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ABSTRACT

The murine model of muscular dystrophy, the mdx mice, is widely used to study the pathogenesis of 
muscular dystrophies. These mice suffer an X-linked dystrophin deficiency and present cycles of muscle fiber 
degeneration-regeneration beginning at 21 days of age. At the present, we studied neuromuscular junction 
organization in the sternomastoid muscle of mdx mice, focusing on the distribution of terminal Schwann 
cells during early development and adults. Seven and 14 days after birth (n=200 endplates for each age), 
before the onset of muscle degeneration-regeneration, fluorescence confocal microscopy showed that there 
were no detectable differences in the pattern of Schwann cell distribution in the mdx compared to controls 
of the same age. Schwann cells had a diffuse pattern of distribution, covering the plaques of acetylcholine 
receptors. In adult mdx muscles, terminal Schwann cell processes filled the center of acetylcholine receptors 
islands, similar to nerve terminal distribution, at the majority of the junctions (n=200; 100%). Conversely, all 
of the adult control junctions (n=200) showed continuous processes of Schwann cells covering the continuous 
branches of acetylcholine receptors. These observations indicate that remodeling of the three components of 
the neuromuscular junction occurs only after the onset of the cycles of muscle fiber degeneration-regeneration, 
in the mdx mice.

Key words: Dystrophy, mdx, neuromuscular junction, Schwann cell

INTRODUCTION

 The dystrophin-deficient mdx mice show a 
decrease in the sarcolemmal protein dystrophin, 
a protein in normal skeletal muscle fibers that 
associates with other molecules of the cytoskeleton 
to form the dystrophin-glycoprotein complex (DGC; 
for a review see Rando [20]). These mice arose in the 
C57Bl/10 colony after a spontaneous mutation in the 
X chromosome and they show elevated plasma levels 
of muscle creatine kinase and exhibits histological 
lesions characteristic of muscle dystrophy [2]. They 
are the preferred animal model of Duchenne Muscular 
Dystrophy because of their wide availability and 
low breeding costs. Experiments in mdx mice 
have provided invaluable information about the 
importance of dystrophin and its protein complex in 
the pathogenesis of this disease [3,16].
 The molecular organization of the dystrophic 
neuromuscular junction is of particular interest 
since it had been suggested that alterations at the 

neuromuscular junction can also somehow contribute 
to the pathogenesis of dystrophy [9,24,25], although 
no changes in neuromuscular transmission have been 
reported in the mdx mice [11]. Several structural 
abnormalities occur at the neuromuscular junction 
of mdx mice, mainly in the postsynaptic region. 
These include a reduction in secondary synaptic 
folding [29], disruption of acetylcholinesterase 
(AChE) staining [11], changes in the turnover rate 
of acetylcholine receptors AChRs [30] and in their 
pattern of distribution [11,15].  In the presynaptic 
region, the nerve terminals show structural 
abnormalities associated with the redistribution of 
AChRs and AChE [11,23]. An increase in the amount 
of intraterminal sprouting has been seen in mdx mice, 
possibly secondary to muscle fiber regeneration rather 
than to the absence of dystrophin [23]. 
 Nerve terminal, Schwann cells and acetylcholine 
receptors are mutually involved in the normal func-
tioning of the neuromuscular junction, and terminal 
Schwann cells are important for maintaining the 
structural and functional properties of nerve terminals 
[17,26,27]. Much is known about nerve terminal and 
AChR distribution at the dystrophic junction [15,18]. 
Recently, it had been demonstrated in the diaphragm 
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of mdx mice that terminal Schwann cells were unable 
to form bridges between denervated and innervated 
fibers [19]. At the present we describe the pattern of 
terminal Schwann cell distribution at the dystrophic 
neuromuscular junction of mdx mice during early 
development and in adults. We observed that, in the 
sternomastoid muscle of mdx mice, remodeling of 
the three components of the neuromuscular junction 
occurs after the onset of the cycles of muscle fiber 
degeneration and regeneration, typically seen in the 
adult mice.

MATERIALS AND METHODS

Animals
Mdx and control C57BL/10 mice 7, 14 and 60 days 

old were obtained from breeding colonies maintained 
by our animal care facility. Forty two mice (21 mdx 
and 21 controls, 7 mice for each age studied) were used 
for confocal microscopy. All experiments were done in 
accordance with the guidelines for the use of animals set 
forth by our Institution.

Confocal microscopy
Seven, 14 and 60 days after birth (P7, P14 and 

P60), the mice were anesthetized with a mixture (1:1) 
of ketamine hydrochloride (ketalar®, Parke Daves) and 
thiazine hydrochloride (Rompum®, Bayer) in sterile 
saline solution (2.5 ml/kg body weight, i.p.), perfused 
intracardiacally with PBS followed by freshly prepared 
cold fixative (2% paraformaldehyde in PBS). The right and 
left sternomastoid (STN) muscles were removed, placed 
in a sylgard dish and washed with PBS. The muscles were 
then incubated with rhodamine-α-bungarotoxin (Rh-BTX; 
Molecular Probes, Eugene, Oregon, USA; 1 μg/ml) to 
label the AChRs and with anti-S-100 (Sigma; Saint Louis, 
Missouri, USA; 1:500 in blocking solution; n=4 mice for 
each age) followed by anti-rabbit-IgG-fluorescein (Sigma; 
Saint Louis, Missouri, USA; 1:500), to stain the Schwann 
cell or with a mouse monoclonal anti-NF200 (Sigma; 1:
500; n=3 mice for each age), followed by fluorescein-
conjugated goat anti-mouse IgG (Sigma, 1:500) to stain 
nerve terminal. After washing with PBS, the muscles were 
mounted in 1,4-diazabicyclo [2.2.2] octane (DABCO; 
mounting medium for fluorescence microscopy) and then 
observed as whole mounts (without sectioning) using a 
confocal microscope [12,13].
 A dual-channel BioRad laser confocal system (MRC 
1024UV) mounted on an Axiovert 100 Zeiss inverted 
microscope and equipped with Ar-Kr lasers was used. A 
wavelength of 568 nm was used to excite the rhodam-
ine-labeled receptors and 488 nm was used to excite the 

fluorescein. The settings for contrast, brightness, and iris 
diameter were adjusted and kept constant during all obser-
vations of control and mdx muscles. Optical sections were 
taken from each endplate, from the top to the bottom and 
added as a stack of images using the Processing software 
from BioRad.

Muscle fiber degeneration-regeneration
 Seven, 14 and 60 days after birth (5 mdx and 5 control 
for each age), the STNs were removed and stained with 
hematoxylin and eosin (HE) for evaluation of muscle 
fiber regeneration, as reported before [14]. Briefly, the 
mice were anesthetized with an intraperitoneal injection 
of chloral hydrate (0.6 mg/kg) and perfused intracardially 
with PBS. The STNs were removed, fixed overnight 
in 10% formaldehyde, dehydrated through an ethanol 
series and embedded in paraffin. Transversal sections 
6 μm thick were stained with HE and examined with 
a light microscope (Nikon-Optiphot-2) connected to 
a Hamamatsu video-camera and a Sony monitor. The 
number of normal and regenerated (indicated by the 
presence of central cell nuclei) muscle fibers was counted 
using a hand counter. No regenerated fibers were seen in 
the control muscle.

RESULTS

 Seven days after birth (P07), AChRs were dis-
tributed in plaques at most of the junctions examined 
in controls (90 ± 10%; Fig. 1A) and mdx (78 ±10%; 
p>0.05 compared to control, Student’s t-test; Fig. 
1C). On P14, most of the controls (75±8%) and dys-
trophic junctions (90±10%; p>0.05 compared to con-
trol, Student’s t-test) displayed receptors distributed 
in regular and continuous branches (Fig.1D, F). At 
adult control junctions (P60), receptors showed the 
normal pretzel-like pattern of distribution in 100% 
of the junctions (Fig. 1G), while in adult dystrophic 
junctions they were distributed in islands (95±5%; 
Fig. 1I).
 S-100 labeling was seen at most of the P07 
endplates examined (n=200), with the Schwann cells 
processes diffusively distributed and clustered over 
the receptor-rich area. A similar pattern of terminal 
Schwann cell distribution was seen in dystrophic 
and controls mice (Fig. 1A, B). Nerve terminals 
covered the AChRs plaques and displayed bulbous 
enlargements at their tips (Fig. 1C).
 At the branched-junctions of dystrophic P14, 
Schwann cell presynaptic processes running towards 
the endplate and covering the receptors were seen 
(Fig. 1E). The nuclei of terminal Schwann cells 
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Figure 1. Schwann cell (SC-green), acetylcholine receptor (red) and nerve terminal (NT-green) distribution during 
postnatal development at control and mdx neuromuscular junctions. P07 (A, B, C): Schwann cells with poor cytoplasmic 
processes are clustered over the AChR rich area (arrows in A, B). AChRs (red) were distributed in plaques (C). Nerve 
terminals with bulbous enlargements at their tips (arrowhead, C). P14 (D, E, F): a presynaptic process of SC (D, arrow) 
and processes that cover the continuous branches of receptors (D, E, arrowhead). Nerve terminals cover the branches of 
receptors (F, arrowhead). P60 (G, H, I): SC main bundle (G, arrow) and terminal process over the continuous branches 
of receptors (G, arrowhead). In the mdx, spots of SC processes (H, arrowhead) inside the islands of receptors, in a 
pattern similar to the nerve terminal (I, arrowhead). Bars: 15 μm (A, B, C), 30 μm (D, G-I), 45 μm (E, F).
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were seen as round or elliptical areas framed by thin 
terminal Schwann cell processes. No processes were 
seen outside the AChR-rich area. A similar pattern 
of distribution was observed in control P14 (Fig.1D) 
junctions, where S-100-positive processes were seen 
over the AChRs branches, at most of the endplates 
(n=200 junctions). Nerve terminals covered the 
branches of receptors (Fig. 1F).
 In P60 mdx muscles, Schwann cell processes 
were grouped presynaptically (Fig. 1H). The single, 
main presynaptic branch usually seen in controls 
(Fig. 1G) was generally absent in mdx junctions. 
Distally, S-100 labeling was seen as small dots which 
filled the center of the AChR islands (Fig. 1H). Nerve 
terminals also filled the center of receptors islands 
(Fig. 1I).
 At most of the control P60 junctions examined 
(n=200), a major presynaptic prolongation containing 
the anti-S-100 antibody was seen projecting towards 
the endplate region (Fig. 1G). Near the endplate, 
this prolongation branched over the receptors with 
continuous processes that covered the AChRs.
 No signs of muscle regeneration were seen in 
the early stages of muscle development, indicated by 
the presence of central cell nuclei. In P07 dystrophic 
muscles, 0.62% of muscles fibers were regenerated 
(4 out of 649) and 2.20% (20 out of 920 muscle 
fibers) of the P14 fibers showed central nuclea-
tion. In adult dystrophic muscles, 90% (990 out of 
1100 muscle fibers) of the fibers were regenerated 
(p<0.05, significantly different at each time point; 
Student’s t-test).

DISCUSSION

In this work, we analyzed the structural 
organization of the neuromuscular junction of the 
dystrophin-deficient mdx mice. The mdx mice has 
been extensively used as a model for studying the 
cascade of events occurring in dystrophin-deficient 
muscles [16], since it is readily available and offers 
an economic way for testing possible therapeutic 
drugs for the dystrophynopathies [3].

Mdx mice show cycles of degeneration-
regeneration starting around postnatal day 21 [28]. We 
observed that, during the earlier stages of postnatal 
development (P07 and P14), there were no signs 
of muscle fiber degeneration, indicated by the lack 
of necrosis, and few regenerated fibers were seen. 
During these ages, AChRs changed from plaque (P07) 
to a branched-form (P14), which is in agreement with 

our previous observations [15]. Nerve terminals also 
changed from a diffuse (P07) to a branched pattern 
(P14) and Schwann cells followed the distribution 
of the nerve terminal. Similar changes in Schwann 
cell distribution were seen in control muscles, in 
agreement with previous observations that during 
normal development, Schwann cells are initially 
clustered over the endplate area, assuming a branched 
form typically in adults [7]. Therefore, before the 
onset of muscle fiber degeneration-regeneration, 
the pattern of neuromuscular junction organization 
proceeds normally in the dystrophic muscle.
 Adult dystrophic muscles (P60) were fully 
regenerated and dramatic changes in Schwann cell 
distribution were seen at this age. The changes 
paralleled those in nerve terminal architecture 
reported earlier [11,23], as well as the changes in 
AChRs reported for adult mdx mice [11,15]. The 
changes in AChRs distribution have been related to 
muscle fiber regeneration rather than to an absence 
of dystrophin [14]. Muscle fiber regeneration also 
appears to be involved in the increased intraterminal 
sprouting seen in mdx mice [23]. Schwann cells can 
stimulate and guide nerve sprouts in response to a 
nerve lesion [21,26,27]. As shown here, Schwann cells 
emitted processes that occupied the center of AChR 
islands (Fig. 1H). Since nerve intraterminal sprouts 
occupy the center of the AChR island [23; Fig. 1I), 
these Schwann cell processes probably accompanied 
the intraterminal nerve sprouts. Therefore, the three 
components of the neuromuscular junction changed 
their pattern of organization, possibly in response to 
muscle regeneration. It is possible that cell adhesion 
molecules such as NCAM (neural cell adhesion 
molecule), which is produced by regenerated muscle 
fibers [5] and stimulates nerve sprouting [31], also 
activates terminal Schwann cells.
 Studies have suggested that molecular changes 
at the neuromuscular junction might partialy explain 
the pathogenesis of DMD [9,24,25,30], although 
physiological studies of neuromuscular transmission 
in mdx mice showed no changes from normal [11]. 
Dystrophin plays a key role in the organization of 
AChRs [10]. Terminal Schwann cells are important 
for maintaining the structural and functional 
properties of nerve terminals and these cells respond 
vigorously to nerve damage [21] in order to improve 
nerve regeneration and muscle reinnervation [8]. 
In the diaphragm of mdx mice, which seems to be 
more affected than other muscles, terminal Schwann 
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cells failed to form bridges between denervated and 
innervated muscle fibers, which are normally present 
in this muscle [19]. No denervated muscle fibers were 
seen in the sternomastoid muscle of mdx (14,18,23] 
or other muscles [29]. At present, we observed that 
Schwann cells are able to react to muscle regeneration, 
since their pattern of distribution correlated to that of 
the nerve terminal and acetylcholine receptors. 
 Terminal Schwann cells may regulate synaptic 
function by modulating the production of NO 
that could act as a local and/or retrograde second 
messenger [6]. In mdx mice, nNOS is dramatically 
reduced in the sarcolemma of dystrophic muscles 
[1,4]. nNOS is also dramatically reduced in the 
presynaptic region of dystrophin-deficient fibers of 
mdx mice, and confocal fluorescence microscopy 
studies suggest that nNOS is associated with 
terminal Schwann cells [18,22]. If we consider that 
NO is a potential messenger for Schwann cell-nerve 
terminal interactions [6], the lack of nNOS at the 
presynaptic region might explain the finding that 
terminal Schwann cells were unable to respond to 
muscle denervation seen in more affected muscles, 
such as the diaphragm [19].
 In conclusion, these results indicate that remodeling 
of the three components of the neuromuscular junction 
occurred after the onset of the cycles of muscle fiber 
degeneration-regeneration, in the mdx mice. In the 
presence of muscle regeneration, Schwann cells 
distribution parallels that observed for the nerve 
terminal and acetylcholine receptors. This finding 
suggests that these cells are able to react in the absence 
of a nerve lesion, possibly in response to sprouting 
factors produced by regenerated muscle fibers. This 
phenomenon may be of relevance for the reinnervation 
of new muscle fibers generated by cell-mediated 
therapies for the treatment of dystrophynopathies and 
may underlie some of the mechanisms involved in 
muscular dystrophies in mice and humans.

ACKNOWLEDGMENTS

This work was supported by the Fundação de Amparo 
à Pesquisa do Estado de São Paulo (FAPESP, grant nos. 95/
6110-2, 01/08853-5 and 01/00570-4). H.S.N. and M.J.M. 
are recipients of fellowships from Conselho Nacional de 
Desenvolvimento Científico e Tecnológico (grants nos. 300061/
99-4 and 301053/91-0). C.L.T. is recipient of a fellowship 
from Coordenação de Aperfeiçoamento de Pessoal de Nível 
Superior. We thank Prof. Stephen Hyslop, Departamento de 
Farmacologia, Faculdade de Medicina, Universidade Estadual 
de Campinas, for reviewing the manuscript.

REFERENCES
1. Brenman JE, Chao DS, Xia H, Aldape K, Bredt 

DS (1995) Nitric oxide synthase is complexed 
with dystrophin and absent from skeletal muscle 
sarcolemma in Duchenne muscular dystrophy. Cell  
82, 743-752.

2. Bulfield G, Siller WG, Wight PAL, Moore KJ (1984) 
X chromosome-linked muscular dystrophy (mdx) in the 
mouse. Proc. Natl. Acad. Sci. USA  81, 1189-1192.

3. Briguet A, Courdier-Fruh I, Foster M, Meier T, Magyar 
JP (2004) Histological parameters for the quantitative 
assessment of muscular dystrophy in the mdx-mouse. 
Neuromusc. Disord. 14, 675-682.

4. Chang WJ, Iannaccone ST, Lau KS, Masters BSS, 
McCabe TJ, McMillan K, Padre RC, Spencer MJ, 
Tidball JG, Stull JT (1996) Neuronal nitric oxide 
synthase and dystrophin-deficient muscular dystrophy. 
Proc. Natl. Acad. Sci. USA  93, 9142-9147.

5. Covault J, Sanes JR (1986) Distribution of N-CAM in 
synaptic and extrasynaptic portions of developing and 
adult skeletal muscle. J. Cell Biol. 102, 716-730.

6. Descarries LM, Cai S, Robitaille R (1998) Localization 
and characterization of nitric oxide synthase at the frog 
neuromuscular junction. J. Neurocytol. 27, 829-840.

7. Hirata K, Zhou C, Nakamura K, Kawabuchi M 
(1997) Postnatal development of Schwann cells at 
neuromuscular junctions, with special reference to 
synapse elimination. J. Neurocytol. 26, 799-809.

8. Kang H, Tian L, Thompson W (2003) Terminal 
Schwann cells guide the reinnervation of muscle after 
nerve injury. J. Neurocytol. 32, 975-985.

9. Kim H, Rogers MJ, Richmond JE, McIntire SL (2004) 
SNF-6 is an acetylcholine transporter interacting with 
the dystrophin complex in Caenorhabditis elegans. 
Nature 430, 891-896.

10. Kong J, Anderson JE (1999) Dystrophin is required 
for organizing large acetylcholine receptor aggregates. 
Brain Res. 839, 298-304.

11. Lyons PR, Slater CR (1991) Structure and function of 
the neuromuscular junction in young adult mdx mice. 
J. Neurocytol. 20, 969-981.

12. Marques MJ, Conchello JA, Lichtman JW (2000) From 
plaque to pretzel: fold formation and acetylcholine 
receptor loss at the developing neuromuscular 
junction. J. Neurosci. 20, 3663-3675.

13. Marques MJ, Santo Neto H (1998) Imaging 
neuromuscular junctions by confocal fluorescence 
microscopy: individual endplates seen in whole 
muscles with vital intracellular staining of the nerve 
terminals. J. Anat. 192, 425-430.

14. Minatel E, Santo Neto H, Marques MJ (2001) 
Acetylcholine receptors and neuronal nitric oxide 
synthase distribution at the neuromuscular junction of 
regenerated muscle fibers. Muscle Nerve 24, 410-416.

15. Minatel E, Santo Neto H, Marques MJ (2003) 
Acetylcholine receptor distribution and synapse 
elimination at the developing neuromuscular junction 
of mdx mice. Muscle Nerve 28, 561-569. 



M. J. Marques et al.222

Braz. J. morphol. Sci. (2006) 23(1), 217-222

16. Muller J, Vayssiere N, Royuela M, Leger ME, Muller 
A, Bacou F, Pons F, Hugon G, Mornet D (2001) 
Comparative evolution of muscular dystrophy in 
diaphragm, gastrocnemius and masseter muscles from 
old male mdx mice. J. Muscle Res. Cell Motil.  22, 
133-139.

17. O’Malley JP, Waran MT, Balice-Gordon RJ (1999) In 
vivo observations of terminal Schwann cells at normal, 
denervated and reinnervated mouse neuromuscular 
junctions. J. Neurobiol. 38, 270-286. 

18. Pereira ECL, Santo Neto H, Marques MJ (2001) 
Immunolocalization of neuronal nitric oxide synthase 
at the neuromuscular junction of mdx mice: a confocal 
microscopy study. J. Anat. 198, 663-671.

19. Personius KE, Sawyer RP (2005) Terminal Schwann 
cell structure is altered in diaphragm of mdx mice. 
Muscle Nerve 32, 656-663.

20. Rando TA (2001) The dystrophin-glycoprotein 
complex, cellular signaling and the regulation of cell 
survival in the muscular dystrophies. Muscle Nerve 24, 
1575-1594.

21. Reynolds ML, Woolf CJ (1992) Terminal Schwann 
cells elaborate extensive processes following 
denervation of the motor endplate. J. Neurocytol. 21, 
50-66.

22. Rothe F, Langnaese K, Wolf G (2005) New aspects 
of the location of neuronal nitric oxide synthase in 
the skeletal muscle: A light and electron microscopic 
study. Nitric Oxide 13, 21-35.

23. Santo Neto H, Martins AJ, Minatel E, Marques MJ 
(2003) Axonal sprouting in mdx mice and its relevance 
to cell and gene-mediated therapies for Duchenne 
muscular dystrophy. Neurosci. Lett. 343, 67-69.

24. Ségalat L, Anderson JE (2005) Duchenne muscular 
dystrophy: stalled at the junction? Eur. J. Hum. Genet. 
13, 4-5.

25. Shiao T, Fond A, Deng B, Wehling-Henricks M, 
Adams ME, Froehner SC, Tidball JG  (2004) Defects 
in neuromuscular junction structure in dystrophic 
muscle are corrected by expression of a NOS 
transgene in dystrophin-deficient muscles, but not in 
muscles lacking alpha- and beta-1-syntrophins. Hum. 
Mol. Genet. 13, 1873-1884. 

26. Son YJ, Thompson WJ (1995) Schwann cell processes 
guide regeneration of peripheral axons. Neuron 14, 
125-132.

27. Son YJ, Thompson WJ (1995) Nerve sprouting in 
muscle is induced and guided by processes extended 
by Schwann cells. Neuron 14, 133-141.

28. Tanabe Y, Esaki K, Nomura T (1986) Skeletal muscle 
pathology in X chromosome-linked muscular dystrophy 
(mdx) mouse. Acta Neuropathol. (Berl) 69, 91-95.

29. Torres LFF, Duchen LW (1987) The mutant mdx: 
inherited myopathy in the mouse. Morphological 
studies of nerves, muscles and end-plates. Brain 110, 
269-299.

30. Xu R, Salpeter MM (1997) Acetylcoline receptors in 
innervated muscles of dystrophic mdx mice degrade as 
after denervation. J. Neurosci. 17, 8194-8200.

31. Walsh FS, Hobbs C, Wells DJ, Slater CR, Fazeli 
S (2000) Ectopic expression of NCAM in skeletal 
muscle of transgenic mice results in terminal sprouting 
at the neuromuscular junction and altered structure but 
not function. Mol. Cell. Neurosci. 15, 244-261.

Received: December 14, 2005
Accepted: May 14, 2006


