 203 = 025 4.60 = 0.89

Abbreviations: ALT/GIPT, alanine aminotransferase / glutamic pyruvic transaminase; y-GTF, y-glutamyl transpeptidase; ALB, albumin; TP,

total protein
“Data represent means = SE

"The p values indicate statistical significance. Significant differences from the ALT/GPT level of Sgea™/ ~ mice are indicated.

p< 0,001
dp = 0.797
p=0229
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fibers were not observed and the active cycle of muscle de-
generation-regeneration was present (Fig. 1B). Four weeks
after a single intramuscular injection of rAAV2-a-5G, a-5G
was expressed only in a limited area of rAAV2-injected TA
muscle (Fig. 1C and E). Analysis of TA muscle showed that
less than 10% of muscle fibers were a-SG positive (p < 0.01;
Fig. 1E).

In contrast, after rAAV8-a-SG injection, a-SG-positive
fibers were widely spread in rAAV8-injected hind limb mus-
cles, including the TA, extensor digitorum longus (EDL),
soleus (SOL), gastrocnemius (GAS), and plantaris (PL)/tib-
ialis posterior (TP) muscles (Fig. 1D). Analysis of the TA,
EDL, and SOL muscles showed 62.3 = 20.2, 795 + 11.0, and
742 * 11.2% a-5G-positive fibers, respectively (p < 0.01,p <
0.001, and p < 0.001; Fig. 1E). The expression of a-5G in
rAAVE-a-5G-injected TA muscle and surrounding muscles
persisted more than 7 months (data not shown).

Expression of «-SG after injection of rAAV2-«-SG or
rAAVB--SG into TA muscles of adult a-SG-deficient mice

Adult Sgea™ ' mice (>4 weeks old) showed active cycles
of the degeneration-regeneration process and had a mature

A

723

immune system. To investigate whether injection of rAAV2-
a-5G or rAAVE-a-5G could induce stable expression of a-
SG in adult Sgea =/~ skeletal muscle without cytotoxicity and
immune response, we injected 5 X 10" VG of rAAV2-a-5G
or rAAV8-a-5G into the right TA muscles of adult Sgca™/~
mice. Four weeks after rAAV2-a-5G injection, we did not ob-
serve a-SG-positive fibers in the right TA muscle (data not
shown). rAAV2-a-SG-injected TA muscles showed the de-
generation-regeneration process. In contrast, after rAAVS-
a-SG injection, we observed numerous a-SG-positive fibers
in the entirety of rAAVS-injected hind limb muscles (Fig.
2A). Moreover, a-SG-positive fibers were detected even in
contralateral hind limb muscles and cardiac muscle (Fig. 2B
and C). In particular, when rAAV8-a-SG was injected into
the TA muscle of Sgea* /" mice, we observed no pathc r](lgi-
cal changes in the injected hind limb muscles 4 weeks after
injection (Fig. 2D). No signs of tissue damage were found in
regions where a-5G was detected after injection of rAAVS-
a-5G. a-5G-positive myofibers retained normal morphology
up to 4 weeks after injection. Inaddition, to examine whether
rAAV2-a-5G and rAAVS-a-5G administration affect liver
function, we measured the serum level of liver-related
isozymes including alanine aminotransferase (ALT), y-glu-

. P<0.01
7
64
5+
4 4
34
24
14
0 L
s s s s s s
: 2 3 ¥ T 3
1:10“!0 5x 10“\!9 1:10“«9
B
Neonate Adult
%4 rAAV2 TrAAVS rAAV2 rAAVS
3 E, Right Right Right Right Left Heart
8’0)123 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
o-SG = E-X ¥-X See - - .. -

o-actin ew ®O® DOw

FIG. 3.
cles and heart of Sgea™/

Immunoblot analysis of a-SG in rAAV-injected a-S5G-deficient muscles. Expression of a-SG in the hind limb mus-
mice was examined 4 weeks after rAAV injection, by real-time PCR and Western blot. (A) Real-

time PCR was performed in duplicate to quantitate transgene copy number in each hind limb muscle after a single intra-
muscular administration of rAAV2-a-5G and rAAVS-a-5G. The right TA muscle of neonatal Sgea™/~ mice was transduced
with vector at 1 x 10%, 5 x 10", and 1 x 10" VG. Results are represented as vector copy number per diploid genome to-
gether with standard errors of mean. p Values are indicated and show a significant difference between rAAVZ- and rAAVS-
injected Sgea mice (p < 0.001). (B) The right TA muscles of Sgca™/~ mice were transduced with 1 % 10" VG (neonates)
or 5 x 10" VG (adults) of rAAV2-a-5G (lanes 1-3 and 7-9) or rAAV8-a-5G (lanes 4-6 and 10-18). Ten-microgram samples
of muscle lysates were separated by 10% SDS-PAGE. Faint bands were detected in the contralateral hind limb muscles of
rAAV8B-a-5G-injected mice. Adult Sgca*/* and Sgca ™/~ hind limb muscle lysates were used as positive and negative con-
trols, respectively. The a-5G antibody detected a 50-kDa band. a-Sarcomeric actin is shown as a loading control.
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tamyl transpeptidase (y-G1P), albumin (ALB), and total pro-
tein (TP) in rAAV2-a-5G- and rAAVS-a-SG-injected Sgca
mice. Because skeletal muscle contains isozymes of creatine

kinase, lactate dehydrogenase, aspartate aminotransferase,

and ALT, these may be released into the blood stream after
muscle necrosis (Janssen et al., 1989); the ALT level in
mice was 5.4-fold higher than that in Sgca™ /™ mice

(p < 0.001;

Sgca

lable 1). The ALI in tAAVSB-injected
mice was slightly lower than that in Sgca

level
mice
The levels of other liver-related proteins, including v-GTP,
ALB,

afca

and TP, were
and
mice

not significantly different between

rAAVZ2-a-5G- and rAAVE-a-5G-injected

SEca

Tropism of rAAVZ2- and rAAVE8-w-SG in
a-SG-deficient mice

lo investigate whether there is any difference in tissue tro
pism between rAAV2 and rAAVS, we determined the vec-
tor copies per diploid genome (C/DG) between the two vec-
tors in injected skeletal muscle by a quantitative, real-time
PCR assay. We injected neonatal Sgca mice with either
rAAV2-a-5G or rAAVE-a-5G al three different doses (1 X
1019,5 % 10", or 1

10" VG /mouse) via the TA muscle (n

3 per group). At a dose of 1 x 10" VG/mouse, we detected
rAAV2-a-5G and rAAVE-a-5G vector genomes in skeletal
1.88 C/DG, re-
spectively (p < 0.01; Fig. 3A). Increasing doses of rAAVS-a-
SG resulted in increased levels of transgene expression
Higher transduction efficiency was observed with rAAVS-
a-50 when large amounts of vector were used

muscle at levels of 0.05 = 0.03 and 5.33 =+

Moreover, to
evaluate the amount of a-SG in rAAV2-a-5G- or rAAVE-a-
SG-injected skeletal muscles of Sgea mice, we pertormed
Western blot analysis. Four weeks after injection of rAAV2

a-5G into the TA muscle of neonatal and adult Sgca mice,

a-SG

FI1G. 4.
jection. Right TA muscles of neonatal Sgca
T TA T

tibodies against 8-5G,

injected Sgca

scles (fop and bott

v-SG, or 6-SG. Untreated Sgca

mice were injected with 1
respectively) were labeled by indirect i
muscle showed a secondary
weeks after injection, SGs were expressed in tAAVS-injected Sgca
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In contrast, when
rAAV8-u-5SC was injected into the right TA muscle of neona

a-5G was almost undetectable (Fig. 3B)
tal Sgca mice, the amount of &-5G in tAAVB-transduced
muscles was 3.5-fold higher than that in Sgeca” muscles
When transduced in adulthood, the expression level of a-5G
in the TA muscle of Sgca mice was almost equal to that
in Sgcat’* muscle. In addition, a-5C was detected in con
tralateral hind limb muscles and the heart after imection of
rAAVE-a-SG into the TA muscle (Fig. 3B)

rAAVE-mediated «-SG expression ameliorated
muscle pathology

A defect in any one of the four 5Gs can disrupt the entire
SG complex in LGMD 2C-2F patients. Thus, we investigated
f-
ter injection of rAAVE-a-5SG into the TA muscle of neonatal
Sgca mice. Immunostaining of rAAV8-a-5G-injected TA
muscle with anti-SGs antibodies revealed that restoration of

the presence of a 5G complex in the sarcolemma 4 weeks

a-50G expression accompanied the sarcolemmal expression
of other 1.'\\|1|Fu\l'lt'|1l:- of the SG \'l‘l'll"‘li.'\. that is, B v and
6-5G (Fig. 4). Moreover, 4 weeks after rAAVE-a-50 injection
Hé&E staining demonstrated considerable amelioration of the
muscle pathology of rAAVE-injected TA muscles (Fig. 5
and of surrounding EDL, SOL, GAS, and TP/P1
(data not shown). In contrast, uninjected and rAAV2-a-5G-
injected muscles of Sgca

muscles

mice still showed signs of mus
cle degeneration and regeneration. To evaluate the amelio
ration of the dystrophic phenotype (Morgan ef al,, 1990;
Duclos ¢t al., 1998; Li et al., 1999; Allamand ¢t al., 2000; Dress-
man ef al,, 2002), we counted centrally nucleated myalfibers
in TAAVE-a-5G-injected muscles 4 months after injection
(Fig

5B). Sgca hind limb muscles showed approximately

9% centrally nucleated mvyofibers. In contrast, rAAVE-a-50-
injected TA and ipsilateral EDL and SOL muscles showed

Complete restoration of sarcoglycan expression at the sarcolemma of a-SG-deficient muscle after rAAVB-a-5G in-

x 10" VG of rAAVB-a-5G. Untreated and rAAVS-
unoflu

rescence, using specific an-

loss of SGs from the sarcolemma. Four

muscle. Scale bars: 50 um
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A a-SG H&E

Sgc a ++

Sgca™”

rAAV8

Adult
rAAV8

Neonate
rAAV2

FIG. 5.
muscles of neonatal or adult Sgca™/ -

injected Sgca ™/
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Reduction of muscle degeneration in a-SG-deficient mice after rAAV8-a-5G-mediated gene transfer. (A) Right TA
mice were transduced with 1 % 10" VG (neonates) or 5 x 10" VG (adults) of rAAV2-
a-SG or rAAVE-a-SG. Four weeks after rAAV injection, serial cross-sections of Sgea*/*, Sgca™/

, and rAAV2- or rAAVSE

TA muscles (rAAV2 and rAAVS, respectively) were labeled by indirect immunofluorescence, using a-5G
antibody (left, green), and stained with hematoxylin and eosin (H&E) (right). rAAV8-injected Sgeca ™/

TA muscles showed

no signs of muscle degeneration. Arrowheads indicate a-SG-positive fibers. Scale bars: 50 um. (B) Percentages of centrally

nucleated myofibers in Sgca
Spca

columns) and rAAVS8-a-SG-injected Sgea /
cleated myofibers in rAAVS-a-SG-injected Sgca

for TA, p < 0.0001 for EDL, and p < 0.01 for SOL).

13.2 = 7.3, 10.4 = 10.4, and 29.1 = 12.9% centrally nucleated
myofibers, respectively (p< 0.0001, p < 00001, and p <
0.0023, respectively; Fig. 5B). The percentage of centrally nu-
cleated myofibers in rAAV8-injected hind limb was signifi-
cantly lower than that of Sgeca muscle, indicating that full
recovery of the SG complex at the sarcolemma of Sgca

mice corrected the underlying biochemical deticiency and
consequently restored the integrity of the muscle membrane

rAAV-8-mediated «-SG expression improves contractile
force and reverses muscle hypertrophy of
x-SG-deficient muscle

A major functional deficit in muscular dystrophy patients
is the loss of muscle strength. In our previous physiological

skeletal muscles 4 months after injection of rAAV8-a-5G. Right TA muscles of neonatal
mice were transduced with 1 % 10" VG of rAAVE-a-5G. Centrally nucleated myofibers among more than 200 to-
tal myofibers were counted in randomly selected H&E-stained cross-sections of the hind limb from Sgea

= mice (hatched

mice (solid columns) (1 = 3 for each group). The percentage of centrally nu-
mice was significantly lower than that in untreated Sgca
Values showed a statistically significant difference between Sgea

mice. p

mice and rAAVS-injected Sgca mice (p < 0.0001

study of muscular dystrophy model animals, we confirmed
profound muscle force deficits in TA muscle (Yoshimura et
al., 2004; Imamura ef al., 2005)

A deficiency of a-SG decreases the contractile force of af-
fected muscles (Danieli-Betto ¢t al., 2005; Imamura et al.,
2005). To evaluate whether rAAV8-a-5G transfer might im
prove Sgca muscle physiological function, we measured
the contractile force of rAAVE-injected Sgea TA and EDI
muscles. TA and EDL muscles were carefully separated from
the hind limb and subjected to in vitro electrophysiological
stimulation and contractile measurement on a force trans-
ducer. First, the right TA muscles of neonatal Sgca mice
were transduced with 1 % 10" VG of rAAVB-a-5G. At the
age of 5 months, the specific tetanic force of untreated

Sgca*/™ and Sgca TA muscles was 17.3 = 4.5and 8.9 2
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neonatal or adult Sgca™/

Recovery of contractile force of a-SG-deficient muscle after transduction with rAAVE-a-SG. Right TA muscles of
mice were transduced with 1 % 10" VG (neonates) or 5 ¥ 10! VG (adults) of rAAV8-a-5G, and

tetanic forces and time to exhaustion were assessed in vitro and in vivo. (A) Specific tetanic force of TA muscles from Sgea***

(open column, n = 3), untreated Sgca™’~ (hatched column, n

= 3), and rAAV8-a-SG-injected Sgea™ '~

mice (solid column,

n = 3). The right TA muscles of neonatal Sgca™/~ mice were transduced with 1 x 10" VG of rAAVS-a-5G, and the tetanic
forces of TA muscles were assessed in vitro 5 months after injection. (B) Specific tetanic force of EDL muscles from Sgea*/*

(open column, n = 3), untreated Sgca /

(hatched column, n = 3), and rAAV8-a-SG-injected Sgca~/

mice (solid column,

n = 4). The night TA muscles of adult Sgca™/~ mice were transduced with 5 X 10" VG of rAAVS-a-SG, and the tetanic
forces of EDL muscles were assessed in vitro 10 weeks after injection. The p values show a statistically significant differ-

ence between Sgea™ /'~ mice and rAAVS-injected Sgea™ /-
haustion in treadmill test: Sgea™/*
injected Sgca

mice (p < 0.01 for TA, and p = 0.05 for EDL). (C) Time to ex-
(open column, n = 3), untreated Sgca™/~ (hatched column, n = 4), and rAAV8-a-5G-
mice (solid column, n = 4). The right TA muscles of adult Sgea/

mice were transduced with 5 x 10"

VG of rAAVE-a-5G, and the tetanic forces of EDL muscles were assessed i vitro 10 weeks after injection. The p values

show a statistically significant difference between Sgeca =/

1.2 mN/mm?, respectively, whereas that of rAAVS8-injected
Sgca~/~ TA muscle was 194 = 0.7 mN/mm? (p < 0.01; Fig.
6A and Table 2). Furthermore, we assessed the improvement
of EDL muscle after rAAVB-o-SG injection in adulthood
rAAVS-a-SG (5 % 10" VG) was injected into the right TA
muscle of adult Sgea ¥~ mice. We measured the contractile
force of the EDL muscle surrounding rAAV8-injected TA
muscle 10 weeks after injection. The speaific tetanic forces of
Sgca*/* and Sgca /'~ EDL muscles were 121.5 = 1.6 and
61.74 = 8.33 mN/mm?, and that of rAAVS-injected Sgea ™’
EDL muscle was 121.15 = 22.12 mN/mm? (p = 0.05; Fig. 6B
and Table 2). Consequently, the specific tetanic force of an-
imals injected with rAAV8-a-5G was 2-fold higher than that
of uninjected Sgea™ '~ TA muscle (p < 0.01, and p = 0.05; Fig.
6A and B, Table 2).

In addition to the drastic improvement in contractile
force of rAAVB-a-5G-injected TA muscle, the weight of
rAAVB-a-5G-injected TA and EDL muscles as a percent-
age of body weight was comparable to those of Sgca*’*
muscle and much smaller than those of their untreated
counterparts (Table 2), suggesting that rAAVB-a-SG treat-
ment reduced the muscle hypertrophy of Sgea™ '~ muscle.
Moreover, we investigated whether a-5G expression in
Sgca muscle effectively increases the physical perfor-
mance of the muscle. In an enforced treadmill test, the ex-
haustion times of Sgca™ '~ and rAAV8-a-SG injected
Sgeca ™/~ mice were 25.9 = 2.0 and 30 = 2.6 min (p < 0.05;
Fig. 6C). rAAVS-injected Sgca mice demonstrated in-
creased exercise time before reaching exhaustion and could
run longer distances.

mice and rAAVS-injected Sgca= /"

mice (p < 0.05)

Discussion

In this paper, we have presented evidence that a single in-
tramuscular injection of a rAAVS vector expressing human
a-5G cDNA via a CMV promoter could achieve efficient ther-
apeutic effects in a dystrophic animal model of LGMD 2D.

When rAAV8-a-5G was administered to neonatal Sgac ™/~
mice, we observed extensive a-5G transduction in the hind
limb muscles, including the TA, EDL, SOL, and GAS mus-
cles. In the case of rAAVS injection of adult Sgac™ '~ mice,
a-5G was expressed not only in all of the hind limb muscles
and but also in cardiac muscle. A similar profile was further
confirmed in a study by Wang and coworkers, in which they
delivered more potent double-stranded rAAVS vectors into
adult and neonatal mice. The rtAAVE vector 15 more stable
in the bloodstream than other rAAV serotypes when ad-
ministered intravascularly and extravascularly (Wang et al.,
2005). The 37/67-kDa laminin receptor (LamR) has been
identified as the host cell receptor for the AAVS vector
(Akache et al, 2006). LamR is widely expressed in human
tissues, where it is normally involved in interactions of ex-
tracellular laminin-1 with proteases and the cell (Ardini ¢
al., 1997, 2002). Furthermore, the rAAVS vector might be able
to cross the capillary endothelial cell barrier and transduce
remote organs with high efficiency (Inagaki et al., 2006).
However, the detailed mechanism of rAAVS-mediated cell
recognition and transduction has yet to be fully elucidated.

In the present study, we demonstrated that rAAVE8-a-5G
transduced skeletal muscle about 100-fold more compared
with rAAV2-a-SG. In addition, rAAV8-a-SG-injected



TAaBLE 2. CONTRACTILE PROPERTIES OF rAAV8-INJECTED a-SARCOGLYCAN DEFICIENT MuscLED

Tissue
Muscle Muscle weight Maximal
Injection Number length weight (% of body CSA contraction Specific force
age of mice Tissue (Lo, mm) (mg) weight) (mm?) (P,, mN) (mN/mm?)
Sgca*/* 10-day-old 3 TA 11 56.1 + 2.9 0.185 * 0.004 481 = 0.14 823 * 19.2 17.3 * 4.5
Sgea~/~ 10-day-old 3 TA 11.5 68.1 + 6.9 0.233 = 0.023 561 = 0.32 485 * 4.0 89 1.2
rAAV8-injected Sgca™/ "~ 10-day-old 3 TA 115 65.7 * 8.2 0.224 = 0.027 5.05 = 0.46 103.8 = 10.3 19.4 = 0.7¢
Sgca ™t/ 7-week-old 3 EDL 14.83 = 0.83 11.30 = 0.46 0.044 = 0.001 0.73 = 0.07 88.3 + 85 1215 = 1.6
Sgca~/~ 7-week-old 3 EDL 14 13.5 = 0.48 0.047 = 0.002 091 = 0.03 56.94 * 9.25 61.74 = 8.33
rAAVS8-Injected Sgca~/~ 7-week-old 4 EDL 14 10.7 = 0.84 0.038 + 0.003 0.72 + 0.064 84.04 + 8.74 121.15 = 22.12¢

Abbreviations: CSA, tissue cross-sectional area; EDL, extensor digitorum longus; TA, tibialis anterior.
“Data represent means * SE. Tissue weights were normalized to respective body weights.

®The p values indicate statistical significance between Sgca~/~ mice and rAAV8-injected Sgca~/~ mice.
‘p < 0.01 when rAAVS was injected into neonatal Sgca~/~ TA muscle.

9p = 0.05 when rAAVS8 was injected into adult Sgca~/~ EDL muscle.

*p = 0.05 when rAAV8 was injected into adult Sgca=/~ EDL muscle.
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Sgca~/ mice did not demonstrate cytotoxic and immuno-

logical reactions for more than 7 months after injection.
Transduction of @-5G in an LGMD 2D animal model by
means of adenovirus, rAAV1, or rAAV2 vector was previ-
ously reported (Duclos ¢f al., 1998; Allamand ¢ al., 2000;
Dressman et al., 2002; Fougerousse ¢t al., 2007; Pacak ¢t al.,
2007). In the two studies using the adenovirus vector, it was
necessary to use neonatal animals to take advantage of the
immaturity of the immune system and thereby to circum-
vent the strong immune response elicited by the adenoviral
vector (Duclos et al., 1998; Allamand et al., 2000). The AAV
vector, which has been more widely used, is nonpathogenic,
has low immunogenicity, and has been shown to confer long-
term gene expression in muscles of various species. Use of
the ubiquitous CMV promoter would allow expression of
the transgene in various cells. Therefore, expression of a-5G
via rAAV] and rAAV2, using the CMV promoter, induced
an immune response, whereas those vectors introduced bal-
anced expression of 5Gs within the injected Sgca™ '~ my-
ofibers (Duclos et al., 1998; Allamand et al., 2000; Dressman
et al., 2002; Fougerousse et al., 2007; Pacak et al., 2007). Be-
tween 28 and 41 days after rAAV2 injection, a drastic de-
crease in a-5G expression occurred in the injected Sgea ™/
muscle. In particular, numerous antigen-presenting cells in
the dystrophic muscles could direct a strong immune re-
sponse against the transgene product when the CMV pro-
moter was used (Yuasa ef al., 2002). On the other hand, the
AAVSE vector transduced antigen-presenting cells (such as
dendritic cells) less efficiently than did the rAAV2 vector
(Xin et al., 2006). Consequently, gene transduction via the
AAV2 vector with the CMV promoter might be less efficient
than with rAAVS and other AAV serotypes.

Because the CMV promoter elicits an immune response
against the transgene product (Cordier et al.,, 2001; Yuasa et
al., 2002; Liu et al., 2004), several studies of rAAV-mediated
transduction of striated musculature used the muscle crea-
tine kinase (MCK), CK6, or SP’6 promoter as a muscle-spe-
cific promoter (Gregorevic et al.,, 2004; Yoshimura ef al., 2004;
Zhu et al., 2005). Transduction driven by a muscle-specific
promoter was achieved without acute toxicological response.
Moreover, to enable strong expression in striated muscle, an-
other group created a hybrid promoter containing the MCK
enhancer and the simian virus 40 promoter (MCK/SV40 pro-
moter) (Takeshita el al., 2007). The MCK/SV40 promoter
yielded long-term (>6 months) expression of a human se-
cretory alkaline phosphatase (huSEAP) reporter gene after
electrotransfer of the plasmid into mice. In addition, selec-
tion of the rAAV serotype is important. rAAV9 has also been
shown to be efficient in cardiac or skeletal muscle transduc-
tion (Inagaki et al., 2006; Sarkar et al., 2006).

Our study demonstrated improvement of the contractile
force and decreased sensitivity to stretch and exhaustion
time for exercise in Sgea”™ /" muscle after rAAVB-a-5G in-
jection. Recovery of absolute maximal force and specific
tetanic force is one of the barometers of amelioration. A dose
of about 1 % 10" VG (for neonates) or 5 x 10" VG (for
adults) in Sgca™/~ TA muscle led to transduction of ap-
proximately >70% of hind limb muscles and was sufficient
to increase the global force of the animal. We compared
tetanic contractions of rAAVS-a-SG-injected muscles with
those of Sgca*/* and Sgca™/ ~ muscles, The contractile forces
of rAAVSB-injected Sgca '~ TA and EDL muscles were in-
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creased 2-fold compared with that of Sgca™/~ muscles. Fur-
thermore, the exeraise treadmill test results for rAAVE-in-
jected Sgca/~ mice were higher than those of Sgca ™/~ mice.
This suggested that increased synthesis of a-SG had no ad-
verse effects on SG complex formation, and that overexpres-
sion of a-SG might induce stability of the transmembrane
without causing muscle pathology. In a therapeutic study us-
ing rAAV1 (Fougerousse et al., 2007), injection of rAAV1 en-
coding a-5G cDNA via the C5-12 promoter (a muscle-specific
promoter) into the artery of Sgea™/~ mice increased the con-
tractile force of EDL muscles 1.5-fold compared with that of
Sgca™’~ EDL muscles. Therefore, rAAVSE would be an effec-
tive tool for the delivery of therapeutic genes to skeletal mus-
cles in the treatment of limb-girdle muscular dystrophy.
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Atelocollagen-mediated local and systemic
applications of myostatin-targeting siRNA increase

skeletal muscle mass
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RNA interference (RNAI) offers a novel therapeutic strategy
based on the highly specific and efficient silencing of a target
gene. Since it relies on small interfering ANAs (siANAs), a
major issue is the delivery of therapeutically active siANAs
into the target tissue/target cells in vivo. For safety reasons,
strategies based on vector delivery may be of only limited
clinical use, The more desirable approach is to directly apply
active siANAs in vivo, Here, we report the effectiveness of
in vivo siRNA delivery into skeletal muscles of normal or
diseased mice through nanoparticle formation of chemically

unmodified siRNAs with atelocollagen (ATCOL). ATCOL-
mediated local application of siRNA targeting myostatin, a
negative regulator of skeletal muscle growth, in mouse
skeletal muscles or intravenously, caused a marked increase
in the muscle mass within a few weeks after application.
These results imply that ATCOL-mediated application of
siANAs is a powerful tool for future therapeutic use for
diseases including muscular atrophy.

Gene Therapy advance online publication, 6 March 2008;
doi:10.1038/g1.2008.24

Keywords: myostatin; RNA interference; atelocollagen; muscle; mouse; muscular dystrophy

RNA interference (RNAi) is the process of sequence-
specific, posttranscriptional gene silencing in plants and
animals from flatworms to human,’ which is mediated
by ~22-nucleotide small interfering RNAs (siRNAs)
generated from longer double-stranded RNA. Since it
was demonstrated that siRNAs can intervene gene
silencing in mammalian cells without induction of
interferon synthesis or nonspecific gene suppression,?
an increasing number of remedies utilizing highly
specific siRNAs targeted against disease-causing or
disease-promoting genes have been developed.® Effec-
tive delivery of active siRNAs to target organs or tissues
is therefore the key to the development of RNAI as a
broad therapeutic platform. For this purpose, different
strategies have been used to deliver and achieve RNAi-
mediated gene silencing in vive;* for example, polymers
represent a class of materials that meet the needs of a
particular siRNA delivery system, condensing siRNAs
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into nano-sized particles taken up by cells. However,
some of the synthetic polymers, which have been used
for delivery of nucleic acids, may trigger cell death in a
variety of cell lines and thus suffer from limitations for
its application in siRNA delivery in vivo.* On the other
hand, atelocollagen (ATCOL), a pepsin-treated type I
collagen lacking in telopeptides in N and C terminals
that confer its antigenicity, has been shown to elicit an
efficient delivery of chemically unmodified siRNAs to
metastatic tumors in vive.>” In this study, we sought to
examine the effectiveness of siRNA-ATCOL therapy for
a nontumorous systemic disease, targeted against myo-
statin (growth/differentiation factor 8, GDF8), a negative
regulator of skeletal muscle growth.*

Skeletal muscles are the crucial morphofunctional
organs, and their atrophy causes severe conditions for
life such as muscular dystrophies. Duchenne muscular
dystrophy (DMD), for instance, is a severe muscle
wasting disorder affecting 1 out of 3500 male birth.”
There is currently no effective treatment, but gene
therapy approaches are offering viable avenues
for treatment development.'” As one of therapeutic
approaches, inhibition of myostatin by using anti-myo-
statin-blocking antibodies has been employed to increase
muscle mass.”! However, generating antibodies against
recombinant target proteins is time consuming and
requires a lot of efforts. Recently, we demonstrated that
inhibition of myostatin by overexpression of the myo-
statin prodomain'® prevented muscular atrophy and
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Figure1 Local administration of the Mst»isNA!ahelocnlhgen (ATCOL) complex increases skeletal muscle mass and fiber size in wild-type
mice through inhibition of For the experi ts depicted in (a—e) Mst-siRNAs (final concentration, 10 uM) were mixed
with ATCOL (final mnmmﬁon for local administration, 05%.% (AteloGene, Kohken, Tokyo, Japan) according to the manufacturer’s
instructions. After anesthesia of mice (20-week-old male C57BL/6) by Nembutal (25 mg/kg, i.p.), the Mst-siRNA/ATCOL complex was
injected into the masseter and biceps femoris muscles on the left side. As a control, scrambled siRNA/ATCOL complex was injected into the
contralateral (right) muscles. After 2 weeks, the muscles on both sides were harvested and processed for analysis. (a) Photographs of muscles.
Increased muscle mass were observed in the Mst-siRNA/ATCOL 1 (L) ter (upper Is) and biceps femoris (lower panels), but
not in the contralateral muscles (R). (b) Muscle weight. Mst-siRN A/ ATCOL-treated lmlsdes had an increased weight significantly compared
to those with control siRNA/ATCOL (masseter, 0.185 £ 0.041 versus 0.11510.019 g; biceps, 0.307 £ 0.040 versus 0.232 4 0.039 g; n =4; P <0.05).
Student’s t-test was used for determining statistical signlﬂmnoe. Graphical representation of data uses the fcl.lowing convention: mean +s.d.;
treated muscles or mice in red; control muscles or mice in blue. (¢) Western blot analysis of myostatin (52 kDa) in the control and Mst-siRNA/
ATCOL-treated masseter muscles, assessed at 2 weeks after single injection. Total 80 pg of m muscle h were resolved by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred onm polyvinylidene difluoride meml:rmns for
immunoblotting. After a blocking reaction (5% nonfat milk/1% bovine serum alk phosphate-buffered saline (PBS) and 0.05%
Triton X-100), the blots were incubated for 1 h at room temperature with mouse mnruxlana] anl} u'rymlatm annbudy {1.51]} R&D Symms.
Minneapolis, MN, USA) or anti-fractin. After incubation with a secondary antibody (1:10000; h gated anti-rat
antibody; Biosource International, Camarillo, CA, USA), the blots were developed usmg the ECL Plus kit (Amersham, Buckinghamshire,
UK). We used a purified myostatin protein and ins extracted from cells transformed with a myostatin cDNA to confirm that the bands
are due to 52 kDa myosl:nﬂ.n. d) Hematoxylln and eosin staining of the control and Mst-siRNA/ATCOL-treated masseter muscle. Muscles
were fixed in 4% paraformaldehyde/PBS at 4 °C overnight, dehydrated and paraffin-embedded. Serial sections (5 pm thickness) were cut at
mid-belly of muscle and stained. Scale bar, 50 pm. () Distribution of myofibril sizes of the control (blue bars) and Mst-siRNA/ATCOL-
treated (red bars) muscles. The right panel shows the average myofibril size (33.6 £ 1.5 versus 244 £1.1 pm; n =200; P <0.0001). NTH Image
(NIH, USA) software was used for mory

normalized intracellular myostatin signaling in the We utilized the siRNA sequences reported pre-
model mice for limb-girdle muscular dystrophy 1C.'"*  viously'* (GDF8 siRNA26, 5-AAGATGACGATTAT
On the other hand, Magee ¢t al.'* demonstrated that CACGCTA-3, position 426-446). It has been noted that
downregulation of myostatin expression by transduction  this sequence can target myostatin mRNA not only of
of a plasmid expressing a short-hairpin interfering RNA  mouse but also human, rat, rabbit, cow, macaque and
(shRNA) against myostatin using electroporation can baboon, based on Blast search (National Center for
increase local skeletal muscle mass. For safety reasons, Biotechnology Information).” To confirm the silencing
however, strategies based on vector delivery may be of  effect of this siRNA, we constructed a plasmid of
only limited clinical use. The more desirable approach is  pSilencer 2.1-U6 neo containing the target sequence
to directly apply active siRNAs in vivo. As one of the  and transfected the plasmid into a mouse myoblast cell
practical plattorms for siRNA delivery, we sought to  line, C2C12 cells, which had been made forced to stably
employ an ATCOL-mediated oligonucleotide delivery  express myostatin. We confirmed that the RNAi con-
system to apply myostatin-targeting siRNA into muscles.  struct could effectively downregulate the expression
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Figure 2 Mst-siRNA /atelocollagen (ATCOL) treatment improves myofibril size in mdx mice. (a) Photographs of muscles. The leftward
r er (left and middle panels) and tibial (right panel) muscles injected with the Mst-siRNA/ATCOL complex intramuscularly show a
marked increased muscle mass in 20-week-old mdx male mice. (b) Western blot analysis of the control and MstsiRNA /ATCOL-treated

muscles, 1 at 2 weeks after single injection. Myostatin protein levels in the muscles injected with the Mst-siRNA/ATCOL
complex are markedly decreased, but not in the contralateral muscles injected with the control-siRNA/ATCOL. (¢) Immunohistochemical
analysis of the cross-sectional myofiber area of the masseter muscle, with the anti-laminin a2 antibody (4H8-2, Sigma, St Louis, MO, USA),

showing increased fiber size in the Mst-siRNA /ATCOL-treated (right panel) muscle, compared to that of control (left panel). Alexafluor 594-

| anti-rat i

HE

100 pm.

of myostatin in the C2CI12 cells'® (Supplementary
Figure S1).

We prepared the nanoparticle complex containing the
GDFS siRNA26 (10 pm) and ATCOL. Then, we injected
the GDF8 siRNA26-ATCOL (Mst-siRNA/ATCOL) com-
plex into the masseter and biceps femoris muscles of
20-week-old C57BL/6 mice. As a control, we injected
control-scrambled siRNAs/ATCOL complex in the
contralateral muscles. We observed gross morphology
of the muscles and dissected the muscle tissues 2 weeks
after injection. After injection of the Mst-siRNA/ATCOL
complex, both muscles (on the left side) were enlarged,
while no significant change was observed on the
contralateral side (Figure la). We also measured the
muscle weight, finding that the Mst-siRNA/ATCOL-
treated muscles weighed significantly more than those
on the control side (Figure 1b). The Mst-siRNA /ATCOL-
treated muscles were further examined by a western blot
analysis for myostatin (52 kDa), showing the decreased
expression of myostatin on the treated side (Figure 1c).
We quantified each result as a ratio to the internal
control and statistically analyzed a difference between
control (average ratio 0.90 £0.07) and treated (average
ratio 0.44 £ 0.22) muscles. This difference is significant
(P<0.01, Student’s f-test, n=4). Histological analysis

globulin G antibodies (A-11007, Invitrogen, Carlshad, CA, USA) were used for immunohistochemistry. Scale bar,

showed that the myofibril sizes of the masseter muscles
treated with the Mst-siRNA/ATCOL complex were
larger than those of the control (Figure 1d). Examining
the sizes of 200 myofibers per group, the population
of myofibril sizes indicated a shift from smaller to
larger fibers in the Mst-siRNA/ATCOL-treated muscle
(Figure le). The average myofibril size of the muscle
treated with Mst-siRNA/ATCOL gained approximately
1.3 times more than that of control (Figure le). No
obvious morphological change was observed in other
tissues than the treated masseter muscles. In the mean-
while, we did not observe any general sign of ill health
and deaths during the period of experiment. These
results indicate that the increase of the Mst-siRNA/
ATCOL-treated muscle mass is caused by their hyper-
trophy and that the siRNA complex gives no obvious
adverse effects.

We next questioned whether this effect of hypertrophy
after local injection of the Mst-siRNA /ATCOL complex
observed in normal mice was relevant to dystrophin-
deficient mdx mouse, an animal model for DMD."® We
intramuscularly injected the same Mst-siRNA/ATCOL
complex into the masseter and tibial muscles on the left
side of 20-week-old mdx male mice. Within 2 weeks after
the single injection, a dramatically increased muscle
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Figure 3 Systemic administration of the Mst-siRNA /atelocollagen (ATCOL) complex induces muscle enlargement in the mouse through
inhibition of m tin expression. For systemic administration, the siRNA (final concentration, 40 M)/ ATCOL (final concentration, 0.05%*
complex, 200 pl) was introduced intravenously via orbital veins at 4, 7 and 14 days after the first application (n =5). As a control, control-
scrambled siRNAs were injected into wild-type male mice (20 weeks, n =5). After 3 weeks, the quadriceps muscles on both sides were
harvested and processed for analysis. (a) Photographs of lower limbs from control (upper panel) and Mst-siRNA /ATCOL-treated (lower
panel) mice. (b) Western blot analysis of the control and Mst-siRNA / ATCOL-treated muscles (quadriceps femoris), assessed at 3 weeks after
triple injection. (¢) H ylin and eosin staining of the control (upper panel) and Mst-siRNA/ATCOL-treated quadriceps muscle (lower
panel). Scale bar, 50 um. (d) Comparison of muscle weight/body weight index between the Mst-siRNA /ATCOL and control-siRNA /ATCOL-
treated mice (0.048 £0.002 versus 0.043 £0.001 n=5; P<0.01). (e) Distribution of myofibril sizes of the control and Mst-siRNA /ATCOL -

treated quadriceps muscles. The right panel shows the average myofibril size (33.92 + 2.81 versus 22 95 + 1.54 um, n =156; P<0.01).

mass was observed in the Mst-siRNA/ATCOL-treated
muscle (Figure 2a). Western blot analysis showed that
the protein levels of myostatin in the muscles treated
with the Mst-siRNA /ATCOL complex were significantly
decreased (average ratio 0.5510.03), but not in the
contralateral muscles treated with control siRNAs/
ATCOL complex (average ratio 0.83+0.01) (Figure 2b;
P <0.05, n =5). Furthermore, immunohistochemical ana-
lysis on the masseter using an anti-laminin o2 antibody
showed increase in the mean myofiber size of the Mst-
siRNA /ATCOL-treated muscle (Figure 2¢), as is the case
for the wild-type (not shown). On the basis of these
results, it seems that myostatin maintains satellite cells or
muscle stem cells in a quiescent state. Reduced myostatin
activity would lead to activation of these cells and fusion
into existing fibers (Supplementary Figure Sle and f),
resulting in fiber hypertrophy as proposed previously.™

We further examined whether systemic administration
of the Mst-siRNA/ATCOL complex would have an effect
on silencing the myostatin expression and lead to muscle
enlargement. The Mst- or control siRNA/ATCOL com-
plex was applied intravenously into normal mice four
times in 3 weeks. Strikingly, we observed an obvious
enlargement of skeletal muscles of lower limbs (Figure

Gene Therapy

3a), masseters and other muscles. Since change in the
muscles of lower limbs is much larger than others, we
used them for further analyses. We confirmed reduction
of myostatin proteins in the muscles treated with the
Mst-siRNA /ATCOL complex (average ratio 0.67 £0.11)
(Figure 3b; P<001, n=5; average ratio for control
0.87 £0.03). We observed that the treated lower limbs
are much larger than the controls, although the average
body weights were 26.7 0.7 and 25.8 +0.4 g for controls
and treated mice, respectively. No increase in the body
weight of the treated mouse was observed, probably
because increase in the muscle weight compensated for
reduction of fat accumulation.'” To show increase in
muscle weights, we used the muscle weight/body
weight ratio (Figure 3d), in case the body weight
exhibited variation. Significant increase in muscle fiber
size (Figures 3c and e) was also observed after 3 weeks.
These results indicate that siRNAs targeting against
myostatin, intravenously administered with ATCOL, can
specifically repress the expression of myostatin, inducing
muscle hypertrophy in normal mice.

We present evidence that local and systemic applica-
tions of siRNA against myostatin coupled with ATCOL
markedly stimulate muscle growth in vivo within a few



weeks, Local application of siRNA/ATCOL complex was
shown to be effective to target the vascular endothelial
growth factor gene in a xenografted tumor,’™ while
ATCOL was used for systemic siRNA delivery into
tumor-bearing mouse models and proved to be effective
for silencing exogenous genes as luciferase and meta-
stasis-associated genes as EZH2.® However, it has not
been elucidated until this study whether the siRNA
complex could have an effect of muscle growth on
normal tissues by repression of muscle-specific genes. It
has been thought that the enhanced permeability and
retention (EPR) effect in tumor tissues could facilitate
selective targeting of siRNA/ polymer complex.® In spite
of the significance of the EPR effect in tumor therapies, it
is noticeable that normal and nontumor diseased tissues
can be targets for siRNA-based drugs applied systemi-
cally. It was reported that nuclease activity to siRNA
could be prevented'® and cellular uptake of siRNAs was
clevated by ATCOL.® Although the precise mechanisms
by which ATCOL achieves these effects have not been
elucidated to date, ATCOL complexed with DNA
molecules was demonstrated to be efficiently transduced
into mammalian cells.' Thus, similarly siRNA/ATCOL
complexes may be transduced into cells probably by the
same mechanisms as observed for DNA molecules. As a
simple administration of myostatin-siRNA/ATCOL
complex has a muscle growth effect, this novel method
for fighting against muscle atrophy would be of
considerable value for clinical applications. In tumor-
bearing mice, it was reported that ATCOL could
distribute siRNAs against luciferase to normal liver,
lung, spleen and kidney tissues as well as bone-
metastatic lesions.® ATCOL was also reported to display
low toxicity and low immunogenicity when it is
transplanted in vivo.***' Taken together with our results,
application of siRNAs with ATCOL would be promising
for a therapeutic remedy against various diseases not
only of muscles, but also of these organs.
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Vasodilation of intramuscular arterioles
under shear stress in dystrophin-deficient
skeletal muscle is impaired through
decreased nNOS expression
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Duchenne muscular dystrophy (DMD) is a lethal X-linked dis-
order of striated muscle caused by the absence of dystrophin.
Recently, impairment of vascular dilation under shear stress has
been found in DMD, but the underlying molecular mechanism
is not fully understood. Moreover, dilation of intramuscular
arterioles, which may be a key to the molecular pathogenesis,
has not been addressed yet. We examined dilation of arterioles
in the mouse cremaster muscle under shear stress due to liga-
tion. The vasodilation was significantly impaired in dystrophin-
deficient mdx mice as well as in neuronal nitric oxide synthase
(nNOS)-deficient mice; however, neither endothelial NOS-defi-
cient mice nor al-syntrophin-deficient mice showed any differ-
ence in vasodilation from control mice, These results indicate
that nNOS is the main supplier of nitric oxide in shear stress-in-
duced vasodilation in skeletal muscle, but that the sarcolemmal
localization of nNOS is not indispensable for the function. In
contrast, the response to acetylcholine or sodium nitroprusside
was not impaired in mdx or nNOS-deficient mice, suggesting
that pharmacological treatment using a vasoactive agent may
ameliorate skeletal and cardiac muscle symptoms of DMD.

Key words: Duchenne muscular dystrophy, blood flow, dystrophin,
nitric oxide synthase, vasodilation
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Nitric oxide (NO) is a vasoactive agent generated by nitric
oxide synthase (NOS). Neuronal NOS (nNOS) is highly
expressed in skeletal muscle compared with endothelial
NOS (eNOS) and inducible NOS (iNOS). nNOS is
anchored by al-syntrophin, a member of the dystrophin-
glycoproteincomplex (DGC), atthe sarcolemmainskeletal
muscle (1-6). Dystrophin is a cytoskeletal protein, and its

absence together with the secondary loss of DGC from
the sarcolemma is responsible for Duchenne muscular
dystrophy (DMD), a severe muscle disease characterized
by progressive skeletal muscle degeneration complicated
with cardiomyopathy (5). nNOS expression is greatly
reduced at the mRNA level in dystrophin-deficient
muscle (2). Moreover, the attenuation of a-adrenergic
vasoconstriction is impaired in contracting dystrophin-
deficient muscle, suggesting that nNOS has a specific
role in protection from sympathetic vasoconstriction
(7, 8). In addition, the localization of nNOS at the
sarcolemma through al-syntrophin is indispensable for
the attenuation of a-adrenergic vasoconstriction during
muscle contraction (9). Recently, Loufrani et al. showed
that the carotid and mesenteric arteries of mdx mice, an
animal model of DMD, do not dilate properly under shear
stress, although they are dilated normally by treatment
with either an NOS stimulator, such as acetylcholine
(ACh), or an NO donor, such as sodium nitroprusside
(SNP) (10). They concluded that the endothelial
dystrophin plays an invaluable role in vasodilation under
shear stress. In addition, the molecular background is not
clearly understood, although flow-induced remodeling
in arterial wall is deficient in mdx mice when stimulated
by arterial ligation or hydralazine (11, 12). To clarify
the role of nNOS in intramuscular arterioles in vivo, we
studied vasodilation in the mouse cremaster muscle. We
caused the modified parallel occlusion of arterioles by
microsurgical nylon thread ligation (13-16). We enlisted
the participation of DGC in shear-stress vasodilation by
using mdx mice. We also determined the significance of
the localization of nNOS at the sarcolemma by using |-
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