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Significance statement: The inadequate excitability of motor neurons and their output, the 27 
neuromuscular junctions (NMJs), has been considered a key factor in the detrimental outcome 28 
of the motor function in ALS. However, a conundrum persists at the NMJ whereby persistent 29 
but incoherent opposite neurotransmission changes have been reported to take place. This 30 
paper untangles this conundrum by systematically analyzing changes of synaptic properties 31 
over the course of the disease progression as a function of the motor unit type. This temporal 32 
analysis reveals that early synaptic alterations evolve with disease progression but precedes 33 
NMJ neurodegeneration. These data provide a novel framework of analysis and comparison 34 
of synaptic transmission alterations in neurodegenerative disorders.  35 
  36 
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Abstract 37 

Denervation of the neuromuscular junction (NMJ) precedes the loss of motor neurons (MNs) 38 

in amyotrophic lateral sclerosis (ALS). ALS is characterized by a motor unit (MU) dependent 39 

vulnerability where MNs with fast-fatigable (FF) characteristics are lost first, followed by 40 

fast-fatigue resistant (FR) and slow (S) ones. However, changes of NMJ properties as a 41 

function of MU types remain debated. We hypothesized that NMJ synaptic functions would 42 

be altered precociously in a MU specific manner, prior to structural alterations of the NMJ. 43 

Synaptic transmission and morphological changes of NMJs have been explored in two nerve-44 

muscle preparations of male SOD1G37R mice and their wild-type (WT) littermates: the Soleus 45 

(SOL; S and FR MU) and the Extensor Digitorum Longus (EDL; FF MU).  S, FR and FF 46 

NMJs of WT mice showed distinct synaptic properties from which we build a MU synaptic 47 

profile (MUSP) that reports MU-dependent NMJ synaptic properties. At P180, FF and S 48 

NMJs of SOD1 already showed respectively lower and higher quantal content compared to 49 

WT, prior to signs of MN death and before NMJ morphological alterations.  Changes 50 

persisted in both muscles until pre-onset (P380) while denervation was frequent in the mutant 51 

mouse. MN death was evident at this stage. Additional changes occurred at clinical disease 52 

onset (P450) for S and FR MU. As a whole, our results reveal a reversed MUSP in SOD1 53 

mutants and highlight MU specific synaptic changes occurring in a precise temporal 54 

sequence. Importantly, changes in synaptic properties appear to be good predictors of 55 

vulnerability to neurodegeneration.  56 

  57 
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Introduction  58 

Amyotrophic lateral sclerosis (ALS) is a fatal late-onset neurodegenerative disease 59 

characterised by the progressive loss of upper and lower MNs. NMJ degeneration is an early 60 

event in disease pathogenesis and NMJs morphological and physiological alterations have 61 

been reported in several genetic mouse models (Fischer et al., 2004, Narai et al., 2009, 62 

Moloney et al., 2014, Arbour et al., 2015).  Denervation and loss of synaptic proteins (e.g. 63 

SV2) were observed in SOD1G93A mice while early stalling of synaptic vesicles in the nerve 64 

terminal has been preferentially observed in fast-twitch fibers (Pun et al., 2006). These 65 

changes occur prior to symptoms onset and the loss of ventral root axons in the spinal cord 66 

(Frey et al., 2000, Fischer et al., 2004, Narai et al., 2009). This loss affects primarily fast-67 

fatigable (FF) motor units (MU), as they show the greatest vulnerability, followed by fast-68 

fatigue resistant (FR) and slow (S) MU, the latter being the most resistant that persist until end 69 

stage (Frey et al., 2000, Pun et al., 2006, Hegedus et al., 2007, Hegedus et al., 2008).  Large 70 

MU in fast-twitch muscle are then partially replaced by compensatory reinnervation by axons 71 

from small (S and FR) MU (Schaefer et al., 2005, Hegedus et al., 2008).  72 

Hence, the development of this MN disease appears to be characterised by profound 73 

synaptic alterations at the NMJ. However, this led to a number of discrepancies, generating a 74 

conundrum in the literature. For instance, Souayah et al. (2012) reported a reduced probability 75 

of release at NMJs of the diaphragm muscle in the presymptomatic SOD1G93A mice while, 76 

using the same neuromuscular preparation at the same stage, Rocha et al. (2013) reported that 77 

a distinct group of mutant NMJs presented a higher quantal content. After disease onset 78 

however, a decreased quantal content was subsequently observed in some NMJs. In addition, 79 

a diminished synaptic fidelity as well as decreased spontaneous activity was reported in spinal 80 

MNs of the mutant TDP-43 zebrafish larvae (Armstrong and Drapeau, 2013a).  Also, either a 81 

gain or a loss of FUS function impaired neurotransmission by reducing quantal content and 82 
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synaptic current amplitude in drosophila (Shahidullah et al., 2013; Machamer et al., 2014) or 83 

zebrafish (Armstrong and Drapeau, 2013b). The difficulty to reconcile these observations 84 

could be due in part to the developmental stage, the animal model itself or even to the specific 85 

mutation. However, an important aspect that was not considered in these studies is the type of 86 

MU to which the NMJs belong.  87 

Consistent with the selective vulnerability of specific groups of MU and the temporal 88 

pattern of denervation observed in various models of ALS, we postulate that synaptic activity 89 

is altered differentially depending on the MU type and also evolves differently during the 90 

disease process. We used SOD1G37R mice, a late-onset, slow and progressive model of ALS 91 

(Wong et al., 1995), to record neurotransmission from three different MU types of two 92 

different muscles: the fast-twitch EDL (FF MU) and the slow-twitch SOL (S and FR MU). 93 

We show that MU at WT NMJs are characterised by a distinctive synaptic profile that we 94 

define as a Motor Unit Synaptic Profile (MUSP). We further show that opposite synaptic 95 

changes are seen in FF and S MU of SOD1G37R mice before motor neuron degeneration in the 96 

spinal cord.  NMJs of mutant FF MU present a persistent reduced synaptic strength while 97 

those of S MU first show a substantial increase in synaptic evoked release that disappears 98 

after clinical onset of the disease. FR MU show a reduced quantal content only after disease 99 

onset. These characteristics generated a distinctive MUSP that reflected the various stages of 100 

disease progression. These synaptic alterations preceded NMJ structural changes, underlying 101 

the preferential vulnerability of NMJs from FF MU. This work highlights the importance of 102 

considering MU types in the study of NMJ functions in ALS, given their differential 103 

susceptibility to the disease and the specific intrinsic properties that confer their unique 104 

response to disease progression. 105 

  106 
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Material and methods 107 

Animals 108 

Mice overexpressing the human mutated SOD1G37R transgene were obtained from 109 

Jackson Laboratory (Bar Harbor, ME, USA,) and bred at our animal facilities on a C57BL/6 110 

background. These mice, referred to as line 29, expressed 2 to 5 fold the level of mutant 111 

proteins in the brain, spinal cord and brainstem and developed a slow motor neuron syndrome 112 

that resembles the human pathology characterised by a progressive weakness and a late onset 113 

of hind limb paralysis originally occurring around 12-13 months of age (Wong, 1995). 114 

However, this mouse strain currently exhibits an extended lifetime up to more than 500 days 115 

of age, confirmed by Jackson Laboratory (see Fig. 1A for the time course of the disease of the 116 

SOD1G37R mouse in our facilities).  Three specific time periods were investigated in the 117 

present experiment in the SOD1G37R mice and their WT littermates: the asymptomatic stage, 118 

P170-190 (P180), the presymptomatic stage, P370-400 (P380) and the symptomatic stage, 119 

P420-460 (P450). Only males were used in this study. 120 

Mice genotyping was performed at the time of the weaning by PCR amplification of 121 

the human SOD1 transgene using a small tail sample. All experiments were performed in 122 

accordance with the guidelines of the Canadian Council of Animal Care and the Comité de 123 

déontologie animale of Université de Montréal. 124 

 125 

Nerve-muscle preparations 126 

Nerve-muscle preparations of the Soleus (SOL) and Extensor Digitorum Longus 127 

(EDL) were dissected in oxygenated Ringer’s solution (in mM): 110 NaCl, 5 KCl, 1 MgCl2, 128 

25 NaHCO3, 2 CaCl2, 11 Glucose, 0.3 Glutamic Acid, 0.4 Glutamine, 5 BES, 0.036 Choline 129 

Chloride and 4.34 x 10-7 Cocarboxylase. After dissection, nerve muscle preparations were 130 

pinned in a Sylgard-coated recording chamber constantly perfused with oxygenated Ringer’s 131 
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solution (95% O2, 5% CO2). The pH (7.4) and temperature (28 ± 2 °C) were continuously 132 

regulated. 133 

 134 

Electrophysiological recordings of synaptic transmission 135 

Suprathreshold stimulation (2-5X) of the tibial nerve (SOL) or the deep peroneal nerve 136 

(EDL) was performed using a suction electrode filled with Ringer’s solution. Muscle 137 

contractions were prevented by continuous perfusion of the preparations with a modified 138 

Ringer’s solution prepared with low Ca2+ (1mM) and high Mg2+ concentrations (6.4mM), or 139 

by incubating the preparations with μ-conotoxin GIIIB (3-4μM, Peptides International) in 140 

normal Ringer’s physiological solution in closed-bath for 20 min prior to the experiments. 141 

Recordings were considered successful when the initial membrane potential (Em) of a muscle 142 

fiber was between - 65mV to - 80mV, an important indicator of muscle quality. In addition, a 143 

recording was considered valid and included for further analysis only if Em variation was less 144 

than 5 mV during the experiment. 145 

Importantly, soon after disease onset (defined by the start of weight loss), nerve-146 

muscle preparations of the EDL were too fragile to sustain the experimental procedures and 147 

spontaneous contractions would inevitably occur. This further confirmed the vulnerability of 148 

these muscles in the disease process. In addition, extensive denervation in the EDL greatly 149 

reduced the availability of surface NMJs, further reducing the success rate and preventing us 150 

from obtaining successful recordings after disease onset. Nerve-muscle preparation quality of 151 

the SOL could be maintained for a longer time window, allowing us to perform recordings at 152 

the beginning of the symptomatic period.  153 

Intracellular recordings of spontaneous and nerve-evoked synaptic responses were 154 

performed using a sharp glass microelectrode (WPI, 1.0mm) filled with 3mM KCl (35-70 155 
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MΩ) as previously described (Darabid et al., 2013b, Arbour et al., 2015). Briefly, spontaneous 156 

activity was monitored first, where miniature endplate potentials (mEPP) were recorded for a 157 

period of five to ten minutes without any motor nerve stimulation. mEPP frequency was 158 

obtained by dividing the number of mEPPs occurring in a period of at least five minutes (min 159 

100 mEPPs). Endplate potentials (EPP) were then evoked by paired (10 – 15 ms interval) 160 

motor nerve stimulations at 0.2 Hz for a period of at least 10 minutes (120 repetitions). 161 

Paired-Pulse Facilitation (PPF) was calculated as the mean amplitude of the second EPP 162 

divided by the mean amplitude of the first EPP (10 minutes period). Quantal content was 163 

calculated according to Castillo and Katz (1954): m = mean amplitude of the first EPPs 164 

(including failures) / mean amplitude of the mEPPs. At least 100 mEPP were included in the 165 

calculation of m. Quantal content and paired-pulse facilitation (PPF) are presynaptic markers 166 

of the synaptic strength of the recorded NMJs.   167 

Fiber type identification and classification were performed on previously recorded 168 

NMJs in the SOL muscle. Preparations were incubated right after the physiological 169 

experiment for 10 minutes with α-Bungarotoxin (Alexa fluor 594 conjugate, 1.3-2.0 g/ml, 170 

ThermoFisher Scientific), an irreversible marker of nicotinic acetylcholine receptors 171 

(nAChRs) at the NMJ. This labeling revealed the unique pretzel-like pattern of each NMJ, 172 

allowing us to retrieve each recorded NMJs. Additionally, after the completion of the 173 

experiment and to further ensure an accurate post hoc NMJ identification, surrounding fibers 174 

were gently impaled with a sharp microelectrode in a characteristic way to make the NMJ 175 

even more salient and eventually use it as a map. Number of fibers separating the recorded 176 

NMJ from the main nerve entry was also counted which served as a supplemental reference. 177 

Images on live muscles were then acquired on an Olympus BX-51W1 upright microscope 178 

with a BrightLine Pinkel filter set (Single band exciter FF01-560/25). 179 

 180 
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Immunohistochemistry and fiber type identification  181 

Fiber type identification 182 

The SOL contains mainly two fiber types in mice: S fibers expressing the myosin 183 

heavy chain I (MHCI) and FR fiber expressing the myosin heavy chain IIa (MHCIIa). Triple 184 

staining was performed on SOL muscle after each physiological experiment to identify the 185 

two MHCs and the nAChRs (see Fig. 5B). Muscles were fixed with 4% formaldehyde 186 

(Mecalab Ltée) diluted in PBS solution (in mM: 137 NaCl, 2.7 KCl, 10 Na2HPO4 and 2 187 

KH2PO4) during 10 minutes and rinsed 3 times with PBS. Membrane permeabilization was 188 

then performed in cold Methanol for 6 minutes (-20°C). The following steps of the 189 

immunostaining were performed at room temperature. After a rinsing period (3 times with 190 

PBS), muscles were incubated in a PBS-Triton X (0.01%) solution containing 10% Normal 191 

Donkey Serum (NDS) (Jackson Immunoresearch Labs) for 20 minutes to limit non-specific 192 

antibody labeling. Muscles were then incubated for 2 hours with a mouse anti-MHC type I 193 

IgG2B and a mouse anti-MHCIIa IgG1 (BAD5c, 1:100 and SC-71c, 1:200, Developmental 194 

Studies Hybridoma Bank). Between each immunolabeling steps, muscles were subsequently 195 

washed three times (5 min each) in PBS-Triton 0.01%. SOL preparations were incubated for 1 196 

hour at room temperature consecutively in an Alexa647-goat α-mouse IgG2b (1:500, Jackson 197 

Immunoresearch Labs) and, then with the Alexa488-goat α-mouse IgG1 (1:500, Jackson 198 

Immunoresearch Labs). Finally, a 30 minute staining with an Alexa594-conjugated-α-BTX 199 

(1.33-2.0 μg/ml, ThermoFisher Scientific) was performed to label postsynaptic receptors. 200 

Muscles were then mounted on a glass slide in Prolong Gold antifade (ThermoFisher 201 

Scientific). Images were subsequently acquired using a Zeiss LSM 510 confocal microscope. 202 

Immunolabeling on cross-sections of the EDL was performed as previously described 203 

(Gouspillou et al., 2014). Briefly, EDL muscles were mounted in cold optimal cutting 204 

medium compound (OCT; TissueTek) and frozen in isopentane cooled to -80oC in liquid 205 
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nitrogen. Transverse sections (10 μm) were made and incubated in blocking solution (10% 206 

NDS in PBS). Sections were incubated with either mouse IgG1 anti-MHC type IIa (SC-71, 207 

1:200), mouse IgG2b anti-MHC type I (BA-D5, 1:100) and mouse IgM anti-MHC type IIb 208 

(BF-F3, 1:200) or mouse IgM anti-MHC type IIx (6H1; 1:10) and mouse IgG1 anti-MHC all 209 

but IIx (BF-35, 1:200) for 1h at room temperature (all from Developmental Studies 210 

Hybridoma bank). Sections were then rinsed in PBS three times, and incubated with 211 

secondary antibodies: goat anti-mouse IgG1 Alexa488, goat anti-mouse IgM Alexa405 and 212 

goat anti-mouse IgG2b Alexa647 (all 1:500, Jackson Immunoresearch). Sections were then 213 

mounted in Prolong Gold antifade reagent (Invitrogen). 214 

MU identification was not performed after each experiment in the EDL muscle since 215 

we found that the specific zone on the muscle surface where NMJs were recorded was 216 

composed only of MHC IIb fibers (see example at preonset stage in Fig. 8H). In contrast, 217 

immunolabeling was necessary after each physiological experiment to identify the FR 218 

(MHCIIa) and the S NMJs (MHC I) of the SOL muscle (see Fig. 5B), as they are intermingled 219 

and present in similar proportion in WT and SOD1G37R mice at the surface of the SOL muscle 220 

(Arbour et al., 2015). 221 

 222 

Immunohistochemistry of NMJs and lumbar spinal cord sections 223 

Tissue preparation 224 

Mice were anesthetized with a lethal dose of Ketamine (375 - 450 mg/kg) and 225 

Xylazine (25 -30 mg/kg), and then perfused through the heart with cold PBS 1X for 5 226 

minutes, followed by 4% formaldehyde diluted in PBS 1X (4% PFA) for about 15 minutes. 227 

SOL and EDL muscles were then dissected and post-fixed for 10 minutes in 4% PFA at room 228 

temperature. The whole mice was then further fixed overnight in 4% PFA at 4oC and lumbar 229 

spinal cords were dissected, post-fixed in 4% PFA for 2 hours at room temperature and 230 
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cryoprotected in a 30% sucrose PBS 1X solution for 72 hours at 4oC. Lumbar spinal cords 231 

were then embedded in OCT and snap frozen in cooled isopentane (-40 to -50oC).  232 

 233 

Spinal cord cross sections and motor neuron counting 234 

Lumbar spinal cord sections were prepared as previously described (Parone et al., 235 

2013, Pickles et al., 2013). Floating 30μm-thick spinal cord cryosections were washed twice 236 

(5 min each) in PBS 1X, then incubated in a blocking solution (10% NDS, 0.3% Triton X-100 237 

in PBS) for 1 hour at room temperature. Sections were incubated overnight with primary 238 

antibodies against Choline Acetyl-Transferase (ChAT; 1:100; Goat; Millipore; AB144P) and 239 

Neuronal Nuclei (NeuN; 1:300; Mouse IgG1; Millipore; MAB377) in blocking solution at 240 

room temperature. Slices were then rinsed three times with PBS 1X (5 min each) and 241 

incubated with the secondary antibody Alexa594-donkey anti-goat (1:500; Jackson 242 

Immunoresearch Labs) in blocking solution for 1 hour at room temperature. Slices were then 243 

rinsed three times with PBS 1X and incubated with Alexa488-goat anti-mouse IgG1 244 

secondary antibody for 1 hour. Finally, sections were rinsed three times with PBS 1X (5 min 245 

each) and mounted on Superfrost Plus Gold slides (Thermo Fisher Scientific) with Prolong 246 

Gold antifade reagent (Thermo Fisher Scientific).  247 

Image acquisition was performed on an Olympus FV1000 confocal microscope with a 248 

20X water immersion objective (N.A. 0.95). Motor neurons in both ventral horns were 249 

counted from 15 to 20 sections per animal, at least 90 μm apart. ChAT- and NeuN-positive 250 

cells in the ventral horn were counted as α-motor neurons while ChAT-positive and NeuN-251 

negative cells were counted as γ-motor neurons as previously described (Lalancette-Hebert et 252 

al., 2016). Results are expressed as the average number of cells counted per ventral horn in 253 

each animal.  254 

 255 
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NMJ identification and labeling 256 

NMJ immunolabeling to label the three synaptic compartments of the NMJ was 257 

performed as previously described (Valdez et al., 2012, Darabid et al., 2013a, b, Arbour et al., 258 

2015).  EDL and SOL muscles were permeabilized in 100% cold methanol at -20°C for 6 259 

min. To prevent nonspecific labeling, preparations were incubated for 1 hour at room 260 

temperature in a blocking solution composed of 10% normal donkey serum (NDS) and 1% of 261 

Triton-X100 diluted in PBS 1X.  262 

For SOL muscles, type I muscle fibers were first labelled by incubating muscles with 263 

an antibody against MHC type I (BA-D5c; mouse IgG2b; 1:100; Developmental Studies 264 

Hybridoma bank) diluted in blocking solution for 24h at 4oC. SOL and EDL muscles were 265 

incubated with a rabbit anti-S100β antibody (1:250, Agilant-Dako) in blocking solution for 266 

24h at 4oC to label Schwann cells. Next, axons (chicken anti-neurofilament M, NF-M, 1:2000, 267 

Rockland Immunochemicals Inc) and nerve terminals (mouse IgG1 anti-synaptic vesicular 268 

protein 2, SV2, 1:2000, Developmental Studies Hybridoma Bank) were labeled in blocking 269 

solution for 24h. SOL muscles were then incubated with the secondary antibody Alexa488-270 

goat anti-mouse IgG2b (1:500; Jackson Immunoresearch Labs) in blocking solution for 2 271 

hours at room temperature. SOL and EDL muscles were then incubated simultaneously with 272 

Alexa594-conjugated-α-BTX (1.33-2.0 μg/ml, Thermo Fisher Scientific) and three secondary 273 

antibodies diluted in blocking solution for 2 hour at room temperature: goat anti-mouse IgG1 274 

Alexa405 (SOL) or Alexa488 (EDL), donkey anti-chicken or Alexa 405 (SOL) or Alexa488 275 

(EDL) and Alexa647-donkey anti-rabbit (all 1:500; Jackson Immunoresearch). Finally, whole 276 

muscle preparations were mounted in Prolong Gold antifade reagent (Thermo Fisher 277 

Scientific). Muscles were washed six times (10 min each) in PBS-Triton 0.01% following 278 

each antibody incubation. Some EDL muscles were dissected from un-fixed mice in normal 279 

Ringer’s solution and fixed in 4% PFA at room temperature for 10 mins. Immunolabeling of 280 
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the three synaptic components was performed as previously described for these muscles 281 

(Darabid et al., 2013a, Arbour et al., 2015). Observations and image acquisition were 282 

performed on a Zeiss LSM 510 or a Zeiss LSM 880 confocal microscope. No image 283 

manipulations were performed after acquisition, except for linear contrast adjustments for 284 

figure presentation. 285 

 286 

Statistical analysis 287 

 Results are represented as mean ± SEM where the number of animals is identified as N 288 

and the number of NMJs is represented by n.  Unpaired t tests were used in most cases where 289 

two different groups were compared. In addition, two-way ANOVA with post hoc Bonferroni 290 

multiple Comparison Test was used to compare the values obtained for the three MU of 291 

SOD1 and WT mice. The confidence level used was 95% (α = 0.05). 292 

Data from the NMJ morphological analysis (number of events over a number of  293 

observations, expressed as a % of events) follow a logistic distribution rather than a Gaussian 294 

distribution.This implies that variance is not constant and will vary depending on the value of 295 

the mean, i.e variance is smaller towards the extreme values of 0% and 100% (Crawley, 296 

2007). Classical statistical tests (such as t-test or two-way ANOVAs) assume that variance is 297 

constant and therefore are not appropriate for this analysis. Thus, Generalized linear models 298 

(GLM) using a logistic distribution (binomial error structure, logit link function) were created 299 

to test the effect of the MU type and the genotype of animals on the measured morphological 300 

criteria (Figure 5). The MU type was defined as paired within each subject (“within subject 301 

factor”). All pairwise comparisons were performed post-hoc using Sidak’s test. Only post-hoc 302 

p-values are reported in the text. All analyses were made with the SPSS 24.0.0.0 software 303 

(IBM). The number of animals used (N; number of replicates) and the number of NMJs (n; 304 

number of observations) are indicated in the text.  305 
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Results 306 

 Considering the progressive differential susceptibility of fast MU in ALS (Frey et al., 307 

2000, Atkin et al., 2005, Pun et al., 2006, Hegedus et al., 2007, Hegedus et al., 2008), we 308 

postulated that previous inconsistencies seen in synaptic transmission at the NMJ in various 309 

ALS models may be explained by the differential effect of the mutation on the different MU. 310 

In addition, we hypothesized that synaptic alterations presented by the various NMJ types (S-311 

FR-FF) might be transient and evolve differently as disease progress. Hence, using the 312 

SOD1G37R mouse model, we tested if spontaneous and nerve-evoked activity were altered in 313 

the slow-twitch SOL and the fast-twitch EDL, in a MU specific manner and at different time 314 

points during the course of the disease. We investigated three defined time periods to dissect 315 

the temporal effect of SOD1 mutation on neuromuscular transmission and NMJ structure: the 316 

asymptomatic stage (P180), the presymptomatic (preonset) stage (P380) and disease onset 317 

(P450) (see Fig. 1 for details).  318 

 319 

α-motor neurons numbers are preserved at P180 but not at P380 in the SOD1G37R mouse 320 

We first characterised the time of onset of motor neuron loss in our slow and 321 

progressive SOD1G37R model with respect to disease progression (Fig. 1A). We used the 322 

general neuronal nuclei marker NeuN and the cholinergic neuron marker ChAT to specifically 323 

identify MNs in lumbar spinal cords cross-sections of the mutant and control mice. Neurons 324 

in the ventral horn of the spinal cord positive for both markers were counted as α-MN while 325 

those weakly or unlabeled for NeuN were considered -MNs. As expected, analysis revealed 326 

no change in α-MN or γ-MN number at P180, 9 months prior to disease onset (Fig. 1B-D; WT 327 

α-MN: 9.19 ± 0.26, N=3, SOD1 α-MN: 11.14 ± 2.23, N=3, WT γ-MN: 5.05 ± 0.32, N=3, 328 

SOD1 γ-MN: 6.02 ± 1.65, N=3). At P380 however, 1 or 2 months prior to the symptomatic 329 

stage, a significant loss of α-MN was found in the ventral horn of SOD1 spinal cord while no 330 
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change in γ-MN number was observed (Fig. 1B, E and F; WT α-MN: 8.98 ± 0.56, N=4, 331 

SOD1 α-MN: 7.26 ± 0.43, N=5, WT γ-MN: 5.16 ± 0.90, N=4, SOD1 γ-MN: 4.04 ± 0.42, 332 

N=5). This indicates that -MN degeneration was already ongoing at this stage. 333 

 334 

At preonset stage: NMJ morphology is altered in the EDL and SOL muscles 335 

 At P180, several months before the start of overt motor symptoms, there was no 336 

evidence of morphological alterations of the presynaptic, postsynaptic and the glial 337 

components in the WT and SOD1G37R NMJs (see Fig. 2 for details on the seven criteria 338 

analysed), neither in the SOL nor in the EDL (data not shown). 339 

 However, since several morphological alterations have been reported in the SOD1G93A 340 

mouse before symptom onset, especially in FF MU (Frey et al., 2000, Pun et al., 2006, Valdez 341 

et al., 2012), we expected substantial denervation and postsynaptic changes in the fast-twitch 342 

EDL that could impair synaptic transmission during the preonset stage. The three components 343 

of the NMJ were then labeled at P380 on EDL and SOL whole mounted muscle preparations 344 

and each NMJ was analysed according to the seven criteria previously described (Fig. 2 and 345 

Arbour et al., 2015). 346 

 Denervation and partial innervation were already noticeable and frequent in the 347 

SOD1G37R in all fiber types compared to WT (Fig. 3A-C; SOD1 S, 18.89 ± 5.95 %, n=81, 348 

N=4; SOD1 FR, 12.67 ± 4.52 %, n=109, N=4; SOD1 FF, 38.27 ± 6.26 %, n=153, N=6; WT S, 349 

0.74 ± 0.74 %, n=94, N=4; WT FR, 2.18 ± 2.18 %, n=69, N=4; WT FF, 6.68 ± 1.50 %, 350 

n=125, N=6, Generalized Linear Model (GLM), respectively p = 0.007, p = 0.025 and p < 351 

0.001). In comparison, only one NMJ was found completely denervated in WT muscles at this 352 

age and only a few were partially denervated (Fig. 3A-C). Denervation was however clearly 353 

higher in the EDL than the SOL muscle, with FF MU presenting significantly more partially 354 

or completely denervated endplates than FR MU (Fig. 3A-C; GLM, p = 0.0307). In all mutant 355 
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MU types, postsynaptic endplate areas showed more ectopic receptors, a diffuse α-BTX 356 

labeling (see Fig. 2 for examples) and a clustered appearance in SOD1 mice in comparison to 357 

WT (Fig. 3D; WT S, 28.66 ± 8.69 %; WT FR, 36.90 ± 5.39 %; WT FF, 18.28 ± 2.25 %; 358 

SOD1 S, 77.00 ± 3.20 %; SOD1 FR, 67.48 ± 8.75 %; SOD1 FF, 38.88 ± 3.71 %, GLM, 359 

respectively p = 0.007, p = 0.025 and p ˂ 0.001). However, positive NMJ repair signs, 360 

including nerve sprouting, polyinnervation and PSC process extensions were observed more 361 

frequently in both mutant S and FR synapses compared to FF synapses (Fig. 3E; SOD1 S, 362 

40.32 ± 7.42 %; SOD1 FR, 35.79 ± 8.02 %; SOD1 FF, 12.67 ± 3.56 %, GLM, respectively p < 363 

0.001 and p = 0.006), suggesting that some regenerative processes are likely to happen in the 364 

SOD1 SOL muscle at this stage. This is consistent with the high plasticity capacity of these 365 

synapses compared to FF synapses (Frey et al., 2000).  Interestingly, in the WT as well, FR 366 

MU presented greater signs of NMJ reinnervation than FF MU (Fig. 3D; WT S, 19.82 ± 7.29 367 

%; WT FR, 33.79 ± 6.66 %; WT FF, 5.09 ± 2.47, GLM, p < 0.001), furthermore confirming 368 

the increased adaptive capacity of the SOL in healthy and pathological conditions.  369 

 370 

At disease onset: Selective morphological vulnerability of NMJs from FF MU   371 

 We next analysed morphological NMJ properties at disease onset (P450) and 372 

performed similar immunostainings as described above (Fig. 3). Consistent with their well-373 

known relative vulnerability in the SOD1G93A model (Frey et al., 2000, Pun et al., 2006, 374 

Hegedus et al., 2007, Hegedus et al., 2008, Krysciak et al., 2014), denervation and partial 375 

innervation were frequently observed at FF NMJs, significantly higher than in FR and S 376 

NMJs. Indeed, only 12.94 ± 5.61 % of S NMJs and 12.62 ± 5.20 % of FR NMJs were 377 

denervated and partially innervated as opposed to 49.24 ± 3.62 % of FF NMJs (Fig. 4B; 378 

SOD1 S, n=64, N=4; SOD1 FR, n=97, N=4; SOD1 FF, n=153, N=4, GLM, p < 0.001 and p < 379 

0.001). By comparison, denervation was observed on 5.73 ± 1.73 % of S WT NMJs, 3.65 ± 380 
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1.40 % of FR NMJs and 3.62 ± 1.58 % of FF NMJs, only the latter being significantly 381 

different from the mutant (Fig. 8B; WT S, n=107, N=5; WT FR, n=174, N=5; WT FF, n=249, 382 

N=5, GLM, p ˃ 0.05, p ˃ 0.05 and p < 0.01). 383 

While postsynaptic endplates of NMJs from S MU in WT were more disorganised 384 

than FR and FF synapses (Fig. 4C; WT S, 47.63 ± 7.16 %; WT FR, 22.58 ± 7.66 %; WT FF, 385 

20.55 ± 1.39 GLM, p = 0.013 and p ˂ 0.001), only mutant FR and FF MU showed more 386 

disorganised postsynaptic endplates (increased ectopic receptors, diffuse α-BTX labeling and 387 

clustered nAChRs) than WT mice (Fig. 4C; SOD1 FR, 51.71 ± 10.74 %; SOD1 FF, 63.45 ± 388 

6.38 %, GLM, respectively p = 0,005 and p < 0.001). 389 

 In addition, mutant NMJs from S MU had significantly more frequent positive signs 390 

of reinnervation, including nerve sprouting, polyinnervation and PSCs process extensions, 391 

than the FF NMJs (Fig. 4D; SOD1 S, 44.98 ± 1.99 %; SOD1 FR 42.52 ± 11.57 %; SOD1 FF, 392 

9.38 ± 3.08 %, GLM, p < 0.001 and p). Consistent with the positive influence of these 393 

parameters on the reinnervation of NMJs (Son et al., 1996), we observed numerous NMJs that 394 

were relatively spared in SOL of SOD1 mice, showing a well-preserved presynaptic 395 

component and a complete PSC coverage. This result is consistent with the relative resistance 396 

of this muscle to denervation in ALS (Valdez et al., 2012). Furthermore, our data confirm that 397 

the specific vulnerability of FF MU reported in other SOD1 models of the disease is also 398 

present in the SOD1G37R model.   399 

 400 

At asymptomatic stage: Spontaneous activity is unaltered in all MU types  401 

Following the characterization of the state of innervation, we examined the NMJ 402 

properties and synaptic changes throughout disease progression as a function of the MU type. 403 

Frequency and amplitude of spontaneous synaptic events were first analysed at P180 404 

in the SOL and EDL muscle of WT and SOD1G37R mice. Figure 5 shows that the properties of 405 
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spontaneous activity are MU–dependent (F(2,73) = 86.86, p < 0.0001, two-way ANOVA).  In 406 

WT mice, NMJs of slow MU showed the lowest mEPP frequency with 0.50 ± 0.03 Hz (Fig. 407 

5B; WT S, n=9, N=6), followed by the FR NMJs at 1.16 ± 0.22 Hz (Fig. 5B; WT FR, n=11, 408 

N=6) and finally the FF NMJs at 5.51 ± 0.56 Hz (Fig. 2B; WT FF, n=15, N=7). Importantly, 409 

the same pattern was observed in the SOD1 mice, without any difference compared to control 410 

NMJs (Fig. 5B; SOD1 S: 0.57 ± 0.06 Hz, n=13 N=7; SOD1 FR: 1.46 ± 0.23 Hz, n=14, N=6; 411 

SOD1 FF: 4.66 ± 0.46 Hz, n=17, N=6, Bonferroni post-hoc test, p ˃ 0.05). This is consistent 412 

with a previous report of unaltered spontaneous transmitter release at a presymptomatic stage 413 

in the SOD1G93A  mouse diaphragm  (Rocha et al., 2013).  414 

We next investigated the amplitude of the spontaneous events, knowing that this 415 

variable is usually inversely correlated with the fiber diameter (Sieck and Prakash, 1997). 416 

Accordingly, we predicted that mEPP amplitude should be the smallest in FF MU and the 417 

largest in S MU in WT mice. Alteration of this criterion could highlight postsynaptic defects 418 

in the mutant mice. Our results show that mEPP amplitude varied as a function of the MU 419 

type (F(2,69) = 58.72, p < 0.0001, two-way ANOVA). In the WT, FF MU had the smallest 420 

mEPP amplitude while FR MU and S MU had the greatest mEPP amplitude (Fig. 5C; WT S, 421 

0.35 ± 0.02 mV, n=10, N=6; WT FR, 0.31 ± 0.01 mV, n= 12, N=7; WT FF, 0.24 ± 0.01 mV, 422 

n= 15, N=7, Bonferroni post-hoc test, p < 0.001). Mutant NMJs followed approximately the 423 

same pattern, but in contrast mEPP amplitude of mutant FR NMJs was significantly higher 424 

than the control mice (Fig. 5D; SOD1 S, 0.37 ± 0.02 mV, n=13, N=7; SOD1 FR, 0.36 ± 0.02 425 

mV, n=12, N=6; SOD1 FF, 0.24 ± 0.01 mV, n=14, N=6, Bonferroni post-hoc test, p ˂ 0.01).  426 

Unlike previously reported for the SOD1G93A diaphragm (Rocha et al., 2013), giant mEPPs ( ˃ 427 

1 mV) were not predominant in any MU (less than 1 event per 5 min recording period) in both 428 

WT and SOD1 mice. 429 

 430 
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At asymptomatic stage: Evoked activity is high in S MU and low in FF MU  431 

 We next tested nerve evoked synaptic transmission in a MU specific manner at P180 432 

in the SOD1G37R mouse model. We performed intracellular electrophysiological recordings 433 

using a paired-pulse stimulation (PPF) protocol (two stimuli, 0.1 ms duration at 10 ms 434 

interval) elicited at 0.2 Hz, in a low Ca2+-high Mg2+ Ringer’s solution. These properties were 435 

then studied in normal Ca2+ concentration. 436 

 Amplitude of EPPs evoked by stimulation of the tibial nerve (SOL) and the deep 437 

peroneal nerve (EDL) was first measured using the first EPP evoked by the PPF protocol. 438 

Overall, we found a significant interaction effect (F(2,73) = 8.836, p = 0.0004, two-way 439 

ANOVA). For instance, EPP amplitude in the WT SOL was not significantly different neither 440 

in S, FR nor in FF MU (Fig. 6A and B; WT S, 0.74 ± 0.08 mV, n= 10, N=6; WT FR, 0.97 ± 441 

0.07 mV, n= 13, N=7; WT FF, 0.95 ± 0.08 mV, n=16, N=6, Bonferroni post-hoc test, p ˃ 442 

0.05). In contrast, mutant mice showed a completely reversed pattern, with EPP amplitude 443 

significantly larger at S NMJs than at FF NMJs (Fig. 6A and B; SOD1 S, 1.21 ± 0.13 mV, 444 

n=11, N=7; SOD1 FF, 0.98 ± 0.12 mV, n=16, N=6, Bonferroni post-hoc test, p < 0.001). In 445 

addition, significant differences emerged between WT and SOD1 where EPP amplitude was 446 

64% larger in mutant S NMJs than WT S NMJs (Fig. 6A and B; Bonferroni post-hoc test, p < 447 

0.001) while it was 36% smaller in the FF NMJs of SOD1 mice (Fig. 6A and B; Bonferroni 448 

post-hoc test, p < 0.01). However, no difference in EPP amplitude was detected at FR NMJs 449 

from SOD1 mice compared to WT (Fig. 6A and B; SOD1 FR, 0.61 ± 0.05 mV, n=14, N=7, 450 

Bonferroni post-hoc test, p ˃ 0.05). 451 

 We next determined the quantal content as a function of the MU type in WT and 452 

SOD1 animals. Based on the well-known differences in MU functions and synaptic properties 453 

(Reid et al., 1999, Kanning et al., 2010), we predicted a gradient of quantal content in WT 454 

mice, from S to FF NMJs. Indeed, S NMJs had the smallest quantal content with 2.11 ± 0.17 455 
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(Fig. 6C; Bonferroni post-hoc test, p < 0.01) while FF NMJs presented the largest one with 456 

4.10 ± 0.29 (Fig. 6C, WT S, n=10, N=6, WT FF, n= 16, N=7, Bonferroni post-hoc test, p < 457 

0.001). Furthermore, FR NMJs showed an intermediate value that was significantly different 458 

from the others (Fig. 6C; WT FR, 3.15 ± 0.23, n=14, N=7, Bonferroni post-hoc test, 459 

respectively p < 0.05 and p < 0,001).  460 

 Interestingly, this MU-dependency was altered at SOD1 NMJs. Indeed, well before 461 

onset of motor symptoms, opposite synaptic changes were already prominent in the S fibers of 462 

the SOL and the FF fibers of the EDL, reversing the normal physiological properties observed 463 

at WT NMJs. Interestingly the presence of the mutation influenced the MU types differently, 464 

as shown by a significant interaction effect (F(2,68) = 15.01, p < 0.0001, two-way ANOVA). 465 

Indeed, S MU of the SOD1G37R SOL presented a 57% increase in the mean quantal content 466 

compared to WT (Fig. 6C; SOD1 S, 3.33 ± 0.26, n=13, N=6, Bonferroni post-hoc test, p < 467 

0.01) while it was reduced by 66% in the FF NMJs of the mutant mice (Fig.6C; SOD1 FF, 468 

2.46 ± 0.23, n=16, N=7, Bonferroni post-hoc test, p < 0.001). These results demonstrate the 469 

presence of early and striking synaptic alterations in mutant mice, which contradict the 470 

established roles and functions of the various MU types (Kanning et al., 2010).  471 

Lastly, we analysed the paired-pulsed facilitation ratio (PPF) as an indicator of 472 

presynaptic release probability and synaptic efficacy. Consistent with the idea that the initial 473 

probability of release of a NMJ is normally inversely proportional to the PPF (Mallart and 474 

Martin, 1968), we expected, based on our quantal analysis results,  to observe MU specific 475 

variation of this variable in WT mice. Owing to the quantal content in SOD1 mice described 476 

above, we further hypothesized that PPF ratio should be reduced at SOD1 S NMJs and 477 

increased at FF NMJs in SOD1 compared to WT.  478 

Once again, MU type had the greatest influence on these properties, irrespective of the 479 

genotype (F(2,75) = 8.847, p = 0.004, two-way ANOVA). Indeed, PPF ratio was significantly 480 
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greater in S and FR NMJs than in  FF NMJs in WT (Fig. 6D; WT S, 1.35 ± 0.03, n=10, N=6, 481 

WT FR, 1.22 ± 0.03, n=12, N=6, WT FF, 1.26 ± 0.02, n=16, N=6, Bonferroni post-hoc test, p 482 

< 0.05) and in SOD1 mice (Fig. 6D; SOD1 S, 1.37 ± 0.02, n=13, N=6, SOD1 FR, 1.30 ± 0.02, 483 

n=15, N=7, SOD1 FF, 1.26 ± 0.02, n=16, N=6, Bonferroni post-hoc test, p < 0.05). 484 

Surprisingly, however, PPF ratio was unchanged in SOD1 compared to WT mice in any MU 485 

type (Fig. 6D; Bonferroni post-hoc test, p ˃ 0.05). This is inconsistent with the typical 486 

physiology of the NMJ whereby a large PPF is associated with a low quantal content. 487 

However, these results are in accordance with the MU-specific differences in PPF reported in 488 

WT mice. 489 

In the last sets of experiments, we tested that the various alterations in the synaptic 490 

properties described above are also present in regular Ca2+ conditions and occur in normal 491 

synaptic physiological conditions (Fig. 6E-H). We performed electrophysiological recordings 492 

in normal Ca2+ Ringer’s solution, using μ-Conotoxin GIIIB (3-4 μM) to selectively block Na+ 493 

channel in muscle fibres and prevent muscle contractions.  Properties of nerve-evoked 494 

synaptic activity were again clearly altered as a function of the MU type (F(2,86) = 4.055, p = 495 

0.0207, two-way ANOVA) and the interaction with the genotype (F(2,86) = 12.03, p ˂ 0.0001, 496 

two-way ANOVA) for EPP amplitude. In addition, there was a clear influence of the genotype 497 

(F(1,75) = 4.543, p = 0.0363, two-way ANOVA) and an interaction of the genotype with MU 498 

type for the quantal content (F(2,75) = 21.91, p ˂ 0.0001, two-way ANOVA). Indeed, 499 

consistent with our previous findings in low Ca2+/high Mg2+, quantal content in the WT was 500 

smaller at S NMJs compared to FR and FF NMJs, with FF NMJs showing the largest one 501 

(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 ± 502 

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; 503 

SOD1 FF, 48.04 ± 1.84, n=19, N=5, Bonferroni post-hoc test, respectively p < 0.05, p < 0.001 504 

and p < 0.01). Importantly, the NMJs of SOD1 mice presented the opposite MU-dependent 505 
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quantal content distribution whereby the mutant S MU had an elevated mean EPP amplitude 506 

and quantal content compared to WT (Fig. 6E-H; EPP amplitude : SOD1 S, 26.71 ± 1.03, 507 

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, 508 

22.80 ± 1.06, n=11, N=5; WT FR; 24.10 ± 0.72, n=16, N=5; WT FF, 24.63 ± 0.77, n=15, 509 

N=5, Bonferroni post-hoc test, respectively p < 0.05 and p < 0.001).  In addition, EPP 510 

amplitude and quantal content were significantly smaller in the FF NMJs of the mutant mice 511 

compared to the control (Fig. 6E and F; Bonferroni post-hoc test, p < 0.01 and p < 0.001). 512 

Also, similar to changes observed in low Ca2+/High Mg2+, mEPP amplitude was altered as a 513 

function of the MU type (F(2,72) = 12.92, p ˂ 0.0001, two-way ANOVA), with FF NMJs 514 

having a smaller mEPP amplitude compared to S NMJs in both control and mutant mouse and 515 

FR NMJs having a median value (data not shown, Bonferroni post-hoc test, p < 0.01 and p < 516 

0.05).  These experiments further confirm the profound synaptic alterations that are present in 517 

physiological conditions in the SOD1G37R mouse. These occur prior to symptoms onset, NMJ 518 

denervation and motor neuron loss in the ventral horn of the spinal cord. Moreover, the large 519 

similarity of synaptic signatures in the different Ca2+ conditions further highlights the 520 

importance of the MU-dependent gradient of synaptic properties.  521 

 522 

Building a Motor Unit Synaptic Profile (MUSP) 523 

To better describe and evaluate synaptic variations as a function of MU type and 524 

subsequently facilitate comparison with mutant synaptic deficits, we developed a MU 525 

Synaptic Profile (MUSP) based on the characteristics of WT spontaneous and evoked 526 

neurotransmission at P180 (Fig 7). The comparison of the spontaneous and evoked synaptic 527 

properties allowed us to generate a profile for the properties of each MU type based on four 528 

variables that represent synaptic strength, namely mEPP frequency and amplitude, quantal 529 

content and PPF. This reflects the normal profile that one should expect at adult mouse NMJs 530 
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based on the MU types.  This synaptic profile reveals that the various MU type presents a 531 

relative continuum of properties. 532 

This distinct MU synaptic signature then allows one to subsequently identify and 533 

classify MU based on measures of their synaptic strength. This represents a tool to study 534 

changes of synaptic transmission at the NMJ in ALS, not only as a comparison between 535 

SOD1 and WT NMJs but also as a function of the intrinsic gradient of synaptic properties 536 

across MU types. Hence, we expended the characterisation of the SOD1 NMJ synaptic 537 

properties to further build the MUSP for SOD1 mice over the course of disease progression. 538 

 539 

At presymptomatic stage: Alterations of Synaptic properties persist in the EDL muscle 540 

 We then performed electrophysiological recordings on the presymptomatic EDL 541 

(P380) of SOD1G37R mice and age-matched controls, to examine whether the properties 542 

observed at the asymptomatic stage persisted while denervation and NMJ morphological 543 

alterations were present. As shown in Fig. 8, spontaneous neurotransmission was now 544 

significantly changed in the EDL, as opposed to P180. Indeed, mEPP frequency was 545 

considerably decreased in SOD1 mice (Fig. 8B; WT, 6.33 ± 0.35 Hz, n= 15, N=6; SOD1, 3.36 546 

± 0.80 Hz, n=12, N=6, unpaired t-test, p = 0.0082) while mEPP amplitude was increased (Fig. 547 

8C; WT, 0.21 ± 0.01 mV, n= 13, N=6; SOD1, 0.25 ± 0.02 mV, n=12, N=5, respectively, 548 

unpaired t-test, p = 0.05). On the other hand, similar to the data obtained at P180, EPP 549 

amplitude at FF NMJs was 31% smaller in SOD1 than in WT mice (Fig. 8D, F; WT, 0.85 ± 550 

0.05 mV, n= 19, N=7; SOD, 0.59 ± 0.05, n= 14, N=6, unpaired t-test, p = 0.0005). 551 

Additionally, quantal content was still considerably reduced at this age (Fig. 8F; WT, 3.97 ± 552 

0.21, n= 15, N=7, SOD1, 2.49 ± 0.33, n=13, N=6, unpaired t-test, p = 0.0007) and no 553 

significant difference in PPF was observed between WT and SOD1 (Fig. 8; WT, 1.25 ± 0.02, 554 

n= 19, N=8; SOD, 1.31 ± 0.03, n= 14, N=6, unpaired-t-test, p ˃ 0.05). To confirm that only 555 
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NMJs from FF MU were recorded, immunolabeling for the MHC IIb and all but IIX was 556 

performed to identify the two fiber types on transverse cross-sections of the EDL muscle. As 557 

shown in Fig. 8H, type IIB fibers (FF MU), were still predominantly present at the surface of 558 

the EDL muscle, despite the presence of clear muscle atrophy.  This atrophy was also 559 

accompanied by a reduction in muscle weight (data not shown). 560 

 561 

After disease onset: Spontaneous activity in the SOL remains unaltered  562 

 We next tested whether the alterations of synaptic transmission in the SOL persisted 563 

after disease onset, since vulnerability to neurodegeneration, specifically for FR MU, has been 564 

observed in this period in SOD1 mice (Frey et al., 2000, Hegedus et al., 2008). Properties and 565 

quality of the SOL preparations still allowed us to perform the recording experiments even 566 

after the start of the weight loss owing to its late degeneration in ALS (Hegedus et al., 2007, 567 

Valdez et al., 2012).  568 

As expected, significant differences were observed in mEPP frequency in S MU and 569 

FR MU, being significantly higher in FR NMJs than S NMJs, for the WT and the SOD1 mice 570 

(Fig. 9A-C; WT FR, 1.14 ± 0.12 Hz, n=14, N=8; SOD1 FR, 1.23 ± 0.22 Hz,  n= 8, N=5; WT 571 

S, 0.55 ± 0.01 Hz, n= 12, N=8; SOD1 S, 0.60 ± 0.04 Hz, n= 11, N=6, Bonferroni post-hoc 572 

test, respectively p < 0.05 and p < 0.01). In addition, there was again a clear effect of the MU 573 

type on mEPP amplitude (F(2,69) = 58.72, p ˂ 0.0001, two-way ANOVA), where it was larger 574 

at S NMJs than at FR NMJs in WT mice (Fig. 9D; WT S, 0.38 ± 0.02 mV, n= 15, N=6; WT 575 

FR, 0.33 ± 0.02 mV, n= 14, N=6; Bonferroni post-hoc test, p = 0.001). However, there was no 576 

difference between WT and SOD1 (SOD1 S, 0.39 ± 0.02 mV, n= 11, N=6; SOD1 FR, 0.32 ± 577 

0.01 mV, n= 9, N=5, p ˃ 0.05). Consistent with the data obtained at P180, spontaneous 578 

activity was unchanged in the mutant, where mEPP frequency the WT NMJs was not different 579 

from the SOD1 NMJs (Fig. 9C; Bonferroni post-hoc test, p ˃ 0.05). 580 
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After disease onset: Nerve-evoked activity evolved differently in S and FR MU  581 

Unlike the long-lasting changes found in the FF MU of the EDL, none of the MU 582 

dependent nerve-evoked synaptic alterations previously reported in the SOL persisted at P450 583 

in SOD1 mice. Indeed, EPP amplitude was no longer significantly different between WT and 584 

SOD1 in S MU (Fig. 9E and G; WT, 0.85 ± 0.05 mV, n= 15, N=8, SOD1, 1.01 ± 0.09 mV, n= 585 

12, N=7, Bonferroni post-hoc test, p ˃ 0.05). Moreover, EPP amplitude at FR NMJs of SOD1 586 

mice was now lower compared to WT FR NMJs (Fig. 9F-G; WT, 0.85 ± 0.06 mV, n= 17, 587 

N=9, SOD1, 0.68 ± 0.06 mV,  n= 9, N=6, Bonferroni post-hoc test, p < 0.01).    588 

At this age, WT mice still presented a specific pattern of synaptic properties in 589 

accordance with the MUSP developed at P180 (see Fig. 7). However, several prominent 590 

synaptic changes were observed in SOD1 mice: quantal content of FR NMJs, which was 591 

normal during the presymptomatic stage, was now considerably reduced (by 27%) in SOD1 592 

FR NMJs (Fig. 9H; WT, 2.89 ± 0.19, n= 14, N=8, SOD1, 2.12 ± 0.19, n= 12, N=7, Bonferroni 593 

post-hoc test, p < 0.05.), while at the same time the increase in neurotransmission reported 594 

earlier in mutant S MU was no longer observed (Fig. 9H; WT, 2.29 ± 0.15, n= 15, N=8, SOD, 595 

2.61 ± 0.18,  n= 9, N=6, Bonferroni post-hoc test, p ˃ 0.05). Finally, again at this age, paired-596 

pulse facilitation was only significantly influenced by the MU type (F(1,48) = 12.73, p = 597 

0.0008, two-way ANOVA) while it remained unchanged at SOD1 NMJs as compared to WT 598 

NMJs (F(1,48) = 3.533, p = 0.0663, two-way ANOVA). In both cases, S NMJs presented a 599 

higher PPF ratio than FR NMJs (Fig. 9I; WT S, 1.39 ± 0.03, n= 15, N=8; SOD1 S, 1.32 ± 600 

0.02, n=12, N=7; WT FR, 1.27 ± 0.02, n= 17, N=8; SOD1 FR, 1.22 ± 0.03, n=8, N=6, 601 

Bonferroni post-hoc test, p < 0.05), following the synaptic property identified earlier in the 602 

MUSP.   603 

Reversal of the MUSP at SOD1 NMJs 604 
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 Our comprehensive analysis of MU-dependent deficits in NMJ synaptic transmission 605 

and the corresponding timeline alterations of the MUSP in SOD1 mice are summarized in 606 

Figure 10.  We observed that NMJs of FF MU, that should show the strongest synaptic output 607 

according to their intrinsic properties (Kanning et al., 2010), showed a reduced quantal 608 

content at P180, when NMJs presented a normal morphology. This reduced quantal content 609 

persisted at P380, when denervation became frequent in the EDL. In addition, in complete 610 

reverse fashion, the quantal content of the S MU was large at P180 to eventually decrease at 611 

disease onset (P450). The reduction of quantal content in FR NMJs at P450, before the 612 

appearance of pronounced morphological alterations, indicates that changes in 613 

neurotransmission are early indicators of NMJ malfunction. Hence, the decreased evoked 614 

transmission precedes the extensive NMJ denervation observed in the pathology, and is 615 

predictive of subsequent NMJ denervation and axonal degeneration. 616 

Together, our results reveal a prominent opposite MU-specific synaptic alterations in 617 

FF and S NMJs of SOD1 mice, reversing the pattern of synaptic properties normally seen in 618 

the MUSP of WT mice (see Fig. 7). These early persistent synaptic changes will subsequently 619 

evolve differently after symptoms onset in the SOL muscle. In particular, the quantal content 620 

is the hallmark of the ALS-dependant changes in NMJ synaptic functions with a particular 621 

signature at a given stage of the disease.     622 

  623 
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Discussion 624 

Our study provides a unique characterisation of synaptic transmission recorded in 625 

three MU types over time in mutant SOD1 G37R mice and their WT littermates. A MU synaptic 626 

profile (MUSP) was developed based on WT neurotransmission that showed a distinct 627 

signature of S, FR and FF NMJs.  This strategy revealed several synaptic alterations in SOD1 628 

mice that provided not only a MUSP signature for the SOD1 mutant, but also a precise and 629 

unique MUSP for each stage of the disease. Furthermore, synaptic alterations were observed 630 

prior to MN loss, axonal degeneration and NMJ structural changes. Reduction of nerve-631 

evoked transmission appears to be predictive of the NMJ denervation in FF and FR NMJs. 632 

 633 

MU-dependant NMJ morphological alterations during disease progression  634 

To our knowledge, this is the first extensive MU-specific analysis of NMJ properties 635 

in a model of ALS. Our characterisation of NMJs allowed us to specifically tract the 636 

morphological alterations in all MU during disease progression and to confirm key 637 

characteristics of the animal model. The fact that denervation was more frequent in the EDL 638 

than in the SOL at P380 and P450 supports an early selective vulnerability of the FF MU also 639 

observed in other ALS models. However, somewhat surprisingly, partially or completely 640 

denervated NMJs were more frequent in all MU types of SOD1 mice compared to the control, 641 

but only at P380.  Our data are consistent with a recent study in SOD1G93A that showed that 642 

innervation of SOL NMJs was initially as affected as other muscles but showed a slower rate 643 

of decline (Valdez et al., 2012). In addition, S and FR MU showed more positive signs of 644 

nerve repair (increased polyinnervation, nerve sprouting and PSC process extensions). Their 645 

presence during disease progression is consistent with the relative resistance of the SOL 646 

muscle in ALS. The importance of these processes to NMJ reinnervation (Son et al., 1996) 647 

may contribute to the better preserved NMJ structure in the S and FR MU than in FF MU at 648 
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the symptomatic stage. Of course, the presence of NMJ repair signs does not warrant NMJ 649 

protection since NMJs of the SOL eventually becomes denervated at end-stage (Valdez et al., 650 

2012). 651 

As a whole, our work supports the findings on the widely used model SOD1G93A (Frey 652 

et al., 2000, Atkin et al., 2005, Pun et al., 2006, Hegedus et al., 2007, Hegedus et al., 2008, 653 

Krysciak et al., 2014) as it confirms the selective vulnerability of the FF MU and the pattern 654 

of spinal MN loss. Interestingly, the comprehensive characterisation provided by our work 655 

may facilitate the use of the SOD1G37R mouse model that more closely mimics disease 656 

progression in patients. 657 

 658 

The Motor Unit Synaptic Strength Profile (MUSP) reflects MU properties 659 

 Our work allowed the development of a novel tool to characterise NMJ properties over 660 

time and in a MU-dependent manner. The MU specific synaptic properties of the WT NMJs 661 

used to build the MUSP are in perfect accordance with known differences between slow and 662 

fast NMJs (Reid et al., 1999, Atkin et al., 2005), the MN type (Leroy et al., 2014) and the 663 

muscle contractile properties. Indeed, the S NMJs had the smallest evoked and spontaneous 664 

activity, consistent with their high resistance to fatigue (Hennig and Lomo, 1985) and the 665 

slow contractile properties of type I fibers (Krysciak et al., 2016). In contrast, the FF MU that 666 

develop strength rapidly, but only transiently (Hennig and Lomo, 1985), presented the highest 667 

mEPP frequency and nerve-evoked synaptic transmission. 668 

 However, SOD1 NMJs do not follow this profile, demonstrating striking alterations of 669 

quantal content early in the pathogenesis.  Importantly, these salient differences in the quantal 670 

content were also observed in normal extracellular Ca2+ conditions, suggesting that these 671 

properties are expressed during normal synaptic activity in SOD1 mice and that they occur in 672 
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the course of ALS. This further confirms the differential MU specific synaptic phenotype as a 673 

biomarker of the disease process. 674 

 675 

Early and progressive reduction of neurotransmission in FF NMJs highlights their relative 676 

vulnerability 677 

The reduced neurotransmitter release in FF SOD1 NMJs is in accordance with a 678 

reduced quantal transmission reported in fast-twitch-like muscle in mutTARDBP and 679 

mutFUS zebrafish larvae (Armstrong and Drapeau, 2013b, a) and drosophila model of FUS 680 

(Shahidullah et al., 2013; Machamer et al., 2014).  Similar results were observed at NMJs 681 

from ALS patients (Maselli et al., 1993). These observations suggests that reduced 682 

neurotransmission at the NMJ is a prominent feature of the various forms of ALS. This is 683 

consistent with the reported stalling of synaptic vesicles in the nerve terminal observed in fast 684 

NMJs before denervation (Pun et al., 2006) and the impaired axonal transport of acetylcholine 685 

transferase in SOD1G93A MNs (Tateno et al., 2009) that could reduce neurotransmitter 686 

synthesis at the NMJ. In addition, the selective increase in endoplasmic reticulum stress in a 687 

subset of vulnerable MNs observed in the SOD1G93A mouse in vivo (Saxena et al., 2009) 688 

could be involved in early synaptic alterations. However, our observation of changes in mEPP 689 

amplitude is indicative of possible postsynaptic effects, including fragmentation and 690 

disorganisation of the endplate and changes in muscle fiber diameter (Sieck and Prakash, 691 

1997).  Hence, changes in NMJ properties of FR and FF motor units likely imply changes in 692 

both pre- and postsynaptic elements that evolve over the course of the disease process. 693 

The reduction in neurotransmitter release first appeared in the mutant EDL at P180, 694 

without NMJ morphological changes and prior to MN degeneration. Moreover, FR MU also 695 

showed similar reduction in evoked neurotransmission after disease onset, before the 696 
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appearance of major NMJ structural changes in the SOL muscles. Hence, functional synaptic 697 

alterations are early indicators of NMJ malfunction that precede NMJ denervation.  698 

 699 

Increased nerve-evoked transmission observed in S NMJs only 700 

Our study also reveals abnormal elevated synaptic activity in NMJs of S MU observed 701 

at P180 that persisted until P380 (Arbour et al., 2015). Increased synaptic transmission has 702 

been reported at unidentified NMJs of the diaphragm in presymptomatic SOD1G93A mice 703 

(Rocha et al., 2013) and is consistent with early intrinsic MN hyperexcitability that is thought 704 

to contribute to neurodegeneration in ALS. However, contradictory results have been reported 705 

such that, while hyperexcitability of SOD1G93A MN in culture was reported (Pieri et al., 2003, 706 

Kuo et al., 2004, Kuo et al., 2005), others reported either an unchanged excitability (Pambo-707 

Pambo et al., 2009, Quinlan et al., 2011) or even a decreased excitability in mutant SOD1 MN 708 

(Bories et al., 2007). Interestingly, a recent elegant in vivo study reported that adult MNs are 709 

not hyperexcitable (Delestree et al., 2014) and that fast MN have an unchanged or reduced 710 

excitability compared to WT while the more resistant S MN show a transient intrinsic 711 

hyperexcitability (Leroy et al., 2014). These results strongly suggest that increased 712 

excitability does not play a crucial role in neurodegeneration in ALS, but rather appears 713 

neuroprotective of the MN during the presymptomatic stage of the disease and perhaps related 714 

to the relative resilience of S MU (Saxena et al., 2013).   715 

 716 

Synaptic candidates underlying the MU-dependent changes in ALS 717 

A number of synaptic mechanisms may underlie the MU-dependent differential NMJ 718 

changes. A first possible mechanism relates to adenosine that decreases (via A1 receptors) or 719 

increases (via A2A receptors) presynaptic ACh release at the NMJ (Sebastiao and Ribeiro, 720 

2009b, a). The facilitating effect of adenosine is enhanced at NMJs of SOD1G93A mice at 721 
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presymptomatic stage (Nascimento et al., 2014). Although the role of A1 receptors remains 722 

ill-defined at the NMJ in ALS, their involvement could explain the reduction of spontaneous 723 

activity at P380 in the EDL.   724 

Another possible mechanism is a toxic gain of function of the SOD1 enzyme, affecting 725 

neurotransmission in ALS. Indeed, abnormal persistent Na+ current has been observed in 726 

cultured mutant SOD1 MNs (Pieri et al., 2003, Kuo et al., 2004, Kuo et al., 2005) and in 727 

humans (Vucic and Kiernan, 2006). Ca2+-dependent mechanisms may also be involved as 728 

indicated by the increase of NMJ neurotransmission by ALS-derived antibodies (Appel et al., 729 

1995, Engelhardt et al., 1995), by Ca2+ dysregulation in the MNs (Siklos et al., 1998) and the 730 

perturbations of mitochondrial Ca2+ homeostasis in SOD1 mice (Jaiswal and Keller, 2009, 731 

Tradewell et al., 2011, Jaiswal, 2014). Any alteration of presynaptic Ca2+ handling will alter 732 

transmitter release and lead to differential outcomes according to the MN type (Kanning et al., 733 

2010).  734 

Another possibility relates to glial cell functions at the NMJ. A recent study showed an 735 

increased Ca2+-dependent activity of perisynaptic Schwann cells (PSCs), glial cells at NMJs 736 

of S and FR MU (Arbour et al., 2015). Interestingly, Ca2+-dependent mechanisms in PSCs 737 

regulate transmitter release and synaptic plasticity (Todd et al., 2010). Hence, alteration of 738 

PSCs Ca2+-dependent activity could alter neurotransmission and impact NMJ functions. In 739 

addition, owing to their role in NMJ maintenance and repair (Son and Thompson, 1995, Son 740 

et al., 1996, Georgiou et al., 1999), alterations in PSCs early in the disease process may 741 

contribute to disease pathogenesis and further exacerbate the effect of SOD1 mutation on 742 

synaptic transmission (Arbour et al., 2017). 743 

In conclusion, this extensive NMJ morphological and synaptic characterisation, which 744 

evolves during disease progression, highlights the importance of the MU type in ALS and 745 

appears a strong and early biomarker of the disease. It underlies a specific gradient of synaptic 746 
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properties (MUSP) that is completely altered in SOD1 mice. Understanding the specific 747 

implications of the selective long-term NMJ physiological changes in ALS will help develop 748 

novel forms of functional biomarkers and identify novel therapeutic targets in ALS. 749 

  750 
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FIGURE LEGENDS 916 

Figure 1 Disease progression and motor neuron death in the SOD1G37R mouse model. A) 917 

Percentage of mice reaching disease onset (pale green line) and early disease (blue line). 918 

Based on symptoms and clinical nomenclature, the asymptomatic period (green zone) was 919 

defined from birth until P350, the presymptomatic (preonset) stage (yellow zone) from P350 920 

until P400 approximately and the symptomatic stage (red zone) started at around P400 until 921 

the endstage, at P525-600. We investigated three time periods corresponding to the three 922 

stages represented in the figure: P180, P380 and P450. WT, N = 10; SOD1, N = 9. B) 923 

Confocal images of immunohistological labeling of motor neurons in the ventral horn of a 924 

lombar spinal cord section: neurons nuclei (NeuN, green) and choline acetyltransferase 925 

(ChAT, red) were immunolabelled on spinal cord cross-sections of WT (upper panels) and 926 

SOD1 mice (lower panels) at P 180 (left) and P380 (right). Neurons in the ventral horn were 927 

identified as α-MNs when brightly labeled for both NeuN and ChAT and identified as γ- MNs 928 

when labeled with ChAT but weakly or not labeled for NeuN. C - F) Histograms showing the 929 

mean ± SEM of the number of α-MNs (C) and γ- MNs at P180 (D), and α-MNs (E) and γ-930 

MNs at P380 (F). Note the selective reduction of α-MNs in the mutant mouse at P380, 931 

without any γ-MNs loss. Scale bars, 100 m. 932 

 933 

Figure 2  Definition and examples of the criteria used for NMJ morphological analysis. The 934 

state of the three components (left column) of the NMJ, presynaptic (green), postsynaptic 935 

(red) and glia (blue) was analysed using seven criteria. Immunohistochemical analysis of the 936 

three components was performed based on the criteria defined in Fig. 2 (Arbour et al., 2015). 937 

Three criteria were defined to analyse the presynaptic component: denervation, nerve 938 

sprouting and polyinnervation. Postsynaptic receptors organisation was assessed using two 939 

criteria: faint clustered nAChRs or ectopic receptors. Finally, PSCs structure and integrity 940 
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were evaluated using two criteria: incomplete glial coverage and glial sprouting. Confocal 941 

false color images of the three components of the NMJ obtained from the mutant mouse 942 

illustrating each criterion (right column): presynaptic terminal (synaptic vesicles and the 943 

neurofilament, SV2 + NF-M, in green), endplate acetylcholine receptors (postsynaptic, α-944 

BTX, in red) and perisynaptic Schwann cells (Glia, S100β, in blue). Scale bars, 10 μm.  945 

  946 

Figure 3 Morphological alterations at P380 of FF, FR and S NMJs in EDL and SOL muscles. 947 

A-B) Confocal images of immunohistochemical labeling of the three components of the NMJ: 948 

the perisynaptic Schwann cells (Glia, S100β, in blue), the presynaptic terminal (SV2 + NF-M, 949 

in green) and AChRs (postsynaptic, α-BTX, in red) in the SOL (A) and the EDL (B) of WT 950 

(upper panel) and SOD1G37R mice (bottom panel). Note the presence of partially innervated 951 

NMJs in the SOL (A, lower panel) and EDL (B, lower panel) of SOD1 mice (arrows) and a 952 

glial process extension in the SOD1 SOL (A, arrowheads). C – E) Histograms showing mean 953 

± SEM of the percentage of NMJs with denervation, including partially innervated and 954 

completely denervated NMJs (C), postsynaptic endplate disorganisation, including faint, 955 

clustered or ectopic nAChRs (D) and positive NMJ repair signs, namely nerve sprouting, 956 

polyinnervation and PSC bridges (E). Note that all MU types already present significant 957 

denervation and postsynaptic disorganisation at the presymptomatic stage in the mutant 958 

mouse compared to the control. GLM, *p < 0.05, ** p < 0.01. Scale bars, 10 μm. 959 

 960 

Figure 4 Differential NMJs morphological alterations at clinical disease onset (P450). A-B) 961 

Confocal false color images of the three synaptic compartments of the NMJ: glia (S100β, 962 

blue), presynaptic nerve terminal (NF-M and SV2, green) and postsynaptic endplate 963 

(nAChRs) (α-bungarotoxin, red) for WT and SOD1 NMJs. Note the presence of denervated 964 

NMJs in the SOL and the EDL (A, lower panel) and EDL (B, lower panel) of SOD1 mice 965 
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(arrows), as well as polyinnervation and nerve terminal sprouting in the SOD1 SOL (A, 966 

arrowheads and asterisks respectively). Immunohistochemical analysis was performed as in 967 

Fig 3. C- E) Histograms showing the mean ± SEM of the percentage of NMJs with partial or 968 

complete denervation (C), with faint, clustered or ectopic nAChRs (D) or with nerve 969 

sprouting, polyinnervation or PSC process extensions (E). Note the major deterioration of 970 

NMJs of the EDL in comparison to the ones of the SOL. GLM, * p < 0.05, *** p < 0.001.  971 

 972 

Figure 5 Unaltered spontaneous activity at P180 in S, FR and FF NMJs. A) Typical traces of 973 

mEPP for S (left), FR (center) and FF (right) NMJs of WT and SOD1G37R mice.  B) Confocal 974 

false color images showing fiber type identification and labeling of the SOL muscle: S MHC 975 

(MHC 1, purple), FR MHC (MHC IIa, green) and postsynaptic nAChRs (α-BuTX, red). Note 976 

the alternance of the two MU types at the surface of the SOL muscle. C-D) Histograms 977 

showing the mean ± SEM of mEPP frequency (C) and mEPP amplitude (D) for S (in green), 978 

FR (in blue) and FF NMJs (in black). Note the gradual increase in mEPP frequency as a 979 

function of the MU type, which is similar for WT and SOD1G37R NMJs. However, the relative 980 

mEPP amplitude of SOD1 NMJs did not follow the pattern observed in WT littermates as the 981 

mEPP amplitude of FR MU was larger in SOD1 than WT. Scale Bar in B, 10 μm. 982 

 983 

Figure 6 EPP amplitude and quantal content are increased at P180 in S NMJs but decreased 984 

in FF NMJs. A) Typical traces of EPPs evoked by a paired-pulse protocol (0.2 Hz, 10 ms 985 

interval) in a low Ca2+/High Mg2+ solution for S (top), FR (middle) and FF NMJs (bottom) of 986 

WT and SOD1G37R mice.  B – D) Histograms of the mean ± SEM of EPP amplitude (B), 987 

quantal content (C) and paired-pulsed facilitation ratio (D) of the S (green), FR (blue) and FF 988 

NMJs (black) from WT and SOD1G37R mice. Note that SOD1 NMJs showed a reverse MU 989 

pattern.  E-F) Example traces of EPPs in physiological Ca2+ concentration with μ-conotoxin 990 
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GIIIB to block muscle contractions, for WT (E) and SOD1 (F) mice. G – H) Histograms of 991 

the mean ± SEM of EPP amplitude (G) and quantal content (H) performed in normal 992 

extracellular Ca2+ concentration. Note the similarities between data obtained in low vs normal 993 

Ca2+ confirming the striking synaptic differences observed in the mutant mice. *p < 0.05, ** p 994 

< 0.01, *** p < 0.001. 995 

 996 

Figure 7 Motor Unit Synaptic Profile (MUSP) based on synaptic transmission of WT mice. 997 

Schematic representation of relative variations in synaptic properties as a function of the MU 998 

type (S, yellow; FR, green; FF, purple/orange) based on our experimental data obtained in low 999 

and normal Ca2+ conditions. Four parameters were used to determine the profile: mEPP 1000 

amplitude and frequency, quantal content and paired-pulse facilitation (PPF). Note the relative 1001 

gradation of spontaneous and nerve-evoked properties following the MU types which allowed 1002 

us to generate the MUSP. 1003 

Figure 8 Persistent and additional synaptic changes at P380 in the EDL. A) Examples of 1004 

mEPPs in control (WT) and SOD1G37R mice.  B – C) Histograms showing the mean ± SEM of 1005 

mEPP frequency (B) and amplitude (C) in FF NMJs. D) Traces of EPPs from WT and SOD1 1006 

FF NMJs.  E – G) Histograms showing the mean ± SEM of EPP amplitude (E), quantal 1007 

content (F) and paired-pulse facilitation ratio (G). H) Transverse cross-sections of an EDL 1008 

muscle (WT, top; SOD1, bottom) showing fiber type labeling of three MHC. Left panels, 1009 

MHC IIa (in green) and MHC IIb (in red), right panels: MHC all but IIx (in green) and MHC 1010 

IIx (by extension, in red). Note that the type of MHC at the surface recorded in our 1011 

experiments (arrow) did not change during the course of the disease despite the atrophy of the 1012 

muscle (bottom panels). Scale Bar: H, 100 μm. ** p < 0.01, *** p < 0.001. 1013 
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Figure 9 At disease onset, quantal content is no longer enhanced in S MU and is decreased 1014 

in FR MU. A –B) Typical traces of spontaneous events in the S (A) and FR (B) NMJs from 1015 

WT (top) and SOD1G37R (bottom) mice. C- D) Histograms showing the mean ± SEM of 1016 

mEPP frequency (C) and amplitude (D) for S (green) and FR MU (blue). E – F) Traces of 1017 

EPPs in the S (E) and FR MU (F) in WT (left) and mutant (right) mice. G – I) Histograms 1018 

showing the mean ± SEM of EPP amplitude (G), quantal content (H) and paired-pulse 1019 

facilitation (I), for S (green), FR (blue). Note that the quantal content of the SOD1 S MU is no 1020 

longer larger than the WT while it is now significantly smaller in FR MU.  1021 

Figure 10- MUSP alterations over the course of the disease in SOD1 mice. Schematic 1022 

representation of changes in synaptic properties of NMJs as a function of MU type (S, FR and 1023 

FF) and disease stage for the mutant mice. WT synaptic profile of the four parameters (mEPP 1024 

amplitude and frequency, quantal content and PPF) derived from Figure 5 is showed again for 1025 

ease of comparison (left column). To simplify the figure, data from the EDL (P380) and SOL 1026 

(P450) are represented in the Onset category (right column), while data at P180 is represented 1027 

in the asymptomatic category (middle column). Synaptic alterations between WT and SOD1 1028 

NMJs are represented with red bars, highlighting the statistical difference with the value of 1029 

the WT MUSP. Note the relative evolution of the alterations of quantal content, mEPP 1030 

frequency and mEPP amplitude throughout the disease at SOD1 NMJs. Only PPF remained 1031 

unaltered at all stages.  1032 
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