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Abstract 

Injury to the central nervous system (CNS) is exacerbated by a cascade of downstream 

events known as ‘secondary degeneration’ which culminate in progressive 

degeneration of the intact neurons and glia surrounding the initial injury. The events 

involved in secondary degeneration include, but are not limited to: inflammation, 

glutamate excitotoxicity, intracellular calcium increase, reactive oxygen species 

production and oxidative damage. There is emerging evidence suggesting glutamate 

excitotoxicity and the downstream events resulting in oxidative damage play a key role 

in the disruption to the lipid-rich myelin sheath observed in chronic neurotrauma 

lesions. In the healthy nervous system, there is a natural turnover of myelin-producing 

oligodendrocytes by maturing oligodendrocyte progenitor cells. However, the 

persistence of damaged myelin in chronic neurotrauma lesions implies a failure in the 

replacement of damaged oligodendrocytes by OPCs, potentially associated with 

oxidative damage. Oligodendroglia and their associated myelin sheaths are known to 

be particularly susceptible to oxidative damage, however comparative assessment of 

these CNS subpopulations and structures in terms of their vulnerability to oxidative 

damage in vivo, has not been directly assessed.  

 

A partial transection of the optic nerve in the rat was used. This injury model leaves the 

residual neural tissue in the ventral optic nerve intact but prone to secondary 

degenerative mechanisms. Innovative use of Nanoscale secondary mass ion 

spectrometry (NanoSIMS) to simultaneously image 8 lanthanide-conjugated antibodies 

allowed direct comparisons of oxidative damage in CNS subpopulations and structures. 

OPCs were found to be the most vulnerable to DNA oxidation 3 days after injury, 

compared to axons, mature oligodendrocytes and myelin sheaths. Additionally, 

increases in protein nitration and DNA oxidation were observed in a majority of 

assessed regions 3 days after neurotrauma.  

 

Having established the vulnerability of OPCs following neurotrauma, we next aimed to 

assess the influence proliferative state has on the vulnerability of oligodendroglia to 

oxidative damage, as well as fate map the maturation of OPCs into mature 

oligodendrocytes. The partial transection of the optic nerve injury model was used in 

conjunction with immunohistochemical and in situ hybridisation techniques. 5-ethynyl-

2'-deoxyuridine (EdU) was used to label cells that proliferated in the 3 days after injury. 

Increases in DNA oxidation, protein nitration and lipid peroxidation in OPCs and mature 

oligodendrocytes were observed 3 days after injury, regardless of proliferative state, 

and were associated with a decline in the numbers of OPCs at 7 days. O4+ pre-
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oligodendrocytes also exhibited increased lipid peroxidation 3 days after injury. 

Interestingly, EdU+ mature oligodendrocytes derived after injury demonstrated 

increased susceptibility to DNA damage and lipid peroxidation 3 days after injury. 

However, preexisting EdU- mature oligodendrocytes with high DNA oxidation were 

more likely to be caspase3+ and vulnerable to cell death. By day 28, newly derived 

mature oligodendrocytes had significantly reduced myelin regulatory factor (MyRF) 

mRNA indicating compromised myelination by these cells. The proportion of 

caspase3+ oligodendrocytes remained higher in EdU- cells. 

 

The structural changes axons and myelin undergo following injury neurotrauma are 

associated with compromised function. Quantifying morphological changes is important 

to understanding the pathophysiology of neurotrauma, however, a majority of studies 

have used 2D techniques to analyse single sections, which does not capture changes 

along the length of individual axons. Serial block face-scanning electron microscopy 

(SBF-SEM) was used to generate 3D reconstructions of axons in 100µm segments 

from normal and partially injured rat optic nerves. Measurements of axonal and myelin 

dimensions were generated by examining 2D images at 5µm intervals. In normal and 

injured animals, changes in axonal diameter, myelin thickness, fiber diameter, G-ratio 

and percentage myelin decompaction were apparent along the lengths of axons. The 

range of axon diameter values for an individual reconstructed axon in 3D encompassed 

the variation in axonal diameter attributed to subclasses of retinal ganglion cells.  

Injured nerves exhibited increased myelin decompaction with longer paranode gaps 

and shorter mitochondrial lengths at the node of Ranvier. 3D EM analyses has allowed 

the demonstration of intraaxonal variability as well as the means to improve the 

understanding of the pathophysiology of neurotrauma.  

 

The findings of this thesis provide insight into the mechanisms of secondary 

degeneration and may lead to the development of combinatorial treatment strategies 

which protect cells from oxidative damage and preserve cellular function, potentially 

resulting in the preservation and maintenance of myelin sheath ultrastructure in chronic 

neurotrauma lesions.  
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Chapter 1: Literature review 

Neurotrauma is defined as injury to the central nervous system (CNS). Neurotrauma 

results in a devastating loss of function, as well as potentially life threatening secondary 

complications 1. Understanding the post-injury cellular and molecular events which 

occur following neurotrauma is essential for the development of appropriate therapeutic 

interventions to preserve, and potentially restore function. Injury to the CNS is 

exacerbated by a cascade of secondary degenerative processes affecting the 

uninjured tissue around the initial insult 2. Oligodendrocytes and their lipid-rich cell 

membranes, the myelin sheath, enwrap neurons and are responsible for efficient 

electrical signalling between these cells 3-5. These structures are particularly vulnerable 

to the events of secondary degeneration, displaying abnormalities such as longer 

nodes and paranodes at acute time points and myelin decompaction and paranode 

unfurling at chronic stages of the condition 6,7.  This thesis aims firstly; to use nanoscale 

secondary ion mass spectrometry (NanoSIMS) to determine which cellular 

subpopulation is the most vulnerable to oxidative damage to DNA and proteins within 

areas of secondary degeneration in vivo. Secondly, to fate map and characterise 

damage to oligodendroglia derived following injury to establish if chronic myelin 

abnormalities are associated with oxidative stress to proliferating or newly differentiated 

oligodendroglia. Originally, the third aim of this thesis was to identify the origin of 

damaged myelin sheaths, by tracing myelin segments to their parent oligodendrocyte 

using 3 dimensional (D) electron microscopy (EM). Due to complications in 

methodology we instead aimed to comprehensively characterise ultrastructural 

changes to axons and myelin sheaths following a partial injury to the optic nerve.  

 

The following chapter will review the literature on neurotrauma, with a particular focus 

on the mechanisms of secondary degeneration and oxidative damage in white matter. 

Neurotrauma and the events of secondary degeneration will be described, followed by 

a comprehensive description of the biology of oligodendrocytes and myelin within the 

context of secondary degeneration. This review will also focus on the regenerative role 

oligodendrocyte progenitor cells (OPCs) have in the process of remyelination, 

investigating the factors that promote and inhibit proliferation and maturation of 

oligodendroglia. Animal models and analytical techniques to investigate mechanisms of 

secondary degeneration will be discussed and the review will conclude with the 

hypothesis and aims of this thesis. 
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1.1  The central nervous system 

The CNS encompasses the brain, spinal cord, olfactory nerve, retina and optic nerve 8. 

The CNS is responsible for integrating sensory information and producing appropriate 

motor or behavioural responses, as well as higher cognitive processing such as 

memory and learning 9. Neurons and glia are the two cell types which comprise the 

CNS 10. Neurons are electrically active cells responsible for the electrical and chemical 

transmission of signals throughout the central and peripheral nervous systems 11. 

These cells typically have multiple branching dendrites surrounding the soma, and a 

single long axon extending away from the cell body 10. The axon is responsible for 

sending electrical impulses to other cells and / or organs. Glial cells refer to any non-

neuronal cell in the CNS, including astrocytes, microglia, radial glia, ependymal cells 

and oligodendrocytes 10. These cells provide a plethora of factors and structures which 

aid in the functioning of neurons.  

 

Astrocytes play a role in modulating CNS signaling both directly through direct synaptic 

communication with neurons and indirectly via the maintenance of intra and 

extracellular ion concentrations 12-14. Microglia are responsible for the maintenance of 

the CNS, involved in scavenging for plaques, damaged neurons and myelin, and 

infectious pathogens  15. Oligodendrocytes provide support to neurons through the 

generation of a myelin sheath. The myelin sheath is produced as an extension of the 

cell membrane of oligodendrocytes and is comprised of highly organised proteins and 

lipids. The myelin sheath enwraps axons, insulating electrical signals and permitting 

efficient saltatory conduction 16. The absence of this myelin sheath is often associated 

with functional deficits 17-20. Myelin forms periodic internodes along the lengths of 

axons, and one oligodendrocyte may be responsible for the myelination of up to 50 

axons 21. The focus of this thesis is the myelinating oligodendrocytes and their 

progenitor’s response to neurotrauma.  

 

1.2  Neurotrauma 

Neurotrauma is defined as physical damage or trauma to the CNS, which may lead to 

paralysis, loss of sensation and in some cases, death 22. The main sources of traumatic 

brain injury (TBI) and spinal cord injury (SCI) in western civilisation are cited as being 

sports activities, work and motor-related accidents and falls 23. However, injuries also 

occur as a result of gunshot wounds, particularly in the USA, or falls in developing 

countries as a consequence of poor health and safety regulations 24. TBI and SCI result 

in many pathological complications including loss of motor, sensory and cognitive 

function, as well as autonomic dysreflexia, enteric and sexual dysfunction 25,26. 
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Neurotrauma affects 1.5-2 million people globally every year 27, and is associated with 

substantial costs both for the individual and national governments.  The Australian 

government spent approximately 706.1 million AUD in 2008 towards those affected by 

CNS injuries 28. The pathophysiology of neurotrauma involves both primary and 

secondary mechanisms, the primary injury; which occurs following the initial insult, and 

secondary degeneration; the spreading of the initial injury to uninjured, adjacent areas 

via an array of downstream pathways 2,29. 

 

1.2.1  Primary injury 

The primary injury refers to the bio-mechanical insult occurring at the time of injury and 

includes contusion, blood vessel damage and axonal shearing 2,30. The blood brain 

barrier (BBB) and meninges may be compromised following the initial injury and 

neuronal death may be involved 31. Nonspecific cellular death occurs following the 

ballistic insult due to structural deformations 32. The extent of structural deformations is 

dependent on the type and severity of injury (e.g. transection or contusion), as well as 

the location in the CNS (grey or white matter) 32. Undamaged neurons and glia 

surrounding the initial injury site are vulnerable to secondary degeneration and may be 

subjected to a number of secondary mechanisms 33-35. 

 

1.2.2  Secondary degeneration 

The surrounding residual neural tissue is vulnerable to secondary degeneration, which 

acts via a series of cellular and molecular cascades including; glutamate excitotoxicity, 

calcium ion overload, mitochondrial dysfunction, and the production of free radicals 

resulting in oxidative stress 36-40. Regions of secondary degeneration are associated 

with compromise of the blood brain barrier, axonal degeneration, inflammatory 

responses and myelin abnormalities 2,41,42 (Figure 1.1). Secondary degeneration is 

diffuse, self-propagating 36 and associated with loss of function 43. Developing an 

understanding of the multiple pathological and physiological mechanisms underlying 

secondary degeneration in the CNS and their effects on specific cellular 

subpopulations will aid in the development of therapeutic interventions for the treatment 

of neurotrauma.  

 

1.2.3  The visual system 

This overarching aim of this thesis is to understand the effects CNS injury has on 

myelin and oligodendroglia. Alterations in myelin and oligodendroglial biology have 

been observed following spinal cord injury (SCI) 44-47. However the spinal cord consists 

of interneurons, an outer white matter area and inner grey matter region. As such, the 
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complicated neuroanatomy of the spinal cord makes it difficult to generate reproducible 

injuries for investigation of regions of secondary degeneration. The visual system is an 

effective model for studying CNS injury as it overcomes the limitations of SCI. In 

particular, partial injury to the optic nerve allows spatial separation between the neural 

tissue directly injured (primary loss) from tissue that is not directly injured, but 

vulnerable to the events of secondary degeneration (outlined in section 1.2.2). 

Furthermore, the partial injury is readily reproducible. Studies using this model 

demonstrate little variability in outcomes of retinal ganglion cell (RGC) numbers, 

indicators of oxidative stress, activation of microglia, astrocyte hypertrophy and myelin 

abnormalities 43,48,49. The sections subsequent to the following brief description of the 

optic nerve will describe the events occurring following neurotrauma, specifically within 

regions of secondary degeneration, removed from the initial injury site.  

 

The optic nerve is made up of the retina and optic nerve, together acting as the 

intermediary between the eye and brain 50. The retina is comprised of many specialised 

cells for the transmission of visual stimuli to the brain. Photoreceptors collect light and 

release neurotransmitters to the RGCs for signal transmission 51. RGC axons originate 

from the retina and run the whole length of the optic nerve, synapsing to the geniculate 

nucleus in the thalamus 50. The RGC axons are organised into nerve fibers. The left 

and right optic nerves cross at the optic chasm before continuing to the brain. The 

topography of the axons within the optic nerve vary from species to species and there 

is some variability amongst rat strains 52. Topographic arrangement is an important 

consideration when using the optic nerve in a model of CNS injury. 

 

1.2.4  Partial transection of the optic nerve: a model of 

secondary degeneration 

To study the cellular and molecular cascades involved in secondary degeneration, it is 

necessary to have an appropriate model system. Spinal cord contusion models of 

injury have been used extensively to investigate neurotrauma, however, they do not 

provide the spatial separation required for investigation exclusively into secondary 

degeneration 45,47,53. Additionally, SCI models are complicated by the spinal cord 

anatomy; a central grey matter, interneuronal variability, ascending and descending 

tracts, making evaluation of secondary degeneration difficult. The optic nerve is a part 

of the CNS and various injuries to the retinocollicular pathway in rats have been used 

as models for CNS injury 54-57. Using the optic nerve and visual system to study 

neurotrauma has several advantages as it is an easily accessible white matter tract 

with quantifiable cell populations.  
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This study uses a partial transection of the optic nerve in adult, female Piebald Viral 

Glaxo (PVG) rats to model of secondary degeneration in vivo. The partial transection 

procedure has been described previously 43,48,52,58-61. In brief, an incision is made on the 

skin overlying the midline of the skull and is retracted. The optic nerve is accessible by 

deflecting lacrimal tissue behind the eye. The nerve is exposed by making a slit in the 

dura mater using opthalamic scissors 1mm behind the eye. A controlled 200µm 

transection is made on the dorsal aspect of the optic nerve using a diamond radial 

keratotomy knife, the depth of the incision is determined by the protrusion of the blade 

from guard casing. The use of the PVG rat strain for the partial transection injury model 

is important as these rats are non-albino, allowing for more effective assessments of 

visual function. Axonal topography from the retina to the injury site is also maintained 

52. The transected dorsal RGC axons have somata located mostly in the dorsal aspect 

of the retina 48. Crushing the optic nerve with calibrated jewelers forceps has also been 

used to induce neurotrauma and secondary degeneration 54,62,63. In this model, 

damaged axons are intermingled with undamaged axons in the nerve, making the 

distinction between normal and injured axons difficult. Furthermore, the pressure and 

timing of the crush contributes to the extent of the injury, and can be difficult to 

consistently replicate 62.  

 

Following partial transection to the optic nerve, axons located on the dorsal aspect of 

the nerve undergo primary degeneration 64. Although the ventral aspect of the optic 

nerve remains intact, it is vulnerable to the cellular and molecular cascades of 

secondary degeneration. The spatial separation between the primary injury and events 

of secondary degeneration allows exclusive investigation of tissue vulnerable to 

secondary degeneration, not afforded by the optic nerve crush model. Additionally, the 

partial transection injury model is highly reproducible, with little variability within studies 

in indicators of oxidative stress, hypertrophy of astrocytes or microglial activation 43,48. 

Time course studies investigating regions of secondary degeneration following the 

partial transection of the optic nerve have demonstrated increased reactive oxygen and 

nitrogen species at 1, 3 and 7 days after injury 61. This increase was accompanied by 

increases in DNA oxidation, lipid peroxidation and protein nitration at 1, 3 and 7 days 

after injury, respectively 61. This model has been used to demonstrate a range of 

pathological outcomes including oxidative stress, neuronal death and myelin 

decompaction 6,43,49,52,60,61,65 and provides a population of neuronal and glial cells which 

can be used to investigate the effects secondary degeneration has on the functioning 

of these cells.   
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Figure 1.1: Partial transection of the optic nerve injury model.  

A 200µm partial transection is applied to the dorsal surface of the optic nerve using a diamond 

keratotomy knife. The topographical arrangement of the optic nerve allows investigation into the 

initially undamaged population of cells located on the ventral aspect of the optic nerve, which 

are susceptible to the spread of secondary degeneration. Source: 48 
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1.3  Mechanisms of secondary degeneration 

This review will predominantly focus on the progression of neurotrauma associated 

with glutamate excitotoxicity, mitochondrial dysfunction, and oxidative damage, as 

these are secondary events associated with abnormalities in myelin and 

oligodendroglia 66-68. However, it is important to note that these are not the only 

processes contributing to the progression of secondary degeneration, an overview of 

the acute, subacute and delayed mechanisms of neurotrauma are outlined in Figure 

1.2. 

 

1.3.1  Glutamate excitotoxicity  

Glutamate is an important excitatory neurotransmitter in the mammalian CNS. During 

neurotransmission, cells are briefly exposed to extracellular concentrations of 

glutamate during synaptic transmission (1mM), which are rapidly decreased within 

milliseconds 69. However, glutamate has been linked with death of nerve cells following 

acute neurological insults. Under normal physiological conditions, glutamate remains 

packaged within vesicles in the synaptic terminal 70. Within minutes of an initial insult to 

the central nervous system, intracellular content is released into the extracellular 

space, where concentrations of glutamate increase to neurotoxic levels (between 3-

14mM) 71. Sources of glutamate release following injury are illustrated in Figure 1.2, the 

major source of glutamate in the partial transection of the optic nerve model is from cut 

axons. The over-activation of glutamate receptors in the CNS, generally triggers a large 

influx of Ca2+ and Na+ into neurons through alpha-amino-3-hydroxy-5-methyl-4-

isoxazolepropionate (AMPA) and N-methyl-D-Aspartate (NMDA) receptors 72,73. 

Disruption of intracellular Ca2+ homeostasis triggers a number of potentially fatal 

cascades, in particular, the activation of enzymes that degrade cytoskeletal proteins 

and mitochondrial function, leading to the overproduction of reactive oxygen species 

and subsequently, oxidative stress 74-76 this is covered in more detail in section 1.3.3. 
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Figure 1.2: Sources of extracellular glutamate following SCI.  

1. Lysed and compromised neurons leak glutamate, which then may diffuse to the white matter 

(green arrows). 2. Presynaptic terminal release of glutamate via group 1 mGluRs may 

potentially reach adjacent white matter areas. 3. Excitatory amino acid transporter (EAAT) 3 up 

regulation could increase glutamate levels. 4. Astrocytes pictured in red have been reported to 

up regulate EAAT1 and EAAT2 following injury, which may buffer the increased extracellular 

glutamate concentration following injury. 5. The presence of ROS may inhibit the transport of 

glutamate to glia. Source: 2.  

  

White matter 

Gray matter 
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1.3.2  Mitochondrial dysfunction 

The primary function of mitochondria is to produce adenosine triphosphate (ATP), 

generated through oxidative phosphorylation. This process of energy production is 

driven by an electrochemical gradient formed across the inner membrane of the 

mitochondrion generated by the electron transport chain 77. Four complexes make up 

the electron transport chain: nicotinamide adenine dinucleotide dehydrogenase 

(NADH), succinate dehydrogenase, cytochrome c reductase and cytochrome c 

oxidase. Electrons produced by the citric acid cycle are sourced from NADH succinate 

and Flavin adenine dinucleotide (FADH) 78 whilst ubiquinone and cytochrome c are 

responsible for electron transfer between complexes 79. Under normal physiological 

conditions, the function of mitochondria results in the production of reactive oxygen 

species (ROS) 80-83. ROS are oxygen containing molecules which form through the 

addition of electrons, culminating in the formation of reactive species including 

superoxide (O2
-), hydrogen peroxide (H2O2), hydroxyl radical, hydroxyl ion and nitric 

oxide (NO)  84. The over-production of ROS is kept in balance by antioxidant enzymes 

such as manganese superoxide dismutase and glutathione peroxidase.  

 

One of the key processes culminating in mitochondrial dysfunction is an increase in 

intracellular Ca2+ levels.  Mitochondrial-mediated cell death may be mediated by the 

opening of the mitochondrial membrane permeability transition pore (PTP) following 

exposure to elevated levels of Ca2+ and ROS 85-87. Additionally, the increased 

permeability of the mitochondrial membrane leads to slowed electron transfer from 

complex III to complex IV, further contributing to ROS production and subsequent 

oxidative damage 88-90. Altered Ca2+ concentration and mitochondrial membrane 

permeability increases the leakage of electrons at complexes I and III of the electron 

transport chain, which may lead to the overproduction of superoxide 91. Ca2+ may also 

contribute to the increased production of ROS by mitochondria through the release of 

cytochrome c oxidase 81, activation of ROS-generating enzymes 92 and the decrease in 

mitochondrial respiration through increased NO generation 93. Additionally, Ca2+ may 

increase electron influx into the electron transport chain promoting the production of 

ROS, depending on the model system investigated 92. Another effect of increased 

mitochondrial membrane permeability is the swelling and rupture of mitochondria, 

which leads to the expulsion of pro apoptotic factors such as cytochrome c into the 

cytosol 86,94 (Figure 1.3). 

 

Mitochondria do not have static morphology, in the healthy system, their shapes 

continuously change through combined actions of fission, fusion and motility 95. 

Morphological changes to mitochondria in pathological conditions have been reported 
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96-98. Following SCI, axonal mitochondria decreased in number and increased in size 3 

and 6 hours after injury respectively 99. Rates of mitochondrial fission and fusion are 

dependent on the metabolic demand of the cell 95. Mitochondria become more fused to 

allow mitochondrial DNA repair and redistribution of protein components and 

metabolites 100. Smaller, fragmented mitochondria is a defining feature of dysregulated 

pathology 60. Mitochondria dysfunction is associated with neuronal, oligodendroglial 

and astrocytic cell death following the primary injury to the CNS. 
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Figure 1.3: Causes and effects of mitochondrial dysfunction.  

Compromised mitochondrial function could be attributed to mutation to mitochondrial or nuclear 

genes. In the context of neurotrauma, extramitochondrial factors such as increased oxidative 

stress, disruption to calcium homeostasis and defective mitochondrial ATP synthesis can lead 

to mitochondrial dysfunction. These processes frequently occur in concert or lead into each 

other. The combination of increase mitochondrial matrix calcium and oxidative stress leads to 

the induction of the mitochondrial PTP, leading to necrotic cell death. Additionally, mitochondria 

may induce apoptosis by mitochondrial outer membrane permeabilisation (MOMP) leading to 

the release of proapoptotic factors such as cytochrome c. Source: 101 
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1.3.3  Oxidative damage 

Oxidative damage occurs as a consequence of ROS production and is considered a 

hallmark of neurodegenerative diseases and conditions 70,102-104. Under excitotoxic 

conditions, an imbalance in the cell’s redox state causes an amassing of ROS, 

including H2O2, O2
- and NO 36,40. The dysregulated production of ROS overwhelms 

endogenous antioxidant reducing enzymes (e.g. Superoxide dismutases (SODs), 

peroxidases, catalases, peroxiredoxins and thioredoxins) culminating in oxidative 

damage such as DNA fragmentation, lipid peroxidation and protein nitrosylation 105. 

Following partial transection of the optic nerve vulnerable tissue is characterised by 

increases in one-electron-oxidising species and H2O2 1 and 3 days after injury 61. The 

high rate of oxidative metabolism, low antioxidant capacity, intense production of 

reactive oxygen metabolites and high content of polyunsaturated fats make the 

neurons and glia located in the CNS particularly prone to the deleterious effects of 

oxidative stress, and specifically lipid peroxidation, disrupting cellular membrane 

integrity 106,107. Biological oxidants have traditionally been viewed as highly reactive and 

destructive, however, they have been found to be selective, and preferentially attack 

specific sites on macromolecules 108. 

 

1.3.3.1 Lipid peroxidation 

Lipid peroxidation occurs as a consequence of oxidative stress 109, and is a 

characteristic feature of CNS injury pathology 110-114. Lipid peroxidation occurs following 

exposure of polyunsaturated fatty acids to ROS. Within the context of the CNS, ROS 

react with membrane polyunsaturated fatty acids such as arachidonic acid, forming 

lipid radicals that compromise membrane structure and cellular machinery 115,116. 

Hydroxynonenal (HNE) is a particularly toxic end product of lipid peroxidation 29,117,118, 

which can interact with amino acids found within cellular proteins like lysine and 

sulfhydryl-containing-cysteine and alter their function 119. The elevated presence of 

these markers has been characterised in animal models of neurotrauma  107,120-124. 

Increased markers of lipid peroxidation are associated with an array of secondary 

complications including disrupted mitochondrial function 125 and glutamate reuptake 126. 

Regions of secondary degeneration are also characterised by increased HNE 

immunoreactivity 3 days after partial injury to the optic nerve 61. 

 

1.3.3.2 Protein nitration 

Following the emergence of peroxynitrite (ONOO●-) as a biologically occurring oxidant 

arising from the reaction of ●NO with O2●-, additional post-translational protein 

modifications have been recognised. ONOO●- can evolve into an oxidising and 
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nitrating species that causes the nitration of many amino acids, most prominently, 

tyrosine 127. 3-Nitrotyrosine (3NT) is a product of tyrosine nitration, which is generated 

when ONOO●- is added to tyrosine itself, or to proteins containing tyrosine residues 128. 

Under normal physiological conditions, the rate of cellular nitration is elevated if 

transition metal ions or certain metalloproteins are present 128-132. The destructive free 

radical oxidant peroxynitrite is capable of nitrating tyrosine residues in many proteins, 

however, the exact chemical identity of the nitrating species is uncertain and is safest 

to assume that the detection of nitrotyrosine provides evidence for generation of a 

range of reactive nitrogen species (RNS) 128-131,133-135. The exact influence of tyrosine 

nitrated proteins on cellular mechanisms is uncertain, however their presence is 

associated with a number of disease states including neurotrauma, multiple sclerosis, 

Alzheimer’s disease 136,137, septic shock 138, celiac disease 139, Parkinson’s disease 140 

as well as being associated with aging 141. Increases in 3NT immunointensity within 

regions of secondary degeneration are observed 7 days after partial transection of the 

optic nerve 61. 

 

1.3.3.3 DNA oxidation  

Exposure of DNA to ROS / RNS can lead to deleterious structural changes and lesions 

such as DNA strand breaks and nucleotide modifications. ROS may interact with the 

imidazole ring of guanine, leading to the formation of 8-hydroxyguanosine (8OHdG) 

and increased levels of 8OHdG within tissue can serve as a biomarker of oxidative 

stress 142,143. The interaction of 8OHdG with adenine can promote guanosine to 

tyrosine transversion, leading to mutagenic DNA lesions 144. Cellular and mitochondrial 

DNA are susceptible to guanine oxidation, with the latter being more vulnerable 145. 

Antibodies against 8OHdG have been used to detect oxidative damage in tissue 

following CNS injury and DNA modifications found at 1 day after injury within regions of 

secondary degeneration 61. It appears DNA oxidation and inadequate DNA repair 

mechanisms play a prominent role in late onset degenerative diseases such as 

Alzheimer’s disease 146-149. The accumulation of DNA damage has been found to lead 

to cellular senescence and cell death 150,151. The mechanisms associated with DNA 

oxidation in OPCs are covered in detail in the following sections.  
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1.4  Cellular and structural features of secondary 

degeneration 

1.4.1  Compromise of the blood brain barrier 

Organisms with an advanced CNS have a BBB 152. The primary role of the BBB is to 

create a restrictive barrier between the CNS and the rest of the body, preventing the 

entry of unwanted blood-borne factors 153. The BBB is divided into three main functional 

barriers; physical, transport and metabolic 154. The “physical” barrier prevents 

paracellular diffusion, ensuring that substances remain in the bloodstream. The 

“transport” barrier is comprised of transport proteins, receptors for endocytosis and 

ATP binding proteins on the endothelial cells, and the “metabolic” barrier involves 

enzymes such as P450 and monoamine oxidase which metabolise molecules that 

enter the endothelial cells making up the BBB 154,155. These functions demonstrate the 

structural and physiological dynamism of the BBB, integral to the proper functioning of 

the CNS.  

 

A plethora of empirical evidence from animal model studies and clinical data suggest 

BBB breakdown occurs frequently following neurotrauma and can last for several days 

to years after the initial injury 156-158, playing a central role in the progression of 

pathology. The severity and duration of the BBB breakdown is directly related to the 

nature and severity of the initial trauma 159,160. BBB breakdown is typically biphasic; 

permeability of the BBB reaches a maximum within a few hours after TBI and 

subsequently declines 161. Following this, the second phase starts at 3 to 7 days 

following injury and is likely to be heavily implicated in the brain’s response to injury 161. 

Compromise to the structural integrity of the BBB leads to oedema, neuroinflammation, 

ionic disturbances and subsequent cell death 162. 

 

1.4.2  Microglia and the innate inflammatory response 

Following the breach of the BBB, there is an invasion of neutrophils and 

microglia/macrophages into the CNS parenchyma and the presence of these immune 

cells can exacerbate the progression of secondary degeneration 163,164. However, the 

inflammatory response following neurotrauma may be neuroprotective or 

neurodegenerative, depending on the time after injury 165,166. Microglia are the resident 

immune cells of the CNS, their role is to survey the CNS microenvironment for cellular 

debris 167 and to clear this debris 168. Following neurotrauma, the innate inflammatory 

response is activated, a highly complex process which can persist for weeks to several 

years following the initial injury 169, and is a likely contributor to the progression of 
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secondary injury mechanisms 48. Once activated, microglia secrete numerous pro- and 

anti- inflammatory cytokines, growth factors, chemokines, and reactive nitrogen and 

oxygen species 168,170. The microglial phagocytosis of myelin and neuronal debris is 

integral in generating a microenvironment permissive of neuronal repair and 

remyelination 171. However, there is evidence suggesting that microglia may also play 

an inhibitory role in differentiation of oligodendrocytes 172. The role that microglia play in 

the innate immune response following neurotrauma remains to be comprehensively 

elucidated 166,173,174. Pro- and anti- inflammatory cytokines released by inflammatory 

cells are able to polarise microglia into distinct activation states, the first is classical 

activation, typified by the production of inflammatory cytokines and ROS, while the 

second is an alternate activation, in which microglia take on an anti-inflammatory 

phenotype involved in repair and debris clearance 175,176. 

 

Traumatic insults to the CNS result in the activation of microglia and macrophages, 

leading to the sustained elevation of pro-inflammatory cytokines such as tumour 

necrosis factor (TNF) -⍺, interleukin (IL) -1, IL-6, interferon-γ (INF-γ) and additional 

chemokines, ultimately contributing to neuronal and glial cell death 177-180. These 

‘classically activated’ cells are typically involved in the overproduction of O2
●- and ●NO, 

which can combine to produce the highly reactive species, ONOO●- 181,182. The 

combination of increased reactive species production in the presence of dysregulated 

TNF-⍺ concentrations culminates in a feed-forward mechanism of glutamate 

excitotoxicity 183. The contribution of pro-inflammatory cytokines such as IL-6 to the 

progression of secondary degeneration could also be via Ca2+ influx through NMDA 

receptors 184. However, there is empirical evidence demonstrating beneficial, 

neuroprotective effects of the inflammatory response following injury 169. This is 

exemplified by the depletion of macrophages increasing white matter sparing and 

functional recovery following SCI, suggesting immunomodulatory therapies may be 

effective in the treatment of neurotrauma 185. 

 

‘Alternatively activated’ macrophages express cytokines and receptors involved in the 

inhibition / suppression of inflammation and restoration of homeostasis 176,186. After 

injury in in vitro exposure to cytokines IL-4, and IL-13 leads to the development of a 

non-toxic phenotype, resulting in neurite elongation and outgrowth 187,188. Additionally, 

microglia exposure to IL-4 exhibit reduced production of pro-inflammatory cytokines 

TNF-⍺ and IL-1β along with increased production of anti-inflammatory and growth 

promoting factors 189,190. Extensive empirical evidence suggests macrophages do not 

form stable subsets, but respond to a combination of factors present where different 

cellular pathways interact to form complex phenotypes 191. 
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1.4.2.1 Phenotype of ‘classically activated’ pro-

inflammatory cells 

The functional effects of ‘classical’ activation of microglia are centered around antigen 

presentation and the removal of intracellular pathogens. The up-regulation of many 

receptors and enzymes reflects that purpose. The expression of major 

histocompatibility complex (MHC) II molecules and Fcγ receptors are upregulated to 

promote the antigen presenting activity of microglia and crosstalk with other immune 

cells 192,193. Another method of identifying pro-inflammatory microglia is the ratio of 

produced cytokines. Pro-inflammatory microglia have been found to be a source of IL-

12 194, and it was therefore suggested that IL-12HIGH, IL-10LOW producing microglia are 

pro-inflammatory 195. An important component of pro-inflammatory microglia in 

particular, is their capacity to produce ROS and RNS, as discussed in section 1.4.2 196. 

A key microglial enzyme associated with this process is inducible nitric oxide synthase 

(iNOS), which utilises arginine to produce ●NO 197. Although using the aforementioned 

criteria to identify pro-inflammatory cells seems straightforward, identification of these 

cells in vivo has been more challenging, due to the dynamic nature of microglial 

activity, which may change subject to the cytokine environment 198,199. 

 

1.4.2.2 Phenotype of ‘alternatively activated’ anti-

inflammatory cells 

The phenotype of ‘alternatively activated’ cells are diverse, however, they are all 

thought to express mediators or receptors with the capacity to repair, downregulate or 

protect the body from harmful inflammation 200. Initially, ‘alternatively activated’ 

microglia were identified based on expression of the mannose receptor 201, however, 

since then, there have been a plethora of markers identified as being ’alternatively 

activated’ cell specific, the most prominent being the enzyme arginase 1 (arg1) 202. 

Arginase 1 converts arginine to the polyamides, proline and ornithine that can 

contribute to matrix deposition and wound healing 203. Interestingly, arg1 can effectively 

compete for arginine with iNOS, to downregulate the production of NO 204. Thus, iNOS 

and arg1 are currently a reasonably widely accepted set of markers to follow pro- vs 

anti-inflammatory phenotypes, respectively 205-208. 

 

1.4.3  Axonal degeneration  

Traumatic injury to nerves in the CNS leads to a loss of neuronal functioning 209, and 

the degeneration of axons is a pivotal pathological event following injury to the nervous 

system and in neurodegenerative disease. The molecular mechanisms responsible for 
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controlling the characteristic axonal loss following injury are termed Wallerian 

degeneration and are different from those involved in axonal elimination via pruning 

during normal development 210,211. During Wallerian degeneration, there is a 

disassembly of the axonal cytoskeleton and granular degeneration of axons distal to 

the injury site. This degeneration is accompanied by a breakdown of the BBB, 

disorganisation of the myelin sheath, axoplasm changes and infiltration of reactive glial 

cells 30,75,212-214. 

 

There are two main morphologically discernible phases of Wallerian degeneration. The 

first is an acute degeneration stage affecting the proximal and distal stumps of the axon 

after injury 212. Ca2+ influx is the first primary early event of Wallerian degeneration and 

signals the resealing of the severed axon by a vesicle-mediated process 215. In vivo 

imaging of axonal degeneration following spinal cord injury found that axonal segments 

degenerated hundreds of micrometers as early as 30 mins post injury 212. This was 

identified as an extremely early form of axon degeneration termed acute axonal 

degeneration. Acute axonal degeneration, rather than axonal retraction, is the 

predominant mechanism involved in the loss of the proximal ends of damaged axons 

216, acute axonal degeneration does not occur in Wlds heterozygous mice, unlike axonal 

pruning in development 211 and is blocked by inhibitors of the Ca2+ -dependent 

protease, calpain 216. Empirical evidence suggests that following injury, the axonal 

membrane, the axolemma, is destroyed by a currently unknown calcium-independent 

mechanism, as the addition of calpain inhibitors is sufficient to prevent the 

disintegration of axonal neurofilaments but not the axolemma 217. Interestingly, neither 

inhibition of the ubiquitin-proteasome system nor calcium chelation prevents the 

beading and local swelling of axons 218. 

 

The second phase of Wallerian degeneration involves a latency period in which the 

distal axons remain capable of normal physiological activity 213, followed by the swelling 

and beading of the axolemma, occurring within the first 8-24h after injury 218-220. Axonal 

swellings can persist from as early as 1 day after injury  and last until 6 months after 

injury 6. Additionally, at approximately 72 hours after injury, there is a rapid 

fragmentation and cytoskeletal breakdown along the distal axon with increased glial 

infiltration of macrophages and astrocytes to the injury site 221 (Figure 1.4). 
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Figure 1.4: Schematic representation of Wallerian degeneration.  

Wallerian degradation is mediated by Ca2+ influx and the protease calpain. Segments of axon 

distal and proximal to the injury site undergo axonal degradation immediately after the injury. 

Following this, there is a slow formation of axonal bulbs at the injury site. There is a latent 

period in which distal segments of axon remain stable. 72 hours following injury, there is a 

defragmentation and cytoskeletal breakdown associated with the clearing of debris by glial cells. 

Reproduced with permission from: J. Cell Biology. Source: 75 
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1.4.4  Reactive astrocytes 

Astrocytes are the stellate shaped glial cells responsible for supporting neuronal cell 

bodies, axons and synapses through the maintenance of homeostasis by the uptake of 

the excitatory amino acid glutamate and gamma aminobutyric acid (GABA) by 

astrocyte-specific transporters 222. These cells provide metabolic energy, constant pH 

and ionic homeostasis in the extracellular space 223, and are also involved in 

gliotransmission. Signal transmission from astrocytes involves the release of 

neurotransmitters such as ATP and glutamate that modulate synaptic activity and 

action potentials 224,225. There is evidence to suggest that astrocytes are also important 

in supporting CNS myelination 226. Astrocytes communicate to each other via gap-

junctions, forming a synaptic network throughout the CNS 227 that permits the 

propagation of excess Ca2+ to residual, uninjured tissue surrounding the initial injury 

site 228-230. Following injury, astrocytes proliferate in a process termed “reactive 

astrogliosis”  231,232 and are particularly sensitive to disturbances in extracellular 

homeostasis 233,234. Reactive astrocytes exhibit neuroprotective and neurodegenerative 

characteristics following CNS injury 174. Previous studies have found astrocytes to be 

involved in the repulsion of axonal outgrowth through the secretion of inhibitory 

molecules 235,236 as well as promoting motor recovery after a mild stab SCI in vivo 237. 

The duality of reactive astrocyte function has led to ambiguity regarding the contexts in 

which these cells have beneficial and detrimental effects following neurotrauma. 

Astrocytes can be divided into 2 categories, A1 and A2. A1 astrocytes are induced by 

exposure to IL-1ɑ, TNFɑ and complement component 1q (C1q) released from activated 

microglia and demonstrate upregulation of cascade genes shown to be involved in the 

destruction of synapses 238. Alternatively, A2 astrocytes upregulate neurotrophic factors 

involved in the promotion of neural tissue survival and repair 238. The hypertrophic 

response of astrocytes following injury implies they have a functional role within regions 

of secondary degeneration 48. 

 

Microglia, neurons and astrocytes are not the only cells affected by disease and injury 

of the CNS. The remainder of this review will focus in-depth on myelin-producing 

oligodendrocytes and their progenitors, the oligodendrocyte progenitor cells (OPC), 

describing the oligodendrocyte and myelin sheath and how these change in the context 

of neurotrauma and multiple sclerosis. Investigations into the definition of the OPC, as 

well as a review of its role in CNS injury and demyelinating disease will be presented.  
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1.5  Myelin in secondary degeneration 

Oligodendrocytes provide structural and functional support to axons in the CNS 

through the generation of the myelin sheath as an extension of their cell membrane. 

Structural integrity of the myelin sheath is crucial for proper electrophysiology and 

neuronal survival 239. The sheath has a high lipid content with structural proteins that 

tightly bind individual layers of lamellae together 240,241. Disruption to these adhesive 

bonds occurs following neurotrauma and is associated with compromised structure and 

a loss of function 6,242,243. This section comprehensively reviews the function, 

composition and architecture of the myelin sheath and oligodendrocyte, followed by the 

changes to these structures in the context of CNS injury and demyelination. 

 

1.5.1  Function of myelin 

The myelination of axons by oligodendroglia was the final step in the evolution of cells 

in the nervous system of the vertebrae, and white matter tracts are a key characteristic 

of the mammalian brain that are essential to the development of a more complicated 

nervous system 239,244,245. The high lipid content of myelin allows it to function as both 

an insulator and regulator of current 246, allowing axons of different lengths to 

coordinate conduction velocities to electrically innervate the same target structure 

simultaneously 247. Myelin sheath internodes are separated by regions of Na+ channel 

rich axons without myelin known as the Nodes of Ranvier. The unique structure and 

specialisation of the myelin node and internode facilitates the rapid, efficient mode of 

nerve signalling termed saltatory conduction 248. The loss or damage to the myelin 

associated with axons through dysmyelination, leads to decreases in conduction 

velocity and asynchronous innervation of target areas 247, as well as the loss of motor 

function and coordination 249,250. 

 

Demyelinating conditions such as leukodystrophies and multiple sclerosis are 

associated with axonal loss in affected areas 251-253, potentially due to a loss of 

metabolic support from oligodendrocytes 239. Loss of myelinated axons has been 

demonstrated using genetically modified mice with disruptions to myelin proteins 250,254. 

The importance of metabolic support between oligodendrocytes and axons is 

demonstrated by axonal loss following decreased availability of the metabolite lactate 

255, and disrupting the lactate transporter monocarboxylate transporter 1 (MCT1) on 

oligodendroglia 256. 
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1.5.2  Myelin biology and topography 

Myelin is a spiral structure derived from the plasma membrane of oligodendrocytes 257. 

Processes originating from the oligodendrocyte membrane form compact layers of 

electron dense and electron light myelin lamellae 258. The electron dense lines, known 

as major dense lines, are formed by the extrusion of cytoplasm and the adhesive 

proteins binding cytoplasmic intracellular myelin membranes together. Intraperiodic 

lines are formed from the tightly apposed, negatively charged outer membranes.   

 

Oligodendrocytes located within white matter tracts are typically organized into linear 

arrays consisting of 3-8 cells aligned in parallel 259. Oligodendrocytes form multiple 

myelin internodes along the lengths of axons, with adjacent internodes originating from 

different parent oligodendrocytes 260. One oligodendrocyte may be responsible for the 

myelination of around 50 different neurons, depending on the region of the CNS 260,261, 

therefore damage to, or the loss of one oligodendrocyte has the potential to alter 

multiple myelin internodes and disrupt saltatory conduction in multiple pathways.  

 

1.5.3  Composition of myelin 

Myelin is comprised of lipids and proteins which contribute to the compact 

ultrastructure of myelin and the formation of axoglia connections (Figure 1.6) 262. 70% 

of myelin is lipid, consisting of glycolipids, phospholipids, cholesterol, 

sulphagalactocerebrosides and galactocerebrosides (GalC) 246,263. The remaining 30% 

of myelin is predominantly comprised of proteins integral to the arrangement of 

concentric, compact layers 258,264. The small cytosolic protein myelin basic protein 

(MBP) facilitates the compact adhesion between adjacent lamellae via electrostatic 

interactions 264,265. Genetically modified ‘shiverer’ mice lacking MBP develop with 

significantly lower degrees of myelination in the CNS compared to their C3Heb wild-

type counterparts 266,267. Proteolipid protein (PLP) and isoform DM-20 are also 

responsible for the binding of adjacent layers of lamellae, creating the intraperiodic line 

(Figure 1.5) 250. 

 

In addition to the aforementioned structural adhesive proteins, transmembrane 

glycoproteins myelin-associated glycoprotein (MAG) and myelin oligodendrocyte 

glycoprotein (MOG) also contribute to the structural integrity of myelin 268. MAG, 

located in the periaxonal membrane of the oligodendrocytes, extends into the 

periaxonal space and anchors the sheath to the axon 268. Myelin disruption may lead to 

the release of MAG and MOG as a soluble proteolytic fragment 269 and the presence of 

these proteins inhibits neuronal regeneration in vitro 270,271.   
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Figure 1.5: Myelin sheath structure.  

Schematic representation of the major components comprising the myelin sheath. Compact 

myelin is formed by the apposition of the external surfaces and internal surfaces of the myelin 

bilayer, forming the intraperiodic line and major dense line, respectively. The myelin bilayer has 

an asymmetric composition of lipids, some of which are shown on the panel to the right. Source: 

272 
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1.6  Changes to myelin domains and 

demyelination in neurotrauma  

In order for efficient saltatory conduction to occur in white matter tracts, there must be a 

highly organised arrangement of the insulating myelin sheath and presence of distinct 

molecular domains on the axon. These domains are the node of Ranvier, paranodes 

and juxtaparanodes, each with a highly regulated expression of cytoplasmic adaptor 

proteins, cell adhesion molecules and ion channels 273. Disruption to these highly 

regulated myelin domains occurs following neurotrauma and in demyelinating disease 

and is associated with the functional loss observed in these conditions 6,263.  

 

1.6.1  Myelin decompaction 

Alterations in myelin ultrastructure is a key pathology contributing to the functional 

impairment observed following neurotrauma 274-276. The degree of myelination and 

packing density of the myelin sheath influences conduction velocity of associated 

axons, and alterations to packing density may be responsible for functional impairment 

242. Empirical evidence demonstrates that myelin sheaths associated to axons within 

regions of secondary degeneration exhibit significant increases in myelin 

decompaction, among other changes to myelin domains outlined in the sections 

following.  Myelin decompaction is observed in the corpus callosum after repeated mild 

TBI 277 and in the optic nerve after a partial transection 43,276. Rat optic nerves exposed 

to ●NO, which is continuously produced in MS 197,278, also demonstrate increased 

decompaction of the myelin sheath 279. Interestingly, chemical deacetylation of the 

adhesive protein PLP led to a myelin decompaction phenotype in ex vivo optic nerves 

243, matching the myelin phenotype observed in PLP-knockout mice 280.  

 

1.6.2  Node of Ranvier 

The nodes of Ranvier are 1-2 µm segments of unmyelinated axon, situated between 

two adjacent myelin internodes 240. These junctions are highly specialised, with high 

densities of voltage gated Na+ channels responsible for the conduction of inwards 

depolarising current for the propagation of the action potentials along the length of the 

axon 281,282. These specialised segments of axolemma also contain Na+/K+ ATPases 

and Na+/Ca2+ exchangers. There is a high concentration of mitochondria at the node of 

Ranvier, due to the presence of the energetically demanding Na+/K+ ATPases 283. 

Additionally, several other transmembrane cytoskeletal proteins exist at the node 

including neurofascin-186 284, ankrin-G 285, actin-binding protein βIV-spectrin 286 and 

neuronal cell adhesion molecules 287. AnkrinG is the cytoskeletal protein responsible for 
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the positioning of the Na+ channels at the node of Ranvier and acts to restrict Na+ 

channels to these regions 239. The structural integrity of the node of Ranvier allows 

proper neuronal functioning, and alterations to the ion channels, cell adhesion 

molecules and cytoplasmic adaptor proteins located within the node of Ranvier are 

likely to impair neuronal signalling and subsequent function. Animal model mutations to 

cytoskeletal proteins exhibit a reduction in the density of Na+ channels and ankyrin-G 

expression, along with behavioral deficits, signifying the importance of organisation 

within these regions 288,289.  

 

Following partial transection of the optic nerve, nodes of Ranvier within regions 

susceptible to secondary degeneration exhibit increased lengths as early as 1 day after 

injury and this is continued for months after the initial insult 7. This phenomenon was 

also observed in head acceleration injury models in primates 290. Similarly, 

demyelinating conditions such as multiple sclerosis lead to a diffusion of NaV channels 

along the demyelinated axons 291-293. Remyelination following a demyelinating insult is 

associated with an increased nodal length 246. 

 

1.6.3  Paranodal junctions 

Paranodal junctions flank the nodes of Ranvier 241. Paranodes are large structures 

comprised of loosely compacted myelin and ‘loops’ of cytoplasm that form direct 

connections to the axon via cell recognition molecules (Figure 1.6) 294,295. It is thought 

that the paranodes facilitate signalling between the parent oligodendrocyte and the 

axon throughout life 296, which aids in the long-term integrity of this structure. Two 

proteins within the axonal membrane: contactin-associated protein (Caspr) and 

contactin form a complex which binds to the 155kDa isoform neurofascin (Nf155) 

ligand, located in the paranodal loop, forming septate-like junctions 297. Similar to the 

nodes of Ranvier, the paranodes have a highly regulated morphology to facilitate 

neuronal signaling 295,298. The anchoring of the paranodal myelin loops to the 

axolemma allows the maintenance of internodal dimensions 295 and the low density of 

Na+ and K+ channels reduces the leakage of current, maintaining action potentials 299. 

Additionally, the transverse bands of paranodal myelin loops anchored to the 

axolemma prevents the translocation of ion channels at the node of Ranvier and 

juxtaparanode, maintaining the distinct molecular domains of myelinated axons 300,301. 

 

Alterations to contactin-1, caspr-1 or Nf155 results in disorganisation of paranodal 

junctions 302 and a reduction of neuronal conduction velocity 303 culminating in 

downstream functional deficits 304. Neurexin IV-related protein, caspr/paranodin (NCP1) 

knockout mice lacking this complex exhibit the widening of the axo-glial gap and 
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subsequent motor deficits 305. There are a number of conditions, including 

neurotrauma, which result in paranodal disruption as part of their pathophysiology 65,306-

309. In demyelinating lesions, paranode length is increased and Nf155 immunoreactivity 

spreads along the internodes, particularly in axons exposed to stress 310. Glutamate 

has been observed to induce myelin splitting and retraction of paranodal domains of 

axons in ex vivo spinal cord white matter 311. Paranode alterations typically precede the 

dismantling of the node, and result in the trespassing of juxtaparanodal Kv1 channels 

into nodal and paranodal regions, particularly in MS and experimental autoimmune 

encephalomyelitis (EAE) 310,312. Translocation of molecular domains has been 

demonstrated following spinal cord injury, with juxtaparanodal Kv1.1 and Kv1.2, being 

expressed in caspr+ paranodal regions 313. An increase in paranode length is observed 

at 1 and 3 days after a partial injury to the optic nerve, with transmission electron 

microscopy (TEM) analysis revealing a disorganization of the region 7. 

 

1.6.4  Juxtaparanode 

The juxtaparanode is adjacent to the paranodes and is located under compact myelin 

314. Juxtaparanodes contain voltage gated, delayed rectifier K+ channels, mainly 

potassium voltage gaged channel (Kv) 1.1 and Kv1.2 315,316. The presence of these 

channels limits repetitive firing and maintains the internodal resting potential, stabilising 

conduction 315,317,318. The juxtaparanode repolarises the node via a dampening of 

reentrant excitation, and maintains the resting potential of the internode 298,319-321. There 

is a reorganisation of Kv channel distribution in various demyelinating conditions 310,312 

and following spinal cord compression 313. Additionally, the expression of Kv channels 

in the juxtaparanode decreases and eventually disappears in chronic demyelinating 

lesions 298,322. These structural changes culminate in the functional deficits observed in 

these conditions.  
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Figure 1.6: Organisation of myelin at the node of Ranvier.  

Myelin is organised into distinct molecular, structural and functional domains to support rapid 

saltatory conduction. The node of Ranvier has a very high density of Na+ channels to facilitate 

membrane depolarisation and the propagation of action potentials. The paranode is comprised 

of transverse bands that help to anchor the myelin sheath to the axolemma, and has a low 

density of Na+ channels to limit voltage leak into the node. The juxtaparanode is positioned 

under compact myelin and features high densities of K+ channels. These channels allow 

repolarisation of the axonal membrane to maintain internode potential. Source: 295.  
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1.7  Oligodendrocyte progenitor cells (OPCs) 

This review has focused on mature oligodendrocytes and their associated myelin 

sheath until this point. An additional glial cell in the CNS vulnerable to oxidative 

damage is the OPC. In the healthy CNS, OPCs reside in both the grey and white 

matter, and comprise 5% of the total glial population 323. Before describing the changes 

to these cells as a consequence of injury, it is important to understand their 

identification and lineage to gain an appreciation for their normal function in the adult 

CNS.  

 

1.7.1  OPC identification 

Because of the overlapping expression of protein markers, the accurate identification of 

progenitor cells responsible for the generation of new oligodendrocytes in the adult 

CNS is challenging 324-328. OPCs express the cell surface antigens platelet derived 

growth factor receptor alpha (PDGFR⍺) 329 and chondroitin sulphate proteoglycan NG2 

330, these NG2+ cells have been identified in both rodents 331,332 and humans 333,334. 

NG2 expression overlaps with other cellular subpopulations in the CNS 335,336, therefore 

OPCs are often identified using the colocalisation of NG2 and the oligodendroglial 

transcription factor olig2 337. 

 

1.7.2  OPC lineage 

In the adult CNS, OPCs are direct precursors to oligodendrocytes 323, exemplified by 

the derivation of mature BrdU+ oligodendrocytes from proliferating BrdU+ OPCs 338. 

OPCs are considered a distinct group of glial cells of oligodendrocyte lineage 328, 

however, NG2+ expressing cells have given rise to astrocytic GFAP+ cells in 

demyelinating injury 339. Additionally, OPC transplantation and in vitro studies have 

demonstrated both oligodendrocytes and astrocytic (GFAP) progeny, depending on 

culture conditions 340,341. Although NG2+ cells in vitro have the capacity to develop into 

either type 2 astrocytes or oligodendrocytes dependent on the culture conditions 341,342, 

there is no evidence to suggest that in vivo development leads to the differentiation of 

these NG2+ cells into astrocytes. 

 

There have been a multitude of studies investigating the relationship between NG2+ 

cells and the other major glial cell types. At all stages of development, NG2+ cells were 

found to be morphologically distinct from GFAP-expressing cells 331,343. In addition to 

OPCs, NG2 is detectable on microglia following CNS injury 344, within infiltrating 

macrophages 345,346 and pericytes 347. Although NG2 is expressed on OPCs and 
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microglia / macrophages, morphological differences between these cellular 

subpopulations allows distinction to be made 348. NG2+ cells in the adult rat CNS have 

a complex, irregular morphology, which does not place them within the classic OPC 

description. The morphology of these cells are very different to those that populate the 

CNS during development 325. Their cell bodies are intensely stained and they possess 

multiple fine branching processes 246,272,349-351. It is generally accepted that a majority of 

these OPCs act as the direct precursors to mature oligodendrocytes.  

 

1.7.3  OPC heterogeneity 

In the adult corpus callosum, OPCs generate approximately 20% of the total 

oligodendrocytes between 7 weeks - 7 months of age 352. It is likely that the primary 

role of OPCs in the uninjured CNS is to myelinate bare axons, replace compromised 

myelin segments or oligodendrocytes, or to myelinate newly derived pathways. 

However, there are subpopulations of OPCs which demonstrate differential excitatory 

profiles, response to growth factors, expression patterns of glutamate receptors and 

transcription factors 353, indicating OPCs may have other functions. OPC behavior is 

region specific, reflecting differences in region-dependent function between NG2+ 

subpopulations. Differential OPC response to proliferative growth factors further 

highlight this heterogeneity 354. The expression of transcription factors olig1, olig2, 

Nkx2.2 and Sox10 varies between OPCs in a region-dependent manner 355. The 

coordinated temporal expression of these transcription factors regulates the maturation 

of OPCs 356 and differences in expression could be involved in the timing of myelination 

during development 354.  

 

A distinct subpopulation of OPCs form axonal contacts at the synaptic cleft 357. These 

cells demonstrate excitatory signalling via the activation of glutamatergic AMPA or 

gamma-Aminobutyric acid (GABA) receptors from axons and astrocytes 358,359. 

Electrophysiological studies demonstrate differences in the Na+ and K+ channel 

expression and physiological properties between white and grey matter-derived OPCs 

360. Interestingly, a subpopulation of OPCs expressing voltage-gated Na+ and K+ 

channels were capable of depolarising and generating action potentials, as well as 

receiving synaptic inputs from neurons 361. The expression of glutamatergic receptors 

render this OPC subpopulation particularly vulnerable to excitotoxic insults 361. 

Compromised OPC function or depletion of numbers could have detrimental effects on 

normal neuronal electrophysiology and restrict the generation of new oligodendrocytes 

in response to injury.  
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1.8  OPC response to neurotrauma 

Abnormalities in myelin structure persist at chronic time points after neurotrauma, 

suggesting changes in the normal mechanisms driving the replacement of myelin in the 

context of injury. This review focuses on the mechanisms of remyelination in response 

to injury in the adult CNS. OPCs activate, proliferate, migrate and differentiate in animal 

models of neurotrauma and demyelination. Despite this regenerative response, regions 

of chronic injury and demyelinating lesions are characterised by myelin sheaths with 

altered ultrastructure compared to the uninjured CNS 7,19,276. The inability to 

remyelinate axons to their normal ultrastructural proportions and degree of compaction 

suggests a compromised remyelination process. This thesis aims to assess the 

response of OPCs within regions of secondary degeneration following partial CNS 

injury, with reference to multiple sclerosis (MS) literature for comparison.  

 

1.8.1  OPC activation 

In the healthy adult CNS, OPCs were thought to occupy the white and grey matter in a 

quiescent, non-migratory state 338. It has since been demonstrated that OPCs are 

involved in myelin remodeling in the healthy adult CNS, with adult-born 

oligodendrocytes being associated with shorter internodes compared to those 

generated early during postnatal life 323. Following a demyelinating or inflammatory 

insult, microglia and astrocytes release OPC-activating cytokine signalling molecules 

including TNF-ɑ, IFN-γ, TGF-β and IL-1β 234. OPC activation results in an increase in 

the number of processes and up-regulation of transcription factors related to OPC 

maturation, such as Nkx2.2 and olig2 356,362. 

 

1.8.2  OPC proliferation 

Damage to myelin and oligodendrocytes results in the proliferation of OPCs. 

Proliferating / newly derived cells are identified using thymidine, or its analogues 

bromodeoxyuridine (BrdU) or EdU), which incorporate into the DNA of cells in the s-

phase of their cell cycle 363,364. The proliferative response of OPCs has been observed 

following a demyelinating insult 338,362,365, SCI 332,366, cerebellar stab 367 and cortical 

lesions 368 in rodents . A majority of the proliferative OPC response following 

neurotrauma is within the first week 366,367, however has been reported to be as long as 

4 weeks after SCI 332. OPC proliferation may precede focal demyelination 368,369. 

Chronic MS lesions are characterised by the presence of quiescent OPCs 370,371 and it 

has been suggested that exhaustion of OPC proliferation contributes to the failure of 

remyelination in MS 370. Endogenous cues in response to injury may contribute to the 
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proliferative response of OPCs independent of pathological changes to axons and 

myelin. 

 

Numerous factors influence the proliferation of OPCs 372. In vitro studies demonstrate a 

proliferative response of OPCs following exposure to platelet derived growth factor 

(PDGF), ciliary neurotrophic factor (CNTF), nerve growth factor (NGF), fibroblast 

growth factor (FGF) -2, neurotrophin (NT) -3, insulin-like growth factor (IGF) -1, and 

glial growth factor (GGF) -2 354,373-376. Degrees of OPC proliferation may be manipulated 

by exposure to different combinations of growth factors. Optic nerve derived-OPCs 

exposed to FGF-2 and GGF-2 do not proliferate 377. Interestingly, exposure to the 

growth factor combinations of PDGF and FGF-2, or PDGF and GGF-2 increased the 

proliferative response of optic nerve OPCs by restricting differentiation and extending 

the mitotic phase of these cells 375,377,378. Following experimentally-induced spinal cord 

demyelination in vivo, there is an upregulation in the mRNA of growth factors including 

FGF-2, PDGFA, IGF-1, and transforming growth factor (TGF) -β1 379, are likely 

contributors to the proliferation of OPCs. Application of NT-3 and Brain derived nerve 

growth factor (BDNF) following SCI resulted in a higher proliferative OPC response 

compared to CNTF, NGF, FGF and β-galactocerebrosides (GalC) 380. Further, mice 

lacking TNF-a and IL-1β have fewer proliferating OPCs following a demyelinating injury 

381,382, and IL-1β-/- mice unable to produce IGF-1 fail to remyelinated 382. 

 

Following a traumatic insult to the CNS, there may be several inhibitory factors 

released preventing OPC proliferation 372,383,384. The cytokine interferon (IFN) -𝛾 is a 

potent inhibitor of OPC proliferation, the inhibitory effect of IFN-γ is exacerbated when 

combined with tumor necrosis factor alpha (TNF) -⍺ 383. Neurotransmitters inhibit OPC 

proliferation. The accumulation of ATP in inflammatory conditions inhibits PDGF driven 

proliferation of OPCs 384,385, and   adenosine, released with action potentials, inhibits 

OPC proliferation 386. These studies illustrate the convoluted nature of post-injury 

events influencing the pathological response of OPCs. 

 

The response of OPCs to these growth factors is also dependent on the region of the 

CNS they occupy. For example, following exposure to NT-3 in vitro, a proliferative 

response is observed in optic nerve-derived OPCs but not spinal cord-derived OPCs. 

In contrast, spinal cord-derived OPCs demonstrated a significantly higher proliferative 

response following exposure to PDGF compared to their optic nerve derived 

counterparts 354. Furthermore, OPCs demonstrate a maturation-dependent response to 

growth factors. In vitro studies have demonstrated a maturation-dependent response to 
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growth factors (Figure 1.8). PDGF and FGF-2 induce proliferation in A2B5+ cells, but 

have no effect on O4+ cells 373.   

 

Astrocytes, microglia and macrophages may contribute to the proliferation of OPCs 

through the release of cytokines, signalling molecules, chemokine and glial 

neurotransmitters 234,387,388. There are a number of studies suggesting an integral role 

of macrophages in the promotion of remyelination, with the activation of these cells 

being associated with the increased proliferation of OPCs 205,389. Lipopolysaccharide 

(LPS) injection into the spinal cord causing the activation of macrophages via the toll-

like receptor-4 leads to the increased proliferation of OPCs as well as the increased 

production of CNTF 369. The interaction between OPCs and macrophages is 

exemplified with experimental reduction of macrophage numbers being associated with 

a significant decrease in the proliferation of OPCs 390. Additionally, OPC proliferation 

was increased by intraspinal macrophage activation via a TLR-4 ligand, increasing the 

presence of IL-1b and CNTF 369. The CNS resident immune cells, the microglia also 

play a role in OPC proliferation and differentiation alongside macrophages, inhibition of 

microglia activation using Minocycline results in the suppression of OPC proliferation 

391. Our group has recorded significant increases in the numbers of ED1+ and Iba1+ 

microglia and macrophages within areas of secondary degeneration, 3 days after 

neurotrauma 48, which may influence the proliferative response of OPCs. 

 

1.8.3  OPC migration 

In addition to proliferation, OPCs migrate into the injury / lesion site. During 

development, the signals commanding the distribution of OPCs to specific regions of 

the CNS involve an intricate balance of chemotactants (PDGFR⍺; semaphorin (SEMA) 

3F), chemorepellants (Netrin-1 and SEMA3A) and stop signals 392,393. Whether the 

signals involved in development are also involved in the migratory response following 

neurotrauma is unknown 372. It is thought that the activation of GABA-⍺ receptors may 

trigger Ca2+ influx via Na+/Ca2+ exchangers and promote OPC migration 394.  

 

1.8.4  OPC differentiation 

The mechanisms of OPC differentiation vary in development and after injury in a 

mature system. This review will focus on the differentiation of OPCs within the context 

of neurotrauma and demyelinating conditions.  

 

As OPCs arrive at a demyelinating lesion, they begin to differentiate into myelinating 

oligodendrocytes (Figure 1.8). OPC differentiation is characterised by the down 
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regulation of immature markers PDGFR⍺, NG2 and A2B5 and the up regulation of O4 

(premyelinating oligodendrocytes), galactocerebrosides CC1 (mature 

oligodendrocytes) and myelin markers MBP, MAG, MOG and PLP (myelinating 

oligodendrocytes) (Figure 1.7) 246,328. Phases of oligodendroglial maturation are also 

characterised by the expression of transcription factors. Sox10 is expressed at all 

stages of oligodendroglial maturation 395. Olig2 is coexpressed in 90% of NG2+ cells 

(OPCs) and less so in mature oligodendrocytes 355,396. Olig1 is expressed in the 

nucleus of OPCs and the cytoplasm of myelinating oligodendrocytes 397,398. 

Transcription factors can promote the differentiation of OPCs. Olig2, Nkx2.2 and olig1 

are upregulated in proliferating OPCs following traumatic injury 399 and demyelinating 

lesions 355,356,397.The co-expression of transcription factors is integral for differentiation 

of OPCs in both development and repair 356,400.  

 

Pharmacological inhibition of histone deacetylase (HDAC) enzyme activity delays 

oligodendroglial differentiation and subsequent myelination 401. Additionally, conditional 

deletion of HDAC1 and HDAC2 leads to a stabilization and translocation of β-catenin, 

which negatively regulates oligodendroglial development through the repression of 

olig2 expression 402. Sox10 knockout mice produce OPCs but these cells do not 

differentiate to mature, myelin producing OLs due to the absence of important myelin 

proteins PLP, MBP and contactin associated protein (CNP), in maturing OLs 403. Myelin 

regulatory factor (MyRF) is a membrane-associated transcription factor required for the 

generation and maintenance of the myelin sheath in the adult CNS in development 

404,405. MyRF is activated by Sox10 and once induced, activates myelin-related genes 

406. This indicates that the developmental process of myelination is not regulated by a 

single transcription factor, but by a combination of these factors interacting in an 

intricate regulatory network 406. 

 

Oxidative stress has not only been implicated in the down regulation of factors 

promoting OPC differentiation, but also in the increased expression of inhibitors of 

differentiation (Id) 407. These inhibitors sequester to factors like the Olig genes and act 

as a negative regulator of differentiation 408. In vitro studies demonstrate significant 

reductions in expression of Olig2 in oligodendroglia following exposure to oxidative 

stress 407, as well as cytoplasmic interactions between Id2 and Id4 with Olig1 and Olig2 

409. A significant further inhibitor of myelinating OPC differentiation is myelin debris 410. 

Myelin portions create a non-regenerative environment when not cleared away by 

macrophages 389. Clearance of this myelin debris with antibodies enhances axonal 

regeneration after SCI 411. Investigations of the role of oxidative stress in OPC 

differentiation have revealed a downregulation in the expression of genes involved in 
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the promotion of oligodendroglia maturation 407. Oxidative stress leads to the 

decreased expression of Olig1, Olig2, Sox10, histone deacetylase (HDAC) and sonic 

hedgehog (shh) in ex vivo chicken neural tube 412 and mouse spinal cord cultures 413.  

 

The time taken for OPCs to differentiate into mature oligodendrocytes is dependent on 

the environmental conditions present following injury. For example, proliferating OPCs 

differentiate into mature oligodendrocytes in 2 and 7 days following demyelination 45 

and SCI 327,368, respectively. The differentiation of OPCs into myelinating 

oligodendrocytes requires extensive structural arrangement and is dependent on a 

number of factors. Contact between OPC processes and the target axon is established, 

then excessive oligodendrocyte processes are formed and wrap around the target axon 

and form compact myelin 19. The process of remyelination of axons in the injured adult 

CNS is not fully understood, however, the process of myelination in development has 

been established with comprehensive literature 239. 

 

Remyelination failure may also be caused by a differentiation block along the 

oligodendroglial lineage 371,414,415. OPCs found within MS lesions highly expressed the 

transcription factors olig2 and Nkx2.2, both integral for the terminal differentiation of 

OPCs to mature oligodendrocytes. However, there were few mature oligodendrocytes 

detected in these lesions, implying a halt to the differentiation process at some stage 

along the oligodendroglial lineage 371. This block in differentiation is exemplified by the 

high numbers of premyelinating oligodendrocytes (O4+ cells) in MS lesions 370. The 

lack of remyelination at chronic time points following neurotrauma and in demyelinating 

lesions could be due to both the lack of OPC numbers and differentiation failure. 
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Figure 1.7: Schematic representation of the developmental stages of oligodendroglia. 

Illustrated is the morphological and antigenic progression from precursor cells to mature, 

myelinating oligodendrocytes. The timing of neuronal and astrocytic signalling is indicated. 

Stage-specific markers are boxed. Changes in messenger ribonucleic acid (mRNA) are 

italicised. Source: 246. 
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1.8.5  Oligodendroglia and myelin vulnerability to 

secondary degeneration mechanisms 

Oligodendroglia, especially the oligodendrocyte progenitor cells (OPCs), are 

particularly vulnerable to the mechanisms of secondary degeneration. Immediately 

following neurotrauma, extracellular glutamate levels increase, released from sources 

such as lysed neurons (as described above in section 1.3). Increased extracellular 

glutamate concentrations are perpetuated by the reversal of Na+ -dependent glutamate 

transporters expressed in OPCs and mature oligodendrocytes 416. Oligodendroglia 

have a particular susceptibility to glutamate excitotoxicity demonstrated in vivo and in 

vitro 416-423. OPCs express the Ca2+ permeable glutamate receptor AMPA lacking the 

glutamate receptor (GluR) 2 subunit, which increases the permeability to Ca2+ 424. 

Interestingly, the expression of AMPA receptors on the surface of the myelin sheath 

also render it vulnerable to glutamate excitotoxicity 416. Mature oligodendrocyte somata 

and myelin sheaths express kainate and NMDA receptors, further contributing to the 

intracellular influx of Ca2+ as a consequence of glutamate exposure 417,425. The 

increased levels of extracellular ATP present following neurotrauma additionally 

contribute to the Ca2+ influx in oligodendrocytes and myelin via Ca2+ permeable, ATP-

gated P2X7 receptors expressed on the cell surface 358,359,418,426. The collective 

activation of these receptors is associated with oligodendroglial death in vitro and in 

vivo 417 (Figure 1.8).  

 

Further inherent features of oligodendroglial biology increase the susceptibility of these 

cells to the events of secondary degeneration. The synthesis of the myelin sheath by 

oligodendrocytes is an energetically demanding process requiring ATP and oxygen 427. 

A consequence of this metabolically demanding process is the generation of ROS, 

which if not properly neutralized, result in oxidative damage 37,428,429. Despite this, it is 

generally thought that OPCs are more vulnerable to oxidative damage than mature, 

myelinating oligodendrocytes 67. The relatively high intracellular iron content of 

oligodendroglia increases their susceptibility to oxidative damage. Iron is required for 

the metabolic activity of myelin, however, it is highly reactive and may contribute to 

oxidative damage via the facilitation of ROS production via the Fenton reaction 430-432. 

Within living organisms, iron is found in either a reduced ferrous (Fe2+) or oxidised ferric 

(Fe3+) state 432. Excess iron catalyzes the conversion of ROS to the highly reactive 

hydroxy radical (•OH), which damages DNA, proteins and lipids 432. 

 

 In vitro studies have demonstrated a compromised cysteine uptake in mature rat 

oligodendrocytes 433 following glutamate exposure, resulting in the depletion of 
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glutathione, affecting the cells capacity to reduce ROS 434. Similarly, OPCs exposed to 

damaging blue light in vitro exhibit significantly higher levels of oxidative damage 

(measured by dichlorofluorescein) compared to astrocytes 66. Due to the difference in 

properties of these cells, it is evident that there may be maturation-dependent 

vulnerabilities of oligodendroglia following neurotrauma in vivo. 

 

1.9  Comparisons of oligodendroglial 

vulnerability to stress and damage 

Studies comparing the susceptibility of oligodendroglial subpopulations to oxidative 

damage have mostly been performed in vitro, and in vivo studies have used proportion 

cell death of oligodendroglia as a proxy for susceptibility to oxidative damage 

pathological conditions 67,417,435-439. Using in situ end labelling and 

immunohistochemistry following a 10 minute ischemic insult, glial cell death was 

recorded in the cortex and thalamus after 1 day, most of which were oligodendrocytes 

440. Neuronal cell death was only observed in the CA1 hippocampal neurons 3 days 

after this ischemic insult, with little loss of neurons in other regions, demonstrating that 

oligodendroglial are particularly vulnerable to ischemia in vivo and are more sensitive 

than neurons in certain brain regions 440.   

 

Pure oligodendrocyte cultures exhibit a high vulnerability to glutamate-induced cell 

death 434. The EC50 for glutamate for a 24 hour exposure was 200 µm, which was 

similar for neurons in cerebral cortical cultures. This was compared to astrocytes which 

demonstrated resistance to as much as 5mM glutamate 434. Similarly, purified cultures 

of oligodendrocytes, astrocytes and microglial cells have been compared for their 

susceptibility to damage following a hypoxic insult. Damage to the cells was assessed 

based on the release of lactate dehydrogenase and counting of ethidium bromide 

positive dead cells 0, 1, 3 and 7 days after exposure to the insult. There was a 10% 

survival of oligodendrocytes, whereas microglia and astrocytes demonstrated transient 

stress, followed by survival 441. 

 

Cysteine deprivation of pure premyelinating and mature oligodendrocyte cultures in 

vitro decreased glutathione levels in both cultures. Interestingly, OPCs were completely 

killed, whereas mature oligodendrocytes remained viable 67. It was found that the 

depletion of glutathione increased intracellular ROS (detected by dihydrorhodamine 

123) in OPCs but not mature oligodendrocytes 67. Exposing OPCs and mature 

oligodendrocyte cultures to a xanthine-xanthine oxidase system resulted in a significant 

decrease of premyelinating oligodendrocyte viability, with no significant loss of mature 
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oligodendrocyte viability 67. Ultrastructural changes in OPCs include nuclear 

condensation, margination of chromatin and mitochondrial swelling 67. These findings 

demonstrate a maturation-dependent vulnerability of oligodendroglia to glutathione 

depletion and exogenous ROS generated by a xanthine-xanthine oxidase system 67, at 

least in vitro.  

 

Studies on postmortem fetal human brain tissue found that the highest risk for 

periventricular white matter injury (PWMI) was 23-32 weeks post conception, which 

preceded the onset of myelination 436. This time point is associated with the presence 

of OPCs in cerebral white matter which are identified as a target for PWMI. 

Interestingly, the decline in risk for PWMI coincides with the onset of myelination, 

whereby OPCs begin to differentiate into premyelinating oligodendrocytes 435.  

 

Limited studies have investigated the relative vulnerabilities of OPCs, mature 

oligodendrocytes and myelin structures to different types of oxidative damage in vivo, 

potentially due to the inherent limitations of traditional fluorescence 

immunohistochemistry. Comparative studies have mostly been performed in vitro, have 

used cell death as a proxy for damage and have not looked exclusively at regions of 

secondary degeneration. The adaption of nanoscale secondary ion mass spectrometry 

(NanoSIMS) to identify isotopically pure lanthanide conjugated antibodies has 

overcome this limitation and is as reliable as immunohistochemistry for quantification; 

this technique is explained in detail in section 1.11.1. 
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Figure 1.8: Excitotoxicity and apoptosis in oligodendrocytes.  

Glutamate released from axons and astrocytes, particularly following neurotrauma, can increase 

glutamate concentrations to excitotoxic levels. The GluR4 expressing AMPA receptors located 

on myelin sheaths can activate Ca2+ -sensitive proteases such as calpain and result in the 

degradation of axonal cytoskeletons and myelin disruption. GluR3/4 expressing AMPA 

receptors on the surface of oligodendrocyte somata are potential entry points for Ca2+ that 

initiate a host of molecular cascades including calpain activation and procaspase-12 activation, 

dephosphorylation of Bcl-2-associated death promotor (BAD) by calcineurin contributing to 

mitochondrial dysfunction, generation of ROS, which can affect both intracellular mechanisms 

and neighbouring astrocytes through the inhibition of glutamate uptake. Increased Ca2+ 

concentrations may result in increased buffering capacity of mitochondria at the expense of ATP 

production. Mitochondrial dysfunction results in the release of pro-apoptotic factors such as 

cytochrome c. Source: 2 
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1.10  Why do myelin abnormalities persist?  

OPC proliferation, migration and differentiation is thought to be the main source of 

oligogenesis in the adult CNS 327,338,442. There is a small subpopulation of mature 

oligodendrocytes that are derived from neural progenitors migrating from the sub-

ventricular zone (SVZ) of the forebrain 443. However, SVZ-derived progenitors only 

migrate locally, and are therefore only a viable source of new oligodendrocytes for 

demyelinating injuries near-to SVZ regions 443. Is it widely accepted that terminal stage, 

myelinating oligodendrocytes do not have a proliferative capacity 329,444-446. Considering 

neurotrauma, there are increased numbers of newly derived mature oligodendrocytes 

with a concomitant decrease in the number of OPCs following SCI 327. Interestingly, 

there are transient increases in MBP mRNA in areas of secondary degeneration 8 days 

after SCI, with these levels returning to that of uninjured animals 14 days post-injury 447, 

indicating transient remyelination may be occurring.  

 

Remyelination is associated with a restoration of function. Myelin derived following 

traumatic insults and MS lesions is thinner, with increased node lengths as a 

consequence of internode shortening 7,19,44,275,448,449, however, there have been 

instances in which there is thicker myelin, as a consequence of increased intraperiodic 

lines 276. G ratio is used as a tool to relate axonal diameter to the thickness of its 

associated myelin sheath 275. In the healthy, uninjured mammalian CNS G ratio is 

around 0.6-0.8, which remains consistent between CNS regions 450. Following 

neurotrauma and demyelinating lesions, the G ratio of remyelinated axons is increased 

275,451 due to the formation of thinner myelin sheaths in remyelinated areas.  

 

In order to develop therapeutic strategies to promote effective, long lasting 

remyelination, the mechanisms underlying failed attempts at remyelination must first be 

understood. The failure to remyelinate is associated with an inhibitory environment 

following neurotrauma or disease characterised by a lack of OPC numbers and 

impaired derivation of new myelinating oligodendrocytes 452,453. As mentioned in section 

1.8.2, a lack of remyelination may be attributed to an exhaustion of the proliferative 

capacity of OPCs, evidenced by low numbers of these cells in demyelinated lesions 454,  

MS lesions 370 and areas of secondary degeneration 49. The low numbers of OPCs 

within demyelinating lesions is thought to be due to a lack of migratory cues. The 

absence of SEMA3A and SEMA3F in chronic MS plaques may contribute to the 

impaired remyelination response in MS 455. Conversely, there was no depletion of OPC 

numbers and an adequate remyelination response following repeated episodes of 

chemically induced demyelination 456. Using a partial transection of the optic nerve 
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injury model, there was depletion of OPCs, but no loss of mature oligodendrocyte 

number up to 3 months after injury 49, suggesting different injury mechanisms between 

neurotrauma and MS. This evidence suggests there is a model-dependent variability in 

OPC population dynamics, and that the depletion of OPC numbers is a contributing 

factor to the lack of remyelination in chronic lesions of varying origin.  

 

Remyelination efficiency capitulates with age, with the failure of OPC recruitment and 

differentiation cited as a likely mechanism 457. The age-related halt in remyelination can 

be experimentally reversed using a model of heterochronic parabiosis. Using this 

model, a single circulatory system is established between an old and young mouse 

458,459. Using this parabiotic model in conjunction with a demyelinating lesion, deficits 

previously reported in both OPC activity and remyelination in older animals were 

improved by the environmental factors derived from the young parabiotic animal 460. 

The reversal of the age-related remyelination deficits suggest that the aged CNS 

retains remyelination capacity and highlights the viability of therapies focusing on 

protecting OPCs from oxidative damage and promoting their differentiation.  

 

1.11  Assessing oxidative damage and 

ultrastructure in vivo 

Immunohistochemistry is a cornerstone of scientific research and is used to assess the 

spatial distribution and fluorescence of intensity of up to 4 antigens in vivo. 

Simultaneous detection of more antigens is subject to constraints that limit the utility of 

conventional immunohistochemical techniques for directly comparing cellular 

subpopulations to oxidative damage. Fluorescent antibody labelling requires primary 

antibodies to be raised in different species, and fluorescent secondary antibodies 

require non overlapping emission spectra 461. Quantification using flow cytometry 

requires tissue dissociation, so provides no spatial information of samples. 

Immunohistochemistry has previously been used to quantify oxidative damage 

following neurotrauma in vivo 61,182. However, these studies have not directly compared 

the vulnerability of cellular subpopulations and structures to oxidative damage due to 

the aforementioned limitations of immunohistochemistry and associated techniques 462. 

Nanoscale secondary ion mass spectrometry (NanoSIMS) may be used to image metal 

isotope carrying antibodies 462.  Additionally, NanoSIMS is capable of analysing 

paraformaldehyde fixed tissue stained simultaneously with up to 100 metal conjugated 

antibodies, permitting direct comparisons between multiple antigens of interest 462.  
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Immunohistochemical analysis allows identification of specific antibodies, but does not 

provide any ultrastructural information about the tissue being assessed. Myelin 

ultrastructure has previously been assessed using 2D TEM images 6. The pioneering of 

serial block face-scatter electron microscopy (SBF-SEM) has allowed quantification of 

ultrastructure in 3 dimensions, allowing quantification of ultrastructure along the z-plane 

in addition to x- and y axes. 

 

1.11.1 NanoSIMS for multiplex antibody imaging 

NanoSIMS is a nanoscale secondary ion mass spectrometry technique used to analyse 

the elemental composition of a given sample. Initially developed for assessment of 

geological samples, NanoSIMS has been modified to allow imaging of biological tissue 

463. Images are produced by produced by rastering a beam of primary ions across the 

surface of a sample 464. The primary ion beam ablates the surface of the sample, 

producing fragments of molecules from the outermost layer of the sample 463. The 

primary ion beam can either consist of Cs+ or O- ions, depending on the charge of the 

beam required for imaging. The sputtered secondary ions can either be positively or 

negatively charged, and the charge of the primary ion beam dictates the charge of 

secondary ions that can be imaged (Figure 1.9). Secondary ions are collected through 

the same electrostatic optics used to focus the primary ion beam 465. Because 

secondary ions traverse the same pathway primary ions exit from, only ions of opposite 

charge can travel in the opposite direction. As a consequence of this, only secondary 

ions of a certain charge can be imaged at any one time.  

 

Secondary ions produce the images in NanoSIMS. The secondary ions read by the 

NanoSIMS are composed of fragments of molecules ablated from the surface of the 

original sample, giving an elemental composition. Sputtered secondary ions from the 

sample travel through the lens assembly responsible for focusing the primary ion 

beam. The secondary ions are filtered through a secondary column which shapes the 

secondary ion beam, allowing it to pass through to the mass spectrometer. A calibrated 

magnetic field separates the secondary ions based on mass, these ions are registered 

by a series of detectors calibrated to ions of specific mass 463. The use of multiple 

detectors allows simultaneous detection of species. A powerful application of the 

NanoSIMS is the capacity to image 7 ion species simultaneously, but it is theoretically 

capable of imaging tissue labelled with over 100 lanthanide-conjugated antibodies 

following calibration 462. As the primary ion beam rasters across the sample, the 

concentration of secondary ions at each point (pixels) is recorded and creates an 

image of elemental composition. NanoSIMS has a high mass resolution, capable of 

distinguishing secondary ions with mass differences of 0.0632 Daltons 463.  
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Using NanoSIMS, it is also possible to discern structural information of imaged tissue 

without labelling. Imaging of elements such as 31P can be used to visualise the 

distribution of P-rich molecules such as nucleic acids and phospholipids, 41K can be 

used to distinguish the location of nuclei and cytoplasm. NanoSIMS is useful in the 

imaging of metal species in biological tissue; Ni has been observed in the vacuoles of 

epidermal cells in plants 466. Visualisation of these metal species is achieved by 

calibrating the detectors on the instrument to the correct mass, and it is possible to 

assess the entire periodic table provided the detected species has a known atomic 

mass. 

 

NanoSIMS can also be used to image exogenous metals in vivo which allows 

NanoSIMS to overcome inherent limitations associated with conventional 

immunohistochemistry. Using primary antibodies coupled to stable lanthanides 

enriched for a single isotope, Angelo et al., 2014 demonstrated an immunophenotypic 

analysis of peripheral blood mononuclear cells quantitatively identical to that of mass 

cytometry 462. Additionally, multiplexed analysis of paraffin embedded breast tumour 

biopsies produced staining patterns and intensities equivalent to validated 

immunoperoxidase assays used in clinical labs 462. Furthermore, histological stains 

such as hematoxylin and eosin are detectible with this technique and can be overlaid 

with antibody expression data - making NanoSIMS representations identical to 

immunohistochemistry based analysis. Most importantly, because NanoSIMS can 

resolve less than a fraction of a Dalton, there is no spectral overlap between elemental 

reporters with neighboring atomic masses 463. Investigators are limited only by the 

number of isotopically pure reporter lanthanides available for conjugation to target 

antibodies and the set-up of the instrument.   
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Figure 1.9: Sample surface ablation and sputtering using NanoSIMS.  

The primary ion beam rasters the surface of the sample, producing secondary ions. Secondary 

ions can have any charge. Separation of elements is based on atomic mass, and produces an 

elemental map of the predetermined field of view. Source: 463 
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1.11.2 Serial block face electron microscopy 

Changes to myelin integrity as a consequence of injury can be assessed 

ultrastructurally using TEM. Significant changes in myelin decompaction 6,276, paranode 

unfurling and elongation 7, as well as changes to mitochondrial structure 7 have been 

quantified following partial CNS injury using TEM. Analysis using TEM is performed 

using single representative sections of approximately 50 nm thickness. Because of the 

section thickness required for TEM analysis, it does not provide information about the 

changes to individual axons and myelin along their individual lengths. Additionally, 

quantification of axonal organelle size may be inaccurate, due to the dimensions of 

these structures often exceeding the thickness of single TEM sections. Using SBF-

SEM it is possible to readily examine subtle changes in axonal diameter, fiber 

diameter, myelin thickness and decompaction along the length of myelinated axons at 

nanometer resolution 467. 

 

1.12  Aims and hypotheses 

Neurotrauma is a clinically important condition which results in progressive secondary 

damage to surrounding neural tissue. In vitro and in vivo studies have identified 

oligodendroglia as being particularly vulnerable to oxidative damage within the CNS, 

however, these comparative studies have not extensively characterised oxidative 

damage to DNA, proteins and lipids, and have used cell death as a proxy for oxidative 

damage, predominantly in vitro. Utilizing the capacity of NanoSIMS to simultaneously 

image multiple antibodies, it is possible to comprehensively characterise different types 

of oxidative damage to different cellular subpopulations and structures of interest. It 

was hypothesised that in an in vivo model of neurotrauma, oligodendroglia, in particular 

OPCs, will exhibit higher amounts of oxidative damage when directly compared to 

axons and myelin sheaths.  

 

OPCs proliferate in response to neurotrauma and demyelinating insults, however, the 

influence of proliferation on the susceptibility of oligodendroglia to oxidative damage 

within regions of secondary degeneration in vivo has not been assessed. To elucidate 

the influence the proliferative state of oligodendroglia has on the susceptibility to 

oxidative damage, it is possible to use EdU in conjunction with antibodies identifying 

DNA, protein and lipid oxidative damage. Secondary events may lead to an arrest of 

OPC proliferation and/or effect their capacity to form structurally sound myelin sheaths. 

Given that OPCs are mediators of myelin replacement to axons, oxidative damage to 

DNA, protein or lipids of proliferating OPCs via secondary degeneration may interfere 

with oligogenesis and subsequent myelination following neurotrauma. In situ 
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hybridization in conjunction with immunohistochemistry allows the assessment of 

mRNA expression within identified cellular subpopulations. It was hypothesized that 

newly derived oligodendrocytes have an increased susceptibility to oxidative damage 

and will have a compromised capacity to produce and maintain structurally sound 

myelin through the reduced expression of MyRF mRNA.  

 

Previous studies have shown ultrastructural rearrangements of the myelin sheath 

within regions of secondary degeneration 7,49. It is not yet known whether these altered 

myelin sheaths are derived from OPCs differentiating after injury or from 

oligodendrocytes present at the time of injury, or both. It was hypothesized that 

oligodendrocytes derived after injury make decompacted myelin, contributing to the 

dysmyelination pathology within regions of secondary degeneration, and that it may be 

possible to trace oligodendroglial processes from the myelin sheath to the parent 

oligodendrocyte and assess ultrastructure of myelin derived from newly generated 

oligodendrocytes using 3D EM. Additionally, studies quantifying ultrastructural changes 

to myelin and axons following neurotrauma use single, 2D sections, when there may be 

morphological changes along the length of individual axons. It was therefore further 

hypothesised that there is morphological variability of axons and myelin along the 

length of single axons in the presence and absence of injury and that 3D EM may be 

used to reveal these changes. The use of 3D datasets also allows the quantification of 

mitochondrial distribution along the length of axons.  

 

Using the partial transection of the optic nerve as a model of secondary degeneration, 

the following Aims were addressed: 

 

Aim 1:  

To comparatively assess the vulnerability of cellular subpopulations and structures to 

DNA and protein oxidative damage within regions of secondary degeneration in vivo, 

using NanoSIMS. 

 

Aim 2: 

To assess the differential vulnerability to oxidative damage of oligodendroglia derived 

before and after injury. To assess alterations in oligodendroglial maturation related 

genes and vulnerability to death in these subpopulations following neurotrauma.  
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Aim 3: 

To use 3D EM datasets to identify whether myelin sheaths with compromised 

ultrastructure are derived from newly derived oligodendrocytes or oligodendrocytes 

existing at the time of injury. Additionally, to characterise the changes to axon and 

myelin morphology, and mitochondrial size and number at the node of Ranvier, in 

spared RGC axons and their associated myelin sheaths in uninjured and injured optic 

nerves.  

 

The work addressing these Aims is presented in one submitted manuscript and one 

published paper in the chapters following. 
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Chapter 2: Oligodendroglia are particularly 

vulnerable to oxidative damage after 

neurotrauma in vivo 

The first submitted manuscript presented in this thesis uses the partial transection of 

the optic nerve injury model in conjunction with multiplex NanoSIMS, 

immunohistochemistry and in situ hybridisation to address Aims 1 and 2. Previous work 

using this model has demonstrated acute increases in ROS and oxidative damage 61 

as well as chronic myelin decompaction within regions of secondary degeneration 6. 

The mature CNS has the capacity to remyelinate demyelinated axons 323, however, the 

persistence of myelin decompaction following neurotrauma suggests a compromised 

remyelination / myelin repair process. It is thought that oligodendroglia are particularly 

vulnerable to oxidative damage 67,423,468, which, given the high presence of ROS 

following injury, could affect the normal functioning of these cells. It was hypothesised 

that a) oligodendroglia, specifically OPCs, are particularly vulnerable to oxidative 

damage, and b) newly derived oligodendrocytes are the most vulnerable and 

demonstrate a compromised remyelination function. Previous studies investigating 

OPC vulnerability in vivo have not looked at specific indicators of oxidative damage to 

DNA, proteins and lipids, and instead used cell death and cell numbers as an indicator 

of oligodendroglial vulnerability 67,417,438,439 or used correlative observations whereby the 

timing of fatal periventricular white matter injury (PWMI) correlated with a prenatal time 

in which the number of OPCs was at its’ highest 469.  Additionally, in vitro studies have 

used purified oligodendroglial cultures to assess damage from neurotrauma-related 

mechanisms such as glutamate excitotoxicity 470,471. At the time of writing, to our 

knowledge there have been no studies comparatively assessing the oxidative damage 

to CNS subpopulations and structures following neurotrauma in vivo, or any studies 

which have looked at the influence proliferation has on cellular vulnerability to oxidative 

damage. Traditional immunohistochemical assessment of oxidative damage in 

oligodendroglia is limited by the number of fluorescent antibodies that can be 

simultaneously quantified, rendering it difficult to make direct comparisons between 

cellular subpopulations and structures. NanoSIMS was used to identify the CNS 

subpopulations and myelin structures most vulnerable to oxidative damage, 

immunohistochemistry allowed semi-quantification of the vulnerability of 

oligodendroglia derived before and after injury to oxidative damage and death and 

fluorescence in situ hybridisation assessed gene expression in identified 

oligodendroglial subpopulations. 
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2.1  NanoSIMS 

To date, in vivo comparisons of oxidative damage to different cellular subpopulations 

and structures following neurotrauma has been limited due to the constraints of 

traditional immunohistochemistry. Simultaneous detection of multiple fluorescent labels 

require primary antibodies to be raised in different host species and for secondary 

antibodies to have no overlap in emission spectra 461. As a result, traditional 

immunohistochemistry is typically unable to facilitate fluorescence imaging of more 

than 4 antigens at any one time. NanoSIMS allows analysis of tissue labelled with 

antibodies carrying isotopically pure non-biological metal reporters. Using this modality, 

it is possible to image up to 100 metal-isotope conjugated antibodies without spectral 

overlap between channels 472. NanoSIMS is capable of detecting elements at parts-per-

billion sensitivity at resolutions comparable to high magnification light microscopy 

463,473,474. Through the use of NanoSIMS, we were able to detect antibodies conjugated 

to isotopically pure lanthanide metals, and quantify the relative vulnerabilities of 

neurons (beta-3-tubulin (βIIIT)), oligodendroglia  (NG2, olig2, CC1) and myelin 

structures (MBP, caspr) to DNA oxidation (8OHdG) and protein nitration (3NT) in vivo 

following partial injury to the CNS. Pixel intensity of 8OHdG increased in all assessed 

areas (CC1, Caspr, BIIIT, NG2 and olig2) except MBP, 3 days after injury. Interestingly, 

olig2+ cells demonstrated significantly higher DNA oxidation compared to other 

antigen-defined regions at 3 days after injury. Additionally, there was no statistically 

significant differences in 8OHdG pixel intensity between NG2+ and olig2+ regions. 

Taken together, it can be implied that OPCs (identified by NG2 / olig2) are the most 

vulnerable of the cellular subpopulations and structures assessed. Pixel intensity of 

3NT also increased as a consequence of injury in all assessed regions. Initially, we 

aimed to distinguish cellular vulnerability to oxidative damage based on their 

proliferative state, using NanoSIMS to identify 79Br- cells following BrdU injections as 

previously described. However, we were unable to properly quantify the presence of 

79Br- within nuclei due to arbitrary pixel values in the nucleus being indistinguishable 

from cytoplasmic regions. Therefore the decision was made to further explore the 

vulnerability of oligodendroglia using fluorescence immunohistochemistry. 

 

2.2  Immunohistochemical assessments 

The immunohistochemical section of this paper investigates the vulnerability of 

oligodendroglia to oxidative damage depending on their proliferative state. Using 

immunohistochemistry, immature (NG2/olig2), premyelinating (O4) and mature (CC1) 

oligodendroglial subpopulations vulnerable to secondary degeneration were identified 

328.  
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2.2.1  EdU administration 

Oligodendroglia were classified as being derived before or after injury using the 

proliferative marker EdU. EdU integrates into the DNA of cells in the S-phase of their 

cell cycle and remains labelled in these cells. Because mature oligodendrocytes are a 

largely non-proliferative population of cells 475, any mature oligodendrocyte (CC1+) co-

expressing EdU can be considered to have been derived from the maturation of 

proliferative OPCs after injury. EdU was administered every 12-hours, for the first 3 

days after injury, beginning immediately after partial transection of the optic nerve. 

OPCs have been reported to have a proliferative response between 3 days - 4 weeks 

after neurotrauma 332,366,476,477, however it is thought a majority of this proliferative 

response occurs within the first 7 days of injury 366. The current study fate maps and 

quantifies oxidative damage to OPCs and oligodendrocytes derived in the first 3 days 

after a partial transection injury. Assessing OPCs proliferating within the first 3 days of 

injury complements previous studies demonstrating increases in oxidative damage 

within regions of secondary degeneration 43,48,61, and allows quantification of differential 

vulnerability dependent on early proliferative status. It is important to note that EdU has 

a limited bioavailability 478,479 and as a consequence not all OPCs proliferating within 

the first 3 days were labelled using the twice daily EdU injection regimen . It is 

important to consider that EdU negative cell populations may encompass non-

proliferative OPCs, pre-existing oligodendrocytes, some unlabeled proliferating OPCs 

and those that may have been derived after the first three days of injury. Additionally, 

multiple divisions of EdU-labelled OPCs could have diluted EdU below the limits of 

detection, and is an important consideration when ascribing EdU negative cells as 

preexisting at 7 and 28 days after injury. As mentioned above, a majority of OPC 

proliferation occurs within the first 7 days after neurotrauma 366, therefore it is unlikely 

we are missing a large portion of proliferating OPCs. The EdU-positive oligodendroglia 

labelled using this method is treated as a representative subpopulation of newly 

derived oligodendroglia within the first 3 days of injury, but the above caveats must be 

considered. Representative images demonstrating the identification of newly derived 

oligodendroglia is shown in Figure 2.2 
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Figure 2.1: Oligodendroglial proliferation within regions of secondary degeneration 

following partial transection of the optic nerve. 

Previously existing (>) and newly derived (>>) subpopulations of (a) OPCs (NG2/olig2+) and (b) 

mature oligodendrocytes (CC1+) were distinguished using colocalisation with EdU (red). 

Following injury, there was an increase in the number of EdU+ oligodendroglia (>>), compared 

to normal optic nerve. Mean density quantification of these cells in normal, 3, 7 and 28 days 

after injury is performed in Chapter 2, Figure 4. Scale bar = 20µm  
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2.2.2  Transient oxidative damage after injury 

Oxidative damage within oligodendroglial subpopulations was quantified using the 

antibodies 8OHdG, 3NT, and HNE to identify DNA oxidation, protein nitration and lipid 

peroxidation, respectively. Immunohistochemical findings indicate a transient 

vulnerability of oligodendroglia to oxidative damage within regions of secondary 

degeneration 3 days following a partial injury in vivo, in accordance with the NanoSIMS 

data. Despite a proliferative response, the numbers of OPCs decreased as early as 7 

days after injury. The numbers of mature oligodendrocytes remained stable at all 

recorded times after injury similar to a previous study 49. However, in this previous 

study the origin of these oligodendrocytes was not investigated, i.e. whether they were 

newly derived from OPCs. Discounting the numbers of EdU+ mature oligodendrocytes 

from the total mature oligodendrocyte numbers results in a reduction in density of these 

cells, suggesting that the maturation of OPCs to mature oligodendrocytes is integral in 

maintaining the number of oligodendrocytes within regions of secondary degeneration 

following neurotrauma.  Interestingly, mature oligodendrocytes derived after injury 

demonstrated higher 8OHdG immunofluorescence compared to their pre-existing 

counterparts, 3 days after injury, potentially illuminating a cell phase-dependent 

vulnerability of oligodendroglia. The accumulation of DNA damage has effects on the 

cell cycle of postmitotic cells and is discussed in Chapter 4.  

 

2.2.3  Functional significance of oxidative damage 

Although there was a significant increase in the number of newly derived mature 

oligodendrocytes 28 days after injury compared to normal animals, we wanted to know 

if the transient increase in oxidative damage seen at 3 days after injury affected the 

normal expression of maturation and myelin related genes in OPCs (NG2+ cells) and 

mature oligodendrocytes (CC1+ cells) to ascertain the functional consequences of 

oxidative damage. Fluorescence in situ hybridization to identify Nkx2.2, sox10, Id2 and 

MyRF mRNA in conjunction with immunohistochemistry and EdU detection to identify 

oligodendroglia populations of interest was used. We investigated two time points, 3 

and 28 days after injury. 3 days after injury, comparisons in mRNA expression were 

made between cells that were either at baseline or had elevated 8OHdG 

immunoreactivity, as this was the time point at which the most significant increases in 

8OHdG were observed and we wanted to ascertain the effect of DNA oxidation on 

gene expression. At day 28, populations were distinguished based upon whether they 

were EdU+; derived within the first 3 days after injury, or EdU-; pre-existing at the time 

of injury or derived later than 3 days after injury. There were no changes in the OPC 

differentiation factors Id2, Nkx2.2 or Sox10 relative to 8OHdG immunoreactivity at 3 
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days after injury or relative to EdU defined proliferation status at 28 days after injury. 

Similarly, 3 days after injury, increased 8OHdG in mature oligodendrocytes did not lead 

to altered Sox10 or MyRF mRNA expression, however, EdU+ mature oligodendrocytes 

had significantly less MyRF mRNA compared to their EdU- counterparts. As MyRF is 

responsible for the development and maintenance of the myelin sheath, the absence of 

this gene’s expression implies a compromised formation of the myelin sheath by 

oligodendrocytes derived from OPCs proliferating within the first 3 days after injury. 

 

2.2.4  Oligodendroglial cell death after injury 

To further assess the functional consequences of increased 8OHdG immunointensity 

on mature oligodendrocytes, caspase3+ and TUNEL was used to quantify cell death. 

Mature oligodendrocytes with low 8OHdG immunoreactivity were generally not 

caspase3+ or TUNEL+, and there was a significantly increased proportion of 

caspase3+ and TUNEL+ mature oligodendrocytes in the elevated 8OHdG 

subpopulations, 3 days after injury. Interestingly, at 28 days after injury, the proportion 

of caspase3+ cells was significantly higher in the EdU- than EdU+ mature 

oligodendrocytes.  

 

  



 

  53 

2.3  Oligodendroglia are particularly vulnerable 

to oxidative damage after neurotrauma in vivo 
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2.4  Conclusions 

Comparative assessments of oxidative damage in cellular subpopulations and 

structures were made in vivo for the first time using NanoSIMS. Results from this in 

vivo analysis confirmed previous in vitro findings that oligodendroglia, specifically the 

OPCs, are particularly vulnerable to oxidative damage. Transient increases in oxidative 

damage indicated by 8OHdG, 3NT and HNE immunoreactivity were observed in 

oligodendroglia 3 days after partial transection of the optic nerve. Interestingly, 

oligodendrocytes derived after injury demonstrated significantly higher levels of DNA 

oxidation than their counterparts existing at the time of injury. The functional 

significance of this transient oxidative damage is exhibited by the downregulation of 

MyRF mRNA in newly differentiated mature oligodendrocytes, 28 days after injury. 

MyRF is integral to the development and maintenance of the myelin sheath, which 

previous studies have shown to be important in the preservation of function 405,406. 

Future studies comparing MyRF intensity in newly derived oligodendrocytes in normal 

and injured optic nerve would allow the kinetics of MyRF mRNA expression to be more 

clearly established. The small number of newly derived oligodendrocytes present in 

normal optic nerve prevented this comparison from being made. Additionally, the 

majority of caspase3+ mature oligodendrocytes were cells existing at the time of injury. 

Protecting against early oxidative damage to oligodendroglia due to secondary 

degeneration will be worth investigating to determine whether oligodendroglial 

preservation leads to the preservation of myelin structure and function in chronic 

neurotrauma lesions. 

 

2.5  Inflammatory cell response following injury  

The above paper has demonstrated DNA oxidation in both OPCs and mature 

oligodendrocytes; of particular note, mature oligodendrocytes derived from OPCs 

proliferating within the first 3 days, in regions of secondary degeneration after CNS 

injury. Astrocytes have been identified as a source of ROS contributing to oxidative 

damage via the release of glutamate and ATP, which act on AMPA and NMDA 

receptors to release ATP and calcium 480. Additionally, macrophages and microglia 

have been shown to contribute to and protect against glutamate excitotoxicity 

depending on the timing after injury 169,180,481,482. Fitzgerald et al., 2010 demonstrated 

Iba1+ and ED1+ microglia and macrophages spreading to the uninjured ventral optic 

nerve 3 days after injury, likely contributing to the spread of ROS and associated 

oxidative damage 48.  In order to develop a more comprehensive understanding of the 

influence of microglia and macrophages on the production of oxidative damage-

causing ROS following injury to the CNS, immunohistochemical assessments of 
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microglia and macrophage activation and infiltration were performed. Previous studies 

have described a ‘polarisation’ in the expression of M1 and M2 phenotypic responses 

following demyelinating insults, characterised by expression of iNOS and arg-1, 

respectively 205. The M1 and M2 nomenclature has recently been criticized for it’s 

counterproductive influence on the classification of microglia and macrophages, 

becoming an oversimplified paradigm initially based on the role of a restricted set of 

ligands 191,483. It is now considered more accurate to describe microglia / macrophages 

as ‘classically activated’ pro-inflammatory cells associated with the secretion of pro-

inflammatory cytokines, ROS and reactive nitrogen species (RNS), as opposed to anti-

inflammatory cells which secrete anti-inflammatory cytokines and growth factors 

involved in remyelination 483. ROS produced by classically activated macrophages and 

microglial cells are thought to be a major contributor to the progression of secondary 

degeneration 175,484 and may contribute to oxidative damage in oligodendroglia. 

Identification of iNOS+ and arg1+ macrophages and microglia was performed at 3, 7 

and 28 days after injury to ascertain an association between the transient oxidative 

damage to oligodendroglia 3 days after injury and the presence of pro and anti-

inflammatory macrophages and microglia. The current study uses iNOS and arg1 as 

indicators of microglial and macrophage function in conjunction with other inflammatory 

cell identifiers such as Iba1, ED1, CD11b and CD45.  

 

Semi-quantitative assessment of iNOS ‘classically activated’ and arg-1 ‘alternatively 

activated’ immunofluorescence 3, 7 and 28 days after injury revealed significant 

increases in both iNOS (Figure 2.9a, c) and arg1 (Fig. 2.9b, d) immunointensity 7 days 

after injury (p < 0.05, F = 5.04, df = 38 and p < 0.05, F = 7.41, df = 38, respectively). 

Immunointensity of iNOS returned to control levels 28 days after injury (p > 0.05), 

whilst arg-1 remained elevated (p < 0.05). Contrary to the ‘polarisation’ phenotype 

previously described 205, we demonstrate elevation of both iNOS and arg1 

immunoreactivity within individual cells, evident 7 days after injury (Figure 2.10), 

indicating this phenomena may not be prevalent following neurotrauma.  
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Figure 2.11: Quantification of iNOS and arg1 immunoreactivity in ventral ON vulnerable 

to secondary degeneration.  

Mean ± SEM fluorescence intensity of a) iNOS and b) arg1 in control optic nerve and at 3, 7 and 

28 days following partial optic nerve transection, in ventral optic nerve vulnerable to secondary 

degeneration are shown. * indicates significantly different from normal (p ≤ 0.05), n = 10 / group. 

Representative images of c) iNOS and d) arg1 in the ventral aspect of the optic nerve are 

shown in control uninjured, 3, 7 and 28 days after injury. Examples of iNOS and arg1 positive 

cells are indicated by (>). Scale bar c-d: 10µm. 

 

 

  



 

  71 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.12: Representative images of iNOS and arg1 colocalistion in ventral ON 

vulnerable to secondary degeneration.  

iNOS and arg1 double positive cells are indicated by the white arrow. Representative images 

are shown for uninjured optic nerve, and optic nerve 3, 7 and 28 days after injury. n = 6 / group. 

Scale bar: 10µm. 
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In addition to iNOS and arg1+ microglia and macrophages, inflammation has also been 

characterised by the presence of CD45+ and CD11b+ leucocytes following animal 

models of spinal cord injury 485 and exposure to dying neurons in vitro 486. 

Quantification of the numbers of CD11b and CD45 positive cells within regions of optic 

nerve immediately adjacent to the injury demonstrated significant increases in the 

numbers of both CD11b and CD45 expressing cells 7 days after injury (p < 0.05, F = 

4.74, df = 23 and p < 0.05, F = 9.15, df = 23, respectively) (Figure 2.11a, b). Numbers 

of CD45 expressing cells remained significantly higher than in uninjured animals at 28 

days post injury (p < 0.05) (Figure 2.11a, c), whereas densities of CD11b positive cells 

returned to levels not different from control at this time point (p > 0.05) (Figure 2.11b, 

d).  

 

 

 

Figure 2.13: Quantification of CD11B and CD45 positive cells in ventral ON vulnerable to 

secondary degeneration.  

Mean ± SEM numbers of a) CD11B and b) CD45 cells in control, uninjured optic nerve and at 3, 

7 and 28 days following partial optic nerve transection, in ventral optic nerve vulnerable to 

secondary degeneration are shown. * indicates significantly different from normal (p ≤ 0.05), n = 

6 / group. Representative images of c) CD11b and d) CD45 immunoreactivity in the ventral 

aspect of the optic nerve are shown in control uninjured nerve, and 3, 7 and 28 days after injury. 

Examples of CD11B and CD45 positive cells are indicated by (>). Scale bar c-d: 3µm. 
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Given the increases in iNOS, arg1 immunoreactivity and CD45 and CD11b numbers 

were not observed until 7 and 28 days after injury, it is unlikely that the immune 

response contributed to the oxidative damage in oligodendroglia 3 days after injury 

within regions of secondary degeneration. It is a possibility that this immune response 

may contribute to later changes in oligodendroglia. 
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Chapter 3: Three dimensional electron 

microscopy reveals changing axonal and 

myelin morphology along normal and 

partially injured optic nerve  

 

The previous paper demonstrated increases in oxidative damage to OPCs and newly 

derived oligodendrocytes 3 days after injury, the implications of this transient increase 

on the ultrastructure of the myelin sheaths they generate is yet to be established. The 

partial transection of the optic nerve model is characterised by compromised myelin 

ultrastructure at chronic time points, featuring myelin sheath decompaction and 

increased numbers of intraperiodic lines 276. The source of this compromised myelin is 

currently unknown, i.e. whether compromised myelin sheaths are derived from parent 

oligodendrocytes derived after injury, oligodendrocytes existing at the time of injury, or 

a combination of both. Aim 3 of this thesis attempted to identify and characterise the 

ultrastructure of myelin sheaths generated by newly derived oligodendrocytes 3 months 

after partial injury to the optic nerve. 

 

3.1  Tracing the myelin sheath to parent 

oligodendrocyte 

Typically, myelin ultrastructure is quantified using single transverse electron 

microscopy sections, however, identifying the parent oligodendrocyte using such a 

technique would be difficult given the spatial separation between the myelin sheath and 

oligodendroglial cell body. Identifying the parent oligodendrocyte is imperative in 

characterising the source of structurally compromised myelin at chronic stages of 

neurotrauma. Inducible transgenic animal models allow the activation of genes in 

specific cells and tissues at specific times 487. It is possible to distinguish myelin 

sheaths produced after injury from those existing at the time of injury via the use of a 

genetically modified inducible membrane green fluorescent protein (mGFP) PDGFR⍺ 

animal 323. Using mGFP+ PDGFR⍺ animals, tamoxifen injections immediately following 

the partial transaction of the optic nerve procedure would induce the expression of GFP 

within PDGFR⍺+ OPCs 323.  The expression of GFP in these OPCs remains even 

following differentiation, allowing identification of myelin from newly derived 

oligodendrocytes after injury, similar to the role of EdU in the previous paper. The use 
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of anti-GFP antibodies conjugated to immunogold, would allow the identification of 

myelin sheaths derived after injury using conventional  TEM 323. 

 

Mice with the mGFP PDGFR⍺ promotor have previously been used in the literature 323, 

however, surgical limitations of the partial transection of the optic nerve model 

precludes the use of mice. In vertebrates, the ophthalmic artery is positioned ventral to 

the optic nerve and enters the optic nerve a short distance behind the eye to 

vascularize the retina 488. Because of the relatively small size of mice compared to rats, 

there is a higher chance of damage to the ophthalmic artery during the partial 

transection of the optic nerve procedure. As a result, it was necessary to generate this 

genetic model in rats. While outsourcing of genetically modified rats expressing 

PDGFR⍺ driven GFP was a possibility, these were only available in the Sprague 

Dawley strain. Previous characterisation of myelin changes in areas of secondary 

degeneration following injury in our lab had been exclusively in PVG rats 

6,43,48,49,52,60,61,65,276. Species and strain specific differences in the topographical 

arrangement of the visual system is apparent 489. PVG rats maintain topographical 

arrangement of axons in the optic nerve 52, imperative for quantification of axons 

exclusively undergoing secondary degeneration in the ventral portion of the optic nerve 

following partial transection injury. There is no clear topographical arrangement of 

neuronal projections in albino animals, with an exchange of dorsal and ventral axon 

projections in the prechiasmatic region 490-492. Additionally, the development of the 

inducible genetic rat model was costly and time consuming, and it was thought that Aim 

3 could be addressed in other ways. 

 

3.1.1  Antibody identification of BrdU positive nuclei in 

electron microscopy sections 

Instead of using an inducible transgenic animal model to fate map the maturation of 

OPCs after injury, the decision was made to inject EdU twice a day, in the first 3 days 

after injury to identify newly derived oligodendrocytes, similar to Aim 2, and attempt to 

identify myelin associated with these EdU+ somata. There is no way to visualise EdU+ 

cells using electron microscopy as the Click-iT identification kit for EdU utilizes 

fluorescence. Alternatively, it is possible to identify EdU labelled cells via the use of 

anti-BrdU antibodies. Currently, there is no antibody for the detection of EdU, however 

the BrdU antibody has a cross-reactivity with EdU 493 and was therefore used for the 

detection of EdU+ cells in the described experiments. BrdU is similar to EdU in that it 

integrates into the DNA of cells in the s-phase of their cell cycle and remains present 

even after proliferation 494. It can be inferred that mature oligodendrocytes identified 
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with anti-CC1 antibodies, co-labelled with anti-BrdU would be derived from OPCs 

differentiated after injury similar to cells described in Aim 2. Optic nerves would then be 

imaged using SBF-SEM to produce 3D datasets in which myelin internodes could be 

traced to their parent oligodendrocyte cell body. Before proceeding with the 

identification of CC1+ cells, it was important to ensure that the required BrdU antigen 

retrieval steps were compatible with electron microscopy, as BrdU retrieval is routinely 

used in immunohistochemical studies.  

 

In order for this technique to adequately address Aim 3, it was imperative to ensure the 

antigen retrieval steps required for antibody identification of BrdU did not affect the 

ultrastructure of myelin  to allow the tracing of myelin internodes to their parent 

oligodendrocyte.  

 

3.1.1.1 Methodology for BrdU antibody identification of 

newly derived oligodendrocytes 

As mentioned in the preceding section, an important determinant in the success of this 

technique to address Aim 3 was to determine the effect of the retrieval steps required 

for BrdU antibody identification on the ultrastructure of tissue in electron microscopy 

acquisition. Antibody identification with BrdU requires incubation in hydrochloric acid 

(HCl) to allow access of the anti-BrdU antibody to the BrdU intercalated in the DNA of 

proliferating cells 495. Incubation with HCl is compatible and routinely used in 

conjunction with fluorescence immunohistochemistry, where the compromise of 

ultrastructure does not necessarily affect outcome measures. Quantification of myelin 

compaction; a key outcome of this study, requires high spatial resolution, which may be 

compromised by sub-optimal tissue preparations.  

 

Sections were processed with a standard BrdU immunohistochemistry protocol. In 

brief; sections were washed in 0.1M phosphate buffer solution and placed in 3% 

hydrogen peroxide for 1hr to quench endogenous peroxidases. Sections were then 

incubated in 2M HCl with 0.3% Triton-X at room temperature for 1hr to create single 

stranded DNA and to expose the incorporated BrdU for antibody attachment 496. They 

were then blocked in 3% normal donkey serum (NDS) and 0.3% Triton-X in 0.1M 

phosphate buffer. Sections were counterstained with 0.05% thionin solution at pH 4.8, 

tissue was then dehydrated through a graded series of alcohol and xylene. It was 

published that 2M HCl, 0.3% Triton-X 1hr RT; no Triton-X in Ab incubations (1hr post 

fix) produced ‘very good’ intensity of BrdU labelling and ‘very good’ preservation of 
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ultrastructure in rat tissue, necessary for the assessment of myelin decompaction 496 

(Table 3.1). 
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Table 3.1: Assessment of protocols tried for electron microscopy.  

Protocol 6 was attempted in the experiments described in section 3.1.1.2. Additional protocols were not tested as they did not produce either adequate preservation 

of ultrastructure or intensity of BrdU labelling. Source: 496 
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3.1.1.2 Anti-BrdU tissue pretreatment incompatible with 

maintaining tissue ultrastructure for EM 

As previously noted, identification of newly derived oligodendrocytes is an important 

outcome for this study. However, the tissue processing required for the detection of 

BrdU antibodies in our sections for electron microscopy produced gross destruction of 

the tissue ultrastructure, despite following the appropriate protocols 496. We observed 

poor preservation in myelin ultrastructure following this preparation protocol for BrdU 

immunoreactivity for EM tissue, as illustrated in Figure 3.1, in marked contrast to our 

published images of myelin ultrastructure in this model system 6,60,276. Results from 

these experiments indicate that using an anti-BrdU antibody to identify proliferating 

cells in an EM context was not feasible due to the destruction of tissue ultrastructure 

following the necessary HCl retrieval steps. The pretreatment required for anti-BrdU 

identification is appropriate for fluorescence microscopy studies, but is inadequate for 

electron microscopy, where the quantification of ultrastructure is required for outcome 

measures. 

 

Given the outcomes of these pilot studies, an alternative approach to identifying 

proliferating cells under electron microscopy was required. Photooxidation methods 

have been used for visualising fluorescently labelled antibodies in light and electron 

microscopy 497-500. Fluorescent dyes oxidise diaminobenzidine (DAB), which deposits 

granular precipitates 501. These precipitates may be counterstained with osmium, 

making them detectible with EM 501. This allows identification of fluorescently 

conjugated antibodies using EM, which were traditionally only identifiable using light 

microscopy. A more detailed discussion of the method and its application in the current 

study follows.  
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Figure 3.1: TEM image of transverse ON following HCl processing steps for BrdU IHC. 

Representative a) 3000x and b) 2500x magnification of ON tissue following the BrdU protocol 

outlined in Ngwenya, Peters and Rosene, 2005. The HCl tissue processing steps resulted in 

extensive damage to the ultrastructure of the tissue, limiting the validity of using this procedure 

in addressing the outcomes of this study. Examples of myelin debris are indicated by the red 

arrows. a) Scale bar: 0.5 µm b) scale bar: 1 µm 
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3.1.2  Tissue processing for photooxidation 

One of the major disadvantages of fluorescent labelling is its incompatibility with 

electron microscopy studies. A method able to overcome this limitation is the process 

of fluorescence photooxidation of DAB. Photooxidation is the process of oxidation 

following exposure to radiant energy, such as ultraviolet (UV) and artificial light. This 

process involves using fluorescent dyes to oxidise the substrate DAB - converting it 

into an electron dense reaction product, making fluorescently labelled specimens 

suitable for electron microscopy analysis 500. For the reaction to work, intense 

illumination of fluorescent dyes at their excitatory wavelength is required 501. The 

mechanism underpinning photooxidation involves exciting fluorochromes with light, 

leading to the generation of free oxygen radicals that further oxidise DAB; giving dense 

precipitates 500. This mechanism is dependent on the presence of oxygen to generate 

free radicals upon illumination 501. Oxidised DAB forms networks, which, following 

osmium counter staining appear as fine granular precipitates at the sites of former 

fluorescence. The formed reaction product is insoluble in both alcohol and water, which 

can theoretically be used to achieve differentiated sub-cellular localisation of molecules 

with a high spatial resolution, when visualized using electron microscopy 501. Because 

reactive oxygen species react at sites very close to their generation, resolutions of 5-10 

nm should be visible from the reaction product 497,499.  

 

3.1.2.1 Methodology using a Click-iT EdU kit for 

photooxidation 

The gut is a highly proliferative tissue and was used to identify EdU+ nuclei as a proof 

of principle for the effectiveness of photooxidation. Tissue was prepared in accordance 

to the previous published methodology 60. Solutions containing DAB at concentrations 

from 0.5-2mg/ml in Tris-HCl pH 7.4-8.2 were used. Solutions were freshly prepared to 

ensure they were oxygen enriched. During incubation, samples were kept at 4ºC and 

protected from light. Paraformaldehyde / glutaraldehyde fixed 50µm thick vibratome 

sectioned tissue was stained with the EdU Alexa fluor (AF) 555Click-iTTM according to 

the manufacturer’s instructions for 60 min at room temperature to identify EdU+ cells. It 

was predicted that, for an approximate tissue thickness of 200µm, successful 

photobleaching times would be around 10-60 mins 501. Sections were suspended in 

chilled DAB solutions and excited for 60 min at a wavelength that was excitatory to the 

fluorophore of interest, thereby providing an experimental system that exceeded 

recommended photobleaching times. Tissue illumination was performed using a 50W 

mercury vector lamp (Vector Laboratories). 
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3.1.2.2 Results using a Click-iT EdU kit for 

photooxidation of newly derived cells 

Fluorescence microscopy images show fluorescently labelled EdU+ nuclei in sections 

of the small intestine of an adult PVG rat (Figure 3.2a). Additionally, there was 

successful photobleaching and subsequent loss of the EdU+ nuclei fluorescence 

following 60 min exposure to a 50W mercury lamp at the wavelength 555nm (Figure 

3.2b). Analysing the photobleached sections of small intestine using EM showed no 

evidence of photooxidation in the samples (Figure 3.2c).  
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Figure 3.2: Photobleaching EdU labelled tissue using a 50W mercury lamp in the 

presence of DAB.  

a) gut tissue labelled for EdU+ cells using fluorescently label picolyl azide AF594. b) Brightfield 

image of EdU+ labeled gut tissue following 30 min of photobleaching; note the dark region in the 

middle of the section c) Electron microscopy sample of photobleached gut with no evidence of 

DAB deposition. Scale bar a): 100µm. Scale bar b): 75µm . Scale bar c): 1µm. 
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3.1.2.3 Assessing the effectiveness of eosin for 

precipitate deposition in EM sections 

It is a possibility that the lack of photooxidation in the EdU AF555 electron microscopy 

sections (Figure 3.2) was due to a lack of oxygen produced by the AF555 fluorophore 

501. The production of reactive species is implicated in the photooxidation reaction 502. 

Xanthene dyes such as eosin exhibit intense absorption bands (480 – 550nm) and 

produce particularly high yields of singlet oxygen 503. Additionally, there is little 

granularity with eosin stained sections, making it appropriate for identifying features at 

a high spatial resolution, demonstrated through its use for labelling of single 

microtubules 501. These properties made eosin appropriate as a positive control for 

these photooxidation experiments. To ensure sufficient illumination of the eosin stained 

small intestine samples was achieved, stimulation was changed from a 50W mercury 

lamp to a 50mW solid state laser attached to an inverted Nikon Ti E microscope. This 

experiment was intended to be a proof of principle, to ascertain whether it was possible 

to generate deposition of the DAB particles using highly favourable conditions for DAB 

precipitate. Samples were labelled with eosin and exposed to 60 min of 490nm laser 

illumination.  

 

3.1.2.4 Results of using eosin 

There was positive eosin signal in the small intestine sections, representative image 

shown in Figure 3.3a. Localised regions of photobleaching were evident following a 30 

min illumination of small intestine sections (Figure 3.3b). Despite the success of 

photobleaching in the presence of DAB, there was no photooxidation evident by DAB 

deposition, when looking at the small intestine under electron microscopy (Figure 3.3c).  
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Figure 3.3: Photobleaching eosin labelled tissue in the presence of DAB did not produce 

DAB deposition visible under EM.  

a) Eosin labelled tissue before illumination with a stimulatory laser. b) Evidence of 

photobleaching after 30 min of illumination with a 488nm laser under 20x magnification; note 

dark circle on section. c) TEM image of gut at 3000x magnification following photobleaching; 

there is DAB precipitate visible, however it is random and not in a localized pattern representing 

the photobleached region in b). Scale bar a-b): 50µm. Scale bar c): 0.5µm 
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3.1.2.5 Results and conclusions from the photooxidation 

study 

Originally, Aim 3 was to identify myelin sheaths derived after injury, and characterise 

their decompaction compared to myelin sheaths present at the time of injury, using a 

combination of transgenic animals and TEM. Because this was not feasible given the 

limited availability of transgenic PVG animals and cost considerations, alternative 

methods were used to try to trace myelin internodes to their parent oligodendrocyte. 

We aimed to distinguish myelin sheaths derived after injury from those existing at the 

time of injury, using a combination of immunohistochemistry and SBF-SEM to identify 

newly derived oligodendrocyte cell bodies (EdU+ / CC1+) and follow their processes to 

their daughter internode segment. The pretreatment antigen retrieval steps required for 

BrdU identification were incompatible with EM due to the large scale damage to 

ultrastructure. To avoid this ultrastructural damage, photooxidation of fluorescent EdU+ 

cells was explored. Ultimately, this methodology did not work.  

 

In parallel, efforts were being made to optimize a 3D EM approach to enable tracing of 

decompacted myelin back to its parent oligodendrocyte and assess whether it was 

derived after injury through the identification of EdU. However, as described above, the 

identification of newly derived oligodendrocytes via photooxidation was not achieved. 

Whilst this approach was unsuccessful, preliminary 3D EM experiments were 

conducted to ensure that the decompacted myelin could be observed. In the process of 

analysis, interesting observations about the nature of axons and myelin in 3D were 

made, outlined in the manuscript below. 

 



 

  87 

3.2  Three dimensional electron microscopy 

reveals changing axonal and myelin morphology 

along normal and partially injured optic nerves  

 

Supplementary material associated with this paper is located in Section 6.1 
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3.3   Conclusions 

The current study demonstrated variability in axon caliber and myelin sheath thickness 

at 5µm intervals along the length of individual axons in normal and 3 month partially 

injured optic nerve. Variation in axon length has previously been reported in myelinated 

peripheral nervous system tracts, however, the spatial resolution in these studies was 

insufficient to investigate intricate morphological changes in individual axons 504,505.  

Using high resolution SBF-SEM, variability in axonal and myelin ultrastructure was 

observed. The degree of intraaxonal variability is exemplified by the 500% increase in 

the fiber diameter of axon 1, while bearing in mind the possible variability due to 

changing axon orientation relative to the sectioning plane. SBF-SEM presents itself as 

a new tool for the comprehensive assessment of axon and myelin ultrastructure, as 

well as the distribution of intra-axonal organelles in 3D. However, the time-consuming, 

costly nature of 3D SEM analysis requires planning to ensure the most appropriate 

analysis is performed for the outcome of interest. Future studies combining high 

throughput, single section 2D analysis and 3D assessment of tissue samples to attain 

an understanding of the intricate changes occurring within tissue following injury and in 

other disease conditions. The capacity to assess structure using 3D datasets presents 

the opportunity for a more comprehensive understanding of the structural changes 

resulting from CNS pathophysiology. 
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Chapter 4: General discussion and future 

work 

The data in this thesis aimed to determine the extent of oxidative damage to specific 

cellular subpopulations and structures within regions of secondary degeneration and 

assess the affect this oxidative damage has on the functioning of cellular 

subpopulations in vivo. Comparative assessment of oxidative damage demonstrates 

selective vulnerability of oligodendroglia to DNA oxidation in vivo. 

Immunohistochemical subpopulation and fate mapping analysis along the 

oligodendroglial lineage showed a transient susceptibility of these cells to DNA 

oxidation, protein nitration and lipid peroxidation, with mature oligodendrocytes derived 

immediately after injury more vulnerable to DNA oxidation than their counterparts 

existing at the time of injury or later derived. The presence of EdU+ mature 

oligodendrocytes was indicative of OPC differentiation, however the reduction in EdU+ 

OPCs and premyelinating oligodendrocyte numbers was not matched by an equivalent 

increase in EdU+ mature oligodendrocyte numbers. This implies either an arrest in 

differentiation, cell death or, alternatively, that ongoing proliferation of EdU-labelled 

OPCs diluted EdU to below limits of detection. Additionally, there was a loss in total 

OPC numbers 7 days after injury, which remained depleted at 28 days.  In situ 

hybridisation demonstrated a reduction in MyRF mRNA fluorescence in newly derived 

mature oligodendrocytes, suggesting a compromise in the production and maintenance 

of the myelin sheath in these cells. Mature oligodendrocytes existing at the time of 

injury were more likely to die 3 days after injury, implying DNA oxidation is more 

associated with mature oligodendrocyte dysfunction than death.  The EdU- mature 

oligodendrocyte vulnerability to death at 28 days after injury could include mature 

oligodendrocytes derived later after injury. The data imply a deficit in the normal 

differentiation of OPCs to mature oligodendrocytes, associated with a transient 

increase in oxidative damage, which may contribute to the dysmyelinating phenotype 

seen at chronic time points after injury.  

 

As outlined in Chapter 3, the initial goal of the 3D EM study was to identify the source 

of decompacted myelin sheaths in regions of secondary degeneration following 

neurotrauma. As the study evolved, the work in this thesis revealed changes to axon 

calibre and myelin sheath thickness along the length of individual axons in the optic 

nerve of normal animals and following injury, using high spatial resolution to identify 

subtle changes to axon diameter along individual axons. Variability in individual axonal 

calibre was exemplified by a 500% increase in axon diameter. Additionally, 
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comparisons between data derived from 2D analysis of 90 axons and 3D analysis 

along individual axons revealed statistically significant differences for outcomes of 

cross sectional area, axon diameter, myelin thickness and decompaction. It is 

important to note that, similar to previous 2D studies, assessment of axon and myelin 

diameter along their length is influenced by changes in axon direction relative to the 

sectioning plane and angle of the tissue block. Nevertheless, it is possible that previous 

studies assessing axonal diameter and myelin structure using single sections may be 

confounded by intraaxonal variability. No differences in axonal diameter and G-ratio 

were recorded between normal and injured optic nerves but there was a change in the 

correlation between axon diameter and myelin thickness following injury. Furthermore, 

assessment of mitochondrial length at the node of Ranvier reveals shorter length in 

injured tissue compared to normal, however there was no change in the total number of 

mitochondria at the node following injury. Similar to previous findings there was a 

significant increase in myelin decompaction along the lengths of individual axons. The 

decompaction pathology and associated functional loss observed following injury is 

likely due to damage to oligodendrocytes existing at the time of injury, and deficits in 

the functioning of newly derived oligodendrocytes within regions of secondary 

degeneration following neurotrauma.  This important finding has been comprehensively 

discussed in the published paper at the end of Chapter 3. The general discussion 

following will focus on the potential mechanisms responsible for the vulnerability of 

oligodendroglia.   

 

4.1  Oligodendroglial vulnerability to secondary 

degeneration 

We demonstrated an increased susceptibility of oligodendroglia, and specifically OPCs, 

to oxidative damage following neurotrauma in vivo. Comparisons between assessed 

regions of interest 3 days after injury revealed that olig2+ oligodendroglial regions were 

significantly more prone to DNA oxidation compared to other assessed regions, bar 

NG2+. This finding indicated that OPCs exhibit more oxidative damage to DNA than 

other tested cell types and cellular structures.  

 

To our knowledge, there have been no studies directly comparing the vulnerabilities of 

different cellular subpopulations and structures to oxidative damage following 

neurotrauma in vivo. Studies comparing the differential vulnerabilities of cellular 

subpopulations in the CNS following insult have typically been performed in vitro using 

primary or mixed cell cultures and in vivo studies have used percentage cell death as a 

proxy for damage. However, results generated from in vivo and in vitro studies suggest 
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a particular vulnerability of oligodendrocytes, OPCs and myelin sheaths to glutamate 

excitotoxicity 67,417,418,433,506-509. 

 

In vitro assessment of oxidative stress in primary OPC and astrocyte cultures using 

oxidation of dichlorofluorescein diacetate to dicholorofluorescein reveals differences in 

cellular vulnerability 66. OPCs exhibited 6 times more oxidative stress compared to 

astrocytes and OPCs underwent a 6-fold increase in oxidative stress, compared to the 

astrocyte twofold increase following 140mW/m2 blue light exposure 510. 

Oligodendrocyte vulnerability in vitro is further demonstrated by cell death occurring 

following a 24 hour exposure to 200µM glutamate, compared to astrocytes, which 

demonstrated resistance up to 5mM glutamate over 24 hours 434. Additional in vitro 

studies indicate a particular vulnerability of OPCs to excitotoxicity 433,471 and describe a 

plethora of mechanisms including ischemia, hypoxia and excitotoxicity which could 

potentially contribute to the loss of OPCs following neurotrauma in vivo 435.  

 

In vivo assessment of neuronal / glial viability in the hippocampal CA1 region following 

3, 5 or 10 min global ischemic insult in Sprague Dawley rats demonstrates cell-specific 

responses between neurons, astrocytes, microglia and oligodendrocytes 511. No direct 

comparisons in cellular vulnerability to oxidative damage were made in this study. 

Petito and associates demonstrate increased cell death and DNA fragmentation in 

oligodendrocytes compared to astrocytes and microglia following a 10min transient 

global ischemic insult in the rat 440. Additionally, oligodendrocytes are preferentially 

damaged following exposure to cuprizone compared to neurons and astrocytes 512, 

indicating the increased susceptibility of these cells to oxidative damage 513. However, 

direct comparisons of specific oxidative damage within these cellular subpopulations 

types were not performed.   

 

It is thought the combination of a high metabolic rate with potentially dangerous 

associated byproducts, high intracellular iron, and low concentrations of antioxidants, 

specifically, glutathione, render oligodendrocytes particularly vulnerable to oxidative 

damage 66,514. Despite this understanding, studies directly comparing the degree of 

damage to cellular subpopulations and structures have been limited due to the inherent 

limitations of traditional immunohistochemistry outlined in Chapter 2. The opportunity to 

explore using NanoSIMS allowed direct comparison between cellular subpopulations 

and structures in the context of secondary degeneration in vivo for the first time, and 

provided direct evidence suggesting OPCs and oligodendroglia are the most 

vulnerable, when compared to other cellular subpopulations and structures in the CNS.  
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Further investigation using more traditional approaches showed that caspase3+ EdU- 

mature oligodendrocytes were associated with a high immunointensity of 8OHdG at 3 

days after injury. However the numbers of EdU- oligodendrocytes was not observed to 

decrease until 28 days after injury. It is a possibility that the numbers of these cells 

were reduced at 14 days after injury, however this was not assessed. Caspase3 

cleavage triggers DNA fragmentation, degradation of cytoskeletal and nuclear protein, 

formation of apoptotic bodies and expression of ligands recognized by phagocytic cells 

for uptake 515. The delayed loss of oligodendrocytes is observed following SCI in the 

rat, whereby apoptotic oligodendroglial cells were recorded from 6 hours to 3 weeks 

after injury 64. Despite the loss of EdU- mature oligodendrocytes, the total numbers of 

these cells did not decrease, as they were supplemented by EdU+ oligodendrocytes. 

The lack of MyRF mRNA fluorescence in mature oligodendrocytes derived after injury 

would suggest these cells are surviving with compromised function and are unlikely to 

contribute to myelination. At the time of writing, additional immunohistochemical 

experiments to ascertain the presence of essential myelin proteins within these newly 

derived MyRF deficient oligodendrocytes are underway.  

 

A sustained depletion in OPC numbers in repeated episodes of demyelination is 

associated with poor functional recovery, potentially due to there being a reduced pool 

of potential mature oligodendrocytes 516. Additionally, the OPCs in demyelinating 

lesions exhibit reduced differentiation following exposure to differentiation factors 517. It 

is likely that a combination of cell death and differentiation into mature 

oligodendrocytes contributes to the loss of OPC numbers seen as early as 7 days after 

injury. Oxidative damage is associated with cellular vulnerability 518-520 therefore 

therapies limiting damage to oligodendroglia may be capable of maintaining the 

numbers of these cells and preserve function after neurotrauma.  

 

4.1.1  OPC depletion may contribute to impaired myelin 

repair in chronic neurotrauma 

The data in this thesis exhibit a reduction in the total number of OPCs as early as 7 

days after neurotrauma and it is a possibility that this has implications for functional 

outcomes in the chronic injury. The numbers of OPCs are chronically depleted in 

chemically-induced demyelination animal models 516, and this depletion of numbers is 

associated with reduced remyelination. Whilst the proliferation of OPCs within the first 

3 days of injury was sufficient to maintain the total number of mature oligodendrocytes 

at 28 days after injury, it is unknown whether the numbers of these newly derived 

oligodendrocytes are still present at 3 and 6 months after injury and whether these cells 
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myelinate axons, particularly when a lack of MyRF expression has previously been 

associated with oligodendrocyte death and reduced myelin protein expression 

350,404,405,521. Repeating the experiments outlined in Chapter 2 but extending outcomes 

to 3 and 6 months after injury will address this question.  

 

4.1.2  Protecting oligodendroglia from excitotoxic Ca2+ 

influx 

The progression of secondary degeneration, including oxidative damage is mediated 

by Ca2+ related mechanisms 522. The dysregulation of Ca2+ flux following injury is a 

characteristic feature of neurotrauma and other neurodegenerative diseases 109,522-526. 

The molecular signature of oligodendrocytes exacerbates their susceptibility to 

excitotoxic cell death 418,421,433,527,528. Ca2+ entry via GluR4 and GluR3/4 expressing 

AMPA 424, NMDA 425,529,530, and kainate 421,531 receptors render oligodendrocytes 

vulnerable following exposure to high concentrations of extracellular glutamate. 

 

Related studies in the Fitzgerald lab have explored the efficacy of using the ion channel 

inhibitors Lomerizine (L- and T-type calcium channel inhibitor), OxATP (P2X7 receptor 

inhibitor) and YM872 (an AMPA receptor antagonist) to reduce Ca2+ influx and thereby 

preserve structure and function of oligodendroglia following neurotrauma 43,52,65,532-534. 

Lomerizine alone has been shown to prevent myelin decompaction in chronic 

neurotrauma lesions 65. It is suggested that there are a number of Ca2+ entry pathways 

activated following injury, thus it is likely that effective neurotrauma treatment requires 

a combination of ion channel inhibitors 65,533,535. Doig et al., 2017 used a combination of 

the 3 ion channel inhibitors; Lomerizine, OxATP and YM872 following partial 

transection of the optic nerve and found a preservation of OPC numbers to normal 

levels, that was not observed when injured animals were treated with one or two of the 

ion channel inhibitors at 3 days after injury 533. Long term preservation of visual function 

similarly required treatment with the three inhibitors in combination 65. No EdU was 

administered to any of the animals in this study, therefore no data about OPC 

proliferation or numbers of mature oligodendrocytes derived after injury are available, 

and therefore it is not yet known whether the increased number of OPCs are derived 

from a lack of differentiation to oligodendrocytes, protection from cell death, or a 

combination of both. 

 

A lack of OPC differentiation has been postulated as a contributing mechanism for 

remyelination failure in chronic MS 20,370,536 and as such, ensuring the proper 

differentiation of OPCs into myelinating oligodendrocytes will be an important 
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consideration for functional recovery following neurotrauma. It has been suggested that 

neurotransmitter-mediated Ca2+ flux into OPCs regulates their differentiation capacity 

and response to injury 537. Repeating experiments outlined in Chapter 2 in the presence 

of the 3 ion channel inhibitor combination would provide information about OPC 

function, with particular regard to differentiation after injury. Assessment of oxidative 

stress would reveal if damage is reduced in oligodendroglia as a consequence of 

inhibition of multiple ion channels. Comparing the immunointensity of oxidative damage 

in oligodendroglia 3 days after injury, with and without the 3 ion channel combination, 

will reveal whether this intervention is sufficient to prevent the transient increase in 

oxidative damage observed at 3 days. Additionally, fate mapping EdU+ mature 

oligodendrocytes 28 days after injury will reveal whether the ion channel inhibitor 

intervention restores MyRF mRNA in newly derived oligodendrocytes.  

 

4.2  Oligodendroglia colocalise with oxidative 

damage markers in a maturation-dependent manner 

Oligodendroglia are particularly vulnerable to oxidative damage following neurotrauma 

due to peroxide scavenging deficits 510, high iron content 66,430, low reduced-glutathione 

levels 66, and low antioxidant defences 438. These increased risk factors culminate in 

the increased immunointensity of oxidative damage markers colocalised with these 

cells 3 days after injury. It is possible that there is a maturation-dependent resistance to 

neurotrauma, contributing to the different types of oxidative damage recorded across 

the oligodendroglial lineage in Chapter 2. Maturation dependent vulnerability of 

oligodendroglia is further exemplified by the timing of hypoxic-ischemic injury to the 

periventricular white matter. The highest vulnerability was found to be 23-32 weeks 

postconceptional age, which precedes the onset of myelination and identifies 

premyelinating oligodendrocytes as the most vulnerable to damage 436. In vitro 

experiments demonstrate that mature oligodendrocytes produce ●NO 538 and are less 

sensitive to the damaging effects of ●NO than immature oligodendroglia 539. Therefore, 

when investigating oxidative damage to oligodendroglia, not only does the state of 

maturation need to be considered, but also the type of free radicals present. Although 

not assessed using a model of secondary degeneration, the differences in the 

colocalisation of oxidative damage with subpopulations of oligodendroglia may be 

accounted for by maturation-dependent differences in intracellular glutathione levels 67. 

In vitro cysteine deprivation led to a total eradication of OPCs whereas mature OLs 

survived 67 – again alluding to differences in the cellular biology of these cells, which 

account for the differences in oxidative damage following neurotrauma. Ultrastructural 

features of free radical-mediated injury in glutathione-depleted OPCs included nuclear 
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condensation, margination of chromatin, and mitochondrial swelling, all of which may 

influence biological functioning and induce cellular apoptosis, whereas none of these 

changes were observed in mature oligodendrocytes 67. These factors may explain the 

differences in oxidative damage co-localisation between oligodendroglial 

subpopulations in the current study, whereby the increased sensitivity to circulating 

ROS and RNS culminates in more manifestations of oxidative damage.  

 

4.3  Source of oxidative damage to 

oligodendroglia 

A majority of the recorded oxidative damage to oligodendroglia within regions of 

secondary degeneration occurs 3 days after injury, returning to uninjured levels at 7 

and 28 days (Chapter 2). Astrocytes 540, microglia and infiltrating macrophages 61,168,541-

543 have been cited as producers of ROS in neurotrauma, and may contribute to the 

spread of oxidative damage following injury. The underlying pathological mechanisms 

responsible for oxidative damage to oligodendroglia remains to be elucidated. 

Astrocytes are implicit in other models of neurotrauma 232,540 and astrocytic networks 

contribute to the spread of oxidative damage from the initial injury site to uninjured 

adjacent areas via the amplification of Ca2+ waves and glutamate excitotoxicity  

39,480,544. Hypertrophy of astrocytic immunofluorescence was observed throughout the 

optic nerve following partial injury, with greater amounts of GFAP and nestin seen at 3 

days after injury 48. The increase in astrocytic activity coincides with node/paranode 

abnormalities 7 and increased oxidative stress in oligodendroglia within regions of 

secondary degeneration (Chapter 2) 1 and 3 days after injury, respectively, implicating 

astrocytic activity in mediating oxidative damage to these structures. 

 

In our studies there was no concurrent increase in the immunointensity of arg1+ / 

iNOS+ cells or in the numbers of CD11b+ / CD45+ immune cells in the ventral optic 

nerve after injury; these occurred later, after 7 days (Chapter 2). Previous research 

from the Fitzgerald lab has found increased number of ED1+ macrophages and Iba1+ 

microglia in the dorsal injury site in the first 24 hours, followed by a spread to the 

adjacent surrounding ventral tissue at 3 days 48, coinciding with increased oxidative 

damage to oligodendroglia within these regions of secondary degeneration (Chapter 2). 

At the site of neurotrauma, there is a significant increase in 2-chloroethidium 1 and 7 

days after partial injury, likely due to exposure of dihydroethidium to hypochlorous acid, 

which is derived from myeloperoxidase 61,545. Myeloperoxidase-derived chlorinating 

species, lipid peroxidation and protein nitration likely contribute to the structural and 

functional deficits characteristic of neurotrauma 545. The exact role of the immune 
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response following neurotrauma unclear. Empirical evidence suggests microglia do not 

form stable subsets, and phenotype is determined by a number of competing factors 

present in the tissue  483. These factors activate pathways that interact and form 

complex, mixed phenotypes with varying levels of activation 191.  

 

4.3.1  Immune response following neurotrauma 

The results detailed at the end of Chapter 2 demonstrate a concomitant increase in 

arg1 and iNOS immunointensity and co-expression of arg1 and iNOS within the same 

cell (Figure 2.12). Immunohistochemical assessment revealed increased iNOS 

immunoreactivity 7 days after injury, and increased arg1 immunoreactivity 7 and 28 

days after injury. Additionally, the numbers of CD45 increased 7 days after injury and 

CD11b increased 7 and 28 days after injury (Figure 2.13). iNOS produces NO, which 

acts as a signaling molecule and vasodilator at low concentrations 546, however, at 

higher concentrations it is implicated in immune-mediated cytotoxicity 547. iNOS is 

ubiquitous in inflammatory conditions and is thought to be involved in the modulation of 

the immune response 548,549. In vitro studies using primary rat cultured glial cells, 

indicate that NO is involved in mitochondrial dysfunction, DNA damage, morphological 

changes and cell death of cultured oligodendrocytes, but not astrocytes or microglia 550. 

iNOS expression is increased in EAE 551,552. Interestingly, genetic deletion or inhibition 

of iNOS has resulted in both exacerbation 553,554 and protection 555,556 against EAE, 

indicating a dual role of NO as a mediator of injury or a signaling, antioxidant molecule.  

 

Arg1 is an inducible enzyme that competes with iNOS for L-arginine and as a result, is 

a regulator of iNOS translation in a variety of cells 557,558. It has been suggested arg1 in 

macrophages promotes Th2 cytokine production, contributing to the resolution of 

inflammation and tissue repair 186. Arg1 is also implicated in neuroprotection by 

regulating NO generation and increasing neurite outgrowth 559. Additionally, human 

smooth muscle cells with an overexpression of the arg1 gene decreased LPS-induced 

pro-inflammatory cytokine production 560, supporting the anti-inflammatory function of 

arg1. Most studies demonstrate a positive correlation of arg1 with alternatively 

activated macrophages, however, this is not always the case. Mice deficient in arg1 

have a decreased production of TGF-β, suppressed expression of proinflammatory 

cytokines IL-12 and IL-23p40 and inhibition of T cell proliferation 561. The exact role of 

arg1 in alternatively activated macrophage regulation in the context of neurotrauma 

remains to be elucidated.  

 

The lack of oxidative damage in oligodendroglia at 7 days after injury suggests the anti-

inflammatory components of arg1 and iNOS preferentially influence the cellular 
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environment. Additionally, arg1 immunointensity remains elevated at 28 days after 

injury, which could be facilitative to an anti-inflammatory environment and potentially 

account for the reduced oxidative damage in oligodendroglia 7 and 28 days after injury. 

Conditional ablation of the arg1 gene in macrophages allows assessment of arg1-

expressing macrophages contribution to oxidative damage in oligodendroglia following 

neurotrauma. Crossing rats with a portion of the arg1 gene flanked with loxP sites with 

rats expressing Cre recombinase from the lysosome M (LysM) gene generates animals 

in which arg1 is deleted in macrophages. This model has previously been generated in 

mice 562. It is important to use these animals with arg1 conditionally knocked out of 

macrophages as conventional arg1 knockout mice exhibit severe symptoms of 

hyperammonemia and die between postnatal days 10 and 14 563, therefore are not 

appropriate to study neurotrauma in adult animals. Performing a partial transection of 

the optic nerve on normal and genetically modified adult rats and comparing oxidative 

damage to oligodendroglia at 3, 7 and 28 days after injury would elucidate the influence 

arg1+ macrophages has on oxidative damage to oligodendroglia.   

 

4.4  Mature oligodendrocyte numbers are 

maintained by differentiated OPCs following 

neurotrauma 

OPCs proliferate and differentiate in response to partial injury to the optic nerve. The 

data presented in this thesis demonstrate that the response of OPCs in the first 3 days 

after injury is sufficient to maintain the numbers of oligodendrocytes at least until 28 

days after injury. No loss in the total number of mature oligodendrocytes was recorded 

at any stage following the partial transection of the optic nerve. The data presented in 

Chapter 2 indicate that the total number of mature oligodendrocytes is maintained by 

differentiation of OPCs proliferating in the first 3 days of injury. Discounting the 

numbers of newly derived oligodendrocytes after injury leads to a significant loss of 

CC1+ cells when compared to normal optic nerves, indicating the importance of OPC 

differentiation for the maintenance of oligodendrocyte number. The increased 

caspase3+ mature oligodendrocytes that are EdU- and thereby likely pre-existing at the 

time of injury, reflect this EdU- mature oligodendrocyte cell loss. Similar findings are 

observed in other models of neurotrauma, where there is no loss of mature 

oligodendrocytes following spinal cord contusion 564. Additionally, the presence of 

terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL)+ mature 

oligodendrocytes following a partial transection of the optic nerve 6, and spinal cord 
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injury 565 supports the notion that pre-existing oligodendrocytes are vulnerable to cell 

death following neurotrauma. 

It is thought OPCs take approximately 2-7 days to mature into myelinating 

oligodendrocytes following demyelinating insults 327 and SCI 45 in vivo, however, time to 

differentiation may vary depending on the area of the CNS 323 as well as the presence 

of myelin 410. A portion of the newly derived oligodendrocytes present 3 days after 

injury may be accounted for by a recently discovered subpopulation of oligodendroglia 

which rapidly proliferate in the early stages of learning 566. A new molecular marker 

Enpp6, mostly co-labelled with CC1+ cells 566-568 is preferentially expressed in early 

differentiating oligodendrocytes 569. These Enpp6-expressing newly-forming 

oligodendrocytes represent an oligodendroglial subpopulation capable of accelerated 

differentiation into newly derived oligodendrocytes just 2.5 hours into self-training on a 

complex wheel 566. This early wave of oligodendrocyte differentiation is thought to be 

derived from OPCs paused in the G1 phase of their cell cycle, and therefore may not 

be detected by EdU 566.  The sudden surge of differentiation leads to a transient dip in 

the local concentration of OPCs, which subsequently leads to an increased number of 

OPCs entering the S-phase of their cell cycle and elevated oligodendrocyte production 

which continues past 10 days after injury 566. It is unknown whether these Enpp6+ 

newly-forming oligodendrocytes respond to demyelinating insults or traumatic injury. 

Future studies investigating the very earliest stages after neurotrauma (<10 days) will 

benefit by identifying Enpp6+ newly-forming oligodendrocytes and assessing the 

vulnerability of these cells to oxidative damage. These cells could potentially be a 

promising target for ion channel inhibitor intervention and protecting them from damage 

could lead to improved functional outcomes following neurotrauma.  

 

4.4.1  How much oligodendrocyte maintenance is 

required for preservation of function?  

Mature oligodendrocytes are capable of myelin remodeling in response to increased 

electrical activity, independent of OPC differentiation 570. In vitro studies have 

demonstrated increased myelination of electrically active neurons in the absence of 

OPCs, implying that mature oligodendrocytes are capable of activity-dependent myelin 

remodeling 570. This myelin remodeling is thought to be mediated by cytokine leukemia 

inhibitory factor released by astrocytes in response to ATP release from active neurons 

570. However, following cerebral ischemia, damaged oligodendrocytes are no longer 

able to generate myelin, leading to an impairment of axonal function 37,571. It is not clear 

if there is any OPC-independent myelin remodeling following neurotrauma, however a 

reduction in the total numbers of oligodendrocytes is associated with a loss of function 
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in MS 572, SCI 573, TBI 574 and neuromyelitis optica 575, implying that a maintenance of 

myelinating cell number is important for maintenance of function. Additionally, it has 

been found that myelinating oligodendrocytes existing at the time of a toxin-induced 

spinal cord demyelination injury do not contribute to remyelination 576. 

 

The differentiation of OPCs into myelinating oligodendrocytes is dependent on the 

transcription factor MyRF 404,521. MyRF is not expressed in cycling OPCs, but is present 

in differentiating oligodendrocytes, and is involved in the activation of many genes, 

particularly those encoding myelin structural proteins 404,406,521.  To assess the myelin 

remodeling capacity of adult-born oligodendrocytes following neurotrauma in the 

absence of OPC differentiation in vivo, it is possible to inactivate MyRF conditionally in 

OPCs using tamoxifen-inducible CreERT2 under transcriptional control of PDGFR⍺ 

(PDGFR⍺-CreERT2) to delete a loxP flanked allele of MyRF 577. This significantly 

reduces the production of new oligodendrocytes from OPCs without affecting already 

existing mature oligodendrocytes and their associated myelin sheaths 577. Conditionally 

knocking out the MyRF gene following partial transection of the optic nerve, would 

prevent the maturation of OPCs into myelinating oligodendrocytes, potentially leading 

to a reduction in numbers of oligodendrocytes 28 days after injury and allow some 

indication of the number of oligodendrocytes required for functional maintenance and 

whether myelin remodeling from existing oligodendrocytes occurs in secondary 

degeneration.  

 

4.5  Consequences of DNA oxidation to post-

mitotic oligodendrocytes 

Increased DNA oxidation 3 days after injury in newly derived oligodendrocytes 

compared to their counterparts existing at the time of injury implies a proliferation-

dependent influence on oligodendroglial vulnerability to oxidative damage. 

Oligodendrocytes are a postmitotic subpopulation widely considered not to have 

proliferative capacity once they have reached maturity 521. Interestingly, accumulation 

of DNA damage in postmitotic neurons can initiate cell cycle re-entry, which leads to 

cell death 148,578,579. There is an apoptosis of mature oligodendrocytes when forced into 

their cell cycle by exposure to specific mitogens in vitro and in vivo 580,581. The 

accumulation of DNA damage in mature oligodendrocytes following neurotrauma may 

drive these cells into their cell cycle, which could explain why EdU+ oligodendrocytes 

are colocalised with higher 8OHdG immunointensity compared to their EdU- 

counterparts 3 days after injury. It is becoming increasingly apparent that EdU+ 

oligodendrocytes are not necessarily derived from OPCs and comprehensive 
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characterisation of the source of these early EdU+ oligodendroglial subpopulations 

may open new avenues in therapeutic interventions following neurotrauma.  

 

4.6  Compromised myelin generation of newly 

derived oligodendrocytes 

Although the number of mature oligodendrocytes was maintained following injury, 

MyRF, which is integral in both the development and maintenance of the myelin sheath 

404, is almost completely absent in newly derived oligodendrocytes compared to their 

previously existing counterparts. Mature oligodendrocytes were identified using CC1, 

however, expression of CC1 alone does not prove myelin sheath production from these 

postmitotic cells 323,404. Therefore it is a strong possibility that the mature 

oligodendrocytes derived after injury in the current study do not produce myelin 

sheaths. In vitro knockdown of MyRF in cultured OPCs by RNA interference delayed 

and reduced the expression of the majority of myelin genes, including MBP, MOG, 

CNP and PLP, compared to cultured OPCs with no MyRF interference 404. MyRF 

knockdown has also lead to increased apoptosis in cultured OPCs 404. Furthermore, 

conditional knock out of MyRF within the oligodendroglial lineage in vivo demonstrate 

severe dysmyelination in the mouse optic nerve as well as increased levels of 

oligodendroglial cell death 404.  

 

It is a possibility that the dysmyelination phenotype observed at chronic time points 

after neurotrauma is due to either a lack of new myelin replacing the structurally 

compromised myelin sheaths after injury, or the newly derived oligodendrocytes 

produce compromised myelin sheaths. The disruption of myelin genes such as PLP 582 

and MBP 583 have been associated with the dysmyelination phenotype which is 

similarly observed following neurotrauma 6. Repeating the experiments outlined in the 

Chapter 2 study with additional immunohistochemical outcomes colocalising myelin 

protein expression with newly derived oligodendrocytes following neurotrauma will 

ascertain whether these cells are able to produce myelin sheaths, despite their reduced 

MyRF expression. Immunohistochemical identification of PLP can be used to overcome 

the difficulty of associating a myelin sheath segment with its parent oligodendrocyte cell 

body. PLP is only observed in oligodendrocytes in close association with fibers already 

undergoing myelination 584. Therefore the onset of PLP protein production in the cell 

body of the oligodendrocyte occurs after the process of ensheathment has started. 
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4.6.1  Limitations of, and additional EdU fate mapping 

experiments 

The immunohistochemical facet of the study from Chapter 2 used EdU to assess OPC 

differentiation and survival of oligodendrocytes derived from OPCs after partial injury to 

the optic nerve. EdU was injected twice a day for 3 days beginning immediately after 

injury and therefore it is likely EdU+ mature oligodendrocytes were derived from the 

earliest proliferating OPCs. Following a traumatic insult, OPCs have a major 

proliferative response for the first 7 days after injury 366, however, there have been 

reports of OPC proliferation continuing 4 weeks after neurotrauma 332. Studies aimed at 

determining the capacity of OPCs to proliferate and differentiate at later time points will 

be valuable in ascertaining a temporal-dependent vulnerability of oligodendroglia after 

injury (Figure 4.1).  

 

EdU has previously been reported to label cells in the dentate gyrus of the rat 2 hours 

after injection 478. Given the 12-hour EdU administration cycle of the study in Chapter 2, 

it is a possibility that a portion of EdU-negative cells were newly derived within the first 

3 days after injury. Another important consideration is that the ongoing proliferation of 

EdU-labelled OPCs could have diluted EdU below the limits of detection, and 

potentially contributed to a disproportionate reduction in the density of EdU-positive 

oligodendroglia at 7 and 28 days, compared to 3 days after injury. Alternative methods 

of administration such as incorporating EdU in animal drinking water overcome the 

limitations of intraperitoneal injections and allow continuous labelling of proliferating 

cells. This method of administration demonstrated no toxicity-associated inhibition of 

proliferation at a concentration of 0.2mg/kg for up to 50 days of continuous exposure 

323. However, it is difficult to trace the amount of EdU administered to each animal 

using this method. This is an important caveat for the Chapter 2 study and the paper 

considers the EdU+ population as a representative subset of all newly derived 

oligodendroglia.  
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Figure 4.1: Example experimental design of EdU injections following partial transection 

of the optic nerve. 

a) Animals are given 2 injections of EdU (20mg/kg) in sterile water 8 hours apart for 3 days 

following partial transection of the optic nerve. Euthanasia is at 3, 7 and 28 days after injury. 

These studies allow comparison of oxidative damage between mature oligodendrocytes derived 

from early proliferating OPCs and OPCs proliferating between b) 3 - 6 and c) 7 - 10 days after 

injury. 
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4.7  Ultrastructural changes to optic nerve 

following neurotrauma 

An initial goal of the work in Chapter 3 was to identify parent oligodendrocytes of 

individual myelin internodes and assess the degree of decompaction with the aim of 

identifying the source of decompacted myelin associated with chronic neurotrauma. As 

outlined in the introduction to Chapter 3, the techniques involved in identifying newly 

derived oligodendrocytes were either incompatible with the preservation of tissue 

ultrastructure or did not provide identification of newly derived oligodendrocytes. 

However, useful outcomes were still derived and are discussed in detail in the paper 

presented in Chapter 3. Assessment of tissue ultrastructure following injury confirmed 

previous findings of myelin decompaction, paranode lengthening and mitochondrial 

shortening 6,7,60. 

 

4.7.1  Shorter mitochondria are a characteristic feature 

of neurotrauma 

The results presented in Chapter 3 exhibit a shortening of mitochondrial length at the 

node of Ranvier 3 months after neurotrauma. At the nodes of Ranvier, mitochondria 

regulate impulse conduction by producing the ATP responsible for the maintenance of 

the Na+/K+- ATPase 585. There is mounting evidence suggesting mitochondria 

constantly undergo fission and fusion to meet the metabolic demands of the cell 98,586-

590. Fusion of mitochondria is often observed in states of high energy demand to 

increase cristae density in an effort to maximize ATP production 95. Contrarily, 

mitochondrial fission is seen in the translocation of mitochondria to areas with a high 

metabolic demand 95,591 and following mitochondrial damage, allowing for the 

segregation and mitophagy of damaged mitochondria 592. Fission can lead to the 

formation of fragmented mitochondria and is associated with neurodegenerative 

conditions such as Alzheimer’s disease 96. Excess mitochondrial fission has been 

recorded in hippocampal neurons 72h following traumatic brain injury in rats 590. There 

are a number of signaling pathways involved in the regulation of mitochondrial fission 

through modification of the cytosolic dynamin family member Drp1, including 

phosphorylation, ubiquitination and nitrosylation 96. The presence of excess reactive 

oxygen species within regions of secondary degeneration following injury 48,61 may 

contribute to the fission of mitochondria through the modification of this pathway. It is 

plausible that the transient oxidative damage observed within regions of secondary 

degeneration 61 contributes to the chronic dysregulation of mitochondrial fission, 



 

  116 

resulting in fragmented mitochondria of shorter length at 3 months after injury with 

shorter function.  

 

4.8  Is there remyelination in the optic nerve 

following partial injury? 

The studies comprising this thesis do not directly assess remyelination following 

neurotrauma. Before considering remyelination, it is important to establish whether 

there is demyelination following partial injury of the optic nerve. To date, there has 

been no recorded increase in the number of unmyelinated axons 1 and 3 months after 

a partial optic nerve transection 6. However, the shortening of myelin internodes at 3 

months after SCI 44, the lack of caspase3+ newly derived oligodendrocytes (Chapter 2) 

and the presence of thinner myelin following partial transection of the optic nerve is 

indicative of remyelination 276. Although we observed newly derived oligodendrocytes 

with reduced MyRF expression, these cells were likely derived from OPCs proliferating 

within the first 3 days after injury. It is a possibility OPCs proliferating and differentiating 

after the first 3 days of injury exhibit MyRF expression akin to oligodendrocytes existing 

at the time of injury, and these cells contribute to the remyelination phenotype seen in 

chronic neurotrauma (as outlined in section 4.6.1). It is unlikely that remyelination is 

derived from oligodendrocytes existing at the time of injury 576. Previous studies 

suggest demyelination to intact axons occurs 2 - 7 days after SCI 593, and it has been 

suggested that mature oligodendrocytes derived from OPCs remyelinated 

demyelinated axons at 14 days post-injury 594. Earlier ultrastructural assessment of the 

optic nerve following partial injury will elucidate whether there is an  increase in the 

number of bare axons at this time. 

  

Additionally, if demyelination is established, it is possible to identify newly formed 

myelinating oligodendrocytes by morphology within regions of secondary degeneration 

595,596. Administering tamoxifen to PDGFR⍺CreERT2 : Tau-mGFP reporter animals 597 

immediately following partial injury to the optic nerve will induce expression of 

membrane inserted green fluorescent protein (mGFP) in OPCs, the expression of 

mGFP will persist within these cell despite differentiation 323. Myelin sheaths derived 

from OPCs after injury can be distinguished from pre-existing myelin sheaths using 

fluorescence microscopy 323. Myelin sheaths derived after injury would be associated 

with mGFP fluorescence, whereas pre-existing sheaths would have no mGFP 

expression 323. This technique forgoes the need to trace of oligodendroglial processes 

to their daughter myelin sheath, due to the fact that GFP is expressed throughout the 
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whole differentiated PDGFR⍺+ cell 323, allowing identification of newly derived myelin 

processes in longitudinal sections of optic nerve.  

 

Using PDGFR⍺CreERT2 : Tau-mGFP reporter animals, it is possible to characterise the 

ultrastructure of newly derived myelin sheaths via DAB or immunogold 

immunohistochemical identification of mGFP in EM sections 323.  mGFP is expressed in 

the external cytoplasmic tongue process of the myelin sheath, therefore no tracing of 

the myelin sheath to the parent oligodendrocyte cell body to identify newly derived cells 

is required 323. Characterising the structure of the newly derived myelin sheaths is 

integral in identifying the source of decompacted myelin sheaths in chronic 

neurotrauma lesions.  

 

4.9  Why is myelin sheath integrity important?  

The presence of myelinated axons is not necessarily indicative of functional 

maintenance 6,598,599 as disruption to myelin sheath ultrastructure following neurotrauma 

is associated with compromised axonal function.  The presence of ‘thin’ myelin sheaths 

in an established animal model of Charcot-Marie-Tooth disease 1A was associated 

with a severe slowing of conduction velocity, decreased motor wave amplitude and 

compromised motor function 599. Recently, biophysical computational models of axons 

have allowed the investigation into the influence changes to individual myelin structures 

has on axon’s response to injury 598. Increased myelin detachment, the space between 

the inner myelin membrane and outer axon membrane, was the key parameter in 

predicting axonal function in small and large caliber axons following injury 598. 

Additionally, retraction of the myelin paranode resulted in reductions in conduction 

velocity and membrane potential, affecting small caliber axons more than large caliber 

axons 598. There is also evidence to suggest increased number of myelin layers 

increases conduction velocity 600.  

 

Aging is associated with increased oxidative stress and subsequent myelin 

abnormalities 601-603. increased nodal and internodal lengths in the optic nerves of 12 

month old mice compared to 1 month old mice 603, which is associated with altered 

conduction velocities 598. Moreover, there was an increased concentration of 

malondialdehyde in aged Rhesus monkeys 604. Increases in malondialdehyde are 

associated with myelin lipid bilayer instability in humans 601,605.  There was a direct 

relationship between malondialdehyde concentration and latency delay in conduction 

velocity, supporting the notion compromised myelin ultrastructure is associated with 

altered electrophysiology and therefore function 604. It is evident the restoration of 
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myelin ultrastructure is an important consideration in preserving function after injury 

and alterations to individual myelin structures have the capacity to influence conduction 

velocity.  

 

4.10  Implications for human injury  

Animal models of neurotrauma are used to develop an understanding of the cellular 

and molecular processes driving the progression of injury that cannot be addressed in 

the clinical setting. The optic nerve is part of the CNS, and undergoes the same 

primary and secondary degenerative processes as other white tracts in the CNS, such 

as those found in the spinal cord 59. The results from this thesis suggest that 

oligodendroglial functioning may be compromised in chronic neurotrauma lesions, 

associated with oxidative damage in the acute phase of injury. To date, there have 

been no studies investigating the impact of oxidative damage to oligodendrocytes 

following neurotrauma in humans, making extrapolation from the rodent to human 

difficult. It is worth noting that there is increased DNA oxidation in the oligodendrocyte 

nuclei of MS patients 606. However, these experiments were performed on chronic MS 

tissue and are not indicative of the acute phase of MS. More work needs to be done to 

find out how applicable the changes observed in rodents following neurotrauma are to 

humans. 

 

4.11  Final remarks 

The maintenance of oligodendrocytes and their associated myelin sheaths is integral to 

the proper functioning of neurons. The changes to oligodendrocytes within regions of 

secondary degeneration are multifaceted and treatments are likely to have to address 

the multiple components of the injury response. Extensive characterization of the 

immune response, and associated increased reactive species following neurotrauma 

will help guide the timing of therapeutic intervention following injury for better functional 

outcomes. There has already been some success in maintaining OPC numbers using 

multiple ion channel inhibitors following neurotrauma 533, however additional studies 

assessing the influence these inhibitors have on oxidative damage and differentiation 

to these cells are required. It is likely that limiting acute oxidative damage to 

oligodendroglia during the acute phase of injury is associated with improved outcomes 

in myelin ultrastructure in chronic neurotrauma lesions. In addition to protecting 

oligodendroglia from oxidative damage, congruent therapies promoting the expression 

of MyRF in newly derived oligodendrocytes may improve functional outcomes following 

neurotrauma.  
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Supplementary Figure S1: Morphological measurements made along the length of 10 

randomly selected axons from normal optic nerve and regions of secondary 

degeneration following partial optic nerve transection. 

Axons were from normal (a, b) and injured (c, d, e) animals. Similar to Figure 2 in the main 

paper , each column of graphs represent individually reconstructed axons, showing 

measurements of cross - sectional surface area, axon diameter, myelin thickness, fiber 

diameter, G ratio and percentage myelin decompaction. Measurements were made at 5um 

intervals along the length of that axon. Changes to the recorded outcomes are apparent along 

the length of individual axons. Grey lines represent the position of the node within the axon 

where present ; in some axon segments the node is situated between data values .  
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