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New and Noteworthy: This study shows that blocking M2 receptors with 25 

methoctramine improves motor function and muscle innervation in an ALS mouse 26 

model, particularly in the absence of exercise. Further evaluation suggests that some of 27 

these beneficial effects are related to a peripheral mechanism. These findings highlight 28 

a potential new therapeutic approach for ALS that targets cholinergic signalling. 29 

 30 

 31 

 32 

 33 
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ABSTRACT 34 

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative condition characterized by 35 

motor neuron loss, leading to muscle paralysis and death. C-boutons have been shown 36 

to be part of the compensatory mechanism behind delayed symptom onset, and are 37 

most active during vigorous exercises, like swimming. When mutant mice with silenced 38 

C-boutons perform this exercise, disease progression and behavioral performance 39 

drastically improve. Genetic manipulation of C-boutons in human patients remains 40 

limited,  therefore,  we  sought  to  manipulate  these  synapses  using cholinergic 41 

antagonists in the presence and absence of exercise in a mouse model of ALS. We 42 

demonstrate that atropine and methoctramine administration yield significant 43 

improvements in human endpoints, weight maintenance, treadmill performance, and 44 

grip strength. Most remarkably, muscle innervation was greatly enhanced at humane 45 

endpoints compared to controls, suggesting these drugs provide a protective effect 46 

against loss of motor control. We found that methoctramine provided greater benefits in 47 

the absence of exercise, hinting at the presence of novel cholinergic mechanisms that 48 

can be manipulated in order to preserve motor function. Moreover, we   provide 49 

evidence that these results are independent of C-boutons, and that methoctramine 50 

does not appear to cross the blood-brain barrier. Our results reveal pharmacological 51 

mechanisms by which muscle denervation can be reduced, thereby decreasing the 52 

rate of disease progression. We have uncovered a promising avenue for improving 53 

ALS symptoms by pharmacologically manipulating cholinergic transmission. This 54 

mechanism presents as a possible therapy translatable to the clinical setting, which 55 

has the potential to prevent the loss of motor control in patients with ALS. 56 
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INTRODUCTION 57 

 58 

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease that affects 59 

the nervous system, leading to the loss of motor neurons in the spinal cord and cerebral 60 

cortex. The clinical manifestation of ALS varies, with some cases showing progressive 61 

degeneration in upper motor neuron or lower motor neuron, or both (Ravits and La 62 

Spada, 2009). The rate at which motor neurons are lost varies across individuals, with a 63 

mean survival of approximately three years from symptom onset (Gubbay et al., 1985). 64 

Despite extensive research and efforts spanning decades, the etiology of ALS remains 65 

unclear. Currently, there is no cure for ALS and patients suffer from loss of muscle 66 

control and movement, affecting their quality of life. Only a few drugs have been 67 

approved that show, to a limited degree, a modest improvement in life expectancy: 68 

Riluzole, Edaravone, and Tofersen (Li and Bedlack, 2024). 69 

 70 

Surviving motor units undergo a substantial increase in force output, effectively 71 

compensating for muscle denervation during earlier stages of the disease (McComas et 72 

al., 1971). The etiology of these mechanisms has been an important area of research 73 

over the last two decades (Schoenfeld et al., 2005). Our previous work has highlighted 74 

the critical role of C-boutons as an indispensable part of the motor compensation 75 

present in transgenic model mice that carry the mutant form of superoxide dismutase 1 76 

(mSOD1G93A) (Landoni et al., 2021). C-boutons are large cholinergic terminals that 77 

synapse with motor neurons in the spinal cord, and are involved in amplitude modulation 78 

in certain tasks, such as swimming (Zagoraiou et al., 2009). Moreover, our  findings 79 
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demonstrate that exercise that activates C-boutons exacerbates disease progression in 80 

mSOD1G93A mice (Wells et al., 2021). Intriguingly, when C-boutons are silenced, and 81 

mice are exercised in the form of swimming (an activity which would normally activate 82 

C-boutons), an improvement is seen in disease progression and behavioural 83 

performance. This suggests that in the absence of functionally active C-boutons, 84 

swimming recruits another system or mechanism, and it provides beneficial effects to 85 

the mSOD1G93A mouse (Wells et al., 2021). C-boutons derive from V0c interneurons. 86 

These synapses release acetylcholine (ACh), which then binds to M2 receptors in motor 87 

neurons of the spinal cord (Hellström et al., 2003). The silencing of C-boutons in Wells 88 

et al., 2021 is highly specific to V0c interneurons, and it therefore inactivates only motor 89 

neuron synapses in the spinal cord (Zagoraiou et al., 2009). Other key motor neuron 90 

sites, such as the neuromuscular junction, are not genetically modified in this model 91 

(See methods). However, since genetic silencing of C-boutons is not feasible in 92 

humans, this study aimed to explore the therapeutic potential of blocking M2 receptors 93 

using cholinergic antagonists as a novel approach for treating ALS. Atropine is a non-94 

selective muscarinic antagonist with high affinity for all muscarinic receptors, with Ki (in 95 

nM) of 0.28, 0.76, 0.19, 0.13, and 0.24, for the M1, M2, M3, M4, and M5 receptors, 96 

respectively (Moriya et al., 1999). This antagonist was selected due to its common use 97 

in hospital settings to treat pesticide poisoning and organophosphorus chemical warfare 98 

(“Atropine Sulfate Injection,” 2015). Methoctramine, a cholinergic antagonist exhibiting a 99 

strong affinity for M2 receptors, was selected based on its specificity and potency 100 

(Melchiorre et al., 1987). Methoctramine’s affinities (Ki in nM) for muscarinic receptors 101 

have been shown to be 49.8, 14.3, 277, 38, and 313 for M1, M2, M3, M4, and M5, 102 
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respectively (Melchiorre et al., 2001). We hypothesized that combining exercise with 103 

either of these drugs would improve behavioural performance and muscle innervation. 104 

 105 

In the present study, we investigate the effect of atropine and methoctramine, 106 

compared to saline controls of mSOD1G93A mice. Each group was further subdivided 107 

into behavioural training (swimming condition) and resting conditions (absence of 108 

exercise). We report that both drugs improve behavioural performance, independent of 109 

exercise. Furthermore, both cholinergic antagonists prolong humane endpoints 110 

exclusively under resting conditions. Additionally, the administration of methoctramine 111 

improves muscle innervation at humane endpoints in both resting and exercise 112 

conditions. Methoctramine experiments were repeated in the resting condition with drug 113 

administration beginning at postnatal day 90 (P90). Notably, methoctramine 114 

administration beginning at symptomatic stages appears detrimental, indicating a limited 115 

window for intervention efficacy. Muscarinic M2 receptors are located in throughout the 116 

body. In order to show that the effects of methoctramine are due to the post-synaptic 117 

receptor of the V0c interneurons, experiments were repeated in mice with genetically 118 

silenced C-boutons. 119 

 120 

We show that the impact of methoctramine on disease progression is likely C- 121 

bouton independent, suggesting peripheral effects. We conclude by providing 122 

electromyogram data on the effects of methoctramine and mass spectrometry data from 123 

blood samples and cerebrospinal fluid of mice injected with methoctramine. 124 

 125 
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METHODS 126 

 127 

All experiments were performed in accordance with the Canadian Council on 128 

Animal Care guidelines and were approved by the Dalhousie University Committee on 129 

Laboratory Animals. All mice were housed on a 12-hour light/dark cycle (light period 130 

from 07:00 AM to 07:00 PM) with access to laboratory chow and water ad libitum. 131 

 132 

ANIMALS 133 

The following three lines of mice were used in this study: wild-type (WT) C57BL/6 134 

mice, mSOD1G93A mice (The Jackson Laboratory), and mSOD1G93A; Dbx1::cre; 135 

ChATfl/fl (mSOD1G93A/Coff) mice, in which the C-boutons of mSOD1G93A mice are 136 

genetically silenced, as previously shown in Zagoraiou et al., 2009. Briefly, the silencing 137 

of C-boutons is accomplished by crossing ChATfl/fl mice, in which LoxP sites are 138 

inserted in the ChAT gene, with mice in which the Cre recombinase gene is expressed 139 

under the control of the Dbx1 promoter, a transcription factor present in V0c 140 

interneurons. Only male mice were used during this research. We used three criteria to 141 

determine the humane end point of every animal: inability to walk on the treadmill at 142 

speeds faster than 0.05 m/s, inability to hold onto the grip strength apparatus, and 143 

weight loss of 15% of maximum weight over the course of their life. Mice were followed 144 

from postnatal day 30 (P30) until their humane endpoints. Quantitative PCR (qPCR) was 145 

used to determine the copy numbers in the mSOD1G93A mice in at least one animal of 146 

every litter. No differences in gene expression between all groups were found. 147 

 148 
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BEHAVIOURAL EXPERIMENTS  149 

In our first experiment, mice were randomly assigned to each drug group 150 

(atropine, methoctramine, and saline). Within the three groups, mice were further 151 

subdivided into swimming and resting groups for a total of 6 groups. Starting at P30, 152 

mice began to swim for thirty minutes, three times a week (Mondays, Wednesdays, and 153 

Fridays) and continued until an age when mice could no longer swim, despite significant 154 

intervention. Mice were injected with their respective drug twenty minutes prior to 155 

commencing the swimming exercise (see: 2.3 Drugs). The protocol for swimming has 156 

been previously described(Wells et al., 2021). The mice swam freely in a swimming pool 157 

with the following dimensions: 30 x 3 x 7 inches. The initial water temperature was 38°C 158 

and the end temperature after 30 minutes was 31°C. Lightly poking the mice in the back 159 

of their head with mouse-holding forceps (catalogue # NC1239918, Thermo Fisher 160 

Scientific) was done whenever they stopped swimming to ensure they swam as 161 

vigorously as possible. Mice swam for four minutes and immediately rested in a heated 162 

paper towel for one. This cycle was repeated six consecutive times for a total of thirty 163 

minutes. Immediately after swimming, mice were placed back in their cage, which was 164 

placed on a heating pad for 15 minutes. Behavioural and weight recordings were 165 

performed once a week, on a day when the mice did not swim and were not injected. 166 

The maximum speed on a treadmill was recorded using a 25 x 6 x 16 cm3 treadmill 167 

(model 802, Zoological Institute, University of Cologne, Cologne, Germany). The 168 

protocol for the treadmill has been previously described in Wells, et al., 2021. The speed 169 

on the treadmill was set to 0.1 m/s prior to commencing the recordings. Whenever a 170 

mouse could not walk at this speed, the speed was changed to 0.05 m/s. If the mouse 171 
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was still unable to walk at this speed, the mouse was considered to be at their humane 172 

endpoint. If the mouse was able to walk at 0.1 m/s, the speed of the treadmill was 173 

steadily increased until the mouse was unable to continue and approached the back wall 174 

of the treadmill. After stopping the treadmill and recording the maximum speed reached, 175 

the treadmill was adjusted to a new speed by rounding down to the nearest 0.05 m/s 176 

interval. Prior to commencing the following trial, mice were given a short break of 60 177 

seconds after each trial. A total of three trials were performed, and the maximum speed 178 

reached was used for analysis. 179 

 180 

The muscular strength of each mouse was assessed through the use of a grip 181 

strength apparatus (model GT3, BIOSEB) with a T-shape bar for mice accessory (BIO-182 

GRIPBS). The test consisted of allowing the mouse to hold onto the bar and carefully 183 

pulling them from the apparatus until they could no longer hold on. Each trial consisted 184 

of allowing the animal to hold on to the bar and release a total of eight times, and the 185 

maximum force was recorded. A total of five trials were performed, and the average 186 

maximum force of said trials was recorded for statistical analyses.  187 

For our second experiment, new groups of mSOD1G93A mice were categorized 188 

into either a control group, where saline was injected, or an experimental group, where 189 

methoctramine was injected. These two groups consisted of non-exercise conditions 190 

(drug or vehicle administration without swimming). Behavioural experiments were 191 

performed from P30 until humane endpoints as previously mentioned. The delivery of 192 

the drug (or vehicle) commenced at symptomatic stages (postnatal day 90, P90).  193 

Our third experiment consisted of groups of mSOD1G93A/Coff mice 194 
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(mSOD1G93A with genetically silenced C-boutons) which were categorized into either a 195 

control group or a methoctramine group, beginning at drug administration at P30, and in 196 

the absence of exercise. 197 

 198 

Electromyogram (EMG) experiments were conducted in wild-type mice (WT) at 199 

least two weeks after electrodes were implanted (See 2.10 EMG IMPLANT 200 

SURGERIES). Mice were anesthetized with isoflurane in order to attach the headpiece 201 

of the EMG array. Once mice had woken up, they were placed in the mouse treadmill 202 

previously mentioned, and the connector was attached to an amplifier (model 102, 203 

Zoological Institute, University of Cologne, Cologne, Germany). The animals were given 204 

5 minutes to recover from the anesthesia prior to commencing the experiments. 205 

Immediately after, mice were made to walk at speeds of 0.150 m/s for about ten 206 

seconds while EMG activity was recorded with the Spike 2 software (Version 10.19, 207 

Cambridge Electronic Design Ltd.). This was considered their baseline recording. Five 208 

minutes after the activity had stopped, mice were injected with either saline or 209 

methoctramine (see 2.3 DRUGS). Five minutes after the injection, mice were made to 210 

walk again, and their EMG activity was recorded. Recordings were done every five 211 

minutes for 45 minutes. Once experiments were finished, the connector was 212 

disconnected, and the mice were returned to their cages. 213 
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DRUGS 214 

Drug administration was based on published studies. Protocols in mice were as 215 

follows. Atropine sulphate (Sigma) was prepared weekly by dissolving it in isotonic 216 

(NaCl 0.9%) saline solution and was stored at 4°C. Atropine was injected 217 

subcutaneously (s.c.) with a dose of 10 µg/kg, based on previous literature findings in 218 

which the dose did not affect the locomotor activity of mice(Ghelardini et al., n.d.). 219 

Methoctramine (Sigma) was prepared by dissolving it in isotonic (NaCl 0.9%) saline 220 

solution and separated into vials with a final concentration of 0.05mg/mL. Vials were 221 

frozen at -20°C until they had to be used. After thawing, vials were kept at 4°C for a 222 

maximum of seven days before discarding. For experiments beginning at P30 and P90, 223 

and for EMG experiments, methoctramine was injected intraperitoneally (i.p.) in saline 224 

with a dose of 200 µg/kg. For the P30 experiments, saline (NaCl 0.9%) was used as a 225 

control with a dose of 10 mL/kg injected. For P90 and EMG experiments, saline (NaCl 226 

0.9%) was injected intraperitoneally (i.p.) with a dose of 10 mL/kg. 227 

 228 

TISSUE PREPARATION 229 

Mice were anesthetized by injecting them with Euthanyl (100 µL sodium 230 

pentobarbital, 100 mg/kg, i.p.; Bimeda-MTC). Transcardial perfusion was subsequently 231 

performed by injecting saline (NaCl, 0.9%) in the left ventricle, followed by 4% 232 

paraformaldehyde (PFA) injection in the same location. Both legs were submerged in 233 

phosphate-buffered saline (PBS) and the vertebral columns were submerged in PFA 234 

overnight prior to performing dissections. The gastrocnemius (GS) muscles, tibialis 235 

anterior (TA) muscles, and soleus (Sol.) muscles were dissected, and their weights were 236 
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recorded using an analytical balance (Sartorius, QUINTIX224-1S). For every type of 237 

muscle, the weights of the right and left leg were averaged and then normalized to the 238 

final weight of the mice. All muscles, as well as the spinal cord, were then placed in 30% 239 

sucrose solution overnight to cryoprotect. The spinal cords were partitioned into L2, L3-240 

L4, and L5 segments. Muscles and spinal cord segments were frozen in Optimal Cutting 241 

Temperature compound (Tissue-Tek, Sakura FineTek) and stored at -80°C. Muscle 242 

segments and spinal cord segments were sectioned at 40 µm and 30 µm, respectively, 243 

using a cryostat (model CM 3050S, Leica). 244 

 245 

MUSCLE IMMUNOFLUORESCENCE 246 

Red fluorescent α-bungarotoxin conjugated to tetramethylrhodamine (BTX; 247 

1:200, 5 µg/mL; catalogue #T1175, Thermo Fisher Scientific) was used to label the 248 

nicotinic acetylcholine receptors of the neuromuscular junction (NMJ). Goat anti-VAChT 249 

primary (1:1000; catalogue # ABN100, Millipore Sigma) and donkey anti-goat secondary 250 

(1:1000; catalogue # A32814, Thermo Fisher Scientific) were used to label presynaptic 251 

terminals of the NMJ. NMJs were manually assessed for muscle innervation using a 252 

microscope (model DM LB2, Leica) for muscle innervation. The number of NMJs 253 

counted was between 97 and 267 for each mouse. NMJs labelled with BTX that had 254 

more than 80% co-labelled with VAChT+ axon terminals were considered Fully 255 

innervated, while anything under 80% overlap was considered Partially innervated. 256 

NMJs that had no co-labelling of VAChT+ terminals were considered Denervated. The 257 

percentage of Fully innervated, Partially innervated, and Denervated NMJs related to the 258 

total number counted for each mouse were used for statistical analysis. 259 
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SPINAL CORD IMMUNOFLUORESCENCE  260 

In order to confirm the genetic silencing of C-boutons in mSOD1G93A/Coff mice 261 

compared to mSOD1G93A mice, the following antibodies were used: goat anti-VAChT 262 

primary 1:1000; catalogue # ABN100, Millipore Sigma), rabbit anti-ChAT primary (1:250, 263 

catalogue # PA5-29653, Thermo Fisher), donkey anti-goat secondary (1:1000; catalogue 264 

# AB32814, Thermo Fisher), and donkey anti-rabbit secondary (1:1000; catalogue # 265 

A32794; Thermo Fisher). C-boutons were confirmed to be genetically silenced by the 266 

absence of co-labelling of ChAT+ and VAChT+ in motor neurons of the spinal cord. This 267 

was only seen in mSOD1G93A/Coff mice. 268 

 269 

MICROSAMPLING OF BLOOD 270 

Adult wild-type mice of at least 50 days of age were used. Both legs were shaved 271 

to expose the saphenous vein. Mice were weighed and injected with methoctramine 272 

(i.p.) with a dose of 200 µg/kg and were placed back in their cages until the determined 273 

amount of time had passed. Once 10, 20, 30, or 40 minutes had passed, mice were 274 

placed in a 50 mL Falcon tube (Fisher Scientific) with holes previously drilled. One of the 275 

hind legs was immobilized by applying gentle pressure above the knee joint, therefore 276 

allowing clear visualization of the saphenous vein. Using a 23 G needle, the vein was 277 

lightly punctured, and blood was collected using 70 µL microhematocrit heparinized 278 

capillary tubes (Fisher Scientific, Catalogue # 22-362566). Once sufficient blood was 279 

collected, bleeding was stopped by applying light force on the puncture site with a 2” x 280 

2” gauze. Mice were returned to their cages only after confirming the puncture site was 281 

no longer bleeding. Blood was transferred to 1.5 mL Eppendorf tubes and placed 282 
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immediately on ice. This procedure was repeated on different days to collect samples at 283 

10, 20, 30, and 40 minutes after the administration of methoctramine. Blood samples 284 

were centrifuged at 2,000 RCF at 4°C for 15 minutes to separate plasma from whole 285 

blood (Eppendorf, Centrifuge 5418 R, Catalogue # 5401000137). Plasma samples were 286 

then transferred to new tubes and immediately frozen at -20°C until they were ready for 287 

mass spectrometry. 288 

 289 

CEREBROSPINAL FLUID COLLECTION  290 

Adult wild-type mice of at least 50 days of age and mSOD1G93A mice of 128 291 

and 129 days of age were used. Mice were anesthetized with 5% isoflurane at a rate of 292 

one litre per minute. Once deep anesthesia was achieved, isoflurane was reduced to 2-293 

3% and maintained for the duration of the surgery. Buprenorphine slow release (0.1 294 

mg/kg) and meloxicam (0.5 mg/kg) were administered subcutaneously. Methoctramine 295 

was injected with a dose of 200 µg/kg and the time was noted. Ophthalmic eye ointment 296 

was applied to the eyes. Mice were placed in a stereotaxic frame (Stereotaxic for 297 

mouse, SGLM, Model # 68018, RWD Life Science Inc.) and their temperature was 298 

maintained through a heating pad (ThermoStar Homeothermic Temperature Controller, 299 

Model # 69024, RWD Life Science Inc.). The skin on the neck and above was shaved, 300 

and a three-part skin scrub was applied using hibitane (4% chlorhexidine gluconate), 301 

alcohol, and povidone-iodine. The skin on the back of the neck was tugged with blunt 302 

forceps and cut with scissors to expose a 1.5 cm length area under the skin. An incision 303 

was made on the superficial connective tissue and the first layer of muscle was 304 

separated carefully by using blunt forceps. A micro-dissecting retractor was used to 305 
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maintain the connective tissue and the first layer of muscle separated (Stoelting Co., 306 

Item # 52124P). Using blunt forceps, the muscles at the midline were separated by 307 

pulling them sideways until part of the cisterna magna (CM) was exposed. A borosilicate 308 

glass tube previously pulled (capillary tube settings: Heat = 700, Fil = 4, Vel = 60, Del = 309 

145, Pul = 175), was fixed to a 90° electrode holder (David Kopf Instruments, Model 310 

1769). The capillary arm was advanced toward the mouse until it reached the CM. The 311 

capillary arm continued to be advanced until the membrane was punctured. Immediately 312 

after puncturing the membrane, the arm was retracted slightly to allow cerebrospinal fluid 313 

(CSF) to flow into the tube. Once a sufficient amount was collected (~10 µL), the tube 314 

was retracted from the CM and the mouse was euthanized. CSF was transferred to a 315 

0.2 mL tube and immediately placed on ice. For WT mice, CSF was collected between 316 

8- and 26- minutes post-injection. For mSOD1G93A mice, CSF was collected between 317 

11- and 17- minutes post-injection. 318 

 319 

CSF was centrifuged at 4°C for 15 minutes at 2,000 RCF. After centrifugation, 320 

CSF samples were inspected for any blood at the bottom of the tube (seen as a visible 321 

red dot). Any samples that contained any amount of visible blood were discarded. The 322 

supernatant was transferred into a new tube and stored at -20°C until they were ready 323 

for mass spectrometry analysis. In the original sampling tub, 6 µL of ultra-pure water 324 

was added to the pellet. Absorptions of 145, 455, and 540 nm wavelengths were 325 

determined using a spectrophotometer (NanoDrop 2000, Thermo Fisher, Catalogue # 326 

ND-2000). Samples with a wavelength absorption of 0.02 AU or higher were considered 327 

contaminated and were discarded. 328 
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 329 

MASS SPECTROMETRY  330 

Sample processing protocol 331 

For extraction, the initial sample material was diluted to 100µL with water. 332 

Extraction was performed using Oasis HLB 96-well µElution plates (2mg of sorbent, 333 

Waters) on a vacuum manifold. Prior to sample loading, HLB wells were rinsed with 334 

100%  methanol followed by 0.1% (v/v) trifluoroacetic acid (TFA) in water. After 335 

sample loading, wells were rinsed with 0.1% (v/v) formic acid in water followed by 336 

100% methanol for elution. Eluted sample material was concentrated in a SpeedVac 337 

centrifuge and reconstituted in water containing 12.5uM of isotopically labeled threonine 338 

(Cambridge Isotopes) prior to mass spectrometry (MS) analysis. Mass spectrometry 339 

analysis protocol Targeted mass spectrometry analysis was carried out on a 340 

QTRAP5500 instrument interfaced to an Agilent 1290 Infinity II liquid chromatography 341 

(LC) system. For analysis, samples were directly separated by an analytical column 342 

(2.1mm x 50mm, Kinetix F5 1.7µm, Phenomenex) at a flow rate of 0.4mL/min. For 343 

analyte elution he gradient held at an initial starting condition of 2% mobile phase B 344 

(99.9% acetonitrile, 0.1% formic acid) for 2-minutes before ramping to 60% B over 345 

0.9 minutes, holding at 60% B for 3.1- minutes, ramping to 90% B over 0.5-minutes 346 

and holding for 1-minute, ramping to 2% B in 0.25-minutes, with a final equilibration at 347 

2% B for 2.25-minutes (total run time of 10- minutes, mobile phase A = 0.1% formic acid 348 

in water). Data acquisition on   the QTRAP5500 utilized a targeted selected reaction 349 

monitoring (SRM) acquisition scheme with transitions for methoctramine (Q1 mass = 350 

292.0, Q3 mass = 121.1) and the labeled threonine (Q1 = 125.1, Q3 = 60.1). 351 
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Specifically, the QTRAP was globally set to use a positive ion spray voltage of 5500, 352 

collision gas of 5, curtain gas of 25, temperature of 450, gas 1 of 45, and a gas 2 353 

setting of 50. The declustering potential was globally  set to 60, entrance potential to 354 

10, and cell exit potential to 10. Collision energy values were set for each SRM transition 355 

(methoctramine = 21V, threonine = 21V). All   SRM transitions were set to a scan 356 

duration setting of 100msec, yielding a total cycle time of 0.21 seconds. A mixture of 357 

3.125µg/mL methoctramine and 12.5uM labeled  threonine was used as a system 358 

suitability standard to monitor system performance throughout the analysis. 359 

 360 

Data analysis 361 

The resulting data were analyzed using Skyline software (version 24.1.0.199) with 362 

additional downstream processing in R. 363 

 364 

EMG IMPLANT SURGERIES 365 

Animals of at least 60 days of age were anesthetized with 5% isoflurane at a rate 366 

of 1L/min until deep anesthesia was achieved. Isoflurane was then adjusted to 1-3% for 367 

the remainder of the surgery. Meloxicam (0.5mg/kg) and buprenorphine (slow release, 368 

0.1mg/kg) were injected subcutaneously, and ophthalmic eye ointment was applied to 369 

the eyes. The neck and hind limbs were shaved and a three-part skin scrub of hibitane 370 

(4% chlorhexidine gluconate), alcohol, and povidone-iodine was applied to the sites of 371 

incision for sterilization. Bipolar EMG electrodes were passed under the skin from the 372 

neck incision to the leg incisions. The electrodes were implanted into the gastrocnemius 373 

and tibialis anterior muscles on both legs. The headpiece was sutured to the skin around 374 
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the site of the neck incision. After the incisions were closed and anesthesia had been 375 

discontinued, animals were placed in a heated cage for a minimum of three days prior to 376 

returning them to their regular mouse rack. Food mash and hydrogel were placed in their 377 

cage daily until full recovery had been achieved. 378 

 379 

EMG RECORDINGS  380 

On day 1, mice were anesthetized with 5% isoflurane until deep anesthesia was 381 

achieved. A custom-made connector was attached to the EMG array headpiece that 382 

was previously implanted. Once connected, anesthesia was discontinued and the animal 383 

was placed on a treadmill (a 25 x 6 x 16 cm3 treadmill (model 802, Zoological Institute, 384 

University of Cologne, Cologne, Germany). The connector was attached to an amplifier 385 

(model 102, Zoological Institute, University of Cologne, Cologne, Germany), and mice 386 

were given a minimum of five minutes to recover from anesthesia. Mice were made to 387 

walk for a minimum of 10 seconds at speeds between 0.2 and 0.3 m/s, and EMG activity 388 

was recorded with Spike2 (Version 10.19, Cambridge Electronic Design Ltd.). Five 389 

minutes after the baseline trial, mice were injected with either saline or methoctramine 390 

(200 µg/kg) and were given five additional minutes before subsequent trials. From this 391 

point on, trials were repeated every five minutes, for a total of eight trials post-injection. 392 

On day 2, the same procedure was repeated with saline or methoctramine, whichever 393 

had not been administered the previous day. EMG amplitudes were normalized to the 394 

baseline for its corresponding day and comparisons were made between saline and 395 

methoctramine at every timepoint using paired t-test (expressed as datapoints 396 

connected by lines, e.g., Fig. 6A). 397 
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 398 

EXPERIMENTAL DESIGN AND STATISTICAL ANALYSES  399 

Behavioural data was collected weekly and averaged according to the disease 400 

stage as follows: presymptomatic (P30 to P51), muscle denervation (P58 to P79), 401 

symptom onset (P86 to P107), early symptomatic (P114 to P135), and late symptomatic 402 

(P142 to 163). In our first longitudinal experiments, 31 male mice were randomly 403 

assigned to one of three groups: saline injections, atropine injections, or methoctramine 404 

injections. Every group was subdivided into a swimming or a resting condition (n = 4 to 6 405 

per group). Statistical analyses were performed using a two-way ANOVA to reveal main 406 

effects (drug effects without swimming subdivisions) and interactions between subdivisions 407 

on Weight, Maximum Speed on a Treadmill, and Grip Strength. A one-way ANOVA was 408 

conducted to determine differences in the Humane endpoint. Differences in muscle 409 

innervation were determined by conducting a chi-square test of homogeneity. In our 410 

second longitudinal experiment, where methoctramine was administered beginning at 411 

P90, mice were randomly assigned to a control group where saline was injected (n = 4) 412 

or a methoctramine group (n = 6). Statistical analyses were performed using a one- way 413 

ANOVA. Power analyses were performed on all statistical tests to ensure a minimum 414 

power of 0.8.  415 

In our third experiment mSODG93A/Coff mice were injected with saline or 416 

methoctramine (n = 3 per group), and independent-samples t-tests were conducted. For 417 

EMG recordings (n = 3), paired t-tests were conducted to compare GS amplitude 418 

between saline and methoctramine administration. SPSS Statistics 26.0 (IBM) was used 419 

for statistical analyses. Excel 2016 (Microsoft) was used for data presentation. 420 
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RESULTS  421 

 422 

Cholinergic antagonists improve behavioural performance in mSOD1G93A mice. 423 

We have previously shown that in the absence of functional C-boutons, exercise 424 

in the form of swimming, a task that typically activates these cholinergic synapses, can 425 

positively influence disease progression in mSOD1G93A mice(Wells et al., 2021). In 426 

order to assess whether these results can be reproduced with a pharmacological 427 

approach, we injected either atropine, a non-selective cholinergic antagonist, 428 

methoctramine, an M2-selective cholinergic antagonist, or saline as control, in both a 429 

swimming condition and a resting condition. Injections were administered three times a 430 

week from P30 until humane endpoint. In the swimming groups, mice were injected 20 431 

minutes prior to the commencement of the exercise. Behavioural capabilities as 432 

measured by maximum speed on a treadmill and grip strength were recorded once 433 

weekly on days when mice were not injected and were averaged in four-week periods, 434 

based on disease stages (Fig. 1). A two-way ANOVA revealed no interactions between 435 

drug administered and exercise condition on maximum speed on a treadmill. Therefore, 436 

analyses of the main effects for drug and exercise were performed. Main effect for drug 437 

administered was statistically significant at the muscle denervation stage (F(1,25) = 438 

9.832, p < .001), symptom onset stage (F(1,24) = 8.816, p = .001), early symptomatic 439 

stage (F(2,25) = 7.451, p = .003), and late symptomatic (F(2,24) = 7.605, p = .003), with 440 

a large effect 408 size for each of these stages (η2 = 0.440, η2 = 0.424, η2 = 0.373, 441 

and η2 = 0.388, respectively). Pairwise comparisons show that mice in the atropine 442 

condition were found to run faster at the muscle denervation stage (P58-P79), with a 443 
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statistically significant mean difference of 0.106 ± 0.036 m/s, p = .007 (Fig. 1A). At this 444 

stage, mice in the methoctramine condition, independent of exercise, also ran faster, 445 

with a maximum speed of 0.541 ± 0.028 m/s, while mice in the saline group ran at a 446 

maximum speed of 0.377 ± 0.025 m/s, a statistically significant mean difference of 0.164 447 

± 0.038 m/s, p 415 = .001. Mice in the atropine condition continued to run faster than 448 

their saline 416 counterparts, but only in the early symptomatic stage and in the late 449 

symptomatic stage, 417 with mean differences of 0.090 ± 0.033 m/s (p = .033) and 450 

0.054 ± 0.021 m/s (p = .045), 418 respectively. Mice in the methoctramine condition also 451 

continued to run faster than their 419 saline counterparts in the symptom onset 452 

stage, early symptomatic stage, and late 420 symptomatic stage, with a statistically 453 

significant mean difference of 0.159 ± 0.038 m/s 421 (p = .001), 0.128 ± 0.035 m/s (p = 454 

.003), and 0.085 ± 0.022 m/s (p = .003), respectively. These results suggest that both 455 

atropine and methoctramine improve maximum speed on a treadmill at various stages of 456 

the disease independent of exercise, and these results are more pronounced in the 457 

methoctramine group. Notably, mice in the saline, resting condition have a difficult time 458 

maintaining a treadmill speed of 0.1 m/s at age P140 (Supplemental Video S1, A), while 459 

mice in the methoctramine, resting condition appear to walk effortlessly at double this 460 

speed at a similar age (Supplemental Video S1, B). Qualitatively, the performance of 461 

mice in the saline, resting condition at age P140 appears to be similar to the 462 

performance of mice in the methoctramine, resting condition at age P170 (Supplemental 463 

Video S1, C). 464 

 465 

A two-way ANOVA revealed no interaction between drug administered and 466 
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exercise condition on grip strength in the presymptomatic stage (P30-P51). There was a 467 

statistically significant main effect for drug administered at this stage (F(2,25) = 15.227, 468 

p < .001, η2 = 0.559) (Fig. 1B). Pairwise comparisons show that mice in the atropine 469 

condition, independent of exercise, had a better grip strength performance compared to 470 

mice injected with saline, a statistically significant mean difference of 8.625 ± 2.615 g (p 471 

= .009). Mice in the methoctramine condition, independent of exercise, also had a better 472 

grip strength performance compared to mice injected with saline (methoctramine mice, 473 

107.929 ± 1.982 g; saline mice, 93.393 ± 1.789 g, p < .001). A two-way ANOVA 474 

revealed an interaction between drug administered and exercise condition on Grip 475 

Strength in the muscle denervation stage (F(2,25) = 10.218, p < .001), symptom onset 476 

stage (F(2,25) = 81.955, p < .001), and early symptomatic stage (F(2,25) = 16.408, p < 477 

.001) with a large effect size for each stage (η2 = 0.450, η2 = 0.603, and η2 = 0.568, 478 

respectively). In the muscle denervation stage, mice in the atropine, no swimming 479 

condition performed better than mice in the saline, no swimming condition with a 480 

statistically significant mean difference of 11.44 ± 4.06 g, p = .009. In this same stage, 481 

mice in the methoctramine and no swimming condition also had a better grip strength 482 

performance (123.11 ± 3.51 g) compared to both mice injected with atropine, no 483 

swimming (102.52 ± 2.87 g) and mice injected with saline, no swimming (91.09 ± 2.87 484 

g), both a statistically significant mean difference (p < .001). These interactions were 485 

maintained in the symptom onset stage and the early symptomatic stage, with mice in 486 

the atropine, no swimming condition performing better than mice in the saline, no 487 

swimming condition, with statistically significant mean differences of 12.53 ± 3.82 g (p = 488 

.003) and 9.63 ± 3.73 g (p = .016), respectively. In these stages, mice in the 489 
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methoctramine, no swimming condition also performed better than mice in the saline, no 490 

swimming condition, with statistically significant mean differences of 32.17 ± 4.27 g (p < 491 

.001) and 20.26 ± 4.18 g (p < .001), respectively. Independent-samples t-tests were 492 

conducted between saline, no swimming and saline, swimming groups to assess 493 

differences in grip strength due to exercise. In the muscle denervation stage, grip 494 

strength was higher in the saline, swimming condition (97.75 ± 3.520 g) compared to the 495 

saline, no swimming condition (91.086 ± 3.343 g), a statistically significant difference of 496 

6.665 g (95% CI, 1.976 to 11.353), t(9) = 3.216, p = .011. In the symptom onset stage, 497 

grip strength was higher in the saline, swimming condition (89.587 ± 4.081 g) compared 498 

to the saline, no swimming condition (77.283 ± 6.664 g), a statistically significant 499 

difference of 12.349 g (95% CI, 4.591 to 20.107), t(9) = 3.601, p = .006. In the early 500 

symptomatic stage, grip strength was higher in the saline, swimming condition (79.859 ± 501 

5.672 g) compared to the saline, no swimming condition (67.248 ± 10.937 g), a 502 

statistically significant difference of 12.612 g (95% CI, 0.302 to 24.921), t(9) = 2.318, p = 503 

.046. 504 

 505 

Taken together, in the absence of swimming, mice injected with atropine or 506 

methoctramine have a stronger grip strength compared to saline controls. These 507 

findings suggest that cholinergic antagonists in mSOD1G93A mice provide beneficial 508 

effects on behavioural performance throughout disease progression, and these effects 509 

are more pronounced with the M2-selective antagonist methoctramine and in the 510 

absence of swimming. 511 

 512 
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Methoctramine improves weight, humane endpoint, muscle weights, and muscle 513 

innervation at humane endpoint in mSOD1G93A mice. 514 

The weights of mice were assessed once weekly and were averaged in four-515 

week periods according to disease stage for mice in saline, atropine, and methoctramine 516 

conditions, in both swimming and no swimming groups. A two-way ANOVA revealed no 517 

interactions at any stage between drug administered and exercise conditions. Analyses 518 

of the main effects for drug administered were statistically significant at the muscle 519 

denervation stage (F(2,24) = 3.562, p = .044), symptom onset stage (F(2,25) = 6.383, p 520 

484 = .006), early symptomatic stage (F(2,25) = 7.552, p = .003), and late 521 

symptomatic stage (F(2,25) = 8.727, p = .001), with a large effect size for each of these 522 

stages (η2 = 0.229, η2 = 0.338, η2 = 0.377, and 0.411, respectively). For the muscle 523 

denervation stage, the ANOVA observed power was 0.605. Pairwise comparisons show 524 

that mice in the methoctramine conditions, independent of exercise, weighted 23.847 ± 525 

0.486 g during the muscle denervation stage (P58-P79), while mice in the saline 526 

conditions weighted 22.049 ± 0.468 g, a statistically significant mean difference of 1.798 527 

± 0.674 g (p = .041; Fig 2A). Mice in the methoctramine conditions continued to show a 528 

greater weight than their saline counterparts in the symptom onset stage, early 529 

symptomatic stage, and late symptomatic stage, with a statistically significant mean 530 

difference of 494 2.384 ± 0.681 g (p = .003), 2.655 ± 0.685 g (p = .002), and 2.815 ± 531 

0.675 g (p < .001). This suggests that mice injected with methoctramine, independent of 532 

their exercise activity, can maintain a heavier body weight compared to controls 533 

throughout disease progression, and these differences are more notable as the disease 534 

progresses. 535 
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A one-way ANOVA was conducted to determine differences in humane endpoint 536 

between mice injected with atropine and mice injected with saline, in both the swimming 537 

and no swimming conditions (Fig. 2B, top panel). Humane endpoint was statistically 538 

significantly different across groups (F(3,18) = 4.995, p = .011, η2 = 0.454), indicating at 539 

least one group differed from the others. Humane endpoints were as follows: mice in the 540 

saline, no swimming group had 151.7 ± .5.61 days, mice in the saline, swimming group 541 

had 152.4 ± 4.56 days, mice in the atropine, no swimming group had  164.0 ± 8.34 days, 542 

and mice in the atropine, swimming group had 160.4 ± 6.42 days. Tukey post hoc 543 

analysis revealed that the increase from saline, no swimming to atropine, no swimming 544 

(12.33, 95% CI (1.774 to 22.892)) was statistically significant (p = .019). The increase 545 

from saline, swimming to atropine, no swimming (11.60, 95% CI (0.525 to 22.675)) was 546 

also statistically significant (p = .038). A one-way ANOVA was conducted to determine 547 

differences in humane endpoint between mice injected with methoctramine and mice 548 

injected with saline, in both the swimming and no swimming conditions (Fig. 2B, lower 549 

panel). Humane endpoint was statistically significantly across all groups (F(3,16) = 550 

3.329, p = .046, η2 = 0.384), suggesting that at least one group differed from the others. 551 

Mice in the methoctramine, no swimming condition had a humane endpoint of 163.5 ± 552 

7.51 days, while mice in the methoctramine, swimming condition had a humane 553 

endpoint of 154.2 ± 7.40 days. Tukey post hoc analysis revealed that the increase in 554 

humane endpoint from saline, no swimming to methoctramine, no swimming (11.833, 555 

95% CI (0.260 to 23.406) was statistically significant (p = .044). Together, these findings 556 

suggest that the administration of either atropine or methoctramine can increase 557 

humane endpoint in mSOD1G93A mice compared to saline controls, but only in the 558 
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absence of exercise in the form of swimming. 559 

 560 

After reaching the humane endpoint, mice weights were recorded and then 561 

euthanized. The gastrocnemius (GS), tibialis anterior (TA), and soleus (Sol.) muscles 562 

were dissected and weighed. Muscle weights were then normalized to the final weight 563 

of the animal. A two-way ANOVA was performed on normalized GS weights, TA weights, 564 

and Sol weights (Fig. 2C). The analysis revealed an interaction between drug 565 

administered and exercise condition in the GS weight with a large effect size (F(2,25) = 566 

7.843, p < .01, η2 = 0.386). Pairwise comparisons show that mice in the atropine, 567 

swimming condition had a lower normalized GS weight (0.263 ± 0.022%) compared to 568 

mice in the saline, swimming condition (0.376 ± 0.022%), a statistically significant 569 

difference (p = .004). Mice in the methoctramine, no swimming condition had a higher 570 

normalized GS weight (0.352 ± 0.025%) compared to mice in the saline, no swimming 571 

condition (0.270 ± 0.020%), a statistically significant difference (Fig. 2C, top panel; p = 572 

.048). An interaction was also found in the normalized TA weight (F(2,25) = 5.879, p = 573 

.008, η2 = 0.320). Mice in the atropine, swimming condition had a lower normalized TA 574 

weight (0.084 ± 0.012%) compared to mice in the saline, swimming condition (0.110 ± 575 

0.006%), a statistically significant difference (Fig. 2C, middle panel; p = .009). Mice in 576 

the methoctramine, no swimming condition had a higher normalized TA weight (0.113 ± 577 

0.016%) compared to mice in the saline, no swimming condition (0.093 ± 0.007%), a 578 

statistically significant difference (p = .046). No interactions or main effects were found 579 

in the normalized Sol. weight. These findings show that both GS and TA weights are 580 

heavier in the methoctramine group compared to saline controls, but only in the absence 581 
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of exercise. The weights of both GS and TA are lower in the atropine condition 582 

compared to saline controls, but only in the presence of exercise. An independent- 583 

samples t-test also shows that GS weight was higher in the saline, swimming condition 584 

(0.376 ± 0.047) than in the saline, no swimming condition (0.270 ± 0.048), a statistically 585 

significant difference of 0.101 (95% CI, 0.0415 to 0.172), t(9) = 3.702, p = .005. 586 

Similarly, TA weight was higher in the saline, swimming condition (0.110 ± 0.006) than 587 

in the saline, no swimming condition (0.093 ± 0.007), a statistically significant difference 588 

of 0.018 (95% CI, 0.009 to 0.026), t(9) = 4.588, p = .001. 589 

 590 

We examined the muscle innervation of GS, TA, and Sol. muscles at humane 591 

endpoint in the saline, atropine, and methoctramine conditions, in both swimming and no 592 

swimming groups (Fig. 2D). 5044 neuromuscular junctions (NMJ) were analyzed (n = 593 

689-830 per group) and a chi-square test of homogeneity was conducted (Fig. 2E). A 594 

total of 255 NMJ (30.72%) were fully innervated in the methoctramine, no swimming 595 

group compared to 188 (18.36%) in the saline, no swimming group and 186 (18.29%) in 596 

the atropine, no swimming group, a statistically significant difference in proportions, p < 597 

.001. A total of 234 NMJ (32.5%) were fully innervated in the methoctramine, swimming 598 

group compared to 86 (12.48%) in the saline, swimming group and 108 (14.14%) in the 599 

atropine, swimming group, a statistically significant difference in proportions. Post hoc 600 

analysis involved pairwise comparisons using the z-test of proportions with a Bonferroni 601 

correction. These findings reveal that the administration of methoctramine in mice, 602 

independent of exercise, improves muscle innervation at Humane Endpoint compared to 603 

the administration of saline or atropine.  604 
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Methoctramine is detrimental to mSOD1G93A mice when administration begins at 605 

symptomatic stages. 606 

Our findings reveal that the administration of methoctramine beginning at P30 607 

can have beneficial effects on behavioural performance, humane endpoint, and muscle 608 

innervation in mSOD1G93A mice. We sought to determine if these beneficial effects 609 

could be seen when methoctramine is administered after symptom onset. Weight, 610 

maximum speed on a treadmill, and grip strength were recorded weekly beginning at 611 

P30. Administration of methoctramine began at P90 and continued until Humane 612 

Endpoint. An independent-sample t-test was run to determine if there were differences 613 

in weight, maximum speed on a treadmill, grip strength, and humane endpoint between 614 

mice injected with methoctramine (n = 6) and saline (n = 4). No statistically significant 615 

differences were found in Weight or Maximum Speed on a Treadmill at any stages of the 616 

disease (Fig. 3A, B). In the early symptomatic stage, grip strength was lower in mice 617 

injected with methoctramine (68.349 ± 3.898 g) compared to mice injected with saline 618 

(88.704 ± 13.023 g), a statistically significant difference of 20.355 (95% CI, 6.04 to 619 

34.66), t(7) = 3.364, p = .012 (Fig. 3C). In the late symptomatic stage, mice injected with 620 

methoctramine also had lower grip strength (43.851 ± 3.561 g) compared with mice 621 

injected with saline (59.649 ± 4.902 g), a statistically significant difference of 15.797 622 

(95% CI, 8.38 to 23.21), t(6) = 5.214, p = .002. No statistically significant differences 623 

were observed in the Humane Endpoint (Fig. 3D). These results suggest that the 624 

beneficial effects of methoctramine are limited to the administration beginning at earlier 625 

stages, and administration beginning at symptomatic stages can be detrimental to grip 626 

strength.  627 
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Methoctramine improves humane endpoint in mSOD1G93A mice with non-628 

functional C-boutons. 629 

Our findings show that the administration of methoctramine, an M2-selective 630 

cholinergic antagonist, beginning at P30 can provide beneficial effects to mSOD1G93A 631 

mice. Given that M2 muscarinic receptors are located throughout the body, including 632 

post-synaptic to V0c interneurons, we wanted to investigate whether the beneficial 633 

effects of methoctramine are dependent on C-boutons. To do this, we repeated our 634 

longitudinal experiment where methoctramine administration began at P30, but in mice 635 

with genetically silenced C-boutons (mSOD1G93A/Coff ). Similar to our previous 636 

experiments, mSOD1G93A/Coff mice were randomly assigned to either a saline 637 

condition or a methoctramine condition (n = 3 per group). Weight, Maximum Speed, and 638 

Grip strength were assessed weekly on days when injections were not taking place. 639 

Histological assessment demonstrates prevalent C-boutons in mSOD1G93A mice (Fig. 640 

4A), and complete absence of ChAT at the sites of C-boutons in the lumbar spine of 641 

mSOD1G93A/Coff mice (Fig. 4B). 642 

 643 

An independent-samples t-test was conducted to determine differences in 644 

Weight, Maximum Speed, Grip Strength, and Humane Endpoint between both 645 

conditions. There was no statistically significant difference in Weight or Grip Strength 646 

between the saline and methoctramine conditions (Fig. 4C, D). Mice in the 647 

methoctramine condition had a greater Maximum Speed compared to their saline 648 

counterparts in the presymptomatic stage, muscle denervation stage, symptom onset 649 
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stage, and early symptomatic stage, with a mean increase of 0.119 ± 0.075, 0.122 ± 650 

0.130, 0.049 ± 0.152, and 0.109 ± 0.126, respectively, however, these differences did 651 

not reach statistical significance (Fig 4E). Humane endpoint was higher in 652 

mSOD1G93A/Coff mice injected with methoctramine (157.33 ± 2.517 days) compared to 653 

their saline counterparts (144.33 ± 1.155 days), a statistically significant difference of 13 654 

days (95% CI, 8.56 to 17.44), t(4) = 8.132, p = .001 (Fig. 4F). These results indicate that 655 

the beneficial effects of methoctramine are, at least partly, independent of C-boutons, 656 

suggesting that the positive effects seen in our first experiment are likely due to a 657 

mechanism on the peripheral nervous system.  658 

 659 

Methoctramine reaches peak plasma concentration within ten minutes and does 660 

not appear to cross the blood-brain barrier. 661 

Our findings demonstrate that the effects of methoctramine are independent of C- 662 

boutons, raising questions about whether this pharmacological agent is crossing the 663 

blood-brain barrier. Therefore, we sought to determine if methoctramine could be 664 

detected in blood plasma and CSF. To do this,10 wild-type mice were injected with 665 

methoctramine on four different days and blood was collected from the saphenous vein 666 

as previously described. Plasma was separated by centrifugation and mass 667 

spectrometry was performed on all samples. Our findings demonstrate that 668 

methoctramine reaches its highest plasma concentration within ten minutes and 669 

decreases, on average, by approximately 58% 40 minutes after administration (Fig. 670 

5A). Additionally, 5 wild-type mice and 3 mSOD1G93A mice had CSF collected from the 671 

cisterna magna after administration of methoctramine as previously described. CSF was 672 
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collected at different timepoints, centrifuged, and quality control was performed to 673 

ensure absence of hemoglobin. WT and mSOD1 CSF samples were compared to water 674 

samples, CSF samples where no methoctramine had been previously injected, and CSF 675 

samples in which methoctramine was manually added to them (Supplemental Figure 676 

S1). CSF samples show no differences in peak area compared to water samples or CSF 677 

samples where methoctramine had not been previously injected (Fig. 5B). Although 678 

methoctramine is readily found in plasma through mass spectrometry, the absence of 679 

this drug in CSF suggests that it is not able to cross the blood-brain barrier, at least in 680 

quantities within our detection limits. Therefore, our findings suggest that the beneficial 681 

effects of methoctramine are likely due to peripheral effects.  682 

 683 

Methoctramine increases GS amplitude in WT as measured by EMG. 684 

Our findings demonstrate that the effects of methoctramine are C-bouton 685 

independent and methoctramine is likely to not cross the blood-brain barrier (BBB), 686 

suggesting a peripheral effect. The muscarinic receptor M2 has previously been shown 687 

to modulate ACh release in the neuromuscular junction(Minic et al., 2002; Slutsky et al., 688 

2004). Therefore, we sought to determine the effects of methoctramine on EMG 689 

amplitude in WT mice at different timepoints. To do this, mice were implanted with 690 

electrodes and EMG activity was measured 5 minutes prior to administration of saline or 691 

methoctramine (baseline) and every 5 minutes post-injection. GS amplitude was 692 

normalized to the baseline of each mouse on a given day. Recordings for saline and 693 

methoctramine were done on separate days, and the order of injections was alternated 694 

to mitigate practice effects. 695 
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 696 

A paired-samples t-test was used to determine differences in EMG amplitude 697 

between saline and methoctramine conditions. Compared to mice injected with saline, 698 

mice injected with methoctramine showed a higher normalized GS amplitude at 10 699 

minutes (1.143 ± 0.075), 20 minutes (1.285 ± 0.231), 30 minutes (1.280 ± 0.126), and 700 

40 minutes post-injection (1.289 ± 0.174), a statistically significant increase of 0.298 701 

(95% CI, 0.256 to 0.337), t(2) = 33.185, p < .001, 0.445 (95% CI, 0.114 to 0.776), t(2) = 702 

5.777, p = .029, 0.460 (95% CI, 0.063 to 0.857), t(2) = 4.990, p = .038, and 0.421 (95% 703 

CI, 0.037 to 0.804), t(2) = 4.713, p = .042, respectively. (Fig 6A). In addition, a 704 

consistent increase was also observed in the 15-, 25-, and 25-minutes post-injection 705 

timepoints, although these did not reach statistical significance.  706 

These results indicate that methoctramine moderately increases GS EMG 707 

amplitude during slow walking, and the improvements seen in our previous 708 

mSOD1G93A experiments are likely related to peripheral effects of methoctramine. 709 

 710 

 711 

DISCUSSION 712 

 713 

 We have shown that systemic injection of cholinergic receptor antagonists, atropine 714 

that antagonizes a wide range of metabotropic receptors and methoctramine that is 715 

selective to M2 receptors, significantly improves motor behavior in ALS mouse model, 716 

the mSOD1G93A, independent of swimming. Both drugs improved the humane 717 

endpoint only if they were not paired with swimming. This improvement was contingent 718 
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upon early start of the drug delivery at pre-symptomatic ages as the late start at 719 

symptomatic ages had rather detrimental effect on some behavioural performances and 720 

no effect on humane endpoint. Methoctramine, but not atropine, improved muscle 721 

innervation at humane endpoint. Lastly, we show evidence that the beneficial effects of 722 

methoctramine are C-bouton independent, as improvements are seen in 723 

mSOD1G93A/Coff mice, and we were unable to detect methoctramine in cerebrospinal 724 

fluid through mass spectrometry. Overall, our study suggests that the administration of 725 

cholinergic antagonists, especially methoctramine, provides beneficial effects for 726 

disease progression in the mSOD1G93A mouse model when administered at earlier 727 

stages of the disease, and these are likely due to peripheral effects. The mechanisms 728 

behind these improvements present a crucial opportunity for the development of 729 

therapies for neurological disorders that destroy motor neurons by which disease 730 

progression can be significantly slowed down. Importantly, atropine appeared to be 731 

less effective compared to methoctramine, likely due to the wide array of muscarinic 732 

receptors that it targets (M1-M5), as well as its ability to cross the BBB. Future 733 

research must be aimed at delineating the contribution of each muscarinic receptors in 734 

the pathophysiology of ALS.  735 

 736 

Peripheral M2 receptor antagonism improves disease progression in ALS mouse 737 

model. 738 

 We have previously shown that when mSOD1G93A mice with genetically 739 

silenced C- boutons engage in swimming, an activity that would typically upregulate 740 

these cholinergic synapses, their behavioural performance and muscle innervation 741 
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improve (Wells et al., 2021). We hypothesized that the administration of cholinergic 742 

antagonists in combination with swimming would have similar effects. We found this to 743 

not be the case, and our results suggest these cholinergic antagonists provide greater 744 

beneficial effects in the absence of swimming. Methoctramine has previously been 745 

shown to delay in loss of strength in ALS mutant mice after 15 days of in vivo 746 

administration during presymptomatic stages, followed by accelerated denervation, loss 747 

of strength, and death after discontinuation (Saxena et al., 2013). In our longitudinal 748 

experiments, we determined that long-term administration of methoctramine in 749 

mSOD1G93A provides beneficial effects in the absence of functional C-boutons (Fig. 4). 750 

However, the fact that weight, maximum speed, and grip strength did not significantly 751 

improve in the methoctramine condition suggests that silencing C-boutons present 752 

some limitations to how much improvement methoctramine can bring about. Although 753 

the exact limitations remain to be investigated. Nevertheless, the improvements seen in 754 

humane endpoint, in combination with our data suggesting that methoctramine does not 755 

cross the blood-brain-barrier into the cerebrospinal fluid, provides evidence that the 756 

positive effects of methoctramine are likely due to M2 receptors in the periphery and not 757 

in the spinal cord postsynaptic to the C-boutons. Two possible candidates to carry out 758 

these effects are the Schwann cells (SC) and the M2 autoreceptor at the motor neurons 759 

presynaptic endings at the neuromuscular junction. 760 

 761 

 SC are glial cells in the peripheral nervous system that are essential for the 762 

homeostasis and repair of nervous tissue during disease and after injury (Jessen and 763 

Mirsky, 2016). Previous research has shown that SC in rats express several types of 764 
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muscarinic receptors, with M2 being the prevalent subtype (Loreti et al., 2006). This 765 

suggests that the beneficial effects of methoctramine could be due to its action in this 766 

cell population. For example, a specific type of SC called terminal Schwann cells (tSC) 767 

has been found to be influenced by methoctramine. When injected subcutaneously 768 

twice daily for 7 days, tSC are activated, and terminal sprouting is induced in 769 

neuromuscular junctions of adult mice (Wright et al., 2009). This effect could be 770 

responsible for the improved NMJ innervation we have noted in our study. There are 771 

other effects that could be occurring as a result of methoctramine administration. For 772 

example, the transcription factor c-Jun is involved in SC injury response, and c-Jun c-773 

KO mice exhibit impaired axonal repair after injury (Arthur-Farraj et al., 2012). In 774 

agreement with this idea, arecaidine, an M2-selective agonist, has been shown to 775 

reduce the expression of c-Jun. Therefore, it is possible that methoctramine influences 776 

c-Jun expression and enhances the repair capabilities of these cells. Moreover, 777 

methoctramine could be inducing the proliferation of SC, given that the use of 778 

arecaidine in cultures of SC results in cell-cycle arrest and accumulation of cells in the 779 

G1 phase (Loreti et al., 2008). In addition to proliferation, methoctramine could also 780 

enhance migration in response to injury. Supporting this idea, arecaidine has been 781 

shown to inhibit cell migration in a wound assay in a wound assay (Botticelli et al., 782 

2022). Therefore, methoctramine is likely inducing several actions in SC that contribute 783 

to the effects we have seen in our work. 784 

 785 

 In spinal cord in vitro preparations, methoctramine has been shown to decrease 786 

firing frequency in motor neurons and amplitude in ventral root bursts during fictive 787 
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locomotion (Nascimento et al., 2019). Concurrent with this idea, the activation of the 788 

muscarinic receptor M2 is known to increase motor neuron excitability through the C- 789 

boutons as seen by the reduction in afterhyperpolarization (Miles et al., 2007). However, 790 

in our study, we found an increase in EMG amplitude in wild-type mice following 791 

administration of methoctramine (Fig. 6). This increase is possibly due to the effects of 792 

blocking the autoreceptor at the NMJ, which has been shown to inhibit synaptic 793 

transmission when activated(Garcia et al., 2005). Therefore, the effects of 794 

methoctramine could be enhancing the release of acetylcholine at the synapse, rather 795 

than affecting the M2 receptors at C-boutons (Nascimento et al., 2019). This selective 796 

peripheral effect could be explained by methoctramine’s inability to cross the BBB in our 797 

in vivo experiments. Despite our findings regarding the absence of methoctramine in 798 

CSF through the use of mass spectrometry (Fig. 5), it is important to note that it is 799 

possible the drug is crossing the BBB but in such small quantities that it is beyond the 800 

detection limit in our assay. However, even if methoctramine is crossing the BBB in vivo 801 

in amounts under our detection limit, it is likely that these quantities are not of clinical 802 

significance. In order to determine the effects of methoctramine in the CNS, such as 803 

blocking the M2 receptors postsynaptic to C-boutons, future research could be 804 

conducted where methoctramine is injected intrathecally. This would eliminate the 805 

challenge posed by methoctramine’s inability to cross the BBB, therefore allowing direct 806 

assessment of its central effects. 807 

 808 

Some of the effects of methoctramine rely on its early administration and 809 

avoidance of exercise. 810 
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 The effects of exercise on disease progression in ALS has long been an area of 811 

research that has produced mixed results. High intensity exercise has been shown to 812 

hasten the onset of motor performance deficits in mSOD1G93A mice, while moderate 813 

exercise can delay motor deficits slightly (Carreras et al., 2009). Other studies have 814 

shown that high-intensity endurance exercise can hasten motor performance 815 

deterioration and death in male mSOD1G93A mice (Mahoney et al., 2004). In our 816 

current study, we found that high-intensity exercise in the form of swimming abolishes 817 

the beneficial effects of methoctramine on grip strength and humane endpoint (Fig. 1 818 

and Fig. 2, respectively). As previously mentioned, it is possible that methoctramine 819 

increases the release of acetylcholine at the NMJ by blocking the presynaptic 820 

autoreceptor, and in combination with the additional demand of swimming, no positive 821 

effects are seen. In this regard, methoctramine could be mimicking the effects of low- 822 

intensity exercise, a strategy that has been shown to provide beneficial effects on 823 

disease progression in mSOD1G93A mice (Kirkinezos et al., 2003). 824 

 825 

 The beneficial effects of methoctramine in the absence of swimming were limited by 826 

administration beginning at P30. Notably, when methoctramine administration was 827 

begun at P90, all positive effects disappeared, and grip strength performance was 828 

worsened (Fig. 3). This suggests there is a limited time window for methoctramine to 829 

be effective. Therefore, the administration of methoctramine can provide highly 830 

beneficial effects on disease progression in mSOD1G93A mice, but only when its 831 

administration begins at earlier stages of the disease. 832 

 833 
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 The longitudinal effects of long-term administration of cholinergic antagonists in 834 

ALS mouse models has not been previously shown. Our study provides clear evidence 835 

that the administration of said pharmacological agents provide remarkable benefits in 836 

the context of ALS, significantly decreasing loss of motor function over time and 837 

preserving muscle innervation, two hallmarks of motor neuron diseases that lead to 838 

muscle weakness and loss of function. Specifically, we conclude that these beneficial 839 

effects are due to the antagonism of the M2 receptors in the peripheral nervous 840 

system. These novel results propose two possible mechanisms by which disease 841 

progression can be slowed down: the antagonism of M2 receptors in SC, which are 842 

involved in axonal repair, cell migration, and proliferation, and the inhibition of the M2 843 

autoreceptor in the NMJ that is likely to increase ACh release. Our study offers a 844 

critical opportunity for additional research to explore how these pathways can be 845 

further manipulated in the context of pre-clinical studies in order to uncover novel 846 

therapeutics that can minimize the detrimental effects seen in ALS.  847 

 848 

 849 

 850 

 851 

 852 

 853 

 854 

 855 

 856 
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Supplemental Figure S1 and Video S1 (https://dx.doi.org/10.21227/v313-a075) 858 
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 863 
 864 
 865 

FIGURE LEGENDS 866 
 867 

Fig. 1. Atropine and methoctramine improve behavioural performance at various 868 
disease stages. Two-way ANOVAs were conducted to examine the effects of Drug and 869 
Exercise on Maximum Speed on a Treadmill and on Grip Strength at every stage. p-870 
values are Bonferroni-adjusted A, Interaction effects between Drug and Exercise on 871 
Maximum Speed were not statistically significant at any stage. Analyses of the main 872 
effect of Drug on Maximum Speed were statistically significant. Mice injected with either 873 
atropine or methoctramine had greater Maximum Speed compared to mice injected with 874 
saline at various stages, independent of swimming. B, There was a statistically 875 
significant interaction effect between Drug and Exercise conditions on Grip Strength at 876 
various stages. Mice injected with either atropine or methoctramine showed greater Grip 877 
Strength compared to mice injected with saline, only in the absence of swimming. In the 878 
Muscle Denervation and Symptom Onset stages, mice injected with methoctramine in 879 
the no swimming condition also performed better in Grip Strength compared to mice 880 
injected with atropine in the no swimming condition. Analysis of the main effect of Drug 881 
on Grip Strength was statistically significant in the Presymptomatic stage. At this stage, 882 
independent of swimming, mice injected with either atropine or methoctramine showed 883 
greater Grip Strength compared to mice injected with saline. Bars represent mean ± SD. 884 
* p < 0.05, ** p < 0.01, *** p < 0.001.   885 

 886 
Fig. 2. Methoctramine improves weight, humane endpoint, normalized muscle 887 
weight, and muscle innervation at humane endpoint. A, two-way ANOVA were 888 
conducted to examine the effects of Drug and Exercise on Weight at every stage. p-889 
values are Bonferroni-adjusted. Interaction effects between Drug and Exercise on 890 
Average Weight were not statistically significant at any stage. Analyses of the main 891 
effect of Drug on Average Weight were statistically significant for methoctramine but not 892 
atropine at all stages except Presymptomatic stage. Mice injected with methoctramine 893 
had greater Weight compared to mice injected with saline at the Muscle Denervation 894 
stage, Symptom Onset stage, Early Symptomatic stage, and Late Symptomatic stage, 895 
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independent of swimming. B, One-way ANOVAs were conducted to examine if Humane 896 
Endpoints were different with atropine or methoctramine, in the presence and absence 897 
of swimming. Humane Endpoint was statistically significantly different between groups. 898 
Tukey post hoc analysis revealed an increase in Humane Endpoint in mice that were 899 
injected with atropine in the no swimming condition compared to mice injected with 900 
saline in the swimming condition and in the no swimming condition. Mice injected with 901 
methoctramine in the no swimming condition had an increase in Humane Endpoint 902 
compared to mice injected with saline in the no swimming condition. C, two-way 903 
ANOVA were conducted to examine the effects of Drug and Exercise conditions on 904 
Muscle Weight for GS, TA, and Sol. muscles. p-values are Bonferroni-adjusted. Upper 905 
panel: there was a statistically significant interaction effect between the Drug and 906 
Exercise conditions on GS Weight. Mice injected with atropine had a lower GS Weight 907 
compared to mice injected with saline, only in the swimming conditions. Mice injected 908 
with methoctramine had a larger GS Weight compared to mice injected with saline, only 909 
in the absence of swimming. Middle panel: There was a statistically significant 910 
interaction effect between the Drug and Exercise conditions on TA Weight. Mice 911 
injected with methoctramine had a higher TA Weight compared to mice injected with 912 
saline, only in the no swimming condition. Mice injected with atropine had a lower TA 913 
Weight compared to mice injected with saline, only in the swimming condition. Lower 914 
panel: No interactions or main effects were statistically significant in the Sol. Weights. D, 915 
Muscle innervation at Humane Endpoint was calculated based on the number of BTX+ 916 
postsynaptic terminals that had complete overlapping VAChT+ presynaptic terminals, 917 
partially overlapping presynaptic VAChT+ terminals, and no overlapping terminals (→, 918 
➤, and *, respectively). E, A Chi-square test of homogeneity was conducted to 919 
determine if there was a difference in the proportion of NMJs that were fully innervated 920 
in the GS muscle in all groups. There was a statistically significant difference in 921 
proportions, p < .001. Post hoc analysis involved pairwise comparisons using the z-test 922 
of two proportions with a Bonferroni correction. The proportion of fully innervated NMJs 923 
was significantly higher in the methoctramine condition compared to both saline and 924 
atropine conditions, in both the swimming and no swimming groups. Bars represent 925 
mean ± SD. Boxplots display lower and upper extremes, lower and upper quartiles, and 926 
median. * p < 0.05, ** p < 0.01, *** p < 0.001  927 
 928 
Fig. 3. Methoctramine does not improve Weight or Maximum Speed, or Humane 929 
Endpoint, and it is detrimental to Grip Strength when injected at Symptomatic 930 
stages.  Independent-sample t-tests 931 
were conducted to examine the effects of methoctramine when administration began at 932 
P90. A, There were no statistically significant differences on Weight at any stages. B, 933 
There were no statistically significant differences on Maximum Speed at any stage. C, 934 
Mice injected with methoctramine beginning at P90 lower Grip Strength compared to 935 
mice that were injected with saline beginning at P90. D, there were no statistically 936 
significant differences on Humane endpoint between mice that were injected with saline 937 
and methoctramine, beginning at P90. Bars represent mean ± SD. Boxplots display 938 
lower and upper extremes, lower and upper quartiles, and median. * p < 0.05, ** p < 939 
0.01, p < 0.001.   940 
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 941 
Fig. 4. Methoctramine improves Humane endpoint but not Weight, Maximum 942 
Speed, or Grip Strength in mSOD1G93A/Coff mice. Independent sample t-test were 943 
run to determine if there were differences in Weight, Maximum Speed, Grip Strength, or 944 
Humane Endpoint between mSOD1G93A/Coff mice injected with methoctramine and 945 
mSOD1G93A/Coff injected with saline. A, Intact C-Boutons in mSOD1G93A mice compared 946 
to silenced C-boutons in mSOD1G93A/Coff. B, as shown by absence of ChAT+ synapses 947 
to motor neurons. C, There were no statistically significant differences on Weight at any 948 
stages. D, There were no statistically significant differences on Grip Strength at any 949 
stages. E, There were no statistically significant differences on Maximum Speed at any 950 
stage. F, There was a statistically significant difference in humane endpoint. 951 
mSOD1G93A/Coff injected with methoctramine had a higher humane endpoint compared 952 
to mSOD1G93A/Coff mice injected with saline. Bars represent mean ± SD. Boxplots 953 
display lower and upper extremes, lower and upper quartiles, and median. * p < 0.05, ** 954 
p < 0.01, p < 0.001.  955 
 956 
Fig. 5. Mass spectrometry of plasma and cerebrospinal fluid of mice injected with 957 
methoctramine. Mass spectrometry analyses were performed on plasma samples and 958 
CSF samples of WT and mSOD1G93A mice at different timepoints. A, Plasma samples of 959 
WT mice injected with methoctramine (n = 10) collected at different timepoints show a 960 
peak signal at 10 minutes and a decrease in signal after 40 minutes. B, CSF samples of 961 
WT mice (n = 5) injected with methoctramine collected between 8- and 26-minutes post-962 
injection, blank solvent with no CSF or methoctramine, and CSF spiked with 963 
methoctramine. No differences are seen in the signal seen in blank samples or CSF of 964 
mice injected with methoctramine. C, CSF samples of mSOD1G93A mice aged P127-965 
128, blank solvent with no CSF or methoctramine, and CSF spiked with methoctramine. 966 
No differences were seen between the blank samples and the mSOD1 CSF samples.  967 
 968 
Fig. 6. Methoctramine increases EMG amplitude during slow speed walking. A 969 
paired-samples t-test was used to determine whether there was a statistically significant 970 
mean difference between EMG amplitude when mice were injected with methoctramine 971 
compared to mice that were injected with saline at different timepoints. A, Raw EMG 972 
waveforms were integrated to assess bursting amplitude in the GS muscle. B, 973 
Integrated EMG waveforms demonstrating that mice injected with methoctramine 974 
achieved higher amplitude bursts after 10 and 20 minutes compared to mice injected 975 
with saline. C, Mice injected with methoctramine achieved a higher normalized EMG 976 
amplitude at most timepoints relative to baseline. * p < 0.05, ** p < 0.01, *** p < 0.001. 977 

 978 
 979 

  980 
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