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ARTICLE INFO ABSTRACT

CuATSM is a PET-imaging agent that has recently received attention for its success in extending the lifespan in
animals in several neurodegenerative disease models. In the SOD1%°** model of ALS, CuATSM prolonged mouse
ALS longevity far longer than any previously tested therapeutic agents. The mechanism underlying this outcome has

Keywords:
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C“ATSNL . not been fully understood, but studies suggest that this copper complex contributes to maintaining copper
;zﬂfz;e Z:::;:;T homeostasis in mitochondria. More specifically for the SOD1 model, the molecule supplies copper back to the
Therapeftics SOD1 protein. Additionally, CuUATSM demonstrated similar protective effects in various in vivo Parkinson's

disease mouse models. In the current pilot study, we utilized a neurodegenerative mouse model of motor neuron
degeneration induced by the neurotoxin B-sitosterol -D-glucoside. In this model, slow but distinct and pro-
gressive features of sporadic ALS occur. Treatment with CuUATSM kept animal behavioural performance on par
with the controls and prevented the extensive motor neuron degeneration and microglia activation seen in the
untreated animals. These outcomes support a broader neuroprotective role for CuATSM beyond mutant SOD

models of ALS.

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease
characterized by motor neuron loss and the subsequent loss of motor
function. Approximately 10% of all ALS cases are familial (fALS), de-
fined by a Mendelian pattern of inheritance of at least 13 genes and loci.
The remaining 90% are sporadic (sALS) where the causes remain elu-
sive. For decades, the only effective therapeutic for ALS was riluzole
whose effects are marginal. In the last 20 years, over 60 therapeutic
compounds have failed to demonstrate clinical efficacy in human
clinical trials (Petrov et al., 2017). Recently, Radicava (edaravone, a
radical scavenger) has been approved. However, randomized control
trials demonstrated efficacy only in early-stage patients, in concomitant
use with riluzole, and that drug safety in patients with severe renal
impairment, end-stage renal disease, or moderate-to-severe hepatic
impairment remains to be evaluated (Sawada, 2017; Cruz, 2018). It is
clear that the search to treat ALS is a long and arduous process, and
what is currently accessible by patients has very limited efficacy.

The toxic gain-of-function mutations in the SOD1 (Cu/Zn
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superoxide dismutase type-1) gene have been most extensively studied
in the various ALS models. The exact mechanisms for which SOD1
mutations contribute to disease progression are uncertain.

The normal SOD1 protein scavenges superoxide radicals by con-
verting them to molecular oxygen and hydrogen peroxide (Fukai and
Ushio-Fukai, 2011; Sea et al., 2015). To function properly in homo-
dimer form, the SOD1 protein must undergo correct folding and ma-
turation processes, requiring selective binding of copper and zinc ions
for stabilizing and dimerizing (Kayatekin et al., 2008). The mutant
SOD1, SOD1%%3A retains the enzymatic activity only in the matured
homodimer form (Khare et al., 2004; Rakhit et al., 2004; Ezzi et al.,
2007; Wilcox et al., 2009), but does not bind copper ions as effectively
as wild-type SOD1 (Pratt et al., 2014). The presence of increased ex-
pression of Copper-Chaperone-for-SOD (CCS), a metalloprotein that
inserts copper ions into SOD1 and facilitates the maturation of SOD1
(Fukai and Ushio-Fukai, 2011), reduces the mean survival of SOD1¢%34
mice eight fold (Son et al., 2007). The mechanisms behind CCS accel-
erating toxicity of SOD1%%** have received attention because ALS pa-
tients express endogenous CCS in a much higher ratio to SOD compared
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to the ratio of endogenous CCS in SOD1°°** models (Rothstein et al.,

1999). Several studies show that when human CCS (87% protein
homology as mouse CCS) is co-expressed in low-expressing SOD1%%%4
mice, copper-dependent cytochrome c oxidase activity is greatly re-
duced in the spinal cord, demonstrating an apparent copper deficiency
within the spinal cord. These animals die at up to eight times faster rate
than those without human CCS (Son et al., 2008). These results suggest
overexpression of CCS impairs copper-import into mitochondria by
creating a copper deficit in prioritizing copper to SOD1 (Son et al.,
2007; Son and Elliott, 2014).

To further explore a role for copper homeostasis in ALS, recent
studies investigated a copper complex diacetylbis(N(4)-methylthio-
semicarbazonato) copper(II) (CuATSM), which is capable of selectively
releasing copper in cells with an impaired mitochondrial electron
transport chain (Donnelly et al., 2012; Yoshii et al., 2012). At different
dosages and methods of application, CUATSM was found to extend
mean survival of high-expressing SOD1%°3** mice by 16% (topical ap-
plication, from an average 133 days to 155days), up to 25% when
treatment started as early as 5 days old (Williams et al., 2016), and low-
expressing SOD1°?*A mice by 15% (gavage, from an average 263 days
to 300 days) (Soon et al., 2011). More impressively in double transgenic
models, lifespan in high-expressing SOD19°** x human CCS mice were
extended by over 60-fold (topical, from 8 to 13 days to > 600 days)
(Williams et al., 2016), and low-expressing SOD1G93A X human CCS
mice by over 10-fold (topical, from 20 to 50 days to > 480 days) (Son
et al., 2007; Williams et al., 2016).

CuATSM, a PET-imaging agent for hypoxic tumors in human
(Dearling et al., 2002), is a neutral, lipophilic complex that readily
crosses the blood-brain barrier (Fodero-Tavoletti et al., 2010). CuUATSM
also has a low reduction potential that facilitates a selective release of
copper in cells with damaged mitochondria (Dearling and Packard,
2010; Donnelly et al., 2012; Yoshii et al., 2012). The unmetallated
ATSM moiety has a high affinity for Cu®>* (Dearling and Packard,
2010). By itself, however, it was found to produce neither measurable
improvement nor exacerbation of disease in the SOD1 mouse models
(Vieira et al., 2017). But as CuATSM, it has consistently and in-
dependently demonstrated distinct rescue and neuroprotection prop-
erties in various mutant SOD1 mouse models, as cited above. The ALS
rodent models used include a very aggressive variant of SOD1%93*
model, in which the co-expression of copper chaperon CCS drastically
shortens animal lifespan (Son et al., 2007; Son et al., 2008; Williams
et al.,, 2016). While the mechanism for this acceleration is not fully
understood, disrupted copper homeostasis in selective cells and the
depletion of copper in the CNS were suggested as a major contributor to
motor neuron death (Jonsson et al.,, 2006; Tokuda et al., 2007;
Trumbull and Beckman, 2009; Tokuda et al., 2013). Additionally,
CuATSM improved survival and locomotor functions in SOD1%%7R
model, in a dose-dependent manner (McAllum et al., 2013); compared
to riluzole, which provided 3.3% increase on surivival, CuATSM at
60 mg/kg dosage yielded 26.3% improvement (McAllum et al., 2013).
Mechanistically, CuATSM reportedly supplies copper to Cu-deficient
SOD1 and converts it to holo-SOD1, thereby increasing the total SOD1
in SOD1%*”® mice, but does not necessarily decrease misfolded SOD1
levels (Roberts et al., 2014). A decrease of misfolded SOD1 levels has
been shown to improve the survival and locomotor function of mutant
SOD1 mice (Gros-Louis et al., 2010; Liu et al., 2012). The lack of such
decrease in the presence of CuATSM-mediated improvements in sur-
vival and locomotor function only adds to the unequivocal complexity
of disease pathogenesis, suggesting only a partial contribution by the
misfolded SOD1. Regardless, current studies of CUATSM in ALS mutant
SOD1 models have all been very positive, and this is an exciting ther-
apeutic potential for other neurodegenerative diseases such as copper-
deficient SOD1 Parkinson's disease (PD) cases (Trist et al., 2017). This
success has led to CUATSM being used in early clinical trial in human
patients (“Phase 1 Dose Escalation and PK Study of Cu(I)ATSM in ALS/
MND,”, 2016). The results were favourable and encourages for further
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efforts on disease heterogeneity (“Theme 9 Clinical trials and trial de-
sign,”, 2018). The Phase 2 trials of CUATSM will begin later 2019 in
Sydney and Melbourne.

In addition to ALS, CuATSM has been shown effective in reversing
parkinsonism defects in various disease models, both in vitro and in vivo
(Hung et al., 2012). These models are thought to be unrelated to SOD
protein activity. Peroxynitrite (ONOO ™) is formed from a non-enzy-
matic and pH-dependent reaction of nitric oxide and superoxide and is
capable of modifying cellular activities, such as tyrosine nitration and
lipid peroxidation (Beckman et al., 1990; Szabo et al., 2007). In context
to PD, peroxynitrite induces nitration and aggregation of a-synuclein
(Souza et al., 2000). Nitrated a-synuclein is neurotoxic, and the injec-
tion of this molecule into the substantia nigra pars compacta (SNpc) of
rats produces many of the pathological features of PD (Yu et al., 2010).

Given CuATSM's success in these in vivo ALS and PD models, we
sought to expand the previous studies that had employed mutant SOD1
(mSOD1) in fALS to include our own sporadic model of ALS. In the
present study, we used a mouse model induced by an environmental
neurotoxin, a dietary sterol glucoside B-sitosterol 3-D-glucoside (BSSG),
which produces features resembling the Guamanian variants of ALS and
parkinsonism (ALS-parkinsonism dementia complex, ALS-PDC). Unlike
the widely used transgenic ALS mouse models, our model shows a much
slower onset of neural changes, but is progressive and provides well-
defined sequential deficits that present in mice initially as motor neuron
degeneration as seen in the classical ALS, sometimes followed later by
basal ganglia defects, and lastly by deterioration in cortex and hippo-
campus, leading to cognitive decline (Wilson et al., 2002; Wilson and
Shaw, 2007; Tabata et al., 2008).

2. Results
2.1. Physical and behavioural assessments

Weights were recorded weekly to monitor animal welfare and were
found to be increasing normally per the Charles River datasheet. There
were no significant differences between groups (Fig. 1A).

BSSG-fed animals exhibited a high degree of variance of the leg
extension reflex from the beginning of testing, showing overall a con-
sistent and significant decrease in the reflex (p < .001) compared to
the controls and to the CuATSM-BSSG treated groups by week 32
(Fig. 1B).

BSSG-fed animals also showed a decrease in performance on the
rotarod, with increasing variance between group mates that became
significantly different from all other groups by 51 weeks of age.
CuATSM treatment of BSSG-fed animals showed that that CuUATSM
maintained the treated animals near control levels (Fig. 1C).

2.2. Motor neuron counts

The motor neuron numbers in the lumbar spinal cord of BSSG-fed
animals were significantly decreased, with some surviving motor neu-
rons of these animals showing abnormal morphological features. Motor
neurons in the BSSG group could show evidence of chromatolysis or
pyknosis (Fig. 2B middle and right). BSSG-fed animals treated with
CuATSM did not show the same loss of motor neurons or the mor-
phological changes observed in the BSSG group. Averaged motor
neuron counts revealed a 63% loss for the BSSG-fed animals compared
to the control group. The CuATSM treatment group with BSSG fed mice
mitigated this loss to 15% (p < .001) (Fig. 2C).

The DMSO (vehicle) group showed a 48% loss. DMSO is known to
be neurotoxic (p < .001) (Fig. 2C). Treatment with CuATSM, however,
similarly reduced the loss to 18% (Fig. 2C).

No significant differences in motor neuron loss were seen between
right or left ventral horns (Fig. 2D).
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Fig. 1. Weights and motor assessments characterizing therapeutic effects of CuATSM on environmental toxin-induced sALS mouse modelusing BSSG, mean *= SEM.
(A) Normal weight increase in accordance with vender Charles River datasheet, preventing reduced BSSG toxicity. (B) Left: Leg extension reflex on a 0-4 point scale;
Right: Score 4 represents normal hind leg extension (Green arrows) and Score 2 represents failure to extend at least one hind leg (Red arrows) (* p < .001 to Ctrl and
to BSSG + CuATSM groups; Two-way ANOVA followed by Tukey). (C) Left: Rotarod performance showing a declining progression in the BSSG-fed group while
CuATSM treatment prevented such decline; Right: typical body stance of normal (Green arrow, seen in control and CuATSM-treated BSSG animals) vs. BSSG
intoxicated animals were unable to keep pace with the speed of the Rotarod (Red arrow) (* p < .05 to Ctrl and to BSSG + CuATSM groups; Two-way ANOVA
followed by Tukey). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Large Motor Neuron Count

Large Motor Neuron Count

Fig. 2. Nissl staining and quantification of large motor neurons in ventral horn of lumbar (L2) spinal cord, mean + SEM. (A) Representative micrographs from each
group. (B) Morphological abnormalities found in BSSG-fed animals. Left, normal, taken from Control group. Middle, chromatolysis, characterized by swelling of cell
body and dispersion of Nissl substance, taken from BSSG group. Right, pyknosis, characterized by chromatin condensation, and disappearance of Nissl substance,
taken from BSSG group.(C) Averaged large motor neuron counts showing BSSG-fed animals treated with CuATSM were protected from motor neuron degeneration (*
p < .001; One-way ANOVA followed by Tukey). (D) Averaged large motor neuron counts based on left or right ventral horn; difference did not reach statistical
significance.
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Fig. 3.Iba-1 immunolabelling and
quantification of microglia in ventral
horns of lumbar (L2) spinal cord,
mean * SEM. (A) Representative mi-
crographs of microglia presence from
each group. (B) Averaged total mi-
croglia counts showing significant in-
crease in microglia levels in BSSG
group compared to Control group and
BSSG + CuATSM group to CuATSM
group (* p < .05; One-way ANOVA
followed by Tukey). (C) No statistical
difference in total microglia counts
between the left and right ventral
horns. (D) Averaged activated micro-
glia counts showing significant in-
crease in activated microglia in BSSG
group compared to Control group and
BSSG + CuATSM group to CuATSM
group (* p < .05, ** p < .01; One-
way ANOVA followed by Tukey). (E)
No statistical difference in activated
microglia between the left and right
ventral horns.
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2.3. Activated microglia levels

BSSG-fed animals had an elevated level of total microglia of 53%
more than controls (p < .05), and similarly for activated microglia as
well (53%, p < .01) (Fig. 3B). CuATSM treatment in BSSG-fed animals,
however, was able to restrict activated microglia increase to 41%
(Fig. 3D, p < .05), while a 21% with total microglia that was not sta-
tistically significant (Fig. 3B).

Microglia of the DMSO (vehicle) group did not exhibit any sig-
nificant change when compared to the control group.

3. Discussion

Our earlier work attempted to address a relative lack of sALS models
by focusing on the Guamanian ALS variant whose expression was linked
epidemiologically to consumption of seeds of a local variety of cycad
(Borenstein et al., 2007). Our initial cycad characterization studies had
identified several steryl glucosides found in cycad seeds as potential
toxic principals that might be involved in ALS-PDC pathologies
(Khabazian et al., 2002; Wilson et al., 2002; Tabata et al., 2008).

In this pilot study, we provide a preliminary assessment of CUATSM
in our sALS model. BSSG-fed animals, as expected and consistent with
previous studies as cited above, began to lose the leg extension reflex, a
measure of a-motor neuron integrity, by 32 weeks of age. CuATSM
treatment prevented the BSSG-induced loss of this reflex (Fig. 1B). Tests
of motor function using the rotarod showed a similar preservation of
function (Fig. 1C). CuATSM treatment substantially prevented typical
forms of motor dysfunction, maintaining performance close to that of
the control groups.

Histological analysis of the lumbar cord support these behavioural
assessments indicated by the motor neuron degeneration in BSSG-fed
animals and protection when treated with CuUATSM. However, animals
of the DMSO (vehicle) group exhibited a 48% loss of large motor
neurons, while total microglia remained comparable to the control
group (within 20%, not statistically significant). DMSO is a known
neurotoxin with the potential to induce widespread apoptosis in the
developing central nervous system in various animal models with ex-
tended exposure (Jacob and Rosenbaum, 1966; Castro et al., 1995;
Hanslick et al., 2009; Galvao et al., 2014). We speculate that while
DMSO toxicity caused fairly significant motor neuron loss, the surviving
motor neurons were able to compensate by re-innervating the dener-
vated muscles, a phenomenon that has been previously documented
(Nijssen et al., 2017), whereas BSSG toxicity reduced more motor
neurons and overwhelmed any compensating potentials by the sur-
viving few motor neurons. In short, DMSO toxicity did not reduce
motor neuron level below the “threshold” that would affect motor
functions of the animals, and they were able to maintain their perfor-
mance in behavioural assessments (Fig. 1B and C). It should be noted
that CuATSM was able to mitigate damages caused by DMSO toxicity
and motor neuron loss was prevented in the CuATSM group, where
100% DMSO was used as vehicle for delivery (Fig. 2C), which further
reinforces the notion of neuroprotection by CuUATSM.

Iba-1 labelling revealed a markedly elevated microglia level in the
BSSG group (Fig. 3B). CuUATSM treatment was able to lower this ele-
vation, however, the difference between BSSG group and CuATSM-
treated BSSG group did not reach significance, possibly due to the small
sample size in the current experiments. Others have reported a reduced
microglia presence in mutant SOD1 models (Soon et al., 2011; Roberts
et al., 2014; Hilton et al., 2017). Interestingly, while motor neurons
were reduced as a result of DMSO exposure in the DMSO group, mi-
croglia level remained comparable to the control group. It is possible
that motor function impairment requires microglial activation as well
as neuronal loss, and this will require time point analysis comparing
early and late stages of the disease progression. Alternatively, the
ability of CuHATSM to prevent cellular degeneration may be specific to
certain cell types. The proportion of activated microglia,
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algorithmically selected based on size and shape, was consistent in each
group (Fig. 3D). The elevated microglia count supports a role of a
general neuroinflammatory process in BSSG-induced neurotoxicity that
is consistent with previous studies (Lee et al., 2007; Tabata et al., 2008).

Collectively, the findings reported in the current article support the
notion of a general neuroprotection of motor neurons in an in vivo
model of sporadic ALS by the copper compound, CUATSM. Taken to-
gether with the recently increasing positive reports of CUATSM as a
potential therapeutic agents, a mitochondrial copper defect may be a
key factor in some forms of neurodegenerative disorders (Trumbull and
Beckman, 2009; Roberts et al., 2014; Williams et al., 2016; Hilton et al.,
2017). Given these outcomes, it would seem worthwhile pursuing
larger and more comprehensive in vivo studies to show that CuUATSM
has unequivocal therapeutic potential in the context of copper home-
ostasis, in ALS or other neurodegenerative disorders, thereby opening
up new avenues for effective treatments. As there are currently no re-
liable biomarkers for early disease detection, it would be imperative to
explore CuATSM neuroprotectivity after the BSSG toxins had a chance
to reduce enough motor neurons to elicit clear locomotor deficits.

4. Material and methods
4.1. Animals

All animal procedures were conducted in compliance with the
guidelines of the UBC Animal Care and Use Program (ACUP) and the
Canadian Council on Animal Care (CCAC). The experimental protocol
and animal welfare monitoring were examined and approved by the
UBC Animal Care Committee (ACC).

Twenty-five male, CD-1 outbred mice were purchased from Charles
River (Wilmington, MA, USA). CD-1 s were selected for this pilot study
as they have been previously been successfully used in an our ALS-PDC
model (Wilson et al., 2002; Wilson and Shaw, 2007; Tabata et al., 2008;
Van Kampen et al., 2015). The animals were 8 weeks old upon arrival at
our facility. After an additional one-week acclimatization period, the
animals were randomly assigned to five groups, with five animals per
group (n =5): Control, DMSO (vehicle) Control, BSSG treatment,
CuATSM treatment, and BSSG/CuATSM treatment.

As this was a pilot study designed to investigate potential ther-
apeutic effects of CuATSM, the small n per group utilized was the
minimum size to detect the presence of effect toxic and protective ef-
fects, while serving to approximate sample sizes for future studies.

The animals were housed singly to prevent conspecific aggression
and more importantly, to ensure they consumed their designated
amount of BSSG in pellets.

The facility was maintained at 22 °C in a 14/10 h light/dark cycle,
as per ACUP guidelines.

4.2. Mice removed from trials

One mouse from the BSSG group died on week 14 of 46-week period
due to large tumor mass in the abdomen that was apparent upon ne-
cropsy. One other mouse from the DMSO (vehicle) group was found
dead overnight on week 42; the cause of death was not identified.

4.3. Treatments

4.3.1. B-sitosterol-f-d-glucoside

BSSG was synthesized and supplied by NeuroQuest Inc. (Halifax,
NS, Canada) and Neurodyn Life Sciences Inc. (Charlottetown, PE,
Canada), respectively. The product was tested for toxicity by the
manufacturer with an in-house in vitro toxicity assay using NSC-34 cell
line and met the standard of purity (> 95%) and potency for animal
model research.

For animal consumption, BSSG was prepared in pellets per
Neurodyn's BSSG Pellet Production protocol (LP-275 v1.0). The pellets
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were made with amylase-free flour and banana flavouring, then shaped
into 1-g pellets containing 1 mg BSSG or none for all non-BSSG groups.
The flour was tested for amylase with EnzChek™ Ultra Amylase Assay
Kit (Thermofisher, E33651). This step was crucial as amylase can cleave
off the glucose moiety from BSSG, eliminating its neurotoxic potency
(Khabazian et al., 2002). Fresh batches of pellets were made every two
weeks.

For a 16-week period, five days per week, groups designated for
BSSG consumption followed a feeding regimen described in Neurodyn
BSSG Feeding protocol (BP-90 v1.3), where the animals were denied
food sources overnight (5pm to 9am the following morning). This
overnight fast, together with the addition of banana flavouring, served
to promote complete consumption of the experimental pellets supplied
in the morning. Once control or BSSG pellet were dispensed, and once
the pellets were consumed, a regular food source (LabDiet 5015) was
returned ad libitum until 5 pm.

4.3.2. Copper(I) complex of diacetylbis(4-methylthiosemicarbazone)

CuATSM was provided by the Beckman laboratory.

To prepare CuATSM for treatment at a stock concentration of
1.5pug/uL, 1.5g CuATSM in powder was added to a volumetric flask,
brought to volume with 100 mL of dry pharmaceutical grade DMSO
(VWR Canada, CA82021-452) and dissolved in a bath sonicator for
15 min (Williams et al., 2016). The solution was aliquoted and stored in
a — 20 °C freezer until use.

For a 46-week period, five days per week, twice daily, groups de-
signated for CUATSM treatment received 30 mg/kg body weight per day
from the CuATSM stock. The animals were weighed daily and the
average weight was used to determine future CuATSM dosages. The
topical application was accomplished by streaking the CuUATSM solu-
tion along the neck and back of the animal, against the fur coat di-
rection, with a pipette. This direct skin contact allowed for maximum
absorption, and the fur helped retaining the compound on the animal as
they moved around the cage following treatment.

4.4. Behavioural assessments

The cage IDs were coded and cage locations were randomized by a
technician of another laboratory before the assessments. Data were
recorded under the coded IDs and were only decoded prior to analysis.

4.5. Leg extension reflex

For 46-week period, twice a week, the animals were assessed for any
progressive loss of function as the normal leg extension reflex gradually
deteriorated to tremor, and then to total retraction. The 5 point scale
we used was modified from the traditional test (Barneoud and Curet,
1999) to quickly evaluate progression of motor dysfunction (Wilson
et al., 2002; Tabata et al., 2008). In each trial, animals were lifted at the
base of the tail and held head down, for a maximum of 5s, to assess for
the presence or degree of loss of this reflex. The scores were: (4)
Complete extension of both legs (normal); (3) Two legs extended with
some tremors and/or punching motion of one leg; (2) One leg extended
and the other retracted, or tremors in both legs; (1) One leg retracted
and tremors in the other leg; (0) Both legs retracted.

4.6. Rotarod

For a 46-week period, once every two weeks, the animals were as-
sessed for general motor function (Gerlai et al., 1996; Gerlai and Roder,
1996) and motor learning (Welsh et al., 2005) with the rotarod (Med
Associates Inc., ENV-576 M). The animals were trained for two weeks
before the test period and the time that they could remain walking and
eventually running on a rotating axle (3.6 cm diameter) without either
falling or clenching onto the axle was measured. The axle speed of
rotation accelerated from 4 RPM to 40 RPM in 300s, the maximum
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allowed test time. A maximum of three trials were recorded per as-
sessment per animal, where the third trial could be exempted if the
animal performed adequately for the first two trials (> 250 s).

4.7. Tissue preparation, immunohistochemistry, and histology

At the end of the 46-week period (animal age: 55 weeks old), the
animals were anaesthetized with isoflurane and perfused via cardiac
puncture with chilled 0.1 M PBS (pH7.4), followed by chilled 10%
phosphate-buffered formalin. Fixed spinal cord was removed via lami-
nectomy, and post-fixed by immersion in fixative for 24 h before par-
affin embedding. Transverse sections (6 m) were prepared on a rotary
microtome (Leica RM2235).

4.8. Motor neurons

Deparaffinized sections were incubated with filtered 0.1% cresyl
violet solution (VWR Canada, CAAAJ64318-09) at room temperature
for 3 min, followed by a distilled water rinse, then differentiated in 95%
ethyl alcohol with 2 to 3 drops of glacial acetic acid per 80 mL alcohol
for 2 to 3min, and finally checked under microscope for optimum
contrast. Sections were mounted on glass slides with Permount™ (Fisher
Sci, SP15-500).

Lumbar (L2) spinal cord, with 3 to 4 sections per animal that were
60 um apart between sections in the rostral-caudal plane, were used for
counting. Images were captured under bright-field (Olympus IX71) at
100 X magnification. Large motor neurons in the ventral horn regions
(651 pm X 486 um) were counted using ImageJ, algorithmically se-
lecting for the appropriate size (> 220 um?), nucleus visibility, and
intact cellular structures. Overlays of the selected cells were added to
the original images and manually scanned to ensure the selections were
not false- positive or negative picked up by ImageJ.

4.9. Microglia

Deparaffinized sections underwent antigen retrival using 10 mM
sodium citrate with 0.05% Tween-20, at 90 °C for 50 min, washed with
PBS for 3 X 10 min, blocked with 2% BSA in PBS with 0.2% Tween-20
(PBST), and incubated at 4 °C in 2% BSA in PBST containing the pri-
mary rabbit antibody for mouse Iba-1 (1:2000, Abcam, ab178846),
overnight. Sections were then washed with PBST for 3 X 10 min, and
incubated at room temperature in 1% BSA in PBST containing the
secondary goat antibody Alexa 568 (1:300, Thermofisher, A11011), for
2 h. After another PBST wash 3 X 10 min, sections were incubated with
DAPI (Thermofisher, D3571) in PBST, at room temperature for 10 min.
The sections were mounted with Fluoromount™ (Sigma, F4680-25ML)
after the final wash with PBS, 3 X 10 min.

Lumbar (L2) spinal cord, with 3 to 4 sections per animal that were
60 um apart between sections in the rostral-caudal plane, were used for
counting. Images were captured with fluorescence microscopy (Zeiss
Axiovert 200 M) at 200 x magnification. Four images were obtained
per section, with dimension 260 pm X 205 um, centering on the central
canal of the cord section. Combined, this gave a counting area of
520 pm X 410 pum for each section. Microglia in this counting area were
counted using ImagelJ, algorithmically selecting for sizes between 2 ym?
to 100 um?. The “roundness”, a ratio of the minor and major axes of the
shape, and “circularity”, a ratio where O indicates an increasingly
elongated shape and 1 a perfect circle, were considered as parameters
to select for microglia at different morphology. To be considered as
activated microglia, the amoeboid morphology was defined as having
“roundness” and “circularity” of 0.5 to 1. As with motor neurons,
overlays on original images were scanned to ensure proper selection.

4.10. Statistical analysis

For behavioural experiments, individual measurements for each
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animal were calculated as mean + SEM for each group. For histology
experiments, average counts were collected from the 4 sections for each
animal, then calculated as mean + SEM for each group. Each group
contained 4 to 5 animals. The means were compared using an unpaired,
two-tailed t-test or a one-way ANOVA. A post hoc Tukey's test was used
to compare all means after ANOVA (GraphPad Prism 6).
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