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Abstract

Postnatal formation of the neuromuscular synapse requires complex interactions among nerve terminal, muscle fibres and terminal
Schwann cells. In motor endplate disease (med) mice, neuromuscular transmission is severely impaired without alteration of axonal
conduction and a lethal paralytic phenotype occurs during the postnatal period. The med phenotype appears at a crucial stage of the
neuromuscular junction development, corresponding to the increase in terminal Schwann cell number, the elimination of the multiple
innervations and the pre- and postsynaptic maturation. Here we investigated the early cellular and molecular consequences of the
med mutation on neuromuscular junction development. We observed that cellular defects preceded overt clinical phenotype. The first
detectable cellular effect of the mutation at the onset of the clinical phenotype was a drastic reduction in the number of terminal
Schwann cells, in part due to an increase in glial apoptosis, and a delayed maturation of motor endplates. We also showed that, in
terminally ill animals, mono-innervation was not achieved, synaptic vesicles had accumulated in the presynaptic compartment and,
finally, the size of motor endplates was reduced. All together, our findings suggested that the clinical weakness in these mutant mice
was likely to be related to postnatal structural abnormalities of the neuromuscular junction maturation.

Introduction

Motor endplate disease (med) is a severe genetic disorder in mice
(Duchen et al., 1967; Duchen, 1970). Homozygous med mutants
suffer from progressive muscular weakness and cerebellar ataxia,
leading to paralysis and premature death within the first month of life.
Electrophysiological studies show that paralysis is caused by a
secondary ‘functional denervation’ of skeletal muscle (Duchen &
Stefani, 1971; Angaut-Petit et al., 1982; Kearney et al., 2002), as
mutant mice do not express a reduction in motor neurons in the spinal
cord (Porter et al., 1996). There is actually excess sprouting of motor
nerve terminals (Brown et al., 1980; Musarella et al., 2006) similar to
that associated with failed neuromuscular transmission due to
intracellular injections of botulinum toxin (Duchen & Strich, 1968).
Furthermore, neuromuscular transmission is impaired without alter-
ation of axonal conduction, at least down to the intramuscular
branches (Duchen & Stefani, 1971). Med mutant ataxia is also
associated with a loss of spontaneous electrical activity in Purkinje
cells (Dick et al., 1985).

Transgene-induced mutation at the mouse med allele induces a
loss of expression of the voltage-gated sodium channel gene Scn8a
encoding for Nav1.6 (Burgess et al., 1995; Kohrman et al., 1996).
Nav1.6 is expressed in mature peripheral and central nerves
(Caldwell et al., 2000; Boiko et al., 2001) as well as in terminal
Schwann cells (TSCs), also known as perisynaptic Schwann cells, at
neuromuscular junctions (NMJs; Musarella et al., 2006). NMJs,
commonly called tripartite synapses (Araque et al., 1999), are
defined by physical and functional interactions of glia with pre-
and postsynaptic elements, where TSCs are an integral modulatory
partner (for reviews Todd & Robitaille, 2006; Feng & Ko, 2008a).
TSCs actively participate in the formation, maintenance and repair of
the neuromuscular synapse, and modulate neuromuscular transmis-
sion (Son et al., 1996; Rochon et al., 2001; Auld & Robitaille, 2003;
Kang et al., 2003; Reddy et al., 2003; Feng et al., 2005; Feng & Ko,
2008b; Todd et al., 2010). Strikingly, in terminally ill med mice
[postnatal day (P) 19], the number of TSCs per NMJ is dramatically
decreased (Musarella et al., 2006) and, in contrast to neurons (Van
Wart & Matthews, 2006; Vega et al., 2008), no compensatory
expression of other sodium channels occurs in these TSCs (Musarella
et al., 2006).
Based on these observations, we raised questions as to whether the

med mutation could induce structural abnormalities of the NMJ
leading to pathology of the NMJ development. In this study we
investigated, using confocal microscopy, 3-D reconstruction and
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quantification, how the postnatal development of the three cellular
partners of the NMJ is affected in the med phenotype. We showed that
med mice NMJ development is affected by progressive loss of TSCs
and by halting maturation of the synaptic structure.

Materials and methods

Animals

All work was performed under the responsibility of an authorized
experimenter (A.A.-T., license no. 13-09), in accordance with the
European Communities Council Directive (86 ⁄ 809 ⁄ EEC) on the care
and use of animals for experimental procedures, and was approved by
local ethical committee of IFR (Institut Fédératif de Recherche) 11,
Faculty of Medicine, Marseille. Jackson Laboratories (USA) supplied
initial breeder pairs ofmice. Themed is a hereditary disorder transmitted
by an autosomal recessive gene (med). Med allele was maintained by
crossing heterozygous mice. All the animals were genotyped by PCR
from tail and littermate wild type (WT) were used as controls.

Physical and functional features of disease onset and progression
in med mice were characterized by careful examination of > 100
litters. According to Duchen (1970), four features were defined:
failure of thrive, muscular atrophy, nodding movement of the head
and finally crawling. From birth to 8 or 9 days, homozygous med
mice could not be distinguished from their normal or heterozygous
littermates, and P7 was chosen to illustrate this period. The first signs
of abnormality appeared at P10 (see Movie S1, supporting informa-
tion) with a failure to thrive and a beginning of muscular atrophy
affecting especially the posterior limbs. Consequently, med mice
moved more slowly than WT and heterozygous mice. The mutant
mice swayed slightly from side to side and crawled with a light
movement of the head. Within the next few days, the proximal
muscles of all limbs were also affected. At P19–20, the muscular
weakness and atrophy were so severe that the med mice could not
make any effective movements (see Movie S2, supporting informa-
tion), leading to a premature death. Therefore, we selected three ages
according to the development of the med paralytic phenotype: P7
(before the onset of the phenotype), P10 (onset of the phenotype) and
P19 (terminally ill phenotype).

Muscle preparation

All the mice from P7 to P19 were deeply anesthetized with
pentobarbital (120 mg ⁄ kg b.w., i.p.) before dissecting them. Sternal
triangularis (ST) and sternomastoid (SM) muscles from P7, 10 and 19
med and WT mice were dissected in an oxygenated Ringer solution
(95% O2, 5% CO2) and fixed for 20 min in 4% paraformaldehyde in
phosphate buffer (PB), pH 7.4. Cryopreservation was carried out
overnight at + 4 �C prior to freezing on liquid natrium vapour. SM
muscles were mounted in Tissue-Tek*Cryo-O.C.T (Optimum Cutting
Temperature) Compound (Miles, USA) and serial cryostat sections of
40 lm were cut. Whole-mount of ST and SM muscle sections were
rinsed in 0.1 m PB, pH 7.4, then in 10 lg ⁄ mL bovine serum albumin
(BSA) in PB and incubated for 1 h in 50 lg ⁄ ml BSA with 0.5%
Triton X-100 in PB. They were then incubated for 2 h at room
temperature (RT) with primary antibodies in 10 lg ⁄ mL BSA in PB,
and rinsed. Fluorochrome-conjugated secondary antibodies and fluo-
rochrome-conjugated ligands were then added for 1 h. In some muscle
preparations, DAPI nucleic acid stain (1 : 24000, 0.1 lm; Molecular
Probes, Eugene, OR, USA) was added for 10 min at RT prior
mounting. Preparations were mounted with Fluorsave mounting
medium (Molecular Probes).

Antibodies and conjugated ligands

Neurofilament H (NF) was detected using a rabbit polyclonal
antiserum (1 : 100; Sigma Aldrich, Saint Louis, MO, USA) and an
Alexa 488-conjugated goat antirabbit secondary antibody (1 : 600;
Molecular Probes). Synaptic vesicle protein 2 (SV2) was immuno-
stained using a mouse monoclonal antibody developed by Buckley &
Kelly (1985) (1 : 200; Developmental Studies Hybridoma Bank, Iowa
City, IA, USA) and a Cy5-labelled donkey antimouse secondary
antibody (1 : 400; Jackson Laboratories, West Grove, PA, USA).
Schwann cells were detected by staining S100, a specific glial antigen
(polyclonal anti-S100b primary antibody, 1 : 150; Dako) and a Cy5-
conjugated donkey antirabbit antibody (1 : 600; Jackson Laborato-
ries). Nicotinic acetylcholine receptors (nAChRs) were visualized
using a tetramethylrhodamine-conjugated a-bungarotoxin (a-BgTx,
1 : 200; Molecular Probes). Acetylcholine esterase was detected using
an Alexa 488-conjugated fasciculin2. Conjugation and purification of
fasciculin2 (Latoxan, France) with the Alexa dye was performed using
the Molecular Probes Alexa Fluor� 488 protein labeling kit and
following the manufacturer’s instructions. The conjugated fasciculin2
Alexa dye was purified from unconjugated dye by size exclusion
chromatography using Bio-Gel P-4 (Bio-Rad). The dye attached to
one or more lysine residues in the protein at the ratio of one mol of
Alexa 488 attached per mol of fasciculin2. nAChR c ⁄ d subunits were
detected using a monoclonal antibody from ascite (Antibodies-
online.com). Tubulin was detected using a mouse monoclonal
antibody clone E7 anti-b-tubulin from the Developmental Studies
Hybridoma Bank.

Combined in situ cell death detection (TUNEL method) and
immunostaining

SM muscles cryostat sections from P7, P10 and P19 homozygous med
and WT mice were rinsed in PB and incubated at 37 �C for 1 h 30 min
in 50 lg ⁄ mL BSA with 0.3% Triton X-100 in PB. After rinsing, in
situ detection of apoptotic cells was performed by using the In Situ
Cell Death Detection Kit Fluorescein (Roche) and following the
manufacturer’s instructions. After rinsing, sections were incubated in a
humidified chamber for 1 h 30 min in the dark, at RT, with an anti-
S100b rabbit polyclonal antibody and then with Cy5-conjugated
donkey anti-rabbit antibody and conjugated a-BgTx as described
above. The sections were rinsed in PB and incubated with DAPI for
10 min at RT. Preparations were mounted as described above.

Confocal acquisition, deconvolution imaging, 3-D rendering and
quantification

Confocal image acquisition was performed on a Leica DML 2500 and
on a Leica TCS SP2 laser scanning microscope (Leica Microsystems,
Heidelberg, Germany) with a 63 · oil-immersion objective (numerical
apertures 1.30 and 1.32). Pinhole size was set to ‘Airy one’ to achieve
the best possible resolution (without reducing luminosity). On the
Leica TCS SP2 laser scanning microscope, voxel size was adjusted to
58 nm in x and y and to 162 nm in z by adjusting the scanning zoom
factor. For each channel, photomultiplier gains and offsets were
adjusted in order to use the full image dynamic range. Maximum
intensity projections were used to represent confocal stacks. The depth
of each confocal acquisition was adapted to explore the entire NMJ
and incoming nerve fibre. Maximum intensity projections were used to
represent confocal stacks. Deconvolution of confocal stacks and 3-D
visualization was performed on a Silicon Graphics Octane 2 work-
station. Point spread function (PSF) of the microscope was obtained
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from TetraSpeck fluorescent microsphere standards (Molecular
Probes). To obtain high quality restoration of images, Huygens
professional software was used (Scientific Volume Imaging, Hilver-
sum, The Netherlands) with measured PSF and MLE (maximum
likelihood estimation) algorithms. Three-dimensional rendering and
measurement of active zone (SV2) volume were performed on Imaris
software (Bitplane AG, Saint Paul, MN, USA). Area measurement
was done with the integrated morphometric analysis tool from
Universal Imaging Metamorph. The outer border of the a-BgTx
staining determined the motor endplate area.

Immunoblotting analysis

Total proteins were extracted from P19 frozen paraformaldehyde-fixed
SM muscles from WT and med mice using the Qproteome FFPE tissue
kit following the manufacturer’s instructions (Qiagen). The concen-
tration of the extracted proteins was determined by the BCA method
(Pierce). An equal volume of reducing SDS sample buffer (2·) was
added to these extracted proteins. Sixty micrograms of total proteins of
each sample were boiled and fractioned on SDS–9% polyacrylamide
gels. Gel electrophoresis and immunoblotting have been described
(Vacher et al., 2007). After incubation with primary antibodies, blots
were incubated with horseradish peroxidase-conjugated secondary
antibodies (GE Healthcare) followed by enhanced chemiluminescence
reagent (Perkin Elmer, Wellesley, MA, USA). Immunoreactive bands
were visualized by exposing blots to X-ray film. Two independent sets
of experiments were performed.

Statistical analysis

Means of motor endplate area, of volume occupied by SV2 and of
TSC number per NMJ were statistically analyzed with unpaired
Student’s t-tests. Errors are given as mean ± SD as noted. Statistically
significant differences in the number of NMJs innervated according
the parameters studied and with TSCs were calculated using Fisher’s
exact test. With large samples, a Chi-squared test was used (apoptotic
nuclei number). Differences were considered significant at P < 0.05.
Data were statistically analyzed with Graph Pad Prism Software.

Results

Motor axonal pattern of the NMJs was altered in med mice at
P19

Med mice do not express a reduction in motor neurons in the spinal
cord (Porter et al., 1996). To determine whether axonal defects might
explain the weakness in these mutants we examined NMJs from
whole-mount ST muscles from P19 WT and med mice (terminally ill
animals as defined in the Material and methods section) with confocal
microscopy. Antibodies against NF and SV2 proteins were used to
visualize distal axons and nerve terminals, respectively, and nAChRs
were stained with conjugated a-BgTx. First, we quantified the number
of axons innervating individual motor endplates that could be
observed in their totality on two and three ST muscles from P19
WT and med animals, respectively (Table 1; Fig. 1G–I). Out of 196
junctions examined in the WT, 96% of the NMJs were mono-
innervated and only 4% displayed persistent multiple innervation. In
the mutant, 14% of the 326 junctions examined presented persistent
multiple innervation (Table 1). The difference between multi- to
mono- innervation in med and WT mice was significant (P < 0.05,
Fischer test), suggesting that the process of synapse elimination

(Balice-Gordon & Lichtman, 1993) is affected in the mutant. Next, we
compared the branching pattern of pre-terminal axons, using confocal
microscopy in association with deconvolution, in WT and mutant
mice by counting the number of branching points formed by each
axon contacting individual motor endplates. In the mutant, we
observed a reduced branching of the distal axons visualized by NF
staining (Table 1, P < 0.05, Fischer test; WT, n = 10 and med,
n = 47). Distal axons failed to form the fine branching pattern
characteristically found at normal NMJs (Fig 1B and E). In addition,
preterminal axons in med mice appeared thick and swollen (Fig. 1E).
However, our immunoblotting analysis showed no differences in NF
and nAChR expression between WT or med mice at P19 (Fig. 1J). We
further quantified the overlapping of nAChRs in terms of nerve
terminal arborization. Motor endplates detected by a-BgTx associated
with SV2 (Fig. 2) and fasciculin2 (not shown) stainings were counted
(Table 2 and Fig. 2). Analysis with the Fischer test showed no
significant difference between the innervation of motor enplates in
mutant and WT mice. This indicates that the clinical phenotype of med
mice is not associated with denervation, Moreover, it is also most
improbable that the terminal sprouting seen in the area free of
endplates of terminally ill animals (Duchen, 1970; Musarella et al.,
2006) is central to the med phenotype. Morphometric analysis was
achevied by complementary quantification of partially innervated
motor endplates using confocal microscopy in association with
deconvolution. Quantification of partial overlap concerned only one
of 208 NMJs in WT and five of 276 NMJs in mutants, underlining
good overlapping of the postsynaptic compartment by the terminal
arborization.

NMJ organization was altered in med mice at P19

Next, to focus on pre- and postsynaptic apparatus defects in the
mutant, confocal microscopy in association with deconvolution
(Fig. 1A, D and G) was strengthened by 3-D reconstruction analysis
(Fig. 1B, C, E, F, H and I). In WT NMJs, the nAChR-rich
postsynaptic apparatus is organized into a pretzel-shaped array of
branches that precisely mirrors the finely branching pattern of the
motor nerve terminal (Figs 1A–C and 2A–D). Clusters of neurotrans-
mitter-filled vesicles, visualized with SV2 staining, are organized into
a wine grape-like shape, in precise juxtaposition to nAChR aggregates
(Figs 1A–C and 2A–D). Abnormalities affecting the NMJs were
identified in med mutants (Figs 1D–I and 2E–H). Presynaptic SV2 and
postsynaptic nAChR stainings were more compact than in age-related
WT mice and, in some cases, were not so precisely apposed (Figs 1E
and H and 2E–H). Furthermore, poor terminal arborization was always
detected in conjunction with defects in the postsynaptic apparatus
defined by nAChR clusters lacking in structural complexity. Alto-

Table 1. Analysis of NMJ innervation on ST muscles from P19 WT and med
mice

NMJs: (%) identified by NF ⁄
a-BgTx co-staining (%)

WT med

Multi-innervation 4 16*
Preterminal axon branching points:
No branching point 0 8 (n.s.)
Mono branching point 0 32*
Multi branching points 100 60*

n.s., not significant; *P < 0.05, Fischer test.
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gether, this analysis reveals that the organization of the innervated
motor endplates, defined by the co-staining of pre- and postsynaptic
components, was disorganized in mutant mice.

NMJ maturation was delayed in med mice

We then characterized how the NMJs were affected in med mice along
development, at P7, P10 and P19, by morphometric analysis using
confocal microscopy and 3-D reconstruction (Fig. 3). During this
period of development, a complex transition from an ovoid plaque-like
stucture to a branched, pretzel-like shape (Fig. 3A–C) occured
whereas the area of the WT motor endplates remained constant
(Fig. 3D). In contrast, in med mice at P19, we observed that the size of
NMJs decreased: the area of NMJs were, on average, two-thirds the
area of WT NMJs (195 vs. 289 lm2, P < 0.001, Student’s t-test;
Fig. 3D). In addition, the motor endplates were predominantly
organized into either plaque-like or perforated (C-shaped) structures,
corresponding to the morphology of younger motor endplates (at P19,
83% in mutant vs. 16% in WT, P < 0.001, Fischer test; Fig. 3A). At

P7, the percentage of each type of NMJ was similar in WT and in
mutant mice (Fig. 3A). At P10, 28% of the NMJs of WT animals
displayed a branched shape corresponding to the morphology of a
mature postsynaptic apparatus, whereas no such degree of maturation
was observed in med mice (P < 0.001, Fischer test; Fig. 3A). In
addition, from P7 to P10, the percentage of ovoid plaques in WT
decreased significantly whereas no change occured in the mutant
(Fig. 3A). Altogether, these findings indicated that the synaptic

A

B
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D

E

F

G

H

Fig. 2. Representative images of NMJ organization in P19 (A–D) WT and
(E–H) med mice. Analysis by confocal microscopy and deconvolution of
whole-mount ST muscles co-stained with SV2 antibodies and conjugated a-
BgTx. (A–D) In WT muscles, nerve terminal arborization overlie the
postsynaptic nAChRs. Projection of 45 confocal planes (17.6 lm). (E–H) In
med muscles, the pre- and postsynaptic compartments are not precisely apposed
but the overlap of nAChRs by terminal arborization is maintained. Projection of
71 confocal planes (35 lm) except for the upper image (55 confocal planes,
27 lm). Scale bars, 8 lm.

Table 2. Analysis of NMJ terminal arborization on ST muscles from P19 WT
and med mice

NMJs (%) identified by
a-BgTx staining

WT med

SV2 co-staining 73 78 (n.s.)
SV2 + Fasciculin2 co-staining 73 68 (n.s.)

ns, not significant, Fischer test. WT: n = 214, med: n = 336

A

D

G

B

E

H

C

F

I

J

Fig. 1. NMJs are altered in terminally ill medmice (P19). (A–I) Co-staining of
whole-mount ST muscles with NF and SV2 antibodies and labeled a-BgTx; 14
WT and 34medNMJs were analyzed by (A, D and G) deconvolution of confocal
stacks and (B, C, E, F, H and I) 3-D visualization. (A–C) In WT muscles, motor
nerve terminals (NF + SV2) fully occupied complex nAChR clusters (a-BgTx).
The nAChR ‘pretzel’-shaped is characteristic of mature endplates. Projection of
68 confocal planes (11 lm). (D–F) Inmedmuscles, many nAChR clusters have a
‘spoon’ shape, representing an immature morphology, absent in WT at this age.
NMJs are smaller than those in controls and exhibit a poor branching of the axon
terminals. Projection of 57 confocal planes (9.12 lm). (G–I) Representative
image of a med motor endplate (C-shaped staining by a-BgTx; another type of
immature morphology) innervated by two different axons. Projection of 152
confocal planes (24.6 lm). (J) Immunoblotting analysis performed on total
protein extracts of P19WT andmed SMmuscles using NF, nAChR c ⁄ d subunits
and b-tubulin antibodies Anti-b-tubulin antibody was used as a loading control.
Scale bars, 2 lm.
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maturation was delayed in med mice. To strengthen this conclusion,
we detemined the volume of SV2 imunostaining, as an index of the
volume occupied by the synaptic terminals, in developing NMJs
(Fig. 3E). In WT, the developing SV2 volume demonstrated a
biphasic curve, decreasing sharply from P7 to P10 then returning to
its P7 value by P19. This is linked to remodelling of NMJs from
multiple- to mono-innervation (Balice-Gordon & Lichtman, 1993). In
contrast, at P7, SV2 volume in the med mutant, which was
significantly lower (P < 0.5, Student’s t-test) than in the WT,
increased gradually until P19 (Fig. 3E), suggesting an accumulation
of synaptic vesicles, probably related to a failure of neuromuscular
transmission (Mantilla et al., 2007).

The number of TSCs decreased from the onset of the
phenotype

The number of TSCs at each NMJ increases rapidly during early
postnatal life and then slows down in young adults (Hirata et al.,
1997; Love & Thompson, 1998). In contrast, we previously showed

that the number of TSCs on ST muscle significantly decreased in
terminally ill animals (Musarella et al., 2006). To determine how the
TSC number was affected in med mice during development, we
performed S100 immunochemistry combined with a-BgTx staining at
P7, P10 and P19, on two different muscles, the ST and the SM.
Quantification of NMJs with associated TSCs (Fig. 4A; Tables 3 and
4) was performed on NMJs that could be observed in their totality. At
P7, no difference was observed in all conditions; an average of 60% of
NMJs were found to be associated with TSCs, a percentage already
obtained by others (Hirata et al., 1997). At P10, the number of NMJs
with TSCs was significantly different (P < 0.001, Fischer test) in the
med mice in the two types of muscles, with a greater decrease in ST
muscle (30% of NMJs with TSCs in ST vs. 60% in SM). This decrease
persited to P19 (P < 0.001, Fischer test). Numbers of TSCs associated
with each endplate (Fig. 4B; Tables 3 and 4) were counted by co-
staining S100 and DAPI, a nuclear marker, at each age on the two
types of muscles. On average, NMJs had 2.5 associated TSCs in
normal muscle, a number in accordance with that already reported
(Hirata et al., 1997). Analysis with Student’s t-test showed that the

A

B C

D E

Fig. 3. The med mutation impairs pre- and postsynaptic specializations in developing NMJs. NMJs from at least two whole-mount ST muscles at each age were
subjected to a-BgTx and SV2 staining and analyzed by confocal microscopy and deconvolution, and in part by 3-D reconstruction. (A) Counts of immature (ovoid
plaque type and sum of perforated and C-shaped types) and mature (branched type) motor endplates. Analysis of nAChR clusters induced by the med mutation, as
compared to the WT, showed a persistent immature topology (***P < 0.001, Fischer test). Results are shown as a percentage of the total number of WT and med
NMJs analyzed at P7 (respectively, n = 81 and 95), at P10 (n = 36 in both) and at P19 (respectively, n = 364 and 428). (B) Representative images of the motor
endplate organization at P7. Ovoid plaque type: confocal planes, n = 82 (13.2 lm) and n = 73 (11.7 lm) in WT and mutant respectively. Perforated type: confocal
planes, n = 73 (11.7 lm) and n = 42 (6.7 lm) in WT and mutant respectively. (C) Representative images of the motor endplate organization at P19. Ovoid plaque
type: confocal planes, n = 115 (18.6 lm) in mutant. Perforated type: confocal planes, n = 43 (6.84 lm) and n = 68 (10.9 lm) in WT and mutant respectively.
Branched type: confocal planes, n = 81 (13 lm) and n = 38 (6 lm) in WT and mutant respectively. (D) Motor endplate area quantification. No difference was
observed between WT and med mice from P7 to P10. By contrast, in P19 med mice, NMJs were smaller than WT NMJs (***P < 0.001, Student’s t-test). Results are
shown as the mean ± SD obtained from WT and med NMJs at P7 (respectively n = 68 and 91), at P10 (respectively n = 77 and 42), and at P19 (respectively n = 14
and 34). (E) Quantification of the volume occupied by the SV2 staining. At P7 and P10, the presynaptic compartment staining showed significant difference between
the WT and the mutant in the volume occupied by SV2-bearing vesicles (respectively *P < 0.05 and **P < 0.01, Student’s t-test). Results are shown as the
mean ± SD obtained from 10 NMJs in each condition. Scale bars in B and C, 2 lm.
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difference between TSC number per NMJ in mutant and WT (2.5) was
highly significant (P < 0.001) at P10 (med SM, 1.7 and ST, 1.5) and
increased until P19 (0.5 and 1.2). To examine the possibility that the
decrease in TSC number was a result of cell death, we used the
TUNEL technique to identify the nuclei of cells undergoing the DNA
fragmentation characteristic of apoptosis. In ST muscle, TUNEL–
DAPI co-labeled nuclei in S100-positive glial cells located in the
vicinity of a-BgTx-positive motor endplates were counted on thick

sections from P7, P10 and P19 WT and mutant mice (Fig. 5; Table 4).
At P10, 2.5% of remaining TSCs were TUNEL-positive (2722 cells,
68 apoptotic nuclei, seven muscles) in the WT, vs. 4.5% (1599 cells,
72 apoptotic nuclei, six muscles) in the mutant (P < 0.001, Chi-
squared test). As shown in Fig 4A and B, some motor endplates were
already devoid of TSCs and others had less than their normal
complement, suggesting that some TSCs had already completed
apoptosis. Our data suggest that apoptosis might be responsible for the
decrease in TSC number in med mice as observed after neonatal
denervation where apoptotic TSCs are identifiably for only a short
time and then disappear (Lubischer & Thompson, 1999). In conclu-
sion, med mice displayed a drastic decrease in TSCs (Fig. 4A),
especially at TSC-positive junctions (Fig. 4B). Loss of TSCs occurs
simultaneously with the establishment of the phenotype and is due, in
part, to an increase in glial cell apoptosis.

Discussion

In this study we investigated the early cellular and molecular
consequences of the med mutation on NMJs and charted the process
of neuromuscular paralysis as the disease progressed. We observed
that cellular defects preceded overt clinical phenotypes. The first
detectable cellular effect of the mutation at the onset of the phenotype
was a drastic reduction in the number of TSCs, in part due to an
increase in glial apoptosis and delayed maturation of motor endplates.
We also showed that in terminally ill animals mono-innervation was
not achieved, synaptic vesicles accumulated in the presynaptic
compartment and, finally, the size of motor endplates was reduced.
All together, our findings suggested that the clinical weakness in these
mutant mice could be due to structural abnormalities of the NMJ.
Mammalian neuromuscular synapses undergo an activity-dependent
competitive transition from multiple to single innervation during

A

B

Fig. 4. The number of TSCs decreased from the onset of the clinical
phenotype in the mutant. Co-labeling of ST and SM muscles from P7, P10 and
P19 WT and med mice with an anti-S100 antibody, DAPI and labeled a-BgTx.
Counts of total number of NMJs, of NMJs with TSCs and of total number of
TSCs are presented in Tables 3 and 4. (A) Percentage of NMJs with S100-
positive TSCs. (B) Mean number of S100-positive TSCs per NMJ. From P10 to
P19, med mice displayed (A) a drastic decrease in number of NMJs with TSCs
(***P < 0.001, Fischer test) and (B) a reduced number of TSCs in TSC-
positive junctions (***P < 0.001, Student’s t-test).

Table 3. TSC number per NMJ on whole-mount of ST muscles from P7, P10
and P19 WT and med mice

NMJs NMJs with TSC TSCs

P7
WT 70 43 108 (n.s.)
med 184 114 285

P10
WT 75 50 120***
med 149 44 75

P19
WT 217 186 465***
med 486 162 81

n.s., not significant; ***P < 0.001, Student’s t-test.

A B C

Fig. 5. Identification of apoptotic TSCs. TUNEL-DAPI co-labelled nucleus in
an S100-positive TSC located in the vicinity of an a-BgTx-positive motor
endplate. Scale bars, 5 lm.

Table 4. Quantification of apoptotic TSCs on SM muscle thick sections from
P7, P10 and P19 WT and med mice [Correction added after first online
publication on 30 May 2012: The incorrect alignment of the table headers of
Table 4 has been replaced.]

NMJs NMJs with TSC TSCs Apoptotic TSCs

n %

P7
WT 640 403 1600 15 0.93 (n.s.)
med 936 563 2340 21 0.89

P10
WT 1089 960 2722 68 2.50***
med 1066 646 1599 72 4.50

P19
WT 192 171 480 2 0.40 (n.s.)
med 711 431 714 10 1.40

n.s., not significant; ***P < 0.001, Chi-squared test.
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postnatal life (Thompson, 1983; Sanes & Lichtman, 2001). Neural
activity affects perinatal sorting and elimination of motor neuron
inputs to skeletal muscle (Thompson, 1983; Sanes & Lichtman, 2001;
Personius & Balice-Gordon, 2002; Personius et al., 2007). In fact,
multiple innervation is maintained when activity is eliminated whereas
enhanced activity accelerates the transition to single innervation
(Thompson, 1983; Ridge & Betz, 1984; Callaway et al., 1987;
Ribchester, 1993). Here, we showed that in med mice the synaptic
elimination was impeded, leading to a persistent multi-innervation. It
is important to note that this persistent multi-innervation could lead to
an underestimation of the impact of the mutation on the organization
of the NMJ, even though the motor axon and motor endplate patterns
are affected.
The maturation of the presynaptic element occurs between P7 and

P14, a period during which there is a development of the axon
terminal branches in phase with a segregation of synaptic vesicles in
the active zones (Lupa & Hall, 1989; Torres-Benito et al., 2011). In
med mice, the maturation of the terminal arborization (SV2 staining)
was delayed at P7, even before the onset of clinical signs (according to
the criteria defined in the Materials and methods section). The volume
occupied by SV2 was 40% lower than the SV2 volume measured in
WT mice. However, after P7 we observed an increase in the size and
density of releasable synaptic vesicle pools (the volume occupied by
SV2 doubled between P7 and P19), probably related to a failure of
neuromuscular transmission (Mantilla et al., 2007). By P19, med mice
showed an imbalance in the coordinated growth of the presynaptic and
postsynaptic elements, with an increase in synaptic vesicle pools and a
reduction in the size of the motor endplates. Abnormalities of NMJ
development have already been reported for Dok-7 and MuSK mice,
which present reduced size of motor endplates and reduced postsyn-
aptic folding (DeChiara et al., 1996; Beeson et al., 2006; Okada et al.,
2006), but never for the med mutation. Moreover, P19 med mice also
presented a significant decrease in the number of connections of the
pre-terminal axon (NF staining) innervating each individual motor
endplate, and a terminal axonal sprouting visible in regions devoid of
endplates (Duchen, 1970; Musarella et al., 2006). Studies have shown
that neuromuscular synaptic transmission is almost completely
impaired in 17-day-old med mice (Duchen & Stefani, 1971; Harris
& Pollard, 1986). This suggests that synaptic transmission deficits
occur before P17. Therefore, med mouse phenotypes might be due to a
deficit in neural activity, probably as a consequence of the association
of both neurotransmission failures and NMJ structural alterations.
It is now clear that TSCs play a crucial role in NMJ development,

regulating both pre- and postsynaptic maturations. This is demon-
strated by the fact that in vivo selective ablation of TSCs in tadpole
muscles leads to less synaptic growth, to more synaptic retractions and
even to a complete loss of some synapses (Herrera et al., 2000; Reddy
et al., 2003). Similarly, the lack of TSCs in ErB2-deficient mice or in
neural crest cell-specific b1-integrin-deficient mice lead to defective
maturation in neuromuscular synaptogenesis (Lin et al., 2000; Pietri
et al., 2004). In frog and mouse, Schwann cell-conditioned medium
promotes postsynaptic maturation (Peng et al., 2003) via transforming
growth factor-b1 (Feng & Ko, 2008b) and enhances spontaneous
synaptic transmission in Xenopus nerve–muscle cultures and in situ in
developing Xenopus NMJ (Cao & Ko, 2007). TSCs also modulate the
AChRs clustering at the motor endplate and the activation of nAChR
genes in subsynaptic nuclei during development via the expression of
Neuregulin-1 and -2, and agrin (Burgess et al., 1999; Yang et al.,
2001; Rimer et al., 2004; Jaworski & Burden, 2006). Finally, TSC
proliferation and process growth, which is induced by axon-derived
neuregulin-1, triggers nerve terminal sprouting in developing mouse
muscles (Trachtenberg & Thompson, 1997; Hayworth et al., 2006).

The number of TSCs at each NMJ increases rapidly during early
postnatal life and precedes the expansion of the motor endplate size
(Hirata et al., 1997; Love & Thompson, 1998; Lubischer & Bebinger,
1999). Any perturbations of TSC development and maturation in
neonatal mice lead to the withdrawal of nerve terminals from synaptic
sites (Trachtenberg & Thompson, 1997). Previous studies showed that
the number of TSCs at NMJs might be regulated by the muscle-
derived neurotrophin-3, which possesses a developmentally regulated
expression (Hess et al., 2007). Here, we observed that the first cellular
effect of the med mutation was a decrease in the numbers of TSCs
after the first week of birth. Therefore, it is likely that the reduction in
TSCs in med mice during postnatal development may impair proper
NMJ maturation. We also showed that reduction in TCS number
might be due in part to an increase in glial apoptosis. However, the
mechanisms modulating and ⁄ or triggering this reduction are still
unknown. Thus, future studies should focus on deciphering the
molecular mechanisms regulating the apoptosis of TSCs in med mice.
In conclusion, the med phenotype appears at a crucial stage of the

NMJ development corresponding to the increase in TSC number, the
elimination of multiple innervations and the synaptic maturation. In
the med mice, these processes are altered such that there is a decrease
in TSC number, persistent multiple innervations and a defect in
synaptic maturation. All together these findings suggest that the med
pathology is related to NMJ postnatal structural developmental
defects, probably triggered by the progressive loss of the TSCs and
an ineffective synaptic maturation.

Supporting Information

Additional supporting information can be found in the online version
of this article:
Movie S1. Done at P10, showing how med mice are affected in their
postnatal development at the onset of the phenotype. One med mouse
and one WT mouse are shown.
Movie S2. Done at P19, showing how med mice are affected in their
postnatal development at the terminal ill phenotype. Two med mice
and one WT mouse are shown.
Please note: As a service to our authors and readers, this journal
provides supporting information supplied by the authors. Such
materials are peer-reviewed and may be re organized for online
delivery, but are not copy-edited or typeset by Wiley-Blackwell.
Technical support issues arising from supporting information (other
than missing files) should be addressed to the authors.
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