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ABSTRACT 

Multiple sclerosis (MS) is a neuroinflammatory demyelinating disease of the central 

nervous system that causes severe neurological deficits, starting in young adulthood.  Early in 

the course of disease the deficits usually manifest as temporary ‘attacks’, or relapses, but later 

in the disease they manifest as a slowly progressive, irreversible worsening.  Relapses are 

primarily due to impaired neuro/axonal function in the short term, whereas the progressive 

deficits are principally due to the slow accumulation of neuro/axonal degeneration and tissue 

atrophy.  Regarding therapy, current evidence suggests that the acute neurological deficit can 

arise from inflammation, even in the absence of demyelination, although the mechanism(s) 

remain uncertain.  Equally uncertain, is the cause of the slowly progressive degeneration and 

atrophy.  Current disease-modifying treatments for MS can reduce the frequency of relapses, 

but, when they occur, they can still be severe.  Steroids can shorten the duration of relapses, 

but any benefit regarding disability in the long-term is negligible.  There are no very effective 

therapies to prevent progressive disease, and developing a therapy is hampered by the lack of 

an accepted animal model.  Here, we introduce a new animal model of MS which causes severe 

neurological deficits with a time course similar to that in MS.  Thus, acute deficits arise in 

young adulthood from CNS inflammation in the absence of demyelination, and chronic, 

progressive deficits accumulate throughout life due to neurodegeneration and atrophy.  In MS, 

damage to the grey matter, particularly that of the spinal cord, correlates more precisely with 

the progression of disability than damage to the white matter, and here we describe a new 

animal model that leads to post-inflammatory, slowly progressive disability resulting from 

damage to the spinal grey matter.  We aim to use the model to explore the mechanisms 

responsible for both acute and chronic deficit, and to identify a rational and effective strategy 

for neuroprotection.  

The lesion is induced in the rat spinal cord by the unilateral, intraspinal injection of pro- 

inflammatory lipopolysaccharide (LPS, or saline control) into the ventral horn at the 13th 

thoracic vertebra.  The lesion consists of a period of acute inflammation, characterized by 

oedema and local tissue hypoxia, which peaks at 48 hours post-injection, subsiding within 4 

days.  The inflammatory lesion is accompanied by the expression of a neurological deficit, 

namely hind limb and tail weakness, both of which subside within 4 days.  Interestingly, the 

acute inflammatory lesion is gradually replaced over the lifetime by a slowly progressive 

degeneration of the previously inflamed grey matter, resembling the slow and progressive grey 
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matter degeneration in MS.  The progressive degeneration is accompanied by the return of the 

neurological deficit which gradually worsens over the following months, surpassing the 

disability observed in the acute stage of the disease, and modelling the slow, relentless 

accumulation of disability seen in progressive MS.  

We have used the histological characteristics of the acute inflammatory lesion, 

including the evidence of hypoxia, to devise a potential therapeutic strategy based on 

maintaining adequate tissue oxygenation.  Two therapies have been explored, namely 

increasing respiratory oxygen, and use of the vasodilating agent nimodipine.  The therapies 

have been applied acutely, just during the initial period of inflammatory hypoxia.  Both 

therapies were effective in reducing the acute disability, indicating a potential therapy for 

relapses in MS.  Remarkably, both therapies were also effective in reducing both the slowly 

progressive accumulation of permanent disability and the accompanying atrophy, indicating a 

therapeutic opportunity to avoid the severity of progressive MS.  These observations illuminate 

the important question in MS of whether the degeneration and atrophy that accompany 

progressive disease are due to contemporaneous events, or whether they are the delayed 

consequences of events occurring long before, in the acute inflammatory lesion.  

In summary, we introduce a new animal model of MS that illuminates the mechanisms 

contributing to both acute and chronic disability and use the model to identify therapies 

effective in reducing both acute and chronic disability, and the underlying pathology.  The 

therapies are safe and inexpensive, and are suitable for testing in clinical trial in MS.  
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IMPACT STATEMENT 

This project introduces a new model of progressive MS, characterised by slowly 

progressive atrophy of the spinal cord grey matter, which is driven by innate immune and 

hypoxic mechanisms and is later accompanied by chronic and progressive disability and 

atrophy.  We believe this model closely mirrors the acute inflammatory events seen in MS 

patients.  Therefore, this new model presents a unique opportunity to study the mechanisms 

responsible for the acute and chronic slow-burning degeneration that often characterizes the 

aetiology observed in patients suffering from secondary progressive MS and other 

neurodegenerative diseases.  At present, there is a keen interest in the study of 

neurodegeneration within the academic community.  Our novel model of slowly progressive 

neurodegeneration can be used to advance understanding of the inflammatory and hypoxic 

events that lead to degeneration, as well form a ‘test bed’ for the development of future 

therapeutic avenues.  We anticipate that our model and findings will also be of interest to 

clinical neurologists, the pharmaceutical industry and ultimately the patients.  

This research provides compelling evidence that therapies targeting tissue oxygenation 

can confer neuroprotective effects, diminishing the devastating degeneration that results from 

the progressive phase of the disease.  As such, this study guides future research into the 

potential repurposing of therapies that may already be safely used in other conditions.  This 

new therapeutic approach has the potential to improve the quality of life not only for patients 

with MS, but also patients with other neurological conditions where hypoxia plays a role.  
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HYPOTHESES 

1. An acute inflammatory event in the spinal grey matter will have chronic consequences that 

persist, resulting in a slow, neurodegenerative pathology.  

2. Treatment to restore tissue oxygenation, either by increasing the concentration of inspired 

oxygen or by improving blood flow, during the acute hypoxic window, will protect from 

acute disability, and the accumulation of progressive disability and atrophy.  

 



 viii 

TABLE OF CONTENTS 

TITLE PAGE .............................................................................................................................. i 

DECLARATION ...................................................................................................................... ii 

ACKNOWLEDGEMENTS ..................................................................................................... iii 

ABSTRACT .............................................................................................................................. iv 

IMPACT STATEMENT ........................................................................................................... vi 

HYPOTHESES ....................................................................................................................... vii 

TABLE OF CONTENTS ....................................................................................................... viii 

LIST OF FIGURES .............................................................................................................. xvii 

LIST OF TABLES ................................................................................................................... xx 

ABBREVIATIOS ................................................................................................................... xxi 

CHAPTER 1 INTRODUCTION ............................................................................................ 1 

 MULTIPLE SCLEROSIS ....................................................................................................... 1 

 AETIOLOGY OF MS ........................................................................................................... 3 

 RELAPSING REMITTING MS .............................................................................................. 3 

 INFLAMMATION IN SPMS ................................................................................................. 4 

 CLINICO-PATHOLOGY OF MS ............................................................................................ 6 

 Heterogeneity of Lesions ........................................................................................... 7 

 White Matter Lesions ................................................................................................ 8 

 GREY MATTER LESIONS ................................................................................................... 11 

 Cortical Demyelination ........................................................................................... 12 

 Inflammation in Grey Matter Lesions ..................................................................... 14 

 GLIOSIS ........................................................................................................................... 16 

 SLOWLY EXPANDING DEMYELINATING LESION ................................................................ 18 

 THE SPINAL CORD FUNCTIONAL ANATOMY ................................................................... 20 



 ix 

 White Matter of the Spinal Cord ............................................................................. 20 

 Descending spinal tracts ......................................................................................... 21 

 Ascending spinal tracts ........................................................................................... 21 

 Grey matter of the spinal cord ................................................................................ 21 

 TISSUE DAMAGE CONTRIBUTORS ................................................................................... 23 

 Hypoxia and reactive species ................................................................................ 23 

 Oxidative damage and Reactive Oxygen Species ................................................. 24 

 Mitochondrial dysfunction .................................................................................... 26 

 HYPOXIA DETECTION .................................................................................................... 27 

 Pimonidazole ......................................................................................................... 27 

 Hypoxia Inducible Factor-α .................................................................................. 29 

 HYPOXIA AND MS LESIONS ........................................................................................... 30 

 HYPOPERFUSION AND MS ............................................................................................. 31 

 Nimodipine ............................................................................................................ 33 

 ANIMAL MODELS OF MS ............................................................................................... 34 

 Theiler’s virus induces chronic demyelinating encephalomyelitis ....................... 35 

 LPS Dorsal column model of the MS Pattern III lesion ....................................... 37 

CHAPTER 2 MODEL OF POST-INFLAMMATORY SLOW-BURNING 

NEURODEGENERATION .................................................................................................. 40 

2.1. INTRODUCTION ......................................................................................................... 40 

 Hypothesis ............................................................................................................... 41 

 Aims......................................................................................................................... 42 

 MATERIALS AND METHODS ............................................................................................ 43 

 Introduction to the ventral horn LPS injection ....................................................... 43 

 Behavioural assessment .......................................................................................... 44 



 x 

 Ladder test ........................................................................................................ 44 

 Horizontal walking test-tail analysis ................................................................ 45 

 Treadmill test-running speed ........................................................................... 46 

 Histological preparation ......................................................................................... 47 

 Histology ................................................................................................................. 48 

 H&E staining ................................................................................................... 48 

 Luxol Fast Blue staining .................................................................................. 48 

 Cresyl Violet staining ...................................................................................... 49 

 Immunohistochemistry ............................................................................................ 50 

 Immunofluorescence ............................................................................................... 51 

 Microscopy .............................................................................................................. 52 

 Light microscopy and quantification ............................................................... 52 

 Confocal microscopy ....................................................................................... 52 

 Statistical analysis .................................................................................................. 53 

 Behavioral analysis .......................................................................................... 53 

 Neuronal counts ............................................................................................... 53 

 Statistical analysis of PIMO labelling .............................................................. 53 

 Statistical analysis of RECA-1 ......................................................................... 54 

 RESULTS ......................................................................................................................... 55 

 Acute disability ........................................................................................................ 55 

 LPS injection on the ventral horn causes acute disability ................................ 55 

 LPS injection causes hindlimb acute motor deficit on horizontal ladder ........ 57 

 LPS injections have an effect on the running speed of SD rats ....................... 59 

 Acute histology ........................................................................................................ 61 

 H&E staining on sections from acute animal .................................................. 61 



 xi 

 Acute immunohistochemistry .................................................................................. 65 

 LPS injection induces inflammation acute stages of lesion development ....... 65 

2.3.3.1.1 ED1 Labelling ........................................................................................... 65 

2.3.3.1.2 IBA Labelling ........................................................................................... 67 

 GFAP labelling shows acute signs of astrocyte activity .................................. 70 

 PIMO Labelling shows acute evidence of hypoxia ......................................... 71 

 HIF-1α Labelling shows acute evidence of hypoxia ....................................... 73 

 RECA-1 Labelling and acute variation in vascular density ............................. 75 

 Chronic disability.................................................................................................... 77 

 LPS injection causes hindlimb deficit in SD rats ............................................. 77 

 LPS injection causes chronic tail deficit in SD rats ......................................... 78 

 Chronic histology .................................................................................................... 80 

 Structural changes to chronically lesioned spinal cords post LPS injection .... 80 

 Chronic immunohistochemistry .............................................................................. 85 

 LPS injection induces inflammation at chronic stages of lesion development 85 

2.3.6.1.1 ED1 Labelling ........................................................................................... 85 

2.3.6.1.2 IBA Labelling ........................................................................................... 87 

 GFAP labelling shows chronic signs of astrocytic activity ............................. 90 

2.3.6.2.1 GFAP/DAB ............................................................................................... 90 

2.3.6.2.2 IBA/GFAP ................................................................................................ 92 

 Immunohistochemical labelling of chronic tissue hypoxia ............................. 94 

2.3.6.3.1 PIMO labelling does not show evidence of chronic hypoxia ................... 94 

2.3.6.3.2 HIF-1α labelling does not show evidence of chronic hypoxia ................. 96 

 RECA-1 labelling shows chronic variation in vascular density ...................... 98 

 DISCUSSION .................................................................................................................. 100 



 xii 

 Acute disability ...................................................................................................... 100 

 Oedema .......................................................................................................... 100 

 Inflammation .................................................................................................. 101 

 Hypoxia .......................................................................................................... 103 

 Long term atrophy and chronic disability ............................................................ 106 

 Chronic gliosis ............................................................................................... 108 

 The slow lesion as a new model of slowly progressive degeneration ................... 109 

 Conclusion ............................................................................................................ 110 

CHAPTER 3 OXYGEN AS A THERAPY TO PROTECT FROM ACUTE 

INFLAMMATION AND CHRONIC DEGENERATION AND ATROPHY ................ 111 

 Hypothesis ............................................................................................................. 111 

 Aims....................................................................................................................... 112 

 MATERIALS AND METHODS .......................................................................................... 113 

 Ventral horn LPS injection ................................................................................... 113 

 Acute oxygen therapy after ventral LPS injection ................................................ 113 

 Behavioural assessment ........................................................................................ 113 

 Ladder test ...................................................................................................... 113 

 Horizontal walking test-tail deficit ................................................................ 113 

 Treadmill test-gait .......................................................................................... 113 

 Tissue perfusion .................................................................................................... 114 

 MRI protocol ......................................................................................................... 114 

 Tissue processing .................................................................................................. 114 

 Histology ............................................................................................................... 114 

 H&E staining ................................................................................................. 114 

 Luxol Fast Blue staining ................................................................................ 115 



 xiii 

 Cresyl Violet staining .................................................................................... 115 

 Immunofluorescence ............................................................................................. 115 

 Microscopy ............................................................................................................ 116 

 Light microscopy and quantification ............................................................. 116 

 Confocal microscopy ..................................................................................... 116 

 Statistical analysis .............................................................................................. 116 

 Behavioral analysis ...................................................................................... 116 

 Neuronal counts ........................................................................................... 117 

 Atrophy volume ........................................................................................... 117 

 Grey matter percentage decrease ................................................................. 117 

 RESULTS ....................................................................................................................... 118 

 Acute disability ...................................................................................................... 118 

 Oxygen therapy decreases tail disability after LPS injection on the ventral 

horn ............................................................................................................................ 118 

 The effects of oxygen therapy on hindlimb function ..................................... 120 

3.3.1.2.1 Horizontal ladder .................................................................................... 120 

3.3.1.2.2 Hindlimb gait .......................................................................................... 121 

3.3.1.2.3 Hindlimb speed ....................................................................................... 122 

 Chronic disability.................................................................................................. 123 

 Acute oxygen treatment protects against chronic hindlimb neurological 

disability ..................................................................................................................... 123 

3.3.2.1.1 Horizontal ladder .................................................................................... 123 

3.3.2.1.2 Hindlimb speed ....................................................................................... 124 

 Acute oxygen treatment protects against chronic tail deficit post LPS injection

.................................................................................................................................... 125 



 xiv 

 MRI Volume .......................................................................................................... 128 

 Histology ............................................................................................................... 130 

 Histological changes associated with oxygen therapy ................................... 130 

 Gliosis ............................................................................................................ 135 

 DISCUSSION .................................................................................................................. 137 

 Oxygen therapy reduces disability ........................................................................ 137 

 Oxygen therapy provides protection from neuropathology .................................. 138 

 Hypoxia induces astrocytic activation .................................................................. 140 

 Oxygen treatment as a therapy for MS ................................................................. 141 

 Conclusion ............................................................................................................ 142 

CHAPTER 4 CNS-SELECTIVE VASODILATOR CAN PROTECT FROM ACUTE 

INFLAMMATION AND CHRONIC DEGENERATION AND ATROPHY ................ 143 

 INTRODUCTION .............................................................................................................. 143 

 Hypothesis ............................................................................................................. 144 

 Aims....................................................................................................................... 144 

 MATERIALS AND METHODS .......................................................................................... 145 

 Nimodipine therapy to improve blood flow and oxygenation ............................... 145 

 Nimodipine therapy after ventral LPS injection ................................................... 145 

 Behavioural assessment ........................................................................................ 145 

 Ladder test ...................................................................................................... 145 

 Horizontal walking test-tail ............................................................................ 145 

 Upside down grip hindlimb test ..................................................................... 145 

 Tissue perfusion .................................................................................................... 146 

 MRI protocol ......................................................................................................... 146 

 Tissue processing .................................................................................................. 146 



 xv 

 Histology ............................................................................................................... 147 

 H&E staining ................................................................................................. 147 

 Luxol Fast Blue staining ................................................................................ 147 

 Cresyl Violet staining .................................................................................... 147 

 Microscopy ............................................................................................................ 147 

 Light microscopy and quantification ............................................................. 147 

 Confocal microscopy ..................................................................................... 147 

 Statistical analysis ................................................................................................ 148 

 Behavioral analysis ........................................................................................ 148 

 Neuronal counts ............................................................................................. 148 

 Atrophy volume and length ........................................................................... 148 

 Grey matter area ............................................................................................. 149 

 RESULTS ....................................................................................................................... 150 

 Acute disability ...................................................................................................... 150 

 Nimodipine treatment protects against acute tail disability ........................... 150 

 Nimodipine treatment protects against acute hindlimb neurological disability

.................................................................................................................................... 151 

 Nimodipine treatment protects against hindlimb grip neurological disability

.................................................................................................................................... 152 

 Chronic disability.................................................................................................. 153 

 Acute nimodipine therapy protects against chronic hindlimb disability ....... 153 

 Acute nimodipine therapy and chronic hindlimb grip neurological disability

.................................................................................................................................... 154 

 Acute nimodipine therapy protects against chronic neurological disability of 

the tail ......................................................................................................................... 156 



 xvi 

 MRI Volume .......................................................................................................... 158 

 Histology ............................................................................................................... 160 

 Histological changes associated with nimodipine treatment ......................... 160 

 DISCUSSION .................................................................................................................. 164 

 The effect of nimodipine in protection from disability and tissue damage ........... 164 

 Conclusion ............................................................................................................ 168 

CHAPTER 5 GENERAL DISCUSSION ........................................................................... 169 

 THE EFFECT OF GREY MATTER DEGENERATION IN MS ................................................... 170 

 IMPROVING CEREBRAL BLOOD FLOW AS A THERAPEUTIC APPROACH FOR 

NEUROPROTECTION IN MS .................................................................................................. 171 

 THE LINK BETWEEN HYPOPERFUSION AND HYPOXIA ..................................................... 173 

 LIMITATIONS ................................................................................................................. 175 

 FUTURE DIRECTIONS ..................................................................................................... 176 

 CONCLUDING REMARKS ................................................................................................ 177 

BIBLIOGRAPHY .................................................................................................................. 178 

  



 xvii 

LIST OF FIGURES 

Page 

Chapter 1 

Figure 1-1 Schematic representation of the progressive disability seen in MS patients ........... 2 

Figure 1-2 Schematic representation of meningeal infiltrates on cortical reasons .................. 16 

Chapter 2 

Figure 2-1 Schematic representation of the site of laminectomy. ........................................... 43 

Figure 2-2 Depiction of the test apparatus to assess ladder walking. ...................................... 45 

Figure 2-3 Scoring System for tail disability ........................................................................... 46 

Figure 2-4 Acute tail disability ................................................................................................ 55 

Figure 2-5 24 and 48 Hours tail deficit .................................................................................... 56 

Figure 2-6 72 and 96 Hours tail deficit .................................................................................... 56 

Figure 2-7 Acute hindlimb score ............................................................................................. 58 

Figure 2-8 Saline and LPS hindlimb Score .............................................................................. 60 

Figure 2-9 H&E of acutely lesioned spinal cords .................................................................... 62 

Figure 2-10 CV of acutely lesioned spinal cords ..................................................................... 63 

Figure 2-11 LFB of acutely lesioned spinal cords ................................................................... 64 

Figure 2-12 ED1 labelling of acutely lesioned tissue .............................................................. 66 

Figure 2-13 IBA Labelling of acutely lesioned spinal cords ................................................... 68 

Figure 2-14 GFAP Labelling of acutely lesioned spinal cords ................................................ 70 

Figure 2-15 PIMO Labelling of acutely lesioned spinal cords ................................................ 72 

Figure 2-16 HIF-1α Labelling of acutely lesioned tissue ........................................................ 74 

Figure 2-17 RECA-1 Labelling of acutely lesioned tissue ...................................................... 76 

Figure 2-18 Chronic hindlimb disability .................................................................................. 77 

Figure 2-19 Chronic tail disability ........................................................................................... 78 



 xviii 

Figure 2-20 Acute and chronic tail disability represented on the same graph ......................... 79 

Figure 2-21 H&E Staining of chronically lesioned animals .................................................... 81 

Figure 2-22 Chronic Atrophy Graph ........................................................................................ 82 

Figure 2-23 CV Staining of chronically lesioned animals ....................................................... 82 

Figure 2-24 Chronic neuronal count graph .............................................................................. 83 

Figure 2-25 LFB Staining of chronically lesioned animals ..................................................... 84 

Figure 2-26 ED1 Labelling of chronically lesioned spinal cords ............................................ 86 

Figure 2-27 IBA Labelling of chronically lesioned spinal cords ............................................. 88 

Figure 2-28 GFAP/DAB Labelling of chronically lesioned spinal cords ................................ 90 

Figure 2-29 GFAP/IBA Labelling of chronically lesioned spinal cords ................................. 93 

Figure 2-30 PIMO Labelling of chronically lesioned spinal cords .......................................... 95 

Figure 2-31 HIF-1α Labelling of chronically lesioned spinal cords ........................................ 97 

Figure 2-32 RECA-1 Labelling of chronically lesioned spinal cords ...................................... 99 

Chapter 3 

Figure 3-1 Oxygen therapy acute tail disability ..................................................................... 119 

Figure 3-2 Oxygen therapy acute hindlimb disability ........................................................... 120 

Figure 3-3 Oxygen treatment acute gait angles ..................................................................... 121 

Figure 3-4 Oxygen treatment running speeds of acutely lesioned animals ........................... 122 

Figure 3-5 Oxygen treatment chronic hindlimb disability ..................................................... 123 

Figure 3-6 Oxygen treatment running speeds of chronically lesioned animals ..................... 124 

Figure 3-7 Oxygen treatment chronic tail disability .............................................................. 126 

Figure 3-8 Oxygen treatment acute and chronic tail disability represented on the same graph

................................................................................................................................................ 127 

Figure 3-9 MRI of chronically lesioned spinal cords, comparing room air-treated control and 

after 50% and 80% O2 treatment ............................................................................................ 128 



 xix 

Figure 3-10 Atrophy area after O2 treatment ......................................................................... 129 

Figure 3-11 H&E Staining of chronically lesioned spinal cords after O2 treatment ............. 130 

Figure 3-12 CV Staining of chronically lesioned spinal cords after O2 treatment ................ 133 

Figure 3-13 LFB Staining of chronically lesioned spinal cords after O2 treatment ............... 134 

Figure 3-14 IBA/GFAP Immunohistochemistry ................................................................... 136 

Chapter 4 

Figure 4-1 Hindlimb grip test ................................................................................................ 146 

Figure 4-2 Nimodipine acute tail disability ........................................................................... 150 

Figure 4-3 Nimodipine acute hindlimb disability .................................................................. 151 

Figure 4-4 Nimodipine acute right hindlimb grip time .......................................................... 152 

Figure 4-5 Nimodipine chronic hindlimb disability .............................................................. 153 

Figure 4-6 Nimodipine chronic right hindlimb grip time ...................................................... 154 

Figure 4-7 Acute and chronic right hindlimb grip time represented on the same graph ....... 154 

Figure 4-8 Nimodipine chronic tail disability ........................................................................ 156 

Figure 4-9 Nimodipine acute and chronic tail disability ....................................................... 157 

Figure 4-10 MRI images comparing a typical animal with an LPS lesion treated with vehicle 

and one treated with nimodipine. ........................................................................................... 158 

Figure 4-11 Nimodipine treatment atrophy area .................................................................... 159 

Figure 4-12 Nimodipine treatment lesion length ................................................................... 159 

Figure 4-13 Nimodipine treatment grey matter atrophy ........................................................ 161 

Figure 4-14 Nimodipine treatment CV staining .................................................................... 162 

Figure 4-15 Nimodipine chronic LFB staining ...................................................................... 163 

 



 xx 

LIST OF TABLES 

Page 

Table 1 Anatomical Function of Grey Matter Laminae ........................................................... 22 

Table 2 Scoring scale used on the horizontal rung ladder-walking test for data analysis. ...... 44 

Table 3 Antibody details for immunohistochemistry (IHC). ................................................... 51 

Table 4 Antibody details for immunofluorescence (IF). ......................................................... 52 

Table 5 Antibody details for IF. ............................................................................................. 115 

 



 xxi 

ABBREVIATIOS 

 
 
ANOVA Analysis of Variance 

APCs  Antigen Presenting Cells 

aSAH Aneurysmal Subarachnoid 

Hemorrhage 

ATP   Adenosine Triphosphate 

Aβ  Amyloid-β 

BBB  Blood Brain Barrier 

C3d  Coupling Compound 3 

CBF  Cerebral Blood Flow 

CD8  Cluster of Differentiation 8 

CIS Clinically Isolated 

Syndrome 

CNS  Central Nervous System 

COX  Cytochrome c oxidase 

COX 1  Cytochrome c oxidase 1 

COX 2  Cytochrome c oxidase 2 

CV  Cresyl Violet 

DA  Dark Agouti  

DAB  Diaminobenzidine 

DCI  Delayed Cerebral 

Ischaemia  

DIS  Dissemination in Space 

DTH  Delayed-Type 

Hypersensitivity 

EAE  Experimental Autoimmune 

Encephalomyelitis 

eNOS  Endothelial Nitric Oxide 

Synthase  

ET-1  Endothelil-1 

FIH  Asparagine-Hydroxylase 

Factor-Inhibiting HIF  

GFAP Glial Fibrillary Acidic 

Protein 

GM  Grey Matter 

GT  Glucuronyl Transferase 

H&E  Haematoxylin & Eosin 

H2O2  Hydrogen Peroxide  

HIF-1  Hypoxia Inducible Factor-1  

HIF-1α  Hypoxia Inducible Factor-

1α 

HRE  Hypoxic-Response Element 

IF  Immunofluorescence  

IFN-γ  Interferon-γ 

IFNs  Interferons 

IgG  Immunoglobulin G 



 xxii 

IHC  Immunohistochemistry 

IL-1  Interleukin-1 

IL-10  Interleukin-10 

IL-6  Interleukin-6 

iNOS  Nitric Oxide Synthase 

IP  Intraperitoneal Injection 

LDF-5  Lactate Dehydrogenase-5 

LF  Lipofuscin 

LFB  Luxol Fast Blue 

LPS  Lipopolysaccharide 

MAG  Myelin-Associated 

Glycoprotein  

MBP  Myelin Basic Protein  

MHC  Major Histocompatibility  

MHC-II+ Major Histocompatibility 

Class II Complex  

MOG Myelin-Oligodendrocyte 

Glycoprotein 

MOG-AD MOG-Antibody Disease 

MRI Magnetic Resonance 

Imaging  

MS  Multiple Sclerosis 

NAWM Normal Appearing White 

Matter 

NF-kB  Nuclear Factor Kappa-

Light- Chain-Enhancer of 

Activated B Cells 

NGS  Normal Goat Serum 

NADH Nicotinamide Adenine 

Dinucleotide 

NADPH Nicotinamide Adenine 

Dinucleotide Phosphate 

NHS  Normal Horse Serum 

NMO  Neuromyelitis Optica 

NO  Nitric Oxide 

Nrf2  Nuclear Factor Erythroid 2-

Related Factor-2 

OCT  Optimal Cutting 

Temperature 

PBS  Phosphate Buffered Saline 

PEG  Polyethylene Glycol 

PFA  Paraformaldehyde 

PHD  Prolyl-Hydroxylases 

Domain Proteins 

PIMO  Pimonidazole 

PLP  Proteolipid Protein  

PO2  Partial Pressure of Oxygen 

PPMS  Primary Progressive MS 



 xxiii 

RECA-1 Rat Endothelial Cell 

Antigen-1 

RIS Radiologically Isolated 

Syndrome 

RNS  Reactive Nitrogen Species 

ROS  Reactive Oxygen Species 

RRMS  Relapsing-Remitting MS  

RT  Room Temperature 

S.D.  Standard Deviation 

S.E.M  Standard Error of Mean 

SD  Sprague Dawley 

SOD  Superoxide Dismutase 

SPMS  Secondary Progressive MS 

SPT  Spinothalamic Tract 

ST  Sulfotransferase 

TBI  Traumatic Brain Injury 

TMEV  Theiler’s Murine 

Encephalomyelitis Virus 

TNF- α  Tumor Necrosis Factor-α 

TV  Theiler’s Virus 

VEGF Vascular Endothelial 

Growth Factor 

VHL  von Hippel-Lindau 

WM  White Matter



 1 

Chapter 1 Introduction 

Multiple Sclerosis 

In 1868, Jean-Martin Charcot described sclérose en plaques, now known as multiple 

sclerosis (MS), during a series of lectures based on his clinical and anatomo-pathology 

observations at La Salpêtrière hospital in Paris (Zalc, 2018).  Although the disease was 

identified more than 150 years ago, it remains largely enigmatic to this day.  Typically thought 

of as an inflammatory disorder of the central nervous system (CNS), MS is characterized by 

focal lesions in the white matter (WM) and grey matter (GM), leading to damage of myelin 

and axons alike (Compston et al., 2008).  Genetic susceptibilities as well as environmental 

factors contribute to the occurrence and progression of MS.  The disorder typically follows a 

pattern that begins with the relapsing of symptoms but ultimately develops into a progressive 

form of the disease (Compston & Coles, 2008).  Notably, the age of the patient also interplays 

with the course of the disease.  The majority of young adult patients present with an acute 

episode, accompanied by white matter abnormalities at one or several sites, as shown on 

magnetic resonance imaging (MRI) scans.  These components are consistent with the 

diagnostic criteria for relapsing-remitting MS (RRMS) (Castellazzi et al., 2018).  With time, 

more episodes are likely to continue to occur, and over time adult patients may never fully 

recover, leading to continuous disease progression and symptom accumulation.  This phase is 

known as secondary progressive MS (SPMS), and it accounts for approximately 65% of the 

patients.  A small number of patients do not show any relapses, but rather a progression of the 

disease from onset, and this is known as primary progressive MS (PPMS) (Compston & Coles, 

2008).  Figure 1-1shows a schematic representation of the different disease stages. 
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Figure 1-1 Schematic representation of the progressive disability seen in MS patients 

RRMS: Relapsing remitting multiple sclerosis, PPMS: Primary progressive multiple sclerosis, SPMS: 
Secondary progressive multiple sclerosis. 

In terms of pathology, MRI images and clinical data suggest that inflammation and 

focal white matter lesions occur abruptly in the RRMS phase of the disease (Coles et al., 2006).  

However, in the progressive phases, changes in the normal-appearing white matter (NAWM) 

become persistent, and the pre-existing focal lesions slowly and progressively appear and result 

in atrophy of both the grey matter and white matter (Lassmann et al., 2007). 

In the early stages of RRMS, inflammation is the driving force.  Anti-inflammatory and 

immunosuppressive therapies could potentially affect the very early course of the disease; 

however, this phase is often missed in clinical settings (Lassmann et al., 2007).  During this, 

and the progressive phases of MS, both PPMS and SPMS, the pathology is defined by 
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demyelination and neurodegeneration, which seem to develop partly independently from 

inflammation (Lassmann et al., 2007; Zamvil et al., 2003).  Attention has primarily been 

focused on the degeneration present in the white matter.  Grey matter atrophy, on the other 

hand, appears to be more changing during the course of the disease, and particularly prominent 

during the SPMS stage (Chard et al., 2003; Fisniku et al., 2008). 

Aetiology of MS 

 
Conventionally, MS has been regarded as an autoimmune disease.  Published literature 

has highlighted the T-cell-mediated immune response that occurs in MS, associated with the 

activation of macrophages and microglia, ultimately resulting in the destruction of myelin 

(Lassmann, 1999).  Immunological activation has been shown to occur during the first stages 

of active myelin destruction, beginning with macrophage and microglial activation (Barrett et 

al., 2004; Newcombe et al., 1994), followed by pro and anti-inflammatory cytokines and 

chemokines.  T-cells activation has also been shown early in the course of the disease (Bonetti 

et al., 1997; Newcombe et al., 1994).  However, what leads to the initiation of inflammation 

remains unclear.  The immunological reaction briefly described above is not specific to MS, in 

fact it is common in other nervous system diseases, notably diseases arising from a viral 

infection to the CNS (Lassmann, 1999).  As a result, it is believed that the immune activation 

and inflammation appearing in MS patients early in the disease has similarities with other 

immune system responses within the CNS, and instead, the key to identifying the cause of the 

disease may lie in the pathology of the tissue affected by the presence of demyelination and 

degeneration (Lassmann, 1999; Lassmann et al., 2001).  

Relapsing Remitting MS 

The majority of MS patients initially follow a relapsing-remitting disease course 

(RRMS), that is characterised by alternating periods of disability, with full or partial recovery.  

Studies and MRI data have suggested that white matter lesions predominate the pathology in 
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RRMS (Coles et al., 2006; Lassmann et al., 2007), with evidence of blood brain barrier (BBB) 

breakdown, oedema (Dutta et al., 2014), oligodendrocyte death and demyelination.  Together, 

these factors contribute to the transient disability observed in RRMS (Calabrese et al., 2007; 

Dutta & Trapp, 2011).  Following acute demyelination, sodium channels are re-distributed 

along the denuded axolemma, in order to maintain action potential conduction.  Such a 

mechanism is thought to be related to the transient recovery of neurological function observed 

in RRMS (Dutta & Trapp, 2011).   

The severity and duration of the RRMS phase can determine the transition to 

progressive disease, however, they have no impact on the rate of progression once SMPS 

begins.  Furthermore, therapies that focus on the modulating the early inflammatory response 

have shown a higher rate of efficacy during the RRMS phase, than the progressive phase (La 

Mantia et al., 2016).  Therefore, it has been suggested that, during the early stages of MS, 

inflammation is the driving mechanism that ultimately leads to SPMS and long-term atrophy 

(Lassmann et al., 2007).  Understanding the cellular and molecular cascade of events that give 

rise to the early inflammation, demyelination and axonal transection observed during the acute 

phase of MS is imperative for the understanding of progressive MS and the development of 

neuroprotective therapies (Dutta & Trapp, 2011; Lassmann et al., 2001). 

Inflammation in SPMS 

 The pathology of MS includes the formation of plaques that form within the CNS along 

with the presence of inflammation, demyelination, pronounced axonal injury and a reduction 

in axonal density (Bitsch et al., 2000; Bø et al., 2000; Lassmann, 1999).  In general, patients 

with MS initially suffer from a relapsing-remitting disease course, followed by a progressive 

phase years later (Compston & Coles, 2008).  It is believed that during the early stages of the 

relapsing remitting course of MS, the pathology is marked by focal inflammatory plaques and 

oedema, accompanied by a reduction in oligodendrocytes, astrocyte proliferation and 
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infiltration of lymphocytes and macrophages (Lassmann et al., 2001).  Typically, this early 

inflammatory phase of the disease is thought to be mediated mostly by T-cells, most 

predominantly CD8+ T-cells, as well as activated microglia and macrophages (Traugott et al., 

1983).  Other inflammatory mediators, such as CD4+ T lymphocytes, TNF-a, interferon-γ 

(IFN-γ) and other cytokines are also likely to be present in acute MS lesions (Lassmann et al., 

2007).  A remission of symptoms seen in MS patients is attributed to the conclusion of 

inflammatory cascades of events, resolution of oedema and partial remyelination (Noseworthy 

et al., 2000).  In the past, it was hypothesised that reducing acute attacks of the disease would 

be sufficient to reduce the severity of progression, but unfortunately most patients seem to 

continue to suffer relapses and progression of the disease despite anti-inflammatory therapy 

(Krapf et al., 1999).  These observations have seemed to require a revision of the hypothesis, 

because they superficially appear to focus attention on the possibility that progression may be 

due to events occurring later in the disease course.  

There are other ways in which inflammation and oedema may be manipulating features 

of the pathology of MS.  For instance, ongoing damage seen in SPMS patients occurs in 

conjunction with mitochondrial dysfunction, which may ultimately contribute to axonal death 

(Mahad et al., 2009; Mahad et al., 2008; Nikić et al., 2011; Sadeghian et al., 2016).  Pro-

inflammatory cytokines, such as TNF-a, promote the formation of the inducible form of nitric 

oxide synthase (iNOS) and the consequent release of nitric oxide (NO).  NO mediates 

mitochondrial dysfunction by competing with the binding of oxygen to complex IV, and 

thereby inhibiting adenosine triphosphate (ATP) synthesis.  Ultimately, proton pumping is 

disrupted, disrupting homeostasis and eventually leading to mitochondrial dysfunction 

(Plantone et al., 2016), which in turn causes vulnerable cells like oligodendrocytes and neurons 

to die (Aboul-Enein et al., 2003).  Due, at least in part, to these findings, inflammation is 

increasingly recognised to play an important role in the pathogenesis of MS.  
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Clinico-Pathology of MS 

MS is a disease that affects the human CNS by the appearance of multifocal 

demyelinating lesions, inflammation and degeneration (Lassmann, 1999).  MS lesions occur 

throughout the CNS, however, there seems to be a preference for lesion formation in certain 

sites of the CNS, such as the optic nerve, brainstem, spinal cord and subcortical areas 

(Noseworthy et al., 2000).  The plethora of neurological deficits experienced by MS patients 

include blindness, paralysation, fatigue, numbness, tingling and pain.  These symptoms are 

primarily due to the loss of conduction in the appropriate pathways, possibly due to 

demyelination (Smith et al., 2005; Smith et al., 1999).  Contrary to what may be expected, the 

correlation between lesions and deficit is not imperative, however, it is often observed.  This 

is well illustrated in the optic nerve, where pathways can be anatomically circumscribed and 

monitored using MRI techniques (Smith et al., 2005).  Optic neuritis, for instance, is an 

inflammatory and demyelinating disorder of the optic nerve, and it is often associated with MS, 

particularly during the RRMS phase.  Typical symptoms of MS-associated optic neuritis 

correlate with the symptomatic nerve, as well as disseminated white matter brain lesions 

(Kupersmith et al., 2002; Smith et al., 2005; Toosy et al., 2014).   

MS lesions have also been found in the cerebral cortex and other grey matter regions 

(Bø et al., 2000).  These lesions largely contribute to the motor and sensory impairment, as 

well as the cognitive dysfunction present in more than 50% of MS patients (Rao et al., 1991).  

Regardless of the exact location of the lesion within the CNS, it has proven to be increasingly 

difficult to decipher the molecular cascade of events that give rise to lesion formation as it has 

been found that significant tissue damage occurs in the very early stages of the disease, largely 

going unnoticed.  As a consequence, the cause of the disease remains enigmatic to this day 

(McDonald et al., 1992).   
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Heterogeneity of Lesions 

 As previously described, most MS patients’ disease begins with a T-cell and 

macrophage inflammatory reaction, however, the pattern of demyelinating lesions is 

heterogenous, as shown in biopsy cases, yet when multiple active lesions are present, they show 

a homogeneity within the same patient.  The heterogeneity of plaques in different MS patients 

is an important consideration in the understanding of MS and future therapeutic therapies 

(Lucchinetti et al., 2000).  Four different types of lesion (Patterns I-IV) have been identified 

based on pathological profiles, such as the sequence of myelin protein loss, the patterns of 

oligodendrocyte destruction and the morphology of the plaques (Lassmann et al., 2001; 

Lucchinetti et al., 2000).  Patterns I and II are often discussed together because they share 

similar characteristics, for instance the distributions of lesions are typically perivenular, and 

the active demyelination is due to a T-lymphocyte- and macrophage-mediated inflammation 

(Lassmann et al., 2001).  Pattern I demyelination is often associated with macrophage-

mediated demyelination, conversely, pattern II demyelination is mediated by antibody binding 

and complement activation.  The main feature that sets these two lesions apart is the deposition 

of immunoglobulin G (IgG) at active sites of myelin damage, which is not unique to pattern II 

lesions, but it is accentuated in comparison with the other patterns (Lucchinetti et al., 2000).  

Pattern III demyelination also involves an inflammatory response composed of macrophages 

and activated microglia, together with some T-lymphocytes, although the abundance of these 

latter cells is questioned by different authors (Barnett et al., 2004).  However, a notable feature 

of Pattern III lesions is that they are not centred on veins and venules, unlike patterns I and II.  

The main characteristic of pattern III lesions is the degeneration of the most distal regions of 

oligodendrocytes, which are the inner tongues of their myelin sheaths, followed by apoptosis 

and demyelination (Lassmann et al., 2001).  Pattern IV lesions also involve inflammatory 

infiltrates mostly made up of T lymphocytes and macrophages, however, demyelination 
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associated with oligodendrocytes occurs in small regions restricted to the periplaque white 

matter, bordering the zone of active myelin destruction (Lucchinetti et al., 2000). 

 Patterns I and II demyelination have in common a perivascular inflammation, leading 

to larger demyelinating plaques due to the initial T-cell and macrophage activation (Lassmann, 

1999).  However, it has become apparent that even in these similar patterns the mechanism of 

demyelination varies, indicating that therapeutic strategies need a specific understanding of 

lesion formation in order to target the different mechanisms (Lucchinetti et al., 2000). 

White Matter Lesions 

The hallmark of MS is the demyelination of focal WM plaques which typically results 

in the relapsing-remitting pattern of MS that patients often show in the early stages of the 

disease, as illustrated in a study performed on 52 autopsies from MS patients (Lassmann et al., 

2011).  A system to classify different types of white matter lesions has been designed by Bø 

and Trapp, which categorizes lesions between preactive lesions, active lesions, chronic active 

lesions and inactive lesions (Prins et al., 2015; Trapp et al., 1998).   

 Preactive lesions can appear normal on MRI scans, as they show no apparent loss of 

myelin and no presence demyelination.  From a histological perspective, the white matter is 

characterized by clusters of major histocompatibility (MHC) class II molecule-positive (MHC-

II+) microglia, which are associated with inflammatory cells, in conjunction with cytokines, 

specifically tumour necrosis factor-α (TNF- α) and interleukin-10 (IL-10) (Neumann et al., 

1997; Prins et al., 2015; van Horssen et al., 2012).  There is also a strong expression of 

macrophages, microglia, leucocytes and MHC-II+ antigens in close proximity to micro-vessels 

of the white matter, along with a certain degree of oedema on the otherwise NAWM (De Groot 

et al., 2001).  Preactive lesions have been shown to be present in a vast majority of MS samples 

in a study conducted in post-mortem brain tissue.  Given the frequent occurrence of preactive 

lesions in the samples, researchers concluded that not all preactive lesions will progress to 
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become demyelinating lesions (van Horssen et al., 2012).  A determining factor for the 

development of preactive lesions is proposed to be a link between pro-inflammatory mediators 

and anti-inflammatory signals, which, given the right combination, may result in preactive 

lesions spontaneously resolving, ultimately bypassing an active demyelinating stage (van 

Horssen et al., 2012). 

Active lesions are described as being hypercellular lesions that retain, to a certain 

extent, axonal density.  These lesions are characterized by the early stages of demyelination, 

as shown by the presence of macrophages with luxol fast blue (LFB) histological protocols 

(Prins et al., 2015; Van Der Valk et al., 2000).  Later and more specific staging systems further 

categorize active lesions as early active and late active lesions, such as the staging system 

introduced by Lassmann and Brück (Brück et al., 1995).  Generally, early active lesions include 

macrophages containing myelin proteins, and lipids such as myelin oligodendrocyte 

glycoprotein (MOG) -positive fragments and myelin-associated glycoprotein (MAG) -positive 

fragments (Brück et al., 1995; Van Der Valk & De Groot, 2000).  Active lesions have shown 

that in the early stages of myelin breakdown, there is a preferential sequence of molecular 

events in which the myelin proteins are degraded.  For instance, MOG and MAG have been 

shown to break down at the acute stages of the disease (Brück et al., 1995; Van Der Valk & 

De Groot, 2000). 

In common with acutely active lesions, chronic active lesions retain, to a certain extent, 

axonal density, however, the hypercellularity appears towards the edge of the lesion, rather 

than at its centre.  These lesions have active demyelination present.  Late active lesions involve 

macrophages that have already engulfed myelin debris, and they contain myelin basic protein 

(MBP) and proteolipid protein (PLP), which are degraded more slowly than the previously 

mentioned MOG and MAG (Brück et al., 1995; Van Der Valk & De Groot, 2000). 
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As previously discussed, myelin proteins and lipids are substantially reduced in MS 

active lesions due to the significant myelin loss (Möller et al., 1987).  Intraspinal injection of 

LPS has shown that MAG, in particular, is lost before other myelin proteins, and this loss seems 

to occur prior to the initiation of frank demyelination (Felts et al., 2005).  This preferential loss 

of MAG also occurs in pattern III demyelinating lesions (Aboul-Enein et al., 2003; Kornek et 

al., 2003; Lucchinetti et al., 2000), and is a characteristic of such lesions.  Both intraspinal 

injection of LPS and pattern III MS lesions have shown that demyelination occurs alongside 

microglial activation and prominent expression of iNOS (Felts et al., 2005).  MOG, on the 

other hand, is a key CNS-specific antigen and it is thought to be one of the antigens responsible 

for the initiation of primary autoimmune-mediated demyelination in MS (Rosbo et al., 1990).  

However, MOG-specific antibody presence is associated with MOG-antibody disease (MOG-

AD), therefore, to avoid misdiagnosis, MRI characteristics should be implemented to 

differentiate MOG-AD from other neuro-inflammatory disorders, such as MS and 

neuromyelitis optica (NMO) (Wynford-Thomas et al., 2018).  Nonetheless, studies have shown 

that MOG can intrinsically aid in generating both an encephalitogenic T-cell response and an 

antibody response in animal models such as experimental autoimmune encephalomyelitis 

(EAE) in Lewis and Dark Agouti (DA) rats (Bernard et al., 1997).  MOG is externally located 

on oligodendrocyte surfaces, at the outermost lamellae of myelin sheaths.  MOG location, 

therefore, makes it directly accessible to an immune response and it is one of the reasons it is 

thought to be a primary target antigen for autoimmune responses in MS (Bernard et al., 1997; 

Johns et al., 1995).  The pathology of active demyelinating MS lesions is diverse, and as 

previously described is made up of 4 different patterns of demyelination.  Pattern III is 

particularly susceptible to the loss of MAG, and it is often associated with fragmentation of 

oligodendrocytes.  To describe the extent of MAG destruction, a “loss index” system was 

introduced by Aboul-Enein and Lassmann (Aboul-Enein et al., 2003).  A detailed 
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immunohistochemical analysis of acute white matter lesions showed that while MAG was 

either completely lost or in the early process of degeneration, MOG (and other dominant 

myelin proteins) was relatively preserved (Aboul-Enein et al., 2003).  

Inactive lesions are hypocellular lesions that are characterized by a significant loss of 

oligodendrocytes and axons, accompanied by an increase in astrogliosis, including an abnormal 

increase in astrocyte number, probably as a result of neuronal death (Prins et al., 2015).  

Inactive lesions show minor infiltration of macrophages and microglia, indicating that the 

immune response has diminished.  The limited levels of macrophages present in inactive 

lesions no longer contain myelin breakdown products such as MOG, MAG, MBP and PLP 

(Prins et al., 2015; Van Der Valk & De Groot, 2000). 

Grey matter lesions 

 Cerebral white matter MS lesions have been thoroughly researched in past years, 

however, pathology has also been found in deep cerebral nuclei, the cerebral cortex and the 

spinal cord (Calabrese et al., 2013; Fisniku et al., 2008; Lassmann et al., 2007; Schmierer et 

al., 2018).  Cross-sectional studies show clinical disability is critically linked to grey matter 

atrophy, more so than white matter lesions.  Indeed, most MS patients present symptoms 

consistent with grey matter  damage, such as a progressive paraparesis, cognitive and sensory 

disturbances, suggesting that atrophy to the grey matter  of the cortex and the spinal cord is 

crucial for determining disease progression (Pirko et al., 2007; Schmierer et al., 2018). 

Similar to the white matter, grey matter  lesions are defined as sharply demarcated areas 

(Kutzelnigg et al., 2005).  As previously mentioned, grey matter  lesions are found in various 

regions, such as the thalamus (Gilmore et al., 2009), as well as the hippocampus (Geurts et al., 

2007), the cerebellum (Kutzelnigg et al., 2007) and the grey matter  of the spinal cord (Gilmore 

et al., 2009; Katz Sand, 2015).  In fact, “dissemination in space” (DIS) is a clinical term used 
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in MS diagnostic criteria, and it refers to the requirement that lesions affect at least two areas 

of the CNS in MS patients (Katz Sand, 2015).  Although the mechanisms responsible for grey 

matter atrophy are poorly understood, studies have indicated that grey matter lesions may form 

due to inflammation, mitochondrial injury (Lassmann et al., 2012), and secondary degeneration 

or Wallerian-like degeneration (Calabrese et al., 2015). 

 Cortical Demyelination 

Cortical demyelination is rare in MS patients in the early acute and relapsing stages of 

the disease (Peterson et al., 2001).  Patients that have suffered from MS over a longer period 

of time show widespread demyelination in the cerebral cortex and grey matter (Confavreux et 

al., 2006).  These patients often display symptoms, such as impaired memory, that are closely 

associated with the hippocampus, parahippocampal complex and amygdala (Benedict et al., 

2009; Hulst et al., 2012; Peterson et al., 2001).  Advancements in MRI technology have 

allowed for the increase of possible research on grey matter involvement in MS disease 

progress.  Previously, MRI techniques had less accurate results, as the contrast resolution 

between NAWM and grey matter areas was poor, due, in part, to grey matter lesions having 

longer relaxation times (Kidd et al., 1999).  Furthermore, in studies of SPMS patients, some 

changes within the grey matter, such as the ones responsible for deficits, occur at the molecular 

level in axonal membranes, and are therefore indistinguishable whilst using MRI techniques 

(Smith et al.).  As white matter lesions are indicative of an acute and relapsing state of the 

disease in MS patients, cortical lesions have been shown to be a characteristic feature in SPMS 

or PPMS, where the cortical brain was shown to be affected in MS autopsies, along with 

cortical demyelination (Kutzelnigg et al., 2005).  Pathological differences between patients 

with acute and relapsing disease in comparison with patients with a progressive form of the 

disease need to be highlighted in order to understand the evolution of MS over time.   
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Cortical demyelination can be extensive in progressive stages of MS, the damage can 

reach averages of affected areas between 38.7% up to an extreme 92% of the total cortical area, 

as shown by the analysis of double hemispheres in post mortem tissue (Kutzelnigg et al., 2007; 

Kutzelnigg et al., 2005).  These lesions can be extensive in progressive MS, they have been 

described as being proportionately and significantly larger than lesions in the subcortical white 

matter (Bø, Vedeler, et al., 2003a).  A site of propensity to cortical demyelination is the 

cerebellum, even more intensely than other affected cortical regions in the forebrain.  Four 

main cortical lesions have been described that relate to both cerebellum and forebrain lesions.  

Intracortical lesions, leukocortical lesions, subpial lesions and lesions in both the grey and 

white matter (Bø et al., 2000; Kutzelnigg et al., 2007).  Leukocortical lesions (type 1) normally 

do not extend to the surface of the brain and are located in the interface of the white matter and 

the cortex, whilst the centre of the lesion is typically located in the white matter (Bø et al., 

2000).  Leukocortical lesions are the largest in lesion area, therefore they have the highest 

detection rate.  Studies have highlighted the clinical importance of these lesions, as their 

presence has correlated with lower cognitive scores (Forslin et al., 2018).  Intracortical lesions 

(type 2) have no contact with the white matter, as these lesions have the lowest mean lesion 

area they are difficult to detect in MS patients (Bø et al., 2000).  Subpial lesions (type 3) are 

by far the most common cortical lesions.  The localization of subpial lesions is thought to be 

superficial and it is believed that by-products of early inflammation in acute stages of the 

disease, such as myelin-toxic substances, may contribute to the formation of these lesions 

(Kooi et al., 2012).  Meningeal inflammation may be one of the inflammatory sites to release 

these myelin-toxins (Kooi et al., 2009).  Another type of intracortical lesion (type 4) has been 

described: the main difference between type 2 lesions and type 4 lesions is that the latter does 

not extend as far as having any contact with white matter (Bø, Vedeler, et al., 2003b). 
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Inflammation in Grey Matter Lesions 

A paucity of inflammation is commonly reported in post-mortem cortical MS tissue.  

In contrast to white matter lesions, the activation of immune cells that infiltrate the grey matter 

is barely present, as seen by the paucity of infiltrating T-lymphocytes and complement 

deposition (Brink et al., 2005; Prins et al., 2015).  The lack of lymphocyte activity raises the 

question of the importance of the acquired immune system in grey matter lesion formation, 

which remains to be answered: this thesis illuminates this issue.  Likewise, activated microglia 

and hypertrophic astrocytes are present to a lesser extent in grey matter lesions, in comparison 

with white matter lesions, as shown on MS tissue (Peterson et al., 2001; Petzold et al., 2002; 

Prins et al., 2015).  Microglia are the primary immune cells that respond to the loss of 

homeostasis in the CNS (Lawson et al., 1992).  Astrocytes have a variety of roles within the 

CNS, such as providing metabolic support for neurons, supporting synaptic activity and 

controlling neurotransmitter release as well as maintaining the BBB functionality (Eddleston 

et al., 1993).  The effect of microglia and astrocytes’ action in MS plaques depends on the time 

of activation, and the consequent production of anti-inflammatory components.  The time at 

which the cells are activated can be the decisive factor between demyelination or 

remyelination, and averting the loss of myelin, oligodendrocytes and axons alike (Prins et al., 

2015). 

In the areas surrounding the grey matter, there is a diminishing presence of microglia, 

astrocytes, and oligodendrocytes, in comparison with the white matter.  However, in contrast 

to white matter, grey matter areas have a high density of neurons (Kutzelnigg et al., 2007).  

Neurons have immunosuppressive properties, as shown by their ability to block the 

proliferation of T- lymphocytes (Michel-Monigadon et al., 2011).  Neurons may diminish the 

inflammation as a quick survival response, inhibiting an immune response, by expressing 
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membrane-bound molecules and releasing chemokines and neurotransmitters (Biber et al., 

2007; Prins et al., 2015).  One of the molecules expressed by neurons is chemokine CX3CL1 

(Harrison et al., 1998), which in turn interacts with microglial receptors and T-cells (Smolders 

et al., 2013), leading to the suppression of pro-inflammatory cytokines, nitric oxide (NO) and, 

therefore, limiting the cell death caused by microglial activation (Mizuno et al., 2003; Prins et 

al., 2015). 

Combined, these observations suggest that grey matter lesions may indeed have a 

detrimental effect on disease severity.  Grey matter lesions may, partly, occur separately from 

white matter lesions.  Another factor to consider is the reduced inflammation in demyelinating 

grey matter lesions.  Altogether, these factors imply that demyelination within grey matter 

lesions may have a different underlying causal mechanism. 
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Figure 1-2 Schematic representation of meningeal infiltrates on cortical reasons 

Schematic representation of the cellular events of meningeal infiltrates and immune processes involved 
in cortical lesion formation (adapted from: Kooi et al, 2009). 

Gliosis 

Astrocytes are a key feature of structural lesions, as they are imperative to the support 

of neurons, and, reactive astrogliosis is a reliable marker for injured CNS tissue (Sofroniew et 

al., 2009).  Throughout the CNS there are few, if any, regions devoid of astrocytes.  Heavily 

branched protoplasmic astrocytes are quite evenly distributed throughout the grey matter, but, 

in contrast, fibrous astrocytes are found throughout the white matter and exhibit long fibrous 

processes (Miller et al., 1984; Sofroniew & Vinters, 2009).  
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Astrocytic activation occurs as a cellular response following CNS insult.  Astrogliosis 

is defined as the fibrinoid scar tissue that surfaces as a result of lost tissue (Compston & Coles, 

2008; Eng et al., 1994; Petzold et al., 2002).  In active MS lesions, reactive astrocytes are 

prominent and may produce a variety of pro- and anti-inflammatory responses (Sofroniew & 

Vinters, 2009).  In EAE models of MS, reactive astrocytes have been shown to form scar tissue 

as a “barrier” around the perivascular cuff of inflammatory cells, thereby restricting the 

inflammatory cells, such as leukocytes, from migrating into neighbouring healthy tissue 

(Sofroniew, 2016).  These observations highlight the potent ability of astrocytes to exert 

suppressive mechanisms on inflammatory responses.  These properties may help to limit the 

inflammatory response during the acute stages of disease (Voskuhl et al., 2009).  

Glial fibrillary acidic protein (GFAP) has become a useful prototypical marker for the 

immunohistochemical identification of astrocytes.  GFAP was isolated as a protein highly 

concentrated in demyelinated MS plaques, and its expression is regarded as being highly 

specific and reliable to particular reactive astrocytes that are responding to CNS injuries 

(Prineas et al., 2001; Sofroniew & Vinters, 2009).  Subsequently, GFAP was found in normal 

astrocytes as well (Eng & Ghirnikar, 1994; Lucas et al., 1980; Petzold et al., 2002).  However, 

protoplasmic astrocytes in normal grey matter has been shown to have a low content of GFAP 

(Eng & Ghirnikar, 1994).  Transgenic mice studies have indicated that expression and 

accumulation of GFAP is one of the prominent features in reactive astrogliosis and glial scar 

formation (Sofroniew & Vinters, 2009).  Inhibition or delay in GFAP synthesis in damaged 

and reactive astrocytes might affect astrogliosis and delay scar formation (Eng & Ghirnikar, 

1994; Lucas et al., 1980; Yu et al., 1993).  Furthermore, GFAP has been shown to correlate 

with disability scales of MS patients and may be considered a marker for irreversible damage, 

and a non-specific biomarker of CNS tissue injury (Petzold et al., 2002). 
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Slowly expanding demyelinating lesion 

Active lesions, previously described as affecting the white matter during early stages 

of myelin breakdown, are present at acute stages of MS (Lassmann et al., 2012).  On the other 

hand, slowly expanding lesions continue to affect the white matter, however they are seen 

during the chronic stages of the disease.  Unlike active lesions, slowly expanding lesions of 

progressive MS lack the abundant presence of macrophages at the site of the lesion, instead 

there are some intermingled macrophages around the lesion rim (Lassmann et al., 2007; 

Lassmann et al., 2012).  Slowly expanding demyelinating lesions also show the presence of 

activated microglia at the edge of the lesion (Lassmann et al., 2007).  T-cells are rarely present 

in these slowly expanding lesions, however a moderate number of T-cells can be found in 

perivascular spaces and in the parenchyma, as shown by CD45RO, a marker of activated T-

cells (Prineas et al., 2001).  

An important immunological characteristic in the demyelination of chronic and slowly 

expanding lesions involves coupling compound 3 (C3d), a protein of the innate immune system 

(Ingram et al., 2014; Prineas et al., 2001).  It has been shown that C3d is potent in increasing 

the immunogenicity of other potential antigens which, in this instance, leads to the ongoing yet 

slow destruction of myelin.  C3d is thought to play an important role in the interaction between 

microglia and myelin.  In theory, C3d is targeted specifically by microglia, in a process closely 

resembling phagocytosis.  A cascade of immune events ultimately leads to myelin fragments 

attaching to the surface of microglia/macrophages, with little phagocytosis of the myelin, 

unlike the process described in acute lesions, where microglia/macrophages completely engulf 

the fresh myelin debris, at times forming microglial nodules (Prineas et al., 2001).  That said, 

a substantial number of the microglial nodules hardly contain any myelin degradation product, 

suggesting a lack of demyelination (Lassmann et al., 2007).  The poor internalization of myelin 
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by microglia/macrophages, as well as the slow ongoing demyelination on the white matter 

border, are interpreted overall as signs of downregulation of the inflammatory response, in 

comparison with the immunological response that occurs during the acute phase of the disease 

(Lassmann et al., 2007; Prineas et al., 2001). 

The BBB is comprised of specialized endothelial cells that regulate the delicate 

homeostasis of ions, nutrients and other molecules required for the health and proper CNS 

function.  Normally in infectious or inflammatory diseases the pathology of endothelial cells 

that make up tight junctions is disrupted, making them prone to leakiness (Leech et al., 2007).  

In slowly expanding chronic lesions these highly specialized endothelial cells have been 

studied to assess their permeability range, which if present would disrupt the balance of ions 

and serum proteins within the CNS (Pache et al., 2003).  Dysferlin, a muscle protein involved 

in cell membrane repair has been shown to be an appropriate marker for “leaky” endothelial 

cells in MS tissue.  Slowly expanding chronic lesions showed little expression of leaky 

endothelial cells in comparison with those of active lesions, particularly pattern II lesions 

(Hochmeister et al., 2006). 

The proportion of slowly expanding lesions present in chronic MS patients is 

surprising.  These lesions are characterized by a significant diminishment of macrophage and 

microglial activation in comparison with active white matter plaques (Lassmann et al., 2007; 

Lassmann et al., 2012).  These slow or progressive expanding plaques continue to show 

demyelination long after they have been established, whilst in the absence of obvious signs of 

inflammation (Prineas et al., 2001).  In view of these important observations, a plausible 

speculation is that inflammation alone may be sufficient to cause significant damage in the 

beginning of the disease, ultimately leading to a slow and progressive demyelination in more 

chronic stages. 
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The Spinal Cord Functional Anatomy 

The CNS consists of the brain and the spinal cord.  Unlike the rest of the CNS, the 

spinal cord preserves its long and tubular-like embryonic appearance.  The spinal cord is 

composed of the highly myelinated white matter, which contains the motor and sensory axons, 

as well as the grey matter, which contains the neuronal cell bodies.  This structure extends from 

the medulla oblongata in the brainstem, all the way to the lumbar region in the vertebral 

column.  Its most important function is to serve as a bridge of communication between the 

brain and the peripheral nervous system (PNS) (Diaz et al., 2016).  In MS, the symptoms and 

disability of patients correlates most with spinal cord atrophy, specifically the damage to the 

grey matter in the spinal cord, rather than atrophy in the brain (Lassmann, 2015; Schmierer et 

al., 2018; Tsagkas et al., 2018, 2019).  For instance, a progressive paraparesis, a partial 

paralysis of the lower limbs, rather than sensory disturbances, is a common disability seen in 

SPMS patients (Thompson et al., 1997; Tsagkas et al., 2019).  This seemingly irreversible 

atrophy to the spinal cord has become a focal point of research, however the mechanisms 

responsible for this grey matter damage remain poorly understood.  The causes of the atrophy 

are illuminated by the findings of this thesis. 

White Matter of the Spinal Cord 

The spinal cord has three main propriospinal pathways, the descending tracts are known 

as corticospinal, whereas the ascending tracts are known as the cuneatus fasciculi and 

spinothalamic tracts (Diaz & Morales, 2016).  These ascending and descending tracts are 

fundamental projections that connect the brain to spinal cord areas that ultimately control 

motor, sensory and proprioceptive functions.   
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Descending spinal tracts 

The cerebral cortex is made of six distinct layers.  Descending tracts originate from the 

fifth internal pyramidal layer of the cortex.  The internal pyramidal layer is made up of 

pyramidal cells, which send direct outputs to neurons in the descending motor pathways 

(Patestas, 2006).  The descending white matter tracts are located ventrolaterally in the spinal 

cord.  These pathways are mostly responsible for transmitting motor functions.  The descending 

motor system is divided into the pyramidal or corticospinal tracts and the extrapyramidal tracts.  

The pyramidal/corticospinal tracts are very important in mammals, as they are involved in the 

control of skilled motor movements, whereas the extrapyramidal tracts are involved in the 

control of complex behaviours such as body posture and locomotion (Guertin, 2013). 

Ascending spinal tracts 

The ascending white matter tracts are located dorsally and laterally within the spinal 

cord.  These tracts are responsible for conveying all type of somatosensory information, such 

as temperature, touch, vibration, pressure and pain.  Most transmission occurs along the dorsal 

columns, which convey proprioceptive and tactile information from the ipsilateral side of the 

body, using highly myelinated mechanosensory pathways, known as the dorsal-column medial 

lemniscus, to propagate this information towards the contralateral medulla before continuing 

towards the thalamus and eventually reaching the sensory cortex (Diaz & Morales, 2016; 

Guertin, 2013). 

Grey matter of the spinal cord 

 In the spinal cord, the grey matter is divided into the ventral, and dorsal horns, with a 

small lateral horn only present from the T1 to L2 spinal cord segments.  The ventral horn is 

responsible for processing information about motor movements, whereas the dorsal horn is 

responsible for processing sensory information.  The middle grey area between the two 

processes autonomic functions for the sympathetic and parasympathetic nervous systems.  The 
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grey matter, which contains the nerve cell bodies, has been subdivided into 9 layers.  The ninth 

layer is not a true lamina, but rather a set of columns embedded on layers 7 and 8, which has 

been extrapolated only for humans.  Table 1 contains information pertaining to each layer and 

their anatomical function (Diaz and Morales, 2016).  

 
Grey Matter Laminae Anatomical Function 

1 Processes pain and temperature.  Axons cross the midline and 
relay information via the contralateral lateral spinothalamic tract 
(SPT). 

2 Processes pain and temperature.  Axons cross the midline and 
relay information via the contralateral lateral SPT. 

3 
Processes vibration and pressure touch stimuli. 

4 
Processes vibration and pressure touch stimuli. 

5 Involved in processing sensory afferent stimuli from cutaneous, 
muscle, and joint mechanical nociceptors as well as visceral 
nociceptors. 

6 Involved in the flexion reflex, that is, withdrawal from painful 
stimulus. 

7 
Important component of the intermediate grey zone.  The lateral 
grey horn only exists from T1-L2.  Rostrally and caudally the 
lamina extends into the anterior grey horn.  Contains several 
prominent nuclei. 

8 
Contains interneurons and proprioceptive neurons. 

9 Not a true lamina.  Contains the large majority of the spinal cord 
motor neurons and can be further subdivided by medial, central, 
and lateral nuclear columns. 

Table 1 Anatomical Function of Grey Matter Laminae 
 

Table summarizing the information pertaining to each layer and anatomical function of the nine grey 
matter laminae. 
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Tissue damage contributors 

Hypoxia and reactive species 

Hypoxia is here defined as a reduction in the concentration of oxygen from normal, 

more explicitly measured by the reduction of the partial pressure of oxygen (PO2) (LaManna, 

2007).  The brain is considered one of the highest consumers of oxygen within the human body, 

utterly reliant on oxygen and using up to 20% of inspired oxygen.  For the most part, the brain 

and the spinal cord are thought of as having a rich vasculature.  However, there are areas of 

vascular watersheds that render the CNS especially susceptible to hypo-perfusion (Backes et 

al., 2014; Moody et al., 1990).  Reduction of blood flow reduces oxygen availability and can 

result in prompt unconsciousness, causing deleterious effects, including neurodegeneration 

(LaManna, 2007).  There are thus, complex adaptive mechanisms in place that aim to sustain 

the brain when oxygen levels are not ideal (Acker, 2005).  These physiological regulatory 

processes compensate for mild hypoxia, and it usually does not lead to tissue damage.  Chronic 

hypoxia leads to structural and functional adaptations of the brain, such as a decrease in inter-

capillary distances (LaManna et al., 2004), and changes in volume density of neuronal 

mitochondria, amongst others (Chávez et al., 1995; LaManna et al., 2004).  A key regulator of 

hypoxic angiogenesis is hypoxia-inducible factor (HIF)-1, a transcription factor that activates 

many downstream genes when oxygen levels are low (Sharp et al., 2004).  HIF-1 activated 

downstream genes have a hypoxic-response element (HRE) in their promoter regions, 

signalling molecular mechanisms that regulate angiogenesis until it is restored.  One of the 

molecules up-regulated by HIF-1 is vascular endothelial growth factor (VEGF), which initiates 

capillary angiogenesis (LaManna, 2007).   
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Oxidative damage and Reactive Oxygen Species 

 The CNS, especially neurons, is highly sensitive to high or low oxygen levels, as 

reactive oxygen species (ROS) can be toxic (Cornet et al., 2013; Dore-Duffy et al., 2007; 

Rossignol et al., 2007).  ROS are capable of oxidizing macromolecules crucial for 

physiological endurance, such as lipids, proteins, and nucleic acids (Di Meo et al., 2016).   

Reactive oxygen and nitrogen species (ROS; RNS) are important components of 

inflammatory lesions.  ROS are the most important free radicals produced during metabolic 

reactions and both ROS and RNS can be subclassified into two groups of compounds, namely 

radicals and non-radicals (Adamczyk et al., 2016).  A free radical is an atom or molecule which 

contains one or more unpaired electrons in its valency shell, and they are produced as a natural 

by-product of cellular metabolism.  Due to their chemical composition, free radicals are 

unstable, short lived and highly reactive (Phaniendra et al., 2015).  In neurodegenerative 

disorders, some of the most important ROS are superoxide and the hydroxyl radical, and for 

RNS, NO has been shown to be one of the most prominent damage-inducing molecules in 

neurodegeneration (Correale et al., 2019; Hamby et al., 2006).  Furthermore, recent studies 

suggest a strong relationship between glutamate receptor stimulation, and increased NO 

synthase activity, as well as the increased formation of ROS.  Elevated levels of extracellular 

glutamate can be toxic to white matter oligodendrocytes and myelin, as well as axons and 

neurons (Correale et al., 2019; Matute et al., 1997). 

Observations in different studies have confirmed that oxidative stress is an important 

component associated with the development of demyelination in MS patients (Gonsette, 2008; 

Miller et al., 2012).  As previously mentioned, it is not fully understood how demyelination 

and degeneration take place in MS, however, it has been stated that mitochondrial dysfunction 

results in an increased production of ROS, which, in turn, is detrimental to the survival of 

neurons and glia (Beckman et al., 1996; Correale et al., 2019).  Oxidative stress damages the 



 25 

mitochondria, which therefore disrupts the production of ATP within axons, and consequently 

leads to blocking of axonal conduction and neurodegeneration (Mahad et al., 2009; Qi et al., 

2006; Redford et al., 1997).  It has been observed that the CNS, but in particular brain tissue, 

is sensitive to the action of free radicals, mostly because of its high dependency on adequate 

oxygen levels due to significant presence of mitochondria and consequently massive oxygen 

metabolic processes, as well its vulnerability to oxidants (Phaniendra et al., 2015).  A build-up 

of free radicals, ROS and RNS, can adversely disrupt important processes that maintain 

homeostasis, leading to the damage of important biological molecules, such as nucleic acids, 

lipids and proteins, thereby altering the normal redox balance and effectively increasing 

oxidative stress (Adamczyk & Adamczyk-Sowa, 2016; Phaniendra et al., 2015).  Depending 

on the location of the cell, ROS may cause mutations in mitochondrial DNA, and perhaps 

mitochondrial permeability, which in turn lead to mitochondrial oxidative phosphorylation 

dysfunction, increasing ROS production even further, thereby possibly triggering a vicious 

cycle that ultimately leads to neuronal death (Correale, 2014).  Altogether, these observations 

further highlight the importance of adequate oxygen levels to the proper function of the CNS.  

Imaging studies in MS patients have shown that microglial cell activation occurs in 

acute stages of the disease and appears to be directly linked to disability and atrophy (Versijpt 

et al., 2005).  In SPMS patients the activation of microglia is a mechanism behind the activation 

of astrocytosis (Correale et al., 2019).  Astrocytes are able to survive the oxidative stress that 

comes about as a result of inflammation and the build-up of ROS/RNS (Correale et al., 2019).  

However, there are signs of post oxidative damage in astrocytes, mainly reflected on their cell 

morphology and molecular expression.  It has been shown that astrocyte dysfunction precedes 

demyelination in experimental models of inflammatory demyelination (Sharma et al., 2010).   
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Some immunomodulatory therapies used to treat MS patients, particularly during 

RRMS stages, have a direct action of reducing oxidative damage.  Dimethyl fumarate (DMF), 

marketed as Tecfidera, activates anti-inflammatory and antioxidative pathways to upregulate 

expression of transcription factor nuclear factor erythroid 2-related factor-2 (Nrf2), which 

stimulates endogenous antioxidant defence mechanisms.  Target genes of Nrf2 include 

NAD(P)H oxidoreductase-1, which results in cytoprotective effects against oxidative injury, 

thereby protecting oligodendrocytes from damage (Adamczyk & Adamczyk-Sowa, 2016; 

Correale et al., 2016).  Overall, Tecfidera is believed to work by attenuating the overproduction 

of ROS and by inducing the Nrf2 pathway, as shown on EAE models, however, it may be 

ineffective and even counterproductive in advanced MS cases, where extensive oxidative 

injury has already taken place, astrocyte dysfunction is severe and demyelination has already 

begun (Schuh et al., 2014).  

Mitochondrial dysfunction  

 In MS, inflammation is often associated with active lesions and the production of highly 

toxic radical species that lead to neuronal and oligodendrocyte damage, ultimately leading to 

disease progression (Negre‐Salvayre et al., 2008).  An important consequence of oxidative 

stress is a change to the function and transport of mitochondria to synaptic regions, which leads 

to a decrease in synaptic function, and it is hypothesised that this, in turn, results in 

neurodegeneration, as shown in EAE studies (Nikić et al., 2011).  Mitochondria are the most 

efficient producers of ATP, and they play an important role in the generation and balance of 

ROS, as well as buffering calcium (Dimauro et al., 2003).  The mitochondrial respiratory chain 

is composed of four complexes, and complex IV, or cytochrome c oxidase (COX), is where 

90% of oxygen is converted into water.  It has been noted that complex IV can be targeted and 

irreversibly compromised by NO, as is believed to occur within MS lesions (Mahad et al., 

2009; Redford et al., 1997; Smith et al., 2002). 
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Mitochondrial damage is increasingly recognised as a crucial mediator of both acute 

and chronic MS lesions (Mahad et al., 2009; Mahad et al., 2008).  Due to mitochondrial 

damage, energy production is impaired, which leads to an accumulation of intra-axonal Ca2+.  

This imbalance appears to be involved in the degeneration of axons, following ischaemia and 

oedema, resulting in atrophy (Mahad et al., 2009; Waxman, 1982, 2001).  In MS active lesions, 

the first signs of mitochondrial injury are reflected by a dominant loss of immunoreactivity to 

cytochrome C oxidase-1 (COX-1), and loss of the respective complex IV activity of the 

mitochondrial respiratory chain, particularly in Pattern III MS lesions (Mahad et al., 2008).  On 

the other hand, mitochondrial complex I activity is considerably reduced in chronic active MS 

lesions, whilst complex I and III activity are substantially decreased in non-lesion areas within 

the cortex of MS patients.  In contrast, chronic inactive MS lesions show an increase in the 

activity and numbers of mitochondria, suggesting the higher energy demand of demyelinating 

lesions in comparison with myelinated axons (Lassmann & Van Horssen, 2011; Mahad et al., 

2009; Mahad et al., 2008).  These findings highlight the importance of deciphering the exact 

mechanisms of mitochondrial damage and energy failure in MS patients, particularly during 

the different stages of the disease.  

Hypoxia Detection 

Pimonidazole 

 Pimonidazole is a 2-nitroimidazole chemical compound sometimes used for the 

detection of hypoxia in vivo.  In hypoxic cells, pimonidazole gets reduced and binds to 

macromolecules at areas of low oxygen concentration, hence why it is used as a hypoxic 

marker.  In past years, pimonidazole was often used for the detection of hypoxia in tumour and 

cancer studies (Arteel et al., 1998; Raleigh et al., 1998; van Laarhoven et al., 2006), however 

it still remains one of the best ways to detect cellular hypoxia.  The process by which 

pimonidazole measures hypoxia begins when insufficient oxygen becomes the limiting 
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reactant in a series of steps in which pimonidazole would normally be oxidized.  In the presence 

of adequate oxygen concentration, pimonidazole is either oxidized into pimonidazole N- oxide 

or conjugated via glucuronyl transferase (GT) or sulfotransferase (ST).  Nitroreductases, such 

as nicotinamide adenine dinucleotide (NADH) or nicotinamide adenine dinucleotide phosphate 

(NADPH), then transfer electrons to the parent compound via reductive metabolism leading to 

the re-oxidation of oxygen into nitro radical anion, therefore blocking any further reduction of 

the parent compound.  This chemical reaction relies on oxygen to be the rate limiting factor 

that competes for the transfer of electrons to pimonidazole, thereby preventing the reduction 

of pimonidazole by nitroreductases.  In the absence of adequate oxygen, pimonidazole is 

reduced and is able to bind to -SH containing molecules such as proteins, and these can 

accumulate in live tissue (Arteel et al., 1995; Rademakers et al., 2011). 

 As previously mentioned, the effects of hypoxia and its metabolic markers have been 

studied on malignant tumour cells (Arteel et al., 1998; Raleigh et al., 1998; van Laarhoven et 

al., 2006).  Under chronic hypoxic conditions, cells use anaerobic glycolysis as their primary 

energy source, however, tumour cells continue to use aerobic glycolysis even in the presence 

of adequate amounts of oxygen (Arteel et al., 1995; Arteel et al., 1998).  This is due to a 

modification of the metabolism of these cells, which ultimately leads to extremely high levels 

of glucose consumption.  These cellular environments have been described as an optimal 

condition for carcinomas to proliferate.  Pimonidazole has been identified as having a special 

affinity to lactate dehydrogenase-5 (LDH-5) in tumour tissue.  LDH-5 is one of the target 

enzymes of hypoxia-inducible factor-1 α (HIF-1α), another endogenous hypoxia marker 

(Rademakers et al., 2011).  This suggests that pimonidazole can be colocalized with other 

metabolic markers of hypoxia and therefore it can simultaneous be used as a way of labelling 

and confirming hypoxia in the CNS.   
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Hypoxia Inducible Factor-α 

 HIF-1 is a heterodimer found in mammalian cells and it consists of two subunits: a 

constitutively expressed stable 𝛽- subunit and an oxygen-sensitive rate limiting α-subunit 

(Wang et al., 1995).  HIF-1 has many roles, such as inducing inflammation, initiating apoptosis 

and inhibiting cell death, however, its most important role is as a hypoxia regulator by 

orchestrating the genetic responses to hypoxia and inflammatory conditions (Greijer et al., 

2004; Guan et al., 2017; Saravani et al., 2019).  As a transcription factor, HIF-1α can bind to 

hypoxia-responsive elements in DNA and activate the transcription factors of genes involved 

in processes such as angiogenesis, glycolysis and differentiation (Semenza, 2002, 2003, 2010).  

In addition, studies have shown that the HIF-1 signalling pathway and hypoxia are present in 

active MS lesions, and therefore HIF-1α has been postulated as a suitable therapeutic target for 

MS disease management (Guan et al., 2017; Saravani et al., 2019).  

 Under normoxic conditions, HIF-1 expression is tightly regulated in an oxygen-

dependant manner and it is able to bind to the von Hippel-Lindau (VHL) protein (Guan et al., 

2017).  This process begins when HIF-1α protein is hydroxylated, a process facilitated by two 

proline residues.  These prolines are members of a family of prolyl hydroxylase domain 

proteins, (PHD 1, 2 and 3), which require oxygen for their function (Tao et al., 2015).  The 

hydroxylation of either of these prolines results in the VHL tumour suppressor protein to target 

HIF-1α rapidly for proteasomal degradation.  Subsequent polyubiquitination of HIF-1α by 

ubiquitin E3 and the VHL complex leads to the degradation of the HIF-1α molecule (Guan et 

al., 2017; Semenza, 2010; Tao et al., 2015). 

 Under hypoxic conditions, HIF-1α degradation is inhibited due to its inability to be 

hydroxylated by any of the PHD proteins.  Therefore, the protein accumulates, dimerises with 

HIF-1𝛽, then binds to cis-acting hypoxia response elements that target genes and ultimately 
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leads to increased transcription (Semenza, 2007).  It has been noted that the complete HIF-1 

transcriptome is likely to include thousands of genes and in vitro studies have shown than many 

of these genes appear to be completely dependent on HIF-1α (Elvidge et al., 2006; Semenza, 

2007).  Some of the target genes of HIF-1 play key roles in critical development and 

physiological processes that include angiogenesis, iron transport, cell proliferation/survival and 

energy metabolism (Semenza, 2003, 2007, 2010).  HIF-1 is also able to promote the delivery 

of oxygen to hypoxic areas by the upregulation of vascular endothelial growth factor (VEGF) 

(Semenza, 2002).  These findings further highlight the importance pathways mediated by HIF-

1α in directing the global transcriptional response to hypoxia.  

Hypoxia and MS lesions  

Evidence has shown signs of damage caused by hypoxia-like metabolic injury in MS 

tissue, that closely resembles lesions produced in the white matter as a result of strokes (Aboul-

Enein et al., 2003).  In such injuries, oligodendrocytes degenerate and are eventually destroyed 

due to apoptosis (Lassmann, 2016).  ROS and RNS, such as NO, superoxide and peroxynitrite, 

become by-products of inflammatory responses and hypoxia.  Increased production of these 

reactive species is a feature of MS (Martinez Sosa et al., 2017).  The presence of ROS and 

RNS induces mitochondrial injury, which, amongst many effects, also leads to oligodendrocyte 

damage and ultimately neurodegeneration (Lassmann et al., 2012).  Oligodendrocytes have 

been shown to survive insufficient oxidative phosphorylation and lack of ATP production due 

to hypoxia.  Therefore, it has been postulated that oxidative damage due to ROS presence, more 

than lack of aerobic respiration, is the lethal determinant factor for apoptosis of 

oligodendrocytes (Martinez Sosa & Smith, 2017).  Grey matter pathophysiology has shown 

high levels of hypoxia after induction of autoimmunity, as seen in the cerebellum and cortex 

of mice with the EAE model of MS (Johnson et al., 2016).  Genuine hypoxia is present in 

inflammatory demyelinating lesions, as seen in a study by Desai et al. (2016).  Normobaric 
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oxygen treatments (80%) prevent or diminish active demyelination and neurodegeneration 

when administered during the early acute stages of lesion formation and severe hypoxia (Desai 

et al., 2016).  Therefore, alleviating transient hypoxia may become a neuroprotective strategy 

for the adverse effects of low oxygen levels present in the brain and spinal cord of MS lesions.   

Hypoperfusion and MS 

From a physiological perspective, the brain has a dense vasculature to serve its high 

metabolic needs, particularly in comparison with the other human organs (Mink et al., 1981).  

Two main pairs of arteries supply blood to the brain: the vertebral arteries and the internal 

carotid arteries.  The vertebral arteries converge near the base of the pons to form the unpaired 

basilar artery (Moody et al., 1990).  This artery, in turn, splits into two left and right cerebral 

arteries that reach the superior and posterior cerebral arteries. These major arteries then 

continue to bifurcate and branch to form a connection of arteries at the base of the brain, 

altogether conforming a ring called the circle of Willis (Bear, 2001).  However, because of 

variations in the diameter and lengths of these vessels, their ability to provide a luxuriant blood 

supply to all parts of the brain is limited.  As a result, certain regions of the brain, including 

parts of the cortex and the thalamus are rendered vulnerable to hypoperfusion (Moody et al., 

1990).  Furthermore, areas supplied by the end branches of two or more arteries, known as 

vascular watershed zones, are also particularly vulnerable to poor perfusion (Duschek et al., 

2007; Martinez Sosa & Smith, 2017; Mayer et al., 1991). 

A number of findings from epidemiological studies in MS patients have found that 

cerebral blood flow (CBF) is impaired in particular areas of the brain, including the cortex, 

thalamus and the basal ganglia, all of which have a single supply of blood through a penetrating 

artery (D'Haeseleer et al., 2011; D'Haeseleer et al., 2015; D’Haeseleer et al., 2013; Holland et 

al., 2012; Moody et al., 1990).  The underlying mechanism of reduced CBF in MS remains 

unknown, however, two distinct observations have been made.  First, imaging studies in 
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patients with MS have revealed that hypoperfusion affects widespread areas including the 

NAWM, as well as the grey matter.  Second, MS has been directly associated with a reduced 

venous blood drainage in the CNS (D'Haeseleer et al., 2011).  It is also reported that cerebral 

hypoperfusion in MS might occur secondarily to axonal degeneration, which in turn may lead 

to a further decrease in axonal survival (D'Haeseleer et al., 2015).  Furthermore, in a study 

comparing gene expression in the NAWM of patients with SPMS with that of healthy controls, 

it was found that one of the most consistent differences was the upregulated expression of HIF-

1α in patients with MS, as well as the enhanced expression of HIF-1α target genes, such as 

vascular endothelial growth factor (VEGF) receptor-1.  These findings are of particular 

importance because, as previously stated, upregulation of HIF-1α has a direct effect in 

increasing oxidative stress and triggering long-term ischaemic preconditioning (Graumann et 

al., 2006). 

In addition, the spinal cord is also vulnerable to hypoperfusion and hypoxia, due to its 

vascular architecture.  The supply of blood flow to the spinal cord arises from the aorta and it 

supplies the cord partly by major arteries, such as the great artery of Adamkiewicz, and by 

division into a series of radicular arteries that gain access to the spinal cord along the spinal 

roots (Martirosyan et al., 2011).  These trunks continue onto the midline of the ventral cord 

surface, and there they connect to the ventral spinal artery, which has an ascending and 

descending branch (Novy et al., 2006).  Due to these opposing blood flow directions, as well 

as the narrow diameter of these arteries, watershed regions form, rendering the spinal cord 

highly susceptible to hypoperfusion (Backes & Nijenhuis, 2014).  Within the spinal cord, the 

network of capillary density is far higher in the grey matter in comparison with the white 

matter, however, even within the grey matter, the artery density can vary, and it often depends 

on the metabolic demand of the region within the spinal cord.  For instance, the dorsal horns 

have been identified as receiving less blood flow (Novy et al., 2006).  Motor neurons are 
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situated in the ventral horn of the spinal cord and are particularly vulnerable compared with 

other cells to any reductions in blood supply and consequent hypoxia (Hernandez-Gerez et al., 

2019; Zhang et al., 1997).  In MS, most patients present with symptoms associated with spinal 

cord lesions, particularly in the grey matter, rather than the brain (Thompson et al., 1997; 

Tsagkas et al., 2019).  Indeed, MS lesions have a predilection to form in the watershed areas 

of the spinal cord, notably in regions with lower perfusion than NAWM (Martinez Sosa & 

Smith, 2017).  In vivo models of early MS demyelinating lesions have shown that spinal cord 

tissue hypoxia is associated with profound hypoperfusion, which can be significantly reduced 

by treatment with a CNS selective vasodilator, further indicating the importance of appropriate 

vascular supply to the CNS (Davies et al., 2013; Desai et al., 2020).  

Nimodipine 

As MS lesions form, mitochondrial dysfunction occurs on a background of 

inflammation and hypoxia (Lassmann, 2016; Mahad et al., 2015; Martinez Sosa & Smith, 

2017).  As a consequence of hypoxia, there is an increase in astrocytic calcium levels (Angelova 

et al., 2015), which can promote the excessive production of free radicals and excitotoxic acids, 

such as glutamate, and possibly pathologic apoptosis, all which contribute to neuronal damage 

(Dolga et al., 2011; Haile et al., 2009).  Calcium channel antagonists are widely used in the 

therapy of hypertension and cardiac arrhythmias.  In neurons, L-type calcium channel blockers 

contribute to neuronal survival, help prevent from ischaemic-induced axonal injury, and aid in 

preventing membrane depolarization following energy failure.  L-type channels are known to 

display a particularly high sensitivity to hypoxia (Gleichmann et al., 2011; Lipscombe et al., 

2004).  In the past, evidence has shown that some L-type calcium channel blockers have a 

direct neuronal effect and may be used for the treatment of many CNS disorders (LeVere et 

al., 1989; Pisani et al., 1998; Scriabine et al., 1989).   
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Nimodipine is one such calcium channel blocker, with potent and selective CNS-

vasodilatory and anti-ischaemic effects, that binds to rat and human CNS membranes with high 

affinity, and is able to pass through the BBB (Haws et al., 1983; Scriabine et al., 1989).  In 

animals with middle cerebral artery occlusion, nimodipine has been found to reduce 

neurological deficits without a significant increase in intracranial pressure (Bork et al., 2015; 

Haile et al., 2009; Horn et al., 2001; LeVere et al., 1989; Levy et al., 1991).  During acute CNS 

hypoxia, calcium channel blocking, via nimodipine administration, has also been shown to 

reduce cytotoxic oedema and attenuate cognitive dysfunction (Rowland et al., 2019).  In 

addition, nimodipine protects against demyelination in EAE models, and against the Pattern III 

type of demyelination observed in early MS lesions, by promptly increasing perfusion and 

thereby diminishing the effects of focal tissue hypoxia (Davies et al., 2013; Desai et al., 2020).  

Moreover, during neuroinflammatory reactions, activated microglia can have a negative effect 

on the nervous system, such as promoting the production of proinflammatory factors, such as 

iNOS and COX.  These factors have been implicated in neuronal damage and various 

neurodegenerative diseases (Huang et al., 2014; Johnson et al., 2016; Lin et al., 2012; Loihl et 

al., 1998).  Previous studies have reported on the efficacy of nimodipine, which leads to the 

accumulation and release of IL-1β, and protects microglial cells against amyloid-β (Aβ) 

peptide-mediated damage, thereby inducing anti-inflammatory effects on microglia (Sanz et 

al., 2012).   

Animal models of MS 

Many different models of MS have been developed, each proving to be useful in a 

specific aspect that defines the disease, such as demyelination, remyelination, inflammation 

and degeneration, however, none of these models are able to cover the entire pathological, 

clinical and inflammatory hallmarks of the disease.  Nevertheless, significant understanding of 

MS pathology has arisen from these models (Lassmann et al., 2017).  A relevant model of MS 
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is EAE, which has proven helpful in understanding some aspects of the acute pathogenesis of 

the disease.  EAE mainly focuses on inflammation, however, a significant number of therapies 

that were successful in EAE studies have failed to pass clinical trials, such as studies designed 

to target TNF-α blockers (Lassmann & Van Horssen, 2011).  

Acute models of MS have focused mostly on the inflammatory response that some 

believe is a result of a viral infection.  Models that comprise dominant features of chronic and 

progressive MS are not as abundant, as they must account not only for the initial inflammation, 

remission, but also for the relapse, chronic neurodegeneration and atrophy (Lassmann & Bradl, 

2017).  In this thesis we will introduce a new model of slow-burning neurodegeneration, which 

we believe encompasses these features.  This model is characterised by slowly progressive 

atrophy of the spinal grey matter, which is driven by an innate immune mechanism, followed 

by a remission of symptoms and later accompanied by chronic and progressive disability and 

atrophy.  

Theiler’s virus induces chronic demyelinating encephalomyelitis  

Theiler’s virus (TV) belongs to the Cardiovirus genus of the family Picornaviridae 

(Tsunoda et al., 2010).  The DA strain of the virus is used to create an encephalomyelitis model 

known as Theiler’s murine encephalomyelitis virus (TMEV).  This strain initiates a biphasic 

disease by causing a mild encephalomyelitis followed by a chronic inflammatory 

demyelinating process.  The DA strain of TV is often used as a model of MS because its 

pathology and immune response have similarities with those seen in MS patients (Stavrou et 

al., 2010).  In this model of disease, the virus is isolated from the CNS of mice and later injected 

into DA mice to produce a viral infection that causes a chronic demyelinating disease, via an 

immune pathogenesis to attack myelin-supporting cells (Dal Canto, 1982).  During the acute 

phase of the disease, which generally occurs 1 week after injection, TMEV causes 

encephalomyelitis which is followed by neuronal death in the grey matter.  In the chronic phase 
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of the disease, which generally occurs 1 month after initial infection, the virus attacks 

macrophages, and ultimately induces an inflammatory response that leads to demyelination, 

apoptosis of oligodendrocytes and degeneration of the white matter on the spinal cord (Tsunoda 

& Fujinami, 2010).   

In contrast to EAE models, which mostly follow a monophasic disease course, closely 

mirroring RRMS, the DA-induced TMEV serves as a good model of PPMS and SPMS because 

of the biphasic disease that correlates with the acute and chronic stages of MS (Tsunoda & 

Fujinami, 2010).  During the acute phase of DA-induced TMEV infection, there is already a 

significant number of viral antigen-positive neurons and apoptotic neurons present.  

Parenchymal, perivascular and subarachnoid inflammatory cell infiltrates are present in the 

grey matter of the brain (Tsunoda & Fujinami, 2010; Tsunoda et al., 2007).  During the early 

viral infection that occurs after injection of DA induced TMEV, cytokines produced by antigen 

presenting cells (APCs) trigger the activation of T-cells, including but not limited to CD3+ T-

cells, therefore stimulating an innate immune response.  The extent of initial viral infection is 

a determining factor for the severity of the acute phase of the disease, and subsequently the 

chronic level of demyelination that will ultimately occur in the mice (Jin et al., 2015).   

During the chronic phase of the DA-induced TMEV infection, the initially acute 

inflammation in the grey matter has ceased.  Chronic persistence of the viral infection leads to 

the susceptibility of the CNS and the development of long-term demyelinating disease.  In this 

later phase, the demyelinating lesions are well-demarcated and visible in the ventral horn of 

the spinal cord, although the dorsal area is reported to be relatively preserved (Tsunoda & 

Fujinami, 2010; Tsunoda et al., 2007).  Studies have shown that the level of activation of innate 

immune cytokines, such as interleukin-6 (IL-6) and type I interferons (IFNs), is a determining 

factor in the degree of demyelination.  It has been suggested that the response from such 

cytokines can lead to the immune system being unresponsive to T-cell mechanisms, rendering 
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the mice less protected and more susceptible to pathogenic pathways (Dal Canto et al., 1996; 

Jin et al., 2015; Tsunoda & Fujinami, 2010).  The determining factor as to how the host immune 

response will take place, and the degree of susceptibility to long term demyelination, are genes 

in and out of the histocompatibility complex, rather than the actual viral cytopathic mechanism.  

If the TMEV is able to successfully bind to a cell-mediated delayed-type hypersensitivity 

(DTH) response, involving macrophages, monocytes and T-cells, then it is likely that the 

disease will be induced.  Generally speaking, the number of activated macrophages and other 

pro-inflammatory molecules is directly correlated with the size and severity of the chronic 

demyelinating lesion (Dal Canto et al., 1996). 

LPS Dorsal column model of the MS Pattern III lesion  

Substantial demyelination can be achieved by the injection of LPS into the Sprague 

Dawley (SD) dorsal column white matter (Desai et al., 2016; Felts et al., 2005; Sharma et al., 

2010).  This demyelination is a direct result of a focal inflammatory lesion, caused by the 

injection of the bacterium endotoxin, exhibiting characteristics closely resembling human 

Pattern III lesions.  LPS is microinjected intraspinally under anaesthesia at the T12 vertebral 

level.  Soon after the injection, neutrophils and monocytes are present at the site of injection, 

and within 24 hours post LPS injection, the focal inflammatory response consists of 

polymorphonuclear cells and inducible nitric oxide synthase (iNOS)-positive macrophages and 

microglia (Felts et al., 2005).  At this stage there is also a clear presence of hypoxia and some 

astrocytic activity post injection of LPS (Desai et al., 2016).  The inflammatory response is 

significantly reduced by 1-week post injection (Felts et al., 2005).  Following this stage, and 

without the presence of inflammation, a large demyelinating lesion develops, lasting between 

9 to 14 days, and often expanding to a substantial 50% of the affected area, around the site of 

injection.  Repair by remyelination commences by the 14th day, and by 28 days after injection 

remyelination is well advanced and large numbers of remyelinated axons are present; most 
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remyelination is done by Schwann cells.  Overall, this LPS-induced lesion tends to be located 

preferentially to involve the grey-white matter border (Felts et al., 2005).   

The relatively slow formation of lesions in this model can mirror MRI studies of MS 

patients, in which the pathology has shown that an inflammatory response and early changes 

in the NAWM may arise weeks before a demyelinating plaque is seen in some patients 

(Wuerfel et al., 2004).  Furthermore, microglial activation in this model may resemble focal 

areas of microglial activation in MS patients, that may precede the formation of demyelinating 

plaques that exhibit hypoxia-like conditions seen in pattern III demyelinating lesions (Felts et 

al., 2005; Marik et al., 2007).  The demyelination that occurs in this model after the LPS 

injection is primary, and there is relatively little Wallerian degeneration rostral or caudal to the 

injection site (Felts et al., 2005).  Oligodendrocyte numbers appear to be reduced in the region 

of demyelination post LPS injection (Desai et al., 2016; Felts et al., 2005).  It has been 

suggested that LPS may have a detrimental effect on the survival of oligodendrocytes, as shown 

by its toxicity to oligodendrocyte progenitors in in vitro experiments (Molina-Holgado et al., 

2001).  

In this model of disease, there is a selective vulnerability of white matter to hypoxia, 

suggesting that LPS is indeed especially toxic towards oligodendrocytes, in comparison with 

neurons, resulting in demyelination rather than degeneration.  This preferential vulnerability is 

most probably due to the location of oligodendrocytes at regions remote from blood vessels 

(Desai et al., 2016).  In addition, MAG immunoreactivity is seen in LPS lesions at 3 days after 

LPS injection, but it is significantly reduced by day 5, and even more so by day 7, particularly 

in the deep dorsal funiculus, compared with the immunoreactivity present more superficially 

in the dorsal column.  MAG reduction seems to occur before any other myelin protein, and 

indeed before the initiation of demyelination (Felts et al., 2005).  This preferential loss of MAG 

mirrors that of pattern III demyelination in MS patients, which is not reproduced by the usual 



 39 

experimental model of MS, namely EAE (Aboul-Enein et al., 2003; Lucchinetti et al., 2000).  

Furthermore, the LPS injection into the dorsal column and MS both show an unusual pattern 

of demyelination, which occurs in conjunction with microglial activation, prominent 

expression of iNOS, as well as hypoxia, NO and superoxide.  These factors can ultimately 

promote energy deficiency through mitochondrial dysfunction and further aid in the 

progression of the demyelination (Desai et al., 2016; Felts et al., 2005).  These findings suggest 

that the LPS-induced model of MS can be useful in studying the events that precede lesion 

formation in Pattern III MS patients, as well as in increasing our understanding of the 

mechanism of demyelination and potential therapeutic targets. 
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Chapter 2 Model of post-inflammatory slow-burning 

neurodegeneration 

2.1. Introduction 

The mechanisms by which slow neurodegeneration occurs in neurological diseases, 

such as MS, remain unclear.  The symptoms and neurological deficit observed in MS patients 

are associated with inflammation, demyelination and degeneration within the CNS (Dutta & 

Trapp, 2011; Frischer et al., 2009; Lassmann, 2016; Lassmann & Van Horssen, 2011; Trapp 

et al., 2009).  The assumption is that most of the degeneration occurs purely within the white 

matter, particularly involving the periventricular white matter, however, a number of 

histopathological and MRI studies have demonstrated that grey matter and cortical atrophy are 

more frequent than previously perceived (Bø, Vedeler, Nyland, Trapp, & Mork, 2003; Fischer 

et al., 2013; Kidd et al., 1999; Kooi et al., 2012; Lucchinetti et al., 2011).  Grey matter damage 

and atrophy seem to be more closely related to symptoms of progression and disability of MS 

than white matter atrophy and damage (Fisniku et al., 2008).  The degeneration occurring in 

the cortical area explains some of the symptoms, however, the atrophy to the grey matter in the 

spinal cord is more consistently associated with the advancing disability, such as progressive 

paraparesis, a partial paralysis of the lower limbs, a common disability seen in SPMS patients 

(Thompson et al., 1997; Tsagkas et al., 2019).    

Typically, in slow forming lesions, demyelination occurs in the most acute stage of the 

disease, followed by axonal degeneration in the more chronic phase.  The most chronic phase 

of disease, and perhaps the most severe, can occur many years after the first manifestation of 

disability and relapse, suggesting the process of degeneration is slow and detrimental to the 

course of lesion formation (Correale et al., 2019; Lassmann, 1999; Lassmann et al., 2012).  

Much research has been dedicated to early demyelination, in particular the different processes 
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that have been postulated to have an effect on the severity of disease, some of which include 

demyelination, due to inflammation, along with a combination of hypoxic-ischaemic neuronal 

environment (Desai et al., 2016; Lucchinetti et al., 2000; Lucchinetti et al., 2011; Sharma et 

al., 2010).  These early developments are the prelude to the chronic active phase which includes 

axonal death and irreversible neurological damage (Lovas et al., 2000; Love, 2006).   

Studies have shown that grey matter lesions may form due to inflammation, 

mitochondrial injury, hypoxia (Lassmann et al., 2012), and due to secondary degeneration or 

Wallerian-like degeneration (Cifelli et al., 2002).  The degree of degeneration is directly 

correlated with the abundance of white matter plaques, which harbour macrophage-rich lesions 

during the ongoing demyelinating acute process, indicating the importance of early 

inflammation for lesion formation (Bitsch et al., 2000).  In order to understand the underlying 

mechanisms that cause inflammation, which, ultimately, may lead to the overall neurological 

degeneration seen in slow lesions, particularly within the grey matter, we have examined a 

novel neuroinflammatory model of disease that is mediated by the intraspinal injection of LPS, 

and which results in degeneration in the grey matter.  This new model of MS is characterised 

by slowly progressive atrophy of the spinal grey matter, which is driven by an innate immune 

mechanism and later accompanied by chronic and progressive disability and atrophy.  This 

model presents an opportunity to study the mechanisms responsible for the acute and chronic 

slow-burning degeneration seen in MS patients.   

Hypothesis 

We hypothesise that an acute inflammatory event in the spinal grey matter will have 

chronic consequences that persist throughout the lifetime, resulting in slowly-progressive 

neurodegeneration. 
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Aims 

1. To develop a new model of slow-burning neurodegeneration in the spinal grey 

matter that mimics disease progression in MS.   

2. To study the progression of the pathophysiological and pathological sequelae of an 

acute inflammatory lesion in the spinal grey matter. 
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Materials and Methods 

Introduction to the ventral horn LPS injection  

Male adult SD rats (313g ± 28, mean ± SD) were anaesthetized with isoflurane (2% in 

room air), and a laminectomy performed between T13 and L1 vertebral segments, where the 

motor neuron pool controlling hind limb function is located.  Intraspinal injections were made 

by inserting a glass micropipette into the right ventral horn, using a micromanipulator, 

approximately 750μm away from the midline, via a small hole made in the dura.  The site of 

injection was marked on the dura with sterile charcoal.  Animals (n=3 rats per time point) were 

injected with 0.5μl of LPS (Salmonella enterica, serotype typhimurium, Sigma-Aldrich) 

(100ng/μl saline) at depths of 1300μm and 1100μm.  Control animals were similarly injected, 

but with saline alone (n=2 per time point).  Animals were randomised into groups prior to 

surgery.  

 
Figure 2-1 Schematic representation of the site of laminectomy. 
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Behavioural assessment 

Ladder test 

Walking and coordination of the animals was assessed by observing hind foot 

placement whilst walking along uneven rungs, the positions of which were randomised daily.  

The test assesses not only skill in walking, but also forelimb and hindlimb placing, and 

coordination (Metz et al., 2002).  The animals were recorded on video, with subsequent manual 

study, frame by frame, to determine whether the hind feet missed accurate placement on any 

rungs.  Animals were trained the week prior to surgery, and baseline recordings obtained.  

Following surgery, animals were assessed using the rung ladder hind limb test for 4 days.  A 

description of the scoring system used is outlined below in Table 2. 

 

Table 2 Scoring scale used on the horizontal rung ladder-walking test for data analysis. 
(Metz and Whishaw, 2002). 
 

Category Type of foot misplacement Characteristics 

1 Deep slip Deep fall after limb slipped off the 
rung 

2 Slight slip Slight fall after limb slipped off 
the rung 

3 Replacement Limb replaced from one rung to 
another  

4 Correction Limb aimed for one rung but was 
placed on another 

5 Partial placement Limb placed on rung with either 
digits/toes or wrist/heel 

6 Correct placement Mid-portion of limb placed on 
rung 
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Figure 2-2 Depiction of the test apparatus to assess ladder walking. 

Horizontal walking test-tail analysis  

Tail deficits were determined by observing animals whilst they walked on a flat surface, 

for the same 1m distance as the ladder test.  Rats normally walk with their tails in the air, and 

so tail weakness was assessed by how many times it touched the ground, in addition to the 

proportion of the tail that touched the surface.  To create a scoring system, the tail of the rats 

was visually divided into sections.  Depending on the section that was touching the surface, 

and for how long, the tail would be given a score, as shown in Figure 2-3.  If the tip of the tail 

touched the surface it was given a score of 0.1 per touch, but if the tip of the tail touched the 

ground throughout the entirety of the walk, it was given a score of 1.  When half of the tail was 

touching the flat surface throughout, it would be given a score of 2.  In the case that more than 

half of the tail, or its entirety, was touching the flat surface, the scoring would increase to 2.5 

or 3.  As described above, animals were trained the week prior to surgery to obtain baseline 

recordings.  Following surgery, animals were assessed daily for 4 days.  
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Figure 2-3 Scoring System for tail disability 

Representation of the scoring system created to measure disability of the tail on the horizontal walking 
test.  

Treadmill test-running speed  

“TreadScan” apparatus and “DigiGait” imaging software were used to perform an 

assessment of any deficits in gait.  The treadmill is made up of a Plexiglas compartment and a 

transparent belt that makes up the moving “treadmill”.  To record videos and perform analysis, 

an angled mirror is placed below the transparent belt.  Video recording sessions lasted 1 minute, 

at a walking speed of 20 cm/s.  This speed was chosen for a variety of reasons:  

I. Animals did not perform a full 1-minute walk at higher speeds  

II. This speed was optimal for post-surgery animals  

III. Speed was within the recommended range by TreadScan advisory 
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The videos were taken with TreadScan software (ClearSys), which enables the analysis 

of each individual paw within each frame.  The system also outlines the paws and calculates 

stance time, speed and gait angle.  These are useful tools to measure deficit after surgery.  

Training sessions were used to create a background for the software to differentiate pixel and 

paw placement.   

Animals were trained the week prior to surgery by increasing the treadmill speed each 

day and allowing animals to acclimatize to the process.  Animals were also assessed daily, for 

4 consecutive days and 1 month following lesion induction.  Animals grew too large to perform 

the task at subsequent ages. 

Histological preparation 

Pimonidazole (PIMO) (HPI Inc, Burlington, MA; 60mg/kg body weight) was 

administered intravenously via the saphenous vein, under light anaesthesia (1.5% isoflurane in 

room air), 4 hours prior to perfusion.  Animals were anaesthetized (2% isoflurane in room air) 

and trans-cardially perfused using heparinized saline, followed by 4% paraformaldehyde (PFA; 

Sigma) in 0.4M phosphate buffer (PBS; Sigma- Aldrich, USA).  Spinal cords were harvested 

and post-fixed in PFA overnight, followed by cryoprotection in 30% sucrose (Sigma- Aldrich, 

USA).  Spinal cords were cut at the site of the injection (as determined by the charcoal mark), 

and rostral and caudal portions embedded in optimal cutting temperature (OCT) compound, 

using isopentane pre-cooled in liquid nitrogen.  Tissue blocks were stored at -80°C, until use.  

A cryostat (Leica Microsystems, Germany) was used to cut transverse sections 12 μm thick, 

which were thaw-mounted on glass slides.  Sections were frozen at -20°C until required for 

immunohistology.   
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Histology 

H&E staining  

Transverse sections of the spinal cord were chosen 5 slides apart to be stained with 

haematoxylin and eosin (H&E), as follows.  Following, 5 min PBS washes (Sigma- Aldrich, 

USA), the slides were incubated in haematoxylin for 2 minutes and washed again under 

running tap water.  Slides were incubated for 30 to 60 seconds in 1% acid alcohol solution.  

Again, slides were washed for up to 10 minutes under running tap water.  Slides were immersed 

for 2 minutes consecutively in 70%, 90% and 95% ethanol, followed by 1-minute incubation 

in 0.25% eosin.  Slides were then dehydrated by immersing in fresh 90% ethanol twice for 2 

minutes, and once in 100% (VWR) for 2 minutes.  Finally, slides were immersed in xylene for 

2 minutes, twice.  The sections were cover slipped using DPX (VWR) and were left to dry at 

room temperature overnight, and imaged using light microscopy.  

Luxol Fast Blue staining 

Transverse sections of the spinal cord containing key lesion areas, as observed via H&E 

staining, were left to air-dry overnight.  Sections were stained with luxol fast blue 

(LFB)/periodic acid- Schiff (VWR), and Harris haematoxylin to assess demyelination.  

Sections were taken to 100% ethanol (VWR) by gentle shaking with intervals of 70% ethanol 

for 5 minutes, followed by 90% ethanol for 5 minutes.  The sections were incubated overnight 

at 50 °C with LFB solution: 0.1% LFB (BDH) in acidified 95% ethanol (1.0g LFB, 1000 ml 

95% ethanol, 0.5ml glacial acetic acid).  The next day, the sections were washed well in running 

tap water for about 5 minutes, or until the water ran clear.  Afterwards, the sections were 

differentiated by cycling through saturated lithium carbonate (Merck, Germany) for 30 

seconds, and continue to differentiate with 70% ethanol for 30 seconds, washing with running 

tap water in between each step.  These two last steps were repeated as necessary to remove 
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LFB from white matter.  Following these steps, the sections were oxidized in 1% periodic acid 

(VWR) for 20 minutes at room temperature (RT). Once more, the sections were washed under 

running tap water for at least 5 minutes.  Sections were then incubated in neat Schiff’s reagent 

(VWR) for 20 minutes at RT, washing in running tap again after this step for 5 minutes.  The 

sections were counterstained in neat Harris haematoxylin (VWR) for 2 minutes, washed again 

for 5 minutes under running tap water, differentiated again until clear in 1% acid alcohol, and 

then washed for another 5 minutes under running tap water.  Slides were then dehydrated by 

immersing in fresh 90% ethanol twice for 2 minutes, and once in 100% ethanol (VWR) for 2 

minutes.  Finally, slides were immersed in xylene for 2 minutes, twice.  The sections were 

cover slipped using DPX (VWR) left to dry at room temperature overnight, and imaged using 

light microscopy.    

Cresyl Violet staining 

Three transverse sections of the spinal cord were chosen 5 slides apart from the 

epicentre of the lesion.  Sections were left to air-dry overnight.  The sections were rehydrated 

with PBS (Sigma- Aldrich, USA) for a minimum of 5 minutes, three different times.  The 

sections were then incubated in preheated cresyl violet (CV) for 5 minutes, followed by 

immersion in distilled water 2 times, for 5 minutes each.  Slides were then dehydrated by 

immersing in fresh 70%, followed by 90% ethanol for 2 minutes each, and once in 100% 

ethanol (VWR) for 2 minutes.  Finally, slides were immersed in xylene for 2 minutes, twice.  

Stained sections were then mounted in DPX mounting medium (VWR), left to dry at room 

temperature overnight, and imaged using light microscopy.   
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Immunohistochemistry 

Transverse sections of the spinal cord sections were left to air-dry overnight.  Sections 

were rehydrated with PBS (Sigma- Aldrich, USA) for a minimum of 5 minutes, prior to 

incubation in 0.3% hydrogen peroxide (H2O2; Sigma-Aldrich, USA) in neat methanol (BDH 

International, UK) for 15 minutes with gentle agitation in to block endogenous peroxidase.  All 

sections were incubated with 5% horse serum (Sigma) in PBS containing 0.1% Triton X-100 

(Thermo Fischer Scientific) blocking buffer for a minimum of 30 minutes in order to minimize 

non-specific antibody binding.  Next, sections were incubated overnight at 4 °C with primary 

monoclonal antibody (Table 3) diluted in the same blocking buffer previously described.  The 

next day, all sections were washed with PBS three times, followed by incubation with 

biotinylated anti-mouse secondary antibody, diluted to 1/200 in the appropriate blocking 

buffer, for at least an hour at room temperature, see Table 3.  Next, the sections were washed 

with PBS prior to incubation with the avidin-peroxidase complex (Vectastain Elite: Vector 

Laboratories Ltd, USA), for a minimum of 1 hour at room temperature, followed by another 

three PBS washes.  Finally, the sections were exposed to a 3'-diaminobenzidine (DAB) reaction 

mixture (Vector DAB kit; Vector Laboratories Ltd, USA).  When the developing brown colour 

appeared optimal, about 4 minutes later, the sections were immersed in tap water to stop the 

reaction, and then rinsed for an additional 10 minutes in running tap water.  Slides were then 

dehydrated by immersing in graded alcohols (70%, 90 %, 100% x2) followed by two changes 

of xylene for 2 minutes.  Stained sections were then mounted in DPX mounting medium 

(VWR), left to dry at room temperature overnight, and imaged using light microscopy.   
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Antibody Target Isotype Blocking Buffer Dilution Source 

 
Mouse Anti- GFAP Astrocytes Mouse 

IgG 

5% normal horse 
serum (Sigma) in 

0.01% PBS- triton-
x 

1:200 
 

Sigma 
 

Mouse 
Hydroxyprobe-1-

anti- pimonidazole 

 
Pimonidazole 

adducts 

Mouse 
IgG 

0.25% casein 
(VWR 

International, UK), 
in 0.01% PBS- 

triton-x 

1:500 HPI Inc 
 

 
Mouse Anti-rat ED1 

 

Activated 
macrophages/ 

microglia 

Mouse 
IgG1 

 

5% normal horse 
serum (Sigma) in 

0.01% PBS- triton-
x 

1:200 Abcam 

Mouse anti- rat 
endothelial cell 

antigen-1 (RECA-1) 

Endothelial 
cells 

Mouse 
IgG1 

 

5% normal horse 
serum (Sigma) in 

0.01% PBS- triton-
x 

1:200 Abcam 

 
Rabbit anti-IBA 

Macrophages 
/Microglia 

Rabbit 
IgG 

 

5% normal goat 
serum (Sigma) in 

0.01% PBS-triton-x 
1:500 WAKO 

Rabbit Anti- HIF-
1α 

Hypoxia 
inducible 
factor-1α 

Rabbit 
IgG 

 

5% normal goat 
serum (Sigma) in 

0.01% PBS-triton-x 

1:200 
 Abcam 

Table 3 Antibody details for immunohistochemistry (IHC). 
 

Immunofluorescence  

 Spinal cord sections were air dried overnight.  The sections were rehydrated with PBS 

(Sigma- Aldrich, USA), prior to incubation in neat methanol, with three subsequent PBS 

washes.  Sections were blocked in normal goat serum (NGS) for 30 minutes, prior to incubation 

in primary antibody overnight at 4oC.  The following day, the sections were washed with PBS.  

Sections were then separately incubated with polyclonal goat anti-rabbit (1:200, Invitrogen) 

and goat anti-rabbit Cy3 (1:200, Invitrogen) secondary antibodies for 60 minutes each at room 

temperature (Table 4).  PBS washes were carried out between each step.  Slides were mounted 

with Vectashield mounting medium (Vector) and stored at 4°C in the dark, prior to examination 

with confocal microscopy (Zeiss 710).   
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Antibody Target Isotype Blocking 
Buffer Dilution Source 

Rabbit Anti- GFAP Astrocytes Rabbit 
IgG 

5% NGS 
in 0.01% PBS- 

triton 
1:500 DAKO 

 
Rabbit Anti-IBA 

Microglia/ 
macrophages 

Rabbit 
IgG 

5% NGS 
in 0.01% PBS- 

triton 
 

1:200 Abcam 

Table 4 Antibody details for immunofluorescence (IF). 
 

Microscopy 

Light microscopy and quantification 

Tissue sections were viewed using an Axiophot light microscope (Zeiss, Germany), 

and micrographs taken using a Nikon D300 camera (Nikon, USA).  The illumination was kept 

constant throughout image acquisition, under the same magnification.  Analysis of the grey 

matter atrophy was carried out by tracing around the grey matter spinal cord sections lesion 

side, and its corresponding counterpart, as well as all grey matter.  Quantification was carried 

out using the “analyse measurement” tool on Image J (National institute of health, USA).  

Analysis of the intensity of the labelling with pimonidazole was carried out by tracing around 

the spinal cord sections (white and grey matter, and grey matter alone, irrespectively), and 

measuring the pixel intensity using Image J.  Quantification of all other markers was carried 

out using the ‘analyse particles’ tool, on thresholded images, to determine the number, of 

positively labelled cells.  The same settings were used for each image, and area measurements 

were carried out concurrently.  

Confocal microscopy 

Confocal fluorescent images were obtained using a Zeiss 710 confocal microscope, 

with a 40X water immersion objective.  Excitation wavelengths of 488 nm and 543 nm were 

provided by argon and helium-neon gas lasers.  
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Statistical analysis 

Behavioral analysis 

All data were tested for normality using the D’Agostino & Pearson test.  Data that were 

not normally distributed were evaluated using non-parametric statistics as indicated.  P-values 

of 0.05 (*), 0.01 (**), 0.001 (***) and 0.0001(****), were considered as statistically 

significant.  All statistical analyses were carried out GraphPad Prism version 8.   

 A two-way analysis of variance (ANOVA) test was performed on time course scoring 

experiments, to compare the significance between different time points and between the two 

treatment groups, those being saline and LPS.  When treatment groups were compared at a 

single time point, t- tests were performed to assess significance.   

Neuronal counts 

Large neurons with visible nucleus present were counted as motor neurons using Image 

J (National institute of health, USA).  All data were tested for normality using the Shapiro-

Wilk test.  A two-way ANOVA test was performed on neuronal counts to assess the 

significance between different time points and between the two treatment groups, those being 

saline and LPS.  P- values of 0.05 (*), 0.01 (**), 0.001 (***) and 0.0001(****), were 

considered as statistically significant. All statistical analyses were carried out using GraphPad 

Prism version 8.  

Statistical analysis of PIMO labelling 

The pixel intensity of the pimonidazole labelling was normally distributed in all spinal 

cord sections examined. Therefore, the percentage of pixels labelled with an intensity greater 

than the mean of the corresponding controls plus one standard deviation was counted and 

compared to the appropriate vertebral segment-matched control using a Wilcoxon test; the 
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saline-injected group served as controls in each of the respective experiments, for each 

individual animal.  All statistical analyses were carried out using GraphPad Prism version 8.  

Statistical analysis of RECA-1 

The data obtained from sections labelled with RECA-1 followed a normal distribution, 

therefore, the independent t-test was used to compare the RECA-1 cell density, at each spinal 

cord segment, between the two groups (saline and LPS).  A repeated measures Two-Way 

ANOVA was used to compare the cumulative RECA-1 cell density.  All statistical analyses 

were carried out using GraphPad Prism version 8.  
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Results 

Acute disability 

LPS injection on the ventral horn causes acute disability 

Animals were assessed for functional disability following the intraspinal injection of 

LPS.  LPS injected animals exhibited transient tail weakness following lesion induction (Figure 

2-4), with disability particularly significant at 48 hours (Figure 2-5), however by 72 hours 

(Figure 2-6), function began to recover and was similar to baseline levels by 96 hours.  No such 

changes were evident in saline injected control animals at any of the time points examined.  As 

the deficit observed in LPS injected animals subsided by 96 hours post-injection, subsequent 

acute studies have focused on this time window.  

 

 

Figure 2-4 Acute tail disability 

Tail disability scores while walking horizontally for animals injected with saline (n=10) or LPS (n=19).  
Animals were trained from one day before surgery (baseline) up to four days after surgery.  Values are 
means ± SEM.  Statistical analysis was performed with a Two-way ANOVA test (****: P<0.0001), (***: 
P<0.001).   
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Figure 2-5 24 and 48 Hours tail deficit  

Tail deficit scores while walking on a horizontal surface for animals injected with saline (n=16) or LPS 
(n=25) after 24 hours (A) and after 48 hours (B), saline (n=12) or LPS (n=22).  Statistical analysis was 
performed with a Welch’s Test (****: P=<0.0001).   

 

Figure 2-6 72 and 96 Hours tail deficit 

Tail deficit scores while walking on a horizontal surface for animals injected with saline (n=10) or LPS 
(n=19) after 72 hours (A) and after 96 hours (B), with Saline (n=10) or LPS (n=19).  Statistical analysis 
was performed with a Welch’s Test (****: P<0.0001). 
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LPS injection causes hindlimb acute motor deficit on horizontal ladder 

Animals were assessed for hindlimb functional disability while walking on the 

horizontal ladder with unevenly spaced rungs.  When different errors occurred, the worst of the 

scores was recorded, as advised by the foot fault scoring system previously published (Metz 

and Whishaw, 2002).   

Saline controls showed a decrease in the ability to walk smoothly along the horizontal 

ladder at the 24-, 48- and 96-hour periods, compared with baseline, in particular at the 24, 48 

and 96 time points (*P=<0.05).  LPS groups showed a worse ability to walk along the 

horizontal ladder, most significantly at 24 hours post injection (**P<0.01), compared with 

baseline scores.  Disability for LPS group was also seen after 48 hours, 72 hours and 96 hours 

compared with baseline, however, it was less significant (*P<0.05).  All data are presented as 

mean ± standard error.   

Both saline and LPS groups showed a similar trend of hindlimb disability (Figure 2-7).  

However, LPS group scoring averages were lower, categorizing animal group as being acutely 

less able to anticipate rung location with accuracy.  
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Figure 2-7 Acute hindlimb score 

Hindlimb scores while walking on horizontal ladder of animals injected with saline (Controls) and LPS.  
Graph shows combined means of control saline-injected animals (n=14) and -LPS injected animals 
(n=25) ± SEM.  Two-way ANOVA.  
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LPS injections have an effect on the running speed of SD rats  

 

Animals were subject to running on the TreadScan treadmill for 1 minute at every time 

point (baseline, 24-, 48-, 72-, 96 hours and 1- month post-surgery).  After 24 hours post-

surgery, running speed of animals injected with saline continuously increased at all points, in 

comparison with baseline, however, at no time were the results statistically significant.  Similar 

to control animals, the speed of LPS animals dropped slightly at 24 hours post-surgery, 

however, it continued to drop at 48 hours.  There was then a significant increase in speed of 

the LPS group at 72 hours post-surgery, in comparison with 24 hours (P* <0.05) and 48 hours 

(P** <0.01).  The speed at 96 hours and 1-month post-surgery recovered close to around 65 

mm/s, namely similar to 72 hours.   

The change in scores was similar between the groups, except at 48 hours post-surgery.  

At this time the average speed for the saline group was near 50 mm/s, however, for the LPS 

group the average speed was closer to 13 mm/s.  The difference between the two groups was 

statistically significant (P* <0.05) at 48 hours.   
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Figure 2-8 Saline and LPS hindlimb Score 

A. Running speed while placed on treadmill at speed 20cm/s of animals injected with saline (n=5) as 
controls.  B.  Overall average running speed while walking on the treadmill at speed 20cm/s of animals 
injected with LPS (n=5).  C). Overall average running speed of animals injected with saline (Controls) 
and LPS.  Graph shows combined means of control saline-injected animals (n=5) and -LPS injected 
animals (n=5).  Results were subject to Two-way ANOVA, (P* <0.05), (P** <0.01). 
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Acute histology 

H&E staining on sections from acute animal 

Structural changes, post injection, were assessed by looking at sections stained with 

H&E.  Acute tissue was collected at four different time points: 24 hours, 48 hours, 72 hours 

and 96 hours post-surgery.  No statistical analysis has been conducted on the tissue, as the 

number of animals per group was insufficient for this purpose.  Sections from saline-injected 

animals did not show inflammation, or a difference in motor neuron numbers at any of the 

acute stages shown below.  At 24, 48- and 72-hours post injection, the spinal cords of animals 

injected with LPS showed oedema and inflammation near the ventral horn, particularly at 48 

hours, coinciding with the expression of acute behavioural deficits.  A conundrum arose 

regarding the number of motor neurons present at the site of injection.  In H&E sections, the 

number of motor neurons counted in the injected side of LPS animals was reduced at 24 and 

48 hours, but was less so at 72 and 96 hours.  Of course, the observations are necessarily made 

in different animals, rather than longitudinally.  An additional complication is that the animals 

studied at 24 and 48 hours were injected on a different day to the ones studied at 72 and 96 

hours, which introduces the possibility of an unintended difference in injection between the 

different occasions.  To obtain a different perspective on motor neuron survival, a different 

stain was employed, namely cresyl violet (CV), but this stain provided the same conundrum as 

observed with the H&E, as shown in Figure 2-10.  The conundrum is discussed further in the 

Discussion.  LFB staining was also done on the acute time point saline and LPS sections, to 

look for early signs of demyelination, as shown in Figure 2-11.  The LFB staining of the myelin 

was not intense in this staining ‘run’, but there was no suggestion of demyelination, and since 

other experiments have not shown any demyelination at this time, the staining was not repeated. 
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Figure 2-9 H&E of acutely lesioned spinal cords 

Transverse sections showing acute lesions in spinal cords stained with H&E, comparing the ipsilateral 
and contralateral ventral horn 24-, 48-, 72- and 96 hours post-surgery.  Left column shows control tissue 
injected with saline, whereas the right column shows spinal cords injected with LPS, each with its 
corresponding lesioned sides.  Scale bars are 250µm (low magnification) and 25µm (higher 
magnification).  
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Figure 2-10 CV of acutely lesioned spinal cords 

Transverse sections showing acute lesions in spinal cords stained with CV, comparing the ipsilateral 
and contralateral ventral horn 24-, 48-, 72- and 96 hours post-surgery.  Left column shows control tissue 
injected with saline, whereas the right column shows spinal cords injected with LPS, each with its 
corresponding lesioned sides.  Scale bars are 500µm (low magnification) and 200µm (higher 
magnification). 
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Figure 2-11 LFB of acutely lesioned spinal cords 

Transverse sections showing acute lesions in spinal cords stained with LFB (myelin), comparing the 
ipsilateral and contralateral ventral horn 24-, 48-, 72- and 96 hours post-surgery.  Left column shows 
control tissue injected with saline, whereas the right column shows spinal cords injected with LPS.  
Scale bar is 500µm. 
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Acute immunohistochemistry 

LPS injection induces inflammation acute stages of lesion development 

2.3.3.1.1 ED1 Labelling 

ED1 primary antibody was used to mark activated microglia/macrophages in the acute 

LPS- and saline-injection experiments.  We anticipated that animals injected with LPS would 

have an increased macrophage activation.  Anti-ED1 antibody revealed that microglia in the 

spinal cord of animals injected with saline at 24 hours, 48 hours, 72 hours and 96 hours post 

injection did not express ED1 antigen.  In contrast, there was clear expression of ED1 antigen 

at 24 hours, and 48 hours, with significant diminishment at 72 hours post injection in the LPS 

experiments.  The ED1 expression was especially apparent at 48 hours post LPS injection, 

particularly near the injection area, as expected.  Figure 2-12 shows images of transverse spinal 

cord sections labelled for ED1.  The labelling is unambiguous, but no statistical analysis has 

been conducted due to the small sample size. 
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Figure 2-12 ED1 labelling of acutely lesioned tissue  

Spinal cords from acutely lesioned animals labelled with ED1, comparing the ipsilateral and 
contralateral ventral horn 24-, 48-, 72- and 96 hours post-surgery.  Left column shows control tissue 
injected with saline, whereas the right column shows spinal cords injected with LPS, each with its 
corresponding lesion side magnification images.  Scale bars are 500 µm (low magnification) and 
2000µm (higher magnification).   
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2.3.3.1.2 IBA Labelling 

IBA primary antibody was used to mark activated macrophages and microglia in the 

acute LPS- and saline-injection experiments (Figure 2-13 A).  Anti-IBA labelling revealed no 

microglia/macrophages activation in the spinal cord of animals injected with saline at any of 

the acute timepoints.  In contrast, there was clear expression of IBA labelling at 24-, 48-, and 

72 hours with significant diminishment at 96 hours post injection in the LPS experiments.  The 

IBA labelling was especially apparent at 48 hours post LPS injection, particularly near the 

injection area, as expected and in correlation with the ED1 labelling results.  Overall, the 

difference in IBA labelling on the grey matter between the saline controls and LPS groups is 

significant (***: P=<0.001) on all acute time points.  
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Figure 2-13 IBA Labelling of acutely lesioned spinal cords 

A. Spinal cords from acutely lesioned animals labelled with IBA, comparing the ipsilateral and 
contralateral ventral horn 24-, 48-, 72- and 96 hours post-surgery, scale bar 500 µm.  Left column shows 
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control tissue injected with saline, whereas the right column shows spinal cords injected with LPS.  B.  
Graph showing the magnitude of IBA percentage labelling of the grey matter spinal cord of animals 
injected with saline (Controls)(n=2) and LPS (n=3) ± S.D.  Two-way ANOVA (***: P=<0.001).  
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GFAP labelling shows acute signs of astrocyte activity 

GFAP primary antibody was used to mark the presence of astrocytes, and possible 

gliosis.  Overall, saline control groups showed little to no abnormal immunoreactivity at any 

acute time point.  However, LPS-injected groups showed a significant and unambiguous 

increase in GFAP labelling, particularly at 24-hours, 48-hours and 72-hours post LPS injection, 

in comparison with the non-injected contralateral side (Figure 2-14).  At the 48-hour post LPS 

injection time point the GFAP labelling was its most intense, correlating to the other 

histological markers previously described, as well as the peak of disability.   

 
Figure 2-14 GFAP Labelling of acutely lesioned spinal cords 

Spinal cords from acutely lesioned animals labelled with GFAP, comparing the ipsilateral and 
contralateral ventral horn 24-, 48-, 72- and 96 hours post-surgery.  Left column shows control tissue 
injected with saline, whereas the right column shows spinal cords injected with LPS, each with its 
corresponding lesion side magnification images.  Scale bars are 500µm (low magnification) and 100µm 
(higher magnification).   
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PIMO Labelling shows acute evidence of hypoxia 

PIMO was used to investigate a role for hypoxia in the motor disability.  As shown in 

Figure 2-15, there is no visible PIMO labelling present in any of the acute saline spinal cord 

sections.  At 24 hours post injection, there is some PIMO labelling present in the LPS spinal 

cord section, which incremented in intensity after 48 hours.  After 72 hours post injection, 

PIMO labelling appeared to be reduced and it finally disappeared by 96 hours post injection.  

The difference in PIMO labelling on the grey matter between the saline controls and LPS 

groups is significant (*: P=<0.05) on all acute time points.  

 

A 
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Figure 2-15 PIMO Labelling of acutely lesioned spinal cords 

A. Transverse sections showing acute lesions in spinal cords labelling with PIMO, comparing the 
ipsilateral and contralateral ventral horn 24 hours, 48 hours, 72 hours and 96 hours post-surgery.  Left 
column shows control tissue injected with saline, whereas the right column shows spinal cords injected 
with LPS, each with its corresponding non-lesion and lesioned sides.  Scale bar is 500 µm.  B. Graph 
showing the acute PIMO labelling percentage area of the GM of animals injected with saline (Controls) 
and LPS, injected side only.  Graph shows combined means of control saline-injected animals (n=2) 
and -LPS injected animals (n=4) ± SEM.  Two-way ANOVA (*: P=<0.05).  
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 HIF-1α Labelling shows acute evidence of hypoxia 

HIF-1α was used to investigate, and further confirm, the presence of hypoxia in the 

motor disability.  As shown in Figure 2-16, there is no visible HIF-1α labelling present in any 

of the acute saline spinal cord sections.  At 24-and 48 hours post injection, there is some HIF-

1α labelling present in the LPS spinal cord section.  HIF-1α labelling was reduced by 72 hours 

and completely disappeared by 96 hours post. These results are in agreement with the 

immunohistochemical PIMO labelling mentioned earlier (Figure 2-15), as well as motor deficit 

at these time points.  Overall, the difference in HIF-1α labelling on the grey matter between 

the saline controls and LPS groups is significant (****: P=<0.001) on all acute time points.  

 

 

A 
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Figure 2-16 HIF-1α Labelling of acutely lesioned tissue 

A. Transverse sections showing acute lesions in spinal cords labelled with HIF-1α, comparing the 
ipsilateral and contralateral ventral horn 24-, 48-, 72- and 96 hours post-surgery.  Left column shows 
control tissue injected with saline, whereas the right column shows spinal cords injected with LPS, each 
with its corresponding non-lesion and lesion side magnification images.  Scale bars are 500µm (low 
magnification) and 100µm (higher magnification).  B. Graph showing the acute HIF-1α labelling 
percentage area of the spinal cord of animals injected with saline (Controls) and LPS.  Graph shows 
combined means of control saline-injected animals (n=2) and LPS-injected animals (n=3) ± S.D.  Two-
way ANOVA (****: P=<0.0001).  
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RECA-1 Labelling and acute variation in vascular density 

RECA-1 primary antibody was used to determine vessel size and volume.  As shown 

in Figure 2-17 A, there is no visible difference in RECA-1 presence in any of the acute saline 

spinal cord sections, on both the non-lesion and lesion sides.  At 24-, 48- and 72- hours post 

injection, there is some decrease in RECA-1 labelling present in the injected of the LPS injected 

spinal cord section, in comparison with the non-injected side.  At 96 hours post injection of 

LPS, the RECA-1 labelling appeared to be more equal between the non-injected side and the 

injected side.  The results were not statistically significant (Figure 2-17 B). 
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Figure 2-17 RECA-1 Labelling of acutely lesioned tissue 

A. Transverse sections showing acute lesions in spinal cords labelled with RECA-1, comparing the 
ipsilateral and contralateral ventral horn 24-, 48-, 72- and 96 hours post-surgery.  Left column shows 
control tissue injected with saline, whereas the right column shows spinal cords injected with LPS.  
Scale bar is 100µm.  B. Graph showing the acute RECA-1 cell density of the spinal cord of animals 
injected with saline (Controls) and LPS.  Graph shows combined means of control saline-injected 
animals (n=2) and LPS-injected animals (n=3) ± S.D.  Two-way ANOVA. 
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Chronic disability 

LPS injection causes hindlimb deficit in SD rats  

Animals were assessed for chronic hindlimb disability while walking on the horizontal 

ladder with unevenly spaced rungs.  Saline and LPS animals did not show any significant 

change from baseline in ladder scores throughout the 12 months of recording sessions.  

However, a clear trend towards a difference between the groups developed over time.  From 

months 2 to 4 post-surgery, both control and LPS groups slightly improved their performance, 

however, as control groups continued to do well, LPS animals clearly declined in their ability 

to walk.  At month 7, there was a significant difference between saline and LPS groups (*: 

P<0.5).   

 
Figure 2-18 Chronic hindlimb disability 

Tail disability scores of controls (n=4) and LPS groups (n=10).  Animals were trained from one day 
before surgery, and every month after that.  Month 0 corresponds to baseline value recorded before 
surgery.  Results were subject to Two-way ANOVA; P* <0.05.  Values are means ± SEM. 
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LPS injection causes chronic tail deficit in SD rats 

Disability was assessed for functional deficit following the intraspinal injection of LPS, 

as described earlier (Figure 2-3), once every month after surgery.  Animals injected with saline 

showed no significant difference between baseline and subsequent months.  As mentioned 

earlier, LPS injection caused acute tail weakness, which recovered close to baseline after 96 

hours post-surgery (Figure 2-6).  Tail disability worsened again, particularly after 1-month post 

LPS injection (****: P<0.0001).  Tail weakness does not significantly recover in LPS-injected 

animals post 1 month after surgery; on the contrary, as animals start to age, tail strength 

continued to decrease, such that a very significant (****: P<0.0001) decrease in disability was 

maintained compared to baseline.  Figure 2-19 shows a month- by-month comparison of LPS-

injected animals compared to saline controls.   

 

Figure 2-19 Chronic tail disability 

Tail disability scores while walking on a horizontal surface for 1 metre, for animals injected with saline 
(n=4), or LPS (n=10).  Animals were trained from one day before surgery, and every month after that.  
Month 0 corresponds to baseline value recorded before surgery.  Results were subject to Two-way 
ANOVA (****: P<0.0001).  Values are means ± SEM. 
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Figure 2-20 describes the acute and chronic response to the saline (controls) and LPS 

injection, which causes an early and significant (****: P<0.0001) tail weakness in LPS groups, 

as described earlier (Figure 2-4).  Acute tail weakness diminishes after 96 hours post LPS 

injection, however, a delayed chronic response arises at 1-month post LPS injection, one that 

equals that of the peak disability at 48 hours post LPS injection.  Hereafter, the LPS injected 

group tail disability continues to increase, reaching a new chronic peak of the disease at the 

end of the one-year experiment.  Saline control animals, however, do not show any significant 

change in the tail strength experiment in both acute and chronic time points, ruling out that age 

is a major contributing factor in this behavioural test. 

 
Figure 2-20 Acute and chronic tail disability represented on the same graph 

Tail disability scores while walking on a horizontal surface for 1 metre, for animals injected with saline 
(n=4), or LPS (n=10).  Animals were trained from one day before surgery, 4 consecutive days after 
injection and every month after that.  Results were subject to Two-way ANOVA (****: P<0.0001).  
Values are means ± SEM. 
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Chronic histology 

Structural changes to chronically lesioned spinal cords post LPS injection 

Chronic sections were collected at 1 month, 3 months, 6 months and 12 months post 

injection.  H&E staining shows clear signs of chronic inflammation around the site of injection, 

particularly at 1- and 3- months post LPS injection, in comparison with saline controls, as 

shown in Figure 2-21.  Sections at 6 months and 12 months injection showed a decrease in grey 

matter area in LPS-injected groups, particularly at 12-months post LPS injection (*: P<0.05) 

(Figure 2-22).  H&E staining showed a trend in the decrease of motor neuron numbers at the 

site of injection in LPS groups.  This was later confirmed with CV staining techniques, as 

shown in Figure 2-23.  There is a significant decrease in the number of stained motor neurons 

on the injected ventral horn site, at 1 month (*: P<0.05), 3 months (****: P<0.0001) in 

comparison with its ipsilateral counterpart.  At the 6 months and 12 months time points, the 

difference in neuronal count on the injected side, in comparison with its ipsilateral counterpart, 

between saline control and LPS is unambiguous, but no statistical analysis has been conducted 

due to the small sample size (Figure 2-24).  Saline controls did not show any decrease in grey 

matter area or motor neuron density at any time point.  

 Possible demyelination in chronic time points was assessed using LFB staining 

techniques, as shown in Figure 2-25.  There seems to be some demyelination present on the 

LPS injected sections of 6 months and 12 months groups.  Demyelination is noticeable near 

the site of LPS injection only, and closer to the midline, as expected.  
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Figure 2-21 H&E Staining of chronically lesioned animals 

Transverse sections from chronically lesioned spinal cords stained with H&E comparing the ipsilateral 
and contralateral ventral horn 1-, 3-, 6- and 12 months post-surgery.  Left column shows control tissue 
injected with saline, whereas the right column shows spinal cords injected with LPS.  Scale bar is 500 
µm. 
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Figure 2-22 Chronic Atrophy Graph 

Graphs showing the average percentage atrophy at the lesion site of induced with saline (n=2) and LPS 
at the preceding times shown ± S.D.  Injection of LPS causes clear atrophy of the grey matter ipsilateral 
to the lesion, at 1 month (n=3), 3 months (n=3), 6 months (n=4) and 12-months (n=12) post-surgery (*: 
P<0.05).  

 

Figure 2-23 CV Staining of chronically lesioned animals 
 
Transverse sections from chronically lesioned spinal cords stained with CV, comparing the ipsilateral 
and contralateral ventral horn 1-, 3-, 6- and 12 months post-surgery.  Left columns show control tissue 
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injected with saline, whereas the right columns show spinal cords injected with LPS, each with its 
corresponding lesioned side magnification images.  Scale bars are 500 µm (low magnification) and 200 
µm (higher magnification). 
 

 

Figure 2-24 Chronic neuronal count graph 

Graphs showing the reduction in motor neurons counted at the site of lesions induced at the preceding 
times shown.  Injection of LPS causes a significant decrease in the number of stained motor neurons 
ipsilateral to the lesion, at 1 month (A), 3 months (B), 6 months (C) and 12 months (D) post-surgery, 
saline controls (n=2) and LPS groups (n=3).  Results were subject to Two-way ANOVA (*: P<0.05), 
(****: P<0.0001); Values are means ± S.D. 
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Figure 2-25 LFB Staining of chronically lesioned animals 

Transverse sections showing from chronically lesioned spinal cords stained with LFB (myelin), 
comparing the ipsilateral and contralateral ventral horn 1-, 3-, 6- and 12 months post-surgery.  Left 
column shows control tissue injected with saline, whereas the right column shows spinal cords injected 
with LPS.  Scale bar is 500 µm. 
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Chronic immunohistochemistry 

LPS injection induces inflammation at chronic stages of lesion development 

2.3.6.1.1 ED1 Labelling 

Immunohistochemistry for ED1 revealed the presence of inflammation in the spinal 

cord of animals injected with LPS at 1 month and 3 months post injection, with significant 

diminishment at 6 months and 12 months (Figure 2-26).  Chronic saline-injected control groups 

did not show any signs of ED1 staining or inflammation.  The ED1 expression was substantially 

diminished at 6 months, the point at which degeneration began to become apparent, as shown 

earlier in Figure 2-21.  No statistical analysis has been conducted on the tissue, due to the small 

sample size.   
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Figure 2-26 ED1 Labelling of chronically lesioned spinal cords 

Spinal cords from chronically lesioned animals labelled with ED1, comparing the ipsilateral and 
contralateral ventral horn 1-, 3-, 6- and 12 months post-surgery.  Left column shows control tissue 
injected with saline, whereas the right column shows spinal cords injected with LPS, each with its 
corresponding lesion side magnification images.  Scale bars are 500 µm (low magnification) and 50 µm 
(higher magnification).   
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2.3.6.1.2 IBA Labelling 

IBA primary antibody was used to mark activated macrophages and microglia in the 

acute LPS- and saline-injection experiments.  Immunohistochemistry with anti-IBA antibody 

revealed that microglia in the spinal cord of animals injected with saline did not express IBA 

antigen at any of the chronic time points.  In contrast, there was clear expression of IBA antigen 

at 1-, 3-, 6- and 12 months post injection in the LPS experiments (Figure 2-27).  The IBA 

expression was especially apparent at the ventral horn, the area near the injection site, as 

expected and in correlation with the ED1 labelling results.   
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Figure 2-27 IBA Labelling of chronically lesioned spinal cords 
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A.  Transverse sections showing chronic lesions in spinal cords labelled with IBA, comparing the 
ipsilateral and contralateral ventral horn 1-, 3-, 6- and 12 months post-surgery.  Left column shows 
control tissue injected with saline, whereas the right column shows spinal cords injected with LPS. 
Scale bar is 500 µm.  B.  Graph showing the chronic IBA percentage area of the spinal cord of animals 
injected with saline (Controls)(n=2) and LPS-injected animals (n=3).  Values are means and S.D.  Two-
way ANOVA (****: P=<0.0001).  
 



 90 

GFAP labelling shows chronic signs of astrocytic activity 

2.3.6.2.1 GFAP/DAB 

GFAP primary antibody was used to mark the presence of astrocytes, and possible 

gliosis at all chronic time points.  Overall, saline control groups showed little to no abnormal 

immunoreactivity at any chronic time point.  However, LPS-injected groups showed a 

significant and unambiguous increase in GFAP labelling at 1-, 3-, 6- and 12 months post LPS 

injection, in comparison with the non-injected contralateral side (Figure 2-28).  As previously 

discussed, at the 96-hour post LPS injection time point the GFAP labelling had diminished 

(Figure 2-14), however it is clear that by 1 month after LPS injection, gliosis had begun at the 

lesion site, only worsening with time.   

 
 

Figure 2-28 GFAP/DAB Labelling of chronically lesioned spinal cords 

Spinal cords from chronically lesioned animals labelled with GFAP, comparing the ipsilateral and 
contralateral ventral horn 1-, 3-. 6- and 12 months post-surgery.  Left column shows control tissue 
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injected with saline, whereas the right column shows spinal cords injected with LPS, each with its 
corresponding lesion side magnification images.  Scale bars are 500µm (low magnification) and 100µm 
(higher magnification).   
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2.3.6.2.2 IBA/GFAP 

To confirm the presence of inflammation at different chronic time points, confocal 

imaging was performed on transverse spinal cord sections, labelling for rabbit anti-IBA.  To 

determine the activity level of astrocytes, and possible gliosis, double-label 

immunofluorescence was conducted using GFAP and DAPI.  Saline and LPS transverse 

sections were imaged and the site of injection (Figure 2-29).  Overall, saline control groups 

showed little to no abnormal immunoreactivity at any chronic time point, with the exception 

of some IBA labelling at the 1-month time point on the lesion site, in comparison with the 

contralateral side.  However, LPS-injected groups showed a significant increase in IBA 

labelling, particularly at 1-month, 3-months and 12-months post LPS injection, in comparison 

with the non-injected contralateral side.  Similar to the results shown by ED1 labelling, the 6-

month chronic LPS injection site showed little presence of IBA labelling.  GFAP labelling 

results show a statistically significant difference between saline controls and LPS injected 

animals at every chronic time point (*: P=<0.05) (Figure 2-29 B).  
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Figure 2-29 GFAP/IBA Labelling of chronically lesioned spinal cords 

A. Chronic spinal cords shown at different stages of disease progression in the lesion side of the ventral 
horn 1-, 3-, 6- and 12 months post-surgery.  Confocal laser microscopy of transverse chronic spinal 
cord sections labelled with anti-IBA (microglia) and anti-GFAP (astrocytes) antibodies.  All 
micrographs are representative. Left column shows tissue treated with saline.  Right column 
corresponds to LPS-injected tissue.  Scale bar is 100 µm.  B. Graph showing the chronic GFAP labelling 
percentage on the GM injected side of animals injected with saline (Controls) (n=2) and LPS-injected 
animals (n=3) ± S.D.  Two-way ANOVA (*: P=<0.05).  
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Immunohistochemical labelling of chronic tissue hypoxia  

2.3.6.3.1 PIMO labelling does not show evidence of chronic hypoxia 

PIMO was used to investigate a role for hypoxia in the motor disability.  Spinal cord 

transverse sections of animals at chronic disease time points labelled with PIMO at 1-, 3-, 6-, 

and 12 months post saline and LPS injections (Figure 2-30) showed no visible PIMO labelling 

upon DAB immunohistology, and no statistical significance (Figure 2-30 B).  

 

A 
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Figure 2-30 PIMO Labelling of chronically lesioned spinal cords 

A. Spinal cords from chronically lesioned animals labelled with PIMO at 1-, 3-, 6- and 12 months post-
surgery.  The column on the left shows tissue injected with saline, whereas the column on the right 
corresponds with LPS-injected tissue.  Scale bar is 500µm.  B. Graph showing the magnitude of PIMO 
labelling of the spinal cord of animals injected with saline (Controls) and LPS.  Graph shows combined 
means of control saline-injected animals (n=2) and LPS-injected animals (n=3) ± S.D.  Wilcoxon test 
(n.s).  
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2.3.6.3.2 HIF-1α labelling does not show evidence of chronic hypoxia 

HIF-1α was used further to corroborate the presence of hypoxia as a potential cause of 

the chronic motor disability.  Spinal cord transverse sections of animals injected with LPS 

showed some HIF-1α positive labelling at 1-, 3-, 6- and 12 months post LPS injection (Figure 

2-31 A), as well as all saline time points.  These results are similar to the PIMO revealed by 

DAB labelling, as the HIF-1α labelling is not significant in the grey matter, or in the grey matter 

motor neurons, as shown by Figure 2-31 B-C.  

 

A  
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Figure 2-31 HIF-1α Labelling of chronically lesioned spinal cords 

A. Transverse sections showing chronic lesions in spinal cords labelled with HIF-1α, comparing the 
ipsilateral and contralateral ventral horn 1 month, 3 months, 6 months and 12 months post-surgery.  Left 
column shows control tissue injected with saline, whereas the right column shows spinal cords injected 
with LPS, each with its corresponding non-lesion and lesion side magnification images.  Note the 
atrophy of the grey matter which is faintly discernible in the injected ventral horns.  Scale bars are 
500µm (low magnification) and 100µm (higher magnification).  B. Graph showing the chronic HIF-1α 
labelling percentage area of the spinal cord grey matter of animals injected with saline (controls) and 
LPS.  Graph shows combined means of control saline-injected animals (n=2) and LPS-injected animals 
(n=3) ± S.D.  Two-way ANOVA (n.s).  C. Graph showing the average chronic HIF-1α labelling of the 
spinal cord grey matter motor neurons of animals injected with saline (controls) and LPS, on the injected 
side only.  Graph shows combined means of control saline-injected animals (n=2) and LPS-injected 
animals (n=3) ± S.D.  Two-way ANOVA (n.s).  
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RECA-1 labelling shows chronic variation in vascular density 

RECA-1 antibody was used to determine vessel size.  Spinal cord cross sections were 

labelled with RECA-1 at 1-, 3-, 6- and 12 months post saline and LPS injections.  As shown in 

Figure 2-32 A, saline control groups showed no obvious or significant decrease in density of 

vessel at any of the chronic time points when comparing the density of blood vessels in the 

non-lesioned side to the contralateral side, as expected.  At all chronic time points, there is 

some evident decrease in RECA-1 labelling present in the injected side of LPS cords, in 

comparison with the non-injected side, and the injected side of saline controls.  Figure 2-32 B 

illustrates the decrease of vessel density per mm2 of LPS injected sides in comparison with the 

saline counterparts (n.s). 

 
 

A  
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Figure 2-32 RECA-1 Labelling of chronically lesioned spinal cords 

A. Transverse sections showing chronic lesions in spinal cords labelled with RECA-1, comparing the 
ipsilateral and contralateral ventral horn 1-, 3-, 6- and 12 months post-surgery.  Left columns show 
control tissue injected with saline, whereas the right columns show spinal cords injected with LPS, each 
with its corresponding non-lesion and lesioned sides.  Scale bar is 100µm.  B. Graph showing the 
RECA-1 cell density of animals injected with saline (Controls) and LPS, injected side only.  Graph 
shows combined means of control saline-injected animals (n=2) and LPS-injected animals (n=3).  Two-
way ANOVA (n.s).  
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Discussion  

The present study shows that the injection of LPS into the spinal grey matter causes an 

acute disability characterised by inflammation and hypoxia, which resolves after 4 days.  

However, the disability is present a month later and slowly progresses over the following 11 

months, associated with significant neuronal loss and atrophy of the grey matter.  

Acute disability  

The current study presents evidence that the intraspinal injection of LPS results in an 

acute disability characterised by tail and hind limb weakness.  Importantly, this loss in function 

is most prominent 48 hours following lesion induction, which is precisely the time point at 

which hypoxic inflammation is most prominent.  Thus, it seems reasonable to suggest that the 

hypoxia represents an important mediator of disability in this model. 

Tail movements in rats have been shown to be controlled within the low sacral spinal 

level (S2) of the spinal cord (Bennett et al., 1999), which is located beneath the L1 vertebra.  

Interneurons close to the S2 spinal level are responsible for muscle afferents that give rise to a 

variety of reflex pathways controlling motor neurons, including those responsible for tail 

movement (Cavallari et al., 1989).  We found that tail function was particularly affected in 

animals injected with LPS, compared with those injected with saline.  The intraspinal injections 

were made at the T13/L1 vertebral junction, close to the spinal control of tail movement, which 

would predictably be involved because the lesions expand caudally (and rostrally) from the site 

of the injection, and so likely affect neurons controlling tail movement. 

Oedema 

Severe neurological deficits in inflammatory demyelinating diseases such as MS are 

usually attributed to various factors, such as the early oedema, inflammation, demyelination 

and axonal death, but in this study the timing of the deficits and the plausible demyelination 
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and axonal death are temporally separated (Lassmann, 2005; Lassmann et al., 2007).  In fact, 

the peak of acute disability occurs in conjunction with prominent oedema and inflammation, 

as was also observed in a related model where LPS was injected into the dorsal column (Felts 

et al., 2005).  The timing of the demyelination was carefully mapped in the LPS dorsal column 

lesion and found to be delayed until around 10-14 days post injection (Felts et al., 2005).  The 

behavioural deficits seen in this study as early as 2-3 days cannot therefore easily be attributed 

to demyelination, suggesting that inflammation itself is sufficient to cause significant motor 

deficits, in the absence of demyelination, and a similar finding has been made in a biopsy study 

in MS (Bitsch et al., 2000).  The precise mechanism by which the inflammation affects 

locomotion might be driven by cytokine activity, hypoxia, ROS and RNS, all of which have 

been advanced by different authors as contributing to the level of disability, e.g. raised 

concentration of RNS, such as NO, can impair mitochondrial metabolism and block axonal 

conduction (see Introduction) (Qi et al., 2006; Redford et al., 1997; Smith et al., 2001; Smith 

& Lassmann, 2002).  More recently, the onset of neurological deficit has been directly linked 

to an exacerbation of mitochondrial dysfunction and axonal depolarisation, resulting in a deficit 

of ATP (Sadeghian et al., 2016), but the cause of the mitochondrial dysfunction has been 

ambiguous, although hypoperfusion and hypoxia have been implicated in related models in our 

laboratory (Davies et al., 2013; Desai et al., 2020; Desai et al., 2016).   

Inflammation 

A conundrum arose regarding the number of motor neurons present at the 24-, 48- and 

72 time points, specifically at the site of LPS injection.  The decrease in the visibility of the 

motor neurons within the ventral horn occurred in concert with an increasing severity of 

disability, and this combination is unsurprising, but the motor neurons were largely present at 

later time points.  Assuming that they were not recreated de novo, they were presumably present 

at the early time points, but not recognised as motor neurons.  We have noticed previously that 
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hypoxic neurons can lose their histological markers, presumably because they decrease protein 

synthesis as a survival mechanism (Smith et al., 2016), and this may explain their temporary 

disappearance.  Alternatively, the prominent oedema may have been so severe that it obscured 

the histological appearance at the injection site, giving the impression of motor neuron loss.  

As oedema resolved, more of the motor neurons became visible again.  These observations 

highlight that inflammation, as a direct result from the LPS injection, is the cause of the early 

disability, as it is highly unlikely that the motor neurons died and regenerated in this 

mammalian tissue (Reimer et al., 2008).  How inflammation causes neurological deficits is 

explored below.  

LPS injection induced an acute inflammatory response during the beginning stages of 

the disease, coinciding with the acute peak of disability in both the tail and the hindlimbs.  The 

inflammation subsided after 96 hours, only to reappear by 1-month post LPS injection, and 

endure for the remainder of the chronic experiment, notably correlating with the worsening 

atrophy.  Animals injected with LPS exhibited extensive inflammation as evident by 

immunoreactivity for ED1 and IBA, which are markers of microglia/ macrophages.  ED1 is a 

marker of phagocytic capacity (Damoiseaux et al., 1994), and its presence at the site of LPS 

injection indicates the presence of activated microglia/macrophages.  Furthermore, IBA, is a 

pan- microglial/macrophage marker (Mikkelsen et al., 2017), but the increased labelling in 

animals injected with LPS compared with saline-injected controls is suggestive of enhanced 

expression due to active inflammation. 

Acute inflammation can have a deleterious effect on the CNS, affecting levels of NO 

and inducing hypoxia, both of which can compromise mitochondrial function and eventually 

diminish ATP production in the CNS (Michiels, 2004).  NO has been shown to block axonal 

conduction in rats, and demyelinated axons are especially vulnerable (Smith et al., 2001).  

Additionally, energy failure due to mitochondrial damage as a result of inflammation can lead 
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to functional impairment and structural damage of axons, as seen in MS patients (Mahad et al., 

2009). 

Hypoxia  

The current study provides evidence that tissue hypoxia is precisely correlated with the 

acute disability observed following the injection of LPS into the spinal grey matter.  The data 

are consistent with previous findings that established hypoxia as an important mediator of 

neurological dysfunction in EAE (Davies et al., 2013), the most widely used animal model of 

MS.  The authors found hypoxia to be quantitatively, temporally and spatially associated with 

the expression of neurological deficits in EAE.  Furthermore, they found that raising the 

inspired oxygen concentration rapidly reversed the tissue hypoxia, as well as promptly 

diminishing the disability.  These data suggest that the neurological deficit in the LPS lesion 

is, at least partly, dependant on tissue hypoxia, and as a result driven by metabolic deficit 

(Davies et al., 2013). 

As in the Davies paper, pimonidazole was used in the present study for the detection of 

hypoxia.  Although pimonidazole is routinely used to detect tissue hypoxia in various diseases 

and tissues, it has its caveats.  False positive labelling is possible, particularly in instances 

where the BBB is disrupted, as in MS and the present lesion.  Furthermore, extravascular haem-

iron complexes can amplify the hypoxia-dependent chemical mechanism that allows the 

detection of hypoxia in immunohistochemistry to take place (Walton et al., 1985).  However, 

we used HIF-1α labelling as a second marker to confirm the pimonidazole findings.  HIF-1α 

has many roles, such as inducing inflammation, initiating apoptosis and inhibiting cell death, 

however, its most important role is as a hypoxia regulator by orchestrating the genetic 

responses to hypoxia and inflammatory conditions (Greijer & van Der Wall, 2004; Guan et al., 

2017; Saravani et al., 2019).  As a transcription factor, HIF-1 can bind to hypoxia-responsive 

elements in DNA and activate the transcription factors of genes involved in processes such as 
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angiogenesis, glycolysis and differentiation (Semenza, 2003, 2007, 2010).  HIF-1 is also able 

to promote the delivery of oxygen to hypoxic areas by the upregulation of VEGF (Semenza, 

2002).  In this study, HIF-1α labelling is evident during the peak of disability, near the location 

of the injection in the ventral horn.  These results correlate with our pimonidazole labelling, 

suggesting that LPS injection into the ventral horn renders the spinal cord acutely hypoxic for 

at least the first 72 hours following injection.   

The hypoxia labelling in this study is present throughout the spinal cord sections, 

affecting all cell types, however the grey matter is labelled in a particularly obvious manner.  

It has been observed that the grey matter requires greater vascular perfusion and oxygen 

availability than the white matter (Leenders et al., 1990), therefore the seemingly increased 

levels of hypoxia in the grey matter of the spinal cord tissue, as illustrated by PIMO labelling, 

do not seem surprising, particularly as they further emphasize the results from the neurological 

disability.  In addition, in this study, neurons in the grey matter in the spinal cord sections 

labelled more intensely for hypoxia, in contrast to the white matter, as cellular adducts of PIMO 

labelling do not label myelin and therefore the white matter tends to appear unlabelled at first 

glance, even if it is hypoxic (Arteel et al., 1995; Desai et al., 2016).  The hypoxia labelling in 

the grey matter neurons also correlates with the disability observations, which is not 

unexpected because the grey matter ventral horn is comprised of motor neurons that innervate 

the tail and hindlimbs (Grossman et al., 1982; Stifani, 2014). 

Furthermore, an intracellular hypoxic environment may result in the upregulation of 

HIF-1α, which in turn can cause the activation of immune system modulator ‘nuclear factor 

kappa-light- chain-enhancer of activated B cells’ (NF-kB).  NF-kB is an important regulator of 

inflammatory responses, controlling the expression of many pro-inflammatory cytokines such 

as TNF-α, and IL-1β, and enzymes such as iNOS (Johnson et al., 2016).  Additionally, NO, as 

well as TNF-α, a cytokine involved in inflammatory responses and activation of macrophages, 
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further increment HIF-1α, creating a chain reaction between CNS injury, hypoxia and 

inflammation (Johnson et al., 2016; Lucchinetti et al., 2000).  Moreover, strong histological 

evidence has been previously presented on the involvement of stress-induced endoplasmic 

reticulum and hypoxia in the development of demyelination in MS, specifically in grey matter 

pathology, which show an increased level of HIF-1α, together with its downstream signalling 

molecules, including VEGF (McMahon et al., 2012). 

Hypoxia and inflammation share an “interdependent” relationship.  Hydroxylases seem 

to play a crucial role in linking hypoxia to inflammation, in particular PHD 1-, 2- and 3-, along 

with asparagine-hydroxylase factor-inhibiting HIF (FIH), all of which have been shown to be 

implicated in the post-translational regulation of hypoxia-inflammatory signalling pathways 

(Karsten et al., 2013; Taylor, 2008).  These enzymes work as cofactors of hydroxylation in an 

oxygen-dependant manner.  Thereby they are responsible for stabilising the α subunit of HIF 

and play an important role as oxygen sensors.  During hypoxic conditions, hydroxylation is 

blocked, leading to HIF activation (Karsten et al., 2013).  Furthermore, the process of 

phagocytosis is known to consume substantial amounts of oxygen, indeed, it has been shown 

that over expression of HIF-1 α and hypoxia correlate with striking increases in particle 

internalisation (Anand et al., 2007), and therefore the extensive labelling for ED1, as seen in 

the present study, may indicate a mechanism through which hypoxia is induced.  

Thus, the presence of hypoxia in grey matter tissue may come as a direct result of 

inflammation, which as previously discussed, is an important characteristic of the ventral horn 

lesion post LPS injection.  There is a clear interaction between hypoxia and inflammation in 

MS lesions (Hernandez-Gerez et al., 2019; Martinez Sosa & Smith, 2017), which for this model 

of disease is particularly relevant as we have found both inflammation and hypoxia to be 

driving forces in the acute stages of lesion formation.   
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Inflammation can cause hypoxia via different mechanisms, as explained above.  Two 

central transcription factors are involved in the cascades of events that promote the relation 

between inflammation and hypoxia, mainly HIF and NF-kB, both of which display different 

degrees of sensitivity to hypoxic environments (Taylor, 2008).  The likely scenarios in which 

acutely inflamed tissue drives hypoxia are twofold.  Firstly, inflamed tissue shows an increase 

in metabolic demand, due to infiltrating inflammatory cells, resulting in an elevated oxygen 

demand.  Moreover, multiple mitochondrial studies have shown that hypoxia directly impairs 

mitochondrial respiration, via leakage of protons, thereby inhibiting the respiratory chain 

reaction and further deteriorating metabolic activity (Michiels, 2004).  Secondly, lasting 

inflammation often leads to a vasculopathy, and therefore poor perfusion, which subsequently 

promotes hypoxia (Martirosyan et al., 2011; Taylor, 2008).  We believe the model of disease 

we have presented will be valuable in understanding the inflammatory mechanisms driving 

hypoxia. 

Long term atrophy and chronic disability 

Animals injected with LPS recover from the acute disability by 4 days post-lesion 

induction, however, the disability returns a month later and progresses over the subsequent 

months, but in particular within the first 3 months following LPS injection.  The progression 

of disability can be described to comprise three phases, namely: acute, early chronic and 

chronic progressive.  The acute phase can be attributed to the acute inflammation, and therefore 

hypoxia.  The early chronic phase that occurs during the first three months is accompanied by 

the re-emergence of inflammation and the beginning stages of motor neuron loss and atrophy.  

Finally, the chronic phase of the disease is associated with progressive atrophy of the grey 

matter, and a progressive loss of motor neurons, in the absence of overt inflammation.  Thus, 

the acute inflammatory period in the first few days following lesion induction appears to initiate 

a cascade of events that cause the same tissue to atrophy weeks and months later.  
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Understanding the relation between acute inflammation and slow burning 

neurodegeneration is key.  The pathological mechanisms that drive chronic neurodegeneration 

in both the experimental lesion and in MS are poorly understood, however, neurodegeneration 

has been regarded as a direct result of inflammatory responses, due mainly to peripheral 

immune system activation, also commonly known as the ‘outside-in hypothesis’ (Pérez-Cerdá 

et al., 2016).  MS progression may come as a result of early inflammatory processes that trigger 

a cascade of events, mainly microglial/macrophage activation, chronic oxidative injury, 

mitochondrial damage and axonal death (Lassmann et al., 2012; Mahad et al., 2008).  In all 

stages of MS, neurodegeneration is accompanied by the invariable presence of inflammation, 

mediated by T-cells, B cells, macrophages and microglia.  The patterns of localization of these 

cells can be used as an indicator for disease progression and tissue damage (Frischer et al., 

2009).  In active lesions, during the prephagocytic stage of lesion formation, there are low 

numbers of T-cells present at the site of atrophy.  This initial inflammatory response, is mainly 

mediated by CD8+ T-cells, followed by a secondary recruitment of microglia and macrophages, 

as a response to myelin degeneration (Prineas et al., 2001).  In these early inflammatory stages, 

various products are released, such as cytotoxic cytokines, excitotoxins, ROS and RNS, which 

in turn contribute to the accumulation of tissue damage and degeneration over time, by 

promoting hypoxia-like tissue injury (Pattern III lesions) and axonal injury, for instance 

(Martinez Sosa & Smith, 2017; Prineas et al., 2001; Smith et al., 2001; Smith & Lassmann, 

2002).  The profound and cumulative damage caused by the initial inflammation further 

stimulate the return of inflammatory cells, as seen in more chronic stages of MS, such as SPMS, 

where large aggregates of inflammatory cells such as T cells and B cells infiltrate into the CNS 

(Lassmann et al., 2012).  

As previously mentioned, the inflammation and disability that arises due to the LPS 

injection reappears after 1-month post injection.  Thereafter, the disability continues to increase 
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as the lesion progresses, much as in SPMS patients (Lassmann et al., 2007).  These results 

suggest the presence of another determining factor affecting disability that is not acute 

inflammation.  We postulate that the profound hypoxia seen at early stages of lesion 

development seems to be overwhelming, and ultimately may result in progressive and chronic 

atrophy and degeneration.   

It is widely recognised that in MS, the progression of the disease is highly reliant on 

the accumulation over time of white matter demyelination, along with grey matter degeneration 

and demyelination, particularly within the subpial area (Lassmann, 1999).  Grey matter 

demyelination is significantly lower than that of the white matter, as myelin is not its main 

constituent, but also its remyelination capacity is extremely limited, and often accompanied by 

the loss of nerve cell bodies (Pérez-Cerdá et al., 2016), possibly explaining the lack of major 

long term demyelination present in our model of disease.  This model closely mirrors the 

neurological deficit in SPMS patients, but is in contrast to most MS models, such as EAE, in 

which an early neurological deficit tends to reach a plateau that may or may not progress.  

Often, the worsening condition of EAE animals requires their euthanasia before progressive 

additional worsening takes place, if such worsening might otherwise occur (Robinson et al., 

2014). 

Chronic gliosis 

 The severity of astrogliosis in MS is defined as a gradated and complicated process 

(Sofroniew & Vinters, 2009).  Our results highlight that severe diffuse gliosis is occurring 

around the inflammation during the progressive atrophy.  In diffuse gliosis, there is a 

pronounced up-regulation of GFAP expression, together with increased hypertrophy of cell 

bodies (Eng & Ghirnikar, 1994; Ingram et al., 2014; Lucas et al., 1980).  As a result, there is 

substantial overlapping of neighbouring astrocytic processes, which lead to chronic changes in 

the tissue architecture, and, in time, may diffuse extensively over the compact barriers formed 
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earlier by glial scars and necrotic tissue.  Severe diffuse reactive astrogliosis is generally found 

in areas surrounding severe focal lesions, inflammation and in response to chronic 

neurodegeneration (Sofroniew & Vinters, 2009).  Furthermore, reactive astrocytes have been 

shown to form scar tissue as a “barrier” around the perivascular cluster surrounding the 

inflammatory response, thereby compartmentalizing the inflammation, and preventing 

inflammatory cells such as leukocytes, from migrating into neighbouring healthy tissue during 

an inflammatory response (Nataf et al., 2019). 

The slow lesion as a new model of slowly progressive degeneration 

Studies have shown that grey matter MS lesions may form due to inflammation, 

mitochondrial injury and hypoxia (Lassmann et al., 2012).  To understand the underlying 

mechanisms that may lead to chronic neurological degeneration seen in slow lesions, 

particularly within the grey matter, we have examined a novel neuroinflammatory model of 

disease developed in our lab.  This model is mediated by an initial innate immune response, 

due to LPS, which results in acute disability due to inflammation and hypoxia.  However, this 

initial response is transient, and dissipates shortly after it is induced, only to reappear a month 

later and slowly progress over the following year.  The data presented in this chapter stresses 

particular mechanisms, mainly hypoxia, by which an acute inflammatory response may drive 

acute disability, and perhaps chronic and significant grey matter atrophy and neuronal loss.   

This model presents an opportunity to study the mechanisms responsible for the acute 

and chronic slow-burning degeneration seen in MS patients, as it mirrors some key mechanisms 

that drive SPMS disease progression (Bendfeldt et al., 2009; Calabrese et al., 2013; Lassmann 

et al., 2007; Lassmann et al., 2012; Plantone et al., 2016).  For instance, throughout the CNS 

there are areas of vascular watersheds that render it especially susceptible to a hypoxic-

ischaemic neuronal environment.  MS patients are particularly vulnerable to such conditions 

(Lassmann, 2016; Martinez Sosa & Smith, 2017).  In our model, the acute hypoxia, developed 
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as a result of the induced inflammation, may have profoundly overwhelmed the physiological 

mechanisms that maintain spinal cord homeostasis, initiating a cascade of events that would 

later contribute to degeneration, demyelination, gliosis and changes in the healthy vasculature, 

as demonstrated by the data presented in this thesis.   

Conclusion 

In conclusion, the findings of this study have started to explore the consequences of 

neuroinflammatory lesions induced by LPS in the grey matter of the spinal cord.  The results 

show that severe neurological deficits can be acutely attributed to inflammation-induced 

hypoxia, and chronically attributed to atrophy and motor neuron loss, as a consequence of the 

acute inflammatory event.  The findings raise the possibility of the use of this novel lesion as 

a model of slowly burning degeneration as observed in MS, and opens up the potential for an 

early neuroprotective window to exist as a new avenue for neuroprotection in the disease. 
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Chapter 3 Oxygen as a therapy to protect from acute 

inflammation and chronic degeneration and atrophy 

Studies have shown that MS grey matter lesions may form due to inflammation, 

mitochondrial injury and hypoxia (Lassmann et al., 2012; Mahad et al., 2015; Martinez Sosa 

& Smith, 2017).  Typically, in acute MS lesions, the most influential inflammatory events occur 

during the early stages of lesion development, when symptoms are starting to become apparent 

(Lassmann et al., 2001).  Furthermore, studies emphasize that even during the chronic stages 

of disease, including active and inactive lesions, inflammation continues to play a big role in 

atrophy, via a slow-burning process (Lassmann, 1999).  The acute inflammation induces a 

hypoxic-ischaemic milieu, which contributes to the presentation of neurological deficits.  

These early developments are the prelude to the progressive phase, which includes 

degeneration, axonal death and irreversible neurological damage (Felts et al., 2005; Lovas et 

al., 2000; Love, 2006). 

Increasing evidence points to the role of inflammatory hypoxia in the CNS of MS 

patients in inducing the pathological hallmarks of MS (Aboul-Enein et al., 2003; Desai et al., 

2016), but whether inflammatory hypoxia also drives atrophy and neuro/axonal degeneration 

remains unknown.  In this thesis, we have described a model of SPMS, characterised by slowly 

progressive atrophy of the spinal grey matter.  Our previous results have indicated a potential 

role for inflammatory hypoxia in driving disability and long-term atrophy, therefore we wanted 

to examine the value of oxygen therapy as a neuroprotective strategy.   

Hypothesis 

We hypothesise that oxygen therapy during the acute hypoxic window will reduce the 

extent of progressive atrophy and neuronal loss in our new model of progressive MS. 
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Aims 

1. To examine the therapeutic potential of oxygen treatment in ameliorating the acute 

disability resulting from grey matter inflammation.  

2. To study the long-term effect of hyperoxia as an acute therapy to reduce progression of 

the pathophysiological and pathological sequelae of an acute inflammatory lesion in 

the spinal grey matter. 

3. To compare the efficacy of two oxygen concentrations in their ability to decrease 

chronic atrophy. 
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Materials and Methods  

Ventral horn LPS injection   

Lesions of the progressive model of MS were induced in male adult SD rats (313g ± 

28, mean ± SD) as previously described in section 2.2.1. 

Acute oxygen therapy after ventral LPS injection  

Following surgery, animals were blindly randomised into three groups: room air 

controls (n=10), 50% normobaric hyperoxia (n=11), or 80% normobaric hyperoxia (n=10).  

Where appropriate, animals were placed in a purpose-built chamber (BioSpherix, USA), for 

hyperoxic therapy for the first 96 hours following lesion induction.  Temperature, oxygen 

concentration, and CO2 levels were monitored and controlled throughout the experiment.   

Behavioural assessment 

Ladder test  

Functional hindlimb deficit was assessed as previously described in section 2.2.2.1. 

Horizontal walking test-tail deficit  

Functional tail deficit was assessed as previously described in section 2.2.2.2. 

Treadmill test-gait  

The treadmill and gait analysis were performed as described in section 2.2.2.3. 
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Tissue perfusion 

PIMO (HPI Inc, Burlington, MA; 60mg/kg body weight) was administered to animals 

intravenously, via the saphenous vein, under light anaesthesia (1% isoflurane in room air).  

After 4 hours post PIMO injection, animals were terminally anaesthetized and trans-cardially 

perfused, as described previously.  Spinal cord tissue was post-fixed in 4% PFA, and then 

transferred to PBS-azide solution until imaging with MRI.   

MRI protocol 

Fixed spinal cords were arranged into a custom-built container immersed in PBS-azide 

solution.  The container was placed in a horizontal 9.4T 20 cm preclinical bore MRI scanner 

(Brucker Biospec) equipped with a 40mm-diameter birdcage volume coil (Bruker Biospec).  

Images were taken using 3D fast low angle shot (FLASH) imaging sequence, with a spatial 

resolution of 30μm x 30μm x 300μm, flip angle 52.0°, matrix size 750 x 750 x 133, repetition 

time 100ms, time to echo 12ms and number of averages 4. 

Tissue processing 

Post MRI processing, spinal cords were cryoprotected in 30% sucrose solution (Sigma- 

Aldrich, USA), and processed for cryosectioning as described previously in section 2.2.3. 

Histology  

H&E staining  

Transverse sections of the spinal cord block were used for H&E staining as previously 

described in section 2.2.4.1.  
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Luxol Fast Blue staining 

Transverse sections at the site of the lesion were used for LFB staining as previously 

described in section 2.2.4.2.  

Cresyl Violet staining 

Transverse sections at the site of the lesion were used for CV staining as previously 

described in section 2.2.4.3.  

Immunofluorescence  

 Spinal cord sections were air dried overnight.  The sections were rehydrated with PBS 

(Sigma- Aldrich, USA), prior to incubation in neat methanol, with subsequent PBS washes.  

Sections were blocked in NGS for 30 minutes, prior to incubation in primary antibody 

overnight at 4oC.  The following day, the sections were washed with PBS.  Sections were then 

separately incubated with polyclonal goat anti-rabbit (1:200, Invitrogen) and goat anti-rabbit 

Cy3 (1:200, Invitrogen) secondary antibodies for 60 minutes each at room temperature (Table 

5).  PBS washes were carried out between each step.  Slides were mounted with Vectashield 

mounting medium (Vector) and stored at 4°C in the dark, prior to imaging with confocal 

microscopy (Zeiss 710).   

Table 5 Antibody details for IF. 

Antibody Target Isotype Blocking 
Buffer Dilution Source 

Rabbit Anti- GFAP Astrocytes Rabbit 
IgG 

5% NGS 
in 0.01% PBS- 

triton 
1:500 DAKO 

Rabbit Anti-IBA Microglia/ 
macrophages 

Rabbit 
IgG 

5% NGS 
in 0.01% PBS- 

triton 
1:200 Abcam 
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Microscopy 

Light microscopy and quantification 

Tissue sections were viewed using an Axiophot light microscope (Zeiss, Germany), 

and micrographs taken using a Nikon D300 camera (Nikon, USA).  The illumination was kept 

constant throughout image acquisition, under the same magnification.  H&E grey matter 

quantification was carried out using the selection tool (ImageJ) to determine the average size 

of atrophy on the lesion side by comparing with the contralateral side.  

Confocal microscopy 

Confocal fluorescent images were obtained using a Zeiss 710 confocal microscope, 

with a 40X water immersion objective.  Excitation wavelengths of 488 nm and 543 nm were 

provided by argon and helium-neon gas lasers.  

Statistical analysis 

Behavioral analysis 

All data were tested for normality using the D’Agostino & Pearson test.  Data that were 

not normally distributed were evaluated using non-parametric statistics as indicated.  P-values 

of 0.05 (*), 0.01 (**), 0.001 (***) and 0.0001(****), were considered as statistically 

significant.  All statistical analyses were carried out using GraphPad Prism version 8.   

 A two-way ANOVA test was performed on time course scoring experiments, to 

compare the significance between different time points and between the two treatment groups, 

those being room air and oxygen therapy.  When treatment groups were compared at a single 

time point, t- tests were performed to assess significance.   
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Neuronal counts 

Large neurons with visible nucleus present were counted as motor neurons using Image 

J (National institute of health, USA).  All data were tested for normality using the Shapiro-

Wilk test.  Data that were not normally distributed were evaluated using non-parametric 

statistics as indicated.  P- values of 0.05 (*), 0.01 (**), 0.001 (***) and 0.0001(****), were 

considered as statistically significant.  Normally distributed data were evaluated using a one-

way ANOVA.  All statistical analyses were carried out using GraphPad Prism version 8.  

Atrophy volume 

 The grey matter lesion cross sectional area was measured using the selection tool on 

Image J on each MRI slice where the lesion was visibly present.  Subsequently, volume 

measurements were calculated using the slice thickness and cross-sectional values, where the 

lesion was present.  A one-way ANOVA test was performed on atrophy volume results to 

compare the significance between different treatment groups and controls.  When treatment 

groups were compared at a single time point, t- tests were performed to assess significance.   

Grey matter percentage decrease 

A one-way ANOVA test was performed on the percentage decrease of grey matter area 

results to compare the significance between different treatment groups and controls.  P-values 

of 0.05 (*), 0.01 (**) and 0.001 (***), were considered as statistically significant. All statistical 

analyses were carried out using GraphPad Prism version 8.  
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Results 

Acute disability 

Oxygen therapy decreases tail disability after LPS injection on the ventral horn  

Animals were assessed for functional disability following lesion induction to evaluate 

the efficacy of 96 hours of therapy with normobaric hyperoxia.  Room air control animals 

exhibited transient tail weakness following lesion induction (Figure 3-1), with disability being 

particularly significant at 24-, 48- and 72 hours post injection.  Animals exposed to 80% oxygen 

therapy showed little to no disability 24 hours after surgery, which was significantly lower than 

the control group (P** <0.01).  Some amelioration of the disability was also observed during 

the first 48- and 72- hours following treatment with 80% oxygen, however this was not 

statistically significant.  Interestingly, animals in the 50% oxygen treatment group did not show 

improvement in tail function after 24 hours post-surgery, however a similar level of 

improvement in function to that of the 80% oxygen group was observed at 48- and 96-hours 

post-lesion induction.  All groups, including room air controls, fully recovered by 96 hours 

post LPS injection, as expected.  The present results show that 80% oxygen is more effective 

treatment in decreasing tail disability compared with 50% oxygen treatment. 
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Figure 3-1 Oxygen therapy acute tail disability 

Tail disability scores while walking on a horizontal surface for control animals (blue) injected with LPS 
and placed in room air (n=10), or animals injected with LPS and kept in normobaric hyperoxia (50%, 
green) (n=11) and hyperoxia (90%, red) (n=10).  Animals were trained from one day before surgery 
(baseline) up to four days after surgery.  Values are means ± SEM.  Statistical analysis was performed 
with a Two-way ANOVA test (**: P<0.01). 
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The effects of oxygen therapy on hindlimb function 

3.3.1.2.1 Horizontal ladder  

Hind limb function, particularly the right (lesioned side), was impaired in all animals.  

Animals exposed to room air and 80% oxygen exhibited similar levels of impairment in the 

ability to walk smoothly along the horizontal ladder at 24- 72 hours post-lesion induction, 

compared with baseline, in particular in the right hindlimb (Figure 3-2).  Interestingly, animals 

exposed to 50% oxygen exhibited a worse trend in hind limb disability of the left hindlimb 

compared with the other groups, whereas the right hindlimb showed a similar trend as all 

others. 

    
Figure 3-2 Oxygen therapy acute hindlimb disability 

Hindlimb disability scores while walking on a horizontal ladder for animals injected with LPS and 
placed in room air (n=10, blue) or animals injected with LPS and kept in normobaric hyperoxia (50%, 
green) (n=11) and hyperoxia (80%, red) (n=10).  Animals were trained from one day before surgery 
(baseline) up to four days after surgery.  A. Shows left hindlimb acute results.  B. Shows right hindlimb 
acute results.  Values are means ± SEM.  Statistical analysis was performed with a Two-way ANOVA 
test. 
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3.3.1.2.2 Hindlimb gait 

Animals were subjected to running on the TreadScan treadmill for 1 minute at every 

time point (baseline, 24-, 48-, 72-, and 96 hours) to observe the gait.  As expected, the right 

hindlimb exhibited a greater gait disability than the left hindlimb in all animals, irrespective of 

the treatment (Figure 3-3).  Overall, the left hindlimb scores for all groups followed a fairly 

similar trend, with room air controls having a larger deficit during the first 24 hours post 

injection (Figure 3-3 A).  On the other hand, the right hindlimbs showed more variability of 

gait angle scores amongst control and treatment groups.  Animals in the room air and 50% 

oxygen treatment groups showed similar gait angle averages at all time points, with 50% 

oxygen treatments exhibiting worse scores at 48- and 96- hours post injection.  The gait angles 

for animals in the 80% oxygen treatment group showed some protection from disability on the 

right hindlimb throughout the acute phase, however, these results were not statistically 

significant (Figure 3-3 B).  

 

 
Figure 3-3 Oxygen treatment acute gait angles 

Gait angle scores while running on a treadmill at speed 20 cm/s for control animals injected with LPS 
and placed in room air (n=6, blue) or animals injected with LPS and kept in normobaric hyperoxia 
(~50%, green) (n=6) and hyperoxia (80%, red) (n=5).  Animals were trained from one day before 
surgery (baseline) up to four days after surgery.  A. Shows left hindlimb gait acute results.  B. Shows 
right hindlimb gait acute results.  Values are means ± SEM 
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3.3.1.2.3 Hindlimb speed 

All animal groups showed a similar trend in running speeds at all acute time points.  

However, the speed of the animals in the room air group was worse at each of the time points, 

in comparison to those treated with oxygen.  In particular, animals treated with 80% oxygen 

showed statistically significant improvement of the running speed at 48 hours post-lesion 

induction, the peak of disability (P* <0.05), as well as at 96 hours post injection (P* <0.05), 

compared with room air treated controls (Figure 3-4).  These results show that acute oxygen 

therapy, particularly at 80% hyperoxia, is able to protect against a decline in running speed at 

all acute time points.   

  
Figure 3-4 Oxygen treatment running speeds of acutely lesioned animals 

Graph showing the combined averages of running speeds at speed 20cm/s of room air control (n=8) 
animals and 50% (n=5) and 80% (n=12) O2 treatment groups.  Values are means ± S.D. Two-way 
ANOVA, (P* <0.05). 
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Chronic disability 

Acute oxygen treatment protects against chronic hindlimb neurological disability  

3.3.2.1.1 Horizontal ladder 

Hind limb function was assessed in animals treated for 4 days with room air or 

normobaric hyperoxia. Disability of the hindlimbs was similar across all treatment groups at 

all the time points examined (Figure 3-5).  As previously noted, the left hind limb was less 

affected than right across all treatment groups, however the results were not statistically 

significant.  

 
Figure 3-5 Oxygen treatment chronic hindlimb disability 

Hindlimb disability scores while walking on a horizontal ladder for animals injected with LPS and 
breathing room air (n=10), or animals injected with LPS and kept in normobaric hyperoxia (80%) 
(n=10) and hyperoxia (50%) (n=11).  Animals were scored every month after initial LPS surgery.  A. 
Shows left hindlimb chronic results.  B. Shows right hindlimb chronic results.  Values are means ± 
SEM.  Statistical analysis was performed with a Two-way ANOVA test. 
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3.3.2.1.2 Hindlimb speed 

All animal groups showed a similar trend in running speeds after 1- and 2 months post 

LPS injection and treatment.  However, the speed of the animals in the room air group was 

worse at each of the time points, in comparison with those treated with oxygen, particularly the 

80% oxygen treatment group (Figure 3-6).  The 50% oxygen treatment group is missing the 

second month measurements due to the malfunctioning of the treadmill scan equipment.   

  

 

Figure 3-6 Oxygen treatment running speeds of chronically lesioned animals 

Graph showing the combined averages of running speeds at speed 20cm/s of room air control (blue) 
(n=8) animals and 50% (green) (n=5) and 80% (red) (n=12) O2 treatment groups.  Values are means ± 
S.D. Two-way ANOVA. 
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Acute oxygen treatment protects against chronic tail deficit post LPS injection  

Animals treated with room air exhibited significant chronic disability over the 12-

month study, as expected. The disability was particularly significant at 1 month (**: P<0.01), 

3 months (*: P<0.05), 7 and 9 months (**: P<0.01) and at 10, 11 and 12 months (****: 

P<0.0001) compared to baseline recorded pre-surgery (Figure 3-7 A).  Animals treated with 

50% oxygen exhibited a significantly lower tail deficit at one (*: P<0.05) and 12 months (**: 

P<0.01) compared with those animals treated with either room air or 80% oxygen (Figure 3-7 

B).  In comparison, animals treated with 80% oxygen, showed a similar level of tail weakness 

as those treated with room air at 1 month, however, the disability was significantly ameliorated 

at 10 (**: P<0.01) and 12 months (*: P<0.05) (Figure 3-7 C).  Overall, disability was evidently 

reduced in groups of animals treated with oxygen, compared with room air-treated controls 

(Figure 3-7 D). 
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Figure 3-7 Oxygen treatment chronic tail disability  

Tail disability scores while walking on a horizontal surface for animals injected with LPS and placed 
in a room air environment (n=10) as controls (blue) (A), 50% hyperoxia treatment (n=11) (green) (B), 
and 80% hyperoxia treatment (n=10) (red) (C).  D.  Graph showing the combined relative tail disability 
scores of room air control animals and 50% and 80% O2 treatment groups.  Results were subject to 
Two-way ANOVA; (*: P<0.05) and (**: P<0.01), (***: P<0.001) and (****: P<0.0001).  Month 0 
corresponds to baseline value recorded before surgery.  Values are means ± SEM. 
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These data sets suggest that acute exposure to hyperoxia of 80% or 50% oxygen, after 

LPS injection in the spinal cord, protects from neurological disability acutely and it is able to 

conserve protection in the long-term as well (Figure 3-8).   

 

Figure 3-8 Oxygen treatment acute and chronic tail disability represented on the same graph 

Tail disability scores while walking on a horizontal surface for control animals (blue) injected with LPS 
and placed in room air (n=10), or animals injected with LPS and kept in normobaric hyperoxia (80%, 
red) (n=10) and hyperoxia (50%, green) (n=11).  Values are means ± SEM.  Statistical analysis was 
performed with a Two-way ANOVA test (*: P<0.05), (**: P<0.01). 
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MRI Volume 

Excised spinal cords were scanned using MRI to locate the lesions.  A total of 133, 300 

μm-thick slices per animal were taken, scanning 3.99 cm of each spinal cord centred on the 

injection site.  Grey matter atrophy was measured to determine the lesion cross-sectional area 

for each scan.  Subsequently, volume measurements were calculated using the slice thickness 

and cross-sectional values.  Extensive atrophy of the injected ventral grey matter was evident 

in animals treated with room air.  Importantly, animals treated with oxygen had reduced 

atrophy, in particular those treated with 80% oxygen (*: P<0.05), compared with room air 

treated controls (Figure 3-10).   

 

 
 
Figure 3-9 MRI of chronically lesioned spinal cords, comparing room air-treated control and after 
50% and 80% O2 treatment  
 
Ex-vivo magnetic resonance images of sections from the lesion’s epicentre of LPS-injected animals 
exposed to either room air (control) and 50% oxygen/ 80% oxygen (treatments), showing that treatment 
with oxygen decreases the size of demyelinating lesions. 
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Figure 3-10 Volume after O2 treatment 

Graph showing the average atrophy volume of room air controls (n=9) and 50% (n=10) / 80% (n=7) O2 

treatments.  Results were subject to a one-way ANOVA; (*: P<0.05).  Values are means ± S.D. 
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Histology 

Histological changes associated with oxygen therapy 

The MRI findings were corroborated by histological evaluation of spinal cord sections 

at the lesion epicentre with H&E staining.  Significant atrophy was evident in the grey matter 

of lesioned animals treated with room air, compared with 50% and 80% treatment groups 

(Figure 3-11 A).  Not only was the percentage of grey matter protection provided by 80% 

oxygen treatment statistically significant (*: P<0.05;  Figure 3-10 B), but a significant 

preservation of motor neuron numbers was also observed (*: P<0.05) (Figure 3-12 A,B), in 

comparison with its contralateral grey matter.  

 

  
Figure 3-11 H&E Staining of chronically lesioned spinal cords after O2 treatment 
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A.  Transverse sections of chronically lesioned spinal cords stained with H&E of LPS- injected animals 
exposed to room air (control) and 50% O2 and 80% O2 (treatments).  Scale bar is 500µm.  B.  Graph 
showing the percentage decrease of grey matter of chronically lesioned spinal cords.  Room air 
(controls) (n=11) and 50% O2 (n=7) and 80% O2 (n=10) treatments.  One-way ANOVA; (*: P<0.05).  
Values are means ± S.D. 
 



 132 

A 



 133 

 
Figure 3-12 CV Staining of chronically lesioned spinal cords after O2 treatment 

A.  Transverse sections of chronically lesioned spinal cords stained with CV of LPS-injected animals 
exposed to room air (controls) or 50% oxygen and 80% oxygen treatment, each with its corresponding 
lesion side.  Scale bar is 500µm (low magnification) and 200µm (higher magnification).  B.  Motor 
neuron count of animals injected with LPS and exposed to room air (n=8) and animals exposed to 
normobaric chamber with 50% O2 (n=6) and 80% O2 (n=8) as treatment groups.  One-way ANOVA (*: 
P<0.05); Values are means ± S.D.

Room Air 50% O2 80 % O2 

0

5

10

15

20

N
eu

ro
na

l C
ou

nt

B
✱



 134 

Evidence of demyelination was assessed using LFB staining techniques.  There appears 

to be some slight myelin pallor in the grey matter on the injected side but nothing overtly clear 

or significant, irrespective of the treatment (Figure 3-13). 

 

 
Figure 3-13 LFB Staining of chronically lesioned spinal cords after O2 treatment 

Transverse sections of chronically lesioned spinal cords stained with LFB (myelin) of LPS-injected 
animals exposed to room air (control) and 50% oxygen and 80% oxygen (treatments).  There are no 
obvious changes in LFB staining between the images.  Scale bar is 500µm.   
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Gliosis 

To determine whether oxygen therapy could affect inflammation or gliosis, spinal cord 

sections at the lesion epicentre were double-labelled for macrophages/microglia (IBA) and 

astrocytes (GFAP) (Figure 3-14 A).  Sections from animals treated with room air showed a 

substantial level of immunoreactivity for IBA and GFAP in the injected grey matter, compared 

with the contralateral side.  Although animals treated with oxygen showed a decrease in both 

IBA and GFAP labelling, particularly after the 80% oxygen treatment, the difference between 

room air and oxygen was not statistically significant when assessed by fluorescence intensity 

in ImageJ (Figure 3-14 B). 
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Figure 3-14 IBA/GFAP Immunohistochemistry 

A. Transverse sections of chronically lesioned spinal cords labelled with anti-GFAP (astrocytes) and 
anti-IBA (microglia) antibodies.  All micrographs are injection side only, scale bar is 100 µm.  B. Graph 
showing the percentage of GFAP labelling on the injected side of the GM of animals injected with LPS.  
Graph shows combined means of control room air animals (n=7) and 50% oxygen treatment (n=2) and 
80% oxygen treatment (n=6).  One-way ANOVA (n.s).  
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Discussion 

The present study shows that early, acute oxygen therapy, during key stages after 

injection of LPS into the spinal grey matter, significantly protects from acute and chronic 

disability, motor neuron loss and long-term atrophy.  These findings highlight the crucial role 

played by hypoxia during the early inflammatory response, that lead to grey matter lesion 

formation. 

Oxygen therapy reduces disability 

The current study presents evidence that early treatment with normobaric hyperoxia, 

during the acute inflammatory-hypoxic period that follows intraspinal injection of LPS, results 

not only in acute, but also in long-term protection against disability, even after discontinuation 

of therapy.  Although both 50% and 80% concentrations provided functional benefit 

throughout the time course of the study, the protection provided by 80% oxygen was more 

significant for both chronic disability and atrophy.  Oxygen therapy has been shown to inhibit 

inflammation by downregulating TNF-α, IL-1, IL-6 and cytochrome c oxidase-2 (COX-2) 

(Duan et al., 2015; Rosenberg et al., 2015; Zhang et al., 2005) and enhancing superoxide 

dismutase (SOD) activity in the ischaemic brain (Parabucki et al., 2012).  SOD is located in 

the mitochondrial matrix, and it is a critical antioxidant enzyme that catalyses the dismutation 

of superoxide, to oxygen and hydrogen peroxide, and it has also been linked in helping normal 

CNS function during early neurodegeneration and disability (Bidmon et al., 1998; Kim et al., 

2002; Parabucki et al., 2012).  The mechanisms described above may be probative to the 

decrease in disability observed after oxygen therapy in this model of progressive MS.  

Hyperbaric oxygen therapy, a related therapy to the one used in this study, was initially 

introduced in the belief that oxygen is immunosuppressive, but more recently its use may be 

based on the premise that injured or vulnerable neurons would benefit from increased oxygen 
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delivery and air pressure, which would act to metabolically reactivate cells (Zhang et al., 2005).  

The findings in this study have some similarity with previous observations that show that 

hyperbaric oxygen therapy, used in ischaemia due to traumatic brain injury (TBI) patients, has 

improved neurological, neurophysiological and cognitive variables (Barrett et al., 2004).  

Studies have shown that increasing cerebral blood flow, associated with both dissolved oxygen 

and elevated pressure, can be the physiological ‘push’ needed by non-electrically active 

“idling” neurons (Hadanny et al., 2015; Neubauer et al., 1990).  In addition, clinical studies 

have shown that oxygen therapy can improve cognitive function and decrease neuronal cell 

death during a very narrow therapeutic window, preferably hours after the trauma, as executed 

in this study (Baratz-Goldstein et al., 2017; Ciarlone et al., 2019).   

Animal models have outlined the multiple mechanisms by which hyperbaric oxygen 

therapy may reduce inflammatory and apoptotic signalling pathways (Baratz-Goldstein et al., 

2017; Zhang et al., 2005).  For instance, hyperbaric oxygen therapy can achieve 

neuroprotection by tackling the deficit in energy metabolism resulting from inflammation, by 

replenishing ATP production due to readily available oxygen, glutamate, glucose and pyruvate, 

and by promoting homeostasis of cytosolic calcium overload and membrane polarization (Chen 

et al., 2020; Zhang et al., 2005).   

Oxygen therapy provides protection from neuropathology 

The aetiology of MS remains unclear.  However, it is widely recognised that 

inflammation, hypoxia and demyelination play an important role in the course of the early 

disease (Lassmann, 2016; Lassmann et al., 2007; Lucchinetti et al., 2000).  As the disease 

advances, atrophy and neuro-axonal loss become the driving force in disease progression 

(Bitsch et al., 2000; Correale et al., 2019; Ferguson et al., 1997; Kutzelnigg et al., 2005; 

Lassmann et al., 2001; Lovas et al., 2000; Pirko et al., 2007).  Previous research in a related 

experimental model to the one used in this present study, have shown that during the acute 
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stages of lesion formation and intense CNS inflammation, oxygenation is attenuated, however 

oxygen therapy can significantly reduce demyelination, that would otherwise occur (Davies et 

al., 2013; Desai et al., 2016).  It is speculated that, during the early phase of lesion formation, 

perivascular inflammatory infiltrates are partly responsible for an elevated consumption of 

oxygen in the already vulnerable areas known as watershed areas (Martinez Sosa & Smith, 

2017). 

Oxidative stress is present in MS aetiology, particularly during later stages of 

neurodegeneration (de Vries et al., 2008; Hernandez-Gerez et al., 2019).  Furthermore, 

inflamed tissue is made even more vulnerable to oxidative stress by microenvironments within 

the CNS (Martinez Sosa & Smith, 2017).  Together, oxidative stress and poor CNS perfusion 

leads to mitochondrial dysfunction, which generates ROS and RNS, such as NO (Dave et al., 

2003; Smith & Lassmann, 2002).  NO-mediated toxicity has been shown to contribute to 

mitochondrial impairment, oxidative stress and DNA damage, as well as affecting microglia, 

axons, astrocytes, and in particular oligodendrocytes (Desai et al., 2016; Lucchinetti et al., 

2000; Smith & Lassmann, 2002).  Oxygen treatment has been shown to improve mitochondrial 

dysfunction by decreasing levels of TNF-α that cause lower complex IV activity, as seen in 

mitochondria isolated from motor cortex and spinal cord motor neurons (Dave et al., 2003).  

Thus, in MS, mitochondrial dysfunction appears concomitant to inflammation, which 

significantly impairs energy production in neurons (Mahad et al., 2015).  Collectively, these 

factors conspire to exacerbate energy deficiency within the CNS, particularly within watershed 

areas (Aboul-Enein et al., 2005; Fischer et al., 2012). 

Overall, oxygen administration can enhance the oxygen content in ischaemic CNS 

regions, and as a result help prevent from secondary injury, as shown in long term clinical 

studies (Meng et al., 2015).  However, it has been determined that the optimal therapeutic 
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window to implement oxygen therapy is within several hours, or days, from the onset of 

neurological trauma, in order to have a significant neuroprotective effect (Baratz-Goldstein et 

al., 2017).  Though we recognize that, in MS, the hypoxic and inflammatory period may occur 

before diagnosis, our progressive model of MS shows that tackling hypoxia early in the disease 

can protect from long-term neurodegeneration and disability, highlighting the imperative role 

played by hypoxia in driving long-term atrophy.  Moreover, these results do show a potential 

role for oxygen therapy in the treatment of acute, forming MS lesions, in attenuating 

degeneration.  

Hypoxia induces astrocytic activation 

During neurological disease, astrocytes undergo complex phenotypic changes, referred 

to as reactive gliosis (Sofroniew & Vinters, 2009).  Astrogliosis occurs in a graded mechanism, 

where astrocyte morphology, size and secretory profile changes from a quiescent astrocyte, to 

its reactive gliotic phase (Nash et al., 2011).  The prevailing view is that reactive gliosis reduces 

neuronal survival following brain injury, by secreting pro-inflammatory cytokines, and 

molecules with cytotoxic potential, such as ROS and NO, via the formation of a glial scar, 

thereby demarcating and surrounding the damaged tissue (Aviles-Reyes et al., 2010; Shi et al., 

2016; Sofroniew, 2016).  Importantly, the pro-inflammatory cytokine IL-1 has been suggested 

to activate astrocytes in the early stages of lesion formation (Ridet et al., 1997).  Consequently, 

HIF-1 and its downstream target VEGF-A are induced within astrocytes, which act on 

endothelial cells impairing BBB integrity, via a process mediated largely by endothelial nitric 

oxide synthase (eNOS) (Correale et al., 2019). 

In MS, much as in our model, acute inflammatory lesions are surrounded by astrocyte 

reactivity.  As the lesion progresses, hypertrophic astrocytes begin to develop bundles of glial 

filaments, thereby increasing GFAP immunoreactivity, as oedema ceases (Correale et al., 

2019).  Astrocytes are extremely sensitive to physiological changes in oxygen levels (Marina 
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et al., 2017).  The hypoxia sensor in astrocytes resides within the mitochondria, where oxygen 

is consumed (Chandel et al., 1998a).  Astroglial mitochondrial respiration is inhibited in 

response to hypoxia, leading to mitochondrial depolarization, production of free radicals and 

release of calcium from intracellular compartments.  Moreover, hypoxia induces an increase in 

calcium levels, inhibiting astrocytic signaling, due to an overexpression of ATP degrading 

enzymes (Angelova et al., 2015).  In our study, there was some decrease in astrocytic activity 

and gliosis, after acute normobaric oxygen therapy.  This apparent decrease in chronic gliosis 

could potentially come as a result of the diminished astrocyte reactivity in the beginning of the 

disease, as a result of the oxygen therapy.  

Oxygen treatment as a therapy for MS 

Presently, there are multiple anti-inflammatory or immunosuppressive therapies 

targeting MS patients, some of which are of benefit to RRMS patients, yet not effective in 

patients with SPMS (González-Andrade et al., 2010).  The question arises as to why these anti-

inflammatory therapies are ineffective when targeting the more progressive phases of the 

disease.  One explanation could be that, during the progressive stages of MS, inflammation 

becomes “trapped” behind an intact BBB, in which case one of the requirements for a viable 

treatment strategy may be that a drug would have ready access across the BBB (Mahad et al., 

2015).  An additional explanation could be that, inflammation is only the initial driving force 

that influences other mechanisms, such as hypoxia, and the damage caused by the latter 

accumulates before anti-inflammatory therapies are either introduced or effective. 

The current study provides evidence that oxygen therapy can decrease disability and 

progressive atrophy when administered early during the inflammatory phase of the disease, 

indicating a key role for hypoxia in driving progressive pathology.  Normobaric oxygen therapy 

can be easily implemented as a therapeutic treatment, and is thoroughly supported by literature 

as being safe (if delivered at appropriate concentrations), convenient and inexpensive (Desai 
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et al., 2016; Ding et al., 2019).  One of the consequences of elevating the pO2 is raising 

intracranial blood pressure as well as downregulating zinc levels, which may contribute to the 

neuroprotective results provided by normobaric oxygen therapy (Ding et al., 2019; Dong et al., 

2015).  However, other studies have reported that breathing high concentrations of oxygen can 

result in vasoconstriction of the carotid and downstream cerebral arteries, although it was noted 

that those results could be unrelated to the oxygen treatment (Cornet et al., 2013).   

Conclusion 

In conclusion, we have produced evidence that oxygen therapy represents a therapeutic 

approach for neuroprotection in MS.  Further, the findings highlight important mechanisms of 

progressive disease, namely that the acute inflammatory hypoxia is a key driver of chronic 

disability and pathology.  
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Chapter 4 CNS-Selective vasodilator can protect from acute 

inflammation and chronic degeneration and atrophy 

Introduction 

The central nervous system comprises 2% of the total body weight in humans, but it 

receives approximately 20-25% of the net cardiac input (Mink et al., 1981).  In spite of this, 

there are ‘vascular watershed’ areas that inherently render regions of the CNS especially 

vulnerable to hypoxia-ischaemia-induced damage (Moody et al., 1990).  Studies have 

highlighted the important role played by the CNS vasculature in influencing the fate of MS 

lesions, as well as the pattern and persistence of the lesion formation (Desai et al., 2020; 

Holland et al., 2012; Martinez Sosa & Smith, 2017).  Blood vessel damage and a significant 

reduction in their density is often seen in MS lesions (D'Haeseleer et al., 2011; Lassmann, 

1999), and it has been observed that the wall of cerebral veins in MS is subject to chronic 

inflammatory damage, promoting haemorrhage and increased permeability of endothelial cells, 

leading to vasculitis and blood vessel damage (Adams, 1988; Beckman & Koppenol, 1996).  

Moreover, inflammatory cells can reduce microvascular flow by impairing vascular regulation, 

through the manipulation of ROS that directly damage the vascular endothelium (Adams, 1988; 

Johnson et al., 2016).  Inflammation, as well as oxidative stress, has been shown to be highly 

involved in endothelial dysfunction in MS (Koch et al., 2005; Sitia et al., 2010).  Collectively, 

these mechanisms render MS patients more susceptible to ischaemic strokes (D’Haeseleer et 

al., 2013; Koch-Henriksen et al., 1998). 

The widespread decrease in the white and grey matter perfusion in MS may not occur 

secondarily to axonal degeneration, but rather as a result of diminished axonal activity, reduced 

energy metabolism, particularly in astrocytes, and increased levels of ET-1 (D’Haeseleer et al., 

2013).  Endothelial cells release high levels of ET-1 in the blood in patients with MS, which 
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contribute to vasoconstriction and reduction of blood flow (Pache et al., 2003).  In addition, 

ET-1 may function as an important modulator of inflammation, by regulating the expression 

of intercellular adhesion molecules, or directly enhancing neutrophil adhesion (Pache et al., 

2003; Xu et al., 1998; Zouki et al., 1999).  These observations suggest that, perhaps, as a result 

of inflammation, reactive astrocytes induce arteriolar vasoconstriction by the release of ET-1, 

thereby impairing blood flow, increasing hypoxia and disability (Castellazzi et al., 2019; Chen 

et al., 2017; D'Haeseleer et al., 2015).  We believe that by re-establishing tissue perfusion, 

particularly at vulnerable watershed areas in the CNS, we can help prevent and or reverse the 

damaging corollary generated by the innate immune response, and hypoxia, during acute stages 

of the disease.  Thus, we proffer that nimodipine, a CNS-selective vasodilator, administered 

during the acute hypoxic phase of the disease, will work as a potential perfusion regulator, and 

protect against progressive disability and atrophy.  

Hypothesis 

We hypothesise that acutely improving blood flow during the hypoxic window, will 

attenuate disability and protect from atrophy and neuronal loss in our new model of progressive 

MS.  

Aims 

1. To determine whether impaired blood flow represents a mechanism through which 

disability, atrophy and neuronal loss develop in our model of progressive MS.  

2. To determine whether increasing oxygenation, by improving blood flow, can reduce 

disability and protect from progressive disability, atrophy and neuronal loss. 
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Materials and Methods 

Nimodipine therapy to improve blood flow and oxygenation 

 Nimodipine (Sigma Aldrich, UK), a CNS-selective vasodilator, or vehicle (1:4; 

ethanol: polyethylene glycol (PEG)), was administered by oral gavage (30mg/kg), or 

intraperitoneal (IP) injection, depending on the stage of the experiment.   

Nimodipine therapy after ventral LPS injection  

Animals were randomised into treatment groups (nimodipine: n=24; vehicle: n=15) 

prior to surgery.  Lesions were induced as described previously in section 2.2.1.  The first dose 

of nimodipine or vehicle was administered by IP injection immediately after surgery.  

Subsequent doses were administered by oral gavage every 12 hours for the first 96 hours 

following surgery.  Animals underwent behavioural assessment (as below) prior to surgery for 

baseline measurements, and then daily for the duration of the treatment, and then monthly for 

one year. 

Behavioural assessment 

Ladder test 

Functional hindlimb deficit was assessed as previously described in section 2.2.2.1. 

Horizontal walking test-tail   

Functional tail deficit was assessed as previously described in section 2.2.2.2. 

Upside down grip hindlimb test 

Hind limb grip strength was assessed by placing the animals on a wire grid, which was 

then inverted so that the animal was hanging upside down, as shown in Figure 4-1.  The length 
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of time the animal was able to hold on to the rungs whilst upside down was recorded for each 

hindlimb in seconds.  Animals were not trained previously as it was noticed that some animals 

have a natural ability to hold their bodies upside down for prolonged periods.  

 

Figure 4-1 Hindlimb grip test 

Representation of the behavioural test created to measure the duration of grip of hindlimbs. 

Tissue perfusion 

Animals were anaesthetized with isoflurane and a trans-cardial perfusion was 

performed as described previously in section 2.2.6. 

MRI protocol 

MRI was conducted on excised spinal cords as previously described in section 3.2.5. 

Tissue processing 

Post-MRI processing was performed as previously described in section 3.2.6. 
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Histology  

H&E staining  

Transverse sections of the spinal cord were used for H&E staining as previously 

described in section 2.2.4.1.  

Luxol Fast Blue staining 

Transverse spinal cord sections were used for LFB staining as previously described in 

section 2.2.4.2.  

Cresyl Violet staining 

Transverse spinal cord sections were used for CV staining as previously described in 

section 2.2.4.3.  

Microscopy 

Light microscopy and quantification 

Tissue sections were viewed using an Axiophot light microscope (Zeiss, Germany), 

and micrographs taken using a Nikon D300 camera (Nikon, USA).  The illumination was kept 

constant throughout image acquisition, under the same magnification.  H&E grey matter 

quantification was carried out using the selection tool (ImageJ) to determine the average size 

of atrophy on the lesion side by comparing with the contralateral side.  

Confocal microscopy 

Confocal fluorescent images were obtained using a Zeiss 710 confocal microscope, 

with a 40X water immersion objective.  Excitation wavelengths of 488 nm and 543 nm were 

provided by argon and helium-neon gas lasers.  
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Statistical analysis 

Behavioral analysis 

All data were tested for normality using the D’Agostino & Pearson test.  Data that were 

not normally distributed were evaluated using non-parametric statistics, such as a paired t-test.  

P-values of 0.05 (*), 0.01 (**), 0.001 (***) and 0.0001(****), were considered as statistically 

significant.  All statistical analyses were carried out GraphPad Prism version 8.   

 A two-way ANOVA test was performed on time course scoring experiments, to 

compare the significance between different time points and between the two treatment groups, 

those being nimodipine and vehicle.  When treatment groups were compared at a single time 

point, t- tests were performed to assess significance.   

Neuronal counts 

Large neurons with visible nucleus present were counted as motor neurons using Image 

J (National institute of health, USA).  All data were tested for normality using the Shapiro-

Wilk test.  Data that were not normally distributed were evaluated using non-parametric 

statistics as indicated.  P- values of 0.05 (*), 0.01 (**), 0.001 (***) and 0.0001(****), were 

considered as statistically significant.  Normally distributed data were evaluated using a one-

way ANOVA.  All statistical analyses were carried out using GraphPad Prism version 8.  

Atrophy volume and length 

The grey matter lesion cross sectional area was measured using the selection tool on 

Image J on each MRI slice where the lesion was visibly present.  Subsequently, volume 

measurements were calculated using the slice thickness and cross-sectional values, where the 

lesion was present.  All data were tested for normality using the D’Agostino & Pearson test.  

Data that were not normally distributed were evaluated using non-parametric statistics as 
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indicated.  P-values of 0.05 (*), 0.01 (**), 0.001 (***) and 0.0001(****), were considered as 

statistically significant.  All statistical analyses were carried out GraphPad Prism version 8.   

 A t- test was performed on atrophy volume results to compare the significance between 

different treatment groups and controls.   

Grey matter area 

All data were tested for normality using the D’Agostino & Pearson test or the Shapiro-

Wilk test, depending on n numbers.  P-values of 0.05 (*), 0.01 (**) and 0.001 (***), were 

considered as statistically significant.  All statistical analyses were carried out using GraphPad 

Prism version 8.  



 150 

Results 

Acute disability 

Nimodipine treatment protects against acute tail disability 

Animals treated with vehicle exhibited tail weakness within the first 24 hours, which 

continued throughout the proceeding 72 hours.  By 96 hours, the disability in vehicle-treated 

animals began to subside (Figure 4-2).  In contrast, animals treated with nimodipine showed 

significant protection against tail disability at 24 hours (P** <0.01), 48 hours (P* <0.05), and 

72 hours (P* <0.05) post-injection, compared with those treated with vehicle (Figure 4-2).  By 

96 hours post injection, the tail disability score of animals treated with nimodipine was similar 

to baseline.   

 
Figure 4-2 Nimodipine acute tail disability 

Tail disability scores while walking on a horizontal surface for control animals (blue) following 
treatment with vehicle (n=15), or animals treated with nimodipine (red) (n=24).  Animals were trained 
from one day before surgery (baseline) up to four days after surgery.  Values are means ± SEM.  
Statistical analysis was performed with a Two-way ANOVA test (*: P<0.05), (**: P<0.01). 
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Nimodipine treatment protects against acute hindlimb neurological disability 

As previously described, animals exhibited a more pronounced deficit in the right 

(ipsilateral to the injection) hind limb, compared with the left, although the left hindlimb also 

showed a neurological deficit.  Significant disability was evident in the right hind limb of 

animals treated with vehicle, at all the acute time points (Figure 4-3 A-B), but in particular at 

24 and 48 hours (***: P<0.001) post-injection.  By 96 hours post-injection, the hind limb 

disability had resolved.  Animals treated with nimodipine however, had a significantly lower 

disability score at 48 hours in the left hind limb (*: P<0.05), and at 24 hours in the right (***: 

P<0.001), compared with the vehicle-treated counterparts, and the left hindlimb at 48 hours 

post injection when comparing the scores to vehicle-treated controls (Figure 4-3A-B).  

 

Figure 4-3 Nimodipine acute hindlimb disability 

Hindlimb disability scores while walking on a horizontal ladder for animals injected with LPS, followed 
by treatment with vehicle (n=15) as controls, and nimodipine treatment (n=24).  A).  Left hindlimb 
scores for control and treatment groups.  B.  Right hindlimb scores for control and treatment groups.  
Results were subject to Two-way ANOVA (*: P<0.05), (***: P<0.001).  Animals were trained from one 
day before surgery (baseline) up to four days after surgery.  Values are means ± SEM. 
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Nimodipine treatment protects against hindlimb grip neurological disability 

To further assess protection of hind limb disability by nimodipine, the time the right 

and left hind limbs were able to grip an inverted grid was measured.  The left hindlimbs did 

not show a deficit, and so are not reported here.  The time animals treated with vehicle were 

able to grip the inverted grid, without falling, remained stable across all the acute time points 

examined.  However, animals treated with nimodipine showed an increase in the time they 

were able to grip without falling, particularly at 48 hours post-injection (*: P<0.05) (Figure 

4-4).  

 

 

Figure 4-4 Nimodipine acute right hindlimb grip time 

Relative right hindlimb grip time (seconds) while gripping upside down, for control animals following 
treatment with vehicle (n=7) or animals following treatment with nimodipine (n=12).  Animals were 
examined from one day before surgery (baseline, time 0) up to four days after surgery.  Values are 
means ± S.D.  Statistical analysis was performed with a t-test (*: P<0.05). 
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Chronic disability  

Acute nimodipine therapy protects against chronic hindlimb disability 

Given the protection of acute hind limb disability observed with nimodipine, we next 

explored whether the protection of hind limb disability would persist in the long term.  Overall, 

no statistical difference was evident between animals treated with vehicle and those treated 

with nimodipine, but there was a trend towards protection by nimodipine (Figure 4-5). 

 

Figure 4-5 Nimodipine chronic hindlimb disability 

Hindlimb disability scores while walking on a horizontal ladder of animals injected with LPS, followed 
by treatment with vehicle (n=11) as controls, and nimodipine treatment (n=18).  A.  Left hindlimb 
scores for control and treatment groups.  B. Right hindlimb scores for control and treatment groups.  
Results were subject to Two-way ANOVA (n.s).  Values are means ± SEM. 
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Acute nimodipine therapy and chronic hindlimb grip neurological disability 

Assessment of the grip time for the right hind limb revealed a similar trend between 

vehicle treated and nimodipine treated animals, with no significant difference at any of the time 

points examined (Figure 4-6).  

 

Figure 4-6 Nimodipine chronic right hindlimb grip time 

Relative chronic right hindlimb grip time (seconds) while gripping upside down for control animals 
following treatment with vehicle (n=7), or animals following treatment with nimodipine (n=12).  Values 
are means ± S.D.   

Interestingly, as the lesion progressed, a deterioration in the ability of animals to grip 

for long periods was observed, irrespective of the treatment, probably related to increasing 

body weight.  

 
Figure 4-7 Acute and chronic right hindlimb grip time represented on the same graph 
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Relative acute and chronic right hindlimb grip time (seconds) while gripping upside down for control 
animals following treatment with vehicle (n=7) or animals following treatment with nimodipine (n=12).  
Animals were trained from one day before surgery (baseline) and every month after surgery.  Values 
are means ± S.D.   
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Acute nimodipine therapy protects against chronic neurological disability of the 

tail  

Animals treated with vehicle exhibited a progressive accumulation of tail disability 

over the course of the experiment (Figure 4-8A).  In contrast, animals treated with nimodipine 

showed an attenuation in the progression of tail disability over the course of the experiment, 

with significant increases in disability only evident after 7 months post LPS injection, in 

comparison with baseline (Figure 4-8 B).  Further the tail disability was significantly lower in 

the nimodipine-treated group, compared with the vehicle-treated group at all the time points 

examined from 2 months post-injection (Figure 4-8 C).   

 

 
Figure 4-8 Nimodipine chronic tail disability 

Tail disability scores while walking on a horizontal surface for animals injected with LPS and 
administered vehicle (n=11) as controls, A. and LPS-injected animals and administered nimodipine 
(n=18) as treatment group B.  C) Relative tail disability scores of combined control and treatment 
groups.  Results were subject to Two-way ANOVA; (*: P<0.05) and (**: P<0.01), (***: P<0.001) and 
(****: P<0.0001).  Values are means ± SEM. 
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Collectively, treatment with nimodipine for the first four days following lesion 

induction, provides protection against both acute and progressive tail disability (Figure 4-9). 

 
Figure 4-9 Nimodipine acute and chronic tail disability 

Tail disability scores while walking on a horizontal surface for animals injected with LPS and 
administered vehicle (n=11) as controls and nimodipine treatment groups (n=18) in acute and chronic 
stages.  Results were subject to Two-way ANOVA; (*: P<0.05), (**: P<0.01) and (***: P<0.001).  
Animals were trained from one day before surgery, and every month after that.  Day 0 corresponds to 
baseline value recorded before surgery.  Values are means ± SEM. 
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MRI Volume 

MRI scans were mainly used to identify the lesion epicentre, in addition to allow the 

calculation of lesion volume and length, as described previously (4.2.9.3), and they revealed a 

significant protection from atrophy in the nimodipine-treated group compared with vehicle-

treated controls (**: P<0.01), (*: P<0.05), as shown by Figures 4-10, 4-11 and 4-12. 

 

 

Figure 4-10 MRI images comparing a typical animal with an LPS lesion treated with vehicle and one 
treated with nimodipine. 

Ex-vivo magnetic resonance images of sections from the lesion’s epicentre of LPS- injected animals 
treated with vehicle (control) and nimodipine (30mg/kg), showing that acute treatment with nimodipine 
decreases the magnitude of grey matter atrophy. 
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Figure 4-11 Nimodipine treatment atrophy volume 

Graph showing the average atrophy volume of vehicle controls (n=11) and nimodipine treatment 
(n=16).  Results were subject to t-test; (**: P<0.01).  Values are means ± S. D.  
 

 
 
 

Figure 4-12 Nimodipine treatment lesion length 

Graph showing the average lesion length of vehicle controls (n=11) and nimodipine treatment (n=16).  
Results were subject to t-test; (*: P<0.05).  Values are means ± S. D.  
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Histology 

Histological changes associated with nimodipine treatment 

Staining with H&E revealed clear signs of chronic atrophy around the site of the 

injection in all animals, irrespective of the treatment (Figure 4-13 A).  However, the percentage 

of grey matter protection provided by treatment with nimodipine was statistically significant 

(**: P<0.01), as shown in Figure 4-13 B.  A preservation of some motor neurons was also 

evident in ventral grey matter of the injection side, compared with the contralateral ventral grey 

matter, in animals treated with nimodipine (Figure 4-14 A-B), however, no significant increase 

in motor neuron number was observed, compared with vehicle-treated controls. 

 Evidence of demyelination was assessed using LFB staining.  Although there appeared 

to be some myelin pallor, indicative of subtle myelin loss, in the grey matter of the injected 

side in animals treated with vehicle (Figure 4-14), this was difficult to quantify.  However, no 

such loss of staining was observed in animals treated with nimodipine.   
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Figure 4-13 Nimodipine treatment grey matter atrophy 

A.  Images of sections stained with H&E, from the lesion’s epicentre of LPS-injected animals treated 
with vehicle (controls) and nimodipine treatment groups. Scale bar is 500µm.  B.  Graph showing the 
percentage of decrease in grey matter of vehicle controls (n=8) and nimodipine treatments (n=12).  
Results were subject to t-test; (**: P<0.01).  Values are means ± S.D. 
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Figure 4-14 Nimodipine treatment CV staining 

A. Transverse sections showing chronic lesions in spinal cords stained with CV, comparing the 
ipsilateral and contralateral ventral horn of vehicle controls, and nimodipine treatment, with the 
corresponding magnification image of the lesion side only.  Scale bar is 500µm (low magnification) 
and 200µm (higher magnification).  B. Graph showing percentage of motor neuron loss of animals 
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injected with LPS and treated with vehicle (controls) (n=6), or nimodipine (n=6).  Values are means ± 
S.D. 

 

 

Figure 4-15 Nimodipine chronic LFB staining 

Transverse sections showing chronic lesions in spinal cords stained with LFB (myelin), comparing the 
ipsilateral and contralateral ventral horn of vehicle controls and nimodipine treatment groups at 12 
months post LPS injection.  Scale bar is 500µm.
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Discussion 

The present study shows that acute impaired blood flow is an important modulator of 

progressive neurological disability and atrophy in our model of slowly progressive MS.  

Further, improving blood flow acutely, significantly improves long-term disability and 

atrophy. 

The effect of nimodipine in protection from disability and tissue damage 

The current study highlights the importance of hypoperfusion in long-term disability 

and atrophy of the grey matter, and is in line with previous research that has revealed a key 

role for hypoperfusion and hypoxia in neurological function in EAE (Davies et al., 2013; Desai 

et al., 2020).  Similarly, perfusion-weighted imaging and various tomography studies have 

demonstrated that there is a decrease in cerebral perfusion, in both the grey and white matter, 

in MS patients, which occurs independently of the disease course, but plays an integral role 

during early MS pathology (D'Haeseleer et al., 2011; Hostenbach et al., 2016; Swank et al., 

2016).  In MS, impaired CBF has been linked to elevated levels of ET-1, but it is mostly 

produced by endothelial cells, and can be found in some neurons (Hostenbach et al., 2016; Lee 

et al., 1990; Sluck et al., 1999).  ET-1 is likely released by the CNS circulation from reactive 

astrocytes in MS plaques, leading to long-lasting arteriolar vasoconstriction, and beneficial 

effects of ET-1 antagonists have been reported (D’Haeseleer et al., 2013).  In addition, various 

animal models have demonstrated the effect of chronic CNS hypoperfusion on increasing 

mitochondrial dysfunction, as well as the production of free radicals, which causes oxidative 

stress, culminating in neuronal damage (Aliev et al., 2010).  It seems reasonable to propose 

that in our model, astrocytic ET1 release, due to acute inflammation, constricts spinal blood 

vessels, resulting in impaired blood flow and hypoxia, associated with mitochondrial 

dysfunction and disability. 
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The protective effect of nimodipine has been generally attributed to ameliorating 

perfusion, due to its activity as a calcium channel blocker (Pisani et al., 1998; Scriabine et al., 

1989).  However, it has also been suggested that nimodipine might diminish inflammation by 

inhibiting LPS-mediated microglial activation, or by inducing microglial-specific apoptosis (Li 

et al., 2009; Schampel et al., 2017).  In addition, nimodipine has been shown to attenuate NO 

production and decrease the expression of TNF- α and COX (Li et al., 2009).  These factors 

can significantly contribute to neurotoxicity and neurodegeneration (Floyd, 1999; Liu et al., 

2002; McGuire et al., 2001; Smith et al., 2001; Smith & Lassmann, 2002).  During 

neuroinflammation, activated microglia can have both beneficial and detrimental consequences 

on the nervous system, such as clearing of debris, as well as the production of proinflammatory 

factors, such as iNOS and COX, that are implicated in neuronal damage and various 

neurodegenerative diseases (Huang et al., 2014; Johnson et al., 2016; Lin et al., 2012; Loihl & 

Murphy, 1998).  Previous studies have reported on the effect of nimodipine in inducing anti-

inflammatory effects on microglia, by acting at the level of IL-1β accumulation and release, 

and by protecting microglial cells against Aβ peptide-mediated damage (Sanz et al., 2012).   

Furthermore, other studies have highlighted the neuroprotective effect of nimodipine, 

which acts by reducing the cytotoxicity that comes about as a result of stress conditions, such 

as oxygen and glucose deprivation, in vitro in PC-12 pheochromocytoma cells, and in 

Schwann, neuronal and astrocytic cells (Bork et al., 2015; Lecht et al., 2012; Leisz et al., 2019; 

Li et al., 2009).  Therefore, it does not seem unreasonable to speculate that, in our studies, 

nimodipine may act by ameliorating the acute inflammation and subsequent microglial 

activation, as a result of the LPS injection, and thereby diminishing hypoxia and improving 

latent hypoperfusion, which consequently significantly reduced the early damage that leads to 

acute and chronic disability and progressive atrophy.  



 166 

In neurons, calcium channels and transporters are the main source for calcium entry, 

and contribute to membrane depolarization following energy failure (Gleichmann & Mattson, 

2011).  Nimodipine is an L-type calcium channel blocker, with a selectivity for cerebral blood 

vessels, and that can cross the BBB, thus, it is able to reduce the trans-membranous influx of 

calcium into the neurons (Bork et al., 2015; Horn et al., 2001; Rowland et al., 2019; Scriabine 

et al., 1989).  Due to this CNS selectivity and BBB permeability, nimodipine is a preferred 

therapy to limit cellular damage, compared with other calcium channel blockers (Pisani et al., 

1998; Rowland et al., 2019).  In recent years the plausible cellular neuroprotective or 

neuroregenerative effects of nimodipine, beside its vasodilation role, have been evaluated.  

These studies focus on observing cognitive performance, particularly improving learning and 

spatial memory (Haile et al., 2009; Lecht et al., 2012; LeVere et al., 1989; Levy et al., 1991; 

Scriabine et al., 1989).  These results have associated the beneficial effect of nimodipine with 

calcium homeostasis, as dysregulated calcium can result in excessive production of free 

radicals and excitotoxic acids, such as glutamate, and possibly pathologic apoptosis, all which 

contribute to neuronal damage (Dolga et al., 2011; Haile et al., 2009).  Such observations could 

explain why our results show an improvement in learned behaviour in nimodipine treatment 

groups, and not controls, such as the upside-down grip test on the right-hindlimb.   

In rats, nimodipine has been shown significantly to reduce dysfunction, and to decrease 

demyelination, caused by hypoxia or hypertension, and also to enhance remyelination in EAE 

(De Riu et al., 1995; Desai et al., 2020; Schampel et al., 2017).  Nimodipine also reduces the 

degeneration of dopaminergic neurons in a LPS model (Li et al., 2009), where it has been 

suggested that L-type calcium channel blocking may be a critical step in this neurodegenerative 

pathway (Horn et al., 2001).  Such neuroprotective consequences are most effective during 

mild stress conditions and are highly dependent on the degree of neurological damage present 

in the tissue (Bork et al., 2015). 
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 L-type channels are known to display a particularly high sensitivity to hypoxia.  In fact, 

during acute CNS hypoxia, calcium channel blocking, via nimodipine administration, has also 

been shown to reduce cytotoxic oedema and attenuate cognitive dysfunction (Rowland et al., 

2019).  However, other calcium channel blockers, such as nifedipine and diltiazem, have failed 

to provide neuroprotection.  We suspect that nimodipine acts in concert, via different 

mechanisms, to induce the neuroprotection seen in our model.  

In MS patients, the relationship between regional CNS cerebral perfusion and lesions 

has been studied (Aboul-Enein & Lassmann, 2005; D'Haeseleer et al., 2015; D’Haeseleer et 

al., 2013; Haider et al., 2016; Holland et al., 2012; Martinez Sosa & Smith, 2017; Wuerfel et 

al., 2004).  These studies suggest that lesions tend to accumulate, or persist more, in regions 

with lower relative perfusion, particularly in the white matter (Holland et al., 2012).  Further, 

changes in perfusion occur prior to lesion formation, in addition to the consequences of gliosis, 

remyelination and tissue damage (Wuerfel et al., 2004).  These results suggest that 

hypoperfusion plays a direct role in lesion pathogenesis, but while this may be true, the changes 

in perfusion could be a secondary response to inflammation, hypoxia, mitochondrial 

dysfunction, and changes in cellular metabolism (Holland et al., 2012; Martinez Sosa & Smith, 

2017).  In our model of disease, we believe nimodipine may have played a crucial role in the 

acute stage, in improving perfusion, and decreasing inflammation, transient hypoxia, and 

therefore protecting from metabolic dysfunction.  Furthermore, the protection provided by 

nimodipine during the most vulnerable stage of disease, continued throughout the entirety of 

the study, which led to a reduction in atrophy.  Therefore, we speculate that improving 

perfusion, at the beginning stages of disease, by using nimodipine, could modulate acute and 

chronic CNS repair mechanisms, such that lesions and long-term disability are less severe.   



 168 

Conclusion 

The implementation of a CNS-selective vasodilator, nimodipine, during the acute and 

most vulnerable stages that lead to chronic atrophy, ultimately resulted in a significant decrease 

in disability, lesion length and overall atrophy.  We speculate that the increase in vasodilation 

helped to reduce the hypoxic mechanism that we have found to drive slowly progressive 

neurodegeneration.  We believe that nimodipine should be considered for repurposing for 

neuroprotection in MS.   
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Chapter 5 General Discussion 

MS is a debilitating, chronic inflammatory neurological condition characterized by 

focal lesions in the white and grey matter, leading to damage of myelin, axons, neurons and 

synapses (Bø et al., 2000; Bø, Vedeler, et al., 2003b; Compston & Coles, 2008; Dutta, Chang, 

et al., 2011; Lassmann, 1999; Lassmann et al., 2001; Trapp et al., 2018).  Although 

inflammatory demyelination plays an important role early on in the disease course, 

neuro/axonal loss is the major determinant of progressive irreversible disability (Chard et al., 

2003; Cifelli et al., 2002; Lassmann, 1999, 2005; Lassmann et al., 2007; Lassmann et al., 

2012).  Of the currently approved therapies, some have shown to reduce the risk of 

accumulation of new focal lesions, however most have shown to be less efficacious in the 

progressive phase of the disease, presenting a major unfulfilled clinical need (Le Page et al., 

2015; Lorefice et al., 2018).  Moreover, the identification of mechanisms of progression, and 

therapeutic approaches for neuroprotection, have been hampered by a lack of accurate animal 

models.  This thesis introduces a new model of progressive MS characterised by slowly 

progressive atrophy of the spinal cord grey matter, which is driven by innate immune 

mechanisms and later accompanied by chronic and progressive disability, gliosis and atrophy.  

This model presents an opportunity to study the mechanisms responsible for the acute and 

chronic slow-burning degeneration seen in patients with progressive MS.  Acutely, the lesion 

is characterised by a transient disability, associated with tissue hypoxia and inflammation, all 

of which resolve after a few days.  However, the disability reappears a month later, significantly 

deteriorating over the next 2 months, progressively worsening over the lifetime of the animal, 

and is associated with significant grey matter atrophy, chronic inflammation and astrogliosis. 

 Interestingly, treatment to reverse the acute hypoxia, with either normobaric oxygen 

or the CNS-selective vasodilator, nimodipine, not only attenuates the acute disability, but also 
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protects against the accumulation of progressive disability and atrophy.  These results shed 

light on mechanisms of progression in neuroinflammatory disease, and provide a realistic 

therapeutic approach, namely by targeting CNS blood flow, for neuroprotection in both 

relapsing and progressive MS. 

The effect of grey matter degeneration in MS 

In MS, cortical lesions correlate more precisely with the progression of disability, than 

damage to the white matter (Fisniku et al., 2008).  In fact, the demyelination seen in the 

cerebellar grey matter is higher than any other brain region, and five times the extent of cortical 

white matter demyelination (Eshaghi et al., 2018; Gilmore et al., 2009; Moccia et al., 2017).  

In particular, MS patients present symptoms more closely related to spinal cord damage, in lieu 

of the brain, such as progressive paraparesis (Thompson et al., 1997; Tsagkas et al., 2018, 

2019).  The results of this thesis highlight the importance of the role played by the spinal cord 

grey matter in the development of acute and chronic disability. 

Several mechanisms have been implicated to play a role in grey matter 

neurodegeneration, including mitochondrial failure, meningeal inflammation, hypoxia 

oxidative stress and iron deposition (Chard et al., 2003; Eshaghi et al., 2018; Klaver et al., 

2013; Mahad et al., 2009; Martinez Sosa & Smith, 2017; Pérez-Cerdá et al., 2016; Prins et al., 

2015).  Despite the classification of different lesion subtypes, and advances in the ability to 

detect structural abnormalities in the grey matter, key mechanisms of damage remain unclear 

(Aboul-Enein & Lassmann, 2005; Lassmann, 2005, 2015; Lassmann et al., 2012).  Post-

mortem studies have revealed that extensive neuronal loss within the grey matter can occur 

independently of grey or white matter demyelination, suggesting that grey matter atrophy may 

occur as a result of a non-inflammatory process, or due to local inflammation, or as a 

consequence of white matter lesions (Bendfeldt et al., 2009; Calabrese et al., 2015; Eshaghi et 

al., 2018). 
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Improving cerebral blood flow as a therapeutic approach for neuroprotection 

in MS 

Current disease-modifying treatments for MS can reduce the frequency of relapses, but, 

when they occur, they can still be severe.  Steroids can shorten the duration of relapses, as they 

have a strong impact on inflammation, but any benefit regarding disability in the long-term is 

negligible (Lorefice et al., 2018; Mallucci et al., 2015).  We have identified the value of 

therapeutic normobaric oxygen therapy, and use of a CNS-selective vasodilator, in reducing 

both acute and chronic disability, and progressive atrophy in a model of progressive MS.  These 

therapies appear to provide protection largely through the most detrimental phase of the early 

chronic neurological deficit and atrophy formation, which occur during the first three months 

following lesion induction.  These findings further highlight the importance of this early 

inflammatory event in initiating progressive disability and atrophy. 

Neuronal and axonal injury are evident in acute MS lesions, although at this early stage 

the damage may remain clinically silent, but persisting and accumulating in the background 

until the reserve capacity for function is surpassed, resulting in the onset of progressive disease 

(Ferguson et al., 1997; Lassmann et al., 2007; Lassmann & Van Horssen, 2011; Trapp et al., 

1998).   

Several studies have suggested an important role for hypoxia and mitochondrial 

dysfunction in causing disability during the acute stages of MS, and that the more prolonged 

or severe the tissue hypoxia is, the more mitochondrial dysfunction promotes energy deficiency 

and degeneration (Aboul-Enein & Lassmann, 2005; Chávez et al., 1995; Desai et al., 2016; 

LaManna, 2007; Lassmann, 2016; Mahad et al., 2008; Martinez Sosa & Smith, 2017; Trapp & 

Stys, 2009; Yang et al., 2015).  We believe that the inflammation-induced hypoxia, as seen in 

our various animal models of MS, is so severe, that it overwhelms the ability to maintain 

physiological homeostasis (Davies et al., 2013; Desai et al., 2016).  Our results show that 
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oxygen therapy, in particular 80% oxygen, can restore neurological function in the short term, 

and protect from degeneration and motor neuron loss in the long term.  Further, increasing 

tissue oxygenation by improving blood flow, also provides significant protection from acute 

disability, and progressive disability, atrophy and neuronal loss.  We suggest that the same 

pathological mechanisms could ensue in patients with MS, and, therefore, that such a 

therapeutic approach may be particularly efficacious in patients very early in the disease 

course, including those not yet showing clinical symptoms, such as patients diagnosed with 

radiologically isolated syndrome (RIS). 

The mechanism through which oxygen and nimodipine provide protection, may involve 

mitochondrial complex IV of the respiratory chain.  It has been noted that complex IV can be 

targeted and irreversibly compromised by increased levels of NO, as is believed to occur within 

MS lesions (Smith & Lassmann, 2002).  Oxygen therapy can decrease the raised levels of NO 

(Baratz-Goldstein et al., 2017; Davies et al., 2013; Desai et al., 2016), however, it can also 

induce vasoconstriction with the attendant reduction in glucose delivery and the removal of 

metabolic waste products (Demchenko et al., 2005; Lambertsen et al., 1953; Omae et al., 

1998).  Nimodipine, on the other hand, can not only increase blood flow, but also reduce 

calcium influx into neurons, and reduce microglial activation, thereby diminishing 

neurotoxicity and hypoxia (Desai et al., 2020; Li et al., 2009; Pisani et al., 1998; Rowland et 

al., 2019), and this beneficial profile may account for the more significant protection against 

long-term atrophy shown by nimodipine in this thesis.   

Before considering oxygen as a therapy, it should be stated that increased oxygen 

exposure could potentially lead to increased oxidative stress, particularly when induced at a 

higher pressure, such as with hyperbaric oxygen therapy (Cornet et al., 2013; Thom, 2009).  

Generally, oxidative stress is viewed as a negative effect, however, increased production of 

ROS, as a result of hyperoxia, has been shown to develop vascular healing, due to the increase 
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of growth factors that control vascular homeostasis, such as angiopoietin, fibroblast growth 

factor and VEGF (Thom, 2009).  However, oxygen therapy has been readily administered in 

other conditions where it is considered safe to use, and inexpensive (Baratz-Goldstein et al., 

2017; Barrett et al., 2004; Hadanny et al., 2015; Zhang et al., 2005), and, in separate studies in 

our laboratory, raised oxygen has actually been found to result in a reduction in oxidative 

damage (unpublished observations).  

Nimodipine has been shown to have cerebrovasodilatory and anti-ischaemic effects in 

humans at 1nM concentration, or even less, as higher concentrations have been reported to 

block the release of some neurotransmitters and hormones that are necessary for neuronal 

survival (Scriabine et al., 1989).  At present, nimodipine is an approved therapy for the 

prevention and treatment of neurological deficits in patients with aneurysmal subarachnoid 

hemorrhage (aSAH) and delayed cerebral ischaemia (DCI) (Carlson et al., 2020).  In a 2a 

clinical trial of aSAH, nimodipine was administered intraventricularly and demonstrated to 

have significant efficacy whilst retaining a favorable safety profile (Carlson et al., 2020; 

Hänggi et al., 2017).  Future clinical use of nimodipine in MS patients is facilitated by the long 

history of safe administration in humans, and the fact that oral administration has been shown 

to alleviate painful tonic crises in four patients suffering from MS (de Sà, 1995).  The findings 

in our study support the value of nimodipine as a preferred therapy for MS.  

The link between hypoperfusion and hypoxia 

In early MS, lesions may form anywhere in the CNS, however they have been shown 

to accumulate in areas of low perfusion.  Some lesions disappear due to the resolution of 

oedema, inflammation, hypoxia and remyelination, while lesions located in areas of low blood 

perfusion tend to persist, indicating that the vasculature is a major determining factor for lesion 

progression (Haider et al., 2016; Holland et al., 2012).  Early in the disease, inflammation can 

contribute to CNS hypoperfusion (D’Haeseleer et al., 2013; Dénes et al., 2010; Murray et al., 
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2014), resulting in hypoxia, and, in consequence, mitochondria generating large amounts of 

oxygen free radicals, further reducing the oxygen remaining for ATP production (Chandel et 

al., 1998b; Guzy et al., 2005).  At normal concentrations, ROS are part of the normal 

physiology of the CNS, and can regulate fundamental cell activities, but at high levels, ROS 

can cause cell injury, decrease antioxidant defenses and ultimately cause cell death (Aliev et 

al., 2003; Zhu et al., 2007). 

The Notch signalling pathway controls important processes involved in endothelial cell 

proliferation and survival (Borggrefe et al., 2016; Coleman et al., 2007; Dengler et al., 2013; 

Hashimoto et al., 2015).  Under hypoxic conditions, HIF-1α is upregulated in endothelial cells 

and astrocytes, leading to VEGF-A secretion, and, consequent Notch expression in endothelial 

cells (Stone et al., 1995).  These autocrine interactions cause FIH to be sequestered, preventing 

the hydroxylation of HIF-1α, thereby enhancing its availability (Borggrefe et al., 2016; Kim et 

al., 2020).  In summary, the HIF-Notch interaction is involved in the process of vascular 

protection within the CNS, and when the Notch signalling pathway is blocked, no functional 

vessel perfusion can occur (Kim et al., 2020).  HIF and Notch have complex intertwined roles 

within the CNS.  Any hinderance to the dynamics of these pathways can lead to persistent 

hypoxic-ischaemic environment, which consequently has been proven to lead to 

neurodegeneration (Hernandez-Gerez et al., 2019; Lassmann, 2016).  Exploring the 

contribution of hypoxia and hypoperfusion-mediated pathways is important for the complete 

understanding of the factors that drive neurodegeneration, and for insights into plausible 

therapeutic interventions.   

As previously mentioned, under hypoxic conditions, both FIH and PHDs are inactive, 

resulting in the stabilization of the HIF-α subunit, which can trigger the increased transcription 

of genes that code for proteins involved in angiogenesis, such as VEGF and erythropoietin (Lee 

et al., 2007; Rey et al., 2019; Saravani et al., 2019).  As an adaptive mechanism, these factors 
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work to increase oxygen availability to hypoxic regions (Kim et al., 2020; Semenza, 2003).  

Indeed, capillary blood volume has the capacity to increase by such a degree, that it is a clear 

evolutionary mechanism in response to glucose and oxygen demand, when the CNS is 

metabolically deficient (Shockley et al., 1988).  VEGF is also expressed by hypoxic astrocytes, 

resulting in endothelial cell activation, and it is produced by endothelial cells to control 

angiogenesis (Lee et al., 2007).  Microvascular remodeling, as a response to mild hypoxia starts 

four or five days post low oxygen exposure, and is completed, in adult brain rats, after 

approximately three weeks (Pichiule et al., 2002; Xu et al., 2006).  We venture the possibility 

that, in our lesion model, these physiological mechanisms come to play, in order to reduce 

histotoxic hypoxia, however, it may be the case that by the time these systems are fully 

activated, some inflammation and hypoxia have already caused irreversible tissue damage, 

which progresses with time.  The use of nimodipine, as a vasodilator agent, may act on 

decreasing hypoxia and therefore disability and chronic atrophy in our model of progressive 

MS.  

Limitations 

This thesis has provided convincing evidence of post-inflammatory atrophy and 

methods of protection, but the time series of immunohistochemical studies involved relatively 

few animals at each time point, particularly within the saline control groups, and this did not 

always allow statistical analysis.  Nevertheless, the atrophy observed in the sections used for 

histological analysis, along with behavioural observations, provides evidence of the time 

course of inflammation-induced disability and atrophy at the site of injection.  

Furthermore, physiological changes related to ageing are inherent in all animals.  They 

can present as build-up of toxin protein aggregates spread through various CNS regions, and 

have been identified as contributor to ageing and neurodegenerative pathologies (Few, 1966; 

Moreno-García et al., 2018).  The accumulation of lipofuscin (LF) is one of such protein 
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aggregates, and it has been associated with neuronal loss, glial proliferation and activation, as 

well as with neurodegenerative diseases (Moreno-García et al., 2018; Reeg et al., 2015).  As 

our lesion progresses over a long period of time, we observed some evidence of LF at the 

chronic time points during immunohistochemical analysis.  LF is an auto-fluorescent 

lipopigment, and in the CNS, it is especially abundant in nerve cells, forming a pattern of 

senescence, thereby altering the neuronal cytoskeleton and cellular metabolism (Hebbar et al., 

2017; Moreno-García et al., 2018).  Therefore, LF can be an important confounding variable 

with fluorescence immunohistochemistry, especially when labelling the cytoplasm of motor 

neurons in ageing chronic tissue, but LF is unlikely to have confused the interpretation of 

neuronal survival in this study because motor neurons were distinguished using CV staining.  

Future directions 

The findings in this thesis provide a foundation upon which future research projects 

should be based.  For example, we have found that reducing hypoxia, and increasing perfusion, 

can significantly improve the progression of disease in a model of MS.  It would be of interest 

to repeat the therapeutic experiments, with final perfusion at the acute time-points, to determine 

the acute histological effects of treatment in order to identify the exact mechanism(s) of action.  

It would also be interesting to examine the value of combined oxygen and nimodipine therapy, 

as these therapies may be additive or even synergistic in their action.  

Furthermore, these therapeutic methods may be very useful for young individuals 

suffering from MS, particularly during clinically isolated syndrome (CIS), RIS or RRMS.  

However, it is unknown whether such therapeutic approach may be effective in patients with 

progressive disease forms of the disease.  Future research could focus on evaluating the efficacy 

of delayed chronic administration of oxygen and nimodipine in animals with established 
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lesions and determine whether such an approach would provide protection from progressive 

disability and atrophy.  

Concluding remarks 

In this thesis we have presented a newly developed model lesion of slowly progressive 

neurodegeneration and atrophy, closely resembling that of SPMS.  The findings have revealed 

that a lifetime of progressive disability and atrophy can result from just a few days of 

inflammatory hypoxia during young adulthood.  Remarkably, avoidance of the hypoxia by 

oxygen or nimodipine treatment for just a few days provides lifetime protection from both 

disability and atrophy.  Nimodipine is worthy of consideration for repurposing for the therapy 

of MS.  
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