The mdx mouse is an animal model for human Duchenne dystrophy. In
both disorders, the muscle fiber plasma membrane is rendered selectively
vulnerable by dystrophin deficiency. In both disorders there are also ultrastructural abnormalities involving the postsynaptic membrane of the neuromuscular junction. The object of this electrophysiologic study was to determine whether the observed ultrastructural abnormalities at the mdx
neuromuscular junction are associated with an abnormality of neuromuscular transmission. In comparison with age-matched control mice, the mdx
mice show an abnormal, age-dependent decrease of the amplitude of the
miniature end-plate potential and a concomitant increase in the quanta1
content of the end-plate potential. Consequently, the safety margin of neuromuscular transmission is not impaired.
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NEUROMUSCULAR TRANSMISSlON
IN THE mdx MOUSE
ALEXANDRE NAGEL, MD, FRANK LEHMANN-HORN, MD,
and ANDREW G. ENGEL, MD

T h e recent discovery of dystrophin deficiency in
Duchenne dystrophy (DD) contributed importantly to understanding the pathogenesis of DD
(reviewed in reference 17). Dystrophin is a cytoskeletal protein associated with the sarcolemma,
and its deficiency provides a plausible explanation
for sarcolemmal defects which develop early in
the course of muscle fiber destruction in DD.6*'4
It is also noteworthy that about half of the DD
end-plates show ultrastructural abnormalities consisting of focal degeneration of the junctional
folds, simplification of the postsynaptic region
and/or widening of the synaptic cleft." Another
possible indicator of end-plate involvement in DD
is an abnormal jitter detected in single fiber
EMG. l5 The cause, significance, and consequences
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of involvement of the neuromuscular junction
(NMJ) in DD have received little attention.
In vitro studies of neuromuscular transmission
have been carried out in a small number of DD
patients; the only abnormality detected has been a
reduced resting membrane potential (RMP).2"
However, in view of the fact that dystrophin is
now known to be concentrated in the postsynaptic
region of the NMJ,3 a more extensive study of
neuromuscular transmission was appropriate. The
mdxmouse,' an animal model of DD, was used.
Several studies support the validity of the model:
dystrophin is absent from mdx mouse muscles; 1,16,20,31 this deficiency is associated with sarcolemmal defects, fiber necrosis and regeneration.
Further, the ultrastructural changes at the NMJ
are similar to those noted in human DD (Mora M
and Engel AG, 1986, unpublished observation,
and reference 30). The object of this study was to
further analyze the morphologic and physiologic
aspects of the mdx NMJ.

METHODS

The Mayo Clinic's Animal Care and Use Committee's guidelines were followed in our experiments.
The mdx mice were a gift from Dr. G. Bulfield
(Poultry Research Centre, Roslin Midlothian, UK).
Normal C57B/10 strain mice (Jackson Laboratories, Bar Harbor, ME) were used as controls. In a
pilot study, we examined the pathologic alter-
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ations in the diaphragms of 1 to 16 week old mdx
mice. Fiber necrosis and regeneration were most
active around 4 weeks of age. Because necrotic fibers are not suitable for electrophysiologic studies
of the NMJ, mice were studied at 2% weeks, before the onset of massive fiber necrosis, at 8Y2
weeks, by when the acute necrotizing phase has
subsided, and at 37 weeks, when the disease has
become chronic. For each age group, diaphragm
muscles were obtained from 6 to 7 mdx and from
5 to 8 control mice. A total of 38 diaphragms were
studied.
One part of each diaphragm was mounted in a
bath continuously perfused with oxygenated (95%
0, + 5% CO,) Tyrode solution containing (mM):
NaC1, 135; Na,HPO,, 1.3; NaHCO,, 15; KCl, 5;
CaCl,, 2; MgCI,, 1.0; glucose, 11.1; and pH 7.2.5
For the study of end-plate potentials (EPP), 3.7 to
4.0 p M tubocurarine was added to prevent twitching. The RMP, miniature end-plate potentials
(MEPP) and end-plate potentials (EPP) were recorded at 29 to 30°C with conventional intracellular microelectrodes with 8 to 12 M-ohm resistance
connected to an Axoprobe 1A microelectrode amplifier and an A1 2130 differential amplifier
(Axon Instruments, Inc., Burlingame, CA). The
resulting signal was digitized at 20 kHz and then
analyzed with an lndec Data Acquisition System
(Indec Systems, Inc., Sunnyvale, CA). Fibers
whose RMP dropped more than 10 mV during recording were excluded from the analysis. The
analysis was restricted to focal recordings in which
the MEPP and EPP rise times were less than 1
msec. MEPP and EPP amplitudes were corrected
to a standard RMP of -80 mV assuming an equilibrium potential of 0 mV'9,'2; EPP amplitudes
were also corrected for nonlinear s ~ m m a t i o n . ' ~
MEPP with more than twice the mean amplitude
were rejected as "giant MEPP." In each diaphragm, MEPP and EPP were recorded from at
least 10 different fibers. For MEPP recordings, 50
potentials were collected in each fiber. For EPP recordings, the phrenic nerve was stimulated with a
suction electrode with a train of 100 stimuli at 0.5
Hz. The second 50 EPP in each train were used to
calculate the quanta1 content, m, according to the
formula:"
m

=

(mean EYP amplitude)'/(EPP variance
- background noise variance)

The other part of each diaphragm was processed for conventional histochemical' and other
morphologic studies. In cryostat sections of each
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diaphragm, the geometric mean of the shortest
and longest caliper diameter4 was determined in
50 randomly selected muscle fibers at a final magnification of 7 0 0 ~ .
At the age of 37 weeks, strips from two mdx
and two control diaphragms were processed for
electron microscopy as described earlier.'5 Electron micrographs of end-plates were printed at a
final magnification of 26,OOOX. The nerve terminal area, synaptic vesicle density, and the number
of active zones per p,m presynaptic membrane
length were determined by previously described
morphometric methods.8*' Other diaphragm
strips were prepared for the ultrastructural localization of acetylcholine receptors (AChR) by modification of a previously described method." In
brief, fresh muscle strips were incubated with biotinylated alpha-bungarotoxin (6 pg/mL, Molecular
Probes Inc., Eugene, OR). After rinsing, fixation
and dissection of the end-plates, avidin and biotinylated horseradish peroxidase were added (ABC
kit, Vector Laboratories, Burlingame, CA), and after a further rinse the reaction product was developed by the DAB method. Electron micrographs
produced by this technique were used to determine the AChR index (length of postsynaptic
membrane reacting for alpha-bungarotoxin/presynaptic membrane length).8
At each age, glutaraldehyde-fixed muscle strips
were stained for acetylch~linesterase'~
in two mdx
and two control mice; the maximal longitudinal
length of about 25 to 50 NMJ was then measured
in each strip. Other diaphragm strips containing
at least 250 end-plates were used to estimate the
number of NMJ-specific '"I-alpha-bungarotoxin
binding sites.

'

'*

RESULTS
Observations in Cryostat Sections. Pathologic
changes were present in muscles of all mdx mice
(Table 1). At 2% weeks, all but one of the animals
showed fiber necrosis, and in all animals a small

Table 1. Summary of histologic abnormalities in rndx
diaphragm muscles.*

Age
2% weeks
8% weeks
37 weeks
~~

~~

Necrotic fibers (%)

Nonnecrotic fibers
with central nuclei (%)

1-5
10-30
5

4
60
60
~

'Values given represent estimates from 5 muscles at 2'/2 weeks and 6
muscles,at 8% and 37 weeks
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percentage of fibers contained central nuclei. At
8% weeks, the histologic changes in mdx muscles
were more extensive: up to about one-third of the
fibers were necrotic and central nuclei were found
in more than half of the nonnecrotic fibers. At 37
weeks, the percentage of necrotic fibers was lower,
but more than half of the nonnecrotic fibers had
central nuclei. There was a mild to moderate increase of endomysial and perimysial connective
tissue at 8% and 37 weeks. Diaphragm muscles of
control mice showed no fiber necrosis and none of
the fibers had central nuclei at any age.
The
RMP showed no age dependence. When all control and mdx recordings were compared, the
RMP was significantly reduced from 63.6
0.9
(mean k SEM) mV (n = 19) in control muscles to
60.3 & 1.0 mV (n = 17) in mdx muscles ( P <
0.025).
The frequency, rise time, and decay time constant of MEPPs in mdx animals did not differ significantly from the corresponding values in agematched controls.
The MEPP amplitudes decreased with age in
both groups. However, in mdx mice this decrease
was more marked than in the controls (Fig. 1).
The depression of the MEPP amplitudes in the
mdx mice was not statistically significant at 2Yz
and 8% weeks, but became statistically significant
at 37 weeks when the mdx value was reduced by
26% (Table 2).
Because the MEPP amplitude is inversely pro-

Changes in RMP, MEPP, and Fiber Diameter.

*

“1

Experimental
group
2112 weeks:
Control
mdx
Pt

MEPP amplitude
(mv)
1.46
1.34

Quantal content

(ml

* 0.09 (5)
* 0.15 (6)

56.9
64.5

NS

6.1 (5)
6.4 (4)
NS
?
?

8% weeks:
Control
rndx
Pt

1.19 ? 0.05 (6)
1.OO 0.08 (6)
NS

106.8 & 7.4 (5)
132.2 5.3 (5)
<0.025

37 weeks:
Control
mdx
Pt

1.21 ? 0.06 (8)
0.90 5 0.06 (7)
<0.005

117.6 ? 4.7 (6)
183.6 f 12.7 (5)

*

*

4001

*Values given are mean ? SEM and number of animals (in parentheses).
fStudent’s two-tailed t-test.
NS = not significant

portional to the 312 power of the fiber diameter,Ig
a decrease in MEPP amplitude in the mdx mice
could have been secondary to an increase in fiber
diameter. However, the mean fiber diameters in
mdx and control mice were not significantly different at 2% and 8% weeks, and at 37 weeks, the
mdx value was 23% smaller than the corresponding control value (Table 3). Hence, the reduction
in MEPP amplitude in mdx mice could not be due
to an increase in mean fiber diameter.
Changes in Quantal Content and End-Plate Length.

In contrast to the MEPP amplitudes, the quantal

izzl

x

1.

Table 2. Electrophysiologic findings.*
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FIGURE 1. MEPP amplitudes in mdx and age-matched control
mice. Each symbol represents the mean for one animal.
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FIGURE 2. EPP quantal contents in mdx and age-matched control mice. Each symbol represents the mean for one animal.
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Table 3. Muscle fiber diameter, end-plate size
and AChR content.
Experimental
group
2% weeks:
Control
rndx

ps
8% weeks:
Control
mdx
PS
37 weeks:
Control
mdx

ps

Muscle fiber
diameter (km)*

End-plate
length (pm)t

’251-alpha bungarotoxin
binding sites per
end-plate (106)*

26.2 5 1.1 (5)
26.3 1.5 (5)
NS

24.2 t 0.7 (75)
28.9 5 0.9 (76)
dO.001

6.23 f 0.59 (2)
7.74 f 0.59 (2)
NS

35.4 2 0.8 (6)
33.2 2 1.6 (6)
NS

31.1 2 0.9 (96)
33.1 t 0.8 (93)
NS

11.31 2 2.69 (2)
15.15 2 2.40 (2)
NS

37.2 f 1.0 (6)
28.8 2 1.5 (6)
<0.001

33.8 2 1.1 (101)
40.7 -t 1.4 (101)
<0.001

21.78 f 0.18 (2)
21.74 f 0.64 (2)
NS

*

*Mean 5 SE and number of animals (in parentheses).
fMean 5 SE and number of end-plates analyzed (in parentheses)
#Student’s two-taifed t-test.
NS = not significant.

content of the EPP increased with age in both animal groups. This increase was greater in mdx
than control mice (Fig. 2) and the difference,
which was 24% at 8Y2 weeks and 56% at 37 weeks,
was statistically significant (Table 2). The length of
the acetylcholinesterase reacted end-plate regions
was increased in mdx mice, and the increase was
highly significant at 2Y2 and 37 weeks (Table 3).

‘251-Alpha~BungarotoxinBinding. There was no
significant difference in the total number of
AChR per end-plate between age-matched mdx
and control mice (Table 3).
Ultrastructural Observations at 37 Weeks. Simple
inspection showed that some mdx nerve terminals
were small in the imaged region, and some end-

FlGURE 3. End-plate region in control mouse diaphragm, 37 weeks. The nerve terminal lies in a deep postsynaptic gutter. The upper
parts of the numerous junctional folds react for AChR (electron dense material). The estimated AChR index value was 2.58. Unstained
section. Calibration bar = 1 wm.
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FIGURE 4. End-plate regions in mdx mouse diaphragm, 37 weeks. The two nerve terminals to the right are abnormally small. Junctional folds are absent or short (arrow) and the part of the postsynaptic membrane reacting for AChR is reduced; consequently, the
AChR indices are reduced (1.08, 1.60, and 0.75 for the three terminals, from left to right). Also note the high density of synaptic vesicles. Unstained section. Calibration bar = 1 pm.

plates displayed postsynaptic simplification. These
findings varied from end-plate to end-plate and
from region to region within a given end-plate. A
typical control end-plate region, which also shows
the localization of AChR, is shown in Figure 3,
and a typical mdx end-plate region can be seen in
Figure 4. A more severely affected mdx end-plate
with striking postsynaptic simplification is illustrated in Figure 5. Figure 6 illustrates a highly

simplified mdx end-plate region. This region appears near degenerate material in the nearby basal
lamina that probably represent remnants of preexisting junctional folds.
The mean
nerve terminal area was significantly reduced (Table 4), but the density of synaptic vesicles and the
density of active zones at the presynaptic memMorphometric Studies at 37 Weeks.

FIGURE 5. Degenerating NMJ in mdx mouse diaphragm, 37 weeks. The nerve terminal is small, the primary synaptic cleft is widened
and contains electron dense material (asterisk). Secondary synaptic clefts are completely absent. There is only a minute portion of the
postsynaptic membrane reacting for AChR (arrow). Unstained section. Calibration bar = 1 (L.
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Table 4. Quantitative electronrnicroscopy in 37 week-old mice.
~~

Experimental
group
Control
mdx
P#

Nerve terminal
area (pm2)*

Synaptic vesicle
density (No /prn2)t

Active zones
(Per Pm)*

AChR index§

7.91 2 0.83 (103)
4.12 2 0.46 (69)
<0.001

57.5 ? 4.5 (10)
76.5 2 15.0 (10)
NS

0.68 2 0.07 (10)
0.83 5 0.08 (7)
NS

2.66 2 0.21 (23)
1.80 2 0.23 (19)
<0.01

* A total of 35 control and 22 rndx NMJ were available for analysis. Values indicate mean f SE and number of
nerve terminals analyzed (in parentheses). More than one nerve terminal can be found at a single NMJ.
j l 0 NMJ were selected randomly from the 35 control NMJ and 10 NMJ were selected randomly from the 22 mdx
NMJ. Vesicle densities in nerve terminals of a given NMJ were averaged for that NMJ. Values indicate the mean f
SE of vesicle densities for all NMJ in each group and the number of NMJ analyzed (in parentheses).
#The same 10 randomly selected NMJ used for determining the synaptic vesicle density were analyzed, but 3 of
10 rndx NMJ were technically unsatisfactory for identifying active zones. The no. of active zones per p m presynaptic membrane length of each nerve terminal was averaged for a given NMJ. Values indicate the mean 2 SE of
active zone density for all NMJ in each group and the number of NMJ analyzed [in parentheses)
§Seven control and 10 rndx NMJ were available for analysis. Values indicate mean 2 SE of AChR indices and
the number of regions analyzed (in mrenthesesl. More than one region can be found at a single NMJ.
#Student's two-tailed t-test.
NS = not significant.

brane were increased at the mdx end-plates. However, the increases in vesicle density and active
zone density were not statistically significant. The
data on the nerve terminal area and synaptic vesicle density in the control mice were close to values
previously obtained by other workers.30
The AChR indices in mdx nerve terminals
were significantly reduced. This was due to skewing of the frequency distribution to the left (Fig.

7).
DISCUSSION

The slight depression of the RMP in the mdx animals is similar to that reported in human DD.'6
This depression could be caused by changes in
plasmalemmal permeability for sodium or potassium, or by structural membrane defects.

I n comparison with age-matched controls, the
MEPP amplitude was significantly decreased and
the quanta1 content of the EPP was significantly
increased in mdx mice at 37 weeks of age. It is
possible that in mdx muscles the larger fibers were
preferentially impaled. However, only at 2 '/2
weeks were the large fibers more frequent in mdx
than control diaphragms. At 37 weeks, when the
MEPP reduction was most pronounced, the mean
mdx fiber diameter was significantly smaller than
the mean control fiber diameter. Also, at this age,
9 1% of the control fibers but only 41% of the mdx
fibers were larger than 30 pm. Therefore, the reduced MEPP amplitude in mdx mice is not likely
to be the result of selective sampling from larger
diameter fibers. A change in specific membrane
resistance is also unlikely to account for the reduced MEPP amplitude because the decay time

FIGURE 6. End-plate region in mdx mouse diaphragm, 37 weeks. The junctional folds are absent. The postsynaptic area is reacting for
AChR, but the AChR index is low (1.12). Note degenerate material in basal lamina (asterisk). Stained section. Calibration bar = 1 p.
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(1) the overall enlargement of mdx end-plate area,
(2) the increased synaptic vesicle density, and (3)
the increased density of active zones on the presynaptic membrane. Although the increases in the
last two parameters were not statistically significant, the combined increases provide a plausible
explanation for the increase in quantal content.
Under normal conditions, end-plate length is correlated positively with the muscle fiber diameter.‘*
Because the mdx mice at 37 weeks had a reduced
fiber diameter, the increase of their end-plate
length is all the more significant.
The increased quantal content in mdx mice
could be a compensatory reaction to offset the decreased MEPP amplitude and thereby maintain
the safety margin of neuromuscular transmission.
The safety margin (f) can be defined as:

0

AChR Index

FIGURE 7. Frequency distribution of the AChR index in mouse
diaphragm NMJ, 37 weeks. The mdx distribution is shifted to the
left.

constant of the MEPP was not significantly different between the mdx mice and age-matched control mice.
The ultrastructural studies showed simplification of some postsynaptic regions and a significantly reduced mean AChR index for the mdx
NMJ at 37 weeks. On the other hand, the number
of 1251-alpha-bungarotoxinbinding sites in mdx
mice was not significantly different from that in
age-matched controls. However, the acetylcholinesterase stain showed that the mdx end-plates
were significantly elongated at 37 weeks. This, in
turn, implies that the AChR density per unit area
of the mdx NMJ at 37 weeks was reduced, which
is consistent with the ultrastructural data. The saturated disk model of neuromuscular transmission
predicts that a reduced MEPP amplitude will result if the AChR density is reduced in individual
end-plate regionsz7 and, in fact, this is what was
observed.
The increase in quantal content in mdx mice
could be related to one or more of the following:

f = (MEPP amplitude

X

m) / (RMP - T )

where T is the threshold potential triggering the
muscle fiber action p0tentia1.I~Applying this formula under the assumption that T is unchanged
in mdx mice, the safety margin in the mdx mice at
37 weeks was 1.5X higher (rather than smaller)
than in the age-matched controls. A similar increase of end-plate size and safety margin has
been described in the dy dystrophic m o u ~ e . ~ ~ ’ ~ *
It is likely that the alterations in neuromuscular transmission in mdx mice are conditioned by
the dystrophin deficiency. The muscle membrane
near the NMJ is subject to high mechanical stress
and would therefore require abundant local expression of d y ~ t r o p h i n .Lack
~ of dystrophin here
could lead to mechanical injury of the junctinoal
folds, with formation of small membrane defects
on or near the folds. Calcium could then leak into
the sarcoplasm and trigger focal degeneration of
the junctional folds6 Shedding of injured segments of the folds into the synaptic space could
contribute to the known appearance of the dystrophic endplates with postsynaptic simplification and
debris in the synaptic cleft.6 Focal degeneration of
the junctional folds o r simplification of the
postsynaptic region will result in a decrease of
AChR.’ This adequately accounts for the observed
alterations in the MEPP in the mdx mice.
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