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Amyotrophic lateral sclerosis (ALS) is an adult-onset neurodegenerative disease with progressive motor neuron death, where
patients usually die within 5 years of diagnosis. Previously, we showed that the C-boutons, which are large cholinergic synap-
ses to motor neurons that modulate motor neuron activity, are necessary for behavioral compensation in mSOD1G93A mice, a
mouse model for ALS. We reasoned that, since the C-boutons likely increase the excitability of surviving motor neurons to
compensate for motor neuron loss during ALS disease progression, then amplitude modulation through the C-boutons likely
increases motor neuron stress and worsens disease progression. By comparing male and female mSOD1G93A mice to
mSOD1G93A mice with genetically silenced C-boutons [mSOD1G93A; Dbx1::cre; ChATfl/fl (mSOD1G93A/Coff)], we show that the C-
boutons do not influence the humane end point of mSOD1G93A mice; however, our histologic analysis shows that C-bouton
silencing significantly improves fast-twitch muscle innervation over time. Using immunohistology, we also show that the C-
boutons are active in a task-dependent manner, and that symptomatic mSOD1G93A mice show significantly higher C-bouton
activity than wild-type mice during low-intensity walking. Last, by using behavioral analysis, we provide evidence that C-bou-
ton silencing in combination with swimming is beneficial for the behavioral capabilities of mSOD1G93A mice. Our observa-
tions suggest that manipulating the C-boutons in combination with a modulatory-targeted training program may therefore be
beneficial for ALS patients and could result in improved mobility and quality of life.
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Significance Statement

Despite decades of research on amyotrophic lateral sclerosis (ALS), there have been little improvements in treatments and
therapies. We sought to better understand how the activation of C-boutons, which are large cholinergic modulatory synapses
on motor neurons, change and affect the disease as it progresses. When these C-boutons are genetically silenced and exercises
designed to otherwise activate the C-boutons are frequently performed in ALS model mice, the mice perform better than their
untreated counterparts over time. C-bouton-targeted therapies could therefore be beneficial for ALS patients and could result
in improved mobility and quality of life.

Introduction
Amyotrophic lateral sclerosis (ALS) is an adult-onset neurodege-
nerative disease of progressive motor neuron death. Over time,
patients with the disease lose their ability to move, talk, eat, and
breathe. There is currently no cure for ALS, and patients usually

die within 5 years of the disease being diagnosed (Cleveland and
Rothstein, 2001; Robberecht and Philips, 2013). The glutamate
release inhibitor riluzole is the most common drug used to treat
ALS patients; however, it only extends a patient’s life span by
;2–3 months (Rothstein, 1996; Miller et al., 2012). Despite
extensive knowledge of the relationship between ALS and the
motor neurons, edaravone has been the only other effective ther-
apy developed for ALS treatment (Yoshino, 2019).

Factors that regulate motor neuron activity likely play a sig-
nificant role in ALS disease progression and could provide new
drug targets for ALS disease treatment. The C-boutons, for
instance, are large cholinergic synapses to motor neurons that
modulate motor neuron activity (Conradi and Skoglund, 1960;
Zagoraiou et al., 2009). The C-boutons originate from V0c inter-
neurons that express the Dbx1 and Pitx2 transcription factors
near the central canal (Zagoraiou et al., 2009). Changes in the C-
boutons have been observed in both ALS patients and in
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transgenic model mice that carry the mutant form of superoxide
dismutase 1 (mSOD1G93A; Hegedus et al., 2007, 2008; Gordon et
al., 2010), suggesting that they play a role in ALS disease progres-
sion (Nagao et al., 1998; Pullen and Athanasiou, 2009; Herron
and Miles, 2012; Milan et al., 2015; Dukkipati et al., 2017).
Previously, we showed that these C-boutons are necessary for be-
havioral compensation in mSOD1G93A mice (Landoni et al.,
2019); however, it is still unclear whether these C-boutons influ-
ence motor neuron health and ALS disease progression. We
hypothesized that, since the C-boutons increase the excitability
of surviving motor neurons to compensate for motor neuron
loss during ALS disease progression, then amplitude modulation
through the C-boutons likely increases motor neuron stress and
worsens disease progression.

In this study, we compare mSOD1G93A mice and mSOD1G93A

mice that had their C-boutons genetically silenced [mSOD1G93A;
Dbx1::cre; ChATfl/fl (mSOD1G93A/Coff)]. We show that, although
the C-boutons do not influence the humane end point of
mSOD1G93A mice, silencing the C-boutons significantly improves
fast-twitch muscle innervation. By combining behavioral training
with c-Fos immunohistology, we also found that the C-boutons
are active in a task-dependent manner and that they are more
active in mSOD1G93A mice than wild-type mice during slow walk-
ing, confirming that the C-boutons do indeed compensate for
motor neuron loss by modulating the surviving neurons. Last, we
demonstrate that C-bouton silencing combined with swimming is
beneficial for the behavioral capabilities of mSOD1G93A mice.
Manipulating the C-boutons in combination with a modulatory-
targeted training program may therefore be beneficial for ALS
patients.

Materials and Methods
All experiments were performed according to the Canadian Council on
Animal Care guidelines and were approved by the Dalhousie University
Committee on Laboratory Animals. The mice were housed on a 12 h
light/dark cycle (light on from 07:00 A.M. to 7:00 P.M.) with access to
laboratory chow and water ad libitum.

Animals. Both male and female mice were used for all experiments.
The following three mouse lines were used for experiments: wild-type
(WT) C57BL/6 mice; mSOD1G93A mice (The Jackson Laboratory);
mSOD1G93A; Dbx1::cre; ChATfl/fl (mSOD1G93A/Coff) mice, in which the
C-boutons of mSOD1G93A mice are genetically silenced [the details of
this mouse line were previously described (Zagoraiou et al., 2009);
Dbx1::cre mice were obtained from the laboratory of Dr. Rob
Brownstone at Dalhousie University, Brain Repair Center (Bielle et al.,
2005); and ChATfl/fl mice were obtained from The Jackson Laboratory].

The humane end point of mSOD1G93A mice was determined by
Dalhousie University animal care staff based on the health and ability of
the mice, or whether the mice had lost 15% of their peak weight.
Otherwise, behavioral mice were followed up until postnatal day 130
(P130) as this is when mSOD1G93A mice could no longer swim without
significant intervention.

We verified the copy numbers in our mSOD1G93A and mSOD1G93A/Coff

mice using quantitative PCR (qPCR). Experimental mSOD1G93A/Coff mice
experienced only a 0.0226 0.174-fold decrease in mSOD1G93A gene expres-
sion relative to themSOD1G93A mice, indicating that there was no difference
in gene expression between these two groups of mice (Extended Data Fig. 5-
1A,B).

Behavioral experiments. Behavioral mice were divided into swim-
ming and resting groups. Beginning at P30 to P33, swimming mice
swam 3 d/week on Mondays, Wednesdays, and Fridays. The mice swam
freely in a 30� 3 � 7 cubic inch swimming pool with a starting temper-
ature of 38°C and an end temperature of 31°C. The mice alternated
between swimming for 4 min and resting for 1 min for half an hour.
While resting, the mice were held in a heated paper towel that was

replaced every 10 min. To ensure that the mice swam as much as possi-
ble, the back of the necks of the mice were poked with mouse holding
forceps (catalog #NC1239918, Thermo Fisher Scientific) whenever the
mice stopped swimming. Swimming mice were returned to their cages
and placed on a heating pad for 15–30min after swimming. Resting
mice remained in their cages and did not swim. Experiments were
stopped at P130 when mSOD1G93A swimming mice could no longer
swim.

The swimming performance of the mice was scored based on the av-
erage number of prodding/interventions required per lap: score 10, no
intervention; score 8,,2 prods per lap; score 6, 2–3 prods per lap; score
4, 4–5 prods per lap; score 2,.5 prods per lap; score 0, drowning behav-
ior or early termination of experiment. Mice were placed between these
scores (9, 7, 5, 3, 1) if there was high variability in performance and they
could not easily be placed in one score or another.

Once a week and before swimming, both resting and swimming
mice underwent behavioral recordings for their weight, maximum walk-
ing speed, balance on a rotarod, and grip force. Recordings were per-
formed on either Mondays or Fridays depending on when the mice were
born. The swimming mice were given at least a 2 h break after the behav-
ioral recordings before swimming. Swimming performance did not fluc-
tuate on the days that behavioral recordings were also recorded
(Extended Data Fig. 5-1C–F).

The maximum speed of the mice was determined using a 25 � 6
� 16 cm3 treadmill (model 802, Zoological Institute, University of
Cologne, Cologne, Germany). The treadmill speed was set to 0.1 m/s
for the first trial and was gradually increased until the mouse lagged
on the back wall of the treadmill. The speed was then reduced to the
nearest 0.05 m/s interval, and the mice were given a short break
before starting the next trial at the new initial speed. Trials were
repeated until the start speed of the next trial was the same as the start
speed of the previous trial. This speed was then recorded as the maxi-
mum. In cases where the mice could not start at a speed of 0.1 m/s,
the speed was instead started at 0.05 m/s. If the mice could not walk
at the initial speed for a trial, their maximum speed was recorded as
the next lowest 0.05 m/s interval.

The performance of the mice on a rotating rod was determined using
a commercial Rota Rod (Ugo Basile). The rotarod was programmed to
start at 5 rpm and accelerate to 30 rpm over 120 s. The Rota Rod then
remained at 30 rpm until the maximum time of 180 s. Three trials were
performed for each mouse in which their time to fall was recorded. The
best time of the three trials was used for analysis.

The grip force of the mice was determined using a grip strength ap-
paratus (model GT3, BIOSEB) with the straight bar attachment. A single
trial consisted of pulling the mice from the bar 5 to 13 times, depending
on how well the mice behaved. The maximum force of the trial was then
recorded. Five trials were conducted for each mouse, and the average of
the five trials was used for analysis.

C-Fos experiments. To induce c-Fos expression in interneurons,
mice rested, walked, or swam. Resting mice were perfused immediately
from their cages. Walking mice walked at 0.15 m/s on the same 25 � 6
� 16 cm3 treadmill described above. The mice alternated between walk-
ing for 4 min and resting for 1 min for 1 h. The mice remained on the
motionless treadmill while resting. Swimming mice swam under the
same protocol described above, but for 1 h instead of half an hour, with
a final water temperature of 28°C. One hour after walking or swimming,
the mice were perfused.

Tissue preparation. The mice were deeply anesthetized with Euthanyl
(100ml sodium pentobarbital, 100mg/kg, i.p.; Bimeda-MTC) and trans-
cardially perfused with saline followed by 4% paraformaldehyde (PFA).
Both legs were placed in PBS, while the vertebral column was postfixed in
PFA overnight. The gastrocnemius (GS), soleus (Sol), and tibialis anterior
(TA) muscles were then dissected, weighed, and cryoprotected in 30% su-
crose overnight, while the spinal cord was dissected and cryoprotected
overnight. The muscles, L2, L3-4, and L5 segments of the spinal cord were
frozen in Optimal Cutting Temperature compound (Tissue-Tek, Sakura
Finetek) and stored at �80°C. The muscles were longitudinally sectioned
at 40mm, and the spinal segments were transversely sectioned at 30mm
using a cryostat (model CM 3050S, Leica).
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Muscle immunofluorescence. Red fluorescent a-bungarotoxin conju-
gated to tetramethylrhodamine (BTX; 1:200, 5mg/ml; catalog #T1175,
Thermo Fisher Scientific) was used to label the nicotinic acetylcholine
receptors on the postsynaptic site of the neuromuscular junction (NMJ),
while goat anti-VAChT primary (1:1000; catalog #ABN100, Millipore
Sigma) and donkey anti-goat secondary (1:1000; catalog #A32814,
Thermo Fisher Scientific) were used to label the presynaptic axon termi-
nals. NMJs were considered innervated if �20% of BTX-labeled postsy-
naptic terminals were colabeled with VAChT1 axon terminals, or
denervated if ,20% of BTX-labeled postsynaptic terminals were cola-
beled with VAChT1 axon terminals. NMJs were counted using a micro-
scope (model DM LB2, Leica). Approximately 16 GS, 24 Sol, and 28 TA
sections from each leg were used for analysis. Sections were placed on
the slides sequentially such that each slide was a representation of the
whole muscle. The proportion of innervation was determined for each
muscle, and the average innervation between the left and right leg
muscles of each mouse was used for analysis. If the muscle of only one
leg was collected, then its innervation was used for analysis.

Spinal cord immunofluorescence. Goat anti-ChAT (choline acetyl-
transferase) primary (1:250; catalog #AB144P, Millipore Sigma) and
donkey anti-goat secondary (1:1000; catalog #A32814, Thermo Fisher
Scientific) were used to putatively label the V0c interneurons, while rab-
bit anti-c-Fos primary antibody (1:1000; catalog #226003, Synaptic
Systems) and donkey anti-rabbit secondary antibody (1:1000; catalog
#A32794, Thermo Fisher Scientific) were used to label active interneur-
ons. The putative V0c interneurons were counted as active if there was
overlap between ChAT1 interneurons and c-Fos1 nuclei, or inactive if
only ChAT1 interneurons were present. Sections were counted using a
microscope (model DM LB2, Leica). All sections collected per mouse
were used for analysis (2006 20 sections).

Experimental design and statistical analysis. The number and sex of
mice used for the behavioral experiments are as follows: WT rest three
male (M) and one female (F); mSOD1G93A rest 2 M and 3F; mSOD1G93A

swim 3 M and 2 F; mSOD1G93A/Coff swim 4 M and 7 F. The mice used
for the behavioral experiments were mutually exclusive from those used
during the c-Fos experiments. The experimental unit for all data pre-
sented is the mouse. For the behavioral data, the groups were statistically
compared on a week-by-week basis. Male and female mice are separated
for data presentation in all instances, though for the purposes of statisti-
cal analysis were pooled together. Differences between male and female
mice were assessed at P130 for the mSOD1G93A/Coff swim mice for their
weight and all three motor measurements. Significant differences
between the male and female mice of this group are noted in text.

Power analyses were performed to determine the size and sufficiency
of our sample sizes. Unless otherwise noted, all statistical tests involving
two groups were performed using a t test, and all tests involving more
than two groups were performed using a one-way ANOVA with a
Tukey post hoc test. Whenever possible, tissue frommultiple mouse lines
were blinded and counted together. For spinal cord immunofluores-
cence, the samples were blinded among resting, walking, and swimming
mice of the same mouse line. Immunofluorescent images were obtained
using a laser-scanning confocal microscope (model LSM 710, Zeiss). Bar
graphs are presented as the mean 6 SD. Boxplots display lower and
upper extremes, lower and upper quartiles, and medians. Significance
was labeled as follows: *p, 0.05; **p, 0.01; ***p, 0.001.

Excel 2016 (Microsoft) and Graph Pad Prism 6.07 (GraphPad
Software) were used for statistical analysis. Excel 2016, Graph Pad Prism
6.07, and Illustrator CS6 (Adobe) were used for data presentation.

Results
C-Boutons do not influence the humane end point but
worsen fast-twitch muscle innervation inmSOD1G93A mice
Given that the C-boutons are necessary for behavioral compen-
sation in mSOD1G93A mice (Landoni et al., 2019), we wanted to
know whether the C-boutons influence overall disease progres-
sion. To do this, we compared the ages of mSOD1G93A and
mSOD1G93A/Coff mice at their humane end points. Histologic

assessment demonstrated widespread C-boutons in WT mice
(Fig. 1A), whereas there was a total absence of ChAT at the sites
of the C-boutons in the mSOD1G93A/Coff mice (Fig. 1B). qPCR
also revealed that SOD1G93A gene copy expression was consistent
between mSOD1G93A and mSOD1G93A/Coff mice (Extended Data
Fig. 5-1A,B). The mean age at humane end point was
156.46 7.3 d for the mSOD1G93A mice and 152.56 7.9 d for the
mSOD1G93A/Coff mice, which are in line with previously reported
mSOD1G93A mice end points (Heiman-Patterson et al., 2011).
We found no significant difference between the humane end
points of these groups (ANOVA, p. 0.05; Fig. 1C), suggesting
that the C-boutons do not significantly influence the humane
end point ofmSOD1G93Amice.

Despite these results, previous evidence we collected suggests
that mSOD1G93A/Coff mice reach symptomatic stages of the dis-
ease sooner than mSOD1G93A mice (Landoni et al., 2019). This
prompted us to investigate possible differences in muscle dener-
vation betweenmSOD1G93A andmSOD1G93A/Coff mice, as silenc-
ing the C-boutons could worsen muscle innervation. We
examined the GS, Sol, and TA muscle innervation of WT,
mSOD1G93A, and mSOD1G93A/Coff mice across their life span
(Fig. 2A). As expected, WT mouse muscle innervation remained
near 100% for all muscles and ages examined. In contrast, the
mSOD1G93A mice experienced a gradual decrease in endplate
innervation beginning at approximately P45 for GS and TA, and
P60 for the Sol muscles. Denervation progressed the fastest in the
GS and TA as indicated by the steeper slope of the regression line
(Fig. 2B,C; GS slope,�0.0048; TA slope,�0.0049), with Sol dener-
vation progressing the slowest (Fig. 2D; slope, �0.0038). There
was also a significant difference in the slope of the GS and TA
when comparing the WT andmSOD1G93Amice, but not in the Sol
(ANOVA: GS, p=0.0003; TA, p=0.0098; Sol, p=0.106). These
data support previous findings that denervation occurs sooner
and faster in muscles with a higher proportion of type IIa and IIb
fibers (GS and TA) relative to muscles made mostly of type I fibers
(Sol; Kawamura et al., 1981; Frey et al., 2000; Hegedus et al., 2007).

To investigate the effect of the C-boutons on muscle denerva-
tion, we then calculated the proportion of innervated endplates in
mSOD1G93A/Coff mice and compared the results to the WT and
mSOD1G93A data. The slope of the regression lines in both the GS
(Fig. 2B; �0.0024) and TA (Fig. 2C; �0.0033) was higher in the
mSOD1G93A/Coff mice than in the mSOD1G93A mice, though not
significantly so (ANOVA: GS, p=0.213; TA, p=0.615). However,
there was no significant difference between the GS and TA of the
WT and mSOD1G93A/Coff mice, indicating that mSOD1G93A/Coff

mice experience slower denervation in these muscles (ANOVA:
GS, p=0.196; TA, p=0.227). The regression of the Sol muscle in
both mSOD1G93A and mSOD1G93A/Coff mice was also similar (Fig.
2D; ANOVA: p=0.977;mSOD1G93A/Coff slope:�0.0041), suggest-
ing that the rate of denervation for the Sol muscle is not affected
by the C-boutons. These observations suggest that silencing the C-
boutons improves innervation in fast-twitch leg muscles such as
the GS and TA, but not in slow-twitch leg muscles such as the Sol.

C-Bouton activity is upregulated during walking in
symptomaticmSOD1G93Amice
Given that the C-boutons are detrimental to muscle innervation,
we wanted to know whether frequent activation of the C-boutons
would exacerbate behavioral deterioration in mSOD1G93A mice.
To do this, we first wanted to confirm that the C-boutons are
indeed active in a task-dependent manner, such that swim-
ming elicits high C-bouton activation, as previous evidence
suggests (Zagoraiou et al., 2009). We thus counted the
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proportion of active V0c interneurons that give rise to the C-bou-
tons (Zagoraiou et al., 2009) using antibody staining against c-Fos
following resting, slow walking at 0.15 m/s, and free swimming in
WTmice (Fig. 3A–E; see Materials and Methods). We observed ei-
ther clear c-Fos nuclear staining (Fos1) or no c-Fos staining (Fos–)
in cholinergic neurons in the region of V0c neurons (Fig. 3A).

The number of Fos– and Fos1 (Fig. 3B) V0c interneurons
were counted and used to determine the total number (Fig. 3C)
and proportion of active V0c interneurons (Fig. 3D) in the WT
and mSOD1G93A mice. On average, only 11 6 15% of all V0c

neurons were active in resting WT mice. After 1 h of slow walk-
ing, the proportion of active V0c interneurons was 29 6 14% in
WT mice, which was not statistically significant (ANOVA,
p. 0.05). In contrast, 566 20% of V0c interneurons were active
in WT mice after 1 h of free swimming. This was significantly
higher than after resting (ANOVA, p, 0.01) and walking
(ANOVA, p, 0.05). This observation provides direct evidence
that V0c activity is modulated in a task-dependent manner, sup-
porting the conclusion that C-boutons are involved in task-de-
pendent amplitude modulation (Zagoraiou et al., 2009).

Figure 1. C-bouton silencing and humane end points of mSOD1G93A/Coff mice. A, B, The C-boutons are present in wild-type mice (A), but were completely silenced in mSOD1G93A/Coff mice
(B), as shown by the absence of ChAT1 synapses to the motor neurons. C, The humane end points of mSOD1G93A and mSOD1G93A/Coff mice were determined by the Dalhousie University animal
care staff based on the health and ability of the mice, or if the mice lost 15% of their peak weight. There were no significant differences in the age at the humane end point between untrained
mSOD1G93A and mSOD1G93A/Coff mice (ANOVA, p. 0.05); however, mSOD1G93A/Coff mice that frequently swam reached the humane end point significantly later than their untrained
mSOD1G93A/Coff counterparts (ANOVA with Tukey’s test, p, 0.05). Boxplot displays lower and upper extremes, lower and upper quartiles, and median.
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Given that the C-boutons maintain motor behavior by compen-
sating for motor neuron loss (Landoni et al., 2019), we reasoned
that the C-boutons must be more active in symptomatic
mSOD1G93A mice than in WT mice during low-intensity exercise.
To investigate this, we put symptomatic mSOD1G93A mice through
the same walking experiment (Fig. 3). There were no immediate dif-
ferences in the total number of V0c interneurons between any of
the groups (ANOVA, p. 0.05; Fig. 3C). Proportionally, while the
WT walk mice showed c-Fos expression in 29 6 14% of the V0c
interneurons, symptomatic walkingmSOD1G93Amice showed a sig-
nificantly higher proportion of c-Fos expression in the V0c

interneurons at 70 6 10% (ANOVA, p, 0.01; Fig. 3D). This up-
regulation supports our previous hypothesis that the C-boutons are
responsible for behavioral compensation during disease progression
inmSOD1G93Amice (Landoni et al., 2019).

There is a reduction in the number of V0c interneurons in
symptomaticmSOD1G93Amice, which correlates with motor
neuron loss
Recent evidence suggests that spinal interneurons are lost during
ALS disease progression (Salamatina et al., 2020). Moreover,

Figure 2. Muscle innervation in WT, mSOD1G93A, and mSOD1G93A/Coff mice. A, Muscle innervation was calculated based on the number of BTX1 postsynaptic terminals that did and did not have
VAChT1 presynaptic terminals (* and;, respectively). B–D, The proportion of innervated NMJs was calculated for the GS (B), TA (C), and Sol (D) of WT, mSOD1G93A, and mSOD1G93A/Coff mice. NMJs
were considered innervated if�20% of BTX-labeled postsynaptic terminals were colabeled with VAChT1 axon terminals or were denervated if,20% of BTX-labeled postsynaptic terminals were cola-
beled with VAChT1 axon terminals. The regression lines were calculated based on the beginning of denervation in the mSOD1G93A and mSOD1G93A/Coff mice, which we estimated to be approximately P45
for the GS and TA, and P60 for the Sol. Regression lines were compared with a linear regression comparison (ANOVA) using the StatistiXL extension in Excel. **p, 0.01, ***p, 0.001.
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disruption to the cholinergic system can lead to the phagoptosis,
and thus loss, of the V0c interneurons (Jiang et al., 2018).
Determining whether mSOD1G93A mice also experience a loss of
V0c interneurons is therefore beneficial for understanding the
relationship between the C-boutons and ALS and could reveal a
natural mechanism by which to target the C-boutons therapeuti-
cally. We thus compared the number of V0c interneurons in WT
and middle stage mSOD1G93A mice aged P110. Since there were
differences in the number of spinal cord sections counted per
mouse, the number of V0c interneurons we counted was normal-
ized to the number of sections counted per mouse (Fig. 3E). The
mean number of V0c interneurons per 30mm section was 0.93 6
0.32 in WT mice and 0.63 6 0.16 in symptomatic mSOD1G93A

mice, representing a 32.3% reduction in V0c interneurons. An F
test (Snedecor and Cochran, 1989) determined that there was a

significant difference in variance between these two groups
(p = 0.0446). A t test was thus performed with Welch’s cor-
rection, which revealed a significant reduction in V0c inter-
neurons in the mSOD1G93A mice relative to the age-matched
WT mice (p = 0.0056).

We were then interested to know what the relationship was
between V0c interneuron loss and motor neuron loss. We thus
counted and compared the number of motor neurons in the
same WT and mSOD1G93A mice (Fig. 3F). The mean number of
motor neurons per 30mm section was 8.09 6 3.12 in WT mice
and 5.56 6 1.65 in symptomatic mSOD1G93A mice, representing
a 31.2% reduction, which was statistically significant (t test,
p= 0.0388). V0c and motor neuron loss is therefore tightly corre-
lated at the middle stage of the disease, given their similar per-
centage loss (32.3% and 31.2%, respectively). This correlation

Figure 3. The number and proportion of active V0c interneurons following training in WT and mSOD1
G93A mice. A, The number and proportion of active V0c interneurons following exercise were

determined in WT and mSOD1G93A mice based on whether ChAT-labeled V0c interneurons did or did not contain c-Fos
1 antibody staining in the nucleus (* and;, respectively). B–D, The number

of Fos1 (B) and the total number of V0c (C) interneurons were used to calculate the proportion of active V0c interneurons in resting, walking, and swimming WT and mSOD1
G93A mice (D). As task

intensity increases, V0c interneuron activity also increases. There is also a significant increase in the proportion of active V0c interneurons during walking in symptomatic mSOD1
G93A mice relative to

WT mice. E, After standardizing for the number of spinal cord sections counted, there was a significant difference between the number of V0c interneurons in WT and mSOD1
G93A mice at P110

(Student’s t test, p= 0.0056). F, There was also a significant reduction in the number of motor neurons in mSOD1G93A mice at P110 relative to WT mice (Student’s t test, p= 0.0388). Boxplots dis-
play lower and upper extremes, lower and upper quartiles, and median. White arrowheads are used to indicate the putative V0c and their location. *p, 0.05, **p, 0.01, ***p, 0.001.
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could also further indicate a neurologic relationship or connec-
tion between V0c and motor neuron loss.

Training toward amplitude modulation may worsen overall
ALS progression
Since we found the C-boutons to be most active during swim-
ming, and since the C-boutons were previously found to be
involved in the task-dependent modulation of motor neurons
(Zagoraiou et al., 2009), we sought to determine whether fre-
quent activation of the C-boutons via swimming would exacer-
bate behavioral deterioration in mSOD1G93A mice. We trained
mSOD1G93A mice toward amplitude modulation via frequent
swimming (mSOD1G93A swim) and compared their weight
(Fig. 4) and behavioral capabilities (Fig. 5) over time to
those in resting WT and mSOD1G93A mice (WT rest and
mSOD1G93A rest, respectively; see Materials and Methods).
At P130, the mSOD1G93A swim mice rarely swam and spent
most of the training time floating (Extended Data Fig. 5-
1G). P130 was thus chosen to be the end age for these
experiments.

Naturally, the WT mice gradually gained weight over time,
beginning with an average weight of 18.46 1.5 g at P32 and end-
ing with an average weight of 29.06 4.0 g at P130 (Fig. 4A,B).
Beginning at P32, themSOD1G93A rest mice weighed, on average,
15.56 2.4 g, a weight that rose sharply until approximately P60
(21.46 3.6 g), after which it increased slowly until P130
(24.76 2.4 g). At P32, the mSOD1G93A swim mice weighed, on
average, 15.86 1.2 g, a weight that sharply rose until approxi-
mately P60 (21.86 2.5 g). The weight of the mSOD1G93A swim
mice did not rise as quickly as the mSOD1G93A rest mice after
P60, however, and these mice even experienced a small decline
in weight beginning at P116 (Fig. 4B). This resulted in a signifi-
cantly lower weight than the WT mice at P130 (23.0 6 1.6 g;
ANOVA, p , 0.05. Since there were no significant differences
between the WT and mSOD1G93A rest mice, these findings sug-
gest that training toward amplitude modulation may worsen the
health ofmSOD1G93Amice at middle to late stages of the disease.

To further investigate the influence of training toward ampli-
tude modulation on mSOD1G93A mice, all the behavioral mice
were perfused at approximately P130, and their muscles were
dissected and weighed (Fig. 4C–E). Given that the mSOD1G93A

swim mice weighed significantly less than the WT rest mice
at P130, it is possible that the raw muscle weights underesti-
mate the true differences between these groups. To account
for this, we normalized the weight of each muscle to the
weight of the mice they were obtained from. After normal-
izing, we observed significant differences between the GS of
the WT and mSOD1G93A swim mice and between the WT
and mSOD1G93A rest mice (ANOVA: p, 0.01 and p, 0.05,
respectively; WT rest, 0.6466 0.051%; mSOD1G93A rest,
0.3616 0.173%; mSOD1G93A swim, 0.3026 0.030%; Fig.
4C). There was also a significant difference in the normal-
ized weight of the TA of the WT and mSOD1G93A swim
mice (ANOVA, p, 0.01), but not in that of the WT rest and
mSOD1G93A rest mice (ANOVA, p. 0.05), indicating that
frequent swimming brought the weight of the TA further from
that of a healthy mouse (WT rest, 0.2366 0.019%; mSOD1G93A rest,
0.1626 0.037%; mSOD1G93A swim, 0.1266 0.007%; Fig. 4D).
Interestingly, the normalized weight of the Sol in the mSOD1G93A

rest mice was significantly higher than that of the WT mice (WT
rest, 0.0416 0.005%; mSOD1G93A rest, 0.0596 0.014%; mSOD1G93A

swim, 0.0506 0.004%; ANOVA, p, 0.05; Fig. 4E). Given that the
Sol is known to be resistant to ALS disease progression (Gurney et

al., 1994; Frey et al., 2000; Hegedus et al., 2007; Valdez et al., 2012),
this finding is behaviorally insignificant and an artifact resulting
from normalization. Overall, these findings indicate that training to-
ward amplitude modulation likely worsened the weights of the GS
and TA.

Training toward amplitude modulation in the absence of the
C-boutons improves fast-twitch muscle weight during ALS
progression
To verify that the differences we observed between the WT and
mSOD1G93A rest and swim mice were indeed the result of higher
C-bouton activity, we put mSOD1G93A/Coff mice through the
same swimming experiments (mSOD1G93A/Coff swim; Figs. 4, 5).
Remarkably, the mSOD1G93A/Coff swim mice performed much
better than expected. Of the 11 mice used, 2 were stopped at
P123 and used for other experiments (not included here). The
remaining nine mice continued swimming until P130 and could
all swim on their own with minimal encouragement despite lacking
C-bouton modulation. Consistently significant improvements in
swimming performance over their mSOD1G93A counterparts began
at P120 (Student’s t test; p, 0.001) and continued until P130. By
comparison, all fivemSOD1G93A swimmice spent most of the train-
ing time floating at P130, despite frequent encouragement
(Extended Data Fig. 5-1C–G, Movie 1).

The mSOD1G93A/Coff swim mice tended to gain weight
slower than their mSOD1G93A counterparts (Fig. 4A,B). At
P32, the mSOD1G93A/Coff swim mice weighed 15.76 3.2 g
and increased steadily in weight until P130 (21.96 3.3 g).
Because the mSOD1G93A/Coff swim mice gained weight
slower, there were significant differences when compared
with the WT rest mice beginning as early as P81 (ANOVA,
p, 0.05). There were, however, no significant differences
in the weight of any of the mSOD1G93A groups at any age
(ANOVA, p. 0.05). Unsurprisingly, the male mSOD1G93A/
Coff mice weighed significantly more than their female
counterparts at P130 (Student’s t test, p = 0.0103). These
findings indicate that C-bouton silencing, in combination with
swimming, worsened the gross weight of mSOD1G93A mice, and
that male and female mSOD1G93A/Coff mice display similar weight
differences to those of WT and mSOD1G93A mice previously
reported (Oliván et al., 2015).

Since the mSOD1G93A/Coff swim mice weighed significantly
less than the WT mice as early as P81, we wanted to know
whether their muscles also weighed less. The mSOD1G93A/Coff

swim mice were therefore perfused, and their muscles were dis-
sected and weighed following the final experiments at P130 (Fig.
4C–E). As before, we normalized the weight of the mSOD1G93A/
Coff swim muscles to the weight of the mice they were dis-
sected from. After normalizing, the GS of the mSOD1G93A/
Coff swim mice made up significantly more of the weight of
mice than those of the mSOD1G93A swim mice (ANOVA,
p, 0.05) and was similar to that of the WT rest mice
(ANOVA, p. 0.05; WT rest, 0.6466 0.051%; mSOD1G93A

rest, 0.3616 0.173%; mSOD1G93A swim, 0.3026 0.030%;
mSOD1G93A/Coff swim, 0.6066 0.094%; Fig. 4C). No differ-
ences were observed between the TA of the mSOD1G93A/Coff swim
mice and that of any other group (ANOVA, p. 0.05; WT rest,
0.2366 0.019%; mSOD1G93A rest, 0.1626 0.037%; mSOD1G93A

swim, 0.1266 0.007%; mSOD1G93A/Coff swim, 0.1876 0.054%; Fig.
4D). Though the Sol of themSOD1G93A/Coff swimmice weighed the
most after normalizing and significantly more than that of the WT
mice (ANOVA, p, 0.01), this is again behaviorally insignificant
because of the nature of the Sol muscle (WT rest, 0.0416 0.005%;
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mSOD1G93A rest, 0.0596 0.014%; mSOD1G93A swim, 0.0506
0.004%;mSOD1G93A/Coff swim, 0.0706 0.010%; ANOVA, p. 0.05;
Fig. 4E). These findings suggest that training toward amplitude
modulation alone lead to lower fast-twitch muscle weights in the
mSOD1G93A mice, and that training toward amplitude modulation
in the absence of C-boutons not only rescued this reduction but
improved the weights of fast-twitch muscles inmSOD1G93Amice.

Given that mSOD1G93A/Coff mice in general have higher fast-
twitch innervation over time relative to mSOD1G93A mice, we
wanted to verify that this finding was the result of both training and
C-bouton silencing, rather than C-bouton silencing alone. Last, we
perfused untrainedmSOD1G93A/Coff mice at P130 (mSOD1G93A/Coff

rest) and dissected and weighed their muscles. There were no signif-
icant differences between the normalized weights of the GS (Fig.
4C) and TA (Fig. 4D) of the mSOD1G93A/Coff rest mice relative to
the other groups (ANOVA, p. 0.05; GS: mSOD1G93A/Coff rest,
0.4546 0.162%; mSOD1G93A/Coff swim, 0.6066 0.094%; TA:
mSOD1G93A/Coff rest, 0.1746 0.056%; mSOD1G93A/Coff swim,
0.1876 0.054%). As expected, the weight of the Sol was

significantly higher in the mSOD1G93A/Coff rest mice relative
to the WT mice (ANOVA, p, 0.01), though behaviorally in-
significant (mSOD1G93A/Coff rest, 0.0646 0.005%;
mSOD1G93A/Coff swim, 0.0706 0.011%). Since the
mSOD1G93A/Coff swim mice, but not the mSOD1G93A/Coff rest
mice, had significantly higher GS weights than the
mSOD1G93A swim mice, these findings suggest that training
toward amplitude modulation has a minor detriment to fast-
twitch muscle weights in mSOD1G93A mice, but when com-
bined with C-bouton silencing has a beneficial effect on fast-
twitch muscle weight, specifically regarding the GS.

Training toward amplitude modulation altersmSOD1G93A

mouse behavior
To determine whether training toward amplitude modulation
exacerbates the behavioral deterioration of mSOD1G93A mice, we
put the WT rest, mSOD1G93A rest, and mSOD1G93A swim mice
through weekly tests of their grip strength, maximum speed, and
rotarod performance (Fig. 5A–F). Unsurprisingly, the grip

Figure 4. Training toward amplitude modulation in the absence of C-boutons significantly worsens gross weight in mSOD1G93A mice, but significantly improves GS muscle weights. A, B,
mSOD1G93A swim mice weighed significantly less than WT mice at P130 (A), whereas the mSOD1G93A/Coff swim mice weighed significantly less than WT mice beginning at approximately P81
(B). C–E, C-bouton silencing paired with swimming resulted in mSOD1G93A/Coff GS muscles that made up a significantly higher proportion of the total mouse weight than mSOD1G93A swimming
mice (C), but not for the TA (D) or Sol (E). Bar graphs display the mean6 SD. Boxplots display lower and upper extremes, lower and upper quartiles, and median. *p, 0.05, **p, 0.01.
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strength of the WT mice gradually increased over time, while
that of the mSOD1G93A rest and swim mice gradually decreased
(Fig. 5A,B). Though both mSOD1G93A groups began performing
significantly worse than the WT mice beginning at only P67, we
found no significant differences between the grip forces of the
mSOD1G93A rest and swim mice at any age (ANOVA, p. 0.05).
Both mSOD1G93A groups performed equally well at P32
(mSOD1G93A rest, 81.06 10.8 g; mSOD1G93A swim, 79.06 19.3

g) and decreased at a near-identical rate until P130 (mSOD1G93A

rest, 60.56 18.7 g; mSOD1G93A swim, 61.36 9.7 g), suggesting
that training toward amplitude modulation did not influence the
strength of themSOD1G93Amice.

The WT rest mice were consistently capable of locomoting at
a maximum speed of at least 0.4 m/s during most of our experi-
ments (Fig. 5C,D). The mSOD1G93A rest mice, however, had an
initial maximum speed of 0.576 0.04 m/s at P32, which

Figure 5. Training toward amplitude modulation in the absence of C-boutons significantly improves behavioral performance in mSOD1G93A mice. A, B, WT mice are significantly stronger
than mSOD1G93A mice beginning at approximately P67 but are only significantly stronger than mSOD1G93A/Coff swim mice beginning at P109. mSOD1G93A/Coff mice also perform significantly bet-
ter than their mSOD1G93A counterparts beginning at P67, though this difference is not present at P130. C, D, mSOD1G93A/Coff swim mice are significantly faster than their mSOD1G93A counterparts
beginning at approximately P116 and never perform significantly worse than WT mice at all ages examined. E, F, mSOD1G93A/Coff swim mice outperformed the mSOD1G93A rest mice on the
rotarod beginning at approximately P123. See Extended Data Figure 5-1 for data regarding qPCR results and swim performance. Bar graphs display the mean6 SD. *p, 0.05, **p, 0.01,
***p, 0.001.
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decreased steadily until P130 (0.226 0.08 m/s). Interestingly, the
maximum speed of the mSOD1G93A swim mice was significantly
lower than the mSOD1G93A rest mice at P32 (mSOD1G93A rest,
0.576 0.04 m/s; mSOD1G93A swim, 0.336 0.10 m/s; ANOVA,
p, 0.01), likely since the mSOD1G93A mice swam at P30, while
their first behavioral test was at P32. Their performance nonethe-
less improved each week until P60 when the maximum speeds of
the two groups were nearly identical (mSOD1G93A rest,
0.486 0.13 m/s; mSOD1G93A swim, 0.476 0.12 m/s; ANOVA,
p. 0.05). Unlike the mSOD1G93A rest mice, the maximum speed
of the mSOD1G93A swim mice decreased rapidly from P60 to
P88, after which their maximum speed remained constant until
the end of the experiments at P130 (0.196 0.09 m/s). This trend
resulted in significant differences between the mSOD1G93A rest
and swim groups at P88 (ANOVA, p, 0.05). The mSOD1G93A

swim mice also displayed qualitative differences in walking
behavior relative to the mSOD1G93A rest mice at P95, most nota-
bly the dragging of the backside, which likely influenced these
results (Movie 2). Despite this, the rest and swim mice
had similar maximum speeds at P130 (mSOD1G93A rest,
0.226 0.08 m/s; mSOD1G93A swim, 0.196 0.09 m/s; ANOVA,
p. 0.05). Consistently significant differences between the
mSOD1G93A groups and the WT mice only began at P116 (WT
rest, 0.456 0.10 m/s; mSOD1G93A rest, 0.326 0.10 m/s;
mSOD1G93A swim, 0.196 0.11 m/s). These findings suggest
that training toward amplitude modulation impaired the max-
imum speed of the mSOD1G93A swim mice.

Unsurprisingly, almost all the WT mice reached the
maximum trial time of 180 s on the rotarod every week (Fig.
5E,F). The mSOD1G93A swim mice, however, performed
better than the mSOD1G93A rest mice on the rotarod. The
mSOD1G93A rest mice lasted 1636 37 s on the rotarod at
P32, and gradually worsened until P130 (926 55 s). The
mSOD1G93A swim performance was like that of the
mSOD1G93A rest mice at P32, with a time to fall of 1646 25
s. Their performance, however, decreased at a much slower
rate than the mSOD1G93A rest mice, with a time of fall of
1466 35 s at P130. Despite this, there were no significant
differences between these groups at any age because of the
variance in the mSOD1G93A rest data (ANOVA, p. 0.05).
Only one of the five mSOD1G93A rest mice reached the

Movie 2. The mSOD1G93A/Coff swim mice never displayed the backside dragging that the
mSOD1G93A swim mice did at P95, even when assessed at P129. A–C, Treadmill walking of a
male mSOD1G93A rest mouse (A), and swim mouse (B) at P95, and a male mSOD1G93A/Coff

swim mouse at P129 (C). Note that the mSOD1G93A swim mouse displays backside dragging
at P95 that the mSOD1G93A rest mouse does not. We did not observe this phenotype in the
mSOD1G93A/Coff swim mice, even when assessed at P129. Videos were captured at 500
frames/s with 4� playback speed. The distance between the calibration dots measures 1.5
cm. [View online]

Movie 1. The mSOD1G93A swim mice spent most of their time floating at P130, whereas
the mSOD1G93A/Coff mice swam with minimal encouragement. A, B, A male mSOD1G93A swim
mouse (A) and a male mSOD1G93A/Coff swim mouse (B) at P130 demonstrating the difference
in quality of swimming between these strains. Videos were captured at 500 frames/s with
4� playback speed. The distance between the calibration dots measures 1.5 cm. [View
online]
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maximum time of 180 s at P130, whereas two of the five
mSOD1G93A swim mice reached maximum time at P130.

Training toward amplitude modulation has a beneficial
effect onmSOD1G93A mouse behavior if C-boutons are
silenced
To verify that the behavioral differences we observed between the
mSOD1G93A rest and swimmice were indeed the result of frequent
C-bouton activation, we also recorded the grip force, maximum
speed, and rotarod performance of the mSOD1G93A/Coff swim
mice over time (Fig. 5A–F). Amazingly, themSOD1G93A/Coff swim
mice performed well above the capabilities of the mSOD1G93A

mice. At P32, the grip strength of the mSOD1G93A/Coff swim mice
was, on average, 81.26 22.5 g, which improved steadily until P60
(91.16 15.0 g; Fig. 5A,B). At P67, these mice experienced a spike
in grip strength (98.16 11.1 g), which was significantly more than
the mSOD1G93A rest and swim mice (ANOVA: p, 0.01 and
p, 0.05 respectively). This significant improvement lasted until
P123, with sporadic changes in statistical confidence (notably,
P109 when significance was not present between these groups).
Their strength then decreased only slightly by P130 (79.16 10.5).
Interestingly, the male mice from this group were significantly
stronger than their female counterparts at P130 (Student’s t test,
p=0.0078). By comparison, the grip strengths of the mSOD1G93A

rest and swim mice were only 60.56 18.7 and 61.36 9.7 g at
P130, respectively. Significant differences between the WT and
mSOD1G93A/Coff swim began at approximately P109 (ANOVA,
p, 0.05). In contrast, significant differences between the WT and
mSOD1G93A mice began 42d earlier at P67. Unexpectedly, these
findings suggest that training toward amplitude modulation in the
absence of C-boutons significantly improves the strength of
SOD1G93Amice.

The maximum speed of the mSOD1G93A/Coff swim mice
barely deteriorated over time (Fig. 5C,D). At P32, their maxi-
mum speed was like that of the WT mice (WT, 0.516 0.14 m/s;
mSOD1G93A/Coff swim, 0.476 0.09 m/s), and only decreased
slightly by P130 (0.366 0.06 m/s). No significant differences
were observed between the male and female mice of this group at
P130 (Student’s t test, p. 0.05). It is interesting that none of the
nine mSOD1G93A/Coff mice examined at P130 walked below a
comfortable walking speed of 0.2 m/s, whereas three of the five
mice in each of themSOD1G93A groups could only walk at or below
this speed at P130. Qualitatively, the mSOD1G93A/Coff swim mice
did not display the backside dragging to the extent that the
mSOD1G93A swim mice did at P95, even when assessed 34d later at
P129 (Movie 2). Since the speed of their mSOD1G93A counterparts
deteriorated much faster, the mSOD1G93A/Coff swim mice began
performing better than the mSOD1G93A rest mice at P130
(mSOD1G93A rest, 0.226 0.08 m/s; mSOD1G93A/Coff swim,
0.366 0.06 m/s; ANOVA, p, 0.05), with significant improvements
over the mSOD1G93A swim mice beginning at P116 (mSOD1G93A

swim, 0.196 0.11 m/s; mSOD1G93A/Coff swim, 0.396 0.10 m/s;
ANOVA, p, 0.01). Of note is that themSOD1G93A/Coff swim mice
never performed significantly worse than the WT mice. Given that
the drop in maximum speed of untrained mSOD1G93A/Coff mice
has previously been shown to occur sooner than in mSOD1G93A

mice (Landoni et al., 2019), these results suggest that training to-
ward amplitude modulation in the absence of C-boutons helps to
maintain locomotor capability over time.

At P32, the mSOD1G93A/Coff swim mice performed similarly
to their mSOD1G93A counterparts on the rotarod (mSOD1G93A/
Coff swim, 175.86 7.1 s); however, the mSOD1G93A/Coff mice
never deteriorated as the mSOD1G93A mice did (Fig. 5E,F).

Remarkably, six of the nine mSOD1G93A/Coff swim mice that con-
tinued swimming at P130 reached the maximum trial time of 180 s,
resulting in a score of 163.36 33.1 s. By comparison, only two of
the five mSOD1G93A swim mice, and one of the mSOD1G93A rest
mice achieved this. Though there were no significant differences
between the mSOD1G93A/Coff swim and mSOD1G93A swim mice at
any age (ANOVA, p. 0.05), themSOD1G93A/Coff swimmice began
performing significantly better than the mSOD1G93A rest group at
P123 (ANOVA, p, 0.05). Like with their maximum speed, we
never observed significant differences between the performance of
the WT and mSOD1G93A/Coff mice. Given that most mice in the
mSOD1G93A/Coff swim group reached the maximum trial time every
week, we were unable to determine whether training toward ampli-
tude modulation in the absence of C-boutons had a significant
influence on rotarod performance. We also did not detect signifi-
cant differences between the male and female mice of this group at
P130 (Student’s t test; p. 0.05), though this may have been the
result of the maximum trial time. Recent evidence suggests that C-
bouton silencing alone improves rotarod performance (Konsolaki
et al., 2020). In line with this evidence, our findings nonetheless sug-
gest that silencing C-boutons in mSOD1G93A mice significantly
improves rotarod performance relative to untrained mSOD1G93A

mice.

Training toward amplitude modulation inmSOD1G93A/Coff

improves humane end point over untrainedmSOD1G93A/Coff

mice, but not over untrainedmSOD1G93Amice
Given the significant improvement in performance of the
mSOD1G93A/Coff swim mice over their mSOD1G93A counterparts,
we last wanted to know whether this increase in behavioral perform-
ance translated to an increase in life span. Five of the 11
mSOD1G93A/Coff swimmice thus continued swimming beyond P130
until they could no longer swim, and then lived until the humane
end point. On average, the mSOD1G93A/Coff mice were able to swim
until P150.46 10.9 d, thus being able to swim for;20d more than
their mSOD1G93A counterparts. The mSOD1G93A/Coff mice then
reached a humane end point;12d later at P162.66 6.8 d (Fig. 1C).
This life span was significantly longer than that of the untrained
mSOD1G93A/Coff mice by ;10d, or a 6.6% longer life span
(152.56 7.9d; ANOVA, p, 0.05), but not of the untrained
mSOD1G93A mice (156.46 7.3 d), which was only increased by ;8
d, or 3.9% (ANOVA; p. 0.05). These findings therefore indicate
that training toward amplitude modulation in the absence of C-bou-
tons significantly improves life span over untrained mSOD1G93A

mice that lack C-boutons, but not over untrained mSOD1G93A mice
with C-boutons.

Discussion
Here, we show that C-bouton silencing, in combination with
training toward amplitude modulation, significantly improves
life span over untrained mSOD1G93A mice with silenced C-bou-
tons, but not over untrained mSOD1G93A mice. The presence of
C-boutons also significantly worsens fast-twitch muscle innerva-
tion over time. We also show that the V0c interneurons, and thus
C-boutons, are active in a task-dependent manner, and that
the V0c interneurons in symptomatic mSOD1G93A mice show a
significantly higher proportion of c-Fos activity than those of
wild-type mice during low-intensity walking. Lastly, we provide
evidence that C-bouton silencing in combination with high-in-
tensity modulatory-targeted training worsens gross weight but
improves fast-twitch muscle weight and is beneficial for the be-
havioral capabilities of mSOD1G93A mice. Our observations
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suggest that manipulating the C-boutons in combination with a
modulatory-targeted training program may therefore be a bene-
ficial therapy for ALS patients.

mSOD1G93Amice experience V0c interneuron loss at middle
stage of ALS
Recent evidence regarding V2a interneurons loss in ALS has sug-
gested that the depletion of direct connectivity to motor neurons,
or in other words the failure for the V2a interneurons to signal
downstream, is what drives V2a loss (Ravits, 2014; Salamatina et
al., 2020). The V0c interneuron loss we detected here likely
occurs through a similar mechanism. This hypothesis is also
supported by our finding that the percentage loss of the V0c
and motor neurons are tightly correlated (Fig. 3E,F), indi-
cating that motor neuron loss may, indeed, be a driving fac-
tor for V0c loss. Despite conflicting evidence in the
literature regarding the number and size of C-boutons on
motor neurons over time in ALS (Pullen and Athanasiou,
2009; Herron and Miles, 2012; Gallart-Palau et al., 2014),
evidence suggests that the density of C-boutons on surviv-
ing motor neurons in mSOD1G93A mice does not reduce
over time (Lobsiger et al., 2013; Dukkipati et al., 2017). V0c
interneuron loss is thus unlikely to precede the death of the
motor neurons they project to. In such a case, the loss of the
V0c interneurons would not directly influence disease pro-
gression. This hypothesis could also explain the conflicting
evidence regarding C-bouton density changes in ALS; if V0c
interneurons die because most of their C-boutons synapse
onto dead motor neurons, then we would expect some loss
in C-bouton density, as the dead V0c interneurons were
likely still synapsing onto some surviving motor neurons
(Ravits, 2014; Salamatina et al., 2020).

How could V0c interneuron loss be occurring? Evidence sug-
gests that the V0c interneurons undergo phagoptosis following
neuronal C1q expression when descending projections to the
V0c interneurons are disrupted (Brown and Neher, 2012; Jiang et
al., 2018). Interestingly, evidence also suggests that C1q-silencing
in mSOD1G37R mice results in the loss of C-boutons at the end-
stage of ALS (Lobsiger et al., 2013). If the V0c loss we illustrated
here is indeed driven by C1q expression in ALS, C1q expression
in the V0c interneurons may allow for a specific “kill switch” in
V0c interneurons that project to dead motor neurons. As we
have shown, C-bouton silencing in combination with modula-
tory-targeted training results in behavioral improvements in
mSOD1G93A mice. Further understanding of the mechanism
behind V0c interneuron loss could therefore be crucial in devel-
oping treatments and therapies for ALS focused on C-bouton
silencing or removal.

Frequent swimming in the absence of C-boutons likely
recruits the serotonergic system inmSOD1G93A mice
Here, we demonstrated the relationship between the C-boutons
and mSOD1G93A ALS disease progression (Fig. 6). We meas-
ured nearly 100% muscle innervation throughout the life
span of WT mice and found that the V0c interneurons mod-
ulate motor neuron excitability through the C-boutons in a
task-dependent manner (Fig. 6A). The motor neurons of
mSOD1G93A mice, however, gradually withdraw and die
(Chiu et al., 1995; Fischer et al., 2004), altering their inter-
action with C-boutons (Fig. 6B). At early stages of the dis-
ease (approximately P65 to P95), mSOD1G93A mice appear
functionally healthy despite reduced muscle innervation
(Akay, 2014). Previously, we showed that this behavioral

compensation occurs through the C-boutons (Landoni et
al., 2019). Here, we show that the V0c interneurons do
indeed have upregulated activity during walking at sympto-
matic ages (Fig. 3D). Further assessment of c-Fos expres-
sion in mSOD1G93A mice is required, however, as it is likely
that resting mSOD1G93A mice have upregulated V0c inter-
neuron activity relative to resting WT mice. Despite this
behavioral compensation, the physical capabilities of
mSOD1G93A mice deteriorate during the middle stage of the
disease (approximately P95 to P125), likely because of
motor neuron loss beyond what the cholinergic system can
compensate for or muscle atrophy (Fig. 6B, middle). We
also measured a reduction in the number of V0c interneur-
ons that mirrored the percentage loss of motor neurons
(Fig. 3E,F). At late stages of the disease (P1251),
mSOD1G93A mice become paralyzed because of near-com-
plete muscle denervation (Fig. 6B, right).

Despite compensating for locomotor behavior, the C-boutons
are detrimental to fast-twitch muscle innervation (Fig. 2B–D). At
early stages of the disease, mSOD1G93A/Coff mice are functionally
healthy, likely driven by higher fast-twitch muscle innervation
relative tomSOD1G93Amice (Fig. 6C, left). At the middle stage of
the disease, the locomotor capabilities of mSOD1G93A/Coff mice
significantly decline as muscle denervation continues in the ab-
sence of behavioral compensation (Fig. 6C, middle; Landoni et
al., 2019). This mechanism continues during the late stage of the
disease when mSOD1G93A/Coff mice become paralyzed despite
higher muscle innervation relative to mSOD1G93A mice (Fig. 6C,
right). Characterization of innervation in the mSOD1G93A/Coff

mice is incomplete, however, and it is unclear whether the
improved muscle innervation over mSOD1G93A resulted from
improved motor neuron survival or axonal sprouting, and
whether there were differences in partial innervation between
these groups of mice.

Surprisingly, mSOD1G93A/Coff mice that undergo frequent
swimming perform significantly better during motor tests than
mSOD1G93A mice by a late stage of the disease (Fig. 6D). It is
unlikely that these findings are the result of the improved fast-
twitch muscle innervation we observed for two reasons. First, the
fast-twitch muscle weights of the mSOD1G93A/Coff swim mice
were like those of the unexperimented mSOD1G93A/Coff mice at
the late stage of the disease (P130; Fig. 4C–E). Second, the
mSOD1G93A/Coff swimmice performed well beyond what we pre-
viously observed in untrained mSOD1G93A/Coff mice (Landoni et
al., 2019). Another alternative modulatory system must therefore
be compensating for the loss of C-bouton modulation in the
mSOD1G93A/Coff swim mice to maintain task-dependent ampli-
tude modulation (Fig. 6D, middle, right).

It is likely that the alternative modulatory system is a seroto-
nergic system for three reasons: first, the serotonergic system has
been shown to modulate motor neuron excitability by increasing
persistent inward currents (Wei et al., 2014). Second, it has also
been shown to slow disease progression and improve motor
function in ALS (Turner et al., 2003; El Oussini et al., 2016). Last,
the V0c interneurons also receive serotonergic input (Zagoraiou
et al., 2009); therefore, an interaction exists between the seroto-
nergic and cholinergic modulatory systems. When V0c inter-
neuron output is eliminated in mSOD1G93A mice and the mice
are forced to swim, the alternative amplitude modulator, which
we think is the serotonergic system (Wei et al., 2014), may be up-
regulated to compensate for the V0c loss, resulting in the
improved motor function we observed. Upregulating the seroto-
nergic system and downregulating the C-boutons along with
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amplitude modulation could therefore amplify the beneficial
effects of both systems. This hypothesis could also explain why
we only saw improved life span in our mSOD1G93A/Coff swim
mice relative to untrained mSOD1G93A/Coff mice, and not
mSOD1G93A mice. To our knowledge, no experiments have been
conducted that have amplified the serotonergic system and
downregulated the cholinergic system. Further investiga-
tion into the relationship among ALS, the serotonergic sys-
tem, and the cholinergic system is therefore critical in
developing treatments and therapies targeting neuromodu-
lation in ALS.

Implications
We have demonstrated that the effects of the C-boutons on
mSOD1G93A mice are not strictly beneficial or detrimental.
Restricting cholinergic neurotransmission by genetically
silencing the C-boutons improves muscle innervation but
worsens behavioral performance over time because of the
loss of behavioral compensation. Under appropriate con-
ditions, another modulatory system such as the serotoner-
gic system might be recruited in the absence of the
C-boutons that are beneficial to behavioral capability. Possible
therapies for ALS may thus involve downregulating the C-

Figure 6. A schematic illustrating the influence of the C-boutons on muscle innervation and behavioral performance under various conditions. A, The interaction between the C-boutons and
motor neurons (MNs) is stable in WT mice. Modulation of the motor neurons through the C-boutons occurs in a task-dependent manner. B, As motor neurons die in mSOD1G93A mice, C-bouton
activity is upregulated to compensate. This, however, seems to increase motor neuron stress and hastens muscle denervation. The result is a gradual reduction in behavioral performance that
eventually leads to paralysis. The V0c interneurons are also lost as the disease progresses. C, Silencing the C-boutons in mSOD1

G93A mice improves muscle innervation at the cost of behavioral
compensation. This results in an earlier reduction in behavioral performance relative to mSOD1G93A mice (Landoni et al., 2019). D, When C-bouton-silenced mSOD1G93A mice undergo frequent
swimming, another modulatory mechanism seems to be recruited that helps to maintain behavioral performance at the middle stage (approximately P95 to P125) and the beginning of the
late stage (approximately P1251) of the disease. The mechanism at play is likely the serotonergic system, because of its known gain control of motor neurons and benefit in ALS (Turner et
al., 2003; Wei et al., 2014; El Oussini et al., 2016). FF, Fast-fatigable; FR, fast-fatigue resistant; S, slow.
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boutons to improve muscle innervation while upregulating other
modulatory systems to maintain behavioral compensation.
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