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Abstract
The sarcoglycan–sarcospan (SG–SSPN) complex is part of the dystrophin–glycoprotein
complex that has been extensively characterized in muscle. To establish the framework for
functional studies of sarcoglycans in retina here, we quantified sarcoglycans mRNA levels
with real-time reverse transcriptase-polymerase chain reaction (RT-PCR) and performed
immunohistochemistry to determine their cellular and subcellular distribution. We showed that
the β-, δ-, γ-, ε-sarcoglycans and sarcospan are expressed in mouse retina. They are localized
predominantly in the outer and the inner limiting membranes, probably in the Müller cells and
also in the ganglion cells axons where the expression of dystrophins have never been reported.
3cv
We also investigated the status of the sarcoglycans in the retina of mdx mutant mice for all
Duchene Muscular Dystrophy (DMD) gene products. The absence of dystrophin did not
produce any change in the sarcoglycan–sarcospan components expression and distribution.
*
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Introduction
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The dystrophin associated protein complex (DAPC) is a complex conformed by the
interaction of multiple proteins that associate intimately with dystrophin at the sarcolemma of
skeletal, cardiac and smooth muscle (Campbell, 1995; Straub et al., 1999; Yoshida and
Ozawa, 1990). The sarcoglycan–sarcospan (SG–SSPN) and the dystroglycan complexes are
essential components of the DAPC, along with syntrophins, dystrobrevins and a diverse group
of signaling proteins (Blake et al., 2002). Through its attachment to the extracellular matrix,
the DAPC provides a mechanosignaling linkage between the outside compartment of muscle
cells and the intracellular cytoskeleton (Ervasti and Campbell, 1993).
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The absence of dystrophin leads to the disorganization of the DAPC and especially to
the decrease of expression of the sarcoglycans (SGs) in muscle (Chamberlain et al., 1997).
The SGs are asparagine-linked glycosylated proteins with single transmembrane domains
(Ozawa et al., 1998) that form complex mediating muscle membrane stability (Hack et al.,
2000). The integrity of the SG–SSPN complex requires the coordinated translation and
assembly of its subunits. Perturbations in this complex lead to limb girdle muscular
dystrophies and cardiomyopathies in both humans and mice (Bonnemann et al., 1995; CoralVazquez et al., 1999; Lim et al., 1995; Nigro et al., 1996; Noguchi et al., 1995; Roberds et al.,
1994). Six sarcoglycan genes and gene products have been identified to date. According to
their topology, a-sarcoglycan (a-SG) and e-sarcoglycan (e-SG) are highly similar type I
glycosilated transmembrane proteins, whereas g-sarcoglycan (g-SG), d-sarcoglycan (d-SG)
and z-sarcoglycan (z-SG) are type II glycosylated transmembrane proteins, highly similar
among themselves but weakly similar to b-sarcoglycan, consistent with the idea of multiple
gene duplication events (Fanin et al., 1997; Wheeler et al., 2002). Besides, SSPN is a protein
with four transmembranal domains, structurally related to the tetra-span family of proteins, a
group of proteins thought to be molecular facilitators (Crosbie et al., 1997). SSPN copurifies
with the DAPC, and its expression is significantly reduced when the SGs expression is altered,
which confirms their association as a complex (Coral-Vazquez et al., 1999).
Dystrophin is the product of the Duchenne Muscular Dystrophy (DMD) gene, which is
located at Xp21 in human (Koenig et al., 1988). Mutations in the DMD gene are responsible
of one of the most common inherited myodegenerative diseases, and affect about one in 3500
male newborn. In addition to the severe muscle phenotype, the majority of DMD patients also
present certain developmental, behavioral and cognitive deficits indicating that the DGC also
play a crucial role during CNS function (Lidov, 1996; Mehler, 2000). Indeed dystrophins,
utrophins, dystroglycans and components of the cytoplasmic complex (i.e. syntrophins,
dystrobrevins) are found in many tissues, among them the central nervous system (CNS)
including brain and retina (Blake and Kroger, 2000; Mehler, 2000; Ueda et al., 2000). In
addition to the full-length dystrophin isoforms, internal promoters activation in the DMD gene
leads to the expression of four different short products called according to their apparent
molecular mass, Dp260, Dp140, Dp116 and Dp71. These products present different tissuespecific pattern of expression. Dp71 is the major DMD gene product in the central nervous
system, including retina (Rodius et al., 1997). One of the best characterized deficits in the
CNS of DMD patients is the altered dark-adapted electroretinogram (ERG). Eighty percent of
3cv

DMD patients as well as the mdx mouse strain which suffer a drastic reduction of all the
DMD gene products, show a delayed implicit time and a reduced amplitude of the b-wave
selectively in the scotopic ERG (Pillers et al., 1995; Sigesmund et al., 1994).
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We and others have previously shown that except Dp116, dystrophins and some of the
DAPs are expressed in rat, mouse and rabbit retinae (Claudepierre et al., 1999; D’Souza et al.,
1995; Koulen et al., 1998; Montanaro et al., 1995; Ueda et al., 1995). In the main glial cell of
the retina – the Müller glial cells (MGC) – we have demonstrated the existence of a γ-SG
containing complex that includes Dp71, β-dystroglycan and a1-syntrophin (Claudepierre et al.,
2000), and suggested that the subcellular distribution of the inwardly rectifying potassium
channel Kir4.1 and the water pore aquaporin 4 (AQP4) might depend on the activity of this
complex (Dalloz et al., 2003). However, thus far only the expression of δ-and γ-sarcoglycans
in retina (Claudepierre et al., 2000) and e-sarcoglycan in brain (Xiao and LeDoux, 2003) has
been demonstrated in the CNS. Studying the expression and the cellular localization of the
SG–SSPN complex in mouse retina would help us to identify the possible functional
correlations between sarcoglycans and the dystrophins–dystroglycan complex, as well as to
elucidate the molecular basis of the retinal phenotypes of the DMD. In this study, we
employed real-time reverse transcriptase-polymerase chain reaction (RT-PCR), and
immunohistochemistry to determine the SGs–SSPN distribution in mouse retina, and by using
3cv

the mdx mice strain as model, we determined that the sarcoglycans distribution seems to be
dystrophins-independent.

Materials and methods
Animals
3cv

3cv

C57Bl/6 control and mdx mutant mice strains were bred in our laboratory. mdx
originated from mice generously provided by the late Dr. Verne M. Chapman (Roswell Park
Memorial Institute, Buffalo, NY). Mice were identified by PCR analysis as described by Cox
et al. (1993). Immunoblot analysis with Dys2 antibody (Novocastra Laboratories) was
3cv

performed with brain total protein extracts to verify the mdx phenotype. All experiments
were in compliance with the European Communities Council Directives (86/609/EEC) for
animal care and experimentation.
Real-time RT-PCR
Total RNA from mice retina was extracted using Trizol reagent (Invitrogen-Life
Technologies) according to the manufacturer’s instructions. One microgram of total RNA was
reverse transcribed using random hexamers and SuperScript II (Invitrogen-Life Technologies).
Real-time PCR was done using the LightCycler system (Roche Diagnostics, USA) with SYBR
PLUS

Green detection and Tm analysis. LightCycler FastStart DNA MasterSYBR Green I kit
was purchased from Roche Diagnostics (Roche Diagnostics GmbH). Amplification was
performed in a total volume of 20 ml containing the Master mix (including Taq DNA
polymerase, reaction buffer, MgCl2, dNTP mix and SYBR Green dye), 0.5 mM of each
primer (Table 1) and 1/ 100 of the cDNA previously obtained. Amplification conditions
consisted of 40 cycles (95 8C for 0s, 60 8C for 5 s and 72 8C for 20 s).

Table 1 Primers used for RT-PCR
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Name

Sequence (50 ! 30)

mRNA
detected
a-SG

AlphaSG-F
AlphaSG-R

GCCGAGTCCCTCTTCCTATT
CCAGAGACACATTGCACCAG

BetaSG-F
BetaSG-R

AGCATGGAGTTCCACGAGAG
GCTGGTGATGGAGGTCTTGT

b-SG

DeltaSG-F
DeltaSG-R

GTCAGAGCAGACCCCTTCAA
GATCCACGAGGCAGTCTAGC

d-SG

GamaSG-F
GamaSG-R

GAGACACCCCTTGTCAGAGC
TGGTCAAACCCACAGTTTCA

g-SG

EpsilonSGF
EpsilonSR

TCCATCACAGCTCGATTCAG
TCTGAGTCTGGTGTGGCAAG

e-SG

SSPN-F
SSPN-R

AGAGGACTTGCTGCTCTTGC
CCTTTCGGTGTTCACCAAGT

SSPN

Dp71-F1
Dp71-R1

ACCATGAGGGAACACCTCAAAGG
TGCAGCTGACAGGCTCAAGCGGAT

Dp71

Vimentin-F
Vimentin-R

TTGAGATCGCCACCTACAGGA
TCCGTCTCTGGTTTCAACCGT

Thy1-F
Thy1-R

CAGGACGGAGCTATTGGCACCAT
ACGGCAGTCCAGTCGAAGGTTCT

Thy1

Actin-F
Actin-R

CTGGGACGACATGGAGAAGATCTG
CGTACTCCTCCTTGGTGATCCAC

Actin

Vimentin

Semi-quantification of the real-time RT-PCR products
To identify PCR products generated in the presence of SYBR Green, a Tm analysis
was performed by increasing the temperature from 60 to 90 8C at a linear transition rate of
0.1 8C/s. Fluorescence of the samples was monitored continuously while the temperature
was increased. SYBR Green was released upon denaturation, which resulted in a decreasing
fluorescence of the signal. The LC software calculated the Tm, i.e. the rate of change in
fluorescence (dF/dT) was displayed as a function of temperature. The LC software also
calculated the crossing point that indicated the relative expression of each product observed.
b-Actin messenger expression was used to normalize the values and the results were
calculated as relative expression with respect to actin as 100%.
Antibodies
Antibodies against the SG–SSPN complex used in this study have been previously
described (Rivier et al., 1999) and are summarized in the Table 2. The antibodies used against
protein cell markers were the anti-glutamine synthetase monoclonal antibody from Chemicon
(CA, USA) for Müller glial cells, and the anti-NF68 monoclonal antibody from Sigma (SaintQuentin Fallavier, France) for ganglion cells.

Table 2 Sarcoglycans/sarcospan antibodies used for immunohistochemistry assays
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Antibody
Sarco3
G4
Nini
Peptide1
LG7
C5

Polyclonal
Polyclonal
Polyclonal
Polyclonal
Polyclonal
Polyclonal

Peptide position Specificity
C-terminal 7aa
Peptide 42-52
C-terminal 84-290
Peptide 2-13
C-terminal 11aa
C-terminal 13aa

α-Sarcoglycan
β-Sarcoglycan
δ-Sarcoglycan
γ-Sarcoglycan
ε-Sarcoglycan
SSPN
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Tissue preparation and immunohistochemistry
After enucleation and removal of cornea and lens, mice eyes were fixed 3 min in 4%
paraformaldehyde. Eyes were cryoprotected before embedding in freezing medium
(cryoblock, Labonord) and frozen in liquid nitrogen. They were vertically sliced at 7 mm
thickness in a cryostat and placed on gelatin-coated slide glasses. Immunocytochemical
labeling was carried out using the indirect immunofluorescence method as previously reported
(Dalloz et al., 2003). After mounting in Gel/Mount (Biomeda, Foster City, CA) double
labeling were examined and photographed using a confocal laser scanning equipped with an
argon-kripton laser (TCS SP1 Leica, Lasertechnik GmbH). Controls were prepared by
omitting the primary antibody during the incubation; in these controls, no specific staining
could be detected.
Müller cell culture
Primary retinal glial cell cultures were prepared from 2week-old C57Bl/6 mice as
described by Hicks and Courtois (Hicks and Courtois, 1990).
Ganglion cell culture
Primary cultures of retinal ganglion cells (RGC) were derived from 2-month-old
C57Bl/6 mice retinae and purified by sequential immunopanning as described for young rat
retinae (Barres et al., 1988).

Results and Discussion
In order to investigate the status of the members of the SG–SSPN complex in the retina
and to examine the molecular and cellular consequences of the absence of dystrophins for
individual SGs expression, here we evaluated the relative sarcoglycan mRNAs and proteins
3cv

expression in wild-type (wt) C57Bl/6 and mdx mice retinae.
Real-time RT-PCR was performed on whole retinal preparation from both strains.

Positive controls were performed by classical RT-PCR with mice muscle extracts. All
the amplification products had the expected size (data not shown). Fig. 1 revealed that the
mRNAs
of β-, δ-, γ-, ε-SGs and SSPN were expressed in wt mice retinae at various levels. The α-and
ε-SGs transcripts were the most abundantly expressed. Comparative analysis of the transcript
3cv

levels between the wt and the mdx

strains showed that there was not a significant difference
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in levels of expression of neither the SGs nor the SSPN mRNAs. The analysis of protein
expression by Western blot show similar results to those found for transcripts (data not
shown). It should be noted that no a-SG transcript or protein was detected in mice retinae from
3cv

wt and mdx

strains. On the other hand, as previously reported, we noted a great reduction of
3cv

the Dp71 mRNA in mdx with respect to the wt (Fig. 1), whereas smaller perturbations were
observed for the other DMD gene products expressed in retina (data not shown).
To assess the retinal distribution of SGs in presence or absence of dystrophins, we performed
immunostaining assays with polyclonal antisera specific for single SGs and SSPN in serial
3cv

retinal sections of wt and mdx mice strains. Fig. 2 shows that the pan-specific dystrophins
antibody H4, revealed in retinae of wt mice a punctuate signal in the outer plexiform layer
(OPL, arrows), a staining around the blood vessels and at the inner limiting membrane (ILM,
3cv

arrow heads). This labeling disappears in the mdx

mice strain, which confirmed that in spite
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Fig. 2. Immunohistochemical analysis of the dystrophins and sarcoglycan–sarcospan complex components in
3cv
wild-type (C57Bl/6) and mdx mice retinae. Fluorescence photomicrographs of vertical sections through mouse
retinae immunostained with antibodies directed against dystrophins, e-SG, b-SG, d-SG, g-SG and SSPN,
respectively. OLM, outer limiting membrane; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner
nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer; ILM, inner limiting membrane. Scale bar: 20
mm. Arrows indicate punctuate dystrophins staining in the OPL while arrowheads indicate staining around blood
vessels and at the ILM. Small arrows indicate SGs–SSPN staining at radial processes terminating at the OLM.

3cv

of the fact that the dystrophins mRNAs are detected at different levels in the mdx
mutation resulted in a dramatic reduction of protein expression.

strain, this

It has been shown that from the SG-family members, which are largely restricted to
muscle, the e-SG is highly expressed in many tissues, including brain (McNally et al., 1998).
In mice retinae, the anti e-SG antibody, LG7, clearly revealed that e-SG is highly expressed at
the vitreal surface in the ganglion cell layer (GCL) and ILM. This localization could
correspond to a distribution at the soma of ganglion cells, the nerve fiber layer (NFL) and/or at
3cv

the MGC end feet in both wt and mdx mice strains. It was also observed a diffuse labeling at
the inner nuclear layer (INL), at the OPL and at radial processes terminating at the outer
limiting membrane (OLM, small arrows). As shown in Figs. 2 and 3, the overall distribution
pattern of b-, d-, g-SGs and SSPN immunoreactivity did not differ from the one observed for
e-SG, with the particularity that e-SG is the most highly expressed at both edges of the retina.
In addition, as expected from the results obtained by real-time RT-PCR (Fig. 1), no positive
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staining was detected for the a-SG neither in wt nor in mdx

mice (data not shown).

It has been established that in the mouse retina, the Dp427, Dp260 and Dp140 are
concentrated within the OPL (Howard et al., 1998), in two morphological shapes, bars and
puncta most likely corresponding to the labeling of photoreceptors terminals and/or dendritic
processes of bipolar neurons. In this study, we were unable to neither detect this kind of
HAL author manuscript
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specific immunoreactivity with antibodies against SGs and SSPN, in the wt nor in the mdx
mice (compare immunostaining in Figs. 2 and 3B for dystrophins and SSPN). Although under
the basis of this result, we cannot completely exclude the participation of SGs and SSPN at the
formation of functional complex with dystrophins at the OPL, this observation is not in favor
of the constitution of such a complex.
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Thus, our results suggest that opposite to what is known for skeletal muscle
(Chamberlain et al., 1997), the expression and localization of SGs and SSPN in retina are if
not totally, at least partially independent of the dystrophins-expression. In order to explore in
more detail this hypothesis, we performed double labeling experiments in which the
immunostaining of dystrophins, SGs and SSPN was combined with the labeling of glutamine
synthetase or the neurofilament subunit of 68 kDa (NF68), specific markers of MGC and
axons of ganglion cells, respectively. In wt retina, double immunolabeling with the panspecific dystrophins antibody H4 and the anti-glutamine synthetase shows strongly stained
glutamine synthetase positive MGC spanning the whole thickness of the retina from the OLM
to the ILM. A considerable overlap was observed at the ILM (Fig. 3, arrows) confirming our
previous observation of the localization of the Dp71 at the end feet of the MGC (Dalloz et al.,
2003). It should be noted that no staining of dystrophins was evident at the OLM or in the
MGC fibers stained by the glutamine synthetase antibody in the outer retina. We therefore
investigated if the dystrophins may be colocalized with the NF68 at ganglion cell fibers. In wt
retina, double immunolabeling with the pan-specific dystrophins antibody H4 and the antiNF68 shows strongly stained NF68 positive nerve fibers without overlapping with the
dystrophins staining. To ascertain whether or not the dystrophins were expressed by the MGC
and the ganglion cells, we performed a comparative study by RT-PCR of their mRNA
expression in whole retina, cultured MGC and cultured ganglion cells. We failed to detect the
expression of Dp427, Dp260 and Dp140 in both cultured cell types, whereas the transcript of
Dp71 was not expressed in the cultured ganglion cells, but was detected in the cultured MGC
(data not shown).
We further compared in wt retinae the double immunolabeling of each one of the SGs
and SSPN with either the labeling of the glutamine synthetase or the NF68. Similarly to what
was found with dystrophins, a considerable overlapping was observed at the ILM between the
ε-SG and the glutamine synthetase (Fig. 3, arrows). However, in this case, ε-SG expression
was also noted within the external retina, where an overlap of the staining was also observed
at the MGC fibers and the OLM (Fig. 3, arrowheads). A similar localization pattern was
observed in thecaseof β-, δ-, γ-SGs and SSPN (Fig. 3). These results show that whereas Dp71
and all the SGs and SSPN are localized together at the end feet of the MGC, only the SGs and
SSPN are present in the outer retina. It is tempting to speculate that as reported in skeletal and
cardiac muscles situation (Straub et al., 1999; Wheeler et al., 2002), it would be possible that
two distinct sarcoglycans complexes co-exist in MGC, one composed of Dp71 and the wellcharacterized tetrameric unit of ε-, β-, γ-and δ-SGs, and a second one that would not be
associated with Dp71, composed of SGs, and yet unidentified proteins.
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We thereafter investigated whether the ε-SG immunostaining overlaps or not with
NF68. On the contrary to what was observed in the case of dystrophins, both immunoreactivities were detected at the NFL, thus suggesting that ε-SG is expressed by the ganglion
cells (Fig. 3, stars). As expected, the comparison of the double immunolabeling of β-δ-, γ-SGs
or SSPN and NF68 revealed a similar localization to that of ε-SG for all these proteins (Fig.
3). However, it should be remarked that the high immunofluorescence observed for ε-SG at
the nerve fibers could mask the ganglion cells soma immunolabeling that is more evident for
the other SGs and the SSPN. Thus, in retina, the dystrophins and the SGs–SSPN complex not
only differ in their intracellular localization but they are also differentially expressed between
glial and neuron cells. Since the dystrophins are not expressed by the ganglion cells, the SG–
SSPN complex should be associated to yet unidentified partners.
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It is known that at the sarcolemma, the SGs associate with the dystroglycan complex
(Ibraghimov-Beskrovnaya et al.,, 1992). Because dystrophin and dystroglycan complex SSPN
in retina may help to explain why the absence of interact with actin and laminin, respectively,
the absence dystrophins in retina produces a relatively mild phenotype, of dystrophin from this
molecular linkage has direct compared with the devastating muscle pathology. On the
molecular consequences for the assembly of the DGC. basis of these observations, it could be
possible to propose Thereafter, these molecular differences are associated with that a similar
phenomenon could occur in other structures of progressive muscle degeneration that leads to
skeletal and the CNS. Moreover, the absence of perturbations in the cardiac muscle weakness.
The lack of an apparent expression and localization of the SG–SSPN complex in molecular
association between dystrophins and SGs and retina observed here suggests that SGs and
3cv

SSPN are not implicated in the ERG phenotype observed in mdx

mice strain.

Although the precise function of the SG–SSPN complex is not known, it is thought to
have mechanical and non-mechanical roles that mediate interactions between the extracellular
matrix, the membrane and the cytoskeleton (Hack et al., 1999). Interestingly, in retina, the
expression of all the subunits is mostly restricted to the ganglion cell layer, including ganglion
cells soma, optic nerve fibers and MGC end feet, but also the apical end of MGC forming the
OLM. This localization could reflect a role of the SG–SSPN complex in the membrane of
ganglion cells to form the optic nerve fiber and in the MGC to stabilize the limiting
membranes of the retina with the retinal endothelium on one hand and the vitreous body on the
other hand in order to stabilize the global structure of the retina, functional roles that still to be
determined.
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Fig. 3. Immunohistochemical analysis of the cellular localization of dystrophins, sarcoglycans and sarcospan in
wild-type (C57Bl/6) mouse retina.
(A) Fluorescence photomicrographs of vertical sections through mouse retina double immunolabeled
for dystrophins, ε-SG, β-SG, δ-SG, γ-SG and SSPN in red and a cell marker of Müller glial cells, glutamine
synthetase; or of ganglion cells axons, neuro-filament 68 (NF68) in green. OLM, outer limiting membrane; OPL
outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer; NFL, nerve
fiber layer; ILM, inner limiting membrane. Scale bar: 20 mm.
Arrows indicate the considerable overlap between dystrophins or ε-SG and the glutamine synthetase
staining at the ILM while arrowheads indicate the overlap between ε-SG and the glutamine synthetase staining
observed at the MGC fibers and at the OLM. Stars indicate the overlap of ε-SG and NF68 staining at the NFL.
(B) Dystrophins and SSPN immunolocalizations in the OPL are shown at higher magnification. The bars
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and puncta staining of dystrophins observed in wt mice retinae clearly disappear in mdx mice retinae. On the
3cv
contrary, no differences could be established between the SSPN staining from wt and mdx mice retinae. Scale
bar: 6 mm.
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Conclusion
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This study reveals the pattern of expression and localization of sarcoglycans and
sarcospan mRNAs and proteins in the adult mouse retina. We showed here that b-, d-, g-, eSGs and SSPN are expressed in mouse retina. Moreover, we determined that the sarcoglycans
are localized predominantly at the outer and the inner edges of the retina, probably in the
Mu¨ller glial cells and also in the ganglion cells soma and axons where the expression of
3cv

dystrophins has never been reported. The use of the mdx strain allowed us to conclude that
the SG–SSPN complex expression and localization could be at least partially dystrophins
independent. Clarification of the role of sarcoglycans and sarcospan in nervous system and
particularly in retina awaits further investigation.
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