
The dystrophin glycoprotein complex (DGC) is a membrane-associated protein complex binding extra-
cellular matrix (ECM) molecules, such as laminin and forming a bridge towards the cytoskeleton. The
molecular composition of the DGC is cell type dependent and it is involved in cell adhesion and motili-
ty. Here we present immunocytochemical localization of beta-dystroglycan, the central member of the
DGC, utrophin and Dp71f, the spliced 71 kDa dystrophin protein product of the DMD gene, in cultured
retinal Muller glial cells. It is shown that beta-dystroglycan and utrophin are colocalized in clusters in all
parts of Muller cells including the lamellipodium and leading edge of migrating cells. As a contrast,
Dp71f labels are distinct from beta-dystroglycan and confined to the perinuclear cytoplasm of Muller
cells indicating that Dp71f is not a member of the DGC in cultured Muller cells.
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INTRODUCTION

Extracellular matrix (ECM) receptor complexes have been described so far playing
crucial role in cells’ adhesion, growth and differentiation. Among them, the dys-
trophin glycoprotein complex (DGC) is an extensively studied member due to its role
in the pathogenesis of several muscular dystrophies, such as Duchenne or Becker
type muscular dystrophies (DMD) and (BMD). The central member of the DGC is
dystroglycan, involved in ECM formation and remodeling. Its central role is signi-
fied by the fact that dystroglycan-null mammalian embryos do not survive beyond an
early stage due to inability to form Reihardt’s membrane, the extra-embryonic base-
ment membrane whereas partial loss of dystroglycan function leads to muscular dys-
trophy [11].

Dystroglycan, consisting of an extracellular alpha and a transmembrane beta sub-
unit, is coupled to members of the utrophin/dystrophin family and thus forms the dys-
trophin glycoprotein complex. The DGC can associate with sarcoglycans forming the
sarcoglycan complex. The DGC can bind ECM molecules (laminin-1, laminin-2,
agrin and perlecan) and form a bridge towards the intracellular actin network [14].
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It is evidenced that the 427 kDa (full length) dystrophin product of the X chro-
mosome DMD gene is associated with the actin cytoskeleton in muscle cells. The 71
kDa dystrophin protein products of the same gene, arising from alternative promoter
usage, termed Dp71, were also demonstrated to have a consensus actin binding
domain due to slightly modified N-terminal amino acid sequence as a consequence
of alternative promoter usage [13]. However, the binding of Dp71 to filamentary
actin is doubted recently [18]. The region of dystrophins and utrophin (the autosomal
homologue of dystrophin, also called dystrophin related protein, DRP) implicated in
binding to beta-dystroglycan’s PPxY motif consists of a WW domain, two EF-hand
motifs and a ZZ domain [23].

It has been proposed that binding of laminin to the extracellular alpha-dystrogly-
can leads to phosphorylation of beta-dystroglycan at tyrosine residues within its
intracellular C-terminal domain [17]. It is these phosphorylation events and espe-
cially the phosphorylation of beta-dystroglycan’s PPxY motif that seem to regulate
the binding of dystrophin proteins and utrophin [15, 16, 24]. Other intracellular
members of the DGC such as dystrobrevin and syntrophins can bind to the complex
via dystrophin or utrophin [6]. Dystrophin proteins can associate to nitrogen oxid
synthase, involved in signaling [10], or tubulin and other molecules via syntrophins
[19]. Beta-dystroglycan can interact with p125FAK via Grb2 [2]. Most of these
molecules and their association have been demonstrated in muscle, however the
DGC and its associates are also found in non-muscle cells, i.e. glial cells and neu-
rons. Muller glial cells of the retina express Dp71f, the splice variant of 71 kDa dys-
trophin protein lacking exon 78, and utrophin [5] and they are implied in the com-
position of DGC in Muller cells together with alpha-dystrobrevin-1, alpha1-syn-
trophin and delta-sarcoglycan [3, 4]. Muller cells are extended through the entire
thickness of the retina with their endfeet especially enriched in components of the
DGC at the inner limiting membrane of the retina where extracellular DGC ligand
laminin-1 is very abundant. Laminin-1 was shown earlier to stimulate the motility
and process formation of cultured Muller cells [20].

In this paper we demonstrate by immunocytochemistry that the composition of the
dystrophin glycoprotein complex in cultured Muller cells is different from muscle
cells as utrophin but not Dp71f participates in the complex, indicating distinct cell
type specific functions for these two proteins. The subcellular localization pattern of
utrophin and dystroglycan is in line with the role of the DGC in cell adhesion and
migration [25].

MATERIALS AND METHODS

Establishment of Muller glial cultures

Primary Muller glial cultures were established as described by Hicks and Courtois
[12] from retinae of 10 days old Wistar rats. In brief, eyeballs were dissected and
incubated in PBS (Phosphate buffered saline, 0.1M phosphate, 0.9% NaCl, pH 7.4)



containing 1.25 mg/ml trypsin (Sigma, Saint Louis, MO, USA) and 1 mg/ml colla-
genase (Serva, Germany) for 1 hour at 37 °C. Subsequently, retinae were isolated and
cut into small pieces under sterile conditions followed by incubation in DMEM
medium (GIBCO BRL Life Technologies Inc., Rockville, MD, USA) supplemented
with antibiotic-antimycotic mixture (Sigma) and 10% fetal calf serum (FCS) at 37 °C
in 5% CO2. Medium was changed on the fourth day after Muller cells had migrated
out of retinal pieces and adhered to the culture surface. Residual retinal pieces were
discarded upon change of medium. Medium was changed every three days thereafter. 

Purity of cultures was checked by immunolabeling for vimentin intermediate fila-
ment (anti-vimentin Clone V9, Boehringer Mannheim GmbH, Germany) yielding
strong characteristic immunolabeling in Muller cells in situ [5] and also by immuno-
labeling for Dp71f, the spliced 71 kDa dystrophin protein, similarly expressed only
by Muller cells within the retina [5]. Cultures were negative for glial fibrillary acidic
protein (GFAP) immunolabeling (anti-GFAP, Boehringer Mannheim) indicating
absence of astrocytes. Cells were cultured for 11 days, then cells were incubated with
5 mM EDTA in PBS for 5 minutes then washed off in DMEM 10% FCS. Cells were
seeded at a density of 1 × 104 cells/cm2 on glass coverslips preincubated with or with-
out 20 μg/ml laminin-1 in 24-well-plates. Cells were cultured for one day before fix-
ation with 4% paraformaldehyde in PBS for 20 minutes at room temperature then
permeabilized with 0.1% TritonX-100 in PBS for 5 minutes. After thorough washing
with PBS non-specific antibody binding sites were blocked with 2% BSA (bovine
serum albumin, Sigma) in PBS for 30 minutes. Cells were then incubated with pri-
mary antibodies for 3 hours at room temperature.

Primary antibodies

Mouse monoclonal antibody 5F3 was directed against the 31 C-terminal amino acids
of Dp71f [7]. Rabbit polyclonal antibodies were raised against C-terminal amino
acids CPNVPSRQAM of utrophin (K7) or the C-terminal amino acids CGPPYVPPP
of beta-dystroglycan (JAF, described by [22]). These antibodies were kindly provid-
ed by Mornet, Montpellier. Actin filaments were labeled with fluorescein conjugat-
ed phalloidin (Sigma) in 50 μg/ml. Vimentin intermediate filaments were labeled
using mouse monoclonal anti-vimentin (Clone V9, Boehringer Mannheim). Primary
antibody data are summarized in Table 1.
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Table 1
Antibodies applied for immunocytochemistry

Code 5F3 K7 JAF V9 alpha-GFAP

specificity Dp71f utrophin beta-DG vimentin GFAP
dilution 1 : 3 1 : 100 1 : 100 1 : 20 1 : 100
source mouse rabbit rabbit mouse mouse

(Mornet) (Mornet) (Mornet) (Boehringer (Boehringer
Mannheim) Mannheim)
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Immunolabeling

For single fluorescent labeling, cells were incubated in the dark with fluorescein cou-
pled secondary antibody against mouse IgG (Fluorescein anti-mouse IgG (H + L),
Vector Laboratories, Burlingame, CA, USA) for monoclonal primary antibodies or
biotin coupled secondary antibodies against rabbit IgG (Biotinylated anti-rabbit IgG
(H + L), Vector) then avidin coupled rhodamine (Rhodamine 600 Avidin D, Vector)
for polyclonal antibodies. All secondary antibodies were used according to respec-
tive manufacturers’ instructions. All incubations were carried out at room tempera-
ture separated by thorough washing in PBS containing 0.1% BSA for at least 30 min-
utes. Finally, cells were thoroughly washed with PBS then briefly in distilled water
and mounted on slides in Mowiol (Mowiol 4.88, Polysciences, Germany). Cultures
incubated with all immunodetection components except for primary antibodies yield-
ed faint non-specific labeling similarly to cultures that were only permeabilized with
Triton and incubated with 2% BSA for blocking.

For double fluorescent labeling with monoclonal and polyclonal primary antibod-
ies, the combination of the steps of single fluorescent labeling were used as above in
the following order: primary antibodies, consecutively, biotinylated anti-rabbit IgG,
fluorescein anti-mouse IgG and avidin-rhodamine, all incubated in the dark. Actin
filaments were labeled by incubation with fluorescein-conjugated phalloidin for 30
minutes at room temperature followed by multiple washing steps in PBS.

For double fluorescent labeling of beta-dystroglycan and utrophin, where two
polyclonal antibodies were used consecutively, cells were incubated with anti-beta-
dystroglycan antibody (JAF), as the first primary antibody, followed by biotinylated
anti-rabbit antibody. Cells were then incubated with 2% normal rabbit serum in PBS
for 30 minutes to block the free Fab arm of the biotinylated anti-rabbit antibody so
as to prevent it from capturing the second primary antibody (anti-utrophin, K7). This
step was followed by incubation for 30 minutes with an excess of monovalent Fab
fragment of anti-rabbit IgG (AffiniPure Fab Fragment Goat Anti-Rabbit IgG (H + L),
Jackson, ImmunoResearch Lab., Inc., USA) to fully mask all bound rabbit antibod-
ies (specific and serum antibodies) so as to prevent the second secondary antibody
(anti-rabbit-FITC) from recognizing them.

Cells were then fixed again with 1% paraformaldehyde for 1 minute. The next step
was incubation with avidin coupled rhodamine. After these labeling and blocking
steps, cells were incubated with the second primary antibody (anti-utrophin, K7) fol-
lowed by the second secondary antibody (anti-rabbit IgG (whole molecule)-FITC,
Sigma). All incubations were separated by multiple washing steps with PBS con-
taining 0.1% BSA for at least 30 minutes. The same labeling protocol was carried out
using anti-utrophin (K7) as first primary antibody and anti-beta-dystroglycan (JAF)
as second primary antibody, yielding the same labeling pattern. All reagents were
used according to manufacturers’ instructions.

If the second primary antibody was omitted, only the epitope recognized by the
first primary antibody yielded strong specific labeling whereas faint background
labeling with few dots in some cells were seen in the same cells with the filter for



fluorescein (coupled to the second secondary antibody). This indicates that blocking
of the complex bound to the first primary antibody effectively prevented the second
secondary antibody (anti-rabbit-FITC) from yielding false double labeling in the
absence of the second primary antibody.

Images were taken with filters for rhodamine and FITC using a Leitz Laborlux K
fluorescent microscope (Leitz Wetzlar, Germany) coupled to a Nikon Coolpix 950
digital camera in the form of (1600 × 1200 pixel) jpegs. Double fluorescent images
were merged afterwards using Corel Photopaint image processing program.

RESULTS

Dp71f immunolabeling in Muller cells

Cultured Muller cells were immunolabeled for Dp71f (Fig. 1A, Figs 2C, F). Dp71f
is the spliced 71 kDa dystrophin protein expressed by Muller cells as their single dys-
trophin protein. Out of the cell types of the retina only Muller cells express this dys-
trophin isoform therefore Dp71f can also be considered as a marker protein showing
the purity of Muller cell cultures. All cells were labeled for Dp71f indicating absence
of other cell types of retinal origin. Dp71f immunolabeling shows a degree of het-
erogeneity in terms of labeling pattern. In the majority of Muller cells, Dp71f label
takes the shape of elongated filament-like structures, resembling a membrane limit-
ed structure, in the perinuclear region, characterized by thick cytoplasm. In some
Muller cells, however, Dp71f labeling is dot-like but also confined to the perinuclear
area. In migrating cells, the perinuclear area is labeled, however processes or lamel-
lipodia are generally void of Dp71f label although some elongated structures are
extended towards the periphery but do not reach the marginal cytoplasm (Fig. 1A,
Fig. 2F). In flattened ‘resting’ cells, the amount of Dp71f label decreases towards the
periphery and the marginal cytoplasm of these cells is usually also void of Dp71f
(Fig. 2C).

Beta-dystroglycan immunolabeling in Muller cells

Intracellular domain of trans-membrane beta-dystroglycan, the central member of the
DGC, was immunolabeled in Muller cells (Figs 1B, D, G, Figs 2A, D). Dot-like
immunolabeling is seen in all parts of the cytoplasm including both the leading edge
and lamellipodium as well as the uropodium of cells with migratory morphology, as
shown in Fig. 1B. Majority of immunolabeled dots are seen in the optical plane of
the surface indicating their localization at the surface-attached cell membrane. Some
labels are apparent below and over the nucleus. Dot-like clusters of immunolabeling
are evenly distributed in cells with occasional association of clusters in directionally
aligned chains in the lamellipodium.
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Utrophin immunolabeling in Muller cells

Muller cells were immunolabeled for utrophin, the autosomal homologue of full-
length dystrophin (Figs 1C, F, I). Utrophin immunolabeling appears in dot-like clus-
ters with similar pattern as for beta-dystroglycan. Immunolabeled clusters are appar-
ent and evenly distributed in all parts of the cytoplasm in cells with flattened or
migratory shape alike. Figures 1C and I show cells with migratory morphology.
Some labels are apparent below and over the nucleus. The characteristic size and dis-
tribution of utrophin clusters is similar to that of beta-dystroglycan clusters.
Immunolabeled clusters seem to be associated with the ventral plasma membrane
with some clusters longitudinally aligned with the direction of migration.

Double immunolabeling of beta-dystroglycan and utrophin

Muller cells cultured on untreated surface were double immunolabeled for beta-dys-
troglycan and utrophin. Figure 1 shows flattened (D, E, F) and migrating (G, H, I)
cells. It is seen that utrophin colocalizes with dystroglycan in majority of dot-like
clusters located in all parts of the cytoplasm (Figs 1E, H) including the leading edge,
the lamellipodium and uropodium in migrating cells (Fig. 1H). In some clusters,
however, there is dystroglycan or utrophin labeling alone.

As described in Materials and Methods, double immunolabeling of these two epi-
topes may lead to artificial colocalization of labels. It is, however, seen in the single
immunolabeled images (Figs 1B, C) that both beta-dystroglycan and utrophin are
labeled in very similar dot-like pattern with similar cluster sizes and numbers. If
beta-dystroglycan and utrophin clusters were spatially distinct yet falsely cross-
labeled in general, there would be no separate dystroglycan or utrophin labels and
many more double labeled dots would be seen as compared to single labeled cells,
which is not the case. In summary, part of beta-dystroglycan and utrophin molecules
do belong to identical clusters, while the rest of them form clusters alone, however
an exact ratio of the two cannot be established with this immunolabeling method.

Double immunolabeling of beta-dystroglycan and Dp71f

Muller cells seeded on untreated surface were double immunolabeled for beta-dys-
troglycan and Dp71f. Figure 2 shows flattened (A, B, C) and migrating (D, E, F)
Muller cells. As seen, beta-dystroglycan does not colocalize with Dp71f in any part
of the cytoplasm in Muller cells. In the thick perikaryal part of cells in Fig. 2E the
colocalized diffuse labeling is due to interference of specific Dp71f labeling (green)
and the background of beta-dystroglycan labeling (red). Absence of colocalization
was also observed in Muller cells when they were cultured on surfaces covered with
laminin-1 (data not shown).







Double labeling of actin and beta-dystroglycan

Actin filaments and beta-dystroglycan clusters were double labeled as shown in
Fig. 2G. Beta-dystroglycan clusters do not colocalize with actin filaments at sites
where actin stress filament-ends are attached, which is usually an integrin focal adhe-
sion. Occasional interference of the two labels can be observed as a result of merger
of overlapping distinct labels located in different optical planes.

Double immunolabeling of vimentin and beta-dystroglycan

Vimentin intermediate filaments, abundant in all parts of the cytoplasm of Muller
cells both in vivo and in vitro, show no apparent colocalization with clustered dys-
troglycan (Fig. 2H) in cells double immunolabeled for these two epitopes.

DISCUSSION

Participation of DGC members in cell adhesion

In cultured Muller glial cells, the labeling pattern of DGC members dystroglycan and
utrophin (Figs 1B, C, G, I) support their role as participants in adhesion complexes.
These dystroglycan and utrophin containing adhesion clusters are located at the lead-
ing edge and lamellipodium of migrating cells indicating their participation in the ini-
tial phase of cell-matrix association during migration. Clusters containing dystro-
glyan and utrophin are also apparent at the rear-end of migrating cells where adhe-
sion structures are dissociated during retraction of the uropodium. Location of these
molecules indicates that DGC participates in both formation and dissociation of
adhesive contacts established with surface attached ECM molecules. Our earlier
findings with the motility increasing effect of laminin-1 with the participation of the
DGC are in line with this immunocytochemical localization [20]. As a contrast, the
DGC of Muller cells seems not to be associated with attachment sites of actin stress
filament-ends, which are usually integrin focal adhesion sites. Similarly, DGC clus-
ters show no apparent association with vimentin filaments.

Localization of Dp71f and its implications

There are contradictory findings as to the localization and role of Dp71f in various
cell types in vitro. It seems that the same molecule, probably with different associ-
ates, can take various functions in different cell types and thus its subcellular local-
ization are different.

In U-373 MG human astrocytoma cell line, Dp71f was found to be colocalized
with actin, beta-dystroglycan and beta-1 integrin as well as two members of integrin
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complexes, alpha-actinin and vinculin, in focal complexes of the ventral membrane.
Dp71f was also found in the leading edge of lamellipodia in migrating astrocytoma
cells [8]. Alternatively, Dp71f was found in the Golgi complex in rat hippocampal
neurons and forebrain astrocytes with the additional particularity that hippocampal
neuronal nuclei were also immunolabeled for Dp71f [1]. Dp71f was found to be
localized in the cytoplasm of various brain derived cell types [9].

In Muller glial cells, however, Dp71f is located around the nucleus in structures
mostly resembling a membrane limited compartment (Fig. 1A; Figs 2C, F) and it is
rarely found in lamellipodia of migrating cells. Dp71f is not colocalized with dys-
troglycan in any part of Muller glial cells (Figs 2B, E) similarly to forebrain astro-
cytes (data not shown). This indicates that in these cell types Dp71f does not parti-
cipate in the formation of DGC and as such Dp71f cannot act as a bridge between the
membrane spanning dystroglycan and the associated cytoplasmic molecules of the
DGC. Based on these, Dp71f probably plays different role in glial cells as compared
to full length dystrophin in muscle cell.

A possible explanation is that due to alternative promoter usage and regardless of
splicing, Dp71 (and thus also Dp71f) is missing from the first half of the WW domain
of full length dystrophin, required for binding to the PPxY motif of beta-dystrogly-
can. The first half of the intact WW domain contains a WRxA motif implicated in
binding [21]. The middle part of the WW domain forms a hydrophobic pocket where
the PPxY motif of dystroglycan fits in and its tyrosine 892 stabilizes the association
via a hydrogen bond with histidine 3076 of dystrophin’s WW domain [15]. The trun-
cated WW domain of Dp71 starts with histidine 8, corresponding to histidine 3076
of full length dystrophin, but it is preceded by an entirely different amino acid
sequence with amino acids of very different character as compared to the intact WW
domain of full-length dystrophin. This altered structure may lead to weaker binding
of Dp71 to dystroglyan. Weaker binding and other yet unknown features of partner
molecules of the DGC in Muller cells may account for the phenomenon that Dp71f
does not bind to dystroglycan in Muller cells. In other cell types, such as human
astrocytoma cells, the possible association of Dp71f with dystroglycan could be
mediated indirectly.

Besides Dp71f, Muller glial cells express utrophin, as well as further DGC mem-
bers: dystrobrevin and alpha-syntrophin [3, 4]. Immunocytochemistry shows (Figs
1E, H) that utrophin is bound to dystroglycan in Muller cells where it is the only pos-
sible molecular bridge for the associated molecules and towards the fine subplas-
malemmal actin network.
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