
 
Provided by the author(s) and University of Galway in accordance with publisher policies. Please cite the

published version when available.

Downloaded 2023-05-19T14:46:23Z

 

Some rights reserved. For more information, please see the item record link above.
 

Title Endoplasmic Reticulum Stress as a Component of
Demyelination in Animal Models of Multiple Sclerosis

Author(s) Ní Fhlathartaigh, Mary

Publication
Date 2012-12-19

Item record http://hdl.handle.net/10379/3568

https://aran.library.nuigalway.ie
http://creativecommons.org/licenses/by-nc-nd/3.0/ie/


 
 
 
 

Endoplasmic Reticulum Stress as a Component of 
Demyelination in Animal Models of Multiple Sclerosis 

 
 

A thesis submitted to the National University of Ireland 
in fulfilment of the requirement for the degree of 

 
 

Doctor of Philosophy 
 

By 
 

Mary Ní Fhlathartaigh 
 
 

National Centre for Biomedical Engineering and Science, 
National University of Ireland, Galway 

Head of Department: Professor Frank Barry 
 
 

Thesis supervisor: Dr Una FitzGerald 
Co-supervisor: Dr Jill McMahon 

 
 
 

December 2012 



 i 

TABLE OF CONTENTS 

 

 

Declaration ......................................................................................................................................................vi 

Acknowledgements .................................................................................................................................. vii 

Dedication .................................................................................................................................................... viii 

List of Figures ................................................................................................................................................ix 

List of Tables ................................................................................................................................................xiii 

Abbreviations ..............................................................................................................................................xiv 

Abstract .........................................................................................................................................................xviii 

 

Chapter 1: General Introduction.............................................................................1 

 

1.1 Multiple Sclerosis..................................................................................................................................2 

1.1.1 Epidemiological Distribution and of MS..................................................................2 

1.1.2 Genetic Susceptibility in MS..........................................................................................6 

1.1.3 Diagnosis and monitoring of MS………………………………………………………….6 

1.1.4 MS Clinical Classification…………………………………………………………………….7 

1.1.5 MS Symptoms…………………………………………………………………………………….8 

1.1.6 Treatments of MS............................................................................................................9 

1.2 The Myelin Sheath................................................................................................................................13 

1.2.1 Myelin Components........................................................................................................14 

1.3 Pathological features of MS..............................................................................................................16 

1.4 The Inflammatory Response in MS...............................................................................................20 

1.5 The Adaptive Immune Response in MS......................................................................................25 

1.5.1 T cells in MS.......................................................................................................................26 

1.5.2 B cells in MS.......................................................................................................................28 

1.6 Experimental Models of MS.............................................................................................................29 

1.6.1 Experimental Autoimmune Encephalomyelitis (EAE)....................................30 

1.6.2 EAE induction...................................................................................................................30 

1.6.2.1 Species, Strain Susceptibility and Clinical Signs...........................30 

1.6.2.2 Route of administration..........................................................................33 

1.6.2.3 Encephalitogens.........................................................................................33 

1.6.3 EAE disease pattern: acute and chronic................................................................34 

1.6.4 EAE pathology...................................................................................................................35 

1.6.5 The immune response in EAE..........................................................................36 

1.6.5.1 Microglia and Macrophages............................................................36 

1.6.5.2 T cells in EAE.........................................................................................37 

1.6.5.3 B cells in EAE........................................................................................38 



 ii 

1.7 Biomarkers..............................................................................................................................................40 

1.8 Endoplasmic reticulum .....................................................................................................................41 

1.8.1 Endoplasmic reticulum stress pathway....................................................................42 

1.8.2 ER Chaperones...................................................................................................................................49 

1.8.2.1BiP....................................................................................................................50 

1.8.2.2Calreticulin ......................................................................................51 

1.8.3 ER Transcription factors..................................................................................................53 

1.8.3.1 CHOP...................................................................................................................53 

1.8.3.2 XBP1....................................................................................................................54 

1.8.4 The role of p-eIF2α in ER stress....................................................................................................55 

1.9 ER stress & Disease................................................................................................................................56 

1.9.1 ER stress and Inflammation..........................................................................................57 

1.9.2 ER stress and MS...............................................................................................................58 

1.9.3 ER stress and EAE.............................................................................................................59 

1.10 Hypothesis..............................................................................................................................................59 

 1.11 Aims of the research.........................................................................................................................60 

 

 

Chapter 2: Materials and Methods..........................................................................61 

 

2.1 Materials....................................................................................................................................................62 

2.2 Reagents.....................................................................................................................................................66 

2.2.1 Buffers, Wash Solutions................................................................................................. 66 

2.2.2 Western blotting................................................................................................................68 

2.2.3 Histological Stains and Solutions................................................................................69 

2.2.4 Mounting Media.................................................................................................................70 

2.3 Methodology.............................................................................................................................................70 

2.3.1 Recombinant mouse MOG Fusion Protein for induction of EAE....................................70 

2.3.1.1 Isolation of MOG-expressing E.coli........................................................................70 

2.3.1.2 Plasmid DNA Analysis.................................................................................................71 

2.3.1.3 Large-scale induction of rmMOG Expression....................................................71 

` 2.3.1.4 Purification and concentration of soluble MOG protein...............................72 

2.3.1.5 SDS-PAGE and Western blotting.............................................................................73 

2.4 EAE induction in DA rats.....................................................................................................................74 

2.4.1 Animal Husbandry............................................................................................................74 

2.4.2 Induction of spinal cord EAE........................................................................................74 

 2.4.2.1 Manual preparation of emulsion………………………………….…..…..74 

 2.4.2.2 Preparation and emulsion by sonication……………………….…......74 

 2.4.2.3 Immunisation of DA rats………………………...…………………….…......75 



 iii 

2.4.3 Clinical evaluation of spinal cord EAE.....................................................................75 

2.5 Induction of Grey Matter (GM) EAE ..............................................................................................76 

2.6 Cognitive behavioural Testing in GM EAE animals: Novel object recognition.............80 

2.7 Tissue processing and histological assessment........................................................................83 

2.7.1 Overview of tissue preparation dissection and processing ...........................83 

2.7.2 Spinal cord tissue dissection and processing........................................................83 

2.7.3 Isolation of brain tissue..................................................................................................84 

2.7.4 Brain tissue processing post-dissection..................................................................85 

2.8 Molecular analysis..................................................................................................................................86 

2.8.1 RNA extraction & analysis..............................................................................................86 

2.8.2 DNase treatment and cDNA synthesis......................................................................86 

2.8.3 Real Time PCR.....................................................................................................................87 

2.8.4 Data analysis of Gene expression..............................................................................87 

2.8.5 Optimisation of primer concentration.........................................................................88 

2.9 Preparation of rat serum.....................................................................................................................89 

2.10 Protein Quantification........................................................................................................................89 

2.10.1 Bradford assay..................................................................................................................89 

2.11 Histological Assessment of post-fixed frozen CNS tissue....................................................90 

2.11.1 Luxol fast blue (LFB) .....................................................................................................90 

2.11.2 LFB/H&E staining protocol.........................................................................................91 

2.11.3 Immunohistochemistry.................................................................................................91 

2.11.4 Immunohistochemical Staining ................................................................................92 

2.11.5 Oil Red O staining.............................................................................................................93 

2.11.6 Dual staining with oil red o and antibodies to CRT ..........................................94 

2.11.7 Dual Immunofluorescence identifying ER stress and cell-specific 

structures..........................................................................................................................................95 

2.11.8 Single Immunofluorescence labelling methodology...................................96 

      2.11.9 Dual Immunofluorescent labelling methodology.........................................97 

             2.11.10 Dual Immunofluorescence labelling amplification...................................97 

2.12 Semiquantitative scoring of tissue staining............................................................................100 

2.13 Dot botting.............................................................................................................................................102 

2.13.1 Manual dot blotting......................................................................................................102 

2.13.2 Machine dot blotting....................................................................................................102 

2.14 Enzyme Linked Immunosorbant Assay (ELISA) ..................................................................103 

2.14.1 MOG ELISA ......................................................................................................................104 

2.14.2 Detection of secreted CRT and BiP........................................................................105 

2.15 Statistical analysis..............................................................................................................................106 

 



 iv 

Chapter 3: Neurological and Pathological Events Associated with a Spinal 

Cord EAE Model of MS.............................................................................................107 

 

3.1 Introduction.........................................................................................................................................108 

3.2 Aims of this study..............................................................................................................................108 

3.3 Summary of Methodology..............................................................................................................109 

3.4 Results....................................................................................................................................................110 

3.4.1 MOG Expression and Purification..........................................................................110 

3.4.2 EAE Induction and Clinical Presentation...........................................................112 

3.4.3 Humoral response .......................................................................................................121 

3.5 Characterisation of EAE Spinal Cord Pathology...................................................................122 

3.6 EAE Time Course Study..................................................................................................................129 

3.7 Discussion.............................................................................................................................................134 

3.8 Conclusion............................................................................................................................................138 

 

Chapter 4 Endoplasmic Reticulum Stress in a Spinal Cord EAE Model of 

MS...................................................................................................................................140 

 

4.1 Introduction.........................................................................................................................................141 

4.2 Aims of this study..............................................................................................................................142 

4.3 Summary of Methodology..............................................................................................................142 

4.4 Results....................................................................................................................................................143 

4.4.1 Real-time PCR analysis of ER chaperone transcripts....................................143 

4.4.2 Real-time PCR analysis of ER stress-associated transcription factors....143 

4.5 Staining Optimisation......................................................................................................................146 

4.6 Profile of ER Stress Response Proteins in Demyelinated EAE Lesions .....................151 

4.7 ER chaperone expression in spinal cord tissue following EAE induction ................152 

4.8 Characterisation of ER stress markers CHOP, XBP1 and p-eIF2α in EAE spinal 

cord ................................................................................................................................................................162 

4.9 ER stress in EAE spinal cord grey matter neurons.............................................................171 

4.10 ER stress in EAE central canal region of the spinal cord ..............................................172 

4.11 Human spinal cord ........................................................................................................................176 

4.13 Secreted ER stress protein analysis in spinal cord EAE.................................................178 

4.13.1 Dot blot analysis of rat serum samples............................................................178 

4.13.3: ELISA of rat and human serum...........................................................................179 

4.14 ELISA analysis of ER-stress-associated chaperones in MS sera.................................182 

4.15 Discussion..........................................................................................................................................187 

4.16 Conclusion..........................................................................................................................................196 

 



 v 

Chapter 5 Endoplasmic reticulum stress in a model of cortical 

demyelination............................................................................................................198 

 

5.1 Introduction........................................................................................................................................199 

5.2 Aims.........................................................................................................................................................199 

5.3 Methodology .......................................................................................................................................200 

5.4 Peripheral anti-MOG immune response detected in asymptomatic DA rats............201 

5.5 Cognitive behavioural response characterised in a cortical grey matter model of 

demyelination.............................................................................................................................................202 

5.6 Cortical demyelination following a cytokine injection into the sub-arachnoid space 

of  rmMOG primed DA rats....................................................................................................................207 

5.7 Phosphorylated eIF2α Expression in Astrocytes in Cortical Demyelinated 

Lesions...........................................................................................................................................................211 

5.8 CHOP and XBP1 Expression in Astrocytes in Cortical Demyelinated Lesions.........213 

5.9 Chaperone Expression in Cortical demyelinated Lesions................................................215 

5.10 Discussion..........................................................................................................................................217 

5.11 Conclusion..........................................................................................................................................222 

 

 

Chapter 6 General Discussion, Future Direction and Conclusion.............224 

 

Chapter 8  Bibliography..........................................................................................236 

 

Chapter 7 Appendix................................................................................................. 257 

  

A1 pRSET-MOG sequence………………………………………………………………….......…258 

 A2 EAE Tissue Bank……………………………………………………………….………….…..…260 

A3 Score sheet for semiquantitive analysis……………………………….………….…...261 

 



 vi 

DECLARATION 
 
 
 
I declare that the work described in this thesis is solely that of the 
author. None of this work has been submitted for any other 
qualification at this or any other university. 
 
 
 
 
 
 
 
 
 
_________________________ 
Mary Ní Fhlathartaigh 
 
December 2012 



vii 

 

Acknowledgements 

 

I am indebted in the preparation of this thesis to my supervisor, Dr Una 

FitzGerald for her patience, and kindness and guidance. I would like also to 

express my deepest gratitude to my co-supervisor Dr Jill McMahon who has 

been a great mentor and guide throughout my PhD, showing me invaluable 

techniques (and how important “alignment” really is). Professor Richard 

Reynolds has been wonderful and has shown me how best to induce two 

animal models of MS. I am also very grateful for the welcome he and his lab 

gave me on my visit to his lab in Imperial College, London in November 2011. 

To my GRC who listened to my trials and tribulations over the past few years. I 

would like to thank my family and friends for all the support and kindness 

they have shown to me throughout this phase. Many thanks to Margaret O’ 

Brien for all her guidance, support and most importantly our many chats. 

Thanks to Aidan who always insisted in clogging our arteries with pizza on 

many a late evening. An extended thanks to everybody in lab 202; Honorata, 

Michelle, Sharon, Carol, Amy, Sarah, Ronan and how could I leave the Carrado 

Kidz out, Gemma the glue of the group holding us all together, Edel for her 

wonderful laughs and quick wit. Thanks to Lorraine, Kevin and Jennifer. Laura 

who would never see us stuck for a reagent or antibody…. What a histologist! 

 

To my Mom who ensured that I knew that a PhD is not a race it is a marathon 

and not a sprint. A well deserved thanks to my Dad who was ever ready with a 

comforting cup of tea. Philip, my brother who has been a pillar of support 

throughout my life I do not know what I would do without him…..such a great 

“Mond”. A special thanks to all my family, especially Kathleen for her 

encouragement and constant support. Brian has been simply fantastic, 

ensured I took adequate breaks, kept me grounded and making me laugh 

(which is the best medicine). Each and everyone in your own way helped me 

on my journey to get this PhD thesis over the finish line!!!  

 

Go raibh míle maith agaibh ar fad. 

 



viii 
 

 

 

 

 

 

 

 

 

 

 

I would like to dedicate this thesis to my family. 



 ix 

List of Figures 
 

Figure 1.1 Illustration by Dr Robert Carswell of a spinal cord  3 

 
and pons with MS lesion 

 Figure 1.2 World map of the distribution of MS 4 
Figure 1.3 MS pathology and disease progression 8 
Figure 1.4 Symptoms of MS 9 
Figure 1.5 Myelin ensheathment of an axon 14 
Figure 1.6 Myelin proteins in the CNS 15 
Figure 1.7 Structure of MOG 16 

Figure 1.8 MS brain pathology 17 
Figure 1.9 Immunohistochemical myelin stain of an MS brain lesion 18 
Figure 1.10 B and T cell development 26 
Figure 1.11 Cytokine secretion following innate immune system  28 

 
activation and subsequent activation of T cell subsets 

 Figure 1.12 The structure of the endoplasmic reticulum 42 
Figure 1.13 Normal and stressed endoplasmic reticulum 45 
Figure 1.14 Mechanism of cell death in response to ER stress 50 
Figure 1.15  Structural domains of BiP/Grp78 51 
Figure 1.16 Structural domains of CRT 51 
Figure 1.17 Structural domains of CHOP 53 

Figure 1.18 Structural domain of XBP1 55 
Figure 1.19 Structural domain of eIFα 56 
Figure 1.20 TLR and ER interconnected signalling pathway 58 

   Figure 2.1 EAE clinical scoring system 75 
Figure 2.2A Automated Stereotactic frame with nanoinjector 77 
Figure 2.2B Stereotactic frame  78 
Figure 2.2C Stereotactic microinjection procedure 79 
Figure 2.3 Schematic to show the site of cytokine injection  80 

 
into the subarachnoid sagittal sulcus of the DA rat 

 Figure 2.4 Grey matter study timeline 81 
Figure 2.5 Novel object recognition test 82 
Figure 2.6 Spinal cord tissue processing 84 
Figure 2.7 Processing of brain tissue post dissection 85 
Figure 2.8 Chemical structure of Luxol fast blue (LFB) 90 
Figure 2.9 Chromogenic immunohistochemical staining 92 
Figure 2.10 Structure of Oil Red O 93 
Figure 2.11 Histological and immunohistochemical staining 95 
Figure 2.12 Single and dual immunofluorescence 96 
Figure 2.13 Anatomical spinal cord regions 101 
Figure 2.14 Bio-Rad-DotTM apparatus and sample layout 104 

   Figure 3.1 MOG plasmid validation  and expression of rmMOG fusion 
 

 
protein 111 

Figure 3.2 Clinical scores and weights of saline-injected animals 114 



 x 

Figure 3.3 Clinical scores and weights of IFA injected rat 115 
Figure 3.4 Clinical scores and weights of DA rats injected with  5μg 

 
 

rmMOG 116 
Figure 3.5 Clinical scores and weights of rats immunised with  25μg  

 
 

rmMOG 117 
Figure 3.6 Clinical scores and weights of rats immunised with  50μg  

 
 

rmMOG 118 
Figure 3.7 Clinical scores and weights of DA rats immunised with 100μg  

 
 

rmMOG 119 
Figure 3.8 Mean clinical disease scores and weight loss  

 
 

following EAE induction 120 

Figure 3.9 Humoral response in EAE DA rats 122 
Figure 3.10 Immunohistochemical characterisation of intact myelin in DA  124 

 
rats immunised with saline and a subclinical dose of rmMOG 124 

Figure 3.11 Histopathological characterisation of intact myelin in DA rats 
 

 
immunised with saline and subclinical dose of rmMOG 124 

Figure 3.12 Histopathological and immunohistochemical characterisation 
 

 
of intact myelin in  asymptomatic DA rats immunised 125 

Figure 3.13 Histopathological and immunohistochemical  
 

 
characterisation of EAE demyelinated lesions 126 

Figure 3.14 Lesion classification 127 

Figure 3.15 Macrophage/microglia are present in demyelinated EAE  
 

 
lesions 127 

Figure 3.16 Immunofluorescent double-staining  
 

 
for MOG and microglia/ macrophage cells 128 

Figure 3.17 Large motoneurons adjacent to white matter lesion 128 
Figure 3.18 Oil-Red-O Staining of Spinal Cord Tissue 129 
Figure 3.19 Spinal cord EAE time course study timeline 133 

    
  Figure 4.1 ER stress chaperone mRNA expression in EAE spinal cord 144 

Figure 4.2 PCR analysis of ER stress transcription factor transcripts 145 
Figure 4.3 Optimisation of ER chaperones BiP and  

 
 

CRT immunohistochemistry 147 
Figure 4.4 Optimisation of immunoperoxidase staining of CHOP, p-eIFα  

 
 

and XBP1 148 
Figure 4.5 Optimised of fluorescent cell-specific/structure  

 
 

staining of post-fixed frozen CNS  150 
Figure 4.6 Sample GFAP dual labelling of post-fixed frozen CNS tissue 151 
Figure 4.7 Profile of BiP expression in the spinal cord 

 
 

following EAE induction 153 
Figure 4.8 Expression of BiP in EAE lesioned 154 

Figure 4.9 Quantification of up-regulation of markers of  
 

 
ER stress in spinal cord EAE lesions 158 

Figure 4.10 CRT staining in dorsal and lateral spinal cord EAE lesions 159 
Figure 4.11 CRT expression in ventral spinal cord EAE lesions 160 



 xi 

Figure 4.12 Dual immunofluorescent detection of CRT  
 

 
expression in CNS cells 161 

Figure 4.13 Immunohistochemical staining of CHOP expression in spinal  
 

 
cord EAE lesions 164 

Figure 4.14 Dual immunofluorescence revealed CHOP expression in CNS  165 

 
cells 

 Figure 4.15 XBP1 expression in spinal cord EAE white matter lesions 167 
Figure 4.16 Dual immunofluorescent staining for XBP1 and  

 
 

oligodendrocytes 168 
Figure 4.17 Profile of expression of phosphorylated eIF2α  

 

 
in spinal cord EAE lesions 170 

Figure 4.18 Dual immunofluorescence reveals phosphorylated eIF2α  
 

 
expression in CNS cells 171 

Figure 4.19 Upregulation of ER stress molecules in spinal cord 
 

 
grey matter neurons 173 

Figure 4.20 Upregulation of ER stress molecules in the  
 

 
spinal cord central canal region 174 

Figure 4.21 CRT expression in MS 177 
Figure 4.22 CRT present in foamy macrophages in MS spinal cord lesion 177 
Figure 4.23 Pilot dot blot for BiP 178 
Figure 4.24 Automated dot blot for ER stress markers 179 

Figure 4.25 Humoral expression of hepcidin 180 
Figure 4.26 Humoral expression of CRT following EAE induction 182 
Figure 4.27 Humoral expression of CRT in MS patients 

 
 

and non-neurological controls 184 
Figure 4.28 Humoral expression of CRT in MS patients and controls 186 
Figure 4.29 ER stress marker expression in glial cells and 

 
 

serum following EAE induction 187 

   Figure 5.1 Experimental procedure to induce subpial demyelination 
 

 
in DA rats 200 

Figure 5.2 Experimental plan for the GM demyelination study 201 
Figure 5.3 Humoral response in MOG-immunised DA rats 202 
Figure 5.4 Time-course assessment of the NOD ratio in PBS and  

 
 

cytokine-injected rats 203 
Figure 5.5 Behavioural traits measured during the novel object  

 
 

recognition test 205 
Figure 5.6 Locomotor activity 206 
Figure 5.7 MOG and IBA1 staining in the subpial cortical layers of the rat   

 
 

3 days following PBS/cytokine injection into the  
 

 

subarachnoid space 208 
Figure 5.8 Cortical demyelination in DA rats following immunisation  

 

 

with rmMOG followed by an injection into the subarachnoid 
space of TNFα/IFN 209 

Figure 5.9 MOG and IBA1 staining of rat cortex post-injection 209 
Figure 5.10  Inflammatory infiltration  days following cytokine injection  210 



 xii 

 
into the subarachnoid space at the sagittal sulcus 210 

Figure 5.11 MOG and IBA1 staining following cytokine injection 
 

 
 into the subarachnoid space 211 

Figure 5.12 Dual immunofluorescence revealed phosphorylated eIFα  
 

 
in a subpial lesion  212 

Figure 5.13 Dual immunofluorescent staining of phosphorylated eIFα  
 

 
and astrocytes in a subpial lesion 213 

Figure 5.14 Immunolabelling of CHOP and XBP1 in astrocytes 214 
Figure 5.15 Dual immunofluorescent staining for BiP and astrocytes 216 
Figure 5.16 Dual immunofluorescent staining for CRT in the presence 219 

 
 of macrophage/microglia 

 
   

   

   

   
   
   
   
   
    

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 xiii 

List of Tables 

 

Table 1.1 Immunomodulatory & immunosuppressive treatment options in MS 11 

Table 1.2 Strain and susceptibility and encephalitogen used to induce EAE 32 

Table 2.1 Real time PCR primer sequences used 89 

Table 2.2 Antibody source and dilution used for immunohistochemistry 99 

Table 2.3 Morphological criteria defining different cell types in EAE lesions 100 

Table 2.4 The criteria used for semiquantitative scoring of staining  101 

Table 2.5 Antibodies used in dot blot experiments 103 

Table 3.1 Comparison of the dose variation of the induction of EAE by MOG 121 

Table 3.2 Plan for EAE time course 131 

Table 3.3 Summary of treatment group, disease state and clinical score  132 

 
following EAE induction 

 Table 4.1 A summary of the weight, clinical score, lesion load and semi-quantitative  156 

 
scores for BiP and CRT 

 Table 4.2 A summary of the weight, clinical score, lesion load and semi-quantitative  157 

 
scores for CHOP, XBP1 and p-eIF2α 

 Table 4.3 A summary of the weight, clinical score, lesion load and semi-quantitative  175 

 
scores for BiP, CRT, XBP1 and p-eIF2α 

 Table 4.4 Clinical information on the MS case 176 

Table 4.5 Clinical details of MS patients and non-neurological controls 183 

Table 4.6 Soluble CRT expression in human serum 185 

Table 4.7 Rodent and Mouse EAE Models reporting induction of ER stress 190 

Table 5.1 Summary of the level of significant prevalence towards the novel object 204 

    
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 xiv 

Abbreviations 

 

Ab  Antibody 

AO   Albino Oxford  

ATF4  Activating Transcription Factor 4 

BBB  Blood brain barrier 

Bcl-2  B cell lymphoma 2  

BIM   BCL-2-interacting mediator of cell death  

BiP  Immunoglobulin heavy chain binding protein 

BSA   Bovine serum albumin  

Ca2+  Calcuim 

CD  Cluster of differentiation 

cDNA  copy DNA 

CFA  Complete Freund’s adjuvant 

CHOP  C/EBP homologous protein 

CIS  Clinically isolated syndrome 

CNS  Central nervous system 

CRT   Calreticulin  

csCRT  Cell surface calreticulin 

CSF  Cerebrospinal fluid 

DA  Dark Agouti  

DAB  3,3’-diminobenzidine 

DAPI   4', 6-diamidino-2-phenylindole 

DCs   Dendritic cells  

DEPC  Diethylpyrocarbonate 

DIS  Dissemination of lesions in space 

DIT   Dissemination of lesions in time 

EAE  Experimental autoimmune encephalomyelitis 

EBV   Epstein Barr virus 

EDEM   ER degradation enhancing 1,2-manosidase-like protein  

EDEM  ER-degradation enhancing alpha-mannosidase-like 

EDSS  Expanded Disability Status Scale 

eIF2α  Eukaryotic initiation factor 2 alpha 



 xv 

ELISA  Enzyme-linked immunosorbent assay 

ER  Endoplasmic reticulum 

ERAD  ER-associated degradation  

ERK  p38 extracellular signal-regulated kinase  

EtOH  Ethanol 

FITC  Fluorescein isothiocyanate 

GADD153 Growth arrest and DNA damage-inducible gene 153  

GFAP  Glial fibrillary acidic protein 

GM  Grey matter 

GRP78  Glucose-regulated protein-78 

GRP94  Glucose-regulated protein-94 

GWAS  Genome-wide association studies 

H&E  Haematoxilin and Eosin 

H2O2  Hydrogen peroxide 

HLA  Human leukocyte antigen 

HSP70 Heat shock protein 70  

i.d  Intradermal 

Iba1  Ionized calcium-binding adaptor molecule 1 

IFA   Incomplete Freunds adjuvant  

IFN-γ  Interferon–gamma 

Ig  Immunoglobulin 

IgG  Immunoglobulin-G 

Ire1  Inositol-requiring enzyme 1 

JNK   JUN-N-terminal kinase  

LFB  Luxol fast blue 

LPS   Lipopolysacharride  

MAG  Myelin-associated glycoprotein  

MAPKs Mitogen-activated protein kinases  

MBP  Myelin basic protein 

MEFs   Mouse embryonic fibroblasts  

MHC  Majorhistocompability complex 

MOG  Myelin oligodendrocyte glycoprotein 

MRI  Magnetic resonance imaging 



 xvi 

MS  Multiple sclerosis 

NAWM Normal appearing white matter 

NF   Neurofascin  

NFкB   Nuclear factor- кB  

NGS  Normal goat serum 

NRF2   Nuclear factor erythroid 2-related factor 2  

NRS  Neurologic Rating Scale 

ORO  Oil red O 

ORP150 Oxygen regulated protein 150 

P58IPK  PKP inhibitor 

 P58IPK 58-kDa PKP inhibitor 

PAMPs  Pathogen-associated molecular patterns  

PBS  Phosphate buffered saline 

PDI  Protein disulphide isomerise 

PERK  PKR-like ER kinase 

PFA  Paraformaldehyde 

PLP   Proteolipid protein 

PPMS  Primary progressive multiple sclerosis  

PRMS  Progressive relapsing multiple sclerosis 

PRR   Pattern recognition receptors 

Puma   p53 upregulated modulator of apoptosis  

qPCR  Quantitative polymerase chain reaction 

RER   Rough endoplasmic reticulum  

rmMOG Recombinant mouse myelin oligodendrocyte glycoprotein 

RNA  Ribose nucleic acid 

rr-IFNγ Recombinant rat interferon gamma 

RRMS   Relapsing remitting multiple sclerosis 

rr-TNFα  Recombinant rat tumour necrosis factor alpha 

RT  Reverse transcription 

RT-PCR  Real time polymerase chain reaction 

s.c  Subcutaneously  

SCH   Spinal cord homogenate  

SER  Smooth endoplasmic reticulum 



 xvii 

Site 2   S2P 

Site-1  S1P  

SMI32  Sternberger monoclonal Incorporated-32 

SPMS  Secondary progressive multiple sclerosis 

SR  Sarcoplasmic reticulum  

STC  Stanniocalcin 

STC1  Stanniocalcin 1 

STC2  Stanniocalcin 2 

Th cells T helper cells 

TLR  Toll-like receptors  

TLR2  Toll-like receptor 2 

TLR4  Toll-like receptor 4 

Tm  Melt temperature 

TNF-α  Tumour necrosis factor-alpha 

TRAF2 TNFR-associated factor 2  

TRIF  TIR-domain-containing adapter-inducing interferon-β 

UPR   Unfolded protein response  

WM  White matter 

XBP-1  X-box-binding protein 1 

XBP1s  Spliced XBP1 

 

 

 

 

 

 

 

 

 

 

 

 



 xviii 

Abstract 

Endoplasmic reticulum (ER) stress is a homeostatic signalling pathway, 

linked to many neurological diseases including multiple sclerosis (MS), 

which can lead to cell death when prolonged. Increasing evidence 

suggests that Calreticulin (CRT), a multifunctional ER resident 

chaperone protein, plays a role in apoptotic cell clearance and it is 

implicated in autoimmunity. Studies in human tissue, in our lab, have 

shown ER stress-associated molecules at increased levels, in white and 

grey matter MS lesions. To complement this work we have set up EAE 

animal models of inflammatory white and grey matter lesions in female 

Dark Agouti (DA) rats and report here the profile of expression of ER 

stress signalling molecules in lesioned tissue. White matter 

demyelination was induced in rats by immunisation with 25-50 µg of 

recombinant myelin oligodendrocyte glycoprotein (rmMOG) emulsified 

in incomplete Freund’s adjuvant (IFA) and control rats were injected 

with IFA or saline alone. EAE spinal cord white matter lesions were 

present in the dorsal, ventral and lateral funiculi. Cortical demyelinated 

lesions were produced by immunising DA rats with a sub-clinical dose 

of rmMOG (5 µg) to prime animals and then 21 days later 

proinflammatory TNFα and IFN were stereotactically injected into the 

subarachnoid space. Semiquantitative analysis of immunostained tissue 

revealed CHOP (p<0.001), XBP1 (p<0.05), p-EIF2α (p<0.001) and CRT 

(p<0.01) expression were significantly increased in EAE spinal cord 

lesions when compared to healthy control tissue. Interestingly, there 

was also a significant up-regulation of CHOP (p<0.05), XBP1 (p<0.01) 

and p-eIF2α (p<0.05) in the epithelial cell lining of the central canal of 

diseased spinal cord tissue. These same stress markers (CHOP (p<0.05), 

XBP1 (p<0.05) and p-eIF2α (p<0.01)) were also significantly up-

regulated in the inner grey matter of the spinal cord. Analysis of spinal 

cord tissue was carried out by real time PCR and histological staining to 

determine expression profiles of ER-stress associated molecules 

BiP/Grp78, CHOP, CRT, XBP-1 and p-eIF2α. Grp78 and CHOP 
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transcripts showed a trend towards up-regulation whereas spliced 

XBP1 mRNA displayed a downward trend in EAE, compared to controls, 

but this was not statistically-significant.  

Preliminary results have shown the expression of CRT and CHOP in 

cortical grey matter lesions induced in the second EAE model. In spinal 

cord and cortical lesions, ER stress proteins were detected in a variety 

of cell types including oligodendrocytes, astrocytes, microglia and 

neurons.  

To address if an acute inflammatory response in the cortex had an 

impact on cognitive behaviour we used the novel object recognition test. 

However, there were no significant alterations on cognition.  

As part of a new biomarker project, ELISA was used to determine if 

secreted markers of ER stress (BiP, CRT or hepcidin) were detectable in 

spinal cord EAE and MS patient samples were analysed by ELISA. 

Overall, CRT was significantly decreased in the serum of EAE diseased 

animals compared to controls. This molecule showed a trend towards 

upregulation in serum samples from MS patients. There was no 

significant difference found for hepcidin in EAE samples. This data 

highlights the potential importance of ER stress in inflammatory 

demyelination. 
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1.1 Multiple Sclerosis 

Multiple sclerosis (MS) was first documented over 160 years ago by the 

pioneering French neurologist Jean Martin Charcot who identified “sclerose en 

plaques” in 3 patients and observed clinical manifestations of the disease in his 

housemaid. In 1868 Charcot described MS as an inflammatory demyelinating, 

neurodegenerative disease (Lassmann et al., 2001) but later referred to this 

disease as “la sclerose en plaques disseminées”, “la sclerose multiloculaire” or 

“la sclerose generalisée,” later translated into disseminated (cerebrospinal) 

sclerosis. In Germany it became known as “multiple sklerose” and thus, 

“multiple sclerosis”. A Scottish physician and artist, Dr Robert Carswell, was 

known as the first illustrator of MS (Figure 1.1). The majority of his paintings 

are in watercolours, including 99 paintings of the brain and spinal cord and this 

work was carried out in hospitals and mortuaries. Such images added to the 

pathological knowledge of MS prior to the development of the microscope.  

MS is an inflammatory, demyelinating disease of the central nervous system 

(CNS). In Ireland, around 6,500 to 7,000 individuals suffer from this disease, 

with 2.5 million cases worldwide (Pugliatti et al., 2006). This spontaneous 

chronic inflammatory demyelinating disease is characterised by disseminated 

demyelinated pockets in the CNS and these areas of destruction are referred to 

as lesions or plaques. The pathomechanism is not fully understood. As MS is 

pathogenically a heterogeneous disease, largely due to inter-individual 

variation due to genetic heterogeneity, this makes therapeutic approaches a 

challenge. There are various therapies available to reduce symptoms but there 

has been no “magic bullet” developed to cure this disease to date. Further 

research is required in order to clearly understand the molecular mechanism(s) 

involved at each stage of disease progression. 

1.1.1 Epidemiological Distribution and Aetiology of MS  

MS is diagnosed predominantly in young adults between 20 and 40 years of age. 

As with many autoimmune diseases, MS is most prevalent amongst females, 

with women having twice the risk of developing MS compared to men and this 



Chapter 1: General Introduction 

 3 

is a ratio that is on the increase (Casetta et al., 2009). In addition, there is a 

particular geographical distribution of the disease worldwide. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Illustration by Dr Robert Carswell of a spinal cord and pons with MS lesions. Atrophied 
patches were described as diffuse, hard and brown, located in the pons, medulla and spinal cord. 
The smaller images on the left are cross sections of the spinal cord depicting the brown atrophied 
patches. Source: Wellcome Images Collection, Wellcome Library, London, U.K. 
http://images.wellcome.ac.uk. 

Studies have shown that a higher prevalence of MS is proportional to the 

distance from the equator. This conclusion was based on rates observed in 

Northern Europe, Scandinavia, Canada, Sweden, Tasmania, Australia and New 
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Zealand. This is illustrated in a worldwide distribution map where highest risk 

areas are shown in Figure 1.2, highlighted in red. There was an MS “epidemic” 

during World War II, which was most notable on the Faroe Islands following the 

occupancy of British troops (Kurtzke and Heltberg, 2001). Other incidences 

were reported on the Orkney and Shetland Islands, in Sardinia and in Sicily 

(Pozzilli et al., 2002). A North/South MS gradient has been reported in Ireland 

with a higher prevalence in the North (Co. Donegal) compared to the South (Co. 

Wexford). This shift may be due to genetic risk factors (McGuigan et al., 2004). 

 

Figure 1.2: World map of the distribution of MS. Areas shaded in red denote higher incidence of MS 
and white for the low-incident countries. Source: 
www.msrc.co.uk/index.cfm/fuseaction/show/pageid/2325. 

The aetiology of MS is largely unknown although it is generally understood that 

it is an autoimmune disease affecting genetically susceptible individuals in 

response to environmental cues (Halfer, 1999, Hunter and Halfer, 2000). The 

fundamental cause of MS is CNS inflammation, with unknown triggers, resulting 

in an autoimmune T-cell mediated attack on the CNS (Weiner, 2004). 

Many infectious factors have been implicated in MS including measles, mumps, 

rubella (Clarke et al., 1965, Panelius et al., 1971) and the human herpes virus 

family, specifically Epstein Barr virus (EBV).  
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There appears to be a strong link between EBV and MS. However, this link is 

difficult to prove as EBV affects B cells in ≈95% of the population. It has been 

suggested that EBV may play a role in activating a response to an endogenous 

retrovirus, ultimately leading to an inflammatory response that causes myelin 

loss. Molecular mimicry between viral and CNS proteins could be responsible 

for this, producing an attack against the myelin sheath (Holmoy et al., 2004, 

Lang et al., 2002). It has been hypothesised that lymphocytes are activated in 

the periphery and that they infiltrate the CNS through attachment to 

endothelium cells to traverse the blood brain barrier (BBB). 

Non-infectious mediators of MS are thought to include vitamin D deficiency and 

cigarette smoking. Once the latitude gradient was proposed to be a factor in MS 

development, it was speculated in 1960, and since then reviewed, that vitamin 

D played a role (Handel and Ramagopalan, 2012). This is because UV radiation, 

particularly ultraviolet B radiation (UVB rays) is essential to induce production 

of vitamin D. The mechanism of action of this steroid hormone in the immune 

system has yet to be firmly elucidated. Vitamin D is believed to regulate the 

main MS human leukocyte antigen (HLA) susceptibility allele, HLA-DRB1*1501, 

via the vitamin D receptor (VDR) binding to a vitamin D response element 

(VDRE) near the promoter (Ramagopalan et al., 2009, Ramagopalan et al., 

2010). A study carried out by Goldberg et al in 1986, has suggested that 

insufficient levels of vitamin D and calcium during myelination, particularly 

during adolescence, could result in MS (Fernandes de Abreu et al., 2009). Some 

years after Goldberg first identified that sunlight along with dietary intake of 

vitamin D were contributory factors for MS development, in vitro and animal 

studies demonstrated that a low vitamin D level is a risk factor for MS. There is 

a noted decrease in MS prevalence in regions closest to the Equator (McGuigan 

et al., 2004, Hammond et al., 2000). This relationship is present in other sun-

rich climates; namely, Australia (Hammond et al., 2000), Canada (Willer et al., 

2005) and France (Vukusic et al., 2007). The common denominator is increased 

sunlight in those regions with the potent molecule being vitamin D.  
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1.1.2 Genetic Susceptibility to MS 

In MS, the concordance rate in monozygotic twins is 30% and 5% in dizygotic 

twins. This is reduced for siblings (3%) of a MS sufferer and there is a 2% risk 

to children with an affected parent. The genetic link combined with 

environmental factors plays a dual-role in disease expression. Previously, the 

HLA region was the only known genetic link to MS susceptibility. Recently, 

following a genome-wide association study (GWAS), 16 candidate genes have 

been identified (Baranzini, 2011). The HLA allele is responsible for 20-60% of 

genetic susceptibility in MS (Haines et al., 1998). Presently, the 7 GWAS 

documented to date showed the HLA-DRB1 risk locus was significant in MS 

(p<1x10-32) (Baranzini et al., 2009). The multifactorial aetiology of MS is 

generally accepted, where genetic susceptibility is the foundation, with MS 

developing in the presence of appropriate environmental triggers.  

MS has been linked with genes of the MHC class II complex specifically HLA-DR 

and HLA-DQ. The following alleles have been linked to MS classes including 

DRB1*(50) and DRB5*0101 (Batoulis et al., 2011). Moreover, MHC class I alleles 

were also implicated in MS, particularly HLA-A3. However, other MHC class I 

alleles, including the HLA-A2 allele, are associated with protective effects 

(Fogdell-Hahn et al., 2000). Moreover, MS susceptibility is not limited to genes 

within the MHC locus. Many other genes have been documented, like genes 

encoding the IL-2 receptor and IFNγ (Sospedra and Martin, 2005). 

1.1.3 Diagnosis and monitoring of MS 

Neurological events in MS are experienced as an “attack or relapse”, which 

prevails for at least a 24-hour period (Polman et al., 2011). MS lesions can affect 

any part of the CNS, the most common locations being the optic nerves, cerebral 

cortex, periventricular white matter of the cerebral hemispheres, cerebellum, 

brainstem (particularly the pons) and the spinal cord (Compston and Coles, 

2002). Clinical disease symptoms are dependent upon the anatomical location 

of the lesion. 

There are particular criteria laid out to clinically diagnose MS i.e. there must be 

evidence of typical MS lesions disseminated in space and time (≥ 2 attacks; ≥ 1 
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month apart) (Polman, 2011).  Diagnostic tools used to confirm such evidence 

are magnetic resonance imaging (MRI) and cerebrospinal fluid (CSF) samples 

obtained following a lumbar puncture showing evidence of CSF oligoclonal 

bands or increased IgG. Neurological scales are also used to monitor disease 

severity; for example, the Expanded Disability Status Scale (EDSS) and the 

Neurologic Rating Scale (NRS).  An international panel in association with the 

National Multiple Sclerosis of America met and devised diagnostic criteria for 

MS and this became known as the “2001/2005 McDonald Criteria”, recently 

amended in 2010. If all criteria are met, the diagnosis is MS, partially fulfilled 

diagnosis is described as “possible MS” and if another diagnosis is apparent 

following evaluation, the diagnosis is “not MS”. 

MRI is the superior radiological technique used to visualize MS lesions. This 

technique is a safe and non-invasive method.   

MS is classified depending on the age of onset and clinical manifestations 

presented. This disease may take a mild, moderate or severe course over time. 

When MS strikes, it takes a chronic, unpredictable course leading to an eventual 

disability.  

1.1.4 MS Clinical Classification 

MS is classified into four main types depending on severity: Relapsing remitting 

(RRMS); Primary progressive (PPMS); Secondary progressive (SPMS) and 

Progressive relapsing MS (PRMS) (Figure 1.3). RRMS is the most common type 

of MS affecting 85% of newly-diagnosed patients. This pattern switches from 

periods of enhanced relapses (frequency of symptom worsening) to remission 

(periods of symptom alleviation). Relapses are presented as new 

symptoms/disability or “flare-ups”. During the remission phase these 

symptoms fully or partially disappear. PPMS occurs in about 20% of individuals 

suffering from MS (Noseworthy et al., 2000). This pattern shows a continuous 

progression of symptoms with little or no remission. SPMS occurs in 50% of 

patients who originally present with RRMS, but eventually take a progressive 

disease pattern with irreversible deficits lacking remission. Five percent of 

patients present with a PRMS form of the disease. This type takes a steady state 
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of clinical worsening with periods of remission over time. Each patient will 

experience different symptoms at different times. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3: MS pathology and disease progression. The type and stage of MS is depicted, showing 
the extent of tissue damage correlating with clinical manifestation over time. Aging confounds 
pathology in later stages of MS and some may suffer from Alzheimer’s disease. Source: (Lassmann 
and van Horssen, 2011). 

 

1.1.5 MS Symptoms 

As stated above, MS is an unpredictable chronic disease with individual 

variation where symptom manifestations are dependent upon the affected 

anatomical region and severity of attack. Symptoms may last days, weeks, 

months, coupled with periods of remission. The most common symptoms of MS 

are damage to the optic nerve, pyramidal tracts and sensory nerve pathways 

(Figure 1.4). One of the most common symptoms of MS is optic neuritis 

(inflammation of the optic nerve) which leads to impaired vision along with 

ocular pain. 
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Figure 1.4: Symptoms of MS. There are many symptoms associated with MS, including physiological, 
emotional and psychological states. Clinical symptom manifestations vary among individuals. The 
intensity of symptoms may vary between mild, moderate and severe, with variable duration. Source: 
www.medicinenet.com. 

Motor symptoms include limb weakness, loss of coordination, numbness in 

limbs, gait disturbance, muscle spasms, and Lhermitte’s sign (following neck 

flexion a sensation travelling down the spine and legs). MS also affects the 

autonomic nervous system resulting in bladder dysfunction and it may cause 

gastrointestinal or sexual dysfunction. Damage to the brainstem or cerebellum 

may lead to vertigo, double vision and speech disturbance (Compston and Coles, 

2002). Other symptoms include neuropathic pain (including facial and painful 

muscular spasms), depression/low mood, cognitive deficits, auditory loss, 

swallowing disturbances and fatigue. 

 

1.1.6 Treatments of MS 

Due to the complexity of the disease, it has proven difficult to establish a cure. A 

treatment which can halt the neurodegenerative process responsible for 

disease progression has yet to be developed. The majority of treatments for MS 

target the inflammatory response through immunomodulatory and 

immunosuppressive mechanisms that interfere with the early disease process 
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and decrease the frequency of relapse and disability progression. However, 

neuroprotective and restorative avenues are being investigated. Currently used 

disease modifying agents are listed in Table 1.1, along with their mode of action 

and beneficial effect.  
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Table 1.1: Immunomodulatory & immunosuppressive treatment options in MS 

MS disease 
course Treatment Mechanism of action Beneficial effect Reference 

Acute MS Corticosteroids Interferes with the BBB breakdown Treats acute relapses (Milligan et al., 1987) 

 (e.g Mathylprednisone) Inhibition of pro-inflammatory cytokine 
transcription 

  

    
 Plasma exchange (PLEX) Removes autoreactive antibodies Treats acute relapses (Keegan et al., 2005) 

RRMS Glatiramer acetate (Copaxone)a Increases regulatory T cells 
Suppresses pro-inflammatory cytokines 
Inhibits antigen presentation 

Decreases relapse rates and 
MRI detectable lesions 
 
 

(Johnson et al., 2001) 

   

   
 Mitoxantrone a Decreases pro-inflammatory cytokines 

Destroys lymphocytes 
Decreases relapse rates and 
MRI detectable lesions 
 

(Millefiorini et al., 
1997) 

 Natalizumab (Tysabri) a,# Reduces immune cell entry into the CNS 
 

Decreases relapse rates and 
MRI detectable lesions 

(Hutchinson, 2007) 

 Cladribineb Removes CD4 and CD8 lymphocytes Relapse rate over 2 y  

 Fingolimod (FTY720) b Prevents immune cell recruitment Reduces the APR (Brinkmann, 2009, 
Chun and Hartung, 
2011) 

 Laquinmod Modulates Th1 and Th2 lymphocytes in EAE Relapse rate over 24 h (Gold, 2011) 

 Teriflunomide Likely to prevent proliferation of T and B cells ARR and EDSS score over 2 y (Gold, 2011) 

 Anti-CD52 (Alemtuzumab, Leukocyte differentiation molecules Positive MRI outcome  

 Campath-1)    
 Interferon beta (IFNβ) Interferes with the BBB Decreases relapse rates and 

MRI detectable lesions 
(Javed and Reder, 
2006) 
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MS disease 
course Treatment Mechanism of action Beneficial effect Reference 

 IFNβ-1a (Avonex/Rebif) Pro-inflammatory cytokine antagonist  (Javed and Reder, 
2006) 

 IFNβ-1b (Betaseron/Betaferon) Inhibits antigen presentation Slows progression (Panitch et al., 2004) 

SPMS Mitoxantrone a Mentioned above Impedes progression 
(Fox, 2006, Goodkin et 
al., 1995) 

 Azathioprine Inhibits lymphocyte proliferation Impedes progression (Yudkin et al., 1991) 

 Methotrexate Decreases immune cell proliferation Impedes progression (Loma and Heyman, 
2011) 

 IFNβ-1b (Betaseron/Betaferon) a Mentioned above Impedes progression (Goodin et al., 2012, 
Loma and Heyman, 
2011) 

PPMS Currently no treatment N/A (Loma and Heyman, 
2011) 

Abbreviations: a = FDA approved drugs for treating RRMS & SPMS; b = Oral therapy in phase III of clinical trials or approved; #  = Natalizumab was 
withdrawn from the market in February 2005 and reintroduced in June 2006, due to its associations with progressive multifocal 
leukoencephalopathy (PML) in some patients; MS = Multiple Sclerosis; RR = relapsing remitting; SP = secondary progressive; PP = primary 
progressive; MRI = magnetic resonance imaging; CNS = central nervous system; BBB = blood-brain barrier; ARR = annualized relapse rate. Adapted 
from: (Frohman et al., 2006, Gold, 2011). 

 



 

 13 

1.2 The Myelin Sheath 

In order to fully understand MS, which primarily involves 

demyelination, the individual components of myelin need to be 

understood.  

The myelin sheath of the CNS is composed of a multilamellar membrane 

structure surrounding the axon. This structure is achieved by 

oligodendrocyte process “wrapping” around a naked axon (Figure 1.5). 

The oligodendrocyte carries out this process by firstly, initiating contact 

with a selected axon. The selected axons must exceed 1 µm in diameter 

in order to be selected as a candidate for myelination. This selection 

process has yet to be understood (Sherman and Brophy, 2005). 

Secondly, oligodendrocytes extend their processes around the axon 

(Figure 1.5). This lipid-rich structure permits electrical insulation and 

protection of axons ensuring that efficient salutatory conduction of 

rapid nerve impulses along axons takes place. Oligodendrocyte 

processes are composed of lipids and proteins. Some myelin proteins 

are synthesised via microtubule transport of RNA granules containing 

mRNA and ribosomes (Sherman and Brophy, 2005).  
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Figure 1.5: Myelin ensheathment of an axon. The oligodendrocyte has the ability to 
produce myelin by “wrapping” around naked axons. The image depicts the multilammar 
structure produced during this process. Ribosomes and RNA granules aid in the synthesis 
of myelin proteins. Source: (Sherman and Brophy, 2005). 

 

1.2.1 Myelin Components 

Myelin formation is dependent on three major myelin proteins that 

make up 20-25% of the total myelin sheath. These are: proteolipid 

protein (PLP; 50%); myelin basic protein (MBP; 30%), 2’3-cyclic 

nucleotide-3’-phosphodiesterase (CNPase; 4%). There are also two 

minor myelin component proteins: myelin-associated glycoprotein 

(MAG; 1%); myelin oligodendrocyte glycoprotein (MOG; <0.05%).  
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Figure 1.6: Myelin proteins in the CNS. Schematic of the four main CNS myelin proteins 
including, PLP, MAG, MBP and MOG.  PLP and MOG contain of extacellular, cytoplasmic 
and transmembrane-domains, as does MAG. MBP contains a cytoplasmic domain. Source: 
Mary Ní Fhlathartaigh. 

 

PLP has a molecular weight of 30 kDa and is present in compact myelin 

in the CNS. It contains 4 transmembrane domains along with intra- and 

extracellular domains and is found in the peripheral and central myelin.  

MBP is the second major protein in CNS myelin and does not possess 

transmembrane domains. This 18.5 KDa protein is located on the 

cytoplasmic side (Figure 1.6) and has a role in compacting myelin 

although it is not fully understood. This CNS myelin protein was the 

first encephalitogen identified.   

MAG is a 100 kDa glycoprotein and a minor component of total myelin 

protein, at less than 1%. This protein, like MOG, is a member of the Ig 

superfamily, with five extracellular Ig domains and a single 

transmembrane and cytoplasmic domain (Quarles, 2002). It is localised 

to the innermost periaxonal myelin loop and its functions include 

stabilisation of the myelin-axon junction at the node of Ranvier. 

 

In the 1980s Lebar et al., identified an autoantigen on the surface of the 

oligodendrocytes in guinea pigs, M2 (Lebar et al., 1986).   This protein 

differed from MBP and PLP. By the mid 1980s, Linington and colleagues 

isolated the protein in rats, using a monoclonal antibody raised against 

rat cerebellar glycoprotein (Iglesias et al., 2001, Gardinier et al., 1992). 
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This isolated protein is now referred to as MOG (von Budingen et al., 

2001). MOG is a 28 kDa glycoprotein and a member of the Ig 

superfamily. It is a minor component of total myelin and is located on 

the outermost layer of the myelin sheath allowing interaction with 

external cues. This contrasts with other myelin proteins embedded in 

the bilayer that are rendered inaccessible to antibodies or other 

inflammatory mediators. MOG contains a single transmembrane 

domain with an extracellular domain (amino acids 1-117) and a C-

terminal membrane domain with two hydrophobic domains (Figure 

1.7). The extracellular domain contains an Ig domain that facilitates 

immunogenecity. The first hydrophobic domain possesses a 

transmembrane sequence and thus spans the membrane. However, the 

second hydrophobic domain lacks this membrane spanning capability 

and thus is merely associated with it (von Budingen et al., 2001).   

 

Figure 1.7:  Structure of MOG. MOG protein consists of 218 amino acids which are highly 
conserved across species. It has an extracellular Ig domain along with the two 
hydrophobic domains. One hydrophobic transmembrane-spanning domain is located 
between amino acid residues 122 and 150. The second is located between amino acid 
residues 174 to 200, which may be semi-embedded into the lipid bilayer. Abbreviations: 
HD, hydrophobic domain; Ig, Immunogloublin; rmMOG, recombinant mouse myelin 
oligodendrocyte glycoprotein. Source adapted from: (von Budingen et al., 2001). 

 

1.3 Pathological features of MS 

The pathological hallmarks of MS are demyelinating lesions or plaques 

in the white matter of the brain and spinal cord (Figure 1.8). This 

disease is caused by immune cells and autoantibodies attacking the 

myelin sheath (see section 1.5), exposing it to further destruction. This 

impedes or halts nerve impulse signals.  These pathological events 

24 9824 98



 

 17 

occur due to the breakdown of the BBB, allowing inflammatory 

infiltration, predominantly comprised of T cells and macrophages 

which identify and mark the myelin sheath for destruction, causing 

demyelination (Lassmann et al., 2001). Remyelination may occur to 

varying degrees, with the formation of astroglial scar tissue and axonal 

loss.  

In post-morteum tissue, MS lesions are identified by employing routine 

histological stains including hematoxylin-and-eosin and myelin stains 

such as luxol fast blue.  Lesions can also be detected by 

immunohistochemical staining utilising antibodies to myelin (MOG, 

PLP, MBP) and/or cellular markers for macrophage/microglia (IBA1), 

astrocytes (GFAP/ OX42).  

 

 

Figure 1.8: MS brain pathology. MS white matter lesion is circled. Abbreviations: 
GM, grey matter; WM, white matter. Source: UK Multiple Sclerosis Tissue Bank, 
London. 

 

Although WM was perceived as being most susceptible to MS lesion 

formation, pathological studies have shown that grey matter (GM) 

lesions also existed, being documented as early as 1916 (Geurts and 

WM
GM

WM
GM

WM
GM

WM
GM
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Barkhof, 2008). WM pathology in MS merely explains some of the 

clinical deficits experienced whereas cognitive impairment and seizures 

may be attributed to the GM pathology (Moriarty et al., 1999, Rovaris et 

al., 2000, Spatt et al., 2001). GM lesion detection by conventional 

histological staining may have proven difficult to identify as myelin is 

sparser in these regions. The development of more advanced 

immunohistochemical and imaging techniques has made cortical GM 

lesions easier to visualise (Figure 1.9) (Bo et al., 2003a, Bo et al., 

2003b). It has been documented that GM pathology may be between 9 

and 26% of the total GM volume (Bo et al., 2003, Kutzelnigg et al., 2005, 

Vercellino et al., 2005). Intriguingly, cortical demyelinated lesions have 

been found independently of WM lesions (Bo et al., 2007, Bo et al., 2003, 

Kutzelnigg et al., 2005).  

 

 

Figure 1.9: Immunohistochemical staining of an MS brain lesion. The white and grey 
matter is delineated by the black line and myelin is stained with anti-MOG antibody. The 
white matter contains more myelin compared to the grey matter. The absence of myelin 
in the white matter can be easily seen (a dotted black line surrounds the lesion in the 
lower quadrant). A grey matter lesion is visible in the upper quadrant delinated by a 
dotted black line. Source: Dr Jill McMahon, MS & Stroke Group, NCBES, NUI, Galway. 

 

The pathological presentation of GM lesions differs considerably from 

that of the WM lesions as inflammation, complement deposition and 



 

 19 

BBB disruption are mainly restricted to WM lesions (Bo et al., 2003a, 

Geurts and Barkhof, 2008). GM demyelination pathogenesis is poorly 

defined, although neuronal loss, glial loss and transacted axons have 

been documented (Geurts and Barkhof, 2008). GM lesions are classified 

into three types dependent on their cortical location. The type I 

(leukocortical) lesions extend from the subcortical WM into the cortex 

(GM-WM border). Type II (intracortical) lesions are purely cortical 

lesions whereas type III (subpial) lesions extend from the pial surface 

into the cortex (layers III and IV; (Bo et al., 2003a)). Microglial 

activation has been identified in type III GM lesions (Bo et al., 2003b, 

Magliozzi et al., 2007, Magliozzi et al., 2010,).  Microglial activation and 

GM demyelination in SPMS patients along with meningeal inflammation 

and lymphoid structure formation hints at cytotoxic mediators from the 

meninges as a causative factor in GM pathology (Magliozzi et al., 2010). 

Studies on SPMS cases have established a correlation between cortical 

demyelination, meningeal inflammation, neuronal loss and rate of 

progression (Howell et al., 2011, Reynolds et al., 2011). A recent study 

on 26 cases of post-mortem brain tissue with PPMS showed that 

meningeal inflammation was present but there was an absence of 

lymphoid structures (Choi et al., 2012). Nonetheless, extensive 

meningeal immune infiltration was associated with a shorter, more 

severe clinical course with a low life expectancy (Choi et al., 2012). 

However, these lymphoid structures were not observed by other 

groups and no associated inflammatory link was made with cortical 

demyelination (Kooi et al., 2009). The association of EBV in B-cells and 

the presence of these follicle-like aggregates remain highly 

controversial in the MS field. The scarcity of animal models of cortical 

demyelination extending from the meninges impedes investigators 

from fully elucidating the cytotoxic mediators involved. 

Remyelination is the process of myelin restoration in previously 

demyelinated axons, restoring normal salutatory conduction and 

neurological function (Jeffery, 1997, Liebetanz and Merkler, 2006). This 
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process occurs in MS, but never fully restores the myelin sheath to its 

full capacity with a shorter, thinner sheath being produced. Historically, 

shadow plaques were regarded as areas of incomplete demyelination. 

Since then it has been established that shadow plaques were regions 

where demyelinated axons have undergone remyelination.  There are 

two main factors driving the remyelination process. Firstly, a greater 

amount of oligodendrocytes are preserved in early MS lesions 

compared to later disease stages. The greater number of 

oligodendrocytes present within lesions correlates with a greater level 

of myelin repair. Oligodendrocyte precursor cells (OPCs) can migrate to 

repopulate demyelinated lesions (Franklin, 2002) by differentiating 

into mature myelinating oligodendrocytes. Secondly, the cuprizone EAE 

model of MS showed, in the wake of a single event of demyelination, 

that OPCs were present and capable of differentiating into mature 

oligodendrocytes initiating the process of remyelination. Nonetheless, 

many de-/re-myelination cycles exhaust the OPC pool resulting in 

permanent demyelination (Ludwin, 1980).   

1.4 The Inflammatory Response in MS 

Autoimmunity results from an inappropriate immune response leading 

to destruction of normal body tissue. The immune system mistakenly 

recognises body tissue as a foreign pathogen and this leads to 

autodestruction. Autoimmune disease was described as follows by 

Ernest Witebsky: 

 The presence of a pathogenic antibodies/ T cells 

 Reproducible experimental evidence deeming the disease is 

autoimmune in nature 

 Clinically based evidence 

The CNS has been considered to be an immune privileged site where, 

under normal conditions, immune cell invasion is mostly prohibited, 

with only a small number of leukocytes being able to gain entry for 
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“immunological surveillance”. However, the immune-privileged BBB 

doors can open, allowing serum proteins to gain access and these 

proteins may be detected in MS plaques. T cell infiltration is facilitated 

by the following factors:  (i) the increased expression of adhesion 

molecules; (ii) promotion of macrophage trafficking by chemokines; 

and (iii) the increased expression of matrix metalloproteinases which 

degrade the extracellular matrix, further aiding the entry of 

inflammatory cells into the brain tissue.  

Cell types associated with T cell activation in MS are the antigen 

presentation cells (APCs), and these include macrophages and dendritic 

cells (DCs). These cell types differ from lymphocytes in that they do not 

possess antigen-specific receptors. APCs function to process and 

present antigen to the T cell receptor on T lymphocytes via MHC class I 

and MHC class II molecules. 

Microglia act as sensors for CNS pathology and are rapidly activated 

and recruited to the affected site when damage or inflammation occurs. 

They are stimulated by cytokines, neurotransmitters and neurotoxins. 

These cells have the capacity to metamorphose and change their 

morphology to adapt to environmental changes. For example, 

phagocytic microglia in the presence of cellular debris and dying cells 

take a detached, rounded and amoeboid shape.  

Circulating macrophages become activated following T cell and 

dendritic cell antigen presentation and cross into the brain/CNS. 

Microglia have the ability to function as APCs during the immune 

response playing a role in T cell re-stimulation (Kreutzberg, 1996, 

Gehrmann et al., 1995). Activated microglia and macrophages produce 

various cytokines and trophic factors that exert effects on surrounding 

cells. These cells also have the ability to react with dendritic cells, T and 

B cells. In a reciprocal manner, microglia also have the ability to 

regulate T cell-mediated inflammation. Once activated, microglia 

release proinflammatory cytokines IL-1 and TNFα, and anti-
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inflammatory cytokines IL-10 and TGF-β. Cytokine production by 

microglia has been documented at the initial and terminal stages of MS 

(Merrill and Benveniste, 1996, Minghetti and Levi, 1998, Mensah-

Brown et al., 2005, Ransohoff, 1997). Microglia can also act to 

downregulate Th1 induced tissue damage (Monsonego et al., 2003).  

Macrophages are derived from either blood-borne monocytes or stem 

from resident microglia.  Under normal circumstances, microglia do not 

act as antigen presenting cells (APCs). Following CNS inflammation 

however, they become activated, expressing MHC class II and co-

stimulatory molecules essential for optimal antigen presentation to T 

cells, taking on a macrophagic phenotype.  

Toll-like receptors (TLRs) are a type of protein that plays a role in 

innate immunity. An array of TLRs are present on immune cells 

including macrophages and mast cells. These innate immune receptors 

recognise pathogens acting to clear such pathogens. Membrane 

spanning molecules, they are classed as pattern recognition receptors 

(PRR). Pathogens (bacteria or virus) recognise and bind to pathogen-

associated molecular patterns (PAMPs) which in turn activate TLRs 

located on macrophages or other cell types. TLRs usually signal via an 

adaptor protein termed MyD88 which initiates activation of NFкB and 

MAPK leading to the release of proinflammatory cytokines including IL-

1β, IL-6, IL-8, IL-12 and tumour necrosis factor (TNF) (Marta et al., 

2009). TLR3 signals through the MyD88-independent TIR-domain-

containing adapter-inducing interferon-β (TRIF) pathway, causing 

transcription of interferon (IFN), whereas TLR4 can signal through both 

MyD88-dependent and MyD88-independent pathways (Marta et al., 

2009).  

Acquired immunity, present only in vertebrates, is more specialized and 

supplements the innate immune system. It is learned/acquired 

following exposure to a pathogen, when a cascade of events causes 
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activation of B and T lymphocytes. The B lymphocytes mature in the 

bone marrow and the T lymphocytes mature in the thymus.  

Acute inflammatory lesions can be clinically “silent” and up to ten times 

more prevalent than those causing overt disability (McFarland, 2007). 

Such lesions are produced following a breach of the BBB permitting 

inflammatory cells to gain CNS entry from the periphery. The BBB 

reseals, by which time an area of damage, measurable by MRI, has been 

produced (McFarland, 2007). Myelin and axonal damage in acute 

lesions are variable. Once the immune cells from the periphery traverse 

the BBB by binding to the appropriate adhesion molecules, they can 

initiate innate immune system activation. The role of the innate 

immune system is to protect against infections and noxious agents. 

Cells of the innate immune system have the ability to recognise antigen 

via their associated receptors and are unable to retain immunological 

memory. These cells signal to the T and B lymphocytes to differentiate, 

initiating the adaptive immune response. 

Inflammatory pathology is not restricted to demyelinated plaques. 

Pathological abnormalities have been noted in the “normal appearing 

white matter” (NAWM). These changes include gliosis, inflammatory 

cell infiltration, microglial activation, axonal loss, thickened blood 

vessel walls, perivascular deposits of lipofusion, the expression of 

inflammatory mediators and minimal BBB changes. 

Cytokines are small proteins approximately 8-80 kDa in size. They 

function as part of an extracellular network controlling innate and 

specific immune responses, namely inflammation, protection against 

viral infection, proliferation of B- and T-cell clones and regulation of 

differentiation. These small proteins are produced mainly by 

monocytes, DCs and T-lymphocytes. Cytokines have a regulatory role in 

inflammation as pro-inflammatory or anti-inflammatory. For example, 

pro-inflammatory cytokines stimulate CD4+ Th1 cells to produce TNFα, 

IFNγ and IL-12. On the other hand, CD4+ Th2 cells produce the anti-
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inflammatory IL-10 cytokine. TNFα, IFNγ exert an extensive array of 

effects on a variety of target cells and are among the most important 

molecules of the immune response. The release of these molecules has 

been documented in many inflammatory diseases, including Chron’s 

disease, dermatitis, rheumatoid arthritis and diabetes (Imitola et al., 

2005, McCoy and Tansey, 2008). The contribution of TNFα and IFNγ to 

the evolution of inflammation within the CNS has led to their role being 

further investigated, especially in the context of MS and EAE.  

TNFα is a 17-kDa cytokine composed of 3 identical subunits and is an 

important proinflammatory cytokine capable of functioning in cell 

differentiation and apoptosis (Fernandez et al., 2010, Imitola et al., 

2005). It is produced by many cell types, including astrocytes, activated 

T and B cells and especially macrophages and microglia (Aloisi et al., 

1999, Imitola et al., 2005, Tumanov et al., 2004). There are two 

biologically active forms to this molecule, the transmembrane and 

soluble. Matrix metalloprotease TNF converting enzyme functions to 

cleave transmembrane TNF and to generate the soluble form (McCoy 

and Tansey, 2008). TNFα has two receptors, TNFR1 and TNFR2. The 

biologically active soluble form binds to the TNFR1 which is expressed 

on many cell types. Activation of this receptor mediates TNF-induced 

apoptosis. The TNFR2 binds the transmembrane form which does not 

contain the death receptor domains. Raised levels of TNF has been 

shown to be present in the CSF of RRMS (Maimone et al., 1991). TNF 

expression has been reported in macrophage/microglia, astrocytes and 

endothelia in chronic white matter MS lesions (Selmaj et al., 1991). 

Moreover, TNF has been detected in microglia in B cell follicle-like 

structures in SPMS cases (Magliozzi et al., 2010).  

 

IFNγ is a 17 kDa cytokine and the only member of the class II type of 

interferons. It is produced by T cells (CD4+ and CD8+) and NK cells. This 

soluble cytokine is involved in the differentiation and maintenance of 

Th1 cells, signalling their involvement in the pathogenesis of 
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autoimmune diseases. In a pilot study, 7 out of 18 RRMS patients 

experienced disease exacerbation following rIFNγ administration 

(Panitch et al., 1987). This shows that circulating IFNγ can be a 

mediator of MS attack. IFNγ has been found on lymphocytes at the edge 

of actively demyelinating white matter MS lesions (Vartanian et al., 

1995). The presence of IFN is possibly due to T cell infiltration as 

endogenous IFN is not present normally within the CNS. The majority of 

pathological changes experienced in EAE and MS namely, reduced 

myelination, gliosis, BBB dysfunction and MHC expression, 

macrophage/microglia activation have been correlated to effects 

exerted by IFNγ (Popko et al., 1997). Under normal circumstances 

IFNγ- producing cells do not traverse the BBB and are, therefore, 

undetectable within the CNS. In immune-mediated disorders, CD4+ T 

cells cross the BBB and are present at high levels in the CNS (Raine, 

1994, Hickey, 1999).  

1.5 The Adaptive Immune Response in MS 

Lymphocytes are divided into two populations: T and B cells. Both are 

derived from a common progenitor in the bone marrow, but are 

conditioned in different regions to become functional e.g. thymus (T 

cells) and bone marrow (B cells).  There are several stages involved in B 

and T cell development. For example, B cells differentiate and undergo 

rearrangement at IgH and IgL chain loci producing a B cell repertoire 

(Figure 1.10). T cells develop in a similar manner via their T cell 

receptors, resulting in the production of Th and cytotoxic T cells (Figure 

1.10). 
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Figure 1.10: B and T cell development. B cells develop in the bone marrow. This process 
requires the rearrangement at IgH and IgL chain loci to create a diverse repertoire of B cell 
receptors. The preB cell receptor (preBCR) carries out vital functions throughout the early 
B cell developmental stage. T cells develop in the thymus and via their T cell receptor 
produce T helper and Cytotoxic T cells (killer T cells). Key: BCR, B cell receptor; TCR, T cell 
receptor. Source: enabled following author’s correspondence (Prof Hajime Karasuyama): 
http://immune-regulation.org 

 

1.5.1 T cells in MS 

The immune cells that are known to contribute to MS pathogenesis are 

shown in Figure 1.11. There are several types of T cells including helper 

T cells (Th), cytotoxic, memory (regulatory T cells or Tregs) and natural 

killer T cells. There are two main T cell phenotypes documented in MS: 

cluster of differentiation 4 (CD4+) Th (helper) cells and CD8+ (cytotoxic) 

T cells, which are present within lesions. DCs known as “professional 

antigen-presenting cells” have the ability to modulate the adaptive 

immune response. These cells have the ability to process antigens and 

present antigenic fragments on MHC molecules to naive T cells. DCs 

secrete cytokines and can steer naive T cells to differentiate into  Th 

subclasses (Steinman, 2007). The Th cells can differentiate into one of 

many subtypes including Th1, Th2, Th17. Each secrete different 

cytokines, eliciting different immune responses.  Dendritic cell release 

of cytokines promotes T cell stimulation and directs T cells to the site of 

inflammation (Comabella, 2010). Pro-inflammatory and anti-
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inflammatory molecules are also released (Figure 1.11). DCs can also 

quench autoreactive T cells by stimulating regulatory T cells (Steinman, 

2003). 

The Th 1 subset plays a critical role in the pathogenesis of MS and  was 

identified in MS brain lesions (Batoulis et al., 2010). Another Th subset, 

Th 17, has more recently been identified in MS but has not been 

investigated to the same extent. T regulatory (Tregs) function to 

maintain immune homeostasis. These cells have the capacity to 

suppress proinflammatory T cells and thus dampen the immune 

response. Tregs cells have been identified at reduced levels in RRMS 

(Haas et al., 2007) and copolymer-I treatment was shown to promote 

Treg induction (Hong et al., 2005).  
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Figure 1.11: Cytokine secretion following innate immune system activation and 
subsequent activation of T cell subsets. Key: Tregs, effector or regulatory T cells, NK, 
natural killer cells; DC, dendritic cells, Th, T helper cells. Inflammatory cytokines (in red) 
secreted by innate immune cells lead to differentiation of effector T cell populations such 
as Th1, Th2 and Th17 involved either in mediating inflammation or in immunomodulation. 
Anti-inflammatory cytokines (in green) secreted by innate immune cells play an important 
role in induction of regulatory T cells that are capable of mediating tolerogenic function 
during disease. Source: (Gandhi, 2010) 

 

1.5.2 B cells in MS 

B lymphocytes are derived from haematopoetic stem cells in the bone 

marrow and develop to function in the adaptive immune response 

(Figure 1.10). B cells secrete antibodies and can act as APCs to present 

antigens to T cells, thus promoting T cell activation. Myelin antibodies 

have been linked to the pathogenesis of MS, in particular, MBP 

autoantibodies have been reported to contribute to MS pathogenesis 

directly or via immune activation. Anti-MBP antibodies have been 

linked to increased relapse rate and progressive disease states 
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(Tomassini et al., 2007). MS patient sera, containing high levels of anti-

MOG antibodies, were also shown to augment demyelination and axonal 

damage in an EAE model (Zhou et al., 2006). Furthermore, mass 

spectrometry facilitated the identification of neurofascin (NF) antibody 

(Mathey et al., 2007). This protein is located around the node of Ranvier 

and chronic progressive MS patients were shown to produce increased 

antibodies to NF. Antibodies to both isoforms were detected, i.e., NF155 

(in myelin protein) and NF168 (a neuronal protein present at the node 

of Ranvier). Recent immunohistochemical studies demonstrated B-cell 

follicle-like structures on the meninges of SPMS patients which were 

absent in individuals with PPMS (Martin and Chan, 2006, Magliozzi et 

al., 2007). These structures were observed adjacent to subpial grey 

matter lesions and meningeal inflammation; their presence indicates 

that they may play a role in cortical grey matter demyelination 

(Magliozzi et al., 2007, Howell et al., 2011). CNS infiltration by ectopic B 

cell clones in MS parenchyma has been reported (Lovato et al., 2011).  

1.6 Experimental Models of MS 

Human MS tissue has provided researchers with an in-depth 

histopathological knowledge of the disease. Nonetheless, this has its 

limitations, as it provides but a “snapshot” of one point in time. 

Significant advances have been made in the understanding of MS 

pathology over the past few decades, through the development and 

analysis of experimental models of MS. There are three main 

approaches used to model MS: (i) experimental autoimmune 

encephalomyelitis (EAE); (ii) virus-induced demyelination; and (iii) in 

vitro models of demyelination. The remaining parts of section 1.6 focus 

only on EAE models of MS. 
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1.6.1 Experimental Autoimmune Encephalomyelitis (EAE) 

EAE has been studied since the 1930s as a model for MS and is based on 

the principle of an autoimmune reaction against myelin. An animal 

injected with a protein or a portion of myelin induces autoimmunity, 

leading to destruction of myelin comparable to that seen in MS. EAE and 

MS display similar pathological hallmarks, namely inflammation and 

demyelination. EAE has been generated in a variety of species from 

rodents to primates. However, rats and mice are the most commonly 

used species. 

As MS is a spontaneous disease, one of the major pitfalls is that the 

majority of animal models are experimentally induced. However, the 

first spontaneous model of MS-like disease in a Japanese macaque 

(Macaca fuscata) colony has recently been documented (Axthelm et al., 

2011). Neurological manifestations and the presence of WM multifocal 

lesions with oligodendrocyte and axonal loss similar to those reported 

in MS, were observed in the brain and spinal cord of these animals 

making it an attractive model for the disease. 

1.6.2 EAE induction 

Successful EAE induction is dependent on a number of factors 

including: species, strain, route of administration, selection of 

encephalitogen or adoptive transfer of CNS myelin antigen-specific 

CD4+ T cells.  

1.6.2.1 Species, Susceptibility and Clinical Signs 

Many species and strains are susceptible to EAE induction including 

rats, mice, guinea pigs and even monkeys. EAE can be induced in a 

range of primate species including Cynomolgus monkey (Macaca 

fascicularis), rhesus monkeys (Macaca mulatta), owl monkeys (Aotus 

spp.), squirrel monkeys (Saimiri spp.) and common marmoset (Callithrix 

jacchus). MOG-induced EAE in the common marmoset is genetically 

closest to the human MS disease (Uccelli et al., 2003). However, the rat 
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or mouse models are routinely used (Table 1.2). MOG-EAE in the DA rat 

provides similar results to that of the common marmoset producing a 

model with similar immunopathology and clinical presentation to that 

of MS. Not all strains within a species are susceptible to EAE. For 

example, the DA and Lewis rats are susceptible strains whereas the 

Albino Oxford (AO), Brown Norway, F344 and BVG are resistant. It has 

been documented that there were a similar number of inflammatory 

infiltrates in the susceptible DA and resistant AO rats early following 

EAE induction (Lukic et al., 2001). However, resistance to clinical 

disease in the AO rats can be correlated to the apoptotic clearance of 

these infiltrating cells (Mensah-Brown et al., 2005). In addition, 

susceptibility to EAE in rats is thought to be dictated by the MHC 

antigen expression. The rats most susceptible to EAE include: Lewis 

(RT-11), Fischer (RT-1lvl) and DA (RT-1avl) (Nagai et al., 1998). It has 

been suggested that higher spontaneous autoreactive T cell activity may 

contribute to increased susceptibility of DA rats to EAE along with a 

high CD4+:CD8+ T cell ratio (Nagai et al., 1998).  

 DA rats are highly susceptible to EAE induction following spinal cord 

homogenate (SCH) injection or MBP peptide co-administered with IFA.  

In 2004, it was reported that EAE could be induced in DA rats following 

homologous SCH administration even in the absence of adjuvant 

(Stosic-Grujicic et al., 2004).  
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Table 1.2: Strain and susceptibility and encephalitogen used to induce EAE 

Animal Sex Antigen Adjuvant 
Route of 

administration Clinical EAE outcome Pathology Reference 

ABH mice ND SCH CFA s.c in both hindflanks Secondary progressive 
EAE 

Gliosis, demyelination, remyelination, axonal loss (Hampton et al., 2008) 

       

C57BL/6 
mice 

Female rMOG33-55 CFA s.c flank injections Relapsing-remitting EAE Spinal cord infilration (Oliver et al., 2003) 

  hMOG33-55 Mycobacterium 
tuberculosis 

    

Lewis rats ND MBP CFA ND Acute monophasic EAE Inflammatory infiltration into the spinal cord, brain stem & 
cerebellum 

(Swanborg, 2001) 

      with a small degree of demyelination  

Lewis rats Male & 
Female 

Guinea pig 
spinal 

Pertussis Right hind foot ND Neutrophil deposition (Levine and Sowinski, 1973) 

  cord    and neuronal loss  

DA rats Male MOG35-55 
peptide 

CFA with s.c at tail base Relapsing-remitting EAE BBB disruption, Infiltration (Perez-Nievas et al., 2010) 

   Mycobacterium 
tuberculosis 

    

DA rats Female SCH CFA s.c at tail base Chronic relapsing-
remitting EAE 

Large CNS immune infiltrates (Beeton et al., 2007) 

      Demyelination  

DA rats Male & 
Female 

rMOG or SCH IFA s.c at tail base Chronic relapsing EAE Inflammatory infiltration  with variable (Lorentzen et al., 1995) 

      demyelination (Swanborg, 2001) 

      CNS demyelination, gliosis  

Key: ND, not determined; MOG, myelin oligodendrocyte glycoprotein; MBP, myelin basic protein; SCH, spinal cord homogenate; s.c, subceutaneous CFA, complete Freund’s 

adjuvant 
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1.6.2.2 Route of administration 

The accepted route of primary administration is subcutaneous or 

intradermal. Previously, the emulsion was injected into the hind foot 

pad. Many immunogens have been tried including spinal cord 

homogenate and CNS myelin proteins. The antigenic material is mixed 

with an equal volume of adjuvant, for example complete Freund’s 

adjuvant containing killed Mycobacterium tuberculosis, producing an 

antigen depot under the skin. Bordetella pertussis may also be used to 

boost the immune response assisting the opening of the BBB. In order 

to induce EAE in mice intraperitonial injection of pertussus toxin is 

generally required on days 0 and 2 following EAE induction, this is 

thought to boost the immune system (Table 2). 

1.6.2.3 Encephalitogens 

The complex structure of myelin (Figure 1.6) contains many antigens 

capable of producing an autoimmune response. EAE may be induced by 

a homogenate of spinal cord or CNS tissue. Alternatively individual 

myelin components can raise an autoimmune response.  

A monoclonal antibody (mAb), 8-18C5, raised in mice against rat 

cerebellar glycoprotein was later termed MOG by Linington and 

Lassmann (reviewed in Mayer and Meinl, 2012). Since then, many 

studies have been carried out to show how potent MOG was in 

producing CNS autoimmunity. This protein has a dual mechanism in 

producing such effects. Firstly, MOG-specific T cells stimulate CNS 

inflammation and secondly, anti-MOG antibodies produce 

demyelination. MOG-induced EAE in rats and marmosets provide 

excellent models to recapitulate antibody involvement in lesion 

formation (Iglesias et al., 2001). However, in murine MOG-EAE models 

demyelination occurs  via the TNF-dependent pathway, lacking an 

antibody response (Iglesias et al., 2001). On the other hand, Storch 

showed that DA rats injected with recombinant MOG (rMOG) in 

incomplete Freunds adjuvant (IFA) displayed chronic EAE (Storch et al., 
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2006). Patterns of EAE may be acute or chronic, depending on the CNS 

protein and dose selected (Lindsey et al., 2005). 

Moreover, it has been shown that purified MOG can activate the 

complement component C1q and may therefore have a role in 

regulating the complement cascade (Johns and Bernard, 1997).  

 

1.6.3 EAE disease pattern: acute and chronic 

As MS produces different patterns of paralysis, such patterns can be 

modelled experimentally in animal models. The dose and antigen can 

determine the clinical course of EAE in a susceptible strain. There are 

two main patterns of disease, acute and chronic. Acute EAE produces a 

monophasic disease pattern and chronic EAE produces multiple cycles 

of relapses and recovery over an extended period of time. The disease 

pattern can be easily monitored daily. 

Acute EAE is routinely induced with low doses of MOG (50 µg), 

resulting in an increasing neurological deficit over 50–80 days post-

injection, mirroring PPMS (Reynolds et al., 2002). Acute EAE may also 

be induced with other myelin peptides or proteins, for example MBP. 

This leads to partial recovery with weakness in one limb. Many 

investigators choose this particular model which demonstrates acute 

attacks followed by recovery, to mimic early MS symptoms.  

The chronic EAE model mimics certain stages of MS with relapsing-

remitting patterns. This is a particularly useful model as the majority of 

MS patients (85%) present with relapsing and remitting symptoms 

with neurological impairment (visual, sensory and motor modalities). A 

higher dose of MOG (100-200 µg) has been reported to induce chronic 

progressive relapsing EAE in Biozzi ABH mice which mirrors SPMS 

(Hampton et al., 2008).  

MOG-induced EAE in DA rats shares clinically important pathological 

features with MS, for instance, axonal loss and disease progression 
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(Adelmann et al., 1995). Hampton and colleagues also characterised the 

pathology of chronic EAE in ABH mice finding distinct gliosis, 

substantial demyelination, remyelination, axonal and neuronal loss 

(Hampton et al., 2008). This study, coupled with clinical patterns, 

identified chronic EAE as an excellent model of SPMS.  

Papadopoulos and colleagues found that axonal loss and clinical 

severity scores were proportional to the number of relapses in the DA 

rat, indicating axonal loss as the main factor of irreversible neurological 

disability in their MOG-EAE model (Papadopoulos et al., 2006b). This 

highlights the importance of EAE studies in understanding the 

mechanism of axonal loss in MS and identifying novel neuroprotective 

therapies. 

1.6.4 EAE pathology 

EAE is the most extensively studied model of MS, nonetheless, it 

remains an imperfect model. The vast majority of EAE models produce 

limited if any demyelination with acute courses followed by complete 

recovery. For instance EAE induced in the highly susceptible Lewis rat 

results in paralysis with immune cell infiltration of the spinal cord, 

brain stem and cerebellum. Demyelination is rare in the cortex and is 

less frequent in this model, likely enabling subsequent recovery 

(Swanborg, 2001). Chronic EAE disease patterns can be induced in DA 

rats by the administration of MOG or spinal cord homogenate (SCH) in 

IFA, such that inflammatory infiltration is accompanied with variable 

demyelination (Lorentzen et al., 1995, Swanborg, 2001). Others have 

shown that DA rats immunised with SCH in CFA can produce large CNS 

infiltration with demyelination (Beeton et al., 2007). As MS has been 

perceived as a white matter disease of the CNS most EAE researchers 

have focused on these white matter regions of the spinal cord and brain. 

However, there is emerging evidence in MS of the GM involvement, 

even though GM lesions are more difficult to detect using conventional 

methods. EAE pathology is mainly restricted to the spinal cord WM and 
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to varying degrees the brain and optic nerve are affected. Like MS, the 

cortical involvement in its animal model is slowly gaining momentum. 

The involvement of the GM was assessed in different rat strains 

following MOG immunisation. Cortical demyelination was found in LEW 

rat strains, attributed to the presence of specific isotypes and alleles 

(RT1.BuDu in the MHC II region and RT1.Cu in the MHC I regions) 

(Storch et al., 2006). Microglial infiltration, demyelination together with 

Ig deposition was evident. In constrast, although the DA rat is highly 

susceptible to EAE, cortical lesions were not observed in EAE induced 

rats (Storch et al., 2006). Recent efforts are being focussed on 

establishing targeted models of GM demyelination. Such models have 

been produced in the Lewis rat by priming with a subclinical dose of 

MOG and then pro-inflammatory cytokines are injected to produce local 

demyelination (Kerschensteiner et al., 2004, Merkler et al., 2006). These 

models will be discussed later in chapter 5. 

1.6.5 The Immune Response in EAE 

1.6.5.1 Microglia and Macrophages 

Blood-derived macrophages and CNS-resident microglia play a pivitol 

role during EAE, functioning as APCs causing tissue damage by 

releasing proinflammatory cytokines, chemokines, MMPs, nitric oxide. 

They can aid in the removal of myelin debris via phagocytosis. The early 

influx of macrophages has been attributed to the high susceptibility to 

EAE in DA rats (Mensah-Brown et al., 2011). Interestingly, microglia 

have been reported to be activated at the peak of EAE in DA rats. These 

cells have a ramified morphology at disease initiation in DA and Albino 

Oxford rats. However, in peak disease in DA rats, the microglia become 

activated changing their morphological confimation (Mensah-Brown et 

al., 2011).  Reports have shown that macrophages drive EAE by 

facilitating the activation of pathogenic T cells (Hickey and Kimura, 

1988). On the other hand, MHC II expressed on microglia may promote 

Treg function promoting remission (Konno et al., 1989). 
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Microglia/macrophages have also the capacity to produce various 

proinflammatory cytokines including 1L-1, TNF , IFN , GM-CSF, IL-12, 

IL-23 along with anti-inflammatory cytokines such as IL-10 and TGβ 

(Raivich and Banati, 2004). These cells can also secrete chemokines 

attracting leukocytes to CNS sites. 

1.6.5.2 T cells in EAE 

EAE occurs as a result of neuroantigen-specific T cell infiltration into 

the CNS. These T cells ultimately destroy the myelin sheath producing 

pathology and neurological signs similar to MS, following initiation of 

innate and humoral-mediated inflammatory responses.  

Following antigen-specific T cell activation in the periphery, cytokine 

release causes an opening of the BBB such that T cells traverse this 

barrier and enter the CNS. EAE is initiated as a result of Th 1 response 

once CD4+ Th cells have been activated by APCs in the target tissue 

(Pope et al., 1998, Mensah-Brown et al., 2005). Once the CD4+ Th cells 

gain entry into the CNS clinical disease outcome is dependent upon 

resident cell activation resulting in the production of proinflammatory 

cytokines namely interferon-gamma (IFNγ), IL-23, IL1β, and tumour 

necrosis factor alpha (TNFα) (Abbas et al., 1996, Cua et al., 2003, 

Mosmann and Sad, 1996). Another Th cell population that has been 

proposed as a possible pathological candidate in EAE is the Th17 

population. The potent effects of such reactive T cells is evident 

following EAE induction by adoptive transfer of MOG35-55-primed Th17 

cells, without any booster (Jager et al., 2009). This method of EAE 

induction usually requires more than one injection. Further evidence 

for the importance of these cells, and in line with the above findings, 

was demonstrated when IL-17 deficient mice produced a milder disease 

course (Komiyama et al., 2006). Similarly, IL-17 antibody neutralisation 

with monoclonal antibodies or IL-17-receptor-Fc-fusion protein 

improved EAE outcome (Hofstetter et al., 2005). It is thought that Th17 

cells enter the CNS via the choroid plexus, expressing CCL20 which is a 
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ligand for CCR6. Interestingly, the Th17:Th1 ratio is important for 

inflammatory response and evolution of a lesion. The Th17 cells must 

exceed Th1 cell number, since CNS infiltration was evident when this 

ratio was greater than 1 (Batoulis et al., 2010). In this case, Th17 cells 

could potentially facilitate the BBB breakdown by recruiting 

neutrophils into the CNS and elevating the MMP 3 levels which, in turn, 

could promote activation of MMP8 and MMP9 in the granula of 

neutrophils (Batoulis et al., 2010). Once the BBB is compromised 

inflammatory cells can flood the CNS.   

Another new Th cell subset is emerging, Th9. These cells are only 

induced following Th2 cell induction via TGF-β and IL-4 (Veldhoen et 

al., 2008). When Th9 cells are activated they secrete proinflammatory 

IL-9 and anti-inflammatory IL-10 (Dardalhon et al., 2008). It has been 

reported that Th9 cells promote inflammation regardless of IL-10 

production (Dardalhon et al., 2008). Much more work is needed to be 

carried out on this subtype to establish its role fully.  

Lastly, there are physiological mechanisms in place in the EAE model to 

produce a self-tolerance. The non-pathogenic nature of some CD4+ T 

cells produces an immunosuppressive response through the induction 

of CD25 and Foxp3 (Kim et al., 2007). These immunosuppressive cells 

are known as regulatory T cells (Treg) cells.  

1.6.5.3 B cells in EAE 

B cells are key players in the pathogenesis of EAE, having a dual role of 

producing antibodies and acting as APCs. Originally, T cell activation 

along with the release of inflammatory mediators such as TNF were 

identified as the cause of demyelination. However, demyelination due 

to the induction of MOG-EAE in the rat and marmoset was then 

attributed to MOG antibody (Adelmann et al., 1995, Genain et al., 1995, 

Stefferl et al., 1999). It has been shown that MOG-specific antibodies 

were present the serum of rats following EAE induction (Lalive et al., 

2011). Moreover, soluble factors in the serum were capable of 
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producing EAE pathology in rabbits injected with spinal cord 

homogenate (Grundke-Iqbal et al., 1981). It was also reported in 2002, 

that B-cell deficient mice immunised with MOG were resistant to EAE 

(Lyons et al., 2002). Disease was elicited following the transfer of MOG-

specific antibodies in sera. Other myelin antigens are capable of 

producing EAE including, PLP and MBP. A high antibody titre was found 

in guinea pigs in a PLP-EAE induced model(Endoh et al., 1986). In 1988, 

EAE was induced in Lewis rats with MBP-activated splenic cells or 

MBP-specific T-cell lines, followed by an intravenous injection of MOG 

administered at the onset of disease, which led to more severe 

symptoms with a longer disease duration and large demyelinated 

lesions (Linington et al., 1988). Although MOG, PLP and MBP are the 

classic target autoantigens in MS, the list has increased over the years to 

include both myelin (Martinon et al., 2010) and non-myelin targets 

namely, MOBP, MAG, OSP, Nogo-A, CNPase, glial and neuronal antigens 

(GFAP, S100β, αβ-crystallin, Neurofilament-L and –M, β-synuclein, 

Contactin-2, Neurofascin)(Derfuss et al., 2009, Mathey et al., 2007, 

Berger et al., 1997, Sospedra and Martin, 2005, Mor et al., 2003, 

Fontoura et al., 2004, Krishnamoorthy et al., 2009, Huizinga et al., 

2007).  

Interestingly, a novel aspect of the B cell response in MS and EAE was 

found to be in the presence of ectopic lymphoid follicles. Experimentally 

the formation of such follicular structures requires the production of 

lymphotoxin-α in the presence of chemokines, like CXCL13. 

Lymphotoxin-α is responsible for stromal cell differentiation and 

endothelial venules, CXCL13 is necessary for the entry of B cells into 

these follicular structures (Carragher et al., 2008). Intriguingly, 

adoptive transfer of TH17 cells co-cultured with IL-23 produced ectopic 

lymphoid aggregates in C57Bl/6 mice (Jager et al., 2009). 

Lastly, B cells may possess a regulatory function as it was reported that 

B cell depletion in the C57BL/6 mice produced more severe disease 

following a subsequent MOG35-55 injection. Elevation of IFNγ, IL-17 and 
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MOG-specific T effectors cells may result in disease exacerbation due to 

regulatory B cell depletion (Matsushita et al., 2008). 

1.7 Biomarkers 

In the context of MS, a biomarker is an indicator molecule or a 

phenotype which is differentially expressed between MS patients and 

healthy controls or patients with other neurodegenerative disorders. 

Ideally, this marker would also be affected in a reproducible manner by 

standard or novel therapeutic treatments. There currently is no specific 

laboratory test for MS and conventional diagnostic methods are MRI 

and the detection of oligoclonal bands in the CSF.  

Although many different body fluids including CSF, saliva, urine and 

tears may be sampled, the focus in this thesis is on blood sampling. 

Blood is an attractive source of biomarker due to its ease of collection 

and the presence of brain specific proteins of the CNS. The presence of 

CNS-specific proteins could be pathological indicators of CNS disease. 

TNFα and CCL2 have been shown in serum samples and postulated to 

be indicators of an inflammatory response associated with PPMS 

(Hagman et al., 2011). As the blood is a peripheral sample, CNS protein 

detection may be more complex due to hepatic degradation and renal 

clearance. Furthermore, exportation of molecules from the CNS into the 

blood circulation may be effected by proteases resulting in truncated 

proteins, thus producing an obstacle to overcome in identifying a 

clinically relevant biomarker (Singh et al., 2012). Many soluble 

molecules in the blood may be subject to diurnal variation, for instance 

IL-6 fluctuates by 350% in any 24 h period (Bielekova and Martin, 

2004). Handling of the samples requires great care and attention as 

post-collection delay in sample processing may lead to degradation of 

important markers within the sample. Also separation and storage may 

cause degradation, for example freeze-thaw cycles may inherently 

damage markers. Therefore, there is a need for standardized criteria to 

be set in place and adhered to in order to ensure experimental 
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reproducibility. Markers may be found in whole blood, following 

coagulation and post separation. Flow cytometry may be used to 

determine cellular populations within a blood samples. Serum collected 

following coagulation can examine the soluble components including 

detection of cytokines and antibodies.  

There is still no one sensitive, reliable biomarker for MS. However, an 

early treatment for MS, IFN-βIb, has the ability to stabilise disease by 

reducing inflammatory cytokines and MMPs. Collection of serum 

samples from patients and examination of these mediators could act as 

a marker for assessing the therapeutic response in the first year of 

treatment (Alexander et al., 2010). Therefore, more research is needed 

in this area to identify other suitable differentially expressed markers 

for MS.  

1.8 Endoplasmic reticulum  

Present in all eukaryotic cells, the endoplasmic reticulum (ER) is 

comprised of a single sheathed membrane encasing a closed sac, which 

extends into a network of branched tubules. It is located throughout the 

cytoplasm and is contiguous with the outer nuclear envelope, Golgi 

apparatus, mitochondria as well as the plasma membrane (Figure 1.12). 

This organelle functions to produce lipid and protein components of 

most of the cell organelles. The internal space is termed the ER lumen. 

There are two types of ER: rough ER (RER) and smooth ER (SER).There 

is also a specialised reticulum found in muscle termed the sarcoplasmic 

reticulum (SR) (Wray and Burdyga, 2010). The RER is a series of 

flattened sacs with ribosomes attached on the cytoplasmic leaflet, 

whereas the SER consists of tubules and lacks such a coating. 

Membrane and secretory protein synthesis begins on the cytosolic 

surface of the RER, with emergent proteins translocating through a 

pore (termed sec61) in the membrane into the ER lumen. The folding 

and maturation of these secretory proteins within the ER lumen is a 

tightly regulated process. Newly formed proteins commence folding 
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during translation/translocation allowing sequential folding 

particularly of complex protein structures (Kleizen and Braakman, 

2004). The RER and SER are connected to allow movement of proteins 

synthesised in the rough ER to the SER for transportation within the 

cell. Only correctly folded proteins are permitted to exit the ER. 

Misfolded or unfolded proteins are inhibited from leaving and are 

degraded. The SER functions to synthesise, store and release lipids and 

steroids. The ER lumen also functions as a calcium store (Zhang and 

Kaufman, 2008). 

 

Figure 1.12: The structure of the endoplasmic reticulum. The smooth endoplasmic 
reticulum is contiguous with the rough endoplasmic reticulum. The rough ER contains 
ribosomes on its surface. The ER is also continuous with the nuclear envelope. Source: 
http://antranik.org/the-building-blocks-of-cells/. 

 

1.8.1 Endoplasmic reticulum stress pathway 

The primary function of the ER is to ensure cellular homeostasis. The 

quality control mechanism ensures that only correctly folded proteins 

are packaged into the ER exit vesicles for transportation elsewhere in 

the cell. The ER lumen contains a high protein concentration (>100 

mg/ml) with a higher proportion of chaperones and folding enzymes to 

newly synthesised proteins (Marquardt et al., 1993, Kleizen and 
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Braakman, 2004). Many factors are required to ensure that this tightly 

regulated process of protein folding functions correctly e.g., ATP, Ca2+ 

and an oxidizing environment. This oxidizing environment is unique to 

the ER, to permit disulfide bond formation (Tu and Weissman, 2004). 

ER dysfunction is a result of an alteration in the protein folding capacity 

where the protein load overwhelms protein folding capacity, resulting 

in loss of ER homeostasis. Improperly folded proteins are retained 

within the ER and marked for degradation. This proteosomal 

degradation takes place via a process termed ER-associated 

degradation (ERAD). 

ER imbalance initiates a cascade of intracellular pathways collectively 

known as the unfolded protein response (UPR) or ER stress. ER stress 

was first discovered in the late 1980s. Since then much research has 

been conducted to establish the mechanism of action of ER stress. This 

pathway is activated as a result of a pathological events or alterations in 

intraluminal Ca2+, glycosylation, redox status, protein-folding, nutrient 

(glucose or cholesterol) deprivation, hypoxia/ischemia. ER stress can 

also be induced following a chemical insult e.g. exposure to 

tunicamycin, which inhibits N-linked glycosylation; thapsigargin, which 

acts to disrupt Ca2+ homeostatisis by inhibiting the SERCA pump; 

reducing agents (e.g. dithiothreitol) which disrupt disulfide bond 

formation (Ma et al., 2002, Yoshida, 2007).  

The ER is permanently striving to maintain an equilibrium and when 

disrupted, the UPR initiates “apoptotic executors” causing cell death, or 

release of  “cytoprotective factors” protecting cells (Walter and Ron, 

2011). 

There are three ER-located transmembrane sensors at the heart of this 

pathway: inositol-requiring enzyme 1 alpha (IRE1α), pancreatic ER 

kinase or PKR-like ER kinase (PERK) and activating transcription factor 

6 (ATF6). All three branches work in parallel to exert their independent 

effects (Walter and Ron, 2011). Under normal resting conditions, B cell 
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immunoglobulin-binding protein/glucose-regulated protein 78 

(BiP/Grp78) remains bound, sealing each of the three transmembrane 

sensors and keeping them inactive (Figure 1.13A). However, due to a 

pathological events, or physiological stress, there can be a build-up of 

misfolded proteins in the ER lumen and BiP dissociates from each of the 

three transmembrane sensors. This leads to activation of the three ER 

sensors to restore homeostasis via a pro-survival response (Figure 

1.13B). Dissociation of BiP from PERK leads to PERK 

autophosphorylation and dimerization resulting in UPR activation. 

PERK activation is capable of producing pro-survival and pro-apoptotic 

signals. Once PERK is activated the α subunit on eukaryotic initiation 

factor 2 (eIF2α) is phosphorylated, halting protein translation. This 

results in a reduction of nascent proteins in the ER. In PERK-/- mouse 

embryonic fibroblasts (MEFs) treated with inducers of ER stress 

protein translation was bypassed and cell death was induced (Gorman 

et al., 2012). However, some 5’ upstream ribosomal entry sites allow  

the peIF2α-translational arrest step to be bypassed and allow certain 

genes to be translated at increased levels (Gorman et al., 2012). For 

example, phosphorylation of eIF2α increases activating transcription 

factor 4 (ATF4) translation promoting cell survival. Not all ATF4 gene 

transcripts promote cell survival. C/EBP homologous protein (CHOP) 

induction is partly dependent on ATF4 and this transcript induces pro-

apoptotic mechanisms. 
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Figure 1.13: Normal and stressed endoplasmic reticulum. (A) Under normal conditions 
the three transmembrane sensors PERK, ATF6, IRE1 remain bound to a BiP/Grp78 
chaperone and remain inactive. (B) BiP/Grp78 preferentially binds to misfolded proteins 
causing downstream activation resulting in translational arrest or ERAD. The calreticulin 
and calnexin cycle ensures correct folding of newly synthesized glycoproteins. Glucose 
residues are cleaved from newly formed glycoproteins (containing Glc3Man9GlcNAc2) by 
glucosidase I and II. The monoglucosylated carbohydrate attaches to calreticulin and 
calnexin. UGGT is a misfolded protein folding sensor, functioning to re-glucosylate where 
glucosidase II de-glycosylates. This action of de- and re- glycosylation working in tandem 
enables correct folding to take place, sending proteins to the secretory pathway or ERAD. 
However, excessive interaction with calnexin leads to protein degradation via EDEM. Key: 
ER, Endoplasmic reticulum; p, phosphate; IRE1α, inositol-requiring enzyme 1 alpha PERK, 
pancreatic ER kinase; ATF6, activating transcription factor 6; CNX, calnexin; CRT, 
Calreticulin; G, glucose residue; UGGT, UGT-glucose:glycoprotein glucosyltransferase; Gluc 
I, glucosidase I; Gluc II, glucosidase II; ERAD, ER-associated degradation ; EDEM, ER-
degradation enhancing alpha-mannosidase-like. Source: Mary Ní Fhlathartaigh. 
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ATF6 is translocated to the Golgi once activated through dissociation 

from BiP. ATF6 is then converted into its active form by two proteases: 

Site 1 and Site 2 (S1P and S2P). Active ATF6 translocates to the nucleus 

and induces other chaperones such as BiP (GRP78), glucose-regulated 

protein-94 (GRP94), protein disulphide isomerise (PDI) along with 

transcription factors including CHOP and X-box-binding protein (XBP1) 

(Yoshida et al., 2000). Although ATF6 is mainly considered to be a pro-

survival molecule, over-expression of ATF6 can induce CHOP mRNA 

expression too and lead to CHOP-mediated apoptosis (Morishima et al., 

2011).  

Once activated, IRE1 dimerses and autophosphorylates to activate its 

endoribonuclease activity. IRE1 is a bifunctional enzyme. The 

cytoplasmic portion has a serine-threonine kinase domain and the C-

terminal an endoribonuclease domain. The ribonuclease (RNase) 

domain functions to catalyse mRNA which encodes XBP1 by removing a 

26-nucleotide intron from XBP1. This process leads to production of a 

stable active transcription factor (spliced XBP1; XBP1s). Studies have 

shown that by activating the IRE1-XBP1-XBP1s branch, cell survival is 

promoted (Lin et al., 2007a, Lin et al., 2009). XBP1s induces 

components of the ERAD pathway, for example Derlin 1 and Derlin 2, 

along with ER chaperones such as BiP and ERdj4 and co-chaperone, 58-

kDa PKP inhibitor (P58IPK). P58IPK produces a negative feedback on the 

translational arrest loop through downregulation of PERK (Yan et al., 

2002). The IRE1 branch is a highly regulated branch of the ER and is 

turned off prior to PERK. For this reason a dual protective effect from 

both branches is not achieved during stressful conditions (Lin et al., 

2007a).  

The calreticulin/calnexin cycle (Figure 1.13) is another quality control 

measure within the ER lumen ensuring correct N-glycosylation of 

proteins. Proteins destined for N-linked glycosylation are co- and post-

translationally modified. The oligosaccharide is cleaved by luminal 

enzymes; glucosidase I and II. Glucosidase I functions to remove two 
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out of three glucose residues whereas glucosidase II cleaves the third 

glucose molecule activating the CRT/Calnexin cycle (Michalak et al., 

2009). Once proteins are correctly folded, glucosidase II removes the 

third glucose molecule and the protein is liberated from the CRT/ 

calnexin quality control cycle and exits the ER (Michalak et al., 2009). 

However, misfolded proteins lacking the final glucose are identified by 

UGGT. Misfolded proteins are retained in the CRT/Calnexin cycle until 

correct conformation is achieved (Michalak et al., 2009). However, 

prolonged stimulation of calnexin sentences the misfolded proteins to 

be degraded through interaction with the ER degradation enhancing 

1,2-manosidase-like protein (EDEM) (Michalak et al., 2009). 

Prolonged UPR activation initiates pro-apoptotic signals (Figure 3.14). 

Apoptosis is a programmed form of cell death resulting in cell suicide 

involving two main pathways the death receptor (“extrinsic”) and the 

mitochondrial (“intrinsic”). Both pathways are activated by caspases 

located in the cytoplasm. The death receptor pathway is activated by 

caspase 8 and the mitochondial via caspase 9 (Rao et al., 2004). 

The intrinsic apoptotic pathway involves the mitochondria and is 

regulated by the B cell lymphoma 2 (Bcl-2) protein family. This family 

includes Bcl-2 and Bcl-XL and the proapoptotic Bcl-2 proteins which 

include Bcl-2 associated X (bax), Bcl-2 antagonist/killer-1 (Bak) and the 

BH3-only proteins Bcl-2-like-11 (Bim), BCL-2-associated agonist of cell 

death (Bad), BH3-interacting domain death agonist (Bid), Bcl-2-

interacting killer (Bik), p53 upregulated modulator of apoptosis (Puma) 

or phorbol-12-myristate-13-acetate-induced protein 1 (Noxa). The Bcl-

2 apoptotic cell death controllers possess four conserved Bcl-2 

homology (BH) domains involved in protein-protein interactions. This 

family can be sub-characterised into pro-apoptotic (BH3-only mediated 

proteins) and anti-apoptotic members (mediated by Bcl-2, Bcl-XL, MCL-

1). Apoptosis is controlled by a regulated release of cytotoxins from the 

mitochondria. Once proapoptotic events are triggered, Bax/Bak 

proteins form protein pores in the outer mitochondrial membrane 
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enabling release of cytochrome c. Cytochrome c then binds to an 

adapter protein apoptosis protease activating factor-1 (Apaf-1) and 

activates caspase-9, leading to a proteolytic cascade and causing 

cleavage of specific proteins and DNA. Anti-apoptotic Bcl-2 proteins 

prevent pore formation by Bak and Bax, or they can act by sequestering 

BH-3-only members (Thomenius et al., 2003). The Bcl-2 family of 

proteins i.e. Bcl-2, Bcl-XL, Bax, Bak and Bik, has been documented to be 

associated with the ER and may function to maintain Ca2+ homeostatsis. 

Bax/Bak overexpression causes ER Ca2+ release and influx into the 

mitochondria, inducing cytochrome c release and producing cell death. 

Bcl-2, however, can inhibit this process (Nutt et al., 2002a, Nutt et al., 

2002b). BAX/BAK-mediated apoptosis occurs following up-regulation 

of BH3-only proteins, BIM, and PUMA as well as NOXA. The Bcl-2 family 

itself is controlled following interaction with the BH-3-only proteins, 

the majority of which are pro-apoptotic.  

One of the main ER stress-associated pro-apoptotic molecules 

mentioned previously, CHOP, is regulated by the PERK-ATF4 axis. The 

pro-apoptotic effect of  CHOP is thought to occur via BIM transcription 

leading to downregulation of  BCL-2 and Mcl-1 proteins (Tabas and 

Ron, 2011). IRE1 is also associated with apoptosis due to the ability to 

activate mitogen-activated protein kinases (MAPKs) and BCl-2 family 

interaction downstream. IRE1 has the capacity to recruit apoptotic 

sensors such as TNFR-associated factor 2 (TRAF2) which activate the 

apoptosis signal regulating kinase 1 (ASK 1 or alternate term MAP3K5) 

pathway and JUN-N-terminal kinase (JNK). Activation of JNK leads to 

apoptosis once IRE1 is activated. IRE1 also signals pathways involving 

p38 extracellular signal-regulated kinase (ERK) and nuclear factor-кB 

(NFкB) via adaptor proteins. PERK activation leads to nuclear factor 

erythroid 2-related factor 2 (NRF2) and NF-кB activation through 

mechanisms not fully elucidated (Hetz, 2012, Schroder, 2006).  
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1.8.2 ER Chaperones 

Many soluble proteins have the ability to fold easily while others require 

assistance from chaperones and folding enzymes (Kleizen and Braakman, 

2004). Chaperones are proteins that are present within the cell, particularly 

located in regions of protein production. These molecules assist in folding 

proteins so that they rapidly attain their three dimensional confirmation. 

They also function in unfolding proteins enabling otherwise misfolded 

proteins to (re)acquire their functional state. There are two main 

mammalian ER chaperone systems; the BiP (Hsp70) system and the 

calnexin/calreticulin (CRT) cycle (Otero et al., 2010).  Oxygen regulated 

protein 150 is another chaperone related to the ER stress pathway. BiP and 

CRT are discussed in more detail in the following subsections. 
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Figure 1.14: Mechanism of cell death in response to ER stress. Prolonged ER stress 
activation initiates apoptotic cell death within the cell. Chronic activation of PERK and 
ATF6 induces CHOP expression blocking anti-apoptotic Bcl-2. IRE1 coupled with TRAF2 and 
ASK1 induces JNK. JNK phosphorylates Bcl-2 proteins rendering them inactive and 
activates pro-apoptotic BH3-only proteins (Bim). This activates Bax and Bak permitting the 
efflux of Ca

2+
 from the ER lumen to the mitochondria. TRAF and calpains activate caspase-

12 promoting apoptosis via caspase-9 and caspase-3 actvity. Source: Mary Ní 
Fhlathartaigh. 

 

1.8.2.1 BiP 

BiP is a member of the heat shock protein 70 (HSP70) family of 

molecular chaperones. It has the ability to permanently bind to 

misfolded proteins in the ER lumen under stressful conditions. In line 

with other members of the HSP70 family, BiP aids in the folding of 

proteins and senses the presence of unfolded proteins (Figure 1.13), 

rendering them inactive. This molecular chaperone is the main ER 

stress regulator switch for the transmembrane sensors: PERK, ATF6 

and IRE1. During ER stress, BiP preferentially binds to misfolded 

proteins, leaving PERK, ATF6 and IRE1 free for activation (Hamman et 

al., 1998). This dissociative mechanism of BiP from the three ER stress 

mediators is not clearly understood. 
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BiP (Figure 1.15) contains an N-terminal domain with an ATPase 

catalytic site and a C-terminal substrate-binding domain (Gething, 

1999). An unfolded polypeptide undergoes a cycle of binding and 

release, under the control of adenine nucleotide exchange of ATP to 

ADP and hydrolysis of ATP. As the polypeptide is released from BiP it 

moves along the folding cascade and this cycle continues until the BiP-

binding motifs are exhausted (Gething, 1999). Mammalian cell and 

yeast studies have revealed that the initial UPR signal is indirectly 

associated with misfolded protein accumulation but directly associated 

with a decrease in free BiP in the ER (Gething, 1999). 

 

 

Figure 1.15: Structural domains of BiP/Grp78. The N-terminal is a highly conserved 
nucleotide binding site and C-terminal contains a substrate-binding domain with high 
affinity for polypeptides once the N-terminal is occupied by ATP. 

 

1.8.2.2 Calreticulin  

Calreticulin (CRT) was discovered in the early 1970s in MacLennan’s 

lab in Canada and purified from skeletal muscle SR. It is a 46 kDa ER 

luminal Ca2+-binding molecule and molecular chaperone. This protein 

contains a tripartite structure (Figure 1.16), with a N-terminal (N) 

domain; a proline rich P domain and a C-terminus which possesses the 

ER retrieval / retention KDEL sequence (Gold et al., 2010).  

 

Figure 1.16: Structural domains of CRT. This protein is comprised of an N-terminal amino 
acid sequence (red box), an N-domain (blue box), P-domain (grey box) and a C-domain 
(purple box). The C-terminus contains the ER-retention site KDEL. The thiol linkage is 
highlighted with the S-S and the numbers indicate the amino acid residues between the 
various domains. Adapted from: (Michalak et al., 2009). 
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Interestingly, CRT has been reported to be located outside the ER and 

SR and its contiguous compartments, the nucleus and Golgi. That is, in 

locations including smooth-surfaced cytoplasmic organelles, inner 

plasma membranes, acrosoma (in spermatozoa), cytotoxic granules of T 

lymphocytes, cell surfaces, saliva and salivary glands along with serum 

(Meldolesi et al., 1996, Arosa et al., 1999). Bearing in mind that CRT 

contains a KDEL retrieval sequence, it remains an enigma how this 

molecule can be located outside the ER in places like the cytoplasm. It 

has been hypothesised that during ER stress the ER becomes “flooded” 

with molecules and that CRT “escapes” via the secretory pathway and 

thus makes its way to the cell surface (Michalak et al., 2009). Another 

theory is that proteases may separate the KDEL sequence from CRT 

allowing translocation to the Golgi. CRT may also be transported in 

cellular vesicles and exocytosed (Michalak et al., 2009). These ideas 

need to be tested experimentally. Within the ER CRT functions as a 

Ca2+-binding protein and molecular chaperone, ensuring correct 

assembly of immunoglobulins and also MHC I complexes (Elliott and 

Williams, 2005, Michalak et al., 2009). Secretion of CRT from the cell 

facilitates its binding to many cell surfaces via attachment or 

association with the C1q complement protein and the CD91 cell surface 

receptor. It is thought that this interaction may be an important 

mediator of the innate immune response (Kishore et al., 1997, Eggleton 

et al., 1994, Ogden et al., 2001). This property alone makes this an 

interesting molecule in the context of the immunodominant disease, 

MS.  

Cell surface CRT (csCRT) has been linked to apoptotic cell clearance 

(Gardai et al., 2005), immunogenicity relating to cancer cell death 

(Obeid et al., 2007), wound healing (Nanney et al., 2008), 

thrombosponsin signalling (Goicoechea et al., 2002, Orr et al., 2003a, 

Orr et al., 2003b), cell adhesion, antigen presentation and complement 

activation (Gao et al., 2002, Donnelly et al., 2006). The surface location 

of CRT means it can function as a ligand for phagocytosis and a 
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stimulant for low-density lipoprotein receptor-related protein (LRP) on 

engulfing cells (Gardai et al., 2005, Orr et al., 2003b). CRT is essential 

for cardiac development as CRT-deficiency leads to impaired 

myofibrillogenesis and thinner ventricular walls in the heart whereas 

increased CRT can cause arrhythmias. Mice deficient in CRT in the CNS 

experience a failure to seal the neural tube resulting in exencephaly. 

CRT knockout mice also proved to be embryonically lethal as a result of 

insufficient CRT for cardiac and CNS development. Nonetheless, studies 

have shown that this fatality can be prevented by the expression of 

calcineurin (Michalak et al., 2009).  

 

1.8.3 ER Transcription factors 

Transcriptions factors ATF4, CHOP and XBP1 are important regulators 

of the ER stress response. The structure and function of CHOP and XBP1 

are described in detail below.  

1.8.3.1 CHOP 

C/EBP homologous protein (CHOP) otherwise known as growth arrest 

and DNA damage-inducible 153 (GADD153), is a 29 kDa protein. 

CHOP’s structure contains two functional domains, an N-terminal and a 

C-terminal (Oyadomari and Mori, 2004). The N-terminal is associated 

with transcriptional activation and the C-terminal has a basic region 

and a basic-leucine zipper (bZIP) domain which function in DNA-

binding (Figure 1.17) (Oyadomari and Mori, 2004).  

 

Figure 1.17: Structure of CHOP. CHOP contains a N-terminal transactivation domain and a 
DNA-binding C-terminal bZIP domain. bZIP = basic leucine zipper; B.R = Basic region; L.Z = 
Leucine zipper; TAD = transcriptional activation domain. Drawing is not to scale. Adapted 
from: (Oyadomari and Mori, 2004). 
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CHOP is induced at low levels in the physiological resting state. 

However, it is expressed at an increased rate in response to ER stress 

such that it is now largely considered a marker of ER stress (Oyadomari 

and Mori, 2004, Wang et al., 1996, Ubeda and Habener, 2000). CHOP 

expression has been linked to human diseases including diabetes and 

neurodegenerative disorders. ER stress has also been associated with 

ischemic neuronal death i.e. a reduction in neuronal loss has been 

shown experimentally in an ischemic model of carotid occlusion carried 

out in CHOP knockout mice (Tajiri et al., 2004).  

1.8.3.2 XBP1 

X-box binding protein (XBP1) is a transcription factor activated 

specifically in response to ER stress. It is a member of the CREB/ATF 

basic leucine zipper family. In the 1990s XBP1 was identified as a 

transcription factor necessary for the controlled expression of MHC 

class II genes. In the early 2000s it was reported to function as a UPR 

regulatory transcription factor (He et al., 2010). Unspliced XBP1 is 

spliced in response to ER stress induction. Splicing of XBP1 mRNA 

results in replacement of 97 amino acids from open reading frame 1 

(ORF1) with 212 amino acid of ORF2 added to the N-terminal amino 

acid 164 of ORF1 located at the basic zipper domain causing a frame 

shift at 165 aa (Figure 1.18). Unspliced XBP1 mRNA encodes a protein 

of a total of 216aa (Yoshida et al., 2001). Once XBP1 converts into its 

active amino acid form it translocates to the nucleus where it induces 

protein regulation (He et al., 2010). XBP1s is an important molecule for 

ER expansion, particularly for plasma secretory cell development and 

function. However, little was known about the development and 

function of memory B cells and how it relates to XBP1, until 2009, when 

it was shown that memory B cell development did not depend on  XBP1 

(Todd et al., 2009). Furthermore, an increased response to LPS was 

evident with a low level of inflammatory mediator production following 

the administration of a live pathogen (F. tularensis) to XBP1-deficient 

mice (Martinon et al., 2010). This shows the intimate link between 
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XBP1 and immune cell production. Throughout evolution XBP1 was 

found to be an essential molecule activating the innate immune 

response, as this molecule enabled survival in Caenorhabditis elegans 

following pathogenic exposure (Bischof et al., 2008).  

 

 

Figure 1.18: Structural domain of XBP1. Schematic representation of unspliced and 
spliced XBP1 domains. The number indicates the amino acid (aa) position. The leucine 
zipper (ZIP) domain is also indicated. bZIP, basic leucine zipper; ORF, open reading frame; 
XBP1u, unspliced XBP1; XBP1s, spliced XBP1. Drawings not to scale. Adapted from: 
(Yoshida et al., 2001). 

 

1.8.4 The role of phosphorylated eIF2α in ER stress 

Eukaryotic initiation factor (eIF2) is a 126 kDa heterotrimer, containing 

three subunits: alpha (α), beta (β) and gamma ( ). This molecule 

functions in mRNA translation initiation (Proud, 2005). eIF2 is 

necessary for the formation of a ternary complex with methionine tRNA 

(tRNAmet) and GTP.  

Following PERK activation, serine 51 of eIF2α becomes phosphorylated. 

Guanine nucleotide exchange factor eIF2B binds to phosphorylated 

eIF2α and this prevents GDP exchange for GTP and halts translation of 

protein (Samuel, 1993). Thus, p-eIF2α inhibits the formation of the 

ternary complex necessary for protein translation. The initiation 

process is ceased following the release of eIF2 from the ribosome and 

GDP forming a binary complex. For this process to recommence GDP 

must be exchanged for GTP. As eIF2B is present in substantially lower 
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levels compared to eIF2 , a minimal increase in phosphorylated eIF2  

inhibits translation (Williams et al., 2001).  

 

Figure 1.19: Structural domain of eIF2α. Linear representation of the eIF2α domain 
shown. PP = known phosphorylation sites in eIF2α. Drawings are not to scale. Adapted 
from: (Proud, 2005) 

 

1.9 ER stress & Disease 

Increasing evidence indicates that chronic ER stress is fundamental to a 

wide spectrum of disease and pathology results in a wide range of 

disorders including metabolic diseases, cardiac diseases, cancer, 

inflammation and neurodegenerative disorders (Kaufman, 2002, 

Glembotski, 2008). In diseases where protein aggregation and 

misfolding is central, ER stress prevails, particularly in Alzheimer’s 

disease (amyloid plaques) and Parkinson’s disease (Lewy bodies) 

leading to neuronal death. However, a solid understanding of the 

mechanism of action of the ER stress pathway in diseases provides a 

niche for therapeutic intervention. Much work has focused on restoring 

homeostasis via chaperone induction. For example, the compounds 

valporate and lithium were reported to induce ER chaperone 

expression (GRP78, GRP94 and CRT) promoting neuroprotection in 

bipolar disorders (Shao et al., 2006). The use of a phosphatase inhibitor 

(e.g. salubrinal) presenting as a PERK-eIF2α agonist inhibiting 

dephosphorylation of eIF2α (Boyce et al., 2005) may prove beneficial in 

the future. The disease condition will steer the therapeutic intervention. 

For example, in the context of cancer where there is an uncontrolled 

multiplication of abnormal cells a prodeath mechanism of action is 

required.  

 

 

NH2
+ COO-Peptide binding site ATPase domain

PP PP PP
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+ COO-Peptide binding site ATPase domain

PP PP PP



 

 57 

1.9.1 ER stress and Inflammation 

B lymphocytes (B cells) are necessary for antibody production and 

elimination of “foreign invaders” or pathogenic substances. Following B 

cell interaction with antigens, an activation cascade is initiated, 

stimulating the production of antibody-secreting plasma cells memory 

B cells. Transcription factors act to regulate cytokine receptors and 

other cell surface activating molecules to function in B cell maturation 

and activation. One transcription factor necessary for plasma cell 

differentiation is the ER stress-specific molecule, XBP1 (Reimold et al., 

2001). Although plasma cell production is highly dependent on XBP1, 

generation of memory B cells, on the other hand, has been reported to 

be XBP1-independent (Todd et al., 2009, Todd et al., 2008). As plasma 

cells secrete a large amount of immunoglobulin this process is hugely 

reliant on ER expansion. This ER dependence is to ensure correct 

translation and folding of immunoglobulins. Therefore, omission of 

XBP1 impedes the formation of plasma cells because ER stress 

activation prevents those cells from dying (Glimcher, 2012). Moreover, 

a low level of CHOP expression facilitates B cell survival (Skalet et al., 

2005). It was reported recently that plasma cell development occurs in 

an ATF6α-independent manner (Aragon et al., 2012). XBP1 is also 

essential for the development and survival of the professional antigen 

presenting dendritic cells. An absence of XBP1 in these cells results in 

decreased production of IFNα following treatment with a Toll-like 

receptor 2 (TLR2) agonist (CpG) activating the ER stress cell death 

pathway (Iwakoshi et al., 2007).  

An increased expression of XBP1 has been reported in other immune-

mediated cells. For example, during CD8+ T cell differentiation and 

following macrophage stimulation through the action of IL-2 and Toll-

like receptor 4 (TLR4) and LPS, respectively (Martinon et al., 2010, 

Roach et al., 2007). Moreover, TLR2 and TLR4 facilitate 

phosphorylation of IRE1 kinase promoting activation of XBP1 

downstream (Figure 1.20) (Martinon et al., 2010). Figure 1.20 shows 
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the mechanism by XBP1 promotes a continual release of 

proinflammatory cytokines in macrophages, such as IL-6 and TNF 

(Martinon and Glimcher, 2011). 

 

 

Figure 1.20: TLR and ER interconnected signalling pathway. TLR4 and TLR2 activate IRE1 
via phosphorylation activating XBP1 and suppressing the other two ER stress sensors 
(ATF6 and PERK). Additionally, activated XBP1 increases TLR signalling by increasing 
proinflammatory cytokine production in macrophages. Source: (Martinon and Glimcher, 
2011). 

 

It has also been reported that TLR4 ligand suppresses translational 

activation of the ATF4-CHOP arm (Woo et al., 2009).  

1.9.2 ER stress and MS 

ER stress molecules have been associated with the pathogenesis of MS 

and EAE (Mhaille et al., 2008, Deslauriers et al., 2011). The exact role of 

ER stress within the areas of damage depends on whether or not it is 

promoting survival or contributing to death of myelinating and CNS 

resident cells. Microarray studies have revealed increased level of ATF4 

in MS lesions (Mycko et al., 2004, Cwiklinska et al., 2003). Our lab has 

also reported the presence of classic ER stress markers BiP, CHOP and 

XBP1 in multiple cell types in MS lesions particularly in 

oligodendrocytes, astrocytes, T cells and microglia (Mhaille et al., 2008). 

In human MS tissue, CHOP was expressed particularly at the edge of 
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active lesions, while in the centre of chronic active lesions, CHOP was 

still present but BiP was significantly reduced (Mhaille et al., 2008). Our 

lab also has reported significantly higher levels of ER stress in grey 

matter MS lesions (McMahon et al., 2012). 

1.9.3 ER stress & EAE 

In 2007, it was demonstrated that ER stress can exert a protective effect 

mediated through the PERK branch, on oligodendrocytes, in a murine 

EAE model (Lin et al., 2007). Temporal release of IFNγ was 

administered prior to EAE onset. This was the first study to suggest that 

the ER stress pathway could be a future therapeutic target in MS. The 

timing of IFNγ release is critical to produce a protective or deleterious 

effect. Deleterious ER stress is reduced in situations of ongoing myelin 

structure maintenance carried out by oligodendrocytes as increased 

levels of ER stress protein expression is not required for maintenance. 

Disease states were enhanced in PERK deficient mice highlighting the 

protective function of the ER stress pathway (Lin et al., 2007, Lin et al., 

2006).  

1.10 Hypothesis  

The process of demyelination is incompletely understood in the context 

of MS and stress pathways have been implicated. Such pathways 

include excitotoxiticy, nitric oxide toxicity, oxidative stress and also the 

ER stress pathway. A complete understanding of the molecular 

mechanisms associated with pathological events in the CNS is crucial 

for the development of novel therapeutic targets. Previously, our lab 

has reported the presence of ER stress in MS brain tissue, both in the 

white as well as grey matter (Mhaille et al., 2008, McMahon et al., 2012).  

We hypothesise that endoplasmic reticulum stress molecules are 

expressed at raised levels in demyelinated white and grey matter EAE 

lesions when compared to normal controls. 
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Chapter 4 details the profile of ER stress markers in white matter 

lesions following EAE induction.  

It has been documented that ectopic follicular-like structures are 

produced due to chronic inflammation within the meninges in PPMS 

and SPMS (Magliozzi et al., 2007). Chapter 5 examines if the 

inflammatory milieu can be recreated in the sub-arachnoid space by the 

presence of pro-inflammatory cytokines TNF/IFNγ, to produce cortical 

demyelination in rmMOG-primed DA rats. 

1.11 Aims of the research described here 

The overarching aim is to establish if ER stress is differentially activated 

in animal models of MS. 

This thesis describes the setting up of two different inflammatory, 

demyelinating animal models of MS. Both models were then used to 

investigate the expression profile of ER stress molecules in white and 

grey matter lesions, which may provide more information on MS 

pathogenesis.  
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2. Materials and Methods 

2.1 Materials 

Expression and Purification of rMOG Fusion Protein 

Material (Source, Catalogue) 

Amicon Ultra Centrifugal Filter Units (Millicell, UFC901024) 

Ampicillin sodium salt (Sigma-Aldrich, A9518) 

Chloramphenicol (Sigma-Aldrich, C0378) 

EDTA (Sigma-Aldrich, ED4SS) 

Ethanol (Sigma-Aldrich, E7023) 

Glutathione, oxidized (Sigma-Aldrich, 150568) 

Hanahan’s Broth (Sigma-Aldrich, H8032) 

Isopropyl ß-D-1-thiogalactopyranoside (IPTG; Roche, 11411446001) 

L-Arginine, Hydrochloride (Calbiochem, 181003) 

LB Broth (Sigma-Aldrich, L3022) 

L-Glutathione reduced (Sigma-Aldrich, G4251) 

MES hydrate (Sigma-Aldrich, M8250) 

Phosphate Buffer Saline (Sigma-Aldrich, P4417) 

QIAprep Spin Miniprep kit (Qiagen, 27104) 

SnakeSkin pleated Dialysis Tubing (Pierce, 68035) 

Sodium azide (Sigma-Aldrich, S2002) 

Sodium chloride (Sigma-Aldrich, S5886) 

Sodium dihydrogen phosphate Dihydrate (Fluka, 71505) 

Sodium phosphate dibasic (Sigma-Aldrich, S0876) 

SYBR Safe (Invitrogen, S33102) 

Talon metal affinity resin (Clontech Laboratories Inc., TAKARA No. 635502) 

Trizma base (Sigma-Aldrich, T6066) 

Urea (Sigma-Aldrich, U5378) 

 

EAE Induction 

Dark Agouti rats (Female, >6 weeks old, 160g; Harlan, UK) 

IFN (Preprotech, 400-20) 

Incomplete Freund’s adjuvant (IFA; Sigma-Aldrich, F5506) 

MOG (produced in-house-see section 2.3) 
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TNFα (R&D, 510-RT/CF) 

 

Molecular studies 

RNA Isolation 

Chloroform (Sigma-Aldrich, C2432) 

Diethyl pyrocarbonate (Sigma-Aldrich, D5758) 

Ethanol (Sigma-Aldrich, E7023) 

Isopropanol (Sigma-Aldrich, I9516) 

TissueRuptor (Qiagen, 9001273) 

TRIzol Reagent (Invitrogen, 15596-018) 

TissueRuptor Disposable Probes (Invitrogen, 990890) 

 

DNase Treatment and cDNA synthesis  

0.1M DTT (Invitrogen, Y00147) 

5x first strand buffer (Invitrogen, Y00146) 

DNase I Amplification Grade (Invitrogen, 18068-015) 

Random primers (Invitrogen, 48190-011) 

Set of dATP, dCTP,dGTP, dTTP (Promega, U1240)   

SuperScript II Reverse Transcriptase (Invitrogen, 18064-014) 

Water for molecular biology (Sigma-Aldrich, W4502) 

 

Real Time PCR reagents 

MicroAmp 96-well Reaction Pate (Applied Biosystems, 4346906) 

Power SYBR Green PCR Master Mix (Applied Biosystems, 4367659) 

 

Protein detection and quantification 

Bradford Reagent (Sigma-Aldrich, B6916) 

CHAPS (Sigma-Aldrich, C3023) 

DTT (Sigma-Aldrich) 

HEPES (Sigma-Aldrich) 

KCI (Sigma-Aldrich, 57180) 

MgCl2 (Sigma-Aldrich, M8266 ) 

Phosphatase Inhibitor Cocktail 1 (Sigma-Aldrich, P2850) 
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Protease Inhibitor (Sigma-Aldrich, P8340) 

 

SDS page and Western blotting 

Acrylamide (Sigma-Aldrich, A3699) 

Ammonium persulphate (APS, Sigma-Aldrich, A3678) 

Chemiluminescent HRP Substrate (Millipore, WBKLS0500) 

Dried skimmed milk (Marvel, Centra) 

Glycine (Sigma-Aldrich, G8898) 

Horseradish peroxidise-conjugated antibody (anti-mouse, GH Healthcare, 

NA934VS) 

Methanol (Fisher Scientific, M/4000/17) 

MOG antibody (Hybridoma supernatant, Prof Richard Reynolds, Imperial College, 

London, UK) 

N,N,N’,N’-tetramethylenediamine (TEMED; Sigma-Aldrich, T9281) 

Nitrocellulose Transfer Membrance (Whatman, 10401396) 

Phosphate Buffered Saline (PBS; Sigma-Aldrich, P4417) 

Ponceau S solution (Sigma-Aldrich, P7170) 

Prestained Protein Marker, Broad range (Biolabs, P7708S) 

Scientific imaging film (Sigma-Aldrich, Z363006-50EA) 

Sodium dodecyl sulphate (SDS; Sigma-Aldrich, L4390) 

Trizma base (Sigma-Aldrich, T6066) 

Tween 20 (Sigma-Aldrich, P1379) 

β-actin antibody (Sigma-Aldrich, A2066) 

 

ER stress ELISA 

BiP (Human; Cusabio, CSB-E12119h) 

Calreticulin (Human; USCN, E91486Hu) 

Calreticulin (Rat; USCN, CSB-E14943r) 

Hepcidin (Rat; USCN, E91979Ra) 

 

Histochemical and Immunostaining 

3,3’-Diaminobenzidine tetrahydro-chloride hydrate (DAB; Sigma-Aldrich, D9015) 

Alexa Fluor 488 goat anti-mouse IgM (Molecular probes, A21042) 
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Alexa Fluor 488 rabbit anti-mouse (Molecular probes, A11059) 

Alexa Fluor 568 goat anti-rabbit IgG (Molecular probes, A11011) 

Anti-Glial Fibrillary Acid Protein Antibody GFAP (Dako, Z0334) 

4’,6-diamino-2-phenylindole Vectashield (DAPI; Sigma-Aldrich, D9542) 

Dextran (Sigma-Aldrich, D8906) 

DPX (DHD, 360294H) 

Eosin Y (DHD, 341973R) 

Ethanol (Sigma-Aldrich, E7023) 

Haematoxylin Mayer (HD Supplies, HS315) 

Hydrogen peroxide (Sigma-Aldrich, H1009) 

Industrial Methylated Spirits (IMS; Lennox, R120621M1) 

Lithium Carbonate (Sigma-Aldrich, 62470) 

Luxol fast blue (LFB; Clin-Tech Limited, 80140X) 

Methanol (MeOH; Sigma-Aldrich, E7023) 

Normal Goat Serum (NGS; Prof. Richard Reynolds, Imperial College, London, UK 

& Dako, X0907) 

OCT (VWR International, 361603E) 

Oil Red O (ORO; Sigma-Aldrich, O0625) 

Superfrost plus slides (Fisher Scientific, Ireland) 

Vectashield with DAPI (Vector Laboratories, CA94010) 

Vectastain ABC kit (Vector Laboratories, CA94010) 

Xylene (Fisher Scientific, X/0100/PB17) 
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2.2 Reagents 

2.2.1 Buffers, Wash Solutions  

 

SOB Medium 

28 g SOB was added to 1 L of double distilled water (ddH2O) and sterilised by 

autoclaving. 

 

0.5 M Phosphate stock buffer (10X) 

 

5.98g NaH2PO4 anhyd. (MW = 119.9) was dissolved in ddH2O to an end-volume of 

0.1L and stirred to form 0.5 M NaH2PO4  solution. 

7.10g Na2HPO4 anhyd. (MW = 141.9) was dissolve in ddH2O to an end volume of 

0.1L and stirred using the stirrer plate to form 0.5 M Na2HPO4 solution. 

 

The two solutions were then mixed in the volume ratios given below: 

Vol (Na2HPO4)  =  47 ml ,  for a 0.5 M phosphate buffer at pH  8 

Vol (NaH2PO4)       3 ml 

 

Vol (Na2HPO4)  =  30 ml , for a 0.5 M phosphate buffer at pH  7 

Vol (NaH2PO4)      20 ml 

 

Vol (Na2HPO4)  =    3 ml ,  for a 0.5 M phosphate buffer at pH  5.3 

Vol (NaH2PO4)      47 ml 

 

50 ml ddH2O was then added to each and the pH adjusted by adding either 

NaH2PO4 or Na2HPO4 in a dropwise manner using a Pasteur pipette. 

 

0.1 M Tris-HCL stock solution (10X), pH 8 

1.21g Trizma base (MW = 121.1) was dissolved in 0.1 L ddH2O to prepare a 0.1 M 

Trizma base (10X) solution. This was adjusted to pH 8 by adding a few drops of 

1M HCl. 
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Lysis Buffer pH 8 

Lysis buffer contained: 10mM Tris-HCl, 50mM PO4, 8M Urea, 100mM NaCl and 

was made by mixing 50 ml 0.1M Tris-HCl stock solution at pH 8, 50 ml 0.5M PO4 

pH 8, 240g urea and 2.92g NaCl. Double distilled water was added to make up to 

0.5L. A hotplate and stirrer was used to help the urea to dissolve and the pH was 

adjusted using 1M NaOH. 

 

Wash Buffer pH 7 

Wash Buffer contained: 50mM PO4, 300mM NaCl, 8M Urea and was made by 

freshly dissolving 120g of urea, 4.38g of NaCl, 25 ml PO4 pH 7 in ddH2O and 

bringing to a final volume of 250 ml. If necessary the pH was adjusted by adding 

a few drops of 0.5 M pH 5.3 PO4 buffer. Again a hotplate and stirrer was used to 

help dissolve the urea. 

 

Elution Buffer pH 5.3 

 

Elution Buffer contained: 50mM Phosphate, 300mM NaCl, 8M Urea, 20mM MES. 

To make this, 168g NaCl, 35 ml of 0.5M PO4 pH 5.3 buffer and 2.38g MES were 

dissolved in ddH2O and made up to a final volume of 350 ml. 

Finally adjustments were made by adding a few drops of either pH 5.3 or pH 7 

PO4 0.5M (10X) buffer. 

 

Dialysis Buffer pH 7.3 

Dialysis Buffer contains 1M Arginine, PBS, 2mM reduced Glutathione, 0.2mM 

oxidised Glutathione. L-arginine monohydrochloride (210g), 9g NaCl, 0.7g 

Na2HPO4.7H2O, 1.4g NaH2PO4.2H2O, 0.614g reduced glutathione and 0.13g 

oxidised glutathione was dissolved 1L of ddH2O and the pH  adjusted to 7.3-7.4 

using 1M NaOH. 

 

Ampicillin (sodium salt) 

A 100mg/ml (1000X) stock solution of Ampicillin was prepared in ddH2O and 

the solution was filter sterilised. One ml aliquots were stored at -20oC. 
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Chloramphenicol  

A 35mg/ml (1000X) stock of Chloramphenicol was dissolved in ethanol.  

One ml aliquots were store at -20oC. 

 

IPTG (Roche diagnostics) 

A 1M aqueous stock solution of IPTG was prepared by dissolving 5g  21 ml ddH20 

and aliquoting into 1 ml volumes before storing at -20oC. 

 

DEPC.H2O 

To make 1 L, 1 ml of 0.1% DEPC was added to 1000 ml of distilled H2O. The 

mixture was left to settle in a fume hood overnight, to destroy RNAases. The 

solution was then autoclaved to inactivate the DEPC and was then stored at room 

temperature.  

 

0.5 M EDTA 

For 1 L, 186.1g of Na2EDTA.2H2O was added to approximately 400ml of ddH2O. 

The pH was adjusted to 8.0 with approximately 40 ml of 10 M NaOH, and the 

final volume was brought to 1 L with ddH2O. The buffer was autoclaved and 

stored at room temperature. 

 

2.2.2 Western Blotting 

 

12% SDS-PAGE Gel 

The following reagents were combined and immediately poured between 1.5mm 

glass plates: 3.29 ml H2O, 4 ml 30% Acrylamide Mix, 2.5 ml 1.5M Tris/HCL pH 8.8, 

0.1 ml 10% SDS,  0.1 ml 10% Ammonium Persulphate (APS), 0.01 ml TEMED. 

    

Stacking Gel 

Once the separating gel had solidified, the stacking gel was made by mixing the 

following reagents and then pouring on top: 2.74 ml H2O, 0.68 ml 30% 

Acrylamide Mix, 0.5 ml 1.0M Tris/HCl pH 6.8, 0.04 ml 10% SDS, 0.1 ml 10% 

Ammonium persulphate (APS), 0.004 ml TEMED.     
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4% Paraformaldehyde (PFA) 

40 g of PFA in 1 L of ddH2O was heated to 60oC and mix with a magnetic stirrer 

on a hotplate. Between 2-5 drops of 1 M sodium hydroxide was added if 

necessary to dissolve the PFA. The solution was filtered after cooling and stored 

at -20oC until further use. 

 

2.2.3 Histological Stains and Solutions 

 

Luxol fast blue (LFB) 

1 g of LFB was dissolved in 5 ml acetic acid and 995 ml of EtOH was added to 

make 1 L. The solution was then filtered through Wattman paper and stored at 

room temperature.  

 

Lithium Carbonate 

0.05% Lithium Carbonate was made up by dissolving 0.5 g lithium carbonate in 

1000 ml distilled water.  

 

Oil red O in isopropanol (stock solution) 

A saturated solution of oil red O (ORO) was prepared by adding the dye powder 

in excess (1g/100 ml) to 99% isopropanol and shaking well. The solution was 

allowed to sit for 2 to 3 days before using the supernatant solution. This solution 

keeps for up to 10 years. 

 

1% Dextrin Solution 

1% dextrin was prepared by adding 1g to 100 mL of distilled water. 

 

ORO (Working Solution) 

ORO working solution was made up by adding 2 volumes to 1% dextrin to 3 

volumes of ORO stock in isopropanol. After leaving it for at least 2 days, it was 

filtered slowly though Whatman filter paper and stored at room temperature. 
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2.2.4 Mounting Medium 

Glycerin jelly 

10 g of gelatine was dissolved in 60ml of ddH2O at a moderate heat. Glycerol and 

phenol crystals were added next mixed well and stored at room temperature. 

 

2.3 Methodology 

2.3.1 Recombinant mouse MOG fusion protein for induction of EAE 

 

EAE was induced by injection of a fusion recombinant MOG protein. This protein 

was produced by using pRSET-MOG plasmid, obtained from our collaborator 

Prof.Richard Reynolds, Imperial College, London. Production of this plasmid was 

previously described (Reynolds et al., 2002). Briefly, the mouse MOG Ig-like 

domain, corresponding to amino acids 1-116 of the mature MOG protein (Pham-

Dinh et al., 1993) was cloned into the EcoR1 site of the expression vector pRSET 

A (Invitrogen). This vector allows tagging of the recombinant protein on the N-

terminal with six histidine residues (“His-tag”) which aids purification using 

nickel-based affinity chromatography.   

 

2.3.1.1 Isolation of MOG-expressing plasmid  

 

LB agar plates were streaked from glycerol stocks of E.coli containing the 

bacterial expression vector pRSET-MOG (as described above). In order to 

validate the stock, colonies were picked from the plates and added to 2.5 ml of LB 

medium containing antibiotics (chloramphenicol and ampicillin). Inoculated 

cultures were placed in a rotary incubator shaking at 225 rpm and left to grow 

overnight for 16 hours at 37oC. Plasmid DNA was isolated using QIAGEN 

Miniprep Kits, according to manufacturer’s instructions.  
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2.3.1.2 Plasmid DNA Analysis 

 

Plasmid DNA was quantified by using a NanodropTM ND-1000 spectrophotometer 

(NanoDrop Technologies). DNA quality was estimated by A260/A280 ratio. Good 

quality DNA is evident when the ratio is between 1.8 and 2.0. Restriction digest, 

running uncut and cut samples on an agarose gels confirmed plasmid 

identification.  

 

Ten µg of DNA at a concentration of 100 ng/µl was cut with EcoR1 and Hind III. 

For each enzyme digest reaction the following mixture was used: 2 µl of 10X 

buffer, 1 µl (10U) of enzyme, 1 µg DNA diluted with water to a final volume of 20 

µl. The restriction mix was incubated for 2 h at 37oC. 

 
One percent (w/v) gels were prepared by dissolving 1g/100 ml of agarose in 1X 

TAE buffer. Heat was applied to dissolve the gel and 4 µl of 10,000X SYBR safe 

added before the gel was poured into a suitable gel casting tray. The gel was 

allowed to set for approximately 20 min and was then immersed in a TAE buffer-

filled box. A 1 kb ladder and samples were added to the appropriate wells in 

DNA-loading buffer. Gels were allowed to run at 80 V for 1 h. The DNA was 

visualised and the image captured using Gene Genius Bio Imaging System 

(Syngene).  

 
2.3.1.3 Large-scale induction of rmMOG Expression 

 

Once the plasmid restriction digest satisfactorily demonstrated the presence of 

MOG-encoding plasmid, the cultures were then expanded and rmMOG was 

induced. Briefly, 400µl pRSET MOG culture was added to 400 ml of SOB medium 

containing 50 µg/ml chloramphenicol and 100 µg/ml ampicillin. Flasks were 

placed in the rotary incubator agitated at a speed of 225 rpm and left to grow 

overnight at 37oC. The cultures were then further expanded to a volume of 750 

ml by adding 350 ml of SOB medium (containing chloramphenicol and 

ampicillin). Also at this point 50 ml was taken as a reference sample. The flasks 

were placed in the rotary incubator at 225 rpm and 37oC; after 30 min a 1 ml 

sample was transferred into a cuvette along with a 1 ml reference/blanking 
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sample. The optical density (OD) was measured (600 nm) using a 

spectrophotometer (uv-visable spectrophotomer, Shimadzu). Once the OD 

reached 0.3 there was sufficient E.coli growth to initiate induction of rMOG 

expression. Protein expression was induced by the addition of 1 mM Isopropyl ß-

D-1-thiogalactopyranoside (IPTG). IPTG works by activating transcription of the 

lac operon present in the pRSET construct and uniquely has the ability to prevent 

degradation of the protein being induced due to its possession of a sulphur atom.  

The OD was read every hour and once the OD reached 0.8-1.2, the cultures had 

grown enough. The contents of the flasks were then transferred into centrifuge 

pots and spun (Sorvall RC5 high speed centrifuge) for 10 min at 4000 rpm at 4oC. 

The supernatant was discarded and pots were refilled until all the flask content 

was used and the combined pellet was then stored at -20oC.  

 
2.3.1.4 Purification and concentration of soluble MOG protein 

 

Cells were lysed with pH 8 lysis buffer (about 3 ml) in order to extract the 

protein. Sonication (for 30s twice on ice) and centrifugation cycles (13500 rpm 

for 25 min at 4oC) aided the removal of cellular debris. Talon metal affinity resin 

was used in a gravity flow chromatography column system for rmMOG protein 

purification. The resin was equilibrated with 5 volumes of lysis buffer, 

centrifuged and the supernatant discarded. Supernatant containing rmMOG was 

added to the resin, and agitated at room temperature. The resin-protein complex 

was washed with 10 volumes of lysis buffer, centrifuged and the supernatant 

discarded. The washes were repeated three times, before the resin-protein was 

added to the column. The resin-protein complex was washed on the column with 

5 volumes of wash buffer (pH 7.0), before protein elution was achieved by 

adding elution buffer (pH 5.3) to the column. Protein was bound to resin and the 

resulting complex was purified by passing through a nickel-based immobilized 

affinity chromatography column. Eluted protein was dialysed against four 

volumes of 1M Arginine in PBS (pH 7.4), at 4oC overnight. The dialysate was 

concentrated using Amicon Ultra15 concentrating tubes. The protein 

concentration was determined using a Nanodrop spectraphotometer (Labtech 
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International, UK) and a Bradford assay, before the monomer:dimer ratio of MOG 

was determined following Western blot analysis.  

 

2.3.1.5 SDS-PAGE and Western blotting 

 

Protein samples were denatured following the addition of ¼ volume of 5x 

Laemmli buffer (consisting of 0.3M Tris-HCL, pH 6.8, 0.1% bromophenoblue, 1:5 

v:v glycerol) before heating  for 5 min to 96oC . Samples were then loaded into 

wells in a 12% SDS-PAGE gel. A prestained protein marker, (broad range 7-174 

kDa) was run alongside protein samples. Gels were electrophoresed at 110 V in 

running buffer (25 mM Trizma base, 192 mM Glycine, 0.1% SDS) until adequate 

protein separation was reached (approximately 90 min). 

The proteins were transferred onto a nitrocellulose membrane in transfer buffer 

(25 nM Trizma base, 192 mM Glycine, 10% Methanol), at 220 mA for 1.5 h. To 

confirm that protein had transferred successfully onto the membrane, Ponceau S 

solution was poured onto the membrane, staining the bands red. The membrane 

was washed 3 times in PBS-Tween and free protein binding sites were blocked 

following immersion in 5% milk in PBS/0.05% Tween for 1 h at room 

temperature on a rocker. The membrane was incubated in primary antibody 

(MOG, gift from Prof Reynolds, Imperial College, London) overnight, at 4oC 

diluted at 1:200. Excess unbound antibody was removed by three 5 min washes 

in PBS-Tween at room temperature on a rocker. The membranes were then 

incubated with anti-mouse horseradish peroxidise-conjugated secondary 

antibody diluted 1:10,000 in blocking solution, for 1-2 h at room temperature. 

The membrane was washed by 3 x 5 min washes in PBS-Tween and incubated 

for a further 5 min in peroxidise substrate solution. Band intensities were 

captured using X-Ray film.  
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2.4 EAE induction in DA rats 

2.4.1 Animal Husbandry 

 

Female Dark Agouti rats (Harlan, UK), 8- 12 weeks old weighing between 118-

161g, were used in all experiments. Animals were housed in the NCBES animal 

facility, NUI, Galway, with food and water available ad libitum. They were 

maintained on a light:dark cycle (12:12) in a temperature-controlled room 

(20±2oC), with relative humidity of 40-70%. All experiments were performed 

under the Irish Office Project License 70/6282 and were approved by the local 

ethics committee. Animals spent at least 1 week in the unit prior to 

immunisation. All experimental termination was carried out by a Schedule 1 

method. 

 

2.4.2 Induction of spinal cord EAE 

2.4.2.1 Manual preparation of the emulsion  

Equal volumes of MOG and IFA were placed in a tube and a 1 ml syringe was used 

to emulsify the mixture by pumping the solution up and down through the 

syringe. The solution was also vortexed at high speed. It is recommended that 

the emulsion is prepared on the day of immunisation. The emulsion should 

remain thick and does not disperse when placed in water.  

2.4.2.2 Preparation of emulsion by sonication  

RmMOG/IFA emulsion in a 1:1 ratio was emulsified by sonication according to 

previous studies (Maatta et al., 1996, Caspi, 2003). This method was employed in 

the EAE time- course study described in chapter 3.  RmMOG/IFA was placed in a 

15 ml Falcon tube, this tube was then placed in a beaker of ice and allowed to 

cool for 5-10 min prior to sonication. The sonicator probe was placed into the 

mixture and sonicated for 20 seconds at a high setting (X30), this step was 

repeated 4 times until the mixture formed an emulsion. The emulsion should not 

disperse easily. The rmMOG/IFA emulsion was then centrifuged for 1 min at 

1000 rpm. 
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e 

Score of 2 

Score of 3 

2.4.2.3 Immunisation of DA rats 

 

Rats were anaesthetized by inhalational anaesthesia (isoflourane, 2% 

vaporisation, 2 L/min oxygen) and maintained for the duration of the procedure. 

The rats were then injected intradermally into the dorsal aspect of the tail using 

a 1 ml syringe and a 20G needle with 5-100 µg rmMOG diluted in saline to make 

a total volume of 100 μl, emulsified in an equal volume of incomplete Freund’s 

adjuvant (IFA). Control animals received an injection of 50:50 IFA in saline, or 

saline alone (100 μl total volume). 

 

2.4.3 Clinical evaluation of spinal cord EAE 

 

Following immunisation, rats were weighed and assessed daily. A clinical score 

was allocated based on the level of neurological deficits present, modified from 

Papadopoulous et al. (2006). Increasing scores corresponded to an increase in 

neurological deficits and EAE severity. Figure 2.1 details the phenotype 

associated with each score. Often, DA rats recover from a score of 3-4 within 24 h. 

Where mobility was compromised, special care was required; the feed was 

moistened to soften it and it was placed in close proximity to the rat. Extended 

nozzles on water bottles also allowed ease of access. 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: EAE clinical scoring system. Following a MOG injection animals were scored daily from 0 
to 5 based on the degree of neurological disability.  
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In accordance with Irish Office requirements, animals were removed from the 

experiment by a Schedule 1 method if there was more than a loss of 20% of the 

starting body weight for a 24 h period or if they were moribund. 

 

2.5 Induction of Grey Matter (GM) EAE  

 

Rats were immunised with a sub-clinical dose of (5 μg) rmMOG emulsified in IFA 

and assessed daily. Twenty-one days following immunization, cytokines were 

injected into the sub-arachnoid space of the sagittal sulcus. Rats were 

anaesthetised with isofluorane and placed in a stereotactic frame (Figure 2.2 A-

C). All animals were subcutaneously (s.c) injected with 0.01 mg/kg 

buprenorphine as an analgesic agent plus 5 ml saline (s.c) to prevent surgery 

induced dehydration. The coordinates for the injection into the subarachnoid 

space of the sagittal sulcus from the bregma, was 0.9 mm anterior, and to a depth 

of 2.5 mm ventral. Treated animals received an injection of 1.25 μg recombinant 

rat (rr) TNFα/ 75 ng rrIFNγ, combined with Indian ink as a tracer. Control 

animals received sterile saline combined with Indian ink. The injection was at a 

rate of 0.20 µl/min using an automated nanoinjector. 
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Figure 2.2A: Automated Stereotactic frame with nanoinjector. All stereotactic injections were carried 
out using the above stereotactic frame, digital stereotactic control panel and nanoinjector (i). (ii) The 
Hamiliton syringe was placed on the frame for injection.  
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Figure 2.2B: The rat is placed in the stereotactic frame prior to the microinjection. Rats were 
anaesthetised before they were placed in position in the stereotactic frame. Ear pieces secured their 
head in position and inhibited movement (iii). The nose-piece allowed a continuous influx of 
anaesthesia and oxygen to the rat throughout the surgical procedure (iv). The fur was removed by 
shaving in preparation for surgery (v).  
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Figure 2.2C: Stereotactic microinjection procedure.  The syringe was placed in the syringe holder and 
the co-ordinates were inserted into the digital stereotactic control panel. Once the syringe was in 
place a small hole was drilled in the skull (vi) and the glass capillary attached to the Hamilton syringe 
containing the cytokines/PBS was placed in position and the nanoinjector was set to infuse at a rate of 
0.20 μl/min (vii). Once the injection procedure was completed the needle was carefully removed and 
the animal was then sutured (viii) and returned to its cage to recover.  

 

(viii) 
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When the 5 μL Hamilton (26S) syringe was lowered into the sub-arachnoid space 

a total of 2 µl of the combined cytokine and ink mixture was injected and 

remained there for 5 min in order to ensure cytokine dispersal (Figure 2.3). 

Following needle withdrawal, the wound was sutured. The animals were then 

removed from the stereotactic frame, and placed back in a cage for recovery. 

Each surgical procedure lasted approximately 45 min per animal.  

 

 

Figure 2.3: Schematic to show the site of cytokine injection into the subarachnoid sagittal sulcus of 
the DA rat. 

 

2.6 Cognitive behavioural Testing in GM EAE animals: Novel object 

recognition  

 

A link has been reported between cortical grey matter lesions and cognitive 

decline in a progressive state of MS (Kutzelnigg and Lassmann., 2006). We 

hypothesised that cytokine-induced GM demyelination produced in the GM-EAE 

model could cause detectable cognitive deficits. However, opportunities to test 

this idea were limited, due to the time-consuming nature of the surgical 

procedure. The novel object discrimination test was applied to this cohort as it is 

relatively straightforward to execute within a short period of time. This 

paradigm tests the rats’ ability to recognise a novel object when placed in a 

familiar arena. Novel object recognition was conducted in an open field-like box 

in which the base was made of Perspex (Pharmacology Dept., NUI, Galway). 

Figure 2.4 and 2.5 summarise the experimental plan. The test was conducted on 

days 0, 3, 7 and 14 which are representative of baseline, early disease, 

demyelination and remyelination, respectively.  
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Figure 2.4: Grey matter study timeline. Rats received a total of two injections; an intradermal 

injection of 5 μg MOG and 21 days later cytokines (TNFα and IFN) into the sub-arachnoid space. Forty 
eight hours prior to cytokine injection the rats were subjected to a behavioural test. The rats were 
tested on day 0, 3, 7 and 14 following cytokine or PBS injections. Animals were sacrificed at different 
time points (days 3, 7 and 14 post-injection). Brains were removed and frozen for 
immunohistochemical and molecular analysis. 

 

Rats were allowed to habituate in the apparatus for an hour in the absence of 

objects 48 hours pre-testing. On the day of the test, rats were habituated for a 

further 3 min. During the trial, rats were exposed to 2 identical objects (A + A) 

for 3 min. Following a one minute interval during which one of the familiar 

objects was replaced by a novel object (B + A), individuals were again tested for a 

further 3 min (Figure 2.5). The exploration of either object was recorded along 

with frequency to the object, sniffing and grooming. Each test was used to 

calculate the discrimination ratio, which was the, total time spent exploring the 

familiar object divided by the total time spent exploring both familiar and novel 

objects and locomotor activity was also defined as the total time spent exploring 

both objects. 
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Figure 2.5: Novel object recognition test. DA rat was placed in the open field-like behavioural arena 
for a 1 h habituation period. The animal was removed and returned to its holding cage. Forty eight h 
later two similar objects were placed in the arena prior to placing the rats there. The rat was allowed 
to explore its environment for 3 min (middle panel). The testing phase involved removal of one object 
and replacing it with a newer (novel) object before reintroducing the rat into the arena for 3 min 
(bottom panel). A normal rat is able to distinguish novel from familiar and therefore, explore it for 
longer. Inability to make this distinction indicates a level of cognitive impairment. 
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2.7 Tissue processing and histological assessment 

2.7.1 Overview of tissue preparation, dissection and processing  

 

Spinal cord and GM EAE rats were sacrificed by CO2 asphyxiation and CNS tissue 

isolated. The spinal cord was removed and other organs were collected including, 

the spleen, thymus, lymph nodes, kidney, liver and, in some cases, the heart from 

spinal cord EAE rats. Blood samples were also taken at this point. Brain tissue 

only was isolated from GM-EAE-treated rats. The brain and spinal cord tissue 

from both studies was bisected. One half was snap-frozen for molecular studies 

and the other fixed and frozen for histological analysis.  

 

2.7.2 Spinal cord tissue dissection and processing 

 

Each rat was positioned so that the dorsal surface was uppermost. After spraying 

with alcohol, a longitudinal incision was made from the occipital protuberance 

along the entire length of the vertebral column. Skin flaps were then retracted 

laterally and the overlying paraspinal musculature removed to expose the 

vertebrae. The ribs were cut to release the vertebral column. A pair of fine 

rongeurs was then used to cut the lateral processes of the vertebral column, 

exposing the spinal cord. Finally, the lateral nerves were cut to release the spinal 

cord.  

 

Isolated spinal cord tissue (average length 80 mm) was cut into 8 equally-sized 

pieces (approx 10 mm each), numbered 1 to 8 respectively, with number 1 

indicating rostral and number 8 indicating caudal end. Each piece was further 

bisected (into 5 mm lengths) with one half being frozen for RNA analysis and the 

second being fixed for histological analysis (Figure 2.6). Tissue for RNA 

extraction was snap frozen in liquid nitrogen and stored at -80oC. Tissue for 

histology was fixed in freshly-prepared 4% paraformaldehyde (PFA) overnight 

at 4oC before being placed in 30% sucrose for 48 h. The tissue was then placed in 

an OCT-filled plastic mould and placed in ice-cold isopentane before storage at -

80oC. 
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Figure 2.6: Spinal cord tissue processing. DA rat spinal cord is approximately 8 cm in length. This 
tissue was cut into 10 mm portions. Each 10 mm was further bisected where 1 half was snap frozen 
for molecular analysis and the second was saved for tissue post-fixing in 4% PFA before cryoprotecting 
in 30% sucrose. The tissue was then frozen at -80

o
C until cryosectioning. Source: Mary Ní 

Fhlathartaigh. 

 

2.7.3 Isolation of brain tissue 

 

The rat was held dorsal side uppermost; alcohol was sprayed onto the fur around 

the head region to wet and sterilise. By using a forceps, the skin was held at the 

base of the neck and a scissors inserted under the skin. The skin was cut midway 

between the ears and the incision continued forward to the snout and back to at 

least to the forelimbs. The skin was retracted back firmly. The head was held to 

give a firm grip for cutting through the cervical spine and to aid manipulation of 

the head. A sharp pair of scissors was used to pierce the back of the interparietal 

bone. Any muscle was stripped away to expose the posterior of the skull to the 

point where the spinal cord was seen. A fine blade was carefully inserted to cut 

under the olfactory lobe, to cut away nerves. The optic nerves were cut away, to 

allow brain removal. Immediately following tissue isolation the brain was cut 

into portions numbered 1-4 for molecular and (immuno)histochemistry (Figure 

2.7).  
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Figure 2.7: Processing of brain tissue post-dissection. Immediately following removal of the brain 
from the skull, it was divided into segments as illustrated above to allow molecular and 
(immuno)histochemistry analyses to be carried out. A transverse incision was made (dotted brown 
line) at the site of injection (marked x, number 2) to bisect the tissue. The other areas were cut at the 
midline for both techniques (1, 3 and 4). Tissue for molecular analysis (a, c, e and g) was snap frozen 
immediately and the other tissue (b, d, f and h) was post-fixed in 4% PFA prior to cryoprotecting in 
30% sucrose. All tissue was then stored at -80

o
C until further use. Source: Mary Ní Fhlathartaigh. 

 

2.7.4 Brain tissue processing post-dissection 

 

Isopentane was poured into a small beaker which was placed in liquid nitrogen. 

This beaker was left in liquid nitrogen until solid and liquid phases were easily 

distinguishable. A few drops of tissue freezing medium (OCT) was placed in a 

mould and tissue blocks were placed on top. OCT was added on top of the tissue. 

Finally, the mould with OCT/tissue was placed into isopentane, for 

approximately 10-20s. Following removal from isopentane, the tissue was then 

wrapped in tin foil, labelled and dropped into a hand-held liquid nitrogen dewer. 

Once all samples were frozen they were transported in liquid nitrogen to the -

80oC freezer for storage. Frozen sections were cut on a cryostat at a thickness of 

10μm before storage at -80oC until used. 
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2.8 Molecular analysis 

 

CNS tissue isolated for molecular analysis was immediately snap-frozen in liquid 

nitrogen. The samples were then stored at -80oC until used.  

 

2.8.1 RNA extraction & analysis 

 

RNA samples were isolated from spinal cord tissue using TRIzol reagent. Briefly, 

1 ml TRIzol was added directly to spinal cord samples and homogenised using a 

handheld homogeniser. The homogenised sample was allowed to stand for 5 min 

at room temperature. Before samples were inverted, 200 µl of chloroform was 

added and vortexed for 2-3 min. The samples were then mixed well by inversion 

prior to a 15 min spin at 12,000g and 4oC. The aqueous phase was carefully 

removed, avoiding the interphase, and transferred to a fresh tube. Five hundred 

microlitres of isopropanol was added and vortexed. The samples were then 

placed at -80oC for 1 h, after which time they were spun at 12,000g for 10 min at 

4oC. After centrifugation, the supernatant was removed avoiding contact with the 

pellet. The pellet was then washed with 1 ml 70% DEPC.EtOH and centrifuged at 

7,500g for 5 min. Following centrifugation the supernatant was removed and air-

dried for 10-15 min at room temperature. The sample was resuspended in 30 µl 

of DEPC.H2O and heated at 65oC for 10 min to completely dissolve the RNA. RNA 

concentrations were determined using the Nanodrop. RNA samples were stored 

at -80oC until further use.  

 

2.8.2 DNase treatment and cDNA synthesis 

 

One μg of RNA was mixed with 1 μl of 10x DNase I reaction buffer and 1 μl DNase 

I. The mixture was diluted with RNase-free water to 10 μl and incubated for 15 

min at room temperature. The reaction was ceased by the addition of 1 μl of 25 

mM EDTA which was followed with a 10 min incubation at 60oC. The 

temperature was then reduced to 4oC for 5 min, the tubes were placed on ice for 

2 min as 1μl of 50 μM random primer, 1 μl of 10 mM dNTPs and 8 μl distilled 
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water was added to the tubes. The samples were then heated to 65oC for 5 min, 

before adding 4 μl of 5x first strand buffer, 1 μl of 0.1 M DTT and 1 μl RNaseOUT. 

The tubes were then incubated at 25oC for 2 min. Then, 1 μl of Superscript II was 

added to the tube and the sample was incubated at 25oC for 10 min, 40oC for 50 

min and at 70oC for 15 min. cDNA was stored at -20oC. 

 

2.8.3 Real Time PCR 

 

Gene expression was analysed by real-time PCR using 2x SYBR green I dye. This 

method is based on measurements of the amplified product on the termination of 

each cycle. Fluorescence is proportional to the amount of the product in the 

reaction mixture i.e., the SYBR green dye binds to double-stranded DNA (dsDNA), 

resulting in increased of fluorescence. The real-time PCR machine used was the 

StepOne Plus instrument (Applied Biosystems). 

 

2.8.4 Data analysis of Gene Expression 

 

The delta delta Ct (∆∆Ct) method was the method used to quantify the data 

obtained by real-time-PCR. Cycle threshold (Ct) is the number of cycles required 

for the fluorescent signal to reach a detectable threshold. The Ct values are 

inversely proportional to the amount of nucleic acid in the sample. Therefore, the 

lower the Ct value, the greater the amount of nucleic acid in the sample. Delta 

delta Ct is calculated by comparing the Ct values from sample of interest with the 

Ct of the reference (18S) control sample. The choice of 18S as a housekeeping 

gene was based on experiments carried out by a previous PhD student, who 

tested changes in a range of housekeeping genes following chemical induction of 

ER stress in rat oligodendrocytes. An endogenous gene (housekeeping gene) is 

used to normalise both Ct values. The fold change was calculated using the 

following formula:  

 

 

 

 



Chapter 2: Materials and Methods 

88 

 

Amplification efficiency = 2-∆∆Ct 

∆Ct = Ct gene of interest – Ct housekeeping gene 

∆∆Ct = ∆Ct sample - ∆Ct reference 

 

Example  

     Ct 18S   Ct BiP 

Saline control (reference)  9.7   28.1 

MOG treated (test sample)  10.2   27.8 

 

∆Ctcontrol = 28.1 – 9.7 =18.4 

∆CtMOG treated = 27.8 – 10.2 = 17.6 

∆∆Ctcontrol = 18.4 – 18.4 = 0  Fold changecontrol = 20 = 1 

∆∆CtMOG treated = 17.6 – 18.4 = -0.8  Fold changeMOG = 2-(-0.8) =2(0.8) = 1.74 

 

2.8.5 Optimisation of primer concentration 

 

With the exception of CRT primers, all conditions and primer sequences were 

based on those previously published (Kraskiewicz and FitzGerald, 2011). CRT 

primer sequences were taken from Belmont et al., (2012). Table 2.1 details of all 

primer sequences used. Section 2.8.5 describes the protocol used to optimise 

PCR conditions for CRT transcript detection. The correct CRT primer 

concentration was identified by testing a wide range of primer concentrations in 

real-time PCR reactions. Nine different combinations of forward and reverse 

primers were used to establish the optimum primer concentration of CRT 

primers. The primer concentrations (50nM Forward / 50nM reverse primer, 

50nM / 300nM, 50nM / 900nM, 300nM / 50nM, 300nM / 300nM, 300nM/900nM, 

900nM/50nm, 900nM/300nM, 900nM/900nM, along with a no template control 

were used in triplicate. The temperature was increased to 95oC for 1 s, prior to 

reducing it to 65-70oC. The temperature was then increased slowly (0.1-0.5oC 

per s) while measuring fluorescence. Once the melting temperature (Tm) is 

reached, dsDNA dissociates instantaneously and fluorescence decreases. If one 

specific product is present one peak is observed on the melt curve. If there is 

more than one product present two or more peaks are obtained. This indicates 
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the presence of non-specific PCR products or primer-dimers. Each tube 

contained 2.15 ul of cDNA, 15 µl of master mix, appropriate amounts of 5 µM 

primer stock and water. Onto the real-time plate, 25 µl of mixture were loaded. 

300 nM concentration of each primer showed optimal amplification and was 

selected for future experiments. Therefore, each real-time PCR reaction 

contained 1 µl of cDNA, forward and reverse primers at 300 nM final 

concentration and Power SYBR green PCR master mix, and was run on the ABI 

7000 (Applied Biosystems, Paisley, UK).  

 

Table 2.1: Real time PCR primer sequences used. 

Gene Forward primer (5'-3') Reverse primer (5'-3') 

BiP/Grp78 CCGTAACAATCAAGGTCTACGA AAGGTGACTTCAATCTGGGGTA 

CRT  AGCAGTTCTTGGACGGAGATG TGTTTGGATTCGACCCAGC 

CHOP GCCTTTCGCCTTTGAGACAGT TGAGATATAGGTGCCCCCAATT 

XBP1s CTGAGTCCGAATCAGGTGCAG ATCCATGGGAAGATGTTCTG 

ATF4 TCAGACACCGGCAAGGAG GTGGCCAAAAGCTCATCTG 

18S AATCAGTTATGGTTCCTTTGTCG GCTCTAGAATTACCACAGTTATCCAA 

 

2.9 Preparation of rat serum 

 

Blood samples were collected via cardiac puncture following termination for all 

animals in the spinal cord EAE study. Further, samples were collected from the 

tail vein of DA rats in the GM study. Approximately 500 µl of blood was collected 

in 1.5 ml polypropylene tubes following cardiac puncture once the animals were 

dead or from the tail vein. Following coagulation overnight at 4oC, the samples 

were centrifuged for 10 min at 1,200 rpm until a clear supernatant 

corresponding to serum was obtained. The serum was stored at -80oC. 

 

2.10 Protein Quantification 

 

2.10.1 Bradford assay 

This assay was first established by Marion Bradford around 1976. This is a quick 

and accurate means to detect protein concentrations and is based on an 

absorbance shift from 465nm to 595nm of Coomassie Brilliant Blue G-250 dye 

following protein binding.  Protein concentrations were determined by Bradford 
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assay where protein samples were prediluted 1:5 and then 2 μl was mixed with 

198 μl of Bradford reagent in one well of a 96-well plate carried out in triplicate. 

Absorbance was read at 595 nm using a Wallac plate reader (Perkin Elmer). 

Protein concentrations were determined from a standard curve using bovine 

serum albumin (BSA) at known concentrations, ranging from 0 - 50 μg/ml, and 

corrected for the dilution factor. 

 

2.11 Histological Assessment of post-fixed frozen CNS tissue 

 

To confirm the presence of demyelinated lesions in the CNS (rat spinal cord), 

frozen sections were first stained with luxol fast blue (LFB) and haematoxylin 

and eosin (H&E).  

 

Tissue was fixed in freshly prepared 4% PFA overnight at 4oC and cryoprotected 

in 30% sucrose in PBS for 48 h. Tissue was then embedded in OCT and stored at -

80oC. Histological evaluation was performed on 10 µm frozen sections which 

were thaw-mounted onto Superfrost Plus slides and stored at -80oC. 

Immunohistochemistry or histochemistry was performed on frozen sections 

with antibodies detailed in Table 2.2. 

 

2.11.1 Luxol fast blue (LFB)  

LFB is alcohol-soluble and similar to Alcian blue. It is a member of the sulfonated 

copper phthalocyanine family of stains (Figure 2.8). The LFB staining procedure 

is based on an acid-base reaction resulting in salt formation, where the base of 

the dye is replaced by a lipoprotein. 

 

Figure 2.8: Chemical structure of Luxol fast blue (LFB). The LFB is a ditolylguanidium salt of a copper 
phthalocyanine disulphonic acid. Source:  
http://www.chemicalbook.com/ProductChemicalPropertiesCB3166545_EN.htm. 
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2.11.2 LFB/H&E staining protocol 

 

Sections were air-dried for 20 min and dehydrated through graded alcohols 

(50%, 70%, 90%, 95%, 100%, 100%, 100%; 30s / alcohol change). The slides 

were then cleared for 5 min in xylene and rehydrated through graded alcohols 

(100%, 100%, 100%, 95%, 90%, 70%, 50%) and water for a further 5 min. The 

slides were placed upright in a Hellendahl staining jar and incubated in LFB at 

60oC for 2 h or at 37oC overnight. Samples were rinsed in 95% IMS and 

differentiated in 0.05% lithium carbonate (8 dips), further differentiated for 1 

min in 70% IMS, before washing in water for 2 min. Slides were examined 

microscopically ensuring a clear distinction between grey and white matter. If 

the distinction was not satisfactory, the differentiation step was repeated. 

Sections were counterstained with H&E, dehydrated in three changes of 100% 

IMS (for 1 min each), cleared in xylene (for 5 min) and mounted with DPX. Slides 

were placed in xylene to clear the tissue, rendering it hydrophobic before 

mounting to permit the use of mounting medium and a coverslipped prior to 

microscopy. This protocol is summarised in Figure 2.11. 

 

2.11.3 Immunohistochemistry 

 

Immunohistiochemical staining was conducted on cryosectioned spinal cord and 

brain samples to assess myelin integrity (using MOG antibody) and the presence 

of ER stress markers. The scientific rationale behind this method is that the 

selected primary antibody (against myelin or an ER stress antibody) is incubated 

on the specimen facilitating binding to the correct epitope (Figure 2.9). Any 

unbound antibody is washed away. The appropriate secondary biontinylated 

antibody binds to the previously bound primary antibody. This secondary 

antibody is linked to an avidin/biotin HRP complex. The avidin/biotin complex 

consists of 1 biotin molecule attaching to 4 avidin molecules to amplify the signal. 

The last step is the addition of the 3-3’-diaminobenzidine-tetra-hydrochloride 

(DAB), which acts as a substrate for the horseradish peroxidase (HRP) enzyme 

attached to the avidin/biotin complex, yielding a brown colour (Figure 2.9).  
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Figure 2.9: Chromogenic immunohistochemical staining. The primary antibody is incubated on the 
specimen followed by a HRP-complexed biotinylated secondary antibody. Amplification results 
following avidin/biotin HRP complex formation. DAB chromogen binds to the peroxidase producing a 
brown colour indicative of positive staining. Key: peach/brown, biotin binding to secondary antibody; 
pink, avidin; double blue oval, avidin and HRP. Source: Mary Ní Fhlathartaigh. 

 
2.11.4 Immunohistochemical Staining   

 

The antibodies and their targets used for immunohistochemistry are listed in 

Table 2.2 The sections were removed from -80oC, air dried, rehydrated with PBS-

tween and then endogenous peroxidases were blocked by incubating with 1% 

hydrogen peroxide (H2O2) in methanol (MeOH) for 10 min. To reduce or 

eliminate non-specific binding, 5% normal goat serum (NGS) in PBS was then 

added to the sections for 30 min. All primary antibodies were diluted in 1% 

NGS/1% Bovine serum albumin (BSA) in PBS before adding to sections and 

incubating at 4oC overnight. The samples were washed twice in PBS, and 

incubated for 30 min with an appropriate secondary monoclonal/polyclonal 

biotinylated antibody (see Table 2.2). After two PBS washes sections were 

incubated with streptavidin-biotin-peroxidase conjugate (ABC Vectastain Kit) for 

30 min. The sections were developed with DAB as a chromogen and this reaction 

was ceased after 3 min, with tap water.  All sections were counterstained with 

haematoxylin, dehydrated in 100% IMS, cleared in xylene before mounting with 

DPX. All incubations were carried out at room temperature unless otherwise 

stated. As a negative control, the primary antibody was omitted.  
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2.11.5 Oil Red O staining 

 

The Oil Red O (ORO) is a lysochrome diazo dye used for demonstrating neutral 

lipids in tissue. Neutral lipids are triglycerides composed of 3 fatty acids linked to 

a glycerol backbone and lacking a polar group. To establish the presence of 

foamy macrophages or myelin debris in spinal cord EAE frozen tissue samples, 

cryosections were stained with ORO. This procedure is performed on fresh 

frozen sections, as alcohol and xylene acts to dissolve the lipids that are present 

in the tissue. The principle of this histological technique is attributed to the fact 

that ORO has a higher solubility in lipid-based substances of frozen tissue than in 

their original solvent. During the staining process the dye in the organic solvent 

will migrate into the lipids resulting in lipid staining.  

 

 

Figure 2.10: Structure of Oil Red O. Source: Sigma-Aldrich, Ireland. 

 

Ten µm sections were air-dried for 20 min prior to 4 min incubation in 60% 

ethanol. The slides were then transferred to a Hellendahl staining jar containing 

ORO for 1 h at room temperature. Slides were then rinsed in 60% ethanol 

followed by 4 changes of distilled water for 5 min. Sections were then 

counterstained with haematoxylin and washed with water to “blue-up” the nuclei. 

All sections were then mounted with glycerine jelly mounting media. 
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2.11.6 Dual staining with oil red O and antibodies to CRT  

 

A dual staining technique was developed in the lab by combining 

immunohistochemical (staining to detect ER stress molecule, CRT) and 

histochemical (ORO) staining methods (Figure 2.11).  

 

The sections were air-dried, rehydrated and incubated with 1% H2O2 in MeOH 

for 10 min. Following a 5 min wash in PBS, 5% NGS in PBS was added to the 

sections and incubated for 30 min. CRT antibody (diluted 1:1000) was diluted in 

blocking solution and incubated at 4oC overnight. The samples were washed 

twice in PBS, and incubated for 30 min with an appropriate secondary polyclonal 

biotinylated anti-mouse antibody (see Table 2.2). After two PBS washes, sections 

were incubated with streptavidin-biotin-peroxidase conjugate (Vectastain Kit) 

for 30 min. The sections were developed with DAB as a chromogen for 30 min. 

Sections were then incubated for a further 4 min in EtOH before being placed 

upright in a hellendahl staining jar containing ORO, for 1 h. Slides were then 

rinsed with 60% EtOH followed immediately with four 4 min washes in distilled 

water and hematoxylin staining, before mounting with glycerine jelly mounting 

medium.  
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Figure 2.11: Histological and immunohistochemical staining. There were three separate approaches 
taken: LFB/H&E, ORO and a dual immunohistochemical and ORO stain. Abbreviations: LFB, luxol fast 
blue; EtOH, ethanol, ORO, Oil red O; H&E, haematoxylin and eosin; H2O2, hydrogen peroxide; CRT, 
calreticulun, PBS, phosphate buffer saline. Source: Mary Ní Fhlathartaigh. 

 
 
 
2.11.7 Dual Immunofluorescence identifying ER stress and cell-specific 

structures 

 

Dual immunofluorescent labelling was used to determine which cells expressed 

ER stress markers in CNS samples. ER stress molecules CHOP, p-EIF2α, XBP1 and 

CRT in conjunction with different CNS cell types; astrocytes (GFAP), microglia/ 

macrophage (IBA1), neurons (NeuN) and oligodendrocytes (Olig2), were 

examined. As with chromogenic staining, this technique involves incubating 

antibodies on a tissue slice. Firstly, the section was incubated with a primary 
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antibody (usually overnight). Secondly, the appropriate fluorescently tagged 

secondary antibody was incubated on the sample (Figure 2.12 A). A second 

primary antibody (different species) was incubated on the tissue sample 

followed by a second appropriately labelled fluorescently tagged secondary 

antibody (Figure 2.12 B). Positive staining was detected following excitation and 

emission of fluorescence.  

 

 

Figure 2.12: Single and dual immunofluorescence. Single and dual labelling requires primary antibody 
incubation followed by a secondary antibody labelled with rhodamine/TRITC incubation (A and B). 
Dual labelling requires a further incubation with a second primary antibody, in our case, a cell-specific 
antibody followed by a secondary antibody emitting a different colour (B). Source: Mary Ní 
Fhlathartaigh. 

 

2.11.8 Single Immunofluorescence labelling methodology 

Following rehydration with PBS / 0.05% Triton X-100 (PBS-triton), sections 

were incubated in ice-cold MeOH for 10 min. They were then washed twice with 

PBS-triton prior to blocking by incubating with 5% NGS for 1 h. Sections were 

washed twice with PBS-triton and then incubated overnight (4oC) with primary 

antibody diluted in 1 % NGS/1% BSA/PBS. Sections were washed twice with 

PBS-triton and incubated with the correct fluorochrome-tagged secondary 
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antibody (1:1,000; 1 h; room temperature). Following incubation sections were 

washed with PBS-triton and mounted in 4’,6-diamino-2-phenylindole (DAPI) 

Vectashield to allow cell nuclei visualisation. Control sections were incubated in 

the absence of primary antibody. Mounted sections were analysed, and images 

were acquired using an Olympus BX51 Upright Fluorescent Microscope with 

Improvision Optigrid System and Improvision Volocity software.  

 

2.11.9 Dual Immunofluorescent labelling methodology 

 

Dual immunofluorescent labelling was carried out in a manner similar to that 

described for single immunofluorescent labelling (see section 2.10.8), except that 

following the primary antibody incubation and fluorochrome incubations, 

sections were washed again with PBS-triton and incubated with a second 

primary antibody (different species, diluted in 1 % NGS/1% BSA) for a further 3 

h. Following incubation, sections were washed with PBS-triton and incubated 

with the appropriate fluorochrome-tagged secondary antibody (1 h; 1:1000). 

Following a final wash, sections were mounted in DAPI vectashield to allow cell 

nuclei visualisation. Control sections were incubated in the absence of primary 

antibody. Mounted sections were analyzed, and images were acquired using 

Olympus BX51 Upright Fluorescent Microscope with Improvision Optigrid 

System and Improvision Volocity software. 

 

2.11.10 Dual Immunofluorescence labelling  amplification  

 

For the cortical grey matter study, an amplification step was added as the ER 

stress markers stained weakly in this tissue. Only one of the primary antibodies 

can be amplified with this method. This method was carried out the same way as 

described above, except that a biotinylated primary antibody was used, followed 

by an appropriate secondary antibody, (Jackson streptavidin CY3 (1:4000) or 

with streptavidin FITC (1:500) for 45 min at room temperature. Following a final 

wash, sections were mounted in DAPI to allow cell nuclei visualisation. As before, 

control sections were incubated in the absence of primary antibody. Mounted 

sections were analyzed, and images were acquired using Olympus BX51 Upright 
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Fluorescent Microscope with Improvision Optigrid System and Improvision 

Volocity software. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2: Materials and Methods 

99 

 

Table 2.2: Antibody source and dilution used for immunohistochemistry 
(*dilutions highlighted in bold are those used following optimisation) 

 
Antibody/Conjugate 

 
Isotype/Species 

 
Supplier 

 
Dilution 

MOG Mouse mAb Prof R Reynolds, Imperial 
College London 

1/75, 1/100, 
1/200 

BiP/GRP78 Rabbit pAb Abcam (ab32618) 1/50, 1/100, 
1/200 

CRT Mouse mAb Abcam (ab22683) 1/500, 
1/1000, 
1/2000 

CHOP/GADD153 Mouse mAb Cell Signalling (L63F7) 1/50, 1/100, 
1/200 

CHOP/GADD153 Rabbit pAb Santa Cruz Biotechnology 
(sc793) 

1/50, 1/100, 
1/200 

P-eIF2α Rabbit mAb Cell Signalling (119A11) 1/50, 1/100, 
1/200 

XBP1 Rabbit pAb Santa Cruz Biotechnology 
(sc-7160) 

1/50, 1/100, 
1/200 

Iba1 Rabbit pAb Wako (019-19741) 1/200, 
1/500, 
1/1000 

GFAP Rabbit pAb Dako (Z0334) 1/200, 
1/500, 
1/1000 

GFAP Mouse mAb Sigma (G3893) 1/200, 
1/500, 
1/1000 

SMI32 Mouse mAb Abcam (ab28029) 1/1000 

Olig2 Mouse mAb Millipore (MABN50) 1/50, 1/75, 
1/200 

Olig2 Rabbit pAb Chemicon (AB9610) 1/65 

NeuN Mouse mAb Millipore (MAB377) 1/200, 
1/500, 
1/1000 

CD68 Mouse mAb Calbiochem (CB1014) 1/50, 1/65, 
1/100 

Biotinylated anti-
rabbit Ig 

Swine pAb Dako (E0353) 1/400 

Biotinylated anti-
mouse Ig 

Rabbit pAb Dako (E0354) 1/400 

Biotinylated anti-
rabbit IgG (H&L) 

Goat pAb Vector (BA-1000) 1/200 

Biotinylated anti-
mouse IgG (H&L) 

Goat pAb Vector (BA-9200) 1/200 

Alexafluor 488 anti-
rabbit 

Goat pAb Invitrogen (A11008) 1/1000 

Alexafluor 568 anti-
rabbit 

Goat pAb Invitrogen (A11011) 1/1000 

Alexafluor 488 anti-
mouse 

Goat pAb Invitrogen (A11059) 1/1000 

Alexafluor 568 anti-
mouse 

Goat pAb Invitrogen (A11019) 1/1000 

Fluorescein Avidin 
DCS 

n/a Vector (A-2011) 1/500 

Cy3-conjugated 
streptavidin 

n/a Jackson ImmunoResearch 1/4000 
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2.12 Semiquantitative scoring of tissue staining 

 

Microscopic analysis was performed to assess the degree of ER stress expression 

in spinal cord sections following immunohistochemical staining. Only tissue from 

animals in which a demyelinating lesion or lesions were confirmed, was taken for 

further analysis. This method was applied to describe the ER stress expression of 

BiP, CHOP, XBP1, p-eIF2α and CRT within the following anatomical regions: 

dorsal (DF), lateral (LF) and ventral (VF) funiculi and within the anatomical 

regions within the EAE lesion (L) and lesion edge (LE) as in Figure 2.13. The edge 

was defined by the rim of white matter between the lesion and the white matter. 

ER stress expression was also noted in normal appearing white matter (NAWM) 

i.e., a lesion-free area of a lesioned section. The morphological criteria used to 

define the different cell types in demyelinating EAE lesion are outlined in Table 

2.3. 

 

Table 2.3: Morphological criteria defining different cell types in EAE lesions 
Cell types Morphology within EAE lesion 
Astrocytes Large cell body with processes 
Oligodendrocytes Small rounded cells, minimal cytoplasm 
Microglia Multi-processed (resting, moderately 

activated) and Amoeboid morphology 
(activated) 

Macrophages Large amoeboid cells 

 

Scoring was conducted on a pre-assigned 5-point graded scale, ranging from 0.5– 

4. The scores were assigned as follows: 0.5, positive cells rarely seen; 1, small 

numbers of positive cells in the white matter; 2, minimal positivity; 3, moderate 

numbers of positive cells; 4, high numbers of positive cells (described in more 

detail in Table 2.4). For each stain per individual, approximately 80 fields were 

examined from 16 sections to incorporate scoring of L, LE, NAWM, GM and 

central canal in lesioned sections and white matter in control tissue (Figure 2.13). 

Only tissue from animals in which a demyelinating lesion or lesions were 

confirmed, was taken for further analysis. Semiquantitative scoring was 

randomly checked by a blinded observer. A sample scoring sheet is included in 

the appendix (A3).  
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Table 2.4: The criteria used for semiquantitative scoring of tissue staining 
within each scoring category 

Semiquantitative score Scoring category (Percentage of positive 
cells) 

0.5 Minimal positive staining (up to 1% of positive 
cells) 

1 Small numbers of positive cells in the white 
matter (1 -20% of positive cells) 

2 Moderate number of positive cells (20-40% of 
positive cells) 

3 Moderately high numbers of positive cells (40-
70% of positive cells) 

4 High numbers of positive cells (70-100% of 
positive cells) 

 

 

 

 

Figure 2.13: Anatomical spinal cord cross sectional regions examined for ER stress expression. 
Semiquantitative evaluation assessed five anatomical regions including the dorsal ventral and lateral 
funiculi as well as grey matter and the central canal. Pathological regions (in red) were identified as 
lesion, lesion edge and the normal appearing white matter.  Key: Df, dorsal funiculus; vf, ventral 
funiculus; lf, lateral funiculus, LE, lesion edge and NAWM, normal appearing white matter. 
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2.13 Dot blotting 

2.13.1 Manual dot blotting 

A grid was drawn on the nitrocellulose membrane to map out exactly where each 

sample was to be placed. Two µl of serum sample from EAE and control animals 

were directly dotted onto a nitrocellulose membrane and allowed to dry. Binding 

of protein was confirmed by Ponceau S staining. The membrane was then 

washed to remove the stain before non-specific binding sites were blocked by 

incubating with 5% milk in PBS/0.05% Tween for 1 h at room temperature. The 

membranes were then incubated overnight with BiP antibody at 4oC. Any 

unbound antibody was washed away with 3 washes in PBS/0.05% Tween at 

room temperature. The membranes were then incubated with horseradish 

peroxidise-conjugated secondary antibody in 5% milk in PBS/0.05% Tween at 

the appropriated dilution (Table 2.5) for 2 h at room temperature. This step was 

followed by 3 washes for 5 min each at room temperature in PBS/0.05% Tween. 

The membranes were then incubated with 2 ml/membrane of peroxidase 

substrate solution. Dots were visualised using the AlphaInnotech FluorChem 

Chemiluminescent Imaging System. All washes and incubations were conducted 

on a rotary shaker at 35 oscillations / min. 

 
2.13.2 Machine dot blotting 

 

The membrane was placed in the Bio-Rad dot blot apparatus and set up as 

outlined in Figure 2.14.  Twenty µl per well of MeOH was added to the PDF 

membrane in the apparatus. Methanol was added to coat the PDF membrane and 

acts on the hydrophobic domains to facilitate proteins attaching to the 

membrane. The vacuum was switched on to draw the liquid through. Once this 

was completed, the vacuum was then turned off. The 2 µl serum samples were 

diluted to a 300 µl final volume in PBS. A 100 µl of each sample was added in 

triplicate to wells as per plate layout in Figure 2.13. PBS was added to unused 

wells to ensure application of a uniform vacuum across the entire blot. Once the 

final sample/PBS was added, the vacuum pump was switched on and the liquid 
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sucked through. The membranes were carefully removed from the apparatus and 

Ponceau S solution was poured onto the membrane to confirm binding. All 

remaining steps were identical to these described for manual dot blotting.  

 

Table 2.5: Antibodies used in dot blot experiments 

Antibody Source Dilution 

BiP/Grp78 Abcam (ab-32618) 1:1,000 

CRT Abcam (ab-22683) 1:1,000 

ORP150 Immuno-Biological labs (10301) 1:100 

Staniocalcin Abcam (ab58307) 1:1,000 

Horseradish peroxidase 
conjugated 

GE Helthcare (Z0334) 1:1,000 

 

2.14 Enzyme Linked Immunosorbant Assay (ELISA)  

 

When used to detect antigen, an ELISA assay is based on coating 96-well plates 

with antigen-specific primary antibody and binding non-specific sites before 

adding test samples. Immobilized antigen is then bound by biotinylated antigen-

specific antibody. This in turn is complexed with avidin-HRP. HRP substrate is 

added to generate a coloured product which can be quantified 

spectraphotochemically.  

 

In a similar manner, an antibody can be detected first by coating the plate with 

the antigen of interest before adding test sample. Bound antibody is then 

detected by addition of secondary anti-IgG and mixing with HRP substrate then 

causes a measurable colour reaction. 
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Figure 2.14: Bio-Rad-Dot
TM

 apparatus and sample layout. This apparatus consists of a 96-well 
applicator with a pump connection at one end (A). Serum samples (100 µl) were added to each well in 
triplicate (from left to right) in the order shown (B). The different groups are colour coded: black for 
controls, red for sera from the 25-50 µg rmMOG treatment groups, and blue for the 5 µg rmMOG 
treated group. PBS was added to the unused wells. The “no primary antibody” portion of the blot was 
cut out before incubating the remainder with primary antibody. 
  

2.14.1 MOG ELISA  

 

Bloods were taken upon termination from spinal cord of EAE and control rats. A 

blood sample was also taken from the tail vein in a subset of the animals from the 

GM model of demyelination cohort, before administering the cytokines. Samples 

were centrifuged and serum was separated and assessed by means of an ELISA. 

rmMOG-coated 96 well plates (10μg/ml) were incubated overnight at 4oC and 
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subsequently blocked with 2% BSA in PBS for 1 h. Serum samples were diluted 

1:4,000 in 1% BSA/PBS and added to the plate in triplicate and incubated for 2 h. 

Rat IgG–specific alkaline phosphatase-linked secondary antibody was diluted 

(1:5,000) in 1% BSA/PBS and incubated for 1 h, prior to detection with p-

Nitrophenyl phosphate tablet set. The optical density was measured at 405nm. 

All incubations were at 37oC unless otherwise stated. Between all incubations, 

plates were washed 5 times with PBS-Tween (0.1% v/v).   

 

2.14.2 Detection of secreted CRT and BiP 

 

An ELISA was used to establish secreted levels of CRT could be detected rat or 

human serum samples. Attempts were also made to determine if BiP could be 

detected in human serum and hepcidin in EAE serum samples. CRT-/BiP-

/hepcidin levels were detected using ELISA kits. Ninty-six well plates were 

precoated with CRT, BiP or hepcidin antibodies and the ELISA was carried out 

according to the manufacturer’s guidelines. The sera were pre-diluted for each 

ELISA (rat CRT/hepcidin/human BiP (1:1,000), human CRT (1:5,000)) in PBS 

and a 100 µl of sample was incubated in triplicate wells for 2 h on the 

aforementioned 96 well plate. Detection reagent A was then added to the plate 

and incubated for 1 h. Detection reagent B was then added and incubated for a 

further 30 min prior to the addition of substrate solution which was incubated 

for a further 15-25 min. Stop solution was added to each well and, following 

gentle mixing, the plate was read using a Wallac plate reader. set at 450nm 

immediately. All incubations were at 37oC. Between all incubations, plates were 

washed 5 times with wash solution provided.  CRT/hepcidin/BiP concentrations 

were determined by extrapolation from a standard curve. Data presented as 

mean concentration ± standard error of the mean (SEM).  
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2.15 Statistical analysis 

 

Differences in data sets were determined using analysis of variance (ANOVA) or 

Student’s t-tests. Real time PCR data was analysed by a one-way ANOVA. 

Differences in ER stress ELISA data sets were calculated using Newman-Keuls 

multiple comparisons test whereas Dunn’s post-test was used to evaluate 

differences for the MOG ELISA data set. Differences in ER stress expression in 

spinal cord tissue following semi-quantitative analysis was completed with a 

Kruskal-Wallis test followed by a Dunn’s post test, using GraphPad Prism 

software (San Diego, Ca, USA). All data were expressed as mean and the standard 

error of the mean (SEM). A p value of <0.05 was deemed significant and was 

recorded in all cases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3: Neurological and Pathological Events in EAE induced in DA rats 

 

107 

 

 

 

 

 

 

 

 

Chapter 3 

Neurological and Pathological Events 

Associated with a Spinal Cord EAE Model of MS 

 

 

 

 

 

 

 

 

 



Chapter 3: Neurological and Pathological Events in EAE induced in DA rats 

 

108 

 

3.1 Introduction 

MOG-induced EAE mimics many facets of MS pathogenesis e.g., clinical 

manifestations, immunological and demyelination events within the 

CNS and periphery. An understanding of the mechanisms underlying 

demyelination is critical in order to prevent or improve functional 

deficits. The focus of this chapter is the development and 

characterisation of WM lesions in the spinal cord of DA rats injected 

with a fragment of murine MOG. 

As mentioned in section 1.6.1, patterns of the disease course of spinal 

cord EAE are variable, depending on the type and dose of antigen, 

adjuvant, strain and species of animal. Spinal cord EAE symptoms 

normally develop approximately 7-13 days post-immunisation and are 

scored clinically for ascending neurological limb deficits as outlined in 

Figure 2.1.  

3.2 Aims of this study 

The primary goal of the work described in this chapter was to induce 

EAE in DA rats injected with amino acids 1-116 of rmMOG and to use 

histochemical techniques to confirm an inflammatory demyelinating 

pathology.  

Specific aims were to: 

 Express and purify rmMOG using E.coli. 

 Induce a sub-clinical phenotype and spinal cord demyelination 
in DA rats using different doses of rmMOG  

 Record weights and associated clinical signs 

 Confirm the presence of a peripheral anti-MOG response to 
rmMOG 

 Identify pathological hallmarks of EAE by 
immuno(histo)chemistry 
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 Complete a second time course study isolating samples at early 
and late stages of disease 

 

3.3 Summary of Methodology 

Recombinant mouse MOG was expressed and purified, before it was 

identified by means of Western blotting. The DA rats were injected 

intradermally at the base of the tail with 5-100 µg of MOG/IFA, IFA or 

saline alone and were monitored daily for clinical signs. On the 43rd day, 

rats were sacrificed and blood samples collected. Serum was isolated 

and tested to establish whether or not MOG-treated animals had sero-

converted. Using histochemical, immunohistochemical and dual 

immunofluorescent techniques, half of the spinal cord EAE tissue 

samples were examined for white matter lesions. Detailed protocols are 

summarised in chapter 2. 
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3.4 Results 

3.4.1 MOG Expression and Purification 

Before using the pRSET-rmMOG construct it was checked by carrying 

out EcoRI and HindIII restriction digest. Figure 3.1A shows fragments 

generated following restriction digests of the plasmid with EcoRI and 

HindIII enzymes. EcoRI drops out the MOG insert and HindIII linearises 

the construct (see Figure 3.1A).  This procedure was carried out to 

confirm that the pRSET plasmid contained the correct MOG sequence 

(amino acids 1-116 of mouse MOG). Plasmid samples were also sent to 

MWG Biotech (Germany) for sequencing, in order to confirm plasmid 

identity (see appendix). The recombinant protein produced from this 

plasmid contains 6 histidine residues (6xHisTag), facilitating 

purification by metal affinity chromatography. The eluted protein was 

dialysed against 1M arginine solution and concentrated using Amicon 

Ultra15 concentrating tubes. Protein concentration was determined by 

means of a Bradford assay. A total of 3 rmMOG preps were carried out, 

yielding a total of 3.7 mg. Ponceau S staining confirmed transfer of 

protein onto the nitrocellulose filter (Figure 3.1B). Western blotting 

showed two bands indicative of recombinant MOG peptide in 

monomeric (17 kDa) and dimeric (34 kDa) forms respectively (Figure 

3.1C). 
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Figure 3.1: MOG plasmid validation and expression of rmMOG fusion protein.(A) 
Restriction digest of pRSET-MOG plasmid. Lanes 2 & 6 show uncut plasmid, lanes 3&7 
EcoR1-cut plasmid, generating MOG-encoding fragment (359bp) and plasmid backbone 
(2.9kb) and lanes 4&8 show plasmid linearised by HindIII (3.3kb). (B) Representative MOG 
bands following Ponceau S staining. Western blot (C) confirms 17 kDa rmMOG and 34 kDa 
species in solution. Key: S1, sample 1; S2, sample 2; kb, kilobases; kDa, kilodaltons. 
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3.4.2 EAE Induction and Clinical Presentation 

 

Female DA rats were injected with varying does of rmMOG (5 – 100 µg; 

n=5) emulsified (50:50) in IFA. Control rats received saline and IFA 

(both n=5) and all injections were administered i.d into the dorsal 

aspect of the tail. Animals were monitored daily. This entailed weighing 

and assigning a clinical score. Animals immunised with 5 μg (Figure 

3.4A) and 100 μg (Figure 3.7A) rmMOG as well as control groups saline 

(Figure 3.2A) and IFA (Figure 3.3A) proved to be asymptomatic with no 

evidence of EAE clinical signs. Control animals thrived over the 43 day 

trial with no abnormal weight decline. However, one animal immunised 

with 5 μg rmMOG exhibited a slight weight decline on day 15 but 

returned to normal the next day (Figure 3.4B). Similarly, one animal 

immunised with 100 μg rmMOG fluctuated in weight throughout the 

study (Figure 3.7B). Figure 3.5A illustrates the clinical signs produced 

in animals immunised with 25 μg rmMOG, where 3 animals produced a 

transient score of 0.5. One animal in this group (animal 2) displayed 2 

separate episodes of attack and remained at a score of 0.5 for 3-4 days 

before remitting. However, these low scores subsided. Animal numbers 

3 and 4 showed a higher degree of paralysis with scores as high as 3 

presented as hemiparalysis. Animal number 3 in the 25 µg rmMOG 

group produced a chronic progressive disease pattern, at a score of 0.5 

for 2 days before symptoms worsened and progressed to a score of 1 

for 3 days. The symptoms progressed to a score of 3 for a further 6 

days, but the symptoms were too severe and resulted in an early 

sacrifice on day 23 (Figure 3.5A & B). Animal 4, also receiving 25 μg 

rmMOG, progressed in a similar manner. Initially it presented with a 

score of 1 on day 14 with a slight weight loss on day 13. Weight 

remained constant and signs remained stagnant at 1 for a further 5 

days prior to decreasing to 0.5. Clinical signs increased to a score of 1 in 

this animal for a further 2 days and then to a 2 for a further 5 days. The 
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animal recovered slightly to a score of 1 and again relapsed to a score of 

3 for 7 days before remitting to a score of 1 for the last 3 days of the 

study. 

Figure 3.6 plots the clinical manifestations (A) and weights (B) of 

animals immunised with 50 μg rmMOG. Two animals produced scores 

of 0.5. Only one of these animals relapsed. Animal 4 in this treatment 

group produced a progressive increase in clinical signs over the course 

of the 43 day study. This animal remained on a score of 0.5 for 2 days 

and a score of 1 for 20 days before progressing to a 2 for 7 days and 

then remained on a score of 3 until the end of the trial. Animal 2 in the 

50 μg rmMOG group increased steadily to a score of 3 for a period of 25 

days. A dramatic weight loss was evident in this animal (Figure 3.6B). 

Weight decline was evident in those animals with clinical signs. 

In summary, clinical manifestations were observed in animals dosed 

with 25 or 50 µg rmMOG with a slight weight decline and a mean 

clinical disease onset 12 days post-immunisation (Figure 3.8). The 

disease presentation initiated with the loss of tone in the tail and then 

progressed to hind-limb paralysis. Bladder and incontinence were 

evident at a clinical score of 3. Table 3.1 summarises the doses of 

antigen and the occurrence of clinical signs. In 3 out of 5 animals 

receiving 25 and 50 μg MOG, disease manifestation was first observed 

from day 12 post immunisation onwards.  

Animals receiving 5 μg MOG displayed no phenotypic symptoms, 

indicative of a sub-clinical dose. Evidently, no observable clinical signs 

were present at a 100 μg rmMOG (Figure 3.7).  However, upon 

assessment of anti-MOG antibodies in sera, all MOG-treated animals 

were shown to display a response (Figure 3.9). IFA and saline treated 

controls did not display any clinical signs and remained healthy for the 

duration of the study. 
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Figure 3.2: Clinical scores and weights of saline-injected animals. No clinical score was 
measured in any of the animals (A) and weights (B) were recorded for each individual DA 
rat in the saline-treated group over a 43 day period following injection. The animals were 
sacrificed by CO2 asphyxiation 43 days post immunisation.  
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Figure 3.3: Clinical scores and weights of IFA injected rats. No clinical score was recorded 
in any of the animals (A). Weights (B) were recorded for each individual DA rat in the IFA-
treated group over a 43 day period following immunisation. The animals were sacrificed 
by CO2 asphyxiation 43 days post immunisation.  
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Figure 3.4: Clinical scores and weights of DA rats injected with 5 μg rmMOG. No clinical 
score was recorded in any of the animals (A). Weights (B) were recorded for each 
individual DA rat in the 5 μg rmMOG-treated group over a 43 day period following 
injection. The animals were sacrificed by CO2 asphyxiation 43 days post immunisation.  
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Figure 3.5: Clinical scores and weights of rats immunised with 25 μg rmMOG. Clinical 
scores (A) and weights (B) were recorded and for each animal within the group treated 
with 25 μg rmMOG. Four out of five animals produced a score of 0.5 to 3. It is evident 
from this plot that higher clinical scores are linked to more severe weight loss, as would be 
expected. The animals were sacrificed by CO2 asphyxiation at 43 days post immunisation. 

 

 

 



Chapter 3: Neurological and Pathological Events in EAE induced in DA rats 

 

118 

 

 

Figure 3.6: Clinical scores and weights of rats immunised with 50 μg rmMOG. Clinical 
score (A) and weights (B) were recorded for each animal within the treatment group. 
Three out of five animals produced a score of 0.5 to 3. Once again, it is evident that higher 
clinical scores are linked to more severe weight loss. The animals were sacrificed by CO2 
asphyxiation at 43 days post immunisation. 
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Figure 3.7: Clinical scores and weights of DA rats immunised with 100 μg MOG. No 
clinical score (A) was measured and weights (B) were recorded for each individual DA rat 
in the 100 μg MOG-treated group. The animals were sacrificed by CO2 asphyxiation at 43 
days post immunisation. 
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Figure 3.8: Mean clinical disease scores and weight loss following EAE induction.  
Animals were immunised with 5-100 μg rmMOG or IFA or saline as controls. Saline and IFA 
produced no symptoms (A). Symptoms were evident in the 25-50 μg rmMOG groups with 
4 out of 5 animals having scores of 1 to 3. Weight fluctuations in control and MOG-treated 
individuals (B) were measured. Results are expressed as mean ± SEM. 

 

Table 3.1 summarises the incidence of paralysis, day of disease onset 

along with the clinical severity range of paralysis following EAE 

induction with the different rmMOG doses administered. A total of 9 out 

of 10 animals in the 25-50 µg rmMOG exhibited clinical signs. By the 

time of sacrifice, 5 out of 10 animals retained a clinical score in a range 

from 0.5-3.  
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Table 3.1: Comparison of the dose variation of the induction of EAE by MOG 

Dose of 
MOG 

Incidence 
of 

paralysis 

Paralysis 
at sacrifice 

Day of 
onset 

Severity Range 

100µg 0/5 0/5 N/A N/A 

50µg 5/5 3/5 13-17 0.5-3 

25 µg 4/5 2/5 12-21 0.5-3 

5 µg 0/5 0/5 N/A N/A 

Key: N/A, not applicable. 

3.4.3 Humoral response  

Serum levels of anti-MOG antibodies were assessed by ELISA, to 

establish whether a peripheral immune response was mounted to all 

doses of rmMOG administered (5-100 µg). Following statistical analysis 

all rmMOG groups did not statistically differ from each other, but each 

significantly differed from both IFA- and saline- immunised animals 

(p<0.05; Figure 3.9). 
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Figure 3.9: Humoral response in EAE DA rats. Animals were immunised with 5-100 µg 
MOG (n = 5 for each dose) or saline or IFA as controls (n = 5). Forty three days post-
immunisation DA rats were sacrificed and a blood sample was taken following a cardiac 
puncture. The 5-100 µg MOG groups showed that there was statistically significant 
increase in antibody level in rmMOG-treated groups compared to control groups (saline 
and IFA). Statistical test: One way ANOVA with a Dunn’s post test. *= p<0.05. Data are 
expressed as mean ± SEM. 

 

3.5 Characterisation of EAE Spinal Cord Pathology 

In order to assess and to confirm areas of demyelination in the spinal 

cord following EAE induction, two specific myelin stains were used: an 

immunohistochemical technique using anti-MOG antibody to stain the 

myelin  brown (employing DAB as a chromogen),  and a histochemical 

technique using LFB to stain the myelin, with H&E to counterstain.  

Myelin remained intact in controls (IFA and saline) and in rats injected 

with 5 μg rmMOG in all spinal cord regions. Representative images of 

MOG-stained thoracic and lumber spinal cord regions are shown in 

Figure 3.10. LFB/H&E histochemical staining of saline and 5 μg rmMOG 

shows the intact myelin (Figure 3.11). Intact myelin is readily seen in 

abundance in the WM compared to the GM.  

Not all animals immunised with 25-100 μg rmMOG displayed a 

phenotype as documented earlier in section 3.4.2. Spinal cords were 
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sectioned for the asymptomatic animals in order to evaluate if 

pathology was evident. Myelin remained intact in 4 out of 5 

asymptomatic (25 or 50 μg rmMOG immunised) animals. 

Representative images in Figure 3.12 show intact myelin in 

asymptomatic animals following LFB/H&E and MOG immunostaining. 

Demyelinated lesions were detected in a total of 5 animals in the 25-50 

μg rmMOG groups. One lesioned animal lacked a measurable clinical 

phenotype. Figures 3.13 and 3.14 show representative images of 

demyelinated lesions.  
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Figure 3.10: Immunohistochemical characterisation of intact myelin in DA rats 
immunised with saline and a subclinical dose of rmMOG (5 µg). MOG immunostaining 
showed intact myelin following administration of saline (A & C) and 5 μg rmMOG (B & D). 
Representative spinal cord cross-sections are from the thoracic (A&B) and lumbar (C&D) 
regions. Scale bars = 500 µm.  

 

Figure 3.11: Histopathological characterisation of intact myelin in DA rats immunised 
with saline and subclinical dose of rmMOG (5 µg). Histochemical staining LFB/H&E in the 
spinal cord of a representative rat immunized with saline (A) and a subclinical dose of 
rmMOG (5μg; clinical score = 0; B) Representative spinal cord cross-sections are from the 
thoracic region. The cerebrospinal tracts (asterisks) is clearly visible between the dorsal 
white matter and inner grey matter.  Scale bars = 500 µm.  

* * 
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Figure 3.12: Histopathological and immunohistochemical characterisation of intact 
myelin in asymptomatic DA rats immunised 25-50 μg rmMOG. Histochemical LFB/H&E 
(A) staining and immunohistochemical MOG staining (B) demonstrating intact myelin in 
the spinal cord of a representative rat immunized with 25-50 μg rmMOG (clinical score = 
0). Representative spinal cord cross-sections are from the thoracic region.  Scale bar = 500 
µm 
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Figure 3.13: Histopathological and immunohistochemical characterisation of EAE 
demyelinated lesions. Histological staining (LFB/H&E) of inflammation and demyelination 
in the spinal cord of an IFA immunized control rat (clinical score=0; A) and a representative 
rat immunized with 25-50 µg rmMOG (clinical score = 3; rat ID 3.3; B) and an IFA 
immunized control rat. Immunohistochemical detection of MOG also revealed myelin 
damage (D: indicated by the dotted line) in the spinal cord, that was absent in the control 
animal (C). Demyelination in this animal was identified more easily using LFB staining. 
Scale bars = 500 µm.  

 

Dual immunofluorescent labelling was another technique used to 

further detect demyelination in association with 

macrophage/microglial infiltration (Figure 3.15C) and to contrast this 

with the pattern found in saline (A) and IFA (B) control animals. Such 

staining revealed the presence of macrophage/microglia within a 

lesion, shown in the digitally zoomed image in Figure 3.16.  
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Figure 3.14: Lesion classification. The grey matter (GM) and white matter (WM) are 
clearly distinguishable (A and B) in the frozen spinal cord sections above, stained for 
myelin with anti-MOG. The myelin remains intact in the white matter tissue of saline-
injected rats (A). In an animal immunised with 25 µg rmMOG, the lesion/demyelinated 
areas are outlined with black dotted lines (B). Hematoxylin counterstaining highlights 
infiltrating inflammatory cells in the lesioned areas (L) while loss of positive staining for 
MOG confirms demyelination. The area at the rim of the lesion is termed the lesion edge 
(LE, dotted black line), adjacent to the lesion (L). Scale bars = 500 μm (LH panels); 100 μm 
(RH panels).  

 

Figure 3.15: Macrophage/microglia are present in demyelinated EAE lesions. Dual 
immunofluorescent staining for MOG (red) and microglia / macrophage (Iba1, green). 
Panels A & B show myelin abundance in the lateral funiculus of the spinal cord with few 
Iba1 positive cells in the control saline (A) and IFA (B) animals. In an animal immunised 
with 25 µg rmMOG demyelination is accompanied by macrophage/microglial infiltration of 
the lesioned area (C). Scale bars = 32 µm. 
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Double labelling with MOG and a macrophage/microglial marker also 

revealed a demyelinated lesion in close proximity to large motoneurons 

of the grey matter (Figure 3.17).  

 

Figure 3.16: Immunofluorescent double-staining for MOG and microglia / macrophage 
cells.  Macrophage/microglial cells (Iba1; red) appear to be contacting the myelin (green). 
Scale: Digital zoom. 

 

Figure 3.17: Large motoneurons adjacent to white matter lesion. The dotted white line 
demarcates the white matter from the grey. A white matter lesion with confluent 
macrophage/microglia (green). Medial to this lesion are large motoneurones (white 
arrow). Scale bars = 32 µm. 

 

Positive oil red O staining in a white matter lesion indicates the 

presence of myelin fragments in the EAE lesion (Figure 3.18C). Such 
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staining was largely absent in control tissue and NAWM (Figure 3.18A B 

and D). 

 

Figure 3.18: Oil-Red-O Staining of Spinal Cord Tissue. Tissue from saline- and IFA-injected 
animals (A, B), along with NAWM in EAE animals (D), showed no positive staining for ORO. 
However, there was positive ORO staining in EAE lesions (C) indicating the presence of 
foamy macrophages. Scale bars = 50 µm 

 

3.6 EAE Time Course Study 

 

A second EAE induction study was initiated, with a view to generating 

time course samples from early through to late-stage disease. The 50 μg 

rmMOG appeared to provide the best chronic demyelination model and 

hence this dose was used. RmMOG/IFA emulsion in a 1:1 ratio was 

emulsified by sonication (see section 2.4.2). An intradermal injection of 

100 µl of sonicated emulsion was administered into the base of the tail 

of the rat. A total of 64 animals were randomly assigned into IFA (n=9) 

or MOG-treated groups (n=55) (Table 3.2). From the 64 animals in this 
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study, a total of only 4 animals displayed a phenotype after 7 weeks’ 

observation.  
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Table 3.2: Plan for EAE time course experiment 

Group Disease state Treatment group End Point No. of Animals 

1 Early pre-lesioned  50 μg MOG 7 days post-immunisation 11 

2 Late pre-lesioned 50 μg MOG 10 days post-immunisation 11 

3 Early disease (score =1) 50 μg MOG Limp tail 11 

3 Peak disease (score = 3) 50 μg MOG Double hind-limb paralysis 11 

3 Peak + 1 week (score 3 + 1 week) 50 μg MOG Recovery 11 

4 Pre-lesioned control IFA 7-10 days post-immunisation 3 

4 Early disease control IFA 

Taken at same time as early disease 

animals 3 

4 Peak disease + 1 week control IFA 

Taken at same time as peak disease 

animals  3 
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Table 3.3: Summary of treatment group, disease state and clinical score 

following EAE induction 

Treatment 
Group Disease state 

Days post-
immunisation 

Clinical score 

50 µg 
rmMOG 

Early pre-lesioned 7 0 (n = 11) 

Late pre-lesioned 10 0 ( n = 11) 

Peak-disease 

31 1 (n =1) 

31 2 (n = 1) 

54 4 (n =1) 

54 4 (n =1) 

IFA Early pre-lesioned control 7 0 (n= 3) 

IFA Late pre-lesioned control 10 0 (n= 3) 

IFA Peak-disease control 54 0 (n= 3) 

 

Initially, 2 of the animals started to present clinical signs by 31 days 

after injection and 2 more presented at 54 days (Table 3.3 and Figure 

3.19). A similar molecular and staining approach was to be carried out 

here as had been carried out previously. This experiment proved 

extremely disappointing because such a small number of MOG-injected 

animals developed a clinical phenotype.  All tissue and serum samples 

remain unanalysed in the -80oC freezer. 
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Figure 3.19: Spinal cord EAE time course study timeline. Rats received an intradermal 
injection of 50 µg rmMOG or IFA into the dorsal aspect of the tail. Seven and ten days post 
injection, MOG (n=11)/IFA (n=3), DA rats were sacrificed and designated “early” and “late 
pre-lesional”, respectively. EAE clinical signs were not evident until days 31 (n =2) and 54 
(n =2). Key: dpi= days post immunisation.  
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3.7 Discussion 

In this study, EAE was induced in female DA rats to resemble the 

clinical course and pathology seen in the spinal cord of MS patients. The 

clinicopathology of EAE is similar to that of MS, with a disease course of 

ascending paralysis, weight decline, and a remitting phase (Raine, 

1994).  

Firstly, soluble rmMOG protein (1-116 a.a) was successfully expressed 

and purified from E.coli glycerol stocks. Blotted proteins were 

visualised following a Ponceau stain and Western blot analysis revealed 

a MOG band at 17 kDa corresponding to that of the MOG protein. The 

same blot showed the presence of another 34 kDa band being a dimer, 

as monomers and dimers occur to varying degrees. The blot produced 

was clean where only protein bands of the appropriate size were 

visualised. This confirmed the purity of the protein prep. 

The soluble rmMOG produced was then used to induce EAE. Firstly, 

MOG was used to induce EAE in DA rats by dosing with 25 or 50 µg 

rmMOG emulsified in IFA. Secondly, a subclinical dose of 5 µg rmMOG 

was established (discussed in chapter 5). Animal injected with 25-50 µg 

MOG produced a disease pattern similar to MS in that invading immune 

cells caused demyelination in large areas of dorsal, lateral and ventral 

spinal cord. However, it was difficult to predict disease manifestation 

and the degree of severity from the outset of EAE induction using the 

protocol described here. The encephalitogenic response was not 

retained in all animals immunised with 25 or 50 µg rmMOG. For 

example, rats injected with 25 µg appeared to undergo a more 

relapsing-remitting course. Although 4 out of 5 25 µg-dosed animals 

displayed clinical symptoms, these were still evident in only 2 rats at 

sacrifice. This result is in line with another study where 20 µg MBP was 

capable of producing EAE 10 days post immunisation (Nagai et al., 

1998). However, in the same study it was shown that a 100 µg MBP was 
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required to induce EAE in Lewis rats (Nagai et al., 1998). This 

demonstrates the level of variability among strain and dose of 

encephalitogens. One particular DA rat immunised with 25 μg MOG, 

presented with an acute hind-limb paralysis and suffered a dramatic 

weight loss and for this reason it was necessary to sacrifice. Animal 

variation plays a huge part and similar to MS, it is unknown which 

animals will succumb to disease. The chronic-progressive disease 

pattern produced using the higher 50 µg dose is in line with previous 

reports from the Reynolds lab (Papadopoulos et al., 2006). That is, 

following immunisation with 50 µg rmMOG, relapses were reduced and 

symptoms were more prolonged in comparison to those immunised 

with 25 µg rmMOG. Surprisingly, at a 100 µg rmMOG no clinical signs 

were evident. The reasons for tolerance in this group of animals are 

unknown and unusual at such high doses of encephalitogen where 

animals should present with a higher clinical score. When this matter 

was raised during international scientific meetings, the general 

consensus was that an unknown event must have played an inhibitory 

role in disease manifestation. Rats may become stressed for many 

reasons including, travelling to the research centre, cages being rattled, 

bedding changed or high noise level in the facility. For example, it has 

been shown in DA rats that chronic stress reduces clinical signs and 

pathology whereas exposure to acute stress may exacerbate the EAE 

disease outcome (Perez-Nievas et al., 2010). In short, an effect on 

clinical and pathological outcomes may or may not occur depending on 

the timing of environmental stresses. The lack of clinical manifestations 

with a high dose of MOG (100 µg) to the highly susceptible DA rat 

remains an enigma. All MOG-treated animals from 5 - 100 µg produced 

an anti-MOG response which confirmed that there was a peripheral 

immune response mounted.  Where rats did succumb to disease, weight 

loss was reported prior to disease onset.  However, a slight drop in 

weight in the 100 µg MOG group did not correlate with an increased 

clinical score. The lack of EAE manifestations in DA rats is very 
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surprising as this highly susceptible strain is capable of EAE induction 

even without adjuvant (Stosic-Grujicic et al., 2004).  

Several techniques were used to confirm demyelination in the first 

cohort described. These included: histological (LFB/H&E), chromogenic 

(MOG antibody) as well as dual immunofluorescent. This multi-

technique approach allowed us to thoroughly examine and identify 

demyelinated lesions. MOG immunostaining allowed for clear 

visualisation of the cytoarchitecture so clear distinctions could be made 

between grey and white matter as well as intact myelin and 

demyelinated areas. LFB/H&E showed the same result but in general, 

the finer detail could be visualised more clearly and specifically 

following immunoperoxidase staining. Dual immunofluorescent 

staining was highly effective in demonstrating demyelination and 

immune cell infiltration e.g., dual labelling of MOG and 

macrophage/microglia. These techniques all confirmed demyelinated 

lesions in the dorsal, lateral and ventral regions of the lumber and 

thoracic spinal cord. The dorsal funiculus was the most susceptible and 

predominant location for lesion development as all 5 animals displayed 

lesions in this region of the spinal cord. Four out of 5 animals with 

paralysis at sacrifice presented with lateral lesions whereas 3 animals 

presented with ventral EAE lesions. All 3 animals with a clinical score of 

3 at the time of sacrifice had lesions in all 3 anatomical locations 

(dorsal, lateral and ventral). It is speculated by a well known EAEolist 

that the dorsal funiculus is most vulnerable for lesion development due 

to the presence of thin myelinated axons. MOG-induced EAE produced 

demyeinated lesions similar to that of pattern II WM MS brain lesions 

described in section 1.1.8. Such lesions are produced in 58% of MS 

patients. This model produces encephalitgenic T cells and 

demyelinating anti-MOG antibodies. Prior to clonal expansion of T cells 

it was speculated that CD68+ macrophages have been reported to be the 

first cells to gain entry into the CNS in the early stage of EAE 
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development (Mensah-Brown et al., 2011), particularly in susceptible 

i.e.,  strains such as DA (Mensah-Brown et al., 2011). In line with our 

studies activated microglia have been documented at the peak of 

disease, however, peak of disease in our study was 43 days post EAE 

induction compared to 14 days in the published report (Mensah-Brown 

et al., 2011). Moreover, white matter demyelinated lesions were 

identified in 15 out of 18 progressive MS spinal cord cases. These 

lesions are similar to those of the DA rats following EAE where irregular 

delineation lesion edge with a large lesion in at least one funiculi or 

small, well delineated lesions (Androdias et al., 2010) such lesion were 

also present in our study in EAE DA rats. This shows that in some 

respect, EAE induced in the highly susceptible DA rat is a good model of 

spinal cord pathology.  

Four out of the 5 lesions characterised here correlated with a clinical 

score, but one asymptomatic animal immunised with 50 µg rmMOG 

produced a dorsal WM EAE lesion in the spinal cord. The reason for the 

lack of an overt motor deficit, could be that WM tracks in dorsal spinal 

cord relate to sensory rather than motor functions. Had a different 

protocol been used to detect sensory changes, perhaps a clinical score 

may have been assigned. For example, the foot shock test could be used 

to detect the effect of demyelination in the dorsal spinal cord. 

Nonetheless, it has been reported that EAE induced by spinal cord 

homogenate alone could produce an overall disease incidence of 87.5% 

and clinical manifestations supported histological lesions (Stosic-

Grujicic et al., 2004). However, for this one animal a lesion was 

characterised by H&E staining of MOG and the pathology did not 

correlate with disease.  

The high scoring animals with a clinical score of 3 (n = 3), displayed the 

highest lesion load with 2 animals exhibiting lesions in the dorsal, 

lateral or ventral spinal cord regions. One out of the three animals 

having a score of 3 had lesions in the dorsal and ventral cord regions. 
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This again shows some variability in the pathology between animals, 

despite presenting with the same clinical symptoms.  

An easier and faster method of mixing the MOG-antigen in IFA was used 

for the second “time course” cohort i.e. sonication. This was based on a 

published protocol (Maatta et al., 1996)  and seemed promising from 

the outset with the quick formation of a stable emulsion. Three weeks 

after immunisation, however, only two animals started to present 

clinical signs. Seven weeks later two more presented clinical symptoms. 

Following consultation with a well-known EAEologist (Prof David 

Baker) it was concluded that this procedure could be sonicator-

dependent. For example, a waterbath sonicator (ring cleaner) is a 

milder method of emulsifying adjuvant. We can only postulate that the 

sonication may have denatured/destroyed the MOG antigen, however, 

this is merely speculative and would need to be tested. The disease 

manifestation seemed too slow to be practicable. On the other hand, the 

question could be asked, has this protocol produced a more chronic 

model of EAE? Nonetheless, in future, for all EAE studies, the antigen 

should be emulsified by hand-mixing. All animals from the time-course 

cohort were terminated. Tissue was collected from a subset and this 

was stored at -80oC.  

3.8 Conclusion 

In conclusion, rmMOG was successfully produced and purified. The 

recombinant protein was capable of producing a humoral immune 

response in DA rats following EAE induction. Demyelinated spinal cord 

lesions were identified in 5 out of 10 animals receiving 25 or 50 µg 

rmMOG/IFA, 43 days post-EAE induction. These EAE lesions were 

present mainly in the dorsal funiculus and to varying degrees in the 

lateral and ventral funiculi. These demyelinated events were 

accompanied with immune cell infiltration. Spinal cord lesioned and 

control tissue was further examined for the presence of ER stress 
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marker expression. This data is summarized in chapter 4. 
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4.1 Introduction 

The molecular events leading to the development of demyelinated 

lesions in the CNS have not been fully elucidated, however, the 

involvement of many signalling pathways has been documented in the 

literature. For instance, oxidative stress (Gilgun-Sherki et al., 2004, Lu 

et al., 2000, Aboul-Enein and Lassmann, 2005), excitotoxicity and nitric 

oxide toxicity (Smith and Lassmann, 2002, Diaz-Sanchez et al., 2006, 

Weiner, 2004) may contribute to neurodegeneration. These triggers 

have been reported at raised levels in MS. Hypoxia has also been 

reported to cause oligodendrocyte lethality. Reports from our lab have 

shown the expression of ER stress-associated proteins in association 

with both white and grey matter MS lesions (Cunnea et al., 2011, 

McMahon et al., 2012, Mhaille et al., 2008). It is therefore vital to 

establish the profile of ER stress molecules in the well known animal 

model of MS, EAE. The main focus of this chapter is on white matter 

EAE lesions in the spinal cord with some reference to grey matter spinal 

cord pathology. Lesions were identified (in chapter 3) using a range of 

immunohistochemical and histochemical techniques including MOG 

staining, LFB/H&E staining for myelin and ORO for detection of myelin 

fragments. 

The documentation of ER stress molecules in MS lesions led us to 

speculate that secreted ER stress markers could be detected in the body 

fluids of EAE rats and/or MS patients. These secreted markers could 

potentially be useful biomarkers for MS and may even contribute to 

disease pathogenesis or resolution. To date, antibodies to ER stress 

chaperones have been reported at increased levels in other 

autoimmune diseases including, rheumatoid arthritis and systemic 

lupus erythematosus (Weber et al., 2011).  Differentially expressed 

markers associated with disease onset may assist in the early diagnosis 

of MS. In theory, the KDEL ER signal sequence in ER chaperones may be 

dysfunctional during disease, causing them to be secreted. These 
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reports led us to hypothesise that secreted ER-stress-associated 

markers are detectable in body fluids of individuals affected by CNS 

demyelinating disorders, MS and/or EAE. 

 

4.2 Aims of this study 

The overall goal of this research was to establish the profile of 

expression of ER stress molecules in white matter EAE lesions in the 

spinal cord. A secondary aim was to determine if secreted ER-stress 

markers could be detected in EAE and MS sera at levels which were 

different to those seen in controls. 

Specific aims were to: 

 Identify ER stress-associated marker expression at an mRNA 
level (BiP, CRT, CHOP, ATF4 and spliced XBP1) in EAE spinal 
cord. 

 Identify the profile of ER stress-associated protein expression in 
EAE spinal cord lesions, lesion edges and NAWM. 

 Quantify ER stress markers in EAE and MS serum samples by 
means of immunoassay(s) and to compare them to those of 
normal/healthy controls. 

 

4.3 Summary of Methodology 

Using histochemical, immunohistochemical and dual 

immunofluorescent techniques, half of the spinal cord EAE tissue 

samples were stained for markers of ER stress markers. These markers 

include BiP, CRT, CHOP, XBP1 and p-eIF2α. RNA was isolated from the 

remaining half of the tissue and alterations in ER stress-related 

transcripts were monitored using real-time PCR. Dot blots were carried 

out on EAE serum samples collected as described in chapter 2. ELISAs 

for hepcidin and CRT were carried out on EAE serum. MS serum 

samples were assessed for CRT levels by means of an ELISA. The details 

of methods are provided in chapter 2.  
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4.4 Results 

4.4.1 Real-time PCR analysis of ER chaperone transcripts 

RNA was prepared and cDNA generated from snap-frozen spinal cord 

tissue. Real time PCR analysis was carried out on cDNA to detect ER 

stress-associated transcripts encoding BiP/Grp78, CRT, CHOP, ATF4 

and XBP1s. There was an upward trend in BiP mRNA expression in the 

50 µg rmMOG-immunised rats compared to control groups (Figure 

4.1A). However, there was a downward trend in 25 µg rmMOG-treated 

rats compared to IFA-treated but a similar expression level to saline 

controls. Although a trend was shown for BiP expression, no statistical 

significance was reached. The expression level of CRT was unchanged 

between treatment groups tested (25 or 50 µg rmMOG, saline and IFA; 

Figure 4.1C).  

The PCR results were pooled for animals with EAE lesions in order to 

establish if there was an altered expression of ER stress-associated 

molecules in diseased animals. Figure 4.1 B and D showed a non-

significant trend towards up-regulation of BiP. However, there was no 

change in expression level of CRT (Figure 4.1B and D).  

 

4.4.2 Real-time PCR analysis of ER stress-associated transcription factors 

 

Figure 4.2 shows changes in mRNA expression of CHOP, ATF4 and 

XBP1s. There was a trend towards increased expression of CHOP in 

animals immunised with 5 µg or 50 µg rmMOG (Figure 4.2A) but a 

decrease at 25 µg. However, these results were not significant. ATF4 

(Figure 4.2C) and XBP1s (Figure 4.2E) displayed a non-significant 

downward trend in the 25 and 50 µg rmMOG groups and there was an 

upward trend in the 5 µg MOG treated group for XBP1s. 
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Overall, data from lesioned tissue suggested a possible trend towards 

an increased fold induction of BiP mRNA (Figure 4.1B) and CHOP 

(Figure 4.2B). A trend showing a decrease was reflected for ATF4 

(Figure 4.2D) and XBP1s mRNA (Figure 4.2F) in the spinal cord 

following EAE induction, which was not significant.  

 

Figure 4.1: ER stress chaperone mRNA expression in EAE spinal cord. Histograms on the 
left show the mRNA expression within each treatment group (n = 5) for BiP (A) and CRT 
(C). The graphs on the right (B and D) group the EAE rats displaying a clinical phenotype (n 
= 5) and compare them with control groups (saline and IFA). Although a trend towards up-
regulation was evident in pooled data from EAE animals, for BiP and CRT, this was not 
significant. Results are expressed as mean ± SEM, (n = 5). 
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Figure 4.2: PCR analysis of ER stress transcription factor transcripts. Histograms on the 
left show the mRNA expression within each treatment group (n = 5) for CHOP (A), ATF4 (C) 
and XBP1s (E). The graphs on the right (B, D and F) represent controls (saline and IFA) and 
pooled data from EAE rats with clinical or pathological manifestations (n = 5). Although a 
trend towards up-regulation of CHOP was evident in EAE animals and a downward trend 
for ATF4 and XBP1s was observed, this was not statistically significant. Results are 
expressed as mean ± SEM. 
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4.5 Staining Optimisation 

Spinal cord EAE samples were used to optimise staining conditions. A 

range of concentrations of primary antibody were tested. The primary 

antibody dilutions varied from 1:50 to 1:500, in accordance with 

manufacturer’s guidelines. 

Immunoperoxidase Staining Optimisation 

As the fundamental goal of this project was to evaluate whether ER 

stress markers are expressed in EAE lesions, firstly we began to 

optimise colorimetric staining of several ER stress markers namely, BiP, 

CRT, CHOP, XBP1 and p-eIF2α. A series of antibody dilutions were 

tested and the procedure was carried out as detailed in the Materials 

and Methods (Section 2.10.4). Figures 4.3 and 4.4 show samples of 

positive and negative (no primary antibody) staining for each antibody 

tested.  The optimal working dilutions (see also Chapter 2, Table 2.2) 

were as follows: BiP, 1:100; CRT, 1:1000; CHOP, 1:100; peIF2α, 1:50; 

XBP1, 1:100. 
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Figure 4.3: Optimisation of immunohistochemical detection of ER chaperones BiP and 
CRT. The left panels display images of the “no primary antibody” controls (A, anti-rabbit; 
C, anti-mouse) for ER chaperone markers, BiP and CRT. The upper right panel shows 
positive staining for BiP (B, 1:100) and CRT (D; 1:1000). Arrows indicate nuclear expression 
whereas the ^ symbol indicates cytoplasmic expression of BiP (B) and CRT (D). All 
immunohistochemical staining was detected using DAB as chromogen (brown colour) and 
sections were counterstained with haematoxylin for nuclei (blue). Scale bars = 50μm  
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Figure 4.4:  Optimised immunoperoxidase staining of CHOP, p-eIF2α and XBP1. The left 
panels display the “no primary antibody” controls (A, anti-mouse; C, anti-rabbit; E; anti-
rabbit) for their respective markers on the panel on the right. Immunoreactivity is 
apparent for CHOP (B; anti-mouse; 1:200), p-eIF2α (D; anti-rabbit; 1:50), XBP1 (F, anti-
rabbit; 1:100). All immunohistochemical staining was detected using DAB as chromogen 
(brown colour) and counterstained with haematoxylin for nuclei (blue). Scale bars = 50µm. 
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Immunofluorescent Staining Optimisation 

In order to determine which cell types express the ER stress markers, 

dual immunofluorescence staining was carried out. Before carrying out 

dual labelling, conditions for single labelling using immunofluorescent 

staining of cell-specific markers were established. The cell/structure 

specific markers tested were as follows: Olig2 (oligodendrocytes), NeuN 

(neuronal nuclei), CD3 (T cells), CD68 (macrophages) and GFAP 

(astrocytes). There was no fluorescent staining obtained in the negative 

controls following omission of primary antibody (Figure 4.5 G & H and 

Figure 4.6C). Positive fluorescent staining was obtained for each 

monoclonal and polyclonal marker tested (Olig2, Figure 4.5 A&B; NeuN, 

Figure 4.5 C&D; CD3, Figure 4.5 E; CD68, Figure 4.5 F; GFAP, Figure 

4.6A). The optimal staining dilutions selected were as follows: Olig2, 

1:65; NeuN, 1:500 (both monoclonal and polyclonal); CD3, 1:50; CD68, 

1:100 and GFAP, 1:1000. An image of the first successfully dual-labelled 

sample is shown in Figure 4.6B.  
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Figure 4.5: Optimised of fluorescent cell-specific/structure staining of post-fixed frozen 
CNS tissue. Immunoreactivity is apparent for Olig2, NeuN using both polyclonal (green, A 
& C) and monoclonal (red, B & D) antibodies. Monoclonal antibody to CD68 (F) and 
polyclonal to CD3 (E) were also optimised. In negative controls, omission of primary 
antibody abolished immunoreactivity demonstrating the lack of non-specific binding of 
anti-rabbit (F) and anti-mouse (G) secondary antibodies. Cells were counterstained with 
DAPI (blue) to visualise the nuclei. Abbreviations: α: anti; Poly: polyclonal; Mono: 
monoclonal.  Scale bars = 500μm.  
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Figure 4.6: Sample GFAP dual labelling of post-fixed frozen CNS tissue. Immunoreactivity 
is apparent for astrocytes (polyclonal GFAP, green, A). CHOP (monoclonal) staining was 
observed at 1:200 dilution of primary antibody (red, B) following dual label with GFAP 
(polyclonal). In negative controls, omission of primary antibody abolished 
immunoreactivity demonstrating the lack of non-specific binding anti-mouse secondary 
antibodies (C). Cells were stained with DAPI (blue) to counterstain the nuclei. 
Abbreviations: 1

o 
Ab: primary antibody. Scale bars = 500μm  

 

4.6 Profile of ER Stress Response Proteins in Demyelinated 

EAE Lesions  

The work submitted here demonstrates our profiling of ER stress 

markers within EAE lesions from 5 lesioned cases from the 25 or 50 μg 

rmMOG-immunised groups. Such white matter lesions were present in 

the dorsal, lateral and ventral funiculi of the spinal cord. Four out of the 

5 lesioned animals presented with clinical manifestations, whereas 1 

was asymptomatic but nevertheless produced pronounced dorsal and 

lateral spinal cord lesions. In total, immunohistochemical ER stress 

staining was performed on frozen spinal cord sections from 5 EAE 
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lesioned animals, 5 IFA and 5 saline. Overall this method revealed 

positive staining for BiP, CRT, CHOP, XBP1 and p-eIF2α. The spinal 

cords were semi-quantitatively analysed to establish differential ER 

stress expression levels. As explained in section 2.12, for each ER stress 

marker, a score was assigned to the lesion (L), lesion edge (LE), normal 

appearing white matter (NAWM), grey matter (GM) and central canal 

(cc). Dual-immunofluorescence was then carried out to reveal ER stress 

marker expression in CNS cells.   

 

4.7 ER chaperone expression in spinal cord tissue following 

EAE induction  

The two chaperone molecules assessed in this study were BiP and CRT. 

BiP immunoreactivity was strongly evident in both EAE and control 

spinal cord tissue. Endogenous levels of BiP were found in all lesioned 

areas (Figure 4.7 C and D) and along the lesion edges (Figure 4.7E and 

F). It is worth noting that, although frequent positive staining for BiP 

was detected in lesions, there were also many areas where there was no 

BiP staining (Figure 4.8 A-D). At increased magnification there appears 

to be increased intensity in BiP staining (Figure 4.8). BiP also appears to 

stain many cell types, morphologically resembling astrocytes, 

macrophage and oligodendrocytes. No significant difference was seen 

in BiP expression when EAE lesions were semi-quantitatively scored 

and compared to scores in control tissue (saline and IFA; see Figure 

4.9).  
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Figure 4.7: Profile of BiP expression in the spinal cord following EAE induction. BiP is 
expressed in control (A) and EAE lesioned tissue (B-F). Representative images show the 
expression of BiP in dorsal (B,C), and lateral (D) EAE lesions. Its pattern of expression can 
be seen at the edge of an EAE lesion (E,F). The lesion edge is demarcated by a dotted black 
line (F). Key: DL, dorsal lesion; LL, lateral lesion; L, lesion and LE, lesion edge. All 
immunoperoxidase-staining of cells was detected using DAB (brown) chromogen and 
tissue was counterstained with haematoxylin for nuclei (blue). Scale bars = 50µm.  
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Figure 4.8: Expression of BiP in EAE lesioned tissue. The arrowheads mark cytoplasmic 
localisation. At increased magnification, BiP staining is evident in a number of cell types, 
morphologically resembling astrocytes (A,C,D), macrophage (B,C) and oligodendrocytes 
(D). Staining indicated by black arrows hints at nuclear localisation or small cell staining. 
An asterisk shows perinuclear-like BiP staining possibly consistent with the endoplasmic 
reticulum (B). Key: Ast=astrocytes; Olig=oligodendrocytes; MΦ=macrophages,-ve 
=negative cell. Scale bars = 20µm.  

 

Table 4.1 summarises the scores obtained following semiquantitive 

analysis of immunostaining of individual EAE animals and control 

groups, and the mean results of these are represented graphically in 

Figure 4.9. There appeared to be no correlation between clinical score 

or weight and the expression of BiP within the lesion. However, 

interestingly BiP levels were highest in an animal (rat ID 2.1) with a 

clinical score of 3 and a semiquantitive score of 5.3 AU within the lesion. 

Within the same animal a high BiP level was also detected at the lesion 

edge (5 AU) as well as in the normal appearing white matter (NAWM; 

4.7 AU). High levels were also present in an animal (rat ID 12.1) with a 

clinical score of 1, which scored 4.5 AU in the lesion and 3.5 AU at the 

edge with lower levels in the NAWM (2 AU). The lowest level of BiP (2.8 

AU) in an EAE animal was found in the lesion of a rat (ID 3.3) with a 
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high clinical score of 3. This individual is reminiscent of the pattern 

reported by our group, in post-mortem MS lesions, where BiP was 

found to be significantly down-regulated at the centre of MS lesions, 

when compared to the lesions edge. High levels of BiP were also 

detected in some IFA controls, e.g. 3.0 AU in rat 7.3. The higher level of 

BiP expression in controls may have been the reason that a significant 

difference was not found. It is also possible that immune cells 

infiltrating lesions were largely negative for BiP. Because of the lack of 

significance in BiP data gathered, dual immunofluorescent staining 

using BiP was not done. 

Another ER stress-associated chaperone assessed was the 

multifunctional, CRT. There was a 6-fold increase to a score of 4.3 in 

expression within the lesion, that was significantly different to the 0.7 

score achieved in control saline and IFA groups (p<0.01; Figure 4.9). On 

average, mean CRT scores in the NAWM were also significantly higher, 

at 1.7, compared to IFA controls which scored 0.7 (p<0.01). 

Representative images of stained dorsal (Figure 4.10 C, D, E & F), lateral 

(Figure 4.10 B) and ventral (Figure 4.11) lesions show cytoplasmic and 

what might be nuclear or small cell staining of CRT.  Such 

immunoreactivity was largely absent in control tissue (Figure 4.10A). 

Extensive expression of CRT was present in the lesion which was less 

intense at the lesion edge (Figure 4.11 C & D). Morphologically, the CRT 

staining pattern resembled that of astrocytes (Figures 4.10 D and 4.11 

D) and macrophage/microglia (Figure 4.10 E & F).  Dual 

immunofluorescent staining demonstrated CRT expression in neurons 

(NeuN, Figure 4.12 A), astrocytic processes (GFAP, Figure 4.12 B), 

oligodendrocytes (Olig2, Figure 4.12 C) as well macrophage/microglial 

cells (IBA1, Figure 4.12 F). CRT was expressed in areas of ORO 

deposition suggesting a role in myelin clearance (Figure 4.12 E). Such 

deposits and CRT staining were not seen in control spinal cord tissue 

(Figure 4.12 D).  
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Table 4.1: A summary of the weight, clinical score, lesion load and semi-quantitative scores for BiP and CRT 

 

 

 

 

 

 

 

 

 

 

*Wt = weight 
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Table 4.2: A summary of the weight, clinical score, lesion load and semi-quantitative scores for CHOP, XBP1 and p-eIF2α 
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Figure 4.9: Quantification of up-regulation of markers of ER stress in spinal cord EAE 
lesions. Semi-quantitatitive analysis of the spinal cord white matter EAE lesions and 
lesions edge revealed a trend towards upregulation of BiP and a significant upregulation of 
CHOP (***p<0.001), p-eIF2α (***p<0.001), XBP1 (*p<0.05) and CRT (**p<0.01) in EAE 
lesions compared to controls (saline and BiP). There was a significant increase of CHOP 
(*p<0.05), XBP1 (*p<0.05) and p-eIF2α (*p<0.05) in the NAWM in comparison to the spinal 
cord white matter of saline-injected rats. A significant increase of CRT (**p<0.01), CHOP 
(*p<0.05) and p-eIF2α (**p<0.01) was present in the NAWM of EAE-treated rats compared 
to the white matter of IFA-injected rats.  Histogram data is represented as mean arbitrary 
units (AU) ± SEM.  

 

*** 

*** 
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Figure 4.10: CRT staining in dorsal and lateral spinal cord EAE lesions. There was little or 
no CRT expressed in IFA (A) spinal cords compared to EAE lesions (B-D). At increased 
magnification, CRT staining is evident in a number of cell types, morphologically 
resembling astrocytes (D), microglia (D) and macrophage (E,F). Although extensive staining 
of CRT is present in EAE lesions, negative cells are also present (circled with a dotted 
outline). Digitally zoomed images (i-v) show cells with surface expression of CRT. Image iii 
has the appearance of a macrophage engulfing CRT-positive debris. Key: Ast=astrocytes; 
M=microglia; MΦ=macrophage; negative cells are circled; DL=dorsal lesion. All 
immunostained cells were detected using DAB chromogen and counterstained with 
haematoxylin. Scale bars = 50 µm, (A,B,C) and 20µm, (D,E,F). 
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Figure 4.11: CRT expression in ventral spinal cord EAE lesions. Representative images of 
CRT expressed in a ventral lesion (A,B). The intensity of expression was reduced at the 
lesions edge (C,D). At increased magnification, CRT staining is evident in the cytoplasm 
(indicated with the ^ symbol) as well as in possibly nuclei (indicated by an arrow). CRT 
appears to resemble morphology of astrocytes (D). Key: Ast=astrocytes; VL=ventral lesion; 
LE=lesion edge; –ve = negative. All immunostained cells were detected using DAB 
chromogen and counterstained with haematoxylin. Scale bars = 50µm (A,C) and 20µm 
(B,D). 
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Figure 4.12: Dual immunofluorescent detection of CRT expression in CNS cells. The merged images show CRT expression in neurons (NeuN, A), astrocytes (GFAP, B), 
oligodendrocytes (Olig2, C) as wells a macrophage/microglia (IBA1, F). CRT was expressed in areas of oil red O deposits suggesting a role in myelin clearance (indicated by 
black arrows and digitally zoomed in inset in top right hand corner, E). Such deposits and CRT staining was virtually absent from control spinal cord tissue (D). White arrows 
point towards cell positivity. All fluorescing sections were counterstained with DAPI and immunohistochemical sections were counterstained with haematoxylin for 
visualisation of nuclei. Scale bars = 50 μm. 
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Again, the individual scores revealed some degree of variability within 

the EAE group. Two animals presented with a semiquantitative score of 

5, which was inversely correlated with a clinical score (i.e. one of these 

animals had a clinical score of 0 and the second a clinical score of 1). 

Overall, tissue samples from EAE rats yielded a high score of 4.3(±0.4) 

AU in the lesion, with less at the lesion edge (3.1±0.4 AU) and falling 

further to 1.7(±0.5) AU in NAWM. However, there was no significance 

detected between the lesions edge and NAWM. Nonetheless, CRT was 

significantly higher (p<0.01) in the NAWM compared to control tissue. 

Staining was virtually absent in IFA and saline groups. Overall, 

significance was reached due to the lower amount of interindividual 

variation in CRT staining within the EAE and control groups (Figure 

4.9).  

4.8 Characterisation of ER stress markers CHOP, XBP1 and 

phosphorylated eIF2α in EAE spinal cord  

Immunolabelling of EAE spinal cord samples revealed an abundant 

level of CHOP in lesioned areas (Figure 4.13) which was greatly reduced 

in control tissue (Figure 4.13A). Semi-quantitative analysis showed 

significant upregulation of CHOP (p<0.05) expression in the lesion and 

its edge and NAWM compared to controls (Figure 4.9). All EAE animals 

(see table 4.2) had a score of 3.9 (±0.1-0.2) AU at the lesion edge and 

within lesions, almost twice as high as the amount detected in NAWM 

(2.2±0.4) AU. There was minimal CHOP reactivity in control IFA or 

saline samples, each scoring 0.9 (±0.2) AU or 0.8±0.1 AU, respectively.  

CHOP immunopositivity was most often seen in cytoplasm and nuclei of 

some microglia-/macrophage- and oligodendrocyte-like cells (Figure 

4.13 F-H) (identified by morphological criteria). Dual-

immunofluorescence confirmed that CHOP was expressed in astrocytes, 

microglia/macrophage, oligodendrocytes and in axons in white matter 



Chapter 4: Endoplasmic Reticulum Stress in a Spinal Cord EAE in DA rats 

 

163 

 

EAE lesions (Figure 4.14, A-E). CHOP expression was also detected in 

neurons of the grey matter EAE spinal cord (Figure 4.14 F).  
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Figure 4.13: Immunohistochemical staining of CHOP expression in spinal cord EAE 
lesions. CHOP was expressed in spinal cord EAE lesions (B) compared to IFA (A) control 
tissue. Representative images show CHOP expression in dorsal (C,D), dorsolateral (F) and 
lateral lesions along with the lesions edge (E). Black arrows point towards nuclear 
localisation and the ^ indicates cytoplasmic localisation. At increased magnification, CHOP 
staining is evident in a number of cell types, morphologically resembling macrophages (F), 
microglia (G) and oligodendrocytes (H). Key: M=microglia; MΦ= macrophage; LE=lesion 
edge; Olig=oligodendrocytes. All immunostained cells were detected using DAB 
chromogen and counterstained with haematoxylin. Scale bar = 50µm (A-E) and 20µm (F-
H). 
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Figure 4.14: Dual immunofluorescence revealed CHOP expression in CNS cells. CHOP was 
co-expressed in astrocytes (GFAP, A,B), macrophage/microglia (IBA1, C), oligodendrocytes 
(Olig2, D), phosphorylated neurofilaments (SMI32, E) within the white matter,  and 
neurons (NeuN, E, F) of the grey matter. Representative images were taken from different 
spinal cord regions:  dorsal (A,D), ventral lesion (B,C) and lateral (E) and ventral horn of the 
grey matter (F). White arrows indicate cell positivity. All sections were counterstained with 
DAPI for visualisation of nuclei. Scale bars = 50μm.  
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XBP1 was also found to be significantly increased (Figure 4.9) in the 

lesion, lesion edge and NAWM with scores of 3.5 (±0.4) AU, 3.8 (±0.6) 

AU and 2.1(±0.3) AU, respectively, compared to control groups (Figure 

4.15 A) which scored 0.8-1.1(±0.3) AU. There was no correlation 

between the immunostaining score and clinical scores. For instance, in 

one animal (rat ID 1.2) XBP1 was scored at 2.1 AU while in another 

animal (rat ID 3.3) the XBP1-immunostaining was scored at 4 AU, even 

though they had the same clinical score and lesion load. 

Sample images of XBP1 staining are provided in Figure 4.15. XBP1 

immunoreactivity was present in what appeared to be “streets” of 

oligodendrocytes. Not all oligodendrocyte-like cells had similar levels of 

positivity, e.g., in Figure 4.15D only 1 cell out of 4 in a row displayed 

clear XBP1 staining (bracketed). Perivascular expression of XBP1 was 

also detected (Figure 4.15F). Dual-immunofluorescence of XBP1 and 

Olig2, indicated that XBP1 was expressed in some oligodendrocytes in 

EAE lesions (Figure 4.16). Characterisation of XBP1 in other cell types 

within lesions was not possible as a monoclonal antibody to XBP1 was 

not available and the monoclonal antibody to GFAP was of poor quality.  
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Figure 4.15: XBP1 expression in spinal cord EAE white matter lesions. Positive XBP1 
staining in spinal cord EAE lesions (B) compared to IFA (A) control tissue. Representative 
images show XBP1 expression in dorsal (C-D) and lateral lesions (E-H). Black arrows 
indicate nuclear localisation and the ^ marks cytoplasmic localisation of XBP1. The boxed 
areas with broken arrows indicate magnified regions. At increased magnification, XBP1 
staining is evident in oligodendrocytes, where rows of oligodendrocytes are indicated in 
(D) and (H) (bracketed areas). There is an area of XBP1 positivity around a blood vessel in 
(F). Key: BV, blood vessel; O, oligodendrocytes. All immunoperoxidase-staining cells were 
detected using DAB (brown) chromogen and counterstained with haematoxylin for nuclei 
(blue). Scale bars = 50µm, (A-C,E-F) and 20µm, (D,G,H).  
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Figure 4.16: Dual immunofluorescent staining for XBP1 and oligodendrocytes. XBP1 
(green) coexpressed with oligodendrocytes (Olig2, red) in an EAE lesion in the lateral 
funiculus. In some areas (negative for Olig2), the pattern of XBP1 staining is of similar 
morphology to that of astrocytes. All sections were counterstained with DAPI for 
visualisation of nuclei. Scale bars = 50μm.  

Finally, p-eIFα expression was examined. There was a significantly 

higher degree of positive staining (p<0.001) within lesion/lesion edge 

(Figure 4.9) of EAE animals compared to control tissue, where very few 

cells stained positively for p-eIF2α (Figure 4.17 A). It is morphorically 

evident that p-eIF2α stained both types of astrocytes (fibrous and 

protoplasmic) in a ventral EAE lesion (Figure 4.17).  In examining the 

individual animals for p-eIF2α expression a degree of variability was 
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observed within groups. This variability did not correlate with lesion 

load, weight or clinical score. Two animals had a semiquantitative score 

of 2.3 AU and 2.8 AU, respectively, whereas the rest of the animals 

displayed a higher semi-quantitative score ranging from 3-4.1 AU. The 

mean score within lesions was 3.1(±0.3) AU. At the lesion edge scores 

were marginally less, with a mean of 3(±0.4) AU. Levels of p-eIF2α were 

significantly higher in the NAWM when compared to IFA (p<0.01) 

(Table 4.2). All control values were within a range of 0.5 to 1.5AU. 

Dual-immunofluorecence indicated p-eIF2α was coexpressed in 

oligodendrocytes (Figure 4.18 A,B), macrophages (Figure 4.18 D) in 

dorsal (A) ventral (B) and lateral (D) EAE lesions. No co-expression was 

found in neurons at the edge of a white matter lesion (C). However, the 

same image showed p-eIF2α-stained processes (Figure 4.17 C), possibly 

astrocytes. In order to confirm this, dual labelling with GFAP would be 

required. This was attempted many times, but failed due to the poor 

quality of the monoclonal antibody to GFAP. However, co-localisation of 

fluorescent staining needs to be confirmed using confocal microscopy. 
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Figure 4.17: Profile of expression of phosphorylated eIF2 alpha in spinal cord EAE 
lesions. Phosphorylated eIF2α was expressed in spinal cord EAE lesions (B) at a much 
higher level than in IFA control tissue (A). Representative images show p-eIF2α expression 
in lateral (B), dorsal (C-F) and ventral lesions (G,H). The boxed area with a broken arrow 
indicates the magnified region. At increased magnification, p-eIF2α staining is evident in 
oligodendrocyte-like cells (D). It is evident from images G and H taken from a ventral 
lesion that p-eIF2α stained both fibrous (arrowhead, G) and protoplasmic (arrows, H) 
astrocytes in the ventral lesion. All immunostained cells were detected using DAB 
chromogen and counterstained with haematoxylin. Scale bars = 100µm (G-H), 50µm, (A-C) 
and 20µm, (D-F). 
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Figure 4.18: Dual immunofluorescence reveals phosphorylated eIF2α expression in CNS 
cells. Phosphorylated eIF2α was expressed in oligodendrocytes (Olig2, A,B)) in dorsal (A) 
and ventral (B) EAE lesions. Positively stained cells are indicated by white arrows. No 
coexpression was observed in neurons at the edge of a white matter lesion (C). However, 
peIF2α appears to stain processes indicated with asterisks. P-eIF2α was also expressed in 
macrophages labelled with CD68 (D). All sections were counterstained with DAPI. Scale 
bars = 50µm.  

 

4.9 ER stress in EAE spinal cord grey matter neurons 

Because of the clear motor deficits induced by MOG, focus then turned 

to the grey matter of the spinal cord to determine if ER stress proteins 

were differentially expressed there. Spinal cord EAE lesions (n=4) along 

with control saline (n=5) and IFA (n=5) samples were examined and 

representative images can be found in Figure 4.19. Semiquantification 

scoring of this region revealed a trend towards upregulation of the ER 

chaperones, BiP and CRT (Table 4.3, Figure 4.19) but this was not 

statistically significant. On the other hand, there were significantly 

increased levels of CHOP (p<0.05) and p-eIF2α (p<0.01) displayed in 

the neurons of the grey matter in EAE animals compared to saline and 
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IFA control groups (Figure 4.19). That is CHOP and p-eIF2α scores 

averaged 2.6(±0.4) AU and 1.9(±0.4), respectively, compared to CHOP 

scores of 0.8(±0.2) AU in IFA-injected animals, or 0.8(±0.3) AU in saline 

controls, and p-eIF2α scores of 0.7(±0.2) AU in IFA controls or (0.5±0 

AU) in saline controls. In the case of XBP1, increased significance 

(p<0.05) was only found when EAE tissue scoring 2.5±0.5 AU was 

compared with saline-injected animals which were quantified at 1±0.5 

AU. As was the case for white matter lesions, there appeared to be no 

correlation between the clinical score at sacrifice and the semi-

quantative score obtained for grey matter spinal cord regions. 

4.10 ER stress in EAE central canal region of the spinal cord  

Attention was next focused on the central canal (the adult form of the 

neural tube). This is a continuous canal which is in intimate contact 

with the CSF, connecting the ventricular system. Interestingly, the 

ciliated ependymal cells surrounding the canal showed some 

pathological features. Following a semi-quantitative analysis of these 

cells, in lesioned EAE sections versus controls, a non-significant trend 

towards upregulation of the ER chaperone markers BiP and CRT was 

seen. CHOP (p<0.05) and p-eIF2α (p<0.05) expression, on the other 

hand, was shown to be significantly increased, in the cells of the central 

canal , in diseased animals compared to saline and IFA-injected controls 

(Figure 4.20). Specifically, CHOP and XBP1 semiquantitive scores 

averaging at 3.6(±0.6) AU and 3.4(±0.4) AU, respectively, were highly 

expressed in the central canal compared to saline and IFA-treated 

animals with scores of 1-1.1(±0.2-0.3) AU for CHOP and XBP1 0.5-

1.4(±0.5) AU. P-eIF2αwas assigned a score of 2.3(±0.6) AU in EAE 

animals compared to 0.2(±0.1) AU in IFA-treated animals and 0.6(±0.1)  

AU in saline injected animals. Significantly increased expression of 

XBP1 was also seen in the central canal cells of EAE animals compared 

to saline-injected animals (p<0.01; Figure 4.20). Finally, there was a 
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non-significant trend towards upregulation of XBP1 in the central canal 

in lesioned spinal cord compared to IFA controls (Figure 4.20). 

 

Figure 4.19: Upregulation of ER stress molecules in spinal cord grey matter neurons. 
Semi-quantitative analysis of ER stress molecule expression in neurons of the grey matter 
showed an upward trend of the ER chaperones (BiP and CRT) and a significant 
upregulation of CHOP (p<0.05), XBP1 (p<0.05) and p-eIF2α (p<0.05 compared to IFA; 
(p<0.01 compared to saline). The staining is virtually absent in IFA and saline control spinal 
cord. Histogram data is represented as mean arbitrary units (AU)±SEM, n = 5 for all scores 
except XBP1, where n = 4 for EAE-treated animals. Scale bars = 50 µm. 

 

** 
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Figure 4.20: Upregulation of ER stress molecules in the spinal cord central canal region.  
Semiquantitative analysis of the cells of the central canal showed a trend towards 
upregulation of the ER stress chaperones BiP and CRT and a significant upregulation of 
CHOP (p<0.05), XBP1 (p<0.01) and p-eIF2α (p<0.05). The staining is virtually absent in IFA 
control spinal cord. Histogram data is represented as mean arbitrary units (AU)±SEM, n = 5 
for all scores except XBP1, where n = 4 for EAE-treated animals and n = 3 for CRT stained 
section in saline control group. Scale bars = 50µm.  

 

 

 

 

 

 

** 
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Table 4.3: A summary of the weight, clinical score, lesion load and semi-
quantitative scores for BiP, CRT, CHOP, XBP1 and p-eIF2α 
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4.11 Human spinal cord  

Having defined the profile of expression of BiP, CRT, CHOP, XBP1 and p-

eIF2α in rat EAE lesions, expression of the same proteins were 

investigated in a single sample of  snap-frozen human spinal cord, 

obtained from the MS Brain Bank, Imperial College, London (see Table 

4.4). Only one case was examined due to the limited availability of 

spinal cord tissue. Unfortunately, single and dual immunofluorescent 

labelling of myelin and ER stress markers failed due to 

autofluorescence. This was in spite of attempts to quench aldehyde-

associated fluorescence by pre-treatment with glycine buffer. 

Table 4.4: Clinical information on the MS case 

Case   Age of    Age of  MS  PM  Cause  

ID Onset Sex Death Type Delay/h of Death 

MS 311 28 Male 45 SPMS 22 Pneumonia 
Abbreviations: SPMS= Secondary Progressive Multiple Sclerosis 

Immunoperoxidase staining was carried out to characterise the lesion, 

using MOG antibody to highlight myelin. This staining revealed an 

extensive lateral lesion traversing the white and grey matter (Figure 

4.21 A). Once the lesion was characterised CRT staining was then 

attempted. CRT was present within the lesion and CRT/ORO double-

staining showed this ER marker to colocalise with fat deposits (Figure 

4.21 A-D and Figure 4.22).  
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Figure 4.21: CRT expression in MS. Snap-frozen human spinal cord sample contained a 
lateral lesion (dotted black line, L; A), confirmed by MOG immunostaining. CRT expression 
is seen within the lesioned area (B). CRT was colocalised within Oil Red O deposits, 
suggesting it may have a myelin clearance role in MS (in C and magnified in D). Scale bars 
= 500 µm (A,B), 200µm (C) and 100µm (D).  

 

Figure 4.22: CRT present in foamy macrophages in MS spinal cord lesion. Different areas 
of lesioned tissue showing expression of CRT within or on Oil Red O deposits (black 
arrows). Scale bars = 50µm. 
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4.13 Secreted ER stress protein analysis in spinal cord EAE 

 

4.13.1 Dot blot analysis of rat serum samples 

 

Initial attempts were made to carry out dot blots to assess the presence 

of secretory ER stress markers in the sera of EAE and control (saline 

and IFA) DA rats. Two µl of serum sample were blotted onto the 

membrane before incubating with BiP antibody. After probing with 

HRP-labelled secondary antibody, it was clear that sample loading was 

uneven (Figure 4.23). The dot blotter apparatus was then used in the 

hope of obtaining more uniform sample loading. This was carried out in 

a 96-well plate format and samples were loaded as shown in Figure 

4.24. Blots for BiP and ORP150 showed positive signals in the “no 

primary antibody” control wells (Figure 4.24). There was a high 

background present for the CRT blot. The high levels of albumin within 

the serum may have masked the less abundant proteins in the sample.  

 

 
 
Figure 4.23: Pilot dot blot for BiP. The presence of BiP in EAE and control (IFA and saline) 
sera. The grid below outlines the position of each sample and individual protein 
concentration. The BiP positive control was a sample generated from an OPC cell line that 
had been treated with thapsigargin for 24 h to induce ER stress. 
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Figure 4.24: Automated dot blot for ER stress markers. In an attempt to improve sample 
loading, a dot blotter apparatus was used. Blots obtained for BiP (A) and ORP150 (B) 
showed a positive signal in control (no primary antibody) samples (A-B). The signal to 
noise ratio was also low in the CRT blot (C). Dot blots were set up using a 96-well Bio-RAD-
Dot apparatus. Serum samples were added to each well in triplicate (from left to right) as 
shown in the above template (D). The different groups are colour-coded: black for controls, 
red for experimental samples from the 25-50 µg rmMOG treatment groups and blue for 
the 5 µg rmMOG treated group. A positive control sample was only attainable for BiP 
generated by a previous PhD students work on an OPC cell line, where BiP was detected. 
PBS was added to the unused wells. Note: The “no primary antibody” portion of this blot 
was removed prior to adding primary antibody to the remainder. The excised piece was 
replaced for imaging. 
 

  

4.13.3 ELISA of rat and human serum 

 

This method directly quantifies levels of target molecules by comparing 

them to results obtained using known quantities.  It was disappointing 

to discover that an ELISA detecting rat BiP, or ORP150 were not 

commercially available. However, it was possible to purchase an ELISA 

for rat hepcidin, rat and human CRT and human BiP. 
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Hepcidin 

Figure 4.25 shows that there was no statistical significance obtained for 

hepcidin when EAE and control samples were tested. However, there 

was a trend towards upregulation in the IFA-treated group when 

compared to saline only. None of the MOG-immunised rats showed a 

significant change in serum hepcidin levels, relative to control groups. 

Figure 4.25B, pools the data obtained from the EAE diseased animals 

(25 or 50 µg rmMOG) hinting at a trend towards upregulation in the 

IFA- and EAE- treated groups. No significance was determined upon 

analysis. 

 

 

 

Figure 4.25: Humoral expression of hepcidin. Quantification of hepcidin serum levels 
detected by ELISA failed to show any significance following MOG-immunisation (5-50 µg) 
(A). In pooling data from EAE diseased rats there was a slight trend towards an increase in 
EAE diseased animals compared to healthy saline controls (B). All groups had n = 5. Data 
are expressed as the mean ± SEM.  



Chapter 4: Endoplasmic Reticulum Stress in a Spinal Cord EAE in DA rats 

 

181 

 

CRT 
 

CRT was significantly downregulated in rmMOG-immunised (5-50 µg) 

animals compared to the saline and IFA control groups (Figure 4.26A). 

This downregulation was most pronounced in rats injected with the 

lowest dose of rmMOG (5 µg) which significantly differed from the 50 

µg rmMOG group (p<0.05). CRT was elevated in the 50 µg rmMOG group 

compared to 25 µg rmMOG-treated rats, suggesting that serum CRT 

levels increased in a dose dependent manner 43 days after 

immunisation in rmMOG groups.  Once data from the EAE diseased 

animals were pooled, there was a significant downregulation of CRT 

levels compared to control groups, saline (p<0.01) and IFA (p<0.05, 

Figure 4.26B).  That is saline and IFA controls contained 300-350 ng/ml 

CRT, while samples from lesioned animals had about 270 ng/ml. 
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Figure 4.26: Humoral expression of CRT following EAE induction. Quantification serum of 
CRT levels showed a significant downregulation in 5-50 µg MOG-immunised rats 
compared to saline- and IFA-injected rats (A). In pooling the data obtained for EAE 
diseased animals there was a significant downregulation found in EAE animals compared 
to healthy controls (saline and IFA, B). Data are expressed as the mean ± SEM, n = 5. P-
values were calculated using a one-way ANOVA with Newman-Keuls multiple comparisons 
post-test (*p<0.05, **p<0.01, ***p<0.001).  
 
 

4.14 ELISA analysis of ER-stress-associated chaperones in MS 

sera 

Blood samples were collected from a cohort of MS patients, which 

included 14 MS cases and 11 non-neurological controls (Table 4.5). 

Following protein quantification (Table 4.6), the samples were then 

used to detect CRT and BiP by ELISA. 
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Table 4.5: Clinical details of MS patients (A) and non-neurological 
controls (B) 

 

xRR4348/FMS 47/11

xRR/SP3658/FMS 44/11

√RR2629/MMS 41/11

√RR2733/MMS 39/11

√RR3346/FMS 38/11

√RR2333/FMS 36/11

√RR1824/FMS 35/11

√RR2727/FMS 33/11

√RR2244/FMS 32/11

√RR4649/MMS 31/11

xRR2032/FMS 24/11

xRR3336/FMS 19/11

xRR3233/FMS 16/11

√RR3033/MMS 11/11

Tysabri MedicatedMS Type
Age @ 

diagnosis
Age 

(y)/Sex
Lab 

Identifier

xRR4348/FMS 47/11

xRR/SP3658/FMS 44/11

√RR2629/MMS 41/11

√RR2733/MMS 39/11

√RR3346/FMS 38/11

√RR2333/FMS 36/11

√RR1824/FMS 35/11

√RR2727/FMS 33/11

√RR2244/FMS 32/11

√RR4649/MMS 31/11

xRR2032/FMS 24/11

xRR3336/FMS 19/11

xRR3233/FMS 16/11

√RR3033/MMS 11/11

Tysabri MedicatedMS Type
Age @ 

diagnosis
Age 

(y)/Sex
Lab 

Identifier

 

 

Abbreviations: MS, Multiple Sclerosis; RR, relapsing remitting; SP, secondary progressive. 

 

Following quantification of CRT in the sera (Table 4.6) results indicated 

that, there was a non-significant upward trend in MS patients (Figure 

4.27). In pooling tysabri treated patients there was a slight downward 

A 

B 
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trend and a raised CRT sera level in patients in the non-tysabri group 

(Figure 4.27). 
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Figure 4.27: Humoral expression of CRT in MS patients and non-neurological controls. 
Quantification of CRT serum levels detected by ELISA showed a non-significant trend 
towards upregulation in MS patients (n = 14) compared to non-neurological controls (n = 
11). In separating MS patients based on medication (tysabri verses non-tysabri), there was 
a trend towards an increase in the non-tysabri group. Data are expressed as mean ± SEM.  

 

Table 4.6 shows the individual CRT sera concentrations obtained from 

MS patients and non-neurological controls. CRT was present at a higher 

concentration in one of the control samples at a level of 569.8 ng/ml 

whereas the remaining controls ranged from of 295.1 ng/ml to 459 

ng/ml. Could this higher level of CRT (569.8 ng/ml) in the control 

sample be treated as an outlier (highlighted in red in Table 4.5)? If so, 

by omitting this possible outlier, there was statistical upregulation of 

sera CRT levels in the non-tysabri medicated MS group (Figure 4.28). 

There was a non-significant downward trend in CRT in MS patients on 

tysabri in comparison to the non-neurological control group. This is a 

preliminary study, carried out in a small cohort of samples. To obtain 

more conclusive result further investigations should be done using a 

greater sample number. 
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Table 4.6: Soluble CRT expression in human serum 

 

The numbers in the columns indicate CRT concentration in MS or control sera. Tysabri and 
non-tysabri medicated MS patients CRT sera concentration are presented in the third and 
forth columns respectively.  
 

Attempts were also made to assess BiP levels in the sera of MS patients 

and non-neurological controls. The data for this result was not 

presented as the sera for this ELISA was diluted excessively, yielding no 

results.  
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Figure 4.28: Humoral expression of CRT in MS patients and controls. Quantification of 
CRT serum levels detected by ELISA showed a non-significant trend towards upregulation 
in MS patients compared to controls. This result was not significant. In separating MS 
patients based on medication (tysabri versus non-tysabri), there was a significant increase 
of CRT in the sera in patients receiving other treatments compared to controls and those 
on tysabri (p<0.05). Data are expressed as mean ± SEM. 
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4.15 Discussion 

EAE induced in DA rats produced demyelinated lesions (as determined 

in chapter 3). This study has confirmed a significant upregulation of ER 

stress markers CRT, CHOP, XBP1 and p-eIF2α in lesioned EAE spinal 

cord tissue compared to control tissue. CRT, CHOP and p-eIF2a were 

coexpressed in macrophage/microglia, whereas CHOP was the only ER 

stress molecule determined in astrocytes (Figure 4.29). All ER stress 

molecules examined were coexpressed with oligodendrocytes in the 

spinal cord following EAE induction. In a larger white matter MS spinal 

cord lesion we showed CRT expression in foamy macrophages. 

Preliminary data presented on MS and EAE samples showed that more 

work needed to be carried out to examine ER stress secretory markers 

as a potential biomarker.   

 

Figure 4.29: ER stress marker expression in glial cells and serum following EAE induction. 
CHOP was colabelled in all glial cells examined including astrocytes, macrophage/microglia 

and oligodendrocytes in the EAE spinal cord lesions. CRT and p-eIF2 were detected in 
macrophage/microglia and oligodendrocytes. Preliminary studies showed a reduced 
expression of CRT in EAE sera. Key: n/d, not determined. Source: Mary Ní Fhlathartaigh. 

 

To date, there is very little literature published on ER stress and EAE 

with only four groups thus far publishing in this area including LeVine, 

Cross, Popko and Power. Nonetheless, research is active in this area 

with the most recent publication in 2011 by Christopher Power’s lab 

(Deslauries et al., 2011). To our knowledge, the novelty of this thesis is 
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that we are the first to report on the profile of ER stress molecules in rat 

induced EAE. The majority of ER stress reports published used mouse 

induced EAE using MOG as an encephalitogenic agent, apart from one, 

in which PLP was (Table 4.7). However, in contrast to our work in rats, 

mice had to be supplemented with mycobacterium tuberculosis and 

pertussis toxin. The CNS regions assessed in the literature included the 

hind brain, pons, medulla, corpus callosum and spinal cord tissue. Our 

study focused on spinal cord tissue as this is where the pathology is 

mainly restricted to in this model. One EAE model system documented 

in the literature focused on the effect of a temporal release of IFN and 

its effect on the ER stress pathway, using transgenic mouse models (Lin 

et al., 2006, Lin et al., 2007). The other two studies, tabulated in Table 

4.4, are more closely linked to the work presented here, where ER 

stress was directly induced in a susceptible strain and the presence of 

ER stress molecules was established (Chakrabarty et al., 2004); 

(Deslauriers et al., 2011).  

Our quantification of CHOP and BiP mRNA showed a trend towards 

upregulation in EAE, but this was not statistically significant. However, 

significance was reached in a recent publication where CHOP and BiP 

were upregualted following EAE induction in C57BL/6 mice 

(Deslauriers et al., 2011). There was however, a trend towards 

downregulation of ATF4 produced in our study. This result is somewhat 

interesting as ATF4 is considered the main CHOP activator. XBP1 mRNA 

expression detected here revealed a downward trend which is opposite 

to that published. When comparing our data with published work we 

must be mindful of the fact EAE was induced using a different injection 

regime, strain and species (C57BL/6 mice) to that induced here. 

Moreover, the portion of spinal cords isolated for molecular work in our 

study was half of the total cord (the other half used for 

immunhistochemical work). It is hypothesised that ER stress may still 

be present but diluted out due to a masking effect of the parts of the 
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cord which may have been unaffected. It is also possible that parts of 

the lower/lumber spinal cord which contained ER-stress–related 

transcripts may have been absent due to diversion of tissue to 

immunohistochemical analyses. EAE or spinal cord injury publications 

relating to mRNA expression often isolate RNA from regions of 

pathological interest in the spinal cord, specifically where the pathology 

is present e.g. in lumber region or injury epicentre (Deslauriers et al., 

2011, Penas et al., 2007, Ohri et al., 2011). This approach separates non-

pathogenic tissue, possibly teasing out significance. An alternative 

approach would be to isolate the lesioned area by laser capture 

microdisection. This method would be difficult to execute on minuscule 

rat spinal cord sections and the lesion would prove difficult to identify. 

However, in the second cohort of spinal cord EAE samples, tissue was 

stored in 5 mm segments. This means that RNA can be isolated for each 

segment independently, which should allow a more precise analysis of 

changes occurring. This combined with a higher number of rats in each 

group, could tease out significance for ER stress expression at the 

mRNA level, if a follow-on study were to be completed.  
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Table 4.7: Rodent and Mouse EAE Models reporting induction of ER stress 

EAE Encephalogen Species Lesions 
ER stress markers detected 

Methods of Detection Blood Comment Reference 
BiP CRT CHOP XBP1 p-eIF2α PERK 

PLP(70 µg)/IFA SJL mice Hind brain ND ND ND ND √ √ Immunohistochemistry ND 
PERK was detected in OL and T cells, whereas 
p-eIF2α  was detected in OL of the hind brain 

 
(Chakrabarty et al., 

2004) 

PLP(70 µg)/IFA SJL mice 
Pons, 

medulla 
ND ND ND ND √ ND Immunohistochemistry ND 

P-eIF2
+
 in oligodendrocytes in the white 

matter in the pons and medulla. P-eIF2 
labelled neurons, oligodendrocytes and some 
inflammatory cells. 

 
(Chakrabarty et al., 

2005) 

MOG35-55 (200 
µg)/CFA 

C57BL/6 
transgenic 

mice 
Spinal cord ND ND ND ND ND √ Immunohistochemistry ND 

CNS delivery of IFN activated the PERK-
eIF2α arm in OLs of IFN-CNS+, Perk+/

+
 mice. 

CD3+ staining showed that CNS delivery of 
IFNγ ↓ T cell infiltration into the lumbar 
spinal cord, however there was no significant 
affect found on T cell infiltration in perk+/-
Such activation was absent in CD11b-positive 
microglia/microglia in lumbar spinal cord 14 
dpi. 

 
(Lin et al., 2007) 

 

MOG35-55 (200 
µg)/CFA/ 

Cuprizone-induced 
model 

C57BL/6 
transgenic 

mice 

Spinal cord 
lesion/ 
Corpus 

callosum 

√ ND √ ND √ ND 
RNA (BiP and CHOP) Western 
blotting (CHOP and p-eIF2α) 
Immunohistochemistry 

ND 

↑ BiP and CHOP at an mRNA level in the 
corpus callosum of double transgenic mice 
treated with cuprizone (8 wks). CHOP and p-
eIF2α was elevated in the corpus callosum 
following western blot analysis. 
Immunohistochemistry showed that p-eIF2α 
was expressed in remyelinating OL (CC1) in 
cuprizone-treated mice. 

 
(Lin et al., 2006) 

MOG35-55 (50 µg)/CFA 
 

C57BL/6 
Spinal cord 

lesion 
√ ND √ √ ND ND 

RNA (BIP,XBP1 and CHOP) 
Immunohistochemistry (BiP) 

ND 

↑ mRNA BiP,  XBP1  and CHOP levels in the 
lumbar spinal cord. BiP was colabelled with 
astrocytes and macrophage/microglia. CHOP 
knockout studies revealed that CHOP 
induction is not necessary for EAE. 

 
(Deslauriers et al., 

2011) 

MOG1-116 (25-50 
µg)/IFA 

 
DA rats 

Spinal cord 
lesion 

√ √ √ √ √ ND 

RNA (BiP,CRT, ATF4, CHOP 
XBP1) 
Immunohistochemistry 
(BiP, CRT, CHOP, XBP1 and p-
eIF2α 

√ Discussed in chapter 4 

 
Ní Fhlathartaigh et 

al., 
Manuscript in press. 

Key: IFA, Incomplete Freund’s adjuvant; CFA, Complete Freund’s adjuvant; ND, Not done; √, research  reported. 
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Several techniques were used to confirm demyelination in EAE as 

described in chapter 3. In an effort to define the profile of expression of 

ER stress molecules in EAE lesions BiP, CRT, CHOP, XBP1 and p-eIF2α 

expression were examined by immunohistochemical chromogenic 

staining. We discovered that CRT was the most highly differentially 

expressed protein in EAE lesions compared to saline and IFA control 

tissue. We are the first to report the presence of this ER stress marker 

in EAE. CRT was found to be expressed in neurons, astrocytes, 

oligodendrocytes and macrophage/microglia in EAE lesions (Figure 

4.29). In both EAE and human spinal cord tissue from a SPMS 

individual, application of antibody to CRT on ORO-stained sections 

showed CRT encircling myelin fragments (Figure 4.11-4.12). This result 

suggests a possible role for CRT in the clearance of myelin debris. 

Alternatively, as CRT does not contain a transmembrane domain it may 

be binding C1q and CD91, mediating phagocytosis of apoptotic cells. 

Dual labelling with CD91 and C1q would help to clarify this point. Co-

labelling of CRT with oligodendrocytes is suggestive that those cells 

stressed following EAE insult may be marked for degradation. 

Another important and early response of ER stress is the induction of 

the BiP chaperone to increase the folding capacity of the ER. This 

molecule has been reported to be up-regulated 17 days post-EAE 

induction in the C57BL/6 mouse model immunised with MOG35-55 

peptide (Deslauriers et al., 2011). We report here that, although a trend 

was evident 43 days post EAE induction in the DA rat, no significance 

was reached. However, there appears to be a high BiP staining intensity 

in EAE lesions. Interestingly, BiP-negative cells were found within EAE 

lesions.  

We have shown a significant up-regulation of CHOP and XBP1 in EAE 

lesioned tissue, which supports previously published reports from our 

lab on MS CNS lesions (Mhaille et al., 2008). We have also noted 

perivascular expression of XBP1 in EAE lesioned spinal cord tissue. In 
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some lesions, both molecules were located in the cytoplasm as well as 

the nucleus. Nuclear translocation is required for induction of target 

genes. We have identified CHOP in astrocytes, microglia/macrophages 

and oligodendrocytes in EAE lesions. CHOP was also detected in 

stressed neurons expressing SMI32, particularly in the neurons of the 

grey matter. CHOP expression in astrocytes, macrophage/microglia and 

oligodendrocytes may be indicative of CHOP meditated apoptosis. 

However, to establish a link between CHOP staining and apoptosis, dual 

labelling with antibodies to CHOP and caspase-3 or another marker of 

apoptosis would be required. Intriguingly, a recent CHOP knockout 

study has revealed that deletion of CHOP did not rescue animals from 

EAE (Deslauriers et al., 2011). 

Phosphorylated eIF2α was elevated in EAE spinal cord lesions and dual 

labelling confirmed its presence in oligodendrocytes along with 

astrocytes and macrophages. A similar oligodendrocyte association has 

been found in the hind-brain of EAE-induced SJL mice (Chakrabarty et 

al., 2004). That is p-eIF2 positivity was significantly increased in 

oligodendrocytes appearing in aligned rows in the pons and medulla of 

EAE induced mice (Chakrabarty et al., 2005). In an earlier paper the 

authors speculated that p-eIF2α expression halted protein translation 

and in effect promoted oligodendrocyte survival in response to the 

inflammatory stimuli produced following EAE (Chakrabarty et al., 

2004). 

In our study, the level of BiP, CRT, CHOP, XBP1 and p-eIF2α expression 

varied slightly between individual animals (Table 4.2 and 4.3). This 

variability was not dependent on weight, clinical score, lesion load or 

dose, therefore, this only existed because of individual variation. The 

timing of animal culling is also likely to have had an impact on the data 

gathered. 
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MRI technology has the ability to detect abnormalities in the white 

matter in chronic MS patients. These pathologically silent abnormalities 

appear normal and are referred to as NAWM (Seewann, 2009). It is 

highly likely that these pre-lesional areas may contribute to disease 

progression. The ER stress-related markers CRT, CHOP, XBP1 and p-

eIF2α were significantly upregulated in the NAWM of EAE rats, 

compared to control tissue (Figure 4.9), suggestive of a prelesional 

phenotype.  

Preliminary, attempts were also made to map the ER stress profile in 

human MS spinal cord tissue. LFB/H&E confirmed presence of a lesion 

in the MS tissue tested. ORO/CRT staining was then carried out, yielding 

a similar pattern to that seen in EAE lesions.  Unfortunately, dual 

labelling of this tissue revealed autofluorescence and with limited 

sample availability, this work could not be completed. The detection of 

CRT encasing myelin fragments in both EAE and MS lesions is exciting 

and strengthens our argument that CRT is an attractive molecule to 

study in the context of MS pathogenesis. It remains an enigma how CRT 

escapes the ER. Nonetheless, its extracellular secretion would allow it to 

bind to many cell surfaces via attachment or association with the C1q 

complement protein and the CD91 cell surface receptor. This 

interaction may be an important mediator of the innate immune 

response, since they can act directly on the surface of macrophages, 

promoting phagocytosis (Kishore et al., 1997, Eggleton et al., 1994, 

Ogden et al., 2001). This property makes this an interesting molecule in 

the context of the immunodominant disease MS.  

ER stress molecules are present in different cell-types for different 

reasons. The induction of ER stress molecules may exert a beneficial or 

cytotoxic response. For example, ER stress may exert a cytotoxic 

response on oligodendrocytes mediated through the PERK-eIF2α-

ATF4-CHOP arm or through phosphorylation of IRE1 inducing TRAF2-

JNK arm ultimately leading to myelin loss.  
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Increasingly, attention has shifted towards the identification of a 

biomarker for MS. ER stress molecules as potential biomarkers in MS or 

EAE are largely unexplored. A recent report has indicated that 

antibodies against ER chaperones (BiP, calnexin and GRP94) were 

raised significantly in the serum of 155 rheumatoid arthritis patients 

when compared to 70 sex-matched healthy controls (Weber et al., 

2011). These molecules were detected 3-12 months after the onset of 

symptom. Additionally, the titres remained stable suggestive of their 

role in the pathogenic process. Another study found CRT autoantibody 

expression in sera of MS patients (Sanchez et al., 2000). The 

detectability of ER stress-associated markers in serum of autoimmune 

patients piqued our interest in the case of both MS and EAE (other 

autoimmune diseases). However, rather than assessing antibody titres, 

we wished to explore whether or not the antigens/ER stress proteins 

themselves were secreted into the circulation. Guided by the literature 

reporting secretion of BiP and CRT following ER stress (Holoshitz et al., 

2010, Hong et al., 2010, Weber et al., 2011, Shields et al., 2011), we 

wondered if CRT itself (in addition to antibodies) could be detectable in 

serum, given that if they can be secreted from cells during ER stress. 

The biological samples analysed included blood and saliva from MS 

patients and non-neurological controls. This collection along with the 

spinal cord EAE serum samples from DA rats were tested for various ER 

stress secretory markers. The challenge was to identify a suitable 

biomarker, a molecule that differentially marks early disease process 

(aiding diagnosis), monitors disease progression and/or ultimately 

assesses efficacy of a new treatment. 

 

Initially, a dot blot detection method was used to test EAE sera for ER 

stress secretory markers (BiP, CRT and ORP150). This study proved 

unproductive due to the high background achieved following imaging 

and signals produced with no primary antibody control. Such low- 
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abundant sera protein (e.g. ER stress markers) may have been masked 

by the major serum protein albumin which comprises 60-70% of the 

total sera proteins. It is recommended that in future, to the majority of 

albumin should be removed, e.g. by using Affi-Gel Blue beads (Bio-Rad, 

Hercules, CA, USA). However, our efforts were then focused on another 

detection method, the ELISA.  

 

As hepcidin is secreted and is regulated by CHOP, we thought it would 

be interesting to examine its levels in EAE sera. Also, hepcidin has been 

reported to be present in various biological fluids including bile, saliva 

and ascetic fluids (Arnold et al., 2010). Even though iron is important 

for neuronal survival, neurotransmission and myelin production, its 

deposition/overload has been shown in association with diseases 

including Parkinson’s, Alzheimer’s disease and MS (Stankiewicz et al., 

2007). Moreover, a recent report revealed that there was a strong 

association between the presence of the main iron homeostasis gene, 

hepcidin (HEPC or 582G allele), and an increased risk of symptom 

progression (Gemmati et al., 2012). Of particular interest to our group, 

it was reported that ER stress, along with inflammation and iron, 

induces hepcidin expression (Vecchi et al., 2009). Therefore, this 

secreted molecule was an attractive molecule to study. We found that 

this molecule showed a non-significant trend towards upregulation in 

IFA and EAE sera suggesting it could play a part in inflammation. This 

was merely a preliminary study and further work needs to be carried 

out.  

 

We found a significant downregulation of CRT in rmMOG-immunised 

groups (5-50 µg) compared to control treated rats. This significance 

was most evident in the group receiving the lowest dose of rmMOG 

compared to the highest (50 µg). Overall there was a significant 

decrease in CRT sera levels in diseased rats compared to controls (IFA 

and saline). This decline of serum CRT levels in the EAE animal was not 
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evident in the human samples, where a non-significant upward trend 

was found in MS sera.  There is very little literature on CRT and MS 

samples the preliminary finding presented here are interesting but no 

formal conclusion can be drawn from this preliminary study. Greater 

sample numbers need to be assessed and EAE and MS samples acquired 

over an extended period of time would allow us to generate a more 

conclusive result.  

 

Finally, BiP could not be detected accurately in sera samples as they 

were excessively diluted. Nonetheless, the results presented here are in 

the early stages of the investigative process. CSF fluid may be a better 

biological fluid to detect ER stress molecules as this fluid is intimately 

linked to the CNS. These are the first steps taken towards the 

identification of novel ER stress biomarker(s) to either diagnose or 

monitor disease progression.  

 

4.16 Conclusion 

Our study has provided evidence that the ER stress response pathway is 

activated in the DA model of 1-116aa MOG-induced EAE. Our findings 

support previous investigations carried out on human MS tissue in our 

lab, with the addition of extra ER stress molecule (CRT), strengthening 

our argument that ER signalling is a valid targeting pathway. Moreover, 

efforts were made to map the ER stress profile in MS spinal cord tissue. 

Preliminary results on MS/EAE sera further emphasise the importance 

of ER stress signalling in MS pathogenesis. Overall, these data show that 

ER stress-associated molecules are detectable in the sera of MS and EAE 

cases following ELISA analysis and may implicate a role in the 

pathogenesis.  

In 2011, preliminary data from our spinal cord EAE research submitted 

to the British Neuroscience Association meeting, was selected as a “hot 
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topic” and presented orally. This provides further evidence that it is an 

attractive area to study. With this and the body of work presented in 

this chapter, we believe our work will help solve the puzzle of what ER 

stress signalling could be doing in EAE and MS. However, more research 

is needed to determine how the ER stress pathway contributes to 

inflammation and myelin loss.  

In conclusion, the specific function of the intra- or extra-cellular ER 

stress molecules are dependent on the specific function of the protein 

itself and the environment in which it is expressed, or released into e.g. 

lesioned tissue. Moreover, the cytotoxic tissue environment could 

modulate the ER stress protein during the course of an autoimmune 

attack on the CNS.  Hence, a greater understanding is needed to identify 

what ER stress is doing in the context of autoimmune-mediated disease 

such as MS and EAE. The correct manipulations of this pathway could 

reveal future therapeutic interventions for MS. 
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5.1 Introduction 

MS was previously perceived as a WM disorder of the CNS. However, there is an 

increasing body of evidence indicating grey matter involvement. The 

subarachnoid space has been highlighted as an important site of immune 

activation in MS leading to cortical pathology. In order to understand the exact 

pathomechanisms involved, there is a need for animal models to replicate 

meningeal inflammation. Prof Reynolds has developed a model of meningeal 

inflammation that triggers microglial activation and cortical demyelination. This 

model is an extension of the focal cortical model developed by Merkler et al. 

produced by injecting pro-inflammatory cytokines (TNFα/IFN) into the cerebral 

cortex in MOG-primed animals.  

The work presented in this chapter aimed to replicate the Reynolds model of 

cortical demyelination. This required firstly an intradermal injection of a sub-

clinical dose of rmMOG to create an immune response to the protein in the 

periphery. A stereotactic injection of pro-inflammatory cytokines 1.25 µg TNFα / 

75 ng IFN into the subarachnoid space was then carried out 21 days later to 

activate resident microglia, resulting in cortical demyelination.  

5.2 Aims 

The aim of the work described in this chapter was to: 

 Replicate the Reynolds acute model of subpial demyelination. 

 Assess neuropathology and define the profile of ER stress protein 

expression in the cortical lesions.  
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5.3 Methodology  

Detailed methods are provided in section 2.5 and in the schematic diagram 

(Figure 5.1). 

 

 

Figure 5.1: Experimental procedure to induce subpial demyelination in DA rats. Animals were firstly 

immunised with a sub-clinical dose of 5 µg rmMOG to prime the immune response (A). Twenty-one 

days later they were injected with pro-inflammatory cytokines or PBS into the subarachnoid space at 

the sagittal sulcus. DA rat following recovery from surgery (B). 

 

A total of 26 female DA rats were injected with a sub-clinical dose of rmMOG (5 

µg). Twenty-one days later animals received either pro-inflammatory cytokines 

(1.25 µg TNFα / 75 ng IFN) or PBS, and were sacrificed at 3, 7 and 14 days post-

injection (Table 5.1).  Animals were tested for cognitive impairment following 

stereotactic injection using a behavioural test to assess short-term working 

memory, the novel object discrimination (NOD) test. The NOD test was carried 

out prior to cytokine/PBS injection (baseline reading) and then again at 3, 7 and 

14 days following injection. Cytokine- and PBS-injected animals were sacrificed 
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at days 3, 7 and 14 (Figure 5.2) in order to assess pathology in prelesional, de- 

and re-myelinated tissue, respectively. Immediately following sacrifice, the 

brains were extracted and sub-divided for molecular analysis or histological 

processing. Post-fixed blocks were sectioned before carrying out histochemical 

and immunofluorescent analyses, as detailed in chapter 2. 

 

 

Figure 5.2: Experimental plan for the GM demyelination study. MOG was injected 21 days before 
cytokine/PBS injection. Between both injections animals were habituated to the NOD test arena. The 
behavioural testing overlapped with culling and harvesting of tissues on days 3, 7 and 14. Key: NOD, 
novel object discrimination. Source: Mary Ní Fhlathartaigh. 

 

5.4 Peripheral anti-MOG immune response detected in asymptomatic 

DA rats 

Blood samples were taken from the tail vain from a subset of animals two weeks 

following immunisation with rmMOG. Serum levels of anti-MOG antibodies were 

detected by ELISA, in order to assess a peripheral immune response (Figure 5.3). 

Blood from rmMOG-injected animals generated absorption values 5 to 10 times 

higher than the background absorption of blood drawn from an IFA-injected rat 

(Figure 5.3).  
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Figure 5.3: Humoral response in MOG-immunised DA rats. Blood samples were taken from the tail 

vain of 8 animals immunised with 5 µg rmMOG and from a single control rat injected with IFA only. 

(A) represents the level of MOG for each individual animal tested. (B) shows pooled data. Results are 

expressed as mean±SD. 

 

5.5 Cognitive behavioural response characterised in a cortical grey 

matter model of demyelination 

A link has been reported between cortical GM lesions and cognitive decline in the 

progressive stage of MS (Kutzelnigg and Lassmann, 2006). Here we aimed to 

establish if such an effect was detectable in primed animals who received 

TNFα/IFNγ injections. This investigation was carried out manually and by the 

same investigator. A detailed summary of the protocol is outlined in section 2.6. 

DA rats were tested in an open field-like arena on days 0, 3, 7 and 14 post- 

cytokine/PBS injection. This paradigm tests the rats’ ability to recognise a novel 

object when placed in a familiar arena; this is a discriminating test used to 

evaluate short-term working memory. 

In order to assess/measure animal behaviour, the “discrimination ratio” was first 

calculated. This ratio corresponds to the time spent by animals exploring each 

(novel or familiar) object, divided by the total time spent exploring both objects. 

Rats were first exposed to two familiar objects in an open field-like arena. 

Following a 1 min interval a familiar object was replaced with a novel one and 

the rat was re-introduced to the open-field/apparatus for a further 3 min test 

period.  

DA rats displayed a significantly increased tendency to explore the novel object 

within the cytokine group at baseline (day 0), and on days 3, 7 and 14 and in the 
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PBS group injected at baseline and on day 7 (Table 5.1). Prior to testing and on 

day 7, no significant difference in short-term memory was found, when different 

treatment groups were compared. On day 3 and 7, cytokine-injected animals 

appeared more discriminating than PBS counterparts and PBS-controls were not 

found to have explored the novel object more than the familiar one (Figure 5.4).  

 

 

Figure 5.4: Time-course assessment of the NOD ratio in PBS and cytokine-injected rats. Ratios were 
calculated prior to surgery and then again on days 3, 7 and 14. Key: dpi, day post stereotactic 
injection. The numbers boxed below each bar in the histogram correspond to the “n” numbers. Key: 
F, familiar object; N, novel object. Data are expressed as mean ± SEM. 
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Table 5.1: Summary of the level of significant prevalence towards the novel object.  

 

 

 

In addition to determining the time spent exploring the novel object, the 

frequency of rearing (towards the object), sniffing (the object) and grooming (a 

measure of stress) for each 3 min test period was also recorded. The idea here 

was that while cytokine injection was not expected to cause overt motor deficits, 

it might nonetheless lead to minor measurable changes in the normal behaviour. 

Results are summarised in Figure 5.5 and indicated no significant difference 

between groups although there is a possible increased trend towards rearing at 

the novel object in the cytokine-injected animals at days 7 and 14. All rats 

sniffed, reared and groomed in close proximity to the familiar and novel objects, 

but rats injected with PBS reared against the novel object only on day 14.  

 

 

***p<0.0001; p<0.05; ns, not significant. Statistical analysis was 
determined by One-way ANOVA followed by a Newman-Keuls post 
test. 
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Figure 5.5: Behavioural traits measured during the novel object recognition test. Frequency of 

sniffing (top panel), rearing (middle panel) and grooming (bottom panel) per 3 min testing period was 

recorded. Data expressed as mean ± SEM. “n” numbers are the same as those indicated in Figure 5.4. 

As defined in chapter 2, locomotor activity is the total time spent moving around 

in the arena (as opposed to remaining stationary), and was expressed in seconds. 

Locomotor activity was assessed simultaneously in the same paradigm. Both 

PBS- and cytokine-treated DA rats displayed a similar activity level at day 0 
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(baseline). Locomotor activity rose slightly from 14 to 17 s by 3 days post 

cytokine injection but appeared in the same period to decrease in rats injected 

with PBS only (Figure 5.6). This activity increased further by day 7 to 27s in 

cytokine-injected animals compared to 21s in PBS-injected animals. Moreover, 

there was a significant increase in locomotor activity to 47s, 14 days post- 

cytokine injection when compared to approximately 14s in PBS controls on the 

same day (p<0.05), or to cytokine- or PBS-injected animals on day 3 (p<0.001) 

and at baseline (p<0.001).  

 

Figure 5.6: Locomotor activity. Locomotor activity was calculated as the total time spent exploring 
objects in an open field-like arena. Animals were measured at baseline (prior to cytokine injection, 
day 0), days 3, 7 and 14 post stereotactic injection. Key: dpi, days post immunisation; N, novel object; 
F, familiar object. Statistical analysis was determined by One-way ANOVA followed by a Newman-
Keuls post test. Data expressed as mean ± SEM.  
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5.6 Cortical demyelination following a cytokine injection into the sub-

arachnoid space of rmMOG primed DA rats 

Animals were sacrificed on days 3, 7 and 14 following stereotactic injection. 

Brain tissue was isolated and processed according to section 2.7 of the materials 

and methods. Dual-immunofluorescence for MOG and macrophage/microglia 

(IBA1) was used to establish areas of demyelination and presence of 

macrophage/microglia.  

Three days following either cytokine or PBS injection a level of macrophage/ 

microglial (IBA1+) infiltration in the cortical layers was detectable, but myelin 

was still intact (Figure 5.7). Similar levels of macrophage/microglial cells were 

present by day 7, and demyelination was detected in 3 out of 6 animals, however, 

what appeared to be a higher number of IBA1+ cells were observed in all 5 out of 

6 animals. It is possible that demyelination was not detected in some stained 

sections, because the tissue with the highest level of demyelination may have 

been assigned for molecular studies (see Figure 2.2 for explanation of how 

different parts of brain tissue were divided between molecular and 

immunohistochemical studies). Figure 5.8 shows extensive subpial 

demyelination, extending from the midline laterally along the cortex (above the 

dotted white line). However, subpial demyelination does not extend across the 

whole cortex, some myelin remains intact. The extent of the demyelinated area is 

approximately 500µm consistent with that reported by the Reynolds group 

(unpublished). Intact myelin was observed 3 and 14 days post cytokine injection 

and in PBS control tissue (Figure 5.9). 
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Figure 5.7: MOG and IBA1 staining in the subpial cortical layers of the DA rat 3 days following 
PBS/cytokine injection into the subarachnoid space. Female DA rats were immunised with 5 µg 

rmMOG, and injected 21 days later with TNFα/IFN into the subarachnoid space. Animals were 
sacrificed at different time points above are representative images from animals sacrificed 3 dpi. The 
intact myelin (red) with macrophage/microglia (green) activation 3 dpi with PBS (top image) and 
cytokines (bottom image). Sections were counterstained with DAPI for nuclei (blue). Key: Cyto, 
cytokine; dpi, days post injection. Scale bars = 200µm. 
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MOG/IBA1
7 Days post-injection
MOG/IBA1
7 Days post-injection

 
 
Figure 5.8: The extent of a cortical demyelination in DA rats following immunisation with rmMOG 

followed by an injection into the subarachnoid space of TNFα/IFN. MOG immunofluorscent staining 
(red) shows intact myelin. This image shows an area of demyelination extending across the pial 
surface (above the dotted white line). Cortical demyelination was present immediately lateral to the 
injection site and extend laterally for approximately 500μm, across the pial surface. The white arrows 
show areas with intact myelin in the pial layers. Sections were counterstained with DAPI for nuclei 
(blue). Scale bar = 70µm 
 

 

Figure 5.9: MOG and IBA1 staining of rat cortex post-injection. Animals were sacrificed at different 
time points above are representative images from days 3 (A) and 7 (B) following PBS-cytokine 
injection with intact myelin. Subpial demyelination was evident at day 7 following cytokine-injection 
(C) and myelin was present on day 14 (D). Sections were counterstained with DAPI for nuclei (blue). 
Key: dpi, days post immunisation; cyto, cytokine-treated. Scale bars = 200µm. 
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Archival tissue harvested by Prof Richard Reynolds while on sabbatical in 2009 

was shared with our group, enabling preliminary assessment of pathology in 

similarly treated animals to be carried out. Because of an inability to locate the 

injection site and to locate demyelinated areas in our own sections, efforts were 

made to detect ER stress in the Reynolds archival samples. Key differences in the 

method used to generate the Reynolds model for this cohort were: 

(i) Control rats were not “primed” with 5 µg rmMOG, but were injected 

with IFA only. Three weeks later, all rats received an injection of 1.25 

µg TNFα/75 ng IFN into the subarachnoid space. 

(ii) Animal were perfused transcardially with 4% PFA and fixed brains 

were frozen until sectioned. 

Demyelination and heightened microglial activation was observed 7 days in 

MOG-immunised and cytokine-injected animals (Figure 5.10-5.11).  

 

 
 
Figure 5.10: Inflammatory infiltration 7 days following cytokine injection into the subarachnoid 
space at the sagittal sulcus. (A) indicates the region from which representative images shown were 
taken. (B) Rats receiving IFA prior to cytokine injection showed little or no microglial activation (i) on 
the other hand (ii and iii) the greatest number of microglia was seen in the animals primed with MOG 
before cytokine injection. Sections were counterstained with DAPI for nuclei (blue). Scale bars = 32 
µm. 
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Figure 5.11: MOG and IBA1 staining following cytokine injection into the subarachnoid space. There 
was a high level of IBA1

+
 cells in MOG-treated animals (B) compared to IFA-treated animals (A). 

Sections were counterstained with DAPI for nuclei (blue). Scale bars = 32 µm. 

 
 
 

5.7 Phosphorylated eIF2α Expression in Astrocytes in Cortical 

Demyelinated Lesions 

 

Phosphorylated eIF2α was selected for dual-immunofluorescence initially within 

neurons. As detailed in the materials and methods section (section 2.10.7) 

monoclonal antibody to NeuN was used as a marker of neuronal nuclei 

Phosphorylated eIF2α was detected in close proximity to neurons (Figure 5.12 

(ii)) and this can be seen more clearly with the omission of the DAPI filter nuclei 

(Figure 5.12 (iii)). However, no cross-reaction was apparent with neurons. The 

distinctive morphology of p-eIF2α staining was suggestive of p-eIF2α expression 

by the astrocyte processes and end-feet emanating from the pial surface. Co-

expression of p-eIF2α in astrocytes appeared very strong in cortical 

demyelinated tissue adjacent to the injected site (Figure 5.13). Dual-

immunofluorescence in astrocytes was confirmed by staining with antibodies to 

GFAP (Figure 5.13). P-eIF2 was undetected in the IFA-control tissue (Figure 

5.13). 
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Figure 5.12: Dual immunofluorescence revealed phosphorylated eIF2α in a subpial lesion. 
Phosphorylated eIF2α (green) was present in the subpial lesion in close proximity to the cytokine 
injection site (i). Phosphorylated eIF2α (green) appears to be in close proximity to neurons (red) 
illustrated by the white arrow (ii). This can be clearly seen with the omission of the DAPI stain in (iii). 
This ER stress marker seems to be expressed by the astrocyte end-feet emanating from the pial 
surface (round blunt arrows). Sections were counterstained with DAPI for nuclei (blue, i-ii). Scale bars 
= 200µm, (i); 50µm, (ii)-(iii). 
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Figure 5.13: Dual immunofluorescent staining of phosphorylated eIF2α and astrocytes in a subpial 
lesion. The schematic on the top left demonstrates the localisation of the images from a cortical grey 
matter lesion. The images on the top and bottom right hand panels show peIF2α (green) 
colocalisation with astrocytes (GFAP, red) in a subpial lesion lateral to the cytokine injection site. The 
image on the bottom left shows the lack of p-eIF2α staining in subpial grey matter in IFA control 
tissue. Sections were counterstained with DAPI for nuclei (blue). Scale bars = 50µm (top right panel) 
and 20µm (bottom images). 

 

5.8 CHOP and XBP1 Expression in Astrocytes in Cortical 

Demyelinated Lesions 

Dual-immunofluorescent staining revealed some CHOP expression in astrocytes 

(GFAP) in demyelinated tissue (Figure 5.14 (ii)). Such staining appeared reduced 

in IFA controls (Figure 5.14 (i)).  XBP1 was co-expressed in astrocytes 7 days 

following cytokine injection in both MOG (Figure 5.14 (iv)) and IFA-immunised 

animals (Figure 5.14 (iii)). 
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Figure 5.14: Immunolabelling of CHOP and XBP1 in astrocytes. Dual staining with CHOP (red) was 
sparse positivity with minimal co-expression with astrocytes (indicated with the white arrows) in IFA- 
(i) and cytokine- treated group (ii). This staining appears more puntate in the IFA control treated rats. 
XBP1 was found to be co-expressed in astrocytes in both IFA-cytokine (iii) and rmMOG-cytokine (iv) 
treated groups. Scale bars = 50µm. 
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5.9 Chaperone Expression in Cortical demyelinated Lesions 
 
Following dual-labelling of BiP with GFAP, minimal cross reactivity was apparent 

in control and experimental tissue (Figure 5.15 (i)-(iii)). However, the 

morphorology of BiP staining in some areas resembled that of neurons (asterisks 

in Figure 5.15 (i)-(ii)). Diffuse BiP staining was apparent in the MOG/cytokine-

treated animal (Figure 5.15 (i and ii)) and this may relate to the secretory 

properties of this molecule. The corpus callosum had a high level of BiP in 

astrocytes (Figure 5.15 (iii)).  

Calreticulin staining within the cortical lesion appeared faint, diffuse and puntate 

(Figure 5.16). CRT did not appear to be co-expressed with 

macrophage/microglia (Figure 5.16). However, CRT was expressed in microglial 

and non-microglial cells at the pial surface. Minimal CRT expression was 

observed in IFA/cytokine control tissue (Figure 5.16) 
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Figure 5.15: Dual immunofluorescent staining for BiP and astrocytes. The schematic on the left 
demonstrates the localisation of the image on the right. Diffuse BiP staining is present in IFA- and 
particularly in cytokine-treated animals (i, ii respectively). However, BiP (green) seems to be strongly 
present in neurons, indicated by a white astricks in i and ii in both IFA- and cytokine-treated animals. 
The corpus callosum had a high level of BiP in astrocytes(iii). Scale bars = 50µm. 
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5.10 Discussion 

GM pathology associated with MS has been largely underexplored when 

compared to white matter pathology. Recent advancements in immunostaining 

and imaging techniques have led researchers to identify the more subtle GM 

pathology. This development has unlocked a new area of MS discovery, where 

GM lesion pathogenesis has divided researchers in their theories. In the 2000s, a 

body of knowledge was produced to support the link between meningeal 

inflammation and cerebral cortical grey matter demyelination on the progressive 

stages of MS (Howell et al., 2011). The study presented in this chapter builds on 

this body of knowledge. This model is the brainchild of Prof Richard Reynolds of 

Imperial College, London and is as yet, unpublished. In addition to replicating the 

Reynolds model in the NCBES, the study aimed to examine brain tissue isolated 

from experimental and control animals for presence of markers of ER stress. 

Animals were also monitored for signs in cognitive and behavioural changes. 

The study showed that pro-inflammatory cytokines TNF and IFN are capable 

in producing cortical demyelination in MOG-primed DA rats. This method is in 

agreement with an unpublished report from the Reynolds laboratory in London. 

Before assessing brain pathology, we also wanted to carry out a behavioural 

analysis to assess whether neuroinflammation and cortical stripping of myelin 

had an impact on cognitive function. To test this notion, options were limited due 

to the time-constraints of the surgical procedure. The same investigator had to 

conduct the surgical procedure along with behavioural testing. Following a 

review of the different paradigms, we concluded that the novel object 

recognition/discrimination test was the most feasible and easiest to execute with 

minimal pre-training required. The animals recognised the novel object and thus 

explored it longer than the familiar are on days 0 and 7 of the trial, in both 

cytokine- and PBS-treated groups, which confirms the rat’s natural tendency to 

explore novel objects. However, such tendencies were not evident on day 3 and 

14 post stereotactic injection of PBS. This raises the question of whether the 

trauma of surgery in the 3 day PBS animals was affecting their discrimination. On 

the other hand, it is not clear why such an affect was not seen in the cytokine-
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injected rats. At day 14, conclusions regarding the lack of exploration may not be 

drawn because of the low numbers in the group (n = 2). There was no 

measurable cognitive decline found in the cytokine groups on days 3, 7 or 14 

following this trial. It has been shown using the same behavioural paradigm 

(NOD) that the cortex is more vulnerable to neuroinflammation in comparisons 

to the striatum following intracisternal injection of LPS in mice (Liraz-Zaltsman 

et al., 2011). Therefore, it is surprising that cognition deficits were immeasurable 

in this model. Interestingly, this same study found that TNFα produced 

protective effects on striatial neurons but exerted toxic effects on cortical 

neurons. The reasons could be attributed to the acute nature of this model and 

possibly if the model was more chronic more intense neuronal damage/loss may 

have been produced in the cortical layers. In MS extensive subpial demyelination 

has been reported in the SPMS brain extending over many gyri with the presence 

of immune cell follicles in 40% of cases (Howell et al., 2011) this indicates that 

the pathology is attributed to a chronic disease process. The cortical model 

described in this chapter recapitulates more of an acute disease course.  

We had thought it would be sensible to assess locomotor activity within this 

model as the cerebral cortex is proximal to the central sulcus. As the stereotactic 

injection was administered at the sagittal sulcus and demyelination is thought to 

extend radially over the cortical layers from the site of injection, we 

hypothesised that this area which is in close proximity to the site for motor 

outputs would be diminished. Animals demonstrated an increased locomotor 

activity 14 days post cytokine injection. We postulate that this increase on day 

14 following cytokine injection could be replicating restless leg syndrome 

experienced by MS patients (Bernheimer, 2011). However, this study needs to be 

repeated with a greater number of animals in each group, the numbers used in 

the study presented here were too low to draw any firm conclusions. The 

frequencies to sniff and rear are both enquiring properties the rat possesses 

which yielded no significance. However, 14 days following cytokine injection, the 

tendency to rear to the novel object correlated to the increased locomotor 

activity achieved on the same day. The use of a second behavioural test like the 

open field circular arena could prove beneficial. In order to establish a 
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conclusion from this study it would be recommended to repeat the trial again 

and include a greater animal number. Other measurements of locomotor activity 

could be assessed to include other parameters like the distance covered and 

speed of progression. Such measurement could be carried out using an 

automated tracking system device like EthoVision.  

As grooming is a sign of stress, its frequency was recorded, but there were no 

difference between any of the groups tested. This observation showed that there 

were no obvious signs of stress displayed.  

 Cortical demyelination was evident 7 days post-cytokine injection across the 

pial surface, however, such demyelination was not detected in all samples from 

cytokine- injected animals. This may have been because half the tissue was 

dedicated to molecular rather than immunohistochemical studies. Nonetheless, 

use of tissue from Prof Renyolds archives enabled us to determine the presence 

of p-eIF2CHOP, XBP1 in astrocytes. Furthermore, we have shown diffuse 

staining of ER chaperones BiP and CRT in the cortical layers adjacent to the site 

of cytokine injection. 

 
 
Figure 5.16: Dual immunofluorescent staining for CRT in the presence of macrophage/microglia. 
Seven days post cytokine injection into the subarachnoid space in DA rats revealed diffuse CRT (red) 
deposits in the outer cortical layers (right panel) such staining for CRT was absent in the IFA control 
tissue (left panel). Scale bars = 50µm. 

 
 
A single subclinical dose of rmMOG followed 21 days later with cytokines 

produced variable degree of macrophage/microglial presence and this could be 

attributed to the interindividual variation among animals. This study displayed 
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demyelination on day 3 and 7 post-cytokine injection and on day 14, myelin was 

intact. This could be possibly due to remyelination at this later stage. 

Demyelination extended laterally across the cortex from the injected site. The 

presence of macrophage/microglia at the corpus callosum could be due to the 

local inflammation following injection at the midline. Diffuse menigeal 

inflammation has been reported as been associated with early cortical lesion 

development (Lucchinetti et al., 2011), this animal model is in line with the early 

detection of inflammation. The Reynolds model injected with 

rmMOG/proinflammatory cytokines have shown that demyelination extends 

from the corpus callosum and to the pial surface which is similar subpial lesions 

in SPMS tissue (unpublished report). IFA-treated and rmMOG/PBS- treated DA 

rats did not produce demyelination. The Reynolds group have also observed 

CD4+ T cells followed by CD8+ T cells and then CD79a+ cells were most 

pronounced 7 days post injection whereas the presence of B cells was a rarity. 

Complement deposition was undetected (unpublished report) which supports a 

previous report demonstrating that complement and Ig deposition is a rarity in 

subpial lesions from post-mortem MS cases (Brink et al., 2005). No neuronal loss 

has been observed in this grey matter model despite an acute episode of 

inflammatory attack in stark contrast to the neuronal loss reported in the cortex 

of MS suffers (Magliozzi et al., 2010).  

Cortical demyelination was found in LEW rat strains, attributed to the presence 

of specific isotypes and alleles (RT1.BuDu in the MHC II region and RT1.Cu in the 

MHC I regions) (Storch et al., 2006). Microglial infiltration, demyelination 

together with Ig deposition was evident. Cortical demyelination was 

reproducible in Lewis strains with the specific isotype and alleles. Moreover, 

although the DA rat is highly susceptible to EAE, cortical lesions were not 

observed in EAE induced rats (Storch et al., 2006) as the pathology in this model 

is mainly restricted to the spinal cord. Recent efforts are being focussed on 

establishing targeted models of demyelination. Such targeted models of cortical 

demyelination have been produced in the Lewis rat. Animals are firstly primed 

with a subclinical dose of MOG and then pro-inflammatory cytokines are injected 

to produce local demyelination (Kerschensteiner et al., 2004, Merkler et al., 
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2006). In 2004, Lewis rats were primed with rMOG (5-100 µg) emulsified in IFA 

administered subcutaneously into the base of the tail. Eighteen to twenty two 

days later proinflammatory cytokines (250 ng TNFα/ 150 U IFNγ) were targeted 

to the dorsal columns of the spinal cord and demyelination was evident along 

with pronounced hind limb deficits (Kerschensteiner et al., 2004).  

In the same way, Lewis rats were primed with 50 µg rMOG emulsified in IFA and 

were subsequently injected with 250 ng TNFα/ 150 U IFNγ directly into the 

cerebral cortex, this produced focal cortical demyelination resembled 

intracortical and subpial demyelination with inflammation, axonal damage and 

neuronal loss was evident (Merkler et al., 2006). Notably, there was no evidence 

of demyelination on the contralateral cortex. Control groups received MOG 

followed by PBS which produced demyelination close to the needle track. 

Another control group was also incorporated into the study where animals were 

injected with IFA and subsequently with cytokines, interestingly, no 

demyelination was evidenced. The MOG/cytokine group produced peak 

demyelination 3 days post injection, by day 7, oligodendrocyte cell number were 

increased, reaching levels comparable to the contralateral side (control) by day 

14 (Merkler et al., 2006). T cells and macrophage/microglia were present in 

cortical lesions.  

In this study a total of 26 animals were primed with 5 µg MOG and then injected 

with 1.25 µg TNFα/ 75 ng IFNγ. The dose of MOG (5 µg) used for peripheral 

priming of DA rats was considerably lower than that used in other targeted 

models in Lewis rats (where they used 5-100 µg rmMOG) this may be attributed 

to the fact that DA rats are most susceptible to EAE.   Following an ELISA analysis 

of blood samples, a subset of animals was shown to produce a peripheral anti-

MOG immune response following a single sub-clinical MOG injection. This sub-

clinical dose (5 µg rmMOG) was pre-determined in the dose response 

experiment described in chapter 3, where no animals produced clinical signs of 

EAE. Once the animals were primed they were then injected 21 days later with 

either cytokines or PBS stereotactically. This injection procedure is very time 

consuming requiring at approximately 45 min per animal.  
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To date our group have been the sole researchers to suggest that ER stress plays 

a role in GM MS lesion evolution (McMahon et al., 2012). Chapter 4 detailed ER 

stress expression in the white and grey matter in an EAE spinal cord model of 

MS. Here we show involvement of ER stress in cortical lesions. Dual-

immunofluorescent immunohistochemistry revealed p-eIF2α expression in 

astrocytes. As p-eIF2 is a URP hallmark for translational arrest to allow the cells 

the opportunity to clear the accumulation of unfolded proteins. As astrocytes are 

critical for neuronal survival, expression of p-eIF2a may protect astrocytes. This 

protection of astrocytes may prevent extensive neuronal loss as seen in this 

model. We have also detected XBP1 and CHOP in astrocytes in cortical lesions. 

XBP1 expression was detected in both IFA/cytokines- and rmMOG/cytokine-

treated animals but what appeared to be to a higher level in DA rats primed with 

rmMOG. XBP1 was expressed at a higher level than that of CHOP in cortical 

lesions. This suggests enhanced activation of IRE1-XBP1 arm leading to 

protective effects on day 7, as opposed to potential pro-apoptotic machinery 

activated via PERK-CHOP arm.  

 BiP appeared to be expressed in neurons however a dual label is needed to 

confirm this finding. Diffuse BiP staining was observed in the cortex in both 

IFA/cytokine- and rmMOG/cytokine-treated animals this may be due to the 

secretory properties of BiP acting to protect the cortical tissue from toxic 

mediators. The diffuse nature of CRT staining is suggestive of expression in 

astrocytic processes. Glutamine synthetase, staining would confirm this 

observation. This is a preliminary result and further work is needed to confirm 

that ER stress is involved in the Reynolds model of demyelination. 

5.11 Conclusion 

We have replicated the newly developed Reynolds model of cortical 

demyelination. The pathology produced in this model was similar to type III 

subpial GM lesions defined by Bo et al. in 2003 as these lesions were 

accompanied with macrophage/microglial infiltration. We have demonstrated 

the existence of ER stress markers in cortical demyelinated lesions. P-eIF2α 
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staining was evident in astrocytes along with CHOP and XBP1. BiP appeared to 

be present in the neurons. The behavioural study did not prove to be statistically 

significant. Further work is needed to firmly establish the presence of ER stress 

in this GM model in prelesional, de- and remyelination. 
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6.1 General Discussion 

 

The primary function of the ER is to maintain cellular homeostasis. Normal 

physiological demand or pathological de-regulation of normal cell function can 

initiate an accumulation of unfolded proteins in the ER lumen, disrupting 

homeostasis. This rapid, cellular activation of the ER stress pathway initially 

induces a pro-survival response referred to as the UPR. The UPR halts protein 

synthesis in order to alleviate the burden of the unfolded protein build-up within 

the cell. ER stress chaperone expression is also induced at higher levels to cope 

with this misfolding of proteins. When unfolded proteins accumulate within the 

ER lumen, BiP detaches from the luminal end of the three transmembrane 

sensors; PERK, ATF6 and IRE1. This removal of the BiP chaperone leads to the 

activation of these sensors initiating many downstream consequences. Once BiP 

dissociates from the kinases (PERK and IRE1), autophosphorylation is initiated. 

PERK autophosphorylation initiates phosphorylation of the alpha subunit of eIF2 

leading to translation arrest. Autophosphorylation of IRE1 activates its 

endonuclease function, leading to the unusual splicing of XBP1. Once BiP 

dissociates from ATF6, it is then trafficked to the Golgi and is cleaved by site-1 

and site-2 proteases. Truncated ATF6 translocates to the nucleus where it 

promotes translation of target genes (XBP1, BiP/GRP78, and CHOP). The 

induction of BiP acts to return the ER to its normal functional capacity. However, 

prolonged stress causes reparatory measures to fail; thus pro-apoptotic 

mechanisms ensue via CHOP- and jun kinase-mediated events.  

 

The ER stress pathway is an interesting one to study as some component 

molecules are spicifically associated with the pathway. When these ER stress 

molecules are upregulated, such as the classic BiP, CHOP, XBP1 proteins, this 

strongly hints at ER stress involvement in the condition under examination. To 

determine exactly what ER stress is doing in the context of EAE or MS, each 

individual cell type expressing a marker of ER stress must be taken into 

consideration. It is probable or even likely, that different cell types within the 

same EAE or MS lesion, will activate ER stress for different reasons. For example, 

in T or B cells “normal” ER stress is activated in order to produce T cell receptors 
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or antibodies, respectively. XBP1 may be induced in macrophages in order to 

regulate the innate immune response following TLR activation (Martinon et al., 

2010). On the other hand, astrocytes reacting to inflammatory mediators (NO, 

TNF) may respond by activating ER stress in order to protect themselves. 

Oligodendrocytes may activate pro-apoptotic ER stress if they are overwhelmed 

by cytotoxic inflammatory mediators (NO, ROS, TNF, IFNγ). In contrast, surviving 

oligodendrocytes may activate ER stress in order to expand their capacity to 

produce myelin. This pathway is majorly understudied in the context of EAE. For 

example, a Pubmed search returns only 3 publications to date, from the Popko, 

LeVine and Power laboratories. Work in this field only dates back to 2006.  

 

In 2006 it was reported that remyelination was suppressed along with reduced 

clinical recovery following ectopic expression of IFNγ in transgenic mice and a 

cuprizone-induced EAE model (Lin et al., 2006). Lack of remyelination and 

functional recovery in these models were attributed to a reduction of 

oligodendrocyte recruitment to demyelinated lesions. It was established that the 

destructive action of IFNγ was associated with ER stress, where BiP and CHOP 

mRNA levels were increased 2- and 1.7-fold in the corpus callosum and p-eIF2α 

was increased (1.8-fold) at a protein level (Lin et al., 2006). In 2007 the same 

group reported that temporal delivery of IFNγ to the CNS prior to inducing EAE 

with MOG35-55, produced protective effects which depend on PERK activation in 

oligodendrocytes (Lin et al., 2007).  

 

More recently, in 2011, EAE induced in female C57BL/6 mice following a s.c 

injection with 50 µg MOG35-55 peptide emulsified in CFA and heat-killed 

mycobacterium, followed 48 h later with an i.p injection of pertussis toxin caused 

an increase in expression of ER stress molecules BiP, CHOP, PERK and XBP1s in 

diseased spinal cord tissue. This study also showed the protective effect of a free 

radical scavenger (Crocin) when administered 7 days post EAE induction, which 

was linked to suppression of ER stress proteins and inflammation. This study 

also revealed that CHOP knockouts had no impact on the clinical expression of 

the disease (Deslauriers et al., 2011).  
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Research into ER stress and cancer is far more advanced with 1123 Pubmed hits 

and growing interest since 1981. It highlights the fact that more common 

diseases are considered to warrant more funding. Research into MS and other 

neurological disorders is slowly gaining momentum with attention being 

increasingly focused on ER stress as a potential element of disease pathology. 

The work presented here enhances our knowledge of how ER stress may play a 

role in MS and EAE.  

 

ER stress has been studied in a variety of CNS disease/disorders namely, 

Alzheimer’s and Parkinson’s disease. Intriguingly, the involvement of this 

pathway has been indicated in the pathogenesis of many white matter disorders, 

for example, Charcot-Marie-Tooth disease (Pennuto et al., 2008), Pelizaeus-

Merzbacher disease (Southwood et al., 2002) and vanishing white matter disease 

(Wong et al., 2000). Our lab has been reported as the first to establish the 

existence of ER stress in chronic MS white matter pathology in 2008 (Lin and 

Popko, 2009). Two papers have since been published by our group, showing 

increased expression of ER stress proteins in early active biopsy samples and 

chronic grey matter tissue samples from MS patients (Cunnea et al., 2011, 

McMahon et al., 2012). The research presented in this thesis is an extension of 

these previous reports, and aimed to map this pathway in the EAE model of MS 

and to explore the idea of an ER stress biomarker.  

 

While the human tissue work has been valuable, it is important to remember that 

samples analysed are from one point in time, at either early (biopsy), or later 

(autopsy), stages of the disease process. In contrast, animal models allow time-

course studies to take place, enabling the profile of target proteins to be mapped 

throughout the disease course. The establishment of the WM and GM EAE 

models in Galway has been another step forward in mapping ER stress 

expression during demyelinating disease progression. The model selected 

exploited a rodent strain highly susceptible to EAE, the DA rat, which is capable 

of developing EAE even with a mild adjuvant e.g. the use of IFA alone (Swanborg, 

2001) or even without the use of an adjuvant (Stosic-Grujicic et al., 2004). The 

choice of strain was also based on the protocol used by Prof Reynolds (Reynolds 
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et al., 2002, Papadopoulos et al., 2006). EAE susceptibility in the DA rat may be 

attributed to increased levels of draining lymph node cells and the production of 

IFNγ and IL-17 which was markedly reduced in the resistant rat AO strain 

(Miljkovic et al., 2006). A recent report concluded that the early influx of 

macrophage infiltration into CNS was critical for disease susceptibility in DA rats 

which was absent in the AO strain (Mensah-Brown et al., 2011). 

 

The approach taken during my PhD was to first establish the profile of ER stress 

at the transcriptional level, using real-time PCR, and then to determine protein 

expression, using immunohistochemical staining and scoring techniques. No 

significant changes were observed at the mRNA level for BiP, CRT, CHOP, XBP1s 

or ATF4. This was attributed to the fact that the lesion/pathology was masked 

through dilution caused by use of the whole spinal cord. That is, RNA was 

isolated from tissue samples taken from the rostral, through to caudal regions. 

Had tissue from the lumbar spinal cord only been used, a more accurate 

assessment of disease-related RNA changes could have been achieved a 

measurement of greater quantities of specific mRNA molecules within each 

sample. Nonetheless, the trend towards upregulation of BiP and CHOP supports 

work published, that showed a significant up-regulation of both of these 

molecules in the lumber EAE spinal cord region (Deslauriers et al., 2011). A 

trend towards down regulation of XBP1s in our study contrast with data from 

Deslauriers et al., who found a significant upregulation of XBP1s in the EAE 

lumbar cord of the C57BL/6 mouse strain immunised with 50 µg MOG/CFA 

(Deslauriers et al., 2011). Contrary to the data generated from RNA samples, we 

have shown that there was a significant up-regulation of XBP1 protein level in 

spinal cord tissue. There was also significantly increased expression of the ER 

stress markers CRT, CHOP, p-eIF2α in spinal cord EAE lesions. However, 

significance was not reached for BiP in the EAE spinal cord WM lesioned tissue. 

This could be attributed to the interindividual variation in BiP staining within the 

EAE group. Increasing the number of animals within the study may reduce such 

variability. Christopher Power’s paper reported in murine-MOG-EAE, that BiP 

was up-regulated in the spinal cord at peak disease which occurred at 17 days 

post-EAE induction (Deslauriers et al., 2011). Our study shows EAE at a different 
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time-point of 43 days post immunisation. In the model of acute cortical 

demyelination described here, BiP was present in the neurons of control and 

diseased tissue. Intriguingly, not all cells in EAE lesions were BiP-positive (refer 

to Figure 4.8). Also, BiP is often used as an ER marker with more intense 

perinuclear staining of BiP being considered indicative of ER stress and a low 

intensity being consistent with unstressed cells. Therefore, an alternative 

method for assessing BiP expression should be developed, which includes some 

measure of staining intensity e.g. an “intensity index”. 

 

CRT was investigated as it is an ER stress-associated molecule and has been 

reported for its autoimmune properties in systemic lupus erythromyelitis 

(Donnelly et al., 2006) and rheumatoid arthritis (Holoshitz et al., 2010). Our 

study found significantly increased expression of CRT in spinal cord EAE lesions, 

in a variety of cell types. CRT has the ability to carry out many functions. Apart 

from its “quality control” chaperone functions that ensure proper N-

glycosylation of proteins in the ER, CRT may also escape the ER by unknown 

mechanisms, ending up secreted or displayed on the cell surface. Cell surface 

CRT has been suggested to be involved in antigen presentation, complement 

activation, apoptotic cell clearance and immunogenicity of cancer cells. This 

molecule has also been reported to play a role in the function of vitamin D. Could 

cell surface CRT be carrying out similar functions in EAE and MS?  

 

As ER stress has been shown in a variety of neurological and cancer-associated 

diseases, and since inflammatory attack is often a common factor underpinning 

each one, the initiation factors/triggers of ER stress within the context of EAE or 

MS could very well be inflammation. The exact role of the ER pathway in lesion 

formation in the case of MS and its animal model is not firmly established as yet. 

It is possible that ER stress may have different roles in different cell types. For 

instance, dual labelling of p-eIF2α in oligodendrocytes supports a previous EAE 

study showing the expression of p-eIF2α in oligodendrocytes which the authors 

suggested could lead to a halt in protein translation through the activation of the 

PERK-eIF2α arm of the pathway (Chakrabarty et al., 2004). Lin & Popko showed, 

in PERK-deficient mice, that ER stress is required to initiate myelin repair in the 
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corpus callosum on an inflammatory backbone (Lin et al., 2006). Furthermore, p-

eIF2α is increased by IFNγ through PERK (Su et al, 2007). P-eIF2α was found in 

astrocytes in our cortical demyelinated lesions particularly emanating from the 

pial surface (Fig. 4.12). As astrocytes provide structural support and repair to 

tissue damage in the CNS, p-eIF2α expression is suggestive of translational arrest 

while awaiting resolution of the stressful conditions. 

 

XBP1, an ER stress marker, has been linked to inflammation. This transcription 

factor is required for the maturation of plasma cells, TCR-expressing T cells and 

dendritic cells (Todd et al., 2009, Iwakoshi et al., 2007, Brunsing et al., 2008). 

Other evidence has shown, in an LPS-induced model that TLR signalling can 

selectively inhibit CHOP-mediated apoptosis allowing the XBP1 arm to respond 

by inhibiting apoptosis. This is suggestive of a protective ER stress response 

which enables the maturation of immune cells. Our study, described in chapter 4 

showed an increased expression of XBP1 in white matter spinal cord EAE lesions. 

Induction of XBP1 was highly expressed with a strong immunohistochemical 

signal, although, not all cells within the lesion were positive for this marker as 

demonstrated in Figure 4.15 in the street-like appearance of oligodendrocytes. It 

is unknown why XBP1 would be switched on in one cell type and off in an 

adjacent one. We can only hypothesis that the signal may be switching from a 

protective to a proapoptotic one. The expression of XBP1 in oligodendrocytes 

(following dual labelling) during EAE is possibly involved in producing 

protective mechanisms in the cell, allowing for myelination to be restored within 

the lesion, lesion’s edge and NAWM regions.  

 

We have demonstrated that CHOP was upregulated in our EAE model and 

identified its presence in a variety of cell types, possibly signifying death. 

However, this would need to be confirmed by dual-labelling with an apoptotic 

marker. Deslauriers et al., showed that CHOP expression was not involved in EAE 

pathogenesis following a CHOP knockout study where clinical scores were 

comparable in all groups (CHOP-/-, CHOP+/- and CHOP+/+) (Deslauriers et al., 

2011). This result is puzzling but useful as it raises the question of whether or 
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not there is some redundancy in the pro-apoptotic element of the UPR. In the 

absence of CHOP, perhaps the IRE-TRAF2-JNK signals are activated. 

 

In the 240 sections examined for CHOP, this transcription factor was found to be 

co-expressed in microglia/macrophages, astrocytes and oligodendrocytes in the 

white matter of the spinal cord EAE lesion. The presence of CHOP in 

microglia/macrophages could indicate that their role is complete and to prevent 

any further “mopping up”, self-destructive cell death is initiated. The abundance 

of astrocytes in the lesion and the thicker process in some cells, suggest that 

astrocytes are reactive in the EAE lesion. In order to halt any further reactivity in 

this region, it could be that they are signalled to undergo apoptosis through 

CHOP expression. CHOP-positive oligodendrocytes may be inhibited from 

producing any more myelin in the lesion and induced to die. CHOP is expressed 

late in the ER stress pathway when stress is prolonged and it is thought by many 

to sentence cells to death.  

 

The second aim was to induce cortical demyelination in MOG primed DA rats 

following stereotactic injection of proinflammatory cytokines (TNFα/IFNγ) into 

the subarachnoid space at the sagittal sulcus. This stereotactic procedure was 

rather time consuming and required great precision and accuracy to correctly 

execute. We rather ambitiously wished to implement the 3Rs (reduce, reuse and 

refine) by dividing the tissue for molecular and immuno(histo)chemistry. On 

sectioning frozen blocks, we were unable to trace the tracker dye (indian ink) to 

show the track of the needle. However, the tissue was cryosectioned and stained 

to identify areas of demyelination which were present 7 days post cytokine 

injection. Due to difficulties in locating lesioned tissue in our own cohort 

produced using a slightly different protocol; additional samples were gifted by 

Prof Reynolds. Staining of these sections demonstrated the presence of XBP1 

staining in astrocytes and the diffuse staining of BiP and CRT. P-eIF2α was 

present in astrocytes emanating from the subpial surface (in close proximity to 

the injection site) indicative of translation arrest. There was no such positivity 

found with neurons. This may be due to the fact that this model is too acute and 

neuronal loss is not present. Nonetheless, CHOP and XBP1 were colocalised with 
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astrocytes by 7 day in both control and diseased tissue. Diffuse punctate CRT 

staining appears consistent with staining of protoplasmic astrocytic processes. A 

dual label with glutamine synthase would confirm this idea, as this protein is 

expressed along the full length of astrocyte processes. No firm conclusions can be 

drawn from this preliminary study. 

 

As discussed in chapter 5, we wanted to test if stripping of the outer cortical 

layers would cause cognitive impairment. However, short-term-working 

memory remained intact when tested at each time point. Damage to the cortical 

layer may have been too superficial in this acute model to have had an impact on 

other memory-associated brain regions including the hippocampus, amyglada 

and limbic system. To explore this further, another test would need to be carried 

out possibly another memory test like the Morris water maze. Nonetheless, 

cytokines may have had an effect on locomotor activity which was significantly 

increased by day 14, possibly due to the local injection of cytokines to an area of 

the cortex which is thought to be associated with motor activity. Increased 

locomotor activity is reminiscent of restlessness associated with MS, 

(Bernheimer, 2011) or it could merely be an artefact. The use of a second 

behavioural test like the open field circular arena could prove beneficial in 

answering these questions. In order to establish a conclusion from this study it 

would be recommended to repeat this trial again and increase the number of 

animals used. 

 

Preliminary ELISA results on EAE and MS sera yielded interesting results on CRT 

levels. The EAE sera showed a significant downward expression, whereas in MS 

there was a trend toward upregulation. However, this is merely a preliminary 

study and one sample in time. Follow-up sera samples need to be taken from MS 

patients and those at risk of developing MS, to assess the presence of such levels 

before drawing a firm conclusion.  
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6.2 Future Direction 

 

There is a need for interference studies to be completed in order to elucidate the 

role of activation of the ER stress pathway in EAE and MS. We have shown ER 

stress in resident CNS cells oligodendrocytes, astrocytes, macrophage/microglia 

and neurons to a degree. The next logical step is to decipher in which immune 

cell type (B or T cells) ER stress is featured. This proved difficult to do in our lab 

but with the correct species and antibody this could be mapped.  

 

A time course study needs to be carried out in order to map the effects of ER 

stress in the pre-lesional, lesional and remyelination phases of EAE. This will 

indicate if ER stress is causing pathology and/or part of the reparative stages of 

EAE. Once it is established where the ER stress pathway is most prominent, 

various inhibitors of the pathway may be used to alleviate symptoms or initiate 

repair. For instance, pre-treatment with salubrinal, a selective inhibitor of the 

complex which dephosphorylates the α subunit of eIF2 (Boyce et al., 2005) could 

protect cells from ER-stress-induced cellular death.  

 

As CRT was most prominently expressed in the EAE leisoned tissue and we have 

shown it may have a role in clearance of myelin debris due to its binding of  ORO-

positive myelin fragment (following ORO staining), further research on CRT in 

the context of MS is warrented. CRT is an interesting molecule and has diverse 

functions within an organism. Could CRT be administered after EAE onset to 

clarify its potential role? 

 

Unfortunately, CRT knockout animals are unavailable due to incomplete 

cardiogenesis and for this reason, neonatal death ensues. It has been suggested 

that cell surface CRT (csCRT) induces immunogenic cell death and for this reason 

in the case of MS and its EAE model, a study should be carried out to establish 

the abundance of cell surface CRT in MS and EAE lesions. Once the EAE or MS 

lesion is identified laser capture microdissection could be used to isolate lesions. 

Immunoprecipitation could then be used to precipitate either cell surface or 

intracellular CRT, using specific antibodies. The amount of each type can then be 
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determined by Western blotting. In order to elucidate if csCRT has a role in 

myelin clearance as we propose csCRT can be knocked down by antisense 

phosphothioated oligonucleotides or siRNA and subsequent effect measured. 

 

C1q has been noted for its inhibition of large lattice antibody-antigen complexes 

and its activation of the complement system, promoting phagocytosis and the 

“mopping-up” of immune complexes or apoptotic cells (Donnelly et al., 2006). 

The clearance of apoptotic cells by macrophages occurs via interaction with 

CD91, where CRT has been implicated as a linker molecule (Donnelly et al., 2006). 

It would be interesting to examine the coloacalization of C1q, CD91 and CRT in 

human MS and rat EAE tissue samples and compared to controls. 

 

More blood sampling is required to build up an EAE and MS biobank which will 

allow for the detection of secreted ER stress-related protein markers over a time 

course of EAE development and during MS disease course. 

 

Behavioural studies are poorly explored in EAE, largely due to the EAE clinical 

signs and severe motor deficits experienced by animals. Although motor activity 

is a prominent feature experienced in MS, other symptoms also exist including 

depression/low mood, which are also measurable in the rat/mouse using 

behavioural paradigms such as the Morris water maze, the forced swim test to 

assess for depression. One of the benefits/advantages of the GM EAE model is the 

ability to complete behavioural studies, because rats retain full motor function. 

 

6.3 Conclusion 

 

In conclusion, the ER stress pathway has been documented in other neurological 

disorders including Alzheimer’s disease (Viana et al., 2012), Parkinson’s disease, 

amyotrophic lateral sclerosis(Lindholm et al., 2006) and many others. Our group 

has also proposed involvement of the ER stress pathway in white and grey 

matter lesion development in MS (Cunnea et al., 2011, McMahon et al., 2012, 

Mhaille et al., 2008). The results presented in this thesis represent a milestone in 

further establishing and highlighting the potential importance of this pathway in 
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the context of MS and hint that secreted markers of ER stress could be potential 

biomarkers in MS. We have shown significant expression of ER stress in MOG 

induced spinal cord EAE WM lesions. The results presented in chapter 5 on a 

newly established GM model, suggest that ER stress may also be relevant to GM 

demyelination. We have identified the expression of CRT as a potential novel 

biomarker to the field of MS and EAE. However, the exact role of the ER stress 

pathway in EAE and MS pathogenesis needs to be established in future studies, in 

order to guide the exploitation of this pathway in the development of novel 

therapies. 
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Appendix A1 

pRSET-MOG plasmid sequencing results (Primer:T7) 

CTAGATATTTTGTTTAACTTTAAGAAGGAGATATACATATGCGGGGTTCTCATCATCATCATCATCATGGTAT

GGCTAGCATGACTGGTGGACAGCAAATGGGTCGGGATCTGTACGACGATGACGATAAGGATCGATGGGGA

TCCGAGCTCGAGATCTGCAGCTGGTACCATGGAATTCTAGGGCAGTTCAGAGTGATAGGACCAGGGTATCC

CATCCGGGCTTTAGTTGGGGATGAAGCAGAGCTGCCGTGCCGCATCTCTCCTGGGAAAAATGCCACGGGCA

TGGAGGTGGGTTGGTACCGTTCTCCCTTCTCAAGAGTGGTTCACCTCTACCGAAATGGCAAGGACCAAGATG

CAGAGCAAGCACCTGAATACCGGGGACGCACAGAGCTTCTGAAAGAGACTATCAGTGAGGGAAAGGTTAC

CCTTAGGATTCAGAACGTGAGATTCTCAGATGAAGGAGGCTACACCTGCTTCTTCAGAGACCACTCTTACCA

AGAAGAGGCAGCAATGGAGTTGAAAGTAGAATGAGAATTCGAAGCTTGATCCGGCTGCTAACAAAGCCCG

AAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGG

TCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCCGGATCTGGCGTAATAGCGAAGAGGCCCGCACCG

ATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCG

GCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCT

TCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTTA 

 

Start codon 

6-His Tag 

EcoR1 sites 

Coding sequence 

Stop codon 

 

pRSET-A Prokaryotic Expression Vector 
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Appendix A2: EAE Tissue Bank 
 

1. Spinal cord EAE study (chapters 3 and 4) 

Table 1: Shows the total number of blocks for sectioning in the titration study. 

Treatment Group  Spinal Cord 

Spleen  
Thymus 

Liver  Brain Lymph nodes Heart  

50 μg MOG 5 5 3 5 1 
25 μg MOG 5 5 2 5 0 
5 μg MOG 5 5 1 5 0 

IFA 5 5 2 5 1 
Saline 5 5 3 5 0 

 
Block Total: 25 spinal cords + 63 other tissue = 88 

All spinal cords have been sectioned for this cohort yielding 50 slides/animal.  

Approximately 16 sections/slide have been scored with a total of 800 spinal cord 

sections to analyse. The spleen, thymus and liver have been sectioned for two 

animals, but have not been analysed yet. 

 

2. Time course study (chapters 3 and 4) 

Table 2: Total number of blocks for sectioning in this study  

Treatment Group Spinal Cord 

Spleen 
Thymus 

Liver Brain 
Lymph 
nodes 

50 μg MOG 26 26 1 26 
IFA 9 9 1 26 

 
There are double the numbers of spinal cord blocks due to segregation of upper 

and lower cords at the time of dissection. This was embarked upon for ease of 

sectioning. 

Block Total: 70 spinal cords (divided into upper and lower) + 89 other tissue = 159 

 
2. Grey Matter Model of Demyelination Study (Chapter 5)  

 

Treatment Group  Brain Number of segments taken at tissue harvesting Total 

Cytokine 21 4* 84 
PBS  6 4* 24 

*see materials and methods chapter 2 for segment detail 
 
Brains and blood were harvesting in this study. 
Total number of blocks for the grey matter study is = 108 
 
Total number of block for all three studies = 355 
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Appendix A3: Semiquantitative analysis score sheet for ER stress marker expression in spinal cord regions. 

Key: Gp, group; Df, dorsal funiculus; Lf, lateral funiculus; Vf, ventral funiculus; GM, grey matter; NAWM, normal appearing white matter. 
 

Rat ID:___________ Slide #:___________ Treatment Gp:  ___________   Clinical Score:  __________   
           
Lesion: ______      Stained for:  _________   

           
Section ID: _______     Section ID: _______    
Lesion:  _______     Lesion:  _______    

Anatomical region Lesion (if present) Perilesion(if present) Lesion edge(if present) NAWM  Anatomical region Lesion (if present) Perilesion (if present) Lesion edge (if present) NAWM 

Df          Df         

Lf          Lf         

Vf          Vf         

GM          GM         

Central canal          Central canal         

           
Section ID: _______     Section ID: _______    
Lesion:  _______     Lesion:  _______    

Anatomical region Lesion (if present) Perilesion (if present) Lesion edge (if present) NAWM  Anatomical region Lesion (if present) Perilesion (if present) Lesion edge (if present) NAWM 

Df          Df         

Lf          Lf         

Vf          Vf         

GM          GM         

Central canal          Central canal         

           
Section ID: _______     Section ID: _______    
Lesion:  _______     Lesion:  _______    

Anatomical region Lesion (if present) Perilesion (if present) Lesion edge (if present) NAWM  Anatomical region Lesion (if present) Perilesion (if present) Lesion edge (if present) NAWM 

Df          Df         

Lf          Lf         

Vf          Vf         

GM          GM         

Central canal          Central canal         

           

Section ID: _______     Section ID: _______    
Lesion:  _______     Lesion:  _______    

Anatomical region Lesion (if present) Perilesion (if present) Lesion edge (if present) NAWM  Anatomical region Lesion (if present) Perilesion (if present) Lesion edge (if present) NAWM 

Df          Df         

Lf          Lf         

Vf          Vf         

GM          GM         

Central canal          Central canal         




