
In the mdx mice, lack of dystrophin leads to increases in calcium influx and myonecrosis, followed by
muscle regeneration. Synapse elimination is faster in mdx than in controls, suggesting that increases in
calcium influx during development could be involved. In the present study, we evaluated whether dys-
trophic fibers display changes in permeability to Evans Blue Dye (EBD) during development of the neu-
romuscular junction. EBD is a sensitive label for the early detection of increased myofiber permeability
and sarcolemmal damage. After intraperitoneal injection of EBD, sternomastoid (STN) and tibialis ante-
rior (T. anterior) muscles were analyzed with fluorescence microscopy. At 01, 07 and 14 days of age,
STN and TA mdx myofibers were not stained with EBD. At 21 days of age, positive labeling of TA and
STN mdx myofibers was seen, suggesting permeability modification and myonecrosis. Adult muscles
showed a decrease (T. anterior) or no changes (STN) in the amount of EBD-positive fibers. These results
suggest that there is no sarcolemmal damage detected by EBD during development of dystrophic neuro-
muscular junctions and other factors may contribute to the earlier synapse elimination seen in dystrophic
muscle.
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INTRODUCTION

The pattern of innervation of the vertebrate neuromuscular junction is established
during early development, when junctions go from multiple to single innervation in
the course of synapse elimination [1]. It has been suggested that proteases, the activ-
ity of which is modulated by calcium, have a retrograde influence from the muscle
to the terminal, promoting their withdrawal (reviewed elsewhere [15]).
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In dystrophin-deficient fibers of mdx mice and in Duchenne dystrophy, the lack of
dystrophin is associated with increased levels of calcium in the muscle fiber, which
leads to muscle degeneration [2]. In the sternomastoid muscle of these mice, synapse
elimination is faster than in controls, being achieved 1 week earlier than in control
muscles [8]. It was suggested that increases in calcium influx during early develop-
ment is involved in the faster establishment of the monoinnervation pattern.

In the mdx mice, myonecrosis and muscle regeneration cannot be observed with
traditional HE techniques during the period of synapse elimination. It suggests that
calcium influx is not increased during this period. Evans Blue Dye (EBD) is a sensi-
tive and early marker of myofiber damage and is widely used to study cellular mem-
brane permeability [5–7, 16]. Thus, it would be interesting to use EBD to verify any
changes in sarcolemma permeability that are not detected by HE, during the period
of synapse elimination of dystrophic fibers.

In the present study, we evaluated whether the dystrophic fibers of the sternomas-
toid muscle and tibialis anterior would display changes in permeability to EBD at
very early age, during the period of synapse elimination.

MATERIALS AND METHODS

Animals

Neonatal mdx and C57BL/10 mice were obtained from breeding colonies established
in our animal care facility. Pregnant females were isolated and checked daily. The
date of birth was designated postnatal day 0 (P0). Fifty mice (25 mdx and 25 con-
trols, 5 mice for each age point studied) were used for fluorescence microscopy. The
age points studied were 01, 07, 14 and 21 days postnatal (P1, P7, P14 and P21) and
adult 06-month-old mice. The sternomastoid (STN) and tibialis anterior muscle
(T. anterior) were studied. The animal experiments described here were approved by
the institutional Ethics Committee on Animal Experimentation and were done in
accordance with the guidelines of the Brazilian College for Animal Experimentation
(COBEA).

Evans Blue Dye (EBD) injection

Evans Blue Dye (EBD; Sigma) is an in vivo marker that binds to serum albumin and
the complex EBD-albumin conjugate can be observed by red auto-fluorescence in
sections examined by fluorescence microscopy [6, 7, 16]. EBD was dissolved in PBS
(0.15 M NaCl, 10 mM phosphate buffer, pH 7.4) and injected into the peritoneal cav-
ity. Adult and neonatal mice were injected with 10 mg/ml w/v of 1% EBD solution
[6, 7]. After 45 to 90 min of EBD injection, P1, P7 and P14 mice were anesthetized
with an intraperitoneal injection of chloral hydrate (0.6 g/kg). P21 and adult mice
were anesthetized 15 h after EBD injection. The mice were visually inspected for dye



uptake. Within 50–60 min after intraperitoneal injection of EBD, discoloration of all
mice was observed and successful injection of the dye was indicated by the blue col-
oration of ears and paws.

Immunofluorescence microscopy

The left and right sternomastoid and T. anterior muscles of each animal were dis-
sected out and snap frozen with isopentane cooled in liquid nitrogen and stored at
–80 °C. Cryostat cross sections (8 μm-thick) were incubated in ice-cold acetone
[7, 16] at –20 °C for 10 min, washed 3 × 10 min with PBS and mounted in DABCO
(mounting media for fluorescence, Sigma). By fluorescence microscopy analysis,
EBD staining showed a bright red emission. Some sections were stained with hema-
toxylin and eosin and examined with a light microscope. The number of normal and
regenerated muscle fibers (indicated by the presence of central cell nuclei) was
counted using a hand counter. No regenerated fibers were seen in the control muscle.

Fiber counts of EBD-positive muscle fibers were done in all sections and
photographed under a Nikon fluorescence microscope connected to a Hamamatsu
video camera or a MRC 1024UV laser scanning confocal microscope (BioRad
Laboratories, Hercules, CA). Comparisons between groups and values were made
using the Student t-test.

RESULTS

In control sternomastoid and T. anterior muscles, at all ages studied, we did not see
intracellular label of myofibers with EBD (Fig. 1). Myofibers were outlined by a flu-
orescence signal, mainly from the extracellular space (Fig. 1C).
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Table 1
Number of EBD-positive fibers in the T. anterior (TA) and sternomastoid (STN)

muscles of mdx mice, at postnatal days one (P1), seven (P7), fourteen (P14),
twenty-one (P21) and adult

P1 P7 P14 P21 Adult

TA – – – 116 ± 93 25 ± 17*
(n = 828 ± 300) (n = 820 ± 333)

STN – – – 61 ± 27** 50 ± 26**
(n = 605 ± 140) (n = 600 ± 130)

– Negative labeling of EBD.
* Statistically different from TA-P21; ** statistically different from corresponding

age of TA; p < 0.05, Student t-test. Values represent mean ± standard deviation. n: total
number of muscle fibers ± standard deviation.
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During early development (P1, P7 and P14), mdx sternomastoid and T. anterior
muscles did not show any EBD-positive myofibers (Table 1; Fig. 2). The whole
cross-sections of the STN and TA from P1 seemed slightly brighter than in older ages
(Fig. 2A, B). No individual or groups of fibers were seen with a strong fluorescence
signal, as seen at older ages (P21; Fig. 2G, H).

In P21 sternomastoid and T. anterior dystrophic muscles, typical EBD-positive
fibers were seen (Fig. 2G, H). The intracellular staining was diffusely distributed
across the myofiber cytoplasm and the intensity of the dye signal showed differences
between fibers. Table 1 shows the mean number of EBD-positive fibers for each
muscle at this time period.

Fig. 1. EBD staining on 8 μm cryosections of control sternomastoid (A, D) and T. anterior (B, C) mus-
cles during development. No EBD labeling was detected in control muscles at postnatal ages 07 (A),
14 (B) and 21 (C). Adult control muscles (D) were also unstained. Fluorescence signal was seen at the
extracellular space, around muscle fibers (arrows in C and D). Scale bar: A, 5 μm; B, 20 μm; C, 80 μm;

D, 40 μm
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Fig. 2. EBD staining of mdx sternomastoid (A, C, E, G) and T. anterior (B, D, F, H) muscles dur-
ing development. Muscles from postnatal days 01 (A, B), 07 (C, D) and 14 (E, F) did not show
dye uptake. EBD-positive fibers were seen in muscles of 21-day-old mdx (asterisks in G, H).

Scale bar: A–D, 10 μm; E–F, 40 μm
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Adult sternomastoid muscles of dystrophic mice showed EBD-positive fibers in a
pattern of distribution similar to that seen in P21, in which EBD-positive fibers could
be seen in groups or isolated (Fig. 2G, H). In the STN, 50 ± 26 fibers were positive
to EBD (Table 1). Concomitant observation of EBD and HE stained sections showed
that positive EBD fibers had subtle alterations in their histological appearance
(Fig. 3).

DISCUSSION

During the first 2 weeks after birth, the process of synapse elimination takes place at
the neuromuscular junction. In this process, all inputs but one are withdrawn, leav-

Fig. 3. HE staining (A) and EBD staining (B, C, D) in adult mdx sternomastoid muscles. The EBD-pos-
itive fiber in B (arrow) showed subtle necrotic features in the corresponding HE stain (arrow in A).

EBD-positive fibers in adult muscles (C, D, asterisks). Scale bar: 50 μm



ing the synapses monoinnervated by the end of the second postnatal week [15]. At
the dystrophic neuromuscular junction of the mdx mice, synapse elimination is faster
than in controls, being achieved 1 week earlier than in normal muscles [8].

Increases in calcium influx in the dystrophic fiber during the first week after birth
may be involved in the earlier establishment of the monoinnervation pattern [8].
However, morphological signs of myonecrosis, that would indicate changes in calci-
um permeability, are not seem at this time. In the mdx mice, myonecrosis is first
detected at three weeks of age, using traditional HE techniques [10, 17]. In the pre-
sent study, we evaluated whether dystrophic fibers of the sternomastoid and T. ante-
rior muscles would display changes in permeability to EBD, during the early devel-
opment of the neuromuscular junction that could indicate sarcolemmal damage and
subtle changes in calcium influx.

EBD is widely used as an in vivo non-toxic marker of plasma membrane perme-
ability and has been used in mdx mice to identify damaged skeletal myofibers that
had become permeable owing to muscular dystrophy. It binds to serum albumin and
the complex EBD-albumin conjugate can be observed by red auto-fluorescence in
sections examined by fluorescence microscopy [4, 7, 16]. The EBD technique is able
to detect permeable myofibers in a muscle affected by muscular dystrophy that were
not detected by standard histological techniques [7]. In the present study, EBD posi-
tive fibers were characterized by a bright red emission within the fiber. EBD was
occasionally seen in myofibers that had a relatively normal histological appearance
in HE stained sections. Therefore, the technical parameters used for injection and
sampling of EBD-treated muscles allowed the detection of mildly damaged
myofibers, which is in agreement with other studies and suitable for the purposes of
the present investigation.

During development, both STN and TA dystrophic muscles did not show EBD
labeling within their fibers. At the earlier ages (P1, P7 and P14), the pattern of EBD
staining was characterized by a faint fluorescence signal throughout the muscle area.
One possibility to explain the lack of EBD-positive fibers would be that the marker
did not have time to reach the neonatal muscles, since the P1, P7 and P14 mice sur-
vived for 90 minutes after the injection, while the P21 and adults survived for
15 hours before sampling. However, we believe that this was not a problem, since
neonatal mice looked blue by visual inspection after 90 minutes of EBD injection and
the volume injected of the 1% EBD solution was relative to the body mass [6].
Therefore, during the period of synapse elimination (1 to 2 weeks after birth), there
were no changes in membrane permeability that could be detected with EBD label-
ing. It is possible that during early development calcium handling via physiological
pathways is more efficient, in addition to a lower level of mechanical activity, lead-
ing to the lack of EBD-positive fibers seen at this period.

Positive fibers to EBD were first seen at P21 in both STN and T. anterior dys-
trophic muscles. The pattern of EBD-positive fibers distribution and their frequency
varied from animal to animal. Positive fibers were generally distributed in groups,
but in some mice they could be seen dispersed along the entire cross sectional area
of the muscle. T. anterior showed a higher number of EBD-positive fibers at P21 than
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in adult, while in the STN there were no differences in the number of EBD-positive
fibers comparing P21 to adult mice. It suggests that fibers within a muscle, and
among different muscles, do not behave equally regarding muscle degeneration,
despite they all lacked dystrophin and were all of the same age. For instance, the
diaphragm of mdx mice seems to be more affected than other muscles [13], while
extraocular muscles are protected from dystrophy [14], possibly due to a better
capacity of calcium homeostasis. Therefore, different cellular mechanisms may trig-
ger the degenerative process, or may not, depending on the muscle. The differences
between T. anterior and STN seen at P21 and adult muscles, regarding the number of
EBD-positive fibers, suggest that mechanical activity is an important issue that may
explain these differences. It would be interesting to study how the store-operated cal-
cium channel, which is linked to the dystrophin-glycoprotein complex and involved
in calcium uptake [19], is regulated in different muscles.

In conclusion, we demonstrated that during the early development of the dys-
trophic neuromuscular junction there is no EBD labeling of muscle fibers. Although
EBD uptake is not the most straightforward approach to test calcium permeability,
this result shows that there is no sarcolemmal damage that could be related to
increases in calcium influx during this period and that other factors may contribute
to the earlier synapse elimination seen at the dystrophic neuromuscular synapse. One
possibility would be that axonal sprouting in the mdx mice is down-regulated, so that
most of the synapses are already monoinnervated by the time of birth. Adult mdx
mice have a significant decrease in their presynaptic [12] and sarcolemmal content
of nNOS [3]. Since NO is a candidate for axonal sprouting in synapses of the central
nervous system [20], the early achievement of the monoinnervation pattern in dys-
trophic sternomastoid muscle may be related to a possible lack of axonal sprouting
during development.
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