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Figure 5. H&E staining of various muscles from 4-month-old wild-type mice, 3.5-week-old dy**/dy* mice and 4-month-old dy**LNe1TG mice. Cryosections
of quadriceps femoris (Quad), gluteus maximus (Glut), tibialis anterior (TA), triceps brachii (Tri) and diaphragm (Dia) were stained with H&E and with anti-
bodies against LNa! chain (staining in red in the last column). Dia magn. represents higher magnification of diaphragm. Bar, 50 pm.

Recently, it was reported that an agrin mini%ene stmilarly
can rescue dystrophic symptoms in the dy"/dy” mouse
model of CMD. In these experiments, LNa5 chain expression
was significantly enhanced, suggesting an indirect mechanism
of rescue (31). No enhanced expression of LNa5 chain was
seen in the present study. Hence, we consider it likely that
the neo-expression of LNal in muscles is the major cause
of the rescue, although we cannot exclude that expression in
other tissues also was beneficial.

Our results indicate that early gene transfer of LN | chain into
skeletal muscles constitute promising therapeutic strategies for
LNaz2 chain deficient CMD. This could be achieved by introdu-
cing LN«l chain into myofibers by the usage of viral vectors.
Because the LNl chain ¢DNA is fairly large (~9 kb), gutted
adenoviral vectors, which have a cloning capacity > 30 kb,

would be the viral vector of choice (43). Investigations aiming
at up-regulating endogenous LNeal chain in skeletal muscle
are also merited. For example, constitutively active Akt-I
induces transcription and synthesis of LNa1 chain in embryonic
stem cells (44). However, Akt controls numerous transcription
factors and is considered to be a hot drug target for the treatment
of cancer, diabetes and stroke (45). Thus, it is unlikely to be
specific for the treatment of CMD. Interestingly, the identifi-
cation of an upstream enhancer in the mouse LNa1 chain was
recently reported {46). This enhancer activates LNal chain
expression in parietal endoderm cells, and activating this enhan-
cer in muscle cells could be 2 possible strategy in the treatment of
LNwu2 chain deficient CMD,

Peripheral nerve is also involved in LN«2 chain deficient
CMD (6,38-40). In addition, dy’*"LNaITG mice flexed
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Figure 6. Immunostaining of tenascin-C. Cross-sections of triceps brachii
(Tri) and dia hra§m (Dia) from 4-month-old dy**LNa1TG mice and 3.5-
week-old dy*%/dy’X mice were stained with antibodies against tenascin-C.
Bar, 50 pm.

their hind legs to the trunk when lifted by the tail, an indi-
cation of a neurological problem. They also displayed hind
leg paralysis, but to a varying degree (data not shown). In
addition, we detected angular atrophic muscle fibers (indicat-
ing neurogenic lesions) in rescued muscles although they
appeared rarely. As the LNa1 chain was not expressed in peri-
pheral nerves of LNal chain transgenic mice, the nerve
defect was not expected to be rescued. In this context, it is
noteworthy that several attempts to express a LNa2 transgene
in peripheral nerve have failed (9). Interestingly, loss of LNa:2
chain in sciatic nerve of dy™/dy® mice was recently found to
be accompanied by variable expression of LNal chain (47).
Thus, it remains possible that overexpression of LNal chain
can compensate for LNa2 chain deficiency also in peripheral
nerves.

Apart for muscular dystrophy and peripheral neuropathy,
LNa2 chain deficient mice also display central nervous
system myelination defects, hearing loss and abnormal thymo-
cyte and odontoblast development (13—15,48). It will now be
interesting to investigate whether LNa] chain can compensate
for the absence of LNa2 chain in central nervous system, inner
ear, thymus and tooth.

In conclusion, we have established that LNal chain signifi-
cantly reduces muscular dystrophy in LNa2 chain deficient
mice. Hence, our data suggest that LNa1 chain should be con-
sidered in the design of therapies to treat LNa2 chain deficient
CMD. We also provide the first evidence that LNa chains
functionally can compensate for each other in vivo.

MATERIALS AND METHODS

Transgenic construct

Full-length mouse LNal ¢DNA was generously provided
by Dr P. Yurchenco (Robert Wood Johnson Medical School,
Piscataway, NJ, USA) (49). EcoRIl adaptors (Amersham-
Pharmacia) were ligated to the ends of LNal chain
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Figure 7. H&E staining of muscles from 4-month-old dy**LNa1TG mice
reveals occasional neurogenic lesions. Cryosections of quadriceps femoris
(Quad), gluteus maximus (Glut), tibialis anterior (TA) and triceps brachii
(Tri) were stained with H&E. Arrows denote angular atrophic muscle fibers.
Bar, 50 pm.

cDNA, which was subsequently inserted to the EcoRI site
of the expression vector pCAGGS containing a CMV enhan-
cer and chicken B-actin promoter (generously provided by
Dr J. Miyazaki, Osaka University Medical School, Osaka,
Japan) (29). A 12kb transgenic vector was released with
Sal1and Hind 111 and used for one-cell embryo microinjection.

Production of LNal chain transgenic mice on
wild-type background

Transgenic mice were generated by microinjections of trans-
gene DNA into the pronucleus of fertilized single-cell
CBAXCS7BL/6 embryos (Karolinska Center of Transgene
Technologies, Stockholm, Sweden). LNwl transgenic mice
were identified by Southern blot analysis using genomic
DNA prepared from mouse tails and the probe indicated in
Figure 1A. LNal positive founder transgenic mice were main-
tained in animal facilities according to animal care guidelines.
The use of animals complied with national guidelines, and
permission was given by the regional ethical board.



Production of transgenic mice on dy’* background

Heterozygous LNal transgenic mice were bred to heterozy-
gous dy**1+ mice (7), followed by sib breeding to generate
mice heterozygous for the transgene and homozygous for dy°*

Genotyping

PCR on tail DNA was performed with LNl ¢DNA primer
5'-GGCATTGGGCGTGTCGAACAG-3' and chicken B-actin
primer 5'-GGTTCGGCTTCTGGCGTGTGA-Y, amplifying a
400 bp product for LNl chain posmve transgenic mice.

X 'PCR was performed with primers 5-CTTTCAGATT
GCATTGCAAGC 3" and 5-CAATGCAGCTTTTTGATCTT
AC-3, which anneal to Lama2 intron sequences flanking an
exon (encoding a part of domain VI of LNa2 chain) that is
disrupted by the insertion of a neo cassette in dy**/dy**
mice (7). The PCR product is lkb for wild-type mice; 1
and 2.5kb for heterozygous dy**/4 mice and 2.5kb for
homozygous dy’*/dy’* mice.

RT-PCR

Total RNA from skeletal muscle was isolated using TRIzol
reagent (Invitrogen) according to manufacturer specifications.
First strand cDNA synthesis from total RNA was performed
usmg SuperscnptTM IT RT (Invitrogen). PCR was perfomed
using primers directed against LNal chain: 5-ATATCACA
CGCAATCGATGG-3 and 5-AGTAATAACGTCTTGTG-¥.

Exploratory locomotion

Exploratory locornotion was examined in an open field test. In
each experiment a mouse was placed into a new cage and
allowed to explorc the cage for 5min. The time that the
mouse spent moving around was measured manually, For all
experiments, each dy’*LNal1TG animal (n = 4) was com-
pared with a wild-type (n = 4) sibling of the same sex from
the same litter.

Immunofluorescence

Tissues were immersed in Tissue Tek and frozen in liquid nitro-
gen. Cryosections (7 pm) were either stained with hemotoxylin
and eosin (H&E) or analyzed by immunofluorescence. Primary
antibodies were: anti-LNa1 chain mAb200 (50), anti tenascin-
C MTnl5 (50), anti-LNa2 chain 4H8-2 (Alexis Biochemicals),
anti-LNa4 chain (generously provided by Dr R. Timpl),
anti-LNa5 chain (generously provided by Dr R. Timpl), anti-
LINB2 chain (generously provided by Dr T. Sasaki) (51), anti-
collagen type IV (Chemicon), anti-perlecan (generously
provided by Dr R. Timpl), anti-a-dystroglycan ITH6C4
(Upstate Biotechnology). A rabbit polyclonal antibody was gen-
erated against the C-terminal 15 amino acids (KNMTPYRSPP-
PYVPPC) of B-dystroglycan and affinity purified. For staining
of NMJs, samples were simultaneously incubated with FITC-
conjugated a-bungarotoxin (Molecular Probes). Images of
sections analyzed by fluorescence microscopy (Zeiss Axioplan)
were captured using an ORCA 1394 ER digital camera with
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Openlab 3 software. Images were prepared for publication
using Adobe Photoshop software.

Transmission electron microscepy

Tibialis anterior muscles were fixed for 2 h with 2.5% glutar-
aldehyde, rinsed in Sorensen’s phosphate buffer, post-fixed in
1% 0OsO, and then embedded in Epon. Ultra-thin sections
were stained with uranyl acetate and lead citrate, Specimens
were examined by transmission electron microscopy (Philips
CM 10).
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Abstract

A novel monoclonal antibody, SM/C-2.6, specific for mouse muscle satellite cells was established. SM/C-2.6 detects mononucleated cells
beneath the basal lamina of skeletal muscle, and the cells co-express M-cadherin. Sin gle fiber analyses revealed that M-cadherin®
mononucleated cells attaching to muscle fibers are stained with SM/C-2.6. SM/C-2.6" cells, which were freshly purified by FACS from mouse
skeletal muscle, became MyoD" in vitro in proliferating medium, and the cells differentiated into desmin® and nuclear-MyoD* myofibers in
vitro when placed under differentiation conditions. When the sorted cells were injected into mdx mouse muscles, donor cells differentiated into
muscle fibers. Flow cytometric analyses of SM/C-2.6" cells showed that the quiescent satellite cells were ¢-kit™, Sca-17, CD34", and CD45™,
More, SM/C-2.6" cells were barely included in the side population but in the main population of cells in Hoechst dye efflux assay. These results
suggest that SM/C-2.6 identifies and enriches quiescent satellite cells from adult mouse muscle, and that the antibody will be useful as a

powerful tool for the characterization of cellular and molecular mechanisms of satellite cell activation and proliferation.

© 2004 Elsevier Inc. All rights reserved.
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Introduction

During the last decade, many reports have described the
existence of tissue-specific stem cells that are able to self-
renew and generate committed progenitors. Hematopoietic
stem cells in bone marrow are well-characterized and defined
as c-kit", Sca-1%, and Lin~ [1,2], and bone marrow trans-
plantation is now clinically applied to various immunological
and hematological disorders. In addition to hematopoietic
stem cells, bone marrow contains mesenchymal stem cells
that have been characterized by their ability to differentiate

Abbreviations: GFP-Tg, Green fluorescent protein gene transgenic;
MAb, Monoclonal antibody; MP, Main population; SP, Side population;
TA, Tibialis anterior.
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of Pharmaceutical Sciences, Osaka University, 1-6 Yamada-oka, Suita,
Osaka 565-0871, Japan. Fax: +81-6-6879-8194.
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0014-4827/$ - see front matter © 2004 Elsevier Inc. All rights reserved.
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into various types of tissue-specific cells in both in vitro and
in vivo experiments. Mesenchymal stem cells can generate
bone, cartilage, connective tissue [3—7], and cardiomyocytes
[8]. Cord blood also contains mesenchymal stem cells [9-11]
and this also forrns various mesenchymal tissue cells in vitro.

It is widely accepted that the postnatal growth and repair of
skeletal muscle is normally mediated by satellite cells that
locate between the basal lamina and sarcolemma of myofibers
[12—-14]. Thus, satellite cells have been considered to be the
only myogenic source for the maintenance of skeletal muscle
[15,16]. Satellite cells can be enriched by culturing cells from
enzymatically digested muscles [17-21]. When muscle regen-
eration starts, the state of the satellite cells changes from resting
or quiescent to activated and proliferative. However, the
conditions under which the activation and the proliferation of
satellite cells are initiated have not yet been well characterized.

The myogenic potential of mesenchymal stem cells from
rat bone marrow in both in vivo [22] and in vitro experiments
[23] has been described. These results prompted speculation
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that the transplanted bone marrow cells can move to damaged
muscle and grow into new muscle fibers in mice [24].
Recently, several investigators have reported that transplanted
bone marrow cells participate in the muscle regeneration
process in irradiated or neonatal recipient mice [25-28].
These procedures opened new pathways for tissue reconstitu-
tion therapy via cell transplantation, however, muscle fibers
containing donor cell-derived markers were still too low to
treat patients with primary myopathies. Very recently, Asakura
et al. and others reported the possibility that other muscle stem
cells, so-called side population (SP) cells, might exhibit the
potential to give rise to myocytes and satellite cells in trans-
planted muscle [26,29,30]. Thus, the possible interchange
among bone marrow cells, muscle SP cells, and satellite cells
has received increasing attention from the viewpoint of
understanding muscle-specific stem cell biology.

To investigate the molecular events involved in the
stimulation and differentiation of satellite cells, it is impor-
tant to isolate satellite cells from* fresh muscles. In this
report, we describe the novel monoclonal antibody, SM/C-
2.6, that specifically detects satellite cells. SM/C-2.6-posi-
tive cells sorted from fresh muscle generated muscle fibers
both in vitro and in vivo, and the surface phenotypes of
satellite cells were defined.

Materials and methods
Animals and cells

Specific pathogen-free C3H/HeN and CS57BL/6 mice
aged 6 to 8 weeks were purchased from Charles River
Japan (Yokohama, Japan). Specific pathogen-free mdx mice
{of C57BL/10 background) were provided by Central Lab-
oratories for Experimental Animals (Kanagawa, Japan).
C3H/HeN newbom mice were prepared in our animal
facility by brother—sister mating. Heterozygous EGFP
transgenic (GFP-Tg) mice with a C57BL/6 background
{31} were maintained in our animal facility by mating with
normal C57BL/6 mice. Sprague—Dawley rats were pur-
chased from CLEA Japan (Tokyo, Japan).

The mouse myogenic cell line C2/4, a subline of C2C12,
was a gift from Dr. S. Yoshida (Kyoto University, Kyoto,
Japan) and was maintained in culture in 10% FCS contain-
ing DMEM medium. A mouse hepatocyte cell line,
NCTC1469 [32], was obtained from the Japanese Collection
of Research Bioresources, National Institute of Health
Sciences, Tokyo, Japan.

Freshly isolated muscle-derived cells from neonatal and
adult mice were prepared according to the methods of
Rando and Blau [33]. Muscles from neonatal and adult
mice were isolated and digested with collagenase type II
(Worthington Biochemical Corp., Lakewood, NI) for 90
min at 37°C. We triturated muscle tissues every 15 min
during 90 min incubation and passed through a 37-pm nylon
mesh. Single cell suspensions were washed and stained with

various mAbs. We usually obtained approximately 5 x 10°
cells from 1 g of muscle of 8-week-old female C57BL/6
mice. Sorted cells were obtained from GFP-Tg mice and
injected into the tibialis anterior (TA) muscles of mdx mice,
Two weeks later, the muscles were isolated, frozen in liquid
nitrogen-cooled isopentane, and cryosections were exam-
ined histologically. Cryosections were examined for GFP*
muscle fibers under a confocal laser-scanning microscope
{model MRC1024ES, Bio-Rad Laboratories, Hercules, CA).

Antibodies

A rat mAb to mouse c-kit (ACK2) [34] was a gift from
Dr. S-1. Nishikawa (Kyoto University); it was labeled with
FITC in our laboratory. Anti-Sca-1-PE (E13-161.7), anti-
CD34-FITC (RAM34), anti-CD45-PE (30-F11), and anti-
MyoD (MoAb 5.8A) were purchased from Pharmingen (San
Diego, CA). A rabbit anti-mouse M-cadherin polyclonal
antibody was prepared in our laboratory. A rabbit anti-
mouse laminin polyclonal antibody and TRITC-conjugated
goat anti-mouse immunoglobulin were purchased from LSL
Co., Ltd. (Tokyo, Japan) and Chemicon International, Inc.
(Temecula, CA), respectively. Rhodamine-Red TM-X con-
jugated goat anti-rabbit IgG and Alexad488-conjugated goat
anti-rabbit IgG were purchased from Molecular Probes Inc.
(Eugene, OR}. A rabbit anti-desmin polyclonal antibody and
FITC-conjugated goat anti-rat IgG were purchased from
ICN Pharmaceuticals, Inc.-Cappel Products (Aurora, OH).
Monoclonal anti-dystrophin (MANDRA-1, Sigma) was la-
beled with a fluorochrome Alexa 568 in our laboratory. R-
PE-streptavidin (Molecular Probes) or FITC-streptavidin
(Pharmingen) was used to detect biotinylated antibodies.
Anti-human c-met mAb (D0O-24) reactive to mouse c-met
[35] was purchased from Upstate (Lake Placid, NY), and it
was used with Alexa488-conjugated goat anti-mouse IgG
(H+L) (Molecular Probes).

Establishment of monoclonal antibodies

MAbs were established according to a standard proce-
dure. Briefly, 1-2 x 10% C2/4 cells were injected intra-
peritoneally into Sprague—Dawley rats seven times at
weekly intervals. Three days after the last injection, the rats
were sacrificed under ether anesthesia and splenocytes were
fused with partner cells, P3X63Ag8U.1 (P3U1). Strategies
for mAb selection are described in Results. Finally, a mAb
clone, SM/C-2,6, was established.

Flow cytometry and cell sorting

Regular flow cytometric profiles were analyzed with a
FACSCalibur analyzer and CELLQuest software (Becton
Dickinson Immunocytometry Systems, Mountain View,
CA). SM/C2.6-reactive mononuclear cells were fractionated
on a fluorescent-activated cell sorter (EPICS Elite, Coulter
Electronics, Hialeah, FL). Dead cells were excluded from
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the plots based on propidium iodide staining (Sigma Co., St.
Louis, MO).

Hoechst staining was performed as described by Good-
ell et al. (hitp://'www.bem.tmc.edu/genetherapy/goodell/
newsite/protocols.html). In brief, hindlimb muscles of
8 week-old C57BL/6 mice were digested with collagenase
type II (Worthington Biochemical), suspended at 10° cells
per ml in Dulbecco’s modified Eagle’s medium (DME)
{Gibco BRL, Grand Island, NY) containing 2% fetal calf
serum (FCS, Boehringer-Mannheim GmbH, Mannheim,
Germany), 10 mM Hepes, and 5 pg/ml Hoechst 33342
(Sigma), and incubated at 37°C for 20 min in the
presence or absence of 50 puM verapamil (Sigma). After
Hoechst staining, the cells were washed and stained with
biotinylated-SM/C-2.6 and FITC-streptavidin (Pharmin-
gen). Flow cytometric analyses were performed on FACS-
VantageSE (Becton Dickinson). Hoechst 33342 was
excited with a multi-line UV laser (351.1-363.8 nm)
and its fluorescence was measured with a 424/44 BP
filter and 675/20 BP filter. FITC and PI were excited at
488 nm by an Ar laser, and measured with 530/30 BP
and 630/22 BP filters, respectively.

Immunohistochemistry

For immunohistochemical examinations of muscles, cry-
osections (6 pm) were fixed in acetone for 10 min and
incubated in 5% skim milk for 10 min to block nonspecific
antibody binding. SM/C-2.6, anti-laminin, anti-M-cadherin,
and anti-dystrophin antibodies were applied to the sections
for 60 min at 37°C. SM/C-2.6 mAb was detected by FITC-
conjugated goat anti-rat IgG as a second -antibody. Anti-
laminin and anti-M-cadherin antibodies were detected by
Rhodamine Red TM-X conjugated goat anti-rabbit IgG. The
signals were recorded photographically using an Axiophot
microscope {Carl Zeiss, Oberkochen, Germany),

Isolation and immunostaining of single fibers

To detect muscle satellite cells attaching single fibers
with SM/C-2.6 and M-cadherin, muscle fibers from extensor
digitorium longus (EDL) muscles of C3H/HeN mice were
prepared essentially according to the methods of Bischoff
{17] and Rosenblatt et al. [18]. Briefly, dissected muscle was
incubated with 0.5% type I collagenase (Worthington) in
DME at 37°C for 90 min. The muscle mass was transferred
to fresh growth medium, high-glucose DME containing
10% FCS and penicillin (200 U/ml)~streptomycin (200
pg/ml} (Gibco BRL). The muscle mass was then triturated
with a fire-polished wide-mouth Pasteur pipette. Fibers were
transferred to a Matrigel (Collaborative Biomedical, Bed-
ford, MA)-coated Lab-Tek chamber (Nalge Nunc Interna-
tional, Naperville, IL) and fixed in 4% paraformaldehyde in
PBS for 5 min at room temperature. Fibers were permeabi-
lized with 0.5% Triton X-100 (Nacalai Tesque, Kyoto,
Japan) in PBS at room temperature for 20 min, then the

nonspecific binding was blocked by incubation with 5%
skim milk (in PBS) for 10 min. SM/C.-2.6 and anti-M-
cadherin antibodies were applied for 60 min at 37°C.
Antibodies were detected using the second antibodies de-
scribed in the earlier section.

Immunostaining of cultured cells

SM/C-2.6-reactive cells were fractionated on a cell
sorter (EPICS Elite, Coulter Electronics), cultured, and then
fixed with 2% PFA in PBS at room temperature for 10 min.
Cells were permeabilized with 0.25% Triton X-100 in PBS
at room temperature and then incubated in 5% skim milk
for 10 min. Anti-MyoD and anti-desmin antibodies were
added for 60 min at 37°C. Anti-MyoD mAb was detected
using TRITC-conjugated goat anti-mouse IgG, and anti-
desmin antibody was detected by Alexa 488-conjugated
goat anti-rabbit IgG.

Results

Novel monoclonal antibody SM/C-2.6 detects skeletal muscle
satellite cells

Satellite cell-specific mAbs were screened in three suc-
cessive steps. First, mAbs that reacted to C2/4 (C2C12)
immunogen were selected by flow cytometry. Second,
mAbs that stained mouse thymocytes were discarded to
exclude clones reactive to common mouse antigens, At this
step, clones reactive to most mouse bone marrow cells were
also discarded. Last, the clones reactive to mononuclear
cells beneath the basal lamina of mouse skeletal muscles
were selected immunohistochemically, and finally, we
established the mAb SM/C-2.6. Flow cytometric data show
that SM/C-2.6 stains C2/4 (Fig. 1Aa) and a fraction of bone
marrow cells (approximately 10%) (Fig. 1Ac), but not
thymocytes (Fig. 1Ab). SM/C-2.6 detects mononuclear cells
residing beneath the laminin-positive basal lamina of muscle
(Figs. 1Ba~c). This is the typical position at which muscle
satellite cells reside. SM/C-2.6-positive cells (Fig. 1Bd)
were also stained by M-cadherin (Fig. 1Be), which is a
typical marker molecule for satellite cells. To confirm that
the cells were satellite cells, we isolated living single fibers
and stained them with SM/C-2.6. SM/C-2.6-stained mono-
nuclear cells on freshly isolated single fibers. The SM/C-
2.6-positive cells attached to a single fiber (Fig. 1Bg) were
also stained by M-cadherin (Fig. 1Bh). The myonuclei
visualized by counterstaining with DAPI expressed neither
SM/C-2.6 nor M-cadherin (Fig. 1Bi).

SM/C-2.6-positive cells differentiate to myoblasts and
myotubes in vitro

To determine whether SM/C-2.6-positive cells express
other muscle-related molecules, we next fractionated the
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Fig. 1. Establishment of a novel monoclonal antibody, SM/C-2.6. A: SM/C-2.6 reacts with C2/4 cells {a) and a population of bone marrow ¢ells (), but not
with thymocytes (b). Thin lines; contro), thick lines; SM/C-2.6. B: Muscle satellite cells were stained with SM/C-2.6. Adult mouse muscle was stained with
SM/C-2.6 (a, d), laminin (b}, DAPI {c} {merged with a and b), M-cadherin (e}, and DAPI (f) (merged with d and e). SM/C-2.6-reactive cells reside beneath the
laminin layer and co-stained with anti-M-cadherin antibody. Single fibers from adult EDL muscle were stained with SM/C-2.6 (g), M—cadherin (h), and DAPI
{merged with g and h) (i). SM/C-2.6-positive single cells attached to fibers were also stained with M-cadherin. SM/C-2.6 and M-cadherin-positive nuclei are
distinguishable from myonuclei (i). Scale bars: 50 pm (a—i).

neonatal mouse muscle-derived monenuclear cells into SM/ approximately 25% SM/C-2.6-positive cells {shown later,
C-2.6-positive and -negative populations by using FACS Fig. 4a). The positively and negatively sorted fractions
sorting and cultured them in vitro. Neonatal muscle contains contain more than 0% and less than 1% SM/C-2.6-positive
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cells, respectively (data not shown). After 4 days of prolifer- medium was then changed to differentiation medium, and the
ating culture, the SM/C-2.6-positive fraction expressed cells were cultured for an additional 7 days and examined for
MyoD, a typical myogenic transcription factor (Fig. 2a), the expression of muscle-related molecules. Many myotubes
while the negative fraction did not (Fig. 2d). The culture were formed in the SM/C-2.6-positive fraction and were

Fig. 2. SM/C-2.6-positive cells differentiate to myotubes in vitro. Freshly isolated single cells from neonatal (day 2) muscles were separated by their reactivity
with SM/C-2.6. SM/C-2.6-positive cells compose approximately 25% of the cells in necnatal muscle. The positively and negatively sorted fractions contain
90% and 1% SM/C-2.6-positive cells, respectively. Positively (a~c) and negatively (d~f) sorted cells were cultured for 4 days under proliferating conditions,
and the expression of MyoD was determined. Positively sorted cells became MyoD® (a). b and e; DAPI, ¢ and f; merged. Positively (g-i) and negatively (j—1)
sorted cells were then cultured for an additional 7 days under differentiating conditions. Positively sorted cells formed myotubes and became desmin” {g). Note
that lines of MyoD™ myonuclei formed in the newly generated myotubes (h). i and |, merged. Scale bars: 50 pm (a-i}.
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stained with desmin (Fig. 2g), a muscle-specific intermediate
filament protein. MyoD-positive signals formed lines in the
satellite cell-derived myonuclei of the myotubes (Fig. 2h),
while no such structures were observed in the negative
fraction (Figs. 2j-1). These results suggest that SM/C-2.6
specifically detects skeletal muscle satellite cells.

SM/C-2.6-positive cells differentiate into myofibers in vivo

We then examined the satellite cell activity of SM/C-2.6-
positive cells in vivo. SM/C-2.6-positive cells were sorted
fiom adult GFP-Tg mice, injected into the TA muscles of
mdx mice, and the cryosections were examined 2 weeks
after transplantation. The SM/C-2.6-positive fraction gave
rise to several GFP-positive fibers (Figs. 3a and e), but the
negative fraction did not (Figs. 3¢ and g). Then, we further
confirmed that GFP-positive myofibers (Fig. 3i) were pos-
itive for dystrophin expression (Figs. 3j and k). Therefore,
the SM/C-2.6-positive fraction includes satellite cells.

Age-related changes in SM/C-2.6-positive muscle satellite
cells

SM/C-2.6-positive satellite cells were examined in
C57BL/6 mice of different ages. Neonatal mice (postnatal

“day 2) contain approximately 25% satellite cells among the

muscular mononuclear cells (Fig. 4a), and this amount
declines with age: 13.1% at 4 weeks and 8.9% at 8 weeks
of age (Figs. 4b and c). The results agree with earlier studies
in which the number of satellite cells was seen to decline with
age [13,36-38].

SM/C-2.6 detects neither M-cadherin nor c-met

The antigen recognized by SM/C-2.6 remains to be
determined. As shown earlier (Figs. 1Bd and e), SM/C-
2.6-positive cells co-express M-cadherin. C2/4 (C2C12)
cells express both SM/C-2.6 and M-cadherin (Figs. 5a
and b). To investigate whether SM/C-2.6 detects M-cad-

Fig. 3. 8M/C-2.6-positive cells differentiate into myofibers in vivo, SM/C-2.6-positive and negative single cells from adult GFP-transgenic mice were obtained
by cell sorting, and each muscle cell population was injected intramuscularly into the TA muscles of mdy mice. Two weeks later, muscles were isolated and
cryosections were examined histologically (GFP: a, ¢, ¢, g, i, ki H-E: b, d, f, h). The positive fraction gave rise GEP* myofibers (a and e) with central nuclei,
whereas the negative fraction did not (c and g). e—h, higher magnifications of a—d. GFP*-myofibers (i) express dystrophin (j) (k, i and j were merged). GFP-
negative area showed no dystrophin expression (1). Scale bars: 250 pm (a—d), and 50 pm (e-1).
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Fig. 4. Age-related changes in SM/C-2_6-positive satellite cells. Flow cytometric analyses of SM/C-2.6-positive cells in the muscles of mice at various ages. SM/
C-2.6-positive cells in neonatal (day 2) thigh muscles (a), vastus lateralis and TA muscles from 4-week-old (b) to 8-week-old (¢) mice are shown. The numbers of
SM/C-2.6-positive cells decreases with age. The gates were set to exclude most of unstained cclls. Percentages of unstained cells were equal in all panels.

herin, we compared SM/C-2.6 with M-cadherin expression
in bone marrow cells, Approximately 10-15% of bone
marrow cells express SM/C-2.6, but there are almost no
SM/C-2.6/M-cadherin double positive cells (Fig. 5¢). Sim-
ilar to M-cadherin, we used flow cytometry to compare the
expression of c-met and SM/C-2.6-reactive molecules on
the mouse hepatocyte cell line NCTC1469. As shown in
Fig. 5d, the NCTC1469 clone expresses c-met whereas it
does not express SM/C-2.6-reactive molecules. The data
definitively indicate that SM/C-2.6 detects neither M-cad-
herin nor c-met.
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SM/C-2.6-positive cells express CD34 but not Sca-1, ¢-kit,
or CD45

To investigate the expressions of several surface marker
molecules on SM/C-2.6-positive cells, we analyzed adult
muscle-derived mononuclear cells by flow cytometry. SM/
C-2.6-positive cells did not co-express Sca-1, c-kit, or CD45
(Figs. 6a—c). However, all SM/C-2.6-positive cells (approx-
imately 10% of muscle-derived mononuclear cells) co-
expressed CD34 (Fig. 6d), and significant numbers of
CD34" but SM/C-2.6-negative cells were also found.
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Fig. 5. SM/C-2.6 detects neither M-cadherin nor c-met. The SM/C-2.6-reactive molecule (, ¢} and M-cadherin (b, ¢) are expressed on both C2/4 (a, b) and
bone mamrow cells (¢). Two-color flow cytometry of bone marrow cells showed the SM/C-2.6-positive bone marrow cells do not express M-cadherin. A
hepatocyte cell line, NCTC1469, expresses c-met but not the SM/C-2.6-reactive molecule (d), These data indicate that SM/C-2.6 detects neither M-cadherin

nor c-met, which are known surface markers of satellite cells.
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Fig. 6. Satellite cells are Sca-17, ¢-kit™, CD45~, CD34”, and are included in the muscle MP fraction, Various surface markers on satellite cells were examined (a—
d). SM/C-2.6-positive satellite cells are Sca-17 (a), c-kit™ (b), CD45™ (c), and CD34" (d). Muscle SP and MP fractions were separated by FACS VantageSE with
(f) or without (¢} verapamil. SM/C-2.6-positive cells among SP (3.84%) and MP (66.37%) cells were separated by flow cytometer. MP and SP include 29.33% (g}
and 4,75% (ht) SM/C-2.6-positive cells, respectively. This suggests that SM/C-2.6-positive satellite cells are mainly included in the muscle MP fraction.
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Satellite cells are included in the fraction of muscle main
population

Muscle-derived satellite cells can be isolated in the SP
fraction by using the Hoechst-dye staining methoed, and the
cells actively participated in myotube formation in the
irradiated recipients [26)]. Very rccently, it was reported that
hematopoietic stem cells from muscle SP are of hematopoi-
etic origin [39]. On the other hand, muscle SP cells exhibit
the potential to give rise to both myocytes and satellite cells
after intramuscular transplantation [29]. We then investigat-
ed whether or not the SM/C-2.6-positive cells in adult
skeletal muscle are found in the muscle SP fraction. As
shown in Fig. 6e, muscle-derived mononuclear cells include
3% SP and a large number of MP cells. The SP fraction
disappeared in cells treated with verapamil (Fig. 6f). The
MP and SP fractions were gated (Fig. 6e, Rl and R2) and
the SM/C-2.6-positive cells were examined. The gated MP
fraction contained approximately 30% SM/C-2.6-positive
cells (Fig. 6g) but the level was only 5% in the SP fraction
(Fig. 6h). The results suggest that satellite cells are mainly
included in the MP fraction.

Taken together, the results indicate that skeletal muscle
quiescent satellite cells are Sca-17, c-kit™, and CD457, but
CD34%, and are found in the muscle MP fraction.

Discussion

Muscle satellite cells are known as a key player in the
skeletal muscle regeneration. Satellite cells are character-
ized by several significant features including histological
location, electron micrographic characteristics in skeletal
muscle, morphological change under physiolegical or
pathological conditions, and the presence of a few specific
marker proteins [14]. M-cadherin has been detected in the
satellite cells of muscle [40]. Although several methods
have been developed to isolate muscle satellite cells from
enzymatically digested muscles [17-21], there is no de-
finitive technique to isolate them from fresh muscle. In the
present study, we aimed to purify skeletal muscle quiescent
satellite cells using a mAb specific for them and to
determine the surface phenotype. By immunizing rats with
a C2/4 myoblast cell line (a subline of C2CI2), we
successfully established a novel mAb, SM/C-2.6, that
detects muscle satellite cells by immunchistochemical
and single fiber methods (Fig. 1B). By using FACS
technique, we isolated SM/C-2.6-positive cells from mouse
skeletal muscles and demonstrated that these cells differ-
entiated into myotube or muscle fibers both in vivo and in
vitro. SM/C-2.6-positive cells were detected in higher
numbers in the neonatal muscle (postnatal day 2} than
adult (4 week- or 8 week-old). This is consistent with
earlier histological observations [!14]. As shown in Figs. 2
and 3, FACS-sorted SM/C-2.6-positive cells became des-
min* and, MyoD" under proliferating or differentiating

culture conditions. This is in good agreement with earlier
studies that showed satellite cells become desmin® and
MyoD" after muscle injury [41-44] or during short-term
culture in vitro [45-47].

M-cadherin expression is restricted to satellite cells post-
natally, and it is thought to be one of the proteins that define
muscle satellite cells [40]. It is also known that hepatocyte
growth factor activates quiescent skeletal muscle satellite
cells in vitro [48), and that c-met, a receptor molecule for the
factor, is expressed on quiescent satellite cells [49,50]. To
investigate whether SM/C-2.6 detects these molecules, we
compared the reactivity of SM/C-2.6 with the expressions of
c-met in bone marrow cells or in a mouse hepatocyte cell
line, NCTC1469. As clearly shown in Fig. 5, SM/C-2.6
detects neither M-cadherin nor c-met. Blanco-Bose et al. [51]
reported that o7 integrin was useful for purification of
myoblasts from cultured cells. However, a7 integrin is not
likely the antigen recognized by SM/C-2.6 because a7
integrin is also expressed on myofibers [52-54). We are
now attempting to identify the reactive molecule,

Gussoni et al. [26] reported that muscle contains hema-
topoietic stem cells as well as muscle progenitor cells.
Although the myogenic potential is highly enriched in
muscle MP cells, SP cells with surface markers Sca-1%,
Lin~, c-kit™, CD45™, and CD43~, characterized from their
efflux of Hoechst dye, are also incorporated into regenerated
muscle fibers. The authors showed that the frequency of
muscle progenitor cells is much lower than that of hemato-
poietic cells in muscle SP cells. McKinney-Freeman et al.
[39] then showed that Sca-17 or CD45™ cells give rise to
donor-derived muscle fibers when they are injected into
mouse muscle. Although it remains controversial, the data
suggest that muscle-derived SP cells may not include suffi-
cient muscle satellite cells. Rather, muscle SP cells are
mainly composed of hematopoietic stem cells and differen-
tiate into blood cells in the irradiated host. It is possible that
they colonize in the muscle and differentiate into muscle
satellite cells [29]. As described here, we have found that
SM/C-2.6-positive cells in muscle MP cells, while SP cells
contain few SM/C-2.6-positive cells. The results suggest that
muscle quiescent satellite cells are a different population
from SP cells of hematopoietic potential.

Sca-] and c-kit are well-known surface markers of
hematopoietic stem cells [55,56], and €CD45 has been found
in cells of hematopoictic origin but not on any non-hema-
topoietic cells [57]. CD34 is also known to be expressed on
mouse hematopoietic stem cells [58,59). As shown here,
muscle-derived SM/C-2.6-positive cells do not co-express
Sca-1, c-kit, or CD45 (Figs. 6a—c). On the other hand, all
SM/C-2.6-positive cells (approximately 10% of muscle-
derived mononuclear cells) co-express CD34 (Fig. 6d),
and significant numbers of CD34-positive but SM/C-2.6-
negative cells are also found. The expression of CD34 on
SM/C-2.6-positive satellite cells is in agreement with earlier
studies by Beauchamp et al. [60], in which they showed by a
single fiber analysis that dormant satellite cells express
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CD34 but not Sca-1 or CD45. The authors, however,
reported in the paper that approximately 15-20% of satellite
cells were negative for CD34 or M-cadherin staining,
suggesting heterogeneity of satellite cells. The discrepancy
in the CD34 expression on satellite cells remains to be
investigated.

Because SM/C-2.6-negative cells give rise to few muscle
fibers either in vitro or in vivo (Figs. 2 and 3), we conclude
that SM/C-2.6 is a definitive marker of muscle satellite cells,
which have the surface markers Sca-17, c-kit™, CD457, and
CD34". The characterization of the SM/C-2.6-reactive mol-
ccule will provide a powerful tool for understanding mus-
cle-specific stem cell biology and helps us develop cell-base
gene therapy or stem cell transplantation therapy for mus-
cular dystrophies.
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Abstract

a-, B, ¥-, and 8-Sarcoglycans (SGs) are transmembrane glycoprotein components of the dystrophin-associated protein (DAP) complex,
which is critical for the stability of the striated muscle cell membrane. £-SG was found as a homologue of «-SG, but unlike other SG
membets, it is ubiquitously expressed in various tissues as well as in striated muscle. Moreover, mutations in the &-SG gene cause myoclonus-
dystonia, indicating the importance of ¢-SG for the function in the central nervous system. To gain insight into the role of €-8G, its expression
and subcellular distribution in mouse tissues and especially in the mouse brain were investigated, Analysis by reverse transcription-
polymerase chain reaction showed four splice variants of e-SG transcripts in the mouse brain, two of which are major transcript forms. One is
a conventional form including exon 8 (e-SG1), and the other is a novel form excluding exon 8 but including a previously unknown exon, 11b
{e-8G2). Immunoblot analysis using various mouse tissues indicated a broad expression pattern for e-8Gl, but e-SG2 was expressed
exclusively in the brain. Therefore, both €-SG isoforms coexist in various regions of the brain. Furthermore, these isoforms were found in
neuronal cells using immunohistochemical analysis. Subcellular fractionation of brain homogenates, however, indicated that ¢-SG1 and &-
SG2 are relatively enriched in post- and pre-synaptic membrane fractions, respectively. These results suggest that the two £-SG isoforms

might play different roles in synaptic functions of the central nervous system.

© 2004 Elsevier B.V. All rights reserved.

Theme: Cellular and molecular biology
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1. Introduction

Sarcoglycans (SGs) are essential constituents of the
dystrophin-associated protein (DAP) complex, a large,
membrane-associated protein architecture that is critical
for the integrity of striated muscle fibers. The DAP
complex consists of many proteins, including syntrophins
(al, Bl, and B2), dystrobrevins, dystroglycans (a and [),
S8Gs (@, B, v, and &), and sarcospan, that directly or
indirectly associate with dystrophin [13,42,48). Dystro-

* The cDNA sequences of mouse and human -SG2 have been
submitted to the DDBJ (DNA Data Bank of Japan) with accession numbers
ABI117975 and AB117974, respectively.

* Comesponding author. Tel.: +81-42-346-1720; fax: +81-42-346-1750.

E-mail address: imamura@nenp.go.jp (M. Imamura).

0169-328X/$ - sce front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.molbrainres.2004.01.012

phin, an actin-binding cytoskeletal protein, associates with
the muscle plasma membrane via B-dystroglycan, which
in tun binds to a-dystroglycan. a-Dystroglycan tightly
associates with the laminin-a2 chain, 2 major component
of the basal lamina, indicating that the DAP complex
links extracellular matrix to intercellular cytoskeletal actin.
The dystrophin-DAP complex is thought to function in
protecting the plasma membrane of striated muscle fibers
from contraction-induced mechanical stress by linking the
molecules [42,43],

a-, B-, y-, and 6-SGs are membrane-spanning glyco-
proteins that comprise a subcomplex within the DAP
complex and associate with the other membranous
subcomplex, which is composed of - and B- dystrogly-
cans [49). A defect in any one of these four SGs
disrupts the entire SG complex in the striated muscle
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cell membrane and leads to limb-girdle muscular dystro-
phies [4,31,36,38,40,45]. Analyses of striated muscle of
SG-deficient animals showed that the loss of a SG
complex made the molecular interaction between a-
and PB- dystroglycans and between dystrophin and (-
dystroglycan fragile [1,16,21]. These findings revealed
that the SGs are functional only when they exist as a
complex, and that they play a role in reinforcing the
molecular linkage between the extracellular matrix and
cytoskeletal actin, In addition to the structural role, the
SG complex has been suggested to play a role in
scaffolding for signal-transduction cascades, but its pre-
cise mechanism remains unknown [50]. Dystroglycans
and the cytoplasmic members of DAPs, syntrophins and
dystrobrevins, are expressed not only in muscle but also
in various tissues, i.e., kidney, liver, lung, intestine and
brain [3,35]. Recently, these proteins and dystrophin
isoforms were shown to form complexes without SG
complex in the central nervous system [8,37]. Little is
known about their functional roles.

£-SG, a type | transmembrane glycoprotein, was found
as a homologue of «-SG [14,33]. In contrast to the
expression of «-SG, which is specific to striated muscle,
£-SG is widely expressed in a variety of tissues including
striated muscle, smooth muscle, lung, liver, kidney,
spleen, testis, sciatic nerve, and brain [14,20]. ¢-SG can
form complexes with B-, v-, and 8-SGs in skeletal [32] and
smooth muscle cells [47] and with B- and §-SGs in the
Schwann cells surrounding peripheral nerve fibers [20]. Two
£-SG signals were detected in the brain by immunoblot
analysis [14,20), but the localization and function of €-8G
have not been identified yet.

Recently, mutations in the human &-SG gene have been
shown to be associated with myoclonus-dystonia (M-D)
[51). M-D is a movement disorder characterized by rapid
muscle contractions (myoclonus) and sustained twisting
and repetitive movements, resulting in abnormal postures
(dystonia). In addition to motor features, psychiatric
symptomns, i.e., panic attacks, obsessive—compulsive be-
havior, or alcohol dependence, are reported in several M-
D families [23,46]. These findings suggest that £-SG has
a key function in the central nervous system. Because a
missense mutation in the D2 dopamine receptor gene is
reportedly associated with M-D [23], it is intriguing to
investigate the £-SG expression in neuronal cells includ-
ing dopaminergic neurons.

In this study, we found two ¢-SG isoforms due to alterna-
tive splicing expressed in the mouse brain. One was an
already reported conventional form; the other was a novel
isoform specific to brain. Biochemical fractionation of mouse
brains revealed that these two isoforms localized in different
subcellular fractions. Furthermore, we clearly showed that
the £-SGs are broadly expressed in neuronal cells including
dopaminergic neurons by immunocytochemical study. Our
results provide the molecular basis for understanding the role
of e-SG in the central nervous system.

2. Materials and methods
2.1. Cloning of brain e-SG cDNAs

The full-length mouse e-SG ¢DNAs were amplified
from a brain single-strand ¢cDNA library (CeMines, Ever-
green, CO, USA) by polymerase chain reaction (PCR)
using the following set of oligonucleotide primers: 5'-
GGAAAGGGTCGGGGGACACTC-3' (nucleotide posi-
tion, 19-39) and 5-TGCGTAACCGATGTCAGGAAA-Y
(1392-1372) [14]. The amplification was carried out using
LA-Taq polymerase (Takara Bio, Shiga, Japan) for 30
cycles, each cycle consisting of 94 °C for 1 min, 55 °C
for 1 min, and 72 °C for 3 min.

The full-length human e-SG ¢cDNAs were obtained by
reverse transcription-PCR (RT-PCR) using human cerebel-
lum mRNA (Clontech, Palo Alto, CA, USA). The RT
reaction was carried out with 1 pg of the poly A® RNA
with a oligonucleotide reverse primer complementary to the
sequence in the 3'-untranslated region of human e-SG
mRNA (5-TCATGCATTATTGGAAGAGAAAA-3, 1440-
1418, [33]). The resulting single-strand cDNAs were used
as the template for PCR amplification. The amplification
was performed under the same conditions described above
using a forward primer (5-GTGCTTGGACGGGACAGG-
GTC-%¥, 77-97, [33]) in addition to the reverse primer used
for the RT reaction (1440-1418).

The obtained full-length ¢cDNAs of mouse and human
were subcloned into a pCR2.1 vector (Invitrogen Life Tech-
nologies, Catlsbad, CA, USA), and the isolated clones were
sequenced using an ABI377 sequencer (Applied Biosystems,
Foster City, CA, USA). A homology search of the cDNA
sequences (Genebank) was performed by using the on-
line program ‘BLAST the Mouse Genome’ (NCBI; http:/
www.ncbi.nlm.nih.gov/genome/seq/MmBlast.html). A pro-
tein domains search of £€-SG was performed by using on-
line software PROSITE (http:/kr.expasy.org/site/support).

2.2. Structural analysis of £-SG transcripts

Structural analysis of £-SG transcripts was carried out in
two steps, the RT-PCR to isolate full-length £-SG from
mouse tissues and the following nested PCR of the %'-
regions of the full-length cDNAs.

RT-PCR: Total RNA was prepared from 14 tissues of
C57BL/6J adult mice, i.e., brain, heart, skeletal muscle,
lung, pancreas, liver, kidney, spleen, small intestine, colon,
testis, ovary, prostate and thymus, by use of TRIZOL
reagent (Invitrogen Life Technologies). RT reactions were
performed with 1 pg of the total RNA using a 21-mer
oligonucleotide reverse primer complementary to a se-
quence in the 3’-untranslated region of mouse £-SG mRNA
(5-TGCGTAACCGATGTCAGGAAA-Y, 1392-1372 [14]).
The resulting amplified single-strand cDNAs were used as
the template for PCR amplification. The PCR was carried
out under the same conditions described above with the 21-
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mer forward primer (nucleotide position 19-39 [14]). The
PCR products were separated by electrophoresis on agarose
gel (1% agarose), and the 1.4-kbp full-length £-8G frag-
ments were purified by Wizard® SV Gel and PCR Clean-
Up System (Promega, Madison, WI, USA).

Nested PCR: The inclusion or exclusion of exon 8 and
I1b was examined by nested PCR of the purified full-
length e-35G ¢DNAs using following primer sets: 5'-
GCTTATATCATGTGCTGCCGA-Y (976-996) and 5'-
GGGCCATGCAATCTCTCTGTT-3 (1119-1099) [14] for
exon § and 5-AACTACGACAGCACCAACATG-3
(1183-1203) and 5-GTGAGACACGGCTGCAGCAGT-¥
(1324-1344) [14] for exon 11b. Amplification of the long
region containing both exons 8 and 11b was carried out
using the above forward primer (976-996) for exon 8 and
the reverse primer {1324-1344) for exon 11b. The resulting
PCR products were separated by polyacrylamide gel (8%)
electrophoresis and stained with ethidium bromide (EtBr).
The EtBr signals were detected on image analyizer (Lumi-
Imager™ Fl; Roche Diagnostics, Penzsberg, Germany)
and quantified using the computer software, Lumi-Analyst
3.1 (Roche Diagnostics).

Structural analysis of the 3’ region of human £-SG
transcripts was carried out by PCR using first strand cDNAs
from brain, heart, skeletal muscle, lung, pancreas, liver,
kidney, spleen, small intestine, colon, testis, ovary, prostate
and thymus (Clontech) with primer sets: 5-GCTTATAT-
CATGTGCTGCCGA-3’ (1045-1065) and 5-AGGGTG-
GAACACAGGAAGCGT-3" (1215-1195) [33] for exon
8 and 5-ACAGACAACTATGATAGCACA-3 (1246-
1266) and 5-TTCAGTCAGTTTTCTTTCTTCAG-3'
(1372-1350) {33] for exon 11b. Amplification of the region
containing both exon 8 and 11b was performed using the
above forward primer (1045-1065) and the reverse primer
(1372-1350).

2. 3. Antibodies

Mouse monocleonal antibodies against SNAP-25, PSD-
95, and eNOS were purchased from BD Transduction
Laboratories (San Diego, CA, USA). The other mouse
monoclonal antibodies, anti-synaptophysin and Cy3-conju-
gated anti-glial fibrillary acidic protein (GFAP) were pur-
chased form Sigma (St. Louis, MO, USA).

A rat monoclonal antibody against laminin-a2 chain
was purchased from Alexis Biochemicals (Laufelfingen,
Switzerland). Affinity-purified sheep antibody against ty-
rosine hydroxylase {TH) and rabbit antibody against GFAP
were purchased from Chemicon International Lab (Teme-
cula, CA, USA).

Affinity-purified rabbit antibody against the whole cyto-
plasmic region of e-SG (Esg-Cyt antibody) was newly
generated for the present study by the same method as
previously described [20].

Rabbit antibodies against unique COOH-terminal sequen-
ces of e-8G variants were raised against GST-fusion proteins.

The 3'-terminal short ¢cDNA fragment was amplified from
each full-length €-SG ¢DNA, including or excluding exon
11b, by PCR using the following oligonucleotide primer sets:
5-TCATGCATTATTGGAAGAGAAAA-Y (1440-1418)
and 5-ACAGACAACTATGATAGCACA-3 (1246-1266)
[33] for the ¢cDNA with exon 11b and 5-TCATGCAT-
TATTGGAAGAGAAAA-3' (1440-1418) and 5'-
CAGAACTTGCCACATCAGACT-Y (1291-1311) [33] for
the cDNA without exon 11b. The amplification was carried
out using Pyrobest (Takara) for 30 cycles, each cycle con-
sisting of 98 °C for 10 s and 60 °C for 30 s. The amplified
DNA fragments were subcloned into the pCR-Blunt vector
(Invitrogen), and then the EcoRI-fragments of e-SG variants
were purified from a cloned pCR-Blunt plasmid and ligated
into a pGEX expression vector (Amersham Biosciences
K K., Tokyo, Japan). Recombinant proteins were expressed
as a fusion protein with GST in E. coli and purified from the
soluble fraction of cell lysates on a glutathione-sepharose
column as previously described [20]. These recombinant
proteins were used as antigens. The antisera obtained were
purified using affinity columns coupled with two kinds of
synthetic peptides, i.e.,, CTGDFRLTTFQRFEVNGI-
PEERKLTEAMNL (amino acids 399-427) for e-SG includ-
ing exon 11b (Esg-C2 antibody) and CGGTTGKWYP
{amino acids 407-413 [33]) for the ¢-SG excluding exon
11b (Esg-C1 antibody).

The antibody against the sequence encoded in exon 8 (Esg-
ER antibody) was purified from antiserum against the whole
cytoplasmic region of £-SG using an affinity column conju-
gated with the synthetic peptide, CGVEKRNMQTPDIQ
{amino acids 321-333 [33]).

2.4. Fusion proteins

To examine the specific reactivity of the purified anti--
SG antibodies, cytoplasmic regions of e-SG variants were
generated as recombinant fusion proteins with GST.

Three kinds of ¢DNA fragment encoding cytoplasmic
regions of ¢-SG variants were amplified from full-length e-
SG cDNAs by PCR using the following oligonucleotide
primers: 5'-GCTTATATCATGTGCTGCCGA-3 (976-996
[14]) and 5-GTGAGACACGGCTGCAGCAGT-3' (1324-
1344 [14]) for mouse £-8G. The enzyme reaction, using
Pyrobest (Takara), and expression and purification of GST-
fusion proteins were carried out under the same experimen-
tal conditions described in “Antibodies™.

2.5. Immunocytochemistry

Cryosections (14 pm) of mouse brain were used for
immunofluorescence staining. The cryosections were
mounted on slide glasses and fixed in cold acetone ( — 20
°C). After equilibration of the fixed sections with Tris-
buffered saline (TBS), the sections were blocked in TBS
containing 2% casein, Indirect immunofluorescence micros-
copy was performed as previously described [20], using the
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following primary antibodies at appropriate dilutions: affin-
ity purified Esg-Cyt rabbit antibody at 1:1000, anti-TH
sheep antibody at 1:200, anti-laminin-a2 chain rat antibody
at 1:100, and Cy3-conjugated anti-GFAP mouse antibody at
1:1000. As secondary antibodies, Alexa488-conjugated an-
ti-rabbit IgG (1:600), Alexa568-conjugated anti-sheep IgG
(1:1000), and Alexa568-conjugated anti-rat IgG (1:1000)
antibodies (Molecular Probes, Eugene, OR, USA) were
used. A fluorescent Nissl stain was performed using Neuro-
Trace 640/660 (Molecular Probes) according to the manu-
facturer’s protocol. Fluorescence signals on cryosections
were observed using a confocal laser scanning microscope
{Leica TCS SP; Leica, Heidelberg, Germany).

2.6. Subcellular fractionation

Biochemical fractionation of mouse brain homogenate
was performed as described by Huttner et al. [18] and Kahle
et al. {22]. Cerebellum-excised mouse brains were homog-
enized in ice-cold Hepes buffer (4 mM Hepes-NaOH, pH
7.3, and a proteasc inhibitor cocktail, 0.5 mM PMSF)
containing 320 mM sucrose using a Dounce homogenizer.
The brain homogenate (H) was centrifuged at 1000 X g to
remove nuclei and large debris (P1). The supernatant {51}
was centrifuged at 12,500 x g to obtain a crude synapto-
somal fraction (P2} and subsequently lysed hypoosmotically

A
e-SGSYIL"
e-SG8Y711b*
e-SG871Ib"

e-SG8711b*
B

exon 8

exon 7

. exon9

and centrifuged at 25,000 x g to pellet a synaptosomal
membrane fraction (LP1). Then the resulting supernatant
(LS1) was centrifuged at 165,000 x g to obtain a synaptic
vesicle-enriched fraction (LP2). Concurrently, the superna-
tant (82) of the crude synaptosomal fraction (P2) was
centrifuged at 165,000 x g to obtain a cytosolic fraction
{S3) and a light membrane/microsome-enriched fraction
{P3; hereafter referred to as light membrane). A post-
synaptic density fraction (PSD) was prepared by washing
the LP1 with Hepes-buffered solution containing 1% Tri-
tonX-100 according to the method of Phillips et al. [44].

2.7. Other procedures

Purification of capillary endothelial cells was performed
using BS-1 lectin beads according to the method of Da
Silva-Azevedo et al. [9]. SDS-polyacrylamide electrophore-
sis (SDS-PAGE) and protein transfer to the PVDF mem-
brane were performed as described by Laemmli [26] and
Kyhse-Anderson [25], respectively. Immunoreactive protein
bands in the immunoblotting were visualized using a
chemiluminescence detection system (ECL; Amersham Bio-
sciences K.K.). Protein concentration was determined using
Protein assay (Bio-Rad Laboratories, Hercules, CA, USA)
with bovine serum albumin as a standard. All animal
handling procedures were in accordance with a protocol
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Fig. 1. Structures of £-SG splice variants isolated from the mouse brain, (A) The exon organization of four £-8G transcripts is schematically represented. Their 3
terminal structures, cormesponding to the region from exon 7 to exon 12, are shown. There was an alternative splicing arcund exon 8 and another alternative splicing
around a newly found exon, 1 1b. The four resulting clones are designated e-SG8*/11b™, e-SG8™/11b*, £-8G8~/11b~, and e-SG87/11h*. The black box in exon 7
indicates the region encoding the transmembrane domain. The shaded box in exon 12 indicates the untranslated region. The number of exons is given according to
the human SGCE gene [33], although the sequence comesponding to exon 10 of the SGCE gene has not been found in the mouse genome database. (B) and (C)
Répresent the deduced amino acid sequences from the e-SG variants without exon 8 and with the insertion of the newly found exon 11b, respectively. Identities
between the mouse and human sequences are indicated by dashes. A possible site of phosphorylation by eyclic nucleotide-dependent protein kinases is boxed.
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approved by the National Institute of Neurosciensce, NCNP,
Japan.

3. Results
3.1. Identification of variants of e-SG transcript in the brain

Previous immunoblot studies showed that ¢-SG was
widely expressed in a variety of mouse tissues as a 46 kDa
protein. However, in the brain, signal(s) other than the 46 kDa
e-SG were detected [14,20]. This observation implies the
possibility of a novel e-SG isoform in the brain, To elucidate
the presence of the brain-specific isoform of €-5G, we
searched for variants of £-8G transcripts in the mouse brain,

We obtained cDNA clones having the entire coding region
of €-SG from mouse brain by RT-PCR. Analysis of their
sequences showed that e-SG transcripts were variable at two
sites of the 3’ terminal region (Fig. 1). One variation is the
inclusion or exclusion of exon 8, and the other is the inclusion
or exclusion of a novel sequence between exon 11 and exon
12 (Fig. 1C). A homology search of the sequence in the
mouse genomic database (Genebank) found the same se-
quence in intron 11 of the mouse &-SG gene (Sgce), where
splice-donor and -acceptor roles have been completely main-
tained (data not shown). Therefore, we numbered the new
sequence as exon 11b, and the resulting four transcripts were
designated as e-SG8*/11b~, e-SG8/11b", £-SG8 /11b™~ and
£-SG87/11b", In the primary structure, the exclusion of exon
8 is predicted to cause an in-frame deletion of 9 amino acids,
while the inclusion of exon 11b causes the addition of 27
amino acids at the C-terminal (Fig. 1B,C). We also obtained
the same results from human brain and the genomic database
(Fig. 1). We numbered the exons and introns of Sgee accord-
ing to a previous work on the human &-SG gene (SGCE) [33].

Among the four e-SG variants, one transcript that con-
tains exon 8 but lacks exon 11b (¢-SG8*/11b~) has been
already reported [14,33]. To clarify whether the exclusion of
cxon § and inclusion exon 11b occur specifically in the
brain, we analyzed the 3’ structures of £-SG transcripts in a
variety of tissues. We initially amplified the full-length £-SG
transcripts from the tissues by RT-PCR and then performed
second PCR with the same amount of full-length e-SG
c¢DNA to verify the presence of exon 8 or exon 11b. The
second PCR, to verify whether transcripts have exon 8 or
not, amplified the 144 bp fragment containing exon 8 from
all tissues, but the 117 bp fragment lacking exon & was
found mainly in brain, as shown in Fig. 2B. On the other
hand, the PCR amplified the 197 bp-fragment containing
exon 11b only from the brain, while the exon 11b-lacking
162 bp-fragment was amplified from all tissues examined.

Further, we performed RT-PCR analysis to clarify the
combination of two alternative splicings, exon 8 and 11b.
The sizes of PCR fragments comprising exon §'/11b~, exon
8"/11b%, exon 8 /11b~ and exon 8 /11b* were 369, 404, 342
and 377 bp, respectively. The 369- and 377-bp fragments

were the major products in the brain and constituted 90% of
the total product. The 369-bp fragment corresponded to a
previously reported transcript, containing exon 8, but lacking
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Fig. 2. Tissue expressions of splice variants of ¢-SG transcripts. (A)
Schematic representation of PCR products amplified from e-8G splice
variants. To examine the effects of alternative splicing of exon 8 and b one-
SG transcripts in mouse various tissues, PCR analysis was performed using
oligonucleotide primer sets (a and &, and b and b'). The 3-terminal structure
of e-3G, comesponding to a segment from exon 7 to the end of exon 12, is
schematically represented at the bottom of the panel. (B) Expression of¢-SG
splice variants in mouse tissues, First, cDNAs that cover the entire length of
€-8G were amplified from total RNAs of 14 different mouse tissues by RT-
PCR. To analyze the inclusion or exclusion of exon 8 and excn 11b,
respectively, a second PCR was performed using the primer sets described in
(A)(aand 2, and b and b’). The resulting PCR products were separated by
polyacrylamide gel (8%) electrophoresis. The 144 bp and 117 bp fragments
in the upper panel indicate the inclusion or exclusion of exon 8. The 197 bp
and 162 bp in the lower panel indicate the inclusion or exclusion of exon 11b,
The right twe lanes in each panel show the PCR products from the cloned ¢-
$G cDNAs including or excluding exon 11b and exon 8. (C) Combinations of
the two alternative splicings were analyzed. First, cDNA that covers the
entire length of £-SGs was amplified from the mouse brain total RNA by RT-
PCR, then the second PCR was performed using the primer set, a and b,
described in panel (A). The resulting DNA fragments are shown in the left
lane as brain. The four right lanes indicate PCR products with the primer set
using four cloned types of €-5G cDNAs (see Fig. 1). The sizes of the PCR
products comprising£-8G8*/11b~,&-8G&™/11b*,£-SG8~/11b™ ande-SGB~/
11b* were 369, 404, 342 and 377 bp, respectively.



