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cells.’” Previous reports showed that muscle SP cells par-
ticipated in regeneration of dystrophic myofibers after sys-
temic delivery’ and gave rise to muscle satellite cells after
intramuscular injection into cardiotoxin (CTX)-treated mus-
cle.”” Muscle SP cells adapted to myogenic characleristics
after co-culture with proliferating satellite cells/myoblasts in
vitro,"” and expressed a satellite cell-specific transcription
factor, Pax7, after intra-arterial transplantation.'® However,
the extent to which muscle SP cells participate in muscle
fiber regeneration as myogenic progenitor cells is still pri-
marily unknown. Importantly, Frank and colleagues™ re-
cently showed that muscle SP cells secrel BMP4 and reg-
ulate proliferation of BMP receptor1a (4) MyfS™@" myogenic
cells in human fetal skeletal muscle, raising the possibility
that SP cells in adult muscle play regulatory roles during
muscle regeneration.

Previously we showed that skeletal muscle-derived SP
cell fraction are heterogeneous and contain at least three
subpopulations: CD31(+) CD45(—) SP cells, CD31(—)
CD45(+) SP cells, and CD31(—) CD45(—) SP cells.®®
These three SP subpopulations have distinct origins,
gene expression profiles, and differentiation potentials ?°
CD31(+) CD45(~) SP cells account for more than 90% of
all SP cells in normal skeletal muscle, take up Ac-LDL,
and are associated with the vascular endothelium.
CD31(+) CD45(—) SP cells did not proliterate after CTX-
induced muscle injury. Bane marrow transplantation exper-
iments demonstrated that CO31(—) CD45(+) SP celis are
recruited from bone marrow into injured muscle. A few of
them are thought to participate in fiber formation. 2" Cells of
the third SP subfraction, CD31(-) CD45( =), constitute only
5 to 6% of all SP cells in adult normal skeletal muscle, but
they actively expand In the early stages of muscle regen-
eralion and return to normal levels when muscle regenera-
tion is completed. Although CD31(—) CD45(~) SP cells are
the only SP subset that exhibiled the capacity to differenti-
ate into myogenic, adipogenic, and osteogenic cells in
vitro,™ their myogenic potential in vivo is limited compared
with satelite cells. Therefore, we hypothesized that
CD31(—) CD45(—) SP cells might play critical roles during
muscle regeneration other than as myogenic stem cells,

In the present study, we demonstrate that the efficacy of
myoblast transfer is markedly improved by co-transplanta-
tion of CD31(—) CD45(—) SP cells in both regenerating
immunodeficient NOD/scid and dystrophin-deficient max
mice, We also show that CD31(—) CD45(—) SP cells in-
creased the proliferation and migration of grafted myoblasts
in vivo and in vitro. We further show that CD31(—) CD45(-)
SP cell-derived matrix metalloproteinase (MMP)-2 greatly
promotes the migration of myoblasts in vivo. Our findings
would provide us insights into the molecular and cellular
mechanisms of muscle regeneration, and also help us de-
velop cell therapy for muscular dystrophy.

Materials and Methods
Animals

All experimental procedures were approved by the Ex-
perimental Animal Care and Use Committee at the Na-
tional Institute of Neuroscience. Eight- to twelve-week-old

C578L/6 mice and NOD/scid mice were purchased from
Nihon CLEA (Tokyo, Japan). MMP-2-null mice were ob-
tained from Riken BioResource Center (Tsukuba, Ja-
pan).?? GFP-transgenic mice (GFP-Tg) were kindly pro-
vided by Dr. M. Okabe {Osaka University, Osaka, Japan)
C57BL/6-background mdx mice were generously given
by Dr. T. Sasaoka (National Institute for Basic Biology,
Aichi, Japan) and maintained in our animal facility.

Isalation of Muscle SP Cells

To evoke muscle regeneration, CTX (10 wmol/L in saline;
Sigma, St. Louis, MO) was injected into the tibialis anterior
(TA) (50 w)). gastrocnemius (150 ul), and quadriceps fem-
oris muscles (100 i) of 8- to 12-week-old GFP-Tg mice,
C57BLE mice, MMP-2-null mice, and their wild-type litter-
mates, 3 days later, SP cells were isolated from the muscles
as described by Uezumi and colleagues ™ In brief, limb
muscles were digested with 0.2% type |l collagenase
(Waorthington Biochemical, Lakewood, NJ) for 90 minutes at
37°C. After elimination of erythrocytes by treatrment with
0.8% NH,CI in Tris-bufter (pH 7.15), mononucleated cells
were suspended at 10° cells per ml in Dulbecco’s modified
Eagle's medium (Wako, Richmond, VA) containing 2% fetal
bovine serum (JRH Biosciences, Inc., Kansas City, KS), 10
mmollL Hepes, and 5 pg/ml Hoechst 33342 (Sigma), incu-
bated for 90 minutes at 37°C in the presence or the ab-
sence of 50 umol/L Verapamil (Sigma), and then incubated
with phycoerythrin (PE)-conjugated anti-CD31 antibody (1:
200, clone 390, Southern Biotechnology, Birmingham, AL)
and PE-conjugaled anti-CD45 (1:200, clone 30-F11; BD
Pharmingen, Franklin Lakes, NJ) for 30 minutes on ice.
Dead cells were eliminated by propidium iodide staining.
Analysis and cell sorting were pertormed on an FACS Van-
tageSE flow cytometer (BD Bioscience, Franklin Lakes, NJ).
APC-conjugated anti-CD90, Sca-1, CD34, CD49b, CD14,
CD124, c-kit, CD14 (BD Pharmingen), CD44 (Southern Bio-
technology Associates), and CD133 (eBioscience, San Di-
ego, CA) were used at 1:200 dilution.

Preparation of Satellite Cell-Derived Myoblasts
and Macrophages

Satellite cells were isolated from GFP-Tg mice or
C57BL/6 mice by using SM/C-2.6 monocional antibody??
and expanded in vitro in Dulbecco’'s modified Eagle's
medium containing 20% fetal bovine serum and 2.5 ng/ml
of basic fibroblast growth factor (Invitrogen, Carlsbad,
CA) for 4 days before transplantation. Macrophages were
isolated from CS7BL/6 mice 3 days after CTX injection
Mononucleated cells were stained with anti-Mac-1-PE
(1:200, clone M1/70; BD PharMingen) and anti-F4/80-
APC (1:200, clone Cl. A3-1; Serotec, Oxford, UK). Mac-
1(+) F4/80(+) cells were isolated by cell sorting as
macrophages.

Cell Transplantation

To induce muscle regeneration, 100 wl of 10 gumol/L CTX
was injected into the TA muscle of NODVscid muscles,
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and 24 hours later, 30 pl of cell suspensions containing
3 x 10* myoblasts, 3 x 10" CD31(-) CD45(~) SP cells,
or 3 x 10" GFP(+) myoblasts plus 2 x 10* CD31(-)
CD45(—) SP cells were directly injected into the TA mus-
cles of B-week-old NOD/scid or mdx mice. Al several time
points after transplantation, the muscles were dissected,
fixed in 4% paraformaldehyde for 30 minutes, immersed
in 10% sucrose/phosphate-buffered saline (PBS) and
then in 20% sucrose/PBS, and frozen in isopentane
cooled with liquid nitrogen.

Retrovirus Transduction in Vitro

Red fluorescent protein (DsAed) cDNA (BD Biosciences,
San Diego, CA) was cloned into a retrovirus plasmid,
pMXs, kindly provided by Dr. T, Kitamura of the University
of Tokyo, Tokyo, Japan ®* Viral particles were prepared
by introducing the resultant pMXs-DsRed into PLAT-E
retrovirus packaging cells,? and the filtered supernatant
was added to the myoblast culture. The next day,
DsRed(+) myaoblasts were collected by flow cytometry

Immunohistochemistry

We cut the entire TA muscle tissues on a cryostat into 6-um
cross sections, and observed all serial sections under fiuo-
rescence microscopy. We then selected two or three sec-
tions in which GFP(+) cells were found most frequently. The
sections were then blocked with 5% goat serum (Cedar-
lane, Homby, Canada) in PBES for 15 minutes, and then
reacted with anti-GFP antibody (Chemicon International,
Temecula, CA), anti-laminin o2 antibody (4HB-2; Alexis, San
Diego, CA), anti-phospho-histone H3 antibody (Upstate
Biotechnology. Lake Placid. NY), or anti-DsRed antibody
(Clontech, Palo Alto, CA) at 4°C overnight. Dystrophin was
detected using a monoclonal antibody, Dys-2 (Novocastra,
Newcastle on Tyne, UK), and a M.OM Kit (Vector Labora-
tories, Burlingame, CA). The sections were then incubated
with appropriate combinations of Alexa 488-, 568-, or 594-
labeled secondary antibodies (Molecular Probes, Eugene,
OR) and TOTO-3 (Molecular Probes), and photographed
using a confocal laser-scanning microscope system TCSSP
(Leica, Heidelberg, Germany). The area occupied by
GFP( +) cells or myofibers was measured by using Image J
software (National Institutes of Health, Bethesda, MD) on
cross sections from three independent experiments, and
defined as the distribution area.

RNA Isolation and Real-Time Polymerase Chain
Reaction (PCR)

Total RNA was isolated from muscles using TRizol (In-
vitrogen). First strand cDNA was synthesized using a
QuantiTect reverse transcription kit (Qiagen, Hilden, Ger-
many). The levels of GFP mRNA and 18S rRNA were
quantified using SYBR Premix Ex Taq (Takara, Otsu,
Shiga, Japan) on a MyiQ single-color system (Bio-Rad
Laboratories, Richmond, CA) following the manufactur-
er's instructions. Primer sequences for real-time PCR
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were: 18s rRANA, forward: 5'-TACCCTGGCGGTGGGAT-
TAAC-3', reverse: 5'-CGAGAGAAGACCACGCCAAC-3'
and EGFP, forward: 5'-GACGTAAACGGCCACAAGTT-
3, reverse: 5’-AAGTCGTGCTGCTTCATGTG-3'. The ex-
pression levels of MMP-2 and MMP-3 were evaluated by
conventional reverse transcriptase (RT)-PCR using the
following primers: MMP-2, forward: 5'-TGCAAGGCAGTGGT-
CATAGCT-3', reverse: 5-AGCCAGTCGGATTTGATGCT-3".

Cell Proliferation Assay

CD31(—) CD45(~) SP cells or 10T1/2 cells were cultured
in Dulbecco's modified Eagle's medium containing 20%
fetal bovine serum for 5 days, and the supernatants were
collected as conditioned medium. Myoblasts were plated
on 96-well culture plates at a density of 5000 cells/well
and cultured in conditioned medium for 3 days. BrdU was
then added to the culture medium (final concentration, 10
pmal/L). Twenty-four hours later, BrdU uptake was quan-
tified by a cell proliferation enzyme-linked immunosor-
bent assay, a BrdU kit (Roche Diagnostics, Meylan,
France), and Lumi-Image F1 (Roche).

Gene Expression Profiling

Total RNAs were extracted from CD31(—) CD45(—) SP
cells, macrophages, or myoblasts using an RNeasy RNA
isolation kit (Qiagen). cDNA synthesis, biotin-labeled tar-
getl synthesis, MOE430A GeneChip (Affymetrix, Santa
Clara, CA) array hybridization, staining, and scanning
were performed according to standard protocols sup-
plied by Affymetrix. The quality of the data presented in
this study was controlled by using the Microarray Suite
MAS 5.0 (Affymetrix). The MAS-generated raw data were
uploaded to GeneSpring sofiware version 7.0 (Silicon
Genetics, Redwood City, CA). The software calculates
signal intensities, and each signal was normalized to a
median of its values in all samples or the 50th percentile
of all signals in a specific hybridization experiment. Fold
ratios were obtained by comparing normalized data of
CD31(-) CD45(—-) SP cells and macrophages or
myoblasts.

In Situ Zymography

CD31(—) CD45(—) SP cells, myoblasts, and macrophages
were isolated from regenerating muscles 3 days after CTX
injection by cell sorting and collected by a Cytospin3 cen-
trifuge (ThermoShandon, Cheshire, UK) on DQ-gelatin-
coated slides (Molecular Probes). The slides were then
incubated for 24 hours at 37°C in the presence or absence
of GM8001 (a broad-spectrum inhibitor of MMPs, 50
umolL; Calbiochem, San Diego, CA) or E-64 (a cysteine
protease inhibitor, 50 mmol/L: Calbiochem). Fluorescence
of fluorescein isothiocyanate was detected with excitation at
460 to 500 nm and emission at 512 to 542 nm.

Statistics

Statistical differences were determined by Student's un-
paired t-lest. For comparison of more than two groups,
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one-way analysis of variance was used. All values are ex-
pressed as means + SE. A probability of less than 5% (P <
005) or 1% (P < 001) was considered statistically
significant.

Results

Marker Expression on Muscle-Derived CD31(-)
CD45(—) SP Cells

When incubated with 5 ug/mi of Hoechst 33342 dye at 37°C
for 90 minutes, 1 to 3% of muscle mononuclear cells show
the SP phenotype (Figure 1A). Previously, we reported that
muscle SP cells can be further divided into three subpopu-
lation, CD31(~) CD45(—) cells, CD31(~) CD45(+) cells,
and CD31(+) CD45(—) SP cells (Figure 1B)2° The
CD31(—) CD45(—) SP cells did not express Pax3, Pax7, or
Myl5, indicating that they are nat yet committed to the
muscle lineage® RT-PCR suggested that CD31(-)
CD45(—) SP cells have mesenchymal cell characteristics. ™
To further clarify the properties of CD31(—) CD45(—) SP
cells, we analyzed their cell surface markers. CD31(-)
CD45(—) SP celis were negative for CD124, CD133, CD14,
c-kit (Figure 1B), and CD184 (data not shown), weakly
positive for CD34 and CD49b, and strongly positive for
Sca-1, CD44, and CD90 (Figure 1). The FACS palterns
shown in Figure 1B suggested that CD31(—) CD45(-) SP
cells are a homogeneous cell population. CD14 is an ex-
ception. A small fraction of CD31(—) CD45(— ) SP cells were
strongly positive for CD14, but the majority weakly ex-
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Figure 1. Cell surface markers on CD31(—) CD45(—) 5P cells from regener-
ating muscle. As Mononuclear cells were prepared from limb muscles of
C57BL/G mice at 3 days after CTX injection, incubated with 5 pmol/L Hoechst
33342 with (right) or without (left) Verapamil, and analyzed by a cell sorter.
SP cells are shown by polygons. The numbers indicate the percentage of 5P
cells in all mononuclear cells. B: Left: Expression of CD45 and CD31 on
muscle SP cells. Right: The expression of surface markers (CD90, Sca-1,
CD44, CD34, CD49b, CD14, CD124, CD133, and c-kit) on CD3(~) CD4( =)
5P cells was further analyzed by FACS, The x axis shows the Muorescence
Intensity, and the y axis indicates cell numbers. Solid lines are with antibod-
ies; dotted lines are negative contrals.

pressed this marker. The function of CD14™" CD31(—)
CD45(~) SP cells remains 1o be determined.

Efficiency of Myoblast Transplantation Is
Increased by Co-Transplantation of Muscle
CD31(—) CD45(-) SP Cells in NOD/scid Mice

To clarify the functions of CD31{—) CD45(-) SP cells
during ruscle regeneration, we isolated myoblasts from
GFP-transgenic mice (GFP-Tg) and injected them (3 x
10* cells/muscle) with or without CD31(~) CD45(~—) SP
cells (2 x 10* cells/muscle) into TA muscles of immune-
deficient NOD/scid mice (Figure 2A). CTX was injected
into recipient muscles 24 hours before cell transplanta-
tion to induce muscle regeneration. Two weeks after
transplantation, the contribution of grafted myablasts to
muscle regeneration was investigated by immunodetec-
tion of GFP(+) myofibers. Co-transplantation of GFP({+)
myoblasts with nonlabeled CD31(—) CD45(—) SP cells
produced a higher number of GFP(+) myofibers than
transplantation of GFP(+) myablasts alone (Figure 2, B
and C). Furthermore, the average diameter of GFP(+)
myofibers was significantly larger in co-transplanted
muscles than in muscles transplanted with myoblasts
alone (Figure 20). These results suggest that more myo-
blasts participated in myofiber formation after co-transplan-
tation than after single transplantation, injected SP cells
promoted growth of regenerating myofibers, or bath.

Co-transplantation of Myoblasts with Muscle
CD31(—) CD45(—) SP Cells Significantly
Increased Efficiency of Myoblast Transplantation
in mdx Mice

Next, co-ransplantation experiments were performed us-
ing 8-week-old dystrophin-deficient mdx mice as a host
Three kinds of transplantations were performed: 3 x
10* myoblasts derived from GFP-Tg mice, 3 x 10*
CD31(—) CD45(—) SP cells derived from GFP-Tg mice,
or a mixture of GFP(+) 3 x 10° myoblasts and 2 x 10*
CD31(—) CD45( ~) SP cells derived from C57BL/6 mice
(Figure 3A).

When analyzed at 2 weeks after transplantation, a
much higher number of GFP(+) myofibers were detected
on cross-sections after co-transplantation of myoblasts
and CD31(—) CD45(—) SP cells than after transplantation
of GFP(+) myoblasts alone (Figure 3, B and C). On the
other hand, transplantation of GFP(+) SP cells alone
resulted in formation of few GFP(+) myofibers. This ob-
servation is consistent with our previous report.?° Co-
transplantation of myoblasts and CD31(—) CD45(-) SP
cells also gave rise to more myofibers expressing dys-
trophin at the sarcolemma in dystrophin-deficient mdx
muscles than transplantation of myoblasts alone (data
not shown). Again, the diameter of GFP( +) myofibers was
significantly larger in co-transplanted muscles than in
muscles transplanted with myoblasts or CD31(~) CD45(-)
SP cells alone (Figure 3D),
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The transplantation efficiency of myoblasts in madx
mice was 40 to 60% lower than that in NOD/scid mice. In
the present study, mdx mice were not treated with any
immunosuppressant, Although cellular infiltration was not
evident when examined 2 weeks after transplantation
(data not shown), some immune reaction might be
evoked and eliminate myoblasts transplanted into mdx
muscle.

Localization of Transplanted Myoblasts and
CD31(-) CD45(—) SP Cells after Intramuscular
Injection

To examine the interaction between grafted myoblasts
and CD31(—) CD45(—) SP cells during muscle regener-
ation, we labeled C57BL/6 myoblasts with a retrovirus
vector expressing a red fluorescent protein, DsRed
CD31(—) CD45(~) SP cells were isolated from GFP-Tg
mice. We then injected a mixture of DsRed(+) myoblasts
and GFP(+) CD31(—) CD45(=) SP cells into CTX-in-
jected NOD/scid TA muscles. Al 24 hours after transplan-
tation, DsRed(+) myoblasts and GFP(+) CD31(-)
CD45(~) SP calls were observed clearly (Figure 4A) At
48 hours after transplantation, immunohistochemistry re-
vealed that grafted CD31(—) CD45(-) SP cells ex-
panded, and surrounded both grafted myoblasts and
damaged myofibers, but rarely fused with myoblasts
(Figure 4B).

CD31(-) CD45(—) SP Cells Promote
Proliferation of Myoblasts in Vivo and in Vitro

Next, to clarify the mechanism by which co-transplanted
CD31(—) CD45(—) SP cells increased the contribution of

Mb(GFP

+CD31(- ICD‘SH SP(WT)
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Figure 2. Cotransplantation of myoblasts and
CD31(—) CO45(—) SP cells into skeletal muscle
of immunodeficient MOQVscid mice promotes
myofiber formation by transplanted myoblass
A: Schematic protocol of co-transplantation ex-
periments. CTX was injected into TA muscle 1
day before transplantation. Then, GFP(+) myo-
blasts {(Mb) slone or with 2 mixture of GFP(+)
myoblasts and CD31(~) CD45(~) SP cells de-
rived from wild-type (WT) mice were trans-
planted to CTX-injected TA muscles of 8- o
12-week-0ld MODVsctd mice, and sampled 2
weeks after ransplantation. B: Cross-sections of
transplanted TA muscles stained with anti-GFP
(green) and anti-laminin-a2 chain (red) antibod-
les. Nuclei were sained with TOTO3 (blue). C:
The number of GFP(+) fibers per cross section
of transplanted TA muscle. Values are means
with SE (seven to eight mice in each group)
P < 001 D: Average diameters of GFP(+)
fibers in the TA muscles tansplanted with myo-
blasts (Mb} or myoblasts plus CD31(=)
CD45(~) SP cells (Mb + SP). Values are means
with SE. ***F < 0.001. Scale bar = B) pm

grafted myoblasts to myofiber regeneration, we investi-
gated the survival of grafted myoblasts after transplanta-
tion (Figure 5). GFP(+) myaoblasts were injected into TA
muscles of NOD/scid mice with or without unlabeled
CD31(—) CD45{—) SP cells. Al 24, 48, and 72 hours after
transplantation, injected TA muscles were dissected, and
the GFP mRNA level in injected muscles was evaluated
by using real-time PCR (Figure 5A). There was a decline
of the GFP mRANA level of injected muscles from 24 to 72
hours after injection (Figure 5B) with no differences in
survival rates between single transplantation and
co-transplantation,

At 48 and 72 hours after transplantation, however, GFP
mBNA levels were slightly higher in co-injected muscle
than in muscle injected with myoblasts alone (Figure 5B)
Therefore, we directly counted the number of GFP(+)
myablasts at 72 hours after transplantation. As shown in
Figure 6, A and B, many more GFP(+) myoblasts were
detected in co-transplanted muscles than in myoblast-
transplanted muscles (Figure 6, A and B). In addition,
GFP{+) cells were more widely spread in the co-injected
muscles than in muscles transplanted with myoblasts
alone (Figure 6C)

To determine whether CD31(—) CD45(—) SP cells
promote proliferation of implanted myoblasts, we dis-
sected the muscles at 48 hours after transplantation,
and stained the cross-sections with anti-phosphory-
lated histone H3 antibody, a marker of the mitotic
phase of the cell cycle. Co-transplantation of myo-
blasts with CD31(—) CD45(—) SP cells significantly
increased the percentage of mitotic GFP(+) cells com-
pared with transplantation of myoblasts alone (Figure
60). These observations suggest that co-injection of
CD31(-) CD45(—) SP cells promoted proliferation of
grafted myoblasts.
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Next, to examine whether CD31(—) CD45(—) SP cells
directly promote proliferation of myoblasts or not, we
performed an in vitro proliferation assay using primary
myoblasts and conditioned medium (CM) of CD31(-)
CDA45(~) SP cells and CM of 10T1/2 cells. BrdU uptake
analysis showed that SP-CM more strongly stimulated the
proliferation of myoblasts than 10T1/2-CM did (Figure
6E). The results suggest that CD31(—) CD45( ) SP cells
promote proliferation of injected myoblasts at least in part
by producing soluble factors.

Gene Expression Profiling of CD31(-) CD45(~)
SP Cells

To identify the growth factor produced by CD31(-)
CDa5(—) SP cells that promotes proliferation of myo-
blasts, we extracted total RNAs from CD31(-) CD45(-)
SP cells, myoblasts, and macrophages isolated from re-
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Figure 4, Behavior of GFP® CD31(~) CD45(~) SP cells and DsRed-labeled
myoblasts after tmnsplanation. A: MODVscid TA muscles were injected with
CTX 24 hours before transplantation. Then, myoblasts transduced with 4
retrovirus vector expressing DsRed were injected together with GFP(+)
CD31{—) CD45(—) 5P cells into the muscles. The muscles were dissected 24
hours after the transplantation, sectioned, and stained with anti-DsRed (red)
and anti-GFP antibodies (green). Nuclel were smined with TOTO3 (blue). B:
Representative image of DsRed(+) myoblasts and GFP(+) SP cells 48 hours
after co-transplanmtion One serial section was sained with H&E. Scale
bars = 40 pm

Merge (+TOTO3)

generating muscles 3 days after CTX injection, and ex-
amined the gene expression in these three cell popula-
tions by microarray, Eventually, we identified 192 genes
that were expressed at more than 10-fold higher levels in
CD31(~) CD45(—) SP cells than in either macrophages
or myoblasts. We categorized the 192 genes based on
gene ontology, and found that CD31(—) CD45(-) SP
cells preferentially express extracellular matrix proteins
and cytokines and their receptors (see Supplementary
Table S1 at htip:/ajp.amjpathol.org). We found numerous
genes involved in wound healing and tissue repair on the
gene list, suggesting that CD31(—) CD45(—) SP cells
play a regulatory role in the muscle regeneration process.
Interestingly, the gene list contained both muscle prolif-
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Figure 5. Survival of injected myoblasts in NODVcid mice. A: Experimental
design, GFP(+) m‘yoblsus alone (3 % 10° cells) or a mixture of GFP{+)
myoblasts (3 x 10" cells) and nonlabeled CD31(=) CD45(=) SP cells (2 x
10* celis) were injected into previgusly CTX-injected TA muscles of NODVicid
mice. The muscles were then sampled at 0, 24, 48, and 72 hours after
transplantation. B: The mRNA level of GFP at each time point was quantified
by real-time PCR. The yaxis shows GFP mRNA levels normalized (o 185 RNA
with SE (n1 = 4 10 5).

eration or differentiation-promoting (follistatin},*® and in-
hibitary factors (eg, insulin-like growth factor binding pro-
teins,?” Nov®®). The list also contains regulators of TGF-g
(eg. thrombospondins.”™ Prss113% Ltbp3?!). which
would consequently attenuate or stimulate proliferation
and differentiation of myablasts.

CD31(—) CD45(—) SP Cell-Derived MMP-2
Promotes the Migration of Myoblasts

Genome-wide gene expression analysis revealed that
CD31(~) CD45(—) SP cells highly express matrix metal-
loproteinases (see Supplementary Table S$1 and Supple-
mentary Figure S1 at http:/ajp.amjpathol.org). MMPs are
a group of zinc-dependent endopeptidases that degrade
extracellular matrix compaonents, thereby facilitating cell
migration and tissue remodeling.** Furthermore, MMPs
are known to release growth factors stored within the
extracellular matrix and process growth factor receptors,
resulting in stimulation of cell praliferation.®*~3* Among
the MMPs up-regulated in CD31(—) CD45(—) SP cells,
we paid special attention to MMP-2 (also called gelati-
nase A or 72-kDa type IV collagenase). In CTX-injected
muscle, MMP-2 activity was shown lo be increased con-
comitantly with the transition from the regeneration
phases characterized by the appearance of young myo-
lubes to maturation of the myotubes into multinucleated
myofibers®’2¢ MMP-2 was also activated in the endom-
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ysium of regenerating fibers in dystrophin-deficient mus-
cular dystrophy dogs. Furthermore, MMP-2 transcripls
were found in the areas of fiber regeneration, and were
localized to mesenchymal fibroblasts in DMD skeletal
muscle. *?

We confirmed that the mANA level of MMP-2 was much
higher in CD31(—) CD45(-) SP cells than in macro-
phages or myoblasts (Figure 7A). Next, we examined the
gelatinolytic activity in CD31(—) CD45(—) SP cells, mac-
rophages, and myoblasts by DQ-gelatin zymography,
The cells were directly isolated from regenerating mus-
cle. High gelatinolytic activity was detected in CD31(—)
CD45(—) SP cells, compared to myoblasts or macro-
phages (Figure 7B). Importantly, the signal in MMP-2-null
SP cells was considerably weak, compared with wild-
type SP cells. The results indicate that DQ-gelatin was
degraded mainly (but not exclusively) by MMP-2 in the
assay. We hardly detected the green fluorescence in
wild-type SP celis in the presence of a broad-spectrum
inhibitor of MMPs, GME001, but not a potent inhibitor of
cysteine proteases, E-64, suggesting that other MMPs
contribute lo gelatin degradation to some extent in the
assay. Collectively, these results indicate that CD31(-)
CD45(~) SP cells have high MMP-2 activity.

MMP-2 is reported lo mediate cell migration and tissue
remodeling *** To directly investigale the effects of
MMP-2 on the migration and proliferation of transplanted
myoblasts, we injected GFP(+) myoblasts with CD31(—)
CD45(—) SP cells prepared from wild-type mice or from
MMP-2-null mice into CTX-injected TA muscles of NOD/
scid mice. There was no difference in the yield of
CD31(—) CD45(—) SP cells from regenerating muscle
between wild-type and MMP-2-null mice (data not
shown). Consistent with this observation, MMP-2-null
CD31(—) CD45(-) SP cells proliferated as vigorously as
wild-type in vitro (data not shown). At 72 hours after
transplantation, GFP(+) myoblasts were more widely
spread in the muscle co-injected with wild-type CD31(—)
CD45(—) SP cells than in the muscles co-injected with
MMP-2-deficient CD31(—) CD45(—) SP celis (Figure 7C).
In contrast, there was no difference in the number of
GFP(+) myoblasts between two groups (Figure 7D).
These results strongly suggest that MMP-2 derived from
CD31(~) CD45(—) SP celis significantly promotes migra-
tion of myoblasts, but does not influence the proliferation
of myoblasts.

Discussion

We previously reported a novel SP subset: CD31(-)
CD45(—) SP cells.?® They are resident in skeletal muscle
and are aclivated and vigorously proliferate during mus-
cle regeneration. RT-PCR analysis suggested that CD31(—)
CD45(—) SP cells are of mesenchymal lineage, and in-
deed they differentiated into adipocytes, osteogenic
cells, and muscle cells after specific induction in vitro.2®
In the present study, we further characterized CD31(—)
CD45(—) SP cells and found that co-transplantation of
CD31(~-) CD45(~) SP cells markedly improves the effi-
cacy of myoblast transfer to dystrophic mdx mice. Our
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Figure 6. CD31(=) CD45(~) 5P cells pro
proliferation of myoblasts in eitroar
Representative images of cross s
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anti-lamimin-a cham (red) antibodies. GFF(+)
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CD45(—) SP cells, compared with single trans-

plantation. B: The number of GFP{+) cells per
Mb Mb4SP cross section of TA muscles injected with myo-
blasts or myoblasis and CD31(—) CD45(—) SP
cells. Values were means with SE (n = 4 to 5)
*FP < 0.05. C: Left: Representalive distribulions
of GFP(+) myoblasts/myotubes 72 hours afier
transplanution Righe Disribution ares (marked
by white dotted lines in left panels) was measured
by Image | software. Values were means with SE
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findings suggest that endogenous CD31(-) CD45(—-) SP
cells support muscle regeneration by stimulating prolifera-
tion and rnigration of myoblasts

Are CD31(—) CD45(—) SP Cells Mesenchymal
Stermn Celis?

Analysis of cell surface antigens on CD31(-) CD45(—)
SP cells suggests that they are a homogeneous popula-
tion. Several reports showed that mesenchymal stem
cells (MSCs) express CD44, CD90, but not CD31, CD45,
or CD14 %2 The expression patterns of these markers
on CD31(—) CD4a5(—) SP cells and their differentiation
potentials into osteogenic cells, adipocytes, and myo-
genic cells suggest that CD31(—) CD45(—) SP cells are
closely related to MSCs.?° On the other hand, the expres-
sion of PDGFRB,° CD44, CD49b, CDS0, and the lack of
CD133 expression on CD31(—) CD45(—) SP cells are
similar to those of human pericytes.' Unlike human peri-
cytes, however, CD31(—) CD45(—) SP cells have limited
myogenic potential in vivo. "2 The relationship between
CD31(—) CD45(—) SP cells and MSCs or pericytles re-
mains to be determined in a future study

(green) amfbodies. Armowheads indicaie H3
Mb Mi-S P PH\'H GFP(+) cells. The right graph shows the
percentage of H3-P(+) cells in GFP({+) myoblasts
in single-transplanted muscle (Mb) or in co-trans-
planted muscle (Mb + SP). The values are means

* with SE (n = 3}, *P < 005 E: Mychlass were
cultured for 3 days In conditioned medium of

| either CD31{—) CD45(—) SP cells (SP-CM) or
10T1/2 cells (10T1/2-CM) and then culiuned for an

additional 24 hours in the presence of BrdU. The

1 venical axis shows BrdU uptke by myoblass

Values are means with SE(n = &), *F < 0.05. 5cle

bbars: 100 pm (A, 200 um (Cl;, 80 pm (D).

+10TV2CM +SPCM
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CD31(—) CD45(—) SP. Cells Promote
Proliferation of Myogenic Cells

In the present study, we demonstrated that the efficiency of
myablast transfer is greatly improved by co-transplantation
of CD31(—) CD45(-) SP cells. Transplanted CD31(-)
CD45(—) SP cells proliferated in the injection site and sur-
rounded both engrafted myoblasts and damaged myofi-
bers, but rarely fused with myoblasts (Figure 4). Transplan-
tation of CD31(~) CD45(—) SP cells alone contributed little
to myofiber formation. Therefore, the improvement in effi-
ciency of myoblast transfer by co-transplantation is not at-
tributable to differentiation of CD31(—) CD45(—) SP celis
into muscle fibers.

Because the conditioned medium from CD31(-)
CD45(—) SP cells modestly stimulated the proliferation of
myoblasts in vitro, when compared with CM of 10T1/2
cells. it is possible that CD31(—) CD45(—) SP cells stim-
ulated proliferation of myoblasts by secreting growth fac-
tors. CD31(—) CD45(-) SP cells are found in close vicin-
ity to myoblasts 48 hours after transplantation. Therefore,
even low levels of growth factors produced by CD31(-)
CD45(—) SP cells may effectively stimulate the prolitera-
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tion of myoblasts. Importantly, several reports showed
that MSCs secrete a variely of cylokines and grawth
factors, which suppress the local immune system, inhibit
fibrosis and apoptosis, enhance angiogenesis, and stim-
ulate mitosis and differentiation of tissue-specific stem
cells.** On the gene list, we found a variety of cytokines/
chemokines and their regulators (see Supplementary Ta-
ble S1 at http://ajp.amjpathol.org). These molecules may
directly or indirectly stimulate proliferation of myoblasts

MMP-2 Derived from CD31(—) CD45(—) SP
Cells Prornotes the Migration of Myoblasts

Transplanted GFP(+) myoblasts were more widely
spread in injected muscle when co-injected with
CD31(=) CD45(-) SP cells than when transplanted alone
(Figure 6C). MMP-2 is a candidate molecule that pro-
motes migration of myoblasts, MMP-2 plays a critical role
in myogenesis** and is up-regulated in muscle regener-
ation (see Supplementary Figure S2 at http://ajp.amjpathol.
org).*® MMP-2 expression is also detected in regenerat-
ing areas of dystrophic muscles.?**? importantly, El Fa-
hime and colleagues*® reported that forced expression of
MMP-2 in normal myoblasts significantly increased mi-
gration of myoblasts in vivo. In the present study, we
demonstrated that CD31(—) CD45(—) SP cells highly ex-
press MMP-2 (see Figure 7A and Supplementary Table
S1 at hitp://ajp.amjpathol.org). Gelatin zymography con-
firmed that CD31(—) CD45(—) SP cells have high gela-
tinolytic activities (Figure 7B). Importantly, CD31(-)
CD45(-) SP cells prepared from wild-type mice pro-
moted the migration of transplanted myablasts, but those

My oblast
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Figure 7. MMP-2 derived from CD31(=) CD45({ =) SP cells promotes the migration
of myoblasts fn tivo. A: RT-PCR amalysis of the expression of MMP-2 in CD31(-)
CD45( =) SP cells, myoblasts, macrophages, and regenernating muscles. 18s rRNA
Is shown as an internal control. Template (—) is a negative control. B: [n siru
rymography of wild-type CD31(=) CD45(—) SP cells (WT-5P), myobiasts, mac-
rophages, and MMP-2(—/=) CD31(—) CD45( -} 5P cells (MMP-2(~/=) 5P) in the
presence or absence of GMG6001 (50 pmol/l) or E-64 (50 pmol/L). Cells were
freshly isolated from regenerating muscles 3 days after CTX injury and collected
on the glass slides. Top panels are fluorescent signals from digested DQ-gelatin
Phase contrast images of the cells (arrowheads) are shown in bottom panels. C:
Lefi: Representative images of GFP(+) myoblasts 72 hours afier co-transplanta-
tion of GFP+ myoblasts and CD31(~) CD45(=) SP cells from wild-type (WT) or
from MMP-Z-null mice (MMP-2 =/=) into CTX-injected TA muscles of NOOScid
mice. Right: Distribution areas shown by white dotted lines in the left panels
were measured by Image] (National Institutes of Health), Values are means with
SE(m =510 6) "P < 005 D Left: Rep wative ohistoch y of
cross-sections of the TA muscle 72 hours after cotmnsplantation. Right: The
number of GFP(+) cells per cross section of the TA muscle injected with GFP(+)
myoblasts and CD31(—) CD45(—) 5P cells derived from wild-type linermates
(Mb-SP) or MMP-2-null mice (MMP-2(—/=) SP). Values are means with 5E (n =
5 t0 6). Scale bars: 200 wm (C); 100 um (D)

MMP-2(44 SP

from MMP-2-null mice did not (Figure 7C). Our results
suggest that CD31(—) CD45(—) SP cells promote the
migration of myoblasts via MMP-2 secretion. CD31(-)
CD45(—) SP calls highly express MMP-2, 3, 9, 14, and 23
during regenerating muscle (see Supplementary Figures
S1 and S2 and Supplementary Table S1 at http:/ajp.
amjpathol.org). Therefore, it remains to be determined
whather MMPs other than MMP-2 also promote the mi-
gration of myoblasts. MMPs are reported to promote cell
proliferation by releasing local growth factors stored
within the exiracellular matrix and process growth factor
receptors.**3%4% |n the present study, however, MMP-2
derived from CD31(—) CD45(-) SP cells did not stimu-
late the proliferation of myoblasts in vivo (Figure 7D). The
factors that stimulate the proliferation of myoblasts re-
main to be determined in a future study. MMP-3, -9, -14,
and -23 are candidates that play a role in stimulating the
proliferation of myoblasts.

CD31(=) CD45(—) SP Cells Are the Third
Cellular Component of Muscle Regeneration

Our results suggest that transplanted CD31(—) CD45(-)
SP cells stimulate myogenesis of co-transplanted myo-
blasts by supporting their proliferation and migration. Our
results also suggest that endogenous CD31(—) CD45(-)
SP cells promote muscle regeneration by the same
mechanisms. Muscle regeneration is a complex, highly
coordinated process in which not only myogenic cells but
also inflammatory cells such as macrophages play criti-
cal roles.® Based on our finding that CD31(—) CD45(—)
SP cells regulate myoblast proliferation and migration, we
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propose that CD31(—) CD45(—) SP cells are a third cel-
lular component of muscle regeneration. In addition,
gene expression analysis on CD31(—) CD45(—) SP cells
revealed that CD31(—) CD45(~-) SP cells express a wide
range of regulatory molecules implicated in embryonic
development, tissue growth and repair, angiogenesis,
and turnor progression, suggesting that CD31(—) CD45(~)
SP cells are a versatile player in regeneration of skeletal
muscle. Future studies of ablation of endogenous CD31(-)
CD45(—) SP cells in the mouse will likely further clarify the
mechanisms by which CO31(—) CD45(—) SP cells promote
muscle regenaration.
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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 mot 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 mdr 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

Introduction

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 sarcolemmain skeletal
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 o-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 al-
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syntrophin knockout mice (a1syn™). In addition, we used
nNOS knockout (nNOS*) and eNOS knockout (eNOS*
) mice to clarify which NOS is involved in vasodilation
under shear stress.

Materials and methods

Animals

Mdx mice and their controls, C57BV10 mice (B10),
alsyn” mice generated in C57BI/6 mice (B6), and their
wild-type littermates (alsyn**), aged 8-10 weeks were
used (17). Eight- to 10-week-old nNOS* and eNOS
" mice (B6 background) were supplied by the Jackson
Laboratory. They were anesthetized by intraperitoneal
injection of 1.2x10" g carbamic acid ethyl ester per gram
of body weight. At the end of the experiment, animals
were sacrificed by an overdose of pentobarbital. All
protocols were approved by the Institutional Animal
Care and Use Committee of the National Institute of
Neuroscience and were performed in compliance with
the Guide for the Care and Use of Division of Laboratory
Animal Resources.

Experimental Design

We mounted and fixed mouse on experimental stage under
anesthesia and scrotum of each mouse was placed on a
clear silicone dish as shown in Figure la. The cremaster
muscle was exposed as described with minor modification
(18), and was observed under an intravital microscope
at 450 magnifications. The exposed cremaster muscle
was deoxygenated by continuous superfusion (5 ml/
min) of buffered Tyrode solution (34 + 0.5 *C, pH 7.35-
7.45) bubbled with 95% N, and 5% CO, gas. Captured
microcirculatory images were converted to digital
images by the computer and recorded by VTR (Fig. 1a).
To calculate the shear stress, we used CapiFlow® (IM-
Capiflow, Kista, Sweden), a fully computerized system for
the measurement of red blood cell velocity, as previously
described (19, 20).

Drug treatment

We first examined the vasodilatory response of third-
order arterioles (A3; about 20 pum) in mouse cremaster
muscles (Fig. 1b) (22). ACh or SNP was added to the
buffer solution and applied directly to the muscle, based
on previous reports with modification (23, 24), The
vessel diameter was measured before and just after drug
administration and the dilatory ratio was calculated as:
diameter of arteriole after drug treatment/ before drug
treatment. To determine adequate dose, ACh or SNP
was exposed from its lower concentration to higher
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muascle [iber border

ligarion

Figure 1. Observation and measurement of dilation of
intramuscular arlerioles induced by drug treatment or
by shear stress in mouse cremaster muscle. (a) Optical
system consisting of a cool light unit, mirror box, 450X
intravital microscope (MZFL3, Leica Microsystems,
Heidelberg, Germany), cooled, color 3 charge-coupled
device (CCD) camera, image capture unit (C5810,
Hamamatsu Photonics K.K.,, Hamamatsu, Japan),
computer (Apple Macintosh G4, Apple, Cupertino,
California), and video cassette recorder (HR-STG300,
Victor JVC, Yokohama, JAPAN). (b) Arterioles in the
mouse cremaster muscle are classified as indicated. A1;
first-order arterioles, A2; second-order arterioles, A3;
third-order arterioles. Observation area was indicated
by circle. (c) Measurements of arteriole diameter were
performed 120-1000 pm from the point of divergence,
and the observation point was decided in reference to
the border of muscle fibers. (d). Points for measurements
of tissue pO, during parallel occlusion in A3 area: A,
around the main arteriole; B, around the ligation site;
and C, the original point for measurements of dilation
of arterioles.

concentration. Before increasing dose, we waited for
maximum ten minutes until no more dilatory effect was
observed by previous dose. Papaverin was added at the
final part of experiments to know the extent of maximum
dilation of vessels. We also examined the effect of NO
synthesis inhibition by adding N-omega-nitro-L-arginine
methyl ester (L-NAME, 0.1 mmol/L) to the buffer from
10 minutes before ACh or SNP administration.
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Shear stress

We used parallel occlusion method to increase the
blood flow wvelocity in nonoccluded parallel arteriolar
branches in vivo, based on the previous studies (13-16).
The aneriole was ligated using 10-0 nylon thread with
needle to produce shear stress (Fig. l¢) (13). The ligated
portion and the measured point (A3) were remote enough
from the branching point to avoid artifactual effects. The
dilatory ratio for shear stress experiments was calculated
as: diameter of arteriole after ligation/ before ligation.
The dilatory ratio was also examined under indomethacin
(1.0x107,5.0x107, 1.0x107 or 0.5 mmol/L) administration,
when Prostaglandin 1, (PGL,) (1.0x10* mmol/L) was added
to the buffer solution or we induced vasodilation by parallel
occlusion. L-NAME and indomethacin were supplied from
10 minutes before ligation. Without L-NAME treatment,
shear stress-induced vasodilation was observed for a longer
period as long as 20 minutes in 4 B10 and 4 mdx mice.

Measurements of partial pressure of oxygen (p0,)

Observations of the microcirculation and in vivo partial
pressure of oxygen (pO,) measurements were made
with a microscope and the oxygen-dependent quenching
of phosphorescence decay technique, as previously
described (21). We measured tissue pO, of B10 (n = 3)
and mdx mice (n = 3) at three distinct points of cremaster
muscles before and after ligation by the phosphorescence
quenching method (Fig. 1d).

Histological analysis and immunohistochemistry

Ten-micrometer cryosections of cremaster muscles were
prepared, air-dried, and stained with hematoxylin and
eosin (H&E). Six-micrometer acetone-fixed cryosections
were prepared, blocked with goat serum, and then
incubated with primary antibodies, rabbit against nNOS
(Zymed Laboratories) and rat against CD31/PECAM-
1 (Southern Biotechnology Associates) at room air
temperature. Alexa 488-labeled goat anti-rabbit IgG (H
+ L) (Molecular Probes) and Alexa 594-labeled goat anti-
rat IgG (H + L) were used as the secondary antibody.
The sections were viewed and photographed by a laser
microscope, TCSSP™ (Leica Microsystems).

Statistical analysis

Results were expressed as means + standard error of the
mean (SEM). Results were compared between mdx mice
and B10, alsyn” and alsyn** mice, and eNOS* or nNOS-
* mice and B6. The effect of L-NAME pretreatment was
also evaluated. The significance of the differences between
groups was determined by Mann-Whitney U'testor ANOVA.
Values of p < 0.05 were considered to be significant.
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Results

Drug induced vasodilation

Maximum arteriolar dilation was determined for
administration of ACh or SNP, and then compared with the
dilation by the treatment with 1.0 mmol/L of Papaverine.
The optimal dose of both ACh and SNP was 1.0 mmol/L
for maximum dilatory ratio (Fig. 2) and the dose was used
for subsequent examinations (Fig. 3).

The administration of ACh or SNP gave almost the same
dilatory ratio between B10 (n = 7) and mdx mice (n = 7),
alsyn™ (n =35) and alsyn™ (n = 5) and, eNOS™ (n=4) or
nNOS* mice (n = 4) and B6 (n = 4) (Figs. 3a and 3b). This
result does not conflict with the conclusion of a previous study
using nNOS- and eNOS-deficient mice that expression of
either nNOS or eNOS is sufficient for ACh-induced dilation
(25). Pretreatment of L-NAME gave the same degree of
inhibition in ACh-induced vasodilation in B10 (n=5) and in
madx mice (n = 5), but did not significantly alter the dilatory
ratio in SNP-induced vasodilation in these mice.

a
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10 1w’ 10t 1w’ 10t 10’ M
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Figure 2. Responses of arerioles for vascdilatory
agents, ACh and SNP in three B10. Graphs are showing
dilatory ratio against various doses of ACh (a) or SNP (b),
in reference to maximum dilation by treatment of 10° M of
Papaverin (Pap).
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Figure 3. Effects of vasodilative agents on dilation
of mouse cremaster artericles of B10 (black bar), mdx
(white bar), B10 pretreated with L-NAME (black bar), mdx
pretreated with L-NAME (white bar), a1syn** (black bar),
alsyn* (white bar), B6 (black bar), eNOS* (white bar),
and nNOS™ (black bar) mice. (a) After pretreatment with
L-NAME, ACh-induced vasodilation was reduced both in
B10 and in mdx mice. Values are indicated as mean %
SEM. Asterisk (*) shows statistical significance (p < 0.05)
(b) Vasodilation induced by SNP was not statistically
significant between the mice we examined

Shear stress-induced vasodilation

In contrast, shear stress-induced vasodilation was
significantly impaired in mdx mice (n = 10) compared
with that of B10 (n = 10) (Fig. 4a), and in addition,
the calculated shear stresses were different (Table 1).
Interestingly, although nNOS* mice (n = 5) showed
impaired vasodilation, eNOS™ mice (n = 5) did not show
significant differences in the dilatory ratio when compared
with that of B6 (n = 5), indicating that nNOS is the main
supplier of NO in the shear stress-induced vasodilation of
arterioles in skeletal muscle. On the other hand, ctlsyn”
mice (n = 5) did not show significant differences in the
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Figure 4. Effects of shear stress-induced dilation of
mouse cremaster arterioles of B10 (black bar), mdx
(white bar), B10 pretreated with L-NAME (black bar),
mdx pretreated with L-NAME (white bar), a1syn*+(black
bar), aisyn* (white bar), B6 (black bar), eNOS* (white
bar), and nNOS* (black bar) mice. (a) mdx mice, B10
pretreated with L-NAME, mdx mice pretreated with L-
NAME and nNOS* mice showed impaired vasodilation
under shear stress. (b) Extended observation of shear
stress-induced vasodilation. The vessel diameter in
B10 rapidly increased after vessel ligation and reached
a stable level within 10 minutes (n = 4), The dilation of
arterioles was severely impaired in mdx mice (n = 4). The
difference between mdx mice and B10 was observed as
long as 20 minutes after the ligation.

dilation compared with the control alsyn™ mice (n = 5),
suggesting that the intramuscular localization of nNOS
at the sarcolemma is not critical for shear stress-induced
vasodilation. After pre-treatment with L-NAME, shear
stress-induced vasodilation was significantly decreased
inB10(n=35).

As shown in Figure 4b, under a longer observation
of shear stress-induced vasodilation in the absence
of L-NAME, the difference between mdx mice and
B10 was still observed at least 20 minutes after the
ligation.
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Table 1. Relationship of vasodilation and shear stress in mouse cremaster arterioles.
—

Blood cell velocity (cm/s) Diameter (pm) Shear stress
rate
before ligation after ligation before ligation after ligation
B10(n=23) 0.48 + 0.05 067 +0.20 18709 24202 1.02 + 0.16
mdx (n = 3) 0.41 +£005 0.91 +0.23" 188+ 0.7 19.8 + 0.1° 202+023

asmean+SEM "=p<0.05

Shear stress rates were calculated as (shear stress before ligation) / (shear stress after ligation). Values are expressed

PGl, induced vasodilation

There were significant differences between shear stress-
induced and PGL-induced vasodilation in dilatory ratios
against high concentrations of indomethacin in B10
(Fig. 5). These data indicated that high concentration
of indomethacin treatment could completely antagonize
PGL-induced vasodilation, but the treatment cannot
completely inhibit shear stress-induced vasodilation.

Alternation of pO, before and after ligation

There were no significant differences in tissue pO, levels
between before and after ligation not only in B10 but also
in mdx mice (Fig. 6).

Immunohistochemical observation of NOS expression

In H&E stained tissues, centrally nucleated fibers,
which represent muscle regeneration, were observed in
only mdx mice (Figs. 7a-e). The immunohistochemical
analysis showed that nNOS was observed mainly at the

165 —e— ligation
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Figure 5. Under various dose of indomethacin,
vasodilation was induced either by treatment of
Prostaglandin |, (PGI,) or by parallel occlusion (ligation)
in B10 cremaster muscle arterioles (n = 5).
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sarcolemma rather than in the endothelium and vascular
smooth muscle in B10 and eNOS* mice (Figs. 7b and
7h). In alsyn” mice, nNOS was not localized at the
sarcolemma but remained in the cytoplasm (Fig. 7f), as
previously reported (14, 26). Less nNOS was found in
mdx mice, and it was not detected in nNOS” mice (Figs.
7d and 7j).

Discussion

Nitric oxide is one of the most important factors in shear
stress-induced vasodilation especially by parallel occlusion
method (10, 14, 27). Other factors, such as prostaglandins,
were reported to contribute to shear stress-induced
dilation in various models (15, 16, 28), but we showed
that indomethacin, an inhibitor of prostaglandins, did not
prevent the increase in diameter in shear stress condition.
In addition, we concluded that the parallel occlusion
method did not cause tissue hypoxia or acute ischemia.
Thus, we demonstrated that dilation of arterioles in the
mouse cremaster muscle under shear stress by the parallel
occlusion method depends mainly on NO, especially
that produced by nNOS. In particular, melx and nNOS*
mice showed impaired vasodilation in parallel occlusion,

B0 control

3 BI1O after ligation

W mdr control
F[:?j 60 E3 mdx after ligation

A B G

Figure 6. Histogram showing pO, at the observation
points. There are no significant differences in alterations
of tissue pO, during parallel occlusion,

—130.—



alsyn

eNOS

aNOS

Figure 7. nNOS expression and localization in vascular
endothelium and cremaster muscles of mice. H&E (a, c,
e, g, and i) and double staining with nNOS (green) and
PECAM-1 (red) antibodies (b, d, f, h, and i) of B10 (a,
b), mdx (c, d), alsyn* (e, ), eNOS* (g, h), and nNOS
= (i, i) mice. Centrally located nuclei, a typical feature of
regenerated muscle, are found only in mdx mice (c). In
B10 and eNOS" cremaster muscles, nNOS exprassion
was observed at the sarcolemma. In contrast, the
expression was greatly reduced or not detected in mdx
or nNOS™ mice, respectively. Bar, 40 pm.

whereas responses to ACh and SNP were unaltered.
Decreased expression of nNOS in mdx skeletal muscle
may be important as a cause of this finding.

It is intriguing to know the relationship between shear
stress-induced vasodilation and the localization of nNOS.
Koller et al. showed that shear stress-induced vasodilation
of 80- to 156-um arterioles was inhibited by removal of
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the endothelium or by addition of indomethacin in rat
cremaster muscle, but they did not identify the responsible
molecules of vascular dilation (29). In our study, nNOS
expression was mainly found in the sarcolemma and less
frequently in the endothelium or vascular smooth muscle,
implying that skeletal muscle nNOS is possibly involved
in dilation of intramuscular arterioles at the very end of
the skeletal muscle circulation under shear stress. nNOS is
anchoredtothesarcolemmathroughal-syntrophin.alsyn
" mice showed altered distribution of nNOS expression
in cytoplasm, but showed no significant differences in
shear stress-induced vasodilation between alsyn” mice
and alsyn™ mice. Thus, the sarcolemmal localization
of nNOS through expression of al-syntrophin is not
indispensable for vasodilation. However, how dystrophin
or other molecules transduce mechanostress to soluble
nNOS is unresolved (6). The defective vasodilation under
shear stress due to nNOS deficiency in mdx mice might
be related to its muscle degradation (14).

Itis very interesting to note the amelioration of dystrophic
phenotypes in nNOS transgenic mdx mice, although the
localization of nNOS cannot have been improved (30).
Decreased vasodilation just after muscle contraction
has also been demonstrated in mdx skeletal muscle (31).
Leinonen et al. found that capillary circulation in skeletal
muscle was impaired in DMD (32), and deteriorated
auenuation of o-adrenergic vasoconstriction during
exercise may participate in this pathophysiology (7).
Moreover, blood low must be increased to accommodate
the augmented metabolic demands of the muscle, not
only in exercise. Intramuscular arterioles in mdx mice
cannot afford to respond to the increased demands,
and their failure may result in relative ischemia in the
skeletal muscle and cardiac phenotypes of dystrophin
deficiency. Asai et al. very recently showed that the
functional ischemia in contraction-induced myofibers in
mdx mice is due to nNOS deficiency and indicated that
vasoactive drugs may ameliorate muscle damage (33).
Even in dystrophin-deficient skeletal muscle, cholinergic
vascular modulation was well preserved. Therefore, our
study indicates that pharmacological treatment using a
vasoactive agent is applicable to at least skeletal muscle
symptoms in patients suffering from DMD.

In conclusion, we demonstrated that vasodilation of
intramuscular arterioles under shear stress was impaired
in dystrophin-deficient mdx mice. This impairment may
be related to phenotypes of DMD, not only in skeletal
muscle but also in cardiac muscle.
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Abstract

Autosomal recessive limb-girdle muscular dystrophy type 2D (LGMD 2D) is caused by mutations in the a-
sarcoglycan gene (a-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-5G gene therapy into a-SG-deficient muscle, we constructed rAAV serotypes 2 and 8 expressing
the human &-SG gene under the control of the ubiquitous cytomegalovirus promoter (rAAV2-a-5G and rAAVS-
@-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 rAAV?2 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 a-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-SG transduction in LGMD 2D model animals paves the way for future clinical application.

Introduction

Lmu-cmm.e MUSCULAR DYSTROPHY TYPE 2D (LGMD 2D) is
caused by mutations in the a-sarcoglycan (a-5G) 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 (a and g), 5Gs
{a, B, v, and 8), sarcospan, syntrophins (a;, ), and B,), and
dystrobrevins that directly or indirectly associate with dys-
trophin (Ervasti et al., 1990; Yoshida and Ozawa, 1990; Iwata

et al., 1993). A defect in any one of the four 5Gs can disrupt

the entire SG complex. Mutations in four genes encoding
a-, B-, ¥, and 3-5G are responsible for autosomal recessive
LGMD 2D, 2E, 2C and 2F, respectively (Ervasti et al., 1990;
Bonnemann et al., 1995; Noguchi et al., 1995; Nigro et al., 1996;
Eymard et al., 1997; Fanin et al., 1997).

Many in vivo studies have demonstrated that recombinant
adeno-associated virus (rAAV) packaged in wvarious
serotypes of AAV capsids exhibits serotype-specific tissue or
cell tropism with different transduction efficiencies (Fisher
et al., 1997; Greelish et al., 1999; Gao et al., 2002, 2004; Wang
et 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 (rAAV8)-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 rAAV8-a-5G
into the tibialis anterior (TA) muscles of 10-day-old a-SG-defi-
cient mice (neonatal Sgea™/~ mice). Our data suggested not
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only the extensive expression of a-SG 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 rAAV8-a-5G into
neonatal Sgea™/~ mice, expression of a-5G and improvement
of sarcolemmal function were sustained, without inducing cy-
totoxic and immunological reactions. Thus, the AAVS vector 15
a promising tool for gene therapy of LGMD 2D.

Materials and Methods

Recombinant AAV production

The full-length human a-SG ¢cDNA was amplified from a
skeletal muscle single-strand ¢DNA library (Human Skele-
tal Muscle Marathon-Ready cDNA; Clontech, Palo Alto, CA)
by polymerase chain reaction (PCR) with the following set

D

®-SG cDNA m
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of oligonucleotide primers: 5-CTCTGTCACTCACCGGG-3'
(nucleotide positions 2-18) and 5'-AGGATGAAGTC-
AGGGCTGGAC-3" (nucleotide positions 1223-1243) (Mc-
Nally et al., 1994). The amplification was carried out wath
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 ¢DNA was then cloned into an AAV serotype 2 vector
plasmid (Xiao et 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),

The vector genome was packaged in the AAV2 capsid or
pseudotyped into the AAVS capsid by triple transfection of
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FIG.1. Widespread expression of «-SG 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-5G 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 X 10" VG of rAAV2-a-5G (C) or rAAV8-a-5G (D). Four weeks after rAAV injection, the hind limb
muscles of Sgca™/~ 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-SG is expressed not only
in rAAV8-injected TA muscle, but also in all hind limb muscles after direct injection of rAAV8-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 rAAV8-a-SG (solid columns) injection into TA muscles of Sgca™/~ mice. The right
TA muscles of neonatal Sgca™/~ mice were transduced with 1 X 10" VG of rAAV2-a-5G or rAAV8-a-5G. Four weeks af-
ter rAAV injection, the hind limb muscles of Sgca™/~ mice were immunolabeled with the a-SG 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 Sgca™/~ 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 et al.,, 1998) at a molecular ratio of 1:1:1 in 293
cells, using the calcium phosphate coprecipitation method
(Wigler et al., 1980). All the vectors were then purified by
two cycles of cesium chloride gradient centrifugation, and
concentrated as described by Burton and coworkers (1999).
The final viral preparations were kept in phosphate-buffered
saline. Physical particle titers were determined by a quanti-
tative dot-blot assay.

Admiristration of rAAV vectors to munine 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
Psychiatry, Kodaira, Japan). Wild-type (Sgca®/*) and
Sgca~/~ mice (Burnham Institute, La Jolla, CA) were used
The TA muscles of 10-day-old (neonate) and 7-week-old
(adult) Sgea™/~ mice were transduced with 1 x 10" vector
genomes (VG) (10 ul) and 5 x 10" VG (50 ul), respectively,
of rAAV2- or rAAVE-a-5G, using 29-gauge needles.

Transgene expression analyses

Histological and immunohistochemical analyses were per-
formed as described (Imamura et al., 2000; Yuasa et al., 2002).
Cryosections (6 wpm thick) were prepared from frozen
muscle

FIG. 2. Extensive a-SG expression after in-
jection of rAAV8-a-SG into TA muscles of 7-
week-old a-5G-deficient mice. Right TA mus-
cles of adult Sgeca™/~ or Sgca*/* mice were
transduced with 5 % 10" VG of rAAV8-a-SG.
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 immunofluorescence, using a-SG an-
tibody (green). Scale bars: (A and B) 500 pm;
(C) 100 pm. Note the widespread expression
of @-5G in the hind limb muscles and cardiac
muscle of rAAVE-a-SG-injected mice. (D)
Cross-sections of TA muscle from Sgca*/*
and rAAV8-injected Sgca*/* (rAAVS) mice
were immunolabeled with «-SG antibody
and counterstained with hematoxylin and
eosin. Overexpression of «-SG caused no cy-
totoxic reactions in Sgca®/* muscle. Scale
bars (D): 50 um.

™

For colorimetric immunodetection of «-SG, blocked
cryosections were incubated with a 1:1000 dilution of rabbit
polyclonal anti-a-5G (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).
Stained sections were photographed with a light microscope
(Leica, Heidelberg, Germany) using DP70 image scanning
software (Olympus, Tokyo, Japan)

For fluorescence immunohistochemical 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 et al., 1999). B-, y-, and 8-5Gs were detected
with mouse monoclonal anti-g-5G (NCL-b-SARC, 1:50 dilu-
tion; Novocastra Laboratories, Newcastle-upon-Tyne, UK),
anti-y-5G (1:50 dilution), and anti-8-SG (DSG-1; 1:50 dilu-
tion), respectively, after blocking with an M.O.M. kit (Vec-
tor Laboratories). Mouse monoclonal antibodies against y-
SG and 8-S5G (DSG-1) were generated in our laboratory
(Yamamoto et 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 microscope (Leica TCS SP; Leica).

Sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) and protein transfer to a polyvinylidene di-
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