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ABSTRACT 
 
Introduction: Experimental autoimmune encephalomyelitis (EAE) and 
lysophosphatidylcholine (LPC)-induced demyelination are common rodent 
models of multiple sclerosis (MS). Clozapine and pioglitazone, two drugs used in 
the treatment of schizophrenia and type 2 diabetes, respectively, were tested in 
the LPC model to assess their potential to promote remyelination. The EAE and 
LPC models were then combined to study remyelination in a pro-inflammatory 
context.  
 
Methods: Female C57BL/6 mice received a bilateral injection of phosphate 
buffered saline (PBS) and LPC into the corpus callosum, followed by daily oral 
treatment with clozapine (10 mg/kg) or vehicle, or pioglitazone (15 mg/kg) or 
vehicle for 7 days. For the dual EAE and LPC model, mice were injected with 
myelin oligodendrocyte glycoprotein (MOG35-55) or complete Freund’s adjuvant 
(CFA; day 0) and pertussis toxin (PTX; days 0 and 2). LPC and PBS were then 
injected bilaterally into the corpus callosum on day 7.  
 
Results: Neither clozapine- nor pioglitazone-treated mice exhibited enhanced 
myelin repair after 7 days relative to vehicle-treated mice. In this dual model, EAE 
mice exhibited accelerated myelin repair following LPC injection relative to 
CFA/PTX mice. This was accompanied by increased innate immune cell 

activation, leukocyte infiltration and pro-inflammatory cytokine gene (IFN-, IL-6 

and TNF-) expression in the brain parenchyma of EAE relative to CFA/PTX 
mice. Immune cell activation that increases the clearance of myelin debris and 
stimulates oligodendrocyte precursor cell differentiation and survival are 
proposed to mediate accelerated myelin repair in EAE mice following LPC 
injection.  
 
Conclusion: This dual model provides a method to identify immune-mediated 
processes that facilitate remyelination in MS. 
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CHAPTER 1: INTRODUCTION 
 
1.1 Multiple Sclerosis 

Multiple sclerosis (MS) is a neurodegenerative disorder characterized by the 

autoimmune-mediated destruction of myelin in the central nervous system (CNS), 

leading to axonal instability and degeneration. Symptoms include muscle 

weakness, visual impairments, dizziness, incontinence and mood changes 

(Calabresi, 2004). Individuals are generally diagnosed with MS between the ages 

of 20 and 49, but symptoms frequently arise years before diagnosis (Gilmour, 

Ramage-Morin, & Wong, 2018). The precise etiology of the disease remains 

unknown, but several immunological, genetic and environmental factors have 

been implicated in the development of MS (Compston & Coles, 2008). At 290 

individuals per 100 000 with MS, Canada has one of the highest prevalence rates 

of MS in the world, with females 2.6 times more likely to be afflicted than men 

(Gilmour et al., 2018). 

  

MS is classified into 4 common clinical phenotypes: clinically-isolated syndrome 

(CIS), relapsing-remitting (RRMS), secondary progressive (SPMS) and primary 

progressive (PPMS). The foundation for a diagnosis of MS is dissemination of 

lesions in space and time. CIS is defined by the occurrence of the first clinical 

attack marked by one or more lesions observed on MRI; 60-80% of these 

patients will go on to develop a clinically definite phenotype of MS (Miller, Chard, 

& Ciccarelli, 2012). The most common form of the disease affecting 85% of 

patients, RRMS, is characterized by acute exacerbations of neurological 
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symptoms (relapses) followed by recovery (Loma & Heyman, 2011). RRMS can 

evolve into SPMS, in which symptoms worsen gradually without relapses or 

remission, which eventually occurs in about 80% of those with RRMS (Compston 

& Coles, 2008). Approximately 10% of MS patients suffer from PPMS, in which a 

persistent worsening of symptoms begins at the time of disease onset (Dendrou, 

Fugger, & Friese, 2015).  

  

1.1.1 Pathophysiology of MS 

Neurological symptoms in MS arise from inflammatory demyelinating lesions 

within the CNS. Lesion formation involves the infiltration of myelin-reactive T cells 

into the CNS through the blood brain barrier, which becomes compromised 

(Compston & Coles, 2008; Kirk, Plumb, Mirakhur, & McQuaid, 2003). B cells and 

macrophages are recruited to the lesion site, and the local inflammatory milieu 

causes activation of microglia and astrocytes (Compston & Coles, 2008). Myelin 

is phagocytosed by macrophages and microglia, and oligodendrocytes are 

depleted by the induction of apoptotic cell death (Barnett & Prineas, 2004). Acute 

demyelination and inflammation impair the conduction of action potentials by 

axons, with prolonged inflammation resulting in axonal damage and transection 

(Ferguson, Matyszak, Esiri, & Perry, 1997; Trapp et al., 1998). CD8+ T cells are 

more numerous than CD4+ T cells within sites of active demyelination and are 

often concentrated in perivascular regions that surround the lesion border (Gay, 

Drye, Dick, & Esiri, 1997). Components of complement and immunoglobulins are 

abundant within the demyelinating area; however, the role of antibodies in 
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disease pathogenesis is not well understood (Kuhlmann et al., 2017; Storch et 

al., 1998). Active demyelinating lesions appear histologically as hypercellular with 

sharp borders (Kuhlmann et al., 2017) and can be detected as gadolinium-

enhancing regions by magnetic resonance imaging (MRI), indicating loss of blood 

brain barrier integrity (Reich, Lucchinetti, & Calabresi, 2018). Autoimmune-

mediated demyelination accompanied by persistent inflammation results in 

axonal transection responsible for sometimes irreversible loss of sensory, motor 

and cognitive function in MS.  

  

Transition from RRMS to progressive MS is marked by a shift in 

pathophysiological processes that change the disease state. In chronic lesions, 

slow and minimal demyelination appears to be secondary to neurodegenerative 

processes. Although the formation of new active and demyelinating gadolinium-

enhancing lesions is rare, a low level of demyelination continues at the borders of 

existing lesions (Lassmann, Brück, & Lucchinetti, 2007). Despite worsening 

neurological symptoms, inflammation is sparse within lesions (Frischer et al., 

2009). Disease progression measured by the expanded disability status scale 

(EDSS) is also highly correlated with global atrophy of both the brain and spinal 

cord (Losseff, Wang, et al., 1996; Losseff, Webb, et al., 1996). These patterns 

suggest that factors additional to autoimmune-mediated myelin damage drive 

disease progression in MS. 
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1.1.2 Remyelination in MS 

Remyelination is possible in MS, but eventually fails for reasons that are poorly 

understood. Following a demyelinating event in the CNS, oligodendrocyte 

precursor cells (OPCs) proliferate and migrate to the site of the injury where they 

differentiate into mature, myelin-producing oligodendrocytes (Franklin, 2002; 

Rawji, Mishra, & Yong, 2016). Experimental models suggest that effective 

phagocytosis of myelin debris by macrophages and microglia is required before 

remyelination can occur (Kotter, Li, Zhao, & Franklin, 2006). Myelin produced by 

new oligodendrocytes following demyelination is thinner relative to healthy axons 

that have not undergone demyelination, but is typically sufficient to restore 

conduction and confer protection to the axon (Franklin & Ffrench-Constant, 

2008). Remyelination is frequently observed at early stages of the disease 

(Goldschmidt, Antel, König, Brück, & Kuhlmann, 2009), but after repeated cycles 

of demyelination, remyelination ultimately fails in most patients (Franklin, 2002). 

The development of remyelinating agents is therefore a major therapeutic goal in 

MS research.  

 

1.1.3 Treatment of MS 

There is no cure for MS, but 14 Health Canada approved disease-modifying 

therapies (DMTs) are available for treatment of the disease, as outlined in Table 

1. Current treatments target the peripheral immune cell populations responsible 

for CNS damage. They act in a variety of ways, which include reducing 

lymphocyte infiltration into the CNS, suppressing circulating lymphocyte numbers  
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Table 1. Disease-modifying therapies approved by Health Canada for the 
treatment of MS. 
 

Generic Name 
(Brand Names) 

Drug Class Mechanism of Action 

Alemtuzumab 
(Lemtrada) 

Monoclonal antibody against 
CD52 

Depletes mature lymphocytes 

Cladribine 
(Mavenclad) 

Antimetabolite Depletes T and B lymphocytes 

Dimethyl fumarate 
(Tecfidera) 

Activator of Nrf2 pathway Mechanism of action unknown 

Fingolimod (Gilenya) Sphingosine 1-phosphate 
receptor modulator 

Prevents lymphocyte egress 
from lymph nodes 

Glatiramer acetate 
(Copaxone, Glatect) 

Mixture of 4 synthetic amino 
acids 

Mechanism of action unknown, 
but may compete with myelin 

for antigen presentation 

Interferon beta-1a 
(Avonex, Rebif) 

Cytokine Reduces pro-inflammatory 
cytokine production and 

enhances anti-inflammatory 
cytokine production 

Interferon beta-1b 
(Betaseron, Extavia) 

Cytokine Reduces pro-inflammatory 
cytokine production and 

enhances anti-inflammatory 
cytokine production 

Natalizumab 
(Tysabri) 

Monoclonal antibody against 

4 integrin 

Prevents leukocyte migration 
across the blood brain barrier 

Ocrelizumab 
(Ocrevus) 

Monoclonal antibody against 
CD20 

Depletes B cells 

Peginterferon beta-
1a (Plegridy) 

Cytokine (Pegylated 
interferon beta-1a) 

Reduces pro-inflammatory 
cytokine production and 

enhances the generation of anti-
inflammatory cytokines 

Teriflunomide 
(Aubagio) 

Dihydroorotate 
dehydrogenase inhibitor 

Blocks lymphocyte proliferation 
through inhibiting de novo 

pyrimidine synthesis 
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through sequestration or depletion and decreasing pro-inflammatory cytokine 

production (Baecher-Allan, Kaskow, & Weiner, 2018). Most DMTs are only 

approved for the treatment of RRMS and those with SPMS that still experience 

relapses. However, Ocrelizumab, an anti-B cell therapy, has recently been shown 

to be modestly effective in the treatment of PPMS (Montalban et al., 2017), 

becoming the first DMT approved for PPMS. No DMTs are capable of neural cell 

protection, myelin repair or preventing axonal loss following inflammatory 

damage, highlighting a void in treatment options. 

 

1.2 Experimental Autoimmune Encephalomyelitis  

Experimental autoimmune encephalomyelitis (EAE) is the most common model 

used to study MS disease processes and to predict the efficacy of therapeutics in 

the treatment of MS (Handel, Lincoln, & Ramagopalan, 2011). Induction of EAE 

involves immunization with a myelin antigen emulsified in an immune adjuvant. 

The EAE model can be highly variable in pathology and disease course 

depending on both the myelin antigen used (myelin basic protein, myelin 

oligodendrocyte glycoprotein, proteolipid protein) and study species (mice, rats, 

non-human primates; Gold, Linington, & Lassmann, 2006). Immunization of 

C57BL/6 mice with myelin oligodendrocyte glycoprotein amino acids 35-55 

(MOG35-55) emulsified in complete Freund’s adjuvant (CFA) produces a 

monophasic disease course (Bittner, Afzali, Wiendl, & Meuth, 2014), making it 

useful for studying an acute relapse. Pertussis toxin (PTX), administered both at 

the time of immunization and two days later, is required for disease induction and 
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is thought to act by increasing permeability of the blood brain barrier (Bittner et 

al., 2014). Beginning 9-12 days following MOG35-55 immunization, mice develop 

ascending hindlimb paralysis (originating at the tail) followed by gradual recovery, 

with retention of minor motor impairment for at least a year following induction 

(Jones et al., 2008). Infiltrating immune cells, largely CD4+ T cells and 

macrophages, produce demyelination in the spinal cord and cerebellum, with 

minimal involvement of the forebrain (Constantinescu, Farooqi, O’Brien, & Gran, 

2011; Höflich et al., 2016). Demyelinated areas in the spinal cord are associated 

with axonal loss; this continues after clinical symptoms have plateaued, ultimately 

yielding a 50% reduction in the number of axons in cervical and lumbar regions of 

the spinal cord (Jones et al., 2008). These autoimmune and pathophysiological 

features and resultant motor impairments that resemble MS have led to the wide-

spread use of this model.  

 

1.2.1 EAE has been instrumental in the development of MS therapeutics 

EAE has been integral in the development and approval of 6 DMTs currently 

approved for the treatment of MS (Gold et al., 2006). However, EAE 

experimentation has also led to the testing of therapeutics in MS clinical trials that 

were unsuccessful, most notably the anti-tumor necrosis factor (TNF) drug 

Lenercept. Lenercept, a TNF fusion protein, was able to reduce EAE disease 

severity in mice, but caused an increase in the frequency of relapses when tested 

in people with MS (The Lenercept Multiple Sclerosis Study Group, 1999). EAE 

thus has significant limitations as a reliable model for predicting the clinical 
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efficacy of putative MS therapeutics. Like MS, EAE involves auto-reactive T cells 

that orchestrate demyelination of the CNS. However, CD4+ T cells predominate 

in EAE (Gold et al., 2006), while it is well established that CD8+ T cells drive MS. 

In MS, CD8+ cells are more numerous and show evidence of clonal expansion, 

while the less numerous CD4+ cells detected in this disease do not (Sriram & 

Steiner, 2005). Demyelination in EAE is only observed in white matter tracts of 

the spinal cord, cerebellum, hindbrain and optic nerve of mice (Constantinescu et 

al., 2011), whereas pathological abnormalities can be observed throughout the 

CNS of people with MS, including the forebrain white and gray matter as well as 

the optic nerve, brain stem and spinal cord (Compston & Coles, 2008). 

Additionally, demyelination observed in EAE is diffuse and sporadic compared to 

other models, making it difficult to study neuroprotection and remyelination. EAE 

has proven useful in the establishment of DMTs that target inflammation, but in 

the search for therapeutics that promote protection or repair, EAE is not the ideal 

model candidate.      

 

1.3 Lysophosphatidylcholine-Mediated Demyelination   

Lysophosphatidylcholine (LPC) comprises approximately 8% of the phospholipids 

present in the white matter of the human brain (Papadopoulos, Cevallos, & Hess, 

1960). Stereotaxic injection of concentrated LPC into white matter tracts of the 

rodent CNS leads to rapid focal demyelination that can be detected within 30 

minutes (Hall, 1972). LPC is inserted into the myelin membrane and disrupts the 

myelin lamellae by forming lipid-protein-LPC aggregates, ultimately leading to 
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oligodendrocyte death (Gregson, 1989; Plemel et al., 2018). Exogenous LPC is 

metabolized fully by 24 hours following injection through acylation that converts 

LPC into phosphatidylcholine (Plemel et al., 2018; Webster & Alpern, 1964). 

Demyelination mediated by LPC peaks between 24 and 72 hours and 

remyelination begins 7 days post-injection, with near-complete remyelination 

occurring after 3 weeks in the mouse spinal cord (Jeffery & Blakemore, 1995; 

Keough, Jensen, & Yong, 2015). LPC primarily causes lysis of myelin 

membranes, sparing underlying axons (Keough et al., 2015). Demyelination by 

LPC leaves axons susceptible to damage and impaired axonal transport, which is 

also observed in MS lesions, but it has been shown that these axons are 

remyelinated (Höflich et al., 2016; Schultz et al., 2017).  

 

1.3.1 Immune involvement in the LPC model 

While the primary effect of LPC injection is myelin loss, it also induces a variety 

of immunological events. Following LPC injection into the mouse spinal cord, 

permeability of the blood brain barrier and expression of blood vessel adhesion 

molecules are elevated both near and distal to the site of injection (Ousman & 

David, 2000). CD4+ and CD8+ T cells are observed throughout the lesion 6 hours 

after LPC injection; the presence of these cells is required for maximal LPC-

mediated demyelination and subsequent macrophage recruitment and activation 

(Ghasemlou, Jeong, Lacroix, & David, 2007; Ousman & David, 2000). 

Macrophages are numerous within demyelinating lesions (Keough et al., 2015) 

and play integral roles in lesion development and repair, including early 
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phagocytosis of myelin debris and facilitation of OPC differentiation (Kotter, 

Setzu, Sim, Van Rooijen, & Franklin, 2001; Miron et al., 2013; Ousman & David, 

2000). Injection of LPC involves mechanical disruption of the blood barrier, but 

stereotaxic injection of PBS alone into the corpus callosum produces only minor 

immune activation that is limited to the immediate vicinity of the needle path 

(Tejedor et al., 2017). Therefore, in addition to demyelination, LPC triggers an 

immune response, albeit minor relative to EAE, that is not attributable to the 

mechanical disruption of the blood brain barrier.  

 

1.4 Potential Remyelinating Candidates for MS 

1.4.1 Clozapine in the treatment of schizophrenia 

Schizophrenia is a disorder characterized by positive symptoms (psychosis, 

delusions and visual/auditory hallucinations) and negative symptoms (deficits in 

emotions and social interaction), in addition to cognitive impairments (Owen, 

Sawa, & Mortensen, 2016; Patel, Cherian, Gohil, & Atkinson, 2014). These 

deficits likely arise from abnormalities in dopamine, serotonin and glutamate 

signalling in the CNS (Patel et al., 2014). Schizophrenia is also characterized  by 

myelin atrophy and reduced oligodendrocyte activity (Ardekani, Nierenberg, 

Hoptman, Javitt, & Lim, 2003; Flynn et al., 2003; Hakak et al., 2001). Clozapine is 

an atypical antipsychotic that acts primarily as an antagonist at serotonin 5-HT2A 

and dopamine D2 receptors (Seeman, 2014). Clozapine is highly effective at 

improving positive and negative symptoms, suicidal ideation and aggressive 

behaviour in people with schizophrenia (Naheed & Green, 2001). However, 
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clozapine treatment is associated with several side effects, namely 

agranulocytosis, weight gain and bowel obstruction (Alvir, Lieberman, Safferman, 

Schwimmer, & Schaaf, 1993; Seeman, 2014). Therefore, clozapine is only 

indicated for patients with schizophrenia that are resistant to other antipsychotic 

drugs and remains the most effective treatment option for this patient population 

(Kane, Honigfeld, Singer, & Meltzer, 1988; Stroup, Gerhard, Crystal, Huang, & 

Olfson, 2016).  

 

1.4.2 Evidence for the capacity of clozapine to promote remyelination 

Due to the involvement of myelin pathology in schizophrenia and the efficacy of 

clozapine in treatment-resistant schizophrenia, there has been recent interest in 

investigating clozapine as a treatment for MS. Remyelination requires the 

proliferation and recruitment of OPCs to the lesion site and maturation into 

oligodendrocytes, both of which are processes that likely become impaired in MS 

(Franklin, 2002). When treated with clozapine, cultured rat oligodendrocytes 

show increased glycolytic activity and enhanced production of 

galactocerebroside, a lipid component of myelin (Steiner et al., 2014). Cuprizone 

is a copper chelator that prevents the differentiation of OPCs into mature 

oligodendrocytes in vitro, and when administered orally to rodents in vivo 

selectively depletes mature oligodendrocytes, causing demyelination in the CNS 

(Cammer, 1999). Clozapine treatment overcomes the inhibitory effects of 

cuprizone on OPC differentiation, resulting in increased numbers of mature 

oligodendrocytes (Xu, Yang, & Li, 2014). Clozapine also reverses cuprizone-
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induced demyelination in mice, enabling enhanced production of myelin basic 

protein and improved behavioural outcomes (Xu, Yang, Mcconomy, Browning, & 

Li, 2010). This atypical antipsychotic has also be shown to reduce EAE disease 

severity when administered orally beginning both at the time of EAE induction 

(prophylactically) or just before disease onset (Green et al., 2017; O’Sullivan et 

al., 2014). Clozapine’s success in rodent models of MS and its beneficial effects 

on oligodendrocytes make it a promising candidate as a remyelinating therapy in 

MS.  

 

1.4.3 Pioglitazone in the treatment of type 2 diabetes 

Type 2 diabetes is a metabolic disorder characterized by a dysregulated 

feedback loop involving glucose homeostasis. Progressive resistance to insulin in 

normally insulin-sensitive tissue (liver, skeletal muscle and adipose tissue) leads 

to a compensatory increase in insulin production by -cells in the pancreas, 

followed by an eventual reduction in the function and number of -cells (Kahn, 

Cooper, & Del Prato, 2015). Pioglitazone, a member of the thiazolidinediones 

(TZDs) drug class, is a peroxisome proliferator-activated receptor gamma 

(PPAR) agonist. Pioglitazone treatment normalizes blood glucose levels by 

increasing insulin sensitivity in liver, skeletal muscle and adipose tissue by the 

induction of peroxisome proliferator-activated receptor-driven genes involved in 

the insulin response (Meriden, 2004). When compared to metformin, a first-line 

type 2 diabetes therapeutic, pioglitazone leads to similar improvements in several 

metabolic parameters indicative of enhanced insulin sensitivity (Schernthaner, 
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Matthews, Charbonnel, Hanefeld, & Brunetti, 2004). However, pioglitazone 

treatment is associated with weight gain, edema and an increased risk of heart 

failure (Liao et al., 2017) and is therefore indicated for patients with normal 

cardiovascular function that do not respond to first-line therapies.  

 

1.4.4 Evidence for the disease-modifying effects of pioglitazone in MS 

Studies conducted in pre-clinical models and preliminary MS clinical trials 

suggest that pioglitazone may be a candidate for the treatment of MS. Treatment 

with pioglitazone has been shown to reduce the production of pro-inflammatory 

cytokines by cultured rodent microglia and astrocytes following activation (Storer, 

Xu, Chavis, & Drew, 2005) and to promote the differentiation of cultured OPCs to 

mature oligodendrocytes (Bernardo, Bianchi, Magnaghi, & Minghetti, 2009; De 

Nuccio et al., 2011). Additionally, pioglitazone treatment was associated with a 

reduction in the capacity of myelin-reactive CD4+ T cells to migrate across a 

compromised endothelial cell barrier in culture conditions (Klotz et al., 2007). 

When tested in both a monophasic and relapsing model of EAE in rats, oral 

pioglitazone administration was effective at reducing disease severity that was 

associated with reduced demyelination and leukocyte infiltration into the CNS 

(Feinstein et al., 2002). These animal studies suggest pioglitazone may be 

capable of reducing pro-inflammatory cytokine production, reducing leukocyte 

infiltration and/or promoting remyelination in MS.  
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When isolated from the peripheral blood of people with MS, autoreactive T cells 

showed decreased production of pro-inflammatory cytokines and a reduced 

proliferative capacity following treatment with pioglitazone (Schmidt et al., 2004). 

Monocytes isolated from people with MS are less effective at myelin 

phagocytosis compared to those isolated from healthy controls, but pioglitazone 

was able to normalize myelin phagocytosis and induce a shift toward an M2-

polarized (anti-inflammatory) phenotype (Natrajan et al., 2015). Pioglitazone was 

also tested in several small cohorts of people with MS. These studies reported 

improvement in disease outcomes and MRI measures of lesion burden following 

oral treatment with pioglitazone (Kaiser et al., 2009; Pershadsingh et al., 2004; 

Schernthaner et al., 2004). These encouraging findings have fueled intense 

interest in repositioning pioglitazone for MS and stimulated basic research 

concerning the mechanism by which this drug improves remyelination in animal 

models of autoimmune-mediated and toxin-induced demyelination.  

 

1.5 Rationale 

No therapeutics are approved for the treatment of MS that directly promote 

myelin repair and protect from axonal loss following an inflammatory attack. 

Treatment options for progressive MS, where disease processes are dominated 

by neurodegeneration and demyelination, are very limited. Clozapine and 

pioglitazone have demonstrated the potential to promote recovery in animal 

models of MS. However, it is not known whether these effects are primarily 

immunomodulatory in nature or mediated by the induction of remyelination. 
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1.6 Research Objectives 

1.6.1 Comparison of remyelination by clozapine and pioglitazone following LPC-
induced focal demyelination in the corpus callosum 
 
The first objective of this study was therefore to assess the potential for clozapine 

and pioglitazone to promote remyelination in the LPC model of focal 

demyelination, a model in which these drugs have not been tested before. It is 

hypothesized that: 

 

i) Both clozapine and pioglitazone will enhance remyelination following 

LPC-mediated demyelination in the corpus callosum.   

 

1.6.2 Combining the EAE and LPC models to better reflect the conditions 
responsible for demyelination and repair in MS 
 
A failure to identify neuroprotective and reparative therapies may be due to a lack 

of appropriate models for drug screening. Limitations in the EAE and LPC models 

necessitate the use of multiple models to encompass the complex conditions 

observed in MS. Additionally, predictions from these models have sometimes 

proven to be inaccurate for people with MS. EAE mimics hallmark features of MS 

such as autoimmune-mediated demyelination, inflammation, axonal damage and 

motor impairments. However, regions of demyelination are sporadic and 

inconsistent in location, making it difficult to study reparative processes. LPC-

mediated demyelination produces focal myelin loss in a highly reproducible 

manner with sparing of underlying axons, allowing for the study of remyelination 

processes in relative isolation from neurodegeneration. However, the 
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inflammatory environment characteristic of MS is incomplete, making direct 

translation to a clinical context uncertain. The LPC and EAE models were 

therefore combined to overcome limitations specific to each of these models and 

thus create a novel model that better recapitulates disease processes observed 

in MS. Consequently, the second objective of this study was to characterize the 

effects of LPC injection in the corpus callosum of mice with EAE. It is 

hypothesized that: 

 

i) Pro-inflammatory cell populations already primed for the destruction of 

myelin in EAE mice will enhance the extent of demyelination mediated by 

LPC injection relative to mice that were not previously exposed to the 

myelin antigen. 

 

ii) LPC lesions in EAE mice will exhibit impaired remyelination due to the 

increased presence of infiltrating leukocytes and activation of resident glial 

cells.   
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CHAPTER 2: METHODS 
 

2.1 Animal Care 

All animal experiments were approved by the University Committee on 

Laboratory Animals at Dalhousie University and conducted in accordance with 

Canadian Council on Animal Care standards. 

 

2.2 Lysophosphatidylcholine (LPC) Model 

2.2.1 Lysophosphatidylcholine (LPC) surgery 

Female C57BL/6 mice (n = 34) between the ages of 10 and 12 weeks (Charles 

River) were anesthetized with isoflurane (2.5%, O2 1 l/min) and placed in the 

stereotactic frame. A lubricant was placed on the eyes and the head shaved. The 

skin overlaying the skull was disinfected with isopropyl alcohol and betadine and 

a vertical incision made 1 cm in length to expose the skull. Two bilateral holes 

were made in the skull 1.0 mm rostral and 1.0 mm lateral to bregma using a fine 

drill. An injection of LPC (1 l of 1% in PBS; Sigma-Aldrich, catalog # L4129) was 

made into the right corpus callosum and 1 l of phosphate buffered saline (PBS) 

into the left corpus callosum. Both injections were 2.3 mm ventral to the surface 

of the skull, and made using a 7000 series 2 l Neuros syringe (Hamilton, catalog 

# 65459-01). The needle was left in place for 3 min following injection to prevent 

backflow. The needle was then slowly retracted and the incision sutured. Mice 

received a subcutaneous (sc) injection of ketoprofen (5 mg/kg) for analgesia and 

monitored closely following surgery to ensure proper recovery from anesthesia.  
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2.2.2 LPC storage and preparation 

LPC was diluted in PBS at 1% w/v and sonicated for 15 min before being 

aliquoted. LPC aliquots were stored in 150 l volumes at -80C. On the day of 

surgery, one LPC aliquot was thawed and sonicated for 30 min at 40 Hz. 

 

2.2.3 Treatment with vehicle or clozapine 

Beginning 24 hours (hr) after surgery, two groups of mice were orally gavaged 

(po) with either vehicle (distilled water, 100 l; n = 8) or clozapine (10 mg/kg; n = 

8) once daily for 7 days. 

 

2.2.4 Treatment with vehicle or pioglitazone 

Beginning 24 hr following surgery, two groups of mice received either vehicle 

(NEOBEE, 100 l, po; n = 9) or pioglitazone (15 mg/kg, po; n = 9) once daily for 7 

days.  

 

2.3 Dual EAE and LPC Model 

2.3.1 EAE induction 

Two groups of female C57BL/6 mice between the ages of 10 and 12 weeks, 

each composed of 32 animals, were anesthetized with isoflurane. The EAE group 

received bilateral injections (100 l/injection, sc) at the base of the tail of myelin 

oligodendrocyte glycoprotein amino acids 35-55 (MOG35-55, GenScript, amino 

acid sequence: MEVGWYRSPFSRVVHLYRNGK; 150 g in 100 l) emulsified in 

complete Freund’s adjuvant (CFA) containing desiccated Mycobacterium 
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tuberculosis (5 mg/ml, BD Pharmingen). The CFA/PTX group was injected in the 

same fashion with CFA emulsified in PBS (100 l/injection, sc). All mice were 

then injected intraperitoneally (ip) with pertussis toxin (300 ng in 200 l of PBS, 

Sigma-Aldrich). Two days later, all mice received a second injection of pertussis 

toxin (300 ng, ip; Figure 1).    

  

2.3.2 Stereotaxic surgery 

Seven days later, the CFA/PTX and EAE groups received injections of PBS and 

LPC into the corpus callosum of the left and right hemisphere, respectively, as 

described in section 2.2.1. Three CFA/PTX mice were excluded from analysis 

due to inadequate injection of LPC. 

 

2.3.3 Clinical Scoring 

Starting 7 days post-immunization (DPI), all mice were weighed daily and 

assigned a clinical score to assess motor deficits: 0, no motor deficits; 0.5, 

hooked tail; 1.0, bilateral hindlimb splay and hooked tail; 1.5, fully flaccid tail; 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.  
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Subcutaneous immunization with MOG35-55 (n = 32) or 
CFA/PTX (n = 32) and injection (ip) of PTX (N = 64) 
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Figure 1. Timeline of procedures, treatments and sample sizes in the dual 
EAE and LPC model. DPI = days post-immunization, MOG35-55 = myelin 
oligodendrocyte glycoprotein amino acids 35-55, CFA = complete Freund’s 
adjuvant, ip = intraperitoneal, PTX = pertussis toxin, PBS = phosphate buffered 
saline. 
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2.4 Tissue Collection, Processing and Sectioning for Histology 
 
At the time of sacrifice, mice were administered a lethal dose of sodium 

pentobarbital (150 mg/kg, ip). Once at surgical plane, mice were transcardially 

perfused with 10 ml of PBS followed by 10 ml of 4% paraformaldehyde. Brains 

were removed and allowed to post-fix in 4% paraformaldehyde for 48 hr. Each 

brain was then placed in 15% sucrose dissolved in PBS and transferred to 30% 

sucrose dissolved in PBS once it had sunk. Once the brain had sunk in 30% 

sucrose, 20 m thick coronal sections were cut using a cryostat that spanned the 

PBS and LPC injection sites, placed on SuperFrost slides and stored at -20C.   

  
 

2.5 Eriochrome Cyanine and Neutral Red Staining 
 
Every second section from each brain sample was stained with eriochrome 

cyanine (Honeywell Fluka) and counterstained with neutral red (Acros Organics) 

according to the following procedure. Slides were removed from the freezer and 

allowed to thaw. Once at room temperature, sections were immersed in a 

descending series of ethanol concentrations for 3 min each: 100%, 100%, 95%, 

95%, 70% and 70%. Sections were then rinsed in a bath of tap water and placed 

in eriochrome cyanine staining solution (0.16% eriochrome cyanine, 0.4% H2SO4, 

0.4% FeCl3 in distilled water) for 15 min followed by tap water for 1 min. Sections 

were then dipped in 0.5% ammonium hydroxide 5-7 times to remove non-specific 

staining and again placed in tap water for 1 min. Sections were next placed in 

neutral red stain (1% in distilled water) for 2 min followed by 1 min in tap water. 

Lastly, the slides were dehydrated through immersion in an ascending series of 
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ethanol concentrations: 70%, 70%, 95%, 95%, 100% and 100%, followed by 

placement in xylene to remove all water and cover-slipped with CytoSeal 

mounting medium. Sections were imaged at 100X magnification using a Zeiss 

Axioplan II microscope.   

 

2.6 Immunohistochemistry 
 
Brain sections were allowed to reach room temperature. The edges of the slides 

were traced with an ImmEdge Hydrophobic Barrier PAP pen (Vector 

Laboratories) and the sections rehydrated with 0.5% Trition X-100 in PBS (T-

PBS). For detection of activated macrophages/microglia, sections were stained 

with antisera raised again Iba1. For detection of leukocytes, sections were 

stained with antisera raised again CD45. For detection of oligodendrocyte 

precursor cells, sections were stained with antisera raised against NG2. 

 

Sections stained for NG2 were first counterstained with FluoroMyelin Red (1:100, 

ThermoFisher, catalog # F34652) for 20 min, followed by three 3-min washes 

with T-PBS. For Iba1 and CD45 staining, sections were blocked with 10% Goat 

serum and 10% Donkey serum in T-PBS for 1 hr at room temperature. For NG2 

staining, sections were blocked with 20% normal Goat serum for 1 hr at room 

temperature. Sections were then incubated with the primary antibodies diluted in 

T-PBS for 18 hr at 4 C. The following primary antibodies were used: Rabbit anti-

Iba1 (1:500, Wako Pure Chemical Industries, Code No. 019-19741), Rat anti-

CD45 (1:12, BD Pharmingen, catalog # 550539) and Rabbit anti-NG2 (1:200, 
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Chemicon, AB5320). The next day, sections were washed for three 3-min 

washes in T-PBS and incubated with the secondary antibodies diluted in T-PBS. 

The following secondary antibodies were used: Goat anti-Rabbit IgG AlexaFluor 

488 (1:500 for Iba1, 1:250 for NG2; ThermoFisher, catalog # A-11008) and 

Donkey anti-Rat IgG AlexaFluor 594 (1:500, ThermoFisher, catalog # A-21209). 

Sections were then washed for three 3-min washes in T-PBS and cover-slipped 

using Fluoromount mounting medium. Slides were sealed with nail polish and 

imaged at 100X magnification using the Zeiss AxioImager Z2.  

 

2.7 LPC Lesion Volume Estimation 
 
Using Fiji (ImageJ) software, the cross-sectional area of demyelination on every 

section stained with eriochrome cyanine was measured by tracing the border of 

demyelination within the corpus callosum. The cross-sectional area of 

demyelination was multiplied by 20 m to account for section thickness and these 

values plotted to calculate area under the curve as a measure of volume using 

Prism 7 software. 

 
2.8 Quantification of Corpus Callosum White Matter Loss in the Dual EAE 
and LPC Model 
 
Every second slide extending from 0.4 mm rostral to 1.2 mm caudal of the needle 

tract was stained with eriochrome cyanine and assessed for white matter loss 

within the corpus callosum. The rostral-caudal limits of quantification were 

determined by the largest LPC lesion in CFA mice at 7 days following LPC 

injection (DPI 14). Injection of LPC into the corpus callosum of naïve mice 
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produced a discrete region of demyelination with borders that could be easily 

discerned and thus traced. By contrast, LPC injection into the corpus callosum of 

EAE mice often resulted in multiple regions of diffuse white matter loss making it 

difficult to accurately trace the borders of these lesions (Figure 2A). To overcome 

this problem, a modified version of the Cavalieri method of volume estimation 

was used. Using Fiji (ImageJ) software, a grid of crosses, each associated with 

an area of 500 m2, was placed over the image and the number of crosses 

overlaying a region of white matter loss was counted and recorded (Figure 2B). A 

region of white matter loss was classified as absence of myelin (blue) staining 

and was only counted if it spanned two adjacent crosses. The number of crosses 

multiplied by 500 m2 produced the cross-sectional area of white matter loss. 

The cross-sectional area was multiplied by 20 m to account for section 

thickness, and these values were used to plot lesion size (Y axis) against 

distance from the injection site (X axis) for each lesion. The area under each of 

these curves was calculated to obtain the volume of white matter loss using 

Prism 7 software. 

 

2.9 Validation of the Modified Version of the Cavalieri Method  
 
To determine the optimal cross size for measuring white matter loss, LPC lesions 

in three randomly selected CFA mice were estimated using crosses with an 

associated area of 2000, 1000 or 500 m2. The resultant volume estimations
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Figure 2. The modified Cavalieri method of volume estimation. (A) 
Representative eriochrome cyanine/neutral red-stained tissue section showing 
the LPC lesion in an EAE mouse. (B) A grid of crosses was overlaid on this 
image to estimate white matter loss. The number of crosses (red) that contacted 
a region devoid of eriochrome cyanine staining was counted and multiplied by 
the area associated with each cross to determine the cross-sectional area of 
white matter loss on each section. Grid is representative. (C) Comparison of 
white matter loss volume estimations using the tracing method and the modified 

Cavalieri method with crosses of varying size (2000, 1000 or 500 m2). The 
volume of white matter loss was estimated using a grid with crosses 2000, 1000, 

or 500 m2 in size. The resultant vales were normalized to the traced volume, 
which was defined as a value of 1. When using crosses with an associated area 

of 2000 or 1000 m2, the estimated volume was larger than the traced volume. 

Using crosses 500 m2 in size, the estimated volume was similar to that 

calculated by tracing. Data represent the mean  SEM. *p < 0.05, ***p < 0.001, 
one-way ANOVA followed by Tukey’s post-hoc analysis.  
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were converted to a fraction of the traced volume, defined as equaling 1. A cross 

size corresponding to an area of 500 m2 yielded a similar volume as that 

obtained by traced volume estimation (Figure 2C). A grid with crosses, each 500 

m2 in size, was therefore used to estimate the volume of white matter loss in the 

corpus callosum. 

  

2.10 Fluorescence Quantification 
 
The average fluorescent intensity of Iba1, CD45 and NG2 immunoreactivities 

was measured as the mean gray value using Fiji (ImageJ) software. The lesion 

area used for quantification of Iba1, CD45 and NG2 immunoreactivities was 

defined by tracing the zone of white matter loss in an adjacent section stained 

with eriochrome cyanine or Fluoromyelin. 

 

2.11 Quantitative RT-PCR (qRT-PCR) 
 
Following transcardial perfusion with 10 ml of PBS, the brain was removed and 

placed in a brain block on ice. Brain tissues were dissected from coronal sections 

spanning 1 mm rostral and 2 mm caudal to the injection sites using a razor blade. 

A transverse cut was made connecting the most ventral tips of the corpus 

callosum to remove the ventral portion of the brain and a sagittal cut made to 

separate the hemispheres. Brain samples were then placed immediately into a 

tube containing PureZol and zirconium beads. Next, samples were homogenized 

for 40 seconds (sec) using a BeadBug microtube homogenizer. Total RNA was 

then extracted using the Aurum Total RNA Fatty and Fibrous Tissue Kit (Bio-Rad, 
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catalog # 7326830) according the manufacturer’s guidelines. A Bio-Rad Experion 

bioanalyzer with an RNA StdSense analysis kit (Bio-Rad) was used to determine 

the quality and purity of the RNA samples. Experion analysis revealed that all of 

the samples were of acceptable quality and purity (above 7.5). RNA quantity was 

then measured by duplicate determinations using an Epoch microplate 

spectrophotometer (BioTek Instruments) and the samples stored at -80C. 

Synthesis of complementary DNA (cDNA) through reverse transcription was 

performed with the iScript cDNA synthesis kit (Bio-Rad, catalog # 1708890) using 

1 g of RNA from each sample. Quantitative RT-PCR (qRT-PCR) was performed 

according to MIQE guidelines (Bustin et al., 2009) using the SsoFast EvaGreen 

Supermix kit (Bio-Rad, catalog # 172-5203). Primers were obtained from 

Invitrogen and diluted in Tris-EDTA, pH = 8. Samples were analyzed in triplicate 

with the BioRad C1000 Touch Thermal Cycler (96 well) according to the following 

cycling parameters: 95C x 3 min + (95C x 10 sec + 60C x 10 sec + plate 

reading) x 40 cycles. Analysis of relative mRNA levels was performed using the 

Cq method with Bio-Rad Maestro software, using GAPDH and -actin as 

reference genes. Primer sequences of the genes assessed are presented in 

Table 2.  

 

2.12 Statistical Analyses 
 
All data sets were analyzed using a one-way ANOVA with Tukey’s post-hoc test.  
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Table 2. Forward and reverse primer sequences used for qRT-PCR. Primers 
were obtained from Invitrogen as a lyophilized powder and reconstituted with 

Tris-EDTA (pH = 8) to a concentration of 40 M.   
 

Gene name Forward nucleotide sequence Reverse nucleotide sequence 

IFN- ATGAACGCTACACACTGCATC CCATCCTTTTGCCAGTTCCTC 

TNF- CAGGCGGTGCCTATGTCTC CGATCACCCCGAAGTTCAGTAG 

IL-6 CTGCAAGAGACTTCCATCCAG AGTGGTATAGACAGGTCTGTTGG 

IL-1 GAAATGCCACCTTTTGACAGTG CTGGATGCTCTCATCAGGACA 

TGF- AGCTGGTGAAACGGAAGCG GCGAGCCTTAGTTTGGACAGG 

IL-4 GGTCTCAACCCCCAGCTAGT GCCGATGATCTCTCTCAAGTGAT 

GFAP CGGAGACGCATCACCTCTG AGGGAGTGGAGGAGTCATTCG 

CD206 TCAGCTATTGGACGCGAGGCA TCCGGGTTGCAAGTTGCCGT 

c-Myc ACCCGCTCAACGACAGCAGC CCGTGGGGAGGACTCGGAGG 

MBP GGCCAGTAAGGATGGAGAGAT CCTCTGAGGCCGTCTGAGA 

P2Y12 GTGTTGACACCAGGCACATC TCCCGGAGACACTCATATCC 

MIP-2 CCAACCACCAGGCTACAGG GCGTCACACTCAAGCTCTG 

GAPDH AGGTCGGTGTGAACGGATTTG GGGGTCGTTGATGGCAACA 

-actin GTGACGTTGACATCCGTAAAGA GCCGGACTCATCGTACTCC 
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CHAPTER 3: RESULTS 
 
3.1 Assessment of the Effects of Oral Administration of Clozapine or 
Pioglitazone on Remyelination 7 Days Following LPC-Mediated 
Demyelination  
 
To assess the effects of clozapine and pioglitazone on remyelination in the LPC 

model, mice received bilateral stereotactic injections of LPC on one side and 

PBS on the opposite side of the corpus callosum and were administered 

treatment beginning 24 hours following surgery. In the first experiment, mice 

received daily oral treatment of either vehicle (distilled water, 5 ml/kg/day) or 

clozapine (10 mg/kg/day) by oral gavage (po) daily for 7 days. In the second 

experiment, mice received either vehicle (NEOBEE, 5 ml/kg/day; po) or 

pioglitazone (15 mg/kg/day; po) for 7 days. After these treatments for 7 days, 

brain sections that encompassed the rostral-caudal extent of the lesion were 

stained with eriochrome cyanine to visualize myelin and the volume of 

demyelination was determined by manually tracing the lesion border. 

 
3.1.1 Mice treated with clozapine exhibited a similar volume of demyelination 7 
days following LPC injection relative to vehicle-treated mice   
 
Seven days after the injection of PBS and LPC in the corpus callosum of 

opposite hemispheres, LPC-induced lesion volumes were larger than those for 

PBS lesions in both vehicle- (p = 0.025) and clozapine-treated mice (p = 0.011) 

at day 7 (Figure 3E). However, LPC-induced lesion volumes were similar in size 

for vehicle-treated and clozapine-treated mice (p = 0.982). 
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Figure 3. Mice treated with daily oral clozapine showed a similar volume of 
demyelination relative to vehicle-treated mice 7 days following LPC 
injection. Eriochrome cyanine (blue) and neutral red (pink) staining of PBS (A 
and C) and LPC (B and D) lesions in vehicle- and clozapine-treated mice 7 days 
following LPC injection. (E) Quantification of lesion volume, measured by tracing 
the cross-sectional area of demyelination on each section and calculating the 
area under the curve. Mice treated with clozapine showed comparable LPC 
lesion volumes relative to mice treated with vehicle (distilled water). LPC lesion 
volumes were much larger than the control PBS lesions in both treatment groups. 
Lesion volume is represented as mean ± SEM. *p < 0.05, a one-way ANOVA 
followed by Tukey’s post hoc test. PBS = phosphate buffered saline, LPC = 
lysophosphatidylcholine. 
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3.1.2 Mice treated with pioglitazone exhibited a similar volume of demyelination 7 
days following LPC injection relative to vehicle-treated mice 
 
Seven days following the injection of PBS and LPC in the corpus callosum of 

opposite hemispheres, LPC-induced lesion volumes were larger than those for 

PBS lesions in both vehicle-treated (p = 0.0039) and pioglitazone-treated mice (p 

< 0.0001; Figure 4E). LPC lesions in pioglitazone-treated mice were marginally 

larger in volume relative to vehicle-treated mice, however, this difference did not 

reach statistical significance (p = 0.0656).  

 
3.1.3 Daily oral treatment with pioglitazone produced comparable levels of 
activated macrophages/microglia within the lesion site 7 days following LPC 
injection relative to vehicle-treated mice 
 
To determine whether pioglitazone altered the presence of activated 

macrophages/microglia within the lesion site following LPC injection, brain 

sections were immunohistochemically stained for the macrophage/microglia 

marker Iba1 and immunoreactivity was measured within the lesion site. Seven 

days following injection, the mean fluorescent intensity for Iba1 immunoreactivity 

was similar within the LPC lesions of vehicle- and pioglitazone-treated mice (p = 

0.669; Figure 5E). In addition, levels of Iba1 immunoreactivity were similar within 

LPC and PBS lesions for both vehicle-treated (p = 0.436) and pioglitazone-

treated mice (p = 0.805). 
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Figure 4. Mice treated with daily oral pioglitazone showed a similar volume 
of demyelination relative to vehicle-treated mice 7 days following LPC 
injection. Eriochrome cyanine (blue) and neutral red (pink) staining of PBS (A 
and C) and LPC (B and D) lesions in vehicle- and pioglitazone-treated mice 7 
days following LPC injection. (E) Quantification of lesion volume measured by 
tracing the cross-sectional area of demyelination on each section and calculating 
the area under the curve. Mice treated with pioglitazone showed comparable 
LPC lesion volume relative to mice treated with vehicle (NEOBEE). LPC lesion 
volumes were much larger than the control PBS lesions in both treatment groups. 
Lesion volume is represented as mean ± SEM. **p < 0.01, ****p < 0.0001, a one-
way ANOVA followed by Tukey’s post hoc test. PBS = phosphate buffered saline, 
LPC = lysophosphatidylcholine. 
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Figure 5. Daily oral pioglitazone treatment resulted in similar levels of 
activated microglia/macrophages within PBS and LPC lesions relative to 
vehicle 7 days following LPC injection. Representative micrographs of 
eriochrome cyanine/neutral red-stained brain sections (A-D) and adjacent 
fluorescent Iba1-stained brain sections (E-H) 7 days following LPC injection. (I) 
Quantification of the mean fluorescent intensity of Iba1 staining, measured by 
tracing the lesion border on the Iba1 image, using the adjacent eriochrome 
cyanine section as a reference, and taking the mean gray value using Image J. 
Mice treated with pioglitazone exhibited comparable levels of activated 
macrophages and microglia within the lesion site relative to vehicle-treated mice. 
Data represent mean ± SEM. One-way ANOVA followed by Tukey’s post hoc 
test. PBS = phosphate buffered saline, LPC = lysophosphatidylcholine. 
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3.2 EAE Mice Showed a Smaller Volume of White Matter Loss 7 days, but 
not 14 Days, Following LPC Injection Relative to CFA/PTX Mice 
 
To overcome limitations associated with autoimmune- and LPC-induced models 

of demyelination, PBS and LPC injections were performed on mice subjected to 

MOG35-55-induced EAE or immunization controls that received CFA and pertussis 

toxin (PTX) injections but not MOG35-55 (CFA/PTX). Mice were euthanized 2, 7 

and 14 days later and the brains were removed for myelin staining and 

quantitative image analysis. The volume of white matter loss was measured 

using a modified Cavalieri method of volume estimation. 

 

3.2.1 EAE mice exhibited a similar peak volume of white matter loss 2 days 
following LPC injection relative to CFA/PTX mice  
 
Two days following PBS and LPC injections into the corpus callosum of opposite 

hemispheres, LPC-mediated white matter loss was larger in volume relative to 

PBS-mediated white matter loss in both CFA/PTX mice (p = 0.0007) and EAE 

mice (p = 0.0001; Figure 6E). LPC-mediated volumes of white matter loss in EAE 

and CFA/PTX mice were similar (p = 0.683).  

 
3.2.2 White matter loss mediated by LPC was smaller in EAE mice 7 days 
following injection relative to CFA/PTX mice 
 
Seven days following injections of PBS and LPC into the corpus callosum, LPC-

mediated white matter loss was larger than PBS-mediated white matter loss in 

both CFA/PTX (p < 0.0001) and EAE mice (p = 0.0007; Figure 7E). By contrast, 

EAE mice exhibited smaller LPC-mediated volumes of white matter loss 

compared to CFA/PTX mice (p = 0.0004). 
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Figure 6. Two days following LPC injection, EAE mice exhibited similar 
peak volumes of LPC-induced white matter loss in the corpus callosum 
relative to CFA/PTX controls. Eriochrome cyanine (blue) and neutral red (pink) 
staining of PBS (A and C) and LPC (B and D) lesions in the corpus callosum of 
mice immunized with CFA alone and mice with EAE. (E) Quantification of volume 
of white matter loss within the corpus callosum 0.4 rostral and 1.2 mm caudal to 
the needle tracts. The cross-sectional area of white matter loss on each section 
was measured using a modified version of the Cavalieri method of volume 
estimation and calculating the area under the curve. LPC lesions in mice with 
EAE were similar in size to LPC lesions in CFA/PTX mice. LPC-induced white 
matter loss was much larger than the white matter loss in control PBS lesions in 
both treatment groups. White matter loss is represented as mean ± SEM. 
***p<0.001, one-way ANOVA followed by Tukey’s post hoc test. PBS = 
phosphate buffered saline, LPC = lysophosphatidylcholine. 
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Figure 7. Seven days following LPC injection, EAE mice exhibited 
accelerated remyelination relative to CFA/PTX controls. Eriochrome cyanine 
(blue) and neutral red (pink) staining of PBS (A and C) and LPC (B and D) 
lesions in mice immunized with CFA alone and mice with EAE. (E) Quantification 
of volume of white matter loss within the corpus callosum extending 0.4 rostral 
and 1.2 mm caudal to the needle tracts. The cross-sectional area of white matter 
loss on each section was measured using a modified Cavalieri method of volume 
estimation and calculating the area under the curve. LPC-induced white matter 
loss was smaller in EAE mice relative to CFA/PTX mice. LPC-induced white 
matter loss was larger than the white matter loss in control PBS lesions for both 
treatment groups. White matter loss is represented as mean ± SEM. ***p < 
0.001, ****p<0.0001, one-way ANOVA followed by Tukey’s post hoc test. PBS = 
phosphate buffered saline, LPC = lysophosphatidylcholine. 
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3.2.3 White matter loss mediated by LPC injection was larger in EAE mice 14 
days following injection relative to CFA/PTX mice 
 
Fourteen days following injections of PBS and LPC into the corpus callosum, 

LPC-mediated white matter loss was larger than PBS-mediated white matter loss 

in EAE (p = 0.0117), but not CFA/PTX mice (p = 0.284; Figure 8E). EAE mice 

exhibited a larger volume of white matter loss compared to CFA/PTX mice (p = 

0.0295).  

 
 
3.3 EAE Mice Displayed an Accelerated Reduction in White Matter Loss 
Between Days 2 and 7 Following LPC Injection Relative to CFA/PTX Mice 
 
To assess the temporal changes in demyelination, LPC-mediated white matter 

loss at each time point was compared for the CFA/PTX and EAE groups. 

CFA/PTX mice showed no change in white matter loss from days 2 to 7 (p = 

0.991) but displayed a reduction in white matter loss from days 7 to 14 (p = 

0.0004; Figure 9A). By contrast, EAE mice showed a reduction in LPC-mediated 

white matter loss from days 2 to 7 (p = 0.0366), indicative of enhanced 

remyelination. However, white matter loss volumes for EAE mice remained 

constant from days 7 to 14 (p = 0.996). 

 
3.4 EAE Mice That Received an Injection of LPC into the Corpus Callosum 
Exhibited a Classical EAE Disease Course 
 
When LPC was injected into the corpus callosum 7 days post-immunization 

(DPI), mice with EAE exhibited a classical disease course with symptom onset 

occurring between DPI 10-13 (Figure 9B). Peak disease severity occurred on DPI 

17 followed by a gradual reduction in clinical scores. As expected, MOG35-55  
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Figure 8. Fourteen days following LPC injection, EAE mice exhibited a 
larger volume of white matter loss in the corpus callosum relative to 
CFA/PTX controls. Eriochrome cyanine and neutral red staining of PBS (A and 
C) and LPC (B and D) lesions in mice immunized with CFA alone and mice with 
EAE. (E) Quantification of volume of white matter loss within the corpus callosum 
0.4 rostral and 1.2 mm caudal to the needle tracts. The cross-sectional area of 
white matter loss on each section was measured using a modified Cavalieri 
method of volume estimation and calculating the area under the curve. Opposite 
to day 7, LPC-induced white matter loss was larger in mice with EAE relative to 
CFA/PTX mice. LPC-induced white matter lass was larger than the white matter 
loss in control PBS lesions in EAE, but not CFA/PTX mice. White matter loss is 
represented as mean ± SEM. *p < 0.05, one-way ANOVA followed by Tukey’s 
post hoc test. PBS = phosphate buffered saline, LPC = lysophosphatidylcholine. 

PBS LPC

CFA/PTX

EAE

200 µm

E

A

C D

B

200 µm

0.0

0.5

1.0

1.5

2.0

W
h

it
e
 M

a
tt

e
r 

L
o

s
s
 (

m
m

3
)

EAE

PBS LPC PBS LPC

*
*

CFA/PTX



 40 

 
Figure 9. EAE mice recovered more quickly from LPC-induced 
demyelination than CFA controls and LPC-injected EAE mice exhibited a 
classical EAE disease course. (A) Mean volume of white matter loss within the 
corpus callosum 2, 7 and 14 days following LPC injection in CFA/PTX or EAE 
mice. LPC lesions in the corpus callosum of EAE mice showed a reduction in 
size between days 2 and 7, whereas no recovery occurred in CFA/PTX mice 
during this time. CFA/PTX mice exhibited a reduction in white matter loss 
between days 7 and 14, ultimately to a greater extent than EAE mice. (B) Clinical 
scores of EAE and CFA/PTX mice sacrificed 7 and 14 days following LPC 
injection (Days post-immunization 14 and 21, respectively). EAE mice exhibited a 
classical disease course, with disease onset occurring between days 10 and 13 
and a gradual recovery beginning on day 17. Volume of pathology and clinical 
scores represented as mean ± SEM. *p < 0.05, ***p < 0.001, ****p < 0.0001, one-
way ANOVA followed by Tukey’s post hoc test. LPC = lysophosphatidylcholine. 
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immunization controls (CFA/PTX) that received an injection of LPC displayed no 

clinical signs of EAE.  

 
3.5 Levels of Activated Macrophages/Microglia and Leukocytes were 
Similar in the Lesion Sites of EAE and CFA/PTX Mice 
 
3.5.1 Seven days after LPC injection, activated macrophages/microglia and 
leukocytes were present at similar levels within the lesion sites of CFA/PTX and 
EAE mice 
 
To determine whether the level of activated macrophages/microglia and 

leukocytes were different in CFA/PTX and EAE mice, brain tissue sections 

obtained at day 7 (DPI 14) were stained for Iba1 (macrophages/microglia marker) 

and CD45 (leukocyte marker) immunoreactivities within the lesion sites.  

 

Seven days following injection, LPC lesions in CFA/PTX and EAE mice showed 

similar levels of both Iba1 (p = 0.722; Figure 10M) and CD45 (p = 0.920; Figure 

10N) immunoreactivities. Iba1 levels in the PBS and LPC lesion sites for 

CFA/PTX (p = 0.999) and EAE mice (p = 0.528) were also similar (Figure 10M). 

However, CD45 immunoreactivity was elevated in the PBS lesion sites compared 

to LPC lesions of CFA/PTX mice (p = 0.0173), but not EAE mice (p = 0.999; 

Figure 10N). 

 
3.5.2 Fourteen days after LPC injection, activated macrophages/microglia and 
leukocytes were present at similar levels in the lesion sites of EAE and CFA/PTX 
mice 
 
To assess temporal changes in activated macrophage/microglia and leukocyte 

presence, tissue sections from day 14 (DPI 21) were assessed for levels of Iba1 

and CD45 immunoreactivities within the lesion sites of CFA/PTX and EAE mice.  
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Figure 10. Activated microglia/macrophages and leukocytes were present 
in similar levels at the lesion sites in CFA/PTX and EAE mice 7 days 
following LPC injection. Eriochrome cyanine staining of PBS and LPC lesions 
in CFA/PTX (A and B) and EAE (C and D) mice. Adjacent sections were double-
labelled using antibodies against Iba1 (E-H) and CD45 (I-L) 7 days following LPC 
injection. Quantification of mean fluorescent intensity of Iba1+ (M) and CD45+ (N) 
cells. Mean fluorescent intensity was measured by tracing around the border of 
the lesion, using the eriochrome cyanine image as a reference, and taking the 
mean gray value determined by ImageJ. LPC lesions in CFA/PTX and EAE mice 
showed similar mean fluorescent intensities for both Iba1+ and CD45+ 
fluorescence. Leukocytes were present in higher levels in PBS lesions compared 
to LPC lesions for CFA/PTX mice only. Mean gray value is represented as mean 
± SEM. *p < 0.05, one-way ANOVA followed by Tukey’s post hoc test. PBS = 
phosphate buffered saline, LPC = lysophosphatidylcholine. 
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Fourteen days following the PBS and LPC injections, levels of Iba1 

immunoreactivity were similar in PBS and LPC injection sites for CFA/PTX (p = 

0.895) and EAE mice (p = 0.473; Figure 11M). CD45 immunoreactivity was also 

similar in the PBS and LPC lesions of CFA/PTX (p = 0.239) and EAE mice (p = 

0.493; Figure 11N). LPC lesions in CFA/PTX and EAE mice showed comparable 

levels of both Iba1 (p = 0.0985; Figure 11M) and CD45 (p = 0.978; Figure 11N) 

staining.  

 
3.6 Seven Days Following LPC Injection, Oligodendrocyte Precursor Cells 
are Present in Similar Levels in the Lesion Sites of EAE and CFA/PTX Mice 
 
To assess whether the accelerated reduction in white matter loss observed in 

EAE mice was associated with an elevation in oligodendrocyte precursor cells 

(OPCs), tissue sections from day 7 (DPI 14) were immunohistochemically stained 

for NG2 and levels of immunoreactivity were measured within the lesion site. 

Seven days following injection, LPC lesions in EAE mice exhibited similar levels 

of NG2 compared to LPC lesions in CFA/PTX mice (p = 0.428; Figure 12I). NG2 

immunoreactivity levels were also similar in the PBS and LPC lesions of 

CFA/PTX (p = 0.983) and EAE mice (p = 0.809). 

 
 
3.7 Pro-Inflammatory Cytokine and Glial mRNA Levels were Elevated 
Following LPC Injection in EAE Mice 
 
To assess the inflammatory profile of the lesion sites and surrounding 

parenchyma in CFA/PTX and EAE mice, the lesions areas were isolated 7 days 

following LPC injection and anti- and pro-inflammatory cytokine, glial and innate 

immune system mRNA levels were measured by qRT-PCR. 
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Figure 11. Activated microglia/macrophages and leukocytes were present 
in similar levels at the lesion sites in CFA/PTX and EAE mice 14 days 
following LPC injection. Eriochrome cyanine staining of PBS and LPC lesions 
in CFA/PTX (A and B) and EAE (C and D) mice. Adjacent sections were double-
labelled using antibodies against Iba1 (E-H) and CD45 (I-L) 7 days following LPC 
injection. Quantification of mean fluorescent intensity of Iba1+ (M) and CD45+ (N) 
cells. Mean fluorescent intensity was measured by tracing around the border of 
the lesion, using the eriochrome cyanine image as a reference, and taking the 
mean gray value determined by ImageJ. PBS and LPC lesions in CFA/PTX and 
EAE mice showed similar mean fluorescent intensities for both Iba1 and CD45 
fluorescence. Mean gray value is represented as mean ± SEM. Data were 
analyzed using a one-way ANOVA followed by Tukey’s post hoc test. PBS = 
phosphate buffered saline, LPC = lysophosphatidylcholine. 
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Figure 12. Oligodendrocyte precursor cells were present in similar levels in 
lesions in CFA/PTX and EAE mice. Representative micrographs of 
Fluoromyelin (A-D) staining and immunohistochemical staining using antibodies 
against NG2 (E-H) of PBS and LPC lesions in CFA/PTX and EAE mice. (I) 
Quantification of the mean fluorescent intensity of NG2+ cells. Mean fluorescent 
intensity was measured by tracing the region of demyelination on the 
Fluoromyelin image, overlaying the trace onto the NG2 image and measuring the 
mean gray value using ImageJ. NG2 staining was present in comparable levels 
within the lesion sites in CFA/PTX and EAE mice. Mean gray value is 
represented as mean ± SEM. One-way ANOVA followed by Tukey’s post hoc 
test. PBS = phosphate buffered saline, LPC = lysophosphatidylcholine. 
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3.7.1 Pro-inflammatory cytokine (IFN-, TNF-, IL-6, IL-1 and TGF-) mRNA 
levels were elevated in EAE mice 7 days following LPC injection 
 

Seven days following LPC injection, mRNA levels for interferon gamma (IFN-) 

were elevated in the LPC lesions of EAE mice compared to LPC lesions in 

CFA/PTX mice (p = 0.0002) and PBS lesions in EAE mice (p = 0.0125; Figure 

13A). Tumor necrosis factor alpha (TNF-) mRNA levels were also elevated in 

the LPC lesions of EAE mice compared to LPC lesions in CFA/PTX mice (p = 

0.0003) and PBS lesions in EAE mice (p = 0.0141; Figure 13B). Additionally, 

interleukin 6 (IL-6) mRNA levels were elevated in the LPC lesions of EAE mice 

compared to both LPC lesions in CFA mice (p < 0.0001) and PBS lesions in EAE 

mice (p = 0.0004; Figure 13C). Interleukin 1 beta (IL-1) expression was also 

elevated in the LPC lesions of EAE mice compared to LPC lesions in CFA/PTX 

mice (p = 0.0200), but not compared to PBS lesions in EAE mice (p = 0.396; 

Figure 13D). Transforming growth factor beta (TGF-) mRNA levels were 

increased in the LPC lesions of EAE mice relative to PBS lesions for EAE mice (p 

= 0.0147), but not LPC lesions in CFA/PTX mice (p = 0.229; Figure 13E). 

 
3.7.2 mRNA encoding the anti-inflammatory cytokine IL-4 were present in similar 
levels in CFA/PTX and EAE mice 7 days following LPC injection  
 
Levels of mRNA encoding interleukin 4 (IL-4) were similar in LPC lesions in EAE 

mice compared to both LPC lesions in CFA mice (p = 0.994) and PBS lesions in 

EAE mice (p = 0.976; Figure 13F). 
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Figure 13. Levels of mRNA encoding several pro-inflammatory cytokines 
were elevated in EAE mice 7 days following LPC injection. Relative mRNA 
levels for various inflammatory cytokines in brain tissue (17-30 mg) 1 mm rostral 
and 2 mm caudal to the needle tracts, measured by qRT-PCR. mRNAs encoding 

IFN- (A), TNF- (B)  and IL-6 (C) in LPC lesions of EAE mice were elevated 
relative to both PBS lesions of EAE mice and LPC lesions of CFA/PTX mice. IL-

1 (D) mRNA levels were elevated in LPC lesions of EAE mice relative to LPC 

lesions in CFA/PTX mice, while TGF- (E) mRNA expression was elevated in 
LPC lesions relative to PBS lesions in EAE mice. Expression of IL-4 (F) mRNA 
was similar between EAE and CFA/PTX mice. Relative expression is represented 
as mean ± SEM. *p < 0.05, ***p < 0.001, ****p < 0.0001, one-way ANOVA 
followed by Tukey’s post hoc test. PBS = phosphate buffered saline, LPC = 
lysophosphatidylcholine. 
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3.7.3 Levels of mRNA encoding the glial marker GFAP were elevated in EAE 
mice with a statistical trend for increased CD206 and MIP-2 mRNA levels 7 days 
following LPC injection 
 
Seven days following LPC injection, glial fibrillary acidic protein (GFAP) mRNA 

levels were elevated in the LPC lesions of EAE mice compared to both LPC 

lesions in CFA/PTX mice (p = 0.0003) and PBS lesions in EAE mice (p = 0.0006; 

Figure 14A). There was a statistical trend for increased CD206 mRNA levels in 

the LPC lesions of EAE mice compared to LPC lesions in CFA/PTX mice (p = 

0.0517), although this trend did not reach significance, but not compared to PBS 

lesions in EAE mice (p = 0.684; Figure 14B). There was also a statistical trend for 

increased macrophage inflammatory protein 2 (MIP-2) mRNA in the LPC lesions 

of EAE mice compared to LPC lesions in CFA/PTX mice (p = 0.0794), although 

this trend did not reach significance, but not compared PBS lesions in EAE mice 

(p = 0.289; Figure 14E). 

 
 
3.7.4 mRNA encoding the glial markers c-Myc, MBP and P2Y12 were expressed 
at similar levels in CFA/PTX and EAE mice 7 days following LPC injection 
 
Seven days following LPC injection, mRNA levels for c-Myc were similar in the 

LPC lesions of EAE mice compared to both LPC lesions in CFA/PTX mice (p = 

0.639) and PBS lesions in EAE mice (p = 0.196; Figure 14C). However, c-Myc 

mRNA levels were elevated in the LPC lesions of CFA/PTX mice compared to 

PBS lesions in CFA/PTX mice (p = 0.0392). Myelin basic protein (MBP) mRNA 

levels were similar in the LPC lesions of EAE mice compared to both LPC lesions 

in CFA/PTX mice (p = 0.996) and PBS lesions in EAE mice (p = 0.999; Figure 

14D). P2Y12 mRNA levels were similar in the LPC lesions of EAE mice 
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compared to both LPC lesions in CFA/PTX mice (p = 0.649) and PBS lesions in 

EAE mice (p = 0.395; Figure 14F).  
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Figure 14. GFAP mRNA levels were elevated in EAE mice 7 days following 
LPC injection. Relative expression of various mRNAs encoding glial and innate 
immune cell markers in brain tissue (17-30 mg) 1 mm rostral and 2 mm caudal to 
the needle tracts, measured through qRT-PCR. mRNA encoding glial fibrillary 
acidic protein (GFAP; A) was elevated in LPC lesions of EAE mice relative to 
PBS lesions of EAE mice and to CFA/PTX mice. There was a trend in elevation 
of mRNA encoding CD206 (B) following LPC injection in EAE mice, however this 
trend did not reach statistical significance. There was also a trend in elevation of 
mRNA encoding macrophage inflammatory protein 2 (MIP-2; C) following LPC 
injection in EAE mice, however this trend did not reach statistical significance. 
Levels of mRNA encoding c-Myc (D) were elevated in LPC lesions compared to 
PBS lesions of CFA/PTX mice. Levels of mRNA encoding P2Y12 (E) and myelin 
basic protein (MBP; F) were comparable between CFA/PTX and EAE mice. 
Relative expression is represented as mean ± SEM. *p < 0.05, ***p < 0.001, one-
way ANOVA followed by Tukey’s post hoc test. PBS = phosphate buffered saline, 
LPC = lysophosphatidylcholine. 
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CHAPTER 4: DISCUSSION 
 
4.1 Clozapine Fails to Promote Remyelination in the LPC Model of Focal 
Demyelination After Treatment for 7 Days 
 
To determine the potential for clozapine to directly promote remyelination, 

clozapine (10 mg/kg/day, po) or vehicle (distilled water, 5 ml/kg/day, po) was 

administered for 7 days following injection of LPC into the corpus callosum. After 

7 days, LPC lesions in vehicle-treated mice were similar in volume to clozapine-

treated mice (Figure 3E). 

 

Clozapine (10 mg/kg/day) has been shown to reduce EAE disease severity and 

improve behavioural and histological outcomes following cuprizone 

administration (O’Sullivan et al., 2014; Xu et al., 2010). However, the effects of 

clozapine in the LPC model have not been previously reported. In the few studies 

that have assessed clozapine in EAE, outcomes associated only with 

immunological function, and not myelination, were examined. In the cuprizone 

model, clozapine treatment was associated with a reduction in the loss of myelin 

markers (Xu et al., 2010). However, clozapine treatment was initiated at the 

same time as cuprizone administration, therefore it is unclear whether clozapine 

treatment protected from myelin loss or promoted remyelination. The present 

study demonstrates that oral clozapine treatment for 7 days does not enhance 

remyelination following LPC-mediated demyelination, however later timepoints 

should be assessed to determine whether administration of clozapine for longer 

than 7 days improved remyelination in this model. 
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4.2 Pioglitazone Fails to Promote Remyelination and May Exacerbate LPC-
Mediated Demyelination After Treatment for 7 Days 
 
To assess the capacity for pioglitazone to promote remyelination, pioglitazone 

(15 mg/kg/day) or vehicle (NEOBEE, 5 ml/kg/day) was administered for 7 days 

following injection of LPC into the corpus callosum. After 7 days, there was a 

statistical trend for increased LPC lesion size in pioglitazone-treated mice 

compared to LPC lesions for vehicle-treated mice (Figure 4E). 

 

Pioglitazone, that is known to permeate the blood brain barrier (Grommes et al., 

2013), has been shown to reduce EAE disease severity at doses of 5-10 mg/kg. 

This was associated with fewer infiltrating leukocytes and reduced demyelination 

at peak disease (Feinstein et al., 2002). However, spinal cord myelin was only 

assessed in EAE mice at peak disease, at which point remyelination had not 

begun. In vitro, pioglitazone promotes the differentiation of rodent OPCs to 

mature oligodendrocytes and improves the capacity of monocytes isolated from 

people with MS to phagocytose myelin (Bernardo et al., 2009; De Nuccio et al., 

2011; Natrajan et al., 2015). Additionally, pilot clinical trials with small samples 

sizes have reported reduced disease severity following treatment with 

pioglitazone (Kaiser et al., 2009; Negrotto, Farez, & Correale, 2016).  

 

The current study demonstrates that pioglitazone is unable to improve 

remyelination following LPC-mediated demyelination after treatment for 7 days. 

In fact, pioglitazone treatment resulted in a statistical trend in elevation of LPC 

lesion volume. To determine whether this elevation in lesion size could be 
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attributed to a difference in the density and activity of macrophages/microglia, 

brain sections were processed for the detection of Iba1 immunoreactivity.  

 

Macrophages/microglia are required for remyelination following LPC-induced 

demyelination (Kotter et al., 2001). Therefore, an increase in LPC lesion volume 

may be associated with a reduction in macrophages/microglia. However, no 

difference was detected in the mean intensity of Iba1 staining within the LPC 

lesion sites between vehicle- and pioglitazone-treated mice (Figure 5I). Further 

investigation is required to determine how pioglitazone may exacerbate LPC-

induced demyelination. Additionally, later timepoints in the time-course of LPC-

mediated demyelination should be assessed to determine whether treatment with 

pioglitazone for longer than 7 days altered remyelination in this model. 

 

4.3 Lesion Size is Smaller at Day 7, but Larger at Day 14, in EAE Mice 
Following LPC-Mediated Demyelination in the Corpus Callosum Relative to 
Controls 
 
To characterize the effects of EAE on remyelination after LPC-induced 

demyelination, LPC was injected into the corpus callosum 7 days following 

immunization with either MOG35-55 emulsified in CFA (EAE group) and injected 

with PTX on days post-immunization (DPI) 0 and 2 or CFA alone plus PTX 

injections. This latter group served as an antigen control (CFA/PTX group). 

Brains were assessed 2, 7 and 14 days following LPC injection for white matter 

loss. Unexpectedly, EAE mice exhibited accelerated remyelination from day 2 to 

day 7 post-LPC injection. No further remyelination was detected at day 14 for 
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EAE mice (Figure 9A). By contrast, CFA/PTX mice did not show remyelination 

following LPC-induced demyelination until day 14. However, remyelination at day 

14 was superior for CFA/PTX than EAE mice (Figure 9A). This suggests that 

while remyelination was accelerated in EAE mice, enhanced immune cell 

presence in the brain may have impaired the extent of myelin repair. A likely 

mechanism for reduced myelin repair in EAE mice is axonal loss secondary to 

autoimmune-mediated demyelination that depletes the pool of viable axons 

which can be remyelinated (Bjartmar, Wujek, & Trapp, 2003). 

  

While the combination of LPC-mediated demyelination and EAE has not 

previously been reported, several studies have examined the effects of 

combining cuprizone-induced demyelination with EAE. Dietary administration of 

cuprizone, a copper chelator that suppresses the activity of copper-dependent 

enzymes that make myelin, for 6 weeks causes the selective death of 

oligodendrocytes (Torkildsen, Brunborg, Myhr, & Bø, 2008). Cuprizone 

administration for only 2 to 3 weeks leads to subtle biochemical deficits in 

forebrain myelin that are not sufficient to produce gross demyelination 

(Caprariello et al., 2018). Subclinical administration of cuprizone followed by EAE 

induction produces demyelination and peripheral immune infiltration in the 

forebrain, which is normally absent in EAE mice (Caprariello et al., 2018; Rüther 

et al., 2017; Scheld et al., 2016). These findings suggest that LPC-induced 

demyelination would attract myelin-reactive T cells, primed through EAE 

induction, to the corpus callosum, leading to enhanced demyelination. 
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4.3.1 Cellular infiltration is increased in the forebrain of EAE mice following LPC 
injection 
 
To assess infiltration of peripheral immune cells into the forebrain, brain sections 

were immunohistochemically processed for the detection of Iba1 and CD45 - 

markers for macrophages/microglia and leukocytes, respectively. The mean 

intensity of these markers was not different within the lesion sites of EAE mice 

compared to CFA/PTX mice 7 days following LPC injection (Figure 10M and N). 

However, qualitatively, a diffuse pattern of innate immune cell activation and 

leukocyte infiltration was visible beyond the boundary of the PBS and LPC 

injection sites of EAE mice. Although not quantified, there appeared to be 

increased numbers of Iba1+ (Figure 10G and H) and CD45+ (Figure 10K and L) 

cells in the brain parenchyma surrounding both PBS and LPC lesions of EAE 

mice compared to CFA/PTX mice (Figure 10E, F, I and J). Unlike CFA/PTX mice, 

CD45+ leukocytes were observed infiltrating the brain from blood vessels in EAE 

mice. These observations confirm that a stereotaxic injection into the forebrain 

leads to increased infiltration of leukocytes in EAE compared to CFA/PTX mice. 

However, instead of enhancing LPC-induced demyelination, increased innate 

immune cell activation and peripheral immune infiltration were associated with 

accelerated remyelination. These findings suggest that enhanced clearance of 

myelin debris and trophic support by activated immune cells may have stimulated 

remyelination. mRNAs encoding genes that regulate myelin repair were therefore 

measured in subsequent experiments. However, before describing these 

findings, the seemingly contradictory effects of cuprizone and LPC on 

remyelination in EAE should be addressed. 
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4.3.2 Systemic exposure to myelin antigens can reduce subsequent myelin 
reactivity 
 
Contrary to studies previously described, Mana et al. (2009) described a 

profound reduction in EAE disease severity when MOG35-55 immunization 

occurred after dietary intake of cuprizone for 4 weeks followed by 2 weeks 

consuming normal laboratory chow. Cuprizone feeding alone led to increased 

myelin antigen reactivity of T and B cells in the cervical lymph nodes, but 

subsequent reduced reactivity after EAE induction. Suppressed EAE disease 

severity was accompanied by the near absence of inflammatory infiltrates in the 

cerebellum and spinal cord. These investigators postulated that cuprizone-

induced systemic exposure to myelin antigens promoted a state of immune 

tolerance, marked by an elevation in anti-inflammatory cytokines and a reduction 

in pro-inflammatory cytokines, thereby limiting the immune response elicited by 

MOG35-55 immunization. 

 

In EAE, myelin antigens and myelin-reactive leukocytes are also known to 

accumulate in the lymph nodes and spleen (van Zwam et al., 2009). Like 

cuprizone, this systemic exposure to myelin antigens through EAE induction may 

induce a state of tolerance towards myelin antigens and could explain why LPC-

mediated demyelination does not lead to enhanced demyelination by MOG35-55-

primed cells.     
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4.3.3 Neurotrophins are produced by activated T cells 

T cells reactive towards myelin antigens are present in similar levels in the blood 

of people with MS and healthy controls (Markovic-Plese et al., 1995), but those 

isolated from MS patients exist in an activated state (Zhang et al., 1994). 

Additionally, transfer of T cells isolated from EAE mice to naïve mice leads to the 

development of EAE in recipient mice that can often be more severe compared to 

the donor mice (Mannara et al., 2012). Consequently, autoimmunity has 

traditionally been considered a detriment to MS disease processes. However, 

studies have identified potentially beneficial implications of myelin-reactive T 

cells. Induction of myelin basic protein (MBP)-mediated EAE followed by surgical 

motor neuron axotomy reduces neuronal cell death in the rat spinal cord 

(Hammarberg et al., 2000). Moreover, intraperitoneal injection of activated MBP-

reactive T cells suppresses injury and improves functional recovery following 

spinal cord contusion or optic nerve crush in rats (Hauben et al., 2000; Moalem et 

al., 1999). These benefits were attributed to the production of neurotrophins by 

activated lymphocytes (Hammarberg et al., 2000; Moalem et al., 2000). 

Neurotrophins are a class of cytokines known to promote neural cell survival and 

remyelination in EAE by blocking programmed cell death and overcoming 

metabolic deficits thought to drive disease progression in MS (Althaus, 2004; 

Linker et al., 2010; VonDran, Singh, Honeywell, & Dreyfus, 2011). Neurotrophin 

production by infiltrating myelin-reactive lymphocytes may therefore contribute to 

enhanced remyelination following LPC injection in EAE mice.  
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4.4 Accelerated Remyelination in EAE Mice is Accompanied by Increased 
Global Activation of Macrophages and Microglial Cells 
 
Macrophages and microglia play critical roles in myelin injury and repair. As 

mentioned above, macrophages/microglia appear to be more abundant in the 

brain parenchyma surrounding the lesion sites 7 days following LPC injection in 

EAE, but not in CFA/PTX mice. Additionally, individual macrophages/microglia 

appear larger and more brightly stained (Figure 10G and H). By 14 days post-

LPC injection, this trend remained, albeit to a lesser degree, while the densities 

of both Ib1+ and CD45+ cells within the lesion site were still similar between 

CFA/PTX and EAE mice (Figure 11M and N). Limitations in sensitivities of the 

immunohistochemical detection and quantification methods may have contributed 

to the failure to detect enhanced immune activation within the LPC injection sites 

of EAE mice. However, qRT-PCR measurements confirmed much greater 

expression of IFN-, TNF-, IL-6 and IL-1 mRNA, all of which are expressed by 

macrophages/microglia (Arellano, Ottum, Reyes, Burgos, & Naves, 2015; 

Lévesque et al., 2016; Renno, Krawkoski, Piccirillo, Lin, & Owens, 1995; 

Samoilova, Horton, Hilliard, Liu, & Chen, 1998) in the LPC injected hemispheres 

of EAE mice compared to CFA/PTX mice (Figure 13A, B, C and D), which 

supports the observation of enhanced activation of these cells. 

 

There is ample evidence for the beneficial role of macrophages/microglia 

following LPC-mediated demyelination. Macrophages/microglia are rapidly 

recruited and activated following LPC injection, after which these cells 

phagocytose myelin debris (Ousman & David, 2000). Peripheral depletion of 
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monocytes before LPC injection leads to impaired clearance of myelin, which is 

also associated with reduced OPC recruitment and impaired remyelination 

(Kotter et al., 2001; Kotter, Zhao, Van Rooijen, & Franklin, 2005; Triarhou & 

Herndon, 1985). Artificial activation and stimulation of macrophages/microglia 

leads to enhanced remyelination following LPC injection (Doring et al., 2015). 

Resident microglia and infiltrating macrophages are activated in EAE and play an 

integral role in disease pathogenesis (Bjelobaba, Begovic-Kupresanin, Pekovic, 

& Lavrnja, 2018). This suggests that the accelerated remyelination observed 

following LPC injection in EAE mice may be due to enhanced phagocytic activity 

by macrophages/microglia activated through EAE induction. 

 

4.4.1 Macrophage/microglia polarization 

To determine whether macrophages/microglia in the forebrain displayed 

polarization following LPC injection in EAE mice, the expression of various 

markers was measured by qRT-PCR 7 days following LPC injection. There was a 

statistical trend for the elevation of mRNAs encoding CD206 (Figure 14B) and 

macrophage inflammatory protein-2 (MIP-2; Figure 14C) in LPC lesions relative 

to PBS lesions in EAE mice. Levels of mRNA encoding c-Myc (Figure 14D) and 

P2Y12 (Figure 14E) were similar in CFA/PTX and EAE mice. 

 

CD206, c-Myc and P2Y12 are markers for alternatively activated (M2) 

macrophages/microglia, which exert anti-inflammatory effects and are known to 

phagocytose myelin (Boven et al., 2006). While CD206 was the only marker that 
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showed a statistical trend for increased expression, this elevation in conjunction 

with accelerated remyelination suggest that M2-polarized macrophages/microglia 

may contribute to remyelination through enhanced myelin phagocytosis in this 

dual model. However, further analysis is required to assess the phagocytic 

activity of macrophages/microglia in this LPC-EAE model. 

 

MIP-2 is a pro-inflammatory chemokine associated with classically activated (M1) 

macrophages/microglia that facilitates the migration of leukocytes (Wolpe et al., 

1989). A statistical trend in the elevation of mRNA encoding MIP-2 in LPC lesions 

in EAE mice is consistent with the observation of increased leukocyte infiltration 

into the brain parenchyma in EAE mice and suggests that this chemotactic signal 

may be higher following LPC compared to PBS injection.  

 

4.5 Markers of Remyelination 

4.5.1 Oligodendrocyte precursor cells  

To determine whether enhanced remyelination was associated with an increased 

number of oligodendrocyte precursor cells (OPCs), brain sections were assessed 

for NG2 immunoreactivity. NG2+ cells were present at similar levels within the 

lesion site of CFA/PTX and EAE mice (Figure 12I). By 7 days following LPC 

injection, remyelination was complete in EAE mice. These findings suggest that 

an elevation in OPC number may only be apparent earlier in lesion progression. 
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4.5.2 Myelin basic protein 
 
To assess the production of myelin by oligodendrocytes, qRT-PCR was 

performed on the lesions and surrounding brain parenchyma 7 days following 

LPC injection. mRNA encoding myelin basic protein (MBP) was present at similar 

levels in CFA/PTX and EAE mice (Figure 14F). Enhanced remyelination requires 

increased production of myelin components. However, myelin production is 

limited to the oligodendrocytes within the lesion and therefore only comprises a 

small fraction of the cells assessed by qRT-PCR. Therefore, the signal was likely 

subject to pool dilution effects. Additionally, remyelination was relatively complete 

by 7 days following LPC injection in EAE mice. To detect markers associated 

with remyelination, an earlier timepoint should therefore be analyzed. 

 
 
4.6 Patterns of Cytokine mRNA Induction are Suggestive of the Activation 
of Myelin Repair after LPC injection in EAE Mice 
 
4.6.1 Expression of pro-inflammatory genes is enhanced in LPC lesions of EAE 
mice 
 
To assess the mRNA levels for various cytokines, qRT-PCR analysis was 

conducted on the lesions and surrounding brain parenchyma 7 days following 

LPC injection. mRNAs encoding interferon gamma (IFN-; Figure 13A), tumor 

necrosis factor alpha (TNF-; Figure 13B) and interleukin 6 (IL-6; Figure 13C) 

were elevated in the LPC lesions of EAE mice relative to both PBS lesions in 

EAE mice and LPC lesions in CFA/PTX mice. These findings demonstrate that 

elevated mRNA levels resulted from the combination of LPC and EAE and were 

not simply produced by injury from a stereotaxic injection in EAE.   
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TNF- is a pleiotropic cytokine that is produced at high levels by microglia, 

macrophages and other infiltrating leukocytes in EAE (Renno, Krakowski, 

Piccirillo, Lin, & Owens, 1995). Binding of soluble TNF- to TNF receptor 1 

(TNFR1) has been implicated in facilitating disease progression, whereas binding 

of transmembrane TNF- to TNF receptor 2 (TNFR2) has protective effects 

(Alexopoulou et al., 2006; Brambilla et al., 2011; Eugster et al., 1999). 

Additionally, binding of transmembrane TNF- to TNFR2, which is expressed on 

oligodendrocytes and macrophages/microglia, is integral to the induction OPC 

differentiation necessary for remyelination following cuprizone-mediated 

demyelination (Arnett et al., 2001; Madsen et al., 2016). The elevation in TNF- 

mRNA observed in the LPC lesions of EAE mice may contribute to accelerated 

remyelination by TNFR2 activation that stimulates the differentiation of OPCs. 

 

Interferon gamma (IFN-), produced by T cells, natural killer (NK) cells and 

macrophages, plays a stage-specific role in the progression of EAE (Arellano et 

al., 2015). It has been shown to drive the induction phase of EAE by facilitating 

lymphocyte entry into the CNS, activation of macrophages and stimulation of pro-

inflammatory cytokine production (Furlan et al., 2001; Olsson, 1995; Sonar, 

Shaikh, Joshi, Atre, & Lal, 2017). In the chronic phase of EAE, IFN- aids disease 

resolution by inducing the apoptotic death of T cells (Furlan et al., 2001). Mice 

lacking interleukin 6 (IL-6) are highly resistant to the development of EAE, 

indicating this cytokine is required for the induction phase of EAE. (Mendel, Katz, 

Kozak, Ben-Nun, & Revel, 1998; Samoilova et al., 1998). Although IFN- and IL-6 
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appear to have predominantly pro-inflammatory roles 14 days following EAE 

induction, these cytokines may still assist the resolution of LPC-mediated 

demyelination. The elevation of cytokines that promote the transmigration of 

peripheral immune cells primed for myelin repair into the CNS may also have 

contributed to accelerated remyelination in EAE mice.  

 

Many studies have implicated pro-inflammatory cytokines in the pathogenesis of 

EAE (Batoulis et al., 2014; Eugster, Frei, Kopf, Lassmann, & Fontana, 1998; 

Sonar et al., 2017). However, there is evidence that inflammation facilitates 

remyelination. Using a strain of rats that display progressive myelin loss over 

their lifespan, Foote and Blakemore (2005) demonstrated that OPCs transplanted 

into the spinal cord performed only minimal remyelination around the site of 

transplantation. Subsequent injection of saline distal to the transplantation site to 

induce a local inflammatory response stimulated remyelination by the 

transplanted OPCs. This illustrates the potential for inflammation traditionally 

considered detrimental to facilitate remyelination. 

 

4.6.2 Interleukin 1 beta mRNA is elevated in the EAE forebrain following 
stereotaxic injection 
 

Interleukin 1 beta (IL-1) is a cytokine produced by peripheral immune cells that 

is known to drive EAE pathogenesis (Lévesque et al., 2016; Lin & Edelson, 

2017). While generally considered pro-inflammatory, mice lacking IL-1 displayed 

impaired remyelination following cuprizone-induced demyelination (Mason, 

Suzuki, Chaplin, & Matsushima, 2001). IL-1 mRNA levels were elevated to the 
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same extents by injection of PBS or LPC in EAE mice over CFA/PTX mice 

(Figure 13D). Therefore, IL-1 mRNA is likely increased in the forebrain of EAE 

mice by the trauma associated with a stereotaxic injection rather than being a 

response specific to LPC-induced demyelination.  

 

4.6.3 Transforming growth factor beta mRNA is elevated to similar extents by 
LPC injections in EAE and CFA/PTX mice  
 

Transforming growth factor beta (TGF-) is known to promote the resolution of 

EAE (Smith, Kono, & Theofilopoulos, 1991) and stimulate the production of 

hepatocyte growth factor that increases remyelination (Lalive et al., 2005). 

Consistent with a permissive role in accelerated remyelination in EAE mice, TGF-

β mRNA levels were elevated following LPC injection relative to PBS injection in 

EAE mice (Figure 13E). Hence, TGF- may also play a role in stimulating 

remyelination following LPC-induced white matter loss in EAE mice.  

 

4.6.4 Interleukin 4 mRNA expression is similar in forebrain lesions of CFA/PTX 
and EAE mice 
 
Interleukin 4 (IL-4) is an anti-inflammatory cytokine primarily produced by 

microglia and is associated with the recovery phase of EAE (Khoury, Hancock, & 

Weiner, 1992; Ponomarev, Maresz, Tan, & Dittel, 2007). Delivery of IL-4 directly 

into the cerebrospinal fluid (CSF) of EAE mice after disease onset reduces 

disease severity, spinal cord demyelination and axonal loss (Casella et al., 2016). 

IL-4 expression does not begin until later in the EAE disease course, where it is 

associated with disease resolution, likely through polarizing 
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macrophages/microglia to an M2 phenotype (Khoury et al., 1992; Ponomarev et 

al., 2007; Rawji & Yong, 2013). Gene expression was measured 7 days post-

LPC injection (14 days post-EAE induction) to assess whether accelerated 

remyelination in EAE mice was associated with an earlier production of IL-4. 

However, IL-4 mRNA levels were similar in CFA/PTX and EAE mice (Figure 

13F), suggesting IL-4 is not a major driver of remyelination in this dual model.  

 

4.7 GFAP Gene Expression is Elevated Following LPC Injection in EAE Mice  
 
Glial fibrillary acidic protein (GFAP) is a marker for reactive astrocytes, which are 

present within LPC lesions (Lau et al., 2012). GFAP mRNA levels were elevated 

in LPC lesions of EAE mice 7 days following injection relative to both PBS lesions 

in EAE mice and LPC lesions in CFA/PTX mice (Figure 14A). This suggests that 

EAE enhances astrocyte activation in the LPC lesions of EAE mice. Astrocytes 

may contribute to remyelination in several ways, which include providing trophic 

support to glial cells, facilitating OPC migration and enhancing oligodendrocyte 

survival (Kıray, Lindsay, Hosseinzadeh, & Barnett, 2016). 

 

4.8 LPC-Mediated Demyelination in EAE Mice as a Model for MS 

The dual LPC and EAE model simulates a demyelinating event in the context of 

an established myelin-reactive immune response. Instead of contributing to 

further demyelination, the inflammatory conditions of EAE accelerate 

remyelination in the corpus callosum. Remyelination frequently occurs in lesions 

that appear early in the MS disease course, but is diminished in the chronic 
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phase of the disease (Goldschmidt et al., 2009). This dual model may therefore 

represent the conditions observed during a relapse early in the MS disease 

course. More detailed analysis of the cell populations present within the LPC 

lesions of EAE mice should reveal additional information about the factors 

contributing to remyelination in a pro-inflammatory context. Based on these 

findings, it may be possible to employ pharmacological and gene targeting 

approaches to identify the processes that mediate accelerated remyelination in 

EAE mice.  

 

4.9 Limitations and Future Directions 

Clozapine and pioglitazone were unable to promote remyelination following LPC-

induced demyelination after treatment for 7 days. However, brain and serum 

levels of these drugs should be measured at the time of sacrifice to confirm 

adequate dosing and delivery. 

 

Further experimentation is also required to characterize the dual LPC and EAE 

model. Preliminary analysis suggests that enhanced remyelination following LPC 

injection may be driven by increased myelin phagocytosis by M2-polarized 

macrophages/microglia, as evidenced by increased global activation of 

parenchymal macrophages/microglia and a statistical trend in elevated mRNA 

levels of the M2 marker CD206. Because remyelination is relatively complete by 

7 days post-LPC injection in EAE mice, markers for enhanced phagocytosis 

would likely be absent or diminished at this point, as myelin phagocytosis 
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precedes remyelination. Additionally, the pro-inflammatory cytokine profile 

detected may not represent the conditions in which remyelination occurred and 

may instead represent a shift towards a pro-inflammatory phase that is actually 

inhibitory towards remyelination, as no remyelination occurred in EAE mice 

between days 7 and 14 (Figure 9A). Therefore, an earlier timepoint, such as 4 

days post-LPC injection, should be examined using immunohistochemistry and 

qRT-PCR to better understand the conditions that facilitate remyelination in this 

model.  

 

A limitation of this study is that analysis of healthy mice and non-injected, naive 

EAE mice was not conducted. It would be beneficial to assess baseline gene 

expression of inflammatory markers in both such control groups. However, due to 

minimal involvement of the forebrain in EAE, it is expected that leukocyte 

markers and pro-inflammatory cytokine expression and would be very low in 

both. 

 

For qRT-PCR analysis, the brain parenchyma immediately surrounding the 

corpus callosum lesions was included. Therefore, a pool dilution effect may have 

masked the detection of markers expressed by small cell populations localized 

within the lesions, such as oligodendrocytes or polarized macrophages/microglia. 

The corpus callosum could be dissected from surrounding brain tissue, however 

this may result in missing portions of the lesion or including an inconsistent 
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quantity of tissue between mice. Therefore, more sensitive methods, such as 

fluorescence-activated cell sorting should be used.  

 

To explore the effects of different inflammatory profiles on the response to LPC-

mediated demyelination, LPC should be injected at different points in the EAE 

disease course. In the current study, LPC was injected before mice experience 

EAE clinical symptoms. Injection of LPC at peak disease severity or during the 

recovery phase of EAE or in a relapsing model of EAE would provide insight into 

the inflammatory factors affecting remyelination both in an acute and chronic 

context. 

 

4.10 Conclusions 
   
The overarching objectives of this study were two-fold: 1) To determine the 

potential for clozapine and pioglitazone to promote remyelination following LPC-

mediated demyelination, and 2) To characterize the combination of LPC-

mediated demyelination and EAE. 

  

Both clozapine and pioglitazone were unable to promote remyelination following 

LPC-mediated demyelination in the corpus callosum after 7 days of treatment. 

Previous cell-based and animal studies suggest these drugs may promote 

remyelination in MS (Bernardo et al., 2009; Feinstein et al., 2002; Natrajan et al., 

2015; O’Sullivan et al., 2014; Xu et al., 2010). However, this study was unable to 
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demonstrate that these compounds directly promote remyelination within the 

timeframe studied.  

 

This is the first study to suggest accelerated remyelination following LPC-

mediated demyelination in the corpus callosum of mice with EAE, despite 

increased cellular infiltration into the forebrain and enhanced pro-inflammatory 

gene expression. Increased macrophage infiltration and microglial activation may 

accelerate remyelination by increasing myelin phagocytosis (Doring et al., 2015; 

Kotter et al., 2001, 2005). Elevated pro-inflammatory cytokine expression may 

contribute to remyelination by facilitating leukocyte entry into the CNS (IFN- and 

IL-6) and through promoting OPC recruitment (TNF-). While further 

experimentation is required to characterize this phenomenon, this dual model 

may simulate a relapse early in the disease course of MS, where remyelination is 

frequently observed, and therefore allow for the identification of mechanisms 

inherent to MS that can be manipulated to enhance remyelination. 
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