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Abstract

Objective: Data from mouse models of amyotrophic lateral sclerosis (ALS)
suggest early morphological changes in neuromuscular junctions (NMJs), with
loss of nerve-muscle contact. Overexpression of the neurite outgrowth inhibitor
Nogo-A in muscle may play a role in this loss of endplate innervation. Methods:
We used confocal and electron microscopy to study the structure of the NMJs
in muscle samples collected from nine ALS patients (five early-stage patients and
four long-term survivors). We correlated the morphological results with clinical
and electrophysiological data, and with Nogo-A muscle expression level. Results:
Surface electromyography assessment of neuromuscular transmission was abnor-
mal in 3/9 ALS patients. The postsynaptic apparatus was morphologically altered
for almost all NMJs (n = 430) analyzed using confocal microscopy. 19.7% of the
NMJs were completely denervated (fragmented synaptic gutters and absence of
nerve terminal profile). The terminal axonal arborization was usually sparsely
branched and 56.8% of innervated NM]Js showed a typical reinnervation pattern.
Terminal Schwann cell (TSC) morphology was altered with extensive cytoplas-
mic processes. A marked intrusion of TSCs in the synaptic cleft was seen in
some cases, strikingly reducing the synaptic surface available for neuromuscular
transmission. Finally, high-level expression of Nogo-A in muscle was signifi-
cantly associated with higher extent of NMJ denervation and negative functional
outcome. Interpretation: Our results support the hypothesis that morphological
alterations of NM]Js are present from early-stage disease and may significantly
contribute to functional motor impairment in ALS patients. Muscle expression
of Nogo-A is associated with NMJ denervation and thus constitutes a therapeu-
tic target to slow disease progression.
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Nogo-A and Neuromuscular Junction Defects in ALS

Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive
neurodegenerative disorder involving motor neurons of
the cerebral cortex, brain stem, and spinal cord, usu-
ally leading to death in 3-5 years."? The cause of the
disease is unknown and about 90% of ALS cases are
sporadic. The remaining 10% are familial cases among
which 20% can be attributed to a mutation in the
superoxide dismutase (SODI) gene. Several lines of
evidence suggest early and selective changes in neuro-
muscular junctions (NMJs) in ALS. Studies using
transgenic mice expressing mutations in the SODI
gene have shown that NM]J degeneration occurs in
the early stages of disease progression. Pathological
studies of SOD19”** mutant mice at multiple time
points during the disease course showed that denerva-
tion of NMJs is significant far before the appearance
of first pathological changes in the motor neurons.™*
Selective loss of fast fatigable neuromuscular synapses
and resistance of slow-type synapses which retained
high sprouting competence were also reported in
mouse models of ALS.>® The neurite outgrowth
inhibitor Nogo-A, which is ectopically expressed in
skeletal muscle of patients with ALS at levels that
correlate with the severity of the clinical symptoms,’
may play a role in this early loss of muscle innerva-
tion. In SOD1°**®.mutant mice, Nogo-A is overex-
pressed in muscle® and its genetic ablation prolongs
survival and reduces muscle denervation.” Furthermore,
it has been shown that overexpression of Nogo-A in
wild-type mouse muscle affects the NMJ with frag-
mentation of the postsynaptic compartment and loss
of nerve-muscle contact.”

In patients with ALS, various studies using surface
recording of compound motor action potentials
(CMAPs) after repetitive nerve stimulation (RNS) at
slow stimulus rate have suggested impairment of neuro-
muscular transmission.'”'* However, the underlying
morphological changes of the NM]Js remain largely
unknown. Using confocal and electron microscopy, we
performed a comprehensive study of the structure of
the NMJ in five early-stage ALS patients and four long-
term survivors. We correlated the morphological results
with electrophysiological and clinical data, and with the
level of Nogo-A muscle content determined by western
blot analysis. We showed that major structural altera-
tions of the NMJs were present in all ALS patients and
that NMJ loss of innervation correlated with Nogo-A
muscle expression.
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Patients and Methods

Patients and controls

Nine patients were enrolled in a study performed between
March 2009 and July 2013. The study was approved by
the local ethics committee and all patients provided writ-
ten informed consent according to the institutional guide-
lines. All patients met the El Escorial World Federation of
Neurology criteria for the diagnosis of definite, probable,
or possible ALS."> With the patients’ written informed
consent, genetic screening was performed for mutations
in the SODI, TARDBP, and FUS genes, and for the
GGGGCC  hexanucleotide-repeat  expansion in the
C90ORF72 gene. All patients were prospectively followed
up every 3 months after muscle biopsy. Functional
impairment was assessed using the revised ALS Functional
Rating Scale (ALSFRS-R) which rates the performance of
activities of daily living, with scores from 0 (total disabil-
ity) to 48 (no disability).'® The rate of disease progression
from symptom onset was calculated for each patient as
follows:

(48 — ALSFRS-R score at “last follow-up”)/time from
symptom onset to last follow-up

Surface-recorded neurotransmission studies

Surface-recorded studies of neuromuscular transmission
were performed at the time of inclusion. The RNS test at
slow stimulus rate (10 stimuli at 3 Hz) was performed at
room temperature, bilaterally on the spinal accessory
nerve (recording electrode over the upper trapezius
muscle), the ulnar nerve (recording electrode over the
hypothenar muscle), the radial nerve (recording electrode
over the anconeus muscle), the deep peroneal nerve
(recording electrode over the tibialis anterior muscle),
and the cranial nerve V. For the cranial nerve V, the
recording electrode was placed over the submandibular
region (recording of the mylohyoid muscle which is
innervated by a branch of the mandibular nerve) and the
stimulation was performed below the angle of the mandi-
ble. For each train of repetitive stimuli, the amplitudes of
the first and fifth CMAPs were compared, and the result-
ing decrement of the latter (if present) was expressed as a
percentage. In clinical practice, a decrement greater than
10%, with a smooth U-shape, is considered to indicate
neurotransmission impairment.'” Short exercise tests were
performed according to the technique described by Four-
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nier and colleagues.'® CMAPs were recorded on the
hypothenar muscle after stimulation of the ulnar nerve at
the wrist and on the plantar flexor muscles after stimula-
tion of the posterior tibial nerve at the ankle. CMAPs
were recorded at rest, and immediately after a maximal
voluntary contraction of the muscle in isometric condi-
tions during 30 sec. The procedure was repeated three
times for each nerve. A postexercise increment greater
than 20% was considered abnormal, suggesting presynap-
tic dysfunction.

Motor-point muscle biopsy procedure

Muscle samples were removed from the deltoid muscle by
open biopsy under local anesthesia for six patients. The
region containing NMJs was determined by the small
twitch provoked by the tip of the scalpel on the surface
of the muscle fascicles. For three patients, muscle speci-
mens were taken from the anconeus muscle, under regio-
nal anesthesia, using the technique described by Maselli
and colleagues.'**°

Confocal imaging study of NMJs

The presence of NMJs was confirmed on a longitudinal
strip of the specimen using the classic Koelle method
revealing cholinesterase activity.”' After fixation with 4%
paraformaldehyde, whole mounts of muscle specimens
were stained for acetylcholine receptors (AChRs) with
tetramethylrhodamine-conjugated o-bungarotoxin (1/500,
Molecular Probes, Life Technologies, Saint Aubin,
France). For staining of axons, the following primary
antibodies were used: 168 kDa neurofilament antibody
(1/250, 2H3, Developmental Studies Hybridoma Bank,
Iowa City, IA), 200 kDa neurofilament antibody (1/250,
Chemicon International Inc., Billerica, MA), and 68 kDa
neurofilament antibody (1/100, Abcam, Cambridge, MA).
Terminal Schwann cells (TSCs) were revealed by anti-
S100 polyclonal antibody (1/50, Polyclonal Rabbit S100,
Dako, Les Ulis, France). The specimens were observed by
confocal microscopy (Carl Zeiss LSM510, Oberkochen,
Germany).

Electron microscopy

Muscle samples were fixed in a mixture of paraformalde-
hyde 2% and glutaraldehyde 2.5% in 0.12 mol/L phosphate
buffer (pH 7.4). Samples were postfixed with osmium
tetroxide (2%) in sodium cacodylate buffer, dehydrated
and embedded in epoxy resin. Ultrathin sections (80 nm)
were contrasted with uranyl acetate followed by Reynolds
lead citrate and viewed in a Philips CM120 transmission
electron microscope (Philips Electronics Ltd., Amsterdam,

Nogo-A and Neuromuscular Junction Defects in ALS

the Netherlands). Digital images were taken with a Morada
CCD camera (Soft Imaging Systems, Muenster, Germany).

Western blot determination of Nogo-A
muscle content

For western blot determination of Nogo-A muscle con-
tent, total protein extracts were prepared as described
previously.® Briefly, muscle biopsy specimens were manu-
ally homogenized in phosphate-buffered saline containing
1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1%
sodium dodecyl sulfate, 1% protease inhibitor cocktail,
and 1% phosphatase inhibitor cocktail. Homogenates
were boiled for 5 min and sonicated for 20 sec. After cen-
trifugation at 15,000¢ for 20 min at 4°C, equal amounts
of protein, according to the bicinchoninic acid assay, were
separated at a constant voltage of 125 V with 4-20%
Mini-PROTEAN® TGX™ Precast Gel (Bio-Rad, Marnes-
la-Coquette, France) using manufacturer’s instructions.
Separated proteins were electrotransferred to nitrocellu-
lose membranes using the Trans-Blot® Turbo™ Transfer
Pack (Bio-Rad). Reversible staining with 0.1% Ponceau S
in 5% acetic acid was performed as loading control and
used for quantification purposes.”* Rabbit polyclonal anti-
Nogo-A antibody (AR2) was directed against sequence
AKIQAKIPGLKRKAE, as described previously.” Mouse
brain protein extract was systematically included to ensure
Nogo-A band identification. Immunostaining was performed
with AR2 diluted 1/2000 and horseradish peroxidase—conju-
gated goat anti-rabbit 1gG (Abliance, Compiegne, France)
diluted 1/5000. Blots were developed by enhanced chemilu-
minescence detection using Pierce SuperSignal West Pico
(Thermo Fisher Scientific, Courtaboeuf, France), and visu-
alized with ChemiDoc™ XRS+ imaging system (Bio-Rad).
Nogo-A protein expression was quantified and normalized
to Ponceau staining using Image Lab™ v5.1 software
(Bio-Rad).

Statistical analysis

Statistical analysis was conducted with XLSTATS 2012
software (Addinsoft, Paris, France) and SAS software
version 8.2 (SAS Institute, Cary, NC). We used the Mann—
Whitney U test to compare continuous data. Correlations
between CMAP variation during RNS and CMAP ampli-
tude at rest were analyzed with a linear mixed model for
correlated data. We used a linear mixed model for corre-
lated data and a generalized linear mixed model for corre-
lated data to compare the morphological modifications of
the NMJs between ALS long-term survivors and rapidly
progressive ALS patients. Correlations between Nogo-A
muscle expression level, morphological characteristics, and
electrophysiological and clinical data were analyzed using
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Table 1. Demographic and clinical characteristics of ALS patients.

G. Bruneteau et al.

Disease duration
at the time of

ALSFRS-R score at

Patient Site of muscle biopsy the time of muscle Follow-up Disease progression
no./sex disease onset Age (years) (months) biopsy (months) duration (months) rate! (units/month)
1/F Spinal 63 10 35 39 0.7
2/M Spinal 50 12 37 1 1.4
3/F Bulbar 60 9 42 16 1.5
4/F Spinal 48 9 30 34 2.7
5/M Bulbar 56 14 39 13 0.9
6/M Spinal 53 193 32 27 0.1
7/F Spinal 36 85 32 28 0.2
8/M Spinal 52 101 37 28 0.1
9/F? Spinal 55 100 41 26 0.1
All patients? 53 14 36 24 0.9

Patients 6-9 met the criteria for long-term ALS survivors.?> Mean disease progression rate was significantly different between the rapidly progres-
sive ALS group and the long-term ALS survivors group (1.4 and 0.1 units/month, respectively, P = 0.016). ALSFRS-R, revised ALS Functional Rating

Scale.

"Disease progression rate from symptom onset = (48 — ALSFRS-R score at “last follow-up”) / time from symptom onset to last follow-up.
2Mutation on the SODT gene (c.418A>G, amino acid numbering according to the ALS online database: N139D).
3Values are means, except for disease duration (median disease duration at the time of the biopsy).

the nonparametric Spearman rank correlation test. All
statistics were two-tailed and the level of significance was
set at P = 0.05.

Results

Characteristics of patients with ALS

Nine patients were included in this study (Table 1). All
patients were treated with riluzole. Median disease dura-
tion at the time of the biopsy was 10 months for five
patients with early-stage ALS. Median disease duration
was 100 months for four patients who had more than
5 years of disease progression without requiring respira-
tory support or gastrostomy feeding and met the defini-

tion for long-term ALS survivors.”

Major morphological alterations of the
NMJs are present in all patients with ALS

Postsynaptic apparatus morphology

The postsynaptic apparatus was abnormal in all ALS
patients for almost all detectable NM]Js (n = 430)
observed under confocal microscopy (Fig. 1). Denerva-
tion-induced modifications included enlargement, frag-
mentation, and flattening of the postsynaptic apparatus.
Most of the NM]Js showed a fragmented postsynaptic
compartment, with at least two distinct postsynaptic
elements that could be individualized (Fig. 1B-E,
Table 2). In some NMJs, staining of AChRs was barely

detectable, usually in the case of complete denervation.
In some cases, the outer edge of the postsynaptic pri-
mary gutter presented spike-like areas of AChR labeling
(Fig. 1D). On electron micrographs, the primary synap-
tic clefts were usually flattened with relatively well-pre-
served secondary synaptic clefts (Fig. 2). The presence
of AChRs was identified as a dark electron-opaque bor-
der on the crests of the subneural folds. In some
NMyJs, this dark electron-opaque border extended to the
immediately adjacent, unfolded, portion of the postsyn-
aptic membrane, paralleling the spiculated aspect
observed under confocal microscope after AChR label-
ing (Fig. 2D).

Quantitative and qualitative analysis of
innervation

Of the 228 NMJs analyzed under confocal microscopy
(Fig. 3), 45 (19.7%) were completely denervated (i.e.,
fragmented synaptic gutters and absence of nerve terminal
profile). Among the remaining 183 innervated NMJs, 79
(43.2%) were “remodeled” NMJs in which the axon ter-
minal partially innervated a flattened, fragmented post-
synaptic apparatus. One hundred and four NM]Js (56.8%)
were reinnervated (i.e., NM]Js associating a flattened and
fragmented postsynaptic apparatus and one of the follow-
ing patterns of reinnervation: nodal, preterminal, or ultra-
terminal sprouting, reinnervation with a single axon
terminal innervating several cups with or without branch-

ing).
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Figure 1. Morphology of the postsynaptic apparatus observed by
confocal microscopy (x-Bungarotoxin staining of AChRs, in red). (A)
Normal, “pretzel-shaped,” postsynaptic apparatus. (B-E) Denervation-
induced modifications of the postsynaptic apparatus. Fragmentation
and enlargement of the postsynaptic apparatus with flattening of the
primary synaptic gutter. The outer edge of the postsynaptic primary
gutter sometimes showed spike-like areas (D, arrows). (F) Barely
visible postsynaptic apparatus, usually seen in the absence of contact
with a nerve terminal profile, that is, completely denervated NMJ.
Scale bars, 5 um. AChR, acetylcholine receptor; NMJ, neuromuscular
junction.

We then studied the morphology of all innervated
NMJs in which innervation characteristics could be deter-
mined (# = 107). Normal NM]Js, with a normal postsyn-
aptic apparatus facing a normal terminal arborization,
were not seen. For each innervated NM]J, we determined
the following parameters: number of axons per NM]J,
number of first-order branches of the terminal arboriza-
tion, and number of sprouts (regrouping nodal, pretermi-
nal and ultraterminal sprouts) per axon (Table 2). Each
NM]J was usually singly innervated, but some NMJs, par-
ticularly in the long-term ALS survivors, were polyinner-
vated. The number of axons per NMJ correlated
positively with disease duration (P = 0.025, r = 0.749)

Nogo-A and Neuromuscular Junction Defects in ALS

and negatively with disease progression rate (P = 0.031,

= —0.730). Each terminal axon gave rise to a mean of
1.02 sprouts. The mean number of first-order branches of
the terminal arborization was 1.10 and correlated nega-
tively with the proportion of reinnervated NMJs
(P = 0.050, r = —0.681). Innervation characteristics were
similar in both ALS groups (Table 2).

Terminal Schwann cell alterations

Using confocal microscopy, we analyzed the TSC
morphology of 51 NMJs (Table 2, Fig. 4). Most of the
TSCs were abnormal with extensive cytoplasmic processes.
On average, TSCs extended 2.22 processes and contacted
1.90 distinct postsynaptic elements. TSC alterations were
similar in both ALS groups. On electron micrographs,
TSCs normally “capped” the nerve terminal in some
NMJs (Fig. 2B-D), but in others a marked interposition
of the TSC between the axon terminal and the postsynap-
tic membrane could be observed, which was sometimes
so pronounced that only a small part of the synaptic
surface was accessible for neuromuscular transmission
(Fig. 5). Multiple layers of TSC basal lamina were often
visible near the primary synaptic cleft (Fig. 2B).

Assessment of nheuromuscular transmission

A decrement of CMAP amplitude was observed in 44/
86 nerves after RNS (Table S1). The size of the decre-
ment correlated negatively with the CMAP amplitude at
rest (P = 0.005, f = 0.73). We did not observe any cor-
relation between the morphological features of the
NMJs and the magnitude of the CMAP decrement
measured on the same muscle (for anconeus biopsies)
or a muscle of the same region (trapezius, for deltoid
biopsies). Three patients, among whom two were long-
term ALS survivors, showed a CMAP decrement greater
than 10% in at least one muscle/nerve combination. In
these patients, the size of the decrement ranged from
16% to 26% (mean 20%). During short exercise tests,
immediate postexercise abnormal facilitation (reflecting
presynaptic alterations of the neuromuscular transmis-
sion) was not detected.

Nogo-A muscle upregulation is associated
with a higher proportion of denervated
NMJs and a faster functional decline

Muscle Nogo-A relative protein content could be quanti-
fied by western blot analysis in 7/9 patients (Fig. 6). In
these patients, Nogo-A muscle content correlated nega-
tively with the disease duration at the time of the biopsy
(P =0.012, r = —0.893). Nogo-A muscle expression level
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Table 2. Morphological characteristics of NMJs of ALS patients.

G. Bruneteau et al.

1 2 3 4 5

Patient no. (n=68) (=61 (=41

(n=41)

Early ALS 6 7 8 9
patients (n=58 (n=70) (n=22) (n=35)

Long-term
survivors

Fragmentation 69.23 95.65 95.83 100 90
(% of NMJs
analyzed)'

Mean number 1 1 1 1
of axons
per NMJ

Mean number
of first-order
branches
per axon

Mean number
of sprouts
per axon

Mean number
of postsynaptic
elements
per TSC

Mean number 2
of processes

per TSC

1.07

0.63 1 1.63 0.93

0.25 0.5

2.22 1.86

1.96

90.14 91.43 73.53 100 90.48 88.86

1.01 1.09 1.04 1.06

1.05 0.91 0.89 0.36

0.42 0.96

2.24 2.17 2 2

Values are presented as means for both groups. Differences between groups were not statistically significant. Patients 1-5: early ALS patients;
patients 6-9: long-term ALS survivors. n, number of NMJs analyzed for each patient. NMJ, neuromuscular junction; ALS, amyotrophic lateral

sclerosis; TSC, terminal Schwann cell; ND, not determined.

"Pathological fragmentation: proportion of NMJs with at least two individualized postsynaptic elements.

correlated positively with the disease progression rate,
with a higher Nogo-A muscle content being associated
with a faster functional decline (P = 0.012, r = 0.893).
The proportion of denervated NMJs determined on mus-
cle specimens correlated with Nogo-A protein level, a
higher Nogo-A muscle content being associated with a
greater endplate denervation (P = 0.03, r = 0.821). No
statistically significant correlation was observed between
Nogo-A muscle expression and the other morphological
parameters. However, there was trend for a higher Nogo-
A muscle expression level being associated with a greater
fragmentation of the postsynaptic apparatus (i.e., a higher
proportion of NMJs showing a fragmented postsynaptic
compartment, P = 0.088, r = 0.703) and a lower propor-
tion of reinnervated NMJs (P = 0.066, r = —0.739).

Discussion

In this work, we showed that major alterations of NM]J
morphology were present in all patients with ALS, affect-
ing the three cell components of the NMJ: the postsynap-
tic apparatus, the axon terminal, and the TSC. These
alterations were seen both in long-term survivors and in
early-stage ALS patients, confirming in humans that NM]J
degeneration occurs early in the disease process as sug-
gested in animal models.”*

24726 e observed

In agreement with previous reports,
denervation-induced modifications on electron micro-
graphs, with fragmentation and flattening of the postsyn-
aptic apparatus, and reduced innervation with fairly well-
preserved secondary synaptic clefts. These alterations are
not specific to ALS and may be encountered in other dis-
eases with a denervation process. Other morphological
modifications have not been reported, to date, in ALS.
After staining of AChRs, some NMJs presented spikes
running out from the edges of the postsynaptic primary
gutter. Consistent with this observation, ultrastructural
examination of some NM]Js showed that the presence of
AChRs seemed to extend to the immediately adjacent, but
unfolded, portion of the postsynaptic membrane. This
morphological appearance of NM]Js has been observed in
mice deficient in o-dystrobrevin, a protein involved in the
anchoring of AChRs, and thus in the maturation and sta-
bilization of the postsynaptic membrane.”” Such spikes
were also reported in mice with deficient neuregulin/ErbB
signaling, which contributes to the stabilization of the
postsynaptic apparatus via phosphorylation of a-dystrob-
revin.®® In ALS patients, these spikes may thus be seen,
during the denervation/reinnervation process, in “incom-
pletely” matured NMJs.

Multiple layers of TSC basal lamina were often visible
near the primary synaptic clefts. This accumulation of
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G. Bruneteau et al.
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Figure 2. Ultrastructural findings at the neuromuscular junction (NMJ). (A) Control and (B-E) patients with amyotrophic lateral sclerosis (ALS). (A)
Normal NMJ from a control subject. The primary synaptic gutter is occupied by a nerve terminal (N) containing numerous synaptic vesicles and
mitochondria. Note the postsynaptic membrane folding with well-formed secondary synaptic clefts (arrow). The terminal Schwann cell (TSC) caps
the nerve terminal, without extending into the synaptic cleft (the asterisk is placed over the TSC nucleus). (B) A flattened primary synaptic gutter
with well-preserved subneural folds (arrow) faces a remodeled motor nerve terminal. The vacuoles within the nerve ending (N) are probably
artifacts. The TSC caps the nerve terminal (star: TSC nucleus). Multiple layers of TSC basal lamina can be seen near the primary synaptic cleft
(arrowheads). (C-E) Denervated NMJs. (C) Partially denervated NMJ. A small nerve terminal profile (N) partially occupies the primary synaptic
gutter. Note the well-preserved secondary synaptic clefts (white arrow) and the TSC capping the nerve terminal (arrowheads). The presence of
acetylcholine receptors (AChRs) on the crests of the subneural folds is identified as an electron-opaque border (black arrows). (D) Same NMJ as in
B, lower magnification. On the crests of the subneural folds, where AChRs are present, the muscle postsynaptic membrane shows an electron-
opaque border (arrow). Here, this dark border extends to the immediately adjacent, unfolded, postsynaptic membrane (arrowheads). (E) Fully
denervated NMJ. Unoccupied synaptic gutter with absence of nerve terminal and well-preserved subneural folds (arrow). Residual TSC basal
lamina can be seen in the remaining primary synaptic cleft (arrowhead). Scale bars, 2 um.

TSC laminae is thought to be a consequence of repeated
episodes of expansion/contraction of TSC during the
NM]J regeneration process,”” and could be associated with
recurrent episodes of denervation and reinnervation
encountered in ALS.*® Following experimental denerva-
tion, TSCs of the denervated endplates grow cytoplasmic
processes to form bridges with neighboring innervated
NMJs, bridges that will guide reinnervation. Reinnerva-
tion results in a withdrawal of all the processes except
those used by the regenerating axon to reinnervate a post-
synaptic apparatus.’?* Consistently, in our study, TSCs

elaborated extensive cytoplasmic processes contacting
distinct postsynaptic elements.

Under confocal microscope, more than half of inner-
vated NMJs showed a characteristic reinnervation pattern,
confirming the importance of compensatory reinnervation
in ALS.>>?> As a result of the collateral reinnervation
process, endplate polyinnervation was observed in some
NM]Js and correlated with a higher disease duration and a
lower progression rate. In addition, the terminal axonal
arborization was usually sparsely branched, possibly
related to “immaturity” of reinnervated NM]Js. Consis-

© 2015 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association. 7



Nogo-A and Neuromuscular Junction Defects in ALS

Figure 3. Neuromuscular junctions (NMJs) observed by confocal
microscopy. Staining of acetylcholine receptors (AChRs) with o-
bungarotoxin, in red, and of axon terminals with neurofilament
antibody, in green. (A) Normal NMJ from one control (profile view).
The motor axon divides into two first-order branches. (B) Fully
denervated NMJ with no axon. Note the low AChR staining of the
postsynaptic compartment. (C) Reinnervated NMJ. A fragmented
postsynaptic apparatus is innervated by a motor axon which divides
into two first-order branches (arrowheads). Note the fine nodal sprout
reinnervating two postsynaptic elements (arrow). (D) Remodeled,
partially innervated NMJ. The axon terminal partially innervates a
slightly flattened postsynaptic apparatus. Scale bars, 5 um.

Figure 4. Neuromuscular junctions (NMJs) observed by confocal
microscopy after staining of acetylcholine receptors (AChRs) with
a-bungarotoxin, in red, and of terminal Schwann cells (TSCs) with
anti-S100 antibody, in green. (A) A TSC (arrow) caps a postsynaptic
apparatus made of two adjacent synaptic cups. There are no
Schwann cell cytoplasmic processes. (B) A TSC (arrow) elaborates two
cytoplasmic processes (arrowheads), each process contacting one
isolated postsynaptic element. Scale bars, 5 um.

tently, the mean number of first-order branches per axon
at a given NM]J correlated inversely with the proportion
of reinnervated NMJs.

G. Bruneteau et al.

Figure 5. Electron microscopy view showing an interposition of the
terminal Schwann cell (TSC) between the axon terminal and the
postsynaptic muscle membrane. (A, B) The membrane of the TSC
(star) invades the synaptic cleft (arrowhead) and encases the nerve
terminal (N). Secondary synaptic clefts are maintained (white arrow).
Note in (B) that the area of the muscle postsynaptic membrane facing
the residual part of the nerve terminal (black arrow), available for
neurotransmission, is very narrow. Scale bar, 2 um.

To identify clinically relevant impairment of neuromus-
cular transmission, we performed RNS tests at slow stim-
ulus rate, a technique commonly used for the assessment
of neuromuscular transmission in the case of muscle
weakness.'”” We found a CMAP decrement greater than
10% after RNS, indicating NMJ functional alteration in
clinical practice,’” in a third of our patients. We did not
detect immediate postexercise facilitation, unlike what is
classically observed in disorders with presynaptic NM]J
dysfunction.”® Decremental motor responses to RNS in
ALS has usually been attributed to a neuromuscular
transmission dysfunction caused by “immaturity” of
newly reinnervated structures.'>” Our results do not
favor this hypothesis as the magnitude of the CMAP
decrement did not correlate with the proportion of
reinnervated NMJs in the same muscle or a muscle of the
same region. Alternatively, synaptic transmission failure at
NMJs undergoing degeneration (which may be either
native or formerly reinnervated NMJs) may play a part in
decremental responses recorded in patients with ALS.
Abnormal interposition of the TSC in the synaptic cleft
may also contribute to NMJ functional alteration and
pathological decrement in ALS patients, by reducing the
synaptic surface available for neurotransmission. This
aspect is reminiscent of ultrastructural abnormalities
observed in congenital myasthenic syndromes caused by
human mutations on three major proteins of the basal
lamina, that is, laminin f2, ColQ, and agrin. In these
syndromes, invasion of the primary synaptic cleft by TSC
processes is observed, with nerve terminals partially
encased by Schwann cell projections.”® Defects in synaptic
basal lamina may thus be involved in ALS, particularly in
laminin f2 that has been shown to actively inhibit TSC
entry into the synaptic cleft.”

8 © 2015 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.
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Figure 6. High-level expression of Nogo-A in muscle is associated with a faster functional decline and a higher proportion of denervated
neuromuscular junctions (NMJs). Nogo-A muscle protein level, determined by the optical density of the Nogo-A signal bands normalized to the
Red Ponceau staining (a.u.: arbitrary units), correlated negatively with the disease duration, and positively with the disease progression rate and
the proportion of denervated NMJs. (A) Negative correlation between muscle Nogo-A protein content and disease duration at the time of the
biopsy (Spearman rank correlation r = —0.893). (B) Positive correlation between muscle Nogo-A protein level and the disease progression rate
from symptom onset (Spearman rank correlation r = 0.893). (C) Positive correlation between muscle Nogo-A protein level and the proportion of
denervated NMJs (Spearman rank correlation r = 0.821).

Finally, we showed that high-level expression of Nogo- humanized monoclonal antibody against Nogo-A in ALS
A in muscle significantly correlated with a greater extent patients (NCT01753076) is currently underway.
of NM]J denervation. A high Nogo-A protein content in
muscle was also associated with a higher proportion of
NMJs showing a fragmented postsynaptic compartment,
even if it did not reach statistical significance. We did not The authors thank all the patients who participated in
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