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Abstract 

High-capacity mitochondrial calcium (Ca2+) uptake by the mitochondrial Ca2+ 

uniporter (MCU) is strategically positioned to support the survival and 

remyelination of axons in multiple sclerosis (MS) by undocking mitochondria, 

buffering Ca2+ and elevating adenosine triphosphate (ATP) synthesis at 

metabolically stressed sites. Respiratory chain deficits in MS are proposed to 

metabolically compromise axon survival and remyelination by suppressing MCU 

activity. In support of this hypothesis, clinical scores, mitochondrial dysfunction, 

myelin loss, axon damage and inflammation were elevated while remyelination 

was blocked in neuronal MCU deficient (Thy1-MCU Def) mice relative to Thy1 

controls subjected to experimental autoimmune encephalomyelitis (EAE). At the 

first sign of walking deficits, mitochondria in EAE/Thy1 axons showed signs of 

activation. By contrast, cytoskeletal damage, fragmented mitochondria and large 

autophagosomes were seen in EAE/Thy1-MCU Def axons. As EAE severity 

increased, EAE/Thy1 axons were filled with massively swollen mitochondria with 

damaged cristae while EAE/Thy1-MCU Def axons were riddled with late 

autophagosomes. ATP concentrations and mitochondrial gene expression were 

suppressed while calpain activity, autophagy-related gene mRNA levels and 

autophagosome marker (LC3) co-localization in Thy1-expressing neurons were 

elevated in the spinal cords of EAE/Thy1-MCU Def compared to EAE/Thy1 mice. 

Suppression of remyelination and exacerbation of axonal damage in EAE/Thy1-

MCU Def mice replicates key features of progressive MS and suggests that MCU 

inhibition contributes to axonal damage that drives MS disease progression. 
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Chapter 1 – Introduction 

Portions of this dissertation appear in the following manuscript: 

Holman SP, Lobo AS, Novorolsky RJ, Nichols M, Fiander MD, Konda P, 
Kennedy BE, Gujar S, and Robertson GS. 2020. Neuronal mitochondrial 
calcium uniporter deficiency exacerbates axonal injury and suppresses 
remyelination in mice subjected to experimental autoimmune 
encephalomyelitis. Experimental Neurology 333: 113430. 
 

Student contributions to the manuscript: SPH performed the EAE studies, 
histology, statistical analysis, and preparation of the manuscript with 
assistance from AL, MDJF, MN and RJN. BEK, PK and SG performed the 
flow cytometry and statistical analysis of the resultant data and assisted 
with the preparation of the manuscript. GSR assisted with the statistical 
analysis and preparation of the manuscript. 

1.1 Multiple Sclerosis 

1.1.1 Epidemiology of Multiple Sclerosis 

Multiple sclerosis (MS) is a chronic, autoimmune-mediated disease characterized 

by demyelination and neurodegeneration of the central nervous system (CNS) 

(Faissner et al., 2019; GBD, 2019). MS is the most common neurological disease 

in adults under the age of 30 with approximately 2.3 million cases worldwide as 

of 2016 (GBD, 2019). However, the exact disease etiology remains unknown 

(Faissner et al., 2019). Canadians are one of the highest risk populations for MS 

in the world with a prevalence of 290 per 100,000 individuals (GBD, 2019; Mao 

and Reddy, 2010). Incidence of disease has traditionally been thought to 

increase with distance from the equator, but re-assessment of these correlations 

has shown that geographical associations are decreasing while female-male 

ratios are increasing (Alonso and Hernan, 2008). Women currently have a higher 

rate of MS than men with a sex ratio of 2.6:1 (female-male) (Gilmour et al., 

2018). However, this ratio has been increasing in Canada and globally over time 
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(Gilmour et al., 2018; Koch-Henriksen and Sorensen, 2010). Global incidence 

rates have also been increasing over the last decade (Gilmour et al., 2018; Koch-

Henriksen and Sorensen, 2010). 

Some of the factors that may contribute to MS disease onset are genetic, 

environmental, or viral in nature (Milo and Kahana, 2010). Geographical and 

ancestral associations of onset have shown that individuals of Scandinavian 

descent may be at higher risk for MS (Page et al., 1993). Twin studies have 

revealed a 25-30% disease concordance rate in monozygotic twins indicating 

some degree of familial inheritance (Hawkes and Macgregor, 2009; Milo and 

Kahana, 2010). Genome wide studies have implicated major histocompatibility 

complex (MHC), human leukocyte antigen (HLA) and mitochondrial genes as 

potential contributors to MS disease onset (Dutta et al., 2006; Hafler et al., 2007; 

Mao and Reddy, 2010). However, the genetic makeup of MS is complex and can 

only account for a fraction of disease occurrences. Indeed, migration of at-risk 

individuals from a high- to a low-risk area reduces the risk of developing MS by 

two-fold (Kurtzke et al., 1985). Latitudinal associations with MS incidence may be 

due to seasonal decreases in sun exposure leading to vitamin D deficiency 

(Holick, 2004). There is also a correlation between low serum levels of vitamin D 

and likelihood of developing MS (Ascherio and Munger, 2007b; Sintzel et al., 

2018). Smoking is another environmental risk factor for MS showing a relative 

risk of 1.5 for smokers compared to non-smokers (Riise et al., 2003; Wingerchuk, 

2012). In addition to environmental and genetic risk factors, particular viral 

infections of the CNS show strong correlation with MS disease onset. For 
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example, individuals seropositive for Epstein-Barr virus nuclear antigen (EBNA) 

have been shown to be 15 times more likely to develop MS than EBNA-

seronegative individuals (Ahmed et al., 2019; Ascherio and Munger, 2007a). 

Similarly, human herpesvirus 6 (HHV-6) is found more often in MS plaques than 

in normal appearing white matter of MS patients or non-diseased controls 

(Virtanen and Jacobson, 2012). There are other studies linking saturated fats and 

estrogen levels to the risk of developing MS, but these studies do not offer strong 

correlations or very compelling cases to explain MS lineage (Ascherio and 

Munger, 2007b). 

1.1.2 Types of MS and Their Clinical Presentations 

The clinical onset of MS is unique to the individual, but it can be generally 

classified into 4 different subtypes. The most common type is relapse-remitting 

MS (RRMS) which occurs in approximately 85% of patients (Loma and Heyman, 

2011; Weiner, 2008). RRMS is characterized by recurrent autoimmune 

demyelination in the CNS (termed relapses) causing variable degrees of 

neurological impairment followed by a recession of inflammation and varying  

degrees of functional recovery (termed remission) (Loma and Heyman, 2011). 

Relapses cause a variety of symptoms including impaired vision, reasoning, 

emotion, memory, and motor function (Grzegorski and Losy, 2017; Loma and 

Heyman, 2011). These relapses occur sporadically but rarely exceed 1.5 per 

year and each remission is often accompanied by permanent neurological 

deficits (Compston and Coles, 2008). As sclerotic plaques build up after repeated 

immune attacks, most RRMS patients will transition to secondary progressive MS 
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(SPMS) (Compston and Coles, 2008; Weiner, 2008). SPMS is thought to be 

initiated by the accumulation of axonal damage and neural degeneration 

produced by persistent relapses resulting in a continuous worsening of disease 

severity (Faissner et al., 2019; Lublin et al., 2014). Primary progressive MS 

(PPMS) occurs in 10% of MS patients and presents in very similar ways to 

SPMS. Based on similarities with SPMS, researchers are unsure whether SPMS 

and PPMS are unique forms of the disease or whether PPMS is a form of SPMS 

in which relapses did not present at a clinical level (Baecher-Allan et al., 2018; 

Compston and Coles, 2008). PPMS and SPMS present challenges in the 

development of effective disease modifying therapies (DMTs) because of their 

complex underlying pathophysiology thereby making this a research field ripe 

with opportunity (Faissner et al., 2019). The fourth and least common form of MS 

is progressive relapsing MS (PRMS). This subtype presents initially with the 

persistent progressive characteristics of PPMS which are later combined with the 

intermittent and recurring relapses characteristic of RRMS (Loma and Heyman, 

2011).  

1.1.3 Pathophysiology of MS 

MS disease onset is characterized by the infiltration of autoreactive CD4+ T cells 

into the CNS which initiate a pro-inflammatory environment leading to recruitment 

of monocytes and B cells to the site of inflammation (Chitnis, 2007; Dendrou et 

al., 2015; Olsson et al., 1990). Cytotoxic CD8+ T cells are then recruited to the 

CNS where they predominate in the perivascular spaces of chronic lesions 

(Chitnis, 2007; Gay et al., 1997). Autoimmune attack of the CNS promotes active 
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demyelination of axons and suppresses remyelination by inducing the apoptosis 

of myelin-producing oligodendrocytes (Barnett and Prineas, 2004; Dendrou et al., 

2015). These events lead to neuronal degeneration and subsequent motor 

deficits observed in people living with MS (Compston and Coles, 2008). 

Autoreactive neuroinflammation has historically been considered the primary 

event in MS whereby there is an “outside-in” demyelinating immune attack 

leading to CNS damage (Geurts et al., 2010; Tsunoda and Fujinami, 2002). More 

recently, convergent evidence from genetic association, transcriptional profiling, 

proteomic, biochemical, and imaging studies have implicated a host of 

mitochondrial deficits in the unrelenting loss of CNS axons responsible for MS 

disease progression. The mitochondrial deficits observed in the CNS of patients 

with MS include impaired respiratory chain activities, Ca2+ buffering, motility, 

undocking and integrity (Campbell and Mahad, 2018; Campbell and Mahad, 

2012; Dutta et al., 2006; Franklin et al., 2012; Trapp et al., 1998; Witte et al., 

2014). The precise mechanisms at work are unclear (Peruzzotti-Jametti and 

Pluchino, 2018) but these events seem to cause axonal damage that stimulates 

inflammation resulting in disease progression according to the “inside-out” theory 

of MS (Geurts et al., 2010).  

Impaired mitochondrial respiration could affect a host of cellular processes 

including suppressed ion pumping by sodium/potassium adenosine 

triphosphatase (Na+/K+ ATPase), excessive autophagy, overactivation of calpain, 

and failed mitochondrial undocking (Alizadeh et al., 2015; Trapp and Stys, 2009). 

In fully myelinated spinal cord axons, voltage gated Na+, K+ and calcium (Ca2+) 
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channels are strategically positioned at the nodes of Ranvier to enable the 

saltatory conduction of action potentials (Hamada and Kole, 2015; Trapp and 

Stys, 2009). Na+/K+ ATPase consumes ~40% of the energy supply in the brain to 

maintain the electrochemical gradient essential for the active propagation of 

action potential along the axon (Purves et al., 2001). Demyelination causes 

axons to transition from saltatory to continuous conduction mediated by an 

increase in the number of voltage gated Na+ channels that distribute evenly along 

the length of the axon (Alizadeh et al., 2015; Trapp and Stys, 2009). The 

resultant influx of Na+ places a further metabolic demand on denuded axons to 

support increased Na+/K+ ATPase activity (Trapp and Stys, 2009). Increased Na+ 

and K+ pumping therefore places a huge metabolic burden on denuded axons 

which leads to the failure of action potential conduction, axonal transection and 

neurodegeneration in MS (Coggan et al., 2015; Trapp et al., 1998; Trapp and 

Stys, 2009; Young et al., 2008a). Compromised Ca2+ uptake by mitochondria 

resulting from depolarization of the mitochondrial membrane potential (Ψm) leads 

to elevated axoplasmic Ca2+ levels that induce injurious calpain activity. 

Additionally, energy failure may create a starvation state that activates excessive 

autophagy in denuded axons (Giorgi et al., 2012; Jeon, 2016; Sun et al., 2016). 

Finally, the positioning of functional mitochondria at denuded sites essential for 

increased Ca2+ buffering and ATP production may also be impaired in MS (Cai 

and Sheng, 2009; Sheng and Cai, 2012). It has therefore been hypothesized that 

in tandem with genetic, infectious and environmental factors, impaired 

mitochondrial function is a key factor in the initiation of CNS damage which 
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drives MS progression (Geurts et al., 2010; Geurts and Barkhof, 2008; Stys et 

al., 2012; Trapp and Stys, 2009). Understanding the metabolic mechanisms 

underlying MS disease progression would thus enable the development of more 

effective treatments for this chronic neurodegenerative disorder. 

1.1.4 Drug Therapies for Progressive MS 

MS therapeutics have been steadily advancing; there are currently 20 DMTs 

available for reduction of MS disease severity, mitigating symptoms and delaying 

the conversion of RRMS to SPMS (Brown et al., 2019; Thompson et al., 2010; 

Torkildsen et al., 2016). However, all of these FDA approved therapies are 

primarily immune targeting in nature and therefore reduce disease relapse but 

have limited value in halting the neurodegenerative processes responsible for 

MS disease progression (1998; Dendrou et al., 2015; Kapoor et al., 2018; Lublin 

et al., 2016; Montalban et al., 2017). The FDA has recently approved two new 

DMTs which, in addition to being effective in RRMS, also show promise in 

improving progressive forms of MS. One such DMT, Siponimod, is a 

sphingosine-1-phosphate receptor modulator the same chemical class as the 

analog compound - fingolimod (Faissner et al., 2019). Although extremely 

effective at preventing relapses by suppressing immune cell egress from lymph 

nodes, fingolimod fails to show any efficacy in reducing MS disease progression 

(Chun and Hartung, 2010; Lublin et al., 2016). However, siponimod has shown 

success in reducing the progression of neurological disabilities by 21% in SPMS 

and is the first approved drug for this form of MS (Kappos et al., 2018). The 

second DMT, ocrelizumab, is an anti-B cell therapy that opposes 
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neuroinflammation and is the first drug approved for PPMS, however, the 

therapeutic benefits against disease progression are modest (Montalban et al., 

2017). The mechanisms by which these drugs reduce MS disease progression 

are not yet well understood but it appears that they may improve the clearance of 

inflammatory debris from brain lesions essential for remyelination (Frischer et al., 

2009; Kappos et al., 2018; Montalban et al., 2017). Current immune-based 

therapies therefore fail to target metabolic features of progressive MS thereby 

highlighting the need for a new therapeutic approach (Faissner et al., 2019). 

1.2 Preclinical Models of MS 

There are multiple common methods by which different pathological aspects of 

MS can be recapitulated in rodents that include experimental autoimmune 

encephalomyelitis (EAE), CNS injections of lysolecithin, the cuprizone diet, non-

obese diabetic (NOD) mice, Semliki Forest virus (SFV) and others. In an attempt 

to replicate key features of MS these models employ different mechanisms to 

induce CNS demyelination (Faissner et al., 2019). However, none of them fully 

recapitulate all aspects of MS. 

1.2.1 EAE Pathophysiology and Drug Discovery 

EAE was first described in non-human primates in 1933 and remains the most 

used model of MS (Handel et al., 2011; Rivers et al., 1933). EAE is induced in 

rodents and non-human primates by peripheral immunization with a myelin 

antigen combined with an immune adjuvant which activates autoreactive 

populations of CD4+ T cells (Chitnis, 2007; Constantinescu et al., 2011). 

Activated CD4+ T cells then migrate to the CNS where they release pro-
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inflammatory cytokines IFN-γ and TNF-α that mobilize the innate immune system 

resulting in inflammatory spinal cord damage (Corsini et al., 1996; Dendrou et al., 

2015; Olsson et al., 1990; Olsson, 1995). This promotes the recruitment and 

infiltration of monocytes to the CNS (Dendrou et al., 2015; Monaghan et al., 

2019). Cross-presentation by dendritic cells induces the activation and 

recruitment of CD8+ cytotoxic T cells whose numbers are correlated with higher 

rates of axonal damage in MS (Bitsch et al., 2000; Dendrou et al., 2015). The 

disease course taken by EAE mice depends on the genetic background and the 

myelin antigen used for immunization (Constantinescu et al., 2011). For example, 

immunization of SJL mice with proteolipid protein amino acids 139-151 (PLP139-

151) induces a relapse-remitting form of EAE that recapitulates RRMS 

(Constantinescu et al., 2011; McRae et al., 1995). In the current study, we 

immunized sexually mature female C57BL/6 mice with myelin oligodendrocyte 

glycoprotein peptide 35-55 (MOG35-55) suspended in complete Freund’s adjuvant 

(CFA)  followed by pertussis toxin (PTX) that boosts immune activation. The 

MOG35-55 model leads to a monophasic immune infiltration that produces 

permanent motor deficit (Constantinescu et al., 2011). Autoimmune 

demyelination in this EAE model recapitulates oligodendrocyte cell death, axonal 

transection, incomplete remyelination, motor deficit and permanent neurological 

impairments seen in MS (Constantinescu et al., 2011; Jones et al., 2013; Mei et 

al., 2016; Prinz et al., 2015; Recks et al., 2013; Smith, 1999). EAE models have 

been used to identify several FDA approved DMTs such as glatiramer acetate, 

natalizumab, mitoxantrone, fingolimod and most recently ocrelizumab (Faissner 
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et al., 2019; Robinson et al., 2014; Steinman and Zamvil, 2006). However, EAE 

fails to reproduce unrelenting neurodegeneration in inactive lesions typical of 

progressive MS (Faissner et al., 2019).  

1.2.2 Limitations and Shortcomings for Preclinical Models of MS 

Despite having proven useful in the development of multiple FDA approved 

drugs, the EAE model has also failed to deliver on multiple occasions. EAE 

models that simply use peripheral immunization with an exogenous antigen to 

initiate an immune response are limited by our incomplete understanding of the 

neurodegenerative disease mechanisms in MS (Constantinescu et al., 2011; 

Faissner et al., 2019; Friese et al., 2006; Handel et al., 2011). Furthermore, the 

overall genetic makeup of mice and humans are different in multiple ways. For 

instance, the T cell responses in murine EAE models and MS differ – 

autoreactive CD4+ T cells predominate in EAE while CD8+ T cells play a greater 

pathogenic role than CD4+ T cells in MS (Handel et al., 2011; Seok et al., 2013). 

Such differences may thus account for the failure of the EAE model to predict 

clinical efficacy in some cases (Friese et al., 2006). This has been particularly 

evident for treatments designed to improve myelin repair. Opicinumab (anti-

LINGO-1 monoclonal antibody) improves remyelination in models of chemical 

and autoimmune-mediated demyelination but has been ineffective in MS 

patients. In the case of Lenercept (anti-TNF monoclonal antibody), disease 

relapses were actually exacerbated (1999; Cadavid et al., 2019; Friese et al., 

2006). These translational failures indicate a lack of fidelity for EAE as a model of 

MS. 
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There are a number of other animal models that recapitulate, to varying degrees, 

immune mediated damage in MS. Cuprizone and lysolecithin use chemicals to 

induce lysis of oligodendrocytes and disrupt the myelin sheath leading to 

demyelination (Denic et al., 2011; Friese et al., 2006; Skripuletz et al., 2010). 

Although these models are useful for investigating demyelination and 

remyelination in animals, they do not recapitulate the immune mechanisms 

impacted in MS (Denic et al., 2011). More recently, immune based models more 

relevant to progressive MS have been developed. NOD mice subjected to EAE 

present with an initial CD4+ and CD8+ T cell recruitment to the CNS resulting in a 

relapse-remitting form of EAE followed by a secondary progressive phase similar 

to SPMS (Ignatius Arokia Doss et al., 2015). The SFV model of CNS 

demyelination supports the theory that viral infection may be a contributor to T 

cell-mediated disease onset in MS (Amor et al., 2005; Mokhtarian et al., 2003). 

The NOD and SFV models effectively recapitulate aspects of MS but still rely on 

the assumption that MS is primarily immune mediated and that progression is 

driven by a continuous immune-mediated destruction of the CNS rather than 

mechanisms which promote chronic neuronal degeneration (Faissner et al., 

2019; Ignatius Arokia Doss et al., 2015). Recently, it was shown that the 

intravenous administration of T cells reactive to β-synuclein causes gray matter 

demyelination and neurodegeneration in Lewis rats reminiscent of 

neurodegeneration in progressive MS (Calabrese et al., 2015; Faissner et al., 

2019; Lodygin et al., 2019). However, it is not yet clear whether grey matter loss 

in MS simply results from the retrograde degeneration of demyelinated white 
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matter tracts or if white and grey matter damage are mediated by different 

mechanisms. Nevertheless, this model offers a new avenue to study grey matter 

degeneration in progressive MS (Calabrese et al., 2015).  

Overall, the current preclinical models do not mimic critical aspects of 

progressive MS (Faissner et al., 2019). In particular, the potential contribution of 

mitochondrial collapse as a driver of CNS damage that induces chronic 

neuroinflammation according to the inside-out theory of MS are lacking (Faissner 

et al., 2019; Mao and Reddy, 2010). To be relevant for progressive MS, we 

propose that disease models should reproduce features of mitochondrial 

dysfunction in a manner that closely precedes CNS axon injury. In addition to 

improving our understanding of how mitochondrial dysfunction promotes MS 

progression by damaging axons and disrupting remyelination, such models 

would also assist the development of more effective treatments. 

1.3 The Mitochondrial Calcium Uniporter 

Mitochondrial Ca2+ uptake, driven by the Ψm, was clearly demonstrated in 1961 

(Deluca and Engstrom, 1961). Genetic identification of the mitochondrial Ca2+ 

uniporter (MCU) in 2011 revealed that high-capacity mitochondrial Ca2+ uptake is 

mediated by the MCU (Baughman et al., 2011; De et al., 2011). MCU-mediated 

Ca2+ uptake buffers Ca2+ and induces adenosine triphosphate (ATP) synthesis.  

This mechanism for mitochondrial Ca2+ uptake therefore has important 

implications for impaired Ca2+ buffering and energy production leading to axonal 

loss that promotes MS disease progression. 
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1.3.1 Conditional Ablation of the MCU and Mitochondrial Function 

Identification of the MCU has allowed for the generation of conditional MCU 

deficient murine lines for which MCU activity in cardiac myocytes or CNS 

neurons is suppressed by tamoxifen- (TMX) induced cre recombination at floxed 

sites critical for MCU function (Heimer-McGinn and Young, 2011; Luongo et al., 

2015). These inducible knockout lines have shown that the MCU regulates both 

cell death and survival. With respect to the former, excessive MCU activity 

triggers mitochondrial Ca2+ overloading resulting in ischemic/reperfusion heart 

and brain injury (Kwong et al., 2015; Luongo et al., 2015; Nichols et al., 2018). In 

the case of the latter, enhanced entry of Ca2+ into the mitochondrial matrix via the 

MCU increases ATP synthesis by allosterically activating dehydrogenases that 

produce reducing equivalents which fuel complex I activity (Denton et al., 1972; 

Nichols et al., 2017; Rizzuto et al., 2012). MCU-mediated mitochondrial Ca2+ 

uptake may also promote neuronal survival by buffering intracellular Ca2+ 

concentrations that oppose injurious Ca2+-dependent phospholipase and 

protease activities (Stirling and Stys, 2010; Trapp and Stys, 2009). In response to 

the dynamic energy demands imposed by neurotransmission, mitochondria are 

rapidly transported along the axon by cytoskeletal motors to metabolically active 

sites (Saxton and Hollenbeck, 2012; Schwarz, 2013). Increased MCU-mediated 

Ca2+ uptake, triggered by elevated Ca2+ concentrations at these active sites, 

undocks mitochondria from their cytoskeletal motors (Chang et al., 2011; 

Niescier et al., 2013; Niescier et al., 2018). This positions mitochondria at 

metabolically active neuronal sites in need of increased Ca2+ buffering and ATP 

synthesis. 
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1.3.2 The MCU and Progressive MS 

Demyelination places a considerable metabolic burden on axons that must 

produce massive amounts of ATP to support increased ion pumping by Na+/K+ 

ATPases (Stys and Lopachin, 1998; Trapp and Stys, 2009; Tsutsui and Stys, 

2013). Increased MCU activity may thus be required to meet the prodigious 

metabolic demands imposed by demyelination on axons. Oxidative 

phosphorylation generates the Ψm by the pumping of hydrogen ions into the 

intermembrane space (Lehninger, 1979). ATP synthase harvests this proton 

gradient to produce ATP (Hahn et al., 2018). Respiratory deficits seen in 

progressive MS axons (Campbell and Mahad, 2012; Dutta and Trapp, 2012; 

Fischer et al., 2012; Mahad et al., 2009; Witte et al., 2014) would thus suppress 

ATP synthesis by depolarizing the Ψm. Since the Ψm drives mitochondrial Ca2+ 

uptake (Rottenberg and Scarpa, 1974) we propose that respiratory deficits in 

progressive MS reduce axonal MCU activity. Confocal imaging has shown that 

depolarization of the Ψm in spinal cord axons is also associated with increased 

disease severity while recovery is accompanied by repolarization of the Ψm 

(Sadeghian et al., 2016). These findings indicate that autoimmune-mediated 

demyelination places a massive metabolic stress on spinal cord axons leading to 

the impairment of movement in patients with MS and EAE mice.   

1.4 Rationale 

The MS community continues to be in the utmost need of DMTs that safely and 

effectively halt long-term disease progression. At the centre of this issue is the 

“paucity of relevant preclinical animal models” that replicate the metabolic and 

neurodegenerative features of progressive MS (Faissner et al., 2019). EAE has 
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been used as a model of autoimmune mediated demyelination that has led to the 

FDA approval of DMTs for relapses in MS but lacks the fidelity and complexity to 

reliably identify drugs that reduce MS progression (Friese et al., 2006). In view of 

the potential for impaired axonal MCU activity to promote MS disease 

progression, the present study examines the effects of MCU deletion in the 

neurons of mice subjected to EAE in the hopes of replicating the degenerative 

mechanisms implicated in MS progression. 

1.5 Research Aims 

The current study has three main research aims: 1) to determine whether there 

are any differences in EAE disease severity between Thy1-MCU Def mice and 

their Thy1 controls, 2) to measure pathophysiological features of progressive MS 

in the spinal cords of EAE/Thy1 and EAE/Thy1-MCU Def mice and 3) to quantify 

the inflammatory environment of EAE/Thy1 and EAE/Thy1-MCU Def mice. 

1.5.1 Aim 1 

The first aim of this study is to determine whether MCU deletion in the CNS of 

mice subjected to EAE increases EAE disease severity. Quantification of clinical 

scores, spinal cord white matter loss (WML) and axonal injury were used to 

measure disease outcomes. The MCU is critical for proper Ca2+ regulation, 

energy production and mitochondrial positioning (Chang et al., 2011; Denton, 

2009; Nichols et al., 2017; Niescier et al., 2018; Schwarz, 2013; Stirling and Stys, 

2010; Trapp and Stys, 2009). It was therefore hypothesized that conditional 

Thy1-MCU deletion would lead to an exacerbation of disease severity in mice 

subjected to EAE as observed through an elevation of clinical score, WML and 

axonal damage of the spinal cord.  
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1.5.2 Aim 2 

Given that mitochondrial deficits are hypothesized to contribute to MS disease 

progression (Campbell and Mahad, 2012; Mahad et al., 2009; Witte et al., 2014), 

aim 2 sought to determine whether Thy1-MCU Def in mice subjected to EAE 

replicated key neurophysiological features seen in the lesions of patients with 

progressive MS. Spinal cord ATP concentrations and mitochondrial gene 

expression were measured to assess metabolic function. Calpain activation was 

measured to determine the degree of Ca2+ overloading. Mitochondrial 

morphologies indicative of activation, swelling and fragmentation and cytoskeletal 

loss, autophagosome formation, axonal damage and remyelination were 

quantified in electron microscopic images of axons located within L5 of the spinal 

cord at different stages of disease development in EAE/Thy1 and EAE/Thy1-

MCU Def mice. Autophagy markers were also compared in the spinal cords of 

these mice. It was hypothesized that EAE/Thy1-MCU Def would compromise 

Ca2+ buffering and ATP production resulting in calpain overactivation, excessive 

autophagy, mitochondrial damage and increased cytoskeletal loss thus 

replicating key features of progressive MS not present in wild-type mice 

subjected to EAE (Faissner et al., 2019). 

1.5.3 Aim 3 

The final aim sought to determine whether EAE/Thy1-MCU Def mice showed 

changes in immune activation compared to EAE/Thy1 mice. Given that there 

appears to be an interplay between immune dysregulation and neuronal 

degeneration in MS (Faissner et al., 2019; Mallucci et al., 2015), it seemed 

possible that increased spinal cord pathology would lead to enhanced immune 



17 
 

activation. Therefore, immune cell activation and infiltration were examined by 

the flow cytometric analysis of T cell and myeloid cell populations in the spleens 

and CNS of EAE/Thy1 and EAE/Thy1-MCU Def mice. Quantitative RT-PCR 

measurements of mRNA levels for pro-inflammatory and pro-repair cytokines 

within the spinal cords of these mice were also performed to determine whether 

there were changes of inflammatory activation and the polarization of immune 

cells from a damaging to a repair phenotype. It was hypothesized that EAE/Thy1-

MCU Def mice would show an upregulation of immune activation compared to 

EAE/Thy1 controls. 
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Chapter 2- Materials and Methods 

2.1 Animal Care 

All experimentation for this project was approved by the Dalhousie University 

Committee on Laboratory Animals (DUCLA) in accordance with the Canadian 

Council on Animal Care and ARRIVE Guidelines. Mice were housed in the Life 

Sciences Research Institution on a 12-hour light/dark cycle (7:00am/7:00pm) with 

water and food provided ad libitum. 

2.2 Generation of Neuronal Specific MCU Deficient Mice 

Single-neuron Labelling with Inducible Cre-mediated Knockout-H (SLICK-H; The 

Jackson Laboratory; Stock No: 012708) mice expressing a Thy1-creERT2-

enhanced yellow florescent protein (eYFP) construct were crossed with C57BL/6 

MCU-floxed (MCUfl/fl) mice (Dr. Jeffrey Molkentin, Philadelphia, OH, USA) to 

generate Thy1-creERT2-eYFP+/-/MCUfl/fl mice. Mice received daily TMX dosing 

(80 mg/kg) by oral (po) gavage for 5 days followed by a 3-week washout period 

to ablate the MCU in Thy1-expressing neurons. These mice were subsequently 

titled Thy1-MCU Def mice while SLICK-H mice expressing Thy1-creERT2-eYFP 

that were treated in the same manner served as controls and were titled Thy1 

mice. All experimentation was performed on female Thy1 and Thy1-MCU Def 

mice at 8-12 weeks of age. 
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2.3 Experimental Autoimmune Encephalomyelitis 

2.3.1 Preparation of Reagents 

Heat-killed Mycobacterium tuberculosis H37RA (Difco Laboratories, Detroit, MI, 

USA) was thoroughly suspended in incomplete Freund’s adjuvant (IFA) to make 

complete Freund’s adjuvant (CFA) with a 10 mg/ml concentration. A peptide 

corresponding to amino acids 35-55 (MEVGWYRSPFSRWHLYRNGK; Gen 

Script, Piscataway, NJ, USA) of myelin oligodendrocyte glycoprotein (MOG35-55) 

was dissolved in sterile phosphate buffered saline (PBS) to produce a solution at 

concentration of 3 mg/ml. MOG35-55 was combined with CFA in a 1:1 ratio to 

produce CFA/MOG35-55 and was used to induce experimental autoimmune 

encephalomyelitis (EAE). Bordetella pertussis toxin (PTX; Sigma-Aldrich, St. 

Louis, MO, USA) was reconstituted in sterile saline to create a concentration of 

100 µg/ml. PTX was further diluted in PBS to create a final injection 

concentration of 1.5 ng/µl. 

2.3.2 Induction of EAE 

Thy1 and Thy1-MCU Def mice were anesthetized using isoflurane (2%; 1 

litre/min O2) before receiving bilateral (2 injections/mouse) subcutaneous (sc) 

injections (100 µl/injection) of CFA/MOG35-55 near the base of the tail on day(s) 

post immunization (DPI) 0. At DPI 0 and 2 an intraperitoneal (ip) injection 

containing 300 ng of PTX was administered to each mouse in a volume of 200 µl 

at each timepoint. Mice receiving this treatment developed EAE and are 

hereafter referred to as EAE/Thy1 and EAE/Thy1-MCU Def mice. Thy1 and 

Thy1-MCU Def mice that received bilateral sc injections of CFA emulsified with 
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PBS instead of MOG35-55 (100 µl/injection) followed by PTX on DPI 0 and 2 did 

not develop EAE and served as MOG35-55 immunization controls (CFA/Thy1 and 

CFA/Thy1-MCU Def mice). The 4 resulting experimental groups were CFA/Thy1, 

EAE/Thy1, CFA/Thy1-MCU Def and EAE/Thy1-MCU Def mice. 

2.3.3 Clinical Scoring 

EAE severity was assessed by tracking daily changes in weight and motor 

function. The following ordinal scale was used to clinically score (CS) the animals 

for degree of motor deficit: 0, no clinical signs; 0.5, hooked tail (inability to lift the 

tip of the tail from the ground); 1, fully flaccid tail or mostly flaccid tail with splay; 

1.5, flaccid tail with splay; 2, minor walking deficits, mild ataxia and general 

weakness of the lower body (may include uneven gait or waddling); 2.5, severe 

walking deficits, which may include paraparesis, severe swaying and weakness 

of the hindlimbs; 3, dropped pelvis (characterized by a total inability of the 

hindlimbs to lift the pelvis from the ground) in addition to severe walking deficits 

and chronic ataxia; 3.5, unilateral hindlimb paralysis; 4, bilateral hindlimb 

paralysis; 4.5, forelimb paralysis; 5, moribund (Table 1). A trained observer 

blinded to the treatment conditions recorded all CS and weights starting at DPI 7. 
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Table 1. Ordinal scale of clinical scores used to assess disease severity in EAE 

CLINICAL 
SCORE 

DESCRIPTION 

0 No clinical signs 
0.5 Hooked tail (inability to lift the tip of the tail from the ground) 
1 Fully flaccid tail or mostly flaccid tail with splay 

1.5 Flaccid tail with splay 
2 Minor walking deficits, mild ataxia and general weakness of 

the lower body (may include uneven gait or waddling) 
2.5 Severe walking deficits, which may include paraparesis, 

severe swaying and weakness of the hindlimbs 
3 Dropped pelvis (a total inability of the hindlimbs to lift the 

pelvis from the ground) in addition to severe walking deficits 
and chronic ataxia 

3.5 Unilateral hindlimb paralysis 
4 Bilateral hindlimb paralysis 

4.5 Forelimb paralysis 
5 Moribund 
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2.3.4 Animal Husbandry 

Mice were provided mashed kibble, Dietgel® Recovery and Dietgel® Boost 

(ClearH2O, Westbrook, ME, USA) ad libitum beginning at DPI 9 until 

experiments’ end. If body weight loss exceeded 10% of pre-immunization values, 

mice were handfed Nutri-Cal® gel (Vetoquinol, DE, USA) and given sc injections 

of 0.9% Na+ chloride solution (25 ml/kg/day) to maintain hydration and nutrition. 

Humane end-points as agreed upon by DUCLA, were defined as follows: 1) 

weight loss exceeded 20% of the pre-immunization values; 2) CS of 4.5 or higher 

(unilateral forelimb paralysis and/or moribund); 3) loss of righting reflex or 4) 

inability to access food or water for 24 hours. Any mice breaching any of the 

humane endpoints were humanely euthanized and excluded from experimental 

results. 

2.4 Histology and Immunohistochemistry 

2.4.1 Preparation of Spinal Cord Tissue for Histology and 
Immunohistochemistry 

Mice were humanely euthanized at DPI 16 or 30 with an overdose of Na+ 

pentobarbital (150 mg/kg, ip; Euthansol; Schering, Canada, Pointe-Claire, QC) 

and underwent cardiac perfusion with PBS (10 ml) followed by 4% 

paraformaldehyde (PFA, 10 ml; Fisher Scientific, Fair Lawn, NJ, USA). Spinal 

cords were isolated from the spinal column by microdissection, post-fixed in 4% 

PFA for 24 hr and placed in 15% sucrose (24 hr) followed by 30% sucrose (24 

hr) for cryoprotection. The spinal cords were then cut to a segment spanning 

lumbar vertebrae 2-5 (L2-5) and embedded horizontally in Tissue-Tek® optimal 

cutting temperature (OCT; Sakura® Finetek, CA, USA). Serial sagittal sections 
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(30 µm thick) were then cut at -18˚C with a CM1950 cryostat (Leica Biosystems, 

Concord, ON, Canada).  

2.4.2 Eriochrome Cyanine and Neutral Red Staining 

Spinal cord sections at DPI 16 and 30 were rehydrated with descending 

concentrations of ethanol (100% to 70%) before being immersed in tap water. 

Sections were then stained with eriochrome cyanine (ECR; myelin stained blue; 

Sigma-Aldrich, St. Louis, MO, USA) for 15 min, differentiated in 0.5% ammonium 

hydroxide solution and rinsed in tap water. Sections were counterstained with 

neutral red (NR; neurons and exposed axons stained red; Acros Organics, Geel, 

Belgium) for 2 min and rinsed once more with tap water. Sections were then 

dehydrated in ascending concentrations of ethanol (70%-100%), washed in 

xylene and cover-slipped with CytosealTM 60 (Thermo Scientific, Waltham, MA, 

USA).  

2.4.3 Quantification of WML 

Slides were imaged using the Axioplan II with an Axiocam HRC Colour Camera 

(Zeiss, Pleasanton, CA, USA) and analyzed using ImageJ. One serial slide from 

each mouse was taken for imaging. The spinal cord sections with the largest 

white matter lesion area (WMLA; defined by the occurrence of NR staining within 

ECR stained white matter) from each mouse were imaged for quantification. All 

white matter area (WMA) was traced by a trained experimenter that was blinded 

to experimental conditions. WMLAs within WMA were traced, summed and 

calculated as a percentage of WMA to produce spinal cord WML (
𝑊𝑀𝐿𝐴

𝑊𝑀𝐴
∗ 100% =
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𝑊𝑀𝐿). WML for each mouse was an average of the three most damaged 

sections of that mouse. 

2.4.4 Immunohistochemistry for LC3 and eYFP 

Immunohistochemistry was performed on longitudinal spinal cord sections of DPI 

16 mice. Sections were blocked for 1 hr at room temperature (RT) with 20% 

normal goat serum in PBS/0.5% TritonTM X-100 (Sigma-Aldrich, St. Louis, MO, 

USA). Slides were then incubated overnight in rabbit anti-LC3b (1:400; L7543, 

Sigma-Aldrich, St. Louis, MO, USA) at 4°C. Slides were washed 3 times with 

PBS and incubated in goat anti-rabbit Alexa Fluor 647 (1:250; ab150079, Abcam, 

Cambridge, UK) at RT for 1 hr. FluoromountTM (Sigma-Aldrich, St. Louis, MO, 

USA) was used to coverslip slides before eYFP/LC3b was visualized using a 

Zeiss Axio Imager Z2 with monochrome camera (Zeiss, Pleasanton, CA, USA). A 

trained experimenter blinded to the experimental groups counted the number of 

neurons positive for LC3b staining, eYFP expression and LC3b/eYFP co-

staining. 3 representative images were counted and averaged for each animal. 

2.4.5 Quantification of Punctate eYFP Labelling of the Corticospinal Tract 

Endogenous eYFP fluorescence within axonal tracts of the corticospinal tract 

was also visualized using the Zeiss Axio Imager Z2 with monochrome camera 

(Zeiss, Pleasanton, CA, USA). Punctate labelling of eYFP aggregation was used 

as a marker of axonal transection and spinal cord damage. The Yen auto 

thresholding tool in ImageJ was then used to establish a threshold that would 

exclude all normal eYFP fluorescence and include only areas of punctate 
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labelling. Damaged areas were summed for each section and the final value for 

each animal was an average of three sections. 

2.5 Western Blotting 

Spinal cords from CFA/Thy1, EAE/Thy1, CFA/Thy1-MCU Def and EAE/Thy1-

MCU Def mice euthanized at DPI 16 were homogenized in 500 l RIPA buffer 

including a protease inhibitor cocktail (Sigma-Aldrich, Oakville, ON, Canada) and 

then spun at 14,000 g for 15 min at 4˚C. The supernatant was collected into fresh 

microtubes and the protein concentration determined by Bradford assay (Bio-Rad 

Laboratories Inc., Mississauga, ON, Canada). After thawing, 10 μg protein 

samples were electrophoretically separated on 10% Na+ dodecyl sulfate 

polyacrylamide gels and transferred onto Amersham Hybond 0.2 μm PVDF 

membranes (GE Healthcare Life sciences, Germany) at 220 mA for 2 hr. The 

protein containing PVDF membranes were then blocked in 5% non-fat milk 

(Santa Cruz Biotechnology, Dallas, TX, USA) for 1 hour and washed 3x in Tris-

base Saline with 0.05% Tween®-20 (Sigma-Aldrich, St. Louis, MO, USA). The 

membranes were incubated overnight at 4˚C in primary antibodies prepared in 

1% non-fat milk and at dilutions according to manufacturer’s instructions. The 

antibodies utilized included: rabbit anti-MCU D2Z3B (149975, Cell Signaling 

Technology, Danvers, MA, USA), mouse anti-β-actin antibody (055K4854, 

Sigma-Aldrich, St. Louis, MO, USA), rabbit anti-β-tubulin (ab6046, Abcam, 

Cambridge, UK) and mouse anti-α-Fodrin (AA6; BML-FG6090-0100, Enzo Life 

Sciences Inc., Cedarlane, Burlington, ON, Canada). Blots were incubated with 

peroxidase-labelled goat anti-rabbit IgG PI-1000 or goat anti-mouse IgG PI-2000 
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(Vector Laboratories, Burlingame, CA, USA) for 1 hr and washed. Amersham 

ECL prime western blotting detection reagent (GE Healthcare Life Sciences, 

Germany) was applied uniformly to the membrane immediately before imaging. 

Images were captured with a ChemiDoc Touch and analysed with Image Lab 6.0 

software (Bio-Rad Laboratories, Inc., Mississauga, ON, Canada). MCU levels are 

shown as a ratio relative to the β-tubulin signal in spinal cord tissue and β-actin 

signal in splenocytes. Calpain activation reflected the optical density ratio of the 

calpain-cleaved fragment of αII-spectrin (150 kDa) divided by the intact αII-

spectrin strand (285 kDa). 

2.6 Transmission Electron Microscopy (EM) 

2.6.1 Preparation and Staining of Spinal Cord Tissue for EM 

Mice were humanely euthanized at DPI 16 and underwent cardiac perfusion with 

PBS (10 ml) followed by 2.5% glutaraldehyde in PBS (10 ml; pH 7.4; Sigma-

Aldrich, St. Louis, MO, USA). Spinal cords were isolated from the spinal column 

by microdissection, rinsed 3 times in 0.1 M Na+ cacodylate buffer (Sigma-Aldrich, 

St. Louis, MO, USA) and post-fixed in 1% osmium tetroxide (Sigma-Aldrich, St. 

Louis, MO, USA) for 2 hr. The samples were then dehydrated, trimmed to the L5 

region and embedded in epon araldite resin (Agar Scientific, Stansted, Essex, 

UK). Sections were cut to 100 nm thickness with an ultramicrotome (Leica 

Biosystems, Concord, ON, Canada) and placed on mesh copper grids for 

staining. Sections were stained with 2% aqueous uranyl acetate, rinsed, and 

treated with lead citrate, then rinsed again and air dried. Images were captured 

with a Jeol Jem 1230 transmission EM (Jeol, Peabody, MA, USA) at 80 kV 
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equipped with a Hamamatsu ORCA-HR digital camera (Hamamatsu, Naka-ku, 

Hamamatsu, Japan). 

2.6.2 Quantification of Mitochondrial Activation, Damage and 
Autophagosomal Formation 

Mitochondria (activated, condensed/fragmented or swollen) per axon, 

autophagosomes per axon, damaged axons, remyelinating axons and 

mitochondria per remyelinating axon were manually counted within an area (10 X 

10 µm) in the L5 spinal cord. Four regions within ten serially sectioned images, 

selected at random, were quantified for each of the EAE/Thy1 (n=20) and 

EAE/Thy1-MCU Def (n=20) mice with CS=0, 2.0, 2.5, 3.0 or 3.5 (n=4/CS). 

Optical densities were also measured within an area (2 X 2 µm) located within L5 

spinal cord axons of EAE/Thy1 and EAE/Thy1-MCU Def mice at CS=2.0 using 

ImageJ software for the purpose of quantifying cytoskeletal densities. The 

average values for measurements made by two individuals blinded to the 

experimental conditions were used for the statistical comparisons. 

2.7 Flow Cytometry 

2.7.1 Cell Preparation of Spleens for Flow cytometry 

Mice were humanely euthanized at DPI 16, their spleens were harvested 

aseptically and were kept in chilled, sterile Ca2+ and Mg2+ free PBS (Gibco; Life 

technologies, Grand Island, NY, USA) on ice. Individual spleens were filtered 

through a 40 µm Nylon cell strainer (BD Falcon, Bedford, MA, USA) into a 50 ml 

conical tube. The crushed cells were filtered, washed with 5 ml PBS, and 

centrifuged at 500 rpm for 10 min at 4˚C. The supernatant was aspirated and 
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discarded while the pellet was resuspended in 4 ml/spleen of 1X sterile 

Ammonium-Chloride-Potassium lysis buffer (ACK; ThermoFisher Scientific, 

Waltham, MA, USA) and allowed to stand at RT for 15 min. The lysis buffer was 

then neutralized with 6 ml of sterile complete RPMI medium (Gibco; Life 

technologies, Grand Island, NY, USA) which contained 1% heat inactivated fetal 

bovine serum (FBS, Mediatech, Inc., Corning subsidiary, Manassas, VA, USA). 

The neutralized cell suspension was then passed through a 40 µm Nylon cell 

strainer to exclude any cell clumps and was centrifuged at 500 rpm for 10 min at 

4˚C. The supernatant was discarded, and cells resuspended in complete RPMI 

medium at 10 x 106 cells/ml before fluorescence-activated cell sorter (FACS) 

analysis.  

2.7.2 Cell Preparation of CNS Tissues for Flow Cytometry 

The same mice were then perfused with ice-cold 1X Hank’s Balanced Salt 

Solution (HBSS, Gibco by Life Technologies, Grand Island, NY, USA) without 

Ca2+ and Mg2+. Brain and spinal cord tissues were harvested and maintained in 

RPMI without phenol red (Gibco by Life Technologies, Grand Island, NY, USA) 

until all mice were sacrificed. CNS tissues from individual mice were 

homogenized together in a Dounce homogenizer in RPMI and the cell 

suspension was then made up to 7 ml with RPMI. Stock isotonic percoll (SIP) 

was prepared by mixing 9 parts percoll (MP Biomedicals, LLC, Santa Ana, CA, 

USA) with one-part 10X HBSS without Ca2+ and Mg2+. The cell suspension was 

mixed with 3 ml SIP to get 30% SIP which was slowly overlayered on top of 2 ml 

of 70% SIP in 1X HBSS. The overlayered cells were centrifuged at 500 rpm for 
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30 min at 18˚C with minimal or no breaks so that the interface was not disturbed. 

Approximately 2-3 ml of the 70-30% interphase was collected into a fresh tube 

and washed twice by resuspending the cells in 1X HBSS and centrifugated at 

500 rpm for 7 min at 18˚C. The pellet was resuspended in complete RPMI 

medium. 

2.7.3 FACS Analysis 

For all experiments, approximately 1 x 106 cells were resuspended in FACS 

buffer (1% FBS in PBS with 5 mM Ethylenediaminetetraacetic acid (EDTA)). 

Centrifugation was carried out at 500 rpm for 5 min at 4˚C. Cells were incubated 

in purified anti-mouse CD16/CD32 (BD Biosciences, San Jose, CA, USA) in 

FACS buffer for 30 min at 4˚C to block the FC binding sites. Surface staining was 

performed in the dark for 30 min at 4˚C in FACS buffer. Cells were then washed 

twice with FACS buffer and fixed in 4% PFA (VWR, West Chester, PA, USA) for 

20 min at RT. Cells were then washed twice, resuspended in FACS buffer, and 

stored at 4˚C until FACS analysis. Surface markers for these experiments 

include: anti-mouse CD4 antibody clone RM4-5 FITC (1:200; BioLegend, San 

Diego, CA, USA); anti-mouse CD3ε antibody clone 145-2C11 PE (1:200; 

BioLegend); anti-mouse CD8a antibody clone 53-6.7 PerCP (1:200; BD 

Biosciences); anti-mouse Ly-6G antibody clone 1A8 FITC (1:400; BD 

Biosciences); anti-mouse Ly-6C antibody clone HK1.4 PE (1:150; BioLegend); 

anti-mouse/human CD11b antibody clone M1/70 PerCP (1:400; BioLegend); anti-

mouse CD45 antibody clone 30-F11 APC/Cy7 (1:200; BioLegend). The FACS 

experiments were performed using the FACS Canto II instrument (BD 
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Immunocytometry systems, San Jose, CA, USA) equipped with 405 nm, 488 nm, 

561 nm and 640 nm excitation lasers located in the Dalhousie University Faculty 

of Medicine Core Facility, Halifax, NS, Canada. All data collections were 

performed using the BD FACS Diva software (BD Biosciences, San Jose, CA, 

USA) and the data analyses were performed using Flowing software (Turku 

Centre for Biotechnology, University of Turku, Finland). Compensation was 

performed using single colour controls prepared for each fluorochrome on 

positive cell populations for the cell surface staining. Doublet discrimination was 

performed manually to exclude any composite events due to clumped cells. 

2.8 Quantitative Reverse Transcription Polymerase Chain Reaction 
(qRT-PCR) 

Mice were humanely euthanized at DPI 16 and spinal cords were homogenized 

in 1 ml PureZOL (Bio-Rad Laboratories Inc., Mississauga, ON, Canada) in the 

Benchmark Scientific D1030 homogenizer (Cole-Parmer Canada Company, 

Montreal, QC, Canada). Total RNA was extracted using the Aurum Total RNA 

Fatty and Fibrous Tissue kit (Cat. #732-6870, Bio-Rad Laboratories Inc., 

Mississauga, ON, Canada) following the spin protocol as per the manufacturer’s 

instructions. On elution, the concentration and purity of RNA was estimated 

spectrophotometrically on the SPECTROstar Nano spectrophotometer (BMG 

Labtech, Mandel Scientific Company Inc., Guelph, ON, Canada). To measure the 

quality and overall integrity of the isolated total RNA, the Experion bioanalyzer 

along with the RNA StdSens Analysis Kit (Bio-Rad Laboratories Inc., 

Mississauga, ON, Canada) was used. Only samples with RNA integrity number 
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(RIN) values of 7.5 or more were considered acceptable and used for further 

analysis. Reverse transcription was carried out with the iScript cDNA synthesis 

kit (Bio-Rad Laboratories Inc., Mississauga, ON, Canada) using 1 μg of RNA as 

template for each sample. Real-Time qRT-PCR was performed with the SsoFast 

EvaGreen Supermix kit (Bio-Rad Laboratories Inc., Mississauga, ON, Canada) 

with β-actin, GAPDH, β2M and HPRT1 evaluated as reference genes (see Table 

2). The individual genes were optimized for both annealing temperature and 

conditions. PCR cycling conditions were: (95˚C for 30 sec) + (95˚C x 5 sec + 

60˚C x 5 sec + fluorescence read) x 40 cycles + melt curve analysis. The melting 

curve program was a 2 sec hold time with plate readings for every 0.5˚C increase 

from 65˚C to 95˚C. All qRT-PCR protocols were done in accordance with the 

MIQE guidelines (Bustin et al., 2009) and were performed with the Bio-Rad 

CFX96 real-time system C1000 touch thermal cycler (Bio-Rad Laboratories Inc., 

Mississauga, ON, Canada). Data analysis was performed using the CFX Maestro 

software (Bio-Rad Laboratories, Inc., Mississauga, ON, Canada) using the Cq 

method. Statistical comparisons were performed using the average value of 

triplicate technical replicates for all experiments. Target genes quantified in qRT-

PCR include IFN-γ, TNF-α, IL-1β, IL-6, IL-12A (p35), CCL5, TGF-β, IL-10, atg5, 

atg7, SDHA, mt-CO4, and PGC-1α. The primer sequences are shown in Table 2. 
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Table 2. Primer sequences of target genes in qRT-PCR 

Target Genes Forward Reverse 

β-actin GTGACGTTGACATCCGTAAA

GA 

GCCGGACTCATCGTACTCC 
GAPDH AGGTCGGTGTGAACGGATT

TG 

GGGGTCGTTGATGGCAACA 

β2M TTCTGGTGCTTGTGTCACTG

A 

CAGTATGTTCGGCTTCCCATT

C 
HPRT1 TCAGTCAACGGGGGACATA

AA 

GGGGCTGTACTGTTAACCAG 

IFN-γ ATGAACGCTACACACTGCAT

C 

CCATCCTTTTGCCAGTTCCTC 
TNF-α CAGGCGGTGCCTATGTCTC CGATCACCCCGAAGTTCAGT

AG 
IL-1β GAAATGCCACCTTTTGACAG

TG 

CTGGATGCTCTCATCAGGAC

A 
IL-6 CTGCAAGAGACTTCCATCCA

G 

AGTGGTATAGACAGGTCTGT

TGG 
IL-12A (p35) CATCGATGAGCTGATGCAG

T 

CAGATAGCCCATCACCCTGT 

CCL5 GCTGCTTTGCCTACCTCTC TCGAGTGACAAACACGACTG

C 
TGF-β AGCTGGTGAAACGGAAGCG GCGAGCCTTAGTTTGGACAG

G 
IL-10 GCTCTTACTGACTGACTGG

CATGAG 

CGCAGCTCTAGGAGCATGTG 

atg5 TGTGCTTCGAGATGTGTGG

TT 

GTCAAATAGCTGACTCTTGG

CAA 
atg7 GTTCGCCCCCTTTAATAGTG

C 

TGAACTCCAACGTCAAGCGG 

SDHA TGTTCAGTTCCACCCCACA 

 

TGTTCAGTTC

CACCCCACA 

 

 

TGTTCAGTTC

CACCCCACA 

 

 

TGTTCAGTTC

CACCCCACA 

 

TCTCCACGACACCCTTCTGT 

mt-CO4 ATTGGCAAGAGAGCCATTTC

TAC 

CACGCCGATCAGCGTAAGT 

PGC-1α CAATGAATGCAGCGGTCTTA 

 

CAATGAATGC

AGCGGTCTTA 

 

GTGTGAGGAGGGTCATCGTT 
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2.9 Fluorometric Calpain Activity Assay 

Calpain activity was measured in the spinal cord at DPI 16 using a fluorometric 

calpain cleavage assay (K240-100; BioVision Inc., CA, USA) according to the 

manufacturer’s protocol. Each well of a 96-well black plate was loaded with 

protein (50 µg) extracted from the spinal cord and reaction buffer. Active Calpain 

I (provided in the kit) was used as a positive control and treatment with the 

calpain inhibitor Z-LLY-FMK (provided in the kit) was used to confirm assay 

specificity. After incubation at 37˚C for 1 hr in the dark, fluorescence was 

measured using a Synergy H1 hybrid multi-mode plate reader (BioTek 

Instruments, Inc., Vermont, USA). 

2.10 Adenosine Triphosphate (ATP) Measurements in the Spinal Cord 

2.10.1 Sample Preparation for ATP Assay 

Spinal cords harvested at DPI 16 were placed in ice-cold 2% trichloroacetic acid 

(Sigma-Aldrich, St. Louis, MO, USA), homogenized for 1 min and neutralized 

with 10 mM Tris-acetate in 2 mM EDTA (TAE; pH 7.75). The homogenate was 

centrifuged at 13,000 rpm for 20 min at 4˚C and then flash frozen in liquid 

nitrogen to be stored at -80˚C until analysis. The pellet obtained after 

centrifugation was washed twice in ice cold acetone and dried overnight at 37˚C 

in an oven. The dried pellet was reconstituted with 3 M Urea (Sigma-Aldrich, St. 

Louis, MO, USA) and protein estimation was carried out by Bradford assay using 

3 M urea as the blank. The ATP concentration was measured using the 

Invitrogen™ Molecular Probes™ ATP Determination Kit (Molecular Probes Inc., 

Eugene, OR, USA). A 100 L aliquot of supernatant was adjusted to 7.75 using 
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Tris base (pH=10; Sigma-Aldrich, St. Louis, MO, USA) immediately before ATP 

determination.  

2.10.2 ATP Determinations 

10 μL of either the neutralized acid soluble supernatant or the diluted ATP 

standards were added to 96-well white microplates. The reaction was started by 

adding 90 μL of standard reaction solution to each well and immediately reading 

the luminescence using the FLUOstar Omega plate reader (BMG Labtech, 

Ortenberg, Germany). Standard curves produced by measuring luminescence 

vs. ATP concentrations had an R2> 0.9890. The amount of ATP in the 

experimental samples was calculated from the standard curve. The ATP content 

of the spinal cord samples was expressed as pmol ATP per mg protein. 

2.11 Power Calculations  

Power calculations were performed to determine the group sizes required to 

detect statistical differences at an alpha level of 0.05. A group size of 10 mice 

with a standard deviation (SD) of 45% was needed to detect a 50% difference 

between the means for measurements of CS, number of days a CS was ≥1.5, 

myelin loss and axonal injury with 100% accuracy. Four mice per group with a 

SD of 25% detects a 65% difference between means for each of the EM 

measurements. A group size of six mice with a SD of 30% was required to detect 

a 50% difference between the means for measurements of calpain activity, ATP 

concentrations, and mitochondrial mRNA levels. Five animals per group with a 

SD of 25% was required to detect a 40% difference between the means for the 

cytometry measurements and counts for eYFP, LC3b and eYFP/LC3b positive 
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cells in the spinal cord. A group size of eight mice with an SD of 35% was 

needed to detect a 50% difference between the means for measurements of 

cytokines and atg mRNA levels. 

2.12 Statistical Analyses 

EAE CS curves were analysed using area under the curve followed by a 

student’s t-test for EAE/Thy1 and EAE/Thy1-MCU Def mice (Fleming et al., 

2005). A Kruskal-Wallace Test followed by Dunn post-hoc testing was performed 

to assess potential differences between myelin loss, calpain activation, ATP 

concentrations, atg mRNA levels, LC3b co-localization in Thy1-expression 

neurons, T lymphocyte and myeloid cell populations and cytokine mRNA levels. 

The Mann-Whitney U test was used to compare differences in the number of 

days a CS was ≥1.5 and optical densities for eYFP labelling in the corticospinal 

axons of EAE/Thy1 and EAE/Thy1-MCU Def mice at DPI 30. The Mann-Whitney 

U test was also used to compare EM measurements of mitochondrial 

morphologies, autophagy, axonal damage, demyelination and remyelination in 

these mice at DPI 16. All statistical tests were performed using GraphPad Prism 

(Version 8.00; GraphPad Software, San Diego, CA, USA) with an alpha level set 

to 0.05. All bar graphs represent the mean ± standard error of the mean (SEM). 
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Chapter 3- Results 

3.1 Assessment of the Effects of Conditional Ablation of the MCU in 
Thy1-Expressing Neurons on EAE Disease Severity and Spinal Cord 
Pathology  

To assess the effects of MCU deletion in Thy1-expressing neurons on EAE 

disease severity, Thy1 and Thy1-MCU Def mice between 8-12 weeks of age 

were subjected to MOG35-55-induced EAE. For the first experiment, starting at 

DPI 7, mice were weighed and assigned a clinical score (CS) daily based on their 

disease severity. Mice were humanely euthanized at DPI 30 and their spinal 

cords were dissected to assess the percentage of WML and degree of axonal 

damage. Subsequent experiments mirrored the first but included CFA/Thy1 and 

CFA/Thy1-MCU Def controls and were terminated at DPI 16 so that spinal cords 

could be assessed for WML, axonal damage, calpain activation and ATP content 

at peak EAE disease severity. After confirming successful MCU deletion in the 

spinal cord, results showed that EAE/Thy1-MCU Def mice undergo a more 

severe disease course than EAE/Thy1 controls, characterized by enhanced 

remyelination failure, axonal damage, calpain activation and suppression of ATP 

production. 

3.1.1 MCU Protein Levels are Reduced in the Spinal Cords but not the 
Splenocytes of Thy1-MCU Def Relative to Thy1 Mice 

After treatment with TMX, western blots were performed to validate that MCU 

knockdown was successful in the spinal cords of Thy1-MCU Def but not Thy1  
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Figure 1. Western blotting and quantification of protein extracts isolated from the 
spinal cords and splenocytes of adult female Thy1 and Thy1-MCU Def mice. (A) 
MCU levels in relation to β-tubulin were significantly reduced in the spinal cords 
of EAE/Thy1-MCU Def when compared to EAE/Thy1 mice (**p<0.01). (B) MCU 
levels in relation to β-actin showed no significant difference in splenocytes 
between EAE/Thy1 and EAE/Thy1-MCU Def mice. Bars represent the mean. 
Potential group differences were analyzed by Mann-Whitney U test (n=5/group). 
Adapted from (Holman et al., 2020). 
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mice. Thy1-MCU Def mice showed a 30% reduction in MCU protein levels in 

relation to β-Tubulin levels when compared to Thy1 mice (Fig. 1A). Next, due to 

Thy1 promoter expression being diffuse within T cells (Haeryfar and Hoskin, 

2004; Vidal et al., 1990), MCU levels were also measured within immune cells to 

ensure that MCU deletion would not alter the autoimmune response 

characteristic of the EAE model. Western blotting revealed that MCU protein 

levels relative to β-actin were not altered in the splenocytes of Thy1-MCU Def 

compared to Thy1 mice indicating that there should be no MCU related changes 

in immune cell function (Fig. 1B). 

3.1.2 Clinical Scores are Markedly Elevated in EAE/Thy1-MCU Def Mice 
Relative to EAE/Thy1 Controls 

Using a semi-quantitative system of clinical scoring to assess for degree of motor 

deficit, it was found that, relative to the CS for EAE/Thy1 controls, disease 

severity was significantly higher in EAE/Thy1-MCU Def mice from DPI 12-30 

(Fig. 2A). Disease course was accelerated as onset occurred 2 days earlier (DPI 

12 rather than 14; red arrow and blue arrow) and peaked  3 days earlier (DPI 17 

rather than 20) in EAE/Thy1 -MCU Def compared to EAE/Thy1 mice (Fig. 2A). 

EAE/Thy1-MCU Def mice spent on average 17 days at a CS of 1.5 or higher 

whereas EAE/Thy1 controls spent on average 7 days at 1.5 or higher indicating 

that EAE/Thy1 MCU Def mice underwent a more severe disease course than 

EAE/Thy1 controls (Fig. 2B). 



39 
 

 

 

 

 

 

 

Figure 2. CS in adult female C57Bl/6 Thy1 and Thy1-MCU Def mice subjected to 
EAE. (A) Disease onset and peak disease occurred earlier in EAE/Thy1-MCU 
Def mice (DPI 12 and 17, respectively) than EAE/Thy1 controls (DPI 14 and 20, 
respectively). CS were consistently higher in EAE/Thy1-MCU Def mice than 
EAE/Thy1 controls beginning at DPI 12 and persisting until DPI 30 
(****p<0.0001). (B) EAE/Thy1-MCU Def mice spent a greater number of days at 
a CS greater than or equal to 1.5 than EAE/Thy1 counterparts (***p<0.001). Bars 
represent the mean ± SEM. Data were analyzed by area under the curve 
followed by a student’s t-test (A) and a Mann-Whitney U test (B; n=10/group). 
Adapted from (Holman et al., 2020). 
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3.1.3 Remyelination is Blocked in EAE/Thy1-MCU Def Mice When 
Compared to EAE/Thy1 Controls 

ECR was used to stain myelin blue and was counterstained with NR to reveal 

lesion area within white matter (yellow arrows; Fig. 3A). This was then used to 

analyze differences in WML between EAE/Thy1 and EAE/Thy1-MCU Def mice. 

Staining revealed that there was not a significant difference in degree of 

demyelination between Thy1 and Thy1-MCU Def mice at DPI 16 (Fig. 3B) 

indicating that differences in motor deficit observed at peak disease in Fig 2A 

were caused by something other than spinal cord demyelination. However, there 

were significant differences in degree of WML between EAE/Thy1 and 

EAE/Thy1-MCU Def mice at DPI 30 (Fig. 3B). EAE/Thy1 mice showed a degree 

of remyelination by DPI 30 from DPI 16 that was not shared by EAE/Thy1-MCU 

Def mice indicating that the differences between the two groups at DPI 30 were 

likely due to a suppression of remyelination in EAE/Thy1-MCU Def mice.  

3.1.4 Axonal Injury is Enhanced in EAE/Thy1-MCU Def Mice Compared to 
EAE/Thy1 Controls 

Both Thy1 and Thy1-MCU Def mice express a transgene encoding eYFP within 

Thy1-expressing neurons of the corticospinal tract. In CFA/Thy1 mice that did not 

develop EAE, faint eYFP labelling is visible in individual axons of Thy1 neurons 

(arrows; Fig. 4A). Axonal transection in EAE/Thy1 mice results in aggregation of 

eYFP at transected ends leading to visible punctate labelling (arrowheads; Fig. 

4B). This feature of axonal injury was substantially increased in EAE/Thy1-MCU 

Def mice (arrowheads; Fig. 4C). Punctate eYFP labelling was markedly elevated 

in the spinal cords of EAE/Thy1-MCU Def mice at both DPI 16 and 30 (Fig. 4D).  
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Figure 3. ECR (white matter stained blue) and NR (exposed cell bodies and 
axons stained red) staining showing myelin loss in EAE/Thy1 and EAE/Thy1-
MCU Def mice. (A) Representative longitudinal spinal cord sections of EAE/Thy1 
and EAE/Thy1-MCU Def mice at DPI 30. Demyelination is indicated by the 
occurrence of NR staining in a region of ECR staining (yellow arrows). (B) No 
differences in WML were seen between EAE/Thy1 and EAE/Thy1-MCU Def mice 
at peak disease (DPI 16) but EAE/Thy1 mice underwent significant remyelination 
by DPI 30 while EAE/Thy1-MCU Def mice failed to remyelinate (**p<0.01). Bars 
represent the mean. Data were analyzed by a Kruskal-Wallace ANOVA followed 
by Dunn post-hoc testing. Adapted from (Holman et al., 2020). 
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Additionally, axonal damage in EAE/Thy1-MCU Def mice increased from DPI 16 

to DPI 30 whereas damage within EAE/Thy1 mice did not significantly change 

between these time points (Fig. 4D). 

3.1.5 Spinal Cord Injury is Accompanied by Increased Calpain Activity and 
Suppressed ATP Concentrations in EAE/Thy1-MCU Def Compared to 
EAE/Thy1 Mice 

Calpain is a Ca2+-dependent protease that when activated, cleaves αII-spectrin 

(green arrow; 285 kDa) leaving a 150 kDa fragment (yellow arrow; Fig. 5A). 

Increased protein levels of αII-spectrin relative to the amount of intact protein is 

therefore an indicator of increased calpain activation. Western blots of spinal 

cords taken from CFA/Thy1, EAE/Thy1, CFA/Thy1-MCU Def and EAE/Thy1-

MCU Def mice at DPI 16 revealed that both EAE groups had a significant 

increase in cleavage of αII-spectrin when compared to CFA controls. 

Simultaneously, there was a 4.0-fold elevation of calpain-cleaved αII spectrin 

levels in EAE/Thy1-MCU Def over EAE/Thy1 mice (Fig. 5B). EAE/Thy1-MCU Def 

mice also showed higher levels of calpain activation by relative florescent unit 

readings than EAE/Thy1 controls (Fig. 5C). ATP levels were also measured at 

peak disease to assess degree of mitochondrial activity. In keeping with the 

metabolic collapse that is present at peak EAE disease severity (Kurnellas et al., 

2005; Sadeghian et al., 2016). ATP concentrations were 90% lower in EAE/Thy1 

than CFA/Thy1 mice (Fig. 5D). Additionally, spinal cord ATP levels declined in 

EAE/Thy1-MCU Def mice to 15% of those detected in EAE/Thy1 mice (Fig. 5D). 
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Figure 4. Quantification of axonal damage within the corticospinal tract of 
EAE/Thy1 and EAE/Thy1-MCU Def mice at DPI 16 and 30. (A) eYFP labelling 
within Thy1 neurons allows for precise imaging of intact axons (white arrows) 
within the corticospinal tract of spinal cords in SLICK-H mice. CFA mice do not 
exhibit punctate labelling indicative of damaged axons. (B) EAE/Thy1 and (C) 
EAE/Thy1-MCU Def mice show punctate eYFP labelling (white arrowheads) 
which is indicative of damage, unlike CFA controls. (D) Axon damage was 
assessed by quantifying the area occupied by punctate eYFP labelling and it was 
found that EAE/Thy1-MCU Def mice have significantly higher axonal damage 
when compared to EAE/Thy1 mice at both DPI 16 and 30 (****p<0.0001). 
Additionally, spinal axon damage increased from DPI 16 to 30 in EAE/Thy1-MCU 
def mice (**p<0.01) but not EAE/Thy1 mice. Bars represent the mean. Data were 
analyzed by a Kruskal-Wallace ANOVA followed by Dunn post-hoc testing. 
Adapted from (Holman et al., 2020). 
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Figure 5. Calpain activation and ATP levels within the spinal cords of CFA/Thy1, 
EAE/Thy1, CFA/Thy1-MCU Def and EAE/Thy1-MCU Def mice at DPI 16. (A) 
Representative western blots probed for intact αII-spectrin (285 kDa) and cleaved 
αII-spectrin (150 kDa). (B) Calpain activation was quantified as a ratio of cleaved 
to intact αII-spectrin. αII-spectrin cleavage was significantly higher in EAE/Thy1-
MCU Def relative to EAE/Thy1 mice (***p<0.001) while there were no differences 
in CFA/Thy1 or CFA/Thy1-MCU Def mice. (C) Calpain activation was also tested 
by fluorometric calpain activity assay. Relative florescent units (RFUs) were 
significantly increased in the spinal cords of EAE/Thy1-MCU Def mice when 
compared to EAE/Thy1 controls indicating a higher activity of calpain 
(****p<0.0001). (D) ATP concentrations were significantly lower in the spinal 
cords of EAE/Thy1 and EAE/Thy1-MCU Def mice when compared to CFA/Thy1 
and CFA/Thy1-MCU Def mice (****p<0.0001). ATP levels in EAE/Thy1-MCU Def 
mice were at 15% of those detected in EAE/Thy1 controls (***p<0.001). Bars 
represent the mean. Data were analyzed by Kruskal-Wallis ANOVA followed by 
Dunn’s tests. Adapted from (Holman et al., 2020). 
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3.2 Assessment of Mitochondrial and Autophagic Changes in 
EAE/Thy1-MCU Def Mice 

After having established a higher disease severity, suppression of remyelination, 

axonal damage, calpain activation, and failure of ATP production in EAE/Thy1-

MCU Def mice than EAE/Thy1 controls, EM imaging was performed to better 

understand the pathological differences within axons of these mice. The L5 

portion of corticospinal tracts in mice humanely euthanized at DPI 16 at 

equivalent CS were imaged to understand the effects of Thy1-MCU Def on 

mitochondrial morphology, autophagy, cytoskeletal density and myelination 

within healthy and damaged axons. Based on the morphological observations 

made from EM imaging, spinal cord samples at DPI 16 were then also probed for 

autophagosome marker LC3b to understand how autophagy is localized in the 

spinal cords of these mice. Finally, qRT-PCR was performed to detect 

expression of autophagy-related (atg) genes as a measure of autophagic flux as 

well as mitochondrial complex genes as a measure of mitochondrial dysfunction. 

3.2.1 EAE/Thy1-MCU Def Mice Show Morphological Features of 
Mitochondrial Dysfunction and Excessive Autophagy in Myelinated L5 
Spinal Cord Axons 

To examine the effects of Thy1-MCU Def on mitochondrial function in EAE, EM 

was used to visualize these organelles in myelinated L5 spinal cord axons of 

EAE/Thy1 and EAE/Thy1-MCU Def mice at the onset of peak disease (DPI 16). 

Images were compared from both groups in mice at equivalent CS to assess for 

pathological differences. Representative images are arranged to show images of  
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Figure 6. Representative spinal cord (L5) EM images of EAE/Thy1 and 
EAE/Thy1-MCU Def mice with increasing CS (CS=0, A-D; CS=2.0, E-H; CS=2.5, 
I-L; CS=3.0, M-P; CS=3.5, Q-T) at DPI 16. Boxes: yellow (A, C, E, G, I, K, M, O, 
Q and S) indicate regions shown in the adjacent images (B, D, F, H, J, L, N, P, R 
and T) and black (panels F and H) show areas quantified for cytoskeletal optical 
density. Arrowheads: yellow (B and D), green (F and J), light blue (H and L) and 
large red (N and R) - normal, activated, fragmented and swollen mitochondria, 
respectively; large orange (J, L and P) - autophagosome; small blue (L and P) - 
mitochondrial fragments; small white (L and P) -cytoskeletal fragments; small 
orange (T) - condensed (late) autophagosomes. Small black rectangle (P) shows 
an active autophagosome. Black rectangle (P) show an enlarged view of an 
autophagosome (yellow bar = 350 nm). The black arrow indicates cytoskeletal 
fragments entering the mouth of an autophagosome. Adapted from (Holman et 
al., 2020). 
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myelinated axons (A, C, E, G, I, K, M, O, Q and S) containing yellow boxes to 

indicate magnified regions shown in the adjacent images (B, D, F, H, J, L, N, P, 

R and T).  In Thy1 and Thy1-MCU Def mice immunized with CFA (CS= 0), axons 

contained small mitochondria (yellow arrowheads; diameter ~150 nm; Fig. 6A-D) 

that were not activated and were evenly distributed. Distinct differences in 

mitochondrial morphologies and cytoskeletal integrity were first seen in the 

myelinated axons of Thy1 and Thy1-MCU Def mice with moderate EAE (walking 

deficits; CS=2.0; Fig. 6E-H). In EAE/Thy1 controls, the axonal cytoskeleton 

appeared normal while mitochondria were larger, elongated and displayed dense 

cristae (green arrowheads; Fig. 6E and F). These changes were very rarely 

observed in EAE/Thy1-MCU Def mice whose axons contained far fewer activated 

mitochondria (Fig. 7A). Instead, EAE/Thy1-MCU Def axons contained numerous 

condensed and fragmented mitochondria (light blue arrowheads) associated with 

disorganized and damaged microtubules (Fig. 6G and H; Fig. 7B). Optical 

density measurements taken from areas indicated by the black boxes in Fig. 6F 

and H confirmed cytoskeletal loss in EAE/Thy1-MCU relative to EAE/Thy1 mice 

at CS=2.0 (Fig. 7C). At CS=2.5, while EAE/Thy1 mice continued to exhibit 

elongated and activated mitochondria (Fig. 6I and J), further mitochondrial 

fragmentation was apparent in EAE/Thy1-MCU Def axons and was accompanied 

by the presence of large autophagosomes (large orange arrowheads) containing 

mitochondrial (small blue arrowheads) and cytoskeletal debris (small white 

arrowheads; Fig. 6K and L). By comparison, mitochondria were still activated and 

autophagosomes were far less common and did not appear to contain  
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Figure 7. Quantification of EAE/Thy1 and EAE/Thy1-MCU Def mice EM spinal 
cord images at each level of CS. At a CS=2.0 EAE/Thy1-MCU Def mice showed 
(A) fewer activated mitochondria/axon (MITO; ***p<0.001), (B) significantly higher 
numbers of condensed and fragmented MITO/axon (***p<0.001) and (C) 
decreased cytoskeletal density (*p<0.05) compared to EAE/Thy1 mice. (D) At a 
CS=2.5 numbers of autophagosomes/axon were significantly higher in 
EAE/Thy1-MCU Def mice (***p<0.001). At a CS=3.0 (E) numbers of swollen 
MITO/axon were lowered and (F) number of damaged axons within a given area 
were elevated in EAE/Thy1-MCU Def mice (***p<0.001, **p<0.01). Finally, at a 
CS=3.5 (G) number of remyelinating axons in an area and (H) number of 
MITO/remyelinating axon were significantly higher in EAE/Thy1 when compared 
to EAE/Thy1-MCU Def mice (**p<0.01, **p<0.01). Bars represent the mean ± 
SEM (n=4/group). Data were analyzed by Mann-Whitney U Tests. Adapted from 
(Holman et al., 2020). 
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cytoskeletal debris in EAE/Thy1 axons (Fig. 6I and J; Fig 7D). With EAE 

progression to CS=3.0, numerous swollen mitochondria with damaged cristae 

were detected in EAE/Thy1 but not EAE/Thy1-MCU Def axons (red arrowheads; 

Fig. 6M and N; Fig. 7E). At this clinical stage, autophagosomes were frequently 

seen digesting mitochondria and cytoskeletal debris in EAE/Thy1-MCU Def but 

not EAE/Thy1 axons (black arrow in black box; Fig. 6O and P). This stage of 

disease was also accompanied by enhanced axonal damage in EAE/Thy1-MCU 

Def mice (Fig. 7F). At CS=3.5, massively swollen mitochondria with disintegrating 

cristae were observed in EAE/Thy1 axons (Fig. 6Q and R). EAE/Thy1-MCU Def 

axons had an overwhelming presence of numerous late (condensed) 

autophagosomes (small orange arrowheads; Fig. 6S and T). 

3.2.2 Differences in Mitochondrial Content and Morphologies in the 
Demyelinated and Remyelinating Axons of EAE/Thy1 and EAE/Thy1-MCU 
Def Mice 

In addition to the analysis of myelinated L5 spinal cord axons (Fig. 6) of 

EAE/Thy1 and EAE/Thy1-MCU Def mice, EM was also employed to study 

demyelinated and remyelinating axons within mice with severe EAE (CS=3.5) at 

DPI 16. Images were compared from both groups of mice to assess for 

pathological differences. Representative images are arranged to show images of 

remyelinating or demyelinated axons (A, C, E, G, I, K, M and O) containing 

yellow boxes to indicate magnified regions shown in the adjacent images (B, D, 

F, H, J, L, N and P).  In addition to causing metabolic collapse in myelinated 

axons, analysis also suggested that mitochondrial dysfunction and excessive 

autophagy impaired the remyelination of EAE/Thy1-MCU Def axons. At CS=3.5,  
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Figure 8. Representative spinal cord (L5) EM images of EAE/Thy1 and 
EAE/Thy1-MCU Def mice showing remyelinating (A-H) or demyelinated (I-P) 
axons at comparable CS (CS=3.5). Boxes: yellow (A, C, E, G, I, K, M, and O) 
indicate regions shown in the adjacent images (B, D, F, H, J, L, N and P). 
Arrowheads: green (B, D, F, J,  L and N) and red (F, H, L and P) - activated and 
damaged mitochondria, respectively; brown (F) - mitophagosome; large red (P) - 
massively swollen but intact mitochondria; orange (H) - autophagosome. 
Adapted from (Holman et al., 2020). 
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the number of remyelinating axons was 75% lower in EAE/Thy1-MCU Def mice 

than EAE/Thy1 controls (Fig. 7G; Fig. 8A-D). Furthermore, the number of intact 

mitochondria was reduced in the remyelinating axons of EAE/Thy1-MCU Def 

relative to EAE/Thy1 mice (Fig. 7H; green arrows; Fig. 8A-D). Damaged 

mitochondria were also observed more frequently in the remyelinating axons of 

EAE/Thy1 and EAE/Thy1-MCU Def mice (red arrowheads; Fig. 8E-H). Unlike 

remyelinating EAE/Thy1 axons, remyelinating EAE/Thy1-MCU Def axons 

typically showed signs of autophagic damage (orange arrowheads; Fig. 8E-H). In 

demyelinated EAE/Thy1 axons, two or more activated mitochondria were usually 

present (Fig. 8I, J, M and N). By contrast, demyelinated EAE/Thy1-MCU Def 

axons either lacked mitochondria or contained a single activated or damaged 

mitochondrion (Fig. 8K and L). In some damaged EAE/Thy1-MCU Def axons, a 

single massively swollen mitochondrion with intact outer and inner mitochondrial 

membranes could be seen (Fig. 8O and P). 

3.2.3 Mitochondrial Gene Expression is Suppressed in EAE/Thy1-MCU 
Def Mice 

To further examine the effects of Thy1-MCU Def on mitochondrial function in the 

EAE model, we examined mRNA levels for succinate dehydrogenase subunit A 

(SDHA), cytochrome oxidase subunit 4 (mt-CO4) and peroxisome proliferator-

activated receptor gamma coactivator 1 alpha (PGC-1α) in the spinal cords of 

CFA/Thy1, EAE/Thy1, CFA/Thy1-MCU Def and EAE/Thy1-MCU Def mice at DPI 

16. SDHA, mt-CO4 and PGC-1α mRNA levels were reduced in EAE/Thy1-MCU 

Def relative to CFA/Thy1, EAE/Thy1 and CFA/Thy1-MCU Def mice (Fig. 9A-C).  
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Figure 9. Normalized relative mRNA levels for mitochondrial complex genes in 
the spinal cords of CFA/Thy1, EAE/Thy1, CFA/Thy1-MCU Def and EAE/Thy1-
MCU Def mice at DPI 16. No differences were seen between CFA/Thy1, 
EAE/Thy1 and CFA/ compared to all other groups (**p<0.01, ***p<0.001 and 
****p<0.0001). Bars represent the mean. Data were analyzed using a Kruskal-
Wallis ANOVA followed by Dunn’s multiple comparisons tests. Adapted from 
(Holman et al., 2020).
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3.2.4 Atg Gene mRNAs are Elevated in EAE/Thy1-MCU Def Mice Relative 
to EAE/Thy1 Mice 

In view of the morphological evidence observed in EM of excessive autophagy in 

the axons of EAE/Thy1-MCU Def mice, autophagy related gene 5 and 7 (atg5 

and atg7) mRNA levels were then compared in the spinal cords of CFA/Thy1, 

EAE/Thy1, CFA/Thy1-MCU Def and EAE/Thy1-MCU Def mice at DPI 16. While 

no differences were observed between CFA/Thy1, EAE/Thy1 and CFA/Thy1-

MCU Def mice, EAE/Thy1-MCU Def mice showed elevated levels of both atg5 

and atg7 mRNA levels when compared to all other groups (Fig. 10A and B).  

3.2.5 Spinal Cords of EAE/Thy1-MCU Def Mice Exhibit More LC3 Positive 
Neurons and a Higher Correspondence of eYFP and LC3 Expression Than 
EAE/Thy1 Counterparts 

Immunolabelling for the autophagosomal marker LC3 was performed in order to 

see how autophagy is localized within neurons of the spinal cords of EAE/Thy1 

and EAE/Thy1-MCU Def mice at DPI 16. Labelling of eYFP positive Thy1 

neurons was present and equally expressed in the spinal cords of both groups 

(Fig. 11A, B and G). Within those same areas, there was a significantly higher 

number of LC3 positive neurons in EAE/Thy1-MCU Def when compared to 

EAE/Thy1 mice (Fig. 11C, D and G). Lastly, there was a significantly higher 

correspondence of LC3 to eYFP positive neurons within EAE/Thy1-MCU Def 

mice (Fig. 11E, F and G). 
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Figure 10. Atg5 and atg7 mRNA levels in total RNA extracts from the spinal 
cords of CFA/Thy1, EAE/Thy1, CFA/Thy1-MCU Def and EAE/Thy1-MCU Def 
mice at DPI 16 (A and B). Levels of atg5 and atg7 mRNAs were not significantly 
different between CFA/Thy1, EAE/Thy1 and CFA/Thy1-MCU Def mice but were 
upregulated in the spinal cords of EAE/Thy1-MCU Def mice compared to all 
other groups (**p<0.01). Bars represent the mean. Data were analyzed using a 
Kruskal-Wallis ANOVA followed by Dunn’s tests. Adapted from (Holman et al., 
2020). 
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Figure 11. Representative images of eYFP (green; A and B), LC3 (red; C and D) 
and eYFP/LC3 (arrows; E and F) positive neurons in the spinal cords of 
EAE/Thy1 (A, C and E) and EAE/Thy1-MCU Def (B, D and F) mice. (G) In areas 
with equivalent numbers of eYFP positive neurons, EAE/Thy1-MCU Def mice 
exhibit higher numbers of LC3 positive neurons (**p<0.01) and a greater degree 
of neuron double labelling for LC3 and eYFP (***p<0.001) than EAE/Thy1 mice. 
Bars represent the mean ± SEM (n=5/group). Data were analyzed by Kruskal-
Wallis ANOVA followed by Dunn’s tests. Adapted from (Holman et al., 2020). 
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3.3 Differential Immune Cell Activation in EAE/Thy1-MCU Def Mice 

With a better understanding of how Thy1-MCU Def lead to exacerbation of EAE, 

increase in mitochondrial dysfunction and upregulation of autophagic damage, 

we decided to look at immune cell activation and CNS infiltration in order to 

establish whether Thy1-MCU Def causes any changes in immune response 

within the EAE model. Given that Thy1-MCU Def is exclusively neuronal, 

alteration to immune response would help shed some light onto how 

mitochondrial dysfunction is capable of affecting autoimmunity in EAE. 

CFA/Thy1, EAE/Thy1, CFA/Thy1-MCU Def and EAE/Thy1-MCU Def mice were 

humanely euthanized at DPI 16 and their splenocytes and CNS tissues 

harvested for determination of T cell and myeloid cell concentrations by FACS 

analysis. Additionally, qRT-PCR was performed on spinal cord homogenates for 

probing of inflammatory gene expression to better understand whether Thy1-

MCU Def promotes a pro-inflammatory or pro-repair environment within EAE. 

3.3.1 Immune Cell Activation and Infiltration is Elevated in EAE/Thy1-MCU 
Def Mice 

Flow cytometry was employed to compare peripheral (by measurement of 

splenocytes) and CNS (brain and spinal cord) T lymphocyte and myeloid cell 

populations of CFA/Thy1, EAE/Thy1, CFA/Thy1-MCU Def and EAE/Thy1-MCU 

Def mice at DPI 16. CD4+ and CD8+ T cell populations were significantly 

increased in the spleen of EAE/Thy1-MCU Def compared to CFA/Thy1, 

EAE/Thy1 and CFA/Thy1-MCU Def mice (Fig. 12A). However, peripheral CD4+ 

and CD8+ T cell populations were not significantly elevated in EAE/Thy1 mice  
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Figure 12. FACS analysis of immune cell populations in the spleens (A and C) 
and CNS (B and D) of adult female CFA/Thy1, EAE/Thy1, CFA/Thy1-MCU Def 
and EAE/Thy1-MCU Def mice at DPI 16. (A) Peripheral CD4+ and CD8+ T 
lymphocyte population concentrations did not show significant difference 
between CFA/Thy1, EAE/Thy1 and CFA/Thy1-MCU Def mice but EAE/Thy1-
MCU Def mice showed a significant increase compared to all other groups 
(**p<0.01). (B) CD4+ T cell populations were upregulated in the CNS of both 
EAE/Thy1 (*p<0.05) and EAE/Thy1-MCU Def (***p<0.001) mice when compared 
to their CFA controls although this increase was higher in EAE/Thy1-MCU Def 
mice (**p<0.01). CD8+ T cell populations were upregulated in the CNS of 
EAE/Thy1-MCU Def mice only (**p<0.01). (C) Ly6Clow and Ly6Chigh myeloid cell 
populations were unaltered in the periphery of all mice. (D) Ly6Clow and Ly6Chigh 

populations were upregulated in the CNS of EAE/Thy1-MCU Def mice (*p<0.05, 
**p<0.01) and there was an increased infiltration of Ly6Chigh cells in the CNS of 
non-diseased CFA/Thy1-MCU Def mice. Bars show mean ± SEM (n=5/group). 
Data were analyzed by Kruskal-Wallis ANOVA followed by Dunn’s tests. Adapted 
from (Holman et al., 2020). 
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when compared to CFA controls (Fig. 12A). CD4+ T cell infiltration in the CNS 

was elevated in both EAE/Thy1 and EAE/Thy1-MCU Def mice relative to their 

CFA controls while CD8+ populations were only elevated in the CNS of 

EAE/Thy1-MCU Def mice (Fig. 12B). By comparison, CD4+ and CD8+ T cells 

were more prevalent in the CNS of EAE/Thy1-MCU Def compared to EAE/Thy1 

mice (Fig. 12B). The percentages of Ly6Clow and Ly6Chigh myeloid cells in the 

spleen were similar for all four groups (Fig. 12C). Increased CNS immune cell 

infiltration in EAE/Thy1-MCU Def mice was also characterized by higher Ly6Clow 

and Ly6Chigh myeloid CNS cell percentages than CFA/Thy1, EAE/Thy1 and 

CFA/Thy1-MCU Def mice (Fig. 12D). The only other difference observed was an 

elevated concentration of Ly6Chigh cells, known to become pro-inflammatory 

macrophages and dendritic cells, in the CNS of CFA/Thy1-MCU Def relative to 

CFA/Thy1 mice (Fig. 12D). 

3.3.2 Cytokine mRNA Levels Reflect Increased Pro-Inflammatory and 
Blunted Pro-Repair Responses in the Spinal Cords of EAE/Thy1-MCU Def 
Mice 

Lastly, mRNA levels for pro-inflammatory [interferon-γ (IFN-γ), tumour necrosis 

factor-α (TNF-α), interleukin-1 (IL-1β), IL-6, IL-12 (p35) and chemokine (C-C 

motif) ligand 5 (CCL-5)] and pro-repair [transforming growth factor-β (TGF-β) and 

IL-10] cytokines were compared in the spinal cords of CFA/Thy1, EAE/Thy1, 

CFA/Thy1-MCU Def and EAE/Thy1-MCU Def mice at DPI 16. Relative to the 

non-diseased CFA/Thy1 and CFA/Thy1-MCU Def controls, pro-inflammatory 

(IFN-γ, IL-1β, TNF-α, IL-6, IL-12 (p35) and CCL-5) mRNA levels were elevated in 

both EAE/Thy1 and EAE/Thy1-MCU Def mice (Fig. 13A-F).  
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Figure 13. qRT-PCR was used to measure cytokine (IFNγ, IL-1β, TNFα, IL-6, IL-
12 (p35), TGF-β and IL-10; A-E, G and H) and chemokine (CCL-5; F) mRNA 
levels in total RNA extracts from the spinal cords of adult female CFA/Thy1, 
EAE/Thy1, CFA/Thy1-MCU Def and EAE/Thy1-MCU Def mice at DPI 16. (A-F) 
Pro-inflammatory cytokine (IFN-γ, IL-1β, TNF-α, IL-6, IL-12 (p35) and CCL-5) 
levels were elevated in both EAE/Thy1 and EAE/Thy1-MCU Def mice when 
compared to CFA/Thy1 and CFA/Thy1-MCU Def controls. However, EAE/Thy1-
MCU Def mice had consistently higher levels of these cytokines compared to the 
EAE/Thy1 mice. (G and H) Pro-repair cytokine levels were higher in the spinal 
cords of both EAE/Thy1 and EAE/Thy1-MCU Def mice when compared to their 
non-diseased CFA/Thy1 and CFA/Thy1-MCU Def counterparts. There was no 
significant difference in pro-repair cytokine levels between EAE/Thy1 and 
EAE/Thy1-MCU Def mice (*p<0.05, **p<0.01 and ***p<0.001). Bars represent the 
mean. Data were analyzed by Kruskal-Wallis ANOVA followed by Dunn’s 
multiple comparisons tests. Adapted from (Holman et al., 2020). 
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By comparison to EAE/Thy1 mice, mRNA levels for these pro-inflammatory 

cytokines were all higher in EAE/Thy1-MCU Def mice (Fig. 13A-F). Pro-repair 

cytokine (TGF-β and IL-10) mRNA levels were increased in EAE/Thy1 and 

EAE/Thy1-MCU Def relative to their CFA/Thy1 and CFA/Thy1-MCU Def controls 

at the onset of remyelination (Fig. 13G and H). However, TGF-β and IL-10 mRNA 

levels were not significantly different in EAE/Thy1 and EAE/Thy1-MCU Def mice. 

This therefore indicates that despite an increase in pro-inflammatory cytokine 

mRNA levels, there was not a corresponding increase of pro-repair cytokines in 

EAE/Thy1-MCU Def mice. 
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Chapter 4 – Discussion 

4.1 Oral Administration of TMX Leads to MCU Deletion in the Spinal 
Cords but not Immune Cells of Thy1-MCU Def Mice 

Western blots showed that MCU protein levels were decreased by 30% in the 

spinal cord tissues of Thy1-MCU Def mice relative to Thy1 controls 2 weeks after 

the oral administration of TMX. These results are consistent with previous 

findings in which Thy1-MCU deletion using the SLICK-H/Cre-LoxP system led to 

a 50% reduction of MCU levels relative to the forebrain of Thy1 mice (Nichols et 

al., 2018). Less than 100% reduction in MCU levels is to be expected given that 

the Thy1 promoter regions used for expression contain the sequences required 

for neuronal expression but lack the sequences for expression in non-neuronal 

CNS cell types (https://www.jax.org/strain/012708). Testing for eYFP expression 

in oligodendrocytes and other glial cells of the SLICK-H breed has shown that 

CreERT2 activity is exclusive to Thy1-expressing neurons (Heimer-McGinn and 

Young, 2011). Consistency of both cortical and motor neuron expression of Thy1 

(Young et al., 2008b) as well as high recombination efficiencies of the Cre-LoxP 

system within those neuronal populations (Heimer-McGinn and Young, 2011) 

have been shown previously in the SLICK-H strain. 

MCU levels were not altered within the splenocytes of TMX treated Thy1-MCU 

Def mice. Thy1 is weakly expressed by T cells and other immune cell subtypes 

(Haeryfar and Hoskin, 2004) but clear evidence confirming the absence of 

CreERT2 activity in immune cell populations of SLICK-H mice is lacking. Given 

that EAE is a T cell mediated model of autoimmunity (Fletcher et al., 2010; 

https://www.jax.org/strain/012708
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Kurschus, 2015; Okuda et al., 2002) any alteration of mitochondrial function by 

MCU deletion could lead to a differential immune response. Therefore, the 

present results indicate that immune cells are unaffected by neuronal Thy1-MCU 

deletion. 

4.2 Characterization of Increased Disease Severity in EAE/Thy1-MCU 
Def Mice 

EAE/Thy1-MCU Def mice experienced marked elevation of motor deficit when 

compared to EAE/Thy1 controls as revealed by significantly higher CS beginning 

a day after disease onset. Disease onset and peak disease occurred earlier in 

EAE/Thy1-MCU Def mice and the number of days spent at a CS≥1.5 was 

significantly higher. To help characterize spinal cord pathology in the two groups, 

we proceeded to analyze axonal damage and demyelination at DPI 16 and DPI 

30. 

4.2.1 Axonal Damage is Higher in EAE/Thy1-MCU Def Mice Than 
EAE/Thy1 Controls and Increases from DPI 16 to 30 in EAE/Thy1-MCU 
Def Mice 

Axonal damage in EAE has previously been assessed using various approaches. 

Trapp et al. 1998 showed that bulbous ends of transected axons could be 

identified under confocal microscopy with SMI32 labelling. Libbey et al. 2014 

then showed that SMI32 punctate labelling could be combined with YFP labelling 

to identify damaged axons and neurons. We extended this technique by showing 

that Thy1-eYFP aggregates at the ends of transected axons and thereby serve 

as an additional technique for the measurement of axonal damage. This novel 

method was used in the current study to show that axonal damage is significantly 
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higher at both DPI 16 and 30 in EAE/Thy1-MCU Def compared to EAE/Thy1 

mice. This was also reflected by EM imaging at DPI 16 which indicated that there 

were a higher number of damaged axons in EAE/Thy1-MCU Def than EAE/Thy1 

mice. This amount was expected because clinical scores have been shown to be 

highly correlated with axonal damage (Budde et al., 2008; Wujek et al., 2002). 

Additionally, increased axonal damage over time, even after remission from peak 

disease, is a common feature of EAE (Jones et al., 2013; Prinz et al., 2015; 

Recks et al., 2013). This process is similar in MS lesions where axon loss is 

highest in actively demyelinating lesions but continues at lower levels in chronic 

demyelinated plaques (Haines et al., 2011; Kornek et al., 2000). Prinz et al. 2015 

did not see significant changes in axonal pathology from peak disease until 6 

months DPI. This is corroborated by the lack of increased axonal damage in 

EAE/Thy1 mice from DPI 16 to 30. Overall, eYFP labelling was effective at 

discerning the degree of axonal damage in EAE mice and it showed a higher 

degree of injury in EAE/Thy1-MCU Def relative to EAE/Thy1 mice followed by an 

increase of axonal damage in EAE/Thy1-MCU Def mice from DPI 16 to DPI 30. 

This increase in damage likely contributed to the severe motor deficits seen in 

EAE/Thy1-MCU Def. 

4.2.2 Demyelination at Peak Disease is not Significantly Different Between 
EAE/Thy1 and EAE/Thy1-MCU Def Mice 

Demyelination was found to be equivalent between EAE/Thy1 and EAE/Thy1-

MCU Def mice at peak disease (DPI 16) despite the stark differences in motor 

deficits observed by the measurement of CS. As previously mentioned, axonal 

transection may be a contributor but it is also known that demyelination impairs 



67 
 

action potential propagation resulting in a transition from saltatory to continuous 

conduction (Hamada et al., 2017; Quandt and Davis, 1992; Smith, 1994). Ion 

gradients that mediate neurotransmission are largely maintained by the Na+/K+ 

ATPase and thus depend on mitochondrial fidelity and ATP production (Alizadeh 

et al., 2015; Trapp and Stys, 2009). Given the suppression of ATP production 

observed in EAE/Thy1-MCU Def mice at DPI 16, failed Na+/K+ exchange may 

have lead to high intracellular Na+ levels which would have further impaired 

action potential propagation (Coggan et al., 2015). Metabolic collapse may 

therefore have contributed to the increase of motor deficits in EAE/Thy1-MCU 

Def mice in the absence of greater demyelination at DPI 16 compared to 

EAE/Thy1 controls. 

4.2.3 Remyelination is Suppressed in the Spinal Cords of EAE/Thy1-MCU 
Def Mice 

The EAE model of MS has been shown to induce demyelination followed by a 

moderate degree of remyelination after the onset of peak disease (Jones et al., 

2008; Kornek et al., 2000; Mei et al., 2016). However, remyelination in EAE often 

occurs on a longer time scale than was observed in the current study and is 

contradicted by studies that show increases in demyelination over time (Prinz et 

al., 2015; Recks et al., 2013). The present study shows a reduction in WML from 

DPI 16 to 30 in EAE/Thy1 mice. By contrast, remyelination was completely 

absent in EAE/Thy1-MCU Def mice which had similar WML between DPI 16 and 

30 and significantly higher WML than EAE/Thy1 mice at DPI 30. This finding was 

supported by the reduced number of remyelinating axons observed in EM 

images of EAE/Thy1-MCU Def mice when compared to EAE/Thy1 controls. 
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Remyelination in EAE and MS is dependent upon the recruitment of 

oligodendrocyte precursor cells (OPCs) to active lesions and their differentiation 

into myelin-producing oligodendrocytes (Hashemian et al., 2019; Mei et al., 

2016). This has been shown through pharmacological activation of OPC 

proliferation and differentiation with the FDA approved drugs fingolimod 

(Brinkmann et al., 2002; Hashemian et al., 2019) and pioglitazone (Chedrawe et 

al., 2018; Peymani et al., 2018). Concurrently, non-remyelinating MS lesions 

show either failed OPC recruitment or differentiation (Franklin, 2002). The 

activation of OPC differentiation is dependent upon ATP release from 

neighbouring neurons for signalling at purinergic receptors (Kashfi et al., 2017; 

Welsh and Kucenas, 2018). Purinergic receptors on oligodendrocytes have also 

been implicated in the initiation of myelination (Welsh and Kucenas, 2018). 

Therefore, decreased ATP levels within the spinal cords of EAE/Thy1-MCU Def 

mice may have contributed to failed remyelination at DPI 30 by reducing the 

recruitment and activation of OPCs and oligodendrocytes. This is also a 

prominent feature of non-remyelinating lesions of progressive MS patients 

(Magalon et al., 2012). 

4.3 Suppressed ATP Synthesis, Mitochondrial Gene Expression and 
Calpain Activation in EAE/Thy1-MCU Def Mice Recapitulate Key 
Features of Progressive MS 

In keeping with a massive depolarization of the Ψm in the spinal cord axons of 

EAE mice at peak disease (Sadeghian et al., 2016) we observed a 90% 

reduction of ATP concentrations in spinal cord extracts from EAE/Thy1 mice at 

DPI 16. EAE/Thy1-MCU Def mice showed a further 85% reduction in ATP 
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concentrations. Reduction of high capacity Ca2+ uptake into mitochondria 

prevents allosteric activation of Ca2+-dependent dehydrogenases to produce 

reducing equivalents that drive oxidative phosphorylation (Giorgi et al., 2012; 

Trapp and Stys, 2009). This leads to a dissipation of the Ψm in patients with 

mitochondrial diseases which appears to be recapitulated in EAE/Thy1-MCU Def 

mice.  

4.3.1 Impaired Mitochondrial Function in EAE/Thy1-MCU Def Mice 

Impaired ATP production was accompanied by reduced mRNA levels for SDHA, 

mt-CO4 and PGC-1α in EAE/Thy1-MCU Def relative to EAE/Thy1 mice. SDHA 

activity has previously been shown to be upregulated in both EAE (Ng et al., 

2019; Packialakshmi and Zhou, 2018) and MS lesions (Mahad et al., 2009). 

Additionally, SDHA expression in SPMS lesions was found to be unaltered 

meaning that the reduction of mRNA expression in EAE/Thy1-MCU Def mice is 

not present in MS patients (Dutta et al., 2006). However, activity of mt-CO4 has 

been shown to be unaltered in wild-type EAE mice (Ng et al., 2019) while 

downregulation of mt-CO4 expression in EAE/Thy1-MCU Def mice is consistent 

with findings in active MS lesions (Mahad et al., 2008). This subunit is essential 

in cytochrome c function and its absence reduces ATP production, compromises 

Ψm and induces apoptosis that may have suppressed ATP levels in EAE/Thy-

MCU Def mice (Li et al., 2006). Finally, PGC-1α is moderately downregulated in 

wild-type EAE mice at DPI 16 (Dang et al., 2019) but is markedly lowered in MS 

lesions and found to increase ROS formation and enhance ROS-induced cell 

death (Witte et al., 2013). These findings in EAE/Thy1-MCU Def mice are 
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consistent with impaired CNS mitochondrial function and biogenesis in MS 

including downregulation of mt-CO4 and PGC-1α in active lesions (Campbell and 

Mahad, 2012; Dutta et al., 2006; Mahad et al., 2008; Witte et al., 2013; Witte et 

al., 2014).  

4.3.2 Failed Ca2+ Buffering and Calpain Activation in EAE/Thy1-MCU Def 
Mice 

As previously mentioned, high amounts of energy are required to fuel Na+/K+ 

ATPase that maintains ion gradients crucial for the propagation of action 

potentials along the axon (Trapp and Stys, 2009). With a reduction of ATP 

production in EAE/Thy1-MCU Def mice, expulsion of Na+ is impaired leading to 

high Na+ concentrations in the axoplasm of denuded axons (Waxman et al., 

2004). This elevation of axoplasmic Na+ may then lead to a reversal of the 

Na+/Ca2+ exchanger (NCX) which depends on the electrochemical gradient to 

expel Ca2+ from the inside of axons (Alizadeh et al., 2015; Stys et al., 1992; 

Trapp and Stys, 2009). The Ψm drives MCU activity responsible for Ca2+ buffering 

in the axoplasm (Giorgi et al., 2012) . Failed mitochondrial Ca2+ buffering paired 

with increased Ca2+ influx via the NCX may lead to axonal Ca2+ overloading in 

MS resulting in the overactivation of Ca2+-dependent proteases such as calpain 

(Alizadeh et al., 2015; Stys et al., 1992). This overactivation of calpain activity in 

the EAE model was evident in both western blotting for αII Spectrin cleavage and 

the fluorometric measurements of calpain activity. Moreover, spinal cord calpain 

activity is elevated by Thy1-MCU Def in EAE mice. Mitochondrial dysfunction 

also appeared to have catastrophic metabolic consequences for EAE/Thy1-MCU 

Def axons under immune-mediated attack as suggested by mitochondrial 
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fragmentation, cytoskeletal integrity loss and increased autophagosome 

formation. EAE/Thy1-MCU Def mice therefore appear to recapitulate key 

features of metabolic dysfunction in progressive MS that are not seen to the 

same degree, if at all in EAE/Thy1 mice. 

4.4 Distinct Axon Injury Mechanisms in EAE/Thy1 and EAE/Thy1-MCU 
Def Mice 

4.4.1 Mitochondrial Morphology in EAE/Thy1 and EAE/Thy1-MCU Def 
Mice 

To better understand how Thy1-MCU Def promoted axonal loss in the EAE 

model, the morphological features of L5 spinal cord axons in EAE/Thy1 and 

EAE/Thy1-MCU Def mice at equivalent clinical severities were examined with the 

use of EM. Our studies revealed that mitochondrial morphology and positioning 

during autoimmune-mediated demyelination were dependent on MCU function. 

At the onset of walking deficits in EAE/Thy1 mice (CS=2.0), axonal mitochondria 

appeared larger, elongated in shape, and displayed dense cristae indicative of an 

activated state commonly observed within the lesions of MS patients and EAE 

mice (Gomes and Scorrano, 2011; Kiryu-Seo et al., 2010; Recks et al., 2013). By 

stark contrast, mitochondria in EAE/Thy1-MCU Def mice were condensed, 

similar to mitochondria exposed to hypertonic environments (Hackenbrock, 1966; 

Mannella, 2008). Mitochondrial condensation may become pathological leading 

to severe fragmentation as has been observed during excitotoxicity mediated by 

glutamate-induced mitochondrial Ca2+ overloading in a mouse model of 

glaucoma (Coughlin et al., 2015; Ju et al., 2009). As in MS spinal cord pathology, 

microtubules also appear disorganized (Mao and Reddy, 2010). Densitometric 
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measurements also verified cytoskeletal loss in EAE/Thy1-MCU Def axons 

typical of chronic MS plaques (Dutta et al., 2006).  

At CS=3.0, EAE/Thy1 mice began to exhibit swollen mitochondria with 

disorganized cristae which are reminiscent of mitochondria undergoing hypoxic 

damage and producing excessive amounts of reactive oxygen species (ROS) 

(Nichols et al., 2017; Recks et al., 2013). Swollen mitochondria were positioned 

at denuded sites in remyelinating and demyelinated EAE/Thy1 axons, 

presumably to provide additional Ca2+ buffering and ATP production. By contrast, 

EAE/Thy1-MCU Def axons had very few functional mitochondria and showed 

only single, massively swollen mitochondria at denuded sites. The undocking of 

mitochondria from cytoskeletal motors at energetically favourable sites (nodes of 

Ranvier in non-pathological axons) (Kang et al., 2008; Pivovarova and Andrews, 

2010) is a process controlled mainly by the KIF5-Milton-MIRO complex which 

allows mobile mitochondria to disengage from the cytoskeleton in the presence 

of high Ca2+ concentrations (Cai and Sheng, 2009; Sheng and Cai, 2012). With 

the complete failure of Ca2+ buffering in EAE/Thy1-MCU Def mitochondria, it is 

possible that axons became oversaturated with Ca2+ to the point that MIRO 

complexes were constitutively disengaging mitochondria from the cytoskeleton 

thereby preventing the strategic recruitment of mitochondria to denuded sites. 

Ca2+-dependent release of mitochondria from kinesin heavy chain KIF5 allows for 

competitive binding of syntaphilin (SNPH) which anchors mitochondria to the 

cytoskeleton and inhibits ATPase activity of KIF5 (Chen and Sheng, 2013; Short, 

2020). With axonal Ca2+ overloading in EAE/Thy1-MCU Def mice, it is possible 
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that fragmented mitochondria were constitutively bound in place to the 

cytoskeleton by SNPH. As these mitochondria were targeted for autophagic 

digestion, the attached cytoskeleton may have been shredded and dragged into 

autophagosomes which would explain the large amounts of internalized 

cytoskeletal debris and reduction in cytoskeletal density.  

At CS=3.5, swelling of EAE/Thy1 mitochondria reached critical mass leading to a 

dissolution of cristae that has been described before in severe EAE and 

instances of intense mitochondrial stress (Hackenbrock, 1966; Qi et al., 2006; 

Recks et al., 2013). EM studies have previously shown that mitochondria in 

demyelinated MS lesions appear to be small and irregular in size with extremely 

disorganized and damaged cristae (Mahad et al., 2009). The mitochondria in MS 

brain tissues have similar features of swollen and damaged mitochondria 

observed in both EAE/Thy1 and EAE/Thy1-MCU Def mice. However, axonal 

mitochondria appeared fragmented and condensed in EAE/Thy1-MCU Def mice. 

However, there is a scarcity of studies showing EM images of mitochondrial 

morphology in MS thereby preventing any direct comparisons with EAE/Th1-

MCU Def mice. Mitochondrial morphology has, however, been shown to be a 

natural mechanism used for energetic adaptation in stressful environments 

(Gomes et al., 2011; Gomes and Scorrano, 2011; Mannella, 2008). Given the 

dramatic changes in mitochondrial morphology seen in EAE/Thy1-MCU Def 

mice, future EM studies of mitochondria are important for progressive MS 

research. 
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4.4.2 EAE/Thy1-MCU Def Mice Model Excessive Autophagy Induction in 
MS 

Autophagy acts primarily as a cell survival mechanism during nutrient starvation. 

However, in certain pathological states it also induces cell death by excessively 

degrading cellular contents (Fuchs and Steller, 2011; Marino et al., 2014). We 

have previously shown that the expression of atg5 in the CNS is strongly 

correlated with MS disease severity (Alirezaei et al., 2009). The ability of 

autophagy inhibitors to reduce paralysis and spinal cord damage in EAE mice 

further suggests a pathological role for autophagy in MS (Bhattacharya et al., 

2014; Li et al., 2019).  

At a CS=2.5, large autophagosomes were more common in the axons of 

EAE/Thy1-MCU Def than EAE/Thy1 mice. Furthermore, these autophagosomes 

became more numerous with EAE progression. The higher levels of atg5 and 

atg7 mRNAs and greater co-localization of LC3 in Thy1-expressing spinal 

neurons of EAE/Thy1-MCU Def than EAE/Thy1 mice are also indicative of 

autophagy induction. Ca2+ regulation plays a significant role in autophagy (Sun et 

al., 2016). Adenosine monophosphate kinase (AMPK) is activated by AMP in 

conditions of energy depletion (i.e. high AMP to ATP ratio) (Ding and Yin, 2012; 

Jeon, 2016; Sun et al., 2016). This leads to the inhibition of mTOR which is also 

suppressed by ROS production during cellular stress (Ding and Yin, 2012). 

Inhibition of mTOR activates autophagosome formation (Ding and Yin, 2012; 

Kapuy et al., 2014; Kosztelnik et al., 2019). For this reason, mitochondrial 

dysfunction and suppressed production of ATP could be very strong contributors 
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to the upregulation of autophagy in EAE/Thy1-MCU Def mice. This non-selective 

autophagic induction leads to indiscriminate degradation of axoplasmic contents 

such as mitochondria and microtubules (Ding and Yin, 2012). These findings are 

consistent with in vitro evidence of autophagy induction by suppressed MCU 

activity (Cardenas et al., 2010; Kondratskyi et al., 2018; Mallilankaraman et al., 

2012). However, autophagy upregulation by rapamycin has also been shown to 

be protective in EAE (Feng et al., 2017) indicating that an optimal level of 

autophagy is required for recovery from autoimmune-mediated demyelination. 

As disease severity increased to CS=3.0, clear signs of mitophagy were apparent 

in the axonal mitochondria of EAE/Thy1 mice. These mitochondria were 

characterized by mitochondrial swelling and loss of cristae integrity which 

became more pronounced at CS=3.5. These findings indicate that mitochondria 

in EAE/Thy1 axons undergo a healthy degree of mitophagy whereas 

mitochondrial collapse in EAE/Thy1-MCU Def axons triggers excessive 

autophagy. The injurious effects of excessive autophagy are suggested by 

increased damaged axons, reduced remyelinating axons and decreased 

numbers of intact mitochondria within the remyelinating axons of EAE/Thy1-MCU 

Def compared to EAE/Thy1 mice. EAE/Thy1-MCU Def mice therefore 

recapitulate the upregulation of autophagy characteristic of MS lesions (Alirezaei 

et al., 2009; Patergnani et al., 2018). 
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4.5 Patterns of Immune Cell Infiltration and Cytokine Expression in 
EAE/Thy1-MCU Def Mice Reflect a Pro-Inflammatory Bias That 
Promotes Axonal Damage 

Flow cytometric measurements indicated that infiltration of T lymphocytes (CD4+ 

and CD8+) and myeloid cells (Ly6Clow and Ly6Chigh) was elevated in the CNS of 

EAE/Thy1-MCU Def relative to EAE/Thy1 mice. These infiltrates were composed 

primarily of CD4+ T cells and Ly6Chigh myeloid cells. These findings indicate that 

increased EAE disease severity in Thy1-MCU Def mice was associated with a 

pro-inflammatory bias. 

4.5.1 CD4+ and CD8+ Immune Cell Populations are Upregulated in the 
Periphery and CNS of EAE/Thy1-MCU Def Mice 

EAE induction uses myelin antigen (such as MOG35-55) emulsified with an 

immune adjuvant to induce autoreactivity towards myelin of the CNS in CD4+ T 

helper cells (Chitnis, 2007; Constantinescu et al., 2011). This replicates the 

predominance of CD4+ T cells in acute lesions of MS while CD8+ cells tend to be 

dominant in chronic lesions (Chitnis, 2007; Raine, 1994). Accordingly, EAE/Thy1-

MCU Def mice showed a substantially larger infiltration of CD4+ T cells in the 

CNS than EAE/Thy1 controls. Upon entry to the CNS, CD4+ T cells are re-

activated by antigen presenting cells (APCs) and then produce pro-inflammatory 

cytokines IFN-γ and TNF-α which mobilize the innate immune system resulting in 

inflammatory spinal cord damage (Corsini et al., 1996; Dendrou et al., 2015; 

Olsson et al., 1990; Olsson, 1995). This promotes the recruitment and infiltration 

of monocytes to the CNS (Dendrou et al., 2015; Monaghan et al., 2019). Cross-

presentation by dendritic cells then induces the activation and infiltration of CD8+ 

cytotoxic T cells which are correlated with higher rates of axonal damage in MS 
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(Bitsch et al., 2000; Dendrou et al., 2015). EAE/Thy1-MCU Def mice were the 

only group that showed elevated levels of CD8+ T cells thereby replicating T cell 

mechanisms in chronic MS lesion pathology. These actions are supported by 

higher mRNA expression of pro-inflammatory cytokines (IFN-γ, IL-1β, IL-6, IL-12 

(p35) and CCL5) produced by encephalitogenic T lymphocytes, dendritic cells, 

neutrophils and M1 macrophages in the spinal cords of EAE/Thy1-MCU Def than 

EAE/Thy1 mice (Arango and Descoteaux, 2014; Domingues et al., 2010; 

Maimone et al., 1993). 

4.5.2 Monocyte Populations are Upregulated in the CNS but not Periphery 
of EAE/Thy1-MCU Def Mice 

The two monocyte lineages in mice are the classical Ly6Chigh with high 

expression of C-C chemokine receptor 2 (CCR2hi) and low levels of CX3C 

chemokine receptor 1 (CX3CR1low) and the non-classical Ly6Clow which are 

CCR2lowCX3CR1hi. These lineages are comparable to classical and non-classical 

human monocytes, respectively (Kratofil et al., 2017; Monaghan et al., 2019). 

Ly6Chigh
 monocytes up-regulate pro-inflammatory molecules and are one of the 

main TNF producers early in inflammation. These monocytes also differentiate 

into dendritic cells and M1 macrophages known to promote CNS damage in the 

EAE model (Benakis et al., 2014; Katsumoto et al., 2014; King et al., 2009; 

Shechter et al., 2013). Ly6Chigh monocytes deficient of CCR2 are incapable of 

developing EAE which indicates how central they are to CNS inflammation in this 

MS model (Fife et al., 2000). This may be because Ly6Chigh monocytes 

differentiate into antigen presenting cells that are responsible for the re-activation 

of infiltrating CD4+ T cells (Monaghan et al., 2019). Overall, the upregulation of 
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Ly6Chigh monocytes in EAE/Thy1-MCU Def mice is indicative of a pro-

inflammatory environment similar to that seen in MS. Ly6Clow monocytes are 

derived from Ly6Chigh populations, patrol the vasculature and may play a minor 

role in EAE (Benakis et al., 2014; Kratofil et al., 2017). However, Ly6Clow 

monocytes do become more prevalent during the resolution of inflammation and 

seem to contribute to the development of a pro-repair environment (Benakis et 

al., 2014). This mechanism did not appear to operate in EAE/Thy1-MCU Def 

mice because pro-repair cytokines failed to be elevated and the overall elevation 

of Ly6Clow monocyte levels was minimal compared to EAE/Thy1 controls. 

Ly6Chigh and Ly6Clow cell populations in the spleen were unchanged between 

EAE/Thy1 and EAE/Thy1-MCU Def mice. This indicates that monocyte levels 

were not elevated globally in EAE/Thy1-MCU Def mice but, were instead 

increased secondary to enhanced CNS damage. This aligns with the inside-out 

theory that early mitochondrial and axonal damage in the CNS contributes to the 

priming of autoreactive immune cells in MS (Faissner et al., 2019; Geurts et al., 

2010; Mao and Reddy, 2010). 

4.6 EAE/Thy1-MCU Deficiency as a New Preclinical Model of MS  

Progressive MS is in need of accurate preclinical models for the testing of 

potential therapeutics (Faissner et al., 2019). Based on the results presented in 

the present study, I propose that unlike wild-type mice, EAE/Thy-MCU Def mice 

effectively model many of the pathological features consistent with “inside-out” 

disease mechanisms implicated in MS disease progression (Chrzanowski et al., 

2019; Milo et al., 2019; Scheld et al., 2016). EAE/Thy1-MCU Def mice model key 
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features of MS such as mitochondrial dysfunction, upregulation of injurious 

autophagy, downregulation of mitochondrial respiratory complex genes, 

suppression of ATP production, Ca2+ overloading and calpain overactivation, all 

of which contribute to severe motor deficits, suppression of remyelination, 

increased axonal damage and a higher recruitment of immune infiltrates. Drug 

screening efforts based on the reversal of these MCU-dependent metabolic 

deficits may therefore rapidly identify novel neuroprotective and remyelinating 

agents for progressive MS. Testing of these therapeutic candidates in EAE/Thy1-

MCU mice may thus offer a novel approach to prioritize them for clinical 

development. 

4.7 Limitations  

4.7.1 Conclusions Based on Correlative Data Require Further 
Experimentation 

The current findings suggest that mitochondrial dysfunction suppressed Ca2+ 

buffering, ATP synthesis and mitochondrial gene expression resulting in the 

metabolic collapse of EAE/Thy1-MCU Def axons at DPI 16 which was 

characterized by excessive autophagy and increased inflammation relative to 

EAE/Thy1 controls. However, we acknowledge that causality is not proven by 

these correlations. In the same way, MS etiopathogenesis has been debated for 

decades, making any concrete conclusions difficult (Compston and Coles, 2002; 

Faissner et al., 2019; Mao and Reddy, 2010). EAE is also mechanistically 

complex and not fully understood. My findings suggest that mechanisms at work 

in EAE/Thy1-MCU Def mice may also be relevant for MS disease progression. 



80 
 

However, this conclusion could obviously be strengthened by further 

experimentation and validation to move from correlation to causality. Some of 

these experiments are outlined in the “Future Directions” portion of the 

discussion. 

4.7.2 The Exclusive Use of Female Mice for Experimentation 

The present study was performed exclusively with the use of female mice 

thereby excluding any of the male sex from experimentation. It has been shown 

that there are sex differences in EAE, but female mice are superior to males for 

testing of neuropathic pain (Papenfuss et al., 2004; Rahn et al., 2014). 

Additionally, female humans are more susceptible to MS than males as shown by 

an approximate 3:1 incidence which is steadily increasing (Harbo et al., 2013; 

Stys et al., 2012). For these reasons, female mice were chosen, and male mice 

were excluded to reduce variability while staying within time and resource 

constraints. The present investigation would therefore have benefited from 

studies in male animals. 

4.7.3 Relative Unreliability of Clinical Scoring 

The clinical scoring system used is semi-quantitative in nature and employs an 

ordinal scale for assessment of motor disability and behavioural deficits in the 

EAE model. Variations of this scoring system are used diffusely but have been 

shown to be inconsistent and suboptimal for quantitating disease severity due to 

their ordinality (Fiander et al., 2017b; Fleming et al., 2005). Kinematic gait 

analyses in the sagittal plain have been shown by our lab to be a highly reliable 

and sensitive quantitative measure of motor deficit in EAE mice (Chedrawe et al., 
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2018; Fiander et al., 2017a; Fiander et al., 2017b). Unfortunately, when 

EAE/Thy1-MCU Def mice were subjected to treadmill recording, 70% were too 

fatigued or disabled to produce any measurable gait outcomes (data not shown). 

Fatigue is a common symptom of MS and is thought to originate from the 

increased energy requirements of denuded axons paired with mitochondrial 

dysfunction (Mao and Reddy, 2010). Further behavioural analyses would 

therefore lend to a better functional characterization of EAE/Thy1-MCU Def mice 

and provide a potentially more accurate representation of the pathological 

differences between them and EAE/Thy1 mice. 

4.8 Future Directions 

4.8.1 Testing of Drug Candidates for MS Using the EAE/Thy-MCU Def 
Model 

The EAE/Thy1-MCU Def mouse model shares several mechanisms of spinal 

cord damage with progressive MS (Faissner et al., 2019). The following drugs, if 

effective at reversing the exacerbation of EAE observed in Thy1-MCU Def mice, 

may therefore be effective drug therapies for progressive MS. 

Mitochondrial respiration - Drugs targeting mitochondrial morphology (Gomes et 

al., 2011) and oxidative phosphorylation efficiency may promote the reversal of 

suppressed ATP production in EAE/Thy1-MCU Def mice. Vitamin B1 (thiamine) is 

responsible for activation of the thiamine- and Ca2+-dependent enzymes pyruvate 

dehydrogenase and alpha-ketoglutarate dehydrogenase of the citric acid cycle 

(Parker, Jr. et al., 1984; Traaseth et al., 2004). Thiamine administration has been 

shown to reduce fatigue in MS (Costantini et al., 2013) by activation of oxidative 
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phosphorylation and suppression of the pro-inflammatory cytokine CCL2 in the 

spinal cord (Khosravi-Largani et al., 2018). Administration of thiamine could 

therefore suppress inflammation and promote the activation of Ca2+-dependent 

dehydrogenases in EAE/Thy1-MCU Def mice. Mitochonic acid 5 (MA-5) 

promotes cell survival in mitochondrial diseases by activating oligomerization of 

ATP synthase (Khosravi-Largani et al., 2018). Furthermore, this compound is 

orally bioavailable (Matsuhashi et al., 2017). Ginkgo biloba extract has been 

shown to improve respiration of mitochondria and reduce fatigue in MS (Suzuki 

et al., 2016). Reversal of mitochondrial deficits by any of these drugs in 

EAE/Thy1-MCU Def mice would encourage testing in progressive MS. 

Autophagy - Rapamycin is an inhibitor of mTOR which is implicated in the AMPK 

energy sensitive pathway of autophagy in the cell (Eckert, 2012; Johnson et al., 

2006). Preliminary results have shown some beneficial effects in RRMS 

(Bagherpour et al., 2018; Vergo et al., 2011). Testing in the EAE/Thy1-MCU Def 

model may reveal applications for PPMS or SPMS. 

Calpain activation - SNJ1945 is an orally bioavailable calpain inhibitor that has 

been shown to reduce CS in mice subjected to EAE by preventing inflammation 

and reducing neurodegeneration (Liang and Le, 2015). 

Remyelination - Retinoic acid receptors (RXR) have been implicated in 

remyelination by promoting the differentiation of OPCs into mature 

oligodendrocytes (Trager et al., 2014). Administration of the RXR agonist 

IRX4204 ameliorates EAE by attenuation of Th17 development and promoting 
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differentiation of T regulatory cells (Kremer et al., 2015). IRX4204 may therefore 

be an extremely useful drug for immune suppression in the short term (RRMS) 

and the prevention of neurodegeneration in the long term (progressive MS). 

Olesoxime is a compound that promotes the elongation of mitochondria in OPCs 

(Chandraratna et al., 2016) which then produce more ATP and less ROS 

(Magalon et al., 2016). This favours OPC differentiation and subsequent 

remyelination in lysolecithin and cuprizone models of MS (Gomes et al., 2011). 

Non-remyelinating MS lesions show either fewer numbers of OPCs or failure of 

OPCs to differentiate (Magalon et al., 2012) indicating that the testing of these 

drugs in the EAE/Thy1-MCU Def model would present a clearer image of their 

therapeutic potential in MS. 

Ion transport - As previously mentioned, Na+ and Ca2+ overloading lead to 

reduced action potential propagation and many damaging effects in MS which 

are potentially shared by EAE/Thy1-MCU Def mice. Amiloride is an inhibitor of 

acid-sensing ion channel 1 (ASIC1) which is permeable to both ions. Amiloride 

has been shown to be neuroprotective in EAE (Franklin, 2002) and is currently in 

Phase II clinical trials for SPMS (Connick et al., 2018). 

4.8.2 Future Experimentation to Elucidate the Complexities of the 
EAE/Thy1 MCU Def Model 

There are several future experiments that would help in understanding the 

intricacies of the EAE/Thy1-MCU Def model but more importantly, may also offer 

more insights into MS disease processes. 
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Testing of Adoptive Transfer From EAE/Thy1-MCU Def Mice - Adoptive transfer 

is a passive method for the induction of EAE in which the lymph nodes of primed 

donor mice are harvested and processed for the retrieval of T cells for culturing in 

MOG35-55 containing media. These activated T cells are then injected into naïve 

mice to induce EAE (Connick et al., 2018). Equivalent concentrations of primed 

EAE/Thy1 and EAE/Thy1-MCU Def mouse T cells could be transferred into naïve 

wild-type mice followed by measurements of CS, axonal damage and WML. 

Given the upregulation of immune cell infiltration in EAE/Thy1-MCU Def mice, 

adoptive transfer would distinguish whether exacerbation in these mice 

originated from mitochondrial dysfunction and metabolic collapse or increased 

encephalogenic T cell activity. If there is no difference in disease severity 

between Thy1 and Thy1-MCU Def mice exposed to adoptively transferred EAE, 

this outcome would further implicate neuronal mitochondrial dysfunction in the 

more severe disease course for EAE/Thy1-MCU Def mice. 

Further Confirmation of Non-Selective Autophagy in EAE/Thy1-MCU Def Mice - 

LC3 is implicated in the docking of autophagosomes to lysosomes for 

degradation of internalized contents and was used in this study to examine 

general autophagy in the spinal cord. When a starvation-like state is induced in 

cells, LC3-I is conjugated to phosphatidylethanolamine to produce LC3-II which 

is integrated into autophagosomes (McCarthy et al., 2012). Upon lysosomal 

fusion, LC3-II is converted back to LC3-I. Autophagy induction during cellular 

starvation increases the ratio of LC3-II:LC3-I (Tanida et al., 2008). Western 

blotting for LC3-I and LC3-Il in EAE/Thy1 and EAE/Thy1-MCU Def mice would 
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therefore further address whether autophagy is overactivated in EAE/Thy1-MCU 

Def mice. 

Further Investigation of OPC Activation/Differentiation for Remyelination - As 

discussed previously, there is a diversity of commentary surrounding degree of 

remyelination in the EAE model. Some studies show very little remyelination 

while others report similar findings as the present study (Constantinescu et al., 

2011; Hampton et al., 2008; Jones et al., 2008; Kornek et al., 2000; Mei et al., 

2016; Prinz et al., 2015; Recks et al., 2013). For this reason, a direct 

quantification of the recruitment and differentiation of OPCs in spinal cord lesions 

would directly show whether remyelination is promoted in EAE/Thy1 mice and 

whether it is suppressed in EAE/Thy1-MCU Def mice. IHC staining for neuron-

glia antigen 2 (NG2), a marker for OPCs and oligodendrocyte specific protein 

(OSP) for oligodendrocytes, would be useful to compare OPC recruitment and 

differentiation numbers in the spinal cord lesions of EAE/Thy1 and EAE/Thy1-

MCU Def mice (Michalski et al., 2018; Suzuki et al., 2017). 

4.9 Conclusions 

Based on evidence that enhanced MCU-mediated Ca2+ uptake increases Ca2+ 

buffering, stimulates ATP synthesis and triggers mitochondrial undocking 

(Baughman et al., 2011; Chang et al., 2011; De et al., 2011; Glancy and 

Balaban, 2012; Hansford and Zorov, 1998; Okuda et al., 2002; Pan et al., 2013; 

Schwarz, 2013), I have proposed that the MCU plays a pivotal role in the survival 

of axons exposed to autoimmune-mediated demyelination. The first series of 
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experiments support this hypothesis by showing that disease severity, spinal 

cord demyelination and corticospinal axon injury were markedly elevated in 

EAE/Thy1-MCU Def relative to EAE/Thy1 mice at DPI 16 and 30. Furthermore, 

EAE/Thy1-MCU Def mice suffered more days at CS ≥ 1.5 and increased axonal 

injury from DPI 16 to DPI 30. These findings suggest that MCU dysfunction 

contributes to common features of progressive MS such as motor deficits, axonal 

injury and failed remyelination  (Compston and Coles, 2008; Diaz-Sanchez et al., 

2006; Faissner et al., 2019; Guyton et al., 2005; Kalyvas et al., 2009; Kornek et 

al., 2000; Mei et al., 2016; Shields et al., 1999).  

Suppressed mitochondrial-mediated Ca2+ buffering contributed to increased 

axonal damage in these mice via overactivation of injurious Ca2+-dependent 

proteases. Calpain activity was elevated by 3-fold in the spinal cords of 

EAE/Thy1-MCU Def compared to EAE/Thy1 mice at DPI 16. This suggests that 

reduced Ca2+ buffering in EAE/Thy1-MCU Def axons promoted injury by 

excessively activating this Ca2+-dependent protease. Biochemical and 

histochemical studies have shown that CNS axon damage in EAE and MS are 

associated with injurious Ca2+-dependent phospholipase and calpain inductions 

(Diaz-Sanchez et al., 2006; Guyton et al., 2005; Kalyvas et al., 2009; Shields et 

al., 1999). Furthermore, failure of Ca2+ entry into mitochondria led to reduced 

ATP production in EAE/Thy1-MCU Def mice which is thought to contribute to 

several pathological events observed in MS. ATP production is responsible for 

powering Na+/K+ ATPase in denuded axons, preventing excessive autophagic 

induction and inducing the differentiation of OPCs (Sun et al., 2016; Trapp and 
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Stys, 2009). Therefore, suppression of ATP production in EAE/Thy1-MCU Def 

axons replicates Na+ and Ca2+ imbalances, autophagy induction and failed OPC 

differentiation observed in progressive MS (Alizadeh et al., 2015; Ding and Yin, 

2012; Dutta et al., 2006; Jeon, 2016; Stys et al., 1992; Welsh and Kucenas, 

2018). Finally, Ca2+ overloading prevents proper mobilization and positioning of 

mitochondria by SNPH and the KIF5-Milton-MIRO complex at energetically 

favourable sites in EAE/Thy1-MCU Def mice as reflected by the lack of functional 

mitochondria at the denuded sites of these animals (Cai and Sheng, 2009; Chen 

and Sheng, 2013; Sheng and Cai, 2012; Short, 2020).  

I therefore propose that EAE/Thy1-MCU Def mice model inside-out mechanisms 

implicated in MS disease progression. In addition to having provided an in-depth 

view into how mitochondrial dysfunction induces demyelination and suppresses 

myelin repair, this model will also be useful in identifying drug candidates that 

may mitigate metabolic collapse in progressive MS. 
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