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ABSTRACT Dystrophin has been shown to occur in Tor-
pedo electrocyte [Chang, H. W., Bock, E. & Bonilla, E. (1989)
J. Biol. Chem. 264, 20831-208341, a highly polarized syncytium
that is embryologically derived from skeletal muscle and dis-
plays functionally distinct plasma membrane domains on its
innervated and noninnervated faces. In the present study, we
investigated the subcellular distribution of dystrophin in the
adult electrocyte from Torpedo marmorata and the evolution of
its distribution during embryogenesis. Immunofluorescence
experiments performed on adult electrocytes with a polyclonal
antibody directed against chicken dystrophin revealed that
dystrophin immunoreactivity codistributed exclusively with
the acetylcholine receptor along the innervated membrane. At
the ultrastructural level, dystrophin immunoreactivity appears
confined to the face of the subsynaptic membrane exposed to
the cytoplasm. In developing electrocytes (45-mm embryo),
dystrophin is already detectable at the acetylcholine receptor-
rich ventral pole ofthe cells before the entry of the electromotor
axons. Furthermore, we show that dystrophin represents a
major component of purified membrane fractions rich in
acetylcholine receptor. A putative role of dystrophin in the
organization and stabilization of the subsynaptic membrane
domain of the electrocyte is discussed.

The Duchenne/Becker muscular dystrophy gene has re-
cently been identified by reversed genetics and localized on
human chromosome X (reviewed in refs. 1-3). Its product,
dystrophin, has a predicted molecular mass of 427 kDa and
is absent from (or deficient in) diseased muscle. Inspection of
its amino acid sequence reveals that the dystrophin molecule
consists of four domains, three of which share various
degrees of sequence homology with the cytoskeletal proteins
spectrin and a-actinin. In normal muscle cells, dystrophin is
localized at the sarcolemma (4-8). However, its precise
function remains to be elucidated.
The electrocyte of Torpedo marmorata is a syncytium

embryologically derived from skeletal muscle stem cells (9)
and, consistent with this lineage, dystrophin has been ob-
served in this tissue (10). The electrocyte is a highly polarized
cell with two functionally distinct and structurally different
plasma membrane domains (see references in refs. 9 and 11),
along its innervated and noninnervated faces. It may thus
represent a unique model with which to investigate the
function of dystrophin. In the present work, we address the
question of dystrophin subcellular distribution in the adult
electrocyte in relation to the polarity of the cell. Further-
more, in the course ofour ongoing studies on synaptogenesis,
we examine the developmental stage at which dystrophin

becomes associated with the membrane. Finally, we compare
properties of dystrophin from the electric organ with those of
dystrophin found in Torpedo skeletal muscles.

MATERIALS AND METHODS
Anti-Dystrophin Antibody. The polyclonal antibody used in

this study was raised in rabbits from a fusion protein which
included a 556-amino acid fagment (residues 1173-1728) of
the spectrin-like domain of chicken dystrophin. The antibody
recognizes dystrophin in several species from human to fish.

Immunocytochemistry. Freshly dissected T. marmorata
columns of electrocytes were fixed in 3% paraformaldehyde/
0.1 M phosphate buffer, pH 7.4, at 40C. Subsequently, the
tissue was impregnated with 25% (wt/vol) sucrose and rap-
idly frozen. Electric organ from 40- to 80-mm (body length)
embryos was treated similarly. Caudal muscles of adult
Torpedo were also freshly dissected, but immediately frozen.

Indirect immunofluorescence experiments were performed
on cryostat sections (4 gm). Dystrophin was detected by
using the polyclonal antibody (dilution 1:100) revealed with
tetramethylrhodamine-conjugated goat anti-rabbit IgG (Kirke-
gaard & Perry Laboratories, Gaithersburg, MD). The acetyl-
choline receptor (AChR)-rich membrane was identified by
labeling with fluorescein isothiocyanate-conjugated a-
bungarotoxin (1 Ag/ml; Sigma). Photomicrographs were ob-
tained with a Leitz photomicroscope equipped with epifluo-
rescence illumination (filters for rhodamine and fluorescein),
using Plan x63 (n.a., 1.40) or xlO0 (n.a., 1.32) immersion
optics. T-Max films were used and set at 800 ASA, and were
developed accordingly.
Immunogold labeling (see ref. 11 for details) was performed

by incubating cryostat sections with the anti-dystrophin
antibody followed by incubation with protein A that was
conjugated to colloidal (10-nm) gold. Nonspecific binding
was prevented by preincubation of the sections with 4%
bovine serum albumin and 1% fish gelatin in phosphate-
buffered saline. After washing, sections were fixed again with
2% glutaraldehyde and 0.1% tannic acid in 0.1 M cacodylate
buffer (pH 7.4), postfixed with 1% osmium tetroxide, dehy-
drated in a series of ethanol solutions, and embedded in
epoxy resin. Thin sections were observed in a Philips EM 410
electron microscope without further staining, and micro-
graphs were obtained on Kodak electron microscopy 4489
film.

Preparation of Membrane Fraction, SDS/PAGE, and
Immunoblotting. AChR-enriched membranes were prepared
from fresh electric tissue according to Mitra et al. (12) with
the addition of the antiprotease agents leupeptin and pepsta-
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tin A (5 ttg/ml; Sigma). Microsomal fractions of caudal
muscles of T. marmorata and mammalian muscles (rat) were
prepared as described by Mitchell et al. (13) in the presence
of benzamidine (0.8 mM), leupeptin (0.5 Ag/ml), aprotinin
(0.5 Ag/ml), pepstatin A (0.25 Ag/ml) and phenylmethylsul-
fonyl fluoride (0.2 mM) as antiproteolytic agents.

Proteins of the membrane fractions were separated by
one-dimensional SDS/6o PAGE (14) in a slab cell (Mini-
Protean II, Bio-Rad) operating at 200 V for 45 min. In the
experiments in which dystrophin from electrocyte and from
skeletal muscle membrane fractions were compared on the
same gel, proteins were run for a further 25 min after the dye
front had reached the bottom of the gel. This allowed for a
better separation of the high molecular mass proteins.
Immunoblotting experiments were performed according to

Towbin et al. (15). Dystrophin was detected by incubation of
the nitrocellulose strip with the antibody (1:200 to 1:500).
Alkaline phosphatase-conjugated goat anti-rabbit IgG
(Promega) was used as a second antibody and the color
reaction was developed with the 5-bromo-4-chloro-3-indolyl
phosphate/nitroblue tetrazolium reaction (Kirkegaard &
Perry Laboratories).

RESULTS
As an initial approach, we performed immunofluorescence
experiments to reveal the presence of dystrophin antigens in
transverse cryostat sections of adult electric tissue. In these
sections, the two distinct plasma membrane surfaces of the
electrocytes, innervated and noninnervated, can be easily
identified. The immunoreactivity observed with the anti-
dystrophin antibody strictly codistributed with the AChR
identified by a-bungarotoxin labeling (Fig. 1 A and A'). Thus,

the dystrophin antibody reacted with the innervated surface
of the electrocytes.
At the electron microscopic level, the subcellular localiza-

tion of dystrophin immunoreactivity was achieved by immu-
nogold labeling. Gold particles were observed all along the
innervated membrane of the electrocytes and appeared
strictly confined to the cytoplasmic surface of the subsyn-
aptic membrane (Fig. 1 B and C). No significant labeling was
observed at the level of the noninnervated membrane (Fig.
1D) or elsewhere in the cytoplasm.
Since this polypeptide appeared as a component of the

subsynaptic membrane, it was of interest to study the incor-
poration of dystrophin in its membrane domain during Tor-
pedo electrocyte embryogenesis. We have selected two
stages ofdevelopment: embryos of40-45 mm and 75-80 mm,
which correspond, respectively, to an early stage at which
AChRs are already present at the ventral pole of newly
formed electrocyte in the absence of innervation (16, 17) and
to a stage at which the innervated electrocyte displays a
flattened asymmetric structure. Dystrophin immunoreactiv-
ity was detected at the AChR-rich ventral pole of the 45-
mm-embryo electrocyte (Fig. 2). It was also present at the
later developmental stages (data not shown). Although we
have not quantified the intensity of the fluorescence in these
experiments, we consistently observed that in 45-mm em-
bryos, dystrophin fluorescence was much higher than that of
the AChR. In contrast, in the adult electrocyte under the
same conditions, the fluorescence associated with the AChR
was higher than that of dystrophin.
The antigen(s) recognized by the antibody was identified in

immunoblotting experiments performed on AChR-enriched
membrane fiactions. The anti-dystrophin antibody detected a
high molecular mass protein (Fig. 3A). In both Torpedo AChR-
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FIG. 1. Subcellular localization of dystrophin in adult electrocyte. (A and A') Double fluorescence experiment showing the codistribution
of AChRs (A) and dystrophin (A') in a cryostat section of adult electric tissue. The same field was observed with fluorescein-labeled
a-bungarotoxin to detect AChR and rhodamine indirect immunofluorescence to detect dystrophin. (B and C) Immunogold localization of
dystrophin, showing its association with the cytoplasmic face of the subsynaptic membrane. NT, nerve terminal. (D) In the same experiment,
no labeling of the noninnervated membrane was observed. (Bar = 25 ,um in A/A'; bar = 0.5 Am in B-D.)
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FIG. 2. Double fluorescence experiment showing the codistribu-
tion of AChR (A) and dystrophin (B) in cryostat sections of embry-
onic (45-mm stage) T. marmorata electric tissue. Note the strict
correspondence of the two labelings at the ventral pole ofdeveloping
electrocytes. (Bar = 50 gm.)

enriched membrane fraction and mammalian muscle membrane
fraction (Fig. 3B, compare lanes 1 and 2), dystrophin exhibited
an apparent molecular mass of -400-kDa, a value consistent
with other reports (1, 4, 5). Also, it was readily detected in the
gel after Coomassie blue staining and thus appears to be a major
component of the innervated membrane.

Torpedo offers a unique system to compare the properties
of dystrophin in two different membrane environments: the
sarcolemma and the subsynaptic domain. To test for an
eventual occurrence of dystrophin isoforms in these two
systems, we compared in the same gel the "synapse-
associated" dystrophin of the electrocyte to that found in
skeletal muscle (see Fig. 3C for immunofluorescence) from
the same animal. The immunoblot showed that the dystro-
phin obtained from these two dystrophin-rich tissues of
Torpedo had close molecular masses (Fig. 3B).

DISCUSSION
A polyclonal antibody directed against chicken dystrophin
recognizes specifically an -400-kDa protein in the electro-
cyte of Torpedo marmorata that most likely corresponds to
dystrophin. In adult electrocytes, immunogold experiments
demonstrated that dystrophin was strictly confined to the
cytoplasmic surface of the innervated membrane of the cell
and that it represented a major component ofAChR-enriched
membrane fractions. Furthermore, dystrophin was found to
codistribute with AChR at the ventral pole of electrocytes at
an early developmental stage before innervation.
Chang et at. (10) have reported, in agreement with our

findings, that dystrophin is present in Torpedo electric tissue
as a major component of AChR-enriched membranes yet, in
contrast to our results, they also observed immunofluorescent
staining of the noninnervated membrane. Here, we provide a

FIG. 3. (A) SDS/6% PAGE-immunoblot analysis of dystrophin
in AChR-enriched membrane fraction from adult T. marmorata
electric tissue. Lane 1, Coomassie blue staining of high molecular
mass standards (Bio-Rad; sizes at left in kilodaltons); lane 2,
Coomassie blue staining of the proteins of the AChR-enriched
membrane fraction; lane 3, immunoblot of AChR-enriched mem-
brane fraction with anti-dystrophin antibody. (B) Comparison of T.
marmorata dystrophin from electric tissue and skeletal muscle.
Immunoblotting was performed after SDS/6% PAGE run under
conditions that allow better separation of high molecular mass
proteins. Lane 1, electric tissue; lane 2, rat skeletal muscle; lane 3,
T. marmorata skeletal muscle. (C) Immunofluorescence of trans-
verse section of Torpedo caudal muscle, showing intense staining of
the sarcolemma. (Bar = 50 tim.)

direct demonstration that in the electric organ, dystrophin is
restricted to the subsynaptic membrane and that like the
43-kDa protein, it is exposed at the cytoplasmic surface of this
membrane.

In attempts to identify dystrophin isoforms, we used one-
dimensional SDS/PAGE to compare membrane fractions orig-
inating from Torpedo electric tissue and skeletal muscle. We
found that the apparent molecular masses of the dystrophin in
the two preparations were close. However, additional exper-
iments are necessary to examine whether more subtle differ-
ences exist between dystrophins originating from these tis-
sues. This certainly deserves attention, especially in light of
the recent demonstration ofthe existence ofan autosomal gene
for dystrophin (18) and the possibility of alternative, tissue-
specific splicing of its precursor mRNA (19).

In Torpedo electrocyte, the two opposite plasma mem-
brane domains have different biochemical compositions and
are engaged in distinct functions (9, 11). The noninnervated
membrane is engaged in active transport of ions and is
characterized by a high concentration of Na',K+-ATPase
and by the cytoskeletal proteins spectrin and ankyrin. As
shown in other systems (20, 21), spectrin and ankyrin are
most likely involved in the maintenance of the polarized
distribution and possibly, in the topographic assembly of
Na',K+-ATPase. Conversely, the subsynaptic membrane is
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responsible for the genesis of electrical discharges. It con-
tains high levels of AChR molecules as well as several
nonreceptor membrane-associated peripheral proteins.
These include the 43-kDa (22), 54-kDa (23), 58-kDa (24),
87-kDa (25), and non-spectrin 270- to 300-kDa (26) proteins as
well as dystrophin (present study and ref. 10). With the
exception of the 43-kDa and 54-kDa proteins, for which
functions in AChR stabilization (see references in refs. 17 and
27) and in anchoring of intermediate filaments (23) have been
hypothesized, respectively, the role of the other peripheral
proteins is not well documented.
The structural homology of dystrophin and spectrin has led

to the proposal that both are engaged in membrane stabili-
zation (1, 2, 5, 7, 28). Since most studies on this issue dealt
with skeletal muscles in which these two proteins codistrib-
ute at the sarcolemma (29), their respective function could
not be easily distinguished. However, an indication that they
may have different molecular roles comes from the observa-
tion that in Duchenne muscular dystrophy patients, who lack
muscular dystrophin, spectrin is distributed normally (30). In
Torpedo electrocyte, the divergent and exclusive localization
of dystrophin and spectrin indicates that the two proteins are
involved in distinct molecular interactions. In this regard, the
C-terminal domain of dystrophin, which does not share any
sequence homology with known proteins (1), may confer its
specificity of interactions with membrane glycoproteins (28)
and/or with other cytoskeletal components.

In the electrocyte, dystrophin may be linked to the inner-
vated membrane via interactions with a "membrane recep-
tor" sharing functional analogies with ankyrin, the mem-
brane receptor of spectrin (see references in ref. 31). A
candidate for this role may be the 43-kDa protein, which, like
ankyrin (32), is an acylated amphitropic peripheral membrane
protein (33). In this context, studies of the morphogenesis of
the excitable membrane in embryos may shed some light on
the interactions that dystrophin establishes with other com-
ponents of the membrane. We focused our attention on the
45-mm stage, at which the assembly of the AChR-rich
membrane domain begins (16). As observed by immunoflu-
orescence, dystrophin is already a major component of this
membrane. Interestingly, at this stage of development, the
43-kDa protein is mostly cytoplasmic (17). Therefore, the
molecular interactions of dystrophin with the developing
subsynaptic membrane do not seem to require the presence
of the 43-kDa protein.
The occurrence of dystrophin at an early developmental

stage of the subsynaptic membrane raises the possibility that
it plays an active role in the assembly of this membrane
domain. A recent model (34) suggests that the anion trans-
porter, one of the major integral proteins of the erythroid
membrane, is gradually recruited onto pre-assembled periph-
eral cytoskeletal binding sites involving spectrin and ankyrin
during membrane morphogenesis. Similarly, in the develop-
ing electrocyte, dystrophin may participate to the formation
of a submembrane cytoskeletal net that could favor AChR
clustering. Furthermore, since laminin (17) as well as other
components of the basal lamina (35) are also present at the
45-mm developmental stage, dystrophin may also contribute
to a transmembrane signaling system involving components
of the extracellular matrix. Accordingly, dystrophin would
represent a crucial element involved in the assembly of the
subsynaptic membrane and, thus, in synapse formation.
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