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Neurobiology of Disease

Opposite Synaptic Alterations at the Neuromuscular
Junction in an ALS Mouse Model: When Motor Units Matter

Elsa Tremblay, Eric Martineau, and Richard Robitaille
Département de Neurosciences, and Groupe de Recherche sur le Systeme Nerveux Central, Université de Montréal, Succursale Centre-Ville, Montréal,
Québec H3C 3]J7, Canada

Denervation of the neuromuscular junction (NM]) precedes the loss of motor neurons (MNs) in amyotrophic lateral sclerosis (ALS). ALS
is characterized by a motor unit (MU)-dependent vulnerability where MNs with fast-fatigable (FF) characteristics are lost first, followed
by fast fatigue-resistant (FR) and slow (S) MNs. However, changes in NMJ properties as a function of MU types remain debated. We
hypothesized that NM]J synaptic functions would be altered precociously in an MU-specific manner, before structural alterations of the
NM]J. Synaptic transmission and morphological changes of NMJs have been explored in two nerve-muscle preparations of male SOD1 7%
mice and their wild-type (WT) littermates: the soleus (S and FR MU); and the extensor digitorum longus (FF MU). S, FR, and FF NMJs of
WT mice showed distinct synaptic properties from which we build an MU synaptic profile (MUSP) that reports MU-dependent NMJ
synaptic properties. At postnatal day 180 (P180), FF and S NMJs of SOD1 already showed, respectively, lower and higher quantal content
compared with WT mice, before signs of MN death and before NMJ morphological alterations. Changes persisted in both muscles until
preonset (P380), while denervation was frequent in the mutant mouse. MN death was evident at this stage. Additional changes occurred
at clinical disease onset (P450) for S and FR MU. As a whole, our results reveal a reversed MUSP in SOD1 mutants and highlight
MU-specific synaptic changes occurring in a precise temporal sequence. Importantly, changes in synaptic properties appear to be good
predictors of vulnerability to neurodegeneration.
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The inadequate excitability of motor neurons and their output, the neuromuscular junctions (NMJs), has been considered a key
factor in the detrimental outcome of the motor function in amyotrophic lateral sclerosis. However, a conundrum persists at the
NM] whereby persistent but incoherent opposite neurotransmission changes have been reported to take place. This article untan-
gles this conundrum by systematically analyzing the changes in synaptic properties over the course of the disease progression as
afunction of the motor unit type. This temporal analysis reveals that early synaptic alterations evolve with disease progression but
precede NMJ neurodegeneration. These data provide a novel framework of analysis and comparison of synaptic transmission
alterations in neurodegenerative disorders. /

ignificance Statement

and lower motor neurons (MNs). Neuromuscular junction
(NMYJ) degeneration is an early event in disease pathogenesis, and
NMJ morphological and physiological alterations have been
reported in several genetic mouse models (Fischer et al., 2004;
Narai et al., 2009; Moloney et al., 2014; Arbour et al., 2015).
Denervation and loss of synaptic proteins (e.g., SV2) were ob-

Introduction
Amyotrophic lateral sclerosis (ALS) is a fatal late-onset neurode-
generative disease characterized by the progressive loss of upper
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served in SOD1°%** mice, while early stalling of synaptic vesicles
in the nerve terminal has been preferentially observed in fast-
twitch fibers (Pun et al., 2006). These changes occur before the
onset of symptoms and the loss of ventral root axons in the spinal
cord (Frey etal., 2000; Fischer et al., 2004; Narai et al., 2009). This
loss affects primarily fast-fatigable (FF) motor units (MUs), as
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they show the greatest vulnerability, followed by fast fatigue-resistant
(FR) and slow (S) MUs, the latter being the most resistant that persist
until end-stage (Frey et al., 2000; Pun et al., 2006; Hegedus et al.,
2007, 2008). Large MUs in fast-twitch muscles are then partially
replaced by compensatory reinnervation by axons from small (S and
FR) MUs (Schaefer et al., 2005; Hegedus et al., 2008).

Hence, the development of this MN disease appears to be
characterized by profound synaptic alterations at the NM]J.
However, this led to a number of discrepancies, generating a
conundrum in the literature. For instance, Souayah et al. (2012)
reported a reduced probability of release at NM]Js of the dia-
phragm muscle in the presymptomatic SODI19*** mice, while,
using the same neuromuscular preparation at the same stage,
Rochaetal. (2013) reported that a distinct group of mutant NMJs
presented a higher quantal content. After disease onset, however,
a decreased quantal content was subsequently observed in some
NMJs. In addition, a diminished synaptic fidelity as well as de-
creased spontaneous activity was reported in spinal MNs of
the mutant TDP-43 zebrafish larvae (Armstrong and Drapeau,
2013a). Also, either a gain or a loss of fused in sarcoma (FUS)
function impaired neurotransmission by reducing quantal con-
tent and synaptic current amplitude in Drosophila (Shahidullah
etal.,, 2013; Machamer et al., 2014) or zebrafish (Armstrong and
Drapeau, 2013b). The difficulty in reconciling these observations
could be due in part to the developmental stage, the animal model
itself, or even to the specific mutation. However, an important
aspect that was not considered in these studies is the type of MU
to which the NMJs belong.

Consistent with the selective vulnerability of specific groups of
MUs and the temporal pattern of denervation observed in vari-
ous models of ALS, we postulate that synaptic activity is altered
differentially depending on the MU type and also evolves differ-
ently during the disease process. We used SOD1*"% mice, a late-
onset, slow, and progressive model of ALS (Wong et al., 1995), to
record neurotransmission from three different MU types of two
different muscles: the fast-twitch extensor digitorum longus
(EDL; FF MU) and the slow-twitch Soleus (SOL; S and FR MU).
We show that MUs at wild-type (WT) NMJs are characterized by
a distinctive synaptic profile that we define as a MU synaptic
profile (MUSP). We further show that opposite synaptic changes
are seen in FF and S MUs of SOD1%*’% mice before motor neuron
degeneration in the spinal cord. NMJs of mutant FF MUs present
a persistent reduced synaptic strength, while those of S MUs first
show a substantial increase in synaptic evoked release that disappears
after clinical onset of the disease. FR MUs show a reduced quantal
content only after disease onset. These characteristics generated a
distinctive MUSP that reflected the various stages of disease progres-
sion. These synaptic alterations preceded NM]J structural changes,
underlying the preferential vulnerability of NMJs from FF MUs.
This work highlights the importance of considering MU types in the
study of NM]J functions in ALS, given their differential susceptibility
to the disease and the specific intrinsic properties that confer their
unique response to disease progression.

Materials and Methods

Animals

Mice overexpressing the human mutated SOD1%”® transgene were ob-
tained from The Jackson Laboratory and bred at our animal facilities on
a C57BL/6 background. These mice, referred to as line 29, expressed
twofold to fivefold the level of mutant proteins in the brain, spinal cord,
and brainstem and developed a slow motor neuron syndrome that re-
sembles the human pathology characterized by a progressive weakness
and a late onset of hindlimb paralysis originally occurring ~12-13
months of age (Wong et al., 1995). However, this mouse strain currently
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exhibits an extended lifetime up to >500 d of age, confirmed by The
Jackson Laboratory (Fig. 14, time course of the disease of the SOD1“*7%
mouse in our facilities). Three specific time periods were investigated in
the present experiment in the SOD1%%”% mice and their WT littermates:
the asymptomatic stage, postanatal day 170 (P170) to P190 (P180), the
presymptomatic stage, P370 to P400 (P380), and the symptomatic stage,
P420 to 460 (P450). Only males were used in this study.

Mice genotyping was performed at the time of the weaning by PCR
amplification of the human SOD1 transgene using a small tail sample. All
experiments were performed in accordance with the guidelines of the
Canadian Council of Animal Care and the Comité de déontologie ani-
male of Université de Montréal.

Nerve—muscle preparations

Nerve—muscle preparations of the SOL and EDL were dissected in oxy-
genated Ringer’s solution (in mm), as follows: 110 NaCl, 5 KCl, 1 MgCl,,
25NaHCOs, 2 CaCl,, 11 glucose, 0.3 glutamic acid, 0.4 glutamine, 5 BES
(N,N-Bis(2-hydroxyethyl)-2-aminoethanesulfonic acid sodium salt),
0.036 choline chloride, and 4.34 X 10 7 cocarboxylase. After dissection,
nerve muscle preparations were pinned in a Sylgard-coated recording
chamber constantly perfused with oxygenated Ringer’s solution (95%
0,, 5% CO,). The pH (7.4) and temperature (28 * 2°C) were continu-
ously regulated.

Electrophysiological recordings of synaptic transmission
Suprathreshold stimulation (2-5X) of the tibial nerve (SOL) or the deep
peroneal nerve (EDL) was performed using a suction electrode filled with
Ringer’s solution. Muscle contractions were prevented by continuous
perfusion of the preparations with a modified Ringer’s solution prepared
with low Ca®" (1 mm) and high Mg?* concentrations (6.4 mm), or by
incubating the preparations with u-conotoxin GIIIB (3—4 um; Peptides
International) in normal Ringer’s physiological solution in a closed bath
for 20 min before the experiments. Recordings were considered success-
ful when the initial membrane potential (E,) of a muscle fiber was be-
tween —65 and —80 mV, an important indicator of muscle quality. In
addition, a recording was considered valid and included for further anal-
ysis only if the E, | variation was <5 mV during the experiment.

Importantly, soon after disease onset (defined by the start of weight
loss), the nerve—muscle preparations of the EDL were too fragile to sus-
tain the experimental procedures, and spontaneous contractions would
inevitably occur. This further confirmed the vulnerability of these mus-
cles in the disease process. In addition, extensive denervation in the EDL
greatly reduced the availability of surface NMJs, further reducing the
success rate and preventing us from obtaining successful recordings after
disease onset. The nerve-muscle preparation quality of the SOL could be
maintained for a longer time window, allowing us to perform recordings
at the beginning of the symptomatic period.

Intracellular recordings of spontaneous and nerve-evoked synaptic
responses were performed using a sharp glass microelectrode (1.0 mm;
WPI) filled with 3 mm KCI (35-70 MQ}) as previously described (Darabid
etal., 2013; Arbour et al., 2015). Briefly, spontaneous activity was mon-
itored, first, where miniature end plate potentials (mEPPs) were re-
corded for a period of 5-10 min without any motor nerve stimulation.
mEPP frequency was obtained by dividing the number of mEPPs occur-
ring in a period of at least 5 min (minimum of 100 mEPPs). EPPs were
then evoked by paired (10—15 ms interval) motor nerve stimulations at
0.2 Hz for a period of at least 10 min (120 repetitions). Paired-pulse
facilitation (PPF) was calculated as the mean amplitude of the second
EPP divided by the mean amplitude of the first EPP (10 min period).
Quantal content was calculated according to the study by del Castillo and
Katz (1954): m is the mean amplitude of the first EPP (including fail-
ures)/mean amplitude of the mEPP. Atleast 100 mEPPs were included in
the calculation of m. Quantal content and PPF are presynaptic markers of
the synaptic strength of the recorded NMJs.

Fiber type identification and classification were performed on previ-
ously recorded NMJs in the SOL muscle. Preparations were incubated
right after the physiological experiment for 10 min with a-bungarotoxin
(BTX; 1.3-2.0 ug/ml; Alexa Fluor 594 conjugate, Thermo Fisher Scien-
tific), an irreversible marker of nicotinic acetylcholine receptors
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Disease progression and motor neuron death in the SOD7%*”* mouse model. 4, Percentage of mice reaching disease onset (pale green line) and early disease (blue line). Based on symptoms and

clinical nomenclature, the asymptomatic period (green zone) was defined from birth until P350, the presymptomatic (preonset) stage (yellow zone) from P350 until P400 approximately, and the symptomatic
stage (red zone) started at ~P400 lasting until the end-stage at P525 to P600. We investigated three time periods corresponding to the three stages represented in the figure: P180, P380, and P450. WT,N =
10; SOD1, N = 9. B, Confocal images of immunohistological labeling of motor neurons in the ventral horn of a lombar spinal cord section: neuronal-specific nuclear protein (NeuN; green) and choline
acetyltransferase (ChAT; red) were immunolabeled on spinal cord cross sections of WT mice (top panels) and SOD1 mice (bottom panels) at P180 (left) and P380 (right). Neurons in the ventral horn were identified
as a-MNs when brightly labeled for both NeuN and ChAT and were identified as -y- MNs when labeled with ChAT but weakly or not labeled for NeuN. C—F, Histograms showing the mean == SEM of the number
of a-MNs (€) and y-MNs (D) at P180 and ce-MNs (E) and -y-MNs (F) at P380. Note the selective reduction of c-MNs in the mutant mouse at P380, without any loss of y-MNs. Scale bars, 100 rum. *p << 0.05.

(nAChRs) at the NM]J. This labeling revealed the unique pretzel-like
pattern of each NMJ, allowing us to retrieve each recorded NMJ. Addi-
tionally, after the completion of the experiment and to further ensure an
accurate post hoc NM]J identification, surrounding fibers were gently im-
paled with a sharp microelectrode in a characteristic way to make the NMJ
even more salient and eventually use it as a map. The number of fibers
separating the recorded NMJ from the main nerve entry was also counted,

which served as a supplemental reference. Images on live muscles were then
acquired on an Olympus BX-51W1 Upright Microscope with a BrightLine
Pinkel filter set (single-band exciter FF01-560/25, Semrock).

Immunohistochemistry and fiber type identification
The SOL muscle contains mainly two fiber types in mice: S fibers express-
ing the myosin heavy chain I (MHCI); and FR fibers expressing the
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MHClIIa. Triple staining was performed on SOL muscle after each phys-
iological experiment to identify the two MHCs and the nAChRs (see Fig.
5B). Muscles were fixed with 4% formaldehyde (Mecalab) diluted in PBS
solution (in mm: 137 NaCl, 2.7 KCl, 10 Na,HPO,, and 2 KH,PO,) over
10 min and rinsed three times with PBS. Membrane permeabilization
was then performed in cold methanol for 6 min (—20°C). The following
steps of the immunostaining were performed at room temperature. After
a rinsing period (three times with PBS), muscles were incubated in a
PBS-Triton X (0.01%) solution containing 10% normal donkey serum
(NDS; Jackson ImmunoResearch) for 20 min to limit nonspecific anti-
body labeling. Muscles were then incubated for 2 h with a mouse anti-
MHC type I IgG2B and a mouse anti-MHC type ITaIgG1 [BAD5c (1:100)
and SC-71c (1:200), Developmental Studies Hybridoma Bank]. Between
each immunolabeling step, muscles were subsequently washed three
times (5 min each) in PBS-Triton 0.01%. SOL preparations were incu-
bated for 1 h at room temperature consecutively in an Alexa Fluor 647-
goat a-mouse IgG2b (1:500; Jackson ImmunoResearch) and then with
the Alexa Fluor 488-goat a-mouse IgG1 (1:500; Jackson ImmunoRe-
search). Finally, a 30 min staining with an Alexa Fluor 594-conjugated-
a-BTX (1.33-2.0 pg/ml; Thermo Fisher Scientific) was performed to
label postsynaptic receptors. Muscles were then mounted on a glass slide
in Prolong Gold antifade (Thermo Fisher Scientific). Images were subse-
quently acquired using a Zeiss LSM 510 Confocal Microscope.

Immunolabeling on cross sections of the EDL was performed as pre-
viously described (Gouspillou et al., 2014). Briefly, EDL muscles were
mounted in cold optimal cutting temperature compound (OCT; Tissue-
Tek) and frozen in isopentane cooled to —80°Cin liquid nitrogen. Trans-
verse sections (10 um) were made and incubated in blocking solution
(10% NDS in PBS). Sections were incubated with either mouse IgG1
anti-MHC type IIa (1:200; SC-71), mouse IgG2b anti-MHC type I (1:
100; BA-D5), and mouse IgM anti-MHC type IIb (1:200; BE-F3), or
mouse IgM anti-MHC type IIx (1:10; 6H1) and mouse IgG1 anti-MHC
all but IIx (1:200; BE-35) for 1 h at room temperature (all from Develop-
mental Studies Hybridoma Bank). Sections were then rinsed in PBS three
times and incubated with the following secondary antibodies: goat anti-
mouse IgG1 Alexa Fluor 488; goat anti-mouse IgM Alexa Fluor 405; and
goat anti-mouse IgG2b Alexa Fluor 647 (all 1:500; Jackson ImmunoRe-
search). Sections were then mounted in ProLong Gold Antifade Reagent
(Invitrogen).

MU identification was not performed after each experiment in the
EDL muscle since we found that the specific zone on the muscle surface
where NMJs were recorded was composed only of MHC type IIb-
expressing fibers (see Fig. 8H, example at preonset stage). In contrast,
immunolabeling was necessary after each physiological experiment to
identify the FR NMJ (MHC type I1a) and the S NMJ (MHC type I) of the
SOL muscle (see Fig. 5B), as they are intermingled and present in similar
proportions in WT and SOD1%*"R mice at the surface of the SOL muscle
(Arbour et al., 2015).

Immunohistochemistry of NMJs and lumbar spinal cord sections
Tissue preparation. Mice were anesthetized with a lethal dose of ketamine
(375—-450 mg/kg) and xylazine (25-30 mg/kg) and then were perfused
through the heart with cold PBS 1X for 5 min, followed by 4% formal-
dehyde diluted in PBS 1X (4% PFA) for ~15 min. SOL and EDL muscles
were then dissected and postfixed for 10 min in 4% PFA at room tem-
perature. The whole mouse was then further fixed overnight in 4% PFA
at 4°C, and lumbar spinal cords were dissected, postfixed in 4% PFA for
2 h at room temperature, and cryoprotected in a 30% sucrose PBS 1X
solution for 72 h at 4°C. Lumbar spinal cords were then embedded in
OCT and snap frozen in cooled isopentane (—40 to —50°C).

Spinal cord cross sections and motor neuron counting. Lumbar spinal
cord sections were prepared as previously described (Parone et al., 2013;
Pickles et al., 2013). Floating 30 wm-thick spinal cord cryosections were
washed twice (5 min each) in PBS 1X then incubated in a blocking
solution (10% NDS, 0.3% Triton X-100 in PBS) for 1 h at room temper-
ature. Sections were incubated overnight with primary antibodies against
choline acetyltransferase (ChAT; 1:100; goat, catalog #AB144P, Milli-
pore) and neuronal-specific nuclear protein (NeuN; 1:300; mouse IgG1,
catalog #MAB377, Millipore) in blocking solution at room temperature.
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Slices were then rinsed three times with PBS 1X (5 min each) and incu-
bated with the secondary antibody Alexa Fluor 594-donkey anti-goat
(1:500; Jackson ImmunoResearch) in blocking solution for 1 h at room
temperature. Slices were then rinsed three times with PBS 1X and incu-
bated with Alexa Fluor 488-goat anti-mouse IgG1 secondary antibody
for 1 h. Finally, sections were rinsed three times with PBS 1X (5 min
each) and mounted on Superfrost Plus Gold Slides (Thermo Fisher Sci-
entific) with Prolong Gold Antifade Reagent (Thermo Fisher Scientific).

Image acquisition was performed on an Olympus FV1000 Confocal
Microscope with a 20X water-immersion objective (numerical aperture
0.95). Motor neurons in both ventral horns were counted from 15 to 20
sections per animal, at least 90 wm apart. ChAT- and NeuN-positive cells in
the ventral horn were counted as a-motor neurons, whereas ChAT-positive
and NeuN-negative cells were counted as y-motor neurons as previously
described (Lalancette-Hebert et al., 2016). Results are expressed as the aver-
age number of cells counted per ventral horn in each animal.

NM]J identification and labeling. NMJ immunolabeling to label the
three synaptic compartments of the NMJ was performed as previously
described (Valdez et al., 2012; Darabid et al., 2013; Arbour et al., 2015).
EDL and SOL muscles were permeabilized in 100% cold methanol at
—20°C for 6 min. To prevent nonspecific labeling, preparations were
incubated for 1 h at room temperature in a blocking solution composed
of 10% NDS and 1% of Triton X-100 diluted in PBS 1X.

For SOL muscles, type I muscle fibers were first labeled by incubating
muscles with an antibody against MHC type I (1:100; mouse 1gG2b,
catalog #BA-D5c, Developmental Studies Hybridoma Bank) diluted in
blocking solution for 24 h at 4°C. SOL and EDL muscles were incubated
with a rabbit anti-S1008 antibody (1:250; Agilant-Dako) in blocking
solution for 24 h at 4°C to label Schwann cells. Next, axons [1:2000;
chicken anti-neurofilament M (NF-M), Rockland Immunochemicals]
and nerve terminals [1:2000; mouse IgG1 anti-synaptic vesicular protein
2 (SV2), Developmental Studies Hybridoma Bank] were labeled in
blocking solution for 24 h. SOL muscles were then incubated with the
secondary antibody Alexa Fluor 488-goat anti-mouse 1gG2b (1:500;
Jackson ImmunoResearch) in blocking solution for 2 h at room temper-
ature. SOL and EDL muscles were then incubated simultaneously with
Alexa Fluor 594-conjugated-a-BTX (1.33-2.0 ug/ml; Thermo Fisher
Scientific) and the following three secondary antibodies diluted in block-
ing solution for 2 h at room temperature: goat anti-mouse IgG1 Alexa
Fluor 405 (SOL) or Alexa Fluor 488 (EDL); donkey anti-chicken Alexa
Fluor 405 (SOL) or Alexa Fluor 488 (EDL); and Alexa Fluor 647-donkey
anti-rabbit (all 1:500; Jackson ImmunoResearch). Finally, whole muscle
preparations were mounted in Prolong Gold Antifade Reagent (Thermo
Fisher Scientific). Muscles were washed six times (10 min each) in PBS-
Triton 0.01% following each antibody incubation. Some EDL muscles
were dissected from unfixed mice in normal Ringer’s solution and fixed
in 4% PFA at room temperature for 10 min. Immunolabeling of the three
synaptic components was performed as previously described for these
muscles (Darabid et al., 2013; Arbour et al., 2015). Observations and
image acquisition were performed on a Zeiss LSM 510 or a Zeiss LSM 880
Confocal Microscope. No image manipulations were performed after acqui-
sition, except for linear contrast adjustments for figure presentation.

Statistical analysis

Results are represented as the mean = SEM where the number of animals
is identified as N and the number of NMJs is represented by n. Unpaired
t tests were used in most cases where two different groups were compared. In
addition, two-way ANOVA with post hoc Bonferroni multiple comparison
test was used to compare the values obtained for the three MUs of SOD1 and
WT mice. The confidence level used was 95% (o = 0.05).

Data from the NMJ morphological analysis (number of events over a
number of observations, expressed as a percentage of events) follow a
logistic distribution rather than a Gaussian distribution. This implies
that variance is not constant and will vary depending on the value of the
mean (i.e., variance is smaller toward the extreme values of 0% and
100%; Crawley, 2007). Classical statistical tests (such as ¢ test or two-way
ANOVA) assume that variance is constant and therefore are not appro-
priate for this analysis. Thus, a generalized linear model (GLM) using a
logistic distribution (binomial error structure, logit link function) was
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created to test the effect of the MU type and the genotype of animals on
the measured morphological criteria (see Fig. 2). The MU type was de-
fined as paired within each subject (“within-subject factor”). All pairwise
comparisons were performed post hoc using Sidak’s test. Only post hoc p
values are reported in the text. All analyses were made with SPSS version
24.0.0.0 software (IBM). The number of animals used (N; number of
replicates) and the number of NM]Js (1; number of observations) are
indicated in the text.

Results

Considering the progressive differential susceptibility of fast MU
in ALS (Frey et al., 2000; Atkin et al., 2005; Pun et al., 2006;
Hegedus et al., 2007, 2008), we postulated that previous incon-
sistencies seen in synaptic transmission at the NM]J in various
ALS models may be explained by the differential effect of the
mutation on the different MU types. In addition, we hypothe-
sized that synaptic alterations presented by the various NMJ types
(S-FR-FF) might be transient and evolve differently as disease pro-
gresses. Hence, using the SOD1 G37R mouse model, we tested whether
spontaneous and nerve-evoked activity were altered in the slow-
twitch SOL and the fast-twitch EDL, in an MU-specific manner and
at different time points during the course of the disease. We investi-
gated three defined time periods to dissect the temporal effect of
SODI1 mutation on neuromuscular transmission and NM]J struc-
ture: the asymptomatic stage (P180), the presymptomatic (preon-
set) stage (P380), and disease onset (P450; Fig. 1, for details).

a-Motor neurons numbers are preserved at P180 but not at
P380 in the SOD1“*"® mouse

We first characterized the time of onset of motor neuron loss in
the slow and progressive SOD1%*"® model with respect to disease
progression (Fig. 1A). We used the general neuronal nuclei
marker NeuN and the cholinergic neuron marker ChAT to spe-
cifically identify MNs in lumbar spinal cords cross sections of
mutant and control mice. Neurons in the ventral horn of the
spinal cord positive for both markers were counted as a-MN,
while those weakly-labeled or unlabeled for NeuN were considered
v-MNs. As expected, analysis revealed no change in a-MN or
v-MN numbers at P180, 9 months before disease onset (Fig.
1B-D; WT a-MN: 9.19 £ 0.26, N = 3; SOD1 o-MN: 11.14 *=
2.23, N =3; WT y-MN:5.05 = 0.32, N = 3; SOD1 y-MN: 6.02 =
1.65, N = 3). At P380, however, 1 or 2 months before the symp-
tomatic stage, a significant loss of a-MN was found in the ventral
horn of SOD1 spinal cord, while no change in y-MN number was
observed (Fig. 1 B,E, F; WT a-MN: 8.98 = 0.56, N = 4; SOD1
a-MN:7.26 = 0.43, N =5, WT y-MN:5.13 = 0.90, N = 4; SOD1
v-MN: 4.04 = 0.42, N = 5). This indicates that a-MN degener-
ation was already ongoing at this stage.

At preonset stage: NMJ morphology is altered in the EDL and
SOL muscles

At P180, several months before the start of overt motor symp-
toms, there was no evidence of morphological alterations of the
presynaptic, postsynaptic, and glial components in the WT and
SOD1%*RNM]Js (Fig. 2, details on the seven criteria analyzed), in
either the SOL or the EDL (data not shown).

However, since several morphological alterations have been
reported in the SOD1°*** mouse before symptom onset, espe-
cially in FF MUs (Frey et al., 2000; Pun et al., 2006; Valdez et al.,
2012), we expected substantial denervation and postsynaptic
changes in the fast-twitch EDL that could impair synaptic trans-
mission during the preonset stage. The three components of the
NM]J were then labeled at P380 on EDL and SOL whole-mounted
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muscle preparations, and each NMJ was analyzed according to the
seven criteria previously described (Fig. 2; Arbour et al., 2015).

Denervation and partial innervation were already noticeable
and frequent in the SOD19*’® in all fiber types compared with
WT mice (Fig. 3A-C; SOD1 S, 18.89 * 5.95%, n = 81, N = 4;
SODI1 FR, 12.67 * 4.52%, n = 109, N = 4; SOD1 FF, 38.27 *
6.26%,n = 153, N = 6; WT S,0.74 £ 0.74%, n = 94, N = 4, WT
FR,2.18 = 2.18%, n = 69, N = 4;WT FF, 6.68 = 1.50%, n = 125,
N = 6; p =0.007, p = 0.025, and p < 0.001, respectively, GLM).
In comparison, only one NMJ was found completely denervated
in WT muscles at this age and only a few were partially denervated
(Fig. 3A—C). Denervation was, however, clearly higher in the EDL
than in the SOL muscle, with FF MUs presenting significantly
more partially or completely denervated end plates than FR MUs
(Fig. 3A-C; GLM, p = 0.0307). In all mutant MU types, postsyn-
aptic end plate areas showed more ectopic receptors, a diffuse
a-BTX labeling (Fig. 2, examples), and a clustered appearance in
SOD1 mice compared with WT mice (Fig. 3D; WT S, 26.66 =
8.69%; WT FR, 36.90 = 5.39%; WT FF, 18.28 * 2.25%; SOD1 S,
77.00 * 3.20%; SOD1 FR, 67.48 *= 8.75%; SOD1 FF, 38.88 =+
3.71%; p > 0.001, p = 0.006, and p = 0.001, respectively, GLM).
However, positive NM]J repair signs, including nerve sprouting,
polyinnervation, and perisynaptic Schwann cell (PSC) process
extensions were observed more frequently in both mutant S and
FR synapses compared with FF synapses (Fig. 3E; SODI S,
40.32 £ 7.42%; SOD1 FR, 35.79 * 8.02%; SOD1 FF, 12.67 *
3.56%; p < 0.001 and p = 0.006, respectively, GLM), suggesting
that some regenerative processes likely occur in the SOD1 SOL
muscle at this stage. This is consistent with the high plasticity
capacity of these synapses compared with FF synapses (Frey et al.,
2000). Interestingly, in the WT mice as well, FR MUs presented
greater signs of NMJ reinnervation than FF MUs (Fig. 3E; WT S,
19.82 = 7.29%; WT FR, 33.79 * 6.66%; WT FF, 5.09 = 2.47;p <
0.001, GLM), further confirming the increased adaptive capacity
of the SOL muscle in healthy and pathological conditions.

At disease onset: selective morphological vulnerability of
NMJs from FF MUs
We next analyzed morphological NM]J properties at disease onset
(P450) and performed similar immunostainings as described
above (Fig. 3). Consistent with their well known relative vulner-
ability in the SOD1 G934 model (Frey et al., 2000; Pun et al., 2006;
Hegedus et al., 2007, 2008; Krysciak et al., 2014), denervation and
partial innervation were frequently observed at FF NMJs, signif-
icantly higher than in FR and S NM]Js. Indeed, only 12.94 *
5.61% of SNMJs and 12.62 = 5.20% of FR NMJs were denervated
and partially innervated as opposed to 49.24 = 3.62% of FF NM]Js
(Fig. 4A-C; SOD1 S, n = 64, N = 4; SOD1 FR, n = 97, N = 4;
SOD1 FE, n = 153, N = 4, p < 0.001 and p < 0.001, GLM). By
comparison, denervation was observed on 5.73 = 1.73% of SWT
NM]Js, 3.65 *+ 1.40% of FR NM]Js, and 3.62 * 1.58% of FF NM]Js,
only the latter being significantly different from the mutant (see
Fig. 4A-C;WTS,n =107, N =5 WTFR,n = 174, N = 5;WT FF,
n =249, N = 5 p > 0.05, p > 0.05,and p < 0.01, GLM).
While postsynaptic end plates of NMJs from S MUs in WT
mice were more disorganized than FR and FF synapses (Fig. 4D;
WTS, 47.63 = 7.16%; WT FR, 22.58 £ 7.66%; WT FF, 20.55 =
1.39; p = 0.013 and p < 0.001, GLM), only mutant FR and FF
MUs showed more disorganized postsynaptic end plates (increased
ectopic receptors, diffuse a-BTX labeling, and clustered nAChRs)
than WT mice (Fig. 4D; SOD1 FR, 51.71 * 10.74%; SOD1 FF,
63.45 * 6.38%; p = 0.005 and p < 0.001, respectively, GLM).
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Criteria

Definition

Examples

Denervation

Nerve sprouting

Polyinnervation

Partial: when the presynaptic nerve terminal
vacates parts (>10%) of the end-plate area (BTX
staining).

Complete: when the end-plate is completely
devoided of a presynaptic nerve terminal.

Terminal: when the nerve terminal extends beyond
the end-plate (>10 um) or contacts another NMJ.*

Axonal: when a sprout extends from the axonal
branch rather than the end-plate.

When at least two distinct sources of innervation
(myelinated axonsa or thin sprouts t) contact an end-
plate.*

The intensity and tickness of the S1008 staining is
used to distinguish myelinated axons from sprouts.

Complete

Faint clustered
nAChR

Ectopic NnAChR

When the postynaptic nAChRs are not (1) uniformly
distributed, (2) lack the classical “pretzel’-like organi-
zation and (3) do not have a well-defined outline.
These end-plates are reminiscent of immature NMJs
(Darabid et al. 2013).

When two nAChR clusters belonging to the same
NMJ are at least 5 ym appart. Small spherical BTX-
positive puncta were considered as non-specific
labeling. Clusters of nAChRs on the same muscle
fiber are considered as belonging to the same NMJ.

Faint clustered

Ectopic nAChR

Glial coverage

PSC process
extension

Insufficient coverage: When PSCs do not fully cover
the endplate area (BTX staining).

Over-coverage: When the soma of PSCs extends
beyond the endplate area without forming a long and
thin process (see below).

Terminal: When a PSC extends a thin process
beyond the end-plate (>10 pm) without being associ-
ated with a presynaptic sprout contacting this NMJ. **

Axonal: when a glial process extends from axonal
SCs rather than PSCs.

Insufficient Over-coverage

A

A .
‘,«'i\_‘w S
<t

Terminal process extension

* As it is difficult to distinguish between NMJs emitting or receiving sprouts (terminal sprouting or polyinnervation), a thin presynaptic
process contacting a partially denervated NMJ was counted as a source of innervation rather than as a sprout originating from this
endplate, unless clear evidence suggests otherwise.

** Glial processes associated with a presynaptic sprout contacting an endplate where classified as a terminal sprout or a source of
innervation (see comment above).

Figure 2.

Definition and examples of the criteria used for NMJ morphological analysis. The state of the three components (left column) of the NMJ, presynaptic (green), postsynaptic (red), and

glia (blue), was analyzed using seven criteria. Inmunohistochemical analysis of the three components was performed based on the criteria defined in Table 1 of Arbour et al. (2015). Three criteria

were defined to analyze the presynaptic component: denervation, nerve sprouting, and polyinnervation. Postsynaptic receptor organization was assessed using the following two criteria: faint
clustered nAChRs or ectopic receptors. Finally, the structure and integrity of PSCs were evaluated using the following two criteria: incomplete glial coverage and glial sprouting. Confocal false color
images of the three components of the NMJ obtained from the mutant mouse illustrating each criterion (right column), as follows: presynaptic terminal (synaptic vesicles and the neurofilament,
SV2 + NF-M, in green); end plate acetylcholine receptors (postsynaptic, c-BTX, in red), and perisynaptic Schwann cells (Glia, S100/3, in blue). Scale bars, 10 um.

In addition, mutant NMJs from S MUs had significantly more
frequent positive signs of reinnervation, including nerve sprout-
ing, polyinnervation, and PSCs process extensions, than the FF
NMJs (Fig. 4E; SOD1 S, 44.98 = 1.99%; SOD1 FR 42.52 =*
11.57%; SOD1 FF, 9.38 = 3.08%; p < 0.001, GLM). Consistent
with the positive influence of these parameters on the reinnerva-
tion of NMJs (Son et al., 1996), we observed numerous NMJs that
were relatively spared in SOL muscles of SOD1 mice, showing a
well preserved presynaptic component and a complete PSC cov-
erage. This result is consistent with the relative resistance of this

muscle to denervation in ALS (Valdez et al., 2012). Furthermore,
our data confirm that the specific vulnerability of FF MUs re-
ported in other SOD1 models of the disease is also present in the
SOD1°7® model.

At asymptomatic stage: spontaneous activity is unaltered in
all MU types

Following the characterization of the state of innervation, we
examined the NM]J properties and synaptic changes throughout
disease progression as a function of the MU type.
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Figure 3.  Morphological alterations at P380 of FF, FR, and S NMJs in EDL and SOL muscles. A, B, Confocal images of immunohistochemical labeling of the three components of the NMJ: the
perisynaptic Schwann cells (Glia, S1003, in blue), the presynaptic terminal (SV2 + NF-M, in green), and AChRs (postsynaptic, a-BTX, in red) in the SOL () and the EDL (B) of WT (top panel) and
S0D1%"® mice (bottom panel). Note the presence of partially innervated NMJs in the SOL (4, bottom) and EDL (B, bottom) of SOD1 mice (arrows) and a glial process extension in the SOD1 SOL
(A, arrowheads). (-, Histograms showing the mean = SEM of the percentage of NMJs with denervation, including partially innervated and completely denervated NMJs (C); postsynaptic
end plate disorganization, including faint, clustered, or ectopic nAChRs (D); and positive NMJ repair signs, namely nerve sprouting, polyinnervation and PSC bridges (E). Note that all MU
types already present significant denervation and postsynaptic disorganization at the presymptomatic stage in the mutant mouse compared with the control. *p << 0.05; **p < 0.07;

***p < 0.001, GLM. Scale bars, 10 m.
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Figure 4.  Differential NMJ morphological alterations at clinical disease onset (P450). A, B, Confocal false color images of the three synaptic compartments of the NMJ: glia (S1003, blue),
presynaptic nerve terminal (NF-M and SV2, green), and postsynaptic end plate (nAChRs; a-bungarotoxin, red) for WT and SOD1 NMJs. Note the presence of denervated NMJs in the SOL and the EDL
(A, bottom) and EDL (B, bottom) of SOD1 mice (arrows), as well as polyinnervation and nerve terminal sprouting in the SOD1 SOL (A, arrowheads and asterisks, respectively). Inmunohistochemical
analysis was performed as in Figure 3. (—E, Histograms showing the mean == SEM of the percentage of NMJs with partial or complete denervation (C), with faint, clustered, or ectopic nAChRs (D),
or with nerve sprouting, polyinnervation, or PSC process extensions (E). Note the major deterioration of NMJs of the EDL compared with the ones of the SOL. *p << 0.05; ***p << 0.001, GLM.
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Figure 5.

Unaltered spontaneous activity at P1801in S, FR, and FF NMJs. 4, Typical traces of mEPP for S (left), FR (center), and FF (right) NMJs of WT and SOD1 7% mice. B, Confocal false color

images showing fiber type identification and labeling of the SOL muscle: S MHC (MHC 1, purple), FR MHC (MHClla, green), and postsynaptic nAChRs (c-BuTX, red). Note the alternance of the two
MU types at the surface of the SOL muscle. €, D, Histograms showing the mean == SEM of mEPP frequency (€) and mEPP amplitude (D) for S (in green), FR (in blue), and FF NMJs (in black). Note the
gradual increase in mEPP frequency as a function of the MU type, which is similar for WT and SOD1 >R NMJs. However, the relative mEPP amplitude of SOD1 NMJs did not follow the pattern observed
in WT littermates as the mEPP amplitude of FR MU was larger in SOD1 than WT mice. **p << 0.01; ***p << 0.001. Scale barin B, 10 um.

Frequency and amplitude of spontaneous synaptic events
were first analyzed at P180 in the SOL and EDL muscles of WT
and SOD1°’% mice. Figure 5 shows that the properties of spon-
taneous activity are MU dependent (F, 5, = 86.86, p < 0.0001,
two-way ANOVA). In WT mice, NMJs of slow MUs showed the
lowest mEPP frequency with 0.50 * 0.03 Hz (Fig. 5A, C; WT S,
n =9, N = 6), followed by the FR NM]Js at 1.16 = 0.22 Hz (Fig.
5A, GGWT FR, n = 11, N = 6), and finally the FF NM]Js at 5.51 =
0.56 Hz (Fig. 5A, C; WT FF, n = 15, N = 7). Importantly, the
same pattern was observed in the SOD1 mice, without any differ-
ence compared with control NMJs (Fig. 54, C; SODI S: 0.57 =
0.06 Hz,n =13 N = 7; SOD1 FR: 1.46 £ 0.23 Hz,n = 14, N = 6;
SOD1 FF: 4.66 * 0.46 Hz, n = 17, N = 6; p > 0.05, Bonferroni
post hoc test). This is consistent with a previous report of unal-
tered spontaneous transmitter release at a presymptomatic stage in the
SOD1“%** mouse diaphragm (Rocha et al., 2013).

We next investigated the amplitude of the spontaneous
events, knowing that this variable is usually inversely correlated
with the fiber diameter (Sieck and Prakash, 1997). Accordingly,
we predicted that mEPP amplitude should be the smallest in FF
MUs and the largest in S MUs in WT mice. Alteration of this
criterion could highlight postsynaptic defects in the mutant mice.
Our results show that mEPP amplitude varied as a function of the
MU type (F(, 60y = 58.72, p < 0.0001, two-way ANOVA). In the

WT mice, FF MUs had the smallest mEPP amplitude while FR
MUs and S MUs had the greatest mEPP amplitude (Fig. 5D; WT
$,0.35 = 0.02mV,n =10, N =6; WT FR,0.31 = 0.0l mV,n =
12, N = 7; WT FF, 0.24 = 0.0l mV, n = 15, N = 7; p < 0.001,
Bonferroni post hoc test). Mutant NM]Js followed approximately
the same pattern, but, in contrast, mEPP amplitude of mutant FR
NM]Js was significantly higher than in control mice (Fig. 5D;
SOD1S,0.37 £ 0.02mV,n = 13, N = 7; SOD1 FR, 0.36 = 0.02
mV,n=12,N=6;SOD1FF,0.24 = 0.0l mV,n=14,N=6;p <
0.01, Bonferroni post hoc test). Unlike previously reported for the
SOD1%%# diaphragm (Rocha et al., 2013), giant mEPPs (>1
mV) were not predominant in any MU (<1 event/5 min record-
ing period) in both WT and SOD1 mice.

At asymptomatic stage: evoked activity is high in S MUs and
low in FF MUs
We next tested nerve-evoked synaptic transmission in an MU-
specific manner at P180 in the SOD1“*”® mouse model. We per-
formed intracellular electrophysiological recordings using a PPF
protocol (two stimuli, 0.1 ms duration at 10 ms interval) elicited
at 0.2 Hz, in a low Ca**/high Mg®" Ringer’s solution. These
properties were then studied in normal Ca** concentrations.
The amplitude of EPPs evoked by stimulation of the tibial
nerve (SOL) and the deep peroneal nerve (EDL) was first mea-
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Figure6. EPPamplitude and quantal contentare increased at P180in S NMJs but decreased in FF NMJs. A, Typical traces of EPPs evoked by a paired-pulse protocol (0.2 Hz, 10 msinterval) ina low
Ca®* /high Mg 2™ solution for S (top), FR (middle), and FF NMJs (bottom) of WT and SOD1 7" mice. B-D, Histograms of the mean = SEM of EPP amplitude (B), quantal content (C), and
paired-pulsed facilitation ratio (D) of the S (green), FR (blue), and FF NMJs (black) from WT and SOD1%*”® mice. Note that SOD1 NMJs showed a reverse MU pattem. E, F, Example traces of EPPs in
physiological Ca 2* concentration with u-conotoxin Gl1I1B to block muscle contractions, for WT (F) and SOD1 (F) mice. G, H, Histograms of the mean == SEM of EPP amplitude (G) and quantal content
(H) performed in normal extracellular Ca®* concentration. Note the similarities between data obtained in low vs normal Ca* conditions, confirming the striking synaptic differences observed in

the mutant mice. *p << 0.05; **p << 0.01; ***p < 0.001.

sured using the first EPP evoked by the PPF protocol. Overall, we
found a significant interaction effect (F(, ;3) = 8.836, p = 0.0004,
two-way ANOVA). For instance, EPP amplitude in the WT SOL
was not significantly differentin S, FR, or FE MUs (Fig. 6 A, B; WT
$,0.74 £0.08 mV,n =10, N = 6; WT FR, 0.97 £ 0.07mV,n =

13, N = 7; WT FF, 0.95 = 0.08 mV, n = 16, N = 6; p > 0.05,
Bonferroni post hoc test). In contrast, mutant mice showed a
completely reversed pattern, with EPP amplitude significantly
larger at S NM]Js than at FF NMJs (Fig. 6 A, B; SOD1 S, 1.21 = 0.13 mV,
n =11, N=7;SODI FF, 0.98 = 0.12mV,n = 16, N = 6; p <
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0.001, Bonferroni post hoc test). In addition, significant differ-
ences emerged between WT and SOD1 mice where EPP ampli-
tude was 64% larger in mutant S NMJs than in WT S NMJs (Fig.
6A,B; p < 0.001, Bonferroni post hoc test), while it was 36%
smaller in the FF NM]Js of SODI1 mice (Fig. 6A,B; p < 0.01,
Bonferroni post hoc test). However, no difference in EPP ampli-
tude was detected at FR NMJs from SOD1 mice compared with
WT mice (Fig. 6A,B; SOD1 FR, 0.61 = 0.05 mV,n = 14, N = 7;
p > 0.05, Bonferroni post hoc test).

We next determined the quantal content as a function of the
MU type in WT and SOD1 animals. Based on the well known
differences in MU functions and synaptic properties (Reid et al.,
1999; Kanning et al., 2010), we predicted a gradient of quantal
content in WT mice, from S to FF NMJs. Indeed, S NMJs had the
smallest quantal content with 2.11 £ 0.17 (Fig. 6C; p < 0.01,
Bonferroni post hoc test), while FF NM]Js presented the largest one
with 4.10 = 0.29 (Fig. 6C; WT S, n = 10, N = 6, WT FF, n = 16,
N = 7; p < 0.001, Bonferroni post hoc test). Furthermore, FR
NMJs showed an intermediate value that was significantly differ-
ent from the others (Fig. 6C; WT FR, 3.15 £ 0.23,n = 14,N=7;
p < 0.05 and p < 0.001, respectively, Bonferroni post hoc test).

Interestingly, this MU dependency was altered at SOD1 NMJs.
Indeed, well before onset of motor symptoms, opposite synaptic
changes were already prominent in the S fibers of the SOL and the
FF fibers of the EDL, reversing the normal physiological proper-
ties observed at WT NMJs. Interestingly, the presence of the
mutation influenced the MU types differently, as shown by a
significant interaction effect (F(, 45 = 15.01, p < 0.0001, two-
way ANOVA). Indeed, S MUs of the SOD1*"% SOL presented a
57% increase in the mean quantal content compared with WT
(Fig. 6C; SOD1 S, 3.33 £ 0.26, n = 13, N = 6; p < 0.01, Bonfer-
roni post hoc test) while it was reduced by 66% in the FF NMJs of
the mutant mice (Fig. 6C; SOD1 FF, 2.46 = 0.23,n = 16, N = 7;
p < 0.001, Bonferroni post hoc test). These results demonstrate
the presence of early and striking synaptic alterations in mutant
mice, which contradicts the established roles and functions of the
various MU types (Kanning et al., 2010).

Last, we analyzed the PPF as an indicator of presynaptic re-
lease probability and synaptic efficacy. Consistent with the idea
that the initial probability of release of a NM]J is normally in-
versely proportional to the PPF (Mallart and Martin, 1968), we
expected, based on our quantal analysis results, to observe MU-
specific variation of this variable in WT mice. Because of the
quantal content in SOD1 mice described above, we further hy-
pothesized that the PPF ratio should be reduced at SOD1 S NMJs
and increased at FF NMJs in SODI mice compared with WT
mice.

Once again, MU type had the greatest influence on these prop-
erties, regardless of the genotype (F, .5 = 8.847, p = 0.004,
two-way ANOVA). Indeed, the PPF ratio was significantly
greater at S and FR NMJs than at FF NM]Js in WT (Fig. 6D; WT S,
1.35 £ 0.03,n = 10, N=6, WT FR, 1.22 £ 0.03,n = 12, N = 6,
WT FF, 1.26 = 0.02, n = 16, N = 6; p < 0.05, Bonferroni post hoc
test) and in SOD1 mice (Fig. 6D; SODL1 S, 1.37 = 0.02, n = 13,
N =6,SOD1 FR, 1.30 = 0.02, n = 15, N = 7, SOD1 FF, 1.26 =
0.02, n = 16, N = 6; p < 0.05, Bonferroni post hoc test). Surpris-
ingly, however, the PPF ratio was unchanged in SOD1 compared
with WT mice in any MU type (Fig. 6D; p > 0.05, Bonferroni post
hoc test). This is inconsistent with the typical physiology of the
NMJ, whereby a large PPF is associated with a low quantal con-
tent. However, these results are in accordance with the MU-
specific differences in PPF reported in WT mice.
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In the last sets of experiments, we tested that the various alter-
ations in the synaptic properties described above are also present
in regular Ca>" conditions and occur in normal synaptic phys-
iological conditions (Fig. 6E-H ). We performed electrophys-
iological recordings in normal Ca®* Ringer’s solution, using
p-conotoxin GIIIB (3—4 um) to selectively block Na ™ channel in
muscle fibers and prevent muscle contractions. Properties of
nerve-evoked synaptic activity were again clearly altered as a
function of the MU type (F(, 54 = 4.055, p = 0.0207, two-way
ANOVA) and the interaction with the genotype (F, 56, = 12.03,
p < 0.0001, two-way ANOVA) for EPP amplitude. In addition,
there was a clear influence of the genotype (F, ;5 = 4.543,p =
0.0363, two-way ANOVA) and an interaction of the genotype
with MU type for the quantal content (F, 5, = 21.91, p < 0.0001,
two-way ANOVA). Indeed, consistent with our previous findings
in low Ca®*/high Mg>", quantal content in the WT was smaller
at S NM]Js compared with FR and FF NMJs, with FF NMJs show-
ing the largest one (Fig. 6H; WT'S,47.61 £2.32,n =11, N = 5;
WT FR; 54.98 = 2.06, n = 14, N = 5; WT FF, 63.44 * 1.83,n =
15, N = 5; SOD1 S, 58.24 = 1.88, n = 14, N = 5; SOD1 FR,
49.20 £ 1.71,n =10, N = 5; SOD1 FF, 48.04 = 1.84,n =19, N =
5; p < 0.05, p < 0.001,and p < 0.01, respectively, Bonferroni post
hoc test). Importantly, the NMJs of SOD1 mice presented the
opposite MU-dependent quantal content distribution whereby
the mutant S MUs had an elevated mean EPP amplitude and
quantal content compared with WT mice (Fig. 6E-H; EPP am-
plitude: SOD1 S, 26.71 = 1.03,n = 14, N = 5; SOD1 FR, 21.61 =
1.07,n =12, N = 5; SOD1 FF, 19.86 £ 0.74,n = 20, N = 5; WT
S$,22.80 = 1.06,n =11, N =5 WTEFR; 24.10 £ 0.72,n =16, N =
5; WT FF, 24.63 = 0.77,n = 15, N = 5; p < 0.05 and p < 0.001,
respectively, Bonferroni post hoc test). In addition, EPP ampli-
tude and quantal content were significantly smaller in the FF
NMJs of mutant mice compared with controls (Fig. 6E-H; p <
0.01 and p < 0.001, Bonferroni post hoc test). Also, similar to
changes observed in low Ca**/high Mg”* conditions, mEPP am-
plitude was altered as a function of the MU type (F, ,,, = 12.92,
p < 0.0001, two-way ANOVA), with FF NMJs having a smaller
mEPP amplitude compared with S NM]Js in both control and
mutant mice and FR NM]Js having a median value (data not
shown; p < 0.01 and p < 0.05, Bonferroni post hoc test). These
experiments further confirm the profound synaptic alterations
that are present in physiological conditions in the SODI*"X
mouse. These occur before the onset of symptoms, NM]J dener-
vation, and motor neuron loss in the ventral horn of the spinal
cord. Moreover, the great similarity of synaptic signatures in the
different Ca** conditions further highlights the importance of
the MU-dependent gradient of synaptic properties.

Building a motor unit synaptic profile
To better describe and evaluate synaptic variations as a function
of MU type and subsequently to facilitate comparison with mu-
tant synaptic deficits, we developed a motor unit synaptic profile
(MUSP) based on the characteristics of WT spontaneous and
evoked neurotransmission at P180 (Fig. 7). The comparison of
the spontaneous and evoked synaptic properties allowed us to
generate a profile for the properties of each MU type based on
four variables that represent synaptic strength, namely, mEPP
frequency and amplitude, quantal content, and PPF. This re-
flects the normal profile that one should expect at adult mouse
NMJs based on the MU types. This synaptic profile reveals that
the various MU types present a relative continuum of properties.
This distinct MU synaptic signature then allows one to subse-
quently identify and classify MUs based on measures of their
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Figure 7.

Motor unit synaptic profile (MUSP) based on synaptic transmission of WT mice. Schematic representation of relative variations in synaptic properties as a function of the MU type (S,

yellow; FR, green; FF, purple/orange) based on our experimental data obtained in low and normal Ca2™ conditions. The following four parameters were used to determine the profile: mEPP
amplitude and frequency, quantal content and PPF. Note the relative gradation of spontaneous and nerve-evoked properties following the MU types, which allowed us to generate the MUSP.

synaptic strength. This represents a tool to study changes in syn-
aptic transmission at the NM]J in ALS, not only as a comparison
between SOD1 and WT NMJs but also as a function of the intrin-
sic gradient of synaptic properties across MU types. Hence, we
expanded the characterization of the SOD1 NM]J synaptic prop-
erties to further build the MUSP for SOD1 mice over the course
of disease progression.

At presymptomatic stage: alterations of synaptic properties
persist in the EDL muscle

We then performed electrophysiological recordings on the pre-
symptomatic EDL (P380) of SODI1“*’% mice and age-matched
controls to examine whether the properties observed at the
asymptomatic stage persisted while denervation and NMJ mor-
phological alterations were present. As shown in Figure 8, spon-
taneous neurotransmission was now significantly changed in the
EDL, as opposed to P180. Indeed, mEPP frequency was consid-
erably decreased in SOD1 mice (Fig. 84,B; WT, 6.33 = 0.35 Hz,
n=15,N=6;S0D1,3.36 = 0.80 Hz, n = 12, N = 6; p = 0.0082,
unpaired ¢ test), while mEPP amplitude was increased (Fig. 8C;

WT,0.21 £0.01 mV,n =13, N=6;SOD1,0.25 £ 0.02mV, n =
12, N = 5; p = 0.05, respectively, unpaired # test). On the other
hand, similar to the data obtained at P180, EPP amplitude at FF
NMJs was 31% smaller in SOD1 mice than in WT mice (Fig.
8D,F;WT,0.85 £ 0.05mV,n =19, N =7;SOD, 0.59 * 0.05,n =
14, N = 6; p = 0.0005, unpaired ¢ test). Additionally, quantal
content was still considerably reduced at this age (Fig. 8F; WT,
3.97*+0.21,n=15,N=7;S0D1,2.49 £0.33,n =13, N=6;p =
0.0007, unpaired ¢ test), and no significant difference in PPF was
observed between WT and SOD1 mice (Fig. 8G; WT, 1.25 % 0.02,
n =19, N = 8 SOD, 1.31 = 0.03, n = 14, N = 6; p > 0.05,
unpaired ¢ test). To confirm that only NMJs from FF MUs were
recorded, immunolabeling for the MHCIIb and all-but-MHCIIX
was performed to identify the two fiber types on transverse cross
sections of the EDL muscle. As shown in Figure 8H, type IIB
fibers (FF MUs) were still predominantly present at the surface of
the EDL muscle, despite the presence of clear muscle atrophy.
This atrophy was also accompanied by a reduction in muscle
weight (data not shown).
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Persistent and additional synaptic changes at P380in the EDL. A, Examples of mEPPs in control (WT) and SOD1 %”® mice. B, €, Histograms showing the mean = SEM of mEPP frequency

(B) and amplitude (C) in FF NMJs. D, Traces of EPPs from WT and SOD1 FF NMJs. E-G, Histograms showing the mean == SEM of EPP amplitude (E), quantal content (F), and paired-pulse facilitation
ratio (G). H, Transverse cross sections of an EDL muscle (WT, top; SOD1, bottom) showing fiber type labeling of three MHCs. Left panels, MHC Ila (in green) and MHC 1 (in red); right panels: MHCs
all but MHClIx (in green) and MHClIx (by extension, in red). Note that the type of MHC at the surface recorded in our experiments (arrow) did not change during the course of the disease despite the

atrophy of the muscle (bottom panels). Scale bar, 100 wm. *p << 0.05; ***p << 0.001.

After disease onset: spontaneous activity in the SOL

remains unaltered

We next tested whether the alterations of synaptic transmission
in the SOL muscle persisted after disease onset, since vulnerabil-
ity to neurodegeneration, specifically for FR MUs, has been ob-
served in this period in SOD1 mice (Frey et al., 2000; Hegedus et
al., 2008). The properties and quality of the SOL preparations still
allowed us to perform the recording experiments even after the
start of the weight loss because of its late degeneration in ALS
(Hegedus et al., 2007; Valdez et al., 2012).

As expected, significant differences were observed in mEPP
frequencies in S MUs and FR MUs, which were significantly
higher at FR NMJs than at S NMJs, for WT and SOD1 mice (Fig.
9A-C; WT FR, 1.14 £ 0.12 Hz, n=14, N = §; SOD1 FR, 1.23 *
0.22Hz,n =8, N =5 WT S, 0.55 £ 0.0l Hz, n = 12, N = §;
SODI S, 0.60 + 0.04 Hz,n = 11, N = 6; p < 0.05and p < 0.01,
respectively, Bonferroni post hoc test). In addition, there was
again a clear effect of the MU type on mEPP amplitude (F, 50y =
58.72, p < 0.0001, two-way ANOVA), where it was larger at S
NM]Js than at FR NMJs in WT mice (Fig. 9D; WT'S,0.38 = 0.02 mV,
n=15N=6;WTFR,0.33 £0.02mV,n =14, N=6;p = 0.001,
Bonferroni post hoc test). However, there was no difference be-
tween WT and SOD1 mice (SODI1 S, 0.39 = 0.02 mV, n = 11,

N = 6; SOD1 FR, 0.32 £ 0.0l mV, n = 9, N = 5; p > 0.05).
Consistent with the data obtained at P180, spontaneous activity
was unchanged in the mutant, where mEPP frequency of the WT
NM]Js was not different from that of the SOD1 NMJs (Fig. 9C;
p > 0.05, Bonferroni post hoc test).

After disease onset: nerve-evoked activity evolved differently
in S and FR MUs

Unlike the long-lasting changes found in the FF MUs of the EDL
muscle, none of the MU-dependent nerve-evoked synaptic alter-
ations previously reported in the SOL muscle persisted at P450 in
SOD1 mice. Indeed, EPP amplitude was no longer significantly
different between WT and SOD1 mice in S MUs (Fig. 9E, G; WT,
0.85 = 0.05mV,n =15, N = 8,SOD1, 1.01 £ 0.09 mV, n = 12,
N = 7; p > 0.05, Bonferroni post hoc test). Moreover, the EPP
amplitude at FR NM]Js of SOD1 mice was now lower compared
with WT FR NMJs (Fig. 9F-G; WT, 0.85 £ 0.06 mV,n =17, N =
9;SOD1,0.68 = 0.06 mV,n =9, N = 6; p < 0.01, Bonferroni post
hoc test).

At this age, WT mice still presented a specific pattern of syn-
aptic properties in accordance with the MUSP developed at P180
(Fig. 7). However, several prominent synaptic changes were ob-
served in SOD1 mice: quantal content of FR NMJs, which was
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At disease onset, quantal content is no longer enhanced in S MUs and is decreased in FR MUs. A, B, Typical traces of spontaneous events in the S (4) and FR (B) NMJs from WT (top) and

S0D1%7R (bottom) mice. €, D, Histograms showing the mean == SEM of mEPP frequency (€) and amplitude (D) for S (green) and FR (blue) MUs. E, F, Traces of EPPs in the S (E) and FR (F) MUsin WT
(left) and mutant (right) mice. G-I, Histograms showing the mean == SEM of EPP amplitude (G), quantal content (H), and paired-pulse facilitation (/), for S (green) and R (blue) MUs. Note that the
quantal content of the SOD1 S MU is no longer larger than the WT MU, while it is now significantly smaller in the FR MU. *p << 0.05; **p < 0.01.

normal during the presymptomatic stage, was now considerably
reduced (by 27%) in SOD1 FR NMJs (Fig. 9H; WT, 2.89 = 0.19,
n = 14, N = 8; SODI, 2.12 = 0.19, n = 12, N = 7; p < 0.05,
Bonferroni post hoc test), while at the same time the increase in
neurotransmission reported earlier in mutant S MUs was no lon-
ger observed (Fig. 9H; WT, 2.29 = 0.15, n = 15, N = 8; SOD,
2.61 £0.18, n = 9, N = 6; p > 0.05, Bonferroni post hoc test).
Finally, again at this age, paired-pulse facilitation was only signif-
icantly influenced by the MU type (F, 45y = 12.73, p = 0.0008,
two-way ANOVA), while it remained unchanged at SOD1
NMJs compared with WT NMJs (F(, 4 = 3.533, p = 0.0663,
two-way ANOVA). In both cases, S NMJs presented a higher
PPF ratio than FR NMJs (Fig. 9I; WT S, 1.39 £ 0.03, n = 15,
N =38;SOD1S, 1.32 £ 0.02,n = 12, N = 7; WT FR, 1.27 *
0.02,n =17, N=8;SODI FR,1.22 £0.03,n =8, N=6;p <
0.05, Bonferroni post hoc test), following the synaptic property
identified earlier in the MUSP.

Reversal of the MUSP at SOD1 NMJs

Our comprehensive analysis of MU-dependent deficits in NM]J
synaptic transmission and the corresponding timeline alterations
of the MUSP in SOD1 mice are summarized in Figure 10. We
observed that NM]Js of FF MUs, which should show the strongest

synaptic output according to their intrinsic properties (Kanning
et al., 2010), showed a reduced quantal content at P180, when
NM]Js presented a normal morphology. This reduced quantal
content persisted at P380, when denervation became frequent in
the EDL muscle. In addition, in complete reverse fashion, the
quantal content of the S MUs was large at P180, but eventually
decreased at disease onset (P450). The reduction of quantal con-
tent in FR NMJs at P450, before the appearance of pronounced
morphological alterations, indicates that changes in neu-
rotransmission are early indicators of NMJ malfunction.
Hence, the decreased evoked transmission precedes the ex-
tensive NMJ denervation observed in the pathology and ap-
pears predictive of subsequent NM]J denervation and axonal
degeneration.

Together, our results reveal prominent opposite MU-specific
synaptic alterations in FF and S NM]Js of SOD1 mice, reversing
the pattern of synaptic properties normally seen in the MUSP of
WT mice (Fig. 7). These early persistent synaptic changes will
subsequently evolve differently after the onset of symptoms in the
SOL muscle. In particular, the quantal content is the hallmark of
the ALS-dependent changes in NM]J synaptic functions with a
particular signature at a given stage of the disease.
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Figure 10.

Motor unit synaptic profile (MUSP) alterations over the course of the disease in SOD1 mice. Schematic representation of changes in synaptic properties of NMJs as a function of MU type

(S, FR, and FF) and disease stage for the mutant mice. WT synaptic profile of the four parameters (mEPP amplitude and frequency, quantal content, and PPF) derived from Figure 5 is shown again
for ease of comparison (left column). To simplify the figure, data from the EDL (P380) and SOL (P450) muscles are represented in the onset category (right column), while data at P180is represented
inthe asymptomatic category (middle column). Synapticalterations between WT and SOD1 NMJs are represented with red bars, highlighting the statistical difference with the value of the WT MUSP.
Note the relative evolution of the alterations of quantal content, mEPP frequency, and mEPP amplitude throughout the disease at SOD1 NMJs. Only PPF remained unaltered at all stages.

Discussion

Our study provides a unique characterization of synaptic transmis-
sion recorded in three MU types over time in mutant SOD1“*%
mice and their WT littermates. A MUSP was developed based on
WT neurotransmission that showed a distinct signature of S, FR,
and FF NM]Js. This strategy revealed several synaptic alterations
in SOD1 mice that provided not only a MUSP signature for the
SOD1 mutant, but also a precise and unique MUSP for each stage
of the disease. Furthermore, synaptic alterations were observed
before MN loss, axonal degeneration, and NM]J structural

changes. Reduction of nerve-evoked transmission appears to be
predictive of the NMJ denervation in FF and FR NM]Js.

MU-dependent NMJ morphological alterations during
disease progression

To our knowledge, this is the first extensive MU-specific analysis
of NMJ properties in a model of ALS. Our characterization of
NMJs allowed us to specifically track the morphological altera-
tions in all MUs during disease progression and to confirm key
characteristics of the animal model. The fact that denervation was
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more frequent in the EDL than in the SOL muscle at P380 and
P450 supports an early selective vulnerability of the FF MU also
observed in other ALS models. However, somewhat surprisingly,
partially or completely denervated NMJs were more frequent in
all MU types of SOD1 mice compared with the control, but only
at P380. Our data are consistent with a recent study in SOD1%%**
mice that showed that innervation of SOL NM]Js was initially as
affected as other muscles but showed a slower rate of decline
(Valdez et al., 2012). In addition, S and FR MUs showed more
positive signs of nerve repair (increased polyinnervation, nerve
sprouting, and PSC process extensions). Their presence during
disease progression is consistent with the relative resistance of the
SOL muscle in ALS. The importance of these processes to NMJ
reinnervation (Son et al., 1996) may contribute to the better pre-
served NMJ structure in the S and FR MUs than in FF MUs at the
symptomatic stage. Of course, the presence of NM]J repair signs
does not warrant NMJ protection since NMJs of the SOL muscle
eventually become denervated at end-stage (Valdez et al., 2012).

As awhole, our work supports the findings on the widely used
model SOD1%%* (Frey et al., 2000; Atkin et al., 2005; Pun et al.,
2006; Hegedus et al., 2007, 2008; Krysciak et al., 2014) as it con-
firms the selective vulnerability of the FF MUs and the pattern of
spinal MN loss. Interestingly, the comprehensive characteriza-
tion provided by our work may facilitate the use of an SODI*"%
mouse model that more closely mimics disease progression in
patients.

The MUSP reflects MU properties

Our work allowed the development of a novel tool to characterize
NM]J properties over time and in a MU-dependent manner. The
MU-specific synaptic properties of the WT NM]Js used to build
the MUSP are in perfect accordance with known differences be-
tween slow and fast NMJs (Reid et al., 1999; Atkin et al., 2005), the
MN type (Leroy et al., 2014), and the muscle contractile proper-
ties. Indeed, the SNMJs had the smallest evoked and spontaneous
activity, consistent with their high resistance to fatigue (Hennig
and Lemo, 1985) and the slow contractile properties of type I
fibers (Krysciak et al., 2016). In contrast, the FF MUs that develop
strength rapidly, but only transiently (Hennig and Lomo, 1985),
presented the highest mEPP frequency and nerve-evoked synap-
tic transmission.

However, SOD1 NM]Js do not follow this profile, demonstrat-
ing striking alterations of quantal content early in the pathogen-
esis. Importantly, these salient differences in the quantal content
were also observed in normal extracellular Ca®" conditions, sug-
gesting that these properties are expressed during normal synap-
ticactivity in SOD1 mice and that they occur in the course of ALS.
This further confirms the differential MU-specific synaptic phe-
notype as a biomarker of the disease process.

Early and progressive reduction of neurotransmission in FF
NMJs highlights their relative vulnerability

The reduced neurotransmitter release in FF SOD1 NMJs is in
accordance with a reduced quantal transmission reported in fast
twitch-like muscle in mutTARDBP and mutFUS zebrafish larvae
(Armstrong and Drapeau, 2013a,b) and the Drosophila model of
FUS (Shahidullah et al., 2013; Machamer et al., 2014). Similar
results were observed at NMJs from ALS patients (Maselli et al.,
1993). These observations suggest that reduced neurotransmis-
sion at the NM]J is a prominent feature of the various forms of
ALS. This is consistent with the reported stalling of synaptic ves-
icles in the nerve terminal observed in fast NM]Js before denerva-
tion (Pun et al., 2006) and the impaired axonal transport of
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acetylcholine transferase in SODI1%%*4 MNs (Tateno et al., 2009)
that could reduce neurotransmitter synthesis at the NM]J. In ad-
dition, the selective increase in endoplasmic reticulum stress in a
subset of vulnerable MNs observed in the SOD1*** mouse in
vivo (Saxena et al.,, 2009) could be involved in early synaptic
alterations. However, our observation of changes in mEPP am-
plitude is indicative of possible postsynaptic effects, including
fragmentation and disorganization of the end plate and changes
in muscle fiber diameter (Sieck and Prakash, 1997). Hence,
changes in the NM]J properties of FR and FF motor units likely
imply changes in both presynaptic and postsynaptic elements
that evolve over the course of the disease process.

The reduction in neurotransmitter release first appeared in
the mutant EDL muscle at P180, without NMJ morphological
changes and before MN degeneration. Moreover, FR MUs also
showed similar reductions in evoked neurotransmission after
disease onset, before the appearance of major NM]J structural
changes in the SOL muscles. Hence, functional synaptic altera-
tions are early indicators of NMJ malfunction that precede NMJ
denervation.

Increased nerve-evoked transmission observed in

S NMJs only

Our study also reveals abnormal elevated synaptic activity in
NMJs of S MUs observed at P180 that persisted until P380
(Arbour et al., 2015). Increased synaptic transmission has been
reported at unidentified NM]Js of the diaphragm in presymptom-
atic SOD1°** mice (Rocha et al., 2013) and is consistent with
early intrinsic MN hyperexcitability that is thought to contribute
to neurodegeneration in ALS. However, contradictory results
have been reported such that, while hyperexcitability of SOD1**
MNs in culture was reported (Pieri et al., 2003; Kuo et al., 2004,
2005), others reported either an unchanged excitability (Pambo-
Pambo et al., 2009; Quinlan et al., 2011) or even a decreased
excitability in mutant SOD1 MNs (Bories et al., 2007). Interest-
ingly, a recent elegant in vivo study reported that adult MNs are
not hyperexcitable (Delestree et al., 2014) and that fast MNs have
an unchanged or reduced excitability compared with WT mice
while the more resistant S MNs show a transient intrinsic hyper-
excitability (Leroy et al., 2014). These results strongly suggest that
increased excitability does not play a crucial role in neurodegen-
eration in ALS but rather appears neuroprotective of the MNs
during the presymptomatic stage of the disease and perhaps is
related to the relative resilience of S MUs (Saxena et al., 2013).

Synaptic candidates underlying the MU-dependent changes
in ALS

A number of synaptic mechanisms may underlie the MU-depen-
dent differential NM]J changes. A first possible mechanism relates
to adenosine, which decreases (via A, receptors) or increases (via
A, , receptors) presynaptic ACh release at the NM]J (Sebastido
and Ribeiro, 2009a,b). The facilitating effect of adenosine is en-
hanced at NMJs of SOD1%%** mice at the presymptomatic stage
(Nascimento et al., 2014). Although the role of Al receptors re-
mains ill-defined at the NMJ in ALS, their involvement could
explain the reduction of spontaneous activity at P380 in the EDL
muscle.

Another possible mechanism is a toxic gain of function of the
SOD1 enzyme, affecting neurotransmission in ALS. Indeed, an
abnormal persistent Na* current has been observed in cultured
mutant SOD1 MNs (Pieri et al., 2003; Kuo et al., 2004, 2005) and
in humans (Vucic and Kiernan, 2006). Ca>*-dependent mecha-
nisms may also be involved as indicated by the increase of NM]J
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neurotransmission by ALS-derived antibodies (Appel et al., 1995;
Engelhardt et al., 1995), by Ca** dysregulation in the MNs
(Siklos et al., 1998), and by the perturbations of mitochondrial
Ca?" homeostasis in SOD1 mice (Jaiswal and Keller, 2009;
Tradewell et al., 2011; Jaiswal, 2014). Any change of presynaptic
Ca’* handling will alter transmitter release and lead to differen-
tial outcomes according to the MN type (Kanning et al., 2010).

Another possibility relates to glial cell functions at the NMJ. A
recent study showed an increased Ca*"-dependent activity of
PSCs, glial cells at NM]Js of S and FR MUs (Arbour et al., 2015).
Interestingly, Ca"-dependent mechanisms in PSCs regulate
transmitter release and synaptic plasticity (Todd et al., 2010).
Hence, the alteration of PSC Ca**-dependent activity could alter
neurotransmission and impact NM]J functions. In addition, be-
cause of their role in NMJ maintenance and repair (Son and
Thompson, 1995; Son et al., 1996; Georgiou et al., 1999), altera-
tions in PSCs early in the disease process may contribute to dis-
ease pathogenesis and further exacerbate the effect of SOD1
mutation on synaptic transmission (Arbour et al., 2017).

In conclusion, this extensive NMJ morphological and synap-
tic characterization, which evolves during disease progression,
highlights the importance of the MU type in ALS and appears to
be a strong and early biomarker of the disease. It underlies a
specific gradient of synaptic properties (MUSP) that is com-
pletely altered in SOD1 mice. Understanding the specific impli-
cations of the selective long-term NM]J physiological changes in
ALS will help to develop novel forms of functional biomarkers
and to identify novel therapeutic targets in ALS.
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