IMPACT OF EXERCISE ON SODI1G93A MOUSE MODEL OF AMYOTROPHIC
LATERAL SCLEROSIS: A BEHAVIOURAL AND METABOLIC ANALYSIS

David Burbidge

Submitted in partial fulfilment of the requirements
for the degree of Master of Science

at

Dalhousie University
Halifax, Nova Scotia
July 2023

Dalhousie University is located
in Mi’kma’ki, the ancestral and
unceded territory of the
Mi’kmaq. We are all Treaty
people.

© Copyright by David Burbidge, 2023



TABLE OF CONTENTS

TABLE OF CONTENTS .....oeeeeeeeeeeeeeeeeeeeeeeeeeeeesesessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnnane ii
LIST OF TABLES. ......ooceereererrrrrersssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssse iv
LIST OF FIGURES ......oorrrrrrrrrrrsrsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssse A%
ABSTRACT ....cooeeeeerrrrrsrsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss vi
LIST OF ABBREVIATIONS ......ceeeeeeerrrrrrsrssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssse vii
ACKNOWLEDGEMENTS ......ceeeeeererrssrsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses ix
CHAPTER 1: INTRODUCTION.....ccccceeeeeeeeeeeeeeeeeessessessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssse 1
1.1 AMYOTROPHIC LATERAL SCLEROSIS ...uuuueeiiiiiiiiieeeeeeeeeetiieeeeeeeeeetteeeeesesesstareeeeessesataeeeeessersrranees 1
1.2 DIAGNOSIS OF ALS AND EARLY BEHAVIORAL CHANGES IN ALS ....ovviiiiiiiee e 4
1.3 BIOMARKERS OF ALS .. ittt et e e e e et e e e e e e e e e e e e e e es 6
TAEXERCISE AND ALS ...ttt e e e e e e e e e e e e e e e e e e e e e et es 7
1.4.1 Positive Effects of EXercises 0m ALS...........cccooiiiiiiiiii ittt 7

1.4.2 Detrimental Effects of Intensive EXercise on ALS................cccouioiiiiiiiiiiiiiii i 8
CHAPTER 2: HYPOTHESIS AND THE GOAL OF THE STUDY ...cceeeeeeeeeeeeeeeeeeeeeseessssssssssssssssssses 10
CHAPTER 3: METHODS .....ccoeeeeeeeeeeeeeeereeeeeeeesesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 11
R N N 1 VN 5O PRTPRN 11
3.2 CLINICAL SCORING OF MURINE ALS ....ooriiiiiiiiiieee et e e e e eeaaaas 11
3.3 WEIGHING THE ANIMALS ....ovtttuueeieieettieieeeeeeeeettaeeeeeeseettaaeeeesseestaeeeeesteetuseeeesrearrraeseeseersnrnes 12
34 ROTAROD TEST ...ttt ettt e e ettt e e e e e e e et e e e e e e e e et e eeeeeeaateeeeeeeeraraes 12
3.5 GRIP STRENGTH TEST «uuiiiiiiiitieee ettt et e e e e e ettt e e e e e e e et e e e e e eeaab e eeeeeesaenes 12
3.6 TRAINING PROTOCOL ...ttt e ettt e e e e e e e e e e e e e e et e e e e e e eaateeeeeeeesaenes 13
3.7 TREADMILL LOCOMOTION TESTS ... iiitituuieeeeieieeiieee e e e e ettt e e e e e e eeaaaeeeeeeseaaaanseeeeeeeassnaneeeeeeeseenns 13

3 8 GAIT ANALYSIS ..o etttiteeee et ettt e e e e ettt e e e e e e et et e eee e et e et e eeeeeea s e e eeeeeeeesaanaseeeseessraanseeeeeeeernes 14
3.9 BLOOD SERUM COLLECTION ...uuuuuiiiiittitteeeeeeeeeteiaeeeeeseeetaanaeeesssessaanneesesssstmnneesessessrmeeseseesernns 15

3. 10 MUSCLE EXTRACTION......cotttuuuieeeeeiitiiee e e e e e ettt e e e e e et eet e e e e e s eaaaaeeeeeeeeaataaneeeeeeeasrnanseeeeeesennes 15
31T DATA ANALYSIS . etteuieeeeeeeteteee e e e e ettt e e e e e et eet e eeeeeta et eeeeeeesaaanaeeeeeetssaannseeeseessrnnseeeesrssrnns 15
CHAPTER 4: RESULTS ..cooeeeeeeeteeeeeeeeeeeeeeeeeessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 17
4.1 ONSET AND SURVIVAL CHANGES IN EXERCISED MUTANT MICE .....uuoiiiiiiiiiiiieeeeeeeeieee e 17
4.2 BEHAVIOURAL TESTS....oittttuieiiiiieitieee e e ettt e e e e ettt et aee e e e e e eae e e e e e e eaaaaeeeeeeeestaaeeeeeeeessnnnneens 20
G20 ROTAFVOA TOSTS....c.ooeooeeeeeeeeeeeeee e e e e e e e e e 20
4.2.2 Hind Limb Grip Strength TESES........c..cccouiiiiiiiiiiiii ittt 20

il



4.2.3 Gait and Kinematics .....................coooieee oo 22

2.4 MUSCIE WEIGNL ...ttt ettt 31

4.3 BLOOD METABOLITES.......ciiuiiiiiiiiiitie ittt ettt ettt ettt et esaa e e saae e siaeesne e e saaeesaneesaneeeas 33
CHAPTER 5: DISCUSSION ...cciiiouiiicneiessencssntossassssassssassossassssassssassssasssssassssassssassssassssssssssassssassssassssasss 37
5.1 PHYSICAL ACTIVITIES AND ALS ..ot 37
5.1.1 Physical activities and SYMPIOM ONSEL ............c.....cccuiiieiieeeieiiiieeeeieeeeeieeeeseeeeeeaeee e einee e 37
5.1.2 Complex impacts of treadmill training on walking behavioural changes of SODIG934 .......... 39

5.2 BLOOD SERUM METABOLITES .....cuuttiiiiiiitieiiie ittt ettt et ettt ettt e saneesnee s e 42
CHAPTER 6: LIMITATIONS AND FUTURE DIRECTIONS ......ccccerneiesraressaressansssonsosnssssassssassssans 46
CHAPTER 7 : CONCLUSIONS ....cccotiireiessntoscatessassssasssssasossassssassssassssasssssassssassssassssssssssassssassssassssasss 47
REFERENCES: ... iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiniiiiiniiiisiiiisieisesimisissississsssessssssssssssssssssssssssssssssssssssssssssssssssss 48
APPENDIX A: GAIT ANALYSIS .ourrrrcrrcsscsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 57
APPENDIX B: SPINAL CIRCUITRY IN ALS ....urrirrrrrrrrncssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 58

il



Table 1

LIST OF TABLES

Table of mice used in the experiment for each group and divided by sex

v



LIST OF FIGURES

Figure 1: Survival Plot for animal onset and survival ..........c.cccovviiniiiniieinieeeee 19
Figure 2: Rotarod and Grip Strength Performance in SOD1G93A mice. ..........ccccuee.. 21
Figure 3: Principal component analysis OULPULS .........ceccviieeeriiiieeeriiiiieeeriiieeeeniieeeeeens 24
Figure 4: Mouse Posture data and representative images............eeeereuveeeeerourireeenineeeeennns 27
Figure 5: Hip EXCUISION OULPUL....eiiiiiiiiiiiiiiiiiee et e e aaeeee e e 28
Figure 6: Ankle Flexion outputs for the four recording types .......cccceeeeeeeeeercciiiiieeenennnn. 29
Figure 7: Ankle Yield outputs for the four recording types.........ccccvvvevveeeeeircciniiieeeeeennn. 30
Figure 8: Muscle Weight Data ...........ccooiiiiiiiiiiiii e 32
Figure 9: Metabolic Data .........cc.ueiiiiiiiiiiiiiiee e 36
Figure 10: Gait ANALYSIS .....eeeiiiiiiiiiiiii et e e 57
Figure 11: V3 interneuron count and V3/C-fos count in the mouse spinal cord ............. 60



ABSTRACT

Amyotrophic Lateral Sclerosis (ALS) is a fatal neurodegenerative disease marked by the
progressive loss of upper and lower motor neurons of the spinal cord, motor cortex, and
brainstem. There is no cure for the disease, and current treatments are limited. Exercise is
a commonly prescribed non-pharmacological treatment; however, studies have shown
mixed results regarding its efficacy. This study explored the impact of exercise on the
progression of ALS in SOD1G93 A mutant mice by investigating how identified
biomarkers were affected by exercise at different time points. Behavioural results
indicated early changes in hip movement regardless of exercise, and also showed
exercise-dependent changes in ankle movement. In a pilot study investigating blood
serum biomarkers, 22 metabolites were identified that showed significant differences
between exercise and sedentary groups. These results provide a stepping stone for future
investigation to better understand the impact of exercise on ALS progression, and

whether its prescription to patients is justified.
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CHAPTER 1: INTRODUCTION

1.1 Amyotrophic Lateral Sclerosis

Amyotrophic Lateral Sclerosis (ALS) is a fatal neurodegenerative disease marked by
progressive loss of upper and lower motor neurons of the spinal cord, motor cortex and
brainstem (Rowland & Shneider, 2001). The loss of the motor neurons leads to muscle
weakness and muscle wasting which often starts at a focal onset followed by subsequent
spreading throughout the body (Feldman et al., 2022). The disease progresses until the
eventual failure of the respiratory system resulting from the improper functioning of the
diaphragm. In humans, death due to respiratory failure typically occurs between 3-5 years

following diagnosis (Similowski et al., 2000).

The two main categories of ALS are sporadic ALS (sALS) which is the onset of ALS
with no clear risk factor or family history of the disease and familial ALS (fALS) for
cases where the patient has at least one other family member who has developed the
disease. fALS makes up approximately 5% of reported cases, while sporadic (SALS)
accounts for the other 95% (Byrne et al., 2011).

ALS is one of the most common motor neurodegenerative diseases worldwide with an
estimated incidence of 1 to 2.6 cases per 100,000 people a year and a prevalence of
approximately 6 per 100,000 people (Talbott et al., 2016). The age group at the highest
risk of developing the disease are those falling between the ages of 45 and 75 with a
mean age at onset of 53-63 years for SALS and 40 — 60 years for fALS (Talbott et al.,
2016, Nardo et al., 2016). Male sex has also been identified as a risk factor for the
development of ALS, with males typically 1 to 2 times more likely to develop the disease
compared to females (Longinetti & Fang, 2019, Beghi et al., 2006). However, the sex
dependence varies geographically. In Africa, for example, the ratio between males to
females was outside this range at 2.9:1 (Longinetti & Fang, 2019). In Europe, the male to
female ratio has been showing a regression over time to be closer to 1:1 (Fontana et al.,
2021). These differences based on region show evidence for sex to be less of a risk factor

than originally thought in some studies.



Although the exact causes of various forms of ALS remain unknown, it is thought to be a
complex interplay of genetic factors, environmental and lifestyle factors and age-related
dysfunction (Feldman et al., 2022; Masrori & Van Damme, 2020). The relative
importance of these factors to fALS and sALS is different.

Over 50 genes have been found to be associated with ALS (Marangi & Traynor, 2015).
Among them, the five most studied genes include superoxide dismutase 1 (SOD1), found
in 20% of fALS and 1-2% of sALS; hexanucleotide expansions in chromosome 9 open
reading frame 72 (C9orf72) found in 30-50% of fALS and 7-10% of sALS; TAR DNA-
binding protein 43 (TARDBP) and fused in sarcoma (FUS) both found in 3-5% of fALS
and less than 1% of SALS; and lastly TANK-binding kinase 1 (TBK1) found in 1% of
patients (Zou et al., 2017). Amongst patients with sALS, their offspring have an
increased 30-60% chance of inheriting the disease (Zou et al., 2017).

Non-genetic associated factors implicated in SALS include several environmental, ageing
and lifestyle-related risk conditions. Epidemiological research has focused on lifestyle
risk factors including blood lipid levels (Zeng & Zhou, 2018), smoking (Zhan & Fang,
2019), body mass index (BMI) (Nakken et al., 2019), physical exercise and physical
fitness (Chio, 2005), and diet (Pupillo et al., 2017).

Some of these factors, such as diet, BMI and level of exercise, have been shown to both
increase or decrease the risk of developing ALS. Studies investigating BMI have
identified a correlation between low BMI and an increased chance of developing ALS
and a high BMI to be protective against the progression of the disease (Nakken, 2019).
Light physical activity, such as walking for pleasure, has been shown to decrease chances
of developing ALS, whereas heavier activity levels of exercise such as a job that requires
an increased amount of walking or standing has shown increased risk of developing ALS

(Bandres-Ciga et al., 2019).

There are also a number of occupational and environmental risk factors associated with
an increased chance of development of ALS (Longinetti & Fang, 2019). Occupations in
agriculture, fishing and hunting, and forestry have been associated with higher rates of
ALS (Dickerson et al., 2018). Additionally, exposing workers to potentially harmful

environmental factors such as chemicals, pesticides, metals, and electromagnetic fields
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(Fang et al., 2009) can increase a worker’s risk. In addition to metals, such as manganese,
well known for their neurotoxicity,a number of other metals have also been identified in
higher concentrations in the cerebrospinal fluid of ALS patients. These include copper,
aluminum, arsenic, cadmium, cobalt, zinc, vanadium, and uranium (Roos et al., 2012).
Thus, additional occupations with increased risk include jobs such as construction and
electrical workers, military personnel, medical service workers, and production plant

workers where workers may get exposed to metals (Peters et al., 2016).

Environmental factors are not only important considerations in occupational settings but
also in areas where people live. f-methylamino-L-alanine (BMAA) for example, is a

neurotoxic chemical produced from cyanobacteria and found in greater concentrations in
Guam causing an increased incidence of ALS in western Pacific (Plato, 2003) and, more

recently, a cluster of ALS in the US (Caller et al., 2009).

Although the pathogenesis of ALS remains largely uncertain, many molecular factors and
pathways have been involved in the process such as glutamate excitotoxicity, altered
RNA metabolism, defective axonal transport, protein misfolding and aggregation,
endoplasmic reticulum stress, disrupted protein trafficking, inflammation, mitochondrial

dysfunction and oxidative stress (Cunha-Oliveira et al., 2020).

Oxidative stress (OS) is defined as an imbalance of free radicals and antioxidants in the
body. Free radicals are formed as a natural biproduct from several biological processes
such as breathing, digestion and metabolism. Strenuous exercise may result in an
increased production of free radicals due to the increased energy demands causing
mitochondrial superoxide production (He et al., 2016). Under normal circumstances these
free radicals would be cleared out and destroyed through the body’s antioxidant system.
However, in ALS patients, postmortem tissues showed evidence of oxidative stress
providing supporting evidence for its role in disease progression (Shaw et al., 1995).
More recent studies have shown even more evidence for the role of oxidative stress in the
disease progression. These results have sparked a line of research investigating
antioxidants as a potential therapeutic to combat against the disease, which led to the

approval of the new ALS drug, Endaravone (Barber et al., 2006). Endaravone is a potent



pyrazolone free radical scavenger and antioxidant, helping to reduce oxidative stress in
the body.

Another leading hypothesis of disease development is the effect of glutamate
excitotoxicity. Glutamate is the predominant excitatory neurotransmitter in the central
nervous system. Under normal circumstances, glutamate is released from presynaptic
terminals and activates NMDA and AMPA receptors leading to an action potential.
Glutamate is then cleared from the synaptic cleft terminating the action of the
neurotransmitter. If, however, glutamate were not cleared away adequately, calcium ions
would flood into the cell causing an increase in the intracellular concentration of calcium
ions leading to excitotoxicity to the point of apoptosis (Foran & Trotti, 2009). The most
predominantly prescribed drug for ALS, Riluzole, is a sodium channel blocker and may
also directly block the release of glutamate and glutamate receptors, reducing excess

glutamate caused excitotoxicity to motor neurons.

Riluzole, however, is an expensive drug which may be able to prolong survival by 2-3
months in ALS patients (Miller et.al., 2012), while Endaravone is even more expensive
and only has limited effects on a subgroup of patients with an early diagnosis (Cho &
Shukla, 2020). The effectiveness of these drugs is related to when they are administered
highlighting the importance for early diagnosis or novel alternative therapeutic strategies

for ALS patients.

1.2 Diagnosis of ALS and early behavioral changes in ALS

ALS is defined by the patients’ upper and lower motor neuron degeneration. However,
apart from this one commonality the disease is incredibly complex and heterogeneous.
The variety of genetic, biochemical, and clinical features of the disease make it difficult
to diagnose and treat (Swinnen & Robberecht, 2014). The diagnosis of ALS remains a
clinical diagnosis and is based on the presence of both upper motor neuron (UMN) and
lower motor neuron (LMN) signs, in patients with progressive muscle weakness that has
no alternative explanation. As it stands, ALS has no clear-cut diagnostic test (Richards et

al., 2020).

To be confidently diagnosed, medical practitioners first eliminate the possibility that the

symptoms the patient is experiencing are caused by a more common neuro-muscular
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disease like progressive muscular atrophy. Through neurological examination testing
reflexes, muscle strength and other responses at regular intervals, practitioners can assess
whether the patients are demonstrating progressive spasticity, muscle wasting and
fasciculations. This would be evidence of both upper and motor neuron dysfunction and
could be used to diagnose the disease more accurately as ALS (Richards et al., 2020).
The use of electromyography has been shown to be able to detect subclinical involvement
of lower motor neurons as well, although it would be diagnostically more accurate with

signs of upper neuronal dysfunction at the same time (Richards et al., 2020).

Disease phenotypes are often classified by a specific site of onset. Approximately 65% of
patients present with a spinal onset showing signs in distal upper and lower limb muscle
weakness and spreading over time to other parts of the body; 30% of patients present
with a bulbar dysfunction beginning with weakness in facial, tongue and pharyngeal
muscles eventually producing dysarthria and dysphagia; and the remaining patient

present with symptoms elsewhere in the body (Richards et al., 2020).

Due to the heterogeneity and difficulty in accurate early diagnosis, there is an average of
approximately one year from symptom onset to the diagnosis (Richards et al., 2020). This
can have a huge impact on the ability to prescribe early therapeutic interventions
(Richards et al., 2020). By the time muscle wasting is visible, which would be only one
of the signs indicating a possibility of ALS based on current diagnostic factors, at least
30% of anterior horn neurons could have degenerated (Masrori & Van Damme, 2020).
This delay in treatment could lead to shorter survival times, showing the need for novel

and reliable biomarkers to help give accurate earlier diagnosis (Masrori & Van Damme,

2020).

In animal models, the use of gait analysis has been investigated as a possible way to
diagnose disease onset due to the frequently observed impact of the disease progression
on the locomotor system. Using precise motion capture software, comprehensive
locomotor profiles can be created for models of neurodegenerative diseases, such as the

SOD1G93A mouse model (Preisig et al., 2016).



1.3 Biomarkers of ALS

A biomarker can be defined as “an objective measurement that acts as an indicator of
normal biological processes, pathogenic processes or pharmacological responses to
therapeutic interventions” (Verber & Shaw, 2020). These markers therefore must be
sensitive and specific for the disease, reliably discriminate between clinical phenotypes,
have the ability to change in a predictable way over disease progression, and should be an

accessible and practical measurement (Verber & Shaw, 2020).

One of the most common and rich sources of potential biomarkers used when
investigating diseases is the blood, where a wide range of symptoms can be investigated
including but not limited to neuroinflammation, mitochondrial dysfunction, oxidative
stress, excitotoxicity and protein aggregation (Sun et al., 2020). In the case of ALS,
blood-based analyses have identified some ALS associated factors. In familial
categories, concentrations of specific known targets in the serum of patients, such as
TDP-43, are correlated with disease burden over time (Sun et al., 2020). Sporadic cases
of ALS have also been investigated by looking at molecular factors, such cytokines,
metabolites, stress granules, and neurofilaments. Inflammation, in particular, is a
common symptom associated with ALS (Sun et al., 2020). For this reason, cytokines
such as TNF-a, IL1B, IL-6, IL-8 TNF receptor 1 and vascular endothelial growth factor
can be useful biomarkers of disease found in blood sampling, since they have all shown
elevated levels in ALS patients (Sun et al., 2020). It has been reported that cytokine
expression in the blood of ALS patients is altered compared to controls, but does not
necessarily change over time. Unfortunately, inflammation is not specific to ALS,
therefore this is not the ideal biomarker for ALS alone. However, it can be an early

indicator compared to waiting for muscle weakness and later stage symptoms.

Blood metabolites being an intermediary product of metabolism offer a promising
biomarker for diseases as they can be used to represent ongoing biological processes
(Lanznaster et al., 2018). Not only can they help identify early changes, but they can also
be useful in providing insight into the underlying mechanisms that lead to the diseased
state. Studies have already determined various metabolic pathways related to ALS

disease, including lipid and glucose metabolism (Lanznaster et al., 2018). Within these



pathways a number of metabolites of interest have been consistently shown to be related
to the disease, such as an elevated circulation of glutamate, which may be leading to
glutamate toxicity. Many lines of evidence have identified the role in glutamate toxicity
damaging the glutamate transport system, which leads to motor neuron death (Lanznaster

et al., 2018).

1.4 Exercise and ALS

Physical activity is often prescribed as a non-pharmacological therapeutic for many
diseases. For the general population, exercise can provide a great deal of physiological
benefits. Exercise is an important factor in improving cardiovascular health, where
research has shown that even moderate exercise such as regular walking was able to play
a significant role in reducing the chances of developing cardiovascular diseases (Lin et
al., 2015). Physical activity is also important in maintaining neuromuscular function.
(Ahtiainen et al., 2003, Tsitkanou et al., 2019). As a therapeutic remedy it has been
shown to be beneficial in combating over forty chronic illnesses, as well as improving
mental health and cognition, alleviating some of the effects of depression and anxiety,

and improving mood and self esteem (Mikkelsen et al., 2017).

Although for many diseases, and for the general population, exercise may show
improvements both physically and psychologically, its role as a therapeutic treatment for
ALS is considered controversial. Some epidemiological studies have shown an increased
incidence of ALS among high performance athletes (Chio, 2005, Lehman et al., 2012).
Although not yet understood, theories as to what may drive this correlation include
increased oxidative stress, glutamate excitotoxicity, muscle vesicle mediated toxicity, and
increased calcium loads (Cunha-Oliveira et al., 2020). Although exercise has numerous
benefits, intensive physical activities can cause damage on the body and increased release
of potentially harmful by-products, which should be considered for their therapeutic

usage.

1.4.1 Positive Effects of Exercises on ALS
Most neurodegenerative diseases start to appear in older populations. With ageing,

patients likely experience a reduction in mental and/or physical function often associated
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with concomitant diseases exposing them to risks such as decreased body size and
composition, reduced cardiovascular and respiratory health and reduced brain function.

This period often leads to a lack of autonomy.

As described earlier, these deficits can be improved with physical activity in the general
population. However, researchers are actively investigating whether physical activity can
specifically be beneficial to patients suffering from progressive neurodegenerative
diseases, such as maintaining the psychomotor functions or delaying the progression of

the various diseases (Maugeri & D’Agata, 2020).

One mechanism underlying the beneficial effects of the physical activity is the
upregulation of several neurotrophic factors in muscle and neural tissue such as brain
derived neurotrophic factor (BDNF) and glial cell-derived neurotrophic factor (GDNF)
(Afzalpour et al., 2015). BDNF is a protein that has been associated with cognitive ability
and synaptic plasticity. During development, it plays an important role in axonal and
dendritic growth and synaptogenesis (Afzalpour et al., 2015). BDNF signalling is reduced
in patients with neurodegenerative diseases as reviewed by Zuccato and Cattaneo (2009).
BDNF levels have long been shown to be increased in the brain after an increase in
physical activity, thus making physical activity a point of interest as a method to
circumvent the reduction in BDNF signalling during neurodegenerative diseases, with the
hope to utilize its synaptogenic properties (Afzalpour et al., 2015). GDNF on the other
hand is a protein produced by skeletal muscle whose increased expression is related to an
increase in axonal branching and maintenance, which in turn leads to an increased motor
unit size. GDNF may also have anti-inflammatory effects, which is important considering
the role of inflammation in the progression of the disease. For these reasons, it is
considered one of the most potent survival factors identified for motor neurons
(Afzalpour et al., 2015). Potentially, through elevating both GDNF and BDNF, physical

activity could increase motor neuron survival rate.

1.4.2 Detrimental Effects of Intensive Exercise on ALS
While physical activity has been shown to have a number of beneficial properties both
mentally and physically, epidemiological studies have provided evidence connecting

individuals who perform regular intensive exercise with an increased incidence of



developing ALS. However, many of these studies unfortunately suffered from a wide
variety of limitations such as heterogeneity of both the classifications of ALS and of the

physical activity studied (Maugeri & D’Agata, 2020).

Although the exact mechanisms of ALS are not yet well established, several factors
related to intensive physical activity may be implicated in the eventual motor neuron
death. The most prominent theories for the mechanisms leading to potential motor neuron
disease are from changes in oxidative stress and increased susceptibility to damage

through glutamate excitotoxicity (Powers et al., 2011).

It thus remains unclear whether exercise is beneficial or detrimental for ALS patients.
While it may improve some aspects of an ALS patient’s well being, there is the potential
that it accelerates the rate of decline. This leads to inconsistencies in how researchers
perceive the effectiveness of exercise as a non-invasive treatment option, as it heavily
depends upon which factors are being looking at to identify the effect the treatment may

have.



CHAPTER 2: HYPOTHESIS AND THE GOAL OF THE STUDY

Although effects of exercises on ALS have been studied extensively, there have not been
consistent and convincing conclusions drawn from these studies due to the fact that they
all featured different experimental models and different training protocols. In this study I
employed an intensive training program, which has not been widely studied, with the
hypothesis that the intensive exercise might negatively impact disease onset and survival
in mice. To test this hypothesis, I used the SOD1G93A mouse line, an animal model of
ALS, and subjected the animals to different training durations, and employed novel
kinematic analysis techniques to analyze the changes of the animal motor behaviors
before and after the ‘clinical’ symptom onset. To further elucidate changes caused by
exercise on the mice, we began a pilot study into the metabolomics of the animals in
hopes of identifying metabolic pathways and markers that could be used to indicate early
changes in metabolism resulting from the progression of the disease and how these

change with exercise.
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CHAPTER 3: METHODS

3.1 Animals

All experiments were carried out in accordance with the Canadian Council on Animal
Care guidelines and approved by the Dalhousie University Committee on Laboratory
Animals. Adult B6.Cg-Tg(SOD1-G93A) mice, (Stock#004435, Jackson Laboratories,
Bar Harbour , ME) of both sexes and their wild type (WT) litter mates were used in the
experiments. Mice were all housed in the Life Science Research Institute Animal Care
Facility at Dalhousie University. They underwent a 12-hour light/dark cycle (light from
7:00 19:00, dark from 19:00 to 7:00) and were provided with ad libitum access to
standard laboratory chow and water. A list of mice used in this experiment can be found

in Table 1.

3.2 Clinical Scoring of Murine ALS

SOD1G93A mice were assessed using a rubric scoring system as described by
Hatzipetros et al. (2015) to assess disease onset and progression. In brief, mice are
suspended by their tails while the observer notes the degree of their hind limb splay. With
full extension of hind legs away from the lateral midline, mice are given a score of 0,
indicating no evidence of the disease. Collapse of leg extension towards the lateral
midline, the first sign of leg muscle weakness, is given a score of 1, and is when we
consider the time as the symptom onset. As mice grow weaker, they start showing
difficulty in walking and visible tremors. When they walk on a flat surface and exhibit
limb dragging, they are assigned a score of 2. At the end stage of ALS, the mouse
exhibits extreme weakness in its hind limbs with at least one paralyzed hind limb and an

inability to right itself from its side in less than 30 seconds. This is assigned a score of 3.
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Table 1  Table of mice used in the experiment for each group and divided by sex.

Group Total Males Females
Sedentary WT 9
Sedentary Mutant

Young Exercise WT

Young Exercise Mutant

Adult Exercise WT

Adult Exercise Mutant

Post Symptomatic Exercise WT
Post Symptomatic Mutant

—_
DR NN W W

RN | 0| N |— |\ 0
NN W W|Q|W| W W

3.3 Weighing the Animals

All animals were weighed bi-weekly starting at 40 days of age. After symptom onset
(Clinical Score 1) animals were weighed two times per week. When animals reached
Clinical Score 2, they were weighed daily until endpoint. Endpoint was marked as either
the weight of the animal decreased more than 20% from their maximum weight or if the
animals reached Clinical Score 3, marked by hind limb paralysis. Weights were recorded

in grams using a standard digital mouse scale.

3.4 Rotarod Test

A Rotarod machine (Ugo Basile, Gemonio, VA, Italy) uses a horizontal rod that rotates
around its axis. Mice are placed on the rod and timed for the duration that they remain on
it. The animals in this test were subjected to 3 tests of a 2-minute ramp test in which the
speed of the rotating cylinder would increase from 10 RPM to 30 RPM over the course of
the minute. Following the test, they would rest for 5 minutes before repeating the task for
a total of 3 times biweekly, with the average of their performance from the 3 attempts

being recorded.

3.5 Grip Strength Test
Grip Strength was calculated using BIO-GS3 (Bioseb) grip strength meter. Holding the

mice by the scruff and the tail, mice were brought close to a T bar, and allowed to have
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their hind limbs grip the bar. They were then slowly pulled away from the apparatus and
the maximum force before they let go was measured. Mice repeated this 5 times each

with the average of the 5 experiments being recorded.

3.6 Training Protocol

A treadmill exercise protocol was used to create 3 separate training groups. Using a 5-
lane Bioseb mouse treadmill the mice were subjected to 1 hour of running at 15 cm/s
with a 15-degree incline, 5 consecutive days a week, with a day of rest followed by either
a day of behavioural video recording biweekly or an additional day of rest continuing
until mice could no longer consistently run at the set speed on the treadmill. Mice were
motivated by either a pulse of air or by tapping their hind with an instrument if they
stopped running. 17 Mice were used as an early exercise group, beginning their training
at 28 days of age. 13 mice were used as an adult exercise group. Murine adult age is
defined as 8 weeks of age, with that group starting with behavioural recordings followed
by the start of their exercise program. The final training group of 14 mice was a post-
symptomatic training group, where training began after symptom onset/Clinical Score 1.

All behavioural video recordings began at 6 weeks of age.

3.7 Treadmill Locomotion Tests

Treadmill locomotion tests were performed on the training mice biweekly from 6 weeks
to 16 weeks of age on an in house made treadmill. The treadmill was set at 25cm/s or
40cm/s and either flat or inclined at 22.5-degrees. The belt of the treadmill was made of
clear acetate sheet, and a mirror was set at a 45 degrees angle under the belt. Such design
allows the camera at the side to capture of the movement of the mouse from underneath
as well as from the side. A high-speed camera was used to capture the videos at a capture
rate of 200 frames/s. Recordings of 20s in length were taken of the mice running in the
various experimental conditions and analysis was done on a consistent set of 15 — 30
steps selected from within this time period. If the mice did not reach the minimum
consecutive steps they would rest for one minute, followed by another attempt with a

maximum of five attempts.
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3.8 Gait Analysis

Mouse gait was tracked using DeepLabCut (DLC) to capture the positions of four
calibration points, nose, tail base, tail tip, iliac crest, knee, hind ankle metatarsal
pharyngeal joint, hind toe tip, front paw, and the four paws reflected in the mirror. This
data was exported and processed in a custom written script in MATLAB (Version
2021b). Output from DLC was converted from pixels to millimeters, using the four
calibration points. In order to account for the differences in walking speed between
animals, to evaluate differences in phase timing, swing and stance, phases were
normalized to 100 frames each, for a total of 200 normalized frames. The parameters
extracted from gait and kinematic analyses are illustrated in Figure 10 and described in

brief below:

Each step (stride) can be broken down into two phases: swing, and stance. Swing phase
was defined as the time between the point when the toe lifted off the track to the point
when it touched back down, and stance was defined as the duration between the time of
toe touching down until it lifted off the track. The stride timing was calculated from the
lateral view of the hind limb as well as the bottom view of four paws taken from the
mirror. These values were then used to evaluate the basic step parameters and correlation

between four limbs during movement.

Stride length was calculated as the positional change in the toe from the furthest
maximum x-value to minimum x-value and corrected by average animal displacement on
the track to account for the animal moving forward or back on the treadmill. Reach back
distance is the distance the toe reaches back with reference to the base of the animal’s tail
and toe lift is the maximum to minimum y value of the toe displacement. Posture refers to

the height of the base of the tail from the ground level.

Hip angle was calculated between the iliac crest marker, the hip marker, and a calculated
knee position. Knee position was based on the measured lengths of the femur and tibia of
each animal. Ankle angle was calculated between the metatarsal pharyngeal joint, the

ankle, and the calculated knee position.

Phase timing of changes in the hip were divided into flexion and extension phases based

on the minimum peak of the joint angle. Phase timing of the ankle was separated into
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four phases, extension, yield, propulsion and flexion. Extension was between the joint
angle minimum to the first peak. Yielding phase was calculated between that peak and
the next trough. Propulsion phase was between this trough and the joint angle maximum.

Flexion was between the maximum joint angle to the minimum joint angle.

3.9 Blood Serum Collection

Blood samples were extracted from the left ventricle of the heart from the four groups
(sedentary WT, sedentary mutant, adult exercise WT, adult exercise mutant mice), with 3
mice per group at P90. Approximately ImL of blood was extracted from each mouse and
allowed to rest at room temperature for 5 minutes. Samples were then centrifuged at 3000
RPM for 10 minutes until a separation of cells and serum can be seen. Blood serum was
then extracted, aliquoted and frozen at -20 °C for temporary storage or -80 °C for long

term storage.

Preparation for mass spectrometer for analysis: 20uL of each serum sample was used
with the addition of 85 pL of cold MeOH-ILIS solution and vortexed for 10s. 30uL of
each sample was then mixed with 270uL of dilution buffer (5% HILIC Buffer A/ 95%
Acetonitrile) and mixed. This is then transferred to Millipore Ultra Free-MC 0.22uM spin

filter capped and spun at max speed for 5 minutes.
Samples were then sent for mass spectrometry analysis.

3.10 Muscle Extraction

Following blood serum extraction, animals were skinned and tibialis anterior (TA),
gastrocnemius (GS) and iliopsoas (IP) were removed from the mice. Muscles were
immediately weighed, followed by immersing them in 4% PFA for 10 minutes. They
were subsequently washed with PBS and covered in a mixture of 1:2 ratio of 20%

sucrose and OCT Compound respectively. Samples were then placed on a frozen block of
methyl butane until frozen and covered in tinfoil and transferred to a -80 °C freezer for

future use.

3.11 Data Analysis
Statistical analyses were performed, and figures were created using Graph Pad Prism 8

(GraphPad Software, San Diego, Ca) and MATLAB (Version 2021b). All results are
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reported as the mean + standard deviation (SD), unless otherwise indicated. Behavioural
parameters were analyzed using a repeated measures 2-way ANOVA with Dunnet’s
multiple comparisons test to compare the groups and time points to the WT sedentary
group. Statistical significance corresponded to p < 0.05. Analyses of muscle weights were
performed using multiple comparisons ordinary one-way ANOVA with Tukey’s multiple

comparison test compared against the sedentary WT mice.
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CHAPTER 4: RESULTS

4.1 Onset and Survival Changes in Exercised Mutant Mice

The impacts of physical activity/exercises on ALS disease have been inconsistent with
patients and in animal models. After comparing many animal studies, I realized that the
exercise protocols varied a lot from study to study, and most of them were mild,
considering how active mice typically are in their cages. With this in mind, I designed a
training protocol, which was closer to what comparable studies referred to as intensive: |
trained animals 5 days/week, Monday-Friday. The mice of exercise groups would walk
on a treadmill with a 15-degree inclining angle at 15 cm/s for an hour, and then rest
during the weekends. Biweekly the mice were recorded on Sunday to track any

behavioural changes.

I randomly assigned SOD1G93A mutant mice, and their WT counterparts, into four

groups with differing start times:

1. Sedentary group, staying in the home cage during training periods;

2. Young exercise group, which began training at four weeks of age until end stage;

3. Adult exercise group, which began the training protocol at 8 weeks of age until
end stage;

4. Post symptomatic mice began the exercise protocol after symptom onset till end

stage.

SOD1G93A mouse is the most studied animal model for ALS studies and the timelines
and biomarkers to indicate animal’s symptom onset, progression and end stage have been
well established. In my current study, I used the Clinical Scoring System, in which
symptom onset, given a score of 1, is assigned when the animals hind limb collapses
towards the midline while held by the tail. This is caused by hind limb muscle weakness
and is a useful marker to identify early disease progression. I first used these known and
frequently studied biomarkers to examine whether intensive exercise could have any

impact on the disease onset and progression of SOD1G93A animals.

Most of the SOD1G93A mice in this study had symptom onset days consistent with other

studies, Postnatal (P)80 to P100 days (give citations). Early exercise mice were the
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exception; in this group symptoms were apparent slightly earlier, from P75 to P90
(Figure 1a). We did not have a sufficient sample size to separate males and females in
this study. However, since each group has relatively evenly mixed sexes, I consider the
conclusions drawn from this study still reliable. Clinical Score 3 was used as the end
stage. Interestingly, there was no significant difference in survival times between the four
groups of mutant mice, even though the young exercise group had a trend of a 50%

reduced survival rate (Figure 1b).

18



.

-

L

Percent survival

LI B L e |

80 90 100
Day

b)

Survival

100

L

50

Percent survival

sasaaa sl aaaalas

=

T T T T T T T

B

150
Day

T T

100 200

-

Sedentary

Early Exercise
Adult Exercise

Post Symptomatic Exercise

—— Sedentary

Young Exercise
Adult Exercise

Post Symptomatic Exercise

Figure 1: Survival Plot for animal onset and survival

Figure 1a) survival plot of disease onset, which was determined by a Clinical score of 1.

The disease onset for the whole group was determined when 50% of the animals in that

group were experiencing symptoms in statistical analyses. Significant differences were

seen in the early exercise group when compared to the sedentary group. Figure 1b)

represents the disease survival time. There were no statistically significant differences

found between groups for survival time. Significant differences were investigated using

Log-rank (Mantel-Cox) test.
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4.2 Behavioural Tests
In addition to the symptom onset and end-stage, I also assessed two commonly used
behavior tests, the Rotarod running and hind limb grip strength to examine the symptom

progression of the SOD1G93 A mutant mice.

4.2.1 Rotarod Tests

The Rotarod behaviour test is a commonly used measure of assessing coordination and
motor function in animals. In our experiments, mice were tested and recorded once
biweekly, starting at week 6 (Figure 2a). Not surprisingly, all WT mice, regardless of
training regimens were consistently able to remain on top of the Rotarod for the entire
duration of the experiments (Figure 2a). All mutant mice however, showed progressive
decline in performance. Significant differences in the latency of dropping between SOD1
and WT animals started at 14 weeks of age, right after the symptom onset (Figure 2a).
Interestingly, although not statistically significant, the early exercise group showed a
slight improvement compared to the other mutant groups at week 14 (Figure 2a). These
results signify that that the intensive training might influence the balance and global
motor control of the SOD1G93 A mutant mice differently from hindlimb stretching

behavior, which is the determining factor for symptom scoring of 1.

4.2.2 Hind Limb Grip Strength Tests

I also measured hind limb muscle strength of the animals using a BIO-GS3 (Bioseb)
force reader. The measure was done by having the animals hold on to a metal bar with
their hind limb and the animals were slowly pulled away from the force reader. The
maximal force before the animal let go was recorded. This test was done biweekly with
the average of 5 measurements used for results. Similar to the Rotarod test, significant
decrease in the grip force of mutant mice started at 14 weeks of age compared to the WT
mice who showed no change. There were no significant differences seen between the

exercised and non-exercised mutant groups (Figure 2b).
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Figure 2: Rotarod and Grip Strength Performance in SOD1G93A mice.

Figure 2a) represents the times in seconds that animals were able to remain on the
Rotarod. Mutant mice from all groups started to perform worse than their sedentary
counterparts starting at around week 12, showing significantly worse scores among all
groups by week 16. Figure 2b) shows the data from the hind limb grip strength test.
Mutants progressively showed weaker force scores compared to the WT counterparts
following week 12, with significant changes in week 14 and week 16. Repeated measures
2-way ANOVA was used to calculate significant differences. * p<0.05 compared to wild
type? ** p<0.01 colored symbols are corresponding the group represented by the same

color.
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4.2.3 Gait and Kinematics

At this point, the phenotypic scores and common behaviour tests implied that the long-
term exercises might have some impacts on pre-symptomatic and post symptomatic ALS
animals. However, current common biomarkers such as Rotarod and grip strength are not
sensitive and specific enough to detect subtle behavioural changes during early disease
stages and the impacts of exercises. Therefore, I decided to make more detailed analysis
of the animals’ motor behaviors. To do so, I took videos of the mice while they were
running on a treadmill at 25cm/s and 40 cm/s with a flat and a 22.5-degree inclined
surface. Recordings were taken biweekly on all mice, and they were analyzed using
DeepLabCut, allowing me to capture a wide variety of behavioural features from joint
angles to limb position, to gait timing, indicated in the methods. Then, I further
employed principal component analysis (PCA) to deduce the variables that changed the
most from my raw data of 23 parameters under the four different conditions of speed and
incline and between the 8 groups of animals. Figure 3 shows the results from individual
PCAs of each of the four running conditions from all experimental animals through the
entire training period. Through this analysis, I drew several conclusions. First, four
common parameters showed the greatest variability, consistent across the four different
groups seen in Figure 3 bar graphs c, f, 1 and 1. These common parameters were animal
posture, hip excursion, ankle yielding phase excursion, and ankle flexion excursion
(Figure 3). Second, as seen in Figure 3 plots a, d, g, and j, PC1 could clearly separate
mutant and WT animals under all running conditions during all recorded periods, which
means parameters identifying the greatest variance along PC1 could be used to indicate
pre-symptomatic changes in ALS mice. Third, running at 40 cm/s on flat surface, the
mutant animals might have shown the most significant separation from the WT animals.
While this analysis appears not able to show significant impact of exercises, which might
due to the small animal numbers in each group, at 40cm/s flat it did show a trend to pull
the exercised groups from the non-exercised groups for both WTs and mutants as seen in
Figures 3 a, d, g, and j with the symbol representing the week of animal age. To further
dissect how these variables change at different stages of the disease under different
conditions, I compared the identified common parameters among the different groups of

animals under different running conditions through the whole training period.
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Figure 3: Principal component analysis outputs

Principal component analysis was run on the parameters extracted from the video
recording of the mice. Figures 3 a, d, g, j show the raw PCA output for each group with
the different weeks represented by differing symbols (Diamond as week 8, asterisk as
week 10, star as week 12, circle as week 14, square as week 16) and the groups
represented by the different colours (Dark Blue as sedentary WT, Light Blue as exercise
WT, Red as sedentary mutant, pink as young exercise mutant, green as adult exercise
mutant and black as post symptomatic exercise mutant. A separation can be seen along
the primary principal component in all 4 running modalities between the WT and mutant
mice. Figures 3 b, e, h, k show the vector direction that the parameter pulls the plot
pattern with the parameters that showed the most variation, which are also shown in bar
charts in Figures 3 c, f, 1, | as the individual loading values. We can see from these the
common parameters that have the greatest impact on the variability in the mouse running

performance: hip range of motion, ankle yield excursion, ankle flexion, animal posture.
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Animal Posture (Figure 4) refers to the distance between the treadmill and the base of the
subject’s tail. Starting around symptom onset, at week 12, mutant animals showed a trend
with a lower body position. Over the disease progression this position changed into a near
crawling position with significant differences seen between all mutant groups when
compared to WT counterparts by week 14. Exercises didn’t seem affect the posture

changes of the SOD1G93 A mutant mice.

Hip excursion (Figure 5), refers to the maximal joint angle changes for the hip joint. It
was calculated between knee position and the iliac crest (Appendix Figure 10).
Interestingly, all mutant animals across groups had a larger hip excursion which could be
identified as early as week 8, before the traditional symptom onset point (Figure 5). There
was also a trend with both WT and mutant groups to have an increased hip excursion

over time.

Ankle flexion excursion (Figure 6) is the difference in the amplitude of the ankle joint
angle during the swing phase of the step, where the leg is brought forward. Interestingly,
this parameter didn’t separate the SOD1G93 A mutant animals from WTs, but at the flat
surface walking (Figure 6 a, b), it pulled the early exercise groups of both mutant and WT
groups away from all sedentary groups. The later exercise groups showed a trend with an
increasing flexion excursion as time went on. On the inclined surface, no noticeable
differences between all mutant and control mice under all conditions. This result
indicates that training on inclined surface could increase the ankle flexion movement for

all animals, which could be an adaptive change of the animals to the training.

Ankle yielding phase excursion (Figure 7) is the early phase during stance, when the
animal lowers its body position slightly before pulling forward. It can reflect how the
animals holds their body weight. At the high speed (40cm/s) on a flat surface,
SOD1G93A mutant animals showed an increase in ankle excursion throughout this step
phase after symptom onset, except the early exercise mutant group, which had no
significant difference from their WT counterparts. Within the 3 groups showing
significant increases in angle excursion, in the adult exercise group these changes
plateaued at week 16, while post symptomatic and sedentary mutant animal groups kept

the up-trending changes, indicating worsening conditions. The post-symptomatic training
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group appeared to have the greatest changes in angle excursion even compared to the
sedentary mutant group. At 25 cm/s a similar trend was seen with the increase in angle
excursion over time, where the same 3 mutant groups have a trend towards a greater
yielding phase excursion. However, these differences were not statistically significant.
Similar to what seen in the flexion excursion, these same differences were not seen in the

incline groups.

These findings did show that detailed kinematic analyses could reveal behavioral changes
in SOD1 mutant animals and distinct impacts of intensive trainings before the traditional

clinical symptom onsets and more sensitive to the symptom progression.
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Figure 4: Mouse Posture data and representative images

Figure 4a) represents the results found for mouse posture. Posture was determined as the
vertical distance between the base of the tail and the treadmill. Mutant animals
experienced a progressively lower posture over time following week 10 in all groups,
showing significant differences in weeks 14 and 16. Figures 4b) and 4c) show examples
of WT and mutant mice respectively at week 16. Repeated measures 2-way ANOVA was
used to calculate significant differences. * p<0.05 compared to wild type? ** p<0.01

colored symbols are corresponding the group represented by the same color.
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Figure 5: Hip Excursion output
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These represent the hip excursion angles calculated as the minimum hip angle through

the course of the step subtracted from the maximum hip angle; Column 1: Sedentary,

Column 2: Young Exercise, Column 3: Adult Exercise, and Column 4: Post Symptomatic

Exercise, with rows as the various running parameters; Row 1: Flat 25c¢m/s running, Row

2: Flat 40cm/s running. Row 3: Incline 25cm/s running, and row 4: Incline 40cm/s

running. Significant differences were seen between the mutant and the WT groups in

most conditions and groups after symptom onset with earliest significant differences seen

as early as 8 weeks in the young exercise running group at 40 cm/s flat running. There is

evidence of progressive difference in hip excursion over the course of time regardless of

exercise duration. Repeated measures 2-way ANOVA was used to calculate significant

differences. * p<0.05 compared to wild type? ** p<0.01 colored symbols are

corresponding the group represented by the same color.
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Figure 6: Ankle Flexion outputs for the four recording types

Ankle flexion excursion is calculated as the net difference in the ankle angle in the
flexion phase of the stride. Significant differences were found in the ankle flexion in both
the Flat 25cm/s (a) and Flat 40cm/s (b) running groups. In Flat 25cm/s, differences were
seen at 12 weeks of age in the young exercise groups for both WT and mutant. In the Flat
40cm/s running groups there were differences in the mutant group at 10 weeks of age and
for both WT and mutant at 12 weeks and onward. No differences were seen at either
speed in the incline recordings. Repeated measures 2-way ANOVA was used to calculate
significant differences. * p<0.05 compared to wild type? ** p<0.01 colored symbols are

corresponding the group represented by the same color.
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Figure 7: Ankle Yield outputs for the four recording types

Ankle yield excursion was calculated as the net difference in the ankle angle in the
yielding phase of the stride. Significant differences were found in the ankle yield in only
the 40cm/s flat running group. These changes were seen starting at 12 weeks of age in all
mutant groups except for the early exercise mutant group. At the lower speed of 25cm/s
in the flat running group, there was a similar trend seen in the same 3 groups. However, it
is not a significant difference. Repeated measures 2-way ANOVA was used to calculate
significant differences. * p<0.05 compared to wild type? ** p<0.01 colored symbols are

corresponding the group represented by the same color.
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4.2.4 Muscle Weight

Animal body weight has also been used as a potential biomarker of disease. It is one of
the factors used in defining disease progression whereby a loss of 15% of the animal’s
body mass is an alternative endpoint stage. Although this is a common diagnostic factor it
severely lacks specificity. Causes of weight loss in mice can be attributed to any type of
stressful situation, not specific to disease, therefore in a study looking at exercise and
ALS, weight loss struggles to remain a reliable biomarker of disease. Muscle weights can
however be used to determine changes caused through the exercise regimen. These can
then be further used to help elucidate what is happening in the mice in the changes seen

in their kinematic analyses.

To investigate these changes, tibialis anterior (TA) and gastrocnemius (GS) muscles were
extracted and weighed. The individual animal’s total body weight was used to determine
how the differences in the individual muscle weights related to their overall changes in
body mass. The groups we examined for this experiment included: sedentary WT animals
at P90, sedentary mutant animals at symptom onset, exercise WT animals at P90 starting
exercise at 8 weeks, exercise mutant animals at symptom onset starting exercise at 8
weeks, mutant mice at end stage with their WT counterparts, and mutant exercise mice at

end stage with their WT counterparts.

Although not statistically significant, a trending increase in muscle weight in both the
TA and the GS in the exercised mice was observed in all groups. This was coupled with
an increase in the percentage of body weight that these mice had, indicating that
proportionally these muscles in the exercised mice had a trend of being larger compared
to sedentary animals, particularly for TA muscles. These trends indicating potential
physiological changes may account for some of the changes seen in the gait kinematics.
Significant differences were found only between each of the groups muscle weights when

comparing to the end stage muscle weights however.
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Figure 8: Muscle Weight Data

Figure 8a) represents the muscle weight data for the TA muscle in 3 animals in each of
sedentary WT, exercise WT, sedentary mutant, exercise mutant and sedentary end stage
groups, which were all at a Clinical Score of 3. Significant differences from the sedentary
WT group were only seen in end stage mice in both groups. Figure 8b) shows the data
from the GS muscles for the same groups with the same trend of significant differences

only seen in the end stage mice. * p<0.05 compared to wild type? ** p<0.01.
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4.3 Blood Metabolites

My behavioral analyses showed that the motor system has significantly changed in SOD1
mutant animal at young age and long-term intensive exercise could make substantial
impact on locomotor behaviors in ALS progression. However, such behavioral analyses
may not be possible for ALS patients. However, blood samples are much more accessible
to most people even when their behavioral symptoms are not obvious. Studies have also
shown that blood serum metabolites showed significant changes in ALS patients. I aimed
to see if we could find early markers in ALS animals and how they may change after

exercise trainings.
We compared metabolomes of 12 mice assigned divided into four groups:

1. Sedentary WT

2. Sedentary mutant

3. WT adult exercised mice who started the exercise training at 8 weeks of age
4

. Mutant mice that began exercising at 8 weeks of age

The mass-spectrometry and initial raw data analysis of the metabolites were done by The
Biological Mass Spectrometry (BMS) Core Facility in Dalhousie's CORES (Centralized
Operation of Research Equipment and Support) program. I then further analyzed the data
using Metaboanalyst. Figure 9a shows a heatmap comparing the 25 metabolites that
showed the greatest statistical differences between sedentary WT and sedentary mutant
animals. Only four of these metabolites showed a significance of p< 0.05 changes which
were PC(24:0/P18:0), LysoPC(24:1(15Z7)),PC(18:1(112)/22:6(42,72,102,13Z2,16Z,197)),
PC(22:6(42,72,10Z,137,16Z,19Z)/P-18:0).

Investigating the changes that occurred between all four groups, 22 metabolites were
found to have significant differences and 39 metabolites that showed a trending
difference. Figure 9b shows the list of the metabolites that had significant differences and
shows how the concentration of metabolites relates from one group to the other. As we
can see, 15 of the 22 most significant metabolites were found to have an upregulation
between the exercise mutants compared to the other 3 groups. Additionally, 6 metabolites

showed the greatest difference between the sedentary mutants compared to the other 3
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groups. The metabolite showing the most significant difference however, N-acetyl-L

aspartine, had an upregulation in both the WT groups compared to the mutant groups.

PCA was used to investigate the differences between the 4 groups along the tested
metabolites. Figure 9¢ shows some clustering of the groups across 3-dimensional
component axes. Sedentary mutant animals separate from the other 3 groups along PC-2,

whereas there is some separation of the mutant exercise group along PC-land PC-3.

In order to further investigate these differences, pathway analysis was used to further
understand the relationship between the significant metabolites. What was found was that
the 15 metabolites that showed significant differences between the exercise mutant group
and the sedentary WT group highlighted the potential changes in 3 pathways with the
highest impact factors as well as the greatest p value. These were the Aminoacyl-tRNA
biosynthesis, tyrosine metabolism, and phenylalanine, tyrosine and tryptophan
biosynthesis pathways. The remaining 6 significantly different metabolites from the
previous analysis, which showed difference amongst the sedentary mutants compared to
the rest of the groups, were related to lipid metabolism pathways. In Figure 9d the output
of the pathways analysis can be seen showing the impact factor vs the p-value for the

highlighted pathways based on the given metabolic changes.

These metabolic differences showing distinct patterns when comparing the groups to one
another shows the possible use of this methodology as a biomarker of disease. Future
studies with a larger sample size and looking at different time points can further elucidate
these differences and may also be used to show stronger indications of what the changes

in the metabolites between the groups mean.

34



b)

*

Group Averages

class class

7 mm-m i
7-Metyiquanasne_
PE(P-180/228(4Z,
PE{204(5Z8Z112,
PC{160R2B{4ZTZ
N-Acayi-L-aspan
Adenysucons aa
L-Asparsc acd_H
L-Prokne_RP
Giyoerol 3-phospha
11-Deinydro-firombo
Gs-Aconiic acd _
PC{P-160/205(5Z.
L-Metuoning_RP
Deaxyribose S-phos
PC{180A80)_HLI
LysoPC{180)_HILIC
PS{160/160)_HLI
PC{180A8:1(112))
phasehatdyichein
PC{140A60)_tm)
PC{240P-180)_H
LysoPC{za1(152))_
PCiIsILz)22 8]
PC{228(AZTZ10Z,

N-AcetylL-sspart Il : w;n:n Exercise
hol e

r[m::ﬁ 05 € Mutant Sedentary

D WT Sedentary

Glycerod 3-phospha

L-Methioning_HILIC @

L-Methionine_RP 05

11-Debydrothrombe

3, STewadecacsen [l -1

Oheoyicamitne_HI

G-Hexadec enoylcam

Lincley! canmdine

Dodecanoykarmetn

L-Paimitoykcarmiti

L-Tyrosine_HILIC

Uraci_HILIC

9-Dec

Malonylcamaine H

trans-2-Dodecenoy!

Glycochoic acid H

Cystene-S-sutfate

L-Prokne_RP

L-Proine HILIC

L-Serine_HILIC

S-Methyl-Lcysten

Fumarc acid_HILIC

Aminoacyl-tRNA biosynthesis

. Glycerop

Alaning, aspartate and

. Cysteine and methionine metabolism

Tyrosine metabolism

Phenylalanine, tyrosine and

O

tryptophan biosynthesis

d) .
o
o
g .
P o~
Bd .
B
]
E""“"
o P
8.0
11%0..9
00 01

T
02 03
Pathway Impact

04

05



Figure 9: Metabolic Data

Figure 9a) is a heat map of the 25 most significant metabolites comparing the Sedentary
WT and the Sedentary mutant animals. Figure 9b) represents the heat map of the four
groups, with group averages, for the 25 most significant metabolites. Figure 9c¢) is a
representation of the pathway analysis done on the significant metabolites when
comparing all four groups of animals. It is showing the significance of the metabolites
compared to the number of metabolites found within that pathway (Pathways Impact).

Figure 9d) is a 3-dimensional principal component analysis of the 3 animals in each

group.
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CHAPTER 5: DISCUSSION

In the current study I systematically recorded and analyzed gait and hindlimb kinematics
of SOD1G93A mice at different ages with different exercise training protocols, including
sedentary, early exercise, adult exercise and post-symptomatic exercise groups. I found
that using the traditional scoring system, only the SOD1 mutant animals that started
intensive treadmill training at young age showed earlier signs of disease onset than
compared to the sedentary counterparts, while no differences in overall mouse survival
times were observed among all the different training groups. However, the gait and limb
analyses revealed earlier changes in locomotor behaviors during the disease development
and progression of the SOD1 mutants. Interestingly, different exercises training protocols
showed different effects on the limb movements at varied disease stages. For example,
changes between mutant and WT animals can be identified as early as 8 weeks of age in
certain parameters such as in the hip joint angle excursion. Furthermore, the long-term
intensive exercises appeared to have triggered adaptative change in leg swings and
strengthen the mutant’s ability to hold body weight during walking, but had no effects
correcting the animals’ postures. In addition, in our promising pilot study of blood serum
metabolites, we found 22 metabolites that showed significant differences between our
four groups (sedentary WT, sedentary mutant, adult exercise WT and adult exercise
mutant) many of which differed specifically between the exercise and sedentary mutant

mice.

5.1 Physical activities and ALS

5.1.1 Physical activities and symptom onset

ALS can show a variety of symptom onsets, whether it is a bulbar onset or spinal onset of
disease, and further where specifically these signs first present themselves. Additional
complications arise with the variety of potential causes and the ill-understood interplay

between genetic and environmental influences (Richards et al., 2020, Oskarsson et al.,
2018).
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Exercise is also a broad topic where different exercises can be performed, be it
swimming, running, resistance training, etc. and these exercises can be done at a
spectrum of intensity levels from an aerobic effort to anerobic effort. Due to the
heterogeneity in ALS and in exercise as well as differences in patient lifestyles, it can be
difficult to clearly determine whether exercise is a beneficial non-pharmacological
therapeutic strategy for individual ALS patients (Hamidou et al., 2014, Lacorte et al.,
2016, Harwood et al., 2016). Animal models have been extensively used to understand
the pathogenetic mechanisms of ALS and test therapeutic strategies. One beneficial factor
using lab animals is to reduce some of the confounding variables, like lifestyles, living
conditions and genetic background, in patients. However, even with animal models of
ALS, there has been no clear consensus on the impacts that exercises may have on ALS
as seen in the review by Tistkanou et al, 2019. One obvious variable in these studies was
their training protocols. The duration of training times, speeds of running, incline vs flat
treadmill, treadmill vs running wheel access, running vs swimming varied from study to
study. Not only were the types of exercise different, but the timeline throughout which
the animals were trained was also inconsistent (Liebetanz et al., 2004, Kirkinezos et al.,
2003, Carreras et al., 2010). Some evidence has shown that mild-moderate endurance
training may have positive effects on certain assessments (Kirkinezos et al., 2003)
whereas vigorous endurance training had null to harmful effects (Mahoney et al., 2004).
These inconsistencies may account for the wide variability in conclusions, which may
also further indicate exercise/physical activities may not all beneficial to ALS, and much

more vigorous studies are needed in both human and animal models.

To overcome some of the confounding issues in these studies, I used one of most studied
mouse models, SOD1G93A mouse, which expresses human SOD1G93A mutant gene.
We frequently checked the copy number of the mutant genes, which ensured our animals
showed consistent landmarks of ALS-like symptom onset and progression process. In
addition, I used treadmill running, which would also be one of the most used and least
variable training procedures. At the same time, however, I used an inclined surface,
which added the intensity of the exercise. More importantly, I started the training
protocol in animals at different ages, which is one of the least known, but crucial impact

factors that cannot easily be studied in humans. In my study, the youngest mouse group
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started training at 4 weeks old at which point they are big enough to run on the treadmill
without falling through the openings. I then included a group starting at 8 weeks, an adult
age for mice, and another at P 90 days, the symptom onset stage. There was also a
sedentary group as positive control. Among all these 4 mutant groups, only young
training group showed significant earlier symptom onset, compared to other groups, but
all groups had similar survival time. Studies on the impact of exercise are highly variable
in their investigations, some studies such as that by (Mahoney et al., 2004) who did look
at both survival times and onset in mice doing intensive exercise found trends for earlier
clinical onset in males but not in females and found in males a reduced survival time in
the exercise mice. These results differ from our investigations where we saw no change
in survival time but changes in onset in our earlier trained group. Other studies (Carreras
et al., 2010, Mahoney et al., 2004) that looked at different parameters such as motor
neuron density, did not show a change in clinical symptom onset times but did observe a
hastened onset of motor performance deficits in their intensive exercise groups, with both
studies investigating moderate and intensive levels of treadmill running. Although the
cause of the observed early onset in some studies has yet to be elucidated, the
predominant theory is that exercise causes increased levels of oxidative stress in the
diseased animals leading to faster motor neuron loss (Powers et al., 2011). The possibility
that intensive physical activities at young age could potentially lead to earlier ALS

symptom onset of ALS was implied in several human studies, particularly with patients
carrying C9ORF72 mutations (Julian et al., 2021). All these studies and our studies have

further supported the importance of identifying the populations that carry ALS related

gene mutations to get suitable care.

5.1.2 Complex impacts of treadmill training on walking behavioural changes of
SODI1G934

The fact that the young training SOD1 group had a similar survival period in spite of
earlier onset may indicate that the long-term exercises might have certain beneficial

effects to slow disease progression after the symptom onset.
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To investigate detailed effects of exercises on ALS, I first did some of the classical
measurements, such as the grip strength and Rotarod tests. Our results were consistent
with other studies (Carreras et al., 2010). Over time, mutants lose grip strength
progressively, starting around 12 weeks when symptom onset occurs. Rotarod also
showed a similar parallel progressive decline. However, exercises did not seem to aid the
mice on either of these parameters. We then wondered whether both tests might be too

rough to detect subtle behavioral changes at early stage of the disease.

I then chronically recorded the mouse running on the treadmill at different speeds and
different angled surfaces to search for biomarkers that more accurately reflect the
behavioral changes of the disease. We used DeepLabCut, a markerless pose estimation
program that allowed us to investigate a wide variety of parameters related to mouse
movement. To find the most representative parameters, I utilized principal component
analysis, and revealed the factors having the most variability. The top variables between
the wildtype and SOD1 mutant animals across different ages and training groups were

posture, ankle flexion excursion, ankle yield excursion, and hip excursion.

More interestingly, these four parameters showed significant different between mutant
and wildtype and among different training groups with different temporal trajectories.
Among them, the posture, indicating the ability that the mice hold up the hip, started
declining in all mutant groups regardless of exercise, around the symptom onset. Over
time the mutants showed progressive decrease in their hind amplitude. By the end stages
the mice appeared to be almost dragging their tails along the ground. Similarly to the
grasping and rotarod tests, this parameter should directly reflect the weakened limb and
trunk muscle force holding the rear part of the body up due to significant loss of MNs at
symptom on set. One notable muscle that may be related to this change is the iliopsoas
muscle. This muscle attaches between the vertebral column and the femur of the animal
and plays an important role in hip movement and postural control. Weakening control of
this muscle would also help explain the differences seen in the hip angle excursion seen
where differences between mutant and WT mice were seen as early as 8 weeks old.

Mutants showed a consistently greater excursion of the hip which could possibly be

40



related to less control over the movement of the leg along the hip muscles such as the
iliopsoas. This reduced control and strength in hip muscles could also be associated with

the mouse’s ability to bear weight causing detriments in its posture.

Similar to muscles of the hip associated with weight bearing, the weight bearing muscles
in the ankle also showed weakness over time, which was revealed in an increase of
yielding excursion of the ankle during the treadmill walking at a medium speed, 40
cm/min, in most mutant groups starting at approximately week 12, slightly before the
symptom onset. One exception here, however, is the young exercise mutant group which
remained at approximately the same level of excursion as the WT group. Long-term
treadmill training starting at young ages might have greater impact on stabilizing ankle
muscle force through protecting the MNs or/and muscles from fast deterioration. It
should be noted that while adult exercise mice also showed an increase in excursion,
these changes plateaued at 16 weeks. In contrast, the post symptomatic exercise group
performance worsened along time even compared to the sedentary mutant group. This
worsening may indicate that intensive exercise following symptom onset could cause
further damage to these weight bearing MN and muscles by over taxing them. For
example, it may possibly be related to an increase in reactive oxygen species on the
already weakened muscles without the benefits of earlier exercise in strengthening the

muscles and having the body adapt to this insult.

Furthermore, another ankle related parameters, ankle flexion, was also affected by
treadmill training. In this case, however, the treadmill exercise caused changes regardless
of disease state. All exercised groups, mutant and their WT counterparts showed some
increase in flexion movement at flat running. The young exercise group showed a higher
degree of ankle flexion by 10 weeks compared to the other groups, whereas the adult
exercise group increased the degree of ankle flexion compared to the sedentary groups
after 14 weeks. At 16 weeks the adult exercise group of both mutant and WT showed a
degree of ankle flexion comparable to the young exercise at 10 weeks of age. The post
symptomatic group also showed a change in week 16 but not levelling out to the same
extent as the groups that underwent a longer exercise protocol. Notably, there were no

changes in any group of animals at inclined walking. Since our treadmill training was on
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an inclined surface, this result could indicate adaptive changes by training. The animals
have to reinforce the movement habit of lifting their toes higher by flexing their ankle in
order to compensate for the incline surface. This is not uncommon among professional
athletes. Depending on their sport, their gait behaviour may be changed to best suit their
professional performance. An example of this can be seen in a study investigating the
kinematic differences between football and futsal players (Daneshjoo et al., 2021) where
football players showed less extension in landing and jumping maneuvers as their legs
were more adapted to these actions while futsal players had an increased flexion in their
knees and hips relating to cutting maneuvers due to the tighter turns and movement that

the players regularly perform.

Nevertheless, our results indicated that the treadmill training may have impacts on ankle
movement in both mutant and wildtype animals compared to any other differences
observed between the exercised and sedentary mice. It is known that the exercise can
increase muscle mass. When I compared the cross sections of the GS and TA muscles at
different stages, exercise groups showed a trend of larger muscle mass, particularly the
TA muscle, at symptom onset, but the exercise couldn’t prevent the muscle loss at end
stage. This may partially account for the changes of a few gait parameters. For example,

exercise induced change in ankle flexion would be controlled by the TA muscle.

In summary, our detailed kinematic analysis revealed a complex picture of changes of
locomotor behavior of SOD1G93A animals at different disease stages and even more
complex impacts of exercises on these changes. We have shown that long intensive
exercise may cause earlier onset of symptoms such as inducing shakiness, but some
beneficial factors, such as increased muscle mass and potential MN protection after the
symptom onset. These beneficial factors may help maintain the mobility of the mutant
animals. In addition, changes of hip excursion started at very young age in SOD1 mutant

animals, which could be an early sign of the disease.

5.2 Blood Serum Metabolites
Behavioural biomarkers are very useful as a method to indicate the presence of disease in
the place when there would be no obvious other reason to suspect the presence of disease,

however, as an early detector of disease onset it is often a parameter that is the
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consequence of an established internal dysregulation. For this reason, it can be beneficial
in less common diseases such as ALS, where physicians would not regularly test their
patients for the disease until they show early behavioural changes. This study tries to
establish that behaviour can be used earlier than it has been in animal models, however,
other biomarkers of disease such as blood metabolites can possibly show even earlier

signs of disease onset. One such biomarker is blood serum metabolites.

Recently, blood metabolomics have been studied extensively in human patients and
animal models in an effort to find specific biomarkers for diagnosis and prognosis of
ALS disease. Although there haven’t been any conclusive indicators revealed through
these studies, some common pathways have been identified. For example, many studies
have shown that dysfunctions in lipid metabolism may be potential drivers of ALS
pathogenesis, causing denervation of neuromuscular junctions, mitochondrial
dysfunction, excitotoxicity, impaired neuronal transport, and inflammation (Agrawal et
al., 2022). In our study phosphatidylcholine metabolites showed a significant
upregulation in the sedentary mutant mice compared to the sedentary WT mice indicating
dysfunction in lipid metabolism similar to other studies. When the analysis included the
exercised mice we saw that these same four phosphatidylcholines that showed significant
differences remained showed a similar expression between the sedentary WT and
exercise mutant group. This indicates that exercise could help in the restore of lipid

metabolism in ALS patients.

Other molecules which showed trends of differences between the two Glycerol-3-
phosphate is an important molecule in the synthesis of triglycerides. Although
inconsistent, some studies have also shown increased levels of triglycerides in ALS
patients, and those with greater relative levels of triglycerides showed an increased
survival time (Dorst et al., 2010). This could be an indication of the body responding to
the increased energy needs that have been associated with ALS where upregulation of the

building blocks for lipids can help combat against the disease.

Guanosine diphosphate plays a role in many different biological pathways including but
not limited to PKC activation, aspartate metabolism, citric acid cycle, purine, and

pyruvate metabolism. One pathway in particular that may be relevant to ALS is its role in
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gluconeogenesis. Glucose metabolism has been shown to be dysregulated in ALS (Lee et
al., 2022). Specifically, in response to low blood glucose concentrations, glucagon is
released from a- pancreatic islet cells which promote gluconeogenesis and
glycogenolysis. SOD1G93A mice were shown to have elevated glucagon levels
following insulin induced hypoglycemia with minimal changes shown in overall blood
glucose levels. This suggests perturbations with regards to downstream glucagon
signalling pathways and glucagon insensitivity contributing to aberrant glucose

homeostasis as reviewed in (Lee et al., 2022).

When the two exercise groups were included, 22 metabolites showed significant
differences between the groups. Surprisingly, the exercised mutant mice showed the most
drastic differences from other groups. Among the 22 metabolites, 15 of them were
increased compared to those in the control groups and sedentary mutant group. Looking
at a pathway analysis for these 15 metabolites, we find that the top three pathways that
show both the highest impact factor as well as the greatest p value were aminoacyl-tRNA
biosynthesis, tyrosine metabolism, and phenylalanine, tyrosine, and tryptophan
biosynthesis. The common metabolite shared between these three pathways is L-tyrosine.
Tyrosine is a non-essential amino acid and is an essential component for the production
of several neurotransmitters such as dopamine, epinephrine, and norepinephrine. Looking
at the graph of the metabolite concentration we can see that L-tyrosine was elevated in
both mutant groups however much more in the exercise groups. In exercise science L-
tyrosine has been extensively studied with a variety of focuses. For example, researchers
have been identifying the use of L-tyrosine supplementation in improving animals’
endurance in increased air temperatures (Tumilty et al., 2011). By contrast, other studies
have shown that dysregulation in tyrosine metabolism may play a role in several
neurodegenerative diseases, and specific to ALS, may be implicated in motor neuron
apoptosis (Peluffo et al., 2004). When the body is experiencing inflammation or oxidative
stress, a reactive nitrogen species can react with tyrosine to form nitrotyrosine. It has
been hypothesized that increased nitrotyrosine may not directly cause motor neuron
death, but in elevated concentrations it may increase the production of free radicals,
further increasing oxidative stress and damage to the motor neurons (Peluffo et al., 2004).

With respect to our results, the increase in L-tyrosine in the exercised mutants suggests
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that intensive exercise may leave the motor neurons more vulnerable to degeneration for

ALS patients.

As mentioned previously, of the pathways identified through our pathway analysis, the
three pathways with the highest impact factor as well as the greatest p value were
aminoacyl-tRNA biosynthesis, tyrosine metabolism, and phenylalanine, tyrosine, and
tryptophan biosynthesis. Looking at studies of blood metabolites in ALS patients,
phenylalanine, tyrosine and tryptophan biosynthesis and tyrosine metabolism were also
identified (Chang et al., 2021). These metabolites are essential components in the
production of several neurotransmitters including epinephrine and norepinephrine,
dopamine, and serotonin. (Chang et al., 2021) Although common pathways have been
identified among blood serum metabolite analyses, the exact role and of these metabolites

in ALS pathogenesis is still unclear.

Our pilot study identified some highly promising metabolic differences in exercised and
sedentary mutant mice compared to their WT counterparts. The trends seen in this study
indicate differences in the metabolic pathways may be activity dependent. We showed
that with exercise, metabolic differences such as differing expression of PC could be
restored to the levels of WT mice through exercise. This however was not the only
change occurring. Mutant exercise mice showed many metabolic differences from both
WT groups as well as from the sedentary mutant group. These results are in agreement
with the results seen in behavioural studies, where by certain metrics exercise can show
beneficial changes, while in other ways it can show its own set of potentially harmful

effects.
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CHAPTER 6: LIMITATIONS AND FUTURE DIRECTIONS

The biggest limitation in these studies was sample size. Although the mice in each group
were genetically the same and trained with the same exercise protocol, there was still a
large variability in behavioural measurements between mice within each group. With so
much individual variability in behaviour, a larger sample size is required. With this as
well, this study combined results from males and females to increase overall sample size,
however many studies have shown differences in disease response to therapies depending
on sex. Therefore, future studies could benefit from separating the two sexes and
determining whether there are sex related differences. This is especially true with regards
to blood serum metabolites, which in many cases show a lot of individual variability.
Increasing the sample size may help uncover other relevant metabolites. We identified 22
statistically significant metabolites with our pilot study numbers yet there were over 50

metabolites that showed a promising trend.

Future studies can also look for additional biomarkers, such as such as identification of
stress granules and stress granule related factors. Stress granules play an important role in
RNA metabolism, however many recent studies have begun investigating them in relation
to ALS (Dudman & Qi, 2020). Chronic stress can cause these granules to build up in
prion like fashion which can lead to apoptosis and have been identified in ALS patients.
Using tools such as RT-QPCR could be utilized to investigate the presence of these
biomarkers and their factors in various tissues to see how it relates to the behavioural

outcomes.

Future directions can also investigate what the effect of the reduction in interneurons has.
Given that the animals maintained their gait coordination it would be worth investigating
whether this is due to a re-circuitry that overcomes the reduction in interneurons or if the

reduction does not fall below the minimum required input to maintain stable gait.
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CHAPTER 7 : CONCLUSIONS

This study sought to identify early biomarkers of disease in SOD1G93A mice, and see
what influence exercise had on those biomarkers. We were able to identify a number of
early behavioural changes between four groups of mice (Sedentary mutant and WT, early
exercise mutant and WT, adult exercise mutant and WT mice, and post symptomatic
exercise mutant and WT mice) through behavioural analysis. Differences found in this
analysis included changes in animal posture, ankle flexion excursion, ankle yielding
phase excursion, and hip excursion. A key biomarker that showed early differences was
the hip excursion, showing changes as early as 6 weeks of age however it was not
influenced by the exercise protocol. We were able to identify other parameters that
showed differences amongst exercise groups compared to the sedentary group such as
worsening ability to bear weight in the mutant groups that started exercise regime after

symptom onset.

A pilot study investigating the use of blood serum biomarkers shed interesting light on a
number of potential metabolites that may be related to the disease progression, and
changes within these biomarkers between the exercise and sedentary groups. Future work
will look to increase the sample size of these experiments and determine if there is any
correlation between these metabolomic changes and the changes seen in the animal

behaviour.

While my study was not able to answer the question of whether intensive exercise is
beneficial or harmful for SOD1 mice, it indicated that behavioural measurements alone
may not be able to answer the question. Promisingly, using detailed metabolic
information, the complex biochemical pathways impacted by both ALS and exercise may

be untangled.

47



REFERENCES:

Afzalpour, M. E., Chadorneshin, H. T., Foadoddini, M., & Eivari, H. A. (2015).
Comparing interval and continuous exercise training regimens on neurotrophic
factors in rat brain. Physiology & Behavior, 147, 78-83.
https://doi.org/10.1016/j.physbeh.2015.04.012

Agrawal, I., Lim, Y. S., Ng, S.-Y., & Ling, S.-C. (2022). Deciphering lipid dysregulation
in ALS: From mechanisms to Translational Medicine. Translational
Neurodegeneration, 11(1). https://doi.org/10.1186/s40035-022-00322-0

Ahtiainen, J. P., Pakarinen, A., Alen, M., Kraemer, W. J., & Hakkinen, K. (2003).
Muscle Hypertrophy, hormonal adaptations and strength development during
strength training in strength-trained and untrained men. European Journal of
Applied Physiology, 89(6), 555-563. https://doi.org/10.1007/s00421-003-0833-3

Allodi, I., Montafiana-Rosell, R., Selvan, R., Low, P., & Kiehn, O. (2021). Locomotor
deficits in a mouse model of ALS are paralleled by loss of V1-interneuron
connections onto fast motor neurons. Nature Communications, 12(1).
https://doi.org/10.1038/s41467-021-23224-7

Baloh, R. H., Johnson, J. P., Avalos, P., Allred, P., Svendsen, S., Gowing, G., Roxas, K.,
Wu, A., Donahue, B., Osborne, S., Lawless, G., Shelley, B., Wheeler, K., Prina, C.,
Fine, D., Kendra-Romito, T., Stokes, H., Manoukian, V., Muthukumaran, A., ...
Svendsen, C. N. (2022). Transplantation of human neural progenitor cells secreting
GDNF into the spinal cord of patients with ALS: A phase 1/2A trial. Nature
Medicine, 28(9), 1813—1822. https://doi.org/10.1038/s41591-022-01956-3

Bandres-Ciga, S., Noyce, A. J., Hemani, G., Nicolas, A., Calvo, A., Mora, G., Arosio, A.,
Barberis, M., Bartolomei, 1., Battistini, S., Benigni, M., Borghero, G., Brunetti, M.,
Calvo, A., Cammarosano, S., Cannas, A., Canosa, A., Capasso, M., Caponnetto, C.,
... Traynor, B. J. (2019). Shared polygenic risk and causal inferences in
amyotrophic lateral sclerosis. Annals of Neurology, 85(4), 470—481.
https://doi.org/10.1002/ana.25431

Barber, S. C., Mead, R. J., & Shaw, P. J. (2006). Oxidative stress in ALS: A mechanism
of neurodegeneration and a therapeutic target. Biochimica Et Biophysica Acta
(BBA) - Molecular Basis of Disease, 1762(11-12), 1051-1067.
https://doi.org/10.1016/j.bbadis.2006.03.008

Beghi, E., Logroscino, G., Chio, A., Hardiman, O., Mitchell, D., Swingler, R., &
Traynor, B. J. (2006). The epidemiology of ALS and the role of population-based
registries. Biochimica et Biophysica Acta (BBA) - Molecular Basis of Disease,
1762(11-12), 1150-1157. https://doi.org/10.1016/j.bbadis.2006.09.008

48



Byrne, S., Walsh, C., Lynch, C., Bede, P., Elamin, M., Kenna, K., McLaughlin, R., &
Hardiman, O. (2010). Rate of familial amyotrophic lateral sclerosis: A systematic
review and meta-analysis. Journal of Neurology, Neurosurgery &amp, Psychiatry,
82(6), 623—627. https://doi.org/10.1136/jnnp.2010.224501

Caller, T. A., Chipman, J. W., Field, N. C., & Stommel, E. W. (2013). Spatial analysis of
amyotrophic lateral sclerosis in northern New England, USA, 1997-2009. Muscle
&amp, Nerve, 48(2), 235-241. https://doi.org/10.1002/mus.23761

Calvo, A., Canosa, A., Bertuzzo, D., Cugnasco, P., Solero, L., Clerico, M., De Mercanti,
S., Bersano, E., Cammarosano, S., Ilardi, A., Manera, U., Moglia, C., Marinou, K.,
Bottacchi, E., Pisano, F., Mora, G., Mazzini, L., & Chio, A. (2016). Influence of
cigarette smoking on ALS outcome: A population-based study. Journal of
Neurology, Neurosurgery & Psychiatry, 8§7(11), 1229-1233.
https://doi.org/10.1136/jnnp-2016-313793

Carreras, 1., Yuruker, S., Aytan, N., Hossain, L., Choi, J.-K., Jenkins, B. G., Kowall, N.
W., & Dedeoglu, A. (2010). Moderate exercise delays the motor performance
decline in a transgenic model of ALS. Brain Research, 1313, 192-201.
https://doi.org/10.1016/j.brainres.2009.11.051

Chang, K.-H., Lin, C.-N., Chen, C.-M., Lyu, R.-K., Chu, C.-C., Liao, M.-F., Huang, C.-
C., Chang, H.-S., Ro, L.-S., & Kuo, H.-C. (2021). Altered metabolic profiles of the
plasma of patients with amyotrophic lateral sclerosis. Biomedicines, 9(12), 1944.
https://doi.org/10.3390/biomedicines9121944

Chio, A. (2005). Severely increased risk of amyotrophic lateral sclerosis among Italian
professional football players. Brain, 128(3), 472—476.
https://doi.org/10.1093/brain/awh373

Cho, H. E., & Shukla, S. (2020). Role of Edaravone as a treatment option for patients
with amyotrophic lateral sclerosis. Pharmaceuticals, 14(1), 29.
https://doi.org/10.3390/ph14010029

Cunha-Oliveira, T., Montezinho, L., Mendes, C., Firuzi, O., Saso, L., Oliveira, P. J., &
Silva, F. S. (2020). Oxidative stress in amyotrophic lateral sclerosis:
Pathophysiology and opportunities for pharmacological intervention. Oxidative
Medicine and Cellular Longevity, 2020, 1-29.
https://doi.org/10.1155/2020/5021694

Daneshjoo, A., Nobari, H., Kalantari, A., Amiri-Khorasani, M., Abbasi, H., Rodal, M.,
Pérez-Gomez, J., & Ardigo, L. P. (2021). Comparison of knee and hip kinematics
during landing and cutting between elite male football and futsal players.
Healthcare, 9(5), 606. https://doi.org/10.3390/healthcare9050606

49



Deforges, S., Branchu, J., Biondi, O., Grondard, C., Pariset, C., Lécolle, S., Lopes, P.,
Vidal, P.-P., Chanoine, C., & Charbonnier, F. (2009). Motoneuron survival is
promoted by specific exercise in a mouse model of amyotrophic lateral sclerosis.
The Journal of Physiology, 587(14), 3561-3572.
https://doi.org/10.1113/jphysiol.2009.169748

Dickerson, A. S., Hansen, J., Specht, A. J., Gredal, O., & Weisskopf, M. G. (2019).
Population-based study of amyotrophic lateral sclerosis and occupational lead
exposure in Denmark. Occupational and Environmental Medicine, 76(4), 208-214.
https://doi.org/10.1136/0oemed-2018-105469

Dorst, J., Kiihnlein, P., Hendrich, C., Kassubek, J., Sperfeld, A. D., & Ludolph, A. C.
(2010). Patients with elevated triglyceride and cholesterol serum levels have a
prolonged survival in amyotrophic lateral sclerosis. Journal of Neurology, 258(4),
613-617. https://doi.org/10.1007/s00415-010-5805-z

Dudman, J., & Qi, X. (2020). Stress granule dysregulation in amyotrophic lateral
sclerosis. Frontiers in Cellular Neuroscience, 14.
https://doi.org/10.3389/fncel.2020.598517

Falgairolle, M., & O’Donovan, M. J. (2020). Motoneuronal spinal circuits in
Degenerative Motoneuron disease. Frontiers in Molecular Neuroscience, 13.
https://doi.org/10.3389/fnmol.2020.00074

Fang, F., Quinlan, P., Ye, W., Barber, M. K., Umbach, D. M., Sandler, D. P., & Kamel,
F. (2009). Workplace exposures and the risk of amyotrophic lateral sclerosis.
Environmental Health Perspectives, 117(9), 1387-1392.
https://doi.org/10.1289/ehp.0900580

Faux, S. P., Tai, T., Thorne, D., Xu, Y., Breheny, D., & Gaca, M. (2009). The role of
oxidative stress in the biological responses of lung epithelial cells to cigarette
smoke. Biomarkers, 14(supl), 90-96. https://doi.org/10.1080/13547500902965047

Feldman, E. L., Goutman, S. A., Petri, S., Mazzini, L., Savelieff, M. G., Shaw, P. J., &
Sobue, G. (2022). Amyotrophic lateral sclerosis. The Lancet, 400(10360), 1363—
1380. https://doi.org/10.1016/s0140-6736(22)01272-7

Fontana, A., Marin, B., Luna, J., Beghi, E., Logroscino, G., Boumédiene, F., Preux, P.-
M., Couratier, P., & Copetti, M. (2021). Time-trend evolution and determinants of
sex ratio in amyotrophic lateral sclerosis: A dose-response meta-analysis. Journal
of Neurology, 268(8), 2973-2984. https://doi.org/10.1007/s00415-021-10464-2

50



Foran, E., & Trotti, D. (2009). Glutamate transporters and the excitotoxic path to motor
neuron degeneration in amyotrophic lateral sclerosis. Antioxidants & Redox
Signaling, 11(7), 1587—-1602. https://doi.org/10.1089/ars.2009.2444

Gallo, V., Bueno-De-Mesquita, H. B., Vermeulen, R., Andersen, P. M., Kyrozis, A.,
Linseisen, J., Kaaks, R., Allen, N. E., Roddam, A. W., Boshuizen, H. C., Peeters, P.
H., Palli, D., Mattiello, A., Sieri, S., Tumino, R., Jiménez-Martin, J.-M., Tormo
Diaz, M. J., Rodriguez Suarez, L., Trichopoulou, A., ... Riboli, E. (2009). Smoking
and risk for amyotrophic lateral sclerosis: Analysis of the epic cohort. Annals of
Neurology, 65(4), 378-385. https://doi.org/10.1002/ana.21653

Gallo, V., Wark, P. A., Jenab, M., Pearce, N., Brayne, C., Vermeulen, R., Andersen, P.
M., Hallmans, G., Kyrozis, A., Vanacore, N., Vahdaninia, M., Grote, V., Kaaks, R.,
Mattiello, A., Bueno-de-Mesquita, H. B., Peeters, P. H., Travis, R. C., Petersson, J.,
Hansson, O., ... Vineis, P. (2013). Prediagnostic body fat and risk of death from
amyotrophic lateral sclerosis: The epic cohort. Neurology, 80(9), 829-838.
https://doi.org/10.1212/wnl.0b013e3182840689

Goutman, S. A., Guo, K., Savelieff, M. G., Patterson, A., Sakowski, S. A., Habra, H.,
Karnovsky, A., Hur, J., & Feldman, E. L. (2022). Metabolomics identifies shared
lipid pathways in independent amyotrophic lateral sclerosis cohorts. Brain,
145(12), 4425—4439. https://doi.org/10.1093/brain/awac025

Harris, G. F., & Wertsch, J. J. (1994). Procedures for gait analysis. Archives of Physical
Medicine and Rehabilitation, 75(2), 216-225. https://doi.org/10.1016/0003-
9993(94)90399-9

Hatzipetros, T., Kidd, J. D., Moreno, A. J., Thompson, K., Gill, A., & Vieira, F. G.
(2015). A quick phenotypic neurological scoring system for evaluating disease
progression in the SOD1G93 A mouse model of Als. Journal of Visualized
Experiments, (104). https://doi.org/10.3791/53257

He, F., Li, J., Liu, Z., Chuang, C.-C., Yang, W., & Zuo, L. (2016). Redox mechanism of
reactive oxygen species in exercise. Frontiers in Physiology, 7.
https://doi.org/10.3389/fphys.2016.00486

Huang, R., Nikooyan, A. A., Xu, B., Joseph, M. S., Damavandi, H. G., von Trotha, N.,
Li, L., Bhattarai, A., Zadeh, D., Seo, Y., Liu, X., Truong, P. A., Koo, E. H., Leiter,
J. C., & Lu, D. C. (2021). Machine learning classifies predictive kinematic features
in a mouse model of neurodegeneration. Scientific Reports, 11(1).
https://doi.org/10.1038/s41598-021-82694-3

Kirkinezos, 1. G., Hernandez, D., Bradley, W. G., & Moraes, C. T. (2003). Regular

exercise is beneficial to a mouse model of amyotrophic lateral sclerosis. Annals of
Neurology, 53(6), 804—807. https://doi.org/10.1002/ana.10597

51



Lanznaster, D., de Assis, D. R., Corcia, P., Pradat, P.-F., & Blasco, H. (2018).
Metabolomics biomarkers: A strategy toward therapeutics improvement in ALS.
Frontiers in Neurology, 9. https://doi.org/10.3389/fneur.2018.01126

Lee, J. D., Lerskiatiphanich, T., & Marallag, J. (2022). Glucose metabolism in
amyotrophic lateral sclerosis: It is bitter-sweet. Neural Regeneration Research,
17(9), 1975. https://doi.org/10.4103/1673-5374.335154

Lehman, E. J., Hein, M. J., Baron, S. L., & Gersic, C. M. (2012). Neurodegenerative
causes of death among retired National Football League players. Neurology,
79(19), 1970-1974. https://doi.org/10.1212/wnl.0b013e31826daf50

Liebetanz, D., Hagemann, K., Von Lewinski, F., Kahler, E., & Paulus, W. (2004).
Extensive exercise is not harmful in amyotrophic lateral sclerosis. European
Journal of Neuroscience, 20(11), 3115-3120. https://doi.org/10.1111/j.1460-
9568.2004.03769.x

Lin, X., Zhang, X., Guo, J., Roberts, C. K., McKenzie, S., Wu, W. C., Liu, S., & Song,
Y. (2015). Effects of exercise training on cardiorespiratory fitness and biomarkers
of Cardiometabolic Health: A systematic review and meta-analysis of Randomized
Controlled Trials. Journal of the American Heart Association, 4(7).
https://doi.org/10.1161/jaha.115.002014

Longinetti, E., & Fang, F. (2019). Epidemiology of Amyotrophic Lateral sclerosis: An
update of recent literature. Current Opinion in Neurology, 32(5), 771-776.
https://doi.org/10.1097/wco.0000000000000730

Lutz, C. (2018). Mouse models of Als: Past, present and future. Brain Research, 1693, 1—
10. https://doi.org/10.1016/j.brainres.2018.03.024

Mahoney, D. J., Rodriguez, C., Devries, M., Yasuda, N., & Tarnopolsky, M. A. (2004).
Effects of high-intensity endurance exercise training in the G93A mouse model of
amyotrophic lateral sclerosis. Muscle & Nerve, 29(5), 656—662.
https://doi.org/10.1002/mus.20004

Marangi, G., & Traynor, B. J. (2015). Genetic causes of amyotrophic lateral sclerosis:
New genetic analysis methodologies entailing new opportunities and challenges.
Brain Research, 1607, 75-93. https://doi.org/10.1016/j.brainres.2014.10.009

Margonis, K., Fatouros, 1. G., Jamurtas, A. Z., Nikolaidis, M. G., Douroudos, I.,
Chatzinikolaou, A., Mitrakou, A., Mastorakos, G., Papassotiriou, 1., Taxildaris, K.,
& Kouretas, D. (2007). Oxidative stress biomarkers responses to physical
overtraining: Implications for diagnosis. Free Radical Biology and Medicine, 43(6),
901-910. https://doi.org/10.1016/j.freeradbiomed.2007.05.022

52



Masrori, P., & Van Damme, P. (2020). Amyotrophic lateral sclerosis: A clinical review.
European Journal of Neurology, 27(10), 1918—1929.
https://doi.org/10.1111/ene.14393

Mathis, M. W., & Mathis, A. (2020). Deep learning tools for the measurement of animal
behavior in Neuroscience. Current Opinion in Neurobiology, 60, 1-11.
https://doi.org/10.1016/j.conb.2019.10.008

Maugeri, G., & D’Agata, V. (2020). Effects of physical activity on amyotrophic lateral
sclerosis. Journal of Functional Morphology and Kinesiology, 5(2), 29.
https://doi.org/10.3390/jfmk5020029

Mikkelsen, K., Stojanovska, L., Polenakovic, M., Bosevski, M., & Apostolopoulos, V.
(2017). Exercise and mental health. Maturitas, 106, 48—56.
https://doi.org/10.1016/j.maturitas.2017.09.003

Miller, R. G., Mitchell, J. D., & Moore, D. H. (2012). Riluzole for amyotrophic lateral
sclerosis (als)/motor neuron disease (MND). Cochrane Database of Systematic
Reviews. https://doi.org/10.1002/14651858.cd001447.pub3

Nakken, O., Meyer, H. E., Stigum, H., & Holmey, T. (2019). High BMI is associated
with low ALS Risk. Neurology, 93(5).
https://doi.org/10.1212/wnl.0000000000007861

Okamoto, K., Kihira, T., Kobashi, G., Washio, M., Sasaki, S., Yokoyama, T., Miyake,
Y., Sakamoto, N., Inaba, Y., & Nagai, M. (2009). Fruit and vegetable intake and
risk of amyotrophic lateral sclerosis in Japan. Neuroepidemiology, 32(4), 251-256.
https://doi.org/10.1159/000201563

Okamoto, K., Kihira, T., Kondo, T., Kobashi, G., Washio, M., Sasaki, S., Yokoyama, T.,
Miyake, Y., Sakamoto, N., Inaba, Y., & Nagai, M. (2009). Lifestyle factors and risk
of amyotrophic lateral sclerosis: A case-control study in Japan. Annals of
Epidemiology, 19(6), 359-364. https://doi.org/10.1016/j.annepidem.2009.01.015

Oskarsson, B., Gendron, T. F., & Staff, N. P. (2018). Amyotrophic lateral sclerosis: An
update for 2018. Mayo Clinic Proceedings, 93(11), 1617-1628.
https://doi.org/10.1016/j.mayocp.2018.04.007

Peluffo, H., Shacka, J. J., Ricart, K., Bisig, C. G., Martinez-Palma, L., Pritsch, O.,
Kamaid, A., Eiserich, J. P., Crow, J. P., Barbeito, L., & Estévez, A. G. (2004).
Induction of motor neuron apoptosis by free 3-nitro-L-tyrosine. Journal of
Neurochemistry, 89(3), 602—612. https://doi.org/10.1046/j.1471-4159.2004.02363.x

53



Peters, T. L., Kamel, F., Lundholm, C., Feychting, M., Weibull, C. E., Sandler, D. P.,
Wiebert, P., Sparén, P., Ye, W., & Fang, F. (2016). Occupational exposures and the
risk of amyotrophic lateral sclerosis. Occupational and Environmental Medicine,
74(2), 87-92. https://doi.org/10.1136/0oemed-2016-103700

Plato, C. C. (2003). Amyotrophic lateral sclerosis and parkinsonism-dementia complex of
Guam: Changing incidence rates during the past 60 years. American Journal of
Epidemiology, 157(2), 149-157. https://doi.org/10.1093/aje/kwf175

Powers, S. K., Nelson, W. B., & Hudson, M. B. (2011). Exercise-induced oxidative stress
in humans: Cause and consequences. Free Radical Biology and Medicine, 51(5),
942-950. https://doi.org/10.1016/j.freeradbiomed.2010.12.009

Preisig, D. F., Kulic, L., Kriiger, M., Wirth, F., McAfoose, J., Spini, C., Gantenbein, P.,
Derungs, R., Nitsch, R. M., & Welt, T. (2016). High-speed video gait analysis
reveals early and characteristic locomotor phenotypes in mouse models of
Neurodegenerative Movement Disorders. Behavioural Brain Research, 311, 340—
353. https://doi.org/10.1016/1.bbr.2016.04.044

Pupillo, E., Bianchi, E., Chio, A., Casale, F., Zecca, C., Tortelli, R., & Beghi, E. (2017).
Amyotrophic lateral sclerosis and food intake. Amyotrophic Lateral Sclerosis and
Frontotemporal Degeneration, 19(3—4), 267-274.
https://doi.org/10.1080/21678421.2017.1418002

Renton, A. E., Chio, A., & Traynor, B. J. (2013). State of play in amyotrophic lateral
sclerosis genetics. Nature Neuroscience, 17(1), 17-23.
https://doi.org/10.1038/nn.3584

Richards, D., Morren, J. A., & Pioro, E. P. (2020). Time to diagnosis and factors
affecting diagnostic delay in amyotrophic lateral sclerosis. Journal of the
Neurological Sciences, 417, 117054. https://doi.org/10.1016/}.jns.2020.117054

Roos, P. M., Vesterberg, O., Syversen, T., Flaten, T. P., & Nordberg, M. (2012). Metal
concentrations in cerebrospinal fluid and blood plasma from patients with

amyotrophic lateral sclerosis. Biological Trace Element Research, 151(2), 159—
170. https://doi.org/10.1007/s12011-012-9547-x

Rowland, L. P., & Shneider, N. A. (2001). Amyotrophic lateral sclerosis. New England
Journal of Medicine, 344(22), 1688—1700.
https://doi.org/10.1056/nejm200105313442207

Salamatina, A., Yang, J. H., Brenner-Morton, S., Bikoff, J. B., Fang, L., Kintner, C. R.,
Jessell, T. M., & Sweeney, L. B. (2020). Differential loss of spinal interneurons in a

mouse model of Als. Neuroscience, 450, 81-95.
https://doi.org/10.1016/j.neuroscience.2020.08.011

54



Scarmeas N, Shih T, Stern Y, Ottman R, Rowland LP. Premorbid weight, body mass, and
varsity athletics in ALS. Neurology. (2002) 59:773-5. 10.1212/WNL.59.5.773

Shaw, P. J., Ince, P. G., Falkous, G., & Mantle, D. (1995). Oxidative damage to protein in
sporadic motor neuron disease spinal cord. Annals of Neurology, 38(4), 691-695.
https://doi.org/10.1002/ana.410380424

Similowski, T., Attali, V., Bensimon, G., Salachas, F., Mehiri, S., Arnulf, I., Lacomblez,
L., Zelter, M., Meininger, V., & Derenne, J.-P. H. (2000). Diaphragmatic
dysfunction and dyspnoea in amyotrophic lateral sclerosis. European Respiratory
Journal, 15(2), 332. https://doi.org/10.1034/j.1399-3003.2000.15b19.x

Smith, E. F., Shaw, P. J., & De Vos, K. J. (2019). The role of mitochondria in
amyotrophic lateral sclerosis. Neuroscience Letters, 710, 132933.
https://doi.org/10.1016/j.neulet.2017.06.052

Sun, J., Carrero, J. J., Zagai, U., Evans, M., Ingre, C., Pawitan, Y., & Fang, F. (2020).
Blood biomarkers and prognosis of amyotrophic lateral sclerosis. European
Journal of Neurology, 27(11), 2125-2133. https://doi.org/10.1111/ene.14409

Swinnen, B., & Robberecht, W. (2014). The phenotypic variability of amyotrophic lateral
sclerosis. Nature Reviews Neurology, 10(11), 661-670.
https://doi.org/10.1038/nrneurol.2014.184

Talbott, E. O., Malek, A. M., & Lacomis, D. (2016). The epidemiology of amyotrophic
lateral sclerosis. Neuroepidemiology, 225-238. https://doi.org/10.1016/b978-0-12-
802973-2.00013-6

Tsitkanou, S., Della Gatta, P., Foletta, V., & Russell, A. (2019). The role of exercise as a
non-pharmacological therapeutic approach for amyotrophic lateral sclerosis:
Beneficial or detrimental? Frontiers in Neurology, 10.
https://doi.org/10.3389/fneur.2019.00783

Tumilty, L., Davison, G., Beckmann, M., & Thatcher, R. (2011). Oral tyrosine
supplementation improves exercise capacity in the heat. European Journal of
Applied Physiology, 111(12),2941-2950. https://doi.org/10.1007/s00421-011-
1921-4

Turner, M. R., Kiernan, M. C., Leigh, P. N., & Talbot, K. (2009). Biomarkers in
amyotrophic lateral sclerosis. The Lancet Neurology, 8(1), 94-1009.
https://doi.org/10.1016/s1474-4422(08)70293-x

Vargas Abonce, S. E., Lebceuf, M., Moya, K. L., & Prochiantz, A. (2019). Homeoprotein

engrailed-1 promotes motoneuron survival and motor functions.
https://doi.org/10.1101/734020

55



Veldink, J. H., Bér, P. R, Joosten, E. A. J., Otten, M., Wokke, J. H. J., & van den Berg,
L. H. (2003). Sexual differences in onset of disease and response to exercise in a
transgenic model of ALS. Neuromuscular Disorders, 13(9), 737-743.
https://doi.org/10.1016/s0960-8966(03)00104-4

Veldink, J. H., Kalmijn, S., Groeneveld, G.-J., Wunderink, W., Koster, A., de Vries, J.
H., van der Luyt, J., Wokke, J. H., & Van den Berg, L. H. (2006). Intake of
polyunsaturated fatty acids and vitamin E reduces the risk of developing

amyotrophic lateral sclerosis. Journal of Neurology, Neurosurgery & Psychiatry,
78(4), 367-371. https://doi.org/10.1136/jnnp.2005.083378

Verber, N., & Shaw, P. J. (2020). Biomarkers in amyotrophic lateral sclerosis: A review
of New Developments. Current Opinion in Neurology, 33(5), 662—668.
https://doi.org/10.1097/wco0.0000000000000854

Weydt, P., Hong, S. Y., Kliot, M., & Mdller, T. (2003). Assessing disease onset and
progression in the SOD1 mouse model of Als. NeuroReport, 14(7), 1051-1054.
https://doi.org/10.1097/01.wnr.0000073685.00308.89

Zeng, P., & Zhou, X. (2018). Causal effects of blood lipids on amyotrophic lateral
sclerosis: A mendelian randomization study. Human Molecular Genetics, 28(4),
688—697. https://doi.org/10.1093/hmg/ddy384

Zhan, Y., & Fang, F. (2019). Smoking and amyotrophic lateral sclerosis: A mendelian
randomization study. Annals of Neurology, 85(4), 482—484.
https://doi.org/10.1002/ana.25443

Zou, Z.-Y., Zhou, Z.-R., Che, C.-H., Liu, C.-Y., He, R.-L., & Huang, H.-P. (2017).
Genetic epidemiology of amyotrophic lateral sclerosis: A systematic review and
meta-analysis. Journal of Neurology, Neurosurgery & Psychiatry, 88(7), 540—-549.
https://doi.org/10.1136/jnnp-2016-315018

Zuccato, C., & Cattaneo, E. (2009). Brain-derived neurotrophic factor in
neurodegenerative diseases. Nature Reviews Neurology, 5(6), 311-322.
https://doi.org/10.1038/nrneurol.2009.54

56



APPENDIX A: GAIT ANALYSIS
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Figure 10: Gait Analysis

Diagram of mouse leg and points of interest for gait analysis. B) Hip angle graph
showing the separation between flexion and extension. C) Ankle angle graph showing the

separation between the four phases.
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APPENDIX B: SPINAL CIRCUITRY IN ALS

As discussed, ALS is marked by progressive motoneuron degeneration, however the
pathophysiology of the disease is not restricted solely to this one facet of the disease and
evidence of degeneration has also been found in the brainstem and spinal circuits in
which motor neurons are embedded. In the SOD1G93 A mouse model, studies of cultured
motor neurons and interneurons, showed that mutant mice expressed smaller glycine
currents compared to their WT counterparts. This loss is specific to large motor neurons
and is not observed in in presumed gamma and small fatigue resistant motor neurons that

innervate type I muscle fibres (Chang and Martin, 2011).

On the other hand, it has also been proposed that enhanced motoneuron excitability is
often proposed as a mechanism contributing to the pathophysiology of motoneurons.
Motoneurons receive monosynaptic glutamatergic input from other motoneurons as well
as recurrent excitation from V3 interneurons (Falgairolle & O’Donovan, 2020). Ideally,
the Renshaw pathway exhibits a strong inhibitory effect on motoneurons balancing out
motoneuron excitability, however if the motor neural inputs to inhibitory Renshaw cells
are lost before those to motoneurons, this can lead to a powerful, recurrent glutamatergic
excitation without the inhibition leading hypothetically to glutamate toxicity (Falgairolle

& O’Donovan, 2020).

Studies investigating interneuron health over disease progression have revealed a
significant loss in both inhibitory and excitatory interneurons including a 40% reduction
in V1 inhibitory interneurons, and a 60% loss of V2a excitatory interneurons (Salamatina
et al., 2020). Previous work in our lab has indicated differences in the counts of V3
interneurons as well in the SOD1G93A population, however the effect exercise may play

on this noted decrease in spinal circuitry has yet to be extensively researched.

Many researchers have investigated the relation between interneurons and disease state.
V3 interneurons, in particular, are associated with a robust rhythmic output allowing for
coordinated gait movement. In the behavioural analysis there was no significant

difference found in coordinated gait movement between the four limbs (supplementary
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figures). However, studies have shown improved coordination in individuals who
undergo regular exercise. We wanted to therefore investigate whether exercise could
potentially curtail the loss of V3 interneurons, regardless of the lack of noticeable

difference in coordination.

This experiment used of SOD1G93A;Sim1CreTdTom mice to allow us to visualize the
simlcre expressing V3 interneurons with Td tomato. Staining for the expression of C- fos
we are able to identify the cells that were activated after a bout of activity. We used four
groups of mice consisting of sedentary WT, sedentary mutant, exercise WT and exercise
mutant with three animals per group. The exercise groups began exercising at 8 weeks of
age and all mice were sacked for analysis at 90 days with the mutants all showing

symptom onset as described in the rubric scoring system in the methods section.

Counting the number of V3 cells in each Lumbar section, a consistent significant
decrease in the number of V3 cells in both the exercise mutant and the sedentary mutant
groups as compared to both the exercise and sedentary WT groups was found. Looking at
the V3 cells which also express C-fos, the number of activated V3 cells maintains a
similar ratio between the mutant and the WT groups where the proportion of activated to

non activated V3 cells remains the same.
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Figure 11: V3 interneuron count and V3/C-fos count in the mouse spinal cord

Figure a) represents the V3 count in the mouse spinal cord through each lumbar section.
Figure b) shows the V3 and C- fos count in the mouse spinal cord through each lumbar

section. Figure c) shows representative images of the spinal cord with V3 highlighted on
the left, C- fos images in the middlem and the combination on the right. Figure d) shows

the heat map distribution of the cells found.

60



