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ABSTRACT 
 

Recent evidence suggests that clozapine, quetiapine, tamoxifen and pioglitazone 

may improve functional recovery in multiple sclerosis (MS). We have compared 

the effectiveness of oral administration of these drugs, beginning at peak 

disease, at reducing disease severity and demyelination in mice subjected to 

experimental autoimmune encephalomyelitis (EAE). Unlike clozapine, quetiapine 

and tamoxifen, administration of pioglitazone beginning at peak disease 

decreased clinical scores and lumbar white matter loss in EAE mice. Using 

kinematic gait analysis, we found that pioglitazone also maintained normal 

movement of the hip, knee and ankle joints for 44 days after EAE induction. This 

long-lasting preservation of hindleg joint movements was accompanied by 

reduced white matter loss, microglial and macrophage activation and the 

expression of pro-inflammatory genes in the lumbar spinal cord of EAE mice. 

These results support clinical findings that suggest pioglitazone may reduce the 

loss of motor function in MS by decreasing inflammation and myelin damage. 
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CHAPTER 1: INTRODUCTION 

Portions of this dissertation appear in the following publication:  
Chedrawe, M.A.J., Holman, S.P., Lamport, A.C., Akay, T., Robertson, G.S., 

2018. Pioglitazone is superior to quetiapine, clozapine and tamoxifen at 
alleviating experimental autoimmune encephalomyelitis. J. Neuroimmunol. 
321, 72-82. Reprinted from Elsevier. 

 
Student contributions to manuscript: MAJC performed all in vivo and in vitro 

assays with assistance from SPH and ACL and intellectual contribution 
from TA. MAJC and GSR contributed to the experimental design and co-
wrote the manuscript.  

 

1.1 OVERVIEW 

Multiple sclerosis (MS) is primarily an inflammatory disease characterized by 

autoimmune-mediated demyelination in the central nervous system (CNS) (Loma 

and Heyman, 2011). This results in a variety of neurological symptoms such as 

limb weakness and sensory loss. In most cases, the disease progressively 

worsens over time, leading to fatigue, cognitive decline and motor deficits as well 

as visual impairments (Compston and Coles, 2008; Loma and Heyman, 2011). 

Experimental autoimmune encephalomyelitis (EAE) is one of the most commonly 

used experimental methods to model MS in rodents that recapitulates 

autoimmune mechanisms, demyelination, axonal damage, sensory impairments 

and motor deficits in MS. To date, EAE has assisted in the development of four 

Food and Drug Administration (FDA)-approved drugs used to treat MS 

(Brinkmann et al., 2002; Constantinescu et al., 2011; Steinman and Zamvil, 

2006). Current therapies suppress disease relapses by targeting various aspects 

of immune dysfunction in MS. However, these treatments have minimal-to-no 

capacity to stimulate remyelination. Although preclinical studies have identified a 

variety of novel remyelinating therapeutics, the human trials required to establish 
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their clinical effectiveness are lengthy, expensive, complex and risky (Collier, 

2009; Martin et al., 2017). One way to mitigate this problem is to identify drugs 

already approved by the FDA that could be repositioned for the treatment of MS. 

This repositioning strategy may thus overcome the long developmental timelines 

and high clinical failure rates associated with de novo CNS drug discovery. The 

aims of the current study are the following: 1) to identify which of four FDA-

approved drugs, known to stimulate remyelination - quetiapine, clozapine, 

tamoxifen and pioglitazone - is most effective at alleviating EAE disease severity 

in mice; 2) to determine the mechanism of action for the most effective drug 

candidate and 3) to measure the beneficial effects of the drug candidate on gait 

deficits in EAE mice that resemble those seen in MS.  

 

1.2 MS: PATHOPHYSIOLOGY, EPIDEMIOLOGY, CLINICAL FEATURES, AND 
TREATMENTS 
 

1.2.1 PATHOPHYSIOLOGY AND EPIDEMIOLOGY OF MS 

MS is an autoimmune disease caused by myelin-reactive immune cells that 

destroy the myelin sheath which surrounds axons in the CNS (Loma and 

Heyman, 2011). Although the precise disease triggers are unclear, MS is thought 

to arise from a complex interplay between environmental and genetic factors 

(Milo and Kahana, 2010) that give rise to the activation, expansion and infiltration 

of myelin-autoreactive T-cells and macrophages (Stys et al., 2012). 

Remyelination occurs in MS, but is typically inefficient and eventually fails after 

repeated cycles of demyelination (Franklin and Ffrench-Constant, 2008). The 

expansion of sodium channels along a denuded axon slows conduction velocity 
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and places a considerable metabolic burden on mitochondria to buffer calcium 

and provide the necessary energy for increased ion pumping (Loma and 

Heyman, 2011; Waxman et al., 2004). This renders axons highly vulnerable to 

damage that is responsible for the irreversible loss of sensory, motor and 

cognitive function in MS (Compston and Coles, 2008; Trapp et al., 1998; Trapp 

and Stys, 2009). Immune dysfunction in MS may also contribute to fatigue and 

general weakness accompanied by mood changes and attention deficits 

(Compston and Coles, 2008; Loma and Heyman, 2011). MS affects a wide 

variety of people, however, the ratio of females to males with MS is 

approximately 3:1 with onset typically occurring between 20-40 years of age 

(Constantinescu et al., 2011). The 3:1 ratio of females to males is not well 

understood, but is thought to arise from environmental, hormonal and genetic 

factors. Smoking, which is linked to increased risk for MS, is one potential factor 

underlying this ratio because of its higher prevalence among females (Alonso 

and Hernan, 2008; Ascherio and Munger, 2007). The hormonal difference 

between females and males likely contributes to MS susceptibility. This is 

substantiated by evidence showing altered disease severity during pregnancy 

due to increased levels of progesterone, estrogen and oestriol (Harbo et al., 

2013) and an increase in relapse rate following in vitro fertilization (Laplaud et al., 

2006). The X chromosome is thought to have a role in autoimmune disorders 

(Selmi, 2008); consequently, the presence of two X chromosomes would likely 

increase susceptibility (Harbo et al., 2013). As of 2013, there were 2.3 million 

individuals worldwide living with MS (Evans et al., 2013). Canada represents one 



4 

 

of the highest prevalence rates of MS in the world at approximately 240:100,000 

(Evans et al., 2013).  

 

1.2.2 CLINICAL DISEASE COURSES OF MS 

There are four main clinical subtypes of MS (Figure 1). Approximately 85% of 

individuals are diagnosed with a form of MS called relapse remitting MS (RRMS; 

Figure 1A) (Compston and Coles, 2008). In RRMS, patients experience episodes 

of increased disability and symptom severity, clinically referred to as relapses, 

resulting from inflammation and demyelination. These occurrences are sporadic 

and can happen several times in a year (Compston and Coles, 2008). Between 

relapses, symptoms and disability diminish, or remit, as the inflammatory 

processes subside; this allows the patient to recover, yet seldom completely 

(Waxman et al., 2004). Disability gradually increases throughout the course of 

RRMS due to the accumulation of demyelination and axonal damage (Franklin 

and Ffrench-Constant, 2008). Roughly 80% of individuals with RRMS will 

eventually develop secondary progressive MS (SPMS; Figure 1B) (Dendrou et 

al., 2015). Individuals with SPMS generally have a continuous and gradual 

increase in neurological disability without relapses or remissions (Lublin and 

Reingold, 1996). Approximately 10% of patients are diagnosed with primary 

progressive MS (PPMS; Figure 1C) which is characterized by an unrelenting 

deterioration of neurological function (Dendrou et al., 2015). Unlike RRMS, 

PPMS is thought reflect a chronic neurodegeneration condition that appears to 

be driven by distinct but poorly understood disease mechanisms (Baecher-Allan 
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et al., 2018; Loma and Heyman, 2011). The last, and least common, form of MS 

is progressive relapsing MS (PRMS) characterized by a steady increase in 

functional disability with sporadic relapses (Figure 1D). Around 5% of MS 

patients are diagnosed with PRMS (ECTRIMS, 2012). Like PPMS, PRMS does 

not respond well to current therapies (Koch et al., 2013).  

 

1.2.3 MS THERAPEUTICS  

Since the majority of people with MS have RRMS, it has served as the central 

focus for research and therapeutic development (Stys et al., 2012). Disease-

modifying treatments for MS, such as interferon beta-1α (Jacobs et al., 1996) and 

glatiramer acetate (Johnson et al., 1995) are formulated for intramuscular or 

subcutaneous injection, respectively. Newer oral medications, like teriflunomide 

(O'Connor et al., 2011) and fingolimod (Cohen et al., 2010), have shown similar 

efficacy with higher compliance rates. However, current disease modifying 

therapies for MS are only successful at reducing the frequency and/or severity of 

disease relapses and have limited value in slowing disease progression (Cohen 

et al., 2010; Jacobs et al., 1996; Johnson et al., 1995; O'Connor et al., 2011). 

Present drugs for RRMS are most beneficial when given to an individual early in 

their disease course since the drugs reduce autoimmune mechanisms 

responsible for neurodegeneration (Loma and Heyman, 2011). However, current 

therapies for MS only suppress the autoimmune and inflammatory aspect of 

RRMS and fail to directly target the neurodegenerative process   
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Figure 1. The four main subtypes of multiple sclerosis (MS). (A) Relapsing 
remitting MS (RRMS), (B) secondary progressive MS (SPMS), (C) primary 
progressive MS (PPMS) and (D) progressive relapsing MS (PRMS).   
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(Arun et al., 2013; Sormani and Bruzzi, 2015). Hence, there are no effective 

treatments that slow neurodegeneration and/or enhance remyelination for MS 

(Ransohoff, 2012). 

 

1.3 EAE: PATHOPHYSIOLOGY AND LIMITATIONS 

EAE is an animal model of MS that was first described 85 years ago (Rivers et 

al., 1933). Today, it remains the most extensively used animal model for MS 

because it recapitulates several pathophysiological processes observed in MS 

patients. EAE is characterized by autoimmune-mediated demyelination that 

results in paralysis and locomotor deficits, resembling MS (Warford et al., 2014). 

Moreover, preclinical studies using the EAE model have assisted in the 

development of four approved therapies for MS: glatiramer acetate, 

mitoxantrone, natalizumab, and fingolimod (Brinkmann et al., 2002; 

Constantinescu et al., 2011; Steinman and Zamvil, 2006). These findings support 

the clinical relevance of EAE for MS.  

 

1.3.1 PATHOPHYSIOLOGY FEATURES OF EAE IN MICE 

EAE has proven to be a versatile model of MS. Using different antigens for 

immunization and mice with distinct genetic backgrounds, it is possible to model 

both RRMS and SPMS (Constantinescu et al., 2011). For instance, SJL mice 

immunized with the proteolipid protein peptide 139-151 (PLP139-151) produce a 

relapsing/remitting disease course resembling RRMS (Bittner et al., 2014). By 

contrast, immunization of C57BL/6 mice with myelin oligodendrocyte glycoprotein 
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peptide 35-55 (MOG35-55) emulsified in complete Freund’s adjuvant (CFA) 

produces a monophasic and chronic disease with limited recovery that mimics 

progressive MS (Bittner et al., 2014). 

 

Since the MOG35-55 model of EAE was employed in the current study, the focus 

will be on the features of this model. Subcutaneous (sc) injections of MOG35-55 

emulsified in CFA followed by intraperitoneal (ip) injections of pertussis toxin 

(PTX) trigger the production of myelin-reactive CD4+ T cells in the lymph nodes 

and spleen that migrate to the CNS, resulting in demyelination (Bannerman et al., 

2005). Macrophage activation also contributes to EAE. M1 macrophages release 

pro-inflammatory mediators that damage the CNS while macrophages of an anti-

inflammatory M2 phenotype promote the resolution of EAE (Huitinga et al., 1990; 

Kotter et al., 2001). CD4+ T cells and M1 macrophages have been shown to 

degrade myelin and trigger the death of myelin-producing oligodendrocytes 

(Kieseier et al., 1999; Smith, 1999). Demyelination and the release of reactive 

oxygen species by activated immune cells causes axonal damage resulting in 

permanent sensory and motor deficits (Kornek et al., 2000; Nikic et al., 2011). 

PTX enhances MOG35-55-induced EAE disease severity. The mechanism of 

action of PTX is not well understood, however, it is thought to increase blood-

brain barrier permeability which enables immune infiltration (Hofstetter et al., 

2002). Motor deficits in EAE have been linked to axonal damage and motor 

neuron loss in the spinal cord and inflammation in the cerebellum (Bannerman et 

al., 2005). The CNS pathology in EAE causes ascending paralysis in mice 
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(beginning at the tail) that manifests approximately 9- to 12-days post-

immunization (Constantinescu et al., 2011). 

 

1.3.2 LIMITATIONS OF THE EAE MODEL 

Although EAE models many features of MS, it is not without its limitations. The 

main difference between MS and EAE is that the etiology of MS remains 

unknown but appears to involve a complex combination of genetic and 

environmental factors. By contrast, specific antigens, that may not be the initial 

triggers of MS, are used to induce EAE in animals such as mice, rats and 

monkeys (Constantinescu et al., 2011). EAE is also unable to fully recapitulate 

the pathological features of MS because of differences in the immune system 

and CNS between animals and humans. EAE therefore fails to precisely mimic 

the immunological and neuropathological mechanisms implicated in MS 

(Emerson et al., 2009). For example, EAE pathology is driven primarily by 

infiltrating CD4+ T cells whereas MS lesions are comprised chiefly of CD8+ T 

cells (Gay et al., 1997). 

 

1.4 KINEMATIC GAIT ANALYSIS (KGA) 

1.4.1 CURRENT METHODS USED TO ASSESS EAE DISEASE SEVERITY 

EAE disease severity in mice is traditionally measured using a clinical rating 

scale due to its simplicity and convenience (Emerson et al., 2009). This rating 

scale is similar to the expanded disability status scale (EDSS), which is a 10-

point scale used to assess neurological disability in people with MS (Kurtzke, 
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1983). Higher values on the EAE rating scale and EDSS reflect increased 

disease severity in EAE and MS, respectively (Emerson et al., 2009; Kurtzke, 

1983). Although all neurologists use the same EDSS to assess disabilities in MS, 

EAE clinical rating scales can vary between laboratories (Croxford et al., 2006; 

Kalyvas and David, 2004; Mendel et al., 1995; Takeuchi et al., 2013). This lack of 

standardization is problematic because clinical scores may not always reflect 

similar EAE disease severity between studies. A further disadvantage of EAE 

rating scales is that they yield only ordinal data that cannot detect subtle changes 

in disease progression and provide limited information about the precise nature 

of the deficits. Lastly, clinical scores for EAE reflect a subjective impression of 

the rater concerning animal health that may vary between laboratories. To 

improve upon these drawbacks of clinical scoring, KGA was employed in the 

current study.  

 

1.4.2 KGA: ADVANTAGES IN THE ASSESSMENT OF LOCOMOTOR 
DEFICITS FOR EAE MICE 
 
KGA employs sophisticated behavioural techniques to assess specific aspects of 

leg movements during walking for humans and laboratory animals. We have 

previously shown that KGA is superior to clinical scoring in EAE mice because it 

can detect movement deficits prior to the onset of clinical scores and identify 

precise joint angle impairments (Fiander et al., 2017a; Fiander et al., 2017b). 

This resultant interval data thus provides more precise information that can be 

used to inform clinical studies that use similar behavioural techniques. KGA has 

frequently been used to study the abnormal gait of patients with 
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neurodegenerative/neurological disorders (Cameron and Wagner, 2011; Motl, 

2013) and the animal models for these conditions (Akay, 2014; Balkaya et al., 

2013; Menalled et al., 2009; Olivan et al., 2015; Pajoohesh-Ganji et al., 2010; 

Taylor et al., 2010; Wirths and Bayer, 2008). KGA can be performed in the 

ventral plane (underneath a subject) and in the sagittal plane (to the side of a 

subject); each technique yields different information about gait. In the ventral 

plane, KGA can detect gait parameters such as stride length and paw placement 

of mice (Mitra et al., 2015; Silva et al., 2014), however, the way in which limbs 

move to achieve the paw placements cannot be viewed in the ventral plane. 

Sagittal plane KGA has the distinct advantage of being able to measure the 

precise mechanics of leg movements while mice walk on a treadmill (Akay, 2014; 

Fiander et al., 2017a).  

 

Although KGA has been used to analyze locomotor deficits in mouse models of 

neurodegenerative diseases such as amyotrophic lateral sclerosis (ALS), 

Parkinson’s Disease (PD), Huntington’s Disease, Alzheimer’s Disease (AD), 

stroke and spinal cord injury (Akay, 2014; Balkaya et al., 2013; Menalled et al., 

2009; Olivan et al., 2015; Pajoohesh-Ganji et al., 2010; Taylor et al., 2010; Wirths 

and Bayer, 2008), sagittal plane KGA has only recently been employed in EAE 

studies (de Bruin et al., 2016; Fiander et al., 2017a; Fiander et al., 2017b). 

Incorporating gait-related measures into preclinical studies for EAE are important 

because ambulation is a commonly faced challenge in people with MS and 

locomotor deficits are frequently assessed using KGA in MS studies (Cameron 
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and Wagner, 2011; Coghe et al., 2015; Goodman et al., 2010; Larocca, 2011; 

Zorner et al., 2016).  

 

1.5 DRUG REPOSITIONING 

Drug repositioning, also known as drug repurposing, is the application of existing 

drugs for the treatment of new indications (Oprea and Mestres, 2012). This 

strategy simplifies approval for human testing and reduces the risk of clinical 

failure from adverse side effects. Typically, a drug is targeted for repositioning 

when it has an expired patent or has failed in a Phase III clinical trial due to poor 

efficacy, not safety-related reasons (Sleigh and Barton, 2010). 

 

1.5.1 BENEFITS TO DRUG REPOSITIONING 

This strategy of drug development has many advantages over de novo drug 

discovery. First, the developmental timeline for a drug can be substantially 

reduced since a wide body of relevant preclinical data is available (Ashburn and 

Thor, 2004). Phase I and IIa clinical trials are likely to be bypassed if the drug is 

repositioned at a similar or lower dose (Oprea et al., 2011). This will ultimately 

reduce the costs involved in drug development and provide a quicker time-to-

market (Sleigh and Barton, 2010). Second, there is a reduced risk associated 

with drug administration and consequently, a potentially higher rate of success 

(Ashburn and Thor, 2004; Oprea and Mestres, 2012). This decreases the 

chances that a drug will fail due to poor toxicology or safety profiles in the 

preliminary phases of a clinical trial. Third, the economics underlying mass 
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production and synthesis of a drug have already been established (Oprea and 

Mestres, 2012). Lastly, repurposing a drug can increase the patent life of a 

molecule so market exclusivity for certain formulations or indications can be 

achieved. 

 

1.5.2 CHALLENGES IN DRUG REPOSITIONING 

Although drug repositioning can be advantageous to de novo drug discovery, 

repositioning drugs comes with a different set of limitations and challenges. New 

safety concerns associated with a drug may arise in a different patient 

population; this may require safety assessment by phase I clinical testing (Sleigh 

and Barton, 2010). Also, the drug candidate still has the potential to fail at 

effectively treating the new indication (Sleigh and Barton, 2010). Legal 

considerations, such as implementing strategies to adequately address 

intellectual property and regulation must also be taken into account (Sleigh and 

Barton, 2010). If a drug is not generic (still under patent protection), licensing or 

acquiring the intellectual property from a company to reposition a drug can be 

difficult (Ashburn and Thor, 2004). The process is simpler if a drug is generic (not 

under patent protection) since a company can create a new patent for method of 

use, formulation, dosing or drug combinations (Ashburn and Thor, 2004).   

 

1.6 DRUG CANDIDATES TO REPOSITION FOR THE TREATMENT OF MS 
 
Among the classes of FDA-approved drugs that have been shown to reduce 

inflammation, demyelination and clinical disease signs in EAE mice are the 
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atypical antipsychotics (Mei et al., 2012; O'Sullivan et al., 2014), selective 

estrogen receptor modulators (SERMs) (Bebo, Jr. et al., 2009) and 

thiazolidinediones (TZDs) (Feinstein et al., 2002; Niino et al., 2001). 

 

1.6.1 QUETIAPINE AND CLOZAPINE 

Quetiapine and clozapine are atypical antipsychotic drugs used primarily in the 

treatment of schizophrenia (Gugger and Cassagnol, 2008). They are typically 

administered orally (Citrome, 2012) and exert their beneficial functions by acting 

as antagonist at dopamine D2 and serotonin 5-HT2A receptors (Schotte et al., 

1996). It is thought that the positive and negative symptoms of schizophrenia are 

alleviated by the binding of atypical antipsychotics to D2 and 5-HT2A receptors, 

respectively (Schotte et al., 1996). The side effects associated with quetiapine or 

clozapine administration include sedation and weight gain (Leucht et al., 2013). A 

severe side effect brought by clozapine is agranulocytosis, a condition in which 

white blood cell levels fall to dangerously low levels (Alvir et al., 1993). 

 

Oral administration of the atypical antipsychotic clozapine to mice via the drinking 

water, beginning one day before immunization with MOG35-55, has been reported 

to produce dose-dependant reductions in EAE disease severity (O'Sullivan et al., 

2014). Clinical signs of EAE were also reduced by the oral administration of 

quetiapine (10 mg/kg/day, po) at the onset of clinical signs (Mei et al., 2012). 

Unlike quetiapine (Mei et al., 2012), clozapine did not appear to reduce clinical 

disease signs in the EAE model by suppressing effector T cell function or 
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enhancing T regulatory cell activity (Zareie et al., 2017). Alternatively, the ability 

of clozapine to improve myelin integrity by increasing oligodendrocyte energy 

production and lipid synthesis (Ferno et al., 2005; Steiner et al., 2014) may 

contribute to the beneficial effects of this antipsychotic in models of autoimmune- 

and cuprizone-induced demyelination (O'Sullivan et al., 2014; Xu et al., 2010; Xu 

et al., 2014; Zhang et al., 2008).  

 

1.6.2 TAMOXIFEN 

Tamoxifen, an orally administered SERM (Greco, 1998), is used in the treatment 

of estrogen receptor (ER) positive breast malignant carcinoma (Jordan and 

Brodie, 2007). Due to its modulatory properties, tamoxifen acts as an antagonist 

at the ER in breast tissue (Wang et al., 2004) and, for example, an agonist for the 

ER in bone (Nakamura et al., 2007). By blocking ER-mediated growth in breast 

tissue, tamoxifen assists in the prevention of ER positive breast cancer tumor 

growth (Jordan, 1993). Tamoxifen should only be taken for 10 years since it 

increases the risk of endometrial cancer (Davies et al., 2013). Other adverse 

symptoms associated with tamoxifen administration include feminizing effects, 

flushing and cognitive decline (Moore et al., 2014; Paganini-Hill and Clark, 2000). 

 

Tamoxifen has been shown to suppress relapsing EAE in PLP139-151 immunized 

SJL mice (Bebo, Jr. et al., 2009). In this study, tamoxifen was delivered 

subcutaneously by a slow-release implant beginning 7 days before immunization. 

T cell proliferation assays and cytokine measurements suggested that tamoxifen 
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suppressed the development of EAE by inducing a Th2 immune bias that 

reduced autoimmune-mediated demyelination (Bebo, Jr. et al., 2009). 

 

1.6.3 PIOGLITAZONE 

Pioglitazone is classified as a TZD, indicating it is an agonist for the nuclear 

peroxisome proliferator-activated receptor gamma (PPARγ) (Shah and Mudaliar, 

2010). It is currently used to treat type II diabetes by increasing insulin sensitivity, 

mainly in skeletal tissue, to reduce blood glucose levels (Ferre, 2004; Shah and 

Mudaliar, 2010). This effect occurs primarily by increasing the expression of 

adiponectin and decreasing TNFα expression from adipocytes (Maeda et al., 

2001; Walczak and Tontonoz, 2002; Yu et al., 2002). There are some adverse 

effects brought by pioglitazone administration, such as peripheral edema and 

weight gain (Shah and Mudaliar, 2010). Pioglitazone also was initially thought to 

increase the risk of bladder cancer; however, a recently published meta analysis 

found no link between pioglitazone and bladder cancer (Filipova et al., 2017). 

TZDs such as pioglitazone, rosiglitazone and troglitazone have been shown to 

reduce EAE disease severity in association with decreased inflammation and 

demyelination (Feinstein et al., 2002; Niino et al., 2001). Pioglitazone, however, 

appears to be more effective at reducing EAE disease severity than rosiglitazone 

and troglitazone (Feinstein et al., 2002; Niino et al., 2001).  
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1.7 RATIONALE AND RESEARCH OBJECTIVES 

A major obstacle in the repurposing of clozapine, quetiapine, tamoxifen and 

pioglitazone for MS is the considerable resources required to test their clinical 

effectiveness. Preclinical studies are therefore required to identify the most 

promising of these therapeutic candidates for clinical testing. It is important in 

these studies that drug administration to EAE mice be delayed until peak disease 

to gauge their therapeutic potential at reducing demyelination, inflammation and 

motor deficits that are characteristic of MS.  

 

The present work has three major research aims: 1) to determine which of four 

FDA-approved drugs (clozapine, quetiapine, tamoxifen or pioglitazone) is most 

effective at alleviating MOG35-55-induced EAE; 2) to determine the mechanism of 

action for the most effective drug candidate and 3) to measure the beneficial 

effects of the drug candidate on gait deficits in EAE mice that resemble those 

seen in MS.  

 

1.7.1 AIM 1 

The first objective of this study was to determine if quetiapine, clozapine, 

tamoxifen or pioglitazone was most effective at reducing EAE disease severity in 

mice. Although these four drugs have previously been shown to reduce EAE 

disease severity when administered before peak disease (Bebo, Jr. et al., 2009; 

Feinstein et al., 2002; Mei et al., 2012; O'Sullivan et al., 2014), mice were treated 

at peak disease in the current study to identify whether these drugs could reverse 
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disease progression instead of prevent disease onset. To elucidate this, MOG35-

55-immunized EAE mice were treated with either quetiapine, clozapine, tamoxifen 

or pioglitazone beginning at peak clinical scores. EAE disease severity was 

measured behaviourally using a clinical rating scale and histologically via white 

matter loss quantification of lumbar spinal cords.  

 

1.7.2 AIM 2 

The second objective of this study was to investigate the effects of the most 

effective drug candidate on immune cell activation in the spinal cord and 

protection of cortical neuron cultures against exposure to a lethal concentration 

of glutamate. Immunohistochemistry was performed to detect Iba1+ 

macrophages and microglia in the spinal cord that were counted by computer-

assisted image analysis. Quantitative reverse transcriptase-polymerase chain 

reaction was employed next to measure pro- and anti-inflammatory cytokine 

mRNA levels in the spinal cord. Lastly, the protective effects of the most effective 

drug candidate on the viability of primary mouse cortical neurons exposed to a 

lethal concentration of glutamate was assessed.  

 

1.7.3 AIM 3 

The last aim of this study was to employ KGA (Akay, 2014) to determine if the 

most effective of the four FDA-approved drugs prevented or reversed impaired 

joint movements in EAE mice. This was done by examining whether the top 

clinical candidate alleviated the disruption of hip, knee and ankle joint 
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movements in the hindlimb of EAE mice that resemble those seen in MS patients 

(Fiander et al., 2017a; Fiander et al., 2017b). 
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CHAPTER 2: MATERIALS AND METHODS 

2.1 ANIMAL CARE 

The current project was done in accordance with the Canadian Council on 

Animal Care guidelines and was approved by the Dalhousie University 

Committee on Laboratory Animals. All mice were housed in the Life Sciences 

Research Institute Animal Care Facility on a 12-hour light/dark cycle 

(7:00am/7:00pm); food and water were provided ad libitum. Behavioural 

experiments were performed at the same time of day using 10-week old female 

C57BL/6 mice obtained from Charles River Canada (St. Constant, QC, CAN). 

Mice were given one week to habituate to the facility prior to experimentation. 

 

2.2 EXPERIMENTAL AUTOIMMUNE ENCEPHALOMYELITIS 

2.2.1 EAE INDUCTION 

A peptide corresponding to amino acids 35-55 (MEVGWYRSPFSRWHLYRNGK; 

Gen Script, Piscataway, NJ, USA) of myelin oligodendrocyte glycoprotein 

(MOG35-55) was dissolved in phosphate buffered saline (PBS; pH = 7.4) and 

emulsified in complete Freund’s adjuvant (CFA) at a 1:1 ratio. The CFA solution 

(10 mg/ml) included incomplete Freund’s adjuvant mixed with heat-killed 

Mycobacterium tuberculosis H37RA (Difco Laboratories, Detroit, MI, USA). All 

mice were anesthetized using isoflurane (2%; 1.5 liters/min O2) and kept under 

anesthesia during EAE induction. Two bilateral subcutaneous (sc) injections 

(100μl) of the MOG35-55/CFA mixture (300μg/mouse) were administered near the 

base of the tail to mice on day 0 (EAE group). Pertussis toxin (PTX, 300 ng; 
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Sigma Aldrich, St. Louis, MO, USA) was administered by intraperitoneal (ip) 

injection in a volume of 200 μl on day 0 as well as 2 days post-immunization 

(DPI) to each mouse. Immunization controls underwent the same procedure, but 

received injections of CFA emulsified in PBS without MOG35-55 (CFA group).  

 

2.2.2 BEHAVIOURAL ASSESSMENT OF CLINICAL SCORES 

Starting on DPI 7, mice were weighed and assessed for disease severity each 

day using a clinical rating scale. The following 11-point ordinal scale was used to 

assess motor deficits: 0, no motor deficits; 0.5, hooked tail; 1.0, fully flaccid tail; 

1.5, bilateral hindlimb splay; 2.0, minor walking deficits; 2.5, major walking 

deficits; 3.0, dropped pelvis; 3.5, unilateral hindlimb paralysis; 4.0, bilateral 

hindlimb paralysis; 4.5, forelimb paralysis; and 5.0, moribund (Table 1). Minor 

walking deficits can include general weakness of the lower body and slight loss 

of coordination; they may not be visible to an untrained experimenter. Major 

walking deficits are clearly visible to an untrained experimenter and can include 

paraparesis (partial paralysis of hindlimbs), a major sway of the lower body and 

difficulty righting themselves. For each experiment, one experienced individual, 

blind to the experimental conditions, performed the clinical scoring.  
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Table 1. EAE clinical scoring scale used to assess disease severity in EAE mice. 

Clinical Score Description 

0.0 No motor deficits 

0.5 Hooked tail 

1.0 Fully flaccid tail 

1.5 Bilateral hindlimb splay 
2.0 Minor walking deficits (weakness in lower body or slight loss of 

coordination) 
2.5 Major walking deficits (partial paralysis of hindlimbs and major 

sway of lower body) 

3.0 Dropped pelvis 

3.5 Unilateral hindlimb paralysis 

4.0 Bilateral hindlimb paralysis 

4.5 Forelimb paralysis 

5.0 Moribund 
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2.2.3 EAE ANIMAL HUSBANDRY 

All mice were given access to mashed kibble and Dietgel Recovery (ClearH2O, 

Westbrook, ME, USA) at disease onset. If body weight loss exceeded 10% of 

pre-immunization values, mice were handfed with DietGel Boost (Clear H2O, 

Westbrook, ME, USA) and given 0.9% sodium chloride solution (25 ml/kg/day, 

sc). Humane end-points were one of the following: 1) weight loss exceeded 20% 

of the pre-immunization values; 2) clinical score of 5; 3) loss of right reflex or 4) 

inability to access food or water for 24 hours. A humane end-point was reached 

in less than 5% of EAE mice. 

 

2.3 DRUG DOSING FOR EAE STUDIES 

Mice were orally (po) gavaged once daily with vehicle (Neobee 1053; Stepan, 

Northfield, IL, USA; 5 ml/kg), clozapine (Sigma Aldrich, St. Louis, MO, USA; 10 

mg/kg), quetiapine (Sigma Aldrich, St. Louis, MO, USA; 10 mg/kg), tamoxifen 

(Cayman Chemical, Ann Arbor, MI, USA; 5 mg/kg) or pioglitazone (Santa Cruz 

Biotechnology, Dallas, TX, USA; 15 mg/kg) beginning at peak disease (DPI 15) 

and until the experimental endpoint. In a subsequent set of experiments, vehicle 

(Neobee 1053; 5 ml/kg/day, po) or pioglitazone (15 mg/kg/day, po) was 

administered to mice 24 hr after disease onset until the end of the experiment. 

The rationale for the dosages used for each drug is explained in Section 4.2.  
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2.4 HISTOLOGY 

2.4.1 TISSUE PREPARATION 

Mice were humanely euthanized with an overdose injection of sodium 

pentobarbital (150 mg/kg, ip) and perfused with PBS and 4% paraformaldehyde 

(PFA). Spinal cords were dissected and post-fixed in 4% PFA for 48 hours before 

being cryoprotected in 30% sucrose. Three segments of the spinal cord (L2, L3-4 

and L5) were embedded in tissue-tek (Sakura Finetek, Torrance, CA, USA), 

frozen and sectioned using a cryostat (Leica, model CM1950) set to -17°C. Serial 

coronal sections (30 µm) were mounted on Superfrost glass slides (Fisher 

Scientific, Nepean, ON, CAN).  

 

2.4.2 ERIOCHROME CYANINE AND NEUTRAL RED STAIN 

All sections underwent serial rehydration by being passed through xylenes and 

then through descending concentrations of ethanol (100% to 75%) before being 

incubated in a water bath for 1 min at room temperature. The tissue was stained 

with eriochrome cyanine (Sigma Aldrich, St. Louis, MO, USA) for 15 minutes, 

differentiated with ammonium hydroxide (5-7 dips), and counter stained with 

neutral red (Acros Organics, New Jersey, NJ, USA) for 2 minutes. The tissue 

was dehydrated in a series of ethanol concentrations (75% to 100%) and cleared 

with xylene. 
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2.4.3 WHITE MATTER LOSS ANALYSIS 

Spinal cord sections were imaged using an Axioplan II with an Axiocam HRC 

Colour Camera and analyzed using ImageJ. An area of white matter loss was 

defined as a region without eriochrome cyanine staining. White matter loss was 

traced by a trained experimenter, unaware of the treatment conditions. The area 

of white matter loss was measured for two sections within L2, L3-4 and L5, 

yielding measurements for a total of six spinal cord sections per mouse. Percent 

white matter loss was calculated by dividing the white matter lesion area by total 

white matter and multiplying by 100. Mean percent white matter loss across L2, 

L3-4, and L5 was used for data analysis. 

 

2.5 IBA1 IMMUNOHISTOCHEMISTRY AND IMAGE ANALYSIS 

Spinal cord sections on Superfrost glass slides were washed 3 times with PBS 

containing 1% triton X100 (PBS-TX) for 10 min and incubated in 20% normal 

goat serum diluted in PBS-TX for 60 min. Next, sections were incubated in a 

polyclonal rabbit anti-Iba1 antibody (Wako, Dallas, TX, USA; 1:1000 dilution) for 

22 hrs at 4ºC. After the primary antibody incubation, the slides were washed 3 

times with PBS and incubated in a goat anti-rabbit 488 secondary antibody 

(Invitrogen, Carlsbad, CA, USA; 1:250) for 2 hrs at room temperature. The 

sections were then washed 3 times in PBS and cover-slipped using Fluoromount 

(Sigma Aldrich, St. Louis, MO, USA). For all immunohistochemistry, a control 

slide underwent the same procedure without receiving the primary antibody. For 
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each mouse, the white matter on an L3-4 spinal cord section was traced, and the 

mean gray value was calculated using ImageJ. 

 

2.6 RNA EXTRACTION AND QUALITY CONTROL 

Mice were humanely euthanized with an overdose injection of sodium 

pentobarbital (150 mg/kg, ip) and perfused with PBS. The spinal cord was 

dissected, homogenized in pureZOL RNA isolation reagent (Bio-Rad, Hercules, 

CA, USA) using a bead homogenizer (Benchmark Scientific, Sayreville, NJ, USA) 

and stored at -80ºC. Total RNA was extracted using the Aurum Total RNA Fatty 

and Fibrous Tissue Kit (Bio-Rad, Hercules, CA, USA) according to the 

manufacturers protocol. An Experion bioanalyzer with an RNA StdSns analysis 

kit (Bio-Rad, Hercules, CA, USA) was used to assess the RNA quality and purity. 

Only RNA values of 7.5 or above were used for further processing to ensure 

degraded RNA was not analyzed. RNA was then quantified using the 

SPECTROstar Nano (Mandel, Guelph, ON, CAN) in duplicates.  

 

2.7 QUANTITATIVE RT-PCR (qRT-PCR) 

The iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA) was used to 

generate cDNAs using 1000 ng of template RNA from each sample following 

manufacturers protocol. Each qRT-PCR experiment was done using a Bio-Rad 

CFX 96 real time system C1000 Touch thermal cycler in accordance with the 

MIQE guidelines (Bustin et al., 2009). For each experiment, the SsoFast 

EvaGreen Supermix kit (Bio-Rad, Hercules, CA, USA) was used with GAPDH 
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and HPRT1 as the reference genes. Triplicate measurements were performed for 

each sample. The qRT-PCR program used was: 95ºC x 30s + (95ºC x 5s + 58ºC 

x 5s + plate reading) x 40 cycles. Analysis was completed by the Bio-Rad CFX 

Manager 3.1 software using the △△Cq method. The primer sequences used for 

qRT-PCR are displayed in Table 2. 

 

2.8 PRIMARY CORTICAL NEURON CULTURES  

Embryonic brains were aseptically removed from a pregnant mouse at E16 and 

put into Neurobasal medium (Thermo Fisher, Waltham, MA, USA) with 10% fetal 

bovine serum (FBS) on ice. The cortices were extracted from each embryonic 

brain and placed in a petri dish with Hanks Balanced salt solution (HBSS; 

Invitrogen, Carlsbad, CA, USA). All cortices were then pooled and mixed with 2 

ml of Stem-Pro Accutase cell dissociation reagent to detach cells. After, the 

cortices were triturated 3 - 4 times and incubated at 37ºC for 15 min; this process 

was completed twice. FBS (1 ml) was added to the cortices to stop protease 

activity, and then the cortices were transferred to a 15 ml conical with 3 ml of 

neurobasal mix (500 ml Neurobasal + B27 + 500 mM glutamine + 20 mg/ml 

gentamicin) at 4ºC. This cortex/neurobasal solution was triturated 3 more times 

and allowed to settle so the supernatant could be collected and filtered using a 

40 µm filter. The neurons were centrifuged at 300 g for 7 min and re-suspended 

in neurobasal mix, counted and plated for experiments. To maintain cellular 

viability, 60% of the total media was changed four days after seeding the cells, 

and every three days afterwards. 
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Table 2. Forward and reverse primer sequences of target genes in qRT-PCR. 

Gene target Forward primer sequence Reverse primer sequence 

GAPDH AGGTCGGTGTGAACGGATTTG GGGGTCGTTGATGGCAACA 

HPRT TCAGTCAACGGGGGACATAAA GGGGCTGTACTGCTTAACCAG 

IFNγ  ATGAACGCTACACACTGCATC CCATCCTTTTGCCAGTTCCTC 

IL1β GAAATGCCACCTTTTGACAGTG CTGGATGCTCTCATCAGGACA 

IL6  CTGCAAGAGACTTCCATCCAG AGTGGTATAGACAGGTCTGTTGG 

TNFα CAGGCGGTGCCTATGTCTC CGATCACCCCGAAGTTCAGTAG 

TGFβ AGCTGGTGAAACGGAAGCG GCGAGCCTTAGTTTGGACAGG 

IL4  GGTCTCAACCCCCAGCTAGT GCCGATGATCTCTCTCAAGTGAT 

IL10 GCTCTTACTGACTGGCATGAG CGCAGCTCTAGGAGCATGTG 
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2.9 MTT [3-(4,5-DIMETHYLTHIAZOL-2-YL)-2,5-DIPHENYLTETRAZOLIUM 
BROMIDE] CELL VIABILITY ASSAY  
 
After 10 days in vitro, pioglitazone (0.1µM) was added to primary cortical neurons 

for 24 hrs (37ºC, 5% CO2). Following pioglitazone treatment, cells were 

incubated with 50 µM glutamate for 30 mins (37ºC, 5% CO2). Glutamate 

exposure was terminated by replacing the media with new neurobasal medium, 

and cellular viability was measured 24 hrs later. An MTT (Sigma Aldrich, St. 

Louis, MO, USA) assay was used to assess viability of primary cortical neuron 

cultures in 48-well plates seeded at a density of 150,000 neurons/well. MTT (55 

ml; 5 mg/ml, dissolved in PBS) was added to each well and incubated (37ºC, 5% 

CO2) for 1 hr. Following incubation, the supernatant was removed and 400 ml of 

dimethyl sulfoxide (DMSO; Sigma Aldrich, St. Louis, MO, USA) was added to 

each well to dissolve the formazan crystals. The absorbance of each well was 

then measured at 592 nm with a microplate reader (ELx 800; BioTek, Winooski, 

VT, USA). The net absorbance of control wells not treated with glutamate was 

defined as 100% cell viability. 

 

2.10 TREADMILL GAIT RECORDINGS  

Movements of the right hindleg were recorded during walking on a treadmill as 

previously described (Fiander et al., 2017a; Fiander et al., 2017b). A baseline 

recording was done prior to EAE inoculation to establish typical walking in 

C57BL/6 mice. Subsequent recordings were performed starting DPI 9, and 

weekly thereafter. 
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2.10.1 PREPARATION OF MICE FOR TREADMILL RECORDINGS 

Reflective markers were placed on the right hindlimb to follow the movement of 

the leg during locomotion. First, mice were anesthetized using isoflurane (2%, 

1.5 litre/min O2) to facilitate shaving and preparation of the right hindlimb. Next, 

five reflective markers (2 mm diameter) were placed on the shaven right hindlimb 

of a mouse on the following locations: the iliac crest, the femoral head, the ankle 

joint, the metatarsophalangeal joint, and the fourth digit (Figure 2A). Reflective 

markers were not placed on the knee joint since this method of locating the knee 

is inaccurate due to skin slippage. Instead, the lengths of the femur and tibia 

were measured to triangulate the position of the knee with motion analysis 

software. 

 

2.10.2 TREADMILL RECORDINGS 

Mice were transported to a designated room for treadmill recordings and given 

time to recover from anesthesia before walking on the treadmill. Once awake, 

each mouse walked on a treadmill at a specified speed while a high-speed 

camera (250 frames/sec; Fastec IL3-100, San Diego, CA, USA) recorded gait in 

the sagittal plane. The resultant video recording for one mouse would include 8 – 

12 step cycles of steady walking. The treadmill was sanitized with peroxigard 

(Virox, Oakville, ON, CAN) between each recording session to reduce any 

anxiety-driven behaviour from olfactory cues during locomotion for following 

mice. 
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Figure 2. Illustration of kinematic treadmill recording for mice. (A) Reflective 
markers are attached to five regions on each mouse: the iliac crest, hip joint, 
ankle joint, metatarsophalangeal joint and tip of the fourth digit. X and Y 
coordinates of each marker are determined for each frame throughout a video 
recording. The knee joint is located by triangulation using the lengths of the 
femur and tibia. (B) The hip, knee and ankle joint angles are extracted from a 
constructed stick model made from the X and Y coordinates. Video frames 
showing stick representations for movements of the right hindlimb during swing 
(C) and stance (D) phases of a step cycle for a mouse walking on a treadmill. 
Adapted from (Chedrawe et al., 2018). 
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2.10.3 QUALITY OF RECORDINGS 

Treadmill recordings for mice that walked steadily were used for data analysis to 

ensure representative walking was assessed. Five certain behaviours were 

avoided in treadmill recordings since they have been shown to skew data: 1) 

attempting to jump out of the treadmill; 2) swaying from side-to-side; 3) walking 

too close to the back of the treadmill belt; 4) rearing on hindlimbs and 5) sprinting 

to the front and lagging to the back of the treadmill. All mice ran at a maximum of 

20 cm/sec on the treadmill. In some instances, EAE mice would not be able to 

run at 20 cm/sec due to motor disability from the EAE disease. When this 

occurred, the treadmill speed was lowered until steady walking was achieved. 

Certain kinematic parameters such as walking speed, cadence (step cycles/min), 

and stride length require the same treadmill speed between recordings for 

accurate comparisons. The kinematic parameters used in this study are 

extracted from the sagittal plane and are not highly sensitive to the speed at 

which a mouse is walking (Baker et al., 2009; Batka et al., 2014). Therefore, 

different treadmill speeds between mouse recordings did not negatively impact 

comparisons of kinematic parameters.  

 

2.11 KINEMATIC GAIT ANALYSIS 

2.11.1 DIGITIZING MARKER MOVEMENTS  

Video recordings of mice walking on a treadmill were analyzed using custom 

scripts created for ImageJ and R. The threshold intensity of each video was 

adjusted, using ImageJ, such that only the 5 reflective markers placed on the 
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mouse would be detected throughout the recording. Next, the X and Y 

coordinates of each reflective marker were determined, in pixels, for every frame 

throughout each video recording. 

 

2.11.2 EXTRACTION OF KINEMATIC DATA 

A custom script made for R was used to extract kinematic data from the X and Y 

coordinates of each marker determined using ImageJ thresholding. First, the 

pixel measurements were transformed into centimeters (cm) to account for 

variability between recordings on different days. This was accomplished by 

recording a short video (2 sec) of a block with known dimensions on the treadmill 

before each recording session. These short videos were used by R to calculate a 

conversion coefficient so pixels could be transformed into cm. Next, the location 

the knee joint was determined, via triangulation, using measurements of the tibia 

and femur for each mouse. Lastly, the angular excursions of the hip, knee and 

ankle joints were calculated for each frame of a video, and then extracted (Figure 

2B). 

 

2.11.3 DETECTION OF SWING AND STANCE PHASE  

The swing (Figure 2C) and stance phases (Figure 2D) of the step cycle were 

detected, using R, throughout each video recording. A step cycle consists of a 

swing and stance phase. The swing phase occurs when the foot is moving 

forward and, in a healthy mouse, lifted off the ground. This phase was detected 

by R when there was positive movement of the foot in the X coordinate. The 
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stance phase happens after the swing phase when the foot is in contact with the 

ground and is moving backwards to propel the mouse. This phase was detected 

when there was negative movement of the foot in the X coordinate. In the final 

step, the duration of the swing and stance phases in a recording were 

determined by calculating the number of frames devoted to each phase.  

 

2.11.4 NORMALIZING SWING AND STANCE PHASE 

Custom R scripts were used to normalize the duration of the swing and stance 

phases. Each of the swing and stance phases within a video recording were 

normalized to 100 frames, resulting in normalized step cycles consisting of 200 

frames. The step cycles were normalized to 200 frames to account for the 

different walking speeds of mice and were used for all further data analysis.  

 

2.11.5 AVERAGING OF STEP CYCLE WAVEFORMS 

All normalized step cycles for a video recording were averaged into one 

normalized step cycle. An averaged normalized step cycle is therefore comprised 

of 8 – 12 step cycles and divides the swing and stance phases evenly (100 

frames devoted to each phase). This was done by averaging the coordinate 

values at the same frame between step cycles. Coordinates within the averaged 

normalized step cycles of the hip, knee and ankle joints were used to calculate 

range of motion (ROM) and root mean squared (RMS) difference. ROM is 

defined as the largest joint angle achieved (during joint extension) subtracted by 

the smallest joint angle achieved (during joint flexion) throughout an average 
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normalized step cycle. RMS difference is a commonly used measure in human 

KGA studies of MS (Baker et al., 2009). It is a metric used to assess the 

deviation of joint movements (in EAE mice) from a baseline recording (performed 

in healthy mice). Extracting these kinematic parameters from an averaged 

normalized step cycle is optimal because they account for outliers and best 

represent how a mouse walked during a recording session.  

 

2.12 STATISTICAL ANALYSES 

EAE clinical score curves with 3 groups were analyzed using area under the 

curve followed by a one-way ANOVA with Tukey’s multiple comparisons tests 

(Fleming et al., 2005). A Kruskal Wallis test with Dunn’s multiple comparisons 

was used to analyze non-Gaussian data sets with three or more groups. A one-

way ANOVA test with Tukey’s multiple comparisons tests was used to analyze 

data sets with three or more groups. Multiple t-tests with Bonferroni corrections 

were used to analyze the qRT-PCR data. The area under the curve followed by a 

student’s t-test was used to analyze EAE clinical score curves involving 2 groups 

(Fleming et al., 2005), and the Mann-Whitney U test was used to analyze white 

matter loss between 2 groups. The kinematic parameters were analyzed using a 

two-way repeated measures ANOVA in which the repeated factor is time (DPI) 

and the second factor is treatment (vehicle or pioglitazone). Custom scripts made 

for ImageJ and R were used to analyze and process the kinematic treadmill data. 

All statistical tests were performed using GraphPad Prism (Version 7.00; 

GraphPad Software, San Diego, CA) with an alpha level set to 0.05. 
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CHAPTER 3: RESULTS 

3.1 ASSESSMENT OF THE EFFECTS OF QUETIAPINE, CLOZAPINE, 
TAMOXIFEN AND PIOGLITAZONE ON EAE DISEASE SEVERITY AND 
WHITE MATTER LOSS 
 
Four FDA-approved drugs – quetiapine, clozapine, tamoxifen and pioglitazone – 

were tested to see which was most effective in a mouse model of MS. To 

determine this, 10-week-old female C57Bl/6 mice were subjected to MOG35-55-

induced EAE. Starting on DPI 7, and daily afterwards, mice were weighed and 

given a score based on their EAE disease severity. Mice were treated orally (po) 

with either quetiapine, clozapine, tamoxifen, or pioglitazone beginning DPI 15. At 

the end of the experiment, mice were humanely euthanized, and the lumbar 

spinal cords were dissected to determine the percentage of white matter loss.  

 

3.1.1 ORAL ADMINISTRATION OF QUETIAPINE OR CLOZAPINE, BEGINNING 
AT PEAK DISEASE, FAIL TO REDUCE EAE DISEASE SEVERITY 
 
Clinical scores were assigned to each mouse to measure EAE disease severity. 

EAE mice that received either vehicle (5 ml/kg/day, po) or quetiapine (10 

mg/kg/day, po) or clozapine (10 mg/kg/day, po), beginning at peak disease (DPI 

15), displayed similar clinical scores from DPI 16 - 34 (Figure 3A). The number of 

days each mouse had a clinical score of ≥ 2.0 was determined to measure the 

frequency of paraparesis in these groups. Relative to EAE mice that received 

vehicle, neither quetiapine nor clozapine reduced the number of days each 

mouse had a clinical score of 2.0 or greater (Figure 3B). 
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Figure 3. Effects of oral administration of quetiapine (QUE; 10 mg/kg/day, po; n = 
8) or clozapine (CLO; 10 mg/kg/day, po; n = 8) beginning at peak disease (DPI 
15) on clinical scores relative to vehicle (VEH; 5 ml/kg/day, po; n = 8). (A) No 
differences in clinical scores were found between vehicle-, quetiapine- and 
clozapine-treated mice from DPI 16 – 34 (p > 0.05). (B) The number of days each 
mouse spent at a clinical score of 2.0 or greater was similar between all groups 
(p > 0.05). Data are expressed as the mean ± SEM and were analyzed using the 
area under the curve followed by a one-way ANOVA test with Tukey’s post-hoc 
test (A) and a Kruskal-Wallis ANOVA followed by Dunn’s multiple comparisons 
(B). Adapted from (Chedrawe et al., 2018). 
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3.1.2 CLOZAPINE, BUT NOT QUETIAPINE, PRODUCES A DECREASE IN 
WHITE MATTER LOSS IN THE LUMBAR SPINAL CORD FROM EAE MICE 
 
To determine whether quetiapine or clozapine reduced white matter loss, spinal 

cord sections were stained with eriochrome cyanine and neutral red. Relative to 

EAE mice treated with vehicle (5 ml/kg/day, po), quetiapine (10 mg/kg/day, po) 

failed to reduce white matter loss in the lumbar spinal cord (Figure 4B and D). 

Although clozapine (10 mg/kg/day, po) did not attenuate EAE clinical severity, 

this antipsychotic drug produced a decrease of spinal cord white matter loss 

(Figure 4C-D). 

 

3.1.3 ORAL ADMINISTRATION OF PIOGLITAZONE, BUT NOT TAMOXIFEN, 
BEGINNING AT PEAK DISEASE, REDUCES EAE SEVERITY 
 
Vehicle (5 ml/kg/day, po), tamoxifen (5 mg/kg/day, po) or pioglitazone (15 

mg/kg/day, po) were administered to EAE mice beginning at peak disease (DPI 

15) until the end of the experiment (DPI 27). Unlike the previous experiment, it 

was necessary to terminate this study at DPI 27 for ethical reasons because of 

marked EAE severity for the vehicle and tamoxifen groups. Relative to EAE mice 

that received vehicle, tamoxifen did not lower clinical scores (Figure 5A). 

Tamoxifen also failed to decrease the number of days EAE mice had a clinical 

score of 2.0 or greater when compared to vehicle-treated mice (Figure 5B). By 

contrast, pioglitazone reduced clinical scores and the number of days EAE mice 

had a clinical score of 2.0 or greater (Figure 5A and B). 
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Figure 4. Effects of oral administration of quetiapine (10 mg/kg/day, po; n = 8) or 
clozapine (10 mg/kg/day, po; n = 8) beginning at peak disease (DPI 15) on spinal 
cord white matter loss relative to vehicle (5 ml/kg/day, po; n = 8). (A-C) 
Representative photomicrographs of the lumbar spinal cord of vehicle-, 
quetiapine- and clozapine-treated EAE mice (scale bar represents 200 µm). The 
percentage of white matter loss was comparable between vehicle- and 
quetiapine-treated EAE mice (p > 0.05). Clozapine produced a reduction of white 
matter loss in EAE mice (p < 0.05). The yellow outline depicts regions of white 
matter loss in the spinal cord. (D) Data were analyzed using the Kruskal-Wallis 
ANOVA followed by Dunn’s multiple comparisons. Adapted from (Chedrawe et 
al., 2018).  
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Figure 5. Effects of oral administration of tamoxifen (TAM; 5 mg/kg/day, po; n = 
8) or pioglitazone (PIO; 15 mg/kg/day, po; n = 8), beginning at peak disease (DPI 
15), relative to vehicle (VEH; 5 mg/kg/day, po; n = 7) on clinical scores. (A) 
Pioglitazone reduced clinical scores relative to EAE mice treated with vehicle 
from DPI 16 – 27 (**p < 0.01). (B) Pioglitazone treated EAE mice spent fewer 
days at a clinical score of 2.0 or greater than animals treated with vehicle (p < 
0.05). (A-B) Data are expressed as the mean ± SEM and were analyzed using 
the area under the curve followed by a one-way ANOVA test with Tukey’s post-
hoc test (A) and a Kruskal-Wallis ANOVA followed by Dunn’s multiple 
comparisons (B). Adapted from (Chedrawe et al., 2018). 
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3.1.4 PIOGLITAZONE, BUT NOT TAMOXIFEN, REDUCES LUMBAR SPINAL 
CORD WHITE MATTER LOSS IN EAE MICE 
 
Tamoxifen (5 mg/kg/day, po) did not reduce white matter loss in the spinal cords 

of EAE mice, which is consistent with its lack of benefit against EAE disease 

severity (Figure 6B and D). By contrast, reduced EAE disease severity following 

administration of pioglitazone (15 mg/kg/day, po) was associated with a decrease 

in lumbar white matter loss (Figure 6C and D). 

 

3.2 CHARACTERIZATION OF THE IMMUNE MODULATORY AND 
NEUROPROTECTIVE EFFECTS OF PIOGLITAZONE  
 
To further investigate the mechanism of pioglitazone, histological and 

biochemical tests were performed on EAE mice treated with vehicle and 

pioglitazone. Iba1+ cell density in the white matter of the lumbar spinal cord in 

EAE mice was determined to assess macrophage and microglial activation. A 

separate set of experiments were performed to assess gene expression of pro- 

and anti-inflammatory cytokines within the spinal cord of EAE mice treated with 

vehicle or pioglitazone. In this experiment, two additional groups of MOG35-55 

immunization controls (CFA mice) were treated in the same manner with either 

vehicle or pioglitazone. The inclusion of CFA control groups permitted the study 

of the relative mRNA expression attributed directly to EAE pathogenesis in 

addition to any non-specific effects of vehicle or pioglitazone. Lastly, an in vitro 

viability assay was performed in primary cortical neurons to assess the effects of 

pioglitazone against glutamate-induced cell death. 
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Figure 6. Effects of oral administration of tamoxifen (5 mg/kg/day, po; n = 8) or 
pioglitazone (15 mg/kg/day, po; n = 8), beginning at peak disease (DPI 15), 
relative to vehicle (5 mg/kg/day, po; n = 7) on spinal cord white matter loss. (A-C) 
Representative photomicrographs of the lumbar spinal cord from vehicle-, 
tamoxifen- and pioglitazone-treated EAE mice stained with eriochrome cyanine 
and neutral red (scale bar represents 200 µm). The yellow outline depicts regions 
of white matter loss in the spinal cord. (D) Spinal cord white matter loss was 
substantially reduced by pioglitazone (p < 0.05) but not tamoxifen (p > 0.05). 
Data were analyzed using the Kruskal-Wallis ANOVA followed by Dunn’s multiple 
comparisons (D). Adapted from (Chedrawe et al., 2018).  
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3.2.1 PIOGLITAZONE REDUCES THE DENSITY OF IBA1+ MACROPHAGES 
AND MICROGLIA WITHIN WHITE MATTER OF THE LUMBAR SPINAL CORD 
IN EAE MICE 
 
Sections cut at the level of the lumbar spinal cord were processed for the 

immunohistochemical detection of Iba1 to quantify macrophage and microglia 

activation in EAE mice treated with either vehicle (5 ml/kg/day, po) or tamoxifen 

(5 mg/kg/day, po) or pioglitazone (15 mg/kg/day, po; Figure 7A-C) beginning at 

peak disease (DPI 15) until DPI 27. Mice treated with either vehicle or tamoxifen 

appeared to display similar levels of Iba1 immunoreactivity in the lumbar spinal 

cord (Figure 7A-B). By comparison, pioglitazone reduced Iba1 immunoreactivity 

(Figure 7C). These qualitative observations were confirmed by the quantification 

of Iba1 immunoreactivity within the spinal cord white matter (Figure 7D). Relative 

to EAE mice that received vehicle, pioglitazone reduced the number of Iba1+ 

cells, or Iba1 expression, in the spinal cord white matter of EAE mice (Figure 

7D). 

 

3.2.2 ORAL ADMINISTRATION OF PIOGLITAZONE, BEGINNING AFTER 
DISEASE ONSET, REDUCES mRNA LEVELS FOR PRO-INFLAMMATORY 
GENES IN THE SPINAL CORDS OF EAE MICE 
 
To assess neuroinflammation, mRNA levels of pro-inflammatory cytokines were 

measured at peak disease (DPI 16) in EAE mice treated with vehicle (5 

ml/kg/day, po) or pioglitazone (15 mg/kg/day, po), beginning 24 hr after disease 

onset (DPI 12).  
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Figure 7. Representative photomicrographs and quantification of Iba1 
immunoreactivity in the lumbar spinal cord white matter of EAE mice at DPI 27 
treated with either vehicle (5 ml/kg/day, po; n = 7) or tamoxifen (5 mg/kg/day, po; 
n = 8) or pioglitazone (15 mg/kg/day, po; n = 8) from DPI 15 - 27. (A) Areas of 
increased Iba1 staining (arrows) are visible in the white matter of EAE mice that 
received vehicle. (B) Similar amounts of Iba1 immunoreactivity (arrows) appear 
visible in the white matter of EAE mice treated with vehicle or tamoxifen. (C) Iba1 
immunoreactivity appears to be reduced in the white matter of an EAE mouse 
treated with pioglitazone. (D) Quantification of Iba1 staining in EAE mice that 
received either vehicle or tamoxifen or pioglitazone. Relative to EAE mice that 
received vehicle, Iba1 immunoreactivity was reduced by pioglitazone (p < 0.01) 
but not tamoxifen (p > 0.05). The regions quantified in the spinal cord are 
depicted by red outlined areas for the insert in panel D. The scale bar (C) 
represents 200 µm. Data are analyzed using a Kruskal-Wallis ANOVA followed 
by Dunn’s multiple comparisons (D). Adapted from (Chedrawe et al., 2018). 
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Relative to EAE mice treated with vehicle (5 ml/kg/day, po), pioglitazone (15 

mg/kg/day, po) reduced clinical scores from DPI 13 - 16 (Figure 8A). Quantitative 

reverse transcriptase-polymerase chain reaction (qRT-PCR) revealed that mRNA 

levels of IFNγ, IL1β, IL6 and TNFα were markedly enhanced in EAE mice, 

relative to CFA mice, at DPI 16 (Figure 8B-E). By contrast, TGFβ mRNA levels 

were decreased in EAE, compared to CFA, mice (Figure 8F). In CFA mice, 

pioglitazone produced reductions of IFNγ, IL1β, IL6, TNFα and TGFβ mRNA 

levels (Figure 8B-F). Pioglitazone also reduced IFNγ, IL1β, IL6, TNFα, and TGFβ 

mRNA levels in EAE mice (Figure 8B-F). 

 

3.2.2 ORAL ADMINISTRATION OF PIOGLITAZONE, BEGINNING AFTER 
DISEASE ONSET, DOES NOT ALTER mRNA LEVELS FOR ANTI-
INFLAMMATORY GENES IN THE SPINAL CORDS OF EAE MICE  
 
We also compared the effects of vehicle (5 ml/kg/day, po) or pioglitazone (15 

mg/kg/day, po) administration, beginning 24 hr after disease onset (DPI 12), on 

mRNA levels of genes encoding anti-inflammatory cytokines in the spinal cords 

of EAE mice at peak disease (DPI 16).  
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Figure 8. Pioglitazone (PIO; 15 mg/kg/day, po; n = 8) reduces the expression of 
pro-inflammatory cytokines in the spinal cord of EAE mice at peak disease (DPI 
16). (A) Pioglitazone reduced clinical scores relative to vehicle-treated EAE mice 
(*p < 0.05; VEH; 5 ml/kg/day, po; n = 8). (B-H) The mRNA levels for all genes, 
except TGFβ, were elevated in EAE, compared to CFA, mice. (B-H) Relative to 
vehicle-treated CFA mice, pioglitazone reduced mRNA levels of IFNγ (p < 
0.0001), IL1β (p < 0.01), IL6 (p < 0.0001), TNFα (p < 0.0001) and TGFβ (p < 
0.0001) and elevated mRNA levels of IL10 (p < 0.025) in CFA mice. (B-F) 
Pioglitazone also reduced mRNA levels of IFNγ (p < 0.0001), IL1β (p < 0.0001), 
IL6 (p < 0.0001), TNFα (p < 0.01) and TGFβ (p < 0.0001) compared to vehicle-
treated EAE mice. Similar mRNA levels of IL4 and IL10 were detected in vehicle- 
and pioglitazone-treated EAE mice (p > 0.05; G and H). Data are expressed as 
the mean ± SEM. The area under the curve followed by a student’s t-test (A) and 
multiple t-tests with Bonferroni corrections (B-H) were used to analyze these 
data. Adapted from (Chedrawe et al., 2018). 
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Transcripts of the anti-inflammatory cytokines IL4 and IL10 were elevated in 

EAE, relative to CFA, mice at DPI 16 (Figure 8G-H). In CFA mice, pioglitazone 

(15 mg/kg/day, po) produced an elevation of IL10 mRNA levels (Figure 8H). 

Pioglitazone, however, did not alter mRNA levels for the anti-inflammatory 

cytokines IL4 and IL10 in EAE mice (Figure 8G-H).  

 

3.2.3 PIOGLITAZONE REDUCES GLUTAMATE-INDUCED CELL VIABILITY IN 
PRIMARY CORTICAL NEURONS 
 
Primary cortical neurons were pretreated with or without pioglitazone and 

subjected to a lethal concentration of glutamate to assess the neuroprotective 

properties of pioglitazone. Cellular viability was decreased in neurons exposed to 

30 mins of glutamate (50 µM; Figure 9). Pioglitazone (0.1 µM) treatment for 24 

hrs did not alter levels of neuronal viability in the absence of glutamate (Figure 

9). Pioglitazone treatment (0.1 µM, 24 hrs) followed by a 30 min glutamate 

incubation (50 µM) resulted in elevated cellular viability relative to glutamate-

exposed neurons not pretreated with pioglitazone (Figure 9).  
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Figure 9. Protective effects of pioglitazone against glutamate-induced cell death 
in mouse primary cortical neurons. Neurons were treated with pioglitazone (0.1 
µM) for 24 hrs prior to a 30 min incubation with glutamate (50 µM). MTT assay 
results show that glutamate caused a marked decrease in cellular viability (p < 
0.0001). Pioglitazone reduced the decrease in viability caused by glutamate 
exposure (p < 0.01). Data are from 3 separate experiments performed in 
duplicate and are expressed as mean ± SEM. A one-way ANOVA followed by 
Tukey’s multiple comparisons tests was used to analyze the data. 
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3.3 APPLICATION OF KINEMATIC GAIT ANALYSIS TO DETERMINE THE 
EFFECT OF PIOGLITAZONE ON WALKING DEFICITS IN MICE WITH EAE 
 
Kinematic gait analysis (KGA) was employed to overcome the limited information 

yielded by clinical scoring in the assessment of disease progression and benefits 

of pioglitazone on motor deficits. This sophisticated behavioural technique 

provided more detailed information as to how pioglitazone improved specific 

motor deficits in EAE mice. Baseline recordings of treadmill walking were 

performed on female C57Bl/6 mice 2 days prior to immunization (DPI -2). 

Treadmill recordings were performed next on DPI 9 and weekly thereafter. 

Twenty-four hrs after disease onset (DPI 12), mice were randomly assigned to 

the vehicle-treated and pioglitazone-treated groups. All mice were humanely 

euthanized on DPI 44 and their spinal cords were collected for white matter loss 

analysis.  

 

3.3.1 ORAL ADMINISTRATION OF PIOGLITAZONE, BEGINNING AFTER 
DISEASE ONSET, LOWERS EAE DISEASE SEVERITY AND REDUCES 
WHITE MATTER LOSS  
 
Vehicle (5 ml/kg/day, po) or pioglitazone (15 mg/kg/day, po) were administered to 

mice with EAE beginning 24 hr after disease onset and until the end of the 

experiment. Consistent with the findings from the previous experiment, 

pioglitazone reduced clinical scores (Figure 10A) and spinal cord white matter 

loss relative to vehicle-treated EAE mice (Figure 10B-D).  
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Figure 10. Oral administration of pioglitazone (PIO; 15 mg/kg/day; n = 8), 
beginning 24 hr after disease onset, reduces EAE disease severity and spinal 
cord white matter loss. (A) Relative to vehicle-treated EAE mice (VEH; 5 
ml/kg/day, po; n = 8), pioglitazone-treated EAE mice had lower clinical scores 
from DPI 13 – 44 (***p < 0.001). (B-C) Representative photomicrographs of the 
lumbar spinal cord from vehicle- (B) and pioglitazone-treated (C) EAE mice. (D) 
Pioglitazone-treated EAE mice had less white matter loss in the lumbar spinal 
cord compared to control mice (p < 0.01). The yellow outline depicts regions of 
white matter loss in the spinal cord. The scale bar (C) represents 200 µm. Data 
are expressed as mean ± SEM and were analyzed using the area under the 
curve followed by a one-tailed student’s t-test (A) and a Mann Whitney-U test (D). 
Adapted from (Chedrawe et al., 2018).  
  

10 14 18 22 26 30 34 38 42
0

1

2

3

4

Days Post-Immunization

C
li
n

ic
a

l 
S

c
o

re

PioglitazoneVehicle

VEH

or

PIO

***

Vehicle Pioglitazone
0

5

10

15

%
 W

h
it

e
 M

a
tt

e
r 

L
o

s
s

p < 0.01

A                                                      B 

C                                                     D 

Vehicle 

Pioglitazone 

200 μm 



52 

 

3.3.2 ORAL ADMINISTRATION OF PIOGLITAZONE PREVENTS REDUCTIONS 
IN HIP RANGE OF MOTION AND LOWERS RMS DIFFERENCE IN EAE MICE 
 
Pioglitazone treated mice (15 mg/kg/day, po) had greater hip extension 

throughout a step cycle when compared to vehicle-treated mice (5 ml/kg/day, 

po). Pioglitazone prevented further reductions in hip range of motion (ROM) 

observed in vehicle-treated EAE mice (Figure 11A). Moreover, mice treated with 

pioglitazone experienced a reduction in the elevation of hip root mean squared 

(RMS) difference at DPI 16, with values remaining lower than vehicle-treated 

mice until DPI 44 (Figure 11B).  

 

3.3.3 ORAL ADMINISTRATION OF PIOGLITAZONE PREVENTS INCREASED 
KNEE RMS DIFFERENCE IN EAE MICE 
 
The ROM between vehicle- (5 ml/kg/day, po) and pioglitazone-treated EAE mice 

(15 mg/kg/day, po) did not differ throughout the experiment (Figure 11C). A 

general impairment in knee joint movements observed in vehicle-treated EAE 

mice, characterized by elevated RMS differences, was prevented by oral 

administration of pioglitazone (Figure 11D).  

 

3.3.4 ORAL ADMINISTRATION OF PIOGLITAZONE RESTORES ANKLE ROM 
IN MICE SUBJECTED TO EAE 
 
Pioglitazone treatment (15 mg/kg/day, po) restored ankle ROM (Figure 11E), 

whereas vehicle-treated EAE mice (5 ml/kg/day, po) exhibited a decline in ankle 

ROM. No observable difference in ankle RMS difference was detected between 

vehicle- and pioglitazone-treated EAE mice (Figure 11F). 
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Figure 11. Pioglitazone treatment (15 mg/kg/day, po; n = 8) preserves normal 
movement of the hip, knee and ankle during walking in EAE mice. (A) The 
reduction in hip range of motion observed in vehicle-treated EAE mice (5 
ml/kg/day, po; n = 8) was prevented in EAE mice treated with pioglitazone (p < 
0.05). (B) Hip RMS difference was lower for pioglitazone-treated EAE mice than 
vehicle-treated EAE mice (p < 0.05). (D) The pioglitazone-treated EAE mice also 
had lower knee RMS difference across the study, relative to vehicle-treated EAE 
mice (p < 0.05). (E) Pioglitazone restored ankle range of motion (p < 0.05). Data 
are expressed as the mean ± SEM and were analyzed using a two-way repeated 
measures ANOVA. Adapted from (Chedrawe et al., 2018). 
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CHAPTER 4: DISCUSSION 

4.1 RESEARCH OBJECTIVES AND OUTCOMES  

The main objectives of the current study were to: 1) identify which of the four 

selected FDA-approved drugs (clozapine, quetiapine, tamoxifen or pioglitazone) 

was most effective at alleviating EAE in mice, 2) determine the mechanism of 

action of the best drug candidate and 3) investigate the extent to which the drug 

candidate benefitted certain aspects of gait. Overall, pioglitazone was superior to 

clozapine, quetiapine, and tamoxifen at alleviating EAE in mice. Pioglitazone 

attenuated EAE disease severity by reducing CNS demyelination and 

inflammation as well as maintaining normal movement of the hip, knee and ankle 

joint during gait of EAE mice.  

 

4.2 RATIONALE FOR THE ORAL ROUTE OF ADMINISTRATION AT PEAK 
DISEASE AND THE DOSAGES USED FOR EACH DRUG 
 
Clozapine, quetiapine, tamoxifen and pioglitazone are typically administered 

orally for their primary indications (Citrome, 2012; Greco, 1998; Pfutzner and 

Forst, 2006). Each of these drugs was therefore delivered by oral gavage in the 

current study. To further mimic the typical presentation of MS patients, clozapine, 

quetiapine, tamoxifen or pioglitazone were given at the peak of clinical scores to 

determine if these drugs could reduce disease severity in mice with established 

EAE. 
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4.2.1 RATIONALE FOR QUETIAPINE AND CLOZAPINE DOSE SELECTION 
 
Quetiapine (10 mg/kg/day, po) and clozapine (10 mg/kg/day, po) have previously 

been shown to reduce EAE disease severity in MOG35-55 immunized mice (Mei et 

al., 2012; O'Sullivan et al., 2014). Therefore, the dose of 10 mg/kg/day (po) for 

quetiapine and clozapine was used in the current study.  

 

4.2.2 RATIONALE FOR TAMOXIFEN DOSE SELECTION 
 
Tamoxifen is a prodrug that is metabolized into the active metabolite 4-

hydroxytamoxifen (4-HT) (Lim et al., 2005). Tamoxifen was given orally to EAE 

mice because this route of administration generates higher levels of 4-HT relative 

to subcutaneous injections (Kisanga et al., 2004). In vitro evidence suggests that 

4-HT may improve EAE by enhancing the differentiation of oligodendrocyte 

progenitor cells (OPCs) into myelin-producing oligodendrocytes responsible for 

remyelination (Barratt et al., 2016). Oral administration of tamoxifen at 5 mg/kg 

(po) produces greater serum concentrations of both tamoxifen and 4-HT than 

subcutaneous injections of the same dose in rats (Kisanga et al., 2004). Brain 

levels of tamoxifen and 4-HT were also higher after 21 days of oral delivery 

compared to subcutaneous administration (Kisanga et al., 2004). Since 

subcutaneous delivery of tamoxifen (25 mg) by a slow release pellet over 60 

days reduced disease severity in the PLP139-151 mouse model of relapsing-

remitting EAE (Bebo, Jr. et al., 2009), we selected an oral dose of 5 mg/kg/day 

(po) that was estimated on the basis of previous pharmacokinetic studies to 
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produce equivalent drug exposure (DeGregorio et al., 1987; Kisanga et al., 2004; 

Reid et al., 2014).  

 

4.2.3 RATIONALE FOR PIOGLITAZONE DOSE SELECTION  
 
Feinstein et al. (2002) showed that oral consumption of pioglitazone, milled into 

mouse chow to deliver an estimated dose of 10 mg/kg/day, reduced EAE severity 

in MOG35-55-immunized mice (Feinstein et al., 2002). To approximate similar drug 

exposure in this study, a dose of 15 mg/kg/day (po) of pioglitazone was used. 

 

4.3 ORAL ADMINISTRATION OF QUETIAPINE, CLOZAPINE OR 
TAMOXIFEN, BEGINNING AT PEAK DISEASE, DOES NOT REDUCE EAE 
SEVERITY WITH ONLY CLOZAPINE PRODUCING A MILD DECREASE IN 
SPINAL CORD WHITE MATTER LOSS 
 
Oral administration of either quetiapine (10 mg/kg/day, po) or clozapine (10 

mg/kg/day, po) or tamoxifen (5 mg/kg/day, po), beginning at peak disease (DPI 

15), failed to reduce EAE disease severity. Furthermore, neither quetiapine nor 

tamoxifen lowered spinal cord white matter loss in EAE mice. However, a mild, 

but significant, reduction in white matter loss with clozapine was detected at DPI 

34. This is consistent with evidence demonstrating that clozapine may stimulate 

myelin lipid synthesis (Steiner et al., 2014). The degree to which clozapine 

lowered spinal cord white matter loss, however, may not have been sufficient to 

reduce EAE disease severity. These three drugs have been previously shown to 

reduce EAE severity at these doses when administered before peak disease 

(Bebo, Jr. et al., 2009; Mei et al., 2012; O'Sullivan et al., 2014). Clinical signs of 

EAE were reduced by treatment with tamoxifen 7 days before EAE immunization 
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(Bebo, Jr. et al., 2009), administration of clozapine immediately after 

immunization (O'Sullivan et al., 2014), or dosing with quetiapine beginning 24 hr 

after disease onset (Mei et al., 2012).   

 

Measurements of immune function in these studies suggested that efficacy was 

mediated, in part, by reprogramming the immune system to suppress disease 

development as opposed to reversing disease progression. For instance, 

tamoxifen lowered myelin-specific T cell proliferation which would attenuate the 

development of EAE (Bebo, Jr. et al., 2009). Although this mechanism would 

oppose early T cell-mediated events responsible for disease development, this 

mode of action is less likely to be effective at reducing subsequent pathological 

processes responsible for demyelination and axonal damage in mice with 

established EAE. Furthermore, tamoxifen has only been tested by Bebo Jr. et al. 

(2009) in the PLP139-151 model of relapsing EAE in which there is near-complete 

disease remission and little demyelination between relapses. By contrast, the 

MOG35-55 model of chronic EAE is characterized by permanent motor deficits with 

consistent demyelination (Jones et al., 2008; Najm et al., 2015). Drugs that are 

effective in the PLP139-151 model may therefore be less effective in the MOG35-55 

model, particularly when administered after EAE onset, because of different 

disease mechanisms in the PLP139-151 and MOG35-55 models (Najm et al., 2015). 

This renders the MOG35-55 model more suitable to study the potential of drugs to 

reduce myelin loss than the PLP139-151 model of EAE. 
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4.4 ADMINISTRATION OF PIOGLITAZONE AFTER THE FIRST ONSET OF 
EAE OR AT PEAK DISEASE LOWERS CLINICAL SCORES AND WHITE 
MATTER LOSS IN THE SPINAL CORD 
 
Unlike clozapine, quetiapine and tamoxifen, administration of pioglitazone, 

beginning at peak clinical scores, reduced EAE disease severity. These findings 

follow Feinstein et al. (2002) for which oral consumption of pioglitazone in the lab 

chow, beginning at peak disease, reduced EAE severity (Feinstein et al., 2002). 

In the case of EAE mice treated prophylactically with pioglitazone, demyelination 

in the spinal cord at DPI 11 was also found to be suppressed (Feinstein et al., 

2002). We have extended these findings by showing that oral administration of 

pioglitazone, beginning 24 hr after the first onset of clinical signs or at peak 

disease, reduced white matter loss in the spinal cord at DPI 44 and 27, 

respectively. Given that a there is significant demyelination at peak disease with 

limited subsequent remyelination in the MOG35-55 model of EAE (Jones et al., 

2008), pioglitazone may have reduced demyelination as well as promote 

remyelination. For instance, when administered at peak disease, pioglitazone 

likely reduced disease severity by promoting remyelination. The ability of 

pioglitazone to suppress disease progression when administered after the first 

onset of clinical signs suggests that this TZD may also suppress the events 

responsible for demyelination. These findings are consistent with the results of 

previous studies which have demonstrated that pioglitazone not only reduces 

white matter loss (Park et al., 2007), but also enhances remyelination following 

nerve injury (Eto et al., 2008). The suppression of white matter loss in 
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pioglitazone-treated EAE mice likely stems from the protective effects of 

pioglitazone on OPCs in vitro (Bernardo et al., 2009; Peymani et al., 2018). 

 

4.5 PIOGLITAZONE LOWERS PRO-INFLAMMATORY GENE EXPRESSION IN 
THE SPINAL CORDS OF EAE MICE 
 
Relative to vehicle-treated EAE mice, pioglitazone (15 mg/kg/day, po; DPI 12-16) 

lowered mRNA levels for pro-inflammatory genes in the spinal cords of EAE mice 

at DPI 16. A similar suppressive effect of pioglitazone on functionally related pro-

inflammatory cytokines has been previously demonstrated in MOG35-55-induced 

EAE (Feinstein et al., 2002) and spinal cord injury models as well (Park et al., 

2007). Another TZD, trogliazone, reduced TNFα, but not IFNγ, gene expression 

in EAE mice spinal cords at a high dose of 100 mg/kg/day (Niino et al., 2001). 

Thus, the ability of pioglitazone (15 mg/kg/day, po) to reduce both TNFα and 

IFNγ mRNA levels demonstrates that this TZD is more effective than troglitazone 

at reducing pro-inflammatory gene expression in the spinal cords of EAE mice. 

 

Macrophages and microglia express PPARγ receptors (Bernardo et al., 2000; 

Pascual et al., 2005; Tontonoz et al., 1998; Xu and Drew, 2007) and are known 

to produce IFNγ, IL1 β, IL6, TNFα, and TGFβ (Arango and Descoteaux, 2014; 

Darwich et al., 2009; Kallfass et al., 2012; Kiefer et al., 1998; Lue et al., 2001; 

Luo et al., 2007). The reductions of pro-inflammatory cytokines (IFNγ, IL1β, IL6, 

TNFα and TGFβ) produced by pioglitazone therefore likely stem from the 

activation of PPARγ receptors within macrophages and microglia. This proposed 

mechanism is supported by reductions in the number of activated microglia and 
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macrophages in the spinal cords of EAE mice treated with pioglitazone. The 

cytokine TGFβ can exert both pro- and anti-inflammatory properties; this action 

largely depends on the spatiotemporal microenvironment of the affected tissues 

(Sanjabi et al., 2009). In the context of EAE, TGFβ has been shown to be 

involved in the initiation of the disease process (Luo et al., 2007). 

Pharmacological inhibition of TGFβ signalling delayed EAE onset and lowered 

peak disease severity (Luo et al., 2007). Suppression of TGFβ gene expression 

by pioglitazone during the acute phase of the disease may therefore contribute to 

reduced EAE disease severity.  

 

Pioglitazone treatment also produced a minor, yet significant, reduction in the 

pro-inflammatory response that occurred in the spinal cords of CFA mice. This 

finding suggest that CFA causes mild inflammation in the spinal cord that is 

opposed by pioglitazone. To the best of our knowledge, this finding has not been 

reported previously and underscores the importance of using CFA mice, rather 

than healthy mice, as controls for the effects of the immunization procedure. In 

contrast to the suppression of pro-inflammatory gene expression, pioglitazone 

did not alter the levels of mRNAs encoding the anti-inflammatory genes IL4 and 

IL10 in EAE mice. Taken together, pioglitazone reduced pro-inflammatory gene 

expression without hindering the potentially beneficial effects of elevated IL4 and 

IL10 levels on the resolution of inflammation, remyelination and neuronal cell 

survival (Klose et al., 2013; Pluchino and Peruzzotti-Jametti, 2016; Spittau, 

2017).  
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4.6 SUPPRESSION AND REVERSAL OF EAE-INDUCED GAIT DEFICTS BY 
PIOGLITAZONE 
 

4.6.1 PIOGLITAZONE MAINTAINS NORMAL MOVEMENT OF THE HIP, KNEE 
AND ANKLE JOINTS IN EAE MICE 
 
We have previously shown that kinematic gait analysis (KGA) yields highly 

sensitive measures of motor deficits for EAE mice which are not detected by 

clinical scoring or fall latencies from a rotarod (Fiander et al., 2017b). KGA was 

therefore employed to assess the beneficial effects of pioglitazone on the 

locomotion of EAE mice. In keeping with previous findings from our lab, mild-

moderate EAE (clinical scores ≤2.5) for vehicle-treated mice was characterized 

by impaired movement of the hip, resulting in decreased range of motion (ROM) 

(Fiander et al., 2017a; Fiander et al., 2017b). Pioglitazone not only maintained 

normal hip movements in EAE mice by preventing reductions of hip ROM, but 

also reversed the elevation of root mean squared (RMS) difference observed at 

DPI 16. Therefore, this normalization of RMS difference indicates that 

pioglitazone reversed variations in movements of the hip joint caused by EAE 

(Fiander et al., 2017a; Fiander et al., 2017b). Deficits in knee movements 

displayed by vehicle-treated EAE mice were also typical of those we have 

observed previously for EAE mice with comparable clinical scores (Fiander et al., 

2017a; Fiander et al., 2017b). Pioglitazone prevented a substantial elevation of 

RMS difference for the knee joint observed at DPI 16 and kept the RMS 

difference at lower levels relative to vehicle-treated EAE mice at all subsequent 

time points. Since vehicle-treated EAE mice in the present study suffered only 

mild paralysis, marked impairments of ankle movements (sustained elevation of 
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RMS difference) typical of severe EAE were not observed (Fiander et al., 2017b). 

However, the progressive loss of ankle ROM was reversed by pioglitazone. 

Pioglitazone administration, beginning 24 hr after disease onset, therefore 

suppressed, and in some case even reversed, gait deficits typical of EAE mice by 

maintaining normal movements of the hip, knee and ankle. 

 

4.6.2 THE PRESERVATION OF GAIT SUGGESTS THAT PIOGLITAZONE 
PROTECTS THE INTRINCATE NEURAL CIRCUITRY INVOLVED IN 
LOCOMOTION 
 
Pioglitazone has previously been shown to be neuroprotective in models of ALS 

(Schutz et al., 2005), PD (Breidert et al., 2002), traumatic brain injury (Semple 

and Noble-Haeusslein, 2011; Zhu et al., 2013), AD (Searcy et al., 2012) and 

stroke (Kaundal et al., 2009). The neuroprotective properties of pioglitazone 

treatment in stroke were associated with improved locomotor activity (Kaundal et 

al., 2009). The present findings have shown that pioglitazone partially prevented 

the reduction of glutamate-induced neuronal viability in vitro, suggesting that 

pioglitazone may also have preserved gait by suppressing excitotoxicity known to 

promote spinal cord damage in EAE (Centonze et al., 2010; Kanwar et al., 2004). 

Furthermore, pioglitazone is neuroprotective under NO- and H2O2-mediated 

injury (Gray et al., 2012). Taken together, these findings further suggest that 

pioglitazone maintained the complex leg movements of mice subjected to 

MOG35-55-induced EAE by protecting the intricate neural circuitry responsible for 

gait from damage. 
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4.6.3 EFFECTS OF FINGOLIMOD ON GAIT DEFICITS FOR EAE MICE 
 
To the best of our knowledge, only one other study has performed sagittal plane 

KGA on EAE mice to test the efficacy of a drug on locomotion. De Bruin et al. 

(2016) tested the effect of fingolimod, an approved MS therapeutic, on gait in the 

PLP139-151 model of relapsing EAE. The single timepoint of locomotor testing and 

minimal gait parameters investigated were two limitations of this study. De Bruin 

et al. (2016) assessed the effect of fingolimod on gait only once at the end of the 

experiment. Furthermore, these investigators only detected a deficit in peak tail 

height off the ground during locomotion. This experimental design provides little 

information as to how fingolimod may influence walking for two reasons: 1) there 

is a lack of understanding as to when, and for how long, fingolimod benefits gait 

in EAE mice, and 2) it is still unknown whether fingolimod improved clinically 

relevant aspects of locomotion, such as how hindlimb joints move during a step 

cycle. The current study improved upon these limitations by assessing gait in 

EAE mice on a weekly basis to identify when pioglitazone benefitted certain 

aspects of gait. We also investigated two kinematic parameters (ROM and RMS 

difference) for the hip, knee and ankle joints which are more relevant to human 

studies. 

 

4.7 THERAPEUTIC POTENTIAL OF PIOGLITAZONE FOR THE TREATMENT 
OF MS 
 
EAE and MS are characterized by similar gait deficits such as decreased hip, 

knee and ankle joint range of motion (Fiander et al., 2017a; Fiander et al., 2017b; 

Kelleher et al., 2010; van der Linden et al., 2014). Pioglitazone maintained 
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normal movement of the hip, knee and ankle joint throughout an average step 

cycle for EAE mice. Reducing locomotor deficits in people with MS is important 

because falls can lead to a worsened quality of life (Gijbels et al., 2010; Peterson 

et al., 2007) and an economic burden on the health care system (Rizzo et al., 

1998). Pioglitazone may thus reduce the development of deficits in hip, knee and 

ankle joint movements that impair mobility and increase the risk of debilitating 

falls for people with MS (Motl, 2013; van der Linden et al., 2014).  

 

Findings from three small clinical trials and one case-study suggest that 

pioglitazone may be an effective treatment for MS when administered alone 

(Negrotto et al., 2016; Pershadsingh et al., 2004) or as an add-on therapy (Kaiser 

et al., 2009; Shukla et al., 2010). These studies have shown that pioglitazone 

reduces relapses and lesion burden as measured by fluid-attenuated inversion 

recovery and fractional anisotrophy changes on diffusion weighted magnetic 

resonance tensor images (Shukla et al., 2010), gray matter atrophy (Kaiser et al., 

2009) and the number of new or enlarging T2 and gadolinium-enhancing lesions 

in MS patients (Negrotto et al., 2016). Our findings further suggest that 

pioglitazone may improve these MRI measures in MS by suppressing 

neuroinflammation and white matter loss.  
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4.8 FEASIBILITY OF REPOSITIONING PIOGLITAZONE FOR THE 
TREATMENT OF MS 
 

4.8.1 PIOGLITAZONE HAS LESS SEVERE ADVERSE EFFECTS THAN 
QUETIAPINE, CLOZAPINE AND TAMOXIFEN 
 
The adverse effects associated with the therapeutic use of pioglitazone are less 

severe relative to quetiapine, clozapine and tamoxifen. For example, quetiapine 

and clozapine are sedating at therapeutic doses (Leucht et al., 2013). This side 

effect is particularly problematic for MS patients who frequently suffer from 

physical and cognitive fatigue (Compston and Coles, 2008; Loma and Heyman, 

2011). Tamoxifen is rarely used for more than 10 years (Davies et al., 2013) due 

to its adverse effects, some of which include: feminizing effects (Moore et al., 

2014), endometrial cancer (Grilli, 2006; Moore et al., 2014) and a decline in 

cognition (Paganini-Hill and Clark, 2000). The most common side effects 

associated with pioglitazone are mild weight gain (0.9 - 2.6 kg) and edema, which 

occur to a lesser extent than other TZDs (Shah and Mudaliar, 2010). Long-term 

administration of pioglitazone is also well-tolerated and associated with a 

reduced risk of myocardial infarction and stroke (Lincoff et al., 2007). Early 

concerns about the increased risk of bladder cancer with prolonged pioglitazone 

use have not been supported by a detailed meta-analysis of drug exposure and 

cancer incidence (Filipova et al., 2017). 

 

4.8.2 REPOSITIONING PIOGLITAZONE  
 
Drug repositioning is beneficial for two main reasons: 1) reduced timeline for 

therapeutic development and 2) decreased risk of late-stage clinical failure 
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because of unacceptable adverse side-effects (Ashburn and Thor, 2004). 

Following approval by the FDA as a generic drug, brand and generic formulations 

of pioglitazone have been shown to produce equivalent drug exposure and 

efficacy in patients with type II diabetes (Sugita et al., 2014; Temboonkiat et al., 

2012). Since the composition-of-matter patent for pioglitazone has ended, 

obtaining a method-of-use, dosing and/or formulation patent for the treatment of 

MS is now possible (Ashburn and Thor, 2004). Such patents would incentivize 

biotechnology or pharmaceutical companies to reposition pioglitazone for the 

treatment of MS (Ashburn and Thor, 2004). 

 

Drug repositioning is not a foreign concept within the MS therapeutic landscape. 

Dimethyl fumarate, previously approved for the treatment of psoriasis, has 

recently been repurposed by Biogen Idec. as an MS therapeutic named 

Tecfidera® (Spencer, 2014). Biogen Idec. accomplished this by filing method of 

use, dosing, and formulation patents to protect the use of dimethyl fumarate for 

MS until 2028 (Spencer, 2014). By repositioning dimethyl fumarate, Biogen Idec. 

earned $478.5 million in revenue from Tecfidera® sales in the first nine months 

of 2013 (Spencer, 2014). A similar approach could therefore be adopted to 

reposition pioglitazone for the treatment of MS.  

 

4.9 LIMITATIONS OF THE PRESENT STUDY 
 
One limitation of this study is the degree to which the mechanism of pioglitazone 

was established in EAE. Pioglitazone was found to reduce EAE disease severity 
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in association with decreased white matter loss, macrophage and microglial 

activation and the expression of pro-inflammatory cytokine genes in the spinal 

cord. However, axonal damage is thought to be responsible for the permanent 

loss of neurological function in MS (Trapp and Nave, 2008). Determining if 

pioglitazone reduces axonal damage in EAE mice would further encourage 

testing of this drug in people with MS.  

 

A second limitation of this study was not examining the effects of an approved 

MS therapeutic on disease severity, white matter loss and kinematic gait 

parameters for EAE mice. The results of such studies would provide a 

benchmark by which to gauge the clinical potential of pioglitazone for MS.  

 

A third, but lesser, limitation of this study was not including a cohort of MOG35-55 

immunization controls (CFA mice that do not develop EAE symptoms) in the 

KGA experiments. This would have enabled further assessment of the degree to 

which pioglitazone improved the gait of EAE mice relative to CFA controls. 

However, this was estimated in the present study by comparing gait performance 

in EAE mice relative to their pre-immunization recordings. Furthermore, our 

previous work has demonstrated that CFA mice do not develop gait deficits as 

detected by KGA (Fiander et al., 2017b). Gait performance before MOG35-55 

immunization should therefore be the same as that for CFA mice. However, 

inclusion of CFA mice treated with vehicle or pioglitazone would have made it 
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possible to further evaluate the ability of pioglitazone to completely normalize gait 

in EAE mice.  

 

4.10 FUTURE RESEARCH DIRECTIONS 
 

4.10.1 FURTHER CHARACTERIZATION OF THE MECHANISM OF ACTION 
OF PIOGLITAZONE  
 
Based on the findings of the present work, further investigation into the 

mechanism through which pioglitazone is functioning to alleviate EAE is 

warranted. Immunohistochemical detection of markers for astrocytes (GFAP), 

OPCs (PDGFRα), oligodendrocytes (OSP), neurons (NeuN) and axons (SMI 

312) should be performed on spinal cord sections from vehicle- and drug-treated 

CFA and EAE mice. This would enable determination of the effects of 

pioglitazone on astrocytic activation, OPC loss, oligodendrocyte destruction, 

neuronal cell death and axonal damage in the spinal cords of EAE mice. It would 

also be useful to measure the effects of pioglitazone on levels of mRNAs 

encoding calcium handling genes such as the plasma membrane calcium 

ATPase-2 (PMCA-2) and mitochondrial calcium uniporter (MCU). This would 

allow the assessment of whether pioglitazone prevented the loss of PMCA-2 

expression, which contributes to toxic calcium overloading and neuronal cell 

death in the spinal cords of EAE mice (Kurnellas et al., 2005; Kurnellas et al., 

2010; Nicot et al., 2003). Induction of MCU expression could contribute to the 

preservation of denuded axons in pioglitazone-treated EAE mice by enhancing 

calcium buffering and energy production. This line of reasoning is supported by 

evidence that pioglitazone increases neuronal mitochondrial biogenesis that 
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would elevate MCU-mediated mitochondrial calcium uptake and energy 

production (Agarwal et al., 2017; Ghosh et al., 2007). Employing a second model 

to assess the effects of pioglitazone on remyelination, such as the 

lysophosphatidylcholine (LPC) model of focal demyelination (Keough et al., 

2015), would be useful. LPC mainly functions by targeting and destroying myelin, 

oligodendrocytes and OPCs (Blakemore and Franklin, 2008). Therefore, the LPC 

model may help further substantiate the beneficial effects of pioglitazone on 

remyelination and establish a potential mechanism linked to oligodendrocytes 

and OPCs. Lastly, additional in vitro assays could be employed to identify 

mechanisms that occur in single-cell types. This would overcome problems 

associated with determining the relative roles of various cell types in vivo. One 

particular in vitro experiment that would be useful to perform is gene ontology 

and proteomic analyses (Subramanian et al., 2005) in neurons or macrophages 

treated with vehicle or pioglitazone. This would allow the biological or 

immunological processes influenced by pioglitazone in neurons or macrophages 

to be identified. 

 

4.10.2 IDENTIFICATION OF OTHER FDA-APPROVED DRUGS THAT MAY BE 
REPOSITIONED FOR THE TREATMENT OF MS 
 
Several research groups have developed high-throughput screening techniques 

that identified several FDA-approved drugs which promote remyelination and 

thus may potentially be repositioned for the treatment of MS (Deshmukh et al., 

2013; Mei et al., 2014; Najm et al., 2015). Given the considerable resources 

required to complete phase III clinical trials, the development of improved 
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preclinical methods to prioritize these compounds for human trials is crucial. The 

present findings suggest that KGA of EAE mice may be a highly useful method to 

identify the most promising therapeutic candidates for MS. Since KGA is 

frequently used to assess the effectiveness of new MS therapies (Cameron and 

Wagner, 2011; Coghe et al., 2015; Goodman et al., 2009; Zorner et al., 2016), 

findings from such preclinical studies could inform the selection of gait measures 

and definition of clinical endpoints for human trials.  

 

4.10.3 ASSSSMENT OF PIOGLITAZONE EFFICACY IN THE CLINIC 
 
Preclinical findings from this thesis suggest that pioglitazone should be given 

priority for repositioning in the treatment of MS. This conclusion is supported by 

the results of four small human studies for MS. These studies have shown that 

pioglitazone caused no adverse effects in people with MS and provided extra 

benefit when administered either alone (Negrotto et al., 2016; Pershadsingh et 

al., 2004) or as an add-on therapy (Kaiser et al., 2009; Shukla et al., 2010). 

These findings, combined with the low cost and well-demonstrated safety of 

pioglitazone, are strong incentives to further characterize the potential benefits of 

this FDA-approved drug in MS. 

 

4.11 CONCLUSIONS 
 
We have shown that oral administration of pioglitazone, but not clozapine, 

quetiapine or tamoxifen, beginning at peak clinical scores, reduced disease 

progression and suppressed white matter loss in the spinal cords of mice with 
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MOG35-55-induced EAE. Pioglitazone also protected neurons from glutamate-

induced injury. These findings are consistent with evidence that pioglitazone 

protects neural cells from injury by pro-inflammatory mediators, oxidative stress 

and hypoxia (Bernardo et al., 2009; Gray et al., 2012; Kaundal et al., 2009; 

Peymani et al., 2018). Furthermore, pioglitazone decreased the number of Iba1+ 

macrophages and microglial cells in the spinal cords of EAE mice. This was 

accompanied by reductions in mRNA levels for pro-inflammatory cytokines 

produced by these immune cells (Arango and Descoteaux, 2014; Darwich et al., 

2009; Kallfass et al., 2012; Kiefer et al., 1998; Lue et al., 2001; Luo et al., 2007). 

Interestingly, pioglitazone did not dampen the expression of anti-inflammatory 

cytokines (IL4 and IL10) known to promote EAE recovery. The ability of 

pioglitazone to promote OPC differentiation necessary for remyelination 

(Bernardo et al., 2009; Peymani et al., 2018) may have further contributed to the 

therapeutic effects of this TZD in the MOG35-55 model of EAE. We therefore 

propose that these diverse mechanisms allowed pioglitazone to the preserve the 

intricate neural circuitry responsible for complex movements of the hip, knee and 

ankle joints in EAE mice. These results support the use of KGA in the EAE model 

to identify the most promising therapeutic candidates for clinical testing in MS. 

Since gait analyses have been employed to test the efficacy of MS therapeutics 

(Cameron and Wagner, 2011; Coghe et al., 2015; Goodman et al., 2009; Zorner 

et al., 2016), our findings encourage further use of these behavioural techniques 

to assess motor recovery in future clinical trials. 
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