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ABSTRACT 

 

Multiple Sclerosis (MS) is an inflammatory demyelinating disease affecting the 

grey matter (GM) and white matter (WM) of the central nervous system 

resulting in progressive neurological deficits and clinical disability. 

Experimental Autoimmune Encephalomyelitis (EAE), an animal model of MS, 

can be investigated with magnetic resonance (MR) to address the clinical need 

to understand mechanisms of the MS disease course.  However, longitudinal 

MR studies with EAE are currently under-explored. This thesis investigated 

longitudinal changes in metabolite concentrations and lesion development, in 

relation to neurological deficits in EAE, using 9.4T MRI and 1H-MRS and 

compared the findings using similar methods in early MS. The pre-clinical 

study assesses five time-points of EAE disease progression. The results 

suggest that after the immunisation, but before visible signs of neurological 

deficits, higher N-acetyl-aspartate concentration [NAA] predicts the severity of 

late-stage neurological deficits in EAE where a lower fractional anisotropy (FA) 

and histology indicate microstructural deficits. The results correspond with 

histology markers where EAE animals severely affected by recombinant 

myelin oligodendrocyte glycoprotein (rMOG), had an increase of mitochondria 

at the Pre-symptomatic and Onset time-points compared to controls.  

These findings were compared to a longitudinal analysis of clinically isolated 

syndrome (CIS) conversion to clinically definite MS (CDMS), where CIS 

patients with higher [NAA] 1 year after presenting with symptoms, develop a 

more severe MS disease course at 15 years after the onset of MS. There was 

also an interaction between new T2-weighted (T2-w) lesions and [tNAA] at 1 

year after CIS onset which was the strongest indicator of differences between 

Relapsing Remitting MS and Secondary Progressive MS disease courses at 

15 years. This may suggest that early [tNAA] changes could be used as a 

biomarker for long-term disease severity. The association between [NAA] and 

disability-score in EAE, at the Pre-symptomatic time-point, with histological 

evidence, as well as the interaction between early [NAA] and new T2-w lesions 

and disability severity and course, suggests that [NAA] may reflect 

pathological processes relevant to MS disease course and treatment targets.  
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CHAPTER ONE 

CH. 1 INTRODUCTION TO THIS THESIS 
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CHAPTER 1  

INTRODUCTION TO THIS THESIS 

 

1.1 Background 

 

Multiple Sclerosis (MS) is an inflammatory disease causing axonal and myelin 

damage in the grey matter (GM) and white matter (WM) of the central nervous 

system (CNS). This damage results in progressive neurological deficits and 

clinical disability. Although there is extensive research on MS, the ability to 

predict MS disease progression and course, as well as the understanding of 

the mechanisms involved in MS disease progression, remain incomplete.  

 

Using an animal model of MS such as experimental autoimmune 

encephalomyelitis (EAE), enables a better understanding of mechanisms 

underlying MS disease and the progression of MS.  However, conventional 

EAE studies as well as other animal models of MS, are methodologically 

limited by the lack of live in vivo detection of disease progression. MS disease 

progression can be explored non-invasively by in vivo longitudinal 

investigation of the EAE disease course using magnetic resonance (MR) in 

combination with histology.  

 

MR techniques are largely unexplored due to technical challenges. In 

particular, MR methods can be used to understand the pathology and 

pathophysiology that result from inflammation, lesions and metabolic changes 

associated with biomarkers of MS disease progression. Also, MR can be 

applied to better understand and predict disease progression in EAE animals. 

The methodology of EAE MR longitudinal investigation can subsequently be 

translated to the earliest clinical stages of MS, Clinically Isolated Syndrome 

(CIS), using statistical models to validate biomarkers that predict the MS 

disease course. This potential has become available with retrospective 

longitudinal CIS investigations, which have been carried out in the NMR Unit, 

Queen Square MS Centre (Fernando et al. 2004; W J Brownlee et al. 2016).  
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CIS patients that present with CIS symptoms, who later convert to clinically 

definite MS, are the earliest disease cohort of MS that can provide valuable 

insight into MS disease progression. Approximately 45% and 82% of CIS 

patients convert to clinically definite MS after 2 years and 20 years, 

respectively. Their earliest data at the minimal disability and the information 

about their conversion to clinically definite MS are available.  However, 

underlying mechanisms of these biomarkers, remain elusive.  For example, 

the opportunity to detect and monitor mitochondrial metabolism and 

dysfunction is thwarted by the lack of knowledge of how to interpret the NAA 

signal, which is thought to be a measure of mitochondrial function in neurons. 

The use of MR in EAE, in combination with histology and neurological deficit 

scoring methods is valuable in this context.  

 

For the first time, an EAE model of MS can be longitudinally investigated in 

vivo from a healthy state, before the onset of clinical symptoms, to the final 

progression of the disease and disability, where it can be translated to the 

earliest stage of MS (before a diagnosis of clinically definite MS), to the 

progression of MS disease course.  Investigating this model with 1H-MRS and 

MRI provides insights into mitochondrial mechanisms to translate to human 

studies and that can be used to develop biomarkers to study patients. This 

longitudinal MR translation may improve the understanding of MS disease 

progression and MS disease course to isolate early-phase therapeutic targets. 

 

1.2 The Problems 

 

There is a clinical need to understand and predict the pathological processes 

contributing to the MS disease course that is relevant for treatment targets. 

This can be achieved using EAE, an animal model of MS, where experimental 

lesions are induced.  EAE lesions and metabolic changes can be investigated 

longitudinally with MR. However, MR studies investigating disease 

progression in EAE are under-explored due to technical challenges and the 

need for very high magnetic field scanners.   
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Also, whilst EAE is the most commonly used MS animal model, its translational 

potential of MS disease progression has been thwarted for two principal 

reasons.  First, EAE is not perfect model MS and there are inherent limitations 

to comparing rodents to humans. Second, the conventional design of EAE 

studies are largely limited to post-mortem study designs which focus on EAE 

onset. Also, these types of designs tend to be limited by grouping mildly 

affected EAE animals together with severely disabled EAE animals for 

analysis (or by excluding mildly affected animals altogether). Using these 

conventional EAE study designs, there is a potential for valuable information 

regarding the progression of the disease to remain undiscovered.   

 

Similarly, the designs of MS studies are equally important for the prospects of 

the animal to human translation.  Similar to conventional EAE designs, early 

MS studies have conventional limitations as well. In particular, conventional 

CIS studies tend to compare CIS groups to healthy controls or, longitudinally 

compare CIS patients that did not convert to MS to those that did convert to 

MS, irrespective of their disability status. Using these two-way comparative 

designs, important information regarding MS disease progression either 

inherently remains unknown or is lost due to the research design.  For 

example, information about the MS disease progression may be unknown due 

to an early-stage study in which the MS disease has not progressed in patients 

or, information may be inherently undiscovered due to a research design that 

groups all CIS patients with varying disability status together. The latter may 

have an impact on the translational potential of longitudinal EAE studies to MS 

and limit the predictability of disease progression and mechanisms for targeted 

treatments in MS.     
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1.3 Aim and Objectives 

 

The aim of this thesis was to investigate longitudinal changes in metabolite 

concentrations and lesion development, associated with neurological deficits 

in EAE, using MR and laboratory techniques, and to subsequently compare 

these methods to clinical studies of MS. 

 

This thesis had three objectives:  

1. To monitor metabolic changes during the development and resolution 

of experimental CNS lesions using 1H-MRS in combination with other 

magnetic resonance imaging techniques;  

2. To explore how imaging techniques, compare with histological 

examination;  

3. To explore how the MR study of EAE can be translated from the 

preclinical stage to clinical applications.  

 

1.4 Scientific Relevance  

 

I helped to develop and use a multi-modal protocol to test the feasibility of 

preclinical and clinical applications of 1H-MRS to examine metabolic changes 

in MS tissue in response to lesion development.  

 

I. First, optimised techniques were used to study the metabolic and 

structural pathogenesis in EAE using neurological deficit status 

scoring, 1H-MRS for metabolic changes, T2-weighted (T2-w) 

imagining for lesion development, and diffusion weighted imaging 

(DTI) for axonal integrity.  

 

II. Second, histology and immunohistochemistry were used to examine 

immunological components, including mitochondrial density, 

demyelination, and axonal damage in the tissue of the imaged EAE 

animals compared to controls, as well as EAE animals that were not 

imaged.  
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III. Third, to translate my findings, a longitudinal analysis of a Queen 

Square cohort of CIS patients that converted to clinically definite 

MS, was used to analyse similar MR techniques to my animal 

studies. These included disability measured by expanded disability 

status scale (EDSS), lesion development acquired using T2-w 

imagining, and metabolic changes acquired using 1H-MRS. The 

analysis was used to determine if it was possible to predict the 

development of MS and the severity of the MS disease course using 

metabolic and lesion development associated with neurological 

deficits.   

 

An analysis of relapsing-remitting MS patients was used to gain 

insights into how metabolic interactions with microstructural 

changes might affect disability at the early stage of clinically definite 

MS. In this study, the methods used were expanded.  Five 

characteristics of MS were analysed including (1) MS deficits 

(assessed by EDSS), (2) T2-w lesion segmentation, (3) metabolites 

(acquired using 1H-MRS), and (4) memory impairment (assessed 

using visual and verbal memory tests (Paired Associates Learning, 

and Adult Memory and Information Processing Battery, 

respectively)).  

 

1.5 Structure of this thesis 

 

This thesis is organised in the following way:  In chapter two, an overview of 

MS and EAE, current research on predicting the MS disease progression, 

translation and pathology are reviewed. In chapter three, the basic principles 

of MRI and histology techniques used in this thesis are discussed. In chapter 

four, the pilot experiments, in different animal models and front-end MR 

developments, that were used to test the feasibility of the animal models and 

to establish an optimised MR protocol suitable for longitudinal EAE 

experiments are discussed. In chapter five, the results of the longitudinal EAE 
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study using MR and laboratory techniques are presented. In chapter six the 

longitudinal EAE animal study is translated to humans using a longitudinal CIS 

meta-analysis and exploratory methods and discuss the results. In chapter 

seven, the influence of metabolic biomarkers on cognitive disability, is 

explored as an existing predictor of MS disease progression in an analysis of 

early relapsing-remitting patients. In chapter eight, the findings and future 

directions are discussed. 

 

There are also two appendix chapters in this thesis: In Appendix I the 

preliminary tests with mice and rats for general induction methods, 

neurological deficit scoring, and mitochondrial model tests are discussed. In 

Appendix II, are the extensions of this thesis that have been funded by UCL 

and external grants to scale the work or impact of this thesis.    
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CHAPTER 2 

MULTIPLE SCLEROSIS AND EAE: BACKGROUND 

 

This chapter reviews the background and current research on Multiple 

Sclerosis (MS) and Experimental Autoimmune Encephalomyelitis (EAE) to 

provide evidence of a clinical need to understand and predict the MS disease 

course and how EAE can be useful in this pursuit.  

 

2.1 Multiple Sclerosis 
 

2.1.1 Introduction 

 

MS is an autoimmune disease characterised by demyelination and 

neurodegeneration affecting the GM and WM of the central nervous system 

(CNS). MS was first clinically defined by Charcot in 1865 as a clinical 

syndrome marked by sclerosing in plaques in the CNS, whereby resulting in 

symptoms that affect several neurological functions (Charcot, 1865; Rascol & 

Clanet, 1982). Common clinical symptoms in MS include visual deficits, 

sensory and motor deficits, cognitive impairment, and sphincter dysfunction; 

these symptoms are caused by lesions involving the optic pathways, the 

sensory and motor systems, the brain, and the spinal cord and brainstem, 

respectively. Current diagnostic investigations can identify early CNS lesions, 

diagnose MS and predict the course of the disease. However, the cause and 

mechanisms underlying the progression of disability in MS remain largely 

elusive.  

 

The cause of MS is thought to be autoimmune, potentially activated by genetic 

susceptibility and complex environmental factors (Sloka et al. 2011; Gilden 

2005; Knippenberg et al. 2011; Ascherio et al. 2010). However, the classic 

mechanisms involved in MS are inflammation, gliosis, demyelination and 

axonal degeneration (Oh & O’Connor 2015; Wood 2012; Ellwardt & Zipp 

2014). These pathological changes affect the brain WM and GM, and the 

spinal cord. In addition to these classic pathological mechanisms, several 
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studies have suggested metabolic mechanisms, which involve the 

mitochondrial dysfunction described in MS post-mortem studies.  However, 

only a few studies have investigated early metabolic changes in MS and how 

they affect the disease progression (Tannahill et al. 2015; Ciccarelli et al. 2014; 

Erschbamer et al. 2011; Filippi 2001). Identifying biomarkers that reflect the 

metabolic mechanisms that contribute, at least in part, to cause the course of 

MS, remains a primary clinical need. The association between early metabolic 

biomarkers and lesion development is necessary to understand and predict 

MS disease progression, and to more accurately define target treatments. 

 

2.1.2 Epidemiology 

 

2.1.2.1 Incidence and Prevalence 

 

MS is one of the most common neurological conditions globally (Msif 2013). 

One of the reasons that MS is important to research, is that it is a leading 

cause of non-traumatic disability in young adults in every region of the world 

(Msif 2013). MS affects upwards of 2.5 million people worldwide (100,000 in 

the UK) between the ages of 17 to 65 years old, with a peak between ages 20 

and 30 (Dendrou et al. 2015; Leray et al. 2016; Msif 2013). As many as 50 

percent of people affected by MS is unable to walk without assistance within 

20 years following MS disease onset (Leray et al. 2016; Dendrou et al. 2015; 

Msif 2013).  

 

Gender differences are a contributing factor, where the onset of MS is most 

common in women. Females are diagnosed 2 times more than their male 

counterparts, which is thought to be increasing in some developed countries 

(Msif 2013; Leray et al. 2016). A Multiple Sclerosis International Federation 

survey reinforced that MS has remained twice as common for women than 

men, where the MS ratio of female-to-male is considerably higher between 

regions, including East Asia (3:1) and the Americas (2.6:1). The reason for this 

gender difference in MS risk and the cause of the apparent increase in ratio 

are not fully understood, though it is likely to be caused by the interaction of 

changes in a range of genetic and environmental factors. It may be possible 
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that the metabolic cycle and epigenetic differences between women and men 

may play an important role in MS aetiology. With further investigation, these 

factors should be considered with genetic and environmental factors 

(Singmann et al. 2015). 

 

 

Figure 1: Global Prevalence and Female-to-Male Ratio 

 

 
FIG 1. Shows the prevalence of MS by country and region as well as the 
estimated female-to-male ratios globally. The figure shows 92 countries 
(accounting for 79% of the world population in 2013) indicating a prevalence 
for MS globally. This figure is adapted from the Atlas of MS 2013: Mapping 
Multiple Sclerosis Around the World (Msif 2013).  

 

 

2.1.2.2 Mortality 

 

Approximately 40 epidemiological studies have investigated the MS mortality 

rates. The median of time following the onset of MS to death ranges from 24 

years to over 45 years (Leray et al. 2016). However, there is an excess of 

mortality (6-14 years) in people with MS compared to the general population, 

when the groups are matched for gender, age and follow-up duration (Leray 

et al. 2016). Research suggests that MS is the most prominent contributing 
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cause of mortality in patients with MS (Leray et al. 2016), where progressive 

MS disability contributes to severe symptoms and handicaps that increase the 

risk of death primarily by increasing the risk of infection. The second cause of 

death in people with MS is cardiovascular-related (Leray et al. 2016). Overall, 

the range of mortality reported varies due to the study period and duration, 

geographical region, methodology and statistics used (Leray et al. 2016). 

Current research suggest that 70 to 88 percent of people diagnosed with MS 

will live at least 25 years after clinical onset of MS. 

 

2.1.2.3 MS Risk Factors 

 

MS is a multifactorial disease where both genetic and environmental factors 

contribute to MS disease risk. Although the exact cause of MS is still unknown, 

a combination of genetic susceptibility and environmental factors influence MS 

disease risk. Environmental factors include Epstein Barr virus infection, 

vitamin D deficiency, obesity, and smoking. Each risk factor may interact with 

one (or more) of the risk factors, which contributes to the complexity of 

establishing the exact cause and mechanism of MS. A summary of the 

evidence for the role of genetic and environmental factor in determining MS is 

presented below  (Figure 2). 
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Figure 2: Overview of Risk Factors of Multiple Sclerosis 

 

FIG 2. The figure shows an overview of risk factors and potential interactions 
between environmental risk factors and predisposed genetic factors that could 
increase susceptibility to developing MS. The cause of MS is currently 
unknown. Adapted from Risk Factors, Infectiology, General Items, Medical Art 
by Servier, Creative Commons Attribution 3.0 Unported License  

 

 

2.1.2.3.1 Genetic factors 

 

MS is thought to have, in part, a genetic basis. The first and most obvious risk 

factor that implicates genetics relates to the increased risk in the first-degree 

relatives and twins of the affected individual compared with the general 

populations. In particular, family members of MS patients, particularly first-

degree relatives are at greater risk of developing MS (1 to 5 percent) than the 

general population (0.1 to 0.2 percent).  Monozygotic or ‘identical’ twins have 

a 25 to 30 percent risk compared to heterozygous ‘fraternal’ twins, who have 

a similar risk to first-degree relatives. Although there is a greater risk for an 

identical twin of an MS patient to develop MS, twin studies suggest that there 

are no differences in messenger RNA, epigenome sequences and 

transcriptome, or in mitochondrial DNA between identical twins where one has 

MS (Souren et al. 2016; Baranzini et al. 2010). This further suggests that 

http://www.servier.com/Powerpoint-image-bank
http://www.servier.com/Powerpoint-image-bank
https://creativecommons.org/licenses/by/3.0/
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genetics are not enough to account for the risk of developing MS, and 

environmental factors play a key role. 

 

Second, there is evidence that the major histocompatibility complex (MHC) on 

chromosome 6, particularly the human leukocyte antigen (HLA), is the genetic 

region that is most strongly associated with a person’s susceptibility to 

developing MS (Patsopoulos et al. 2013). Several genome-wide association 

studies (GWAS) show that more than 100 distinct genetic regions are 

associated with MS susceptibility, particularly the MHC on chromosome 6 

(Dendrou et al. 2015; Chao et al. 2008).  In humans the MHC genes encode 

HLA on the cell surface. The HLA is a set of surface proteins essential for 

adaptive immune response regulation of foreign antigen.  When T cells are 

activated they multiply by the release of cytokines to enable an immune 

recognition response of the HLA/foreign-antigen complex to destroy it 

(Mosaad 2015). In MS, the most well-known genetic risk factor is HLA-DR15 

haplotype particularly in Caucasians (Patsopoulos et al. 2013; Disanto et al. 

2013; Handunnetthi et al. 2010). Although the exact mechanism of HLA 

dysfunction is unknown, arguments for potential mechanisms fall into two 

categories: (1) Mistaken identity, whereby the HLA allele associates itself with 

the disease without recognising it as harmful, or by (2) aberrant T cell 

repertoire selection causing an immune attack on ‘self-altered antigens’, 

created by immune cross-reactivity with foreign disease antigens (Mosaad 

2015). HLA variants of MS-associated genetic polymorphisms are thought to 

broadly influence the threshold of immune cell activation and the likelihood of 

CNS-mediated autoimmune response (Dendrou et al. 2015). However, due to 

non-HLA factors that also influence genetics, it is unlikely that MHC, HLA-

associated genetics are the sole cause of MS susceptibility. In Northern 

European populations, HLA-DRB1*1501 is associated with a three-fold 

increase in the risk of developing MS (Moutsianas et al., 2015). 

 

Third, several non-HLA genetic risk factors in MS involve a shared mechanism 

between genes associated with immune function and a predisposition to MS, 

including factors associated mitochondrial injury, such as oxidised DNA and 

cytokines (Haider et al. 2011). Mitochondrial DNA deletions are present in 
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neurons, especially for progressive MS (Campbell et al. 2011). In addition, 8-

hydroy-D-guanosine, a nucleoside that is an oxidative derivative of guanosine 

and indicative of oxidised DNA and oxidative stress, and oxidised lipids have 

been shown in active MS lesions from early and progressive MS patients 

(Haider et al. 2011; Smith et al. 1999). However, the individual effect sizes of 

non-HLA genetic variance are small (International Multiple Sclerosis Genetics 

et al., 2011). 

 

2.1.2.3.2 Environmental Factors 

 

Geographical Region 

 

Latitude is significantly associated with the prevalence of MS. This 

geographical variability is seen between and within continental regions and 

latitudinal gradients (Kurtzke & Hyllested 1986; Kurtzke 1983; Kurtzke 1975). 

The geographical variability of MS was first documented in 1975 by John 

Francis Kurtzke, who segmented continental areas into low, medium, and high 

risk of MS. His segmentation of geographical regions correlated with latitude, 

where very low-risk areas were tropical regions and high-risk areas were 

identified in northern Europe and the United States of America (Kurtzke 1975). 

A follow-on study in 1976 investigated the effects of migration from high to low 

risk areas and reported a reduction in MS risk and the reverse effect was not 

significant (Dean et al. 1976; Dean & Elian 1997). A further study of MS 

disease prevalence in Australia and New Zealand shows a similar trend in MS 

prevalence increasing by three-fold from Northern latitude gradients of 35°S, 

compared to Southern latitude gradients of 48°S, independent of ethnic 

background (Taylor et al., 2010). Currently, the prevalence of MS is estimated 

to vary from higher levels in Europe and North America (upwards of 100 per 

100,000 inhabitants) to lower prevalence in Eastern Asian and sub-Saharan 

Africa (2/100,000 population) (Leray et al. 2016). The geographical distribution 

of MS has improved our understanding of the natural history of MS and its 

endogenous and exogenous causes (Leray et al. 2016).  
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Epstein-Barr virus 

 

It is recognised that viral infections, such as Epstein-Barr virus (EBV), may 

predispose one to potentially develop MS, especially if the infection arises after 

childhood and is symptomatic (Leray et al. 2016). EBV is a ubiquitous virus 

that infects 90% of adults worldwide, with a typical asymptomatic occurrence 

in the first ten years. In industrialised countries, a later infection can occur and 

result in infectious mononucleosis, which is most closely associated with MS. 

It has been suggested that the risk of developing MS is 15 times higher among 

those infected with EBV in childhood and 30 times higher for those infected 

with EBV in adolescence or later in life compared to non-infected individuals 

(Leray et al. 2016). Recent studies have shown EBV infectious mononucleosis 

seroprevalence (pathogen in blood serum) in both MS patients and controls is 

positively associated with latitude, even after correcting for MS status, mean 

age and sex (odds ratio of 1.06 per degree increase). This remained significant 

when considering a homogenous study group using only enzyme-linked 

immunosorbent assay (ELISA) tests to detect EBV infection (Disanto et al. 

2012). In a 2011 study by Lucas et al, a past infection EBV was associated 

with an increased risk of CNS demyelination and appeared to be modified by 

immune-regulated gene variants such as anti-EBV-specific immunoglobulin G 

antibody titres.  The study also found that the CNS demyelination risk was 

increased when there was higher EBV DNA load, with higher 25-

hydroxyvitamin(OH) D3 concentration (discussed under vitamin D) (Lucas et 

al. 2011).   

 

A follow-on meta-analysis study in 2013, compared two independent methods 

in MS patients measuring EBV antibody titres, ELISA indirect 

immunofluorescence and anti-complement immunofluorescence, or both. The 

study found that EBV appears to be present in 100% of MS patients and 

suggests EBV antibody titres influence the association between MS and EBV 

(Pakpoor et al. 2013). Likewise, a study in 2014 examining T cell receptor 

(TCR)-β genes from cerebrospinal fluid (CSF) in 10 MS patients compared to 

11 neurodegenerative patients of varying conditions such as Transverse 

Myelitis and Neurosarcoidosis, found that TCR sequences of EBV-reactive 
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CD8+ T cells specifically were enriched in MS patients only, whereas EBV-

reactive CD4+ T cells were more generally found in all groups. This suggests 

a specific intrathecal T cell response that is unique to MS patients and directly 

associated with EBV-reactive CD8+ T cells specifically (Lossius et al. 2014). 

However, a counter argument is that that these antibody titres to EBV, which 

are also raised in MS, may reflect immune dysregulation rather than causative 

factors. Despite the research available on EBV and MS, no known mechanism 

underpinning the epidemiological associations with MS have been confirmed. 

Considering most adults are exposed to EBV at some point in their lives, the 

implications for MS may be more closely related to other epidemiological 

factors, through geographic distribution. 

 

Vitamin D 

 

The connection between vitamin D and MS was first suggested in 1974, where 

the intake of vitamin D was associated with lower incidence of MS (Goldberg 

1974; Segall 1974). More recently, Vitamin D has been implicated as a serious 

risk factor in MS. Vitamin D is obtained in the body through sun exposure on 

the skin and through the ingestion of foods containing either vitamin D3 

(cholecalciferol) or vitamin D2 (ergocalciferol). Vitamin D3 in particular is 

synthesised in the skin from 7-dehyrocholesterol by ultraviolet (UV) irradiation, 

where this vitamin D3 production depends on the intensity of UV irradiation, 

which varies with latitude and season. Whilst there is an association between 

vitamin D and MS, evidence may be circumstantial. It is still unclear if the 

association between vitamin D relates to the risk of developing MS, or if 

vitamin D modifies MS disease course. Low vitamin D levels early in the MS 

disease course appear to be a risk factor for a more active disease course).  

 

In MS, several studies have reported a trend of varying levels of Vitamin D and 

exposure to the sun at different latitudes, where regions with limited sunshine 

have an increased risk of MS. An interesting consideration for MS aetiology is 

the relationship between Vitamin D and the aforementioned EBV infection. 

Vitamin D deficiency has been associated with the same latitude effect as the 

EBV infection. Notably, vitamin D levels are inversely correlated with EBV DNA 
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load (Beard et al. 2011; Disanto et al. 2012). This may suggest two outcomes: 

first, vitamin D deficiency may impair the immune response to EBV and 

increase its susceptibility to EBV infection, thereby increasing the risk of MS, 

or second, vitamin D levels could modulate the EBV infection after it has 

occurred, leading to viral augmented antibody production in MS (Disanto et al. 

2012). That is, if EBV were a causal factor in MS, vitamin D deficiency could 

enhance the pathogenic role it has in MS, or alternatively, the association 

between EBV and MS could be a consequence of vitamin D deficiency that 

predisposes one to the risk of both MS and EBV infection. The latter is more 

unlikely due to the research suggesting EBV infection in the risk of developing 

MS is not confounded by vitamin D (Disanto et al. 2012; Lucas et al. 2011).   

 

Obesity 

 

Recent research has provided evidence for obesity as a risk factor in MS 

(Palavra et al. 2016, Hedström et al. 2014, Langer-Gould et al. 2013). Several 

studies have associated obesity with aforementioned genetic and 

environmental factors, such as geographical region and infection. Obesity is 

inherently linked with metabolic performance, in particular, biochemical 

mechanisms that contribute to low-grade inflammatory status (Palavra et al. 

2016). Brain inflammation is also implicated in mechanisms that may cause 

obesity and induce a degree of immune dysfunction.  

 

The implications of obesity and MS was first clinically documented in 1974 

suggesting that obesity and other forms of malnutrition contributed to the 

worsening of MS symptoms (Segall 1974). This suggested that 

supplementation with unsaturated fatty acids, such as omega-3 fatty acids 

could positively influence the MS disease course. The geographical region is 

implicated with this MS risk factor principally due to cultural patterns of 

industrialised societies that have become associated with a well-known 

increase in obesity, particularly childhood obesity. More recent investigations 

have found that childhood obesity increases the risk of morbidity from 

paediatric CIS/MS patients, particularly in girls (Langer-Gould et al. 2013). This 

association has been followed up with the genotype, HLA and body mass 
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index in developing MS. The authors suggest that adolescent obesity is 

directly linked to the HLA molecule-restricted genes within the immune system, 

subsequently making these children, in particular, more susceptible to MS 

(Hedström et al. 2014).  

 

In 2015 Hedström et al. further developed their hypothesis to investigating 

adolescent obesity and past EBV infectious mononucleosis, examining two 

population based case-control studies where one compared 1780 incidents to 

3885 controls, and the other cohort compared 4502 prevalent cases to 4039 

controls. The overall findings suggest that obesity and the EBV infection 

together are a risk factor for MS. Specifically, the authors suggest that obesity 

impacts the cellular immune response to infection and induces a state of 

severe immune-mediated inflammation that contributes to the interaction 

between adolescent BMI and past EBV infection which puts this cohort of 

individuals at a heightened risk of developing MS (Hedström et al. 2015). 

However, clinical data is not conclusive and further information on biochemical 

features and research is necessary to determine the epidemiological 

mechanisms involved in obesity and MS (Palavra et al. 2016).  

 

Smoking 

 

There is also now substantial data suggesting that smoking has a role in the 

risk of developing MS and in MS disease progression. However, the effects of 

smoking vary with study design. One study suggests that smoking is 

associated with an increased risk for early conversion of CIS to MS (Di Pauli 

et al. 2008). A separate study concluded that smoking was associated with an 

increased risk of MS and for the progression of RRMS to SPMS disease 

course (Hernán et al. 2005). Another 2015 study looking into the duration of 

smoking succession and its effects on MS, found that continued smoking was 

associated with an acceleration time to SPMS (Ramanujam et al. 2015). 

However, other studies and meta-analysis suggest that while cigarette 

smoking is a factor in determining MS susceptibility, it was less effective in 

determining the disease progression (Handel et al. 2011; Belbasis et al. 2015; 

Leray et al. 2016). The limiting factors involved in assessing risk factors for 
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MS are the study design or analysis that weaken the evidence for MS 

susceptibility. Further understanding of the interaction between smoking and 

other risk factors are necessary.  

 

2.1.3 Diagnostic Criteria of MS 

 

The first international panel that proposed new diagnostic criteria for MS was 

led by Ian McDonald in 2001 (McDonald et al. 2001). This panel introduced 

new MRI criteria for dissemination in space (DIS) and time (DIT) that can be 

used as a substitute for relapses and objective examination findings, even in 

patients with a clinically isolated syndrome (CIS), which is the first attack of 

CNS demyelination suggestive of MS. Patients whose MRI scans fulfil the DIS 

and DIT criteria, can have a clinical diagnosis of MS.  

 

The 2001 McDonald diagnostic criteria were later updated in 2005 and 2011 

(Polman et al. 2005) and (Polman et al. 2011); at each revision (Table 1), the 

DIS and DIT criteria got simplified, to facilitate their use in the clinical setting. 

At the last revision of the criteria, in 2011, DIT was defined as the simultaneous 

presence of asymptomatic gadolinium-enhancing and non-enhancing lesions 

on the same baseline scan, effectively removing the need for a follow-up MRI 

in patients already presenting with enhancing lesions at baseline. DIS can be 

demonstrated by one T2 lesion in at least two of four areas in the CNS: 

periventricular, juxtacortical, intrafratentorial, and spinal cord. 
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Table 1: McDonald criteria for diagnosis of MS 
 

Clinical Presentation of 
Symptoms 

Additional Data Needed for MS Diagnosis 
according to the revised 2010 McDonald 
criteria (Polman, 2011) 

≥2 active attacks 
Clinical evidence of ≥2 lesions 
or clinical evidence of 1 lesion 
with historical evidence of a 
previous attack 

None 

≥2 active attacks 
Clinical evidence of 1 lesion 

DIS* 

1 active attack 
Clinical evidence of ≥2 lesions 
(indicating RRMS) 

DIT ** 

1 active attack 
Clinical evidence of 1 lesion 
(indicating CIS) 

DIS* and DIT** 

Neurological progression 
suggestive of MS (indicating 
PPMS) 

1 year of disease progression 
(retrospectively or prospectively determined) 
in addition to 2 of 3 of the following: 
 
DIS* in brain ≥1 T2 lesions in periventricular, 
juxtacortical, infratentorial regions 
 
DIS* in the spinal cord based on ≥2 T2 
lesions in the cord 
 
Positive CSF (isolelectric focusing evidence 
of oligoclonal bands and/or elevated IgG 
index) 

*DIS (dissemination in space) is demonstrated by ≥1 lesion in at least 2 of 4 
MS-typical regions of the CNS: 
Periventricular 
Juxtacortical 
Infratentorial 
Spinal cord 
Or a further clinical attack implicating a different CNS region 
 
**DIT (dissemination in time) is demonstrated by: 
≥T2 and/or gadolinium-enhancing lesion(s) on follow-up MRI compared to 
their baseline scan, irrespective of the timing of the baseline MRI 
A simultaneous asymptomatic gadolinium-enhancing and non-enhancing 
lesion at any time. 
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In 2016, the Magnetic Resonance Imaging in MS (MAGNIMS) group has 

recommended some modifications of the 2010 revised McDonald criteria 

(Filippi et al. 2016). One of these modifications is the inclusion of all lesions in 

the symptomatic region in the DIS criteria (whilst the revised 2010 McDonald 

criteria only considered the asymptomatic lesions as contributors to DIS). A 

more recent study has investigated 30 patients with brainstem cerebellar and 

spinal cord CIS syndromes, who were followed up for the development of 

CDMS (Brownlee et al. 2016). This study suggests that by including lesions in 

the symptomatic region in DIS, the sensitivity of MRI criteria for diagnosing MS 

is increased without compromising lesion specificity, supporting the 

MAGNIMS recommendations. The Committee will meet again in the autumn 

of 2016 to review the criteria MRI criteria for MS diagnosis.  

 

2.1.4 Phenotypes of MS 

 

The clinical disease course of MS varies from relapsing-remitting illness, with 

little to no additional disability until several years after the first onset of 

symptoms, to a very rapidly progressive and disabling disease.  

 

Relapsing-remitting (RR) MS is the most common subtype of MS, affecting 85-

90% of people (Msif 2013). It is characterised by relapses, followed by 

complete or partial remissions. A ‘relapse’ is defined as an attack, bout, 

episode, or exacerbation of symptoms lasting for more than 24 hours (with or 

without objective confirmation), which had to be separated by a period of one 

month or more from a previous clinical event (Poser et al. 1983). Remission is 

defined as a definite improvement in signs or symptoms for more than 24 

hours. Initial symptoms of RRMS are optic neuritis, sensory problems, motor 

deficits, diplopia, vertigo, or balance difficulty (Msif 2013).  

 

A larger number of RRMS patients, roughly 60%, develop SPMS (Sospedra & 

Martin 2016), which is characterised by progression of disability, with or 

without superimposed relapse. Progressive MS is the most debilitating 

phenotype of MS. A minority of patients (15%) present a progression of 
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disability since onset (Msif 2013). This course is called primary-progressive 

(PP) MS, often without superimposed relapses. It is often difficult for 

neurologists to make a diagnosis of PPMS on clinical grounds alone.  

 

An international panel has recently updated the definitions of these different 

subtypes of MS (Lublin et al. 2014) (Figure 3). In summary, the revised 

phenotypes include CIS, RRMS and progressive MS (including both SPMS 

and PPMS), and introduce the concepts of clinical and MRI disease activity 

and disease progression, which is defined as a steady increase in neurological 

disability objectively and confirmed after 6-12 months.  In summary: 

 

I. CIS shows characteristics of inflammatory demyelination that could 

resemble MS but did not yet meet the criteria of dissemination in time. CIS 

can be monofocal or multifocal.  A monofocal episode consists of one 

neurological sign or symptom, such as optic neuritis caused by a single 

lesion. A multifocal episode consists of more than one neurological sign or 

symptom caused by several lesions in more than one area. CIS typically 

involves the optic nerve, brainstem/cerebellum, spinal cord, or cerebral 

hemispheres. CIS is defined as non-active or active where activity is 

classified by relapses and, or new or enlarging T2 lesions within one year. 

Approximately 85% of MS patients initially present with CIS (Swanton et al. 

2014). 

 

II. Relapsing-remitting (RR) MS disease course, characterised by clinically 

defined relapses with full recovery or with a residual deficit at remission. 

RRMS patients have periods between disease relapses with no disease 

progression. RRMS is further defined as non-active or active indicating 

relapses or T2 lesions within a year. 

 

III. Progressive MS (including primary progressive and secondary progressive 

MS) is characterised by the progressive accumulation of disability. In 

addition to the two subtypes of MS, there are four recognised subgroups: 

(1) active with progression, (2) active without progression, (3) non-active 

with progression, (4) non-active without progression (ie. stable).    
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Figure 3: Changes to the MS Phenotype Descriptions 
 

FIG. 3 The figure shows the changes in MS subtypes from 1996 to present 
day after 2013 modifications. In the figure, *activity is determined by clinical 
relapses and/or MRI activity (contrast-enhancing lesions; new or 
unequivocally enlarging T2 lesions assessed at least annually) **CIS, if 
subsequently clinically active and fulfilling current MS diagnostic criteria the 
diagnosis converts to relapsing-remitting MS (RRMS). ***Progression is 
measured by clinical evaluation, assessed at least annually. If any 
assessments are not available, activity is “indeterminate.” MS= multiple 
Sclerosis; CIS = clinically isolated syndrome; PP = primary progressive; SP = 
secondary progressive. This figure was adapted from two figures in (Fred D 
Lublin et al. 2014) 
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This thesis focuses on RRMS principally due to the characteristics of the 

disease progression in the MS animal model, Experimental Autoimmune 

Encephalomyelitis (EAE). This model enables the quantification of metabolic 

and pathological changes during the disease progression that mimics MS and 

allows for statistical comparisons and observations to RRMS patients that are 

relevant to understand and predict MS disease progression biomarkers as 

treatment targets. 

 

2.1.5 Measuring MS Disability 

 

There are a number of ways to describe MS disease severity and progression.  

Two of the most common accepted ways to score MS severity are the 

Expanded Disability Status Scale (EDSS) and the Multiple Sclerosis 

Functional Composite (MSFC) score. In this thesis, the EDSS was the 

instrument used in comparative quantification analysis and therefore this 

section will be focused on EDSS only. 

 

The EDSS for MS was established roughly 30 years before it was validated by 

publication in 1983 (Kurtzke 2015). The purpose of establishing the EDSS was 

to measure the extent and severity of disability by neurological examination, 

where mutually exclusive and reproducible neurologic abnormality categories 

could be established in any MS patient regardless of the stage or severity of 

the disease (Kurtzke 2015). The original study investigated 200 MS patient 

assessment examinations at hospital admission and discharge and narrowed 

down six most commonly found neurophysiological categories, later called 

Functional Systems (FS). These included (1) Pyramidal, (2) Cerebellar, (3) 

Brainstem, (4) Sensory, (5) Sphincter or Bowel and Bladder, and (6) other 

miscellaneous (Kurtzke 2015). Each functional system was scored as one step 

or grade on a 0 to 5 rank-order scale, where step 1 defined abnormalities 

without clinical impairment and steps 2 through 4 described practically 

recognised levels of mild, moderate or severe neurological abnormalities, and 

step 5 described maximal impairment (Kurtzke 2015) (Figure 4).
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FIG. 4  
Retrieved from 
(Kurtzke 2015), as 
the Neurologic 
Status Evaluation 
(form MS 4) of I. 
Functional Systems 
and II. Disability 
Status Scale in MS 
as printed in an April 
1965 Protocol of the 

Adrenocorticotropic 
Hormone 

Cooperative Study 
(Rose et al. 1986). 
 

Figure 4: The Original Functional Symptoms and Disability Status Scale 



 

28 

The EDSS now consists of 8 FS including (1) Pyramidal, (2) Cerebellar, (3) 

Brainstem, (4) Sensory, (5) Bowel and Bladder (6) Visual (7) Cerebral or 

Mental, and (8) other miscellaneous. The EDSS score is determined by the 

degree of neurological dysfunction in the 8 FS assessed during a neurological 

examination, where 0 indicates a normal exam and 10 indicates death from 

MS, Table 2.  

 

The advantages of the EDSS are its ease to understand and apply universally, 

as well as its international acceptance as a primary and most widely used 

endpoint in clinical trials, enabling cross-study comparisons (Meyer-Moock et 

al. 2014). However, the disadvantages include the sensitivity of the EDSS 

scale. That is, each increment on the EDSS is not an unequivocal 

representation of significant clinical neurological deficit or visible deterioration 

because it is insensitive to small clinical improvements or deterioration. An 

additional criticism of the EDSS is that once severe disability progression 

occurs in which the MS patient has limited walking ability, the inter-rater 

reliability for objectively assessing further disability becomes more variable. 

This requires a need to incorporate more sensitive and objective clinical 

measures that incorporate spinal cord studies and correlations between MRI 

abnormalities. 
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Table 2: Current Expanded Disability Status Scale 

Score Mobility Description 

0.0 

Unrestricted 

 Normal examination 

1.0  No disability, Minimal signs in 1 Functional System (FS) 

1.5  No disability, Minimal signs in > 1 FS 

2.0  Minimal disability in 1 FS 

2.5  Mild disability in 1 FS or minimal disability in 2 FS 

3.0 
 Moderate disability in 1 FS, or mild disability in 3 to 4 FS 

 No impairment to walking 

3.5 
 Moderate disability in 1 FS and more than minimal 

disability in several others 

 No impairment to walking 

4.0 

Restricted 

 Significant disability but self-sufficient and up and about 
some 12 hours a day 

 Able to walk without aid or rest for 500m 

4.5 

 Significant disability but up and about much of the day, 
able to work a full day, may otherwise have some 
limitation of full activity or require minimal assistance. 

 Able to walk without aid or rest for 300m 

5.0 
 Disability severe enough to impair full daily activities and 

ability to work a full day without special provisions. 

 Able to walk without aid or rest for 200m 

5.5 
 Disability severe enough to preclude full daily activities. 

 Able to walk without aid or rest for 100m 

6.0 Walking aids 
needed 

 Disability severe enough to preclude full daily activities. 

 Able to walk without rest with 1 aid  for 100m 

6.5  Requires bilateral walking aids to walk 20m without rest 

7.0 

Wheelchair 

 Unable to walk beyond approximately 5m even with aid. 

 Restricted to wheelchair, but can wheel and transfers 
alone. 

 Up and about in wheelchair some 12 hours a day 

7.5 

 Unable to take more than a few steps. 

 Restricted to wheelchair and may need aid in 
transferring. 

 Can wheel self but cannot carry on in standard 
wheelchair for a full day and may require a motorised 
wheelchair 

8.0 

 Essentially restricted to bed or chair or pushed in 
wheelchair. May be out of bed itself much of the day. 

 Retains many self-care functions. Generally has 
effective use of arms 

8.5 

Bedridden 

 Essentially restricted to bed much of day. 

 Has some effective use of arms retains some self-care 
function 

9.0  Confined to bed. Can still communicate and eat 

9.5 
 Confined to bed and totally dependent. 

 Unable to communicate effectively or eat/swallow 

10.0   Death due to MS 
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2.1.6 Predicting MS Disease Severity and Course  

 

About 82% of patients with CIS develop a second clinical episode, which 

marks the onset of clinically definite MS, within about 20 years after onset 

(Miller et al. 2012). The number of T2 lesions at onset and the location of 

lesions in the spinal cord and brainstem (Miller et al. 2012) are risk factors for 

developing MS. One recent study has suggested a that the occurrence of 

lesions in the WM tracts near the corpus callosum is associated with higher 

risk of clinical conversion from CIS to MS in the short-time frame of one year 

(Giorgio et al. 2013).  

 

In addition to T2 lesions, which are visible on conventional images, advanced 

imaging markers are able to predict the onset of clinically definite MS. For 

example, lower total N-acetyl aspartate (tNAA), measured by 1H-MRS, was 

found to predict the onset of MS (Wattjes et al. 2008) and more active disease 

in CIS patients (Sbardella et al. 2011). In particular, a longitudinal CIS study 

investigating the prognostic value of metabolic alterations in the normal-

appearing white matter (NAWM) of CIS patients found that CIS patients that 

converted to MS (n=9) had significantly lower baseline (presenting symptoms) 

of tNAA concentrations in the NAWM (−13.4%, p = 0.002) than non-converters 

(−6.5%, p = 0.052) and a trend of higher myoinositol (Ins) concentrations 

compared to non-converters. This suggests that very early axonal damage in 

CIS patients presenting symptoms was more pronounced in those CIS 

patients who subsequently converted to definite MS, and tNAA may be a good 

prognostic marker to predict the conversion of early definite MS. However this 

study doesn’t implicate the severity of the disease course that CIS converters 

might have (Wattjes et al. 2008). The results of these 1H-MRS studies in CIS 

are extended by studies in RRMS. In patients with RRMS, decreased tNAA at 

the onset of a spinal cord relapse has been associated with disability 

(Ciccarelli et al. 2007), and in a longitudinal study, the increase in NAA levels 

one month after a relapse has been associated with recovery (Ciccarelli et al. 

2010). However, this association was principally shown between tNAA and 

acute disability and recovery. The long-term association between tNAA with 

MS disease progression is less clear. 
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A recent follow-up CIS study investigated the association between the 

development of grey matter (GM) and white matter (WM) pathology and the 

clinical disease progression in patients with CIS (Uher et al. 2014). The 

longitudinal study investigated 210 CIS patients, who were treated with 30 µg 

of intramuscular interferon beta-1a once a week, by a follow-up of MRI and 

clinical assessment from baseline, 6 months, 1 year, 2 years, 3 years and after 

4 years. They found an association between worsening clinical deficits, 

defined as 24-weeks of sustained disability progression with a second clinical 

attack, and longitudinal changes in lesion accumulation and brain atrophy 

progression following correction for multiple comparisons. The study 

concluded that the development of GM pathology and the enlargement of 

lateral ventricle volume were associated with sustained disability progression. 

The conversion from CIS to clinically definite MS in patients across 4 years 

was found to be dependent on the accumulation of new lesions, lateral 

ventricle volume enlargement and whole brain atrophy progression (Uher et 

al. 2014).  

 

Both GM and WM pathology have been examined for mechanisms involved in 

disease status. One study investigated the relationship between NAWM and 

cortical GM changes in 27 early RRMS patients (mean disease duration 1.7 

years, mean age 35.2 years of age) compared to controls. The study found 

reductions in tNAA (axon and neuron marker), and an increase Ins (gliosis) 

was found in NAWM. In addition, reductions in tNAA, Cho (cell membranes) 

and Glx (glutamate (cellular metabolism) and glutamine (proliferating immune 

response) were found in the cortical grey matter. However, a Spearman 

correlation of these metabolites and disability status (measured by MS 

functional composite scores), indicated a relationship between early metabolic 

concentrations and clinical disability status in the cortical GM only. The 

researcher’s interpretation of the results was that the correlation between 

clinical impairment in early MS and the cortical GM may be more associated 

with metabolic dysfunction than axonal loss (Chard et al. 2002). This implies 

that within one year of diagnosis with clinically definite MS, metabolic 

mechanisms are directly associated with disease status.  
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A recent follow-on 3T 1H-MRS study investigated metabolic patterns in NAWM 

compared to chronic MS lesions, using cortical GM metabolic patterns as a 

sensitivity measure. The study points to the known differences in metabolite 

concentrations between NAWM and cortical GM (including elevations in Glx, 

tCr, Ins, GSH, macromolecules, and lipids); however the researchers find no 

difference between NAWM and chronic WM lesions in MS, even at the very 

early stages of MS disease course (Fleischer et al. 2016). Given the lack of 

metabolic differences between NAWM and chronic WM lesions in this study, 

it may be feasible to assume that there is no relationship between metabolic 

concentrations in chronic WM lesions and clinical disability status, leaving 

cortical GM as a primary focus for metabolic mechanisms as a direct indicator 

of disability status in MS. 

 

Taking all current studies into consideration, a better understanding of early 

biomarkers in CIS patients who develop clinically definite MS can improve the 

management of these patients, and identify patients who should be treated 

sooner.  This thesis provides some insight into mechanisms involved in 

predicting disease progression and severity in MS using an animal model of 

MS.  
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2.2 Experimental Autoimmune Encephalomyelitis  
 

2.2.1 Introduction 

 

This thesis investigates the mechanisms of damage and the imaging markers 

of progression in MS using EAE, therefore this section primarily focuses on 

EAE, and its advantages and its challenges, and will briefly mention other 

models of MS.  

 

There are three commonly studied animal models for MS (Procaccini et al. 

2015). This includes: 

 

(1) The experimental autoimmune/ allergic encephalomyelitis (EAE) 

model, an antigen and adjuvant-induced model of T cell and monocyte 

infiltration 

(2) The Theiler’s murine encephalomyelitis virus (TMEV) model, a viral 

induced model of infection and consequential chronic demyelination  

(3) The Cuprizone model and Lyso-phosphatidylcholine (lyso-lecithin) 

model, toxin-induced models of demyelination 

 

There are also several focal lesion animal models that compared to MS. Focal 

lesions can be induced in this animal model by a direct injection of a toxin into 

WM tracts, immediately crossing the blood-brain barrier, to incite primary 

demyelination. Agents that enable this response include lipopolysaccharide, 

diphtheria toxin, lysophosphatidylcholine (LPC), 6-aminonicotinamide, 

galactocerebroside anti-serum, ionomycin, and ethidium bromide. Models of 

focal lesions enable demyelination to be confined to a specific pathway with 

minimal neurological deficits, if any. Consequently, these models are useful to 

study lesion patterns but are not true models of MS pathophysiology.  

 

Of these, the EAE model has striking similarities to MS at various autoimmune-

mediated stages of the disease course. EAE, in particular, has several 

methods of inducing the disease in across various species, that cause 

pathology resembling acute, relapsing-remitting and, or progressive stages of 
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MS. The autoimmune mediated inflammation, demyelination, axonal injury, 

and gliosis in the CNS make this model particularly useful (Procaccini et al. 

2015).  For these reasons, EAE is one of the most common animal models of 

MS and it plays a key role as a first-line model for the understanding of 

mechanisms involved in MS and for the development of novel therapeutic 

approaches for MS (Procaccini et al. 2015).  

 

EAE is an autoimmune mediated disease has historically been characterised 

by T cell and monocyte infiltration in the CNS associated with inflammation. 

EAE was first discovered in 1933, by transferring intramuscular injections of 

rabbit brain extracts and brain emulsions into eight monkeys, causing two to 

subsequently develop an inflammatory reaction followed by demyelination of 

the CNS and paralysis (Rivers et al. 1933). These experiments were followed 

on in 1949 with the first successful induction of EAE in mice and subsequently 

in rats using active immunisation with spinal cord homogenate (Olitsky & 

Yager, 1949). Today the use of spinal cord homogenate has continued as an 

induction method for EAE disease, where EAE can be induced by an active 

immunisation with myelin-derived proteins or peptides from homogenate in 

adjuvant, or by a passive transfer of activated myelin-specific CD4+ T 

lymphocytes (Munoz & Mackay 1984).  

 

The EAE disease course and pathophysiology has some variability depending 

on the animal species, strain, the priming protein or peptide in the active 

emulsion, and the method of immunisation (Robinson et al 2014).  While there 

are different methods and outcomes of the induction of EAE, a severe EAE 

disease course tends to follow an ascending progression of neurological 

deficits. In mice, this is usually a prodromal period of 10-15 (depending on 

mouse strain) days followed by ascending paralysis starting at the tail and 

hind-limbs progressing to the forelimbs. In rats, a prodromal period of 9-11 

days (depending on rat strain) occurs before an ascending paralysis begins 

(Robinson et al. 2014). This disease progression is concurrent with weight 

loss. This variability (discussed in Variability and Factors of EAE below) 

becomes important during experimental design.   
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Following the induction of EAE, the disease course mimics aspects of MS 

(Robinson et al. 2014). EAE autoimmune targets have been identified as 

proteins expressed by myelin-producing oligodendrocytes in the CNS. This 

targeting of myelin producing oligodendrocytes is thought to subsequently 

cause primary demyelination of axonal tracts, impaired axonal conduction, and 

progressive limb-weakness (Robinson et al. 2014). This EAE pathology may 

reflect some aspects involved in the pathophysiology of MS because it is 

induced by a combination of T cell and monocyte infiltration responses, such 

as cytokines and oxidative stress that underpin demyelination, inflammatory 

lesions and axonal damage within the CNS that may precede T cell infiltration 

and instead reflect metabolic changes in EAE (Wang et al. 2005). The 

characteristics of EAE pathology are often reflected by a waxing and waning 

EAE disease course (Robinson et al 2014). This course follows a pattern of 

onset, a recovery stage, and a relapsing stage characterised by a worsening 

of symptoms and deficits. Due to this waxing and waning pattern, EAE tends 

to be most readily compared to RRMS.  

 

2.2.2 Induction of EAE 

 

EAE is induced by stimulating the autoimmune-mediated response directed 

against CNS antigens. EAE can be passively or actively induced. Passive, or 

adoptive-transfer, EAE is induced by immunisation with pathogenic, myelin-

specific CD4 T cells (which have been generated in donor animals by active 

immunisation methods) targeted against CNS antigens. This method has been 

used to establish the role of myelin-reactive T cells in EAE pathogenesis 

(Constantinescu et al. 2011). In active EAE, the disease can be induced by 

the immunisation with CNS homogenate, proteolipid protein (PLP), myelin 

basic protein, myelin-associated glycoprotein, or myelin oligodendrocyte 

protein (MOG), in an emulsion with Complete or Incomplete Freund’s adjuvant 

(CFA and IFA, respectively) to activate the autoimmune processes. The 

experiments in this thesis use active EAE induction methods. 

 

Freund’s adjuvants are an irreplaceable component of induction in many 

experimental animal models of autoimmune disease, in particular EAE. When 
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Freund’s adjuvants are adequately mixed with aqueous solutions or 

suspensions of antigens, the adjuvant forms a thick, viscous-like emulsion that 

induces autoimmune disease symptoms (Billiau & Matthys 2001). The most 

commonly used immune-adjuvants are CFA and IFA. CFA contains heat-killed 

mycobacteria (usually mycobacterium tuberculosis). This is known to be a 

more potent adjuvant as the mycobacteria components signal T lymphocytes 

to assume a Th1 profile that generates strong hypersensitivity against 

autoantigens, ultimately dysregulating the ongoing immune response in 

animals (Billiau & Matthys 2001).  

 

A 1980 study confirmed a harsh effect of CFA where they systematically 

attempt to induce a second EAE relapse using CFA, pertussis toxin and active 

or passive neural antigen. The results indicated more lesions in control 

animals immunised with CFA, compared to EAE animals. This suggested an 

adverse effect causing demyelination (Levine & Sowinski 1980). The use of 

CFA tends to have a higher incidence and severity, than IFA (Billiau & Matthys 

2001; Levine & Sowinski 1980), however it can also cause side-effects that 

can impede true EAE disease-related affects and add discomfort to the animal 

such as severe granulomatous skin reactions at the injection sites (Haanstra 

et al. 2013; Levine & Sowinski 1980). In contrast, IFA lacks the mycobacterial 

antigen and instead is paraffin oil-in-water surfactant that works by causing the 

immune system to fail to stimulate antigen-presenting cells for ‘danger’ 

signalling and develops a strong Th2 response or Th17, which have 

implications for cytokine secretion and inflammation (Billiau & Matthys 2001). 

IFA is thought to more accurately reflect the human immune response and can 

be considered more ethical to use as a less harsh alternative to CFA 

(Constantinescu et al. 2011).  

 

2.2.3 Variability and Factors of EAE 

 

EAE neurological deficits and disability score vary similarly to early MS. Whilst 

conventional EAE studies do not tend to specify different phenotypes, often 

times during an experiment, some EAE animals do not become severely 

disabled (Figure 5). Instead, some EAE animals are only mildly affected and 
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become less ill than others (Robinson et al. 2014; Constantinescu et al. 2011). 

For this reason, it is common for EAE studies to have a larger sample size 

than other disease models.  

 

There is evidence that suggest different epigenetic factors in rodents can 

impact the encephalitogenic responses, and influence EAE incidence, time of 

onset, severity, neurological signs and CNS lesion distribution (Sobel RA 

2000). An early study on Lewis rats using several different methods of 

induction (including CFA or IFA), noted Mild-EAE (non-symptomatic) and 

Severe-EAE (pronounced neurological deficits). Researchers in this study 

referred to (non-symptomatic) Mild-EAE animals as only distinguishable from 

controls using post-mortem histology to assess lesion development in the 

spinal cord and the brain (specifically the cerebellum), irrespective of adjuvant 

used (Levine & Sowinski 1980). This general variability in the disease course 

of EAE animals may be due to a combination of factors including: the methods 

of immunisation, the emulsion protocol and handling, the age, species, strain, 

or sex of the animals tested, and general differences between animals’ 

response to the emulsion. 
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Figure 5: Variability in EAE Disease Course 

 

FIG 5. The figure illustrates two potential disease courses that EAE rodents 
can have during an experiment. Severe-EAE animals follow a progressive 
waxing and waning disease course that leads to hind-limb paralysis and 
forelimb weakness where it is difficult to groom and walk. However, some 
animals will only become mildly affected by immunisation, and at the typical 
onset stage of the disease progression, they may or may not show very slight 
deficits, such as tail tip weakness or very slight hind-limb weaknesses that 
resolves very soon after.   

 

 

There is also variability in lesion development in EAE animals. Early studies 

of conventional EAE models induced in rodents have documented lesion 

frequency at the highest density in the thoracic spinal cord, and subsequently 

(in order of incidence), the cervical spinal cord, centrum semiovale, 

lumbosacral spinal cord, optic nerve fornix and cerebellar WM (Lassmann & 

Wisniewski 1979). Similar to present MS studies, large demyelinated plaques 

in EAE animals were reported to be frequently located in symmetrical positions 

in periventricular WM areas in the spinal cord (Lassmann et al. 1981; 
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Lassmann et al. 1981). Periventricular and spinal cord lesions are typically 

found in MS patients (see previous section on MS diagnostic criteria). 

However, it has also been suggested that severe EAE shows an inverse 

relationship between lesion size and severity in the brain compared to lesions 

found in the spinal cord. This could be due to factors such as the protocol, 

which most often used CFA and pertussis toxin during this time, the agent 

used with adjuvant for example the use of PLP, the injection site (usually at 

the base of the tail), or the species or strain of the animals (where most of 

these studies used guinea-pigs).  

 

Despite the several studies on EAE, it is increasingly surprising that from the 

1980s studies until today, there is a particular need to study pre-symptomatic 

EAE where the analysis of early EAE pathology, proceeding lesion formation, 

is still necessary to better understand lesion distribution in MS. With the 

advances in MR technology, it is now feasible to track the longitudinal 

development of pathology in vivo.  

 

2.2.4 Measuring EAE Disability 

 

EAE disease scoring is used to determine the severity of neurological deficits 

as the disease progresses (Robinson et al. 2014; Davis 2004). The 

conventional way to measure these changes has been modified over time to 

improve the sensitivity of the measure, particularly depending on which 

species is investigated. The primary protocol used for EAE was derived from 

the Animal Welfare Information Center (United States) for ensuring animal 

welfare using a 0-5 rank-order scale system, (Table 3) (Davis 2004).  

 

This system is used as the standard principal guidelines for assessment and 

care for EAE animals, however measurement tools and assessments have 

been created to ensure accuracy and sensitivity for assigning neurological 

deficit scores to affected animals. The system for measuring deficits in EAE 

has similar subjectivity challenges to the EDSS system for scoring disability in 

MS. This rating subjectivity leaves a margin of error that is minimised with the 

use of filming, and, or inter-rater reliability techniques with two people rating, 
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as well as with the use of histology for cross-checking pathology, such as 

lesions that might correlate with the severity of symptoms. However, there are 

no standard methods to improve the reliability of deficits reported, although in 

severe animals some deficits such as hind limb paralysis is easily observed 

and understood. In this thesis,  a kit (Appendix I) was developed to standardise 

the rating for my experiments and to improve the sensitivity of the scale that 

deficits are measured on using a 0-10 points-based system (discussed in 

Chapter 5).   
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Table 3: EAE Standard Clinical Assessment Guidelines 

GRADE 
NEUROLOGICAL 

DEFICIT 
INTERVENTION 

0 NO ABNORMALITY 
 Baseline weight required 

 Animals are monitored daily for deficits 

1 

INITIAL SIGNS OF 

DEFICITS BUT NO 

PARAPARESIS 
Flaccid tail 

 A watch card is placed on the cage 

 An EAE score sheet is started and the 
animal is scored daily 

 Weight of the animal once weekly and 
record on score sheet 

 Extra bedding or nestlets added to cage 

 Monitored, assessed and scored daily 

2 

PARAPARESIS 
Weak hind limbs 
and inability to 
right itself or have 
a possible atonic 
bladder* 

Requirements in addition to Grade 1: 

 Provide wet feed/nutrient-rich Jell-O in petri 
dish or weigh boat on cage floor so that it is 
accessible to animal 

 Separate affected animal from others (if 
others in the cage are not affected or less 
severe) to prevent it from being trampled.  

3 

HIND LIMB 

PARALYSIS 
Inability to move 
hind 
limbs/possible 
atonic bladder* 

The following in addition to interventions for 
Grades 1 and 2 (through to Grade 5): 

 Place water bottle with long sipper tube on 
cage to facilitate access to water 

 Palpitate bladder at least once daily.  

 Animals assessed and scored daily; 
Continue body weight measurement 
weekly; Euthanasia is required if more than 
20% of baseline body weight is lost. 

4 

QUADRIPLEGIA 
Inability to move 
front and hind 
limbs 

 Animals may be maintained by special 
permission from the ethics committee only. 
Otherwise, animals exhibiting these 
neurological deficits must be euthanised on 
the same day they exhibit these deficits. 

5 MORIBUND  Must be euthanised immediately 

(a) Tests -  Susceptible Strain Test Example: Animal is able to right itself 
when placed on its back. Resistant Strain Test Example: Animal is able to 
grasp an object with hind limbs. 
(b) Tests -  Susceptible Strain Test Example: Animal is placed on its back 
and is able to right itself. Resistant Strain Test Example: Animal is able to 
grasp onto individual’s finger with its hind limbs. 
* If atonic bladder present expresses twice daily; check hydration status 
(visually or using turgor test); inject warmed subcutaneous or intraperitoneal 
fluids if dehydrated; clean perineal area; apply Vaseline/zinc oxide cream to 
the perineal area if urine scalding is present.  

Table adapted from AWIC Bulletin: The Triple-A Approach to Ensuring Animal 
Welfare (Davis 2004). 
  



 

42 

2.2.5 Predicting EAE Disease Course 

 

There are currently no EAE studies that imply a method or biomarker that 

enables the prediction of EAE disease severity. Similarly, there are very few 

studies that imply predictability of the MS disease course. Indeed, the EAE 

model is commonly used to study the progression of disease pathology 

following the onset of EAE, rather than pre-symptomatically. This means that 

current EAE studies are limited to late stage EAE disease states rather than 

early lesion formation, or pre-symptomatic stages of the disease (See Table 

4, for a summary of studies of the pre-symptomatic stage of EAE). The 

reasons that studies using EAE rarely investigate pre-symptomatic changes 

include several inherent and methodological factors: (1) it is expensive to 

induce EAE leading most researchers to want to analyse developed 

symptoms, (2) culling animals before physical neurological symptoms appear 

leaves uncertainty for how severely disabled an animal would have become 

(3) most EAE studies group all EAE animals together irrespective of how 

severely disabled the animal becomes. These limitations make the earliest 

changes in EAE very difficult to analyse and it leaves a largely unexplored 

area of research. Consequently, this unbridged gap in EAE research also 

leaves an unexplored area in the understanding of MS disease progression 

and the potential to predict MS disease course.  

  

Alternatives to culling EAE animals before the onset of symptoms are in vitro 

work to assess early stage mechanisms, studies that cull animals at varying 

stages of the disease progression. These are largely limited to inherent 

methodological challenges, such as cohort size and the aforementioned 

limitations. There are only a few studies that suggest that EAE animals exhibit 

pathological changes before they show physical signs of neurological deficits. 

Below are selected studies that have noted pre-symptomatic EAE changes, 

however, none of these studies truly detect longitudinal in vivo changes and 

therefore cannot be utilised to predict the severity of the EAE disease course.  

 

An EAE study done in two strains of mice culled several animals at each time 

point of EAE (Wang et al. 2005). The results indicated pre-symptomatic axonal 



 

43 

injury in the brain (optic nerve) and spinal cord (C-terminal). The principal 

findings showed axonal swelling and astrocyte hypertrophy at the pre-

symptomatic (Wang et al. 2005). Also, important the study notes swollen 

axons with accumulated abnormal mitochondria and intact myelin at pre-

symptomatic stages of EAE (detected by electron micrographs). In addition, 

researchers indicated that they rarely detected parenchymal T cells pre-

symptomatically (where they only detected very few after several sections of 

histology) (Wang et al. 2005). However, after EAE onset, parenchymal T cells 

were most rapidly accumulated with axonal and myelin damage. The study 

noted that axonal and myelin damage sometimes coincided, but more often 

occurred independently (Wang et al. 2005). Considering the high 

concentration of astrocytes suggests that there may have been T cell 

activation may begin before the large-scale parenchymal invasion at EAE 

onset. Overall, the study suggests that axonal injury in EAE begin pre-

symptomatically, in absence of observed T cells and with axonal and 

mitochondrial injury, in both the brain and the spinal cord (Wang et al. 2005). 

This supports the neurodegenerative theory that axonal injury precedes 

demyelination in MS (Bjartmar & Trapp 2001). 

 

Interestingly, a recent longitudinal T2-w study at 9.4T imaging mice daily from 

0-18 days after the onset of EAE, showed pre-symptomatic enlargement of the 

lateral and third ventricles in EAE animals (Lepore et al. 2013). However, there 

was no relationship between ventricle enlargement and disease severity. The 

authors suggest that ventricle enlargement could be either the result of a 

dysregulation in CSF homoestasis, or a disruption of the tight junctions of the 

blood-brain barrier (BBB). A disruption to the blood-CSF barrier may increase 

solutes through the barrier leading to an increase of fluid into the CSF-filled 

ventricles. The authors suggest these changes may be an indicator of 

inflammation prior to the onset of the disease. 

 

One study suggests looking at angiogenesis, the formation of new vessels, in 

response to lesions and surrounding WM in EAE. Angiogenesis is thought to 

occur in demyelinating lesions in MS patients and EAE animals, and vascular 

changes at different stages of the disease are noted in both MS and EAE. The 
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increase shown in EAE animals is suggestive of increased energy demand of 

inflammatory cuffs and damaged neurons. This study finds that where there is 

BBB disruption, vascular remodelling appeared in the pre-symptomatic 

disease phase of EAE (Girolamo et al. 2014). This angiogenesis induced by 

an increased CNS energy demand appears to be one of many failed 

compensatory mechanisms in severe EAE. The reasons why it fails remain 

unknown, but it is likely because it is counterbalancing attempt is not sufficient 

for the many degenerative processes underway during the same time, such 

as vasoconstriction, reduced axonal activity gliosis and free radical species as 

well as mitochondrial deficits.   

 

Another study done in 2002, used an LPC-induced focal lesion model, thought 

to resemble inflammatory demyelinating MS lesions, but not the MS disease 

course. This study used sequential 1H-MRS at 4.7T in the internal capsule of 

the rat brain and found a decrease in the pre-symptomatic (i.e. before lesions 

develop) ratio of NAA/Cr concentration, but an increase in Choline and Lipids. 

These decrease in NAA/Cr was progressive; however, there was a slight 

improvement in the NAA/Cr ratio at towards late stages of lesion development, 

during resolution of inflammation and remyelination (Degaonkar et al. 2002). 

The internal capsule is a WM structure in the brain containing fibres from the 

cerebral cortex and is thought to be involved in the transfer of motor 

information between primary and lower motor cortices. This research 

presented in this thesis also notes brain lesions in this brain region of the EAE-

induced model of MS disease at 9.4T; however, this region is not the primary 

focus of my thesis. The Degaonkar et al. 2002 study provides some insight 

into metabolic changes in focal demyelinating lesion development over time, 

but as it is not a true model of MS disease course, it does not provide 

information on how these changes affect disease progression in MS.    

 

In future, standardising a method to predict the MS disease course, would 

enable more opportunity to develop targeted treatments at the earliest onset 

of MS (or before MS develops) and target treatments based on the MS disease 

course a patient is most at risk of developing. Considering EAE is arguably the 
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most useful model to study MS, this thesis addresses this challenge using a 

multi-modal approach of MR experiments and laboratory techniques.  

 

Table 4: Pre-symptomatic changes in EAE animals  

*Pathology 
(Reference) 

Species Brain 
Spinal 
cord 

Concentration 

Axonal injury (swelling) 
(Wang et al. 2005) 

Mouse 
Optic 
Nerve 

 Increase 

Retinal Ganglion Cell 
loss (Neuronal 
Degeneration) 
(Hobom et al. 2004) 

Rat 
Optic 
Nerve 

 Increase 

Neuronal gene markers: 
App, Grin1, Il6st, Klf7, 
Lin7c, Ninj1, Nrg1, 
Ntn1, Ntn3, Ptma1, 
Snap25, Unc5a  
(Evangelidou et al. 
2014) 

 
Mouse 

 
Whole 
cord 

Decrease 

Lateral and third 
ventricle enlargement 
(Lepore et al. 2013) 

Mouse 
Whole 
brain 

 Increase 

Abnormal Mitochondria 
(Wang et al. 2005) 

Mouse 
Optic 
Nerve 

 Increase 

Angiogenesis (vascular 
growth) 
(Girolamo et al. 2014; 
Boroujerdi et al. 2013) 

 
Mouse 

Cerebral 
Cortex 

 Increase 

Astrocyte Hypertrophy 
(Wang et al. 2005) 

Mouse 
Optic 
Nerve 

 Increase 

Inflammation and 
immune response 
genes: B2m, Ccl2, 
Cxcl16, H2-Ab1, Il6, 
Il17a, Tnf 
(Evangelidou et al. 
2014) 

 
Mouse 

 
Whole 
cord 

Increase 

Oligodendrocyte genes: 
Lingo1, Mbp, Olig2 
(Evangelidou et al. 
2014) 

 
Mouse 

 
Whole 
cord 

Decrease 

Plasticity and repair 
genes: Bmi1, Olig2, 
Pdgfra 
(Evangelidou et al. 
2014) 

 
Mouse 

 
Whole 
cord 

Decrease 

*Pathology  reported before neurological deficits 
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2.3 Translation: Comparing EAE to MS 
 

2.3.1 Introduction 

 

There is no single animal model that exactly replicates MS. However, rodent 

models are useful to better understand the mechanisms and pathogenesis 

associated with MS and develop therapeutic strategies to limit disease 

progression. Rodent models have the following advantages: (1) they are 

reproducible, (2) the disease occurs over a short period of time when 

compared with patients with MS, (3) they are a convenient source of tissue, 

which can be studied with histology, whereas in MS patients this would require 

biopsies, (4) the timing of experimental designs such as MRI scans can be 

planned ahead with little interruption, whilst in MS patients, the timing of 

relapses and remissions are often unpredictable.  

 

In addition to the useful experimental advantages of rodent models for 

translation studies, there are similarities between the rodent and human CNS. 

Apart from size, the anatomy of the rodent brain is very similar to the human 

brain in both organised region and function. Both rodents and humans use the 

same neurotransmitters and receptors, the same proteins for synaptic vesicle 

release and recycling, and similar signalling mechanisms. In addition, they are 

genetically similar regarding functions controlled by genes, with in the cases 

of some DNS sequences. Some genes are active at different times or in 

different tissues throughout development. Also, where and when a gene's 

protein product is made can at times produce dramatic and expected 

differences between organisms, the most obvious is the genetic contributions 

to appearance and unique abilities of either species. Some of the obvious 

comparisons in humans and rodents are presented in Figure 6. 
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Figure 6: Human vs. Rat brain 

 
 Human Rodent (mouse) 

Brain mass 1,500 grams 0.5 grams 

Brain Neurons 86 billion 70 million 

Cortical Neurons 16 billion 14 million 

Visual Cortex Regions 20% ~10% 

Axons in Optic Nerve 1 million 45,000 

 

FIG 6. The figure shows a mirror facing images and illustrations of the human 
and rat brains. The illustratios highlights several structures and regions of the 
human brain and rat brain (limbic system). The images on the left are T1 
images of the human and rat brain and the images on the right are the 
structures present within these regions. The table highlights the neuron 
density in humans compared to mice.  Images on the right side from Genetic 
Science Learning Center. (2013, August 30) Animal Models for Addiction 
Research. Retrieved from 
http://learn.genetics.utah.edu/content/addiction/mice/  Table adapted from 
(Koch & Reid 2012) 

 
 
  

http://learn.genetics.utah.edu/content/addiction/mice/
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2.3.2 Examples of translations from EAE to MS 

 

EAE models have contributed to the general understanding of MS including 

the understanding of neuroprotective strategies, immunosuppressive drugs, 

neurotransmitters in inflammation, channel function during inflammation, 

demyelination and remyelination, immune responses in immunologically 

advantaged sites, blood-brain barrier function and dysfunction, regulatory T 

cells and T cell receptor restrictions, the effects of cytokines in the CNS, 

immunological tolerance, and epitope spreading (Constantinescu et al. 2011). 

In addition, EAE models have specifically contributed to the understanding of 

CNS inflammation and demyelination, including the development, testing, and 

validation of MS drugs (bioavailability, pharmacokinetics, preclinical efficacy, 

and safety), the development and testing of dual action potential of drugs on 

the CNS and immune system with drugs having both immunomodulatory and 

neuroprotective advantages, as well as gene expression studies, and studies 

on treatments for MS symptoms specifically (Constantinescu et al. 2011).  

 

An example, the development of the drug Natalizumab (Tysabri) was the result 

of EAE experiments that effectively blocked α4β1 integrin, a leukocyte 

adhesion and diapedesis at the blood-brain-barrier (Dendrou et al. 2015). 

Also, glatiramer acetate (GA:Copaxone) was tested in a rodent model of EAE 

before it went to clinical trial (Robinson et al. 2014). EAE is an essential model 

for determining preclinical mechanisms and advances for imaging to enable in 

vitro systems of drug therapy, biomarkers and drug targets.  



 

49 

 

2.3.3 Disadvantages of EAE to MS Translation 

 

Whilst EAE is a good model for MS, it does not perfectly reflect all aspects of 

MS in humans (Robinson et al. 2014; Dendrou et al. 2015). There are several 

key aspects of the EAE model that should be considered for translation to MS 

(Table 5). First, EAE disease induction, which mimics RRMS, uses adjuvants 

that enable spontaneous disease development and sometimes induce side-

effects that are not disease related, but rather adjuvant-related. Also, in EAE 

rodents, there is an ongoing controversy that the immune cell infiltrates can be 

biased toward CD4+ T cell recruitment whereas in humans CD8+ T cell 

response tends to dominate in acute and chronic CNS lesions in MS (Dendrou 

et al. 2015; Sajic et al. 2012; Sinha et al. 2015). However, several studies have 

shown that CD4+ and CD8+ T cells both have a pathogenic role in EAE 

animals and in MS (Huseby et al. 2001; Sun et al. 2001; Okuda Y et al. 2005). 

One RRMS study using peripheral blood samples, suggests is that CD4+ T 

cells may reflect disease activity as they were present in higher numbers 

during active MS compared to patients in remission, while CD8+ T cells may 

reflect immunological disturbance and the exacerbation of MS (Okuda Y et al. 

2005). In addition, a recent study in EAE has shown that although EAE is often 

considered a spinal cord disease, the forebrain and midbrain structures of EAE 

rodents are subjected early to leukocyte infiltration as well, which is a feature 

shared by MS (Schmitt et al. 2012).  

 

Second, the location of the CNS inflammation in EAE models has long been 

considered focal inflammation in the spinal cord due to where the injection of 

emulsion usually occurs (i.e. at the base of the tail) (Dendrou et al. 2015). 

Whereas in MS, inflammation is thought to be prevalent in the brain, although 

more advanced studies are showing damage to the spinal cord as well. Third, 

the strain of animal has implications on the disease course, showing a 

relapsing-remitting course or a more progressive course (when considering 
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other models). There are also interspecies immune differences, such as 

genetic and phenotypic immune differences between rodents and humans, 

that have implications for the relevance of EAE findings in human MS 

(Dendrou et al. 2015). For example, animals tend to be inbred with genetic 

homogeneity which can cause accumulated genetic irregularities that are 

difficult to find in human populations (Procaccini et al. 2015). Fourth, the time-

frame of neurological deficits in EAE is different to humans, where animals 

have the disease for a matter of weeks or months, MS patients can have the 

physiological processes underlying MS undetected for years before the onset 

of clinical symptoms (Procaccini et al. 2015).     

 

2.3.4 Comparing Knowledge of Early EAE and Early MS studies 

 

Considering the advantages and disadvantages of EAE as a model for MS, 

and the translational potential that EAE has had with currently used drugs in 

RRMS, it may be of interest to compare what we know about early pathological 

changes in EAE and CIS converts to clinically definite MS, Table 6. 
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Table 5: Primary limitations when comparing EAE to MS 
 

Consideration EAE Model of MS MS in Humans 

Cause Adjuvant induction 
Genetic and environmental 
factors 

Disease 
Course 

Onset: 9-15 days (species 
dependent) 

 
Progression: weeks to 
months (animal species and 
strain) 

 
Limitation to studying the 
relapses rate (animal strain) 

Onset: physiological 
processes underlying MS 
undetected for years before 
the onset of clinical 
symptoms 

 
Progression/Course: years 

 
Greater variability in disease 
course between individuals 

Immune 
Response 

Dominant CD4+ T cell 
response. However CD8+ T 
cells are also involved in 
myelin specific 
pathogenesis, but not 
essential to induce EAE. 

 
EAE may be dependent on 
neutrophils. 

Dominant CD4+ and CD8+ 
T cell response 

 
MS does not have a clear 
association with neutrophils. 

Inflammation 

Thought to be more 
localised in the spinal cord 
or nearest to the point of 
injection of the emulsion 

Dominated by the brain, 
although more advanced 
studies are showing 
damage to the spinal cord 

Anatomy 

The rodent brain is 
anatomically structured 
differently to the human 
brain 

The human brain is 
structured differently and 
more complex. 

Drug therapy 

Benefits of novel therapeutic 
treatments is limited by 
species (size, disease 
course, methods) but can be 
straight forward when 
assessing behavioural 
improvements and tissue 
post-mortem.  

Evaluating the drug dose 
and effects of therapies 
developed in EAE animals is 
difficult due to the changes 
in species, size and cross-
interactions in humans 
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Table 6: Early EAE pathology compared to early MS pathology 
 

 EAE CIS to CDMS 

Pathology 
Specific Pathology 

(Reference) 
Species/ 
Region 

Change 
Specific Pathology 

(Reference) 
Region Change 

Neuronal 
Damage 

 

Axonal injury (swelling) 
(Wang et al. 2005) 

Mouse/Brain: 
Optic Nerve 

Increase 
WM brain lesions 

(Fisniku et al. 2008) 
WM Increase Retinal Ganglion Cell loss 

(Neuronal Degeneration) 
(Hobom et al. 2004) 

Rat/Brain: 
Optic Nerve 

Increase 

Lateral and third ventricle  
(Lepore et al. 2013) 

Mouse/Brain Increase 
Lateral ventricle volume  

(Lukas et al. 2010) 
- Increase 

Neuronal gene markers: App, 
Grin1, Il6st, Klf7, Lin7c, Ninj1, Nrg1, 
Ntn1, Ntn3, Ptma1, Snap25, Unc5a 

(Evangelidou et al. 2014) 

Mouse/SC: 
Whole cord 

Decrease 
tNAA (axonal injury) 
(Wattjes et al. 2008) 

NAWM Decrease 
Plasticity and repair genes: Bmi1, 

Olig2, Pdgfra 
(Evangelidou et al. 2014) 

Mouse/SC:  
Whole cord 

Decrease 

Mitochondria 
Abnormal Mitochondria 

(Wang et al. 2005) 
Mouse/Brain: 
Optic Nerve 

Increase 
tNAA (neural mitochondrial injury) 

(Wattjes et al. 2008) 
NAWM Decrease 

Inflammation 

Inflammation and immune 
response genes: B2m, Ccl2, Cxcl16, 

H2-Ab1, Il6, Il17a, Tnf 

(Evangelidou et al. 2014) 

Mouse/SC:  
Whole cord 

Increase 
IL-8 and Asymptomatic intrathecal 

inflammation 
(Rossi et al. 2015) 

CSF Increase 

Gliosis 

Angiogenesis (vascular growth) 
(Girolamo et al. 2014; Boroujerdi et 

al. 2013) 

Mouse/Brain: 
Cerebral 
Cortex 

Increase 

Ins levels 
(Kapeller et al 2002; Chard et al 2008) 

NAWM 
Increase 

Astrocyte Hypertrophy 
(Wang et al. 2005) 

Mouse/Brain: 
Optic 
Nerve 

Increase 

Oligodendrocyte genes: Lingo1, 
Mbp, Olig2 

(Evangelidou et al. 2014) 

Mouse/SC:  
Whole cord 

Decrease 
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2.4 Pathology and Pathophysiology 
 

The normal functioning immune system in vertebrates is the aid in recovery 

from harmful pathogens and cancers using key processes of recognition and 

elimination of the pathogen. This recognition process involves discrimination 

between microorganisms of natural constituents from the body and foreign 

invaders that are potentially harmful. The recognition of foreign invaders is the 

first step of the immune system’s attack to eliminate pathogens and this is one 

of the principal steps that is dysregulated in MS and in EAE (by antigen 

induction). 

 
This section, will briefly discuss MS (and EAE) pathology, immunology and 

pathophysiology with a focus on histological and MR-based pathological 

aspects that are investigated in this thesis, including demyelination, axonal 

injury, mitochondrial dysfunction, metabolic dysfunction, and gliosis. This 

thesis also discusses their translational and clinical relevance.  

 

2.4.1 Introduction 

 

MS pathology and pathophysiology are multifactorial. MS pathology was first 

described by Carswell and Cruveihier in 1838 when they noted atrophied 

lesions in the WM of the brain and spinal cord (Kam-Hansen et al. 1989). MS 

was later summarised and clinically defined as MS by Charcot in 1865. 

Although the MS sclerotic plaque, genetic and environmental factors have 

been extensively characterised as prominent features of the disease, a 

specific cause and mechanism for the pathophysiology of MS remain elusive. 

(Procaccini et al. 2015).  

 

The hallmarks of MS are the myelin and oligodendrocyte damage or loss, the 

injury or loss of axons, and reactive changes of glial cells in response to 

inflammatory damage to the CNS. Oligodendrocytes in the CNS manufacture 

the myelin that coats axons. In MS, oligodendrocytes become damaged by 

autoimmune attacks causing a chronic activation of inflammatory T-

lymphocytes, gliosis, cytokines and reactive oxygen species to contribute to 
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inflammation and damage to the myelin. This is important because it affects 

areas along axons in between the myelin called nodes of Ranvier (Dendrou et 

al. 2015). Each node contains sodium channels that facilitate a process called 

salutatory conduction along the axon, enabling ‘information’ via 

neurotransmission signals to pass between the nerves of the brain, spinal cord 

and the body.  

 

In MS there is an invasion of immune cells, such as constantly activated 

macrophages and microglia, accompanied by leakage of the blood-brain 

barrier and T cells, B cells and plasma cells (Lassmann & Wisniewski 1979). 

This inflammatory (immune) response is thought to occur throughout the CNS. 

In early or acute MS lesions, there is a marked hypercellularity with perivenous 

inflammation accompanied by lymphocytes and plasma cells, as well as 

macrophage infiltration and astrocytes, axonal injury and the breakdown of 

myelin. Over time, MS lesions become inactive and hypo-cellular, showing 

prominent demyelination. Remyelination can occur, but it is usually aberrant 

and incomplete.     

 

In MS tissue, glial scars appear in the WM and remyelinated areas of partial 

repair from demyelination (Dendrou et al. 2015). As the disease progresses, 

inflammation in the CNS shows fewer invading cells observed in lesions and 

diffuse myelin is reduced and axonal injury is evident with more pronounced 

atrophy in the GM and WM. Axons and neurones gradually degenerate, which 

correlates with ventricular enlargement and patient disability. In SPMS, tertiary 

lymphoid structures, inflammatory aggregates, form in the meninges and may 

contribute to cortical demyelination and tissue injury during further disease 

progression (Dendrou et al. 2015).  

 

It has been implicated that due to MS natural history, the disease has two 

principal pathophysiological phases where the first phase is inflammatory, and 

the second phase is disability progression independent of focal inflammation 

(Leray et al. 2016). Histological examination of MS lesions and NAWM and 

grey matter (GM) suggests that MS is not a result of focal inflammation and it 

is not restricted to the WM as once thought. Despite advances, the underlying 
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mechanisms for these stages that are associated with MS disease progression 

are unknown. Considering the aforementioned metabolic influences in MS 

pathology, particularly in early MS and in pre-symptomatic EAE, metabolic 

dysfunction may play a key role in MS pathology and pathophysiology.    

 

In this section, the major metabolites implicated in MS pathology, and areas 

for development in our understanding of them and their relationship to MS 

pathophysiology are discussed.  

 

2.4.2 Metabolic Dysfunction 

 

2.4.2.1 N-Acetylaspartate  

 

NAA is one of the most abundant molecules in the CNS and is located in the 

neurons, axons, and in oligodendrocytes only. It is synthesised in the neuronal 

mitochondria by the action of the L-aspartate N-acetyltransferase via a 

reaction that utilises L-aspartate and acetyl coenzyme A.  

 

2.4.2.1.1 NAA and Demyelination 

 

A reduced level of NAA is thought to be a marker of axonal damage. However, 

considering NAA is produced in neuronal mitochondria, the synthesis of NAA 

may be a marker of the integrity of neuronal mitochondrial metabolism. There 

is a direct relationship between NAA synthesis, oxygen consumption, and ATP 

(adenosine triphosphate) production by the mitochondria, suggesting NAA as 

a marker of functional integrity of neuronal mitochondrial metabolism 

(Benarroch 2008; J. Moffett et al. 2007). Several studies have implicated 

regional reduction of NAA concentration, measured by 1H-MRS, as a marker 

of neuronal or axonal loss in several neurologic disorders, including traumatic 

brain injury, stroke, epilepsy, and multiple sclerosis (Benarroch 2008).  

 

It has also been noted that NAA may reflect reversible metabolic impairment. 

In acute MS lesions, a decrease in NAA concentration compared to healthy 

controls, at the presentation of MS symptoms is typically reported where 
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several studies have suggested a partial recovery of NAA several months later 

(Arnold et al. 1994; De Stefano et al. 1995; Ciccarelli et al. 2010). The most 

likely explanations for an increase in NAA concentration during MS remission 

or after the first attack may be due to an improvement in mitochondrial function 

following the resolution of inflammation and during remyelination (where 

mitochondria are producing NAA). This could be due to mitochondria 

synthesising more NAA to meet an increased energy demand. Another 

plausible explanation for the recovery of NAA might be the proliferation of NAA 

containing oligodendrocyte progenitor cells. It has also been suggested that 

changes in MS tissue (i.e. oedema) may cause alterations in NAA relaxation 

time (as detected by 1H-MRS) and influence the chemistry or proliferation of 

NAA containing oligodendcrocyte progenitor cells that enhance remyelination 

(Davie et al. 1994). However, a recent study examining changes in water 

content and NAA concentrations in new MS lesions over six months found that 

water content changes were insufficient to account for all of the recovery of 

NAA after relapse (Vavasour et al. 2011). This suggests that the latter 

argument for NAA recovery is less likely and it is more probable that at least 

some of the reported NAA recovery is due to improvements in mitochondrial 

function at this stage of the MS disease course (Ciccarelli et al. 2010).  

 

2.4.2.1.2 NAA and Neuroprotection 

 

There may be beneficial and detrimental problems with high levels of NAAG 

(see NAAG section below). On the one hand, the synthesis of NAAG and 

subsequently NAA is thought to promote neuroprotection to a certain extent. 

However, too much NAAG and NAA has been shown across several 

demyelinating diseases. For example, elevation of NAA levels is a hallmark of 

Canavan disease, a severe demyelinating disorder of infancy(J. R. Moffett et 

al. 2007) In addition, inhibitors of NAAG peptidase have been shown provide 

neuroprotection in experimental models of stroke, head trauma, and 

amyotrophic lateral sclerosis, presumably by increasing endogenous NAAG 

signalling(Neale et al. 2005).  
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2.4.2.1.3 NAA and Glia 

 

There is evidence that NAA has an important role in myelinogenesis in 

oligodendrocytes. That is, NAA is transported out of the mitochondria via a 

putative NAA transporter, and then released from neurons or transported to 

oligodendrocytes at the junction of the axon with the inner plasma membrane 

of the myelin sheath (Baslow 2000). In the oligodendrocyte, NAA is 

metabolised by the action of aspartoacylase (ASPA), which removes acetate, 

and acetate is converted to acetyl coenzyme A (acetyl CoA), a precursor for 

lipid synthesis, by action of acetyl CoA synthetase I. The sequential activation 

of ASPA and acetyl CoA synthetase I in oligodendrocytes may be critical for 

the synthesis of myelin compounds, particularly galactocerebrosides, 

sulfatides, and cholesterol.  

 

There is also evidence that NAA may contribute to homeostasis of the 

neuronal and glial microenvironment. NAA may be released in a controlled 

fashion by neurons to serve as an osmolyte controlling water distribution4 and, 

upon its uptake by the astrocyte and subsequent release to the general 

circulation, NAA may constitute a carrier for nitrogen removal from the CNS 

(J. Moffett et al. 2007). 

 

2.4.2.2 N-Acetyl-aspartyl-glutamate (NAAG) 

 

One important function of NAA is to serve as the precursor for the synthesis 

of N-Acetylaspartylglutamate (NAAG). NAAG and is the most abundant 

neuropeptide in the CNS and is widely distributed in projection neurons and 

interneurons in the human brain, particularly in glutamatergic neurons of the 

human cerebral cortex, amygdala, hippocampus, striatum, brainstem, and 

spinal cord (Passani et al. 1997; Neale et al. 2000). Like other neuropeptides, 

NAAG may act as a co-transmitter with several other neurotransmitters, 

including glutamate-aminobutyric acid (GABA), and acetylcholine. The release 

of NAAG, similar to other neuropeptides, depends on the level of neuronal 

activity. At low levels of activity, the amount of NAAG co-released may be low 
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or negligible, whereas intense neuronal activation may trigger the release of 

large quantities of NAAG (Neale et al. 2000). 

 

NAAG is an agonist of type 3 metabotropic glutamate receptors (mGluR3). 

mGluR3 are primarily located in preterminal portions of axons and elicit 

presynaptic inhibition of neurotransmitter release (Schoepp & Conn 2002). 

NAAG activates mGluR3 at presynaptic sites, inhibiting the release of 

neurotransmitters including glutamate, and activating mGluR3 on glial cells, 

stimulating the release of neuroprotective growth factors from glia 

(Wroblewska et al. 1997). Elevated levels of glutamate released from neurons 

are associated with the pathology of several neurological conditions including 

stroke, traumatic nervous system injury, amyotrophic lateral sclerosis, 

inflammatory and neuropathic pain, diabetic neuropathy and schizophrenia-

like symptoms elicited by phencyclidine.  

  

Therefore, NAAG released in response to intense neuronal activity would 

activate presynaptic mGluR3 receptors, leading to inhibition of release of 

glutamate, GABA, dopamine, and other neurotransmitters (Neale et al. 2005). 

In this setting, NAAG may exert neuroprotective action by activation of 

mGluR3 in presynaptic terminals, inhibiting glutamate release, and in 

astrocytes, where it may trigger release of neuroprotective factors such as 

transforming growth factor-beta (TGF-β), a protein that mediates cellular 

functions, including cell growth, cell proliferation, cell differentiation and 

apoptosis (Thomas et al. 2001; Bruno et al. 1998). NAAG is inactivated by 

specific peptidases following its synaptic release. Novel compounds that 

inhibit these enzymes prolong the activity of synaptic release of NAAG and 

have significant therapeutic efficacy in animal models of these diverse clinical 

conditions. 

 

NAAG has also been implicated in mechanisms of synaptic plasticity in the 

hippocampus and cerebellum (Neale et al. 2000). Following the synaptic 

release, NAAG is hydrolysed at the surface of astrocytes by NAAG peptidases, 

also referred to as glutamate carboxypeptidases (GCP) or N-acetylated-

linked-acid dipeptidases (NAALAdase). These are transmembrane 

http://topics.sciencedirect.com/topics/page/Amyotrophic_lateral_sclerosis
http://topics.sciencedirect.com/topics/page/Neuropathic_pain
http://topics.sciencedirect.com/topics/page/Diabetic_neuropathy
http://topics.sciencedirect.com/topics/page/Schizophrenia
http://topics.sciencedirect.com/topics/page/Phencyclidine
http://topics.sciencedirect.com/topics/page/Peptidase
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metalloproteinases that hydrolyse NAAG to NAA and glutamate at the synaptic 

cleft (Neale et al. 2005). One important consequence of NAAG release is the 

prevention of excessive accumulation of L-glutamate in the synaptic space. If 

the excessive accumulation of L-glutamate was allowed, it would subsequently 

result in postsynaptic receptor desensitisation and excitotoxic injury. Hence, 

NAAG release is thought to have some neuroprotective aspects for neurons. 

Also, in postsynaptic neurons, NAAG may act as a weak agonist of N-methyl-

D-aspartate (NMDA) receptors, (a glutamate receptor and ion channel) and 

reduce NMDA receptor-mediated responses (Neale et al. 2000; Bergeron et 

al. 2007). The NMDA receptor is important for synaptic plasticity and memory 

function. Hence, NAAG modulates glutamatergic transmission and may have 

a role in neuroprotection and synaptic plasticity (Neale et al. 2005). 

 

The detection of NAAG is difficult and its peak often times 3T magnetic field 

strength is not enough to distinguish the NAAG peak from NAA it in the human 

brain. There are cases at higher magnetic fields such as 9.4T or 11T in animals 

that NAAG can be detected, separate from NAA. However, in most 1H-MRS 

studies currently, NAAG is grouped with NAA and quantified as total NAA 

concentration.    

 

2.4.2.3 Additional Metabolites studied in MS: tCr, tCho, Ins, Glx.  

 

2.4.2.3.1 Total Creatine (Cr and PCr) 

 

Creatine (Cr) and phosphocreatine (PCr) are important for energy metabolism 

due to their involvement in the creatine kinase reaction to generate ATP. 

Research suggests that creatine concentrations in the brain are remained 

fairly constant with ageing (Saunders et al. 1999) and are unaffected in many 

CNS diseases. Creatine is therefore used as a standard reference to 

normalise the intensity of other resonances. However, caution is necessary 

when using creatine as an internal reference when studying patients with MS, 

as an increase in creatine concentration has been shown in some RRMS 

studies (Inglese et al. 2003). For example, glial cells in vitro contain two to four 

times higher concentrations of creatine than neurons (Urenjak et al. 1993). 
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Also in 1H-MRS experiments where Cr concentrations are elevated it is 

interpreted to represent an increase in gliosis and possibly remyelination 

(Inglese et al. 2003).  

 

2.4.2.3.2 Total Choline 

 

Choline-containing compounds are constituents of membrane phospholipids 

and myelin. Therefore, changes in the resonance intensity of choline are 

thought to reflect increases in the levels of membrane phospholipids released 

during myelin breakdown. For example in active demyelinating disease (Davie 

et al. 1993; Tartaglia et al. 2002; Gonzalez-Toledo et al. 2006). In MS, cerebral 

Cho and the ratio of Cho/Cr are elevated in the NAWM (Inglese et al. 2003) 

which later develop into focal lesions (Tartaglia et al. 2002). Elevated choline 

levels have been shown to return to normal concentration levels with a 

resolution of inflammation and during remyelination (Degaonkar et al. 2002).  

 

2.4.2.3.3 Inositol  

 

Inositol (Ins) is a ubiquitous sugar and can be found in cells in most organ 

systems. In the CNS it has been proposed as a glial marker and in multiple 

sclerosis, elevated Ins has been seen in early RRMS disease (Chard et al. 

2002) and in CIS patients, with the highest levels seen in acute lesions 

(Fernando et al. 2004) suggesting that, in the brain, glial proliferation plays a 

role in early disease as well as during the active disease phase.  

 

2.4.2.3.4 Glx Complex: Glutamate and Glutamine 

 

Glutamate (Glu) is the most abundant amino acid in the CNS and is the major 

excitatory neurotransmitter in the mammalian nervous system. Glu is the 

precursor for the major inhibitory transmitter GABA (Srinivasan et al. 2005). 

Being able to separate the metabolites allows much more accurate 

quantification of Glu which is thought to be involved in the pathogenesis of 

many diseases. Most 1H-MRS studies of MS and other neurological diseases 

quantify glutamate and glutamine together, described as the (Glx) complex 
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(Hattori et al. 2002; Chard et al. 2002; Fernando et al. 2004). Due to the 

similarities in their spectra, Glu and Glutamine (Gln) are virtually 

indistinguishable at lower magnetic field strengths and using conventional 

localisation sequences they have previously only been separated at field 

strengths of 7T or higher (Tkác et al. 2001). However, a modified PRESS 

localisation sequence was described that could separate Glu and Gln at 2.35 

ppm at 3T (Srinivasan et al. 2005). Subsequently, these modified protocols 

have been used to demonstrate elevated Glu levels in acute MS brain lesions 

(Srinivasan et al. 2005). 

 

2.4.3 Demyelination 

 

MS pathology is characterised by focal white and GM demyelination, called 

plaques or lesions, in the brain and spinal cord (Figure 7). Demyelination in 

MS tends to be especially heterogeneous, although the reason for this is 

unknown. It has been proposed that MS lesions can be divided into four 

subtypes. These subtypes are categorised by the pattern of inflammation, 

demyelination, remyelination and oligodendrocyte characteristics that are 

homogeneous at a given time (Lucchinetti et al. 2000). Patterns I and II lesions 

are thought to be T cell related. Patterns III and IV are thought to be more 

toxin-induced damage to oligodendrocytes. Pattern III lesions tend to be found 

in subjects with the clinical course of fewer than 8 weeks, whereas pattern IV 

lesions are exclusive to PPMS. Lesions in the early clinical evolution of MS 

don’t appear to show evidence of blood-brain-barrier breakdown and appear 

to show demyelination affected by microglia and plasma cells, rather than T 

cell response. These studies also may point to an alternative mechanism 

mediating early lesion development, such as mitochondrial dysfunction. It also 

upholds the theory that MS pathology at its earliest stages is not primarily 

inflammatory, but rather it evolves into a chronic proliferation of T cells and 

inflammatory cytokines and reactive oxygen species.  
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Figure 7: Neurotransmission and Myelin Damage 
 

 

 

FIG 7. The figure gives an overview of neurotransmission to the 
neuromuscular synapse when there is damaged myelin present across on the 
axon. A signal is passed from one neuron to another, which travels down the 
axon coated in myelin. A propagation of action potential occurs at each node 
of Ranvier along myelinated axons, called salutatory conduction. When the 
signal reaches the damaged myelin, the conduction velocity of the action 
potential becomes impaired and the signal is significantly slowed in the 
process of reaching tissue or it does not occur at all. Modified from Nervous 
Tissue, Medical Art by Servier, Creative Commons Attribution 3.0 Unported 
License  

 

 

In addition to the aforementioned study, a new longitudinal study on lesion 

subtypes in GM, WM, and intracortical brain regions of RRMS and SPMS 

patients, found that new cortical GM and intracortical lesion formation are not 

closely linked with WM lesion accrual. The study suggests that intracortical 

lesion formation tends to form from GM areas and is most common in SPMS 

than RRMS. The authors further suggest that measuring WM lesion accrual 

alone is not a sufficient marker of MS disease activity and that MRI techniques 

focused on the detection of cortical lesions in MS may be more useful for 

implications regarding MS progression (Sethi et al. 2016).  

 

  

http://www.servier.com/Powerpoint-image-bank
https://creativecommons.org/licenses/by/3.0/
https://creativecommons.org/licenses/by/3.0/
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2.4.4 Axonal and Neuronal Injury 

 

Axonal and neuronal injury or loss are of critical importance for irreversible 

disability in MS. Axonal injury affecting, focal WM, NAWM and GM, occurs 

early during the disease and accumulates with disease progression and 

disability severity (Mahad et al. 2015; Bjartmar et al. 2003; Trapp et al. 1998). 

Preclinical studies suggest that many different mechanisms may lead to 

axonal and neuronal injury, such as products of activated macrophages and 

microglia, reactive oxygen species and damaged mitochondria (Bjartmar & 

Trapp 2001). These immunological factors are relevant in MS pathogenesis 

and pathophysiology throughout the disease progression. In particular, 

damage to the mitochondria may impair neuronal and axonal function at early 

stages of MS, by causing an energy failure within neurons whereby they 

subsequently function less effectively or dye off (Lassmann 2010). Ultimately 

MS pathophysiology is a combination of failed remyelination of axons and 

axonal atrophy, salutatory conduction is inhibited entirely or slowed along the 

axon creating an energy deficit that is debilitating. 

 

2.5 Conclusion 
 

Despite advances, the underlying mechanisms for these stages that are 

associated with MS disease progression are elusive. Considering the 

aforementioned metabolic influences in MS pathology, particularly in early MS 

and in pre-symptomatic EAE, metabolic dysfunction may play a key role in MS 

pathology and pathophysiology. MRI and 1H-MRS are important techniques 

for investigating structural and metabolic changes in MS as a result of 

pathology. MR is a particularly important technique for translating animal to 

human pathology. It can enable a better understand of the underlying 

mechanisms of biomarkers that are readily detectable in humans, to improve 

treatment targets. In particular, pathology like mitochondrial dysfunction may 

play a key role in the pathogenesis of MS and it is a prime target for therapy. 

However, the opportunity to detect and monitor mitochondrial metabolism and 



64 
 

dysfunction remains thwarted by the lack of knowledge of how to interpret the 

NAA signal. 

 

In addition to the underlying mechanisms of important biomarkers, EAE is also 

a useful model to investigate how biomarkers reflect the MS disease 

progression. The transition from RRMS to SPMS may progressive over years, 

and this time-limited development restricts the ability to rapidly study 

biomarker characteristics that distinguish the disease course. This limitation in 

humans is an opportunity to utilise the EAE animal model of MS, in which you 

can induce inflammatory demyelinating MS lesions, axonal injury, gliosis and 

symptoms to study MS disease progression and biomarkers more readily. 

Whilst T2-w lesion number in the spinal cord and lesion volume in the brain, 

age and motor symptoms at the onset of CIS predict the secondary 

progressive MS disease progression and course, the mechanism underlying 

this progression remains unknown.  Biomarkers like NAA, which reflect axonal 

injury, have a key role in demystifying pathological progression. This current 

T2-w lesion biomarker can be used at the population level, but it is necessary 

to use T2 lesions as biomarkers at the individual level. For the development of 

individual biomarkers, mechanisms associated with them must be addressed 

at phenotype levels of MS disease course. In particular, the identification of 

the mechanisms underlying early T2-w lesion biomarkers for disease severity 

would be valuable for early MS patients, and for targeting treatments for both 

early and progressive MS. 

  

This thesis used MR to investigate the MS disease course in EAE, an animal 

model of MS, and compared this model to CIS and early MS studies. More 

precisely, the overall aim of this thesis was to investigate longitudinal changes 

in metabolite concentrations and inflammatory demyelinating lesion 

development, in relation to neurological deficits in EAE, using MR and 

laboratory techniques, and to compare these methods to clinical studies of 

early MS.  This information will aid in the use of NAA as a primary outcome 

measure in evaluating experimental therapies in clinical trials.  
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Chapter 3 

BASIC PRINCIPLES OF TECHNIQUES USED AND 

ANALYSED  

 

3.1 Introduction 
 

This chapter is intended to provide an overview of MR theory and Histology 

principals used and analysed in this thesis to introduce preclinical and clinical 

applications reported in subsequent chapters. The MR section focuses on the 

overview of basic principles of T2weighted, 1H-MRS, and DTI, the techniques 

used and analysed in this thesis. The histology section, focuses on basic 

principles of staining and histochemical, immunohistochemical and 

microscopy techniques used and analysed in this thesis. 

 

3.2 Magnetic Resonance 
 

The fundamental discovery of Magnetic Resonance (MR) dates back to 1882 

in Budapest, Hungary when Nikola Tesla discovered the rotating magnetic 

field fundamental to the physics of MRI. However, it wasn’t until 1938 when 

Isidor Isaac Rabi described and developed the technique for measuring the 

magnetic characteristics of atomic nuclei (Nuclear Magnetic Resonance 

(NMR) phenomenon). That is atomic nuclei absorb and emitting radio waves 

when exposed to a sufficiently strong magnetic field. This discovery lead to the 

development of MR imaging for clinical purposes, and Rabi was awarded the 

1944 Nobel Prize in Physics for his work with NMR. During this time, Edward 

Purcell at Harvard University and Felix Bloch at Stanford University both 

independently observed the NMR phenomenon in solids and liquids. Purcell 

and Bloch shared the 1952 Nobel Prize in Physics for this discovery, which led 

to the physical basis for MRI and many subsequent contributors and Nobel 

Prize laureates recognised for applied MR techniques used in preclinical and 

clinical research today. 
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MRI offers a unique potential to confirm the diagnosis of MS and to potentially 

predict disability at later time points. Although it is usually a non-invasive 

technique all around (except when contrast agents are necessary), MR 

techniques remain limited by a lack of pathological specificity and by long 

scanning durations. With the introduction of higher magnetic fields, MR 

techniques such as MR spectroscopy and DTI have been further developed to 

provide insights into preclinical and clinical pathological changes that occur in 

spinal cord and brain tissue in MS. 

 

3.2.1 Basic Principles of MRI 

 

3.2.1.1 Physics 

 

The basis of MRI is the manipulation of the charge of subatomic particles in a 

directional magnetic field.   There are four main properties of tissues explored 

in MRI: T1 and T2 relaxation times, proton densities and chemical shifts. In my 

thesis, hydrogen nuclei are the particles of interest because they are in one of 

the most abundant sources in the body, largely in water and fat. 

 

Hydrogen nuclei have an electrical charge because they contain protons which 

are constantly spinning on their own axis (‘nuclear spin’) (Figure 8A). When a 

living organism is placed within a strong magnetic field, free hydrogen nuclei 

within the tissue produces a small magnetic dipole moment (µ) and align 

themselves with the direction of the applied magnetic field (B0), either parallel 

or antiparallel to the axis of rotation (Figure 8B). These alignment orientations 

with B0 are related to nuclear energy states, where parallel orientation is a 

lower energy state compared to antiparallel alignment. The alignment of 

protons parallel to the B0 is termed a procession called Larmor precession 

(ω0). The Larmar procession equation is described as: 

 

ω0 = ɣ B 0 

Equation 1: Larmor equation 
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where the Larmor ‘resonance’ frequency, ω0 (omega zerio), represents the 

angular procession frequency expressed in units of Hz or radians per second 

(rad s-1), ɣ is the gyromagnetic ratio and a nuclei specific constant [the 

hydrogen proton is ɣ=42.56 MHz/Tesla], and B0 is the applied magnetic field 

in units of Tesla. The equation explains the frequency of Larmor precession 

from charged nuclei is proportional to the applied magnetic field strength, 

where its relationship is determined by the gyromagnetic ratio. The larger the 

external B0 field, the more difference in proton energy levels and the larger the 

precession number of protons aligned parallel with the magnetic field, B0. The 

Larmor frequency is important because it determines the frequency required 

for the transition of protons from one energy level to another energy level, 

absorbing and emmiting energy. By convention the alignment parallel to B0 is 

designated as the z-axis. When the nuclear spin is disturbed, by an external 

radio-frequency (RF) pulse, Brf (discussed below), a subsequent xy-plane is 

introduced.   

 

To obtain an MR image, tissue is placed in a strong uniform magnetic field, B0. 

For the purposes of this thesis, this field was between 1.5 to 3 Tesla (clinical) 

and 9.4 Tesla (preclinical). The B0 causes the tissue to become magnetised 

where its hydrogen nuclei align with the magnetic field B0 to create a net 

magnetic dipole moment, or bulk magnetisation (M). MRI does not consider 

single nuclear spins in isolation, hence M represents the summation, or ‘net’, 

of individual dipole moments precessing in the tissue sample, divided by the 

volume of the tissue sample and it is proportional the external magnetic field. 

It is important to note that M is represented as an assumed magnetisation 

vector, M0 (i.e. the path of the plane) that is parallel to B0 called equilibrium 

magnetisation, and in this state, it is not possible to measure the magnetic 

force because it is in the same direction as the magnetic field. To visualise the 

magnetisation, a plane that rotates in the same direction as the magnetisation 

must be introduced, causing M to appear stationary and the B0 to be equivalent 

to zero.  
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After the tissue is placed in B0, an external 90˚ RF pulse, Brf, is applied 

perpendicular to B0 on the y-axis, called transverse magnetisation. This pulse, 

has a resonance frequency equal to the Larmor frequency and causes M to 

spiral (or tilt) away from B0 and toward the xy-plane of the RF pulse, as 

illustrated by (Figure 8C). This is because protons absorb the energy of the 

RF pulse applied and transition to a higher level of energy.     
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Figure 8: Nuclear Energy States, Larmor frequency and Spin Echo 

 

 
 

FIG 8. The figure shows the 
wobbling motion of a hydrogen 
proton spinning on its axis, and 
according to quantum mechanics 
theory the alignment of protons 
occurs on two energy levels: one 
nuclear energy state is aligned 
with the magnetic field at low 
energy level, and one is aligned 
against the magnetic field at high 
energy level. (A) hydrogen nuclei 
are randomly aligned in the 
absence of a strong magnetic 
field. (B) When the B0 is applied, 
the hydrogen nuclei align in the 
direction of the magnetic field. (C) 
When the RF pulse, Brf, is applied 
it causes the net magnetic 
moment of the nuclei, M, to tilt 
away from B0. (D) However when 
the RF pulse stops, the nuclei 
return to equilibrium and M is 
again parallel to B0. However, 
during their realignment, the 
nuclei lose energy and a 
measurable RF signal.  
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Spin Echo 

 

Once the RF transmitter signal is turned off, the nuclei lose energy by emitting 

their own RF signal, called free-induction decay (FID) response signal, 

illustrated by Figure 8D and Figure 9. More specifically, during relaxation the 

nuclei realign themselves such that their net magnetic moment, M, is again 

parallel with B0, and the absorbed RF energy is released and retransmitted at 

the resonance frequency, ω0. This is described by two time constants: T1 and 

T2. The time constant, T1 describes the time it takes for protons that were 

excited, or increased to a higher energy state by the RF pulse, to return to 

lower energy states, referenced as the recovery of longitudinal magnetisation 

(‘longitudinal’ or ‘spin-lattice’ relaxation). The time constant, T2 describes the 

time it takes for the signal of transverse magnetisation to ‘decay’ (FID) in a 

homogeneous magnetic field (‘transverse’ or ‘spin-spin’ relaxation) Figure 9. 

The FID response signal is measured by a conductive field coil, usually placed 

on top of or around the tissue being imaged. The differences in properties 

between tissues, for example varying proton densities, are utilised to provide 

contrast in structural MR images. 
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Figure 9: Free-induction decay (FID) 

 

FIG 9. The figure shows the T2 free-induction decay of the emitted RF signal 
of protons over time, following an external RF pulse.  

 

 

 

3.2.1.2 Proton density 

 

A factor influencing the potential MR signal is the number of mobile protons or 

proton density in tissue. This effects the scaling of the signal intensities and 

will alter tissue contrast.  The stronger the magnetic field, the stronger the 

amount of signal can be elicited from atoms resulting in a higher quality MR 

image. 

  

Echo and repetition times Echo and repetition times (TE and TR) refer to scan 

acquisition parameters and by varying these values we are able to weight 

images based on the T, or T2 characteristics of a material. The TR is the time 

interval between 90° RF in a series of excitations. There will be a FID 

immediately after this, although it is difficult to observe for technical reasons 
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and instead imaging relies upon inducing spin echoes by applying further 180° 

pulses at given times after the initial 90° pulse.  

3.2.2 Proton Magnetic Resonance Spectroscopic Imaging 

 

Introduction 

 

In structural MRI, a strong signal from water is used to manipulate protons 

movement in tissue and subsequently visualise the tissue and any associated 

pathology. However, MR techniques also utilise signals from other molecules 

for example, using proton MR spectroscopy (1H-MRS), MR-based chemical 

analysis technique. Protons of different molecules have differing chemical 

shifts and therefore a single molecule can be observed using its inherent 

resonant frequency range, rather than an induced magnetic field gradient. 

These resonant frequencies reveal the individual peaks or chemical shift called 

spectra. The pattern of these signals is a molecular fingerprint where the 

intensity of the derived signal is proportional to molecular concentration. 

 

Chemical shift 

 

Spins in a given molecule will experience a slightly different external field to 

the main B0, due to shielding of the nucleus by its electron cloud. This will alter 

its precession frequency slightly, producing a frequency offset called, chemical 

shift.  Many biological molecules contain a number of MR visible spins which 

are chemically distinct groups and with slightly different external fields due to 

their molecular electron cloud patterns. This chemical spectrum provides a 

fingerprint for the molecule, and in 'H-MRS this is the basis of identifying 

metabolites and quantifying metabolite concentrations.  

 

Metabolite peak locations may be reported both in Hz or ppm. The former 

value depends on the B0 field strength. The shift in resonance frequency from 

a reference frequency is given in parts per million (ppm), which is a measure 

that is independent of B0. Protons in water resonate at 4.7ppm, lipids resonate 

between 0.9 to I.2ppm, and metabolites in between these two.  In addition, 

spins in molecules may experience J-coupling, which occurs when spins 
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interact via chemical bonds. This alters their precessional frequency, splitting 

spectral lines into multiplets. The frequency differences between multiplets 

cause phase shifts that may impact their signals, and lead to changes in T2 

relaxation times.  

 

Metabolites 

 

Human and rodent specta are comparible although they are usually acquired 

at different field strength (Figure 10). In human tissue scanned at higher field 

the following metabolites can be reliably detected: total N-acetyl aspartate 

(NAA+NAAG) tNAA, total choline (Cho+PCho+CPC) tCho, total creatine 

(Cr+PCr) (tCr), Glx complex (glutamate (Glu) + glutamine (Gln)), myo-inositol 

(Ins), and gamma-aminobutyric acid (GABA) as well as some lipids (including 

MM09, MM20, MM09+Lip09, MM20+Lip20). In animals, scanned at high 

magnetic field, 7T to 11.4T the following lipids can be reliably detected 

individually as absolute concentrations: NAA, tNAA, tCho, Cr, tCr, Glx, Glu, 

Gln, Ins, glutathione (GSH), taurine (Tau), gamma-aminobutyric acid (GABA) 

and lipids (including MM09, MM14+Lip13a+Lip13b+MM12, MM09+Lip09, 

MM20+Lip20). 
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Figure 10: Human and Animal Spectra  

 

Human 3T  

 

 

 

Animal 9.4T 

 

FIG 10. The figure shows human spectra and animal spectra obtained at high magnification, where similar spectra can be obtained. 
 



76 
 

Total NAA 

The resonance found at 2.02 parts per million (ppm) is produced by the N-

acetyl group of NAA and to a lesser extent, of N-acetyl aspartyl glutamate 

(NAAG). 

 

Total Creatine (Cr and PCr) 

Cr and phosphocreatine PCr produce the second largest resonance in the 

CNS and form a composite peak at 3.03 ppm due to their methyl and 

methylene protons. 

 

Total Choline 

The resonance from the methyl protons of choline containing compounds is 

seen at 3.2 ppm. In humans, this represents the resonance for tCho by 

glycerophosphorylcholine and phosphorylcholine and possibly betaine and 

taurine. In animals, imaged at higher magnetic resonance, many of these 

compounds, taurine in particular, can be detected by 1H-MRS and reliably 

analysed.  

 

Inositol (Ins) 

The resonance, split into a doublet of doublets centred at 3.52 ppm comes 

from the 1CH and 3CH protons of Ins, a cyclic sugar alcohol, which can be 

made in cells from glucose. 

 

Glutamate (Glu) 

Glu has two methylene groups and a methine group that are strongly coupled. 

This gives Glu a complex 1H-MR spectrum in humans, with the proton from 

the methine group appearing as a doublet of doublets at 3.75 ppm and the 

signal from the other four protons appearing as multiplets between 2.04 ppm 

and 2.35 ppm. However, in animals imaged at higher magenetic resonance 

Glu can be detected as a single peak at 3.75ppm.  

 

Glutamine (Gln) 

Gln is structurally similar to Glu and also has one methine and two methylene 

groups and therefore has similar coupling interactions to Glu. The four protons 
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from the methylene groups produce a resonance that appears as multiplets 

between 2.12 and 2.46 ppm whilst the methine group produces a triplet at 3.76 

ppm. Gln also has two further resonances at 6.82 and 7.73 ppm which are 

rarely used for quantification in vivo. 

 

Spatial localisation  

 

This section will only discuss single-voxel techniques as this is what was used 

in all experiments within this thesis.  The basic principal for useful single-voxel 

data to be acquired, is that the MR signal needs to be localised to a pre-defined 

volume of interest (VOI). Localisation is important because it reduces the 

contamination by large signals from surrounding tissue on the metabolites of 

interest. There are several techniques used to localise a VOI, for clinical and 

preclinical single-voxel 1H-MRS including the stimulated echo acquisition 

mode (STEAM), or point resolved spectroscopy (PRESS). PRESS is only 

discussed in this section because this is the acquisition that was used in both 

preclinical and clinical studies presented in this thesis. 

 

Both STEAM and PRESS rely on using three slice-selective gradients.  Each 

gradient is phase-encoded along each axis (one, two, or three planes), and 

three RF pulses.  STEAM sequences use three 90° pulses, whereas PRESS 

sequences use one 90° and two 180° pulses. STEAM pulse sequences are 

shorter than PRESS allowing for a shorter TE, however this shorter TE is at 

the expense of potentially available signal. PRESS can be used to exploit more 

of the available signal.  Only nuclear spins at the intersection of all three 

planes, are excited by all the pulses to yield a usable echo. The frequency 

distribution of the detected signal contains chemical shift information.  This 

phase-encoded spatial information is extracted using Fourier Transforms (FT), 

and an additional FT detects the spectral (frequency) information.  

 

Water suppression  

 

Adjacent tissue containing lipids and water can contaminate the quantification 

of metabolites.  STEAM or PRESS sequences limit signal contamination from 
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surrounding tissue volumes, but it does not eliminate it entirely. Therefore, 

additional suppression of signal is required. Outer volume suppression (OVS) 

complements STEAM or PRESS volume selection by actively suppressing the 

signal from the outside the excitation volume (VOI). In both clinical and 

preclinical studies the outer volume suppression is achieved using similar 

water suppression techniques to CHESS with volume selective stimulation 

followed by dephasing.  In the preclinical study in this thesis, variable power 

RF pulses with optimised relaxation delays (VAPOR) water suppression was 

used.  

 

Lipid Suppression 

 

Shimming refers to the processes used for achieving magnetic field 

homogeneity over the volume of interest. Inherently, there will be some minor 

inhomogeneity in the magnetic field, which is exacerbated by placing a patient 

into the magnet due to magnetic susceptibility variations. The spinal cord is 

surrounded by CSF and vertebral bodies which cause distortions of the 

magnetic field along the spinal cord (Cooke et al., 2004). Shimming is 

achieved by making subtle alterations to the field gradients prior to data 

acquisition. Homogeneity can be assessed by calculating the linewidth of the 

water resonance in Hz or ppm. Good shimming usually produces a narrow 

linewidth, whilst poor shimming broadens the linewidth.  

 

3.2.3 Diffusion Imaging 

 

Diffusion Tensor Imaging (DTI) techniques are used to characterise 

microstructural changes and differences in tissue as a result of pathology. The 

technique uses the uses the Brownian motion, or the irregular motion of 

particles in fluid, for water molecules to generate contrast in MR image. DTI 

enables the investigation of magnitude, anisotropy and orientation of the 

diffusion tensor, in which the molecular diffusion of water molecules in tissue 

is not free, rather it reflects the interactions with macromolecules, fibres, and 

membranes, thereby providing the possibility to view neuronal tracts in their 
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correct orientations and extract information about the microenvironment of the 

tissue in a healthy and a diseased state.  

 

The tensor model is represented by a 3 x 3 matrix with nine elements 

described below, with the diagonal elements of the matrix that correspond to 

diffusivity in three orthogonal planes (Dxx, Dyy and Dzz), and off-diagonal 

elements showing information regarding the correlation between 

displacements in the three orthogonal planes.  

 

Dxx Dxy Dxz 

D = Dxy Dyy Dyz 

Dxz Dyz Dzz 

 

 

3.3 Histology: Histochemistry and Immunohistochemistry 
 

3.3.1 Basic Principles of Histology 

 

Histology is the study of microscopic anatomy and environment of cells and 

tissues using structurally stabilised chemical treatments. Tissues pass through 

a series of solvents during the course of embedding, staining and mounting. 

These solvents are fundamental to histology and the visualised outcome of 

microscopic pathology. In this section, the histology techniques used on 

experimental rat tissue presented in this thesis are discussed.  

 

3.3.1.1 Fixation and Cryoprotection 

 

Freshly removed tissues and cells from animals are chemically and physically 

unstable (Kiernan 2015). In this state, the treatments that they are exposed to 

in preparation for microscopy, would severely damage them if they were not 

stabilised. This stabilisation is called fixation. This thesis uses fixed tissue only 

and methods for frozen tissue processing. Fixation arrests post-mortem 

decay, structurally stabilising cells and extracellular material of tissue (Kiernan 
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2015). In this thesis, chemical fixation by paraformaldehyde was used for 

staining and immunohistochemistry. Whilst, chemical fixation may introduce 

some structural artefacts dependent on the rate of fixative penetration into the 

tissue (i.e. shrinkage or swelling of tissue and cells), this method preserves 

intra-cytoplasmic proteins and local antigens (Kiernan 2015).  

 

After fixation, the tissue is equilibrated with a protective solution (saline or 

buffer), which dehydrates the tissue, called cryoprotection. In this thesis, 

paraformaldehyde fixation with a sucrose and sodium azide mixture was used 

for optimal tissue preservation for cutting (Kiernan 2015).  

 

3.3.1.2 Embedding 

 

This thesis uses frozen embedding techniques. For frozen embedding, fixed 

tissue are immersed in an isotonic saline solution, called ‘OCT’ (optimum 

cutting temperature) solution that further cryoprotect it for cutting at very low 

temperatures (usually -20˚C). The advantages of frozen sections are the 

speed of processing and the preservations of lipid constituents. Tissue moulds 

are created to fit the tissue, and filled with OCT, (Figure11A) and frozen using 

either dry ice or liquid nitrogen, by suspension over liquid nitrogen or dry ice 

(Figure11B), then cut. Suspension over liquid nitrogen was used in this thesis, 

for a more rapid freezing process, reducing associated temperature-change 

artefacts for brain tissue. Tissue must be cut thin and transparent to be 

examined under a microscope at good resolution. 

 

Figure 11: Embedding and Freezing Tissue 

 

FIG 11. (A)Sectioned tissue immersed in OCT and (B) the resulting frozen 
tissue block. 
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3.3.2 Staining and histochemistry 

 

Staining is a technique used to see structural details in tissue sections by a 

dye, bound to tissue by a substrate. A dye molecule is conventionally 

described by two chemical parts: chromogen, the colour portion, and 

auxochromes, the portion of the molecule that attaches to the substrate. The 

chromogen has an arrangement of atoms within it, called chromophore that is 

responsible for the absorption of light in the visible spectrum (Kiernan 2015).  

 

The most important technical aspect of staining apart from the stain itself are 

the solvents used in the treatment because a stained section must be 

completely dehydrated and adequately differentiated for labelling. Stains 

require the use of non-polar solvents that dissolve the coloured product (i.e. 

‘clearing agents’) and polar solvents that are miscible with alcohols (methanol, 

ethanol, isopropanol, methylated ethyl alcohol). Clearing is accomplished by 

a final change of the tissue into xylene or the excess of unbound dye is 

removed by washing the sections with water or PBS under the same 

conditions. This procedure is used in this thesis for Luxol Fast Blue (LFB) 

labelling described below  (Figure 12). 

 

Figure 12: Luxol Fast Blue and Haemotoxylin Staining Example 

 

FIG 12. The figure shows a double label of Luxol Fast Blue labelling of myelin 
(blue staining) and Haemotoxylin labelling for nuclei (red/purple staining).The 
CC region (Corpus Callosum) is blue where myelinated axons reside, and the 
Hipp region (Hippocampus), predominantly GM, has more nuclei (red/purple). 
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3.3.3 Immunohistochemistry and fluorescent labelling 

 

Immunohistochemical methods of tissue labelling are based on the affinity of 

antigens with antibodies. The affinity refers to the attractive force between 

molecules that causes them to bind together and remain bonded. This is most 

important for specificity of labelling and reducing artefacts. Immunological 

reactions are thought to be stronger and more specific than binding by dyes 

and their substrates. When a molecule of antigen collides with its antibody 

molecule, the two combine and form and antigen-antibody complex. The part 

of the antigen molecule that joins to the antibody is called an epitope or 

antigenic determinant. In immunohistochemistry, each antibody molecule 

binds only to its specific epitope. This specificity is fundamental to 

immunohistochemistry labelling because it informs how well an antibody will 

bind to the tissue and locate its specific target (for example microglia) and how 

well a fluorescent (fluorochrome) compound, will bind an antibody. The 

histological interpretation and limitations presented in this thesis for very small 

molecules such as RNA and mitochondria are based on these principals. 

 

3.3.4 Histology in this thesis 

 

LFB was used for labelling of myelin in combination with a haematoxylin stain 

used to visualise nuclei. This combination helps to counterstain tissue and 

visually decipher the structure of the section more easily. It also helps to 

indicate where nuclei are in respect to myelin to predict whether there may be 

macrophages or other immune processes occurring in specific areas. For 

fluorescent sections in this thesis, primary antibodies including anti-

VDAC1/porin for mitochondria, SMI-32 for damaged axons, anti-phospho-eIF-

2α (Ser51) for injured RNA, 8-Oxo-2'-deoxyguanosine for oxidised RNA and 

DNA, as well as anti-IBA1 for macrophages and microglia were used with 

corresponding secondary antibodies for red, green, and blue labelling. 

Vectashield solution containing DAPI for nuclei, was used as an aqueous 

solution for labelling and mounting the coverslips onto the slides. 
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Chapter 4 

INTRODUCTION 

 

4.1 Purpose and Structure 
 

The purpose of this chapter is to describe the small pilot experiments and 

feasibility tests that were performed to establish the methods for exploring 

longitudinal pathology in EAE, which is the main focus of this thesis and is 

reported in Chapter 5. Information on non-MRI tests run can be found in 

Appendix II. 

 
This chapter has two principal sections (Table 7) 

1. MR Protocol Development – General MR experiments 

2. Post-processing Optimisation 

 
The EAE and mitochondrial inhibition section is focused on animal 

experiments and tests that were used to learn EAE techniques and to explore 

the feasibility of my methods and the aim of this thesis. Each experiment 

includes a brief introduction, the pilot experiment, preliminary observations 

and results, MRI testing, and conclusions. Three techniques and models were 

tested before the optimised protocol and direction of my longitudinal EAE study 

was chosen. 

 

The MR Protocol Development and Post-Processing Optimisation sections are 

focused on the MR experiments and tests that were used to establish the MR 

protocol and on the imaging parameters necessary for the feasibility and 

validation of the longitudinal design presented in my thesis. Each section is 

structured to include:  

 

(a) Considerations and challenges, where the background information on 

methodological challenges is discussed 

(b) Optimisations, where subsequent optimisations for each are discussed 
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Table 7 shows the organisation of the protocol developments and their 

purpose in the overall feasibility and design of the longitudinal experiment  

 
Table 7: Protocol Development Experiments 

Sections Purpose Experiments MR tests 

MR Protocol 
Development 

To develop the 
parameters that 
affect the quality 
and outcome of 
MR results 
To optimise the 
quantification of 
longitudinal 
metabolic and 
microstructural 
changes 

Reducing 
physical 
motion 
artefacts 
T2-w imaging 

Region of Interest 
optimisation 

Water Suppression 

Supine vs Prone 
testing 

Feasibility tests for 
monitoring oxygen 

saturation 

 

Post-processing 
Optimisation 

To optimise the 
quantification of 
longitudinal 
metabolic and 
microstructural 
changes 

T2-w imaging 

1H-MRS 

DTI  

Histology 

*1H-MRS: Magnetic Resonance Spectroscopy, DTI: diffusion tensor imaging. 
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4.2 MR Protocol Development 
 

4.2.1 Background 

 

Preclinical MR experiments, particularly using unconventional methods like 

1H-MRS, have not been widely applied due to technical challenges. These 

challenges are posed by its small diameter, magnetic field in homogeneities 

and physiological motion, as well as the need for very high field magnets that 

are not widely available. Experimental designs have largely been limited to 

brain tissue, as there are larger cross-sectional areas enabling improved 

signal-to-noise ratio (SNR) and less magnetic field distortion than the spinal 

cord due to its small size.  Also, post-mortem designs are more frequently used 

due to the ability to control contamination from water and lipids that are present 

in surrounding tissue during in vivo experiments.  However, post-mortem in 

vitro studies in tissue is limited by fixation of the tissue and do not capture true 

in vivo metabolic changes in tissue.  

 

The current experiments were designed from conception to outcome for the 

purposes of this thesis. This section provides an overview of the MR 

challenges encountered during the front-end protocol developments and how 

these challenges have been taken into consideration to optimise results for the 

experiments presented in this thesis. Each subsection is structured as follows:  

 

(1) Considerations and challenges 

(2) Optimisations 

 

4.2.2 Animals  

 

My protocol development experiments were performed on healthy 

anaesthetized Dark Agouti rats (n=16). All the animal procedures described 

here were approved by the local ethics committee and were performed under 

a UK Home Office License in accordance with the Animal (Scientific 

Procedures) Act 1986. 
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4.2.3 Scanner 

 

My experiments were performed on a 9.4T Agilent scanner (Agilent 

Technologies, Santa Clara,CA, USA) using transmit volume coil (Rapid 

Biomedical, Ø =72 mm) and two elements receive array coil 

(RapidBiomedical). All other parameters were tested and optimised using the 

methods described in each section below. 

 

4.2.4 MR Coil and Sequences 

4.2.4.1 Considerations and Challenges 

 

In my preclinical experiments, small tissue volumes were a major factor in 

optimising sequences and coils used for MR are important for the study 

design. An ultrahigh field magnet is required for high-quality MR images with 

good resolution and strong contrast, and for MR spectra with high sensitivity 

and SNR. For example, in human studies using low magnetic field strengths, 

adjusting the linear shim coils is sufficient, however in animals it is not because 

higher magnets affect linear susceptibility. The need to scan small tissue 

volumes at high magnetic fields requires high-order shim coils that support the 

higher field strengths and improve the homogeneity.   

 

The delicate nature of small coils was also a factor. Coils and their elements 

were extensively tested with phantoms to assess their sensitivity and any 

defects in the coils.  

 

4.2.4.2 Optimisations for the Coil Selections for experiments presented in this 

thesis 

 

The aims of this test were to obtain an optimised reference in the brain using 

the volume coil and testing phantoms first, and subsequently in vivo testing, 

and to determine if the settings and optimisation parameters set with the 

phantom were correct. In particular, whether the homogeneity of the volume 

coil provides an improvement of the acquisition despite reduced sensitivity 

when compared with the surface coil or not. The results of this testing are 
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shown in Figure 13 From this experiment, the following points regarding the 

coil sensitivity were made clearer: (i) The localised voxel size needed to obtain 

enough signal and (ii) the number of averages necessary to obtain clear 

spectra.  An optimised FOV of FOV=27.7x27.7x0.5mm3 and sample-points of 

512, with 128 averages for spectroscopy to achieve a good spectrum. Further 

parameters are in the sections below. 

 

For the purpose of this thesis, a transmit volume coil in combination with a two-

element array coil was used to achieve a good signal and improve the 

sensitivity, homogeneity and SNR.   
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Figure 13: Coil Sensitivity & Phantom Testing 

 

FIG 13. This figure 
shows the differences in 
homogeneity and coil 
sensitivity for the volume 
coil (A) and surface coil 
(B).  Both tests of 
homogeneity were done 
with a phantom using a 
field of view of 35 x 35 
mm2, approximately 
what was used in the 
protocol developments 
for the brain, and in rats 
at the same position.  In 
the surface coil the most 
sensitive regions were 2 
mm to 4 mm from the 
surface coil, at the 
isocentre.  
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4.2.5 Region-of-Interest  

4.2.5.1 Considerations and Challenges 

 

I encountered several challenges to consider when deciding on the region-of-

interest and voxel placements. First, the rat brain has a very small volume 

compared to humans and the rat brain anatomy complicates areas of GM and 

WM segmentation for the location of the voxel. Also, the size of the voxel and 

a reduction of motion disturbance around the area of interest were factors that 

caused challenges during the experimental design process. The small rat brain 

volume affects the size of the voxel that can be placed within the region-of-

interest, which inherently causes a reduction in the SNR in the rat brain.  

 

The small volume causing reduced signal amplitude and motion artefacts that 

may increase noise, make it challenging to obtain good quality results. Taking 

into consideration that there is magnetic susceptibility of the tissue, ventricles, 

and bone interfaces, as well as interference from physiological cycles, such as 

respiration and cardiac motion, which can cause distortions and motion 

artefacts that affect the SNR (Baker et al 2010, Hock et al 2012, Tachrount, et 

al. 2012), a larger voxel sizes would have increased sensitivity and 

subsequently SNR. However, a larger voxel area were chosen, this would 

ultimately adversely affect what I wanted to measure because it would include 

the ventricles and more WM areas. Smaller voxels were used to incorporate 

the regions of interest and improved the SNR by working with the physicist to 

input longer acquisition times in my protocol and thereby allowing for more 

averages and the potential for higher SNR.  

 

Further to the position of the voxel within the region-of-interest, the position of 

the animal within the radiofrequency coil was important for my experiments as 

well. The position of the animal and voxel within the scanner was important 

because the region-of-interest and voxel placement should be at the isocentre 

of the magnet. The isocentre is the position in the magnet that is centred in 

the x, y, and z directions. It is the position within the magnet that the static 

magnetic field is typically the highest in uniformity, resulting in greater 

sensitivity.  
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To improve the quality of my results it was important to ensure each 

experiment used the optimal positioning of a voxel within a region-of-interest 

and placement within the scanner. For longitudinal experiments, it was 

important to standardise the optimal positioning and continue to use the same 

parameters throughout experimentation.  

 

4.2.5.2 Optimisations for the Regions of Interest presented in this thesis 

 

For preliminary 1H-MRS experiments, my volume of interest (VOI) varied from 

3 x 3 x 3 mm3 to 5 x 5 x 5 mm3 in rat brain. However, once a good spectrum 

was achieved, the voxels were subsequently optimised to reduce artefacts 

from ventricles and to ensure the regions of interest could be distinguished 

from each other. The final optimised regions studied were the thalamus (Thal), 

composed of GM, and the corpus callosum-hippocampus (CC-Hipp), including 

GM and WM. The Thal voxel measured 6.5 x 1.9 x 3.0 mm3 (37μl) and the CC-

Hipp voxel measured 6.9 x 2.0 x 3.0 mm3 (41μl). Other optimised 

specifications are discussed below.  For preliminary T2-w imaging, the field of 

view was optimised as described above in the MR Coil and Sequences section 

(Figure 14). 
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Figure 14: Regions of interest in optimised MR experiments 

 

 
 
FIG 14. The figure shows the optimised regions of interest and spectra 
obtained from each region. 

 

 

4.2.6 Water Suppression 

4.2.6.1 Considerations and Challenges 

 

Before the start of MR imaging or spectroscopy, pre-scan procedures that 

calibrate the scanner functions were used. For MR imaging, global water 

suppression is required to improve the image quality and the visibility of GM 

and WM. For 1H-MRS, where spectra consisting of individual peaks identified 

by their chemical shift rather than an image, localised voxel-based shimming 

improves the SNR to obtain spectra. Methods for shimming can be either 

iteration of trial and error, or field map-based to calculate the optimal shim 

currents. The quality of data is dependent on successful pre-scan.  
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MR spectroscopy requires extensive water suppression to remove large water 

signals and strengthen the magnetic field homogeneity so that smaller 

chemical shifts of metabolite signals can be detected. This is because the 

majority of recorded signal acquired comes from water, which overtakes the 

other signals. Pre-scan procedures that calibrate the scanner function before 

1H-MRS spectra are obtained, typically consist of adjusting the field 

homogeneity or shimming, as well as setting the scanner centre frequency on-

resonance with water, and adjusting the flip angles of water suppression 

pulses. Without these parameters, the spectra are uninterpretable. In 

particular, high-order shimming is valuable at higher magnetic field strengths 

to record quick spectrum without any water or lipid suppression (i.e. an 

unsuppressed water reference). This reference can be used to estimate field 

homogeneity from the width of the water peak and centre frequency. This 

water reference can then be used as a quantification reference for water 

suppressed spectra obtained either manually or automatically using LCModel, 

the most commonly used spectral fitting software package.  

 

Obtaining good water suppression and shimming is particularly important to 

achieve good spectra, where metabolic peaks are easily distinguished from 

noise. It should be noted that shimming is often time-consuming in animal 

models because of the size and anatomy of the brain, and factors that cause 

artefacts and challenges to the homogeneity of a sample such as the region 

of interest being close to ventricles or bone structures. It is important to take 

shimming time into account when designing animal experiments and 

longitudinal experiments, particularly when dealing with sick animals. 

 

4.2.6.2 Optimisations for water suppression for experiments presented in this 

thesis 

 

In experiments presented in this thesis, pre-scan procedures were optimised 

for each single-voxel region and set in place (e.g. receiver gain). The optimised 

acquisition for T2-w imaging was the following:  TE/TR=20/3000ms, 

FOV=27.7x27.7x0.5mm3, slices=40, scan-time=13min, in-plane spatial 

resolution=0.1mm. The optimised 1H-MRS acquisition used VAPOR (variable 
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power and optimised relaxation delays) and PRESS (Point Resolved 

Spectroscopy) sequences. Water suppression (WS) was achieved using a 

VAPOR sequence (specifically designed for spectroscopy of rats and mice at 

9.4T) for simultaneous in vivo water and lipid suppression, while PRESS is the 

standard localisation technique. The 9.4T scanner acquired two data sets: one 

without water suppression and one with local water suppression. Although the 

water suppressed data produces the most useful metabolite information, there 

were two reasons why it is useful to acquire the non-water-suppressed data 

as well.  

 

First, the two coils used in this experiment to receive signal, have different 

phase offsets when they receive signal. The water signal from the non-

suppressed acquisition gives an accurate measure of these phase offsets (i.e. 

a hardware-related measure). Taking this measured phase difference and 

applying it to the water-suppressed data, enables the data from the two coils 

to be combined. This allows complex data, like the data acquired in these 

experiments, to have the same phase to be added coherently. Matlab was 

used to combine data sets, which had been acquired with and without water 

suppression to calculate and apply a phase correction to the metabolite 

spectra. 

 

Second, the magnitude of the water signal allows for the estimation of the 

amount of water in the voxel. This signal can be used in combination with the 

metabolite signals from the water-suppressed data to calculate the metabolite 

concentrations within VOI. LCModel was used for the non-water-suppressed 

data to calculate metabolite concentrations. In the LCModel output file, the 

frequency-domain data, or spectrum, is plotted on a then curve reflecting the 

phased and referenced water FFT (Fast Fourier Transform) of the raw input 

data with no smoothing. LCModel then, fits a think red curve to this raw data 

and a thin black curve as a so-called Baseline. The full width at half-maximum 

(FWHM) reflects an estimate of the linewidth in the in vivo spectra. The SNR 

was defined in LCModel using a widely-used method quantifying the ratio of 

the maximum in the spectrum minus the Baseline over the ppm-range of the 
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plotted spectrum to twice the non-suppressed residual water. The SNR is only 

a rough estimate as it depends on the offset in the model spectra and Baseline.   

 

Impeding factors such as movement caused by respiration were controlled for 

using a gaiting system that acquired data in between respirational breaths to 

ensure high spectral quality and to increase the opportunity for higher 

sensitivity and signal. The optimised acquisition parameters were 128 

averages, TE/TR = 7.5/5000ms, sample-points = 512, BW = 361 Hz.  

 

Extensive shimming was required for each new experiment to optimise data 

on the day of the study. Timing was a factor for the experimental design and 

shimming was given a 10 to 15-minute window to manually optimise for each 

protocol. Final optimised spectra included tNAA, tCho, tCr, Glu, Gln, Ins, GSH, 

Tau, GABA and lipids (including MM09, MM14+Lip13a+Lip13b+MM12, 

MM09+Lip09, MM20+Lip20), Figure 15. 
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Figure 15: Optimisation in the rat brain using large voxel 
 

 

FIG 15. The top 
image shows the 
brain voxel in pilot 
studies and 
resulting spectra 
from a low signal. 
The bottom image 
shows an optimised 
voxel in a different 
field of view with 
shimming resulting 
in a higher signal. 
The final optimised 
spectra included 
tNAA, tCho, tCr, 
Glu, Gln, Ins, GSH, 
Tau, GABA and 
some lipids. 
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4.2.7 Animal Preparation for MR 

4.2.7.1 Considerations and Challenges 

 

Physiological measures and pre-scan preparation are essential for in vivo 

animal research. In the design of the experiments, the small diameter of rat 

brains was considered as it has a significant impact on the time it takes to 

optimise parameters and acquire good spectra whilst the animal is stable 

under anaesthesia. This meant that the amount of anaesthesia and the 

amount of saline intraperitoneally injected required to keep the animal 

hydrated for the duration of the experiment was determined by both the size 

of the animal and the time the animal would be in the scanner.  

 

In general, an optimised flow rate (approximately 250-300 mL/min for small 

rodents) and isoflurane concentrations (approximately 1.5-2 percent for small 

rodents ) is required to be within range for the species of the animal being 

examined and delivered through a nose cone (with a holder for the teeth). 

Likewise, the magnet should have a suitable system for long-term anaesthesia 

delivery, ensuring the anaesthesia device (usually magnetic) does not 

interfere with the scanner. All monitoring systems used to scan in the 

experiments were specially ordered or re-stocked after malfunction to ensure 

the safety of the animal and everyone in contact with the scanner. That is, they 

were custom made to ensure they were not magnetic, or if they were magnetic 

they were ordered to contain very long cables to that could be threaded 

through a bore hole allowing access to the animal inside the scanner whilst 

attached to the corresponding monitoring system outside of the scanner.  

 

I also needed to consider several physiological changes that needed to be 

constantly monitored. First, the temperature of the animal must be regulated. 

This can be achieved by heating the gradient cooling system within the 

scanner and monitored using a temperature probe. Monitors for respiration, 

heart rate and ideally blood oxidation levels should also be used to ensure the 

animal is stable for the duration of time it is being scanned. Each of these 

parameters improves the stabilisation of the animal and thereby affects results. 
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4.2.7.2 Optimisations - Stabilisation of the animals during the experiments  

 

For all of the MR experiments presented in this thesis, animals were 

anaesthetised with 2% isoflurane during each experiment. The anaesthesia 

lasted between one and a half hours to four hours (in rare cases) of 

experimentation. Each animal received 2 ml to 3 ml of saline, intraperitoneally 

injected for hydration for the duration of their expected scan time. During all 

MR experiments, the animals were monitored for temperature stabilisation 

using a rectal temperature probe connected to a temperature monitor and 

heater. During preparation, a heating lamp stabilised the body temperature for 

scanning. The respiration and heart rate were monitored using a pressure 

sensitive respiratory monitor placed on the abdomen of the animal. All 

magnetic equipment associated with monitors was in a protective casing, or 

outside of the scanning room where it could not interfere with the scan or affect 

data acquired from scans.  

 

4.2.8 Reducing Physical Motion Artefacts 

4.2.8.1 Considerations and challenges 

 

For the experiments in this thesis, the preparation of the animal for the scanner 

requires a minimum of 30-45 minutes. In the preliminary experiments, the 

preparation time largely depended on the number of physiological measures 

being monitored and the size of the animal. All monitoring equipment was 

comfortably secured to the animal, ensuring that the animals circulation was 

not inhibited and the cables did not interfere with the magnet. These steps 

helped to reduce vibrations caused by the scanner, largely depending on the 

sequences being run.  

 

A few designs of the nose cone mask were tested to improve stabilisation 

under anaesthesia and to reduce motion artefact derived from vibrations of the 

nose cone. All the coil cords needed to be kept secured on the bed or animal, 

or both. If they were not secured properly within the scanner, they would cause 

small vibrations that produce slight movement artefacts (Figure 16). A 

vibration produced by a nose cone would either distort the peaks visible in 
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combination with the respiratory readings, leading to an inability to determine 

whether the animal is stable or distressed in the scanner, or cause slight 

vibration distortions in the images. This disrupted the preliminary set up and 

time for experiments because respiratory artefacts made it impossible to 

separate real respiration peaks from the animal and artefact-induced 

distortions in respiration peaks. An additional risk related to the nose cone was 

that the animal may wake up during the scan if the nose cone was too loosely 

secured and also leaked the full delivery of anaesthetic. Both types of artefacts 

require the animal to be removed from the scanning room to check or adjust 

the cables or re-secure the nose cone to assure the safety of the animal during 

the experiments. For these reasons, the final cone used incorporated a tooth 

bar threaded and secured within the nose cone and interlocked with the head 

support on the bed.   

 

Figure 16 MR Motion artefacts in the rat brain 

 

FIG 16. This figure shows motion artefacts during acquisition if the rat, bed, or 
monitoring apparatus are not properly secured and stabilised, impacting the 
quality of the data acquired. 
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To reduce motion artefacts, a respiration signal taken using a pressure sensor 

within an air-filled balloon under the abdomen of the animal, and the 

acquisitions are gated to synchronise with the animals breathing motions. That 

is, optimisation of the data being acquired can be achieved by skipping the 

inhale respiration motion using respiratory gating, a setting to exclude 

respiration artefacts and acquire data between the peaks of respiration, should 

be in place before running any spectroscopy sequences. If the animal is 

secured properly and under a safe level of anaesthesia, the respiration will not 

cause the animal to move position whilst being scanned. 

 

Likewise, a nose cone supplying anaesthesia is necessary to keep the animal 

asleep and calm for experiments. The nose cone should be secured to the bed 

and the animal to using a tooth resting bar or holder. If the mask is not suitable 

(i.e. a specific mask for the corresponding species of animal), the animal is at 

risk of waking up whilst in the scanner due to an insufficient receipt of 

anaesthesia both distressing, or potentially harming the animal, and 

jeopardising any data being acquired. If the respiration shifts abruptly, a quick 

gradient echo scout (or survey) scan (approximately 10 seconds to acquire) 

can be acquired to check the positioning of the animal compared to the start 

of experiments. This scan can be utilised to assess the need to further optimise 

or re-start the experiment. Similarly, to the securing of lose cables, if the mask 

is not properly secured, it will cause motion artefacts during scans as the 

animal’s head may slightly vibrate (Figure 16). 

 

Finally, the bed can be optimised during the preparation at the experimental 

designs stage to ensure the correct positioning within the scanner. Positioning 

is made easier by marking ruler measurements on the animal bed and on the 

animal bed holder that is secured to the MRI scanner. This also improves 

consistency of animal placement, particularly for longitudinal studies. This is 

important because anatomical images are usually acquired to ensure that the 

position of the region-of-interest is at the isocenter of the RF coil for greater 

sensitivity. In the rat brain, the bregma is not as easy to see in fast T1 scan 

images used for positioning. Therefore, anatomical features, such as the 

hippocampal region of the rodent brain, are a good reference point for how to 
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position the animal in relation to the region-of-interest. At times, it is necessary 

to adjust the position of the animal so that it is within the isocenter of the coil. 

Marking the beds and bed holders with the stopping point for inserting and 

securing the bed in the scanner reduces time, inconsistencies from 

repositioning, and optimises scanning results. 

 

4.2.8.2 Optimisations for the animal bed for MR experiments 

 

In my experiments, the optimised protocol allows for improved spectra and 

imaging quality by applying adapted motion stability corrections. Each animal 

was held securely in the MR animal bed using cloth stabilisation bars on either 

side of the body and a thin cloth cover across both the body and the 

stabilisation bars. All cables from the temperature probe, respiration sensor, 

and anaesthesia were secured to both the animal and the bed using easy-

remove medical tape. Care was taken not to reduce circulation of the animal 

from stabilisation parameters. The nose cone, used for a stable flow of 

isoflurane to keep the animal anesthetised was designed in the lab to reduce 

motion artefacts and secured to the bed and the animal to using a tooth 

support bar that screwed into the bed.  

 

The mask and coil cords were kept secured on the bed or animal with easy-

remove tape. Positioning of the surface coil was optimised and made 

consistent using markers for the nose cone holder and ear bars. This 

parameter ensures the animals were in the same position on the bed 

compared to other subjects and longitudinal scans. Additionally, ruler 

markings were assigned to the animal bed to match the animal bed holder (on 

the MRI machine) to improve consistency of identical placement over time. 

This was important for the longitudinal design and also to ensure that the 

animal was within the isocentre of the magnet or very near to it, at each scan 

regardless of the date of the scan.  
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4.2.9 Scanning animals in supine vs prone and associated optimisations 

4.2.9.1 Considerations and Challenges 

 

During the preliminary experiments, there were some unexpected challenge 

regarding the animal bed design and positioning of the animal in the scanner. 

The first challenge was that the surface coil being used was designed for 

spinal cord imaging and was initially unable to fit into the MR scanning 

borehole when paired with the head frame on the animal bed. This complicated 

the possibility to use the coil for brain imaging. However, to work around this, 

the initial coil and bed design fit the coil in an inverted position for both brain 

and spinal cord imaging. This set up avoided time delays that would result 

from having two different set-ups: one set-up where the surface coil was on 

the top of the brain and a second where the surface coil was inverted to scan 

the spinal cord. The surface coil was held at the base of the animal bed and 

this meant that animals were initially placed in supine position to enable a 

consistent set up for both brain scans and feasible reposition for spinal cord 

scans, which could be optimised.   In my initial experimental design, the animal 

could have a brain scan and then be slid along the surface coil beneath it, with 

little effort and time for the next experimental set-up. However, during 

preliminary supine experiments there were a higher number of terminal-end 

experiments that appear to have been associated with the animal being in a 

supine position under anaesthesia for a long duration. It became clear that 

scanning animals in supine under anaesthesia for long durations would not be 

feasible as it sometimes resulted in a change in respiration and heart rate 

fluctuations. 

 

There is no literature on supine versus prone positioning for rats during MRI 

scans. Rather, there is some information for other animals that resemble 

similar issues to the rats. In line with human scans tongue occlusion, partial or 

full, is assumed to occur when in the animal is in supine. Due to the design of 

the tooth guard and holder setting the tongue to the side is not sufficient to 

prevent tongue occlusion and keep the airway patent for extended periods of 

time. In addition, a piglet study points to changes in the respiration of the 
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animal due to pressure on lungs perfusion and ventilation when the animal 

was in supine.  

 

4.2.9.2 Optimisation for animal positioning for main experiments 

 

Considering the aforementioned, the design of my preliminary experiments 

was changed so that all remaining animals were scanned in prone position for 

the duration of the experiments. Due to time restrictions and a change in bed 

design, attempting spinal cord and brain scanning in the same experiment was 

no feasible. All animals for the main experiments where placed in a final 

optimised prone position where they were secured properly to reduce motion 

artefacts. As a result of these preliminary tests, it is advised that MR research 

designs for animals scanned over longer durations should to be done in prone 

only.  

 

4.2.10 Monitoring of Oxygen Saturation Over-time  

4.2.10.1 Challenges and Considerations 

 

I initially wanted to monitor the oxygen saturation to assess oxygen changes 

in EAE animals longitudinally as an additional live in vivo measure. However, 

several challenges were faced regarding monitoring the oxygen saturation 

over time. First, our lab did not have an oxygen monitor for rats. Instead, a 

piglet monitor was the only monitor in the first instance available for use. 

Second, there were no connections and systems to monitor the oxygen 

delivery to the rats for these experiments initially. Third, there was not a way 

to connect the magnetic oxygen saturation monitor to the isoflurane to 

measure both oxygen saturation and delivery over time. To check whether it 

was feasible to measure the oxygen I designed a flow system using plastic 

tubing and flow-rate exchange connectors. This way the oxygen delivery and 

saturation could be monitored simultaneously over time. 
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4.2.10.2 Optimisations for oxygen saturation and inclusion challenges 

 

For my primary results of MR experiments in this thesis, an oxygen sensor 

was used. Experiments were performed on anaesthetised Dark Agouti rats, 

n=6, as part of experiments set-up (and these were not part of the main 

experiments presented in Chapter 5). Plastic tubing was cut and adapted with 

microfluidic fittings and connectors to allow the flow of anaesthetic to the 

animal from the anaesthesia chamber to an oximeter and attached monitor to 

track oxygen delivery to the animal over time. A blood oximeter was used to 

secure the hind limb of the rodent to monitor oxygen saturation in the blood 

and the heart rate of the animal. Animals were assessed every 10 minutes 

over the course of two hours to determine the mean oxygen saturation over 

the course of two hours in healthy rats. The oxygen saturation improved and 

stabilised with the temperature rise to the target 37 degrees Celsius and the 

animal remained stable over time along with their respiration, heart rate and 

body temperature (Oxygen delivery (98%  2%) and blood oxygen saturation 

over time (99.6%  7%)) Figure 17. 
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Figure 17: Percent Oxygen Delivery Over the Experimental Duration 
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FIG 17. The 
percentage of 
oxygen during 
two-hour 
experiments 
where 
temperature, 
respiration, 
and heart rate 
were 
monitored.    
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Although there were no significant changes in oxygenation over time in the 

preliminary design, oxygen monitoring was not continued for the main 

experiment. In the preliminary studies the oxygen probe available needed to 

be clamped to the hind foot of the animal and secured with medical tape. This 

added a longer duration to the preparation and overall time for the study. Also, 

after the experiments, each animal showed signs of swelling of the foot or hind 

limb where the oxygen probe device had been placed. The swelling was likely 

from the clamping mechanism of the device and from the long duration of the 

protocol. The swelling took approximately one day to fully reduce. It was clear 

that the measure was not feasible for the EAE study in which the animals 

would likely experience hind limb weakness, and where inflammation may be 

a contributing factor in the pathology. Therefore, an oxygen probe was not 

used for the longitudinal study. It is important to note that in preliminary studies 

the oxygen saturation did not show any significant changes in oxygenation 

over time.  

 

4.3 Post-processing Optimisation 
 

4.3.1 Assessing all outliers 

 

Outliers were assessed using Descriptive Outlier Detection Boxplots (SPSS), 

where the Interquartile range (IQR) rule computed from Tukey’s hinges (the 

box boundaries).   Tukey et al 1977 developed the 1.5 multiplier rule and his 

group revised the rule to a 2.2 multiplier. In 1986 after retrospective 

investigation that the 1.5 rule is only 50% accurate and half of the time it can 

identify values as outliers that are not outliers (Hoaglin et al. 1986).  SPSS 

automatically defines the outlier labelling rule using two multipliers:  Potential 

outliers are labelled as values 1.5 IQRs beyond the first (25%) and third (75%) 

quartiles of the box plot are flagged on the graphs as circles, and definite 

outliers are defined as 3 IQR’s from the end of the box plot, labelled with an 

asterisk.  Between subjects and within subject data of all data were explored 

for outliers.  Definite outliers were removed from all datasets.   
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4.3.2 T2-weighted Imaging 

4.3.2.1 Considerations and challenges 

 

During the T2-w imaging analysis, three principal challenges were 

encountered: (1) VOI calculation and replication (2) registration and (3) 

contrast. First, the VOI positions from the scanner needed to be statistically 

calculated and matched to the VOIs used in the MRI experiments. Second, the 

issue of accurately measuring the same animal across different time points 

meant that I would need to find a method to register the brain images of the 

same animal, so that they appear in the same space within the scanner. Third, 

ensuring that the contrast of the images at different time-points was 

normalised and uniform so that the hyper-intensity of lesions was comparable 

to the baseline across each time point to assess lesion development. 

 

4.4.2.2 Optimisation of T2-w post-processing 

 

To analyse the T2-w imaging, voxels were manually drawn on baseline images 

and systematically defined using MIPAV: v5.4.3 statistics generator to ensure 

the volume of interest parameters were correctly defined (i.e. volume, area, 

number of voxels, min and max intensity values, mean voxel intensity, and 

standard deviation).  The voxels were visually matched using images of the 

voxels positions from the scanner.  The VOI placement was subsequently 

masked across all longitudinal images (Figure 18).  
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Figure 18: Calculation of VOIs and segmentation 

FIG 18. The figure shows the step 
by step post-processing of manually 
calculating the VOI regions to 
match the MRI voxels.  (A) shows 
the screen captures from the MRI 
scanner on the day of scanning.  (B) 
shows the MIPAV VOI statistics 
generator and the quantification 
that it allows you to do in order to 
cross-check the voxel size and 
dimensions while you map the VOI.  
For each replicated VOI mask, the 
volume, area, perimeter, minimum 
and maximum intensity, the 
average voxel intensity and the 
standard deviation of intensity were 
calculated. (C) shows that after the 
initial voxels were drawn, they were 
replicated between animals and 
across time-points just as the MRI 
experiments.  (D) shows the final 
masks generated from the VOIs 
mapped in the previous steps that 
match the MRI VOIs.  Each brain 
seen in this figure is a different 
animal at the same brain region with 
the same calculated VOIs.
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All images were then registered to their corresponding baseline image Nifti 

Registration (NiftiReg) method to assess longitudinal lesion development 

(Ourselin et al. 2001). These registrations were cross-checked in MIPAV slice 

by slice as well as using Powell’s calling Brent’s Optimised MIPAV Registration 

algorithm (i.e. pre-symptomatic registered to baseline, acute registered to pre-

symptomatic, recovery registered to acute, relapse registered to recovery). 

Degrees of freedom: Affine – 12, Trilinear interpolation, Cost function: 

correlation ratio, rotation angle sampling range -30 to 30 degrees, coarse 

angle increment 15 degrees, fine angle increment 6 degrees (Figure 19). 
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Figure 19 B0 to T2-w image registration 

 

FIG 19.  
The figure 
shows the 
optimised 
registration of 
longitudinal 
scans acquired 
at different 
time-points, 
where each 
image is 
registered to its 
corresponding 
B0 baseline 
image.  
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T2-w image contrasts were normalised to the baseline using a LUT-histogram-

matching algorithm in MIPAVv5.4.3 ensuring the image contrasts were 

accurately compared longitudinally. A LUT Histogram was defined on the 

baseline image and normalised to all T2-w longitudinal images using a 

histogram image matching algorithm to the corresponding baseline T2-w scan.  

 

The normalised histograms for the input image p(f) and the specified image 

pd(g) are generated (Figure 20) where f and g are the pixel intensity levels 

and the normalised image is denoted as pd(g). Cumulative histograms - P(f) 

and Pd(g) are then generated using the following transformation equations:  

 

   

 

 
 

Equation 2: LUT Histogram Normalisation 
 

The normalised output image is such that the sum of absolute errors between 

the intensity level histogram of the transformed output image and that of a 

reference baseline image is minimised. 
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Figure 20: Normalising the LUT Histograms for Longitudinal T2-w Images 

 

FIG 20.  
The figure shows 
the outcome of 
histogram 
normalisation 
across all five 
time-points, 
where the first 
row shows the 
final image after 
normalisation to 
the baseline. The 
second row 
shows the LUT 
Histogram 
normalisation of 
each image to 
the baseline. The 
last row shows 
the normalised 
intensity graphs 
for each 
corresponding 
image. 
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4.3.3 1H-MRS 

4.3.3.1 Considerations and challenges 

 

As previously mentioned, respiration and small body movements can cause 

frequency and phase fluctuations in the acquired data. Therefore, a single-

scan averaging approach is recommended. The main challenge in the post-

processing of MRS is the metabolite quantification. Despite increased 

chemical shift dispersion at ultrahigh magnetic fields and optimal B0 shimming, 

spectra of individual metabolites are highly overlapped. 

 

4.3.3.2 Optimisation of 1H-MRS post-processing 

 

The most commonly used spectral fitting software package is LCModel, which 

has been mentioned above.  LCModel also provides the metabolite signal 

normalisation, phasing, line broadening, and residual water suppression. The 

basic principle of LCModel analysis is that the in vivo spectrum is decomposed 

into a linear combination of metabolite spectra from the prior knowledge 

database (basis set). The fitting routine is scaled in such a way that the 

coefficients of this linear combination are the estimated metabolite 

concentrations. 

 

Spectra were phase-corrected and normalised with a non-water-suppressed 

reference, then quantified using Matlab (The MathworksInc, USA) and 

LCModel. Quantified metabolites included the aforementioned tNAA, tCho, 

tCr, Glu, Gln, Ins, GSH, Tau, GABA, and lipids. The 1H-MRS data was 

analysed in two different ways to determine the optimal outcomes: FastMap-

method and the Array-method (both named after the sequence used). 

 

FastMap-Method 

 

During preliminary studies, the analysis of spectra included only a short scan 

that was a combined average of 16 spectra. To quantify the spectra, the water 

suppressed data is read and processed using LCModel, which takes into 
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account a water suppressed signal correction that averages 16 individual 

spectra acquired during one scan, and phase-corrects and normalises this 

spectra with a non-suppressed water reference, creating a water 

suppressed signal corrected output with quantified spectra. 

 

Array Method 

 

The fast method was optimised using a second scan acquired using 128 

individual spectra (Figure 21). Spectra were phase-corrected and normalised 

with a non-water-suppressed reference, then quantified using Matlab. Using 

the Matlab script the water suppressed data is read and processed using 

a water suppressed signal correction that averages 8 sets of 16 individual 

spectra acquired during one scan, creating a water suppressed signal 

correction comprised of 128 averages. The corrected spectra and the non-

suppressed water reference from each scan were uploaded and quantified 

using LCModel.  The 128-averaged data was statistically similar to the 16 

average data, however by optimising it with a greater number of averaged 

spectra increased the SNR was increased. 
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FIG 21. This figure shows (A) the LCModel output quantification for 16 
individual spectra that have been averaged. (B) the LCModel output 
quantification of 128 individual spectra that have been averaged, where the 
SNR has tripled. 

 

 
Figure 21: Fastmap and Array Outputs and SNR 
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Scan-rescans 

 

Scan-rescans were used to test voxel reproducibility for each metabolite. 

There were no significant differences between metabolites for the scan-

rescans and only minor differences if the voxel was shifted by 2mm, which did 

not occur in any of the experiments.  

 

In the optimised experiment, ANOVAs were used to investigate differences in 

metabolite concentrations between groups and linear regressions for 

associations between metabolite concentration and neurological deficit-score. 

Results with p-values <0.05 are reported (Figure 22).  
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Figure 22 Scan-rescan Voxel Reproducibility 
 

FIG 22. The figure shows the 
results of the scan re-scan 
method in which there were no 
statistical differences between 
the initial scans and re-scans.   
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4.3.4 Diffusion Weighted Imaging 

4.3.4.1 Considerations and Challenges 

 

Diffusion weighted imaging is a valuable tool to study neurological illnesses, 

however, there are several technical limitations.  First, the brain regions where 

fibres are crossing within a voxel may not be orientated in the same direction, 

affecting the results of the tract-specific data in particular.  Second, DTI 

assumes a Gaussian distribution where the displacement of water may not 

reflect true diffusion characteristics and the structural complexity of neuronal 

tissue. 

 

In addition, when quantifying diffusion over time, the time-points need to be 

registered to the baseline and ideally to other structural imaging measures, 

such as T2-w imaging where the acquisition parameters are different.  For 

example, diffusivity in WM tissue is slower when it is measured perpendicular 

to the neuronal fiber orientation than in parallel with it.  The field of view can 

be inverted to reflect the packing of neuronal fibers and myelin membranes 

that restrict diffusion perpendicular to the fibers for example, the corpus 

callosum.  During post-processing, these images must be manually rotated 

before applying the fitting the diffusion tensor to the T2-w orientation, Figure 

23.     
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Figure 23 DTI registration to T2 considerations 
 

 

 
FIG 23. This figure shows some trouble-shooting during the development of 
the DTI pipeline, in particular with the rotation of images and transformation 
matrices for the registration of the acquired DTI with the T2-w B0 images.  
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4.3.4.2 Optimised protocol 

 

Diffusion Tensor Imaging scans were acquired in 11 animals. Diffusion 

sensitising gradients were applied along six directions: [Gx, Gy, Gz] = [0.7, 

0.7, 0], [0.7, 0, 0.7], [0, 0.7, 0.7], [-0.7, 0.7, 0], [-0.7, 0, 0.7], and [0, -0.7, 0.7]. 

Two diffusion sensitising factors or b values = 0 and 0.954 ms/µm2 (diffusion 

gradient = 0 and 20 G/cm) were used for the acquisition of the diffusion 

weighted imaging series.  

 

To fit the tensor to the diffusion data the Camino toolkit was used (Cook et al. 

2006). Fractional anisotropy (FA) were calculated. The B0 was separated from 

the rest of the raw data and rotated to match the T2 orientation. The diffusion 

tensor baseline B0 was registered to the previous baseline B0 in T2 space to 

apply the combined transformation to the FA from each animal at each time-

point Figure24Ai and T2-w masks were applied for visualisation in T2 space, 

Figure 24Aii. Following the registration, colour maps were applied to visualise 

the FA and the signal intensities were normalised to the baseline B0 using 

MIPAV histogram matching methods described above in Figure 20 and below 

in Figure 24B, to enable the comparisons of the FA at the final time-point. 

Following this, the histology was registered using the methods outlined in 

Figure 25. 

 

4.3.5 Histology 

4.3.5.1 Considerations and Challenges 

 

There are several considerations and challenges regarding histology 

processing. The majority has been discussed in Chapter 3, Section 3.3. Here 

I will focus on the quantification elements of processing histology samples.  

 

One of the principal considerations is processing the samples in the same way, 

from fixation, embedding, cutting, staining, microscopy, and quantification.  

For quantification, ensuring that all microscopy settings and magnification are 

the same, ensures that the data can be manually and automatically quantified. 

However, in order to quantify a digital image using a script, the images must 
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be further normalised by threshold to reduce bias.   This can be achieved with 

Matlab.  

 

In order for histology to be comparable to MRI images, where the resolution, 

(thickness and contrast) vary significantly, each representative histology 

image must be placed into the same space as the acquired MRI image. This 

is particularly challenging for varying time-points of longitudinal studies; 

however, it can be achieved once the acquired MRI time-points are registered 

to the baseline B0 image (in particular, the final time-point where the post-

mortem tissue was extracted) and their contrast normalised across time-

points. The histology section can then be registered to the T2-w image or DTI 

image. This can be achieved in Matlab. This thesis uses the Structure Tensor 

Toolbox (Grusso et al., 2016). Although this is a good solution, some resolution 

will be lost during the registration. In order to preserve the histology resolution, 

the tissue section must be registered to the MRI slice and not the opposite way 

around. In order to do this successfully, the anatomic regions of the tissue and 

the MRI image should be the same. 

 

4.3.5.2 Optimised protocol 

 

In this thesis, the quantification of immunohistochemistry took into account 

mitochondria, axons, microglia and oxidative stress markers. The 

densitometry of sections was performed using a Matlab script. The location of 

each region was chosen based on the MRI voxels of interest. Each fluorescent 

channel from individual images was separated and independently normalised 

using a nonparametric optimal threshold by the discriminant criteria (zeroth- 

and the first-order cumulative moments) of each individual grey-level 

histogram method described by (Otsu 1979). X40 images correspond to a 

1024 x 1024 resolution (pixel size 0.08µm for images at X40 Objective: 341.4 

x 341.4 µm2 image size and X60 Objective: 216.6 x 216.6 µm2 image size). 

Histology of 3 to 12 serial 20µm slices were analysed from each animal, which 

accounts for a 0.02mm section of one 0.5mm MR slice. This is described in 

detail in the methods of Chapter 5, Figure 27.  
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The sum, mean intensity, and density in percent were calculated by Matlab 

and SPSS for each image. Statistical analysis was performed with non-

parametric tests using Kruskal-Wallis tests and Wilcoxon-Mann-Whitney U-

tests. Multiple testing comparing more than two groups were corrected with 

Bonferroni post-hoc analysis. Descriptive analysis includes mean rank and 

range, of the sum, mean density and percent density. The density is expressed 

as the sum/100 in graphs. Luxol Fast Blue was qualitatively analysed using 

T2-w registration comparing lesion development in MR to histology. 

 

When registering the T2-w images to the DTI (FA) images to histology, 

Structure Tensor Toolbox (Matlab) was used. The Thal registration of the T2 

image or FA with the histology section of the corresponding image (Figure 

25A). Each MRI image (T2-w or FA) and the histology section were uploaded 

into the software as grayscale images. Then, the MR image was manually 

registered with the histology section using distinct anatomical structures within 

each section that correspond to the MRI slice. The area of the MRI slice that 

corresponds with the histology section should first be selected as a voxel. 

Then, the Structure Tensor Toolbox (Grusso et al., 2016), identifies specific 

registration points using a colour code matching system shown in Figure 25A. 

The T2-w image example shows where the colour markers correspond 

between the image of the histology section and the MR image. The red cross-

marker on the histology corresponds with the red mark on the T2-w image 

(manually selected), the green cross-marker corresponds with the green mark 

on the T2-w image, the blue cross-marker was matched to the blue mark on 

the T2-w image, and yellow matched to the yellow mark on the T2-w image. 

The T2-w or FA image is then moved into the same space of the histology 

section creating an overlay without sacrificing the resolution of the histological 

sample. The toolbox allows as many marking points as needed, however they 

must be placed in a clock-wise manner, otherwise the image will be rotated in 

the directions the points are matched. Figure 25B shows the same section 

with the CC-Hipp region registered.
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Figure 24: Optimised FA registration to T2 and signal normalisation 

FIG 24. This figure shows (Ai) 
the FA registration of four 
different time points to the 
baseline and T2 masks were 
applied (Aii) (B) colour maps 
were added to all timepoints and 
the baseline B0 (Bii) was used as 
the reference for normalising the 
signal intensity at each time-
point (Bii), to match the baseline 
B0 time-point (Biii). 
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Figure 25 Histology registration to T2 and FA maps 
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FIG 25. The figure shows the methods for registering the T2 images to the DTI 

FA images, or to histology, or the FA to histology. The software used was 

Structure Tensor Toolbox. (A) The Thal registration of the T2 image or FA with 

the histology section of the corresponding image. Each image T2 or FA and 

the histology section are uploaded as grayscale images, followed by manual 

registration from the T2 or FA with the histology section.  This is shown by 

colour code where I’ve used the anatomical structure of the rat brain and 

matched it to its corresponding region on the T2 or FA maps. Example 1 (red) 

on the histology corresponds with the red mark on the T2 image (manually 

selected), 2 (green) corresponds with the green mark on the T2 image, 3 (blue) 

to the blue mark on the T2 image, and 4 (yellow) to the yellow mark on the T2 

image. The T2 or FA image is then moved into the same space of the histology 

section creating an overlay without sacrificing the resolution of the histological 

sample. (B) shows the same section but with the CC-Hipp region registered  
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4.4 Conclusions 
 

Combined laboratory techniques and MRI provides complementary 

quantitative information regarding the pathogenesis of MS that cannot be 

otherwise obtained in human studies. It also enables an opportunity to 

evaluate EAE beyond histology using antibodies that may fully represent the 

biological component being explored. 

 

In rodents, it is more challenging to obtain good spectra consistently due to 

the small area of the cord and small voxel size available. Whilst this project 

has developed an optimised protocol for the brain, obtaining spectra takes a 

long time, which has impacted the feasibility of some methods and techniques.  

Rat brain offers a larger cross-sectional area and voxel, where water can be 

suppressed more easily to improve the SNR in T2-w images and in 1H-MRS.   

 

There are advantages and drawbacks to each element of the longitudinal MR 

design. Scanning in two regions of the brain and reduces the number of 

complementary MR techniques that could be done in the same session as well 

as technical challenges of this MRI protocol.  Also, due to the number of 

animals that are feasible to scan in one session (i.e. one day at a time), and 

the time that animals can reasonably be under anaesthesia, experiment times 

was also a factor.  Moreover, EAE is a time-sensitive progressive illness where 

neurological deficits vary for each animal and the windows in which severity 

increases or improve may vary.  However, the scanning times were set and 

could not be moved due to high use of the scanner for other experiments.  All 

of these items were carefully considered in the final design of the experiments 

presented in Chapter 5.   
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Chapter 5 

LONGITUDINAL INVESTIGATION OF METABOLITE 

AND LESION DEVELOPMENT IN EAE USING CLINICAL 

AND LABORATORY METHODS 

 

5.1 Introduction 
 

Understanding what causes some MS patients to have progressive disability 

and the knowledge of how to interpret the NAA signal remains incomplete. 

EAE can be investigated with MR to better understand the mechanisms of the 

MS disease course. Longitudinal MR studies with EAE are currently under-

explored due to technical challenges.  

 

NAA is the second most abundant molecule in the brain. NAA is predominantly 

associated with neuronal mitochondria, where it is synthesised. It is regarded 

as a marker of axonal integrity due to its sole presence in neurons, 

oligodendrocytes and myelin (Moffett et al. 2007; Ciccarelli et al. 2010).  

 

This study investigated longitudinal changes in metabolite concentrations and 

lesion development, in relation to neurological deficits in EAE, using a 

multimodal approach of 9.4T MRI, 1H-MRS, DTI, neurological deficit scoring 

and histological examination.  Five time-points of the EAE disease progression 

were assessed.  

 

 

5.2 Materials and Methods    
 

5.2.1 Study Design  

 

A mixed repeated measures design on 20 Dark Agouti (DA) adult rats. EAE 

was induced in 14 animals and compared with 7 controls. EAE disease 

progression was assessed longitudinally over 5 time-points, where animals 
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were scored for neurological deficits and received an MR scan. Time-points 

included were:  

 

(1) Baseline: 0 days (no immunisation, no deficits),  

(2) Pre-symptomatic: 2-4 days post-immunisation (PI) (no deficits),  

(3) Onset: 9-11 days PI (visible deficits),  

(4) Recovery: 16-18 days PI (deficits may improve), and 

(5) Relapse: 20-25 days PI (highest deficits).  

 

The data is analysed in two ways for changes between and within groups. 

First, comparing changes between EAE (n=12) and Control (n=5) groups. 

Second comparing changes between Subgroups of EAE: Mild-EAE (n=6) and 

Severe-EAE (n=6) to Control (n=5) groups. 2 animals (one EAE and one 

Control) which only had baseline scans, were removed from the longitudinal 

analysis (Figure 26).  
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Figure 26: Longitudinal EAE Study Design 

 

FIG 26. The figure shows the experimental procedures over the course of the disease progression.  Animals were training and 
monitored for neurological deficits daily (before and after immunisation), and scanned once a week for microstructural and metabolic 
changes.
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5.2.2 EAE Induction 

 

Animals were anesthetised with 2% isoflurane.  The base of their tale was 

shaved and iodine solution was used to sterilise the skin at the tale base. EAE 

animals were immunised with a subcutaneous injection (0.75mg) of 

recombinant myelin oligodendrocyte glycoprotein (rMOG1-125) (Cambridge, 

Biosciences) in incomplete Freund’s adjuvant (IFA) (Sigma-Aldrich), at the tail 

base using a 250µL glass syringe (Hamilton Company, Bonaduz AG). Controls 

were immunised with IFA only.  

 
5.2.3 Neurological Deficit Scoring (deficit-score) 

 

Animals were scored daily using the following 10-point system to assess the 

magnitude of neurological deficits: (1) tip weakness, (2) whole-tail paralysis, 

(3) toe spread reflex, (4) unsteady gait, (5) hind-limb weakness, (6) hind-limb 

paralysis, (7) righting reflex, (8) fore-limb weakness, (9) fore-limb paralysis, 

and (10) moribund (Appendix I). Animals were trained daily on all tasks two 

to three days before baseline scoring on tasks. The animals’ light and dark 

cycle, food and water intake were monitored daily. EAE animals that 

developed hind limb weakness were given wet diet to supplement their nutrient 

intake. 
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5.2.4 MR Protocol 

 

A 9.4 T Agilent scanner (Agilent Technologies, Santa Clara, CA, USA) with a 

transmit volume coil (Rapid Biomedical, Ø =72 mm) and two-element array 

coils (Rapid Biomedical) were used to obtain 1H-MRS and T2-w images. The 

heart-rate, respiration, and body temperature of animals was monitored 

throughout all experiments.  

 

5.2.5 Single-voxel 1H-MRS  

 

Two volumes of interest (VOIs) were studied: the thalamus (Thal), composed 

of GM, and the corpus callosum-hippocampus (CC-Hipp), including GM and 

WM. We used sequence combining VAPOR (Starcuk & Starcukova 2011) and 

PRESS (Tachrount et al. 2011) with the following acquisition parameters: 

averages=128, TE/TR=7.5/5000ms, sample-points=512, BW=3613Hz, CC-

Hipp voxel=6.9x2.0x3.0mm3(41μl), Thal voxel=6.5x1.9x3.0mm3(37μl). 

Respiration gaiting was used to limit movement artefacts to spectra. Spectra 

were phase-corrected and normalised with a non-water-suppressed reference, 

then quantified using Matlab (The MathworksInc, USA) and LCModel. 

Quantified metabolites included: total N-acetyl aspartate (NAA+NAAG) 

([NAA]), total choline (Cho+PCho+CPC), total creatine (Cr+PCr), glutamate, 

glutamine, myoinositol, GSH, tau, gamma-aminobutyric acid (GABA) and 

lipids (including MM09, MM14+Lip13a+Lip13b+MM12, MM09+Lip09). 

 

5.2.6 T2-w imaging  

 

TE/TR=20/3000ms, FOV=27.7x27.7x0.5mm3, slices=40, scan-time=13min, 

in-plane spatial resolution=0.1mm. T2-wimages were registered to their 

corresponding baseline using NiftyReg to assess longitudinal lesion 

development. T2-wimage contrasts were normalised to the baseline using an 

LUT-histogram-matching algorithm in MIPAVv5.4.3 ensuring the image 

contrasts were accurately compared longitudinally. VOIs which corresponded 

to the spectroscopic voxels were manually defined on the T2-wimages using 

MIPAVv5.4.3. 
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5.2.7 Diffusion Tensor Imaging 

 
Diffusion Tensor Imaging scans were acquired in 9 animals (3 controls and 6 

EAE animals, each culled at Recovery or Relapse time-points). Diffusion 

sensitising gradients were applied along six directions: [Gx, Gy, Gz] = [0.7, 

0.7, 0], [0.7, 0, 0.7], [0, 0.7, 0.7], [-0.7, 0.7, 0], [-0.7, 0, 0.7], and [0, -0.7, 0.7]. 

Two diffusion sensitising factors or b values = 0 and 0.954 ms/µm2 (diffusion 

gradient = 0 and 20 G/cm) were used for the acquisition of the diffusion 

weighted imaging series.  

 
T2-w images were registered using NiftyReg and VOIs which corresponded to 

the spectroscopic voxels were manually drawn on and cross-checked using 

MIPAVv5.4.3 VOI stats. Diffusion tensor was fit to the MRI diffusion data using 

Camino. All DTI and b0 images were manually flipped using FSL and MIPAV. 

Baseline b0 was registered to T2 baselines. The B0 time points were registered 

using the B0 to T2 reference to assess the images longitudinally. The FA 

images were registered by applying the transformation matrix of the b0 

registered to T2. DTI images were segmented using T2 masks. Colour maps 

were applied to the images for their corresponding FA diffusion values using 

MIPAVv5.4.3. 

 
5.2.8 Histology 

 

Tissues were fixed for histological examination by perfusion through cardiac 

puncture with a saline rinse, followed by 4% paraformaldehyde solution. Brain 

samples were then transferred into 30% sucrose with 1% sodium azide for 

cryoprotection and stored at 4°C. Brain tissues were measured to define tissue 

volume changes due to sucrose storage, and sections corresponding to the 

MR VOI were cut using a stainless 1mm matrices for region precision and 

accuracy. Tissue was immersed in OCT solution and linearly embedded in a 

mounting block. The tissue blocks were frozen using a liquid nitrogen freezing 

bath and a dish of frozen Isopentane suspended over the bath to help the 

block freeze rapidly. Frozen sections were cut at 20 microns at -20°C using a 

cryostat freezing cabinet. Sections were mounted on to 26 x 76 x 1 mm3 
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Surgiopath X-tra Adhesive Pre-cleaned Micro Slides (Leica Biosystems) using 

saline solution.  

 

LFB and haematoxylin were used to double stained for myelin and 

counterstaining. Tissue sections were dehydrated in a graded alcohol dilution 

of 70% 90% and 100% ethanol for 5 minutes each and stained overnight with 

0.1% LFB solution was in ethanol at 55˚C. The following day the sections were 

cleared in running water and differentiated with lithium carbonate. The 

sections were cleared again in water and differentiated in 70% alcohol (for 5 

minutes) until only myelin staining was left. The samples were washed in 

running water again (for 10 minutes) and counterstained with Harris’ 

haematoxylin for 10 minutes then washed in running water. Haematoxylin was 

differentiated in 1% acid alcohol and cleared with water before dehydrating 

through graded alcohols, cleared and mounted in DPX.     

 

5.2.8.1 Immunohistochemistry 

 

Sectioned tissue was labelled and an outline around the sections was made 

with a wax PAP pen (Abcam) to contain solutions to sections. 1M phosphate 

buffered saline with Triton-X (PBST) in distilled water was used to rehydrate 

slides for 5 minutes and to enhance penetration of the antibody. 1M PBS was 

used for antibodies that bind to membranes. Slides containing sections were 

placed in a slide holder and washed in 90% Methanol for 30 minutes. Slides 

were washed with PBST for 15 minutes (3 washes for 5 minutes each) and 

then incubated in 1% Sodium Borohydrate dilution (NaBH4), 1mg/1ml for 15 

minutes to reduce auto-fluorescence by breaking aldehyde links. Slides were 

washed again with PBST for 15-minutes total (3 washes for 5 minutes each). 

Target Retrieval Solution (citric acid solution pH6 (30ml in 300ml) at 40˚C for 

45 minutes was used for antigen retrieval by breaking chemical bonds formed 

during fixation. Slides were washed again in PBST for 15 minutes (3 washes 

for 3 minutes each). A 10% goat blocker in PBST was added to sections 

containing serum of the species the primary antibodies were produced for 20 

minutes at room temperature. Primary antibodies were added to sections 

(200ul/slide) in the following dilutions: anti-VDAC1/porin (1:200) for 
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mitochondria, SMI-32 (1:400) for damaged axons, anti-phospho-eIF-2α 

(Ser51) (1:200) and 8-Oxo-2'-deoxyguanosine (1:400) and anti-IBA1 for 

macrophages and microglia (1:200), left overnight at 4C. The following day 

slides were washed in PBS for 20 minutes at room temperature. The 

secondary antibodies, goat anti-rabbit Alexa Fluor 488, goat anti-mouse Alexa 

Fluor 568 (Invitrogen), or BA2001 followed by Streptavidin 488 and Cyanine 3 

were added and left for 1 hour at room temperature. All secondary antibodies 

were used at 1:1000 in 10% blocker. Sections were then washed a final time 

in PBS and coverslips were mounted with Vectashield solution containing 

DAPI for nuclei.   

 

5.2.8.2 Light Microscopy 

 

Stained tissue or those labelled using the peroxidase detection were viewed 

and photographed using an Axiophot light microscope (Carl Zeiss, 

Oberkochen, Germany) with an attached Nikon D300 camera (Nikon 

Instruments, Melville, NY) with X5, X10, and X100 objectives. 

 

5.2.8.3 Confocal Microscopy 

 

Fluorescent labelling was visualised using Confocal Laser Microscopy using a 

Zeiss LSM5 Pascal confocal microscope, with X 40 and X 60 objectives.  

Spectral imaging was obtained using linear unmixing and emission 

fingerprinting where three individual tracks for lasers were manually set at 

exact emission and excitation of each fluorophore used with no residual 

overlap and each track was scanned individually to create a final image to 

avoid cross-over. The control was imaged first and subsequent images were 

taken at matching settings. Each image was acquired with 16 averages. 
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5.2.9 Statistics 

5.2.9.1 Power Calculation 

    

Power calculation for this experiment was performed before and after the pilot 

experiments (comparing 2 groups and 3 groups respectively) using online 

software (http://www.math.yorku.ca/SCS/Online/power/), (Charan & Kantharia 

2013).  For the between-subject effects, the power analysis was calculated at 

a minimum of 4 to 8 animals per group to achieve a power of 0.81 to 0.99 

based on the following parameters: a (levels of factor for power) = 3 groups 

(i.e. Control, Mild-EAE, and Severe-EAE), b (levels of factor(s) crossed with a) 

= 10 factors (i.e. metabolites, structural MRI, and deficit-score at each time 

point), delta (effect size) = 0.80, alpha Type I error (significance level) = 0.05.  

 

5.2.9.2 MR Analysis 

 

EAE animals were divided into two subgroups: ‘Mild-EAE’ if their deficit-scores 

never exceeded 6 and ‘Severe-EAE’ if their deficit-scores were greater than 6 

after Onset. Multivariate ANOVAs were used to investigate differences in 

metabolite concentrations between groups. Linear regressions were used for 

associations between metabolite concentrations and neurological deficit-score 

using SPSS. All metabolites with a Cramer-Rao lower bound (CRLB) 

exceeding 20% or spectra with SNR below 6 as reported by LCModel were 

considered poor quality and were excluded from further analyses. 2,688 

individual 1H-MRS scans in each region were collectively analysed (CC-Hipp 

= 2,688 scans, Thal = 2,688) analysed. Results with p-values <0.05 were 

reported. T2-w lesions in VOIs were visually detected and only hyper-intense 

lesions appearing after Baseline, and in the VOI (fully or partially) were 

manually counted. 

 

Longitudinal DTI was registered to baseline B0 and then registered to the T2-w 

images using the B0.  The diffusion tensor was reconstructed using Camino 

toolkit (Cook et al. 2006). Maps of the fractional anisotropy of EAE animals at 

the last time-point are compared to the Baseline and Control maps by 

http://www.math.yorku.ca/SCS/Online/power/
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calculating the mean value in the voxel of interest. The FA signal intensity was 

normalised to each animal’s baseline B0 using MiPAV histogram image 

matching normalisation (described in Chapter 4).  Histology taken at X5 and 

X10 magnification were registered to the T2-w image and FA maps, separately 

at the final time-point using the Structure Tensor Toolbox (Grussu et al. 2016), 

as described in Chapter 4. 

 

5.2.9.3 Quantitative and Qualitative Analysis of Histology 

 

For the quantification of immunohistochemistry of mitochondria, glia and 

oxidative stress markers densitometry of sections was performed using an in-

house Matlab script. The location of each region was chosen based on the 

MRI voxels of interest. Each fluorescent channel from individual images was 

separated and independently normalised using a nonparametric optimal 

threshold by the discriminant criteria (zeroth- and the first-order cumulative 

moments) of each individual grey-level histogram method described by (Otsu 

1979). X40 images correspond to a 1024 x 1024 resolution (pixel size 0.08µm 

for images at X40 Objective: 341.4 x 341.4 µm2 image size and X60 Objective: 

216.6 x 216.6 µm2 image size). Histology of 3 to 12 serial 20µm slices were 

analysed from each animal, which accounts for a 0.02mm section of one 

0.5mm MR slice (Figure 27).  

 

For each image, the corresponding sum, mean intensity, and density in 

percent were calculated by Matlab and SPSS was used to calculate the 

differences between time-points and groups. Statistical analysis was 

performed with non-parametric tests using Kruskal-Wallis tests and Wilcoxon-

Mann-Whitney U-tests. Multiple testing comparing more than two groups were 

corrected with Bonferroni post-hoc analysis. Descriptive analysis includes 

mean rank and range, of the sum, mean density and percent density. The 

density is expressed as the sum/100 in graphs. Luxol Fast Blue was 

qualitatively analysed using T2-w registration comparing lesion development 

in MR to histology. 
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Figure 27: Understanding the Histology Registration and Contribution 

 
FIG 27. The figure shows the size and pixels of the histological slice that fit within each voxel of interest.
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5.2.9.4 Sample Characteristics 

 
A Shapiro-Wilk’s test (p>0.05) or Kolmogorov-Smirnov test (p>0.05) were used 

to assess normally for all data within and between groups, for each statistical 

analysis used. A Levene test was used for homogeneity of variance.  SPSS 

Outlier Detection Labelling using IQR rules computed from Tukey’s hinges on 

box plots was used to inspect outliers. All definite outliers were removed from 

the dataset using and the 1.5 to 3 IQR detection method (Hoaglin et al. 1986).   

 
 

5.3 Results 
 

5.3.1 Neurological deficits in EAE 

 

Six EAE animals developed a mild disease course (mean peak deficit-

score=3), six developed a severe disease course (mean peak deficit-score=8), 

and six were control animals (mean deficit-score=0), (Figure 28).  

 

Figure 28: Neurological deficits during EAE disease progression 

 

 
FIG 28. The chart shows the mean neurological deficit scores during the 
course of EAE for each group. 
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Figure 29: Thalamic and CC-Hipp [NAA] at each time point 
 

 

 
FIG 29. The figure shows the longitudinal changes in [NAA] over time where 
the [NAA] is significant at the Pre-symptomatic time-point in each voxel.  
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5.3.2 Longitudinal metabolite changes 

 

When investigating longitudinal metabolite changes, Severe-EAE animals had 

higher [NAA] in the Thal and CC-Hipp, than both Mild-EAE and Controls at the 

Pre-symptomatic time-point (Thal: p<0.015, p<0.003 respectively; CC-Hipp: 

p<0.037, p<0.047 respectively), Figure 29.  

 

5.3.3 Association between [NAA] and deficits 

 

When investigating the association between metabolites and deficit-scores, 

higher [NAA] in both the Thal and CC-Hipp were associated with greater EAE 

disability. More specifically, higher [NAA] at the Pre-symptomatic time-point 

correlated with higher deficit-score at Onset (regression coefficient 2.19 [[95% 

confidence interval]: 1.08; 3.30], p<0.003), Recovery (2.81 [0.82; 4.81], 

p<0.019), and Relapse (4.08 [2.73; 5.43], p<0.001), after adjusting for Thal 

[NAA] at Baseline (Figure 30). Similarly, there was an association between 

higher [NAA] in the CC-Hipp at the Pre-symptomatic time-point, and higher 

deficit-score at Recovery (1.23 [0.16; 2.39], p<0.041) and Relapse (2.65 [0.98; 

4.32], p<0.018), after adjusting for CC-Hipp [NAA] at Baseline.  

 

5.3.4 Association between [NAA] and deficits in relation to brain region  

 

The relationship between higher [NAA] at the Pre-symptomatic time-point and 

higher deficit-score at Onset, Recovery and Relapse is the strongest in the 

Thal. In particular, Pre-symptomatic [NAA] in the Thal is the only predictor of 

EAE disease severity at onset, (R2=0.573, SE=1.78, p<0.003), Figure 30Ai. 

The Thalamic Pre-symptomatic [NAA] is also the strongest predictor of deficit-

scores at Recovery (Thal: R2= 0.457, SE=2.75, p<0.019; CC-Hipp: R2=0.389, 

SE=2.917, p<0.041), Figure 30Aii. Likewise, Thalamic Pre-symptomatic [NAA] 

is also the strongest predictor of deficit-scores at Relapse, accounting for 90% 

of the variability (R2=0.90, SE=1.48, p<0.001) Figure 30Aiii compared to CC-

Hipp only accounting for 74% of variability (R2=0.736, SE=2.43, p<0.018), 

Figure 30Biii.  
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Figure 30: Pre-symptomatic [NAA] predicts disease severity 

 

FIG 30. The figures show 
the association between 
Pre-symptomatic [NAA] 
and disability at onset (Ai, 
Bi), recovery (Aii, Bii), and 
relapse (Aiii, Biii) time-
points in the Thalamus 
and Corpus Callosum-
Hippocampus regions of 
interest, respectively.  
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5.3.5 Other metabolites 

 

There were no significant changes in the other metabolites between groups at 

any time point. 

 

5.3.6 T2-w lesion development 

 

When investigating T2-w lesions, hyper-intense ventricle swelling and 

periventricular lesions were only visible in the CC-Hipp VOI. Severe-EAE 

animals had more ventricle swelling and periventricular lesions compared to 

Mild-EAE and Controls (Severe-EAE: mean 3[range 1-4], Mild-EAE: 1[0-2], 

Control: 0[0]) (Figure 31). Non-periventricular lesions were detected outside 

of the VOI, confirmed post-mortem with Luxol Fast Blue stain for myelin. 

 

Figure 31 T2-w hyperintensity between groups  

 
 
FIG 31. The figure shows areas of T2-w hyper-intensity within the CC-Hipp 
voxel (orange box) in Severe-EAE compared to Mild-EAE and Controls. The 
yellow box indicates the Thalamus voxel and the outlined orange is the border 
of the whole brain.  

 

 

5.3.7 Diffusion Weighted Imaging and microstructural changes 

 

When exploring voxel-based analysis of the diffusion MRI in the CC-Hipp 

region, the EAE animals had increased FA at Recovery when compared to IFA 

controls (Mean FA = 0.48, FA changes = 11.6%) and to naïve baseline scans 

(Mean FA = 0.48, FA changes = 11.6%). At the Relapse time-point, EAE 

animals had decreased FA compared to controls (Mean FA = 0.37, FA 
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changes = -11.9%), and to naïve baseline scans (Mean FA = 0.37, FA changes 

= -2.7%), which is driven by the Severe-EAE group (Table 8).   

 

Similarly, in the Thalamus, EAE groups showed increases in FA at Recovery 

compared to controls (Mean FA = 0.42, FA changes = 20%) and naïve 

baselines (Mean FA = 0.42, FA changes = 20%). At the Relapse time-point, 

EAE animals had decreased FA compared to controls (Mean FA = 0.40, FA 

changes = -11.1%), where both Mild- and Severe-EAE had decreased FA. 

However Mild-EAE animals had an increased FA compared to the naïve 

baseline scan, whereas Severe-EAE had a decreased FA compared to the 

naïve baseline scan (Table 8).  This is demonstrated in Figure 32 where the 

decrease in FA throughout the voxel of a Severe-EAE animal is shown.  
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Table 8 FA changes between time-points the CC-Hipp and Thalamus VOIs 
 

CC-Hipp Group 
Mean FA 

at 
baseline 

Mean FA at 
last time-point 

% change  
from *first 
and last 

time-points  

% change 
 from IFA 

control 

Recovery 

Control 0.45 0.43 -4.4% - 

Mild-EAE 0.42 0.45 7.1% 4.7% 

Severe-EAE 0.43 0.51 18.6% 18.6% 

All EAE 0.43 0.48 11.6% 11.6% 

      

Relapse 

Control 0.40 0.42 5.0% - 

Mild-EAE 0.37 0.41 10.8% -2.4% 

Severe-EAE 0.38 0.33 -13.2% -21.4% 

All EAE 0.38 0.37 -2.7 % -11.9% 
 

Thalamus 
 

 

Recovery 

Control  0.39 0.35 -10.3% - 

Mild-EAE 0.33 0.38 15.2% 8.6% 

Severe-EAE 0.37 0.45 21.6% 25.6% 

All EAE 0.35 0.42 20.0% 20.0% 

      

Relapse 

Control  0.35 0.45 28.6% - 

Mild-EAE 0.35 0.41 17.1% -8.9% 

Severe-EAE 0.42 0.38 -9.5% -15.6% 

All EAE 0.39 0.40 2.6% -11.1% 
 
Diffusion Tensor Imaging scans were acquired in 9 animals (3 controls and 6 
EAE animals, each culled at Recovery or Relapse time-points). The first time-
point corresponds to the animals healthy (naïve) scan, before the 
immunisation. The last time-point corresponds to the time-point the animal was 
culled (at either Recovery or Relapse). Combined Groups indicates Recovery 
and Relapse time-points combined. 
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Figure 32: T2-w hyper-intensity and FA throughout the voxels of regions of interest in Severe EAE 

FIG 32. The figure shows T2-
w hyperintensity in the CC-
Hipp region as a healthy 
animal (i) and at its final time-
point of disease progression 
(ii), compared to the same 
animal’s FA as a healthy 
animal (iii) and at its final time-
point of EAE disability 
(Relapse) (iv). This animal 
had a deficit –score of 7 at the 
final time-point. The T2-w 
hyperintensity at late stage of 
EAE (ii) shows ventricle and 
perivascular lesion formation 
throughout the voxel and 
some hyperintensity in 
regions outside of the voxel, 
the FA maps show lower FA 
(blue) throughout the voxel 
where microstructural 
changes including lesions, 
inflammation and axonal loss 
have occurred in both the CC-
Hipp and Thalamus regions 
(as well as regions outside of 
the voxels of interest).  
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The FA in the Severe-EAE animal was registered to the histology to investigate 

the axonal and myelin pathology contributing to FA signal changes (Figure 

33).  The lesions and axonal injury in both the CC-Hipp and Thal regions 

suggest that the FA signal reflects T2-w hyper-intense periventricular lesions 

in Severe-EAE, which are more pronounced than Mild-EAE in both the CC-

Hipp (Figure 34) and Thal (Figure 35). All corresponding pathology can be 

mapped using the registration methods (Figure 36).
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Figure 33: (A) Triplanar view of FA maps registered in histological space 

 

FIG 33.  (A: CC-Hipp) This 
figure shows the FA maps in 
triplanar view in a Severe-EAE 
animal comparing its naïve 
baseline FA to the final time-
point after EAE-induction in the 
CC-Hipp region and in the 
Thalamus (B: Thal).  The FA 
has been registered to the 
histology (Luxol Fast Blue and 
Haemotoxylin) showing 
demyelination, axonal swelling 
and surrounding nuclei of 
inflamed axons in both the CC-
Hipp and Thal regions, which 
are contributing to the reduced 
FA signal.  
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Figure 33: (B) Triplanar view of FA maps registered in histological space 
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Figure 34: Atrophy and inflammation in the CC-Hipp 

 

FIG 34. The figure shows atrophy and inflammation in the CC-Hipp at the Recovery time-point comparing Control, Mild-EAE and 
Severe-EAE animals. A, B, and C shows the x5 view of the corresponding VOI of the Control, Mild-EAE and Severe-EAE, respectively. 
Ai, Bi, and Ci shows the x10 view of the location of corresponding CA1 region shown at X100, followed by the CA3 region (Aii, Bii, 
Cii) in the CC-Hipp. Aiii, Biii, and Ciii are x100 magnification of an adjacent lateral ventricle.
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Figure 35 Atrophy and inflammation in the Thal regions 

 

FIG 35. The figure shows atrophy and inflammation in the Thal region at the Recovery time-point comparing Control, Mild-EAE and 
Severe-EAE animals. (A,B,C) shows the x5 view of the corresponding VOI of the Control, Mild-EAE and Severe-EAE, respectively. 
Ai, Bi, Ci shows the x10 view of the location of the corresponding Aii, Bii, and Cii regions in the Thal.  Aiii, Biii, and Ciii shows an 
adjacent region near the lateral edge of Thal VOI.  
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Figure 36 T2-w and DTI Mapping in Severe EAE 

 

FIG 36. This gives a map of areas of pathology which are closely associated with the regions of interest. (A) is an example of the 
histology registered in T2-w space (overlay), connected to the T2-w image slice.  (B) is an example of the histology registered to the 
FA which is connected to the FA slice that matches the T2-w image and the connected DTI slice. (C) shows examples of pathology 
within the histology slices that were registered to the T2-w and DTI images of this animal. 
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5.3.8 Axons 

 

SMI-32 reacts with a non-phosphorylated epitope in neurofilament H on axons 

to visualise damaged neuronal cell bodies, dendrites and some thick axons in 

the central and peripheral nervous systems (Figure 39).  When investigating 

axonal injury, there was a trend between EAE and Control animals.  

Interestingly, this trend was caused by the Severe-EAE group, where SMI-32 

labelling was slightly reduced in Severe-EAE (Mean rank = 29.39) compared 

to the Mild-EAE group (Mean rank = 41.61) (Figure 37A) which includes Pre-

symptomatic EAE (Mean rank = 32.63) and EAE Onset (Mean rank = 38.68) 

animals, p<0.04. There was no difference between the CC-Hipp and Thal 

regions of interest (Figure 37B).      
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Figure 37 Axonal injury in EAE between groups 
 
 

  

 
FIG 37.   The left graph shows SMI-32 labelling where SMI-32 was lower in Severe-EAE (Mean rank = 29.39) compared to the Mild-
EAE group (Mean rank = 41.61), resulting in a trend for EAE animals to have increased axonal damage. The increased SMI-32 
labelling in Mild-EAE is further explained by higher labelling of SMI-32 at the Pre-symptomatic time-point and at the Onset time-point 
which are categorized under Mild-EAE. The graph on the right shows Pre-symptomatic EAE (Mean rank = 32.63) and EAE Onset 
(Mean rank = 38.68) animals, p<0.04. 
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5.3.9 Mitochondria 

 

There was a significant difference between mitochondrial density and disease 

severity between groups, EAE animals had a higher density of mitochondria 

than Controls (Mean rank = 35.23, 19.36, respectively, p<0.01) (Figure 38A). 

This statistical difference is increased when the groups are separated by 

disability severity, where Mild-EAE (Mean rank = 38.34, p<0.003) had higher 

levels of porin labelling than Severe-EAE (Mean rank: 27.75) and controls 

(Mean rank = 19.77) (Figure 38B).  This difference was accounted for by the 

pre-symptomatic (Mean rank = 47.27) and onset (Mean rank = 43.60) groups, 

which were classified as Mild-EAE, where the mitochondrial density was 

significantly increased, compared to other animals that went on to develop a 

Mild-EAE disease course (Mean rank = 24.82) or a Severe-EAE (Mean rank = 

26.25) disease course, p<0.001 (Figure 38C).  This change was accounted 

for by the time-point at which the animal was culled, where Pre-symptomatic 

mean mitochondrial density (Mean rank = 47.27) was higher than the Onset 

(Mean Rank = 43.60), Recovery (Mean rank = 19.00), and Relapse (Mean 

rank = 29.22) time-points, p<0.001(Figure 38D). There was no significant 

difference between VOI regions and mitochondrial density. An example of 

mitochondrial density within a damaged axon is shown in Figure 39.  
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Figure 38:  Mitochondrial density in EAE disease course 
 

A  
B  

C  D  

FIG 38. (A) Increased 
porin labelling in EAE 
compared to controls. 
(B) Increased porin 
labelling in Mild-EAE 
compared to Severe-
EAE animals and 
controls. (C) Increase in 
Pre-symptomatic porin 
labelling where pre-
symptomatic animals 
are categorised as Mild-
EAE  (D) Porin labelling 

across all time-points. 
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Figure 39: Mitochondria labelling within degenerating axons 
 

 

FIG 39. The figure shows a x63 confocal magnification of the colocalisation 
(yellow) of porin antibody (mitochondria fluorescent labelled as green) within 
SMI-32 labelled damaged axons (red) at the Pre-symptomatic time-point. The 
spectral unmixing visually shows the density of mitochondria within the axons. 
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5.3.10 RNA and DNA oxidative stress 

 

Early steps of protein synthesis were investigated using Eukaryotic Initiation 

Factor 2 alpha (eIF2α) labelling eIF-2a that is phosphorylated on Serine 51.  

eIF-2α is specific to the cytoplasmic granules, as they are stress granules that 

are a dense aggregation in the cytosol composed of proteins and RNAs that 

appear when the cell is under stress, particularly from hypoxia, infection or 

endoplasmic reticulum stress.  This marker was investigated in combination 

with Anti-8-Hydroxyguanosine (8OHdG), a marker for oxidative stress in DNA.   

Higher density of labelling for these markers indicates cellular and oxidative 

stress that might cause damage to axons. 

 

There was a weak difference in RNA protein synthesis between EAE (Mean 

rank = 18.07) and Control animals (Mean rank = 6.33), p<0.05. However, this 

difference becomes more apparent when investigating EAE disease severity, 

where Mild-EAE, where Mild-EAE had the greatest density of eIF-2a labelling 

(Mean rank = 20.90) compared to Severe-EAE (Mean rank = 12.40) and 

Control (Mean rank = 6.33) groups, p<0.004.  The increased density of 

labelling in Mild-EAE animals appears to have been led by EAE Onset (Mean 

rank = 25.20) and other Mild-EAE animals (Mean rank = 24.75), in which RNA 

protein synthesis was significantly downregulated compared to other groups, 

statistically different from all other groups (Controls: Mean rank = 6.33, Pre-

symptomatic: Mean rank = 13.43, Severe-EAE: 12.40), p<0.01.  When 

investigating the time-point of disease progression, the EAE Onset time-point 

(Mean rank= 24.00) was the significantly different from all other time-points, 

(Pre-symptomatic: Mean rank = 12.17, Recovery: Mean rank = 18.44, 

Relapse: Mean rank = 14.23), p<0.003 (Figure 40). There was no difference 

between eIF-2a between brain regions. There were no significant differences 

in 8-OHdG.  
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Figure 40: eIF in EAE disease course 
 

 
A 

B C 

FIG 40. (A) Mild-EAE had the 
greatest density of eIF-2a 
labelling compared to Severe-
EAE and Control groups, 
p<0.004. (B) EAE Onset and 
other Mild-EAE animals had 
downregulated RNA protein 
synthesis compared to other 
groups, p<0.01. (C) EAE 
Onset time-point was the 
significantly different from all 
other time-points, (Pre-
symptomatic: Mean rank = 
12.17, Recovery: Mean rank = 
18.44, Relapse: Mean rank = 
14.23), p<0.003. Note:  It 
should be noted that these 
markers in particular are 
limited, as they label in 
presence of background 
artefact.  However, great care 
was taken to eliminate 
artefacts by linear spectral 
unmixing, emission foot-
printing and thresholding out 
non-cellular labelling. 
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5.3.11 Microglia 

 

Autoimmune response was investigated using anti-IBA1 antibody for 

macrophages and microglia activation.  There was a significant difference 

between microglial activation of EAE (Mean rank = 13.20) compared to 

Controls (Mean rank = 4.00), p<0.03 (Figures 41 and 42A).  When 

investigating disease severity, Severe-EAE had more microglial activation 

than Mild-EAE and Controls, p<0.03 (Figures 42B and 42C). When 

investigating the disease progression, microglial activation was most 

prominent at the Recovery time-point (Mean rank = 16.36), compared to other 

time points (Pre-symptomatic: Mean rank = 6.00, Onset: Mean rank = 10.00, 

Relapse: Mean rank = 7.71), p<0.03 (Figures 41 and 42D). There was no 

difference between brain region and microglia activation. 
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Figure 41: Microglia and macrophage density 

 

FIG 41.   There was a significant difference between microglial activation of EAE compared to the control group, p<0.03. Severe-
EAE had more microglial activation than Mild-EAE and Controls, p<0.03. Microglial activation was most prominent at the Recovery 
time-point, compared to other time points, p<0.03. There was no difference between brain region and microglia activation.
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Figure 42: Microglia in EAE disease course 

A B 

C D 

FIG 42. (A) There was a 
significant difference 
between microglial 
activation of EAE 
compared to the control 
group, p<0.03. (B and C) 
Severe-EAE had more 
microglial activation than 
Mild-EAE (including Pre-
symptomatic and Onset) 
and Control groups, 
p<0.03. (D) Microglial 
activation was most 
prominent at the Recovery 
time-point, compared to 
other time-points, p<0.03.   
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5.4 Limitations 
 

This study is limited by inherent aspects of the small study design, however it is a 

larger MR pre-clinical study and during the pilot phases, where there were lower n-

values, similar changes in MR metabolites were detected. Also, the longitudinal design 

is limited by fixed time-points. In particular, the longitudinal design reduced the 

histological comparisons to mostly the late EAE disease stages. Despite this, tissue 

was collected at each time-point. Also, the longitudinal metabolic and microstructural 

changes reflect what may have been seen in histology at these time-points. On the 

other hand, the registration of the histology represents a small slice (each is 0.02mm) 

of a larger MR section (0.5mm), which captures a sample from the region of interest 

that is thought to reflect the pathology.  Serial sections were used with brain regions 

throughout my voxels of interest to improve the representation of pathology that is 

reflected by MR measures. The DTI data was collected in only half of the cohort. Whilst 

this is still a good size MR preclinical study, it requires further investigation 

longitudinally.  In addition, animals were culled using C02, which could impact oxidative 

markers. However, all animals were culled in the same way and any changes that may 

have occurred are thought to be normalised across groups.  

 

5.5 Conclusion 
 

Before visible signs of neurological deficits, higher [NAA] predicts the severity of 

neurological deficits in EAE. The study demonstrates that [NAA] is predominantly 

associated with neuronal mitochondria and axons, as shown by the increase in 

mitochondrial density, particularly within damaged axons, indicated by SMI-32, at the 

Pre-symptomatic time-point and at the onset of EAE. The increase in [NAA] at the Pre-

symptomatic time-point reflects the mitochondrial density at this time-point and may 

be the first indicator of EAE disease severity. In particular, an increase in [NAA] 

predicts the disease severity at Onset, Recovery and Relapse in the CC-Hipp and Thal 

regions. The high density of mitochondria and axonal damage at the Pre-symptomatic 

time-point appear to occur largely in absence of activated microglia. Also, RNA stress 

as indicated by eIF2a labelling at the early onset of EAE appears to occur before a 

marked increase in microglial activation at Recovery. This further suggests that 
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mitochondria and axons are the strongest indicators of EAE disease severity, before 

the animal becomes disabled by EAE.   

 

Interestingly, at Recovery there is a decrease in [NAA] and mitochondria in both the 

CC-Hipp and Thal regions of the brain.  However, there is an increase in the FA 

diffusion in EAE animals, suggesting remyelination may be improving the diffusion of 

water molecules in the brain at this time point, despite the axonal injuries shown by 

LFB labelling.  This improvement in FA is not enough to resolve the axonal damage 

for Severe-EAE animals, who show a marked increase of activated microglia at 

Recovery, and in contrast to the Mild-EAE animals, who have a subsequent decrease 

in FA at the Relapse time-point. 

 

This study also demonstrates the feasibility to monitor EAE longitudinally using a multi-

modal MR approach which can be useful for studies in MS patients and for targeting 

new disease therapies.  Most importantly, the changes in mitochondria can potentially 

be tracked at the earliest stages of disease and throughout the disease course using 

the [NAA] metabolic signal. Therefore, the Pre-symptomatic association between 

[NAA] and disability-score in EAE suggests that [NAA] may reflect pathological 

processes relevant to MS disease course and treatment. The labelling of damaged 

axons by SMI-32 before the onset of EAE suggests that [NAA] and neuronal 

mitochondrial damage may have a prominent role at the earliest stages of EAE 

disease, which may have implications for human studies.   
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Chapter Six 

CH. 6 TRANSLATING EAE FINDINGS TO 

INVESTIGATE EARLY MS  
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CHAPTER 6 

LONGITUDINAL CIS STUDY 

 

6.1 Introduction 
 

This chapter is an exploratory analysis that aims to investigate the third objective of 

this thesis: to explore how my longitudinal EAE MR study can be translated from the 

preclinical stage to clinical applications.  To translate the findings an analysis of CIS 

patients that converted to clinically definite MS was investigated.  This exploratory 

study uses similar longitudinal MR techniques to my longitudinal EAE study (Chapter 

5).  The methods include disability measured by expanded disability status scale 

(EDSS), lesions acquired using T2-w imagining, and metabolites using 1H-MRS. The 

McDonald 2010 Diagnostic Criteria and EDSS scores at 15 years after the first scans 

of CIS onset were retrospectively applied to subdivide the patients into groups in a 

similar way to the EAE study.   

 

The previous study that utilised this data investigated the normal-appearing white 

matter (NAWM) of CIS patients (who had not yet converted to clinical MS) to establish 

metabolic abnormalities at the first stages of suspected MS disease.  The study found 

an early increase in NAWM Ins in patients who converted to clinically definite MS at 3 

years, and a trend toward CIS patients to have lower absolute concentration of NAA 

than healthy controls.  There was no observed difference between patient subgroups, 

which categorised patients by those with normal baseline MRI in one group and those 

that had already converted to Clinically Definite MS at 3 years in another group.  

 

The current study expands on this knowledge to investigate the prognostic importance 

of total NAA concentration ([tNAA]) inclusive of NAAG and other metabolites with 

newly developed T2-w lesions at each year.  This study used a 15-year follow-up EDSS 

assessment and the updated McDonald Criteria 2010 retrospectively assessing the 

same patients. CIS patients that had not yet converted to MS were retrospectively 

divided into subgroups, and their diagnosis is considered in the statistical models.   The 

overall aim of this analysis was to translate my EAE findings and to investigate whether 

the longitudinal EAE study offered useful insight of the biomarker tNAA at the earliest 
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stages of CIS and early MS. In particular, this CIS analysis was done to determine if it 

was possible to predict how severely disabled CIS patients that converted to clinically 

definite MS would become 15 years after their initial onset, using their earliest 

spectroscopy data and their longitudinal lesion development.   

 

 

6.2 Methods 
 

6.2.1 Patients 

 

96 CIS patients (age 16-50 years) presenting with the onset of CIS symptoms, were 

longitudinally investigated using 1H-MRS and T2-w imaging over 3 years.  Only 60 of 

these patients opted to have 1H-MRS scans at baseline, although nearly all of them 

(n=83) had T2-w imaging at baseline, which is 3 months after the first CIS assessment.   

A total of 55 CIS patients had 1H-MRS and T2-w imaging scores consecutively over 

the course of 3 years, and were included in this analysis. All patients were seen at the 

National Hospital for Neurology and Neurosurgery (NHNN) and at Moorfields Eye 

Hospital where appropriate investigations were undertaken to exclude alternative 

diagnoses. Disability was assessed using the Expanded Disability Status Scale 

(EDSS) (Kurtzke, 1983). The current McDonald 2010 criteria was retrospectively 

applied and CIS conversion to MS at a 15-year follow-up. Patients were categorised 

into groups based on their 15 year follow-ups. CIS patients who presented with optic 

neuritis (n=45), spinal cord CIS (n=5), and brain stem CIS (n=3) were included in the 

data set. There were no patients with cerebral hemispheric dysfunction in this study.  

 

The study took place at the NHNN, where approval from the NHNN ethics committee, 

and informed consent was obtained from all subjects before entry into the study.  

 

6.2.2 MRI protocol  

 

All MR studies were performed with a 1.5 Tesla GE Signa Echospeed scanner 

(General Electric Medical Systems, Milwaukee, WI, USA). The patients had baseline 

T2-w and T1-w pre- and post-gadolinium (0.1 mmol/kg body weight) brain and spinal 
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cord MRI within 12 weeks of their initial presentation (mean 5.9 weeks, SD 3.1, range 

1±12 weeks). The acquisition parameters were as follows: (i) brain, 3 mm thick, 

contiguous, axial slices (256 3 256 matrix) with repetition time (TR) 3200 ms, echo 

time (TE) 15/90 ms for the T2-w sequences, and TR 600 ms, TE 17 ms for the T1-w 

sequence; (ii) spinal cord, 3 mm thick, contiguous, sagittal slices (256 3 256 matrix) 

with TR 2500 ms, TE 56/98 ms for the T2-w sequences and TR 500 ms, TE 19 ms for 

the T1-w sequence. They then underwent a repeat MRI of the brain approximately 3 

months after the baseline scan (mean 13.1 weeks, SD 2.3, range 8±20 weeks after 

baseline scan, and mean 18.9 weeks, SD 3.5, range 12±28 weeks after the initial CIS). 

Baseline and 3-month follow-up brain scans were analysed for the presence and 

number of T2 and gadolinium-enhancing lesions by an experienced neuroradiologist 

blinded to the clinical data. T2 brain lesion volume at baseline was measured from 

electronic images using a semiautomated contouring technique to outline lesions 

(Fernando et al. 2004). 

 

6.2.3 1H-MRS  

 

1H-MRS was obtained at the same time as the 3-month follow-up MRI scan, a mean 

of 18.9 weeks (SD 3.5, range 12±28 weeks) after CIS onset in 53 patients. A fast spin 

echo (FSE) axial localising scan (TR 3000 ms, TE 14/84 ms, matrix 256 3 192, slice 

thickness 5 mm, interslice gap 1.5 mm) was acquired first. Single-voxel 1H-MRS was 

then acquired from the NAWM in the posterior parietal and centrum semi-ovale regions 

using methods from. A voxel was placed manually to maximise the area of NAWM 

sampled while excluding lesions, GM and CSF. The mean voxel size was 2 ml (SD 

0.71) in CIS patients and 2.27 ml (SD 0.53) in the controls. The 1H-MRS acquisition 

used a point-resolved spectroscopy (PRESS) sequence with TE/TR 30/3000 ms and 

192 averages. Water suppression was optimised using an automated prescan (GE 

Medical Systems, Milwaukee, WI, USA), and water suppression was stabilised using 

an ongoing quality assurance programme throughout the study period. The following 

metabolites were estimated using the linear combination model (LCModel; 

Provencher, 1993); tNAA, Cr, Cho Glx and Ins. Quantitative measures of metabolites 

were derived using a basis set containing 15 metabolites and no macromolecules. The 

chemical shift dispersion was calculated to be less than 1 mm for all voxels and 

metabolites studied, and can therefore be considered to have had a negligible effect. 
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The spectra were assessed for quality of the acquisition and processing by an 

experienced observer blinded to the clinical data. Throughout the study period, a 

calibration f  was adjusted appropriately to compensate for any 

temporal variations by scanning phantom solution of 50 mM of NAA weekly. 

 

6.2.4 Statistical analysis  

6.2.4.1 Design 

 

The following experiment uses a Mixed Repeated Measures Design. A strict inclusion 

criteria was set for this study, only including patients with complete data sets at each 

time-point, where [tNAA], T2-w lesions and EDSS values were recorded at all time-

points (3 months (1H-MRS baseline), 1 year, and 3 years after CIS onset). A total of 

55 CIS patients and 44 healthy controls are included in this study. The EDSS was 

used as a continuous variable and have divided CIS patients into 3 categories based 

on their EDSS scores at 15 years and their disease course at 15 years. The division 

of the 3 groups was defined before analysis. The three categories include: Non-CDMS, 

Mild-CDMS, and Severe-CDMS.  Following the initial analysis, the disease course for 

each patient was unblended to the investigator who then performed a second analysis 

to investigate associations between groups: non-CDMS, RRMS, SPMS. There were 

no PPMS patients in this cohort.    

 

The statistics have three sections of data followed by a translational comparison: 

1. Comparing [tNAA] and T2-w lesions between two groups: non-CDMS (n=19) 

and CDMS (n=34). 

2. Comparing [tNAA] and T2-w lesions between three groups: non-CDMS (n=19), 

Mild-CDMS (n=28), Severe-CDMS (n=6) 

3. Comparing [tNAA] and T2-w lesions between three groups: non-CDMS (n=19), 

RRMS (n=27) and SPMS (n=7). 
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6.2.4.2 Sample characteristics 

 

A Shapiro-Wilk’s test and inspection of the associated histograms and box plots 

showed that [tNAA] were sufficiently normally distributed for all groups, and for each 

statistical analysis. The assumption of homogeneity of variances was tested and 

satisfied for each dependent variable across all level combinations of the between-

subjects factors and for between-subjects factors only, using the Levene test of the 

homogeneity of variance.  The subgroups of the CIS patients had unequal sample 

sizes, however homogeneity of variance was met.  The small sample in the Severe-

CDMS group is normally distributed despite being small and Levene’s test for 

homogeneity of variance between groups is satisfied (p=0.28). Therefore, the data set 

assumes equality of variance despite the differences in group sizes. Also, all 

covariates were tested using an Analysis of Covariance, and satisfied the homogeneity 

of regression assumption.  Residual plots were used to investigate the observed-by-

predicted-by-standardised residuals plot for each dependent variable. Residual plots 

provide useful information for investigating the assumption of equal variance in the 

Multivariate ANOVA statistical model, to ensure the relationship between the 

dependent variable and the independent variables can be adequately described by 

the model.  The required assumption for the ANOVA and linear regression models is 

that the residuals after regression should be normally distributed, and this assumption 

was met in each model.  

 

Outliers were assessed using Descriptive Outlier Detection Boxplots (SPSS), where 

the Interquartile range (IQR) rule computed from Tukey’s hinges (the box boundaries) 

were defined as 3 IQR’s from the end of the box plot, labelled with an asterisk.  

Between subjects and within-subject data were tested and outliers were removed. 
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6.2.4.3 Mean Differences 

 

To test the mean differences between non-CDMS and CDMS groups an independent 

samples t-test was used.  To test the mean difference between (1) non-CDMS, Mild-

CDMS, and Severe-CDMS groups, and (2) non-CDMS, RRMS, and SPMS groups, 

respectively, a Repeated Measures ANOVA was used, controlling for baseline [tNAA], 

age, and sex in each model, then subsequently adding new T2-w lesion development 

at baseline as a covariate when analysing new T2-w lesions in the statistical model   

 

6.2.4.4 Associations and Predictors 

 

To assess the associations within groups, a Pearson’s Correlation was utilised, 

followed by Linear Regression models.  To assess the associations between groups, 

Multiple Linear Regression models were used, to control for potential confounding 

factors of age, sex and baseline measures in each statistical model.   

 

Statistical analyses were performed using IBM SPSS 24.0 for Mac (SPSS, Chicago, 

IL, USA). Significance is reported at less than 0.05. 

 

 

6.3 Results 
 

6.3.1 [tNAA]  

 

6.3.1.1 Differences between groups: 

 

To test the mean difference between [tNAA] at different time-points for the non-CDMS 

(n=19, M=8.01, SD=0.84) and CDMS (n=34, M=8.51, SD=0.87) groups, a t-test was 

used.  There was a weak difference between [tNAA] at 1 year between non-CDMS 

and CDMS, F (51) = 0.10, t (51) = -2.04, p<0.05, but not [tNAA] at baseline or at 3 

years.  To test whether this significance was due to a possible outlier detected (using 

a multiplier of 1.5), the data point was removed and the t-test was re-run. There 

remained a difference between [tNAA] at 1 year F (49) = 0.45, t (49) = -2.13, p<0.04 
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between non-CDMS and CDMS, but not [tNAA] at baseline or year 3. Therefore, the 

mean [tNAA] at 1 year was statistically less in the non-CDMS group compared to the 

CDMS group.  

 

When investigating CIS subgroups: non-CDMS, Mild-CDMS and Severe-CDMS, there 

is a significant interaction between [tNAA] and disease severity, p<0.03.  A Bonferroni 

post-hoc analysis indicated that [tNAA] at year 1 differed between Severe-CDMS and 

non-CDMS patients only, F (2, 49) = 2.45, p<0.05, when controlling for baseline 

[tNAA], sex and age. There were no differences in [tNAA] at 3 years between groups.  

This shows that very high [tNAA] at 1 year after presenting with CIS symptoms is 

associated with a severe MS disease course. Also, while there was no difference 

between [tNAA] means of Mild- and Severe-CDMS at 1 year and at 3 years, a 

Bonferroni post-hoc of the Mild-CDMS group shows that they are the only group that 

has significant [tNAA] changes within the 1 year and 3-year time-points, F (1, 46), 9.18, 

p<0.01.  This indicates that there is a change in [tNAA] in the Mild-CDMS patients, but 

it is not high enough to distinguish it between non-CDMS patients, or low enough to 

distinguish its mean from Severe-CDMS patients at 1 year or 3 years (Figure 43).  

When comparing early [tNAA] in retrospectively separated groups of Non-CDMS, 

RRMS, and SPMS, again there were significant differences between 1st year [tNAA] 

and non-CDMS and SPMS patients, F (2, 46) = 3.63, p<0.01, but not at 3 years 

(Figure 44).   
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Figure 43: [tNAA] in CIS and CDMS over time 

 
 

FIG.43 When investigating CIS subgroups: non-CDMS, Mild-CDMS and Severe-CDMS, there is a significant interaction between 
[tNAA] and disease severity, p<0.03.  A Bonferroni post-hoc analysis indicated that [tNAA] at year 1 differed between Severe-CDMS 
and non-CDMS patients only, F (2, 49) = 2.45, p<0.05, when controlling for baseline [tNAA], sex and age.  
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Figure 44: [tNAA] in CIS and CDMS disease course 
 

 
FIG 44. When comparing early [tNAA] in retrospectively separated groups of Non-CDMS, RRMS, and SPMS, again there were 
significant differences between 1st year [tNAA] and non-CDMS and SPMS patients, F (2, 46) = 3.63, p<0.01, but not at 3 years



175 
 

6.3.1.2 Associations 

 

To investigate whether there was an association between non-CDMS and Mild and 

Severe MS, a Pearson’s Correlation was used followed by a linear regression.  There 

was an association within the MS Disease Severity and tNAA, (regression coefficient 

0.20 [[95% confidence interval]: 0.005; 0.398], p<0.045) (Figure 45).  When 

investigating between group associations, the 1st year [tNAA] was a positive predictor 

of disease severity 0.293 [0.102; 0.485], p<0.007. The 1 year [tNAA] was also a 

positive predictor of the MS Disease Course 0.28 [ 0.079; 0.48], p<0.007. 
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Figure 45: Scatter Plots of longitudinal EDSS disability and tNAA 
Baseline (3 months) EDSS 

and baseline [tNAA] 
1 year EDSS 

and baseline [tNAA] 
3 year EDSS 

and baseline [tNAA] 
15 year EDSS 

and baseline [tNAA] 

    
Baseline (3 months) EDSS 

and 1 year [tNAA] 
1 year EDSS 

and 1 year [tNAA] 
3 year EDSS 

and 1 year [tNAA] 
15 year EDSS 

and 1 year [tNAA] 

    
Baseline (3 months) EDSS 

and 3 year [tNAA] 
1 year EDSS 

and 3 year [tNAA] 
3 year EDSS 

and 3 year [tNAA] 
15 year EDSS 

and 3 year [tNAA] 

    
FIG 45. The figure shows the scatterplots for longitudinal EDSS and its relationship with [tNAA]. The columns show the year the 
[tNAA] was acquired and the rows show the year that the EDSS was assessed. 
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6.3.2 New T2-w lesions 

 

T2-w lesions are known to be an indicator of disease severity and course in 

MS (Brownlee et al. 2016). To investigate whether significant differences in 

[tNAA] would remain when controlling for new T2-w lesions, new T2-w lesions 

were added at 1 year and 3 years to the statistical model as covariates. 

Subsequently, 1 year [tNAA] remained significant between Severe-CDMS and 

non-CDMS, p<0.05, when controlling for sex, age, baseline [tNAA], and new 

T2-w lesions developed by 1 year and by 3 years.  There was no difference in 

[tNAA] at 3 years for any group. Additionally, [tNAA] in Mild-CDMS patients 

remained different within 1 year and 3 year time-points, p<0.01. These 

statistics indicate that [tNAA] at 1 year is associated with disease severity, 

particularly for Severe-CDMS patients, irrespective of T2-w lesion 

development. Similarly, to investigate whether differences between [tNAA] 

between MS disease course remained when adding new T2-w lesion 

development at 1 year and 3 years, the 1 year [tNAA] remained significant 

between non-CDMS patients and SPMS patients, p<0.027. 

 

6.3.3 tNAA and T2-w lesion interactions 

 

There was a significant interaction between [tNAA] at 1 year and the number 

of new T2-w lesions developed between the baseline and one year, p<0.001. 

A Bonferroni Post-hoc analysis was used to understand this interaction 

between Severity groups (non-CDMS, Mild-CDMS and Severe-CDMS). When 

both [tNAA] at 1 year and new T2-w lesions are accounted for within the 

statistical regression, there is a difference between MS Disease Severity at 1 

year, when controlling for age, sex, and baseline [tNAA] and baseline T2-w 

lesions R2 = 0.357, SE = 0.528, p< 0.001.   

 

When both [tNAA] at one year and new T2-w lesions at 1 year are accounted 

for in the statistical model, testing within group changes (i.e. over time), there 

is only a difference in 1st year [tNAA] between non-CDMS and Severe-CDMS 

patients at 1 year, (p<0.001) and no significant differences between new T2-w 

lesions at 1 year.  This may suggest that 1 year after CIS onset, [tNAA] 



178 
 

concentration is the strongest independent predictor of conversion to Severe-

CDMS at 15 years, when controlling for age, sex, and baseline tNAA and 

baseline t2-w lesions. However, the interaction between new T2-w lesions and 

[tNAA] at 1 year is the strongest indicator of differences between RRMS and 

SPMS at 15 years.  

 

Therefore, to test the hypothesis that the interaction between [tNAA] at 1 year 

and new T2-w lesions at 1 year are the strongest predictors of Disease Course 

15 years after the presentation of CIS symptoms, a Multiple Linear Regression 

was used.  When both new T2-w lesions and [tNAA] are in the regression 

model, they account for 59% of the variability in predicting the outcome of 

Disease Course at 15 years R2 = 0.587, SE= 0.55, p < 0.001. However, when 

[tNAA] at 1 year is the only predictor, it accounts for only 37% of the variability 

R2 = 0.368, SE = 0.626, p< 0.007 in predicting the 15-year outcome, and 

similarly when new T2-w lesions are the only predictor in the model, it accounts 

for only 48% of the variability in predicting the outcome of the MS disease 

course, R2 = 0.475, SE = 0.59, p< 0.001. 

 

6.3.4 Translation comparison 

 

For translation of findings, the pre-clinical and clinical similarities and 

differences described in Chapter 2, Section 2.3, are important to keep in mind.  

 

When comparing the longitudinal EAE study to the CIS study, it is apparent 

that early [tNAA] in the regions of interest predict MS disease severity. In CIS 

to MS conversion, early [tNAA] in the first year predicts the disease course of 

MS.  In particular, very high [tNAA] in the brain predicts the disease severity. 

In animals, this occurs following the induction of pre-clinical MS, but before 

their disability has progressed enough to define the outcome of their disease 

severity.  In CIS patients, high [tNAA] appears to occur within the first year 

after CIS onset suggestive of MS, but before they have significant clinical 

disability, for example a significant decline of mobility. In both EAE and CIS, 

this effect is lost when the groups are combined (Figures 46 and 47).  
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Figure 46: Comparing CIS conversion to MS and EAE disability scores over time.  

A B  
 

FIG 46. (A) Mean [tNAA] concentration of all Clinically Definite MS patients compared to all non-CDMS patients across the first three 
years after onset (baseline). (B) Mean [tNAA] concentration of all EAE animals compared to control animals across the duration of 
pre-clinical MS, where baseline is a healthy scan and the induction of rMOG occurs between the baseline and Pre-symptomatic scan. 
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Figure 47: Comparing CDMS and EAE [tNAA] and disability severity over time 

A B  

 
FIG 47. (A) Mean [tNAA] of the subgroups of Clinically Definite MS patients categorised by their disability (EDSS scores at 15 years) 
compared to CIS patients that did not convert to MS. (B)  and EAE. 
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6.4 Limitations 
 

This study is limited by its smaller sample size and the lack of 1H-MRS at the 

very first presentation of CIS clinical symptoms. Also, it was acquired on low 

magnetic field of 1.5 T.  

 

 

6.5 Conclusions 
 

This exploratory study indicates that early [tNAA] may be a complimentary 

biomarker for MS disease severity.  In particular, very high [tNAA] within the 

1st year of CIS onset is an indicator that a person may develop a severe 

disability and MS disease course.   

 

It is important to keep in mind that the current studies explore CIS patients 

scanned at the onset of symptoms suggestive of MS, which has been 

classified as Baseline, whereas EAE animals are scanned at a healthy 

Baseline when they have not been induced with rMOG. Therefore, the most 

important translational information to extract from EAE animals are the time-

points after the induction of rMOG, which include the Pre-symptomatic, Onset, 

Recovery, and Relapse time-points.  

 

For comparison, there are three key features to note: the detection of a 

neurological threat, the variability in disease susceptibility, and the comparison 

to controls. in both cases, the noticeable [tNAA] shifts occur after the body 

detects a significant neurological threat. For CIS patients, the detection of a 

neurological threat is presented in the form of symptoms that have evolved 

from lesions shown by MRI. For the first time, we can see that for EAE animals 

the neurological threat detection occurs metabolically after the induction and 

presence of rMOG in the body, also shown by MRI. Also, notable for both CIS 

patients and EAE animals is the variability in susceptibility to MS disease or 

how the body responds to the neurological threat. In particular, Clinically 

Definite MS patients have varying symptoms and disability severity and so will 
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EAE animals.  Finally, it is noteworthy for comparison purposes that each MS 

group, CDMS and EAE animals, were compared to non-healthy controls that 

did not have MS but did have some immune and neurological flags detected. 

That is, CDMS patients are compared to non-CDMS patients that initially 

presented with CIS and EAE animals (injected with an rMOG and IFA 

emulsion) are compared to control animals that were injected with only IFA, 

which has some inflammatory immune effects (shown in Chapter 5). 

 

This study suggests some important parallels to the EAE longitudinal study in 

which high tNAA was coupled with mitochondrial density. In particular, higher 

early [tNAA] in the first year of CIS predicts the disease course and severity of 

MS. In animals, higher early [tNAA] occurs following the induction of pre-

clinical MS, and predicts the preclinical MS disease severity.  Considering that 

this study, mirrors the results of the EAE model, although limited by size, it is 

possible that the tNAA specifically reflects both axonal damage and neuronal 

mitochondrial dysfunction, particularly at the earliest stages of MS disease.  

 

The high tNAA may reflect a compensatory mechanism in response to the 

energy demand of immunopathological changes occurring. Although the exact 

reason why this mechanism fails, and contributes to a very severe disease 

course is unknown, it provides the first insight into the mechanism of tNAA and 

the opportunity to utilise tNAA as a marker of mitochondrial injury in MS. 

 

 

6.6 Future 
 

In future studies, this study would benefit from the exploration of tNAA with 

other metabolic markers and the inclusion of the 5-year follow-up 1H-MRS.  In 

addition, it is unknown whether some of the patients grouped in the Severe-

CDMS category had converted to clinically definite MS at 1 year post-CIS 

presentation, which would be valuable information to obtain. In the case that 

they retrospectively classified Severe-CDMS patients had not yet converted to 

MS at 1 year, the high [tNAA] at 1 year may be a true biomarker of for MS 
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disability and possibly the disease course in MS.  In addition, it would enable 

the combination of the new T2-w lesions and [tNAA] at 1 year to be utilised for 

treatment options and further development of targeted therapies. 
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Chapter Seven 

CH. 7 METABOLIC CHANGES AND 

COGNITIVE ABILITY IN RRMS   
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Chapter 7 

METABOLIC CHANGES AND COGNITIVE ABILITY IN RRMS 

 

This chapter of my thesis is addressing the third aim of this research project: 

(3) to translate this new imaging method and statistical parameters from a pre-

clinical stage into clinical applications.  In this study, 1H MRS in RRMS patients 

were assessed in the same regions of the brain as my EAE study, the 

hippocampus and thalamus.  Cognitive impairments associated with the 

region of interest were explored with regard to tNAA interactions with other 

metabolites.      

 
 

7.1 Introduction 
 

Brain 1H-MRS provides concentration of N-acetyl-aspartate (tNAA), which 

reflects neuronal metabolic dysfunction and/or loss. It has been previously 

shown that relapsing remitting MS (RRMS) patients have impaired visual and 

verbal memory as well as impaired speed processing and executive function 

which correspond to lower levels of GM glutamate (Mulhert et al 2014). The 

relationship between tNAA and cognitive function has been observed in some 

neurological disorders, such as Parkinson’s and Alzheimer’s diseases.  

However, the neuronal metabolic network interactions of tNAA dysfunction 

and cognitive dysfunction in the grey matter remains elusive. Using data-

driven statistical models to determine the network interactions between tNAA 

and other metabolites in relation to cognitive dysfunction, may be more useful 

to understand grey matter visual and verbal memory.  
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The current analysis presented in this thesis investigates the interactions with 

tNAA in mind.  In addition to the previous methods, investigated the following:   

 

(i) The associations between metabolites and memory impairment that 

are independent of tNAA specifically, in patients, and in controls 

independently, to first assess their relationship. 

 

(ii) The interaction between tNAA and other metabolites in patients and 

controls separately, to assess whether metabolic and cognitive 

associations change at different concentrations of tNAA. 

 

(iii) Examining the metabolic ratio associated with memory in patients 

and controls separately, whether the metabolic ratio is different 

between groups, and if so, whether the metabolic ratio is an 

adequate predictor memory deficits (i.e. is the ratio a significant 

predictor even when individual metabolites are entered into the 

statistical model). 

 

Aims 

 

The aims of this study were to (i) explore the tNAA concentration in the 

hippocampus and the thalamus as a predictor of visual and verbal memory in 

Relapsing Remitting (RR) MS patients, (ii) test whether the interactions and 

ratios of tNAA with other metabolites offered advantages in predicting memory 

impairment compared with tNAA on its own. 
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7.2 Methods 
 

7.2.1 Study Design 

 

18 patients with relapsing-remitting MS and 17 age-matched and gender-

matched healthy controls who were not known to have had a neurological or 

psychiatric disorder.  Written informed consent was obtained for participation 

in the study and was approved by the local ethics committee.  Subjects 

underwent single-voxel 1H-MRS (TE/TR=30/6000ms); chemical selective 

saturation water suppression was used and volumes-of-interest of pre-defined 

dimensions were placed in the right hippocampus and right thalamus.  

 

7.2.2 Cognitive tests 

 

Cognitive tests were carried out by a neuropsychologist blinded to the MR 

results. Visual learning and memory was assessed using the Paired 

Associates Learning (PAL) test from the CANTAB (Cambridge cognition, 

Cambridge, UK).  In this test, patterns and shapes are presented in various 

areas on a screen and the participant has to remember their location.  The 

number of patterns increases over a series of trials.  Two age-scaled z-scores 

were recorded from this test based on standardised normative data: the 

number of trials completed at the first attempt as well as the total number of 

trials necessary to complete the test.  Verbal learning and memory was 

assessed using list-learning from the Adult Memory and Information 

Processing Battery.  

 

Single-voxel 1H MRS (TE/TR=30/6000ms).  Chemical selective saturation 

water suppression was used and volumes of interest (VOI) of pre-defined 

dimensions were placed in the right hippocampus (dimensions: 26 x 16 x 16 

mm3, VOI= 7.3ml, 144 averages) and right thalamus (dimensions 26x16x16 

mm3, 6.7 ml, 144 averages) was performed and spectra from the hippocampus 

and the thalamus were obtained.    
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7.2.3 LCModel Correction 

 

The previous authors used an LCModel correction for brain water content in 

the GM, WM and CSF was described by (Muhlert et al. 2014) 

 

7.2.4 Statistics 

 

Analysis of the spectra was performed using LCModel 6.1. Data was analysed 

using Stata 9.  Multiple linear regressions were used to test for associations 

between tNAA and clinical scores correcting for the other metabolites; 

additionally, the interactions and ratios between tNAA and the other 

metabolites were included into the models. 

 

 

7.3 Results 
 

7.3.1 Hippocampus 

 

In patients and controls, tNAA was not shown to be significantly associated 

with visual learning and memory independently in the hippocampus.  However, 

there is evidence that the association between visual learning and memory 

(PAL) and tNAA/Ins ratio is different in patients and controls (p=0.016).  Ins 

was not independently associated with memory impairment between patients 

and controls.  Therefore, as expected the tNAA/Ins ratio is a stronger predictor 

of differences between patients and controls, than the use of Ins as an 

individual metabolite (p=0.018). However, between RRMS patients, the ratio 

or independent metabolite offers no predictive advantage of memory 

impairment (p=0.028), consistent with previously published results.  This offers 

new insight into the tNAA/Ins ratio as a marker for memory impairment in MS, 

but not a predictor of memory impairment between MS patients (Figure 48A). 

 

  



189 
 

7.3.2 Thalamus 

 

In controls, higher Cho is associated with better visual learning and memory 

(i.e. lower errors on total PAL trials), (p=0.020).  This association was noted 

without tNAA in the model.  When adjusting for tNAA, higher Cho 

concentration still predicts better visual learning and memory in controls 

(p=0.051) and in patients (p=0.023) (i.e. lower errors on total PAL trials). There 

is no association with visual learning and memory and tNAA in controls or 

patients, with or without the adjustment for Cho in the model (Figure 48B). 

 

Figure 48: Voxels of interest and metabolites in RRMS patients and controls 

A.  B.  

  

 
FIG 48. (A) The volume of interest and metabolic concentrations in the 
hippocampus of relapsing-remitting multiple sclerosis patients compared to 
age- and gender- matched healthy controls. (B) The volume of interest and all 
metabolic concentrations in the thalamus of relapsing-remitting multiple 
sclerosis patients compared to age- and gender- matched healthy controls. 
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7.4 Limitations 
 

This study is limited by its small sample size and the lack of longitudinal 1H-

MRS data. 

 

7.5 Conclusions 
 

RRMS patients had worse visual and verbal memory than controls; they also 

showed lower tNAA levels in the thalamus than controls, whilst there were no 

significant differences in hippocampal tNAA between groups.  In both GM 

regions, tNAA was not associated with memory independent of other 

metabolites. With regard to the thalamus, in RRMS patients there was a 

positive interaction between tNAA and Choline (Cho) for visual and verbal 

memory. Specifically, lower Cho was associated with reduced memory, 

however this association was weakened as tNAA concentration increased.  In 

patients, there was an association between tNAA/myo-Inositol (Ins) in the 

hippocampus and visual memory, and this association differed between 

patients and controls. 

 

The results suggest that tNAA and Choline may have a regulatory role in visual 

learning and memory.  That is, the association between Cho and visual 

learning and memory (measured by errors in total PAL trials and on 1st attempt 

of PAL trials) is directly affected by tNAA concentration.  When tNAA levels 

rise, it weakens the association between Cho levels and visual learning and 

memory in patients.  In patients with RRMS, the lower their tNAA 

concentrations, the more likely Cho can be utilised to predict impairment in 

visual learning and memory as measured by PAL first attempt or PAL total 

trials).  

 

The interaction of GM tNAA with Cho, and the tNAA/Ins ratio, may have more 

predictive value for cognitive impairment specific to visual learning and 

memory in RRMS, than tNAA on its own.  
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Chapter 8 

CONCLUSIONS 

 

8.1 Review of thesis aims and objectives 

 

The aim of this thesis was to investigate longitudinal changes in metabolite 

concentrations and lesion development, associated with neurological deficits 

in EAE, using MR and laboratory techniques, to subsequently compare these 

methods to clinical studies of MS. In this thesis, optimised techniques were 

used to study the metabolic and structural pathogenesis in EAE. T2-w imaging 

was used to monitor lesion development, 1H-MRS to monitor metabolic 

changes, and DTI to monitor axonal and microstructural integrity, in 

combination with behavioural neurological deficit scoring and post-mortem 

histological examination.  

 

This thesis had three objectives that were addressed: 

 

I. To monitor metabolic changes during the development and 

resolution of experimental CNS lesions using 1H-MRS in 

combination with other imaging techniques 

II. To explore how the imaging techniques used compare with 

histological examination 

III. To explore how the MR study can be translated from the preclinical 

stage to clinical applications 

 

 

8.2 Summary 

 

Metabolic mitochondrial dysfunction has a key role in the pathogenesis of MS 

and it is prime target for therapy. A measure of mitochondrial function in 

neurons may be provided by NAA, which can be used as a biomarker for 

neuronal health and viability. NAA can be quantified non-invasively in MS 



193 
 

patients and in EAE animals using 1H-MRS combined with other imaging 

techniques. However, the opportunity to use 1H-MRS to assess NAA as a 

biomarker is thwarted by a lack of knowledge of how to interpret the NAA 

signal.  

 

The longitudinal study design for pre-clinical and clinical MS research matters 

for translation. In particular, the results of the current longitudinal EAE 

experiment in this thesis suggests that higher [NAA] at the Pre-symptomatic 

time-point, correlates with higher deficit-scores at later time-points, before 

visible signs of neurological deficits in EAE. This result slightly conflicts with 

recent spinal cord results that indicate a slight decrease in NAA at onset in rat 

EAE (Tachrount et al 2016). However, it is important to note that these spinal 

cord findings suggest  that the metabolism in the brain and spinal cord at onset 

in rats are may differ depending on levels of atrophy. In support of the increase 

in brain [tNAA] over time, Bertolino et al 2016 used a different animal model of 

MS, the TMEV model, and reported a 5.2% increase in NAA in the thalamus 

was at 8 weeks using STEAM sequence. This indicates that although this is a 

new area of investigation in in-vivo preclinical models of MS, the increase of 

[NAA] in the same region of the rat brain for at least two models of MS has 

been demonstrated.    

 

Considering NAA is predominantly associated with neuronal mitochondria (JR 

Moffett et al. 2007; Olga Ciccarelli et al. 2010), the increase in Pre-

symptomatic [NAA] and its relationship with disability may indicate an early-

stage mitochondrial response in rMOG-induced EAE. Histology of EAE 

animals severely affected by rMOG, indicates an increase of mitochondria at 

the Pre-symptomatic and Onset time-points compared to controls. This adds 

to previous work by including the histological examination of mitochondria 

compared to [tNAA], particularly at the Pre-symptomatic time-point in the rat 

brain. In particular, previous MR research on EAE longitudinal methods only 

included ex-vivo examination, for example Bates 1985, or a brief mention of 

structural changes at the Pre-symptomatic time-point, for example enlarged 

lateral ventricles in EAE animals shown by Lepore et al. 2013. This thesis 

expands on this work with the current in-vivo study design.   
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However, the question still remains of why increases of [NAA] and 

mitochondria at the Pre-symptomatic time-point only occur in some EAE 

animals and not others?  One possibility is that there are individual differences 

between animals and how they respond to rMOG immunisation, much like 

humans. That is, some animals may produce more mitochondria and 

subsequently more NAA than others. Another possibility is that in some 

animals (later classified as Severe-EAE), the increases in mitochondria was a 

mechanism to synthesise more NAA to cope with the energy demand and both 

mechanisms failed. The latter scenario, would suggest that NAA may have a 

role in preventing apoptosis. 

 

Interestingly, in this thesis histology showed that was labelling of SMI-32 at the 

Pre-symptomatic time-point, indicating some axonal damage. Moreover, the 

axonal damage was in absence of microglial activation. This corresponds with 

Wang et al 2005 study which indicated axonal damage in absence of microglia 

at this time. The labelling of damaged axons by SMI-32 at the Pre-symptomatic 

time-point suggests that some axonal damage occurs after the induction of 

EAE, but before the onset of EAE during an initiation of active lesion 

development. This further suggests that mitochondria may have been 

responding to an increased energy demand. It may also indicate that the 

metabolic changes in [tNAA] precede other microenvironmental changes 

influencing disease onset and severity over time.  However, despite a clear 

shift in [tNAA] and mitochondria, the higher density and presence of 

mitochondria synthesising [NAA] at the Pre-symptomatic time-point, does not 

appear meet the overall increased energy demands in response to the rMOG 

immunisation and subsequent axonal injury.   

 

Hence, an increased NAA signal appears to indicate an increase in 

mitochondria, suggesting a failed compensatory mechanism is likely. One 

possibility is that may explain this failed compensatory mechanism of 

mitochondrial synthesis of NAA, are that an increased density of mitochondria 

under these circumstances is counterproductive. That is, neuronal 

mitochondria might subsequently induce oxidative stress by mitochondrial 
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superoxide production thereby contributing to the damage rather than aiding 

the energy demand. If mitochondria are unable to meet the energy demand, 

or are contributing to neuronal damage by their own superoxide production, 

neuronal damage and subsequent disability may the result.  

 

In addition to a failed compensatory mechanism at the Pre-symptomatic time-

point, EAE animals had a decrease in mitochondrial density and [NAA] at the 

Recovery time-point, despite an increase in the FA and microglia at Recovery.  

The increase in FA may reflect a separate compensatory mechanism, such as 

re-myelination which may, or may not, improve the disability of the animal. 

However, this mechanism also fails for Severe-EAE animals.  In particular, the 

increase in microglia was most pronounced in Severe-EAE. At the Relapse 

time-point, Severe-EAE animals have a reduced FA, significant axonal 

swelling and demyelination, and display a greater disability than the Mild-EAE 

group.  

 

For EAE animals overall, the results of this thesis suggest that before visible 

signs of neurological deficits, higher [NAA] predicts the severity of neurological 

deficits in EAE. Considering NAA is predominantly associated with neuronal 

mitochondria (JR Moffett et al. 2007; Olga Ciccarelli et al. 2010), the increase 

in Pre-symptomatic [NAA] and its relationship with disability may indicate an 

early-stage mitochondrial response in rMOG-induced EAE. Together this 

suggests that the association between Pre-symptomatic [NAA] and disability-

score in EAE may reflect [NAA] has an important role in assessing early risk 

factors for pathological processes relevant to the diagnosis of clinically definite 

MS, as well as the MS disease course and treatment targets.  In addition, 

results of this thesis imply that early tNAA changes could be used as a 

biomarker for long-term disease severity in EAE animals and may precede 

neuropathological changes in the microstructure of EAE tissue. The pre-

symptomatic association between [NAA] and disability-score in EAE suggests 

that [NAA] may reflect pathological processes relevant to MS disease course 

and treatment targets. 
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When translating these findings to the human studies, the results of this thesis 

indicate that a very high [tNAA] within the first year of CIS onset is an indicator 

that a person may develop severe MS-related disability and a more severe MS 

disease course. Similarly to the aforementioned study, the high tNAA may 

reflect a compensatory mechanism in response to the energy demand of 

immunopathological changes occurring. In support of this theory, the results 

of this thesis indicate an interaction between tNAA and new T2-w lesions in 

CIS patients is the strongest predictor of disease progression 15 years after 

CIS onset. These findings add to recent data showing thatT2-w lesions in the 

spinal cord of CIS patients predict MS disability and disease course (Brownlee, 

et al. 2016). The results of this thesis also add new information to the previous 

Fernando et al 2009 study using this data. Specifically, the data from the study 

cohort were retrospectively defined into groups according to disease severity 

and course 15 years after CIS onset when more information was known about 

the patients.  

 

Although this thesis adds important information to the understanding of the 

tNAA signal, the exact reason why the apparent compensatory mechanism 

fails and contributes to a very severe disease course remains unknown. The 

results of this thesis provide some insight into the mechanism of tNAA and the 

microstructure of the tissue during each time-point but further research is 

necessary to understand the tNAA signal. The results from the preclinical 

study, CIS study, and RRMS study (in Chapter 7) suggest that the function of 

the tNAA signal may change over time. For example, in RRMS the 

mechanisms underlying MS disease and [tNAA] may be more complex, where 

the [tNAA] appears to no longer be predictive of the disease course, and rather 

it is associated with other metabolites involved in MS pathology. A recent study 

by Planche et al 2016. looked at differential vulnerability in the hippocampus 

and its effects on early cognitive function in EAE mice (between 18-20 days). 

Alterations in the dentate gyrus using DTI and microglia activation were 

correlated with behavioural impairments (Planche et al, 2016). This implies 

that the timing the tNAA signal is recorded is very important to its role.  

 

 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Planche%20V%5BAuthor%5D&cauthor=true&cauthor_uid=27847283
https://www.ncbi.nlm.nih.gov/pubmed/?term=Planche%20V%5BAuthor%5D&cauthor=true&cauthor_uid=27847283
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Overall, the results may suggest that early tNAA changes could be used as a 

biomarker for long-term disease severity in EAE animals and may precede 

neuropathological changes in the microstructure of EAE tissue. The pre-

symptomatic association between [NAA] and disability-score in EAE suggests 

that [NAA] may reflect pathological processes relevant to MS disease course 

and treatment targets. The results of this thesis may also offer an opportunity 

to utilise tNAA as a marker of mitochondrial injury in MS. Mitochondria have a 

role in MS disease course and as an early-phase therapeutic target 

mitochondria can be monitored clinically with the resolution of new lesions 

using 1H-MRS and MRI. Considering the potential role for the early detection 

of high-levels of [NAA] in pre-clinical EAE studies (as well as the TMEV model), 

and CIS to MS converts on MS disease severity and course, very high levels 

of [NAA] detected prior to developing severe disability, may be a biomarker for 

progressive MS or a more severely disabling disease course. It may be best 

suited for early CIS patients to receive a 1H-MRS scan at baseline 

(presentation of symptoms) when they have their initial MRI scan. This would 

only add 20 minutes to their scan and potentially a wealth of knowledge in how 

to treat unique metabolic indicators of disease severity in MS.  It would also 

mean more data for the future, enabling further characterisation of metabolic 

disruptions in the brain and spinal cord of early MS patients. 

 

 

8.3 Future Directions 
 

Further studies will consider longitudinal examination of CIS metabolites in 

patients and their association to tNAA and T2-w lesion development.  The 

experiments and analysis presented in this thesis can be used in future to 

develop a statistical model to assess mitochondrial injury in MS patients. 
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Appendix I 

EAE AND MITOCHONDRIAL INHIBITION TESTS 

 

Background 
 

To develop the methods for my PhD, two EAE experiments were designed, 

one in mice and one rats, to determine which species and method of EAE 

would be most suitable for my main longitudinal EAE study. The following 

preliminary EAE experiments were done as a subset of separate studies to 

learn the basic methods to induce EAE in both mice and rats, which require 

different methods, as well as to score the animals for neurological deficits, cull 

and perfuse the animals. In addition, basic protocol information was extracted 

for optimising my experiments. Subsequent MR test experiments for each 

species were investigated in one animal to determine which might be most 

suitable for imaging long-term and to establish a rough pilot for MR 

experiments. These experiments gave me a basic framework for the 

longitudinal EAE experiments in this thesis and how my MR pilot studies 

should proceed.  

 

Mouse models are frequently used because of the inbred genotype, their rapid 

breeding capacity, ease of genetic manipulation, and the availability of 

transgenic and knockout mice readily enable mechanistic studies (Robinson 

et al. 2014). In this thesis, the initial plan was to use mice as the species of 

choice for my experiments. This is because mice are robust and would offer 

specific advantageous for my thesis, such as the use of mice with a deficiency 

at complex IV, as a useful model for mitochondrial studies, and the transgenic 

mice with yellow filament protein mutation, which would enable tracking axonal 

damage easily in histology and in correlation by co-localisation of antibodies 

of interest. However, following the pilot MRI for this study, rats were chosen 

as the species of choice to achieve higher resolution results in the regions of 

interest.  
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A feature of MS is its high incidence rate of onset in young adults. In a previous 

study in rats, age and clinical expression compared to biochemical and 

immune markers were studied in rats at young age (7 weeks) and middle-aged 

(15 months). The study showed reduced clinical signs in 15-month old rats 

with a later disease onset.  Th1-type immune response was shown in the 

younger animals at the acute stage, but was less prominent in older animals.  

The authors suggest that the change in immune function in the older animals 

may account for differences in susceptibility and expression of EAE that might 

be relevant for clinical studies. Therefore, in the mice EAE experiment, the aim 

was to confirm the effect of age on disease onset and progression. For the 

rats EAE the experiment was focused on the neurological scoring scale. 

 

All the animal procedures described here were approved by the local ethics 

committee and were performed under a UK Home Office License in 

accordance with the Animal (Scientific Procedures) Act 1986. 

 

 

I: Preliminary EAE mouse tests 
 

The overall purpose of this study was to learn EAE methodology in YFP mice 

while exploring a relevant question that would affect the protocol of my 

longitudinal study. This preliminary pilot study, briefly explored the age of YFP 

mice and its relationship with the onset of disability and progression, using a 

behavioural neurological deficit status scoring.  I chose an age-related study 

to briefly explore whether it was feasible to induce YFP mice with severe EAE 

and if there was an optimal age that EAE-induced YFP mice become severely 

disabled. In this experimental test, I also learnt how to induce EAE in mice, the 

EAE neurological deficit scoring system, and how to cull animals.   

 

Pilot:  Age-dependent EAE preliminary experiment in mice and learning EAE 

 

This pilot was a repeated measures design investigating changes in disease 

duration and progression of 24 adolescent (1 month and 2 month), and adult 
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(3 month, 5 month and 6 month) Thy-1-YFP-16 positive or negative mice 

(Jackson laboratories strain designation: B6.Cg-Tg [Thy1-YFP]16Jrs/J). 

 

Mouse Experimental Study Design 

 

Category Group N 

Age 
Adolescent 10 

Adult 14 

Condition 
Control 11 

EAE 13 

 

 

EAE mouse induction 

   

EAE was induced by immunising a 1:1 ratio (1mg/1ml) of myelin 

oligodendrocyte glycoprotein (MOG35-55) emulsified in complete Freund’s 

adjuvant (CFA) in mice. Each animal was immunised via subcutaneous 

injection on either side of their spinal cord of the emulsion or an adjuvant 

solution of CFA if in the control group. Each animal was also given an 

intraperitoneal injection of 0.1ml (50ug/ml stock) of pertussis toxin from 

Bordetella pertussis (Calbiochem, Nottingham, UK) on day one of the MOG35-

55/CFA injections followed by a second injection of 0.1ml pertussis toxin 48 

hours later. Animals were scored for neurological deficits daily and their scores 

were recorded for 3 weeks. Mice were put under deep anaesthesia with 

Isoflurane in a chamber and kept under deep anaesthesia in a fume hood for 

the duration of the surgery. They were perfused on a downdraft ventilation 

table with buffer solution followed by 4% paraformaldehyde solution while the 

heart was still beating.  

 

Neurological Deficit Status Scoring 
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Animals were scored daily using a 10-point scale to assess the magnitude of 

neurological deficits. In this scale points are incrementally increased per 

deficit. 
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Neurological Deficit Scoring for Mice 

 

Score Deficit Notes – some or all of deficits 

0 no clinical signs normal gait, tail moves and can be raised, tail 

wraps around a round object if mouse is held 

at the base of the tail 

1 partially limp tail normal gain, tip of tail droops 

2 paralysed tail normal gait, tail droops, tail spasticity 

3 hind limb paresis, 

uncoordinated 

movement 

uncoordinated gait, tail limps, hind limbs 

respond to pinching 

4 one hind limb 

paralysed 

uncoordinated gait with one hind limb 

dragging, tail limps, one hind limb does not 

respond to pinching 

5 both hind limbs 

paralysed 

uncoordinated gait with both hind limbs 

dragging, tail limps, both hind limbs do not 

respond to pinching, hind limb spasticity 

6 hind limbs 

paralysed, 

weakness in 

forelimbs 

uncoordinated gait with forelimbs struggle to 

pull body, forelimbs reflex after pinching, tail 

limps, impaired righting reflex 

7 hind limbs 

paralysed, one 

forelimb paralysed 

mouse cannot move, one forelimb responds 

to toe pinch, tail limps 

8 hind limbs 

paralysed, both 

forelimbs 

paralysed 

mouse cannot move, both forelimbs do not 

respond to toe pinch, tail limps 

9 moribund no movement, altered breathing, schedule 1 

procedure 

10 death Non-schedule 1 death 
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Statistics 

 

For adolescent compared to adult groups were parametric with skewness and 

kurtosis assumptions satisfied, and Levene test for equality of variance was 

also satisfied. A robust ANOVA was used to test differences in neurological 

deficit score between groups at each time point.  

 

Observations and results 

 

EAE mice differed in neurological deficit status score from control mice (p< 

0.01), where EAE animals showed signs of onset at 12 days post immunisation 

and subsequently spontaneously recuperated. When investigating exploratory 

results for the onset (Day 12), there was no difference between adolescent 

mice and adult mice, suggesting that age of the rodent has little impact on 

EAE-induction. However, there was a significant difference in adolescent mice 

and adult mice at later stages of the disease, specifically at Day 21 and Day 

25 (when relapses occurred), where adult mice have more disability that 

younger mice F(1, 9)=6.21, p<0.014 and F(1,11)=11.93, p<0.002, 

respectively. There was a trend for adult mice to be more disabled at days 22, 

23, and 24 as well. This suggests that older adult mice have a slightly more 

severe EAE disease course than younger mice. The table below of mean 

comparisons from EAE disease onset between groups includes the means of 

the subgroups of adolescent group and the adult main category groups, 

separated by age (months). The subgroups have two few animals in each 

group to be analysed independently of each other, however there appears to 

be a trend of the oldest animals consistently having the highest disability score, 

independent of the onset.  
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Age-mediated changes in disease severity after onset 
 

Time Age Mean deficit score Sig. (p-value) 

Day12 
(Onset) 

adolescent 0.20 

0.106 

adult 0.69 

Day20 

adolescent 0.50 

0.091 

adult 1.88 

Day21 

adolescent 0.60 

0.014 

adult 2.75 

Day22 

adolescent 0.80 

0.084 

adult 2.25 

Day23 

adolescent 1.10 

0.087 

adult 2.56 

Day24 

adolescent 0.80 

0.06 

adult 2.38 

Day25 

adolescent 0.80 

0.002 

adult 3.06 
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MRI test 

 

Follow-on to preliminary testing, a C57Bl/6 mouse was scanned with a single-

voxel 1H-MRS at 9.4T (Agilent Technologies, Santa Clara, CA, USA) (in 

collaboration with a physicist) to attempt to retrieve spectra from the brain. A 

large region of interest was selected to determine whether mouse tissue could 

be used in my experimental design for MR studies.  

 

 

 

The image shows a screenshot of the voxel of interest in (A) and unquantified 
spectrum (B). The voxel includes the intracortex, hippocampus, corpus 
callosum and thalamus. (Acquisition parameters Coil: VolTrans (Rapid72) / 
SurfReceiv (Rapid x2), Vox = 3x3x3 mm3

, Pos=9.6/3.9/0.5mm, NA=256, 
TA=21min20s, Fov=15x15mm2, Mat=128x128, Pos=11/3.6/0 mm) 

 

 

  

Spectrum from the mouse brain at 9.4T 
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Observations 

 

While we were able to obtain a spectrum, the resolution was poor for imaging 

and it was clear that we would not be able to segment the brain using voxels 

of interest smaller than the voxel shown above.  

 

Conclusions 

 

The advantages of the mice were counteracted by their small size and tissue 

volume. The longer disease course that mice have compared to rats would 

increase scanning time to track the full disease course. This scanning time 

was not available on the very high field scanner. Also, during this time the 

feasibility of imaging brain and spinal cord in one session (as I had originally 

hoped to achieve) would not be possible with the mouse surface coil as it could 

not be inverted. It became clear that to move forward in an adequate 

timeframe, the experiments would need to be optimised using rats. The rat 

brain would allow the use of smaller regions with a higher signal to noise 

(SNR).  
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II: Preliminary EAE Rat Tests 
 

Pilot: EAE rat induction 

 

Adult Dark Agouti (DA) rats (n=20) were anaesthetised with 2% isoflurane. 

EAE animals were immunised with a subcutaneous injection (0.75mg) of 

purified recombinant rat myelin oligodendrocyte glycoprotein (rMOG1-125) 

(Cambridge, Biosciences) in incomplete Freund’s adjuvant (IFA) (Sigma-

Aldrich), at the tail base. Controls were immunised with IFA alone. The 12hr 

light and dark cycle was controlled and food and water intake were monitored 

daily. Animals were culled using a CO2 chamber and immediately perfused on 

a downdraft ventilation table with buffer solution followed by 4% 

paraformaldehyde solution while the heart was still beating.  

 

Neurological deficit status scoring 

 

Animals were trained daily on all neurological deficit status scoring tasks two 

to three days before baseline scoring. Subsequently, the animals were scored 

for neurological deficits. Scoring tasks included horizontal ladder task, inverted 

ladder task, open field, righting reflex tasks, and hanging tasks. Animals were 

scored daily using the following 10-point system to assess the magnitude of 

neurological deficits: (1) tip weakness, (2) whole-tail paralysis, (3) toe spread 

reflex, (4) unsteady gait, (5) hind-limb weakness, (6) hind-limb paralysis, (7) 

righting reflex, (8) fore-limb weakness, (9) fore-limb paralysis, and (10) 

moribund. When the animal showed signs of a new deficit, one point was 

added to their score. A score of zero refers to no neurological deficits and a 

higher score shows increasing deficits, where 10 is the maximum level of 

severity. 

 

To assess, hind limb weakness, two folding horizontal ladders made from 

stainless steel were used to build one large ladder consisting of 32 bars with 

equal distance between bars. A clear plexi-glass cylinder propped at a 45 

degree angle was used as the entry way for the rats onto the ladder. A black 

plexi-glass box was built and placed at the end of the ladder as a safety box 
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for the animals. In preliminary experiments, two glass borders were placed on 

either side of the ladder and a mirror tilted over-top for additional sight of the 

animal. Each run was filmed and labelled with the appropriate animal. An open 

field test and ink tests were also utilised to assess hind limb weakness and 

unsteady gate. A gridded ladder was used to invert the animal to examine limb 

weakness and tail weakness. To assess righting reflex the animal was flipped 

on its side from the base of the tail. To assess toe spread reflex, the animal 

was gently lifted off the surface from the base of the tail. For each deficit, the 

animal received one point. At the end of the scoring, the points were summed 

to give the animal an overall score.  

 

During the neurological deficit status scoring tasks, EAE animals that 

developed hind limb weakness were given wet diet to supplement their nutrient 

intake. Animals were culled at 14 days post immunisation during the acute 

stage of the EAE disease course and 28 days post immunisation during the 

relapse stage of the EAE disease course. Tissue was scanned ex-vivo by the 

physicist to assess the feasibility of ex-vivo scanning for the main experiments.  

 

Ex-vivo scanning was not continued because the tissue required prolonged 

storage in paraformaldehyde, which could reduce the number of antigens 

available for histological processing. In addition, metabolites following fixation 

change and ex-vivo measures are not an accurate account of what occurs in-

vivo. Third, expansion of the two day measures was necessary as they only 

included the onset and relapse time-points of the disease progression.
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Observations and results 

 

MRI test 

Brain and spinal cord single-voxel 1H-MRS was performed at 9.4T scanner 

(Agilent Technologies, Santa Clara, CA, USA).  

 

Rat spectra using large voxel 

 

 

The image shows a screenshot of the voxel of interest in (A) and unquantified 
spectra (B). The voxel includes the intracortex, hippocampus, corpus 
callosum and thalamus regions in the rat brain. Brain Parameters BW =  
NEX=512, Pos= 0.3/0.4/2mm  PRESS sequence, VOI = 5x5x5 mm3, NA=600, 
TA=50min, LB=3Hz, Fov=30x30mm2, Mat=128x128  
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Rat spectra using the same voxel in the spinal cord 

 

 

 

The figure shows a screenshot of the voxel of interest in (A) and unquantified 

spectra (B) in the spinal cord. The voxel includes the L1 region of the spinal 

cord. Spinal cord Parameters: TE/TR = 7.5/5000 ms, BW = 3613 Hz, 

NEX=512. VOI: 5.0x1.2x2.0 mm3 ≈ 12μl. PRESS sequence based on Shinnar-

Le Roux excitation pulse (1.0 ms, BW=10 KHz) and two sinc refocusing RF 

pulses (1.0 ms, BW = 2.4 KHz). Water suppression was achieved using a short 

VAPOR module which was interleaved with outer volume suppression blocks, 

applied four times to improve localisation performance. Interleaved 

unsuppressed water signals were used to correct the effects of eddy currents, 

physiological movement and phase difference between the surface coil 

elements. These reference signals were acquired after the water suppressed 

signals, using the same VOI selection module, but with a lower excitation flip 

angle (α=5°).  A delay of 150 ms was inserted between the two VOI selection 

modules (with and without water suppression) in order to increase the 

reference signals intensity due to longitudinal relaxation.  The acquisition of 

these signals was synchronised with the respiration to reduce artefacts from 

respiratory movements.   

 

Although a formal comparison of the spectral quality between protocols was 

not performed, the visual inspection of the spectra shown above suggests that 
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the quality of the spectrum obtained from the rat brain is the highest (this 

spectrum shows the highest and narrowest metabolite peaks, distinct peaks 

without overlap, stable baseline). Therefore, the rat brain was used for the 

MRS protocol for the main experiment of this thesis. 

 

Conclusions 

 

The above methods were used to optimise the main study described in 

Chapter 5 of this thesis. In these experiments the induction and protocol of 

EAE was learnt and optimised for its use in adult rats with longer-term deficits. 

The optimised methods for neurological deficit scoring in quarantine fume 

hoods was established during this time. Also, the feasibility of the EAE rat 

model to investigate the brain regions of interest using MRS at 9.4T was 

established.  

 

Non-MR laboratory and MR techniques have improved the ability to more 

accurately associate live in vivo findings with post-mortem biological 

measures.  Prior to 1H-MRS developments, conventional EAE and other 

animal studies have required histological examination of tissue, which is 

limited by a terminal experiment, and fixed-time point investigation of the 

tissue. The protocol development studies presented in this appendix 

demonstrated the most feasible model to use in this experiment was the rMOG 

induced EAE rat model and brain tissue.   
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III: Mitochondrial Inhibition Model – Pilot Testing 
 

Introduction 

 

In preparation to the main experiment of this thesis, a model for mitochondrial 

inhibition in rats was developed to test whether it was feasible to use MRS for 

monitoring mitochondrial dysfunction.  

 

In chapter 2, the potential of NAA as a marker for mitochondrial metabolism in 

neurons was discussed. An in vivo causal relationship between the inhibition 

of mitochondria and the reduction of NAA and other metabolites has never 

been shown. Considering that mitochondria produce reactive oxygen species, 

predominantly from complex I (Murphy 2009), a mitochondrial complex I injury 

to the electron transport chain is of interest when investigating oxidative stress 

in MS.  

 

In a previous longitudinal MRI and 1H-MRS study with Rotenone in 8 male 

C57BL/6 mice, subcutaneous injections with 2mg/kg rotenone in DMSO once 

a day for 3 consecutive days at 2 months of age compared to DMSO alone, 

followed by 4 weeks of (once a week) of MRI and 1H-MRS, the NAA was 

calibrated to equal 1 in order to compare other metabolites to its peak (Moussa 

et al. 2008). Whilst this worked for the study’s purposes, the information lost 

from this calibration is important for neuronal deficits as a result of 

mitochondrial dysfunction over time.  

 

The objective of this pilot study was to create a new model of investigating in 

vivo mitochondrial dysfunction and its subsequent effects on NAA non-

invasively over time. 

 

Pilot: Mitochondrial inhibition model 

 

Experiments were performed on Dark Agouti rats (n=4). Animals were given 

1.5 mg/kg of Rotenone in 1:1 DMSO and PEG (in accordance with Moussa 
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2008). One animal was scanned using 1H-MRS at baseline and following the 

injection. 

 

Animals were anaesthetised with 4% Isoflurane, during MRI testing the animal 

was kept under anaesthesia with 2% Isoflurane until termination. A 

subcutaneous injection of 1.5 mg/kg of Rotenone in 1:1 DMSO and PEG was 

administered. Subcutaneous injections were administered at a sterile and 

shaved lower region of the tail base (the same procedure as the EAE induction 

in this thesis).  

 

Observations and results 

 

MRI test 

 

One animal from the 1.5mg/kg group underwent the developed 1H MRS 

protocol using a VOI from my EAE experiments, in the Thalamus. The scans 

were successful regarding obtaining spectra and the test showed that it is 

feasible to keep animals with mitochondrial deficits stable under anaesthesia 

for long-durations during scans, as demonstrated with the Moussa et al 2008 

study.  

 

In the Thalamus region, there was an initial decrease in [NAA] within 30-60 

minutes following Complex-I insult, and in the Thal VOI, which had a third 

scan, the [NAA] recovers to normal levels (Table 11) suggesting an increase 

in mitochondrial synthesis of NAA. It is possible that the NAA levels would 

continue to increase as we see in the EAE study pre-symptomatically. The 

Moussa et al study notes that lactate, which is associated with mitochondria, 

increases three fold as early as week 1.   
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Metabolites levels at each time point in different regions of interest 

Region  Thalamus VOI 

group Time (min) NAA Glu Gln Glx Cho Cr Ins 

Baseline (healthy) 0 7.3 9.3 3.4 12.7 1.6 8.3 6.5 

Post-injection 30 6.9 12.9 3.4 12.9 1.4 6.8 3.5 

Post-injection rescan 120 7.1 12.3 3.6 12.3 1.8 7.2 4.1 

 

Comparing each metabolite relative to NAA (Table 12), as the previous 

Moussa et all 2008 study did, and accounting for differences in SNR between 

7 Tesla and 9.4 Tesla, similar results to their week 1 results in 4 rotenone-

induced animals compared to 4 controls was obtained.  

 

Comparing each metabolite to NAA at each time point 

Time (min) NAA Glu Gln Glx Cho Cr Ins 

Glu/ 
Gln 

Baseline 
(healthy) 1.00 0.42 0.15 0.58 0.07 0.42 0.15 0.13 

30 minutes 
Post-injection 
(complex I-

injury) 0.95 0.46 0.17 0.63 0.08 0.46 0.17 0.13 

120 minutes 
Post-injury 

(complex I-
injury) 0.97 0.49 0.18 0.67 0.08 0.49 0.18 0.14 

 

 

The present study may indicate the immediate changes in metabolite response 

to Complex-I injury, whilst the Moussa et al 2008 study may be a better 

indicator of a higher level of Complex-I injury (i.e. 2.5mg/kg injections over 3 

consecutive days) and what may occur from one week to one month following 

Complex-I injury in rodents. A comparison between the results of this study 

and the study of Moussa is given below. 
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Mitochondrial Inhibition Comparisons 
Pilot test 

White=Healthy, Black=PostRotenone 
Moussa et al. 2007 

White=Sham,Black=Rotenone 

 

Data not available for NAA 
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When looking at the histology of 1 rotenone rat at 120 mins post-injection, 

compared to 1 control animal, and 3 EAE rats (from the experiments presented 

in Chapter 5), it appears the rotenone-induced inhibition of mitochondrial 

complex I, may have caused demyelination similar to that observed in EAE. In 

addition, early rotenone-induced inhibition may have caused early axonal 

damage demonstrated by double labelling of VDAC1 porin and SMI32.
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Comparisons between EAE and rotenone model 

 

The figure shows a 
Luxol Fast Blue and 
Hematoxylin stain for 
myelin and nuclei, 
comparing EAE and 
Mitochondrial-induced 
demyelination. The 
stain was done under 
the same conditions.  



232 
 

Mitochondria and Damaged Axons from Complex-1 Inhibition 

 

The labelling data and tissue was used for comparative purposes for porin labelling in EAE animals 
during this thesis.

The figure shows 
periventricular 
mitochondria labelling 
by VDAC1/Porin 
(green) near the 
lateral ventricle. Some 
mitochondria appear 
to be co-localised 
(yellow) in some areas 
with SMI-32 (red) 
labelling of early 
damaged axons and 
neuronal cell bodies in 
the Caudate Putamen. 
SMI-32 only 
recognises non-
phosphorylated 
neurofilament H, and 
labels neuronal cell 
bodies, dendrites and 
thick axons in the 
central and peripheral 
nervous systems.  
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Conclusions 

 

Rotenone toxicity has never been compared with EAE in vivo and it may offer 

a novel approach to assess causal changes in metabolic dysfunction in the 

animal model of MS. A model of mitochondrial dysfunction in Complex-I using 

Rotenone was tested. Using this approach, it is possible to assess the 

relationship between metabolic changes at different stages of neurological 

deficits and mitochondrial dysfunction involving Complex-I.  

 

Further investigation of this model, and potential use of a combination of 

Rotenone and EAE models (if feasible), could be utilised to assess live in vivo 

serial changes in metabolic concentrations as a result of acute mitochondrial 

inhibition at Complex-I and its effects on demyelination and axonal damage 

using the MRS protocol presented in this thesis. The mitochondrial inhibition 

model applied to EAE animals using MRI could help to determine a direct 

causal relationship between metabolic changes, mitochondrial dysfunction 

and inflammatory demyelinating lesion formation. MR can be combined with, 

neurological deficit status scoring and histological examination.  

 

In the study presented in Chapter 5, however, the rotenone model was not 

used because of technical challenges. Instead, a combination of EAE, MRS 

and histological examination was used as the final model to investigate the 

time-course of biomarkers that may reflect mitochondrial changes. The main 

influence of this experiment on this thesis is that there is a close relationship 

between NAA and mitochondrial function. This MRI test shows that after 

rotenone-induced mitochondrial complex I inhibition, there was a drop in NAA 

levels, which is recovered over time.  The labelling of mitiochondria by VDAC1 

porin from this experiment was used in Chapter 5 as a visual reference for 

mitochondrial labelling in EAE.  
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Appendix II 

EXTENSIONS OF THIS THESIS 

 

This PhD had several additional grants associated with it that were utilised to 

scale the impact of two ideas that developed during this thesis (1) a 

neurological deficit status scoring kit and (2) a social enterprise.  

 

 

I Neurological Deficit Status Scoring Kit: 
  

Commercialisation and Impact  

 

A neurological deficit status scoring system was designed to examine 

neurological deficits in Experimental Autoimmune Encephalomyelitis (EAE) 

animals. I was awarded two grants to test the commercialisation of the system 

and to utilise the knowledge I learnt from the first grant to scale the impact of 

my research.  

 

1. PhD Enterprise Scholarship  

 

I was awarded the prestigious PhD Enterprise Award by UCL Advances 

investigate the commercial potential of a neurological deficit status 

scoring kit developed for my PhD and used to assess deficits of EAE 

animals. This thesis includes a chapter on the commercial evaluation. 

 

2. Provost Enterprise Knowledge Exchange Secondment Award  

 

I was awarded the Provost Enterprise Secondment Award to increase 

the impact of the neurological deficit status scoring system used in this 

PhD as a part of an Engineering and Physical Sciences Research 

Council funded project. This involved my transferring the knowledge 

and know-how from the commercialisation process to my social 

enterprise called Movement for Hope (further details below). 
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II. Social Enterprise 
 

Patient and Public Involvement and Engagement in research 

 

During the PhD, an innovative company was developed to bridge the 

communication gaps between preclinical and clinical research, patient 

experiences, and mainstream public using collaborations with artists. This 

work lead to a four grants to test this method through projects and develop the 

work into a sustainable social enterprise.  

 

1. Wellcome Trust and UCL Public Engagement, Train and Engage Award 

 

The Wellcome Trust and 

UCL Public Engagement 

Grant was awarded to do a 

public engagement 

exhibition on MS and ALS. 

The project combined 

research, patient interviews, 

and paintings. This was the 

initial start of my social 

enterprise, Movement for 

Hope (MfH) and has been 

shown in China as a part of a youth programme, as well as exhibited at 

various venues in London. http://www.movementforhope.org/paintaware 

 

2. HEFCE, UnLtd, and UCL Business - Proof of Concept Award 

 

Th Higher Education Funding Council for England, UnLtd, and UCL 

Business, Proof of Concept was awarded as a social enterprise grant to 
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develop and scale a 

collaborative social 

enterprise initiative called 

Movement for Hope, 

focused on MS and other 

neurological illnesses. 

The social enterprise has 

now reached over 

162,000 people and has 

piloted projects in the Europe, Africa, North America and Asia. It has also 

run several innovative events in partnership with UCL, and organised three 

large scale events at the Bloomsbury Theatre and Royal Geographical 

Society raising funds for research and adaptive equipment purchases for 

people disabled by neurological conditions.     

 

3. Youth Funding Network (YFN) Innovations Award 

 

The YFN grant was awarded to scale a project for Movement for Hope in 

Africa. The organisation partnered with the African Neurological Disease 

Research Foundation (ANDREF) to provide two slum clinics seeing 

patients with neurological conditions access to re-usable adaptive 

equipment. Additionally, MfH and ANDREF worked with a dance 

organisation called Awareness Through Dance to provide an innovative 

cross-disciplinary education pilot in two schools, teaching students about 

neurological conditions. This was later scaled and two additional programs 
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were subsequently organised in Chongqing, China and South Bend, 

Indiana, USA. 

 

4. UCL Volunteering Services Unit - Innovations Award and The 

Physiological Society 

 

The UCL Volunteering Services Unit, Innovations Award and a separate 

grant from the Physiological Society were provided to organise a public 

engagement project combining patient interviews, contemporary dance 

and research. The project took the sound from several patient interviews 

to be used as music for a dance piece. The dance was choreographed by 

Tanztheater Adrian Look dance theatre company and shown to a public 

audience at the Bloomsbury Box Theatre, the Lilian Baylis Theatre, 

Sadler’s Wells, 

and the Royal 

Geographical 

Society. At the 

end of the 

performance a 

panel of 

researchers 

joined dancers 

and patient 

participants to 

have a 

questions and 

answers 

session with 

the audience. 
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5. Imanova Limited and Alzheimer’s Research UK Dementia Network 

 

The final social enterprise awards for public engagement work was for 

Movement for Hope, focused on neurological conditions. The event 

featured unique presentations from researchers and patients that 

incorporated the arts. This event was reviewed by The Lancet 

Neurology (Tang 2017).  

http://www.sciencedirect.com/science/article/pii/S1474442217301205 
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