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Abstract

Multiple sclerosis (MS) is a chronic inflammatory disease which is characterised by
demyelinated lesions, or areas of the brain where the myelin sheath that facilitates correct neuronal
signalling is lost. This disease has been traditionally considered to have a primarily autoimmune
aetiology but is now being increasingly acknowledged to be multifaceted and complex with primary
oligodendrocyte death and innate neuroinflammation occurring in the absence of peripheral immune
cell infiltration. Current immunomodulatory treatments only slow MS disease progression rather than
halt it completely, which suggests that therapeutics that are more effective in targeting this innate
central nervous system (CNS) damage may also be required to improve the quality of life for those
living with MS. Neurotrauma, such as traumatic brain injury (TBI), is the damage caused by an
external force acting upon the CNS. There are currently no effective pharmacological therapies
clinically available for treating those who have experienced neurotrauma. The literature surrounding
damage specifically to white matter following neurotrauma is presented in the thesis as a published
narrative review article. Neurotrauma shares similar mechanisms of damage to MS, therefore to
facilitate rapid advancement of knowledge and potentially assist in the development of effective
treatments for both of these disorders, it is important to deepen the understanding of these
commonalities between MS and neurotrauma. One such damage mechanism shared between the two
conditions is oxidative stress, which is the damage caused by overwhelming levels of reactive oxygen
species (ROS). Oligodendrocyte precursor cells (OPCs) are particularly vulnerable to the
deoxyribonucleic acid (DNA) damage that results from heightened oxidative stress. Therefore, the
core goal of this thesis was to establish the framework and commence initial experiments for
investigation into broader shared mechanisms of oxidative damage between MS and neurotrauma.

The first aim of the thesis was to demonstrate the generalisability of a combinatorial treatment
for ameliorating pathology in models of MS & neurotrauma. To address this, the initial work
presented in the thesis utilises a combinatorial ion channel inhibitor treatment for neurotrauma and
MS and encompasses two published papers that I have contributed to during candidature. Both studies
utilised a combination of lomerizine, YM872 and Brilliant Blue G (BBG) to limit excess calcium ion
(Ca?") influx into cells. This therapeutic strategy resulted in significant improvements for myelin
outcomes in both models, which suggests that similar Ca?*-associated mechanisms underpin the
myelin structure abnormalities in the two conditions. This research also assessed whether the ion
channel inhibitor combination results in an anti-inflammatory effect in the periphery when
systemically delivered following neurotrauma, however no effect of either injury or treatment on
circulating chemokine and cytokine levels was observed at the acute three day timepoint post-injury.
Nevertheless, the generalisability of this combinatorial ion channel inhibitor treatment in the two

animal models further supports the theory that deepening the understanding of the common
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mechanisms between neurotrauma and MS will potentially assist in the development of effective
treatments for both of these disorders.

The second aim of the thesis was to establish the framework & commence initial experiments
investigating shared mechanisms of oxidative damage to oligodendroglia in models of MS &
neurotrauma. Initially, it was intended that this thesis would use the cuprizone model of
demyelinating disease to answer a series of research questions regarding the effects of oxidative DNA
damage on the oligodendrocyte cell cycle, as part of a larger collaborative study. To address these
questions as the second aim of the thesis, a large-scale experiment utilising cuprizone was designed
and performed. However, upon both behavioural and tissue analysis, it was evident that the
administered cuprizone wasn’t effective at inducing demyelinating pathology. Therefore, a
subsequent study was performed to directly compare powdered and pelleted cuprizone feed
formulations to determine the optimal delivery technique for effective cuprizone toxicity. In this
comparison, a 0.2% cuprizone model was employed at an early 3 week timepoint, with the cuprizone fed
to mice in either a powdered or pelleted form, with appropriate control groups for both feed formulations.
Comprehensive analysis of the tissue revealed that the cuprizone pellets were a more effective method
of inducing the desired demyelinating disease pathology than cuprizone powder. Interestingly, the
formulation of the control feed was also shown to influence oligodendroglial dynamics, with a
reduction in oligodendroglial density in mice fed powered control feed compared to those fed pelleted
control feed. These findings, presented as a published paper, highlight the necessity for researchers
to utilise appropriate feed formulations for mice fed both cuprizone and control feed, and will inform
future research to allow for more optimal study designs when assessing cuprizone-induced toxicity.
Due to the time constraints of this degree and the large scale, collaborative nature of the project as a
whole, it was no longer feasible for this aspect of my research to form a substantial part of the thesis,
so my contribution to the wider study is described.

Oxidative stress has also been associated with dysfunction of the blood-brain barrier (BBB)
in a variety of injuries and diseases. Perivascular OPCs have emerged as having a key role in
modulating BBB integrity, however the potential influence of oxidative damage to OPCs to this
oligovascular niche is currently unknown. Similar to OPCs, pericytes are also particularly susceptible
to oxidative damage. The third aim of this thesis was to determine whether oxidative DNA damage
to perivascular OPCs and pericytes at the BBB are associated with increased BBB permeability in
models of both MS and neurotrauma. The partial optic nerve model of neurotrauma was employed to
assess the relationship between oxidative stress, BBB dysfunction and cellular proliferation at 1 day
post-injury. The level of observed BBB dysfunction increased with injury with a strong significant
correlation to the degree of cellular DNA damage. Specifically, there was an increase in the level of

DNA damage within both neural/glial antigen 2 (NG2)+ glia in optic nerve vulnerable to secondary
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degeneration, a cellular population comprised primarily of OPCs and pericytes. Similarly, there was
an increase in the level of DNA damage within platelet-derived growth factor receptor oo (PDGFRa)
glia, a population comprised primarily of OPCs. Altogether, this indicated a particular vulnerability
of OPCs to oxidative DNA damage. The density of newly derived and proliferating cells with DNA
damage also significantly increased with injury, with PDGFRo+ OPCs identified as the major
proliferating, DNA damaged cell type at 1 day post-injury. These results provide insights into
oxidative damage mechanisms within the optic nerve at an acute timepoint following neurotrauma
and further highlighted oxidative stress as a worthy target for future investigations. A parallel study
investigated the extent of oxidative stress to perivascular OPCs and pericytes at the BBB in the
cuprizone model of demyelinating disease, at early timepoints where the BBB has been previously
shown to be dysfunctional. COVID-19 associated laboratory shutdowns led to delays in tissue
analysis throughout the PhD program and therefore discussion of this work is confined to
experimental design.

The thesis closes with a discussion of the outcomes presented within the context of the wider
literature and directions for future research into the commonalities in damage mechanisms between

MS and neurotrauma.
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Chapter 1. Literature Review

1.1. Introduction

MS is a chronic inflammatory demyelinating disease that has traditionally been considered to
have a primarily autoimmune aetiology (Sospedra & Martin 2005). However, it is becoming
increasingly understood that MS may rather originate with primary early degeneration of
oligodendrocytes and myelin, in what has been dubbed the “inside-out” hypothesis (Titus et al. 2020).
Neurotrauma is the damage caused by an external force acting upon the CNS for which there are
currently no effective treatments available (Kobeissy 2015). Oxidative stress, or the damage caused
by overwhelming levels of ROS (Birben et al. 2012), is a key feature of both MS lesions (Gilgun-
Sherki et al. 2004) and neurotrauma (Cornelius et al. 2013). In particular, oxidative stress can cause
damage to DNA, including hydroxylation of DNA nucleic acid bases (Arnett et al. 2005), single-
stranded DNA breaks, and double-stranded DNA breaks (Woodbine et al. 2011). OPCs, the cells that
possess the capacity to differentiate into myelinating oligodendrocytes, are particularly vulnerable to
this DNA damage (Giacci et al., 2018b). The work presented throughout this thesis aims to establish
the relevant framework and commence the initial experiments for investigation into shared
mechanisms of oxidative damage between these two conditions.

The following review chapter will be divided into three key components. Firstly, the literature
surrounding MS prevalence, diagnosis, and symptomology will be examined, before exploring
demyelination as a hallmark of MS and the varying schools of thought surrounding human MS
pathophysiology. The relevant cuprizone model of demyelinating disease will be discussed to provide
context for the forthcoming work introduced later in this thesis. Next, the literature surrounding
neurotrauma will be reviewed, primarily presented as a co-first author review article published in the
Journal of Neurotrauma. Common mechanisms of damage between MS and neurotrauma will then
be explored with a strong emphasis on the mechanisms underlying oxidative stress, in particular
oxidative DNA damage and the inherent susceptibility of OPCs to oxidative stress. Finally,
concluding remarks and thesis aims will be presented along with a brief outline of the subsequent

thesis chapters.

1.2. Multiple Sclerosis

1.2.1. Prevalence, Diagnosis and Symptomology

MS is a chronic inflammatory demyelinating disease of the CNS (Kutzelnigg et al. 2005). MS
is the leading cause of non-traumatic neurological disability in young adults, with more than 2.5
million people living with the disease worldwide (Trapp & Nave 2008). The disease initially presents

when a patient is either in their 20s or 30s, with approximately twice as many females developing the
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disease than men (Noseworthy et al. 2000). Initial presentation often includes a broad range of
symptoms, including reduced dexterity, sensory disturbances, optic neuritis, diplopia, fatigue, tremor
and ataxia (Hauser & Oksenberg 2006; Rolak 2003), depending on lesion location (Brownlee et al.
2017). Based on the 2017 revisions of the McDonald criteria, people must present with multiple
lesions in distinct anatomical locations and must develop new lesions over time in order to be
diagnosed with MS (Thompson et al. 2018). Magnetic resonance imaging (MRI) is the gold standard
diagnostic test performed for an MS diagnosis, with nearly all people with MS showing MRI
abnormalities (Brownlee et al. 2017; Offenbacher et al. 1993). MRI can also be useful to exclude
other disorders that show similar clinical presentation to MS (Filippi et al. 2016). Examination of
cerebrospinal fluid and testing of neurophysiological visual evoked potentials can be used as
diagnostic tools, however they are less specific and are instead often used in combination with MRI
(Brownlee et al. 2017; McDonald et al. 2001). Following diagnosis, people with MS are commenced
on immunomodulatory or immunosuppressant therapies but these treatments only slow disease
progression rather than halt it completely (Lassmann et al. 2007). Within 15 years of disease onset,
50% of people with MS will need assistance with walking (Weinshenker et al. 1989), and 75% of
people with MS will experience bladder dysfunction (Betts et al. 1993). However, since MS can affect
any area of the CNS, overall MS symptomology is unpredictable and heterogeneous, and can differ
greatly between people and even within one person over time (Ghasemi et al. 2017). The more

common symptoms of MS are presented in Figure 1.1.
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Figure 1.1. Common symptoms of MS. (A) MS can result in a wide array of symptoms that can contribute to the overall
disease burden (Alusi et al. 2001; Cosman et al. 1998; Ghasemi et al. 2017; Wens et al. 2014). (B) The severity of MS
symptoms can be measured using the Expanded Disability Status Scale, which quantifies the involvement and
contribution of discrete neurological functional systems towards overall disability status, ultimately resulting in a score

between 0 and 10 (Kurtzke 1983). Original illustration created using BioRender.com.

Quality of life is consistently reduced in people with MS compared with the general
population (Amato et al. 2001; Benedict et al. 2005; McCabe & McKern 2002; Nortvedt et al. 1999).
People with MS experience increased strain upon professional goals and ambitions, with less than
10% of people with severe MS able to maintain employment, and over 50% of people with MS having
to either reduce the numbers of hours worked or change to less demanding careers, often resulting in
substantial income loss (Kobelt et al. 2006). Additionally, mental health issues present more

frequently in people with MS. People with MS have an approximately 50% lifetime incidence rate of
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a major depressive disorder and a 36% lifetime incidence rate of anxiety, compared to 16.2% and
25% respectively for the general population (Chwastiak & Ehde 2007; Siegert 2005), and are
significantly more likely to have a co-morbidity with bipolar spectrum disorder (Edwards &
Constantinescu 2004). People with MS are 7-8 times more likely to attempt suicide (Hauser &
Oksenberg 2006), with up to 15% of deaths of people with MS being the result of suicide (Chwastiak

& Ehde 2007; Sadovnick et al. 1991).

1.2.2. Disease Subtypes
According to the United States of America National Multiple Sclerosis Society Advisory

Committee (Lublin & Reingold 1996), there are four subtypes of MS depending on disease

progression (Figure 1.2).
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Figure 1.2. Disease progression of the four different subtypes of MS. Speed and nature of progression adapted from
Lublin and Reingold, 1996. Abbreviations: RRMS, relapse-remitting multiple sclerosis; SPMS, secondary progressive

multiple sclerosis; PPMS, primary progressive multiple sclerosis; RPMS, relapse-progressive multiple sclerosis. Original

illustration created using BioRender.com.

The most common form of MS is relapse-remitting (RRMS), which affects 85% of people
with MS (Goldenberg 2012; Lublin & Reingold 1996). This phenotype is characterised by periods of
demyelination and symptomatic presentation, followed by remyelination and attenuation of

symptoms (Prakash et al. 2008). The second subtype is secondary progressive (SPMS), in which
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people no longer have periods of remission, rather the disease continues to progress to further
disability (Lublin & Reingold 1996; Tremlett et al. 2008). People with RRMS typically develop
SPMS between 35-50 years of age (Confavreux & Vukusic 2006). However, the severity of RRMS
does not affect the subsequent disease progression of SPMS (Leray et al. 2010). Furthermore, not all
people with RRMS go on to develop SPMS (Goldenberg 2012; Vukusic & Confavreux 2003). Factors
that influence the development of SPMS continue to be highly debated in the literature (Langer-Gould
et al. 2006; Rovaris et al. 2006). Some studies have found that the duration between the first and
second episodes of disability may be predictive of the onset of SPMS (Trojano et al. 1995; Vukusic
& Confavreux 2003), whilst others did not (Eriksson et al. 2003). Age of onset may too be a predictor,
with people who develop MS at an older age being more likely to develop SPMS earlier in the disease
(Alroughani et al. 2015; Eriksson et al. 2003; Trojano et al. 1995; Vukusic & Confavreux 2003).
Finally, some studies (Alroughani et al. 2015; Eriksson et al. 2003; Vukusic & Confavreux 2003)
have found that males develop SPMS sooner than females, whilst others did not (Bergamaschi et al.
2001; Trojano et al. 1995). Treatment during the RRMS phase can decrease the likelihood of SPMS
occurring, however does not impact the time till conversion to SPMS or the subsequent severity of
disease progression (Coret et al. 2018). The average age of onset for the third MS phenotype, primary
progressive (PPMS), is also between 35-50 years old (Confavreux & Vukusic 2006). PPMS affects
approximately 10% of people with MS and is characterised by gradually worsening symptoms from
the onset of the disease, with no remission periods (Goldenberg 2012; Lublin & Reingold 1996).
Although PPMS may appear initially distinct from RRMS and SPMS and responds differently to
treatment, the incidence of both subtypes within one family suggests a genetic or causal link common
to both (Weiner 2009). Interestingly, one study found that men who later went on to develop PPMS
up to 20 years later show significantly lower cognitive performance at ages 18-19, suggesting
cognitive dysfunction occurs far earlier than typical symptom onset in this MS subtype (Cortese et
al. 2016). Finally, 5% of people with MS present with the rarest form of MS, relapsing-progressive
(RPMS), where symptoms get progressively worse with additional periods of even greater disability

(Goldenberg 2012).

1.2.3. Genetic & Environmental Risk Factors

There is an element of genetic susceptibility to MS, with 15-20% of people with MS having
a family history of the disease (Compston & Coles 2002). A variety of genetic factors may influence
an individual’s susceptibility to MS. Of these, the most prevalent genetic risk factor is variation in
the human leukocyte antigen of the major histocompatibility complex (MHC) on chromosome 6p21
(Patsopoulos 2018), but as of 2015, there was a total of 110 polymorphisms associated with increased
risk of MS discovered outside of the MHC (Hollenbach & Oksenberg 2015). Nevertheless, a universal

genetic link has not yet been identified for the disease.
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Whilst genetic susceptibility conveys increased risk of developing MS, it is becoming
increasingly understood that environmental risk factors play a critical role (Pugliatti et al. 2008).
Populations who live further from the equator have a higher incidence rate of MS (Acheson et al.
1960; Simpson et al. 2011). This suggests a key role of sunlight exposure for reducing the risk of
developing MS. Perhaps correspondingly, vitamin D deficiency has been linked with an increased
risk of developing MS (Holick 2004), with both vitamin D and ultraviolet (UV) radiation being shown
to have protective effects against the development of the disease (Lucas et al. 2015). Nevertheless,
some countries, such as Italy, actually show an inverse gradient effect, suggesting that though sun
exposure may confer some risk, it is not a universal risk factor for developing MS (O’Gorman et al.
2012). Within Australia specifically, areas with lower UV exposure (van der Mei et al. 2001) and
more southern regions (Hammond et al. 1988) are associated with increased MS incidences,
suggesting there may be a latitude gradient within the Australian population.

Viral infections may convey an increased risk of developing MS, in particular infection with
the Epstein-Barr Virus (Bjornevik et al. 2022; Marrie 2004). Other viruses that have been proposed
to confer an increased risk to MS include human herpesvirus 6, MS-associated human endogenous
retroviruses, and coronaviruses (Gilden 2005; Giovannoni et al. 2006).

Smoking may increase the chance of developing MS (Pugliatti et al. 2008), with some studies
showing that those with a history of smoking have twice the risk of developing the disease (Riise et
al. 2003). Obesity has been proposed to confer risk of developing MS (Hedstrom et al. 2016).
Interestingly, adults with higher body fat have lower levels of circulating vitamin D (Parikh et al.
2004), so it is possible that there may be an interrelationship between body mass, vitamin D and MS
risk. Overall, it is becoming increasingly understood that given the multitude and heterogeneity of
both environmental and genetic risk factors, many factors interact in any one patient to ultimately
convey increased susceptibility to developing MS (Olsson et al. 2017).

1.2.4. Demyelination as a Hallmark of MS

1.2.4.1. Oligodendroglia and Myelin

To provide necessary context for demyelinating diseases such as MS, it is important firstly to
understand basic oligodendroglia and myelin biology. Oligodendrocytes are the myelinating cells of
the CNS. Mature myelinating oligodendrocytes are generated from the differentiation and maturation
of OPCs (Figure 1.3). However, it is important to note that using single-cell ribonucleic acid (RNA)
sequencing, twelve distinct subpopulations of oligodendroglial cells have been identified,

characterised on a continuum from OPCs to mature oligodendrocytes (Marques et al. 2016).
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Figure 1.3. The oligodendroglial lineage. The oligodendroglial lineage can be broadly subdivided into three cellular
stages; oligodendrocyte precursor cells (OPCs), pre-myelinating oligodendrocytes and mature myelinating
oligodendrocytes. Pre-myelinating oligodendrocytes are formed by the differentiation of OPCs, and these pre-myelinating
cells then go on to mature into myelinating oligodendrocytes. OPCs act as a proliferating progenitor pool for the
production of oligodendrocytes, whilst also playing various roles within the CNS in their immature state. Original

illustration created using BioRender.com.

General oligodendroglial markers include oligodendrocyte transcription factor 2 (Olig2) and
SRY-related HMG-box 10 (SOX10), which are expressed to varying degrees throughout the
oligodendrocyte lineage (Miron et al. 2011). Mature oligodendrocytes can be identified using
immunohistochemical markers such as adenomatous polyposis coli (CC1) (Lin Xiao et al. 2016) and
aspartoacylase (ASPA) (Moffett et al. 2011), as well as through their expression of myelin-related
proteins such as proteolipid protein (PLP), myelin basic protein (MBP), myelin-associated
glycoprotein (MAG) and myelin oligodendrocyte glycoprotein (MOG) (Levine et al. 2001; Miron et
al. 2011). OPCs can be identified primarily by their expression of PDGFRa (Pringle et al. 1992) and
the NG2 proteoglycan (Zhu et al. 2008). Unlike other oligodendrocyte lineage markers, both
PDGFRa and NG2 are downregulated as OPCs differentiate and mature into myelinating
oligodendrocytes (Rivers et al. 2008). Numerous OPC markers are expressed on other cell types, for
example NG2 is expressed on pericytes (Ozerdem et al. 2002). Therefore colocalisation of these
markers with another OPC or early oligodendroglial marker is required for specific visualisation of
these cells.

Myelin is formed as oligodendrocytes extend and wrap their membranous processes around
axons (Bradl & Lassmann 2010). Myelin is extremely lipid rich, comprised primarily of cholesterol,
phospholipids, galactolipids and plasmalogens (Norton & Poduslo 1973), with these lipids in turn
having an affinity for and binding myelin-associated proteins (Nave & Werner 2014). Sheath
structure consists of compacted double bilayers of myelin, with the myelin-related proteins,
predominantly MBP, essentially sealing the membranous bilayers together (Min et al. 2009). Mature
myelin is comprised of up to 160 layers of compacted lamellae that can be visualised as interperiodic

lines (Hildebrand et al. 1993). Oligodendrocytes myelinate axons with a variety of diameters (0.4-
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1.2um) (Nave & Werner 2014), with a singular oligodendrocyte possessing the capacity to supply up
to 50 myelin segments across different axons (Richter-Landsberg 2008). Myelin’s highly segmented
structure allows it to facilitate correct neuronal signalling (Aggarwal et al. 2011; Figure 1.4). The
enhanced saltatory conduction of action potentials on myelinated axons results in the conduction of
signals 20 to 100 times faster than by unmyelinated axons of a similar diameter (Nave & Werner
2014). Though it’s been long established that myelin thickness is proportional to the diameter of the
ensheathed axon (Donaldson & Hoke 1905), it was recently discovered that both axonal diameter and
the corresponding myelin thickness can vary considerably along the length of an axon (Giacci ef al.,
2018a).
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Figure 1.4. Structure of the myelin sheath. Oligodendrocytes wrap their processes around axons to create the myelin
sheath and allow for saltatory conduction of axon potentials. The myelin sheath has four distinct sections. The internode
is the long stretch of myelin that covers the axon. The gaps in the myelin are called the nodes of Ranvier, which are sites
of action potential propagation via clusters of voltage-gated sodium channels. Directly adjoining the node is the paranode.
The paranode is comprised of loops of myelin lamellae anchored to the axon via the paranodal junction, which consists
of contactin, neurofascin 155 and contactin-associated protein (Caspr). The multifaceted roles of the paranode including
anchoring the myelin lamellaec to the axon to prevent stretch damage to myelin, segregating nodal sodium and
juxtaparanodal potassium channels, and permitting only certain nutrients to diffuse in and out of the internodal periaxonal
space. The juxtaparanode exists between the paranode and internode and contains a large volume of voltage gated
potassium channels to maintain resting membrane potential. Distribution of nodal/paranodal components adapted from

Edgar and Sibille 2012. Original illustration created using BioRender.com.
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Other than acting to provide myelin for axons, oligodendrocytes play a variety of other roles
within the CNS. For example, oligodendrocytes can act as immunomodulatory cells.
Oligodendrocytes actively participate in the inflammatory process by expressing various factors,
including cytokines and chemokines, antigen presenting molecules, and extracellular matrix proteins
(Zeis et al. 2016). A specific disease-associated immunomodulatory oligodendrocyte phenotype can
be observed using single-nucleus RNA sequencing in human MS tissue, suggesting that a
subpopulation of oligodendrocytes also actively contribute to inflammatory MS disease processes
(Pandey et al. 2022). Furthermore, neuron-oligodendrocyte interactions are also critical for axonal
integrity, aside from the supportive role of myelination itself. Partial ablation of oligodendrocytes can
cause degeneration of axons even without extensive demyelination (Oluich et al. 2012). Loss of
oligodendrocyte-specific proteins such as PLP and 2’,3’-cyclic nucleotide-3’-phosphodiesterase
(CNPase) can also cause axonal swelling and degeneration despite a lack of change to myelin
structure (Griffiths et al. 1998; Lappe-Sietke et al. 2003). This suggests that oligodendrocytes
themselves have a multifaceted role in neuronal maintenance. One potential mechanism for this is the
secretion of trophic factor exosomes by oligodendrocytes, which neurons then uptake to improve
their own metabolic activity (Friihbeis et al. 2013). Oligodendrocytes also provide metabolites to
neurons via monocarboxylate transporters and cytoplasmic channels, acting as further metabolic
support for promoting neuronal survival (Philips & Rothstein 2017). Interactions between
oligodendrocytes and neurons are adaptive and plastic, with neural signalling itself stimulating
oligodendrogenesis and increases in myelin thickness (Gibson et al. 2014).

OPCs are glial cells that act as the progenitor cell population for oligodendrocytes. OPCs
comprise between 8-9% and 2-3% of the total number of brain cells in adult white matter and grey
matter respectively and are the major proliferating cells in the CNS (Dawson et al., 2003). The earliest
embryonic forebrain OPCs originate in the medial ganglionic eminence and anterior entopeduncular
area, followed by a second wave of OPC generation from the lateral and caudal ganglionic eminences
(Kessaris et al. 2006). A third wave of OPCs are generated in the dorsal subventricular zone and
project radially through the corpus callosum and cortex (Kessaris et al. 2006). These developmental
OPCs occupy the brain and spinal cord to form oligodendrocytes to myelinate the CNS postnatally,
with a small proportion remaining as an immature, quiescent and proliferating population into
adulthood (Dawson et al. 2003). If any of these OPC sources are ablated by diptheria toxin, the
remaining OPCs proliferate to generate the normal number of oligodendrocytes in the adult brain,
and the mice survive with a normal behavioural phenotype (Kessaris et al. 2006), suggesting early
functional homogeneity of this cell type.

OPCs are also called polydendrocytes, as increasing evidence is suggesting they are

multipotential cells (Nishiyama et al. 2009). A subset of OPCs may possess the ability to differentiate
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into astrocytes (Raff et al. 1983; Tanner et al. 2011), although it is contested as to whether this occurs
naturally in vivo (Rivers et al. 2008; Zhu et al. 2008). In the adult mouse piriform cortex, OPCs can
give rise to pyramidal glutamatergic neurons (Guo et al. 2010).

Many OPCs do not go on to differentiate into oligodendrocytes, instead remaining in a
proliferative state (Fernandez-Castaneda & Gaultier 2016), with lower oligodendrocyte generation
occurring in grey matter than white matter (Dimou et al. 2008). The morphology of OPCs changes
between grey and white matter, however within regions, OPC morphology is thought to be
homogenous (Dawson et al., 2003). The functional homogeneity of OPCs has been contested, with
differences in differentiation, proliferation, gene expression, growth factor profile, and
electrophysiological properties observed (Clarke et al. 2012; Karadéttir et al. 2008; Mallon et al.
2002; Mason & Goldman 2002; Psachoulia et al. 2009). Recent work has shown that the expression
of ion channels by OPCs become heterogeneous with age and the region analysed (Spitzer et al.
2019).

Other than acting as a progenitor pool for oligodendrocyte generation, OPCs also play various
roles within the CNS. OPCs can migrate throughout the CNS to sites of injury to modulate the
inflammatory response. Ablation of OPCs can cause excessive neuroinflammation, indicating that
OPCs may suppress inflammation within a healthy system (Nakano et al. 2017). Following injury,
OPCs become hypertrophic and contribute to the formation of the glial scar that prevents regeneration
of the CNS (Hackett & Lee 2016). Deletion of signalling pathways in OPCs activated by pro-
inflammatory cytokines secreted by peripheral T-cells, results in decreased expression of
inflammatory genes (Kang et al. 2013). Furthermore, in MS lesions, a subtype of OPCs expressing
MHC II have the ability to activate T-cells as well as directly phagocytose myelin themselves (Falcao
et al. 2018).

Parenchymal OPCs also play a critical role in neuronal signalling. These OPCs contain a
variety of voltage-gated ion channels and neurotransmitter receptors (Yang et al. 2013), and have
direct synaptic contacts with neurons, in particular glutamatergic (Bergles et al. 2000) and
GABAergic neurons (Lin & Bergles 2004). Some OPCs even modulate neuronal activity by initiating
action potentials (Ttir et al. 2008). However, the underlying function of neuron-OPC signalling is
currently unclear.

Some OPCs colocalise and interact with blood vessels, whilst others reside solely in the brain
parenchyma; however, functional differences between perivascular and parenchymal OPCs remain
to be investigated (Maki 2017). It’s important to note that single-cell RNA sequencing has suggested
that the PDGFRa+ cells that line blood vessels may actually be a population distinct from OPCs
(Marques et al. 2016). Nevertheless, OPCs with an intermediate phenotype have been observed,
whereby they are both simultaneously perivascular and parenchymal (Maki et al. 2015). This suggests
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that there are not distinct subpopulations but perhaps a spectrum based on association with the
vasculature. More work is clearly needed to characterise this particular cellular subpopulation. The

role of perivascular OPCs at the BBB will be discussed further in Chapter 5 of this thesis.

1.2.4.2. Demyelinated Plaques

The key hallmark of MS is demyelinated plaques (Noseworthy et al. 2000), or areas of the
brain in which axons have lost the myelin sheath, in both the white and grey matter (Kutzelnigg &

Lassmann 2006) (Figure 1.5).
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Figure 1.5. Demyelination in MS. Within a healthy CNS, the axons of neurons are wrapped in a myelin sheath by
oligodendrocytes to facilitate correct neuronal signalling. However, within demyelinated lesions in MS brains, this myelin
sheath is degraded and degenerates, which can leave nerve fibres exposed, and ultimately results in a disrupted neuronal

signal which impedes overall function. Original illustration created using BioRender.com.

In white matter, the formation of new demyelinated lesions often occurs in the acute and/or
relapsing phase of disease progression (Cotton et al. 2003). Once the disease is chronic and
progressive, there is more generalised atrophy of white matter, associated with neurodegeneration
and axonal loss following lesion formation (Miller et al. 2002). In grey matter, lesions form
predominantly as continuations from the white matter plaques or as separate subpial demyelinated
lesions (Lassmann et al. 2007). These lesions are characterised as band-like, extending down through

the cortex to the deeper layers of cortical tissue, usually through layers I-IV (Kutzelnigg et al. 2005).
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However, there is no association between the extent of white matter and grey matter demyelination,
which suggests they are independent of each other (Bo6 et al. 2007).

Heterogeneity is an added complexity to understanding the pathophysiology of demyelination
as there are four main types of early MS lesions (Figure 1.6). Therefore, it is likely that potential
therapeutics may need to be combinatorial to target not only inflammatory pathways for pattern I and
IT lesions but also the observed oligodendrogliopathy in pattern III and IV lesions. It’s important to
note though that once MS progression has advanced to a more established stage, this initial
heterogeneity may disappear, with lesions becoming more homogenous between people with MS

(Breij et al. 2008).
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Figure 1.6. Four main types of early human MS lesions. In brief, pattern I lesions are found in 15% of people with MS
and are characterised by active demyelinating plaques with an activated inflammatory T-cell involvement. Pattern II
lesions are found in 58% of people with MS, and are similar to pattern I, but with an additional humoral immunity
component. Pattern III lesions are found in 26% of people with MS and are characterised by active demyelination
mediated primarily by oligodendrocyte apoptosis and dysregulated myelin proteins. Pattern IV lesions are rare and only
found in 1% of people with MS, and are characterised by non-apoptotic oligodendrocyte death in periplaque white matter.
Pattern I and II type lesions are mediated predominantly via inflammatory mechanisms and patterns III and IV are
mediated by primary oligodendrogliopathy. Based on information presented in Jarius et al. 2017; Lucchinetti et al. 2000;

Popescu et al. 2013. Original illustration created using BioRender.com.
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1.2.4.3. Normal Appearing White Matter

Within the brains of people with MS is normal appearing white matter, or white matter that
has not become part of a demyelinated plaque (Allen et al. 2001). However, this normal appearing
white matter still shows significant degenerative changes compared to healthy controls (Moll et al.
2011). Regions of normal appearing white matter display astrocyte and microglial activation,
demyelination and axonal loss (Ludwin 2006), with varying degrees of BBB permeability (Cramer
et al. 2018; Moll et al. 2011). Genes associated with innate CNS inflammation are upregulated in
normal appearing white matter, and there is minimal peripheral immune cell involvement, suggesting

a pivotal role for innate CNS-mediated damage (Zeis et al. 2007).

1.2.4.4. Remyelination and Shadow Plaques

Remyelination occurs as new myelin sheaths are formed on previously demyelinated axons,
and resulting from OPCs undergoing differentiation into mature, myelinating oligodendrocytes
(Hoftberger & Lassmann 2018). The extent of remyelination is highly variable between people with
MS and often depends on their subtype of MS, with the greatest remyelination occurring in people
with RRMS (Patrikios et al. 2006). People who have RRMS often experience partial and/or complete
remyelination during their recovery phase, however the myelin provided during remyelination is
often thinner and shorter (Albert et al. 2007; Coman et al. 2006; Duncan et al. 2017). People with
progressive forms of MS also experience some level of remyelination, with shadow plaques appearing
in all MS disease states (Mahad et al. 2015). Shadow plaques are previously demyelinated plaques
that have been completely remyelinated, however these areas are more likely to undergo another
demyelinating insult than normal appearing white matter (Bramow et al. 2010).

In MS this remyelination mechanism is impaired and ultimately fails (Olsen & Akirav 2015).
Several reasons have been postulated as to why remyelination fails in MS, such as the formation of a
glial scar and extensive axonal damage leaving neurons unable to be ensheathed by myelin (Olsen &
Akirav 2015). Additionally, increased numbers of undifferentiated OPCs and pre-myelinating
oligodendrocytes halted in an undifferentiated state occur within MS lesions, suggesting a decreased
ability of early-stage oligodendroglia to differentiate into mature remyelinating oligodendrocytes
(Chang et al. 2002; Kuhlmann et al. 2008). Pre-existing mature oligodendrocytes have recently been
discovered to possess remyelinating capabilities (Duncan et al. 2018; Nave & Ehrenreich 2019;
Yeung et al. 2019), however remyelination is still impaired in active demyelinating MS lesions
despite the presence of mature oligodendrocytes (HeB et al. 2020).

1.2.5. Human MS Pathophysiology

1.2.5.1. “Outside-In” Hypothesis

There are two prevailing theories of early human MS pathophysiology, the “inside-out” and

“outside-in” hypotheses. MS has traditionally been considered an autoimmune disease, whereby
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primary peripheral autoimmune cell inflammation results in a secondary myelin degradation within
the CNS, in what is now known at the “outside-in” hypothesis (Titus et al. 2020). These peripheral
cells include CD4* and CD8" T-cells, and autoreactive B cells, which are myelin-reactive and become
activated by myelin antigens, the process of which is poorly understood but may be due to a leaky
BBB (Dendrou et al. 2015). These cells then enter the brain parenchyma, releasing pro-inflammatory
molecules that result in additional BBB opening (Hemmer et al. 2015). Once inside the CNS, these
peripheral immune cells attack the myelin sheath, resulting in further dissemination of myelin
proteins and thus activation of additional myelin-reactive immune cells (McFarland & Martin 2007).
Peripheral immune cells release pro-inflammatory molecules which activate CNS resident
phagocytes, microglia and macrophage cells, further mediating damage to myelin and

oligodendrocytes (Dendrou et al. 2015; Friese & Fugger 2007) (Figure 1.7).

Figure 1.7. Peripheral immune cell-mediated damage to oligodendrocytes and myelin. Peripheral immune cells,
including myelin-reactive T-cells and B-cells, become activated by myelin antigens in the periphery. These cells release
inflammatory factors, such as cytokines, which increase permeability of the BBB and subsequently enter the brain
parenchyma. Then the peripheral immune cells attack oligodendrocytes and their myelin, and both the degenerating
myelin and the peripheral immune cells activate the CNS resident innate immune cells, microglia and macrophages. The
degeneration of myelin results in the dissemination of myelin proteins through the breached BBB, which further
propagates the activation of peripheral immune cells. Note: the BBB is comprised of a variety of cells, including

endothelial cells, astrocytes, pericytes, and OPCs. Original illustration created using BioRender.com.

However, whilst many myelin antigens have been found in the cerebrospinal fluid of people
with MS, studies are yet to discover a universal autoantigen (Archelos et al. 1998; Kennel De March

et al. 2003; Lemus et al. 2018; Moller et al. 1989) and how the peripheral immune cells are initially
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activated by myelin antigens is currently unknown. Furthermore, lesions with severe
oligodendrogliopathy that do not have any infiltration of peripheral inflammatory cells have been
observed (Barnett & Prineas 2004). Therefore, the immune aspect of the disease may be secondary
to neurodegeneration in some lesions, especially pattern III and IV lesions (Hauser & Oksenberg
2006), and whilst there is a strong immune component in MS, it’s becoming increasingly agreed that

the disease cannot be regarded as simply autoimmune (Lemus et al. 2018).

1.2.5.2. “Inside-Out” Hypothesis

Early stage lesions and normal appearing MS white matter can feature oligodendrocyte death
and innate phagocyte activation without peripheral immune cell infiltration, which suggests
peripheral immune activation may be a secondary mechanism of damage, particularly in pattern III
lesions (Barnett & Prineas 2004). Therefore, an alternative hypothesis for the mechanism of damage
that leads to the degeneration observed in MS lesions has been proposed, referred to as the “inside-
out” hypothesis (Titus et al. 2020). In this alternative theory, it’s thought that the primary
pathophysiology begins with degeneration of oligodendrocytes, which is then followed by
inflammatory processes activated as a result of the shedding of myelin antigens during this primary
cytodegeneration (Stys et al. 2012). Microglia and macrophages, the innate phagocytes of the CNS,
may be initially activated by primary degeneration of myelin (Hemmer et al. 2015). There is then
interplay between activated innate CNS phagocytes and peripheral immune cells, as microglia and
macrophages can present internalised myelin antigens to myelin-reactive T-cells, resulting in
activation of the peripheral immune response (Cash et al. 1993). These activated peripheral immune
cells then migrate to the CNS, resulting in further demyelination (Stinissen & Hellings 2008).
Microglia and macrophages are also the major source of ROS in MS lesions (Fischer et al. 2012),
which creates an environment that promotes oxidative stress in the surrounding cells, particularly
oligodendrocytes and OPCs, which may result in self-propagating damage (Luo et al. 2017).
Oxidative stress and its specific effects on oligodendroglia will be further discussed from Section
1.4.2 to Section 1.4.6.3. Additionally, given phenotypic subpopulations of both oligodendrocytes and
OPCs are known to play important immunomodulatory and proinflammatory roles in MS lesions,
oligodendroglia themselves are also likely contributors to early innate CNS inflammation (Falcao et
al. 2018; Pandey et al. 2022; Psenicka et al. 2021).

1.2.6. Current Therapeutic Strategies for MS

Currently, clinically available therapies for MS are focused on immunomodulation and
immunosuppression (Gilgun-Sherki et al. 2004; Trapp & Nave 2008). For example, interferon 3 is an
immunomodulatory first-line therapy that has a plethora of effects, including inhibiting the
inflammatory cytokine interferon-y (Revel et al. 1995) and inhibiting T-cell activation (Markowitz

2007). Another first-line treatment is glatiramer acetate, which works by promoting an anti-
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inflammatory helper T-cell phenotype, increasing the expression of anti-inflammatory cytokines
(Aharoni et al. 2003; Hestvik et al. 2008). Often a combinatorial therapy will be used (Gold 2008),
however drugs that have greater immunosuppressant effects tend to be second-line therapies due to
their tendency to have more severe side effects than immunomodulatory alternatives (Aharoni 2010).
Nevertheless, the current available therapies only slow disease development, are not preventative,
and are of limited effect when administered during the progressive phase (Lassmann et al. 2007). It
is thus likely that these immune-focused therapies may need to work concomitantly with an
oligodendrocyte or myelin specific therapy to complementarily target multiple aspects of the disease.
Still, despite growing support in the literature for the “inside-out” hypothesis of MS pathophysiology,
there are not yet any treatments currently approved for clinical use that directly target
oligodendrocytes or myelin (Yakimov et al. 2019). Therefore, though are some promising therapeutic
compounds that have been identified for promoting OPC differentiation and myelin repair within pre-
clinical studies, some of which are currently in the clinical trials phase of development, it’s vital that
the damage mechanisms underlying the degeneration of oligodendrocytes and myelin in MS are
further investigated to allow for discovery of new alternative avenues of therapy for MS (Gacem &

Nait-Oumesmar 2021).

1.2.7. The Cuprizone Model of Demyelinating Disease

Given the complexity of MS, animal models are needed to illuminate unknown mechanisms
of demyelination and degeneration. There is currently no universal animal model used to study MS
pathophysiology. Rather, there are multiple animal models, including but not limited to; (1)
experimental autoimmune encephalomyelitis (EAE), (2) Theiler’s murine encephalomyelitis virus
(TMEV) infection, (3) injected lysolecithin lesions, and (4) cuprizone-induced demyelination (for
review, see Procaccini et al., 2015).

Though EAE is the most commonly used animal model of MS, it investigates MS pathology
caused by “outside-in” primary autoimmunity and only indirectly induces changes within the CNS
itself via activating peripheral inflammation (Sriram & Steiner 2005; Wekerle & Kurschus 2006). To
instead examine CNS degeneration in line with the “inside-out” MS hypothesis, the cuprizone model
of demyelination is most appropriate (Gharagozloo et al. 2022). Cuprizone intoxication directly
causes oligodendrocyte degeneration and demyelination without the influence of initial autoimmune
inflammation, which closely resembles the primary oligodendropathy observed in some MS lesion
subtypes (Zirngibl et al. 2022). Therefore, in order to probe early oxidative stress and other CNS

intrinsic damage mechanisms, the cuprizone model will be the focus of this thesis.

1.2.7.1. Mechanism of Cuprizone Toxicity

The cuprizone model is a toxin-based technique to produce demyelination that is similar to
the demyelination that occurs within the brains of people with MS. Cuprizone (or N,N'-
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Bis(cyclohexylideneamino)oxamide) is a copper chelator that is orally delivered to rodents to produce
oligodendrocyte death, active gliosis and demyelination via mitochondrial dysfunction (Kipp et al.
2009; Matsushima & Morell 2001; Torkildsen et al. 2008).

In brief, cuprizone administration results in: increased mitochondrial production of
superoxide anions (Praet et al. 2014); a reduction in copper-dependent cytochrome ¢ oxidase and
monoamine oxidase activity (Matsushima & Morell 2001); decreased copper-zinc superoxide
dismutase (Zhang et al. 2008) and glutathione antioxidant activity (Biancotti et al. 2008); and
inhibition of the electron transport chain complex IV (Acs et al. 2013). These mechanisms ultimately
result in mitochondrial injury and oxidative stress. Oligodendrocytes are especially vulnerable to
cuprizone-mediated mitochondrial dysfunction (Acs et al. 2013), causing apoptosis of these cells
(Matsushima & Morell 2001) and subsequent loss of myelin (Praet et al. 2014). This mitochondrial
dysfunction results in endoplasmic reticulum stress (Fischbach et al. 2019; Xu et al. 2005; Yu et al.
2017), causing a further downregulation of myelin proteins (Gudi et al. 2011) and reduced myelin
lipid synthesis (Praet et al. 2014). Copper deficiency also causes in demyelination in humans (Jaiser
& Winston 2010; Prodan et al. 2002; Stys et al. 2012). Dysfunction of the mitochondrial electron
transport chain complex IV within oligodendrocytes is known to occur in type III active MS lesions
(Mahad et al. 2008). However, simultaneously administering copper supplementation alongside
cuprizone administration does not completely counteract cuprizone toxicity (Carlton 1967), which
suggests that there may be additional copper-independent pathways of oligodendroglial damage
activated by cuprizone (Zatta et al. 2005). Despite copper homeostasis disruption being postulated to
play a role in MS pathogenesis, this dysregulation has not yet been fully elucidated (Stys et al. 2012).
The copper chelating effect of cuprizone also induces iron dyshomeostasis, causing a ferroptosis-
mediated depletion of myelin and oligodendrocytes (Jhelum et al. 2020). One study has suggested
that the effects of cuprizone may be independent of copper chelation altogether, but instead associate
with a Schiff base formation binding with the amino acid metabolism coenzyme pyridoxal 5°-
phosphate, disrupting oligodendrocyte metabolism (Taraboletti et al. 2017). Regardless of its
mechanism of action, cuprizone is a well-established and validated model for examining
demyelination that is not directly related to peripheral inflammation and autoimmunity (Procaccini

etal. 2015).

1.2.7.2. Cuprizone Pathophysiology Within the Corpus Callosum

The most commonly analysed area of the brain in the cuprizone model is the corpus callosum,
particularly the caudal corpus callosum. In this area, one of the earliest observable pathologies is
oligodendrocyte apoptosis, which occurs as early as 48 hours after commencing cuprizone
administration (Buschmann et al. 2012; Krauspe et al. 2015). The number of IBA 1+ microglial cells

within the corpus callosum increases by 48 hours of cuprizone intoxication (Krauspe et al. 2015).
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Also after 48 hours of cuprizone exposure, mMRNA expression of various genes associated with mature
oligodendrocytes are down-regulated, whilst genes associated with other cell types, particularly
microglia/macrophages but also astrocytes, endothelial cells and OPCs, are up-regulated (Krauspe et
al. 2015). By 3 days of cuprizone exposure, there is a significant increase in the level of Evans blue
dye extravasation and a decrease in the expression of tight junction markers in the corpus callosum,
suggesting early BBB dysfunction (Shelestak et al. 2020). The presence and role of BBB
hyperpermeability in both MS and the cuprizone model will be discussed further in Chapter 5. By 4
days of cuprizone exposure, the density of mature oligodendrocytes are slightly but significantly
decreased, and by 1 week the density of mature oligodendrocytes are decreased approximately six-
fold (Fischbach et al. 2019). Also by the end of the first week, microglia are highly activated
(Shelestak et al. 2020). Astrocytes display morphological changes as early as a week into cuprizone
toxicity, with astrocyte density significantly increasing by 3 weeks (Hiremath et al. 1998; Zhan et al.
2020). By 3 weeks, OPCs accumulate within the corpus callosum, particularly caudally, to function
as a progenitor pool for the differentiation and maturation of new myelinating oligodendrocytes
(Mason et al. 2000; Xing et al. 2014). Demyelination is histologically detectable by 3 weeks of
cuprizone intoxication (Zhan et al. 2020), with the number of oligodendrocytes depleting even further
at this time point (Fischbach et al. 2019). By 4 weeks of intoxication, there are significant
neurochemical alterations observable via proton magnetic resonance spectroscopy, such as a decrease
in the ratios of N-acetylaspartate and N-acetylaspartylglutmate, total choline, glutamate, and glucose
when compared to total creatine, as well as an increase in the ratio of taurine to total creatine (Orije
et al. 2015). After 4.5 weeks of cuprizone exposure, the density of NG2+ cells, which is possibly
indicative of OPCs although this population captures other cell types including pericytes, is beginning
to decrease (Gudi et al. 2009). By 5 weeks, demyelination is severe and almost complete within the
corpus callosum (acute demyelination; Gudi et al. 2009). Furthermore, acute axonal injury can be
visualised in the corpus callosum by this time, observed as accumulations of amyloid precursor
protein (APP)+ spheroids and other synaptic proteins such as vesicular glutamate transporter 1
(VGIuT1), resulting from a disruption in anterograde axonal transport (H6flich et al. 2016). However,
by 5 weeks of cuprizone, the number of mature oligodendrocytes has actually begun to increase,
although the density still remains significantly lower compared to healthy controls (Fischbach et al.
2019). After 5 weeks of cuprizone, the re-expression of myelin protein genes is evident. By 6 weeks,
PLP staining returns to the corpus callosum and the number of mature oligodendrocytes is not
significantly different to controls, suggesting early remyelination despite continuing cuprizone
intoxication (Baxi et al. 2017; Gudi et al. 2009). Therefore, if demyelination is being studied, it is
common practice for researchers to cease cuprizone administration following 5 weeks exposure at

the latest, to limit the confounding factor of initial remyelination. If administration of cuprizone is
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continued, by 12 weeks of intoxication PLP staining of the corpus callosum is again reduced (chronic
demyelination; Skripuletz et al. 2011). When cuprizone is fed continuously for 11 weeks, there are
significant changes in 81 differential metabolites, in particular those associated with phospholipids
and therefore myelin structure (Zhao et al. 2021). There is also a large alteration at this timepoint in
metabolites involved in phosphatidylinositol 3-kinase (PI3K) / protein kinase B (AKT) signalling,
mammalian target of rapamycin (mTOR) signalling, and extracellular signal-regulated kinase (ERK)
/ mitogen-activated protein kinase (MAPK) signalling, all of which are signalling pathways
associated with oxidative stress mechanisms (Zhao et al. 2021).

Complete removal of cuprizone feed following acute demyelination results in spontaneous
remyelination of the brain, with nearly 50% re-expression of myelin proteins one-week post-
cuprizone withdrawal (Skripuletz et al. 2011). At 6 weeks remyelination following a 6 week acute
cuprizone insult, the number of mature oligodendrocytes is significantly higher than controls,
suggesting there is a far greater rate of oligodendrogenesis and an overactivation of compensatory
repair mechanisms following cuprizone intoxication (Baxi et al. 2017). Similarly, at this 6 week
remyelination timepoint following 6 weeks of cuprizone, all neurochemical alterations and metabolic
differences observed during the intoxication period are returned to levels not different to control mice
(Orije et al. 2015). Removal of cuprizone following chronic demyelination also results in
remyelination; however, the process is comparatively delayed (Lindner et al. 2009). Interestingly,
even at 28 weeks after an acute 5 week cuprizone insult, there is a continued significant loss of callosal
axons but no difference in the density of neuronal cell bodies, and APP+ axons were still detectable
despite these axons being remyelinated (Manrique-Hoyos et al. 2012). Neuronal pathology is
associated with decreases in locomotor function compared to control animals at this timepoint which
suggests that there is a continuing progressive degeneration of axons long after withdrawal of
cuprizone (Manrique-Hoyos et al. 2012).

It is important to note that the susceptibility of the corpus callosum is not homogenous, with
the vulnerability to cuprizone exposure varying in different regions of the corpus callosum. In the
rostral corpus callosum, the lateral parts are more susceptible to cuprizone intoxication than the
medial, whilst in the caudal regions the midline is most vulnerable to demyelination (Zhan et al.
2020). Furthermore, demyelination is more pronounced in the caudal corpus callosum than in the
rostral, making the medial caudal corpus callosum the callosal area most susceptible to cuprizone
(Steelman et al. 2012). Additionally, this sequence of pathophysiological events is specific to
cuprizone delivered to C57B16 mice at a 0.2% dosage. Delivering cuprizone to alternate strains of
rodents (Vega-Riquer et al. 2019), or at higher or lower doses (Hiremath et al. 1998), results in

varying degrees of pathology and does not follow the specific timeline presented above.
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1.2.7.3. Pathophysiology in Other Brain Regions

Cuprizone is also effective at demyelinating other brain regions. For example, for those
wanting to look more specifically at cortical grey matter changes, there has been a plethora of work
regarding the cortical response to cuprizone. Some additional brain regions that are often analysed
are the anterior commissure, hippocampus, basal ganglia, brainstem, cerebellum, hypothalamus,
thalamus, optic tract, among others (Skripuletz et al. 2011; Vega-Riquer et al. 2019). However, it is
important to note that not all brain regions are similarly susceptible to cuprizone intoxication, with
some areas less affected, and each region generally has its own slightly modified timeline of
cuprizone pathophysiology (Vega-Riquer et al. 2019; Zhan et al. 2020). Therefore, selection of region
of interest is crucial in studies utilising cuprizone, and accurate reporting of region is critical in
reproducibility of work. For the work presented in this thesis, there will be a particular focus on the

corpus callosum as a region of interest, to maximise comparability to existing literature.

1.2.7.4. Behavioural Changes in the Cuprizone Model

The cuprizone model also induces many behavioural and functional features similar to those
experienced by people living with MS. Function can be assessed in the cuprizone model through a
variety of measures, with the more widely utilised behavioural assays including the Rotarod test to assess
motor deficits and the open field test to assess locomotor activity and determine the presence of anxiety
in response to a novel environment (Faizi et al. 2016; Franco-Pons et al. 2007). There is a large
discrepancy between some of the most highly prevalent MS symptoms, such as fatigue, and the
proportion of publications utilising cuprizone that actually characterise these symptoms in the
cuprizone model (Figure 1.8; Sen et al. 2019). Therefore, many of the symptomatic changes observed
in MS have not been widely investigated following cuprizone intoxication and more studies are
required to determine the extent to which the behavioural symptoms observed during and after

cuprizone administration mimics symptoms observed in MS.
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S
A 2 *L
Outcome ATy | -

Measure Multiple Sclerosis Cuprizone

Direction % MS Direction % Cuprizone

of Change | Population | of Change | Publications
Motor Function | | 80% J 32%
Pain t | 2086% | % 4%
Fatigue | 75% X 1%
Cognition i 40-65% ¢ 29%
Visual Function | 50% + 1%
Depression f 50% X 1%
Sleep ! 50% - 0%
Anxiety ) 35% ¢ 30%

Figure 1.8. Comparison of behavioural and functional symptomology in MS and in the cuprizone model of
demyelinating disease. The frequency of symptomatic presentation in MS was based on clinical prevalence whereas the
percentage of cuprizone publications were measured by the proportion of studies that have been published utilising the
cuprizone model that have assessed each specific outcome measure. Symbols: T, increase; {4, decrease; X, no differences
observed; -, outcome not yet assessed. Figure based on information reviewed in Sen et al., 2019. Original illustration

created using BioRender.com.

1.2.7.5. Limitations of the Cuprizone Model

Though the cuprizone model is useful for investigating intrinsic CNS changes in MS, it is still
important to recognise potential limitations. Though demyelination in the spinal cord is common in
people with MS (Moccia et al. 2019), the demyelinating result of cuprizone is almost entirely
confined to the brain and has minimal effect on the spinal cord (Herder et al. 2011; Sen et al. 2020).
Remyelination following acute cuprizone withdrawal is more complete than the repair observed in
human brains, especially compared to more progressive and chronic forms of MS (Lassmann & Bradl
2016). Researchers need to be mindful of these disparities when selecting cuprizone exposure as their
model of MS. The wider contention around the underlying mechanisms of cuprizone toxicity can also
sometimes limit the ability to draw clear parallels with human MS pathophysiology (Gudi et al. 2014).
The potential for inconsistent oral cuprizone consumption both within and between studies, as well
as the sex-dependent and strain-dependent differences in cuprizone-induced pathology, can increase

the variability of obtained results within the literature (Paton et al. 2022; Vega-Riquer et al. 2019).
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The cuprizone model is also not just a model used specifically for studying MS, as cuprizone
toxicity is additionally a model of schizophrenia. Like MS, schizophrenia is characterised by damage
to the myelin sheath and decreased oligodendrocyte density (Davis et al. 2003; Flynn et al. 2003;
Uranova et al. 2001), as well as increased microglial density (van Berckel et al. 2008; van Kesteren
et al. 2017) and T-cell activation (Debnath 2015; Drexhage et al. 2011). Cuprizone administered mice
show cognitive deficits similar to those with schizophrenia, such as spatial deficits, decreased sensory
gating and decreased social interaction (Herring & Konradi 2011; Xu et al. 2009). When mice given
cuprizone are treated with antipsychotic medication, there is an attenuation of non-motor behavioural
deficits and myelin damage (Xu et al. 2010). Though there may indeed be a biological link between
MS and schizophrenia (Andreassen et al. 2015), this broader applicability of this model to multiple

pathologies may potentially limit the translation of pre-clinical findings.

1.3. Neurotrauma

1.3.1. Introducing “Damage mechanisms to oligodendrocytes and white matter in central

nervous system injury: The Australian context”

Neurotrauma is the damage caused by an external mechanical force acting upon the CNS
(Kobeissy 2015). The most prevalent type of neurotrauma is TBI (Khan et al. 2003), defined as a
change to neurological functioning as a result of a blunt or penetrating force to the head (Bruns &
Hauser 2003). Neurotrauma follows a similar pathogenesis to MS, with injury resulting in disruption
to myelin structure and demyelination (Dong et al. 2009; Payne et al. 2011; Szymanski et al. 2013).
Therefore, there may be potential common mechanisms of damage between MS lesions and traumatic
injuries to the CNS. Prior to delving further into these common mechanisms between the two
conditions, it is important to understand fully the complexities of the aetiology and pathophysiology

of neurotrauma.

To address this, a co-first author review on the effects of neurotrauma on white matter is

presented below and has been published as:

Warnock, A.*, Toomey L.M.* Wright, A.J., Fisher, K., Won, Y., Anyaegbu, C., and
Fitzgerald, M. 2020. Damage mechanisms to oligodendrocytes and white matter in central nervous
system injury: The Australian context. Journal of Neurotrauma 37, 739-769.
doi.org/10.1089/neu.2019.6890

* Equal contribution
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Abstract

Traumatic brain injury (TBI) and spinal cord injury (SCI) present a significant contribution to the global disease burden.
White matter tracts are susceptible to both the physical forces of trauma and cascades of pathological secondary de-
generation. Oligodendrocytes, the myelinating cells of the central nervous system (CNS), and their precursors are par-
ticularly vulnerable cell populations and their disruption results in a loss of white matter, dysmyelination, and poor myelin
repair. White matter aberrations in TBI and SCI can be visualized in vivo using a number of magnetic resonance imaging
(MRI)-based modalities. Recent advances in diffusion MRI allow researchers to investigate subtle abnormalities in white
matter microstructure and connectivity, resting state networks, and metabolic perturbations associated with injury.
Damage to oligodendroglia underlies white matter aberrations and occurs as a result of glutamate excitotoxicity, intra-
cellular calcium ion (Ca®") overload, and oxidative damage to lipids, proteins, and DNA. Structural changes to myelin
include myelin decompaction, loosening of myelin lamellae, and disruption to the node of Ranvier complex. Neuronal and
functional loss accompany dysmyelination together with an increase in astro- and microgliosis. Remyelination is often
partial, and more work is needed to understand deficits in remyelination post-injury to develop strategies to both protect
and repair myelin and thereby preserve function. This review covers disruptions to oligodendrocyte function and white
matter tract structure in the context of TBI and SCI, with an emphasis on Australian contributions in recognition of the
International Neurotrauma Symposium held in Melbourne, Australia in 2020.

Keywords: dysmyelination: magnetic resonance imaging: oligodendrocytes: oligodendrocyte precursor cells: oxidative
damage: white matter

Introduction

NIJURY TO THE CENTRAL NERVOUS SYSTEM (CNS) is a global

health concern, with 27 million individuals suffering from trau-
matic brain injury (TBI) and approximately one million new cases
of spinal cord injury (SCI) per year."” The main causes of TBI and
SCI are falls, motor vehicle accidents, assault, and conflict-related
blast injuric:s."3 Unsurprisingly, conflict-affected countries have the
highest incidence rates of TBI and SCL> The economic impact of
CNS injury is significant in developed nations, with the lifetime
burden of TBI costing up to $4.8 million per person in severe cases
and exceeding $9 million for patients with tetraplegia following
SCL** TBI has also been found to have an epidemiological associ-
ation with Alzheimer’s disease and Parkinson’s disease, and thus may
carry an even greater socioeconomic burden.®” Individuals at most
risk for CNS injury are young adult males and the elderly."*

TBI can be classified along a continuum of mild to severe, with a
substantially worse prognosis in severe cases (30-40% mortality).
However, the vast majority of TBI cases (70-90%) are mild
(mTBI).? Clinically, mTBI has been defined as <30 min loss of
consciousness; <24 h of transient amnesia, confusion, or disorien-
tation: and a Glasgow Coma Scale (GCS) score between 13 and
15.21% The acute symptoms of mTBI include vestibular and ocu-
lomotor dysregulation, sleep disturbances, and emotional dysre-
gulation and tend to resolve within weeks of injury.'"'

However, patients suffering from mTBI can have deficits in
memory and executive function as well as cognitive impairment
persisting for months to years [msl—injury,”‘”‘“ Patients exposed
to repeated mTBI have a worse prognosis, with successive hits
exacerbating inflammation and yielding significantly greater long-
term cognitive deficits.'> Sports persons and military personnel are
at particular risk for repeated injury, along with subsequent

:Cunin Health Innovation Research Institute, Curtin University, Bentley, Western Australia, Australia,
“Perron Institute for Neurological and Translational Science, Nedlands, Western Australia, Australia.
*School of Human Sciences, The University of Western Australia, Perth, Western Australia, Australia.

*The first two authors contributed equally.

739

49



Downloaded by Curtin University of Technology from www.liebertpub.com at 10/04/21. For personal use only.

740

neurodegenerative conditions that may include chronic traumatic
encephalopathy (CTE), sleep disorders, and neuroendocrine dis-
ease.>'® Prognosis is substantially worse in severe TBI, with 38%
mortality in younger patients,'” and 74% for patients older than 55
years.18 Persisting somatic symptoms years after injury include
headaches, impaired balance, and motor disability. However somatic
symptoms are less frequent than cognitive complaints, with 60-70%
of patients presenting with memory and concentration deficits at
8-year follow-up.'? In pediatric severe TBI, long-term social devel-
opment is perturbed compared with mTBI and healthy peers, leading
to family dysfunction and poorer caregiver mental health.””
Neurotrauma comprises two components: the primary or me-
chanical damage, and the biochemical cascade known as secondary
degeneration.”’ Secondary degeneration is a self-propagating series
of metabolic and structural changes, associated with increased in-
tracellular calcium ions (Ca®"), that results in oxidative stress and
apoptotic cell death of initially undamaged tissue.”> Because the
initial insult is often unavoidable, treatments for functional re-
covery after TBI focus heavily on limiting secondary injury.”
Patients with TBI and SCI are treated on a symptom-based ap-
proach, with priority given to reducing intracranial pressure (ICP),
hemorrhagic complications, and edema." Cerebral edema following
TBI remains the most significant predictor of adverse outcome, with
altered cerebral perfusion pressures leading to secondary ischemic
injury.34 Utlization of ICP monitoring reduces mortality rates in
patients with severe TBL>* Decompression surgeries to correct raised
ICP have mixed success, with reduced disability observed in pediatric
patients but worsened neurological outcomes reported in adult pa-
tients.” Despite evidence in animal models for the use of osmotic
transport devices to reduce edema,?” craniectomy is still required for
implantation and the surgery procedure itself may exacerbate inju-
ry.24 Barbiturates are administered to 20% of patients with severe TBI
to reduce ICP in the absence of surgical intervention. However, de-
spite reducing ICP in 69% of patients, European studies indicate that
barbiturate administration has no significant effect on outcome at any
stage following injury.”® In patients suffering from mTBI, treatments
have little efficacy and patient education on the likely resolution of
symptoms and the value of adherence to follow-up is currently con-
sidered one of the most effective approaches in regards to amelio-
rating persistent symptoms.” Despite extensive neurotrauma
research, there is no effective pharmacological treatment currently
available for preservation of white matter following injury.*
Diffuse axonal injury (DAI) is a form of CNS injury following
TBI that typically manifests in around 10% of patients, but is far
more common (44.9%) in cases of severe TBL>"** DAI frequently
affects the corpus callosum, brainstem, and white/gray matter tis-
sue interface. The Adams DAI injury classification utilizes both
clinical presentation and identification of lesions to diagnose three
grades of severity, ranging from microscopic white matter changes
(Grade 1) to severe focal lesions (Grade 3).*" A subset of DAI and
an injury often observed in animal models is traumatic axonal in-
jury (TAI), wherein damaged axons are dispersed among normal
appearing axons in white matter tracts.>> White matter injury can
also manifest as demyelination or dysmyelination, wherein myelin
structure is perlurhed.“ White matter is particularly vulnerable to
mechanical injury, with studies indicating a greater inflammatory
response and secondary degeneration compared with gray and
cortical tissues following TBI and SCL7>*® White matter vulner-
ability following trauma has been extensively characterized with
various magnetic resonance imaging (MRI) techniques, which
provide insight into structural, metabolic, and connectivity changes
in the brain.*’~*" The cellular mechanisms behind this selective
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vulnerability have been explored using animal models, with evi-
dence suggesting that specific predilection of oligodendrocytes to
oxidative damage underlies white matter injury.**~** This review
focuses on white matter injury by first providing background on
oligodendroglia and myelin, assessing macroscopic structural
changes to white matter following trauma and then describing what
is known of the cellular changes in oligodendroglia following in-
jury. The review describes white matter injury through the lens of
oligodendrocyte damage, as these cells are particularly vulnerable
and critical to myelin integrity. In celebration of the International
Neurotrauma Symposium being held in Australia in 2020, the re-
view features Australian research where appropriate.

Oligodendroglia

Collectively known as oligodendroglia, oligodendrocyte pre-
cursor cells (OPCs) and their progeny, oligodendrocytes, are one of
the most abundant cell types in the CNS. In the adult rodent brain,
OPCs and oligodendrocytes comprise approximately 5% and 20%
of total brain cells, respectively.***> OPCs are the main prolifer-
ative cell type of the CNS and are typically identified by their
expression of the neuron glia antigen-2 (NG2), platelet-derived
growth factor receptor alpha (PDGFR#) and/or oligodendrocyte
transcription factor 2 (Olig2).*® Lineage tracing of embryonic OPC
development in mammals has shown that 80% of OPCs in the CNS
arise from neuroepithelial progenitor cells located in the motor
neuron progenitor (p)MN), ventral midline region of the brain and
spinal cord.*’ Dorsally derived OPCs, which originate from radial
glia, consitute the remaining 20%.**

Once generated, OPCs proliferate as they migrate laterally, dor-
sally, and ventrally from the midline, distributing evenly to various
white and gray matter regions of the CNS.* Upon reaching their
destination, OPCs can undergo two additonal stages of differentia-
tion, initally becoming immature oligodendrocytes that express
markers such as 04 and ectonucleotide pyrophosphatase/phospho-
diesterase 6 (ENPP6).°° Following this, oligodendrocytes mature
progressively to express transcription factors and proteins including
myelin regulatory factor (MyRF), NK6 homeobox 2 (NKX6.2),
myelin basic protein (MBP), and the myelin proteolipid protein (PLP)
that form myelin.so Myelin is a multi-layer lipid structure that en-
sheaths axons, thereby increasing the speed of electrical signal
transmission across the CNS and providing structural support to
neurons.”" > OPCs and oligodendrocytes have historially been con-
sidered homogenous cell populations.s" However, accumulating ev-
idence suggests that oligodendroglia are heterogenous, comprising
various subpopulations with diverse characteristics, gene transcrip-
tion profiles, and functions.”®

Oligodendroglia diversity

OPCs derived from different embroyonic regions produce oli-
godendrocytes that preferentially populate different regions across
the adult CNS.** Indeed, oligodendrocytes originating from the
ventral region of a developing mouse brain mainly populate the
anterior commissure, pre-optic tract, and the lateral olfactory tract,
whereas their dorsally derived counterparts predominatly localize to
the cortex and corpus callosum.**** Further, dorsally and ventrally
derived oligodendrocytes preferentially myelinate dorsal and ven-
tral regions of the adult CNS, respcclively,"8 despite having a
similar ability to generate mature oligodendrocytes.>® Characteristic
differences also exist between OPCs in white and gray matter, with
the former having a fourfold faster rate of proliferation and a higher
proclivity for maturing into myelinating oligodendrocytes.**>-¢

50



Downloaded by Curtin University of Technology from www.liebertpub.com at 10/04/21. For personal use only.

DAMAGE MECHANISMS TO WHITE MATTER

With respect to transcriptional heterogeneity, single-cell RNA
profiling of oligodendroglia in different regions of the mouse
adult CNS identifed 12 transcriptionally distinct subpopulations,
comprising OPCs, differentiation-committed OPCs, newly
formed oligodendrocytes (NFOL), myelin-forming oligodendro-
cytes (MFOL), and mature oligodendrocytes (MOL).>” In con-
trast to OPCs, differentiation-committed OPCs lack PDGFRx and
NG2 but express genes such as sex-determining region y-box
(SOX) 6, Neud and Bmp4 that keep oligodendrocytes undiffer-
entiated. NFOL are distiguishable from MFOL by their expression
of genes associated with early stages of differentiation (such
as Tcf712 and contactin-associated-protein [Caspr]) and down-
regulation of genes involved in myelin formation, including
myelin oligodendrocyte protein (MOG), proteolipid protein 1
(PLP1), and oplalin. MOL express genes associated with late ol-
igodendrocyte differentiation and myelin formation simulta-
neously. Whereas OPCs and differentiation-committed OPCs
were found to be transcriptionally homogenous, two populations
of NFOL (NFOL1 and NFOL2) and MFOL (MFOLI and
MFOL2) and six populations of MOL (MOL1 to MOL6) with
distinct gene expression profiles have been identified.*®

These subpopulations differed in spatial distribution within the
regions of the CNS analyzed (i.e., amygdala, corpus callosum,
cortex, zona incerta, dentate gyrus, striatum, dorsal horn, hippo-
campus, hypothalamus, and substantia nigra/ventral tegmental area;
SN/VTA). NFOLI and NFOL2 were found in every region inves-
tigated except the corpus callosum, where NFOL2 was absent. MOL
subpopulations varied in region specificity, with some populations,
such as MOLS, being present throughout the regions, whereas others
were enriched in particular regions; for example, MOL2 were
abundant in the spinal cord but almost absent in the brain.>

Although the functional implications of the transcriptional het-
erogeneity and spatial preferences of oligodendroglia are still un-
clear, a recent study suggested that MOL subpopulations may fulfil
distinct regenerative functions, as MOL2 were depleted at the site
of SCI and, in contrast, MOL5/6 increased their contribution to
lineage repopulation and thus remyelination.> The development of
different oligodendroglia subpopulations and their progression
from OPCs to mature myelinating oligodendrocytes is tightly
regulated by complex interactions between several transcription,
post-transcription, translation, and post-translation factors.

Molecular control of oligodendroglia development

During embryonic development of the CNS, distinct molecular
mechanisms control the production of dorsally and ventrally de-
rived OPCs. Sonic hedgehog (SHH) signaling induces ventral OPC
specification by driving NKX6.1, NKX6.2, NKX2.2, and Olig2
transcription in neural stem cells.>® By contrast, dorsal OPC gen-
eration is regulated in a SHH-independent manner by Dbx1 and
Ascl] transcription factors and fibroblast growth factor and bone
morphogenetic protein (BMP) signaling.** As OPCs migrate from
their birthplace to populate the CNS, a complex network of tran-
scriptional and translational changes coordinate to mediate OPC
differentiation. Calcineurin, a calcuim-dependent phosphatase, was
recently identifed as a key initiator of OPC differentiation.””
Triggered by an increase in intracellular Ca®" levels, calcineurin
dephosphorylates the nuclear factor of activated T cells, cytoplas-
mic 2 (NFATC2) protein, resulting in its activation. In turn, acti-
vated NFATC2 interacts with SOX 10 transcription factor to allow
Olig2 and NKX2.2 co-expression, which is a prerequisite for OPC
differentiation.®*®' Numerous transcription factors have been re-
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ported to play a role in oligodendrocyte differentiation over the
years, including nuclear receptors such as retinoid X receptors,
vitamin D receptors, and peroxisome proliferator-activated recep-
tors that contribute to oligodendrocyte formation and myelina-
tion.*> However, Olig2, SOX10, NKX2.2, zinclinger protein 24
(ZFP24), and MyRF are widely recognized as the main regulators
of full oligodendrocyte differentiation and myelination.®* SOX10
plays a central role in this process, binding and directly activating
several genes involved in oligodendrocyte maturation, including
MyRF, which mediates terminal differentiation of immature pre-
myelinating oligodendrocytes.®”®" In addition, SOX10 induces
expression of NKX2.2 and Olig2, the latter of which activates
7FP24 to generate myelin lmn.~;cripl.~:.60

Genes involved in lipid and cholesterol synthesis are also as-
sociated with myelination of mature oligodendrocytes.‘(’3 The
transcription factors sterol regulatory element binding proteins
(SREBPs) have been reported to control the supply of fatty acids for
myelin formation through the mammalian target of rapamycin
(mTOR) signaling pathway.®*®

Oligodendrocyte development can also be regulated epigeneti-
cally. At the OPC stage of lineage progression, the transcription
factors and histone-modifying enzymes that respond to extracellular
stimuli are mainly inhibitory, preventing differentiation.”> Long
noncoding RNAs (IncRNAs) are approximately 200 nucleotides
long, and regulate gene expression but lack protein-coding poten-
tial.®® Oligodendrocyte-specific IncRNAs such as IncOLI and
Inc158 can downregulate inhibitors of histone deacetylase activity
and heterochromatin formation to promote expression of oligoden-
drocyte differentiation ,gz:m:s"s"““'I MicroRNAs (miRNAs) are an-
other subgroup of ncRNA that have been shown to regulate
myelination in oligodendrocytes. They are short nucleotides (20-25
nucleotides long) generated by enzymatic cleavage of long tran-
scripts.®” Numerous miRNAs with a role in oligodendrocyte devel-
opment have been identified and reviewed in the literature.> Of note,
arecent study showed that oligodendrocyte-specific miRNA-219 and
miRNA-338 collaborate to downregulate negative regulators of ol-
igodendrocyte myelination including the transcription factors SOX6
and ETS variant 5.”° In addition, miRNA-219 represses expression
of proteins such as PDGFRz that maintain OPCs in their progenitor
state, thereby promoting oligodendrocyte differentiation.”®

After oligodendrocytes are generated, myelination is triggered by
the downregulation of precursor proteins such as PDGFRx and tran-
scription of MyRF and its target proteins, which are essential for
myelin formation, including MBP, PLP1, myelin-associated glyco-
protein (MAG), cyclic nucleotide phosphodiesterase (CNP), and
MOG.”" Myelinating oligodendrocytes use their expanded network of
processes 1o make stable contact with neighboring axons, enwrapping
segments of the neuron body with myelin sheaths.”>”* The structure
and function of myelin is central to white matter composition and
physiology as white matter is mainly made up of myelinated axons.

Myelin structure and function

Myelin has a very high lipid content, comprising phospholipids,
galactolipids, and plasma]ogens" that have an affinity for, and bind,
myelin-specific proteins.”* The myelin sheath consists of compacted
double bilayers of myelin, with myelin proteins, particularly MBP,
acting as an adhesive between the bilayer membranes.”> Once ma-
tured, myelin can consist of up to 160 layers of membranous,
compacted lamellae that can be visualized as interperiodic lines
using electron microscopy. This myelin sheath allows for saltatory
conduction of action potentials and refined neural signaling,’® with
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myelinated axons conducting signals at a speed 20 to 100 times that
of unmyelinated axons of similar diameter. It has long been known
that the thickness of the myelin sheath is proportional to the diam-
eter of the axon’”; however, it was recently discovered that both
axonal diameter and the corresponding myelin thickness can vary
along the length of a single axon.”

Myelin has a highly segmented structure to facilitate neuronal
signaling.” The myelin sheath produced by mature oligodendrocytes
along an axon comprises multiple myelin segments, called inter-
nodes, separated by unmyelinated regions called nodes.* Oligoden-
drocytes myelinate axons of all diameters above ~0.4 um,” and a
single oligodendrocyte can provide up to 50 internodes of myelin on
different axons.*" The length of internodes and processes of an oli-
godendrocyte limits its ability to myelinate the same axon twice.”"

The spaces between internodes are referred to as nodes of
Ranvier.*” Localized at the node of Ranvier are specialized sodium
channels that facilitate and propagate action potential signaling.83
Thermosensitive and mechanosensitive K2P potassium channels
(TREK-1 and TRAAK) are clustered at the nodes of Ranvier and
are the principal drivers of rapid action potential repolarization.®
Directly adjacent to the node is the paranode, which consists of
loops of myelin lamellae that are anchored to axons via the para-
nodal junction, which comprises contactin, neurofascin 155, and
Caspr.* The paranode has multi-faceted roles in maintaining sal-
tatory conduction; including (1) segregating nodal sodium and
juxtaparanodal potassium channels; (2) stabilizing and attaching
the myelin sheath to the axon to prevent myelin damage from
stretch stressors: and (3) allowing only specific nutrients to diffuse
into and out of the internodal peri-axonal spacc,t"S The juxtapar-
anode, which lies between the paranode and the internode, contains
a high concentration of voltage-gated potassium channels,* al-
though the function of these specific to their juxtaparanode location
is currently unclear.**

Neuron-oligodendrocyte interaction is integral for axonal integ-
rity. In addition to their well-established function of ensuring fast
action potential propagation and axonal insulation, oligodendro-
cytes supply neurons with nutrients.®” Oligodendrocytes transfer
energy metabolites including pyruvate and lactate to neurons,
through cytoplasmic channels and monocarboxylate transporters,
allowing fast adenosine tri-phospate (ATP) synthesis. Further, oli-
godendrocytes contribute to the maintenance of axon integrity and
survival of neurons by producing neuroprotective and trophic fac-
tors such as ciliary neurotrophic factor (CNTF), insulin-like growth
factor-1 (IGF-1), and glial cell line-derived neurotrophic factor.*®
Indeed, partial ablation of oligodendrocytes causes axonal degen-
eration, even in the absence of widespread demyelination.* Loss of
oligodendrocyte-specific proteins such as PLP and CNPase results
in axonal swelling and degeneration, even if myelin structure re-
mains normal.””" These seminal studies confirm that oligoden-
drocytes play multiple roles in neuronal maintenance. A further
means of interaction is the release of trophic factor exosomes from
oligodendrocytes, which are taken up by neurons and improve their
metabolic activity.”” In addition, oligodendrocyte-neuron interac-
tions are adaptive and plastic, with neural signaling promoting
oligodendrogenesis and increased myelin thickness.”*

Other than acting as a pool of progenitors for oligodendrocytes,
OPCs play multi-faceted roles in the CNS. Ablation of OPCs results
in excessive inflammation, suggesting OPCs may suppress neu-
roinflammation in a healthy system.”” It has recently been dis-
covered that peri-vascular OPCs wrap their processes around blood
vessels in the brain and may be partly responsible for regulating and
modulating the neurovascular unit.”®
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Specifically, OPCs play a role in maintaining blood- brain bar-
rier (BBB) integrity via communication with cerebral endothelial
cells,”” including via transforming growth factor (TGF)-§ signal-
ing. OPCs located around blood vessels secrete TGF-f1, which
activates the mitogen-activated protein kinase (MEK)/extracellular
signal-regulated kinases (ERK) pathway in cerebral endothelial
cells, increasing expression of tight-junction proteins and protect-
ing BBB integrity.'® In turn, cerebral endothelial cells have been
found to release growth factors such as brain-derived neurotrophic
factor and basic fibroblast growth factor, which promote the sur-
vival and proliferation of OPCs, both of which are significantly
decreased following stroke.'“"*'%* This trophic coupling between
the cerebral endothelium and neighboring OPCs has been dubbed
the oligovascular niche.'® In vitro studies have also shown that
astrocytes can support OPCs, via MEK/ERK and PI3K/Akt sig-
naling,'” and OPCs and peri-cytes could potentially secrete factors
to support each other.'™ Further, within the developing brain,
OPCs secrete hypoxia-induced factor to promote angiogenesis of
the CNS vasculature.'”

Etiology of White Matter Injury

The etiology of white matter injury is complex, heterogeneous,
and its magnitude relates specifically to the nature of the primary
injury."> White matter pathology manifests in a wide array of
symptoms and presentations depending on the nature and timing of
injury as well as stage of disease progression.'> Generally, injury
from the acute mechanical forces manifests as cortical focal lesions
at the site of impact and the contrecoup region. More subtly, diffuse
white matter injury can include myelin decompaction or unfurling
of the myelin sheath, and TAI. Wallerian degeneration can take
place following injury: an immune-mediated response where pri-
mary discrete axonal injury spreads distally leading to irreversible
fragmentation distant from the injury site, 106107 Oligodendrocytes
are unable to clear myelin debris, leading to a prolonged and
gradual reduction of myelin and long-term deposition of a glial
scar. 108

In TBI, injury also results from both linear and rotational ac-
celeration and impact deceleration forces on the brain. The brain’s
complex gyrencephalic structure and inhomogeneous tissue prop-
erties contribute to a non-linear dynamical behavior of deep white
matter during trauma. Consequently, deep white matter tracts are
particularly susceptible to injury, including: the corpus callosum,
brainstem, thalamus, hippocampus, and the white/gray matter tis-
sue interface.'” Rotational direction-specific vulnerabilities exist
due to the arrangement of fibers in these white matter tracts of the
brain,"'” and as a result of the anisotropic effects of axonal ar-
rangement, deep white matter tracts are particularly susceptible
toTAL'”

Resultant insults include mechanical damage from shearing,
tearing, or stretching of axons, neurons, glia, and blood ves-
sels.”!%” Tearing of axonal tau-microtubule bonds by external
mechanical forces damages the cytoskeleton, affecting axonal
transport, ion flux, and initiating secondary axonal degeneration.'"!
The initial injury may result in additional pathologies such as
hemorrhage or cerebral edema; however, these complications only
occur in approximately 10% of mTBI cases and could be consid-
ered “‘complicated™ mTBL In SCI, raised intrathecal pressure due
to edema or hemorrhage exacerbates the effect of secondary de-
generation leading to deleterious functional outcomes.'* Axons
adjacent to the injury site are vulnerable to secondary damage due
to the release of toxic factors by injured neurons and glia,
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associated with an inflammatory immune response.''*!'* The in-
flammatory immune response is greater in white matter compared
with gray matter in both the brain and spinal cord, indicating a
differential degree of secondary degeneration following injury.®
Secondary degeneration is characterized by myriad reactive met-
abolic pathways, including astrocyte reactivity, microglial and
macrophage activation and infiltration, glutamate and ATP induced
excitotoxicity, intracellular Ca®* overload, mitochondrial dys-
function, oxidative stress, and apoptotic cell death and dysmyeli-
nation.” Oligodendrocyte and OPCs are particularly vulnerable to
these degenerative processes, and their death is associated with
chronic dysmyelination after injury:** this phenomenon will be
addressed in greater detail in sections below.

Models of CNS injury

For the mechanisms of white matter degeneration following CNS
injury to be studied, it is important to utilize reliable animal models
of injury. Animal models can be employed to replicate human TBI
and SCI, and experimental models can be amended to study specific
facets of heterogeneous pathologies, allowing mechanisms to be
studied in a rigorous and controlled manner.' "> Rodent models of
injury are typically employed by researchers as they are cost and
time effective; however, many translational challenges exist due to
inter-species differences in neurometabolism, lifespan, and anato-
my.''® Animal models of SCI include spinal contusion and com-
pression, which best simulate the biomechanics and pathology of
human injury.""> Most SCI models use a thoracic injury site as
opposed to cervical, as the thoracic SCI model tends to be more
reproducible, has a lower risk of mortality, and permits the study of
secondary white matter deficits.'"> Prominent models of TBI in-
clude: blast injury models, fluid-percussion injury (FPI), controlled
cortical impact (CCI) models, and closed-head weight-drop mod-
els.!'”"""?Additionally, TAI can be induced in mice using closed-
skull stereotaxic impactors delivering single or repeated mTBI to
study microstructural changes with electron microscopy and ob-
serve long-term behavioral changes.'*%'%?

Although all of the aforementioned models robustly elicit an
inflammatory response and white matter injury, FPI and CCI models
(which require the animal to be stationary) fail to mimic the human
head kinematics following TBL'>''® The closed-head impact model
of engineered rotational acceleration (CHIMERA) is a recent in-
novation that allows highly reproducible and accurate mTBI de-
livery.'** The CHIMERA model induces DAL, behavioral changes,
and energy dose-dependent increases in axonal damage.'** Closed-
head weight-drop models have also been employed in recent years,
as they approximate the angular and rotational forces of human TBI
and allow study of repeated TBL'>!'®'** White matter reductions
and demyelination are observed in the corpus callosum in the
closed-head weight-drop model; therefore it remains an appropriate
method to replicate human pathology.'> A caveat of the rodent
model is that there is proportionally less cerebrospinal fluid (CSF) as
compared with humans; therefore rotational effects are not neces-
sarily comparable.'**'*” Angular acceleration forces are reduced in
rodent brains due to their small physical size; therefore white matter
injury may be reduced and less clinically relevant. Large animals
have a higher white-to-gray matter ratio due to their gyrencephalic
structure, and therefore are better suited for translational validation
of novel discoveries in rodent models.'*’

In many models of neurotrauma, it is challenging to distinguish
between primary and secondary damage, as there is often no clearly
defined margin between tissue damaged by the initial insult and

743

spared tissue.'** Partial optic nerve transection is an established
and useful model for investigating secondary degeneration of a
white matter tract that features a primary injury of a penetrating
nature that does not mechanically damage adjacent tissue.'* In the
model, the right dorsal optic nerve is partially transected, which
allows for spatial separation between primary and secondary in-
juries."*” The partial optic nerve transection model results in
transient disruption of the BBB, which can be a useful feature for
proof of principle investigations into secondary degeneration of
white matter with a transiently open BBB.'* The optic nerve
stretch model allows for the study of wallerian degeneration often
seen in CTE."! The stretch model and the transection model differ
as the stretch model analyzes distal injured axons, whereas in the
partial transection model uninjured axons ventral to the injury site
are analyzed for secondary degeneration.

Imaging to Detect Changes to White Matter

Computerized tomography (CT) scans are the primary clinical
diagnostic tool employed following TBI and SCIL*13* and total
emergency room usage of CT has increased by 330% in recent
years.'** Although CT scans are critical and effective for detecting
macroscopic lesions, edema, and hemorrhage, 90% of scans are
negative for clinically relevant brain injury."*> CT scans therefore
lack the sensitivity to detect the more subtle, diffuse changes that
occur following TBI such as TAL CT scans have robust efficacy in
detecting bone fractures, which are a correlate of worse outcomes
following severe TBL"*® Micro CT also provides a promising av-
enue to study microstructural changes in trabeculae of rodent skulls
following TBI, allowing inferences to be made in regards to
damage from repeated TBL'*” Although CT scans following SCI
have robust efficacy in detecting fractures, early collar removal
following negative CT scans may lead to further injury,"*® and
follow-up magnetic resonance imaging (MRI) scans are re-
commended in obtunded blunt trauma patients.'*” MRI has sig-
nificantly greater sensitivity in detecting white matter lesions
following mTBI compared with CT; therefore it remains the im-
aging modality of choice when researching structural correlates of
clinical outcomes.'#**!

Detecting lesions and volume changes

MRI is a reliable tool that can provide high-resolution images
allowing for the detection of white matter lesions, detected as
changes in iron and fluids due to hemorrhages and swelling in the
brain. In a blinded study in the acute phase of TBI or minor stroke
(<48 h post-injury), clinicians were able to accurately discriminate
TBI from acute minor stroke: MRI-facilitated detection of vascular
abnormalities in 54% of patients with TBI, whereas only 14% of
patients had positive vascular findings using CT.'** Hyperintense
white matter lesions can be detected following TBI using T2-
weighted fluid-attenuated inversion recovery (FLAIR) sequences.
FLAIR nullifies body fluids during acquisition, therefore suppres-
sing CSF effects on image contrast and allowing peri-ventricular
hyperintensities and meningeal focal enhancements common in
TBI to be detected with greater accuracy.'**'*3 Presentations of
lesions following TBI are heterogeneous. Although the number and
volume of lesions correlates with adverse outcomes,'** the pres-
ence of white matter hyperintensities and microhemorrhagic le-
sions in mTBI are uncommon and do not necessarily predict
persisting symptoms.'*>!4¢

However, in cases of moderate and severe TBI, microhemor-
rhages are an independent predictor of disability (GCS-extended

53



Downloaded by Curtin University of Technology from www _lichertpub.com at 10/04/21. For personal use only.

744

score <6; odds ratio=2.5) in the absence of axonal injury. There-
fore, caution should be taken when interpreting lesion data, as
microhemorrhages have a significant role in TBL'*’ Additionally,
T2-weighted MRI may be limited in its utility as lesions do not
often appear in the acute phase following mTBI, but are more often
detected at 6 month follow-up in cases of persisting symptoms.'**
However, in cases of severe TBI, lesions referred to by the authors
as TAI in FLAIR sequences in the corpus callosum and the
brainstem are predictors of reduced functional outcomes at
12 month follow-up.'“ Nevertheless, lesion presence alone does
not provide sufficient prognostic clinical value.

Brain volume changes provide insight into gross structural
changes to white matter in the brain. Reductions in cortical thick-
ness provide an indication of widespread atrophy in patients with
severe TBI and these changes are associated with deficits in de-
clarative memory and auditory verbal learning.'>” Cortical thinning
is exacerbated in patients with repeated mTBI and veterans exposed
1o blast injuries following mTBL'*"'** Despite cortical thickness
reductions often taking place in tandem with reductions in white
matter integrity, " changes to white matter integrity can take place
independent of cortical thinning.'>* Widespread atrophy is also
inferred by total brain volume reductions, with patients with severe
TBI having on average a 4% reduction in brain volume at 12
months post-injury, indicative of long-term TAL'>* Additionally,
atrophy is greatest in white matter compared with gray mat-
ter.*>'*® Regional brain volume reductions have been observed in
the white matter of the anterior cingulate,"*® brainstem, thalamus,
and corpus callosum.'™* In SCI, white matter volume loss is
prevalent in the corticospinal tract, although gray matter atrophy
appears o be more robustly evident compared with heathy con-
trols."” Additionally, ventricular enlargement and CSF volume
increases may serve as a surrogate marker of ascending neurode-
generation following SCL.'>* Taken together, it is clear that brain
volume changes provide clinically relevant insight into longitudi-
nal atrophy of both white and gray matter.

DTI connectivity changes

White matter fasciculi can be accurately mapped and charac-
terized using diffusion tensor imaging (DTI) techniques. DTI uti-
lizes the anisotropic nature of water displacement in white matter to
derive values such as fractional anisotropy (FA), which charac-
terizes diffusion anisotropy differences between intensity limits of
zero and one. In highly organized white matter tracts, FA values are
high (~0.8) due to diffusion approaching unity along white matter
tracts and diffusion in all directions perpendicular to tracts. In gray
matter, FA values generally vary (~0.10-0.25) depending on the
structure of the region concerned.'> In CSF, FA values approach
zero as water diffusivity is equal in all directions.'® Mean diffu-
sivity (MD) is another common measurement and quantifies mean
diffusion in each direction as opposed to FA, which quantifies the
total magnitude of diffusion along axonal fibers. FA is calculated as
a ratio of axial diffusivity (AD) and radial diffusivity (RD), which
describe the magnitude of water diffusion parallel and perpendic-
ular to the tract, respec\ively.]bl In cervical SCI, mean FA values
are reduced at the site of injury and mean MD values are increased,
compared with healthy controls. The decrease in FA value may
reflect a decreased degree of myelination in the tracts or increased
cell density, whereas higher MD may be indicative of white matter
tract disorganization or fluid edema.'®

Diffusion basis spectrum imaging (DBSI) is a novel technique
that shows promise in elucidating underlying pathology behind
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diffusion metric changcs.”'3 DBSI allows quantification of white
matter tract density, as well as residual axon and myelin integrity
and axonal volume while accounting for vasogenic edema. The
DBSI technique has been validated in a traumatic SCI study in mice,
wherein co-existing pathologies were identified non-invasively and
then correlated with post-mortem histology markers.'®* Clinically, a
decrease in FA values is also seen at the thoracic level below the
injury site,"®* and persists in ascending tracts into cerebral white
matter tracts, with reduced FA and increased MD in the corpus
callosum, corona radiata, cingulate gyrus, and the thalamic radiation
years post-injury.'® White matter disruption is worse in patients
with cervical compared with thoracic injury, and time since injury is
negatively correlated with FA values in some brain regions.'®
These DTI changes are consistent with wallerian degeneration, with
discrete white matter injury in the spinal cord causing demyelination
and structural disorganization distal to the injury site.'%®!%*16>

Unlike SCI, DTI findings from TBI studies lack clinical con-
sensus and are far more heterogenous.'®' An extensive review by
Asken and colleagues'°® postulates that variability in the changes in
FA and MD values after injury are attributable to different char-
acteristics of the study populations and comparative control
groups.'®'*” In the acute phase of mTBI, FA values increase and
MD values decrease in the days following injury. Specifically, FA
values have been seen to increase in the corpus callosum,'®® fim-
bria, and the internal capsule.'®” These FA and MD changes are
believed to be due to axonal cytotoxic edema in the initial phases of
white matter degeneration following injury. %17

Axonal swelling can occur due to interruption of axonal trans-
port and subsequent accumulation of transported materials, or it can
manifest in axonal bulbs following complete axonal disconnec-
tion."” In a rodent CCI study, acutely increased FA in the genu
corpus callosum was accompanied by decreased RD and MD, with
no changes in AD observed. The changes in FA observed using DTI
were unable to be detected by anatomical MRI or hematoxylin and
eosin staining.'®® FA decreases in the contralateral cortex, thala-
mus, and hippocampus at 7 days have also been observed in a recent
Australian study following CCI in rodents, validated by cross-
sectional histopathology.'’* Accompanying acute injury in rodents,
increased FA values have been associated with increased expres-
sion of tumor necrosis factor o (TNF-2) and a reduction in MBP
staining. This supports the hypothesis that increased FA values
immediately following injury are a result of cytotoxic processes
affecting myelin integrity and therefore diffusivity along white
matter tracts.'®” Wright and associates recently observed similar
changes in DTI measures associated with changes to telomere
length. Repeated mTBI resulted in reduced telomere lengths and
these changes were associated with reductions in AD and RD.'™

An inverse pattern is observed in mTBI as time passes, wherein
FA values decrease and MD values increase.'”'”> Multiple in-
juries in animal models exacerbate changes in diffusivity metrics
and are also associated with hypoconnectivity in the hippocampus,
brainstem, and cerebellum. Interestingly, rats exposed to a single
mTBI display hyperconnectivity between brain regions, suggesting
an adaptive response to injury.'’> A similar finding was observed
following single CCI, wherein the brain was connectively pro-
miscuous post-injury in the thalamus and cortex, perhaps reflecting
circuit reorganization.'’® Following repeated mTBI in mice, no
changes in FA are observed acutely, but after 6 weeks FA is sig-
nificantly reduced in the corpus callosum compared with sham
animals. This corpus callosum FA reduction occurred in tandem
with microglial activation detected by post-mortem immunohisto-
chemistry, with activation peaking at 7 days post-injury.'”*
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Whereas DTI can be used to detect chronic white matter aber-
rations, the many changes in the tissue and cells within voxels may
contribute to changes in DTI measures in ways not yet fully un-
derstood. The temporal inversion of FA values is reflected in the
clinical findings of DTL. A longitudinal study of DTI metrics found
FA values decreased from the acute phase following mTBI (<7 day)
to the subacute phase (8 days to rehabilitation discharge). The
variability of FA values in the acute phase means that DTI is more
likely to be useful as a prognostic tool subacutely.'”” MD values are
higher in athletes who have received multiple concussions com-
pared with those who have had single or no concussions, in the
absence of any major neuroanatomical differences.'’®

In severe chronic TBI patients, increased FA values in the
splenium of the corpus callosum have been associated with better
performance in social inference tests. Despite a number of gray
matter abnormalities, the changes in the corpus callosum were
those most implicated in functional deficits in these TBI palienls."'g
In combat veterans who suffered TBI while deployed, those with
higher FA values and lower MD values have a greater likelihood of
returning to work post-deployment."® In terms of long-term
prognosis, higher FA values in the corpus callosum in the acute
phase following injury are associated with higher disability rating
scores. Whereas in the subacute period, higher FA values in the
splenium correlate with lower disability rating scores.'””

Some brain regions, such as the internal capsule and the fronto-
occipital fasciculus, show recovery from a transient reduction in FA
values. Increased FA values at 1 month follow-up are positively
associated with better performance on cognitive information pro-
cessing speed at initial assessment. However, continued loss of
integrity is observed in the corpus callosum, forceps major, and
anterior corona radiata at 3 months, and these regions may serve as
an objective biomarker of pathology that can predict persisting
post-concussion symptoms (PPCS).'*! Hirad and co-workers'®*
used accelerometers and DTI imaging on college football players
and tracked head impacts across a compelitive season in conjunc-
tion with an mTBI cohort of patients. FA in the midbrain was
reduced post-season compared with pre-season, as was the case for
the right midbrain in the mTBI patients. Reductions in midbrain
white matter integrity in the football players were related to the
amount of rotational acceleration sustained as opposed to linear
acceleration,'®* and this is consistent with previous biomechanical
models of TBL'®!? Serum-based tau, a marker of axonal injury
and BBB integrity, was inversely correlated with midbrain FA
values in the mTBI patients.'**

FA and MD metrics can also be used to add structural insight to
neuropsychological outcomes in TBI patients. In a recent Australian
study,™ patients with severe TBI had widespread white matter
pathology in the corpus callosum, longitudinal fasiculi, corticosp-
inal, brainstem, and cerebellar tracts. Diffuse white matter integrity
disruption in these patients, particularly changes in the thalamus and
fornix, was associated with social information processing defi-
cits."** Diffusion tensor techniques can also be applied to derive
individual patient structural connectomes, in which cognitive as-
sociations can be explored. Mishra and associates'® created a
structural connectome using average FA values and brain atlas-
defined nodes to assess differences between cognitively impaired
and non-impaired professional fighters. White matter reorganization
in the hippocampus, precuneus, and insula was detected due to re-
peated head injury in fighters exhibiting cognitive decline.'** Re-
cent work'®® in white matter plasticity used DTI techniques as well
as myelin water fraction and longitudinal relaxation rate R, to assess
subtle changes in myelination and connectivity in healthy subjects
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following working memory training. The study highlighted the
sensitivity of the R, measure in detecting myelin remodeling fol-
lowing working memory training, which occurred in conjunction
with changes in FA and RD parameters.'® Given R, values may be
more specific in detecting changes in olig(‘xlendr()cyl.es."“s Future
studies could employ this measure to assess white matter regener-
ation following cognitive rehabilitation in TBI patients.

Novel methods for increased sensitivity

The diffusion tensor model faces a number of limitations that
restrict its sensitivity in detecting microstructural changes in white
matter pathology. One of these limitations lies in the fact that DTI
assumes a single fiber orientation and is confounded at regions of
“*crossing” fibers. This can be overcome by analyzing apparent fiber
density (AFD), utilizing a DWI post-processing technique known as
constrained spherical deconvolution. In a recent rodent FPI study
conducted by Wright and colleagues, DTI and AFD measures were
both able to detect white matter changes in the corpus callosum: a
uniformly orientated tract. However, DTI was unable to detect any
changes in the corticospinal tract, whereas there was an observed
reduction in AFD in the same 15.'%” Tract weighted imaging
(TWI) is a novel technique that utilizes constrained spherical de-
convolution to better characterize the fiber orientation distribution
in regions of interest, allowing characterization of tract density,
curvature, and length as additional measures that may be more
sensitive to white matter pathology.'®” Using TWI in an awake
closed-head model of injury, Australian researchers'®® found that
tract density is significantly increased in the fimbria and contralat-
eral external capsule following injury. Additionally, TWI detected
changes between sham and TBI group at day 1 post-injury, whereas
DTI metrics only detected changes at 7 days.'**

Another inherent limitation of DTI is that it applies a Gaussian
distribution model to tissue using a normative distribution. In reality,
the complexity of brain tissue means that water diffusion deviates
significantly from this pattern.'® As an example, when oligoden-
drocyte apoptosis occurs in combination with vasogenic edema, the
result is enhanced diffusivity across axons. This pathological state
results in a discrepancy between RD and histological outcomes.'*

Diffusion kurtosis imaging (DKI) is a non-Gaussian distribution
measure that accounts for tissue heterogeneity and provides im-
proved characterization of white matter integrity. Common DKI
parameters include: mean kurtosis (MK) and mean kurtosis tensor
(MKT), which reflect the average diffusion in all directions; and
axial kurtosis (AK) and radial kurtosis (RK), which quantify diffu-
sion along the axial or radial direction of the diffusion ellipsoid,
respectively.'™ In a rat CCI study utilizing both DTI and DKI
techniques in vivo, animals were imaged acutely (>2h) and sub-
acutely (7 days) post-injury.'”" In the acute phase, both DTI and DKI
parameters detected differences in the injury versus sham animals.
FA increased in the hippocampus and the ipsilateral cortex and MD
decreased across all regions. However, at subacute testing most DTI
changes had returned to baseline with the exception being a reduction
in FA in the ipsilateral cortex. DKI measures were able to distinguish
changes in both white and gray matter microstructure at the subacute
period, with an increase in MK observed.”" In addition to being
more sensitive than DTI metrics in this study, kurtosis abnormalities
scaled inversely with distance from impact site, therefore providing
some discriminatory power to injury severity.'”! However, at longer
time-points post-injury (42 days), it was found that DKI metrics did
not provide additional sensitivity for detection of abnormalities in the
corpus callosum compared with DTI metrics.' ™
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Similar to DTI metrics, a time-dependent biphasic response has
been observed in MK values following injury, whereby MK values
initially decrease following injury and later reverse 7 days following
injury. This biphasic change in MK values is believed to represent a
shift from cytotoxic to vasogenic edema.'™ Another confounding
factor pertains to astrocyte activity following injury, as increases in
FA can be falsely interpreted as remyelinating processes when in
reality they reflect glial scar formation.'”” Increases in MK have been
associated with astrogliosis,'”" and occur in tandem with higher
density of microglia and astrocytes."”* A recent Australian study'**
used a longitudinal rodent weight-drop design and assessed both DTI
and DKI metrics. The study commended the sensitivity of both
diffusion metrics: however, it highlighted that kurtosis measures
were highly sensitive to changes in astrocyte markers at 3 months.
Additionally, axial measures were not changed to the same degree as
RK and RD metrics in the injury group. Therefore it is postulated that
axonal integrity is maintained and the radial diffusivity changes may
reflect cellular aggregations from glia, although these changes may
also be due to demyelination.'** However, a recent clinical mTBI
study found that AK values were positively correlated with working
memory deficits, indicating axonal perturbations.'” Previous rodent
work has also found correlations between DKI parameters and
neuron loss, microglia activation, and myelin disruption. In addition,
changes in MK values in the ipsilateral cortex and hippocampus are
associated with deficits in cognitive function.'*

Advances in diffusion imaging techniques allow neuronal pro-
jections, known as neurites, to be imaged in vivo. The model used is
known as neurite orientation dispersion and density imaging
(NODDI), and estimates the microstructural complexity including
dendrites and axons.'”” When NODDI is employed in conjunction
with traditional DTI metrics, greater insight into the pathophysio-
logical underpinnings of injury can be achieved. Repeated mTBI in
martial arts athletes results in decreased FA, an increase in orien-
tation dispersion index (ODI), and increased intracellular volume
fraction (V¢), therefore inferring a potential role of edema in
traumatic injury."”® In concussed athletes, increased FA and de-
creased MD was detected alongside increasedV ¢ and decreased
ODI. The increase in neurite density and coherence of neurites in
the white matter of sports-concussed athletes likely reflect an
adaptive reparative response to injury, especially given the lack of
functional impairment present.'” In contrast, in a study conducted
in athletes who suffered mTBI, reduced FA occurred concurrently
with a reduction in V¢, in the absence of any significant changes in
ODI at 7 days post-injury. These changes may be associated with
glial-mediated edema and the initiation of a neuroinflammatory
response 10 injury. In athletes scanned after being given medical
clearance to return to play, ODI was increased in individuals with
elevated symptoms at initial consultation. Therefore, the change in
neurite geometry may reflect a longitudinal response to injury, and
may be a sensitive measure of clinically asymptomatic neuroplastic
changes in the brain.*® A study comparing patients with mTBI
with orthopedic trauma controls observed decreased FA and in-
creased MD in anterior tracts at 2 weeks post-injury, with a con-
comitant elevated free water fraction (FISO) in white matter
regions indicative of vasogenic edema. However, at 6-month
follow-up, no significant differences were detected in DTI metrics,
despite a longitudinal decrease in white matter neurite density on
NODDI. Additionally, associations were found between ODI and
FISO and rate and magnitude of functional improvement within the
mTBI group.®”" In summary, NODDI augments the sensitivity of
existing DTI metrics and further studies are warranted to explore its
prognostic and research value.

WARNOCK ET AL.

Resting state and connectivity changes

Patients suffering trauma also have changes to functional con-
nectivity within the brain that can be mapped and quantified using
MRI-driven techniques analyzing the default mode network (DMN).
The DMN spans the hippocampus, precuneus, cingulum, inferior
parietal lobe, and the orbital frontal, medial prefrontal, lateral tem-
poral, lateral parietal, cingulate, and parahippocampal cortices®™ 2>
and is activated during rest or self-reflective periods but suppressed
during attention or goal-oriented tasks.”">****% The DMN is sus-
pected to be involved in integrating multi-modal information and
evaluating the cognitive and homeostatic environment, and is con-
nected by white matter tracts across the brain. However, its exact
function is still unknown.””* The DMN is frequently used to char-
acterize resting-state connectivity changes in neurological disorders,
but has only recently been applied to examining functional outcomes
of mTBL**" A reduction in resting state functional connectivity
(rs-FC) within the DMN during the acute stage of mTBI injury has
been demonstrated,”* consistent with significant reductions in rs-FC
in more severe TBI populations shortly after injury.m“""7

Considerable variability exists in DMN rs-FC reductions in
patients with mTBI during the subacute stage of injury across
studies. These inconsistencies may be attributed to differing times
of observation post-injury, heterogeneous inclusion criteria, and the
innate differences in patients’ rate of recovery.”'” Patients with
mTBI have rs-FC within the DMN at the chronic stage of inju-
ry. 293219210 [nterestingly, patients with mTBI at the chronic stage
have increased rs-FC between the DMN and the task positive
network (TPN).2* Additionally, there is increased rs-FC between
the TPN and the medial prefrontal cortex (MPFC) and dorsal
posterior cingulate cortex (dPCC) nodes of the DMN, with con-
comitant increases in rs-FC between the DMN and the left dorso-
lateral prefrontal cortex (L-DLPFC).*** An increase in rs-FC
between the DMN and dorsal anterior cingulate cortex (ACC) and
bilateral insula has been observed at both chronic®** and subacute
stages.”'> The bilateral insula is part of the salience network
(SN),** and is sometimes co-activated with the TPN.*'* This in-
creased connectivity between the DMN and regions of the SN led to
suggestions that there is a demand for the SN to modulate the
activity of the disrupted DMN following mTBI>"* and that the
increased modulation is a possible cause of increased cognitive
fatigue seen in patients with mTBL>"> The changes in functional
connectivity were found to persist for up to 6 months post-injury
and likely reflect DAI in white matter.”"*

Cerebral blood flow (CBF) in the brain is also altered upon
mTBI>* Imbalances between resting arterial spin labeling (ASL)
perfusion within the DMN and TPN are found at the chronic
slage.202 leading to suggestions that recovery from mTBI is a
highly dynamic mechanism that involves CBF changes to balance
out the basal activity of the two networks.”*> The altered CBF
allocation to the two networks may also contribute to the cognitive
fatigue,”"* and attentional deficits seen in patients with mTBL>'®

Patients suffering from persistent post-concussive symptoms
(PPCS) fail to maintain innate balance between perfusion to the
DMN and TPN.>* An increase in resting perfusion in the TPN
nodes is seen in patients suffering from PPCS,*** and patients with
PPCS were unable to uphold network perfusion patterns compa-
rably with non-PPCS mTBI and control participants. Therefore, it
has been suggested that during the initial stages of injury, it may be
possible to use network perfusion patterns to determine which
patients will develop PPCS.*** However, the relevant data involved
two groups of patients with mTBI of varying ages and changes in
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perfusion may be due to the age difference,”** further confounded
by the fact that older patients are at greater risk for developing
pPCS.217

Following mTBI, common complaints include cognitive fatigue,
headaches, and emotional and vestibular dysregulali(m.”'l:':m
Children may also experience mood changes, sleeping difficulties, and
concentration and memory issues.”” Despite this, neuropsychological
tests rarely detect differences in objective performance on working
memory tasks in children after mTBL>'* Children and adolescents
represent the population that is most at risk for incurring an mTBI >
hence the Australian Barlow group including the KidStim Laboratory,
focus on mTBI in children.*'® Working memory is described by the
Barlow group as the ability to hold recent information and transiently
manage it for goal-directed behaviors.”"® Working memory-related
cortical activation is decreased in children who have not recovered
from mTBI at 1 month post-injury.>'® Additionally, similar regions of
cortical hypoactivation have been found in children 41 days post-
injury.”' However, other studies have demonstrated hyperactivation in
cortical areas.”*> *** These inconsistent findings are possibly the result
of heterogeneous memory tasks, inconsistent inclusion criteria, and
differing age ranges between studies.”** Although the Barlow group
found there to be similar working memory-related cortical activation
and neurocognition in patients with mTBI and healthy controls, chil-
dren showing signs of PPCS demonstrated greater inhibition of the
DMN and hypoactivation in the DLPFRC during the working memory
task, compared with children showing no sign of PPCS post-injury.*'
Despite these changes, no performance differences were detected.
Resting-state data therefore provide an insight into internodal activity
and a useful platform to characterize changes post-injury: however,
more research is needed to achieve accurate prognostic value.

218

Metabolic changes

In addition to structural and functional aberrations in white
matter following injury, a number of metabolic changes reflective
of gliosis or pathology can be detected using magnetic resonance
spectroscopy techniques. Magnetic resonance spectroscopy has
been used to detect reductions in ratios of N-acetylaspartic acid
(NAA), choline (Cho), and creatine (Cr) in the genu of the corpus
callosum following mTBI in athletes regardless of number of hits.*”
Athletes recovering from their first mTBI showed the greatest al-
teration in NAA/Cho and NAA/Cr ratios, perhaps indicative of a
tolerance effect with further hits.*® Decreases in NAA/Cr ratios
have been observed in the thalamus in mTBI patients with impaired
cognitive function, and an increase in thalamic Cho/Cr ratio was
evident in mTBI patients with self-reported sensory symplom.\:226
However, the NAA/Cho and NAA/Cr ratios do not differ with the
severity of symploms.m A substantial literature explores the re-
lationship between metabolite changes in the brain following TBI,
including in white matter. These have been extensively re-

viewed,*****% and will not be covered further here.
Quantitative susceptibility mapping (QSM) is a novel imaging
technique that allows in vivo ement of ic biometals

(iron) and high concentrations of Ca®>* ****3! The technique has
displayed sensitivity in detecting changes in neurodegenerative
disease, such as Parkinson’s disease”*” and Alzheimer’s disease,”*
and has been used in TBI research.”***** Tron deposition in the
cortex has been associated with cognitive decline, and is believed to
induce oxidative stress and a pro-inflammatory response.”*> Ab-
normal accumulation of iron in white matter can be caused as a
result of microhemorrhage following TBL*** and in patients with
severe TBI, iron oxide targeting P-selectin microparticles can be
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used to identify endothelial activation in the cortex and hippo-
campus.”™ In a susceptibility-weighted imaging study in patients
with chronic mTBI, abnormal iron depositions were detected in the
hippocampus, thal and the spl of the corpus callosum at
6 months post-injury. Additionally, iron accumulations in the right
substantia nigra are positively associated with cognitive impair-
ments in patients with mTBL>*®

More recently, QSM has been utilized in a FPI rodent model to
visualize thalamic Ca®* influx in severe TBI, repeated mTBI, and
single mTBI. No calcifications were detected 1 week post-injury;
however, at 4 weeks calcifications were detected in all injury se-
verities. The repeated mTBI group had the largest calcification
volumes, a higher prevalence of calcifications compared with
control and sham animals, and calcium increases in repeated hits
were associated with neurological disability.”** Another novel
technique is flortaucipir positron emission tomography (PET),
which allows the study of tau pathology in relation to TAI Flor-
taucipir PET allows for in vive detection of abnormal tau in neu-
rofibrillary tangles, which traditionally has been used as a marker of
pathology in post-mortem Alzheimer’s disease tissue. In patients
who received a single moderate TBI, flortaucipir binding was in-
creased many years after injury compared with healthy controls.
This increase in flortaucipir binding was associated with the pres-
ence of TAI, and with CSF markers of neurodegeneration T-tau and
P-tau.”*’ Future analysis of biometals and metabolites may provide
insight into subtle changes in white matter in patients with TBI.

Detection of Cell-Specific White Matter Pathologies

Glutamate excitotoxicity and changes
in calcium ions and reactive species

In addition to the primary mechanical insult, white matter injury
induces a cascade of molecular changes within neuroglia that can
be detected using biochemical and imaging based methods.
Glutamate-induced excitotoxicity is a prolonged or excessive ex-
posure to glutamate that ultimately results in neuronal and glial cell
death.”**** In normal physiology, glutamate is rapidly removed
from synapses by glutamic acid reuptake systems on glial cells and
neurons.”*’ Reuptake prevents a buildup of glutamate within syn-
apses, sustaining glutamate levels at approximately 0.6 gmol/L.>*!
However, after neurotrauma the concentration of extracellular
glutamate can increase to up to 5 gmol/L.>*' Following TBI in
humans, the levels of glutamate in the CSF are increased, and
remain higher 1 week following injury, with these levels correlated
with injury se\'erily.z42 Further, by 2 days following a moderate
midline FPI, tonic glutamate levels are increased by 178% in the
striatum and 256% in the dentate gyrus.***

Glutamate excitotoxicity has also been implicated in white mat-
ter damage following SCL** Glutamate elevation following injury
is caused by: 1) Ca**-dependent excitotoxic release of glutamate
from axons: 2) dysfunctional astrocytic and neuronal glutamate
reuptake and recycling: 3) ATP-dependent P2X;receptor-mediated
astrocytic glutamate release; 4) spillage from adjacent injured
cells and: 5) glutamate release from activated microglia, associated
with an inflammatory response.”*'******" In addition, there is a
positive feedback mechanism associated with glutamatergic ex-
citotoxic insult. Glutamate interacts with N-methyl-D-aspartate
(NMDA) and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptors to increase the expression of inflammatory
cytokines and chemokines.”** These toxins stimulate nearby mi-
croglia and astrocytes to release more glutamate and inflamma-
tory factors into the extracellular space, exacerbating excitotoxic
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insult.*** However, increased extracellular glutamate alone cannot
induce the full spectrum of toxic effects observed following CNS
illjlll'y.:'“,

Intracellular Ca** overload activates apoptotic cellular mech
nisms and has been coined the ““final common pathway of cell
death.”**" After neurotrauma, there is an immediate rise in extra-
cellular Ca®' levels due to spillage from injured and inflamed cells,
and release from intra 1 Ca** stores. > Using “*Ca autora-
diography following a lateral FPI, there is a marked increase in **Ca
accumulation, even in areas of the brain without gross morpho-
logical damage, showing that Ca®* flux plays a critical role in TBI
pathology.*>* Ca®* rapidly enters neuroglia through a variety of
channels and receptors, including AMPA receptors, NMDA re-
ceptors, voltage-gated calcium channels (VGCCs), and P2X; re-
ceptors,”™* as well as through membrane pores created by the
shearing force during the initial mechanical insult.™>

Increased intracellular Ca™ is self-propagating, due to Ca™'-
induced release of Ca™ from intracellular stores, such as the en-
doplasmic reticulum, as well as reversal of the Na'/Ca’* exchanger,
which then pumps additional Ca®* into the cell.>**>* Changes in
Ca microdomains are also apparent in optic nerve vulnerable to

lary d ! d using nanoscale secondary ion
mass spec(roscopy % Following neurotrauma, ollgudcndmcylcs and
OPCs are particularly vulnerable to intracellular Ca®* overload.**

NO2

WARNOCK ET AL.

partially because they contain higher concentrations of P2Xreceptors
and AMPA receptors than neurons and other glial cells "'
Therefore, more receptors are activated after injury, leading to greater
Ca®" influx when compared with cells that have a lower concentration
of these receptors.®®* Further, oligodendrocytes and OPCs do not
have the capacity for receptor-mediated desensitization of AMPA
receplors when overstimulated, thus increasing their risk of Ca®'-
mediated damage *** Once Ca™ has entered cells, it mediates a va-
riety of downstream pathways, including mitochondnial dysfunction
and oxidative stress, ultimately resulting in apoptotic cell death and
the spread of secondary degeneration,”® with oligodendrocytes being
particularly vulnerable.

Oligodendrocyte susceptibility to oxidative stress

Increased intracellular Ca®* accumulates in mitochondria, re-
sulting in an increase in mitochondrial and cytoplasmic production
of reactive oxygen species (ROS) and reactive nitrogen species
(RNS),"* as shown in Figure 1.

Following intracellular Ca® influx, Ca®~ accumulates inside the
mitochondria via the mitochondrial permeability transition.” Mi-
tochondrial protein phosphatase then dephosphorylates cytochrome
¢ oxidase, reducing allosteric ATP-inhibition and inc g the
mitochondrial membrane potential **” As ATP synthesis increases

“OH

FIG. 1. Schematic diagram showing intracellular production and effect of reactive oxygen species during secondary degeneration.
Reactions shown are indicative of processes and are not balanced equations. Not all possible reactions are shown., ETC, electron
transport chain; MPT, mitochondrial permeability trammon OMM/IMM, outer/inner mitochondrial membrane; VDAC, voltage de-

pendent anion channel. Adapted fromO’Hare Doig et al.*®
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through the Krebs cycle, electrons are leaked at complexes I and I11
of the electron transport chain on the inner mitochondrial mem-
brane, resulting in the increased formation of the superoxide anion
(0,).2°%2% Superoxide dismutases reduce 0,* to hydrogen per-
oxide (H0,), and the iron-catalyzed Fenton reaction further dis-
mutases H,O, into hydroxyl radicals (OH").2™*" OpC vulnerability
is heightened by increased baseline intracellular iron levels,”’* as
increased intracellular iron is associated with increased ROS pro-
duction via iron-facilitated Fenton reactions.””

Our team has demonstrated that at 1 and 3 days post-injury, there
is an increase in 1,0, following a partial optic nerve injury.”*
Nitric oxide (*NO) is enzymatically synthesized by inducible nitric
oxide synthase (iNOS), and reacts with O, to produce peroxyni-
trate (ONOO).>"* ONOO' can then be further reduced to form OH*
and nitrogen dioxide (*N0,).>’> 02* can travel from the mito-
chondria into the cytoplasmic space through voltage-dependent
anion channels on the outer mitochondrial membrane, resulting in
elevated ROS outside of the mitochondria.*’® Further, H,0, is
membrane permeable, and so can diffuse out of the mitochondria
into the cylosol.:77 Within the cytoplasm and nucleus, these ROS
oxidize DNA and lipid structures, and nitrate proteins, causing
cellular damage and apoplosis.z"" OH?® also deprotonates lipids and
proteins, causing a self-propagating cycle of oxidative damage.”™

Our team has shown that following a partial optic nerve tran-
section, the immunoreactivity of carboxymethyl-lysine (CML), an
advanced glycation end-product as a marker of oxidative stress
increases significantly post-injury in areas of nerve vulnerable to
secondary degeneration, colocalized with Oligl+ oligodendroglial
cells.”*® When animals were treated with a combination of ion
channel inhibitors aimed to reduce Ca®" influx through AMPA
receptors, P2X; receptors, and VGCCs, the immunointensity of
CML decreased to normal levels, suggesting increased advanced
glycation end-products in this model are at least in part a result of
Caz’-dcpendcnl mechanisms. ">

In a normal, uninjured system, ROS and RNS are detoxified by
antioxidants, such as glutathione peroxidase (GPx1), heme oxygenase-
1 (HO-1), and manganese superoxide dismutase (MnSOD), prevent-
ing a buildup of free radicals within cells.” Cells respond to increased
production of ROS and RNS by increasing production of antioxidants;
with research from our team showing a significant increase in MnSOD
immunoreactivity in the optic nerve as early as 5min after partial
transection, colocalized within astrocytes.”’**" By 3 days following
injury, there is a significant increase in GPx|1, often colocalized within
CCl+ oligodendrocytes, with a significant increase in HO-1 by 7 days
post-injury, predominantly colocalized inionized calcium-binding
adaptor molecule (Ibal) positive micmglia.z's’ Following two repeated
closed-head weight-drop mTBIs in rats, MnSOD immunoreactivity
increases 11 days post—injury.:*‘0 ‘When a combination of ion channel
inhibitors to limit Ca®* entry via AMPA receptors, P2X; receptors, and
VGCC is used following repeated mTBI, MnSOD immunoreactivity
decreased, indicating modulating Ca™ influx is key to limiting this
antioxidant response.”™ At both 1 and 14 days post-injury following a
spinal cord contusion in rats, the level of MnSOD is significantly
increased, with a similar increase in copper zinc superoxide dismutase
(CuZnSOD) and GPxI at 14 days post-injury.*!

When the rate of ROS and RNS generation becomes greater than
the rate at which antioxidants can counterbalance, cells are unable
to prevent the damaging effects of these free radicals and undergo
oxidative and nitrosative stress.*** OPCs have lower concentrations
of endogenous antioxidants, such as GPx1 and MnSOD and are
thus particularly vulnerable.”’**** Glutathione prevents cell apo-
ptosis by conjugating 4-hydroxynonenal (HNE), a by-product of
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lipid peroxidation, and suppressing the toxic activity of 12-
lipoxygenase.”***** Therefore, lower levels of glutathione are
correlated with an increased risk of oxidative damage to lipids.285
Further, when OPCs are engineered to overexpress the antioxidant
MnSOD, there is an observable decrease in apnplosis.:“

Mitochondrial oxidative stress also induces endoplasmic retic-
ulum (ER) stress.”®” ER stress results in unfolded proteins,”®® and if
the stress persists for an extended period, it can result in cell
death.* Further, in periods of stress, the ER releases large quan-
tities of Ca>~, which in turn increase the production of ROS/RNS in
the mitochondria.**” Our research has shown that mitochondria in
both axons and glia develop subtle structural changes following
injury, with increased autophagic profiles demonstrating suscepti-
bility of mitochondria to secondary degenerative pmcesses.:"u

Oligodendrocyte vulnerability to oxidative stress is further ex-
acerbated by it role in maintaining the myelin sheath.*** The
maintenance of myelin requires large amounts of energy, and in-
volves catalyzing the production of lipids.**' One by-product of
these reactions is ROS; therefore, there is an intracellular accu-
mulation of ROS within oligodendrocytes, amplifying oxidative
stress mechanisms.***

Lipid peroxidation following injury

Lipid peroxidation, the process where ROS “steal” electrons from
a cells membranous lipid bilayer, is an important downstream
mechanism of oxidative stress.”*> ROS attack the carbon to carbon
double bonds of lipids, in particular of polyunsaturated fatty acids, as
well as glycolipids, phospholipids, and to a lesser extent cholester-
01.>* This attack on lipids results in the formation of toxic aldehydes,
such as HINE.** Further, iron plays a key role in ROS-mediated lipid
peroxidation and enhances cytokine-mediated mitochondrial and
membrane damage.*'*** Therefore, during secondary degeneration,
OPCs not only produce more ROS but have greater ROS-mediated
cell damage than other neuroglia due to their increased intracellular
iron levels.””> HNE mediates cell damage by binding to and dis-
rupting membrane transport systems, including impairing glutamate
reuptake in astrocytes.:% 297 Therefore, the production of HNE by
lipid peroxidation causes a positive feedback for glutamate ex-
citotoxicity and exacerbates the cycle of cell damage.””

Our team has shown overall increased levels of HNE from 3 days
after partial injury to the optic nerve,”®® witha significant increase in
HNE within the OPC and mature oligodendrocyte populations at
this time.*> When a combination of three ion channel inhibitors
targeting AMPA receptors, P2X; receptors, and VGCCs was de-
livered acutely following the injury, OPCs were preserved when
HNE decreased. The protection was associated with improvements
in visual function, suggesting that limiting lipid peroxidation may
aid in maintaining the number of OPCs following injury.** Fol-
lowing a clip-compression-induced SCI, there is a biphasic increase
in lipid peroxidation as shown by malondialdehyde assays, with the
first peak at 4 h post-injury, and the second increase at 24 h to 5 days
post-injury.*” In a model of repeated mTBI, our team has also
shown increased lipid peroxidation in cortical neurons, demon-
strating that oligodendroglia are not the only cell type vulnerable to
lipid peroxidation.** Further, following TBI in humans, circulating
plasma levels of HNE increase compared with control patients. !

Protein nitration following injury

Nitrosative stress also has a neurodestructive effect, mediating
further lipid peroxidation, as well as protein nitration.****% Protein
nitration occurs when a nitro group is added into the structure of a
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pmlcin:‘m and primarily occurs as the reaction between *NO or
*NO, and the amino acid tyrosine, to form 3-nitrotyrosine (3-
NT). 3% Immunointensity of 3-NT, a protein nitration indicator, is
significantly increased in a diffuse distribution 3 days following
partial injury to the optic nerve.*> Further analysis using Nano-
SIMS technology shows that 3-NT is increased at 3 days within
mature oligodendrocytes, NG2+ cells, Olig2+ cells, fIII tubulin+
axons, and paranodes, with no structure selectively vulnerable to
damage.** In addition, following a moderate diffuse closed-head
injury, 3-NT immunoreactivity increased at 48h post-injury.*®
This suggests that the nitrosative pathways also contribute to the
cellular damage observed in secondary degeneration.

Oxidative DNA damage following injury

DNA is highly vulnerable to oxidative damage, and there are a
variety of mechanisms through which free radicals mediate DNA
damage during oxidative stress, one of which is nucleobase mod-
ification.”*’ These DNA lesions can have extremely detrimental
effects, by either altering the genetic code or by acting as a block
during DNA replication.”®” DNA is highly vulnerable to oxidative
damage, as ROS, particularly «OH, can mediate hydroxylation of
DNA nucleic acid bases.”*” This process converts deoxyguanosine
to 8-hydroxy-2-deoxyguanosine (8OHDG), through a spontaneous
transversion mutation, altering DNA structure.’®® Our team has
shown that by 24 h following partial optic nerve injury, SOHDG is
significantly increased in the ventral optic nerve white matter, and
this is associated with apoptotic cell death.®3% However, in our
closed-head weight-drop model of repeated mTBI, there is no in-
crease in 8OHDG immunoreactivity in a range of brain regions,
with either 1, 2, or 3 injuries at 3 months following injury,”' or
with two injuries at 11 days p()sl-injury.280 More work is needed to
assess the acute time course of 8OHDG immunointensity in this
model.

Going on to define the cellular specificity of the changes, we
have shown that oligodendroglial cells are significantly more likely
to succumb to oxidative 8OHDG DNA damage following neuro-
trauma compared with other neuroglial cells and structures.** Three
days following the optic nerve injury, both OPCs and oligoden-
drocytes had increased levels of SOHDG DNA damage.*’ Newly
derived oligodendrocytes exhibited significantly more DNA dam-
age than pre-existing oligodendrocytes, suggesting newly differ-
entiated cells are more vulnerable to oxidative damage.*® The
DNA-damaged oligodendrocytes were more likely than non-DNA-
damaged oligodendrocytes to become apoplolicf’" However, newly
derived oligodendrocytes were less likely to be apoptotic than pre-
existing oligodendrocytes.** Thus, despite their increased suscep-
tibility to DNA damage, newly derived oligodendrocytes are less
vulnerable to apoptotic cell death than their pre-existing oligo-
dendrocyte counterparts.* Interestingly, by 28 days after injury,
these newly derived oligodendrocytes are still less likely to be
apoptotic, but they also have decreased expression of MyRF.** This
suggests that newly derived DNA damaged oligodendrocytes are
more likely to survive following injury but have a reduced myeli-
nation capacity.*’ Therefore the ability for remyelination is com-
promised following oxidative damage due to neurotrauma and may
lead to poor repair of damaged myelin.**

Changes in numbers of oligodendroglia following injury

It has been widely reported, including in Australian research,
that following experimentally induced TBI and SCI there is a loss
of oligodendrocytes.***!*!1-31% However, some studies have not
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detected oligodendrocyte death,'* perhaps indicating differential
responses of these cells depending on injury severity or mode.

We have shown that following partial injury to the optic nerve
white matter,** using Olig2 together with NG2 as markers for
OPCs, the number of OPCs remains similar to control at 1 and 3
days after injury.*'> However, OPC densities significantly decline
from 7 days to 3 months, which is not attributable to optic nerve
swellingA3 A3 days post-injury, OPCs proliferate more than
controls.*™ At 1 and 3 days post-injury, the density of CC14/
Olig2+ immature oligodendrocytes decreases; however, by3 days
there is an increase in the density of CC1+/Olig2- mature oligo-
dendrocytes, indicating differentiation of a subset of surviving
immature oligmk:ndrocyl.es.3 '3 By labeling dying oligodendroglia
with the cell death marker TUNEL, it was found that an increase in
TUNEL+ staining occurred across the oligodendroglial lineage by
7 days following injury, with a significant increase in OPC cell
death sustained at 1 month posl-injuryi‘ ' This suggests that despite
acute proliferation, there is an overall chronic depletion in the OPC
population.***1

Similarly, following a contusion SCI, numbers of BrdU+/NG2+
OPCs increase, with proliferation of OPCs tripling in the first week
following injury.’"* However, within the first 7 days following
injury, the total number of OPCs decreases, demonstrating an
overall reduction of this cellular population despite the proliferative
response.”?

Change in the OPC population may be slightly different fol-
lowing TBI. Using an FPI model, the number of OPCs increases in
white matter tracts from 2 days to 21 days following injury,*!
quantified based upon use of Olig2 or Tcf4 individually to indicate
OPCs. Further, although BrdU+/PLP+ newly derived oligoden-
drocytes are rare in the corpus callosum, they are significantly
higher in number following a CCI than sham injury.'* Finally, in
another study utilizing a CCI, immunoreactivity of the OPC marker
NG2, quantified by optical density measurements, peaks at 1 to 4
days following injury in the corpus callosum.*'® Taken together
these studies suggest that OPC populations increase in response to
injury in white matter following TBI. In the first few days following
a moderate to severe TBI in humans, oligodendrocytes are lost with
a concomitant increase in the number of OPCs.*!” Despite these
findings, it is possible that variability exists in number of oligo-
dendroglia depending on the type of white matter injury.

Axonal loss and neuronal damage following injury

Neuronal loss both within and around the injury site is a hallmark
of white matter injury.“8 In TBI, neural degeneration has been
observed within minutes following injury,”? featuring the degen-
erative cascade of TAL™ Certain areas of white matter are more
vulnerable to TAI, such as the corpus callosum and the brain-
stem.'”"32° Staal and Vickers found that in vitro unmyelinated
axons are more vulnerable to stretch injury that myelinated ax-
ons.**! Further, unmyelinated fibers in the corpus callosum are
more selectively vulnerable to damage than myelinated axons
in vivo.’* Following injury, increased intracellular Ca®* within
neurons results in damage to the axonal cytoskeleton and impair-
ments to axonal transport via activation of degenerative enzymes
and cysteine proteases such as caspase-3 and the Ca® -dependent
neutral protease calpain." = Caspase-3 cleaves proteins associated
with DNA repair, contributing to the DNA damage observed fol-
lowing injury.*** The damage cascade results in accumulation of
axonal transport proteins within the axon, DNA fragmentation, and
axonal swelling, with affected neurons eventually undergoing
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either apoptotic or necrotic cell death, impairing function.’> In
addition, DNA damage from ROS enhances post-traumatic neu-
ronal death following injury.**®

The partial optic nerve transection model has allowed specific
insight into the changes to axons and their parent somata vulnerable
to secondary degeneration in a white matter tract. We have shown
that at 24 h after injury, retinal ganglion cell somata show increased
c-jun expression, associated with pro-apoptotic mechanisms.*’® By
3 days after injury, poly (ADP-ribose) polymerase (PARP) is up-
regulated in axons in the ventral optic nerve, implicating necrosis as
an additional pathway to cellular demise.”’ There is also decreased
axonal stability at 1 day following PT, shown through decreased
acetylated tubulin cxpres,\‘ion."2 Further, there are no changes in the
ratio of Ca:*-independent phosphorylated Taw/panTau at 877,
whereas there is increased Ca”'-dependent phosphorylated Tau
isoforms at this time.*

When treated with a combination of ion channel inhibitors that
reduce Ca”" influx through AMPA receptors, P2X, receptors, and
VGCCs, the ratio of phosphorylation of both [$**] and [T*°]
relative to total Tau decreases significantly at 3 day post-injury
compared with injured untreated controls.*> The ion channel in-
hibitor combination also ameliorates acetylated tubulin immuno-
reactivity.42 Conversely, NogoA immunoreactivity decreases in the
ventral optic nerve with injury but increases when animals were
treated with the ion channel inhibitor combination. However,
changes to NogoA did not appear to be a driver of therapeutic
benefit following ion channel inhibitor administration, and the
functional significance of changes to NogoA remain unclear. At 3
months following the optic nerve injury, f-IIl tubulin im-
munointensity is decreased, indicative of loss of axonal integrity
and axonal death."*” Indeed, by 3 months after injury, the number
of axons in the ventral optic nerve has decreased by 30.7%.* The
ion channel inhibitor combination protects f-III tubulin immuno-
reactivity 3 months post-injury, associated with preservation of
myelin and improvements in visual function.'*® There is also a
significant decrease in retinal ganglion cell densities in the central
retina both 1 and 3 months after these injuries, which suggests
retrograde damage to cell bodies along axons.**®* Taken together
the data indicate that loss of neurons is associated with Ca>* dys-
regulation, oxidative stress mechanisms, and dysmyelination, and
likely contributes to a decrease in function.**1*°

These degenerative changes to neurons and their axons are not
limited to the optic nerve injury model. Following mTBI with TAI,
degenerating axons are apparent with electron microscopy at 3 days
through to 6 weeks post-injury, with swollen mitochondria, either
abnormally high or low cytoplasmic density, and vesicle accumu-
lation."*® Unmyelinated axon density decreases in the corpus cal-
losum following a moderate FPI, with diameter decreasing from 3
to 7 days post-injury and recovering at 15 days:‘ * In a TAI study
utilizing compound action potentials evoked in the corpus callo-
sum, it was found that the amplitude of myelinated axons was
decreased up to 3 days post-FPI but recovered to control levels by 7
days. Whereas the unmyelinated axonal amplitude did not recover,
therefore a differential vulnerability was observed.*** Following a
single-impact open-head weight-drop TBI, axons are damaged,
with a concomitant decrease in conduction velocities across the
corpus callosum.** However, there is no increase in TUNEL+
neurons in white matter following a FPI, which suggests neurons
are less vulnerable to apoptotic cell death than oligodcndroglia.” !

Tau hyperphosphorylation is a driver of neurodegeneration as it
results in a disruption of microtubules and may result in interrupted
axonal transport and therefore decreased synaptic transmission,**>
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The Corrigan team at the University of Adelaide (Collins-Praino
and colleagues®*’) have shown that regardless of whether rats re-
ceive a single moderate to severe TBI or three mTBISs, the level of
AT180 tau phosphorylation has a biphasic pattern, with an initial
spike at 24 h following injury, which returns to baseline before
increasing again at 3 months post-injury. Further, levels of protein
phosphatase 2Ac (PP2Ac) decrease at both 24h and 3 months
following injury, hypothesized to demonstrate a loss of PP2A
phosphatase activity.™** Overall, this indicates that tauopathy and
tau phosphorylation may be a significant feature of neurodegen-
eration following both repeated mTBIs and more moderate to se-
vere single TBIs.

Axonal loss is also a hallmark of SCI. By 1 week following a
contusion SCI, only 13% of axons remained in the degenerated core
of the dorsal column at the injury site.>** Axons swelled, with the
axoplasm becoming dense, followed by myelin detaching from the
axon.** Axons subsequently degenerated, leaving a microcyst
inside a slowly disappearing myelin sheath.***

The amyloid-f (Af) peptide is derived from amyloid precursor
protein (APP), with the aggregation of Aff believed to play a role in
Alzheimer's disease pathogenesis.*** Aggregation of Af is evident
following severe TBI in humans,**® so it is not surprising that there
is an epidemiological association between TBI and Alzheimer’s
disease later in life.® The Vickers team have recently shown
(Collins and associates™ ) that 30 days following a lateral FPI in
the APP/PS] tr: ic model of Alzheimer’s di in mice, the
aggregation response of Af is dependent on the state of amyloid-
osis at time of injury, with pre-plaque mice showing increased Aff
deposition in the cortex, and mice with established amyloidosis
showing decreased total Af deposition. More work is needed to
determine the Af response in white matter following injury. The
functions of APP are manifold, including roles in neuronal and
synaptic processes.>>* The Vink team has shown (McAteer and co-
workers™”) that following repeated mTBI, there are increases in
APP immunoreactivity at 12 weeks post-injury. However, APP
derivatives can mediate both neurotoxic and neuroprotective ef-
fects. Indeed, the team in South Australia (Corrigan and col-
leagues**’) has gone on to show that if APP is knocked out in mice,
there is increased cortical and hippocampal cell loss, axonal injury,
and decreased behavioral deficits following diffuse mTBI, sug-
gesting upregulation of APP plays a neuroprotective role.*** Exo-
genous treatment with the APP derivative sAPPx prevents deficits
in APP knockout mice after injury.**' Together with Roberto
Cappai, the team have shown (Plummer and associates™***) that this
neuroprotective effect of APP is mediated by residues 96-110 in the
heparin-binding site in the growth-factor like domain (D1) of
sAPPz, with APP96-110 having a neuroprotective effect following
focal CCI. Intravenous administration of APP96-110 30 min after a
moderate to severe diffuse impact-acceleration TBI results in re-
duced motor deficits, and decreased axonal injury and neuroin-
flammation in the corpus callosum at 3 days following injury.***
Further, when APP96-110 is administered intravenously 5h post-
injury, there are improvements in motor deficits and axonal injury
in the corpus callosum.** Therefore, APP96-110 may be a po-
tential therapeutic option to limit axonal injury in white matter
following TBI.

Dysmyelination and myelin structural changes

The myelin sheath is predominantly lipid-based, which means it
is highly vulnerable to oxidative stress and lipid peroxidation,™**
resulting in widespread dysmyelination following white matter
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injury.>*9%® Dysmyelination is a destructive process whereby

the myelin sheath becomes abnormal in structure, associated with a
loss of function due to reduced conduction of neural signals.**’ A
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staining in the i I cerebral le ¢ d with sham
animals, mdlcalmg loss of myelin. 336 At24hand 2 2 days following
a contusion SCI, LFB staining is considerably decreased in the

hallmark feature of dysmyelination is myelin dec

Myelin decompaction occurs when the myelin lamellae separate
and the paranodal loops detach and split, associated with increased
intracellular Ca®*, as shown in Figure 2.

Oxidative stress disrupts both the integral myelin sheath proteins,
and the proteins between the surfaces of the myelin lamellae. ">
We have shown that from 5 min lollowmg partial optic nerve injury,

1i s in MBP i cence are observed in
lhe ventral optic nerve, indicative of myelin degradation and in-
creased immunoreactivity of MBP.>”* However, by 3 months fol-
lowing injury, MBP immunoreactivity is decreased, suggesting long-
term myelin loss.™ In a rat model of TBI, MBP becomes proteolyzed
in a calpain-mediated manner, contributing to lost integrity of the
myelin sheath and dysmyelination.™* MBP has also been found to be
elevated in the CSF following severe TBI in humans.***

Luxol fast blue (LFB) staining is a frequently used indicator of
myelin integrity. Following a CCI, LFB staining reveals lesions
within the corpus callosum from 1 day to 3 months after injury.*>
At | year following a parasagittal FPl in rats, abnormal LFB
staining is observed in the corpus callosum, with a decrease in LFB

|
|
)

Healthy

l

Following injury Dysmyelination

and myelin

dorsal col at the middle of the injury site, with more granular
staining visible in the ventrolateral white matter: by 10 weeks post-
injury. a thick rim of LFB staining is apparent surrounding the
injury site.***

Given the optic nerve is a highly myelinated white matter tract, the
partial transection model has proved useful for studying changes to
myelin structure following injury. We have used electron microscopy
to demonstrate a significant increase in the proportion of axons with
decomyacled myelin in the ventral optic nerve at 3 months after
injury,” " associated with lipid peroxidation and oxidative stress as
described above.™™* At 6 months, loosening of the myelin sheath is
widespread throughout the nerve, with myelin thickness significantly
increased at this time-point, likely due to the loosening.** The number
of intraperiodic lines surrounding myelinated axons also increases at
6 months post-injury, suggesting oligodendrocytes may be wrapping
more layers of myelin around axons in an attempt at repair, >

In SCI. the necrotic core of the injury is surrounded by a rim of
demyelinated axons.™” After a contusive SCI. the number of de-
myelinated axons peaks at | day following injury, and starts to
resolve by 7- 14 days, before then increasing again up to 450 days
post-injury.**® Following a chronic clip compression injury of the
rat thoracic spinal cord, the myelin is thinner in the injured dorsal
column, associated with reduced action potential amplitudes in
affected axons.*®’!

Following mTBI with TAL electron microscopy has revealed an
increase in double-layered myelm '20 which can occur as myelin
degenerates around injured axons.*** We have shown that in nor-
mally myelinated axons myelin thickness in the corpus callosum
is not significantly altered with up to three repeated mTBIs.*'"
However, more work is needed to quantify dysmyelination, myelin
decompaction, and loosening at various time-points following TBI
at the electron microscopy level.

Dysmyelination severely disrupts the myelin node/paranode
complex. The nodal sodium channels and the paranodal protein,
Caspr, diffuse along the axon, increasing the size of the node and
paranode respectively.*** Our team has shown that at 1 day fol-
lowing partial optic nerve injury, there is a significant increase in
both the paranodal gap length and the proportion of atypical nodal

e o ’ e o L]
o0 @ @
Diffusion of nodal/paranodal components
Increase in atypical nodal complexes
Axonal injury
Loss of function

FIG. 2. Characteristics of dysmyelination and myelin decom-
paction. Following CNS injury, myelin structures succumb to
oxidative stress and lipid peroxidation. This results in paranodal
splitting, myelin retraction and decompaction, Ca®* influx, and
cytoskeletal alterations to the nodal complex. Diffusion of nodal
components results in impaired saltatory conduction along
nerves, resulting in axonal injury and/or loss. As irregular my-
elin repair is attempted by newly myelinating oligodendrocytes,
the number of atypical nodal complexes increases. Red circles
represent nodal and paranodal components. CNS, central ner-
vous system, F)gure created with BioRender.com: modified from
Podbielska et al.*°

plexes, and these changes are maintained at 3 months after
injury.*** After closed-skull impact. paranodes were either short-
ened or absent with a concomitant increase in heminodes. ™ Fol-
lowing closed-head weight-drop mTBI. the length of the paranode,
the node of Ranvier, and the pmpornon of atypxcal nodal com-
plexes in the corpus callosum inc S gly. inhibiting
VGCCs, P2X; receptors, and AMPA receptors results in im-
provements in both the length of the node as well as the proportion
of atypical nodal complexes in both the o?lic nerve and mTBI
models, indicating increased intracellular Ca™" is a key mediator of
myelin integrity at the node of Ranvier,** 3¢
Dysmyelination after injury is associated with higher axonal
susceptibility to excitotoxic insult.*®® evidenced by a significant
decrease in axonal density associated with dysmyelination both |
and 3 months after partial optic nerve injury.**” It is therefore not
surprising that dysmyelination is associated with a loss of visual
tracking behavior after partial optic nerve injury at both acute and
chronic timepoints.**'** Abnormal myelination at a single inter-
node can be sufficient to block neural signal transduction for an
entire axon.*** White matter damage has also been associated with
functional deficits following experimental models of TBIL with
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deficits dependent on the location and severity of the injury}"”"368

Therefore, limiting the extent of myelin damage, both by attenu-
ating dysmyelination and promoting successful remyelination fol-
lowing injury, may result in improved functional outcomes.

Inflammation and gliosis

Myelin degradation is both a cause and consequence of inflam-
mation, as shown in animal models of multiple sclerosis where my-
elin debris regulates microglial activation.*® Along with infiltrating
macrophages, activated microglia secrete numerous cytokines, che-
mokines, ROS, and growth factors, affecting nearby cells.’”® Proin-
flammatory chemokines further recruit immune cells to the injury
site, exacerbating damage,””"*"* with depletion of microglia fol-
lowing a moderate FPI resulting in a therapeutic effect on neuronal
loss early post-injury‘3 > However, microglia have pleiotropic re-
sponses to injury, and can also mediate anti-inflammatory responses
depending on environmental cues and exposure to specific cyto-
kines."™ In SCI, it has recently been discovered that microglia form a
“microglial scar,” without which functional outcomes after injury
are worsened.””> From 3 days after partial transection to the optic
nerve, we have shown that Ibal+ microglia and ED 1+ macrophages
become activated and their numbers increase in ventral nerve vul-
nerable to secondary degeneration and remotely in the brain.*’%3"®

The Corrigan team have shown (Collins-Praino and associ-
ates*’”) that following a single diffuse impact-acceleration mTBI,
there is an acute increase in Ibal+ cells in the hippocampus at 6
days, which resolves chronically by 3 months post-injury. The
finding built upon earlier demonstrations of a significant increase in
cortical microglial activation at 24 h following three impact ac-
celeration diffuse mTBISs, and a significant increase following both
one and three injuries at 12 weeks.** Meanwhile, we have shown
in a closed-head weight-drop model of repeated mTBI that mi-
croglia in the corpus callosum remain hypertrophic after two in-
juries at 3 months,*'” but only after one injury in cortex, suggesting
repeated mTBI may cause more chronic microglial activation in
white matter tracts. From 3 days following mTBI with TAL there is
an increase in microglial activation in the corpus callosum, per-
sisting through to 6 weeks post-injury.'***"%

Further, following a closed-skull impact TBI with TAIL astro-
gliosis also significantly increases up to 6 weeks post-injury in the
corpus callosum where axons are damaged.'*” To form a barrier
around the injury site, reactive astrocytes become hypertrophic,
their processes become interlaced, and these cells show an increased
expression of glial fibrillary acidic protein (GFAP).*™ We have
shown that by 24 h after partial optic nerve transection, astrocyles
display a hypertrophic morphology, with a significant increase in
both the width of astrocytic processes and number of minor astro-
cytic processes.:78 Neurotrauma can activate at least two different
types of astrocyte reactivity, Al and A2**" nomenclature that
mimics the M1/M2 macrophage/microglia terminology.**' How-
ever, as with macrophages and microglia, #itis likely that astro-
cyte reactivity is a spectrum of various phenotypes, rather than
distinet reactive states.”™” In particular, Al astrocytes have been
associated with neuroinflammation, whereas A2 astrocytes have
been associated with the production of reparative trophic factors.**

Following injury, it appears that there may be a mixture of these
phenotypes present. Ablation of proliferating reactive astrocyles
following a moderate TBI resulted in inflammation and neural de-
generation, ™ suggesting the importance of astrocytes in the repar-
ative response. Further, following white matter ischemic injury,
astrocytes promote OPC differentiation and oligodendrocyte gener-
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ation by secreting BDNF, a mechanism that may occur within trau-
matic injuries.*** However, reactive astrocytes also release inhibitory
growth factors, cytokines, ROS, and glutamate that exacerbate injury
and may have a detrimental effect on overall function.”***’ Recent
data have shown that within the cortex, the astrocytic marker GFAP
and Al astrocyte phenotype marker C3 are upregulated from 8h
following both rat FPI and mouse CCI, with the microglial marker
Ibal increased at 24 h following injury. A peak was reached in both
models 72 h after injury, suggesting astrocytes may become reactive
prior to microglial activation.*® However, it is important to note that
not all GFAP+ astrocytes were C3+, suggesting there may be a mix of
reactive astrocyte phenotypes present following injury.***

These mechanisms may also be at play within the white matter
following injury. In LFP TBI, reactive astrocytes are found 1 day
post-injury in the subcortical white matter tracts, continuing at least
until 1 month post-injury.***. At both 24 h and 12 months following
arepeated closed-head injury, astrogliosis increases, but when only
a single injury is administered, there is no increase in astrocyte
reactivity at 24h and only a mild elevation at 12 months.'**
However, at 24 months post-injury, a single mTBI produced mild
astrogliosis, which was more severe following repeated injuries.'*!
However, in our closed-head weight-drop model of repeated mTBI
inrat, we find no astrogliosis with either one, two, or three injuries 3
months post-injury in the corpus callosum.*'® However, more re-
search is needed to determine whether microglia and astrocytes
have beneficial or detrimental effects following CNS injury.

Remyelination

Remyelination occurs when the normal myelin sheath is restored
to dysmyelinated axons, allowing saltatory conduction, promoting
axonal survival and improving function.*” Once a mature oligo-
dendrocyte has myelinated a series of axons, it is traditionally
thought to be relatively unable to remyelinate additional axons. !
Instead, new oligodendrocytes must be generated for remyelina-
tion, with OPCs as the main source of remyelinating oligoden-
drocytes.™*? Schwann cells may also contribute to remyelination, as
OPCs possess the ability to differentiate into Schwann cells in the
context of CNS demyelination.*”*

Recent work using single-cell transcriptomics as well as a "*C-
based birth dating technigues in human multiple sclerosis tissue has
revealed that mature oligodendrocytes may in fact possess the ca-
pacity to remyelinate additional axonal segments.*** *** However,
the ability of mature oligodendrocytes to provide myelin to de-
myelinated axons has not yet been investigated following neuro-
trauma. Nevertheless, reduced generation of new myelinating
oligodendrocytes from OPCs following injury is associated with
decreased function following injury.“ ¥ Further, transplantation of
OPCs following SCI results in remyelination and functional re-
covery.**® Therefore, preserving and encouraging proliferation and
differentiation of OPCs after injury is likely to be associated with
improved functional outcomes after neurotrauma.

OPCs rely on factors released by microglia and astrocytes to
switch from a quiescent to a regenerative phenotype.”> Whereas
normal astrocytes create a facilitatory environment for OPC dif-
ferentiation, once activated, astrogliosis can inhibit differentiation
and maturation of OPCs.*”” However, blocking astrocyte scar
formation inhibits axonal regeneration following a severe crush
SCI in mice, suggesting that astrocytes also play a crucial role in
recovery following injury.*® The effect of microglial cells on OPC
differentiation depends on the balance of pro-inflammatory or anti-
inflammatory phenotypes, with a switch from pro-inflammatory
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toward anti-inflammatory coinciding with commencement of
remyelination.’” "' Macrophages may also play a role in oligo-
dendrogenesis following injury, as depletion of these cells delayed
remyelination and OPC recruitment after lysolecithin-induced spinal
cord demyelination.** Myelin proteins inhibit OPC differentiation,
therefore MBP degradation may act as a further barrier to OPC dif-
ferentiation as it is rel d into the extracellular space from damaged
sheaths,*” % However, microglia are in part responsible for the
clearance of myelin debns, thus regulating oligodendrogenesis
through myelin phagocytosis.*™ Further, neural activity from the pre-
motor cortex enhances OPC proliferation, differentiation into oligo-
dendrocytes, and myeli * Collaborative Australian research
has shown that under normal conditions, increased neural activity
leads to axons being myelinated with thicker myelin than axons with
less neural activity,**® which may also be relevant to remyelination
following white matter injury.

In demyelinating disease, remyelinated fibers are often charac-
terized by thinner myelin sheaths than would be expected based on
axonal diameter.*”” However, Australian researcher Kaylene
Young and colleagues discovered that myelination is an ongoing
adult phenomenon, with evidence for myelin remodeling by adult-
born oligodendrocytes, which made shorter and thinner myelin, but
more internodes of myelin than early-bomn oligodendrocytes.>
This suggests that thinner myelin typical of remyelination may be a
charactenstic of adult myelination, rather than remyelination itself.

Our team has shown that the number of intraperiodic lines i

WARNOCK ET AL.

unlike in demyelinating disease, thicker myelin sheaths were ob-
served, which was posited to be due to loosening of the myelin la-
mellae. ™ Following a contusion SCI. newly formed oligodendrocytes
and Schwann cells remyelinated axons, and these myelin internodes
were significantly shorter than in control mice,*** and elongated over
6 months post-injury.*™ At most time-points tested, myelin thickness
was not different in injured animals compared with controls **
Therefore, long-term following SCI, remyelinated sheaths were nei-
ther thinner nor shorter than myelin in control mice **®

Following an open-head weight-drop TBI, conduction velocity
along axons in the corpus callosum was partially restored by 2
weeks post-injury, alongside concomitant increased synthesis of
myelin membranes, suggesting remyelination had occurred. "
Following mTBI with TAL myelin thickness was reduced at 1, 2,
and 6 weeks post-injury, following an earlier increase in the number
of newly generated oligodendrocytes at 3 days post-injury.*”
However, more work is needed to determine the extent and pattern
of remyelination in vanious models of white matter injury.

Conclusion

White matter injury is a key pathology that contributes to
functional loss following neurotrauma of all etiologies. Evolving
technologies are revealing the subtleties of structural changes in
white matter tracts and the underlying causative biochemical and

C disruptions (Fig. 3). Models including partial optic nerve

chronically following partial optic nerve injury, suggesting oligo-
dendrocytes may be forming new layers of myelin; however, this was
not associated with improvement in visual function.™ However,
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FIG.3. Schematic illustration of structural and molecular mechanisms of white matter damage in central nervous system injury. Note:
Traumatic brain injuries represented are non-penetrating. Figure created with BioRender.com.
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DAMAGE MECHANISMS TO WHITE MATTER

information to design intervention strategies to minimize the oxi-
dative damage associated with dysmyelination, preserve myelin,
and promote remyelination where required, and in so doing pre-
serve axonal and behavioral function.
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1.3.2. Partial Optic Nerve Transection Model

Neurotrauma is similar to MS in its complexity and heterogeneity, with no one animal model
able to accurately replicate the full spectrum of biomechanical forces and physiological changes
associated with a traumatic injury to the CNS (O’Connor et al. 2011). Consequently, there is no gold
standard model for TBI. As discussed above by the review in section 1.3.1, there are a variety of
commonly used models of TBI, including, but not limited to; (1) controlled cortical impact, (2) fluid
percussion injury, and (3) closed-head weight-drop model. However, these models result in an injury
where it is difficult to disentangle primary from secondary injury. When interested in understanding
secondary degeneration, it becomes imperative to utilise models that have the ability to distinguish
between primary and secondary injury.

The optic nerve is an ideal structure to assess secondary degeneration to white matter
following injury as it is an easily accessible white matter tract and the extent of damage can be
precisely controlled by the size of the transection (Bartlett & Fitzgerald 2018). The partial optic nerve
transection model is particularly useful for differentiating the various secondary degenerative
processes that occur following injury to the CNS from the primary injury site. In other models of
neurotrauma, it is difficult to discriminate between the initially axotomised and spared tissue (Bartlett
& Fitzgerald 2018; Levkovitch-Verbin et al. 2003). In a partial optic nerve transection, the dorsal
aspect of the optic nerve is cut to a depth of 200um, about 1mm behind the right retina (Bartlett &
Fitzgerald 2018), leaving the ventral aspect vulnerable solely to secondary degeneration (Error!
Reference source not found.). The observed secondary damage even spreads as far into the brain as
the superior colliculus via the visual pathways, to elicit a remote degenerative response to injury
(Smith et al. 2018). Many of the structural, cellular and biochemical changes that occur following a
partial transection have already been studied in detail by the Fitzgerald team (Fitzgerald et al. 2009;
Fitzgerald et al. 2010a; Giacci et al. 2018b; O’Hare Doig et al. 2014, 2017; Payne et al. 2012; Savigni
et al. 2013; Smith et al. 2018; Szymanski et al. 2013; Toomey et al. 2018; Wells et al. 2012).
Therefore, the partial optic nerve model is employed throughout this thesis to examine the

mechanisms of secondary degeneration following neurotrauma.
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Figure 1.9. Schematic of a partial optic nerve transection. The dorsal aspect of the right optic nerve is transected to a
depth of 200pum, about Imm behind the retina, using a diamond radial keratotomy knife. This allows for the spatial
segregation between the primary injury on the dorsal aspect of the nerve and secondary degeneration on the ventral aspect.

Original illustration created using BioRender.com.

1.4. Common Mechanisms of Damage In MS and Neurotrauma

1.4.1. Overview of Common Mechanisms

Though MS and neurotrauma are two different conditions, both share common mechanisms
of damage. In particular, oxidative stress plays a central role in the pathophysiology of both disorders.
Therefore, it may be possible to translate knowledge obtained regarding either one and apply it to the
understanding of the other. This third and final key component of the literature review chapter will
therefore focus predominantly on the common mechanism of oxidative damage in these two
disorders. It should be noted that for clarity, brevity and relevance to the remainder of the work
presented in this thesis, particular attention will be provided towards mechanisms proven active
within humans in MS and neurotrauma, as well as within both the cuprizone and partial optic nerve

transection models for these respective neurological conditions.

1.4.2. Oxidative Burst

A central and unifying contributor to damage in both MS lesions and neurotrauma is oxidative
stress. Oxidative stress occurs when the production of ROS increases and overwhelms the ability of
antioxidants to detoxify ROS’ potential damaging effects (Cornelius et al. 2013). There are two main
pathways for increased ROS production, activation of oxidative burst enzymes and mitochondrial
dysfunction (Fischer et al. 2012). Nicotinamide adenine dinucleotide phosphate hydrogen (NADPH)
oxidase is an oxidative burst enzyme with the capacity for large-scale production of superoxide

radicals by the reduction of molecular oxygen (Babior 2004).
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As discussed in Section 1.2.5.2, microglia are the major source of ROS in MS plaques (Fischer
etal. 2012). NADPH oxidase activity in microglia has been implicated in oxidative stress mechanisms
for a variety of neurodegenerative diseases, including Parkinson’s and Alzheimer’s disease (Infanger
et al. 2006). Therefore, it is perhaps unsurprising that microglial NADPH-mediated oxidative burst
has been shown to be central in the production of ROS in MS lesions, particularly in the initiating
stages of plaque formation (Fischer et al. 2012). There may be two phases to microglial activation in
MS lesions, with microglia in pre-demyelinating lesions in particular displaying increased ROS
production (Marik et al. 2007). Overall, it can be suggested that oxidative burst may be an initiating
event in MS lesions.

NADPH has been shown to play an integral role in secondary degeneration following TBI,
exhibiting a potentially biphasic activation pattern (Angeloni et al. 2015; Zhang et al. 2012). Up to 1
hour following a controlled cortical impact TBI, NADPH oxidase activation is significantly
increased, with a neuronal origin (Zhang et al. 2012). The second peak of NADPH oxidase activity
occurs from 24 to 96 hours following TBI, and is associated with microglial activation (Dohi et al.
2010; Zhang et al. 2012). However, another study found that NADPH activation increases dependent
on time with a sole peak between 12 and 24 hours following injury (Ansari et al. 2014). Nevertheless,
even at | year following a controlled cortical impact, NADPH oxidase is still highly expressed by
chronically activated microglial cells (Loane et al. 2014).

Following a partial optic nerve transection, there is increased myeloperoxidase activity from
macrophages in the dorsal optic nerve by 24 hours after injury (O’Hare Doig et al. 2014), which is
also involved in oxidative burst and ROS generation mechanisms (Davies & Hawkins 2020).
Myeloperoxidase is expressed by macrophages in cerebral white matter plaques in human MS brains,
significantly associated with demyelination (Gray et al. 2008), suggesting a central role for this
enzyme in both conditions.

1.4.3. Glutamate Excitotoxicity and Changes in Ca’" Dynamics

Another driver of oxidative damage is glutamate excitotoxicity and ionic Ca?* disturbances.
Following neurotrauma, extracellular glutamate increases up to Sumol/L from a baseline level of
approximately 0.6pumol/L (Mark et al. 2001). After TBI in humans, the concentration of glutamate in
the cerebrospinal fluid is increased and remains elevated at 1 week post-injury, with glutamate
concentration correlated to injury severity (Hong et al. 2001). At 2 days following a moderate TBI in
rodents, tonic glutamate levels are raised by 178% and 256% in the striatum and dentate gyrus
respectively (Hinzman et al. 2010). Rise in glutamate is caused by a variety of pathological
mechanisms including: (1) Ca?'-mediated axonal release of glutamate; (2) impaired glutamate
reuptake and recycling by neurons and astrocytes; (3) adenosine triphosphate (ATP)-mediated
glutamate release by astrocytes; (4) release of glutamate from injured and dying cells and; (5) release

82



of glutamate from activated microglia (Barger et al. 2007; Duan et al. 2003; Katayama et al. 1991;
Mark et al. 2001). Ultimately, excess of glutamate released into the extracellular space causes the
surrounding cells to experience prolonged exposure to glutamate which can result in cell death of
originally healthy tissue in a process called glutamate excitotoxicity (Doble 1999; Guerriero et al.
2015).

Glutamate excitotoxicity is also a mechanism at play within demyelinating disease, with
glutamate levels increasing significantly in the brains of people with MS (Cianfoni et al. 2007,
Srinivasan et al. 2005). There are multiple causes for this elevated glutamate within demyelinating
lesions, including increased glutamate release by activated inflammatory cells such as microglia,
macrophages and leukocytes, as well as by astrocytes and demyelinated axons (Rajda et al. 2017).
Glutamate receptors are also overexpressed (Newcombe et al. 2008), with concurrent deficits in
glutamate reuptake in both cortical (Vercellino et al. 2007) and white matter lesions (Pitt et al. 2003),
in particular within oligodendrocytes (Pitt et al. 2003). The release of proinflammatory cytokines in
MS lesions increases glutamatergic synaptic transmission, causing excitotoxicity and subsequent
synaptopathy (Mandolesi et al. 2015). There are also abnormalities observed in the enzymes involved
in glutamate homeostasis, including decreases in glutamine synthetase and glutamate-dehydrogenase
activity (Rajda et al. 2017). Similarly, upregulated glutaminase expression, a glutamate-producing
enzyme, is associated with oligodendrocyte and axonal damage within human MS white matter
(Werner et al. 2001).

Activation of glutamatergic receptors on cells results in influx of Ca?" into the intracellular
space (Arundine & Tymianski 2003), which leads to opening of voltage-gated Ca*" channels
(VGCCs; Verkhratsky & Kettenmann 1996), ultimately causing an influx of Ca?* into cells. However,
increased extracellular glutamate alone does not produce the neurotoxic levels of Ca?* seen following
neurotrauma (Schwartz 2004). After injury, there is an immediate increase in extracellular Ca®" due
to release from injured and dying cells, as well as release from the Ca?* stores in axons (Wolf et al.
2001). Using **Ca autoradiography following TBI in rodents, there is a significant increase in *Ca
accumulation, even in brain regions without gross damage, indicating the critical role of Ca?* flux in
TBI pathology (Fineman et al. 1993). Ca*" then enters cells via a myriad of channels and receptors,
and through membranous pores created by the shearing force of the initial injury (Stirling et al. 2014;
Weber 2012). Similarly, Ca?" dyshomeostasis may play a more direct role in MS (Enders et al. 2020).
For example, Ca?" enters axons within MS lesions via nanoruptures on the axonal plasma membrane
independently from any glutamate-dependent mechanisms to drive axon degeneration (Witte et al.
2019).

Once inside cells, Ca?" induces Ca?" release from intracellular stores, including those in the

endoplasmic reticulum, resulting in the reversal of the sodium ion (Na*)/Ca*" exchanger on the cell
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surface, which then pumps more Ca?" in from the extracellular space (Andriessen et al. 2010; Kapoor
et al. 2003; Staal et al. 2010). Following a partial optic nerve transection, there is a decrease in the
size and intensity of subcellular Ca?* microdomains, such as within intracellular organelles, and an
increase in punctate Ca?*, which perhaps reflects the release of Ca?" from these internal stores into
the cytosol (Lozi¢ et al. 2014; Wells et al. 2012).

1.4.4. Mitochondrial Dysfunction

Once inside neuroglia, Ca** accumulates inside the mitochondria, resulting in mitochondrial
dysfunction, increased production of ROS, release of cytochrome c into the cytosol, and subsequent
cellular apoptosis (Adam-Vizi & Starkov 2010; Giorgi et al. 2012). Excitotoxicity and mitochondrial
dysfunction have been observed in MS lesions (Fischer et al. 2012; Gonsette 2008; Su et al. 2013).
Deficits in complex IV of the electron transport chain have been identified in pattern III MS lesions
in oligodendrocytes, astrocytes and neurons (Mahad et al. 2008), and are associated with increased
production of ROS (Ziabreva et al. 2010). Furthermore, deficits have been identified in complexes |
and III in neurons in MS lesions (Dutta et al. 2006).

Mitochondrial deficits have also been observed following neurotrauma; with mitochondrial
dysfunction evident at 24 and 48 hours following a mild closed head injury in the cortex and
hippocampus of mice (Hubbard et al. 2019). Mitochondrial structure, including mitochondrial shape
and autophagic profiles, and the activity of citric acid cycle enzymes are altered at various acute
timepoints following a partial optic nerve transection (Cummins et al. 2013). Increased ROS creates
a feed-forward loop of further ROS production (Vasquez-Vivar et al. 2000), which ultimately results
in self-propagating oxidative injury.

1.4.5. Oxidative Stress

During normal cellular respiration ROS and reactive nitrogen species (RNS) are detoxified
by antioxidants to prevent damage to cells (Sies 1997). In injured or diseased systems, the level of
free radical production is greater than that which can be counterbalanced by antioxidants, meaning
the cell is in a state of oxidative stress (Farooqui et al. 2008). Oxidative stress impacts a variety of
biological structures and functions, causing lipid peroxidation, protein nitration and DNA damage
(Abdul-Muneer et al. 2014; Farooqui et al. 2008; Ischiropoulos & Beckman 2003; Di Pietro et al.
2014). In lipid peroxidation, free radicals essentially steal an electron from lipids (Ischiropoulos &
Beckman 2003). ROS, especially hydroxyl radicals, target the carbon-carbon double bonds of
unsaturated lipids, particularly polyunsaturated fatty acids, as well as glycolipids, phospholipids, and
to a lesser degree cholesterol (Ayala et al. 2014). This reaction causes the formation of toxic
aldehydes, including 4-hydroxynonenal (HNE) (Zhong & Yin 2015). Protein nitration arises when a
nitro group is added into a protein structure (Corpas et al. 2009), and mainly occurs through the
reaction of either nitric oxide or nitrogen dioxide with the amino acid tyrosine, forming 3-
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nitrotyrosine (3-NT) (Radi 2013). There are many ways in which oxidative damage can occur to
DNA, which will be further discussed in Section 1.4.6.

Mitochondrial oxidative stress can cause endoplasmic reticulum stress (Cao & Kaufman
2014). Endoplasmic reticulum stress results in unfolded proteins (Schroder & Kaufman 2005), and if
this stress continues for a prolonged period it also can induce cell death (Xu et al. 2005). During times
of stress, the endoplasmic reticulum releases a large amount of Ca?*, which in turn increases the
production of mitochondrial ROS/RNS (Cao & Kaufman 2014).

The enzymes involved in ROS production (Fischer et al. 2012; Gray et al. 2008; Liu et al.
2001), as well as markers of lipid peroxidation and DNA damage (Haider et al. 2011), are increased
within active MS lesions. Furthermore, increased markers of nitrosative stress in oligodendrocytes
have been observed in MS, with nitrosative damage detected in astrocytes and macrophages (Jack et
al. 2007). Proteins involved in antioxidant detoxification of ROS are increased within MS lesions
(van Horssen et al. 2010). Increased expression of markers of oxidative stress have been identified in
the cerebrospinal fluid (Dore-Duffy et al. 1991) and blood (Fiorini et al. 2013; Miller et al. 2012) of
people with MS. In MS, oxidative stress damages the BBB and myelin structures and activates innate
inflammatory cells (Gilgun-Sherki et al. 2004). Activated microglia and macrophages also produce
large quantities of ROS/RNS, thus propagating oxidative damage (Ohl et al. 2016). ROS activate T-
cells and thus may additionally play a role in activating peripheral immunity (Secchi et al. 2015).
Intrinsically to the model, cuprizone-induced demyelination is associated with increased ROS and
oxidative stress (Gopalasingam et al. 2019; Praet et al. 2014). However, the cell-specific
consequences of oxidative damage in animal models of demyelinating disease and MS are yet to be
fully elucidated.

The mechanisms of oxidative stress have also been explored both in humans and in a variety
of animal models of neurotrauma, as discussed in depth in the review article presented in Section 1.3
of this chapter. Following a partial optic nerve transection, an early role of oxidative damage has been
identified, with the majority of assessed oxidative stress outcomes and changes occurring within the
first seven days after injury in this model (Cummins et al. 2013; Fitzgerald et al. 2009; Fitzgerald,
Bartlett, Harvey, et al. 2010; O’Hare Doig et al. 2017; O’Hare Doig et al. 2014; Savigni et al. 2013;
Szymanski et al. 2013; Wells et al. 2012). However, it is important to note that oxidative stress has
not yet been comprehensively assessed chronically in this particular model. Nevertheless, when
combined with the positive detection of oxidative markers in humans, the literature to date indicates
that oxidative stress is a key mechanism of damage following neurotrauma.

1.4.6. Oxidative DNA Damage

There are a range of mechanisms through which free radicals can cause DNA damage under

oxidative stress conditions, including nucleobase modifications, tandem base modifications, abasic
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sites, inter-strand cross-links, intra-strand cross-links, DNA adducts, single-strand breaks and double-
strand breaks (Cadet & Davies 2017). The forthcoming section will focus on nucleobase
modifications, single-strand breaks and double-strand breaks as they pertain most to the remainer of

the thesis (Figure 1.10).

Single-Strand
Breaks
Nucleobase
Modifications Double-Strand
Breaks

Figure 1.10. Relevant forms of oxidative DNA damage. Damage to DNA occurs under oxidative stress conditions via
detrimental reactions between DNA structural components and ROS. This thesis focuses on three main types of oxidative
DNA damage: nucleobase modifications, single-strand breaks and double-strand breaks. Original illustration created

using BioRender.com.

1.4.6.1. Nucleobase Modifications and Base Excision Repair

Nucleobase modifications can result in exceptionally detrimental effects, by either modifying
the genetic code or by acting as a block during DNA replication (Laval et al. 1998). Of the common
nucleic bases, guanine possesses the lowest redox potential causing it to be highly vulnerable to ROS-
mediated damage (Prabhulkar & Li 2010). The main by-product of guanine oxidation is 8-oxoguanine
(8-Ox0G) (Aguiar et al. 2013). Failure to eliminate 8-OxoG prior to DNA replication can cause a
transverse mutation and mismatched based pairs. As 8-OxoG is functionally able to mimic a
thymidine base it can become paired with adenosine (David et al. 2007). Furthermore, 8-OxoG when
present during replication can create double-strand DNA breaks, which can be detrimental to cell
survival (Aguiar et al. 2013). 8-Ox0G also has a higher oxidation potential than guanine itself, making
it vulnerable to additional oxidative damage (Kanvah & Schuster 2006). 8-OxoG is oxidised to 8-
hydroxy-2-deoxyguanosine (SOHDG), the deoxyriboside form of 8-OxoG (Farooqui et al. 2008;
Kanvah & Schuster 2006; Valavanidis et al. 2009). Similar to 8-OxoG, SOHDG can result in guanine-
cytosine to thymine-adenine transverse mutations (Valavanidis et al. 2009). Both 8-OxoG and
8OHDG have been well utilised in the literature as markers of oxidative DNA damage specifically
and total oxidative stress (Arnett et al. 2005).

In active MS lesions, there is a significant build-up of SOHDG DNA lesions, primarily within
apoptotic oligodendrocytes, and to a smaller extent in astrocytes and innate inflammatory cells

(Haider et al. 2011). A recent study from the Fitzgerald laboratory demonstrated a significant increase
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in the level of SOHDG DNA damage in the cuprizone model of demyelination, particularly
colocalised within OPCs (Gopalasingam et al. 2019, Appendix B). Overall oligodendroglial
susceptibility to DNA damage will be discussed further in Section 1.4.6.3. However, the potential
effects of DNA damage specific to oligodendroglia in the cuprizone model is currently unknown.

Another recent study performed in the Fitzgerald laboratory discovered that oligodendroglia
are significantly more vulnerable to developing oxidative SOHDG DNA damage following a partial
optic nerve transection compared to other neuroglial cells and structures (Giacci et al., 2018b). By 24
hours following a partial optic nerve transection, there was a significant increase in SOHDG
immunointensity in the ventral optic nerve, which extended out to 3 days post-injury (O’Hare Doig
et al. 2017; O’Hare Doig et al. 2014). From as early as 15 minutes after a rodent controlled cortical
impact mild TBI, 8OHDG lesions were present in the ipsilateral cortex (Mendez et al. 2004).
However, following 1, 2 or 3 weight drop injuries to model repeated mild TBI, there were no increases
in 8OHDG immunoreactivity at 3 months post-injury (Fehily et al. 2019). Following 2 closed head
weight drop hits, at 11 days following injury, there was also no difference in the level of SOHDG in
the middle cortex, the hilus of the dentate gyrus or the splenium of the corpus callosum (Mao et al.
2018). More work is needed to determine whether there is SOHDG DNA damage at other timepoints
following single and repeated mild TBI. Additionally, older rats experience comparatively more
8OHDG DNA damage post-injury than younger rats, which suggests that aged brains may be more
vulnerable to oxidative DNA damage (Itoh et al. 2013).

Both 8-Ox0oG and 8OHDG DNA lesions are primarily removed via short-patch base excision
repair (Fortini et al. 1999; Prabhulkar & Li 2010) (Figure 1.11). Base excision repair is carried out
by glycosylase enzymes to repair smaller DNA lesions to maintain genomic integrity (Krokan &
Bjord 2013). These enzymes function to excise the damaged base from the DNA strand (Jacobs &
Schér 2012). There are eleven known glycosylases, and the appropriate one for each base excision
repair is specific to the damaged nucleobase (Jacobs & Schir 2012), with the primary glycosylase for
both 8-OxoG and 8OHDG being 8-oxoguanine glycosylase (OGG1) (Nishimura 2001; Torres-
Gonzalez et al. 2014). Successful base excision repair can eliminate the potential genomic instability

and even apoptosis caused by mismatched base pairs (Kaina et al. 2001; Nickson & Parsons 2014).
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Figure 1.11. Mechanism of base excision repair to remove SOHDG and 8-0x0G from DNA for maintaining
genomic integrity. OGGI excises the damaged 8OHDG or 8-0x0G nucleobase from the strand to create a temporary
abasic site. This is cleaved by apurinic/apyrimidinic endonuclease-1 (APE1) to create a single-stranded DNA break
flanked by 5°dRP and 3’hydroxyl ends. DNA polymerase 3 (Pol B) then cleaves the 5’dRP end and inserts a new guanine
base. Finally, the strand is repaired by a complex of X-ray cross-complementing protein-1 (XRCC1) and DNA ligase

[a. Information modified from Nickson and Parsons 2014. Original illustration created using BioRender.com.

This base excision repair mechanism may be specifically compromised in MS. People with a
polymorphism of the reparative OGG1 gene have a significantly increased risk of developing MS
(Karahalil et al. 2015). Furthermore, repair may be compromised in MS due to higher iron
concentrations (Stephenson et al. 2014). As oligodendrocytes die, they release iron into the
extracellular space, which leads to iron depositions in active MS lesions (Hametner et al. 2013). Iron
overload has been shown to compromise key base excision repair enzymes (Li et al. 2009), which
suggests that in MS, base excision repair may be further reduced. Altogether, this suggests that both
genetic alterations in the base excision repair pathway and increased oxidative damage to DNA may
play a role in the oligodendrocyte death observed in MS lesions.

There has not yet been specific investigations into changes base excision repair glycosylase
enzymes following neurotrauma (Davis & Vemuganti 2021). However, other enzymes involved in
base excision repair have been studied. APE1 expression is reduced in the ipsilateral cortex and
hippocampus following a severe controlled cortical impact, inversely correlated with oxidative

damage (Lewén et al. 2001). Similarly, following a cold injury-induced brain trauma, there is a
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reduction in the expression of XRCCI1 in the lesion area (Fujimura et al. 2000). Therefore, it may be

that this reparative mechanism also falters following neurotrauma.

1.4.6.2. Single- and Double-Strand DNA Breaks and Repair

Free radicals have also been shown to cause more severe forms of DNA damage, such as
single- and double-strand breaks. Sufficient DNA base or deoxyribose damage can result in a single-
strand break (Woodbine et al. 2011). Peroxynitrite free radicals target DNA to cause single-strand
breaks (Miljkovi¢ & Spasojevi¢ 2013; Szabo & Ohshima 1997), which can result in localised
denaturation and thereby increase the probability of a double-strand break (Sharma et al. 2016).
Furthermore, if two single-strand breaks occur in nearby regions of the DNA strand, a double-strand
break can occur (Woodbine et al. 2011). Hydroxyl radicals can also cause double-strand breaks
(Sharma et al. 2016; Su et al. 20006).

Double-strand breaks are highly detrimental to cell survival, often initiating apoptosis or
resulting in gene inactivation if left unrepaired (Barzilai & Yamamoto 2004). Cells do possess a
reparative DNA damage response mechanism for double-strand breaks, and the pathway chosen to
repair a particular section of DNA damage is crucial to maintaining genomic integrity (Panier &
Boulton 2014). Following double-strand breaks, there are two main pathways for DNA repair, non-
homologous end-joining and homologous recombination (Lieber 2010). The majority of double-
strand breaks caused by exogenous factors, including ROS, are repaired via non-homologous end-
joining (Delacote & Lopez 2008). This is because these breaks usually occur outside of S phase of
the cell cycle, or when there is no homology donor in close proximity, as required for homologous
recombination (Lieber 2010). All DNA contains inactive DNA repair molecules, such as ataxia-
telangiectasia mutated serine/threonine kinase (ATM). Once a double-strand break occurs, ATM is
activated by phosphorylation (Bakkenist & Kastan 2003). Activated ATM phosphorylates a plethora
of DNA damage response molecules, including the histone variant H2AX, which becomes YH2AX
(Savic et al. 2009). Phosphorylation of H2AX initiates ubiquitylation and SUMOylation pathways
that recruit mediator proteins, including p53-binding protein 1 (53BP1) (Maréchal & Zou 2013).
53BP1 rapidly accumulates around the damage site and prevents resection of the double-strand break,
preserving the double-strand break ends and promoting non-homologous end-joining over
homologous recombination (Panier & Boulton 2014).

Using YH2AX as a marker of DNA damage in human brains following mild TBI, it has been
demonstrated that in some cases DNA damage is restricted to the ependymal lining of the ventricles,
but in others it had spread to oligodendrocytes and astrocytes (Schwab et al. 2019). DNA damage
repair genes are also predominantly downregulated following human mild TBI, suggesting inefficient
DNA repair mechanisms (Schwab et al. 2019). Similar to nucleobase modifications, older rodents are
also more susceptible to single-strand breaks following neurotrauma (Itoh et al. 2013). Furthermore,
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polymorphisms in genes involved in the non-homologous end-joining damage response occur in
people with MS, which means that repair of the more severe double-strand breaks may also be
compromised in demyelinating disease (Briggs et al. 2010). However, the effects of reduced DNA
strand break repair and/or increased DNA damage in either neurotrauma or MS, particularly to

oligodendroglial cells, are relatively unknown.

1.4.6.3. Oligodendroglial Susceptibility to Oxidative DNA Damage

Work from a number of research teams, including the Fitzgerald laboratory, has revealed that
both oligodendrocytes and OPCs are especially vulnerable to oxidative DNA damage, particularly in
neurotrauma, but also potentially in MS (Husain and Juurlink, 1995; Thorburne and Juurlink, 1996;
Juurlink, Thorburne and Hertz, 1998; Giacci et al., 2018b; Gopalasingam et al., 2019). One reason
for this is the higher concentration of P2X; receptors and o-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptors on oligodendrocytes and OPCs compared to other
neuroglia (Borges et al. 1994; Matute et al. 2007). Intracellular Ca?* overload facilitated by these
Ca**-permeable receptor subtypes is a known cause of oxidative damage (Arundine & Tymianski
2003; Frantseva et al. 2002; Stirling & Stys 2010). Mature oligodendrocytes are also particularly
vulnerable due to the continuous high energy consumption involved in maintaining the myelin sheath
by catalysing the myelin lipids (Bernardo et al. 2009; Dewar et al. 2003). One prominent by-product
of this process is ROS, which is not efficiently detoxified during periods of oxidative stress (Uberti
et al. 1999), ultimately resulting in an increased intracellular accumulation of free radicals within
oligodendrocytes (Bernardo et al. 2009). Furthermore, OPCs have higher intracellular iron than other
neuroglia, which is associated with increased susceptibility to ROS, as iron is involved in many
intracellular and mitochondrial oxidative pathways, including Fenton reactions and lipid peroxidation
(Braughler et al. 1986; Halliwell & Gutteridge 1989; Thorburne & Juurlink 1996). OPCs also have
lower levels of antioxidants such as manganese superoxide dismutase (MnSOD) and glutathione than
other glial cells and neurons, which scavenge and detoxify ROS (Bernardo et al. 2009; Butts et al.
2008; Thorburne & Juurlink 1996). Mature oligodendrocytes have been shown to be more susceptible
to oxidative DNA damage than microglia and astrocytes following 1 week of cuprizone toxicity (Luo
et al. 2020). Within the Fitzgerald laboratory, we have demonstrated a heightened vulnerability of
OPCs to oxidative DNA damage at 3 days following a partial optic nerve transection and after 3
weeks exposure to cuprizone (Giacci et al., 2018b; Gopalasingam et al., 2019). Therefore, this thesis

will focus on 8SOHDG DNA damage to OPCs specifically, given this heightened vulnerability.

1.5. Concluding Remarks

MS is a chronic inflammatory demyelinating disease that is increasingly acknowledged to be

multifaceted and complex, with not only an autoimmune component driving disease processes, but
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also primary oligodendrocyte death and innate phagocyte activation occurring even in the absence of
peripheral immune cell infiltration. Current immunomodulatory treatments only slow disease
progression rather than halt it completely, suggesting therapeutics that are more effective in targeting
innate CNS damage are required to improve the quality of life for those living with MS. Neurotrauma
is a neurological condition that shares similar mechanisms of damage with MS such as oxidative
stress, and for which there are currently no effective treatments available. To facilitate rapid
advancement of knowledge and potentially assist in the development of effective treatments for both
of these disorders, it is important to deepen the understanding of mechanistic commonalities between

MS and neurotrauma.

This thesis is therefore comprised of three primary aims:

Aim One: To demonstrate the generalisability of a combinatorial ion channel inhibitor treatment for

ameliorating pathology in models of MS & neurotrauma

Aim Two: To establish the framework & commence initial experiments investigating shared

mechanisms of oxidative damage to oligodendroglia in models of MS & neurotrauma

Aim Three: To determine whether oxidative DNA damage to perivascular OPCs and pericytes at the

BBB is associated with increased BBB permeability in models of both MS and neurotrauma.

The thesis aims are addressed in the form of three overarching series. Series One presents
work conducted utilising a combinatorial ion channel inhibitor treatment in models of MS and
neurotrauma, comprising of one chapter. Series Two focusses on the initial work completed to
investigate common mechanisms of oxidative damage between demyelinating disease and
neurotrauma, comprising of two chapters. Meanwhile, Series Three concentrates more specifically
on the research performed to assess the relationship between oxidative stress and BBB dysfunction
in both demyelinating disease and neurotrauma, comprising of three chapters. The literature
pertaining specifically to the BBB is reviewed in Chapter 5 to provide the necessary context for the
remainder of the third series. The thesis closes with Chapter 8, which discusses the outcomes
presented throughout this thesis within the context of the wider literature. This chapter also presents
future targets for additional research to enhance the understanding of commonalities in damage
mechanisms between the two neurological disorders and foster the development of future effective
therapies for both MS and neurotrauma to ultimately improving the quality of life for those living

with these conditions. An overview of the upcoming thesis structure is presented in Figure 1.12.
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Figure 1.12. Flow diagram of the forthcoming thesis structure. The thesis chapters are presented in the form of three
overarching series. Series One focuses on the generalisability of a combinatorial ion channel inhibitor treatment for
neurotrauma and demyelinating disease, and comprises of Chapter 2. Series Two centres on establishing the
methodological framework for investigating common mechanisms of damage between demyelinating disease and
neurotrauma. Chapter 3 presents research completed to assess the effects of oxidative damage to the oligodendroglial
lineage in demyelinating disease. However, due to the observed limited efficacy of the utilised cuprizone within this
study, Chapter 4 then presents a published methodological article comparing the effects of powdered and pelleted
cuprizone to optimise the model for future studies. Series Three concentrates more specifically on the role of oxidative
stress in BBB dysfunction for both neurological conditions. Chapter 5 presents an additional short literature review on
the BBB in health and disease to provide the necessary context for the remainder of this series. Chapter 6 and Chapter 7
focuses on research completed to date to investigate oxidative stress to perivascular NG2+ glia at the BBB in neurotrauma
and demyelinating disease respectively. The thesis then concludes with Chapter 8, which discusses the entire collection

of research outputs presented throughout and explores directions for additional future research.
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Introduction to Series One

The first aim of this thesis focusses on the generalisability of a combinatorial ion channel
inhibitor treatment for neurotrauma and demyelinating disease. This aim is addressed in Series One,
comprising of Chapter 2, which describes research that utilised a combinatorial ion channel inhibitor
treatment for neurotrauma and MS. This chapter encompasses research presented in two published
papers that I contributed to during my candidature. Both studies utilised a combination of lomerizine,
YM872 and BBG to limit excess Ca** influx into cells. The core data presented in this chapter is from
a cohort of rats used in an experiment designed to assess whether the combinatorial ion channel
inhibitor treatment was mediating an anti-inflammatory effect in the periphery, when systemically
delivered following a partial optic nerve transection. This work built upon the results from an earlier
experimental series conducted prior to candidature that compared the effects of local and systemic
delivery of the combinatorial treatment on cellular changes following optic nerve injury. Significant
improvements in myelin node/paranode structure with the ion channel inhibitor combination was
observed post-injury in the earlier cohort but this was not accompanied by an effect of treatment on
local inflammation. The further experiments conducted during candidature assessed whether
peripheral inflammation was affected by either locally or systemically administered inhibitors. Blood
cytokine and chemokine profiles were unchanged with either treatment modality, suggesting that the
combinatorial therapy does not mediate its effect via modifying the immune response, but may
instead directly act on the myelin sheath. Data from both cohorts were combined to form a single
journal article that was published in Scientific Reports. However, only the work completed during
candidature is described in detail within the chapter itself, with the full published version of the
corresponding paper provided in Appendix A.

Similar outcomes were also observed in a parallel study that I contributed to during
candidature, which was published in Multiple Sclerosis and Related Disorders (as presented in
Appendix B). This work utilised systemic delivery of the ion channel inhibitor combination in the
cuprizone model and resulted in preservation of myelin nodal structures with treatment, comparable
to the outcomes observed in the previously described neurotrauma study. The demonstration of
significant improvements in myelin outcomes in both studies suggests that similar Ca?*-associated
mechanisms mediate the nodal structure abnormalities in the two conditions. The efficacy of the ion
channel inhibitor treatment for preserving myelin structure across models of both neurotrauma and
demyelinating disease thus further established that common mechanisms do exist in the underlying
pathology between the two conditions and that translating knowledge may expedite the development

of therapeutics for both.
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Chapter 2. Generalisability of a Combinatorial Ion Channel Inhibitor

Treatment for Neurotrauma and Demyelinating Disease

2.1. Delivery of a Combinatorial lon Channel Inhibitor Treatment

As discussed in Chapter 1, Ca?" dyshomeostasis plays an important role in the
pathophysiology of both neurotrauma and MS, making Ca** dynamics a significant therapeutic target
for both disorders. Given Ca?" can enter neuroglia via a myriad of channels and receptors, it is
important to use a combinatorial treatment to target multiple routes for cellular Ca** entry. One such
therapy that has been previously developed within the Fitzgerald laboratory is an ion channel inhibitor
combination that targets VGCCs (Hara et al. 1999), AMPA receptors (Takahashi et al. 2002) and
P2X7 receptors (Jiang et al. 2000).

The first inhibitor of the combination is lomerizine, which is an orally administered treatment
that blocks T-type and L-Type VGCCs (Hara et al. 1999). Lomerizine is a stable drug with few known
side effects (Ren et al. 2014) that is primarily used clinically as an anti-migraine treatment. As
lomerizine is highly lipid soluble and has a small molecular size, it is BBB permeable and is also
highly selective for the CNS (Yamada et al. 1997). Studies using lomerizine have previously
demonstrated neuroprotective effects in a variety of pathologies, including following a partial optic
nerve transection (Fitzgerald et al. 2009; Karim et al. 2006; Selt et al. 2010; Yamada et al. 1997).

The combination also included YM872, which is a potent competitive AMPA receptor
antagonist (Takahashi et al. 2002). Though YM872 is highly hydrophilic, it is presumed to cross the
BBB given it demonstrates neuroprotective effects when administered systemically (Atsumi et al.
2003; Furukawa et al. 2003; Takahashi et al. 2002; Takahashi & Wei 1998). The effectiveness of
YMS872 is in part mediated by preventing initial Ca**-dependent cellular depolarisation, which
indirectly inhibits VGCCs, N-methyl-D-aspartate (NMDA) receptor activation, and the reversal of
the Na*/Ca®" exchanger (Takahashi et al. 2002; Takahashi & Wei 1998; Wang et al. 2006).

Initial work assessing the efficacy of a combinatorial ion channel inhibitor treatment used
oxATP to inhibit P2X5 receptors. These previous studies utilised the partial optic nerve model of
neurotrauma and found that when used in isolation, lomerizine, YM872 and oxATP had limited
effects on secondary degeneration at a 3 month timepoint (Savigni et al. 2013). Conversely, when all
three ion channel inhibitors were used in combination, the biggest therapeutic effect was observed,
with myelin pathology, oxidative stress and behavioural disturbances significantly ameliorated
(Savigni et al. 2013). Beneficial effects have also been observed at an acute 3 day timepoint, with the
combinatorial treatment of lomerizine, YM872 and oxATP demonstrating significant improvements

in myelin structure, oxidative stress, axonal integrity and density of OPCs (O’Hare Doig et al. 2017).

94



These early studies utilising the ion channel inhibitor combination delivered the treatment
locally, via subcutaneously implanted osmotic mini-pumps, primarily due to the inability of oxATP
to cross the BBB (O’Hare Doig et al. 2017; Savigni et al. 2013). However, invasive local
administration of therapeutics is clinically limited, as it requires multiple costly surgeries for both
implantation and extraction of the drug delivery device, which in turn increases risk of additional
damage and/or infection (Dash & Cudworth 1998). Moreover, these drug delivery devices can only
remain implanted for short periods, which may not align with optimal treatment durations (Dash &
Cudworth 1998). For the preclinical evaluations of the combinatorial ion channel inhibitor treatment,
the locally delivered YMS872 and oxATP were only able to be administered for up to 2 weeks via the
implanted osmotic mini-pumps, whilst the orally administered lomerizine was delivered for up to 3
months (Savigni et al. 2013).

Though systemic delivery routes are more clinically applicable for administering therapeutics,
systemically delivered drugs need to be capable of crossing the BBB in order to treat CNS injuries.
There are many methods through which the bioavailability of a treatment into the brain can be
improved, such as by utilising nanoparticles or peptidomimetics (Kasinathan et al. 2015). However,
the easiest method to achieve a combinatorial treatment designed for systemic delivery was to simply
substitute oxATP with the BBB-permeable alternative BBG.

BBG is an analogue of FD&C blue dye No. 1 that was FDA approved for use in humans in
2019 (Borzelleca et al. 1990; FDA 2019; Wong et al. 2011). As well as being a non-competitive,
reversible and selective P2X7 inhibitor, BBG is also BBB permeable making it highly suitable for
systemic delivery (Jiang et al. 2000; Wong et al. 2011). BBG has previously induced therapeutic
effects in a multitude of neuropathologies (Kimbler et al. 2012; Peng et al. 2009; Ridderstrom &
Ohlsson 2014; Wang et al. 2015). Indeed, we have previously demonstrated that the BBB-permeable
combination of lomerizine, YM872 and BBG was at least as effective at preventing secondary
degeneration after a partial optic nerve transection as the original combination that incorporated
oxATP (Toomey et al. 2018). However, both treatments were delivered locally to ensure an accurate
comparison of efficacy. During my candidature, I have been contributed to two separate studies that
successfully utilised this combinatorial treatment of ion channel inhibitors when systemically
delivered in both the partial optic nerve transection model of neurotrauma (Toomey et al. 2019;
Appendix A) and in the cuprizone model of demyelinating disease (Gopalasingam et al. 2019;

Appendix B).
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2.2. Comparing Local and Systemic Delivery of a Combinatorial Ion Channel
Inhibitor Treatment for Limiting Peripheral Cytokines and Chemokines
Following Neurotrauma

2.2.1. Data Obtained Prior to Candidature

Prior to commencing this doctoral degree, I had already completed research delivering the ion
channel inhibitor combination systemically in the partial optic nerve transection model. This work
found that the combinatorial treatment was just as effective at significantly preserving myelin
structure following systemic delivery as when delivered locally at the injury site (Toomey et al. 2019).
Though there was a small significant effect of injury on local inflammation, there was no effect of
treatment on local inflammatory cell densities, regardless of the delivery route employed. There was
also no effect of either injury or treatment on the density of oligodendroglial cells.

This research was completed as part of my Honours degree but was later combined with the
forthcoming work that was completed during my candidature to form a journal article published in
Scientific Reports. The work undertaken during my doctoral degree comprised of an additional cohort
of forty-eight rats to extend the assessment of the inflammatory response to include peripheral
cytokine responses. Given the peripheral nature of systemic delivery, we had hypothesised that the
systemically delivered ion channel inhibitor combinations may have mediated a therapeutic anti-
inflammatory effect prior to reaching the injury site, whilst still in the circulatory system. Since a
portion of the work presented within this paper has already been submitted for a prior qualification,
only the work completed during candidature has been described in detail below, with the full
published version of the corresponding paper available in Appendix A.

2.2.2. Rationale for Luminex Analysis

Cytokines and chemokines are integral components of both intercellular and intracellular
inflammatory signalling pathways (Giavedoni 2005). These proteins regulate the immune response
by recruiting inflammatory cells to sites of injury and infection, and by triggering numerous cellular
activities, such as phagocytosis, cell adhesion and apoptosis (Ramesh et al. 2013). Given this
important role of cytokine and chemokine signalling in inflammation, I examined the effect of the
ion channel inhibitor combination on the expression of these proteins in the circulatory system to
indicate the peripheral immune response.

Blood cytokine expression profiling using Luminex technology is a well-established method
for analysing the peripheral inflammatory response across many disease and injury states (Bruce et
al. 2019; Djoba Siawaya et al. 2008; Lu et al. 2017; Mukhamedshina et al. 2017; Patten et al. 2022;
Vuolo et al. 2015). The Luminex system is a bench-top flow cytometer that discriminates up to one

hundred different antigens simultaneously based on coupled beads (Giavedoni 2005). Each bead is
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dyed with a specific ratio of red (658nm) and infrared (712nm) fluorophores to create a unique
detectable spectral signature and is designed to covalently bond to an analyte of interest via capture
antibodies (DuPont et al. 2005). An additional biotin-based detection antibody is also used in
combination with streptavidin-phycoerythrin to quantify the amount of analyte bound to each bead
(Giavedoni 2005). The multiplexing abilities of a Luminex analysis significantly enhances the
quantification capacity of the assay when compared to alternative analysis methods, such as enzyme-
linked immunosorbent assays (ELISA) and complement-dependent cytotoxicity assays, whilst still
maintaining a high degree of sensitivity (DuPont et al. 2005; Katalinic et al. 2017; Vignali 2000).
Luminex assays require as little as 25uL of sample per well (Djoba Siawaya et al. 2008), which
significantly expands the screening output capacity to allow researchers to perform several multiplex
assays on relatively small sample volumes. Therefore, the Luminex assay was considered to be most
appropriate to determine the peripheral expression of various cytokine and chemokine proteins within
extracted plasma samples.

2.2.3. Study Design and Procedures

2.2.3.1. Experimental Groups and Treatment Delivery Strategy

Adult, female PVG rats were obtained from the Animal Resource Centre (Murdoch, Western
Australia) and housed with ad libitum access to water and food under a 12-hour light/dark cycle. All
experimental procedures were approved by the University of Western Australia Animal Ethics
Committee (RA3/100/1485) and were performed in accordance with the NHMRC of Australia Code
of Practice for Use of Animals for Scientific Purposes.

There were six experimental groups (Figure 2.1) comprised of: a normal group (n = 8); an
injured, systemically delivered vehicle group (n = 8); an injured, systemically delivered ion channel
inhibitor combination treatment group (n = 8); an injured, locally delivered vehicle group (n = 8); an
injured, ion channel inhibitor combination treated group (n = 8) and a sham injured, locally delivered
vehicle group (n = 8). The normal group acted as the uninjured control for the systemic delivery
groups whilst the sham group acted as the uninjured control for the local delivery groups. All
experimental groups received either vehicle treatment or ion channel inhibitor treatment, except for
the normal group, which did not receive any treatment. Treatment was delivered for 3 days post-

surgery before immediate tissue collection.
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Figure 2.1. Experimental groups for the additional combinatorial ion channel inhibitor treatment cohort.

Lomerizine (30mg/kg, LKT Labs) was orally administered mixed into a soft butter vehicle
twice a day, with an 8 hours interval. Lomerizine feeding commenced approximately 5 hours after
the partial optic nerve transection, when animals had recovered from the anaesthetic, and continued
twice daily until the end of experiment. The corresponding vehicle treatment was an equivalent
volume of soft butter administered as a control oral treatment.

For local delivery of the ion channel inhibitors, BBG (540uM, Sigma-Aldrich) and YMS872
(240uM, LKT Laboratories) were dissolved in phosphate buffered solution (PBS) and delivered via
surgically implanted osmotic mini-pumps at a rate of 0.5uL/hour for the duration of the experimental
period. These concentrations were consistent with previous studies where efficacy had been
demonstrated (Savigni et al. 2013; Toomey et al. 2018). Both the sham uninjured and the injured,
locally delivered vehicle control groups received PBS vehicle via the implanted osmotic mini-pump.

For systemic delivery, BBG (45 mg/kg, Sigma-Aldrich) and YM872 (20 mg/kg, LKT
Laboratories) were again dissolved in PBS but were instead administered via two 1mL intraperitoneal
injections. One injection occurred 2 hours post-surgery, with the other injection given in the afternoon
2 days later, a day prior to end of experiment. A delay of 2 hours following injury for systemic
injections was chosen as this is when treatment is indicated to be most successful following rodent
TBI, whilst still being clinically relevant for the predicted time delay in humans (Koob et al. 2008).
The doses of both systemically administered BBG and YM872 were chosen based on previous studies
(Cervetto et al. 2013; Diaz-Hernandez et al. 2012; Takahashi et al. 2002; Toomey et al. 2018). The
injured, vehicle treated control group received an equal volume of PBS via intraperitoneal injection.

The treatment strategies for the three ion channel inhibitors is summarised below (Figure 2.2).
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Lomerizine YM872 BBG

Local
Delivery
Oral Administration Osmotic Mini-Pump Osmotic Mini-Pump
(2x Daily) (Duration of Study) (Duration of Study)
Systemic
Delivery
Oral Administration Intraperitoneal Injection Intraperitoneal Injection
(2x Daily) (Every 2 Days) (Every 2 Days)

Figure 2.2. Ion channel inhibitor treatment strategy. Lomerizine was orally delivered twice a day regardless of overall
drug delivery method. For local delivery, YM872 and BBG were delivered by implanted osmotic mini-pumps for the
duration of the study. For systemic delivery, YM872 and BBG were administered via an intraperitoneal injection twice
during the study. One injection was delivered 2 hours post-surgery and the second dose was delivered 2 days later, a day

prior to the end of the experiment. Original illustration created using BioRender.com.

2.2.3.2. Priming Osmotic Mini-Pumps

The Alzet osmotic mini-pumps were primed a day prior to surgical implantation to commence
their start-up gradient to ensure a sufficient rate flow following insertion. The polyvinylchloride
catheter tubing (5.9mm diameter, Alzet) was cut into Scm lengths and superglued to the flow
moderator tip. Once the catheters were attached, the flow moderators were sterilised with 70% ethanol
solution in a petri dish. Sequential ethanol and PBS were flushed through the catheter. The catheter
was then filled with either the ion channel inhibitor solution or PBS vehicle. The mini-pumps were
also filled with 200puL of either the ion channel inhibitor solution or vehicle PBS using the supplied
filling tubes. The flow moderators were then inserted into the pumps and the pumps placed upright

into a saline bath and incubated at 37°C overnight.

2.2.3.3. Surgical Procedures

Prior to any procedures, the surgical sites were shaved and then triple swabbed with 10% w/v
povidone-iodine (Betadine) solution and 70% ethanol. Partial optic nerve transections were then
performed by Mrs Carole Bartlett as described in Bartlett & Fitzgerald (2018), under Ketamine
(Ketamil, 50 mg/kg, Troy Laboratories) and Xylazine (Ilium Xylazil, 10 mg/kg, Troy Laboratories)
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anaesthesia that was delivered via intraperitoneal injection. In brief, the skin covering the skull behind
the right eye was cut and retracted forwards to give surgical access to the orbit. About 1mm behind
the right eye, the parenchyma of the optic nerve was exposed by making a longitudinal incision in
the sheath with fine iridectomy scissors. The dorsal aspect of the nerve was then lesioned to a depth
of approximately 200um using a diamond radial keratotomy knife (Geuder). The lachrymal glands
were carefully placed back and the skin sutured closed, before the animals were taken for
postoperative care. Throughout the surgery, caution was taken to ensure that the optic nerve was not
stretched and the major ophthalmic blood vessels were not injured. Immediately post-surgery, rats
were administered analgesia (2.8 mg/kg carprofen, Norbrook) and 1mL sterile PBS via subcutaneous
injections. Sham injury included all surgical procedures aside from the cut in the sheath and the partial
optic nerve transection.

Implantation of the osmotic mini-pumps was performed as previously described (Savigni et
al. 2013). To create a small cavity in which to house the pump capsule, the connective tissue between
the head and the right shoulder was separated prior to the partial optic nerve transection. The pump
body was positioned within the created pocket and the connective tissue on to the temporal ridge of
the skull was scraped away to expose the bone. The pump capsule was then secured with
cyanoacrylate superglue. A slight incision was subsequently made in the connective tissue on the
bony margin of the eye socket and partially into the lateral muscle. Directly following injury, the
tubing of the pump was trimmed and arranged so that the fluid dispersing catheter directly targeted
the injury site, before being secured on the lateral bone surface using cyanoacrylate glue. An initial
quantity of 1uL of either the treatment or vehicle solution was directly applied to the injured nerve,

before proceeding with the remainder of the surgery.

2.2.3.4. Collection of Blood Samples

At 3 days post-injury, the rats were euthanised with pentobarbitone sodium (160 mg/kg,
Delvet). Immediately following euthanasia, blood samples were acquired via aortic cardiac puncture
using a heparinised syringe. The blood was dispensed into heparinised tubes and spun at 3000rpm at
4°C for 10 minutes in a centrifuge. Plasma and serum were then separated and both were stored at
—80°C ready for subsequent Luminex analysis. The entire experimental design for this cohort is

summarised in Figure 2.3.

100



Prime Osmotic Processing Luminex Analysis
;dl:::-P:ms 2x Daily Oral YM872/BBG Blood Samples y
(24hrs prior to implantation) Lomerizine Injections
. G 5 x (>8hrs apart) (Given every two days;
Acclimatisation Period systemic delivery only) %
. ’ o X
-1 Week 0 Week 3 Day s
‘ ~ Rats recieve either a
. D tr::gg:igﬁ“sz:‘;g;* A Euthanasia & Collection
Adult Female sham surgery or no c.zLBIOOd S:rl'nplesl. o
PVG Rats surgical intervention iys poet-Mukiny

Arrive Rats in local delivery

groups also have an
osmotic mini-pump
surgically implanted ®
9 o
Dorsal v "‘ﬂw ‘ @
@ _
Mmuybmn-nﬂon N S
@

@
o
—
(€]

&)
Ventral

Figure 2.3. Experimental design for the additional combinatorial ion channel inhibitor treatment cohort. Adult
female PVG rats (n = 8/group, total n = 48) underwent either a partial optic nerve surgery, a sham surgery or no surgical
intervention. Rats being administered local treatments were surgically implanted with an osmotic mini-pump. Following
3 days of either local or systemic ion channel inhibitor or vehicle treatment, the rats were euthanised and blood samples

collected via cardiac puncture for subsequent Luminex analysis. Original illustration created using BioRender.com.

2.2.3.5. Luminex Assay

The concentration of 22 cytokine and chemokines (IL-1a, IL-1p, IL-2, IL-4, IL-5, IL-6, IL-
10, IL-12p70, IL-13, IL-17A, G-CSF (granulocyte-colony stimulating factor), GM-CSF
(granulocyte-macrophage colony-stimulating factor), TNFo (tumour necrosis factor a), IFNy
(interferon gamma), IP-10 (interferon gamma-induced protein 10), Gro-o (growth-regulated
oncogene o), MCP (monocyte chemoattractant protein) -1, MCP-3, MIP (macrophage inflammatory
protein) -1a, MIP-2, RANTES (regulated on activation normal T-cell expressed and secreted), and
Eotaxin) were assessed in the collected plasma samples using a Cytokine and Chemokine 22-Plex
Rat ProcartaPlexTM Panel (Invitrogen; Figure 2.4). Due to the space limitations of the 96-well plate,
samples of n = 6/group were selected using random sampling from the overall cohort of n = 8/group
and analysed in duplicate, together with duplicates of the supplied seven antigen standards and two
blank wells. The plate was read on a Bio-Plex 200 system and the corresponding Bio-Plex Manager
software automatically plotted the standard curve for each analyte using either a 4- or 5-parameter
logistic model as appropriate. The cytokine and chemokine concentrations in each sample were then

calculated based on the generated standard curves.
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Figure 2.4. Luminex assay protocol for use on rat plasma samples. This protocol was conducted in line with
manufacturer’s instructions and was completed over 2 consecutive days to allow for overnight incubation with samples
and standards to increase sensitivity. The plate was analysed on the Luminex machine immediately following the
application of streptavidin-phycoerythrin (SAPE) and the subsequent washes. Original illustration created using

BioRender.com.
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2.2.4. Effect of the Combinatorial Treatment on Plasma Cytokine and Chemokine
Concentrations

Fifteen of the analytes (IL-1a, IL-10, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p70, IL-13, IL-17A,
G-CSF, CM-CSF, TNFa, [FNy, MIP-2) were below the detection limit of the Luminex assay and
were therefore excluded from the data analysis; data not shown. There were no significant differences
between groups for the plasma concentrations of Eotaxin (F = 1.478, df = 5, Figure 2.5A), Gro-a (F
=0.917, df = 5, Figure 2.5B), IP-10 (F = 1.023, df = 5, Figure 2.5C), MCP-1 (F = 0.507, df = 5,
Figure 2.5D), MIP-1a (F = 0.722, df = 5, Figure 2.5F), or RANTES (F = 1.089, df = 5, Figure 2.5G).

Of the analytes above the detection limit, significant differences between groups were found
for the analyte MCP-3 (F = 8.084, df = 5, Figure 2.5E). There was no effect of injury on MCP-3
concentration compared to the uninjured controls (systemic p = 0.999, local = p = 0.467), and neither
mode of delivery of the ion channel inhibitor combination altered MCP-3 concentration relative to
their respective vehicle treated injured controls (systemic p = 1.000, local p = 0.846). However, the
systemically delivered ion channel inhibitor combination did cause a significant decrease in MCP-3
concentration compared to local delivery (p = 0.005). Though there was no difference between groups
for the two injured vehicle treated groups (p = 0.151), there was an observed significant difference in
MCP-3 concentration between the two uninjured control groups (p = 0.005). This observed increase
in MCP-3 concentration for both the sham uninjured group and locally delivered ion channel inhibitor
group compared to their respective systemic delivery counterparts therefore likely reflects

inflammation resulting from the implantation of the osmotic mini-pump.
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Figure 2.5. Effect of injury and combinatorial ion channel inhibitor treatment on the plasma concentration of
cytokine and chemokine analytes. Concentration of Eotaxin (A), Gro-a (B), IP-10 (C), MCP-1 (D), MCP-3 (E), MIP-
la (F), and RANTES (G) in the plasma of uninjured normal; sham injured, local vehicle treated animals; injured, systemic
and local vehicle treated animals; and systemic and local ion channel inhibitor treated animals 3 days after partial optic
nerve transection. Graphs display individual data points, overlayed on a bar displaying the mean £ SEM. n = 5-6 rats per
group. Outlier values as determined by the Tukey Outlier Detection Model were not excluded from analyses but are
indicated by hollow data points on the graph. Abbreviations: ICH, ion channel inhibitor combinatorial treatment.

Significant differences are indicated by **p < 0.01. Data values are as presented in Toomey et al. 2019, Appendix A.

2.2.5. Study Conclusions
The absence of an effect of treatment on peripheral inflammation, combined with the observed
lack of an effect on local inflammatory cell densities in the previous cohort, suggests that the ion

channel inhibitor combination does not act by attenuating either the local or peripheral immune
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response post-injury. Instead it may be that the observed improvements in myelin outcomes within
the study were due to the ion channel inhibitor combination acting on the myelin sheath directly.
Additionally, the lack of a discernible increase in the peripheral immune in response to the partial
optic nerve transection itself highlights the physically small nature of the injury compared to the size
of the nerve and CNS of the animal, with the expression of inflammatory molecules typically highly
dependent on the size and severity of injury (Patterson & Holahan 2012). However, it may also be
that the window of opportunity to detect many of the cytokine and chemokine analytes had passed by
the three day timepoint. Had peripheral inflammation been assessed closer to the time of injury, it is
possible that significant changes in these molecules may have been detected. The heightened
peripheral inflammation associated with the implantation of local delivery devices, even compared
to the injury itself, further reinforces the necessity for systemic delivery of therapeutics bound for
clinical translation. This research demonstrates the efficacy of the ion channel inhibitor treatment
when delivered systemically. Therefore, this clinically relevant and BBB permeable combinatorial
pharmacotherapy may be suitable for treating milder forms of neurotrauma, such as concussion,

where the full extent and duration of BBB dysfunction is still unclear (Romeu-Mejia et al. 2019).

2.3. Utilising the Combinatorial Ion Channel Inhibitor Treatment in Demyelinating

Disease

In a parallel study, mice were systemically treated with the ion channel inhibitor combination
alongside 3 weeks of pelleted cuprizone administration to induce early demyelination. Given the close
alignment of the study with my field of candidature and my interest in the work, I contributed to the
dissemination of the outcomes by interpreting data, writing the manuscript, creating figures and
performing final editorial changes. The study demonstrated that the ion channel inhibitor treatment
reduced several aspects of cuprizone induced pathology (Gopalasingam et al. 2019; Appendix B).
Most notably though, there was a similar preservation of myelin nodal structures as in the
neurotrauma study described above in Section Error! Reference source not found., which suggests
that the structural abnormalities seen in the myelin node/paranode complex for the two conditions are

underpinned by similar Ca**-related mechanisms (Figure 2.6).
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Figure 2.6. Effect of combinatorial ion channel inhibitor treatment on myelin outcomes. (A) Both MS and
neurotrauma are associated with increased Ca?" influx into cells and increased atypical myelin nodal complexes. (B) The
systemically administered combinatorial ion channel inhibitor treatment comprised of YMS872, lomerizine and BBG
targeted AMPA receptors, VGCCs and P2X7 receptors respectively to limit excessive Ca?* influx. The treatment
preserved the structure of myelin nodal complexes in models of both neurotrauma and demyelinating disease, indicating
that disruption to nodal structure is mediated by similar Ca**-dependent mechanisms in the two disorders. Original

illustration created using BioRender.com.

2.4. Concluding Remarks

The observed generalisability of the ion channel inhibitor treatment for preserving myelin
structure in models of both neurotrauma and demyelinating disease supports the notion presented
throughout this thesis that common mechanisms exist in the underlying pathology between the two
neurological conditions. By unifying our understanding of the two disease states, it may allow us to
translate the knowledge obtained regarding either disorder and apply it to the other. This approach
would facilitate the rapid advancement of knowledge to aid the development of effective therapeutic
strategies for both of these disorders, such as with the combinatorial ion channel inhibitor treatment.
Thus, this early work established the initial framework and provided justification to commence

further experiments to investigate shared mechanisms of damage between neurotrauma and MS.
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Introduction to Series Two

This second series of chapters (Chapters 3 and 4) aimed to establish the framework &
commence experiments investigating shared mechanisms of oxidative damage to oligodendroglia in
models of MS & neurotrauma. Chapter 3 presents the initial work performed to assess the role of
oxidative DNA damage on cell cycling and the myelination capacity of oligodendroglia in the context
of demyelinating disease. However, during the early stages of analysis for the behavioural,
phenotypical and histological outcomes within this cohort, it became apparent that the cuprizone
pellets that has been utilised had not effectively induced demyelinating disease. It is critical that mice
are consistently given a 0.2% dose of cuprizone within their feed to generate reproducible and reliable
demyelination. It was believed that during the manufacturing and pelleting process, the cuprizone
was becoming deactivated. Limited literature suggested powdered cuprizone may be more effective
at inducing demyelinating disease than a pelleted formulation (Hochstrasser et al. 2017). Therefore,
given the efficacy issues of the cuprizone pellets, it was decided that a direct comparison between
cuprizone feed formulations was required to ensure optimal cuprizone delivery.

Chapter 4 presents a comparative study which was performed to assess the efficacy of both
powdered and pelleted cuprizone formulations at an early 3 week timepoint, using an alternative
supplier of cuprizone pellets. This work found that cuprizone pellets were more effective than
cuprizone powder at inducing demyelinating disease pathology across numerous outcomes including
gliosis, neuroinflammation, oxidative stress, oligodendrocyte density and demyelination, particularly
within the caudal corpus callosum. These findings were published in Scientific Reports. This work
suggested that the pellets that were utilised for the initial cuprizone cohort were manufactured
incorrectly, and so we were therefore confident in utilising pelleted cuprizone from a new supplier
for future studies to induce demyelinating pathology. However, given the time constraints of the
degree, the continuation of my contribution to the larger scale collaborative study presented in
Chapter 3 was no longer able to form a sizeable part of this thesis. Nevertheless, the additional
contributions I made to further the progression of this research is briefly detailed at the conclusion of

the chapter.
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Chapter 3. Commencing Initial Experiments into Common Mechanisms of

Oxidative Damage to Oligodendroglia

This chapter describes an initial cohort of mice that was completed to assess the role of
oxidative damage to oligodendroglia in demyelinating disease. Though the pelleted cuprizone used
did not effectively induce demyelinating disease, this chapter provides the necessary context for the

research presented in the remainder of Series Two.

3.1. Initial Cohort Rationale

In the original research plan for this thesis, the second aim was to investigate the effects of
oxidative damage to the DNA of oligodendrocytes and OPCs in demyelinating disease within the
cuprizone model. This aim was primarily based on two core studies that had utilised models of
neurotrauma and Alzheimer’s disease to analyse the effects of oxidative DNA damage to
oligodendroglia (Giacci et al. 2018b, Tse et al. 2018). Taken together, this research suggested that
DNA damaged pre-existing oligodendrocytes were aberrantly re-entering the cell cycle and
undergoing cell apoptosis resulting in demyelination, whilst the reparative mechanism of OPCs to
differentiate and produce myelin was itself compromised which may in turn impair remyelination
(Figure 3.1). Therefore, as part of a larger collaborative study that also encompassed neurotrauma
and Alzheimer's disease, we aimed to determine whether oxidative damage to oligodendroglia had
comparable effects in a model of demyelinating disease. Using similar methods to our previous study
that had employed cuprizone to model demyelinating disease (Gopalasingam et al. 2019; Chapter 2,
Appendix B), a large scale cohort study was performed by delivering 0.2% cuprizone to mice in the
form of pre-made pellets from the supplier Envigo for varying durations of time to simulate early
demyelinating mechanisms. The outcomes of this cohort were to be compared to neurotrauma and
Alzheimer’s disease as part of the larger collaborative study to unify our understanding of oxidative

oligodendroglial damage across disease states.
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Figure 3.1. The effect of oxidative DNA damage to oligodendroglia in models of neurotrauma and Alzheimer’s
disease. When OPCs become oxidatively DNA damaged with 8OHDG nucleobase modifications following neurotrauma,
some OPCs became immediately apoptotic following injury, whilst others differentiate into mature oligodendrocytes that
have a reduced myelination capacity. Furthermore, these newly derived DNA damaged oligodendrocytes are less likely
to undergo cell apoptosis than pre-existing DNA damaged oligodendrocytes. When pre-existing post-mitotic myelinating
oligodendrocytes are DNA damaged with double-strand breaks in a mouse model of Alzheimer’s disease, cell apoptosis
is preceded by aberrant re-entry into the cell cycle. This dual mechanism of oxidative DNA damage to both OPCs and
mature myelinating oligodendrocytes may be a contributing factor for both promoting demyelination and inhibiting

remyelination. Based on Giacci et al. 2018b and Tse et al. 2018. Original illustration created using BioRender.com.

3.2. Initial Cuprizone Cohort

3.2.1. Study Design and Animal Procedures

An experimental cohort of ninety-six 8 week old male C57Bl/6J mice was obtained from the
Animal Resouce Centre (Murdoch, Western Australia). Male mice were specifically chosen for this
study to facilitate direct comparisons with the existing MS literature. A vast majority of cuprizone
studies utilise male mice, with one review finding that 84% of cuprizone papers use male C57B1/6]
mice (Sen et al. 2019). Female C57BI1/6J mice also trend towards less severe demyelination compared
to male mice at the early 3 week timepoint of curpzione administration, with no sex-differences
present by 5 weeks (Taylor et al. 2010). Since this study was particularly interested in early
mechanisms of oxidative damage, any delay in the onset of demyelination could preclude observable
pathology and thus male mice were a more appropriate choice. The mice were housed under a 12
hour light/dark cycle and had ad libitum access to both food and water. All interventions and

assessments were performed during the light phase of their 12 hour light/dark cycle. Procedures were
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in accordance with the principles of the NHMRC and approved by the Animal Ethics Committee of
The University of Western Australia (RA/3/100/1613) and the Animal Ethics Committee of Curtin
University (ARE2019-4). Mice were given a 1 week acclimatisation period to the experimental
holding location prior to commencement of the study. There were eight cuprizone administered and
age-matched control groups at four different timepoints (n = 12/group), including mice that received
cuprizone for 1, 2 or 3 weeks, and another group that received cuprizone for the full 3 weeks prior to
withdrawing the cuprizone for a further week to allow for initial remyelination (a 3+1 week
timepoint). Since we had previously successfully induced demyelination using pre-made 0.2%
cuprizone pellets from the supplier Envigo (Gopalasingam et al. 2019; Appendix B), the same method
was employed here. These pellets were made using the Envigo Teklad Global 18% Protein Rodent
Diet as a base diet and then adding 0.2% cuprizone to form cuprizone-containing pellets. Mice were
housed three per cage and pelleted feed was changed every two-three days, as per standard protocols
(Steelman et al. 2012). Mice were also weighed daily throughout the experimental period to ensure
there was no excessive weight loss due to cuprizone intoxication. Animal weights will be discussed
in more detail in Section 3.2.2. To label cells actively undergoing the cell cycle, 5’Ethynyl-2-
deoxyuridine (EdU, 20mg/kg, Invitrogen) was administered via intraperitoneal injection twice a day
for 3 days prior to euthanasia, with a minimum of an 8 hour interval between injections. A day prior
to euthanasia, mice underwent three behavioural assessments; the Rotarod test, the open field test,
and the optokinetic nystagmus test (see Section 3.2.3). At the end of the experimental period, mice
were euthanised with pentobarbitone sodium (160mg/kg, Delvet) and perfused transcardially with
0.9% saline followed by 4% paraformaldehyde (Sigma-Aldrich). Brains were dissected and immersed
in 4% paraformaldehyde overnight. They were then transferred into 15% sucrose (Chem Supply),
0.1% sodium azide (Sigma-Aldrich) in PBS for cryoprotection and longer-term storage prior to
subsequent cryosectioning and tissue analysis. The experimental design for this initial cuprizone

cohort was as shown in Figure 3.2.
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Figure 3.2. Experimental design for the initial cuprizone cohort. There were four groups receiving pelleted 0.2%
cuprizone feed with four age-matched groups receiving standard rodent chow (n = 12/group, total n = 96). Cuprizone was
delivered for either 1, 2 or 3 weeks to assess early demyelination, and there was an additional group given cuprizone for
the full 3 weeks and then given standard rodent chow for a further 1 week to allow initial remyelination to occur (3+1
week). Mice were 8 weeks of age at the commencement of the experimental period. EdU (20mg/kg) was administered
via intraperitoneal injection twice per day for 3 days prior to euthanasia, with a minimum of an 8 hour interval between
injections. A day prior to euthanasia and tissue collection, behavioural assessments were performed, with the pretraining
period for the Rotarod test occurring a day prior to this. Following euthanasia and tissue collection, the collected brains

were cryosectioned and analysed. Original illustration created using BioRender.com.

3.2.2. Animal Weights

Both cuprizone and control animals were weighed daily throughout the experimental period,
always using the same weight scales and at a consistent time of day. The body weights of the
cuprizone-fed mice over time were then compared to their relative control groups using two-way
repeated measures ANOV As with Bonferroni post-hoc tests to detect differences between the groups
at each individual timepoint (Figure 3.3). Within the 1 week timepoint group, there was a significant
interaction effect between the administration of cuprizone and time on body weight (F(7,154) =5.35,
p < 0.0001; Figure 3.3A). However, further post-hoc analysis revealed that there was only a
significant difference in body weight between cuprizone and control mice on the fifth day of
cuprizone administration (p = 0.03), and not at any other time during the experimental period (p >
0.05). For the 2 week timepoint groups, there was also a significant interaction effect between the
administration of cuprizone and time (F(14,308) = 5.77, p < 0.0001; Figure 3.3B). Post-hoc analysis
discovered no differences between cuprizone and control mice on any day during the first week of
cuprizone intoxication in these mice, but there were significant differences between the two groups

at days 8, 10, 12, 13 and 14 (p < 0.05). Furthermore, though there was again a significant interaction
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effect for both the 3 week (F(21,462) = 2.76, p < 0.0001; Figure 3.3C) and 3+1 week (F(28,616) =
4.09, p £0.0001; Figure 3.3D) timepoint groups, there were no significant differences in body weight
between cuprizone and control mice at any individual timepoints within these groups (p > 0.05).
Therefore, when looking at this cohort as a whole, there was no sustained or reliable weight loss
detected across any of the timepoint groups. It is generally expected that if cuprizone is actively
inducing demyelinating pathology then mice will lose up to approximately 10% of their body weight
within the first week of cuprizone administration (Steelman et al. 2012), an effect which was not
observed in this study. The presence of some significant weight loss in the mice fed cuprizone for 2
weeks indicates that the cuprizone feed may have been partially effective at producing pathology.
However, the lack of substantial weight loss across the four cuprizone-treated groups compared to
the relative controls was an initial indication that the cuprizone pellets may not be efficacious in
inducing the desired demyelinating effect.
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Figure 3.3. Effect of cuprizone on animal weights. Cuprizone was delivered for either 1, 2 or 3 weeks, with an
additional group given cuprizone for the full 3 weeks and then allowed a further 1 week for initial remyelination to occur
(3+1 week). Each cuprizone group had a relative, age-matched control group. n = 12 mice per group. Animals were
weighed daily to assess weight loss throughout cuprizone or control feed administration. (A) Animal weights were
compared between those fed cuprizone feed and control feed over 1 week (A), 2 weeks (B) or 3 weeks (C), as well as
over a 3 week cuprizone administration followed by a 1 week remyelination period (D), to determine the effect of
cuprizone intoxication on animal weight. Graph displays mean + SEM. Significant differences as determined by post-hoc
analysis are indicated by *p < 0.05, **p < 0.01.
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3.2.3. Behavioural Assessments

A day prior to the end of the experimental period, three behavioural tests were performed to
assess a variety of potential functional deficits, with the Rotarod test, the open field test and the
optokinetic nystagmus test employed to measure changes in motor coordination, locomotor activity

and response to a novel environment, and visual reflexes respectively (Figure 3.4).
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Novel Environment
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Figure 3.4. Schematic of behavioural tests performed. Behavioural assessments were performed one day prior to end
of the experimental period to determine the presence of a range of behavioural deficits. Original illustration created using

BioRender.com.

All behavioural assessments were performed in a restricted access room within the animal
care facility to reduce transport anxiety and all mice had been exposed and habituated to the
investigator carrying out the behavioural testing via repeated handling prior to the assessment day.
70% ethanol solution was used to clean and decontaminate all behavioural equipment in between
mice to minimise any olfactory cues to the subsequent mice. Graphpad PRISM 9 software was used
for data analysis and graphical illustration, with two-way ANOVAs with Tukey’s post-hoc tests
performed across all eight groups for each behavioural outcome measure.

3.2.3.1. Rotarod Test

Firstly, to assess motor coordination, the Rotarod test was employed. The Rotarod apparatus
consists of a motor-driven 3cm diameter cylinder, which rotates at an accelerating speed of 4rpm to
40rpm. In line with previous studies (Mandillo et al. 2008; Mandillo et al. 2014), animals were pre-
trained to stay on the Rotarod apparatus one day prior to testing. Rotarod pre-training consisted of
three consecutive trials at least 10 minutes apart. During the first trial, the rod was kept stationary

and the animals had to remain on the rod for 60 seconds. For the second and third trials, the rod was
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rotated at 4rpm for 60 seconds each. The following day, the mice underwent an additional three trials
for the testing period. Each trial consisted of placing the mouse on the rod whilst the rod accelerated
from 4 to 40rpm over 300 seconds, with neurological deficit indicated by the inability to remain on
the rotating rod. Each trial took place at least 15 minutes apart, and the three trials were then analysed
both individually and when averaged. Only three mice were placed on the Rotarod at once so that
there were empty lanes between them, to prevent the behaviour of one mouse influencing the others.
Using this protocol, no differences were observed between cuprizone and control groups at trial one
(F(3,88) = 0.04, p > 0.05; Figure 3.5A), trial two (F(3,88) = 0.58, p > 0.05; Figure 3.5B), or trial
three (F(3,88) = 1.07, p > 0.05; Figure 3.5C), nor in the trial average (F(3,88) =0.72, p > 0.05; Figure
3.5D).
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Figure 3.5. Effects of cuprizone administration on Rotarod test outcomes. Cuprizone was delivered for either 1, 2 or
3 weeks, with an additional group given cuprizone for the full 3 weeks and then allowed a further 1 week for initial
remyelination to occur (3+1 week). Each cuprizone group had a relative, age-matched control group. No significant
differences were found by a two-way ANOVA in the latency to fall off the Rotarod in trial one (A), trial two (B), or trial
three (C), nor within the trial average (D). Graphs display individual data points, overlaid on a bar displaying the mean +

SEM. n = 12 mice per group.
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Whilst analysing the one and two week Rotarod data during the period of completing the
animal procedures, I noticed that the data were broadly distributed and I felt that this high degree of
variability might mask potential differences between groups. Therefore, when conducting the 3 week
and 3+1 week timepoints, an additional training and testing period was added on the day of
behavioural assessments. In brief, the original protocol was performed to completion to attain a
complete original data set that could be used for a full analysis across all timepoints. Additional
training was then completed, whereby the mice were placed on the rod again for a total of 5 minutes
whilst the rod was rotating at 4rpm. Following completion of this additional training for all of the
mice, the original testing period was repeated, with the mice undergoing an additional three trials for
the second testing period. Again, each trial consisted of placing the mouse on the rod whilst the rod
accelerated from 4 to 40rpm over 300 seconds, with each trial taking place at least 15 minutes apart.
Similarly, the three trials were then analysed both individually and when averaged. However, despite
the extra training and additional testing periods, there were no significant differences in the latency
to fall off the apparatus between cuprizone and control groups at trial one (F(1,44) = 0.06, p > 0.05;
Figure 3.6A), trial two (F(1,44) = 0.28, p > 0.05; Figure 3.5B), or trial three (F(1,44)=0.17, p > 0.05;
Figure 3.6C), nor in the trial average (F(1,44) = 0.29, p > 0.05; Figure 3.6D). Therefore, it was

concluded that no gross deficit in motor coordination was evident within this cohort.
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Figure 3.6. Effects of cuprizone administration on Rotarod test outcomes with a revised protocol. Cuprizone was
delivered for 3 weeks, with another group given cuprizone for the full 3 weeks and then allowed a further 1 week for
initial remyelination to occur (3+1 week). Each cuprizone group had a relative, age-matched control group. No significant
differences were found by a two-way ANOVA in the latency to fall off the Rotarod in trial one (A), trial two (B), or trial
three (C), nor within the trial average (D), despite additional training and testing periods. Graphs display individual data

points, overlayed on a bar displaying the mean £ SEM. n = 12 mice per group.

3.2.3.2. Open Field Test

To assess locomotor activity and response to a novel environment, the open field test was
used. Following habituation to the testing room for a minimum of 30 minutes prior to testing,
individual mice were placed inside a white 36cm x 36cm square box and were allowed to roam freely
for 10 minutes. The behaviour of the animals was recorded using a Logitech C920 webcam placed
directly overhead of the box. The investigator was out of view of the animal to prevent any influence
on their behavioural activity. The mice were then manually removed from the apparatus and returned
to their home cages. The number of faecal boli left in the chamber was manually recorded and

analysed as a measure of anxiety. However, no differences were observed in the number of faecal
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boli produced by the mice over the 10 minute testing period across any groups, suggesting no change
in anxiety levels with cuprizone administration (F(3,88) = 0.18, p > 0.05; Figure 3.7A).

Any-Maze video tracking software was used to automate analysis of the footage obtained by
accurately tracking the movement of each mouse. Firstly, following software recognition of the body
of each mouse and calibration of the dimensions of the open field apparatus, the total distance
travelled was quantified. However, the total distance travelled did not change with the administration
of cuprizone across any timepoints (F(3,88) = 1.10, p > 0.05; Figure 3.7B). The testing apparatus was
subsequently divided into twelve quadrants artificially overlaid onto the footage obtained to allow for
more detailed examination of individual animal behaviour. These quadrants were then grouped into
three key zones for further analysis; the centre zone, the thigmotaxis zone, and the corner zones
(Figure 3.7D). Mice have been previously found to display more centre zone activity when cuprizone
is delivered for 3 weeks (Franco-Pons et al. 2007), therefore the distance each mouse travelled in the
centre zone relative to the total distance travelled was initially analysed. However, no significant
differences were observed for distance travelled in the centre zone across any timepoint (F(3,88) =
0.70, p > 0.05; Figure 3.7C). Further sub-analyses for additional parameters again found no
significant differences between any of the groups (data not shown). Thus, it was concluded that this
cohort of mice did not display any of the expected behavioural deficits, and the efficacy of the

cuprizone pellets that were delivered was further questioned.
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Figure 3.7. Effects of cuprizone administration on open field test outcomes. Cuprizone was delivered for either 1, 2
or 3 weeks, with an additional group given cuprizone for the full 3 weeks and then allowed a further 1 week for initial
remyelination to occur (3+1 week). Each cuprizone group had a relative, age-matched control group. No significant
differences were found by a two-way ANOVA in the total number of faecal boli produced during the 10 minute testing
period (A), total distance travelled inside the open field box (B), or in the distance travelled in the centre zone (C). (D)
Representative image of the zone divisions during automated analysis, with centre zone displayed in yellow, thigmotaxis
zone displayed as a combination of green and blue, and corners zone displayed in blue. Graphs display individual data
points, overlayed on a bar displaying the mean + SEM. n = 12 mice per group. Schematic depicting division of testing

area into quadrants is an original illustration created using BioRender.com.

3.2.3.3. Optokinetic Nystagmus Test

Finally, the optokinetic nystagmus test was utilised in accordance with an established protocol
following partial optic nerve transection (Fitzgerald et al. 2009; Fitzgerald et al. 2010; Savigni et al.
2013; Toomey et al. 2018) to screen for changes in visual reflexes and function with cuprizone
administration. In brief, each mouse was placed inside a glass cylinder on an illuminated round
platform within a rotating drum. The drum had alternating black and white stripes at a 1cm thickness
that were rotated in either a clockwise or anti-clockwise direction. To habituate the mouse to the

apparatus, each mouse was allowed 2 minutes inside the cylinder without the drum rotating, followed
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by 2 minutes with the drum rotating clockwise and then a further 2 minutes rotating anticlockwise.
The mouse was then removed from the apparatus and returned to its home cage. This acclimatisation
process was then completed for all animals, with the cylinder and platform cleaned and
decontaminated with 70% ethanol in between each mouse. Once this process had been completed
with all of the animals, the initial mouse was returned to the cylinder. The animal was allowed 1
minute to readjust to the apparatus, before an overhead video camera began recording. A further
minute of rest was then filmed, to capture any visible signs of distress in the animals. It is important
to note that all mice tested showed no signs of distress when inside the optokinetic drum and exhibited
typical grooming behaviour during this period. The striped drum was then rotated for 2 minutes in an
anticlockwise direction, with the responses to the movement of the stripes recorded. Subsequently,
the animal was returned to its home cage once more, and this testing period was then performed for
all of the mice. Due to the small binocular overlap in rodents, visual responses in unrestrained mice
rely concomitantly on full head movements as well as more subtle eye movements for image
stabilisation and visual acuity (Kretschmer et al. 2017; Walls 1942). Therefore, a normal optokinetic
response is considered to have been observed when the mouse turns its head to follow the stripes as
the drum is rotating. Responses can be categorised broadly into either a smooth pursuit, whereby the
mouse tracks the rotation of the stripes in an elongated and smooth head turning movement, or a fast
reset, which is a saccade-like rapid head movement to realign with a new stripe on the drum
(Abdeljalil et al. 2005). However, given the insignificant outcomes of the other two behavioural
assessments, the decision was made to abstain from actually analysing the footage obtained during
the optokinetic nystagmus testing until there was confirmation that the model was indeed inducing

demyelination in the mice.

3.2.4. Histological Tissue Analysis

Given the lack of any gross weight loss with cuprizone intoxication and the lack of significant
differences with initial behavioural assessments, the decision was made to analyse a subset of the
tissue to confirm the cuprizone was indeed inducing demyelinating disease pathology. Demyelination
has previously been found to be significantly detectable by 3 weeks of cuprizone exposure
(Matsushima & Morell 2001). Therefore, to best observe any potential demyelinating effect, half of
the 3 week cuprizone group and the relevant age-matched controls were selected for tissue analysis
utilising specific histological myelin stains. For this, the brains were fast frozen in OCT within
moulds placed in isopentane cooled in a bath of liquid nitrogen. Tissue was subsequently coronally
cryosectioned at -20 °C to a thickness of 20um. Sections were then collected onto slides that were
stored at -80°C until histological analyses commenced. It is important to note that due to freezing
artefacts and technical issues with mountant, there were visible holes in the tissue and also air bubbles

over the surface of the tissue respectively. However, these issues were subsequently resolved in later
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work that will be presented in Section 3.3. Furthermore, these technical problems did not prevent

analysis of tissue from proceeding as planned.

3.2.4.1. Luxol Fast Blue

Firstly, a Luxol Fast Blue stain was utilised to visualise the level of myelination in both the
rostral and caudal medial corpus callosum (Kiernan 2013; Kliiver & Barrera 1953). In brief, tissue
sections were hydrated to 95% ethanol, before being placed in 0.1% Luxol Fast Blue solution (Acros
Organics) for 14 hours at 56°C. Excess stain was rinsed off in 95% ethanol followed by distilled
water. Slides were then differentiated in 0.05% lithium carbonate (Sigma-Aldrich) for 30 seconds,
followed by 70% ethanol and rinsed in distilled water. This was repeated 4 times, before slides were
placed in 100% ethanol for 5 minutes twice. Finally, slides were cleared in xylene for 5 minutes twice,
and then coverslipped using Fluoromount (Invitrogen) and imaged on a Nikon DS-Fi3 microscope.
However, in both the rostral and caudal corpus callosum, there was no observable difference in the

level of myelination between 3 week control and 3 week cuprizone tissue (Figure 3.8).
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Figure 3.8. Histological assessments of myelin quality comparing 3 week control and cuprizone tissue using a Luxol
Fast Blue stain. Cuprizone was delivered for 3 weeks and outcomes were compared with a relative, age-matched control
group. No differences in myelination were observed in either the rostral and caudal medial corpus callosum.
Representative images of Luxol Fast Blue stain; scale bar = 500um. n = 6 mice per group. Brain schematic is an original

illustration created using BioRender.com.
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3.2.4.2. Myelin Black-Gold I1

Although Luxol Fast Blue is a highly specific histological stain for myelin that is well-utilised
in the literature (Largani et al. 2019; Morell et al. 1998; Noorzehi et al. 2018; Sun et al. 2006), it has
a comparatively low resolution quality and contrast. Myelin Black-Gold II is a gold-based stain that
can provide a much higher resolution for myelin detection down to a single fibre level, and is thus
more sensitive to subtle changes in myelination than more traditional histological methods such as
Luxol Fast Blue (Savaskan et al. 2009). Therefore, the Myelin Black-Gold II stain was also used to
visualise the degree of myelination, in an effort to detect more subtle signs of potential demyelination.
Sections were rehydrated in distilled water for 2 minutes, before incubating in 0.3% Myelin Black-
Gold II solution (Merck Millipore) at 60°C for 38 minutes. Sections were rinsed twice in distilled
water, before incubating in 1% sodium thiosulfate (ChemSupply) for 3 minutes at 60°C. Following
three 2 minute rinses in distilled water, Cresyl Violet (Merck Millipore) was added and incubated for
3 minutes at room temperature. The sections were again rinsed three times for 2 minutes each, before
being dehydrated using graded alcohols. Finally, slides were cleared in xylene for 2 minutes,
coverslipped using Fluoromount (Invitrogen) and imaged on a Nikon DS-Fi3 microscope.
Nevertheless, there were again no differences observed in the level of myelination between

cuprizone-fed and control mice in either the rostral or caudal medial corpus callosum (Figure 3.9).
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Figure 3.9. Histological assessments of myelin quality comparing 3 week control and cuprizone tissue using a
Myelin Black-Gold II Stain. Cuprizone was delivered for 3 weeks and outcomes were compared with a relative, age-
matched control group. No differences in myelination were observed in either the rostral and caudal medial corpus
callosum. Representative images of Myelin Black-Gold II stain; scale bar = 500pm. n = 6 mice per group. Brain schematic

is an original illustration created using BioRender.com.

3.2.5. Issues Regarding Efficacy of Cuprizone Pellets

The absence of a significant difference between the cuprizone and control groups in the
outcomes described above suggested that the pelleted cuprizone wasn’t effective at inducing
demyelinating pathology in this cohort of mice. In order to perform research that is reproducible and
comparable to the literature, it is vital that mice are consistently given 0.2% cuprizone in their feed
to ensure reliable, consistent and robust demyelination. The lack of an effect of cuprizone in both
histological and behavioural outcome measures signified that demyelination was not being reliably
induced. In particular, the lack of change with cuprizone administration for any of the behavioural
assessments performed was especially concerning. For example, for the open field test it is anticipated
that by 3 weeks of cuprizone toxicity, the mice would be travelling significantly further within the
centre zone of the apparatus and would also be producing fewer faecal boli due to decreased anxiety
levels (Franco-Pons et al. 2007). This effect was not observed in this cohort. Similarly, mice have
also been shown to display a reduced latency to fall off the rod in the Rotarod test after 3 weeks of
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cuprizone treatment (de Rosa et al. 2019), which again was not observed. When combined with the
lack of histologically observable demyelination, this suggests that the administered cuprizone wasn’t
effective at inducing demyelinating pathology in this cohort of mice.

It was decided to cease tissue analysis on this cohort until the issues with the cuprizone could
be resolved. After contacting Envigo, the supplier of these cuprizone-containing pellets, it appeared
that there may have been a batch issue affecting the efficacy of their cuprizone pellets. Furthermore,
discussions with our collaborators as well as the literature suggested that powdered cuprizone rather
than pelleted may be more reliable to induce demyelinating disease (Hochstrasser et al. 2017). Given
the issues with cuprizone efficacy in our hands, a direct comparison between pelleted and powdered
cuprizone was needed to decide which formulation to employ to address the aims of the main study.
The designed study to compare powdered and pelleted cuprizone was conducted and will be presented

in the upcoming Chapter 4.

3.3. Optimisation of Freezing Protocols

3.3.1. Rationale

As mentioned above, when cryosectioning and histologically staining the 3 week cuprizone
and control tissue from the previous cohort, it was evident that there was tissue damage in the form
of holes appearing throughout the tissue, which was suspected to be due to freezing artefacts during
tissue processing. Therefore, prior to commencing the comparison between the two cuprizone
formulations, it was important to ensure tissue was able to be analysed without methodological
complications.

3.3.2. Confirming Freezing Issues

Firstly, it was necessary to confirm that the holes were due to issues surrounding freezing,
rather than inadequate perfusions or other tissue processing issues. To perform the freezing method,
block cut brains were placed into plastic moulds filled with optimal temperature compound (OCT,

Scigen). These moulds were then placed into cooled isopentane in a bath of liquid nitrogen (Figure

3.10).
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Figure 3.10. Freezing apparatus. Brains were embedded in a plastic mould filled with OCT. These moulds were placed

in isopentane which was cooled in a bath of liquid nitrogen. Original illustration created using BioRender.com.

Using the 2 week tissue from the previous cohort, various durations of freezing time within
the isopentane were compared, and it was found that the longer the tissue remained in the isopentane,
the better the tissue quality, with shorter time in the isopentane producing holes within the tissue
(Figure 3.11). A Myelin Black-Gold II stain and a Cresyl Violet counterstain was utilised to visualise
tissue quality, performed as described in Section 3.2.4.2. The moulds were removed from the
isopentane when the top surface of the OCT appeared solid and frozen, as an indicator that the mould
was fully frozen inside. When the moulds were immersed in the isopentane for 210 seconds or 180
seconds in total, no holes were present within the tissue (Figure 3.11A-B). However, when the moulds
were in the isopentane for shorter durations of 75 seconds or just 30 seconds, the tissue had an
abundance of holes and tissue damage (Figure 3.11C-D), despite the OCT appearing fully frozen
when observed. It is important to acknowledge that once the moulds were removed from the
isopentane, they were placed in a -20°C freezer for a few hours before moving to the -80°C freezer
for longer term storage. It is thus likely that although the top of the OCT had frozen on the shorter
time points, the main body of the brain had probably not frozen fully within the centre of the mould.
Therefore, upon placing the moulds into the -20°C freezer, both the OCT and the tissue located within
the centre of the mould froze slowly, creating holes and other artefacts in the tissue due to the
formation of crystals during the slower freezing process. Different freezing durations and methods

were then trialled to optimise tissue quality and antigenicity.
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Figure 3.11. Comparison of different freezing times in a bath of isopentane. The moulds were placed in isopentane

in a bath of liquid nitrogen for either 210 seconds (A), 180 seconds (B), 75 seconds (C), or 30 seconds (D). Brains were
stained using Myelin Black-Gold II. Scale bar = 200pum.

3.3.3. Optimising Freezing Duration

Four different freezing methods were compared, with three different durations in isopentane,
as well as comparing with brains embedded in OCT that were placed directly into the -80°C freezer,
bypassing the fast freezing in cooled isopentane step. The freezing durations of the three isopentane
groups were determined relative to the point in which the top of the OCT became opaque. A holder

was constructed for the moulds to make sure that they were not accidentally fully submerged into the
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isopentane at any point during the freezing process, to ensure a more reliable way to determine if the
top of the OCT had fully frozen without the confounding factor of any unintentional direct contact
with the cooled isopentane on that top surface. Therefore, moulds were initially removed from the
isopentane once the top of the OCT became fully opaque, which was approximately 105 seconds after
it was placed into the isopentane. The longer time required for the top of the OCT to freeze compared
to the previous experiment presented in Section 3.3.2, indicates that keeping the moulds not fully
submerged in the isopentane on the top of the OCT was a more reliable way to determine how frozen
the mould may be inside, and prevent an earlier and more inaccurate frozen appearance on the top
OCT surface. To trial longer freezing durations, the moulds were removed either 60 seconds after the
top of the OCT became opaque or 120 seconds after the OCT became opaque. Importantly, instead
of transferring to the -20°C freezer following the isopentane fast freezing, brains were placed on dry
ice prior to being transferred and stored directly in the -80°C freezer, to further minimise the risk of
a slow freeze process damaging the tissue. The resulting tissue was subsequently coronally
cryosectioned at -20°C to a thickness of 20um. Sections were then collected onto slides that were

stored at -80°C until further histological and immunohistochemical analyses were commenced.

3.3.3.1. Impact of Freezing Duration on Tissue Quality

A portion of the sectioned tissue was stained using the Myelin Black-Gold II stain and Cresyl
Violet counterstain to investigate tissue quality as previously described in Section 3.2.4.2. There was
a slight methodological change to using dibutylphthalate polystyrene xylene (DPX; Lab Chem) as
the coverslipping mounting media instead of Fluoromount (Invitrogen) to reduce the likelihood of
any air bubbles appearing over the xylene cleared tissue. Interestingly, none of the freezing methods
described above produced holes or any other tissue damage to the samples (Figure 3.12). This
suggested that placing the moulds in the -20°C freezer following the fast freezing in the isopentane

was indeed resulting in a slower secondary freezing process that caused the observed tissue damage.
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Figure 3.12. Comparison of different freezing times on tissue quality. The moulds were placed either (A) directly into
the -80° freezer, or in isopentane in a bath of liquid nitrogen until either (B) the OCT turned opaque, (C) 60 seconds after
the OCT turned opaque, or (D) 120 seconds after the OCT turned opaque. Scale bar = 200um.

3.3.3.2. Impact of Freezing Duration on Tissue Antigenicity

It is important that tissue quality is not only intact, but that antibodies are able to bind
adequately to the desired antigens in order to conduct comprehensive immunohistochemical analyses.
Therefore, in order to assess whether the antigenicity of the tissue was affected by the freezing
durations, an immunohistochemistry experiment was performed. In brief, sections were washed in
PBS, followed by a 5 minute incubation with PBS + 0.2% Triton-X 100 (Thermo-Fisher) + 5%

normal donkey serum (Merck Millipore). Primary antibodies detecting astrocytes (anti-GFAP, 1:500,
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Abcam, Ab33922, lot number GR148838-3), microglia (anti-IBA1, 1:500, Abcam, Ab5076, lot
number GR3178800-2), and oligodendroglia (anti-Olig2, 1:500, R&D Systems, AF2418, lot number
UPAO0819111) were incubated overnight at 4°C diluted in PBS + 0.2% Triton-X 100 + 5% normal
donkey serum. Antigenicity of the tissue was visualised following a 2 hour incubation at room
temperature with the appropriate secondary antibodies (Invitrogen Alexa Fluor 488 or 555 at 1:400
in PBS) and a subsequent 10 minute incubation with Hoechst nuclear stain (1:1000, Invitrogen).
Slides were coverslipped with Fluoromount (Invitrogen) and imaged using a Nikon Eclipse Ti2-E
confocal microscope.

Differences in antigenicity between freezing methods were observed (Figure 3.13). The
greatest difference between freezing methods was observed in the binding of GFAP and IBA1
antibodies, with more antigen binding occurring the longer the tissue was left in the isopentane after
the OCT became opaque, and the lowest antigen binding occurring when moulds were simply placed
in the -80°C freezer (Figure 3.13A-D). There were also subtle differences in the binding of Olig2
antibodies to the tissue, with more faintly positive staining appearing the longer the tissue was left in
the isopentane (Figure 3.13E-H). However, the antigenicity of the tissue with the Olig2 antibody did
not differ as considerably in comparison to the binding of GFAP and IBA1, indicating variance in the
extent of changes to antigenicity for different antigens in the tissue. Nevertheless, based on both the
intact tissue quality and the increased antigenicity of the tissue with increased freezing durations in
the isopentane, it was decided to proceed with freezing the brain moulds within the cooled isopentane

in a bath of liquid nitrogen until 120 seconds after the OCT became fully opaque.
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Figure 3.13. Comparison of different freezing methods on antigenicity. Antigenicity of GFAP and IBA1 (A-D) and

Olig2 (E-H) were tested using various different freezing methods. The moulds were placed either in directly into the -80°
freezer (A,E), or in isopentane in a bath of liquid nitrogen until either the OCT turned opaque (B,F), 60 seconds after the
OCT turned opaque (C,G), or 120 seconds after the OCT turned opaque (D,H). Scale bar = 100pum.
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3.4. Concluding Remarks

Within this chapter, the initial research performed to assess the role of oxidative damage to
oligodendroglia in demyelinating disease was presented. However, the expected behavioural or
phenotypical effects were not observed as a result of the cuprizone exposure, nor was there any
demyelination present when a subset of the tissue was sectioned and histologically stained. It was
thus decided that a direct comparison between pelleted and powdered cuprizone was needed to
optimise the method of cuprizone delivery. Additionally, the optimisation of freezing protocols for
mouse brain tissue were described in this chapter, conducted to ensure that the mouse tissue obtained
throughout the rest of the thesis could be analysed without methodological complications from

freezing artefacts.
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Chapter 4. Characterisation and Optimisation of the Cuprizone Model of

Demyelinating Disease

In order to perform research that is reproducible and comparable to the literature, as well as
to ensure reliable demyelination, it is imperative that mice are consistently given 0.2% cuprizone in
their feed. Given the ineffective induction of demyelinating disease in the cohort presented in Chapter
3, a study was designed to directly compare powdered and pelleted cuprizone formulations.
Therefore, the next published paper of this thesis presents this data comparing the two methods of

cuprizone administration.

4.1. Study Rationale

To my knowledge there had been only one study prior to this work that investigated the
effectiveness of pelleted cuprizone in direct comparison with powdered cuprizone, which showed
that cuprizone pellets were not as potent as powdered cuprizone to induce demyelinating disease
(Hochstrasser et al. 2017). This study compared powdered and pelleted cuprizone at a 0.25% cuprizone
dose (Hochstrasser et al. 2017), rather than the more commonly utilised 0.2% dosage (Hiremath et al.
1998), and employed a model centred more around remyelination, allowing 2 weeks of remyelination
following an acute 3 week cuprizone exposure. Their analysis of the tissue did not include measures of
oligodendroglial loss and astrogliosis. In the current study, a 0.2% dose of cuprizone was utilised, fed in
both powdered and pelleted form, with appropriate control groups for both feed formulations, and a
comprehensive analysis of the tissue was performed looking at a wide range of pathological hallmarks of
cuprizone-mediated damage at a 3 week timepoint.

The 3 week timepoint was specifically chosen as this is when early demyelination should
become observable in the corpus callosum, and a point at which gliosis, oxidative stress and
oligodendroglial changes should already be established (Gudi et al. 2014) (Figure 4.1). The reliable
appearance of this early demyelinating pathology is critical for our work, as we hypothesise that the
oxidative stress associated initiating mechanisms of damage occur within the first few weeks of
cuprizone administration. Furthermore, it had already been well established in the literature that by 5
weeks of administration of 0.2% cuprizone pellets, extensive demyelination has occurred (Danesh-
Seta et al. 2021; Gonsalvez et al. 2019; Klein et al. 2018; Mazloumfard et al. 2020; Mohammadi-Rad
et al. 2019; Ohgomori & Jinno 2019; Steelman et al. 2012; Tagge et al. 2016).
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Figure 4.1. Expected demyelinating disease pathology within the corpus callosum following 3 weeks of cuprizone
intoxication. By 3 weeks of cuprizone administration, early demyelination has become histologically detectable and there
is a severe depletion of mature oligodendrocytes with a concomitant increase in the density of OPCs. Furthermore, by
this timepoint reactive gliosis is well underway, with an increase in the density and hypertrophy of astrocytes, as well as
high levels of microglial activation and oxidative stress. For more details on the expected time course and pathology of

cuprizone intoxication, see Section 1.2.7.2. Original illustration created using BioRender.com.

4.2. Study Design and Animal Procedures

To directly compare the effects of powdered and pelleted cuprizone, an experiment was
designed using forty-eight mice as illustrated in Figure 4.2. There were two cuprizone administration
groups and two age-matched control groups (n = 6/group), with one group from each receiving their
feed in a powdered form and one group in a pelleted form. Mice were provided equivalent amounts
of either cuprizone or control feed throughout the study. Mice were weighed daily during the
experimental period prior to being euthanased after 3 weeks of continuous feeding with either
cuprizone or control feed. The tissue collected was then processed and immunohistochemically and
histologically analysed. For this study, the pelleted cuprizone was made by a different supplier
(Specialty Feeds) than in the previously presented cohorts from Chapters 2 and 3 (Envigo). These
pellets were manufactured locally using the same batch of powdered cuprizone administered to the
powdered cuprizone animals, with the aim to minimise variability between the two cuprizone groups.
The feed formulation used as a base diet to create the cuprizone-containing pellets was the Specialty
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Feeds Meat Free Rat and Mouse Diet, which was then utilised in either a powdered or pelleted form

as the control diet to ensure nutritional similarity between delivered feeds.
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Figure 4.2. Experimental design for the direct comparison between powdered and pelleted cuprizone
formulations. Two groups received 0.2% cuprizone for 3 weeks in either a powdered or pelleted formulation, and two
age-matched control groups received either powdered or pelleted standard rodent chow (n = 6/group, total n = 24). Mice
were 8 weeks of age at the commencement of the study and were weighed daily during the 3 week experimental period.
Following euthanasia and tissue collection, the collected brains were cryosectioned and analysed for hallmarks of

demyelinating disease pathology. Original illustration created using BioRender.com.

4.3. Optimisation of Immunohistochemistry

Since the majority of the research within the Fitzgerald laboratory to date had been performed
on rat tissue, the immunohistochemical procedure had to be specifically optimised for use on the
obtained mouse tissue. One of the key methodological differences between the rat and mouse
protocols involved applying an unconjugated donkey anti-mouse immunoglobulin G (IgG) when
utilising primary antibodies that were raised in mice to act as a mouse on mouse block. Though a
similar step was included in the paper presented in Appendix B, that study utilised an unconjugated
anti-mouse IgG2a antibody. This antibody solely reacted with the mouse Ig(G2a subclass, despite one
of the three mouse antibodies used in that study having a IgG2b isotype. Therefore, it was instead
more appropriate to switch to a broader unconjugated anti-mouse IgG H&L antibody that would block
all of the heavy and light chains of mouse IgG subclasses. The utilisation of this broader unconjugated
anti-mouse IgG H&L antibody for the forthcoming work ensured a more comprehensive mouse on

mouse block to prevent cross-binding with all endogenous mouse IgG antigens when using primary
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antibodies raised in mouse on the tissue, regardless of the primary antibody isotype. Another
methodological difference was that all immunohistochemical experiments were performed with the
tissue sections in 24 well plates rather than using tissue that had already been mounted onto slides to
allow for double-sided antibody tissue penetration for more extensive antibody binding. Furthermore,
an additional 30 minute incubation period at room temperature was included during the primary
antibody incubation step prior to the well plates being transferred to 4°C overnight to also ensure
maximal antibody binding. This modified protocol (Figure 4.3) proved highly optimal for mouse

tissue and was therefore utilised for the forthcoming cuprizone paper.

Figure 4.3. The modified immunohistochemistry protocol for use on mouse brain tissue sections. The original
protocol had been typically utilised for rat tissue and is presented as described in previously published Fitzgerald group
articles, including in Fitzgerald et al. 2010 and Toomey et al. 2019. The modified protocol has since been specifically

optimised for mouse brain tissue and is as published in Toomey et al. 2021.
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4.4. Study Outcomes

To determine the degree to which powdered and pelleted cuprizone induced pathology,
various immunohistochemical and histological parameters were investigated, including
oligodendrocyte loss, gliosis, oxidative stress and demyelination. Both the rostral and caudal medial
corpus callosum were analysed, to investigate region specific changes in response to cuprizone feed
formulation.

Within the rostral medial corpus callosum, the cuprizone-containing pellets were more
efficacious than cuprizone powder at increasing the extent of astrogliosis, increasing microglial
activation, inducing oxidative DNA damage and reducing the density of mature oligodendrocytes.
However, the cuprizone powder was more potent at inducing oxidative protein nitration compared to
the relative control feed. It is also important to note that within this rostral region, mice fed the control
powder had a significantly decreased density of mature oligodendrocytes compared to those fed the
control pellets, suggesting that there may be inherent metabolic differences between powdered and
pelleted feed that particularly affects oligodendroglia. Previous studies have tended to either use a
pelleted control for powdered cuprizone feed or not explicitly indicate the control feed formulation
employed. In line with this, if the number of overall oligodendroglial cells as shown by positive Olig2
staining is compared between powdered cuprizone and pelleted control, rather than powdered control,
the loss of oligodendroglia that has been reported in previous cuprizone studies at the 3 week
timepoint becomes apparent. Therefore, this highlights the important of using an appropriate control
feed formulation to ensure a reliable comparison with mice administered cuprizone.

Within the caudal medial corpus callosum, cuprizone pellets were again more effective than
cuprizone powder for inducing the desired demyelinating pathology compared to the relative controls,
with the pelleted cuprizone group demonstrating increased astrogliosis, increased microglial
activation, increased oxidative protein nitration and DNA damage, increased tissue swelling,
decreased density of mature oligodendrocytes, and increased demyelination. The two feed
formulations performed similarly for inducing changes to OPC dynamics.

Taken together, cuprizone pellets therefore performed either equal to or superior than
cuprizone powder for inducing acute demyelinating disease compared to controls, particularly within
the caudal corpus callosum. This regional specificity of cuprizone was in line with previous studies
which have indicated a rostro-caudal pattern of demyelination in the medial corpus callosum with
cuprizone intoxication (Steelman et al. 2012; Stidworthy et al. 2003; Wu et al. 2008; Xie et al. 2010).

Interestingly, the mice fed cuprizone powder lost a significant proportion of their body weight
during cuprizone administration compared to those fed control powder, whereas those fed cuprizone
pellets remained at an average body weight similar to controls. Thus, though weight loss during

cuprizone intoxication has previously been considered to be indicative of the efficacy of the cuprizone
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at inducing demyelinating disease (Steelman et al. 2012; Stidworthy et al. 2003), this study indicates
that body weight may not be such a reliable proxy for cuprizone pathology. Instead, it is thought that
the palatability of the cuprizone powder was reduced, resulting in an initially decreased consumption
of this formulation and therefore a reduced or delayed onset of demyelinating disease. It is critical to
note however that although the overall extent of cuprizone pathology was decreased in the powdered
formulation group with demyelination not detectable in these mice, there was nevertheless a reduction
in mature oligodendrocyte density. This loss of oligodendrocyte suggests that a degree of cuprizone
intoxication did still occur and that a more extended administration period may have induced
detectable demyelination. Nevertheless, the overall results of this study indicated that cuprizone
pellets were a more efficacious cuprizone delivery method than cuprizone powder for inducing

demyelinating disease at the early 3 week timepoint.

4.5. Introducing “Cuprizone feed formulation influences the extent of

demyelinating disease pathology”

This study is presented below and has been published as:

Toomey L.M., Papini, M., Lins, B., Wright, A.J., Warnock, A., McGonigle, T., Bartlett, C.A.,
Hellewell, S.C., Anyaegbu, C., and Fitzgerald, M. 2021. Cuprizone feed formulation influences the
extent of demyelinating disease pathology. Scientific Reports, 11(1), 1-16. doi.org/10.1038/s41598-
021-01963-3
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Terence McGonigle’, Sarah C. Hellewell’, Carole A. Bartlett?, Chidozie Anyaegbu® &
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Cuprizone is a copper-chelating agent that induces pathology similar to that within some multiple
sclerosis (MS) lesions. The reliability and reproducibility of cuprizone for inducing demyelinating
disease pathology depends on the animals ingesting consistent doses of cuprizone. Cuprizone-
containing pelleted feed is a convenient way of delivering cuprizone, but the efficacy of these pellets
atinducing demyelination has been questioned. This study compared the degree of demyelinating
disease pathology between mice fed cuprizone delivered in pellets to mice fed a powdered cuprizone
formulation at an early 3 week demyelinating timepoint. Within rostral corpus callosum, cuprizone
pellets were more effective than cuprizone powder at increasing astrogliosis, microglial activation,
DNA damage, and decreasing the density of mature oligodendrocytes. However, cuprizone powder
demonstrated greater protein nitration relative to controls. Furthermore, mice fed control powder
had significantly fewer mature oligodendrocytes than those fed control pellets. In caudal corpus
callosum, cuprizone pellets performed better than cuprizone powder relative to controls at increasing
astrogliosis, microglial activation, protein nitration, DNA damage, tissue swelling, and reducing

the density of mature oligodendrocytes. Importantly, only cuprizone pellets induced detectable
demyelination compared to controls. The two feeds had similar effects on oligodendrocyte precursor
cell (OPC) dynamics. Taken together, these data suggest that demyelinating disease pathology

is modelled more effectively with cuprizone pellets than powder at 3 weeks. Combined with the
added convenience, cuprizone pellets are a suitable choice for inducing early demyelinating disease

pathology.

The cuprizone-induced animal model is a toxin-based method of producing demyelinating disease similar to
that observed in the brains of people with MS. Cuprizone (or bis-cyclohexanone oxaldihydrazone) is a copper
chelating agent that is orally administered to rodents to induce oligodendroglial death, glial cell activation and
demyelination via mitochondrial dysfunction'~, Cuprizone induces mitochondrial injury and oxidative stress by
increasing mitochondrial production of superoxide anions', reducing copper-dependent cytochrome ¢ oxidase
and monoamine oxidase activity', decreasing copper-zinc superoxide dismutase” and glutathione® antioxidant
activity, and inhibiting electron transport chain complex IV”. Oligodendrocytes are particularly vulnerable to
cuprizone-induced mitochondrial dysfunction’, resulting in apoptosis' and subsequent loss of myelin®. In addi-
tion, mitochondrial dysfunction in oligodendrocytes results in endoplasmic reticulum stress*'°, causing further
downregulation of myelin proteins'' and reduced myelin lipid synthesis'. In humans, copper deficiency results
in CNS demyelination'?**, Furthermore, mitochondrial electron transport chain complex IV dysfunction in oli-
godendrocytes has been found in type I1l active MS lesions', However, cuprizone may also induce its biological
effects via copper-independent mechanisms'®. Concomitant copper supplementation alongside cuprizone admin-
istration does not completely attenuate the observed degenerative effects'”. Furthermore, it has been suggested
that the effects of cuprizone on oligodendrocyte metabolism are related to a Schiff base formation binding with
the amino acid metabolism coenzyme pyridoxal 5'-phosphate, and completely independent of copper chelation'®,

ICurtin Health Innovation Research Institute, Curtin University, Bentley WA 6102, Australia. *Perron Institute for
Neurological and Translational Science, Sarich Neuroscience Research Institute Building, 8 Verdun St, Nedlands,
WA 6009, Australia. ““email: lindy.fitzgerald@curtin.edu.au
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A recent study has also discovered that the copper chelating action of cuprizone produces dysregulation of iron
homeostasis, leading to ferroptosis-mediated loss of oligodendrocytes and myelin'*,

Irrespective of its mechanism of action, cuprizone is a widely utilised and validated toxin for modelling CNS
demyelination that is not directly associated with peripheral autoimmunity®”. Furthermore, cuprizone intoxi-
cation is a useful tool for studying the processes of mn?'elmalion. as withdrawal of cuprizone typically results
in remyelination in the CNS of the intoxicated animal®, albeit at a significantly slower rate following chronic
cuprizone intoxication®.

While cuprizone mainly affects oligodendrocyte myelination, indirect effects on other cell types in the CNS
can be observed. For example, as early as 1 week into cuprizone intoxication, microglia are activated within both
the cortex and the corpus callosum*. Astrocytes exhibit morphological changes as early as 1 week, with numbers
of astrocytes significantly increasing from 3 weeks of cuprizone administration®. Also by 3 weeks, OPCs have
accumulated in the corpus callosum, particularly in the caudal regions, ready to act as a progenitor pool for the
differentiation and maturation of new oligodendrocytes®**,

The reliability and reproducibility of a cuprizone-induced model of demyelinating disease depends critically
on the animals ingesting the full dose of cuprizone consistently in different studies. Traditionally, cuprizone
has been delivered in powdered form mixed into ground rodent chow, but in recent years pelleted formulations
of cuprizone that allow more convenient handling and feeding have become available. Despite some evidence
suggesting that pelleted formulations of cuprizone can be less effective’”*, the use of cuprizone in a pelleted
form is growing in popularity, with many research groups successfully utilising the pelleted form at chronic
timepoints™**, However, one study in particular noted that their cuprizone-containing pellets failed to induce
demyelination despite toxicological analysis of the pellets confirming that they still contained active cuprizone®.
Another study has directly compared the potency of cuprizone pellets and powder and demonstrated that cupri-
zone powder was more effective at inducing demyelinating pathology than pellets at an equivalent dose of
cuprizone”. This study used a 0.25% dose of cuprizone, rather than the more commonly used 0.2% cuprizone
dose* and included 2 weeks remyelination after the 3 week cuprizone administration”. Effects of the differ-
ent feed formulations on oligodendroglial death and astrogliosis were not assessed. Information on the effects
of pelleted cuprizone at the early 3 week timepoint during demyelination is lacking. In the present study. we
assessed the potency of pelleted and powdered cuprizone at an early demyelinating timepoint. 0.2% cuprizone
was delivered in both powdered and pelleted form and outcomes were assessed following 3 wceks of cuprizone
administration. Various cytochemical and im histochemical parameters, in ligodendroglial death,
gliosis, oxidative stress and demyelination, were investigated to determine lhe extent to which powdered and
pelleted cuprizone differ in their capacity to induce the hallmarks of cuprizone-intoxication in the CNS.

Results

Effects of cuprizone feed formulation on body weight. Following 3 weeks on diets of control pow-
der, cuprizone-containing powder, control pellet or cuprizone-containing pellet, mice were assessed for weight
loss, a widely recognised hallmark of cuprizone intoxication*. Post-hoc analyses revealed that mice adminis-
tered cuprizone powder had significantly lower body weight than those fed control powder from 7 days of cupri-
zone until the end of the study (p <0.05; Fig. 1). However, mice fed cuprizone pellets did not have any significant
differences in body weight compared to their control pellet counterparts at any timepoint (p>0.05). There were
no differences between cuprizone pellet and cuprizone powder (p>0.05).

Effects of cuprizone feed formulation on inflammatory responses. Within the rostral corpus
callosum the area of GFAP immunoreactivity, indicative of astrocyte reactivity, significantly increased when
cuprizone was delivered in the form of pellets compared to control pelleted feed (p <0.0001; Fig. 2a,c). Similarly,
the area of GFAP immunoreactivity increased with powdered cuprizone delivery when compared to control
powdered feed (p=0.0158). There were no significant differences between control groups or cuprizone groups
(p=0.999 and p=0.144 respectively). Within the caudal corpus callosum, mice fed pelleted cuprizone again
had a significantly greater area of GFAP immunoreactivity than those fed control pellets (p=0.002; Fig. 2b,c).
However, in the caudal region of the corpus callosum, animals fed cuprizone in the form of powder did not have
increased GFAP immunoreactivity when compared to those fed control powder (p=0.980). When cuprizone
was delivered in the form of pellets, there was a significantly greater area of GFAP immunoreactivity than when
it was delivered in the form of powder (p=0.007). There were no differences between the two control groups
(p=0.998).

Within the rostral corpus callosum, the area of IBA1 immunoreactivity, indicative of microglial activation,
significantly increased when cuprizone was delivered in the form of pellets compared to control pelleted feed
(p=0.0005; Fig. 2d,f). There was also an increase in the area of IBA1 immunoreactivity when cuprizone was
delivered as powder compared to control powdered feed (p =0.0095). There were no differences between the
two control groups (p = 0.920) or the two cuprizone groups (p =0.254). Within the caudal corpus callosum, mice
fed pelleted cuprizone had a significantly greater area of IBA1 immunoreactivity than those fed control pellets
(p <0. 0001 Flg 2e,f). It is worth noting that IBA1 immunoreactivity in these cuprizone pellet fed animals was

onsiderably more pr: ed in caudal than rostral corpus callosum (Fig. 2f). However in caudal corpus cal-
Iosum there was no significant increase in the area of IBA1 immunoreactivity when cuprizone was delivered as
powder compared to control powdered feed (p =0.9527). Similarly to the findings with GFAP, when cuprizone
was delivered in the form of pellets, there was significantly more IBA1 immunoreactivity than when it was deliv-
ered in the form of powder (p <0.0001). There were no differences between the two control groups (p>0.999).
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Figure 1. Effects of cuprizone feed formulation on animal weights. Animals were weighed daily to assess weight
loss throughout cuprizone administration. Cuprizone was delivered in either pelleted or powdered form. N=6
mice per group; graph displays mean weight + SEM. Significant differences are indicated by *p<0.05, **p<0.01.

Effects of cuprizone feed formulation on oxidative stress. Within the rostral corpus callosum the
area of 3-NT immunoreactivity, indicative of protein nitration, was not affected by delivery of cuprizone in the
form of pellets (p=0.1929, Fig. 3a,c). In contrast, the area of 3-NT significantly increased when cuprizone was
delivered in the form of powder compared to control powdered feed (p <0.0001). When cuprizone was delivered
in the form of powder, there was a significantly greater area of 3-NT immunoreactivity than when it was deliv-
ered in the form of pellets (p=0.0008). There were no differences between the two control groups (p =0.9897).
In contrast, within the caudal corpus call mice fed pelleted cuprizone had a significantly greater area of
3-NT immunoreactivity than those fed control pellets (p=0.0002; Fig. 3b.c). Similarly to the pattern of IBA1
immunoreactivity, 3-NT immunoreactivity was more pronounced caudally than rostrally (Fig. 3c). However
there was no increase in the area of 3-NT immunoreactivity when cuprizone was delivered as powder compared
to control powdered feed (p=0.2051). When cuprizone was delivered in the form of pellets, there was a signifi-
cantly greater area of 3-N'T immunoreactivity than when it was delivered in the form of powder (p=0.0138).
There were no differences between the two control groups (p =0.9997).

Within the rostral corpus callosum the area of SOHDG immunoreactivity, indicative of oxidative DNA dam-
age, significantly increased when cuprizone was delivered in the form of pellet compared to control pelleted
feed (p=0.005; Fig. 3d,f). However there was no significant difference when cuprizone was delivered as powder,
compared to control powdered feed (p =0.2353). There were no differences between the two control groups
(p=0.9931) or the two cuprizone groups (p=0.1679). Within the caudal corpus callosum, mice fed pelleted
cuprizone had a significantly greater area of SOHDG immunoreactivity than those fed control pellets (p <0.0001;
Fig. 3e,f). There was also an increase in the area of SOHDG immunoreactivity when cuprizone was delivered
as powder compared to control powdered feed (p=0.0021). There were no differences between the two control
groups (p>0.9999) or the two cuprizone groups (p=0.487),

Effects of cuprizone feed formulation on tissue swelling. The area of the rostral corpus callosum
was not significantly different between either of the two pellet groups (p =0.9462; Fig. 4a,e) or powder groups
(p=0.2868). There was also no difference between the two control groups (p=0.1659), but there was a significant
increase in the size of the rostral corpus callosum when cuprizone was delivered as a powder compared to pellets
(p=0.0122). The area of the caudal corpus callosum was significantly larger in mice fed pelleted cuprizone than
those fed control pellets (p <0.0001; Fig. 4b,e). There was also an increase in the area of the caudal corpus cal-
losum when cuprizone was delivered as powder compared to control powdered feed (p=0.0114). There were no
differences between the two control groups (p=0.0552) or the two cuprizone groups (p=0.7506).

To determine whether the enlarged corpus callosum was due to a general increase in cell density, the number
of Hoechst+ cells per mm? was quantified. In the rostral (p>0.05; Fig. 4c,e) and caudal (p>0.05, Fig. 4d,e) corpus
callosum there were no significant differences between groups. This suggests that variation in size of the corpus
callosum is due to swelling, rather than increased cell density.

Effects of cuprizone feed formulation on oligodendroglia. ~Within the rostral corpus callosum the
density of Olig2+ cells, broadly indicative of oligodendroglia, significantly decreased when cuprizone was deliv-
ered in the form of pellets compared to control pelleted feed (p=0.0001; Fig. 5a,c,i). In contrast, cuprizone pow-
der did not result in a significantly decreased density of Olig2+ cells, when compared to mice fed control powder
(p=0.3723). Interestingly, however, when powdered cuprizone was compared to pelleted control, the density of
Olig2+ cells decreased in the caudal (p<0.0021) and rostral (p<0.0001) corpus callosum (Fig. 5a-d,i). When
the control feed was delivered as a powder rather than as pellets, there was a significant decrease in the density
of Olig2+ cells (p<0.0001). There was no significant difference between the two cuprizone groups (p=0.2262).
Within the caudal corpus callosum, there were no differences between mice fed control pellets and cuprizone
pellets (p=0.6126; Fig. 5b,d,i), or those fed control powder and cuprizone powder (p=0.9609). Again, control
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Figure 2. Effects of cuprizone feed formulation on glial reactivity. Area of immunointensity of GFAP in the rostral (a) and caudal
(b) corpus callosum was assessed to determine the level of astrocyte reactivity. Area of immunointensity of IBA1 in the rostral

(d) and caudal (e) corpus callosum was assessed to determine the level of microglial activation. N =6 mice per group, graphs
display individual data points overlayed on a bar displaying the mean +SEM. Significant differences are indicated by *p<0.05,
“*p<0.01,***p<0.001, ****p<0.0001, Representative images of the area of GFAP (¢) and IBA1 (f) immunoreactivity is shown, scale
bars=100 um. Area of the corpus callosum analysed is denoted by dotted lines. This area is indicated by the red box in the coronal
overviews illustrating the rostral and caudal regions of the corpus callosum (c.f). The stereotaxic coordinates are indicated.
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powder led to lower density of Olig2+ cells than in mice fed control pellets (p=0.0007), cuprizone powder also
resulted in a lower density of Olig2+ cells than cuprizone pellet (p=0.0332).

To quantify OPCs, PDGFRa was utilised both alone, and in combination with Olig2*. Within the rostral
corpus callosum there were no significant differences in the density of PDGFRa+ cells between any of the groups
(p >0.05; Fig. 5a,e,i). Within the caudal corpus callosum, the number of PDGFRa+ cells significantly increased
when cuprizone was delivered as pellets compared to control pelleted feed (p <0.0001; Fig. 5b,fi). Similarly, the
number of PDGFRa+ cells significantly increased when cuprizone was delivered in the form of powder compared
to control powdered feed (p=0.0005). There was no difference between the two control groups (p=0.9908) or
the two cuprizone groups (p=0.2258).

Similar to the analyses of PDGFRa-+ cells, there were no differences in density of Olig2+/PDGFRa+ cells
between any of the groups in rostral corpus callosum (p > 0.05; Fig. 5a,g,i). Within the caudal corpus callosum,
the density of Olig2+/PDGFRa-+ cells significantly increased when cuprizone was delivered as pellets compared
to control pelleted feed (p=0.0195; Fig. 5b,h,i). Similarly, the number of Olig2+/PDGFRa+ cells significantly
increased when cuprizone was delivered in the form of powder compared to control powdered feed (p =0.0272).
There was no difference between the two control groups (p =0.9969) or the two cuprizone groups (p > 0.9999).

ASPA and CCl were used to enumerate mature oligodendrocytes*. Within the rostral corpus callosum there
was a significant decrease in the density of ASPA+ cells when cuprizone was delivered as pellets compared to
control pelleted feed (p=0.0004, Fig. 6a,c,g). However, there was no difference in ASPA+ cell density between
mice fed control powder or cuprizone powder (p=0.1851). Interestingly, similar to the Olig2+ cell counts, there
was a decrease in the density of ASPA+ cells in the control powder group compared to the control pelleted group
(p=0.0100). There were no significant differences between the two cuprizone groups (p=0.9017). Within the
caudal corpus callosum, there was a significant decrease in the density of ASPA+ cells with both cuprizone pellets
(p<0.0001, Fig. 6b,d,g) and cuprizone powder (p =0.0002) compared to their relative control groups. There were
no differences between control groups (p=0.4154) or the two cuprizone groups (p = 0.6206).

Within the rostral corpus callosum there was no difference in CC1+ cell density between mice fed cuprizone
pellet (p=0.0536, Fig. 6a,e,g) or cuprizone powder (p =0.9875) compared to their relative control groups. How-
ever, again there was a significant decrease in the density of CC1+ cells in mice fed control powder compared to
those fed control pellets (p =0.0182). There were no differences between cuprizone groups (p =0.8352). Within
the caudal corpus callosum, there was a significant decrease in density of CC1+ cells only when cuprizone was
delivered as pellets (p=0.0114, Fig. 6b,f,g), and not when it was delivered as a powder (p=0.6875), compared to
the relative control groups. There were no significant differences between control groups (p=0.2943) or cupri-
zone groups (p =0.9423). It is worth noting that the density of CC1+ cells was generally higher than the density
of ASPA+ cells (Fig. 6a-d) and not all CC1+ cells were ASPA+ (Fig. 6g; yellow arrow).

Effects of cuprizone feed formulation on myelination.  Utilising the histological stain Myelin Black-
Gold II as a marker for myelination, there were no significant differences in the level of myelination within
the rostral corpus callosum between groups (p >0.05, Fig. 7a,c,e). Within the caudal corpus callosum, there
was a significant decrease in myelination only when cuprizone was delivered in the form of pellets (p=0.0199,
Fig. 7b,d,e), and not when it was delivered as a powder (p=0.1025), compared to the relative control groups.
There were no significant differences between control groups (p=0.7038) or cuprizone groups (p=0.2659).
Note, the pink hue present in the control powder group was replicated across multiple staining runs and does
not affect the analysis.

Discussion

Though the efficacy of cuprizone pellets has been debated*”*, research has proven that at more chronic time-
points cuprizone pellets can induce reliable demyelination™-*. Therefore, in this study we investigated the extent
that cuprizone pathology is dependent on feed formulation at an early 3 week timepoint. Across most of the
outcome measures analysed, cuprizone pellets were generally better than cuprizone powder at inducing early
demyelinating disease pathology compared to their relative controls, particularly in the caudal corpus callosum
(Table 1). Cuprizone pellets are a more convenient route of cuprizone administration, as they can be commer-
cially custom made and do not require daily replacement to ensure activity is not compromised by rodent urine.
Cuprizone pellets also pose a lower inhalation risk to the researcher than powdered cuprizone.

In this study, mice were given equivalent quantities of cuprizone regardless of feed formulation, and feed
was replenished in line with standard protocols***, therefore it is likely that the observed differences between
formulations is due to differences in consumption of the feed between different formulations. Weight loss in
cuprizone-fed animals over the first week of administration is thought to be indicative that the drug is efficacious
at producing demyelinating pathology***’. However, the more pronounced differences in astrocyte reactivity,
microglial activation, oxidative stress, tissue swelling and demyelination within the cuprizone pellet group com-
pared to their controls at 3 weeks, despite no significant weight loss, suggest that weight loss may not be a reliable
proxy of the extent of demyelinating disease. Instead, the initial weight loss observed in mice fed the cuprizone
powder despite reduced cuprizone pathology suggests that the weight loss was due to the mice not ingesting the
powdered cuprizone feed. It is plausible that the addition of cuprizone to powdered chow changes the palatability
of the feed*', but why this did not occur with the cupnzone pellets is currently unclear. Nevertheless, the cur-
rent data suggest that reduced p bility and sub taversion to the powdered cuprizone by the mice may
result in the animals initially not mgestmg the powdered feed and thus havmg a reduced or perhaps a delayed
effect of cuprizone at the 3 week timepoint. However, a time course comparison study would be needed to fully
elucidate whether the reduced ingestion of the feed resulted in a delayed onset of cuprizone-induced pathol-
ogy. Importantly, it is clear that cuprizone intoxication did take place with the powdered cuprizone, as ASPA+
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Figure 3. Effects of cuprizone feed formulation on oxidative stress. Area of immunointensity of 3-NT in the rostral (a) and
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in the rostral (d) and caudal (e) corpus callosum was assessed to determine the level of oxidative DNA damage. N=6 mice
per group, graphs display individual data points overlayed on a bar displaying the mean + SEM. Significant differences are
indicated by *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Representative images of the area of 3-NT (c) and SOHDG (f)
immunoreactivity are shown, scale bars = 100 um. Area of the corpus callosum analysed is denoted by dotted lines. This area is
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Figure 4. Effects of cuprizone feed formulation on tissue swelling. The area of the corpus callosum in the
rostral (a) and caudal (b) areas was assessed. The density of Hoechst+ cells was also quantified in the rostral
(c) and caudal (d) corpus callosum. N =6 mice per group, graphs display individual data points overlayed on

a bar displaying the mean + SEM. Significant differences are indicated by *p<0.05, **p<0.01, ***p<0.001,
“***p<0.0001. Representative images Hoechst+ cells (e) is shown, scale bars= 100 um. Area of the corpus
callosum analysed is denoted by dotted lines. This area is indicated by the red box in the coronal overviews
illustrating the rostral and caudal regions of the corpus callosum (e). The stereotaxic coordinates are indicated.
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Figure 5. Effects of cuprizone feed formulation on densities of Olig2+, PDGFRa+ and Olig2+/PDGFRa+ cells.
The area of the rostral and caudal corpus callosum analysed is denoted by the red box in the coronal illustrations
of the brain (a,b). The density of Olig2+ cells (c,d), PDGFRa+ cells (e,f) and Olig2+/PDGFRa+ cells (g,h) were
quantified in the rostral and caudal corpus callosum. N =6 mice per group, graphs display individual data points
overlayed on a bar displaying the mean + SEM. Significant differences are indicated by *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001. (i) Representative images of Olig2+, PDGFRa+ and Olig2+/PDGFRa+ cells,
indicated with arrow heads; scale bar=25 um.
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oligodendrocytes were reduced in the caudal corpus callosum with this formulation, relative to the appropriate
control powdered feed. It has also been suggested that for effectively inducing demyelinating disease pathology
via cuprizone, mice need to additionally intake the cuprizone powder through the skin and respiratory system?.
However, this does not occur when cuprizone pellets are delivered. Our current study suggests this may not be
as central to the pathological action of cuprizone as previously thought.

It is also important to note that mice fed control powder had significantly fewer oligodendrocytes than those
fed control pellets, particularly in the rostral corpus callosum. In addition, the density of Olig2+ cells were
lower in the cuprizone powder fed mice compared to their cuprizone pellet fed counterparts. This may be due to
abnormal energy metabolism as mice fed powdered food are known to develop hyperglycaemia and increases in
epinephrine and other catecholamines®’. Catecholamines can be toxic to oligodendrocytes when the protective
effect of astrocytes is impaired*’, and astrocyte function is impaired under hyperglycaemic conditions*. This
interesting finding may have implications for remyelination studies, as mice fed powdered control chow may not
be suitable controls for oligodendrocyte density. In line with this notion, the loss of oligodendroglia reported in
previous studies at 3 weeks with powdered cuprizone*** only became apparent when we compared powdered
cuprizone to pelleted control. As these earlier studies either used pelleted feed as control for powdered cuprizone
or did not specify the formulation of their control feed, the seeming discrepancy in oligodendroglia loss between
such studies and ours may relate to the formulation of control feed used to assess the effect of cuprizone. These
data highlight the importance of using control feed in the same formulation as the cuprizone-containing feed to
evaluate the effect of cuprizone. The effect of powdered feed on oligodendroglia should also be considered when
designing remyelination studies, as a change to powdered control chow from powdered cuprizone diet may not
reflect a full return to a healthy mature oligodendrocyte population that is able to remyelinate fully.

Both powder and pellets produced the well-known rostro-caudal pattern of demyelination, whereby the
medial caudal region of the corpus callosum is more susceptible to cuprizone insult******, Regionally specific
susceptibility may be due to the proximity of the medial rostral corpus callosum to the subventricular zone, as
neural precursor cells from the subventricular zone migrate into the proximal rostral corpus callosum by week
3 of cuprizone administration, where they can dampen the inflammatory response and differentiate into mature
oligodendrocytes™>'-* It is important to note however that despite the midline being most susceptible to demy-
elination in the caudal regions, in the rostral corpus callosum the lateral areas are more susceptible to cuprizone
intoxication”. Since the lateral corpus callosum was not analysed in the current study, the effect of the cuprizone
formulations on inducing demyelination in these regions may have been missed. Mice fed powdered cuprizone
displayed greater within-group variability than those fed cuprizone pellets, perhaps due to variable intake of the
powdered and possibly less palatable feed. The variability in certain outcomes in mice fed cuprizone powder
may have been a factor in the lack of statistically significant differences compared to relative controls. Therefore,
the reduced variability with mice fed cuprizone pellets is another advantage of the pelleted cuprizone technique.

When utilising animal models, it is critical that the features of the model are replicated across studies, includ-
ing the time at which aspects of the pathology begin to become detectable. The most widely recognized hallmarks
of cuprizone-induced toxicity are the loss of mature myelinating oligodendrocytes and demyelination. Death
of oligodendrocytes occurs from around 2-7 days into cuprizone administration, and reduced oligodendrocyte
density is still apparent at 3 weeks, whilst demyelination becomes detectable from around 3 weeks'"***!, The
demyelination observed in this study in the cuprizone pellet group is in the early phase at 3 weeks, and a longer
period of exposure to cuprizone of 5 weeks may have resulted in a more severe demyelinating effect*. Indeed,
at 5 weeks, powdered cuprizone has been found to be effective at inducing demyelinating pathology™. The lack
of significant demyelination observed with 3 weeks administration of cuprizone powder may reflect delayed
cuprizone intake, rather than a complete lack of efficacy, given the significant loss of mature ASPA+ oligoden-
drocytes seen in this group. The lack of change in Olig2+ and CC1+ cell densities with powdered feed may
reflect the contribution to cell densities of OPCs™ and astrocytes™ respectively. The demyelination and mature
oligodendrocyte depletion observed with pelleted cuprizone indicates that the potency of cuprizone was not
compromised by the copper contained in standard rodent chow. Moreover, our powdered feed contained the
same amount of copper as the pelleted feed, allowing reliable interpretation of the effects of feed formulation on
demyelination pathology. The observed oligodendropathy and demyelination were complemented by a robust
inflammatory response. It is known that by 1 week of cuprizone administration, microglia are activated in the
corpus callosum™, with astrocytes showing morphological changes as early as 1 week and increasing in density
by 3 weeks™. In the current study, similar inflammatory changes were accompanied by increased immunoreactiv-
ity of oxidative stress markers for protein nitration and DNA damage, which we have previously demonstrated
following 3 weeks of cuprizone administration®. The higher protein nitration in rostral corpus callosum with
powdered cuprizone compared to the caudal region is an interesting finding that warrants further mechanistic
investigations. There is limited information available on the effects of cuprizone intoxication on protein nitration
in the rostral and caudal corpus callosum. A plausible hypothesis is that high protein nitration is a response to
cuprizone intoxication when the initial density of mature oligodendrocytes is low in the rostral region. Consist-
ent with this hypothesis, we found that the density of mature oligodendrocytes in the rostral region was lower
with control powder when compared to pelleted control. Future studies identifying the cell types and mecha-
nisms responsible for high protein nitration in the rostral corpus callosum will allow better understanding of
the regional differences with powdered and pelleted cuprizone. Given the lack of change in cell densities, the
observed tissue swelling is likely to be due to increased water content and oedema, which has been found to occur
as early as 3 days into cuprizone exposure and continue to at least 5 weeks®. The reported reparative mechanism
of OPC migration to—and proliferation in—the corpus callosum, particularly caudally, at 3 weeks of cuprizone
administration®**°, was also observed here. In sum, the pathological features we demonstrate (particularly when
mice were fed cuprizone pellets) are consistent with the literature descriptions of the cuprizone-induced model
of demyelinating disease when assessed at the later 5 week timepoint and beyond.
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Figure 6. Effects of cuprizone feed formulation on densities of ASPA+ and CC1+ cells. The area of the rostral and
caudal corpus callosum analysed is denoted by the red box in the coronal illustrations of the brain (a,b). The density
of ASPA+ cells (c,d) and CC1+ cells (e,f) were quantified in the rostral and caudal corpus callosum. N =6 mice per
group, graphs display individual data points overlayed on a bar displaying the mean + SEM. Significant differences are
indicated by *p <0.05, **p<0.01, ***p <0.001, ****p <0.0001. (g) Representative images of ASPA+ and CC1+ cells,
indicated with white arrow heads; example ASPA-/CC1+ cell indicated with yellow arrow head; scale bar=25 um.
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of staining of Black-Gold II in the rostral (¢) and caudal (d) corpus callosum was assessed to determine the
level of myelination. N=6 mice per group, graphs display individual data points overlayed on a bar displaying
the mean + SEM. Significant differences are indicated by *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (e)
Representative images of the area of Black-Gold II for each group is shown, 4 x images scale bar =500 pm; 10 x
images scale bar =200 pm.

Scientific Reports | (2021) 11:22594 | https://doi.org/10.1038/541598-021-01963-3 nature portfolio

147



www.nature.com/scientificreports/

Astrocyte reactivity 0 1 1 - = 1 - =
Microglial activation 11 1 1 - - 1 = -
| Protein nitration - L u__ |t - -
| DNA damage 1 |- 1 = = = =
Area of corpus callosum | | 1 - 1 - - - -
Hoechst+ cells - - - - - - - -
Olig2+ cels u__|- - - - 1 u_|u
| PDGFRas+ cell - m_ |- n_ |- S 5
Olig2+/PDGFRa+ cells | - 1 - 1 - - - -
ASPA+ cells i U = 1 = = i -
| CC1+ cells - ! - - - - ! -
| Myelination - l - - - - - -
Table 1. Summary of i histochemical and histological outcomes. Arrows 1 and | represent a

statistically significant increase or decrease and - represents no significant difference. Single arrows represent p
values of greater than 0.001 and less than 0.05, whilst double arrows represent p values <0.001.

Taken together, this study found that at a 3 week timepoint, cuprizone pellets were more efficacious than
cuprizone powder at producing astrocyte reactivity, microglial activation, oxidative stress, tissue swelling, and
a reduction in the density of mature oligodendrocytes and demyelination when compared to control feeds,
particularly in the caudal corpus callosum. These results indicate that cuprizone pellets are a more effective
method of delivering cuprizone than powdered feed to induce demyelinating disease pathology at this early
3 week demyelination timepoint.

Materials and methods

Animals and study design. Twenty-four 8 week old male C57BI/6] mice were obtained from the Animal
Resource Centre (Murdoch, Western Australia). The mice had ad libitum access to food and water and were
housed under a 12 h light/dark cycle. All procedures were approved by the Animal Ethics Committee (AEC) of
The University of Western Australia (RA/3/100/1613), with reciprocal approval from the AEC of Curtin Uni-
versity (ARE2019-4), and were performed in accordance with the principles of the National Health and Medical
Research Council of Australia. This study is reported in accordance with the ARRIVE guidelines. Animal ran-
domisation was achieved at a cage level by allocating animals to groups in the order in which they were received
from the supplier. Animals were allowed a 1 week acclimatisation period to the experimental location prior to
commencing the study. 0.2% cuprizone (ChemSupply) was delivered for 3 weeks either mixed into control pow-
dered feed (Specialty Feeds, Perth, Western Australia) or as cuprizone-containing pellets (Specialty Feeds, Perth,
Western Australia). The cuprizone-containing pellets were formed using cuprizone powder from the same batch
as that delivered directly to the mice, to minimise any batch or supplier variability. Animals were given equiva-
lent amounts of cuprizone, regardless of feed formulation. Mice fed the cuprizone pellets ate approximately
3-5g of feed each per day, however the quantity of cuprizone powder consumed could not be determined as the
mice were consistently urinating, defecating and digging around in the feed. Animals not receiving cuprizone
were administered either control pellets with the same nutritional composition to the cuprizone-containing pel-
lets (except cuprizone), or the control powder that the cuprizone powder was mixed into. The control powder
was nutritionally the same as the control pellets.

The animals were divided into four experimental groups depending on feed type (N =6/group); a control
pellet group, a cuprizone pellet group, a control powder group, and a cuprizone powder group. 6 mice/group was
chosen as power calculation (using G* Power Version 3.1"") at a-level of 0.05 showed that it was sufficient for an
80% chance of detecting the published effect size of 2.02 for i histochemical of myelin and glia
in the corpus callosum following cuprizone treatment®. Animals were housed two animals per cage and were
weighed daily, and if cuprizone-fed animals weighed less than 85% of their body weight at the start of the experi-
mental period, they were weighed twice daily and their feed was supplemented with normal powdered chow
until they returned to above the 85% threshold. One mouse fed cuprizone powder underwent this intervention;
however, they were returned to cuprizone powdered feed 24 h after commencing diet supplementation due to
substantial weight gain during this period. The level of myelination for this particular mouse was not found to
be an outlier compared to the rest of the cuprizone powder group, as it was not 1.5 interquartile ranges outside
of the 1st or 3rd quartiles as per Tukey’s outlier detection model. Therefore, the data generated from this mouse
was not removed from the data set and was included in all analyses. No further animals from either cuprizone
feed groups required diet supplementation due to weight loss. Cuprizone powdered feed was changed daily™,
whilst pellets were changed every 2-3 days™, as per standard protocols.

Scientific Reports |

(2021) 12:22594 | https://doi.org/10.1038/s41598-021-01963-3 nature portfolio

148



www.nature.com/scientificreports/

Tissue processing. Following the 3 weeks of cuprizone treatment, mice were euthanised using pentobar-
bitone sodium (160 mg/kg, Delvet), and transcardially perfused with 0.9% saline, followed by 4% paraformal-
dehyde (Sigma-Aldrich) in 0.1 M phosphate buffered solution pH 7.4. The brains were dissected and fixed over-
night in 4% paraformaldehyde. The brains were transferred into 15% sucrose (ChemSupply) 0.1% sodium azide
(Sigma-Aldrich) for cryoprotection and storage at 4 °C. Brains were cut down the midline into two hemispheres
and block cut to isolate the region of the cortex that contained the corpus callosum. The right hemisphere was
then embedded in a mould of optimal cutting temperature compound (OCT, Scigen) and fast frozen in isopen-
tane in a bath of liquid nitrogen until 2 min after the OCT had turned opaque. Tissue was then cryosectioned
coronally at —20 °C into 24 well plates (ThermoFisher Scientific) containing PBS 0.1% sodium azide at 25 um
thickness and stored at 4 °C until use.

Immunohistochemistry. Immunohistochemistry was performed within 24-well trays (ThermoFisher
Scientific). Sections were washed with PBS three times, before being blocked in phosphate buffered saline
(PBS) +0.2% Triton X100 with 5% normal donkey serum (NDS) for 1 h at room temperature on a shaker at 40
revolutions per minute (rpm). When a primary antibody was to be used that was raised in mouse, an unconju-
gated donkey anti-mouse IgG (2 pg/ml, 1:1000, Abcam, Ab6707) was also included in the blocking solution. Fol-
lowing another wash with PBS, sections were incubated with primary antibodies recognising: activated resident
microglia/macrophages (IBA1, 2 pg/ml, 1:500, Abcam, goat Ab5076); reactive astrocyte marker glial fibrillary
acid protein (GFAP, 0.4 pg/ml, 1:500, Abcam, rabbit Ab33922); oxidative stress markers 3-nitrotyrosine (3-NT,
2 pg/ml, 1:500, Abcam, mouse Ab61392) and 8-hydroxy-2'-deoxyguanosine (8OHDG, concentration undeter-
mined by manufacturer, 1:250, Novus Biologicals, goat NB600-1508); and oligodendroglial indicators oligoden-
drocyte transcription factor 2 (Olig2, 0.08 pg/ml, 1:250, R&D Systems, goat AF2418), platelet-derived growth
factor receptor alpha (PDGFRa, 5 pg/ml, 1:200, ThermoFisher Scientific, rabbit PA5-16571), aspartoacylase
(ASPA, 2 pg/ml, 1:500, EMD Millipore, rabbit ABN1698), and adenomatous polyposis coli (APC) clone (CCl1,
0.2 pg/ml, 1:500, ThermoFisher Scientific, mouse MA1-25884). Primary antibodies were diluted in PBS+0.2%
Triton X100 with 5% NDS. Following a 30 min incubation with primary antibodies at room temperature on a
shaker at 40 rpm, the well plates were transferred to 4 °C for overnight incubation on a shaker at 40 rpm. Sec-
tions were then washed three times before being incubated with secondary antibodies (1:400, species-specific
Alexa Flour 488, 555 or 647, Thermo Fisher Scientific), diluted in PBS for 2 h at room temperature on a shaker
at 40 rpm. Finally, sections were washed another three times before being incubated with Hoechst 3342 (1:2000,
Thermo Fisher Scientific) and washed another three times. Sections were then mounted onto slides using fine
paintbrushes, and coverslipped with Fluoromount-G (Thermo Fisher Scientific).

Histology. Myelin Black-Gold II (Biosensis) was performed within 24-well plates (ThermoFisher Scientific)
in line with the manufacturer’s instructions. Staining of all sections was conducted in a single session. In brief,
sections were washed with distilled water before being immersed in 1 x Black-Gold II solution and incubated at
65 °C for 14 min, until staining of the myelinated regions was becoming apparent. Following three washes with
distilled water, sections were mounted onto slides and imaged within the same day.

Imaging and analysis. For immunohistochemical outcome measures, the rostral and caudal medial cor-
pus callosum were visualised using a Nikon A1 confocal microscope (Nikon Corporation, Australia, Coherent
Scientific), and a series of 13 images were taken at 0.5 pm increments along the z-axis at a magnification of
20 x and a numerical aperture of 0.75. For histological Black-Gold I, the rostral and caudal corpus callosum
were visualised at a single visual slice along the z-axis using a Nikon Eclipse Ts2 microscope (Nikon Corpora-
tion, Australia, Coherent Scientific), at a magnification of 20x and a numerical aperture of 0.25. The rostral
corpus callosum was imaged at approximately 0.97 mm anterior to bregma and the caudal corpus callosum at
approximately 2.15 mm posterior to bregma. Imaging for each outcome measure for each region of interest was
performed in a single session with consistent microscope capture settings for all experimental groups.

The area of immunoreactivity of IBA1, GFAP, 3-NT, and 80OHDG were semi-quantified using Fiji/Image]
software. In brief, a single visual slice was selected, and the total area of the corpus callosum was quantified. A
threshold was set to distinguish positive immunofluorescence from background, and an intensity analysis was
performed to determine the area of intensity above threshold within the region. The data were then normalised
against the total area of the corpus callosum analysed. The area of the corpus callosum in a 20 x image was also
quantified using Fiji/Image], by determining the area of the region of interest within the total image, based on
Hoechst+ nuclei.

Hoechst+, Olig2+, PDGFRa+, Olig2+/PDGFRa+, ASPA+, and CCl1+ cells were quantified using the ZEISS
Zen Intellesis image analysis software, which uses deep learning to automatically identify cells of interest based
on a range of features from the image, including pixel intensity and cell morphology®'. Data are expressed per
mm® to provide a cell density for the region of interest.

For Black-Gold 11, analysis was performed similar to as previously described®. In brief, using Fiji/Image]
software, the raw image was split into three channels as an RGB stack, with the green channel selected for analysis
due to its high contrast, The corpus callosum was selected and the total area measured. A threshold was set to dis-
tinguish the myelin from demyelinated regions/grey matter, and the area of myelin positive pixels was quantified
and normalised against the total area of the corpus callosum, determining the percentage myelination present.

Blinding to animal identity was not possible as investigators needed to evaluate the range of immunoreactiv-
ity across groups to determine intensity thresholds. Analyses were subsequently performed objectively using
automated algorithms in the ZEISS Zen Intellesis and Fiji/Image].
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Statistical analyses. Graphpad PRISM 9 software was used for data analysis and illustration. A three-way
repeated-measures ANOVA was used to analyse changes in animal weight over time. Sphericity was assessed
using the Greenhouse-Geisser epsilon value in conjunction with the Greenhouse-Geisser adjustment, and
sphericity was not assumed (£<0.75). To detect changes between groups within timepoints, two-way ANO-
VAs were performed at each timepoint using Tukey's post-hoc test. For all other outcomes, two-way ANOVA
with Tukey’s post-hoc test was performed across all four groups. Statistical significances shown on graphs are
hypothesis-driven and may not display all significant differences obtained. Specifically, only significant differ-
ences between the respective control and cuprizone groups are shown, as well as differences between the two
cuprizone formulations and the two control feed formulations. Outliers were not removed for any of the out-
come measures. p values in the text are for post hoc comparisons.

Data availability
The datasets genera(ed during and/or analysed during the current study are available from the corresponding
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4.6. Concluding Remarks and Continuing Experimental Work

Based on the data presented in the research paper above, cuprizone pellets are a reliable and
more effective alternative to cuprizone powder for inducing acute demyelinating disease. Since the
cuprizone pellets administered as part of the initial large scale cuprizone cohort described in Chapter
3 did not effectively produce demyelinating pathologys, it is therefore highly likely that these pellets
were manufactured incorrectly which resulted in a deactivation of the contained cuprizone. The
potential causes for the discrepancy in the effectiveness of the two batches of cuprizone pellets will
be discussed further in Chapter 8. Nevertheless, it appears that when manufactured correctly,
cuprizone pellets are a reliable and more effective alternative to cuprizone powder for inducing
demyelinating disease. Thus, we were confident in utilising cuprizone pellets in future studies,
including the forthcoming work presented in this thesis, to induce demyelinating disease.

4.6.1. Additional Contributions to Ongoing Experimental Work

The optimised cuprizone model was used to assess the role of oxidative DNA damage in
demyelinating disease, and enable comparisons to outcomes in models of neurotrauma and
Alzheimer’s Disease. Due to the time constraints of this degree and the large scale nature of this
collaborative research, the additional contributions I have made to further the progression of this
research no longer form a sizeable part of this thesis. Nevertheless, I assisted in organising the
repeated cuprizone cohort and contributed substantially to the daily feeding schedule over the 3 weeks
of cuprizone administration. Moreover, the methods and techniques I have established as presented
throughout this chapter are expediting the acquisition of results. I have also contributed to the animal
work for the neurotrauma component of this study. The neurotrauma cohort utilised both the partial
optic nerve transection model and a closed head weight drop model of mTBI across four timepoints,
ranging from 4 days to 10 months post-injury. I contributed to both pre- and post-operative care
during surgeries, completed animal monitoring throughout the experimental periods, administered
EdU injections, and performed the initial dissections to extract either the injured optic nerves or brains
in over half of this cohort. I also helped to design the immunohistochemical combinations that are

being used to analyse the obtained tissue.
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Introduction to Series Three

This third series of chapters centres specifically on the role of oxidative stress and BBB
dysfunction in both demyelinating disease and neurotrauma. The first chapter in this series (Chapter
5) is an additional short literature review to present the relevant context surrounding the BBB in
health and disease. The structure and function of the BBB is discussed, before an examination of
BBB dysfunction in the pathology of both demyelinating disease and neurotrauma. The role of
oxidative stress in the loss of BBB integrity observed in both conditions is also reviewed, with a
particular focus on perivascular OPCs and pericytes. The work presented throughout the remainder
of Series Three investigates whether oxidative DNA damage to perivascular OPCs and pericytes
causes dysfunction of these cells and whether this dysfunction is associated with increased BBB
permeability in models of neurotrauma and demyelinating disease.

Chapter 6 investigates the role of oxidative stress in NG2+ glia (including pericytes and
perivascular OPCs) at the BBB following neurotrauma. In this study, the partial optic nerve model of
neurotrauma was employed to examine the relationship between oxidative stress, BBB dysfunction
and cellular proliferation in both injured and control animals at one day post-injury. There was an
increase in SOHDG+ immunoreactivity indicating DNA damage in the ventral nerve vulnerable to
secondary degeneration, as well as specifically within both NG2+ and PDGFRo+ glia in this region.
The presence of both DNA damaged pericytes and OPCs was qualitatively identified. In line with
previous work conducted at this timepoint (Smith et al. 2016), there was significant breach of the
BBB acutely post-injury and this BBB dysfunction was significantly and strongly correlated to the
extent of oxidative DNA damage. Furthermore, the density of newly derived and proliferating cells
with DNA damage in the ventral nerve increased with injury. The PDGFRa+ population, which is
primarily comprised of OPCs, was found to be the major proliferating, DNA damaged cell type at 1
day following injury to the optic nerve. This novel data provides valuable insights into oxidative
stress within the optic nerve at an acute timepoint following neurotrauma and further highlights these
damage mechanisms as a worthy target for future investigations. This work has since been published
by the International Journal of Molecular Sciences, with the full version available in Appendix C.

Chapter 7 presents parallel research that has been commenced to investigate the role of
oxidative stress in perivascular OPCs and pericytes at the BBB in demyelinating disease. This study
utilises the cuprizone model of demyelinating disease at early timepoints, when the BBB has been
shown to be dysfunctional. There is still additional work remaining for this study due to delays in
tissue analysis from COVID-19 associated laboratory shutdowns and the corresponding time
constraints of this doctoral degree. Therefore, the discussion of this study is confined to the

experimental work completed to date together with detailed plans for the continuation of this research.
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Chapter 5. Review of the Blood-Brain Barrier in Health and Disease

The BBB is compromised in both MS and neurotrauma; however, the underlying cause of this

dysfunction is unclear in both conditions. This chapter provides an additional short literature review

on the BBB in health and disease to provide the necessary context for the studies in Series Three

and remainder of the thesis.

5.1. The Blood-Brain Barrier

5.1.1. Structure of the Cerebrovasculature

The human brain has high metabolic demand, representing over 20% of the total oxygen
metabolism in the body (Watts et al. 2018). Blood acts to transport oxygen and nutrients to the brain,
to remove carbon dioxide and other metabolic waste products, to carry hormonal signals between
organs, and to regulate the peripheral immune response (Daneman & Prat 2015). Cerebral blood
vessels carry blood between the heart and the brain. There are a multitude of cerebral artery types,
based on the level of penetration into the brain parenchyma (Figure 5.1A). The blood circulation of
the brain vasculature is supplied by the internal carotid and vertebral arteries, which form the circle
of Willis at the base of the brain (Iadecola & Nedergaard 2007). These cerebral arteries branch into
pial arteries, which are intracranial vessels on the surface of the brain within the leptomeninges or
glia limitans, and are surrounded by cerebrospinal fluid (CSF) (Cipolla 2009; Zlokovic 2005). Pial
vessels bifurcate into smaller penetrating arterioles that lie within the interstitial fluid filled Virchow-
Robin space (Mohan et al. 2009). These penetrating arterioles form parenchymal or intracerebral
arterioles which completely penetrate into the brain parenchyma and become almost entirely covered
by astrocytic end-feet which form the glial limitans (Cipolla 2009; Coelho-Santos & Shih 2020).
These arterioles give rise to the capillary network of the brain, with capillaries making up about 85%
of the brain vasculature (Sweeney et al. 2018). This specialised microvasculature of the CNS is
encased by the BBB, which acts to prevent toxic and pathogenic substances from entering the brain
parenchyma from the blood and the periphery (Abbott et al. 2010). The BBB is comprised primarily
of endothelial cells, astrocytes, neurons, pericytes, and perivascular OPCs, which interact to produce
a highly regulated cellular barrier (Figure 5.1B) (Abbott et al. 2006). However, it’s important to note
that even within specific regions of the brain heterogeneity exists in BBB features between vessels
and some areas of cerebral vasculature lack a BBB entirely, for example at the choroid plexus

(Liebner et al. 2018).

155



A Vep% / Penetrating Arteriole

Intracerebral
Arteriole

—— Capillary

Astrocyte
/ Neuron

Endothelial
Cells

Figure 5.1. Structure and cellular components of the cerebrovasculature. (A) There are a multitude of cerebral artery
types based on the level of penetration into the brain parenchyma, including pial vessels, penetrating and intracerebral
arterioles and capillaries. The capillary network of the brain is encased by specialised perivascular cells at the BBB. (B)
The vascular unit surrounding the BBB is primarily comprised of endothelial cells, pericytes, astrocytes, neurons and
perivascular OPCs; which regulates cerebral blood flow and the passage of molecules into the brain parenchyma.
Modified from Rustenhoven et al. 2017 and Coelho-Santos & Shih 2020. Original illustration created using

BioRender.com.

5.1.2. Cells at the Blood-Brain Barrier
5.1.2.1. Endothelial Cells

Endothelial cells are simple squamous epithelial cells that line the walls of blood vessels, and
control CNS homeostasis by regulating the passage of solutes, such as ions and nutrients, through
physical and molecular barriers as well as through specific transporters (Daneman & Prat 2015). The

endothelial cells that line cerebral blood vessels differ to those in the rest of the body as they are non-
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fenestrated, they contain more tight junctions, and they rarely employ pinocytosis for the movement
of substrates into the brain (Ballabh et al. 2004). Brain endothelial cells express two main types of
transporters; efflux transporters (Loscher & Potschka 2005) and specific nutrient transporters
(Mittapalli et al. 2010), which are highly controlled to limit what solutes can pass into the brain
parenchyma. Endothelial cells contain several ion channels, which are involved in a plethora of
molecular mechanisms, such as the release of vasoactive and haemostatic factors (Stamatovic et al.
2008). Endothelial cells are held together by tight junctions, which serve as a physical barrier to
regulate CNS homeostasis. Tight junctions are comprised of integral transmembrane proteins, such
as claudins and occludin, and membrane-associated cytoplasmic proteins (Luissint et al. 2012). Tight
junctions act as a barrier of diffusion of solutes, ions and water through the paracellular space between
endothelial cells (Sandoval & Witt 2008) as they form “kissing points” whereby membranes of
adjacent endothelial cells are joined together (Bauer et al. 2014).

5.1.2.2. Astrocytes and Neurons

Astrocytes extend polarised processes that wrap around and ensheath blood vessels and
neurons, with this neurovascular coupling allowing for blood flow and vessel diameter to be tightly
regulated in response to neuronal activity (Gordon et al. 2011). This contact of an astrocyte with the
vasculature forms an astrocytic end-foot, with every astrocyte having at least one contact with a blood
vessel (Verkhratsky & Nedergaard 2018). Astrocytic connections to the vasculature allow for
astrocytic regulation of endothelial cell properties, and the release of growth factors by astrocytes
play important roles in the formation of tight junctions and polarisation of transporters (Abbott et al.
2006). Astrocytes also communicate with each other via gap junctions to create a coordinated
functional syncytium which regulates the cerebrovasculature (Alvarez et al. 2013).

Neurons can directly modulate the neurovascular unit by the release of vasoactive substances
to increase cerebral blood flow in response to heightened metabolic needs through functional
hyperaemia (McConnell et al. 2017). However, activation of both excitatory and inhibitory neurons
induces increases in cerebral blood flow, which means that neurovascular coupling can occur even

when there is an overall decrease in neuronal activity (Kaplan et al. 2020).

5.1.2.3. Pericytes

Pericytes are another integral component of the BBB interface. Pericytes are a type of mural
cell that envelop and spread their processes along the abluminal surface of the endothelial tube and
are embedded in the basement membrane (Sims 1986). The basement membrane is a form of the
extracellular matrix that is comprised of four major proteins: collagen IV, laminin, nidogen and
perlecan (Xu et al. 2019). Pericytes have the ability to regulate capillary blow flow by controlling the
diameter of the blood vessel through the employment of contractile proteins (Hall et al. 2014).
Pericytes also play roles in angiogenesis, excreting factors for the extracellular matrix, wound healing
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following injury, and regulating immune cell infiltration (Daneman & Prat 2015). Pericytes are
essential for vessel stability and structural integrity (Ballabh et al. 2004), and pericyte loss is
associated with microaneurysms (Lindahl et al. 1997). Furthermore, pericyte deficient mice show
significant neurovascular uncoupling, resulting in a reduced oxygen supply going to the brain and
subsequent metabolic stress, highlighting the importance of these cells at modulating the BBB and
the neurovascular unit (Kisler et al. 2017). The role of pericytes and the effect on them following
injury and disease will be further described throughout this brief review. Pericytes can be identified
by their expression of markers such as NG2, platelet-derived growth factor receptor-§ (PDGFRp),
and CD13 (Smyth et al. 2018). However, pericytes are not the only NG2+ cells at the BBB interface,

with OPCs also contributing to the vascular unit.

5.1.2.4. OPCs

Aside from acting as a progenitor pool for the generation of mature oligodendrocytes, OPCs
are a heterogeneous population and play multifaceted roles within the brain, including involvement
in maintaining BBB integrity (Maki 2017). There are three OPC phenotypes depending on their
spatial location relative to the cerebrovasculature: (1) parenchymal OPCs that do not interact with the
BBB, (2) perivascular OPCs that encase microvessels with their processes, and (3) intermediate OPCs
that have processes that partially localise with the BBB (Maki et al. 2015). Perivascular OPCs
positioned at the BBB wrap their fine processes around the microvasculature and play a role in the
maintenance of BBB integrity through bidirectional signalling with cerebral endothelial cells
(Miyamoto et al. 2014), with this coupling between endothelial cells and neighbouring OPCs called
the oligovascular niche (Arai and Lo, 2009a). Endothelial cells produce PDGF-BB that binds to
PDGFRa on perivascular OPCs, which may stimulate the release of TGF- from OPCs (Kimura et
al. 2020). It is known that OPCs located adjacent to blood vessels secrete TGF-B1, which activates
the mitogen-activated protein kinase (MEK) / ERK pathway in the cerebral endothelium, promoting
tight junction protein expression and supporting BBB integrity (Seo et al. 2014). In turn, cerebral
endothelial cells secrete growth factors, including brain-derived neurotrophic factor and basic
fibroblast growth factor, to support OPC survival and proliferation (Arai and Lo, 2009a), both of
which are negatively impacted following stroke (Arai and Lo, 2009b). Therefore, there is a self-
propagating increase in BBB integrity through interactions between endothelial cells and OPCs,
which may be disrupted during pathology. /n vitro, oxidative stress to endothelial cells caused a
disruption to their trophic coupling with OPCs, which consequently resulted in an inability of these
endothelial cells to support OPCs (Arai and Lo, 2009). Furthermore, even low levels of oxidative
stress that would not be enough to cause cell death may attenuate the level of endothelial cell-derived

growth factors supporting OPCs, resulting in deficient trophic support to OPCs under disease states
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(Egawa et al. 2016). However, the direct effect of oxidative stress on OPCs at the BBB is currently
unknown, including in pathologies such as neurotrauma and MS.

Developmentally, OPC-endothelial cell interactions also regulate vascularisation of white
matter by interacting with angiogenic tip cells (Chavali et al. 2020), which indicates a role for the
interaction between these cell types from development through to a mature CNS. In addition, OPCs
are associated with other cell types at the BBB besides endothelial cells. In vitro research has
demonstrated that astrocytes can support OPCs via MEK/ERK and PI3K/Akt signalling (Arai & Lo
2010), suggesting that OPCs and astrocytes may support each other at the BBB. Pericytes and OPCs
also colocalise at the vasculature, and in vitro experiments suggest they exchange soluble supportive
factors that promote cell survival and proliferation (Maki et al. 2015). The interconnected interactions
between OPCs and other cell types at the vasculature warrant further investigation. Moreover, it is
important to note that mature oligodendrocytes themselves also play a role at the vasculature, and
may mediate effects on BBB integrity in alternative pathways to OPC-dependent mechanisms

(Kimura et al. 2020).

5.2. Blood-Brain Barrier Dysfunction

The BBB is controlled by a multitude of intercellular complex signalling pathways to ensure
homeostasis is maintained within the neural environment (Daneman & Prat 2015). The BBB is
relatively dynamic and can adapt in response to physiological signals from the periphery (Keaney &
Campbell 2015). However, the overall functionality of the BBB relies on the function of every
cellular component, with dysfunction of any particular cell ultimately contributing to a breakdown of
BBB integrity. Loss of BBB integrity has been implicated in a wide range of CNS disorders, including
both MS and neurotrauma. It is important to note that dysfunction of the BBB can take various forms,
with the capacity for both disruptive and non-disruptive changes (Figure 5.2). Much of the research
focus investigating the BBB in neuropathologies is primarily quantifying disruptive changes to the
BBB. Non-disruptive changes, or changes solely to the function of the BBB rather than its structural
anatomy, are also pathologically significant (Varatharaj & Galea 2017). However, it can be more
difficult to detect and measure vascular changes when the BBB remains morphologically intact. Thus,
the remainder of the thesis examines disruptive BBB changes in both MS and neurotrauma, but the
potential contribution of non-disruptive changes to overall pathology also warrants further

investigation in future studies.
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Disruptive BBB Change Non-Disruptive BBB Change
Change in anatomy Change in function
Typically occurs at a histological level & shows visible Typically occurs at a molecular level & doesn't show
change in structural architecture visible change in structural architecture
Can be detected using inert tracers (ie. Evans blue) Cannot be detected using inert tracers
Changes in permeability are not substance-specific Changes in permeability are substance-specific
Examples of disruptive changes: Examples of non-disruptive changes:
Changes in the expression of tight junction proteins Increased cytokine production
Degradation of glycocalyx Upregulation of endothelial receptors and transporters
Damage to endothelial cells Increased cellular transmigration (ie. leukocytes)
Increased vesicular activity Pathogen neuroinvasion
Breakdown of glia limitans Subtle modulation of astrocytic function
Increased fenestration of capillaries
Astroglial activation & changes to astrocytic end-feet

Figure 5.2. Summary of differences between disruptive and non-disruptive changes to the BBB. Modified from
Varatharaj & Galea 2017.

5.2.1. BBB Dysfunction in MS

A leading hallmark of MS lesions is hyperpermeability of the BBB. BBB dysfunction is often
an early hallmark of the degeneration observed in those with MS, occurring in otherwise healthy
looking tissue and preceding the onset of symptoms (Filippi et al. 1998; Spencer 2018; Vos et al.
2005). Using post-mortem tissue, tight junction proteins zonula occludens 1 (ZO-1) and occludin had
abnormal expression in not only active lesions, but also at inflamed blood vessels in the normal
appearing white matter (Plumb et al. 2006). These observed abnormalities in tight junction proteins
can occur at all sizes of blood vessels, which suggests that no particular calibre of vessel is more
susceptible to BBB dysfunction in MS (Kirk et al. 2003). Circulating pro-inflammatory cytokines in
the blood and also within the CNS itself can cause dysfunction in BBB endothelial cells in MS brains
(Minagar et al. 2006; Minagar et al. 2012). Across brain samples from people with RRMS, SPMS,
and PPMS acquired at autopsy, leaky endothelial cells were present in normal appearing white matter
and in active and chronic lesions as shown by endothelial cell dysferlin expression (Hochmeister et
al. 2006). Furthermore, in active MS lesions, astrocytes become swollen and disruption occurs to
astrocytic endfeet, resulting in sections of basal lamina without astrocytic encasing, ultimately
associated with further BBB dysfunction (Brosnan & Raine 2013). Even chronic inactive lesions in
both the RRMS and SPMS subtypes display detectable BBB leakage via gadolinium (Gd)-DPTA
enhanced MRI, suggesting that BBB dysfunction is a continuing feature even in less active lesion
sites (Soon et al. 2007). PPMS also displays ZO-1 tight junction abnormalities in both active and
inactive white matter lesions (Leech et al. 2007). Dysregulation of tight junction proteins at the BBB

in MS allows for progressive immune cell entry into the brain parenchyma as activated leukocytes
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can bind to induced adhesion molecules on the inflamed endothelium to enter the brain parenchyma
from the periphery (Grammas et al. 2011; Steinman 2001). In MS, endothelial cells may also de-
differentiate towards mesenchymal cells upon inflammation, cumulating in cytoskeletal alterations
and BBB dysfunction (Derada Troletti et al. 2019). In chronic PPMS, pericytes degenerate which is
associated with leakage at the BBB (Claudio et al., 1995). Furthermore, in chronic active lesions
within both early and late stage progressive MS, the pericyte marker PDGFRJ localises significantly
less with endothelial cells, potentially reflecting a detachment of pericytes from the vascular unit
(Iacobaeus et al. 2017). In humans with MS, perivascular OPCs cluster around blood vessels in white
matter lesions, particularly in active inflammatory areas (Niu et al. 2019). In a murine model, these
perivascular clusters of OPCs secrete Wnt inhibitory factor 1, which disrupts endothelial cell tight
junctions and displaces astrocytic endfeet, thus increasing BBB permeability and triggering
inflammation (Niu et al. 2019).

Using weekly MRI scans to detect lesion initiation patterns in the white matter of people with
RRMS, a subset of lesions were detected prior to observable BBB dysfunction (Guttmann et al. 2016).
This finding was postulated to represent a type of MS disease progression analogous to pattern III
lesions wherein parenchymal changes, including microglial activation, axonal degeneration and
oligodendrocyte loss, precede activated peripheral autoimmune inflammation. However, it is
important to note that to detect BBB dysfunction in this study the researchers used Gd-enhanced MRI
which brings limitations, such as Gd dose-dependent detection by which increasing the dose of Gd
increases the detection rate of BBB leakages (Filippi et al. 1995). An increase in the dose of Gd may
reveal subtler alterations in BBB integrity associated with the observed parenchymal degeneration,
which occur prior to the more extensive BBB breach that is typically associated with the adaptive
inflammatory response.

Looking instead at cortical grey matter lesions, SPMS cortical blood vessels displayed
abnormal tight junctions, whereas PPMS cortical blood vessels were not different from healthy
controls (Leech et al. 2007). However, another study found no evidence of BBB dysfunction in
cortical lesions when looking at serum leakage and tight junction protein expression (van Horssen et
al. 2007). Fibrinogen depositions have been found in the motor cortex of people with progressive MS
associated with a reduction in neuronal density, suggesting a degree of BBB dysfunction (Yates et
al., 2017). Therefore, it may be that the ultrastructural changes to the BBB in grey matter lesions are
less pronounced and cortical BBB pathology is generally less severe than that detected in white matter
lesions.

Traditionally, it was thought that there is no breach to the BBB during cuprizone
administration (Bakker & Ludwin 1987; Kondo et al. 1987; McMahon et al. 2002). However, there

is emerging evidence to suggest that the BBB may not be as intact following cuprizone administration

161



as once believed. A study in 2017 published in Nature Communications found that in C57BL/6N
mice treated with cuprizone for 4 weeks, BBB permeability (as determined by the level of Evans Blue
dye extravasation) significantly increased compared to mice fed control chow (Berghoff et al.,
2017a). The level of BBB dysfunction was less than that observed in EAE, which was hypothesised
to have been the reason why it was not detected in previous studies (Berghoff et al., 2017a). To
characterise these alterations to the BBB following cuprizone administration, these researchers went
on to investigate changes to the BBB at different stages of cuprizone disease progression (Berghoff
et al., 2017b). Following just 3 days of cuprizone administration, both brain oedema and increased
extravasation of fluorescent vascular perfusion dyes were present, representing a breach of the BBB,
and this damage progressively increased with time. In the first 5 days of cuprizone administration,
various inflammatory factors of an astroglial origin, such as IL-1f and tumour necrosis factor, were
upregulated, and tight junction proteins, such as claudin-5 and occludin were downregulated.
Furthermore, there were significantly increased levels of nitric oxide synthases, which suggests that
nitrosative stress may play a role in BBB hyperpermeability. After the first 5 days, these factors only
moderately changed for the remainder of the 5 weeks of cuprizone treatment. Given demyelination
is not observable in the cuprizone model until about 3 weeks of cuprizone administration, this study
demonstrated that BBB dysfunction preceded detectable levels of demyelination.

Another study looking specifically at early time points of cuprizone exposure found that the
level of Evans Blue dye extravasation and the level of BBB permeability was highest at 3 days
following cuprizone initiation, but continued out to 2 weeks to a lesser extent (Shelestak et al. 2020).
The tight junction protein occludin was also significantly reduced in the corpus callosum at 3 days of
cuprizone administration, proceeding the onset of demyelination and gliosis. Mast cells were
associated with this early BBB permeability, with higher densities of mast cells in both the cortex
and corpus callosum at 3 days, alongside a concomitant decrease in mast cell granulation (Shelestak
et al. 2020). Mast cells are located nearby the BBB and the factors they release upon activation, such
as histamine, are associated with increasing BBB permeability by inducing endothelial cell
endoplasmic reticulum stress (Tran et al. 2019). However, the contribution of other cell types to the

BBB dysfunction observed in the cuprizone model is yet to be explored.

5.2.2. BBB Dysfunction in Neurotrauma

Following neurotrauma, BBB dysfunction has been shown in both animal models and human
studies, however the extent of this dysfunction varies. In post-mortem human brains acutely following
a severe fatal TBI, structural vascular alterations and irregularities in the surface of endothelial cells
at blood vessels are widespread, particularly in the middle and deep capillary zones rather than the
more superficial pial or subpial vessels, suggesting extensive breaches to the BBB in the cortex

(Rodriguez-Baeza et al. 2003). Similarly, in post-mortem brains in those who survived for at least a
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year following a moderate to severe TBI, significantly increased markers of BBB breach, such as
fibrinogen and IgG, were found specifically throughout mid and deep cortical layers (Hay et al. 2015).

In milder cases of human TBI, the extent of BBB dysfunction is unclear and is generally
determined via the presence of blood-based biomarkers. Creatine kinase BB is an enzyme indicative
of BBB dysfunction if in the circulation in high amounts (Brayne et al. 1982), with the serum creatine
kinase BB concentration increased in some people following mild TBI (23% of people), albeit far
fewer people than following moderate to severe TBI (88% of people) (Skogseid et al. 1992). Acute
increases in the serum level of the astrocytic protein S100 calcium-binding protein B (S100B) have
also been found following mild TBIs and sub-concussive hits, and have been suggested to be
indicative of disruption to the BBB (Marchi et al. 2013). However, there are a variety of confounding
factors when analysing blood-based biomarkers following mild TBI, including individual variations
in total blood volume, age, peripheral contributions to biomarker levels and potential impairments in
renal function (Hier et al. 2021). Additionally, the timing of biomarker sampling is critical, with
suboptimal timing of sample collection resulting in missed detection of elevations. The ideal sampling
time varies for each biomarker. For example, S100B is ideally sampled within about the first 6 hours
post-TBI to see any significant changes compared to uninjured controls, whereas neurofilament light
(NF-L) can be accurately sampled for far longer, with sustained increases in serum NF-L levels found
for at least the first 2 weeks post-injury (Thelin et al. 2017). Furthermore, given that biomarkers can
enter the blood via other drainage pathways, such as the glymphatic system, instead of through a
breach to the BBB, it is important to note that a comprehensive analysis of the pathways of biomarkers
from the brain to the peripheral blood following a mild TBI is lacking (Hier et al. 2021). Thus, it is
relatively unclear what the precise mode of entry is from the brain to the blood for these biomarkers
and more definitive studies are necessary in this area to aid future understanding. Nevertheless, when
patients are imaged utilising MRI with a Gd-based contrast agent within 6 hours following a mild
TBI, up to half of those examined were found to have either a compromised BBB or blood-
cerebrospinal fluid barrier at this acute stage (Turtzo et al. 2020).

In a variety of rodent models of mild TBI, varying degrees of changes to BBB integrity are
evident. Increases in BBB permeability following a lateral controlled cortical impact has a biphasic
pattern, with peaks at 4-6 hours and 3 days post-injury (Baskaya et al. 1997). Following a blast injury,
there are increases in Evans blue extravasation with 24 hours post-injury with concomitant decreases
in the expression of tight junction proteins at both 6 and 24 hours post-injury, associated with
increased oxidative damage (Abdul-Muneer et al. 2013). By 3 days following a blast injury, increases
in BBB permeability have resolved (Readnower et al. 2010). Conversely, other studies using cortical
contusion have shown increased Evans blue extravasation continuing out to 10 days post-injury.

Following both a controlled cortical impact and a closed head diffuse injury, BBB permeability, again
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shown by Evans blue extravasation, increased immediately but resolved by 24 hours post-injury
(Adelson et al. 1998). Another study that employed the weight drop model of TBI demonstrated that
both single and repeated injuries did not result in increased BBB permeability (Deford et al. 2002).
However, there are several limitations to using extravasating dyes to estimate BBB permeability
(Saunders et al. 2008) which may have confounded interpretations. Following a closed head cerebral
contusion, the passage of large molecules into the brain had resolved within 4-5 hours post-injury,
whereas small molecules were still able to cross the BBB at 4 days post-injury (Habgood et al. 2007).

Following a partial optic nerve transection, there is disruption to the BBB directly at the injury
site for days, with peak permeability as shown by Evans blue extravasation occurring at 3 days post-
injury, and returning to levels not different to controls by 1 week post-injury (Smith et al. 2016) and
28 days after injury (Smith et al. 2018). In the ventral aspect of the optic nerve adjacent to the injury
site there is substantial Evans blue extravasation at 1 day, peaking at 3 days post-injury (Smith et al.
2016). By 7 days post-injury, there are increased low-intensity and diffuse Evans blue extravasation
in the ventral nerve, which resolves by 28 days post-injury (Smith et al. 2018). By 3 days following
injury the observed breach in the BBB has progressed along the optic nerve towards the brain, as
shown by increased Evans blue extravasation (Smith et al. 2016). There were additional changes in
the immunoreactivity of fibrinogen at multiple points along the length of the optic tract up until 7
days post-injury (Smith et al. 2018). Interestingly, at 1 day post-injury there is already increased
extravasation of Evans blue in the visual regions of the brain, namely the optic chiasm, optic tracts,
lateral geniculate nucleus and superior colliculus (Smith et al. 2016), and at 14 days, the
immunoreactivity of caveolin-1 at the third ventricle in the brain is significantly decreased (Smith et
al. 2018). These findings suggest that remote breaches to the BBB can occur in other areas of the
CNS axonally connected to the injury site and supports the notion of a transient alteration in BBB
permeability remotely following a partial optic nerve transection. Altogether, although there is some
contention in the literature, it is likely there is at least a transient breach to the BBB following a range

of severities of neurotrauma.

5.3. The Blood-Brain Barrier and Oxidative Stress

As discussed in Chapter 1, oxidative stress is a known damage mechanism in both MS and
neurotrauma. Oxidative stress has also been associated with BBB dysfunction in a variety of CNS
diseases and injuries (Grammas et al. 2011). Correspondingly, oxidative stress has been linked to
BBB dysfunction following neurotrauma, with increased ROS reducing the expression of tight
junction proteins and increased leakage through the BBB following injury (Abdul-Muneer et al.
2014). Oxidative damage is also associated with the BBB tight junction abnormalities, increased

leukocyte migration and overall BBB dysfunction observed in MS lesions (Ortiz et al. 2014).
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Oxidative conditions can affect the perivascular cells that comprise the BBB. Cells at the BBB
inherently have increased vulnerability to oxidative damage because ROS/RNS are used as signalling
molecules at the vasculature under normal conditions and are therefore already fairly ubiquitous in
perivascular regions. For example, nitric oxide is a signalling molecule for vasodilation from cerebral
endothelial cells (Dawson & Snyder 1994). Thus, perivascular cells have a limited capacity to
compensate for redox imbalances. Cerebral endothelial cells have a high concentration of
mitochondria, the main cellular organelle responsible for the production of ROS, conveying a greater
opportunity for oxidative stress to occur in these cells (Grammas et al. 2011). Mitochondrial stress in
endothelial cells compromises BBB integrity by increasing permeability, increasing leukocyte
trafficking and disrupting tight junctions (Doll et al. 2015). Astrocytes are known propagators of
oxidative stress and exacerbate the levels of free radicals (Freeman & Keller 2012). When the levels
of the antioxidant glutathione are decreased, the BBB becomes dysfunctional (Agarwal & Shukla
1999), which suggests that overall redox balance is critical for ensuring BBB integrity.

The two specific perivascular cells of interest for this thesis are pericytes and OPCs. Similar
to OPCs, pericytes are known to be particularly susceptible to oxidative damage (Rinaldi et al. 2021).
Oxidative DNA damage to pericytes due to cathepsin D deficiency has been previously shown to
impair BBB integrity by increasing blood vessel diameter, causing hyperpermeability and allowing
for the infiltration of peripheral immune cells (Okada et al. 2015). Since pericytes detach from the
vascular unit in both MS (Iacobaeus et al. 2017) and neurotrauma (Dore-Duffy et al. 2000), the
functional role of oxidative damage in this process is particularly interesting. Given that the overall
population of OPCs is particularly vulnerable to oxidative DNA damage (Giacci et al. 2018), it is
hypothesised that perivascular OPCs specifically are also similarly vulnerable to the effects of
oxidative stress. However, the oligovascular niche is relatively unexplored in both conditions, and
the direct effect of oxidative damage to OPCs at the BBB is currently unknown. OPCs and pericytes
can also attach to each other and interact, with trophic coupling occurring between these two cell
types (Maki et al., 2015). Thus, the interconnected interactions between OPCs and pericytes at the

vasculature may be pathologically significant, particularly in the context of oxidative stress.

5.4. Concluding Remarks

Though the BBB is compromised in both MS and neurotrauma, the underlying cause of this
dysfunction is not fully understood. However, oxidative stress has been implicated in the loss of BBB
integrity observed in both conditions. The forthcoming work presented throughout the remainder of
Series Three therefore investigates whether oxidative DNA damage to perivascular OPCs and
pericytes causes dysfunction of these cells, to determine whether this was associated with increased

BBB permeability in models of neurotrauma and MS.
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Chapter 6. Investigating Oxidative Stress in NG2+ Glia in Blood-Brain

Barrier Dysfunction Following Neurotrauma

This chapter focusses specifically on oxidative stress in NG2+ glia, primarily comprised of
pericytes and perivascular OPCs, at the BBB following neurotrauma. As discussed in Chapter 5, there
is a transient disruption to the BBB following a partial optic nerve transection, with substantial Evans
blue extravasation at 1 day, peaking at 3 days post-injury (Smith et al. 2016). In order to assess early
oxidative damage mechanisms that may contribute to BBB dysfunction, this study employed the
partial optic nerve transection model and assessed outcomes at the acute 1 day timepoint. This chapter
presents the experimental work performed to investigate the relationship between oxidative stress,

BBB dysfunction and cellular proliferation following neurotrauma.

6.1. Tissue Analysis Pipeline Development

6.1.1. Rationale and Design of Immunohistochemical Analyses

Immunohistochemistry is a widely used technique for visually detecting and localising
specific antigens within tissue samples (Magaki et al. 2019), with fluorescence-labelled antibodies
conveying heightened sensitivity compared to other immunohistochemical antibodies (Moreno et al.
2022). A main advantage of this technique is that it facilitates identification of specific proteins within
the spatial context of the tissue with an ability to semi-quantitatively compare the expression of the
proteins of interest (Laurinavicius et al. 2016). Immunohistochemical analysis had also been widely
utilised throughout the work presented in thesis thus far and is well established in the Fitzgerald
laboratory.

A limitation of immunohistochemistry is the number of available fluorescent channels. Many
multi-colour confocal microscopes work via lasers that provide excitation at different wavelengths
with emission filters discriminating the signal from the various fluorescent channels. Due to the
overlapping spectra of many fluorescent dyes, it is important to limit the number of fluorophore
wavelengths used on a single sample to minimise the signal cross-talk between channels (Cardoso
2005). Spectral unmixing to allow for additional wavelength detection is possible, but this processing
technique comes with caveats, including the possibilities of a decreased signal to noise ratio, an
incomplete segregation of the fluorophore spectrums or interference from background
autofluorescence (Zimmermann et al. 2014). Additionally, there is a limited number of commercially
available antibodies that are raised in different species, with most antibodies raised in either goat,
mouse or rabbit. If primary antibodies that were raised in the same species are used together, there is
a high risk of the same secondary antibody binding to both primary antibodies and thus it is generally

recommended to limit the simultaneous use of primary antibodies that were raised in the same species
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(Mao et al. 2021). Staining a sample with four different fluorophores simultaneously is considered
the optimal maximum to reduce the potential degree of spectral overlap and antibody cross-reactivity,
with the ability to perform consecutive staining on two samples an alternative to maximise the
available number of fluorescent channels (Jonkman et al. 2020). Therefore, four fluorescent channels
(with wavelengths of 405nm, 488nm, 555nm and 647nm) were utilised for the forthcoming work
(Figure 6.1).

405 488 555 647
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Figure 6.1. The detection of four fluorescent wavelengths by confocal laser scanning microscopy. To minimise
spectral overlap and antibody cross-reactivity, samples were stained with four different fluorophores for use with confocal

laser excitation wavelengths of 405nm, 488nm, 555nm and 647nm. Original illustration created using BioRender.com.

Since there were only four available channels, careful consideration was required to decide
which antigens to detect simultaneously. Colocalisation of two immunohistochemical markers was
required to positively identify many of the desired cell types. For example, colocalised expression of
PDGFRa and Olig2 is used to specifically visualise OPCs, thus occupying two of the four available
fluorescent channels. Given that the purpose of this work is to identify oxidatively damaged cells, a
marker indicative of DNA damage is required in colocalisation with the cell specific identification
markers, thus further limiting the number of additional markers that can be applied to the same section
of tissue.

BBB breach is traditionally identified by the extravasation of tracing dyes, such as Evans blue.
Previous work in the partial optic nerve transection model demonstrated a transient extravasation of
Evans blue dye away from blood vessels in the first few days following injury, indicating an overt
breach of the BBB at this early timepoint (Smith et al. 2016; Smith et al. 2018). However, since the
Evans blue dye is injected in vivo prior to euthanasia, it cannot be applied to only a subset of tissue
sections. The dye also fluoresces at a wavelength that would interfere with the 647nm channel for
immunohistochemical analysis (Wang & Lai 2014), which would prevent that wavelength being
employed to assess the other desired parameters in brain tissue. Therefore, detection of IgG was

considered to be a more appropriate method to measure any breach to the BBB (Franke et al. 2021).
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As BBB permeability increases, there is an observable influx of blood proteins and antibodies into
the parenchyma, such as serum albumin and IgG (Acharya et al. 2013). By combining an antibody
recognising IgG with the rat endothelial cell antigen-1 (RECA) marker to identify blood vessel
endothelium, the degree of BBB breach can be determined by the association of parenchymal IgG
with individual RECA+ blood vessels. However, since three of the four channels were already
occupied by cell damage and cell type specific antibodies, the BBB specific combination had to be
applied to an adjacent section.

The immunohistochemistry panels were designed to assess cell type specific damage and
BBB dysfunction on consecutive tissue sections. The antibody combinations employed a
colocalisation approach for cellular identification, alongside simultaneous staining for DNA damage
and another cell status marker to indicate either proliferation or apoptosis. The extent of BBB
dysfunction would be detected on an adjacent tissue section by immunohistochemically staining for
blood vessel endothelial cells and perivascular IgG. To ensure accurate correlation of individual cells
with specific blood vessels visualised in adjacent sections, blood vessel detection was included within

one panel of adjacent sections. A summary of the immunohistochemical panels is presented below in

Figure 6.2.
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Figure 6.2. Immunohistochemical panels designed to assess the role of oxidative damaged OPCs and pericytes at
the BBB following neurotrauma. Each immunohistochemical experiment was designed to assess three adjacent
sections, for OPC damage, BBB dysfunction and pericyte damage respectively. The fourth antibody used in the cell
specific panels was designed to be interchanged to reflect the core research questions. Original illustration created using

BioRender.com.
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6.1.2. Initial ImageJ Analysis Pipeline

In order to ensure that the images were capable of answering the research questions, an image
analysis pipeline was designed. The ImageJ analysis protocol below was developed to allow for the
identification and mapping of DNA damage cells in relation to sites of BBB breach. (Figure 6.3).
This technique allowed for the specific segregation of the overall ventral nerve and the perivascular
and parenchymal regions therein. A perivascular region was defined as the area within a 10um radius
of a RECA+ blood vessel to capture the cells that directly neighbour and interact with the
cerebrovasculature. For images without a RECA stain, the RECA signal from the immediately
adjacent section was superimposed onto the image to allow for mapping of blood vessel locations.
The parenchymal area was created as an inverse region of the selected perivascular areas to capture
all cells that reside more than 10pum away from the vasculature within the ventral nerve. This method
also involved creating a map of the breach status of each blood vessel using the associated
extravasation of IgG to associate specific perivascular regions with BBB dysfunction. Finally,
thresholding analyses were used to objectively define and measure cell identification markers and the

associated levels of oxidative stress using the panels designed in Section 6.1.1.
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Figure 6.3. ImageJ analysis pipeline developed to investigate the role of oxidative damaged OPCs and pericytes
in BBB dysfunction following neurotrauma.
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6.2. Study Design and Animal Procedures

To investigate the relationship between oxidative stress and BBB dysfunction at 1 day after a
partial optic nerve transection, adult female PVG rats weighing approximately 180g were acquired
from the Animal Resource Centre (Murdoch, Western Australia). The rats had ad libitum access to
food and water, were housed under a 12-hour light/dark cycle and were given a 1 week acclimatisation
period to the holding location prior to the commencement of the experimental period. The
experimental cohort consisted of nineteen rats with two experimental groups, a control group that
received a sham injury (n = 9) and an injured group that received a partial optic nerve transection (n
= 10). The reduction in the number of sham control animals compared to injured animals is due to
one rat being resistent to the anaesthesia required for surgical procedures and therefore omitted from
the study. All procedures were in accordance with the principles of the NHMRC and approved by the
Animal Ethics Committee of The University of Western Australia (RA/3/100/1485) and the Animal
Ethics Committee of Curtin University (ARE2017-4).

Partial optic nerve transection was performed by Mrs Carole Bartlett as previously described
(Chapter 2; Bartlett & Fitzgerald 2018), under Ketamine (Ketamil, 50mg/kg, Troy Laboratories) and
Xylazine (Ilium Xylazil, 10mg/kg, Troy Laboratories) anaesthesia that was delivered via
intraperitoneal injection. In this procedure, the dorsal aspect of the right optic nerve is cut to a depth
of 200um with a diamond radial keratotomy knife, at 1mm behind the eye. The sham uninjured
control animals received all surgical procedures, apart from the cut in the sheath and the partial
incision into the nerve. Post-operative analgesia consisted of a single subcutaneous injection of
Carprofen (2.8mg/kg, Norbook Australia) alongside another subcutaneous injection of 1 mL sterile
PBS directly following surgery for fluids maintenance. To label cells actively undergoing the cell
cycle, EAU (20mg/kg, Invitrogen) was intraperitoneally administered twice, once immediately
following surgical procedures during post-operative care and once the following morning at least 2
hours prior to euthanasia.

At 1 day following injury, tissue was collected and processed. Rats were euthanised with
pentobarbitone sodium (160mg/kg, Delvet) and perfused transcardially with 0.9% saline followed by
4% paraformaldehyde (Sigma-Aldrich). The right optic nerves were dissected and immersed in 4%
paraformaldehyde overnight, before being transferred to 15% sucrose (Chem Supply), 0.1% sodium
azide (Sigma-Aldrich) in PBS for cryoprotection. The nerves were then embedded in OCT and
cryosectioned transversely at 14um. The resulting sections were collected onto Superfrost Plus glass
microscope slides and stored at -80°C for subsequent immunohistochemical analysis. The entire

experimental design for this cohort is summarised in Figure 6.4.
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Figure 6.4. Experimental design for cohort investigating BBB dysfunction following a partial optic nerve
transection. Adult female PVG rats underwent either a partial optic nerve transection (n = 10) or a sham surgery (n =9)
and were subsequently euthanised at 1 day post-injury to capture early BBB dysfunction. EdU (20mg/kg) was
administered via intraperitoneal injection twice during the experimental period, once following surgical procedures and
once on the morning of euthanasia. Following euthanasia and tissue collection at 1 day post-injury, the collected optic

nerves were cryosectioned and analysed. Original illustration created using BioRender.com.

6.3. Variability in Blood Vessel Location and Morphology in the Optic Nerve

Prior to undertaking comprehensive analysis of the tissue using the protocols described in
Section 6.1.1, it was imperative to ensure that the location of blood vessels could be accurately tracked
between adjacent transverse sections. During cryosectioning, the optic nerves were embedded in
groups of four to five and then sectioned at 14um thickness with the adjacent sections of tissue placed
onto neighbouring slides (Figure 6.5A). In doing so, the middle z plane of each section was
theoretically 14pum apart from the adjacent section on either of the two neighbouring slides. Three
adjacent slides for each group of nerves were immunohistochemically stained with the RECA
antibody in line with established protocols (Fitzgerald et al., 2010) to label all of the blood vessels of
the optic nerve. Once imaged, the three RECA+ sections per animal were digitally superimposed to
create a composite image (Figure 6.5B). However, following this overlaying process, it became clear
that the blood vessels were moving location and significantly changing morphology across the three

adjacent sections (Figure 6.5C).
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Figure 6.5. Representative images demonstrating the variability in blood vessel location and morphology across
adjacent transverse sections of the optic nerve. (A) Adjacent sections were collected onto neighbouring slides to
allow for an analysis of blood vessels throughout three continuous transverse sections of optic nerve. Original
illustration created using BioRender.com (B) Three adjacent sections per animal were stained to detect blood vessels
using an anti-RECA antibody, with the collected images digitally superimposed to create one composite image. (C)
Representative images demonstrating that across three adjacent sections for both normal (n = 3) and injured animals
(n = 3), the location and morphology of blood vessels significantly changed. n = 5 rats per group were analysed in
total. For injured animals, the ventral aspect of the nerve vulnerable to secondary degeneration has been denoted

with dotted lines.
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While occasional blood vessels were conserved in location across sections, these vessels were
typically located on the peripheral pial surface of the nerve, with the branching capillaries inside the
nerve parenchyma showing the greatest degree of variability (Lessell 1974). The orientation of these
parenchymal capillaries ranged from being positioned parallel to the nerve axis to a horizonal
perpendicular orientation, with these vessels specifically being cut obliquely during cryosectioning.
These perpendicular vessels were particularly variable, which may be due to their orientation
inherently prevented them from being preserved across the adjacent transverse sections. The observed
lateral movement in blood vessels was found in both injured and sham nerves, and thus was not a
product of damage mechanisms but rather a general reflection of the complex branching of rat optic
nerve capillaries. A key ramification of this observed blood vessel variability was that if perivascular
cells were identified solely by overlaying a map of the locations of RECA+ blood vessels from an
adjacent section, there would likely be a high degree of error. Therefore, it would not be accurate to
overlay adjacent RECA+ images onto the images of cellular outcomes to determine the location of
specific cells in relation to blood vessels.

It’s also important to note that placing cellular outcomes markers over adjacent sections would
also not have been suitable either due to the relative size of the cells compared to the section thickness.
For example, OPC cell bodies have a diameter of only 6-8um (Karasek et al. 2004), which means
that an individual OPC is highly unlikely to span across adjacent 14um thick sections. Hence, all
antibodies regarding cellular identification and status were required to be within the one combination.
Therefore, although performing an adjacent section analysis is an option for increasing the capacity
to simultaneously detect multiple antigens, this type of analysis would not have been able to address
the core research questions and it was necessary to modify the ImagelJ analysis plan.

To investigate DNA damage to cells at the vasculature and in the parenchyma, the
immunohistochemistry panel containing RECA, SOHDG and the relevant cell identification markers
was utilised. It was not possible to include an immunohistochemical analysis that encompassed both
IgG and RECA to detect the ratio of breached and non-breached blood vessels as well as the markers
required to identify DNA damaged double positive perivascular cells. Thus, the extent of IgG
extravasation was examined in an adjacent section using RECA and IgG, but the degree of breach at
the level of individual blood vessels would not be directly linked across the adjacent sections. Rather,
the overall level of IgG extravasation from blood vessels would be statistically correlated to the
degree of damage quantified separately in the adjacent section. Furthermore, due to the limitations of
four colour immunohistochemistry, as described in Section 6.1.1, the role of DNA damage to OPCs
and pericytes for cell proliferation and apoptosis would be analysed in the ventral nerve as a whole,

without the inclusion of RECA to focus outcomes specifically to blood vessels.
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6.4. Optimisation of Immunohistochemistry Protocols
There were initial delays in the immunohistochemical analysis for this study due to
methodological setbacks, including lack of tissue adherence to the microscope slides, and the need to
optimise techniques to minimise fluorescence cross-reactivity given the use of four colour
immunohistochemistry. In collaboration with Dr. Chidozie Anyaegbu and Ms. Melissa Papini, the
immunohistochemical protocol was systematically adjusted to accommodate for these issues and the

resultant refined protocol is outlined (Figure 6.6).
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Figure 6.6. Modified immunohistochemistry protocol for use on rat optic nerve tissue sections. The original
protocol was previously optimised for rat optic nerve and is presented as described in published Fitzgerald group articles,
including in Fitzgerald et al., 2010 and Toomey et al., 2019. The modified protocol was optimised for four colour

immunohistochemistry.

There were many modifications made to this protocol throughout the optimisation period, the
first of which was initially placing the slides into an electrophoresis tank for 1 hour. This technique
was developed by Ms. Melissa Papini to enable the microscope slides to be recharged to prevent

tissue from detaching throughout the remainder of the protocol. Additionally, an antigen retrieval
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step was included to maximise the immunohistochemistry signals. Citrate buffer and Tris-EDTA-
NaCl were compared, with Tris-EDTA-NaCl better enhancing epitope binding.

To prevent non-specific binding, a variety of blocking techniques were compared including
applying normal donkey serum, bovine serum albumin (BSA), hydrogen peroxide solution, Triton X-
100 and background sniper for varying lengths of time (eg. 5 minutes, 20 minutes or 60 minutes).
Following extensive trials of blocking combinations, the optimal technique to prevent non-specific
binding was an application of hydrogen peroxide solution for 10 minutes followed by 3% BSA
solution for 20 minutes. Similarly, it was critical to prevent cross-reactivity between antibodies. To
minimise the degree of cross-binding, each primary and secondary antibody combination was applied
separately. The order of this sequential application was also optimised to minimise unwanted binding.
Following each secondary antibody application, an unconjugated IgG antibody from the species that
primary antibody was raised in was applied to the tissue. This technique blocked the Fc & Fab regions
of the preceding antibody to minimise cross-reactivity during the upcoming additional antibody
incubations.

Other smaller modifications included allowing a 5 minute period following the application of
the PAP pen boundary to allow the wax pen to fully dry on the slide and prevent an astrocytic-like
staining pattern. Similarly, the concentrations of each primary and secondary antibody were
optimised for the relevant channels. In particular, optimising antibodies for use in the 405nm channel
was difficult as the 405 secondary antibodies had poor signal strength and thus required a high
concentration for adequate antigen detection. Once the antibodies for each panel were optimised both
in isolation and in combination using the above protocol, the immunohistochemical experiments were

performed on the full cohort of tissue in collaboration with Ms. Melissa Papini.

6.5. Analysing Immunohistochemical Outcomes

For each analysis, the entire optic nerve was visualised and images captured at a 20x
magnification using confocal microscopy, with a series of images taken at 0.5um increments along
the z axis. Imaging for each experiment was conducted with consistent microscope settings for all
experimental groups. Upon imaging the three final immunohistochemical experiments, although
some antibody staining was successful, many of the images demonstrated poor and inconsistent
immunohistochemical staining for some markers. These issues typically manifested as a high degree
of non-specific staining, significant cross-reactivity with other antibodies within the combination, the
lifting of nerve sections from the slide resulting in uneven staining patterns, and/or simply the absence
of any positive staining. Unfortunately, there was insufficient tissue remaining to repeat the

immunohistochemical procedures. Any sections for which there was doubt regarding the staining
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were excluded, leaving fewer outcomes available for analysis. Specifically, robust data were available
for antibodies detecting 8SOHDG, NG2, PDGFRa, IgG and EdU.

Since a more generalised approach to analysing outcomes was now required, the analysis
pipeline was again modified. The area of the ventral nerve was segmented and quantified with ImageJ
software. The mean area and intensity of immunoreactivity for [gG and SOHDG were semi-quantified
using the single most in focus visual slice within the z stack. An immunointensity threshold for each
was determined to distinguish positive signal from background before an intensity analysis
determined the area and intensity above the set threshold within the ventral nerve. Area above
threshold measurements were then normalised to the total area of the ventral nerve. To assess the
levels of DNA damage specifically within NG2+ glia and PDGFRao+ glia, additional representative
thresholds were set to identify positive NG2 and PDGFRo immunointensity respectively, with the
intensity of SOHDG then also measured solely within the identified glia. Finally, the density of EQU+
cells were counted within the ventral nerve, normalised against the total ventral area and expressed
as the mean number of cells/mm?. The presence of EQU+ 80OHDG+ cells were determined by the
colocalisation of EAU+ cells with SOHDG immunointensity above the set threshold. Similarly, EQU+
cells were categorised into colocalised PDGFRo+ and PDGFRa- subpopulations using the
aforementioned representative threshold for identifying PDGFRo+ glia. The PDGFRo+ and
PDGFRa- subpopulations were further categorised via the colocalised presence of SOHDG DNA
damage.

Resulting data were analysed using GraphPad PRISM 9 software. All outcome measures
relating to SOHDG and EdU satisfied the assumption of normality according to a Kolmogorov—
Smirnov test and thus either a t-test, two-way ANOVA with Tukey’s post-hoc or three-way ANOVA
with Tukey’s post-hoc were used as appropriate. However, the area of I[gG immunointensity did not
satisfy the assumption of normality according to a Kolmogorov—Smirnov test and thus the non-
parametric Mann-Whitney test was used to assess the statistical difference between sham and injury
for this outcome measure. A Spearman’s correlation was used to assess the relationship between IgG
and either SOHDG or EdU as this statistical analysis is most compatible with monotonic relationships
between two variables, as opposed to the Pearson’s correlation which best assesses linear
relationships. Outliers were not removed for any outcome measures. Reductions in final n’s reflect
loss of tissue from slides during the immunohistochemical analyses or the exclusion of sections that
had become damaged during tissue processing and analysis in a way that precluded reliable

quantification of outcomes.

178



6.6. Investigating the Relationship Between Oxidative Stress, BBB Dysfunction
and Cellular Proliferation in Neurotrauma

6.6.1. Effect of Injury on the Level of Oxidative DNA Damage

The effect of a partial optic nerve transection on oxidative DNA damage as indicated by
80OHDG immunoreactivity in the ventral nerve was assessed (Figure 6.7). Both the mean area
(t(4.448) = 17, p = 0.0004, Figure 6.7A) and mean intensity (t(4.197) = 17, p = 0.0006, Figure 6.7B)
of SOHDG immunoreactivity significantly increased with injury compared to sham controls. When
NG2+ glia were specifically analysed, the mean intensity of SOHDG also significantly increased
compared to the sham group (t(2.161) = 15, p = 0.0472, Figure 6.7C). The NG2+ population is
primarily comprised of pericytes and OPCs, with additional colocalised markers, such as PDGFR,
required for more accurate cell type specific identification. Although the immunoreactivity of
PDGFRJ was not consistent enough to perform a quantitative analysis specific to pericytes or OPCs,
a qualitative assessment indicated that both NG2+/PDGFRf+ pericytes and other NG2+/PDGFRf3-
glia, likely to be OPCs, experience 8OHDG+ DNA damage post-injury (Figure 6.7E).
Correspondingly, there was an observed significant increase with injury in the mean intensity of
8OHDG within PDGFRo+ glia, which likely predominantly reflects the OPC population (t(3.992) =
17, p = 0.0009, Figure 6.7D). Thus, additional work is needed to determine the relative contribution
of pericytes and OPCs to this overall SOHDG+/NG2+ population. Further work can also determine
the level of SOHDG in perivascular compared to parenchymal NG2+ glia, which will deepen
understanding of the pathology of BBB breach following neurotrauma. Nevertheless, these results

indicate that OPCs, and perhaps also pericytes, are oxidative DNA damaged at 1 day post-injury.
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Figure 6.7. Effects of injury for oxidative DNA damage within the ventral nerve. Area (A) and mean intensity (B)
of 8OHDG immunointensity within the ventral nerve was assessed to determine the level of oxidative DNA damage
following a partial optic nerve transection. The mean intensity of SOHDG was specifically quantified inside NG2+ glial
cells (C) and PDGFRo+ glia (D) in the ventral nerve. Graphs display individual data points overlaid on a bar displaying
the mean + SEM. n = 8-10 rats per group. Statistical analysis by t-tests. Significant differences are indicated by *p < 0.05,
**%p < 0.001. (D) Representative images of both NG2+/PDGFR+ pericytes and NG2+/PDGFRp- glia with SOHDG+

DNA damage are shown, scale bar = 20um.
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6.6.2. Effect of Injury on BBB Integrity

Additionally, the effect of a partial optic nerve transection on BBB breach as indicated by the
extravasation of IgG in the ventral nerve was assessed (Figure 6.8). The mean area of IgG
immunoreactivity significantly increased with injury compared to sham controls (Mdnsham = 2.018,
Mdninjured = 0.00825, U =0, p < 0.0001, Figure 6.8A,C). A strong and significant positive monotonic
relationship between the mean areas of IgG and SOHDG immunoreactivities was observed (rs =
0.752, p = 0.0003, Figure 6.8B), demonstrating that animals with increased DNA damage in the
ventral optic nerve typically experience greater levels of BBB dysfunction in the same area. For the
associated correlation scatterplot (Figure 6.8B,C), the mean area of [gG immunointensity has been

plotted on a log scale to best illustrate the overall relationship between IgG and 8OHDG.
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Figure 6.8. Effects of injury for BBB dysfunction and oxidative DNA damage within the ventral nerve. (A) Area
of IgG immunointensity within the ventral nerve was assessed to determine the level of BBB breach following a partial
optic nerve transection. Graph displays individual data points overlaid on a bar displaying the mean + SEM. Statistical
analysis by Mann-Whitney test. (B) The area of IgG immunointensity was correlated to the area of SOHDG using a
Spearman’s correlation, with the rs value and corresponding p value displayed on the graph. Each data point on the graph
represents an individual animal. n = 8-10 rats per group. Significant differences are indicated by ***p < 0.001, ****p <
0.0001. (C) Representative images of both 8SOHDG and IgG immunoreactivity in sham and injured rats are shown. Area

of the ventral nerve is denoted by dotted lines, scale bar = 100pum.
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6.6.3. Effect of Injury on Cellular Proliferation

The effect of a partial optic nerve transection on cellular proliferation as indicated by EdU+
staining in the ventral nerve was also assessed (Figure 6.9). The densities of EQU+ cells had a trend
towards increasing with injury compared to sham controls, but this difference did not reach
significance (t(2.072) = 17, p = 0.0528, Figure 6.9A). A weak but significant positive monotonic
relationship between the mean area of IgG immunointensity and EAU+ densities was observed (rs =
0.466, p = 0.0446, Figure 6.9B). EdU+ cells were then categorised based on colocalisation with
8OHDG and a two-way ANOVA was used to compare the densities of proliferating cells either with
or without oxidative DNA damage (F(1,34) = 2.947, Figure 6.9C). A significant difference was
observed by Tukey post-hoc comparisons in the density of EAU+ 8OHDG+ cells with injury
compared to both EdU+ SOHDG+ (p = 0.0264) and EdU+ 8OHDG- cells (p = 0.0365) for the sham
group. There was no differences in the density of EdU+ 8 OHDG- cells with injury compared to EAU+
80OHDG- cells without injury (p > 0.05). The EdU+ population was then identified as either
PDGFRo+ or PDGFRa- glia and analysed using a two-way ANOVA (F(1,36) = 1.457, Figure 6.9D).
Tukey post-hoc comparisons revealed a significant increase in the density of EdU+ PDGFRa+ cells
with injury compared to sham (p = 0.0466). No significant difference was observed in the density of
EdU+ PDGFRa- cells with injury (p > 0.05). The EQU+ PDGFRo+ and EQU+ PDGFRa- populations
were further classified by the localisation with SOHDG DNA damage and analysed via a three-way
ANOVA with Tukey post-hoc comparisons (F (1, 64) = 1.958, Figure 6.9E,F). There was a significant
increase with injury in the density of EAU+ PDGFRoa+ 8OHDG+ cells compared to sham (p =
0.0115). There was also a significant difference between the density of EdU+ PDGFRo+ 8OHDG+
cells with injury compared to the density of both EdU+ PDGFRo+ 80OHDG- cells (p = 0.0021) and
EdU+ PDGFRa- SOHDG+ cells (p = 0.0115) in sham animals. Interestingly, the density of EdU+
PDGFRa+ 8OHDG+ cells were also significantly higher than EdU+ PDGFRo+ 80OHDG- cells
within injured animals (p = 0.0033). Due to poor immunohistochemical staining, a similar cell
specific analysis was not able to be completed for either NG2+ or PDGFR+ cells. Nevertheless, a
large proportion of proliferating cells belonged to the PDGFRa+ cell population, which is primarily
comprised of OPCs. Altogether, this suggests that OPCs the are the major proliferating, DNA
damaged cell type at 1 day following injury to the optic nerve.

182



>
w
O

200 0.0538 100 150+ » .
z -
% ise o %E 7 10 t % 80HDG+
2&s | I 80HDG-
£ . 5§85 _ £ 100-
v m
5 100 $EZ 014 B njured 3
8 : g o ee® o
+ e . * ~
2 s0- o 00 3 EE o r,=0.466° 2 ® .
g 5 =2 s 8 °
] 0.001 3 .
. iy
0- 0.0001 T T T 1 0-
Sham Injured 0 50 100 150 200 Sham Injured

EdU+ cells / mm?

* %k
100+ ® 80— * Kk
° .
NE 80 PDGFRa+ ~ L]
£ e BIPOGFRa- E 60 o
~ 60 ° -~ B
8 »
e L 3 40+
3 o
40 - o
E :
© ° -
w 20 o e o 20
.
0- 0~
Sham Injured PDGFRa+ PDGFRa+ PDGFRa- PDGFRa- PDGFRa+ PDGFRu+ PDGFRa- PDGFRa-
/80HDG+ /B80OHDG- /B8OHDG+ /8OHDG- /BOHDG+ /BOHDG- /8OHDG+ /8OHDG-
Sham Injured

PDGFRa EdU/PDGFRa/

Figure 6.9. Effects of injury for cellular proliferation and oxidative DNA damage within the ventral nerve. (A)
The density of EQU+ cells were quantified in the ventral optic nerve following a partial optic nerve transection. Statistical
analysis by t-test. (B) The area of IgG immunointensity was correlated to the density of EdU+ cells using a Spearman’s
correlation, with the rs value and corresponding p value displayed on the graph. The relative densities of EdU+ 8OHDG+
and EdU+ 8OHDG- cells (C) as well as EdU+ PDGFRo+ and EdU+ PDGFRa- cells (D) were quantified. Statistical
analysis by two-way ANOVA and Tukey post-hoc tests. (E) The relative densities of EdU+ cells colocalised with
PDGFRa and 8OHDG were quantified. Statistical analysis by three-way ANOVA with Tukey post-hoc tests. All graphs
display individual data points overlaid on a bar displaying the mean + SEM, except for (B) where each data point on the
graph represents an individual animal. n = 8-10 rats per group. Significant differences are indicated by *p < 0.05, **p <
0.01. (F) Representative images illustrating EQU+ PDGFRo+ S8OHDG+ OPCs (indicated by >>), EdU+ PDGFRo+
80OHDG- OPCs (indicated by >|), EdU+ PDGFRa- 8SOHDG+ cells (indicated by >), EdU+ PDGFRa- SOHDG- cells

(indicated by *>) are shown, scale bar = 25um.
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6.7. Concluding Remarks

This chapter presents the work performed to assess the role of oxidative damage to
perivascular OPCs and pericytes at the BBB in neurotrauma. In this study, the partial optic nerve
transection model of neurotrauma was employed at an acute 1 day timepoint. The observed increase
in BBB dysfunction in the nerve 1 day post-injury in this cohort is in line with previous studies that
have demonstrated increased Evans blue extravasation at the 1 day timepoint (Smith et al. 2016). In
addition, this study has demonstrated that the SOHDG+ DNA damage significantly increases in the
ventral nerve. Increases in SOHDG immunointensity were observed specifically within NG2+ glia at
this early timepoint, with qualitative assessment of colocalisation between NG2 and PDGFRf3
suggesting that both pericytes and OPCs may be vulnerable to DNA damage following injury. In
particular, the colocalisation of SOHDG DNA damage with PDGFRa indicates a potential
vulnerability of OPCs to DNA damage acutely post-injury. Importantly, the level of SOHDG damage
significantly correlated to the extent of IgG extravasation, suggesting a relationship between
oxidative DNA damage and acute BBB breach. Furthermore, the density of newly derived and
proliferating cells increased with injury, with a weak but significant correlation between IgG
extravasation and the density of EQU+ cells. The proportion of newly derived and proliferating cells
with DNA damage in the ventral nerve also increased with injury, suggesting that there may be a
functional implication of DNA damage to cell cycling mechanisms. Finally, this study demonstrated
that the PDGFRo+ cell population, which is primarily comprised of OPCs, is the major proliferating,
DNA damaged cell type at 1 day following injury to the optic nerve. Though additional research is
needed to further probe the role of oxidative damage mechanisms in both BBB and cellular
dysfunction, these preliminary novel results are valuable insights into the mechanisms underpinning
secondary degeneration of the optic nerve at this acute timepoint following neurotrauma.

The work presented throughout this chapter has since been clarified and formed into a
publication titled, “Secondary degeneration of oligodendrocyte precursor cells occurs as early as 24
hours after optic nerve injury in rats”. This article focuses specifically on the role of early oxidative
damage mechanisms to OPCs to highlight this cellular population as an important therapeutic target
for limiting the progression of secondary degeneration following neurotrauma. The paper has been
published by the International Journal of Molecular Sciences, with the full version available in
Appendix C. The implications of these results in the context of the wider literature and the rest of the

thesis are also discussed further within Chapter 8.
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Chapter 7. Investigating Oxidative Stress in NG2+ Glia in Blood-Brain

Barrier Dysfunction in Demyelinating Disease

Alongside assessing cellular damage related to BBB dysfunction in neurotrauma, this thesis
aimed to assess whether similar mechanisms were operating in demyelinating disease, to identify
common mechanisms of BBB damage. As discussed in Chapter 5, the initial disruption to BBB
integrity during cuprizone toxicity also occurs very early in the disease pathology. Previous studies
have demonstrated increased extravasation of fluorescent dyes in the corpus callosum occuring as
early as 3 days into cuprizone administration, with a peak at 5 days that decreases again by 7 days
(Berghoff et al. 2017; Shelestak et al. 2020). To capture this window of BBB dysfunction, the
forthcoming study was designed to assess the cellular mechanisms that underpin early BBB
dysfunction in the cuprizone model at 3, 5 and 7 days after commencement of pelleted cuprizone
feed. The core goal of this study was to investigate the role of oxidative damage to perivascular OPCs
and pericytes at the BBB in demyelinating disease. Due to the time constraints of candidature and the
methodological difficulties already described, as well as the impact of COVID-19 associated
laboratory shutdowns throughout the PhD program, there is still additional work remaining for this
study. Therefore, this chapter presents the preliminary experimental work performed to date together

with detailed plans for the continuation of this research.

7.1. Study Design and Animal Procedures

Forty-eight 8 week old male C57B1/6] mice were divided into four groups (n=12/group), with
mice fed cuprizone pellets for either 3, 5, or 7 days, and an additional age-matched control group
given pelleted standard rodent chow for 5 days (Figure 7.1). Mice that were fed either the cuprizone
or control feed for either 3 or 5 days were delivered directly to the experimental holding location
from the Animal Resource Centre (Murdoch, Western Australia). However, due to the 14 day holding
period restrictions at the animal facility, as well as the limited availability of days for animal delivery
from the Animal Resource Centre, mice who were fed cuprizone for the entire 7 days were originally
delivered to a separate nearby holding facility for 2 days prior to relocation to the experimental
location. Nevertheless, all mice were given a full 1 week acclimatisation period to the experimental

holding location prior to the commencement of the study.
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Timepoint
3 Day 5 Day 7 Day
Control n=12
Cuprizone n=12 n=12 n=12

Figure 7.1. Experimental groups for cohort investigating oxidative stress and BBB dysfunction in the cuprizone
model of demyelinating disease. There were four experimental groups, including 3, 5 and 7 day cuprizone groups and a

5 day age-matched control group (n = 12/group, total n = 48).

The animals had ad libitum access to water and food, and were housed under a 12 hour
light/dark cycle. Procedures were in accordance with the principles of the NHMRC and approved by
both the Animal Ethics Committee of The University of Western Australia (RA/3/100/1613) and the
Animal Ethics Committee of Curtin University (ARE2019-4). Given the successful induction of
demyelinating disease when mice were administered cuprizone pellets rather than cuprizone powder
in the paper presented in Chapter 4, the same intoxication technique was utilised in the current study.
Cuprizone-fed mice were delivered 0.2% cuprizone (ChemSupply) in the form of pelleted feed
(Specialty Feeds, Perth, Western Australia). Mice that did not receive pelleted cuprizone were instead
given control pellets with the same nutritional composition to the cuprizone-containing pellets, with
the exception of the addition of cuprizone. Animals were housed two per cage and pellets were
changed every 1 to 3 days. To label cells actively undergoing the cell cycle, EAU (20mg/kg,
Invitrogen) was administered via intraperitoneal injection twice in the day prior to euthanasia, with a
minimum of an 8 hour interval between injections.

In accordance with animal ethics approval requirements, mice were weighed daily and if they
weighed less than 85% of their original body weight at the commencement of the experimental period,
their feed was supplemented with normal powdered chow. They were subsequently weighed twice
daily until they returned to above the 85% weight threshold. No mice within the 5 day control group
nor the 3 or 5 day cuprizone groups required diet supplementation due to substantive weight loss.
However, within the 7 day cuprizone timepoint group, n = 7 mice required this dietary intervention
for a single 24 hour period across the last 3 days of the experimental period. The impact of this diet
supplementation on animal weights and potentially on the demyelinating pathology achieved will be
further discussed in Section 7.2.

At the end of the experimental period, mice were euthanised with pentobarbitone sodium

(160mg/kg, Delvet), prior to transcardial perfusion with 0.9% saline, followed by 4%
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paraformaldehyde (Sigma-Aldrich) in 0.1M phosphate buffered solution pH 7.4. Subsequently, the
brains were dissected and fixed overnight in 4% paraformaldehyde (Sigma-Aldrich), before being
transferred into 15% sucrose (ChemSupply) 0.1% sodium azide (Sigma-Aldrich) for cryoprotection
and storage at 4°C ready for further upcoming tissue processing. A summary timeline of the study is

presented below in Figure 7.2.
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Figure 7.2. Experimental design for cohort investigating BBB dysfunction during cuprizone intoxication. There
were three groups receiving pelleted 0.2% cuprizone feed for either 3, 5 or 7 days, with another age-matched group
receiving pelleted standard rodent chow for 5 days (n = 12/group, total n = 48). Mice were 8 weeks of age at the
commencement of the experimental period. EQU (20mg/kg) was administered via intraperitoneal injection twice in the
day prior to euthanasia, with a minimum of an 8 hour interval between the injections. Following euthanasia and tissue
collection at the end of the experimental period, the collected brains were cryosectioned and analysed. Original illustration

created using BioRender.com.

7.2. Animal Weights

As with previous cuprizone cohorts, all of the cuprizone and control mice were weighed daily
throughout the experimental period, always using the same weight scales and at a consistent time of
day. The data obtained was then graphed and analysed using GraphPad PRISM software. To assess
the effects of cuprizone consumption on animal weight, a two-way repeated measures ANOVA was
performed comparing the daily weights from the 5 day control mice and the 5 day cuprizone mice
(F(5,110) = 24.35; Figure 7.3A). Bonferroni post-hoc tests used to compare these two groups at each
timepoint revealed that cuprizone-fed mice had significantly lower body weight than those fed control
feed from 2 days of cuprizone exposure until the end of the 5 day period (p < 0.05). This is a
contradictory finding to the results in the paper presented in Chapter 4, whereby mice fed cuprizone
pellets did not have significant weight loss compared to those fed control pellets at any point over the
3 week experimental period. Furthermore, although statistical analysis was performed solely between
the 5 day timepoint groups in the present study, the weight loss observed with cuprizone was

consistently found with all cuprizone groups (Figure 7.3B). As mentioned in Section 7.1, for those
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fed cuprizone for the full 7 days, seven out of the twelve mice in this group spent 24 hours on soft
feed due to excessive weight loss of greater than 15% of their original weight as measured on day 0.
This only occurred within the last 3 days of the experimental period, with one mouse going onto soft
feed at day 4, five mice at day 5, and another one mouse at day 6. No mouse was given soft feed for
more than one 24 hour period, and during this time they were temporarily individually housed before
going back to their original cage upon returning to above the 15% weight loss threshold. The
disproportionate quantity of mice who required soft feed at day 5 within this group and the subsequent
weight gain that entailed, explains the average weight increase within this group on day 6.

To assess whether weight changes may have been due to reduced cuprizone consumption, the
average feed consumed daily per mouse was assessed and differences between groups were analysed
with a one-way ANOVA (F(3) = 33.58; Figure 7.3C). The analysis has been adjusted to exclude the
period without cuprizone feed from the analysis for the seven mice from the 7 day cuprizone-fed
group who spent 24 hours on soft feed. Tukey post-hoc tests found that there was a significant
difference in daily feed consumption between all three of the cuprizone groups compared to the
control group (3 day cuprizone group, p <0.0001; 5 day cuprizone group, p =0.0007; 7 day cuprizone
group, p < 0.0001). Furthermore, the mice fed cuprizone for three days consumed a lower amount of
cuprizone per day than those fed cuprizone for five (p = 0.0004) or seven days (p = 0.0455). There
was no difference in average daily consumption between those fed cuprizone for five and seven days
(p = 0.1703). Interestingly, when an unpaired t-test is used to compare the average daily feed
consumption per mouse between those fed pelleted cuprizone and pelleted control in the first week
of the experimental period only in the paper presented in Chapter 4, there is no significant difference
between the two groups (t(4) = 0.0875, p = 0.4308; grey bars on Figure 7.3C).

The same cuprizone administration technique was utilised in the current study as in Chapter
4, with mice housed two per cage and pellets changed every 1 to 3 days. Despite the equivalent
cuprizone feeding protocols, it was only within this cohort that mice administered cuprizone pellets
ate significantly less feed than those fed control pellets over the first week of the experimental period.
It may be that in this current cohort the lower body weights of cuprizone-fed animals compared to
those fed control pellets is due to lower intake of feed, rather than due to any cuprizone-induced
weight loss. A reduction in cuprizone consumption may potentially have affected the level of early
demyelinating disease achieved in these animals. Any reduction in demyelinating pathology due to
decreased consumption would also be further enhanced within the 7 day timepoint since more than
half of the mice fed cuprizone in that group required a 24 hour diet supplementation period due to
their substantive weight loss. It will thus be important to confirm the degree of cuprizone toxicity
obtained within the current cohort prior to commencing further tissue analyses to ensure sufficient

induction of pathology, especially given the acute nature of this study. It is also worth noting that the
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lack of weight loss observed within the cohort in Chapter 3 was not associated with the absence of
cuprizone toxicity. Though demyelinating disease was not successfully induced in the results
described in that chapter, this was due to inactive cuprizone pellets rather than decreased feed
consumption. Therefore, the impact of decreased cuprizone consumption in the current cohort should

be considered independently of any inferences obtained from the results of Chapter 3.
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Figure 7.3. Effects of cuprizone intoxication and quantity of feed consumption on animal weights. Cuprizone
pellets were delivered for 3, 5 or 7 days, and another group was fed control pellets for 5 days (n = 12/ group, total n =
48). Animals were weighed daily to assess weight loss throughout cuprizone administration. (A) Animal weights were
compared for those fed cuprizone and control feeds across 5 days to determine the effect of cuprizone intoxication on
animal weight. Graph displays mean + SEM. (B) Animal weights across time are displayed for all experimental groups
to demonstrate the consistency of weight loss over time in cuprizone-fed mice. (C) Difference in the average feed
consumed daily per cage of two mice during the experimental period was analysed between groups. For comparison, the
quantity of feed consumed daily per cage for those fed either control or cuprizone pellets during the first week in the
previous cuprizone cohort in the research paper from Chapter 4 has been presented in grey. Graph displays mean + SEM.
Graph displays individual cage data points overlaid on a bar displaying the mean = SEM. Significant differences are
indicated by *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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7.3. Plans for Remaining Experimental Work

Due to the time constraints of this doctoral degree, tissue analysis from this cohort is yet to be

conducted. However, I have produced detailed plans for the continuation of this study, as follows.

7.3.1. Initial Optimisation of Immunohistochemical Tissue Analysis

The original plan for this project was to perform immunohistochemistry in line with the tissue
analysis performed in Chapter 6. All of the antibody combinations for this work had already been
specifically devised to allow for the key research questions to be answered, utilising adjacent sections
and similar combinations of antibodies as in the previous BBB work. During the previous
immunohistochemical analyses on mouse tissue presented in Chapter 4, dilutions for many of the
antibodies that would have been utilised for this study were optimised. Furthermore, whilst working
on the neurotrauma BBB cohort, I also concurrently commenced optimising the protocols for the
remaining antibodies for this study using spare mouse tissue. One example of this is the optimisation
of'the CD31 antibody (Figure 7.4). CD31 would have been used in these immunohistochemical panels
as an equivalent alternative for RECA, which had been utilised in Chapter 6 to identify the
endothelium of blood vessels. RECA is a very commonly used antibody for rat endothelial cells
(Kitchen et al. 2020; Pizzo et al. 2018; Ulger et al. 2002; Uzunalli et al. 2021; Wang et al. 2021), but
it is highly specific to rat tissue. Instead, antibodies recognising CD31 are most appropriate for
detecting endothelial cells at the BBB in mouse tissue (Bernard-Patrzynski et al. 2019). Though CD31
is widely utilised for identifying the mouse endothelium, it is still important to note that CD31 is also
diffusely expressed to a lesser extent by various immune cells, such as leukocytes (Muller 2003).
Thus, it is critical to assess both morphology and immunointensity to ensure accurate identification
of blood vessels using this marker.

To optimise the CD31 antibody, a range of primary antibody concentrations were employed,
from 1:125 to 1:1000, whilst the concentration of the secondary antibody remained consistent at 1:400
(specific antibody details can be found in Figure 7.4C). When keeping the microscope settings
consistent, a concentration dependent decrease in fluorescent signal was found as the CD31 antibody
became more dilute, and no fluorescent signal was detected when the primary antibody was omitted
for the secondary only control (Figure 7.4A). Given signal was still present at all tested antibody
concentrations, the microscopy settings were optimised for the lower concentrations. When the laser
power on the microscope was increased to detect the signal present in the lower concentrations, the
1:500 concentration of the CD31 antibody was deemed optimal (Figure 7.4B). This particular
concentration still allowed for sufficient detection of the fluorescent signal, whilst not requiring a
large quantity of the antibody to be used for each immunohistochemical experiment or requiring the

laser power to be so amplified where it may risk bleaching the tissue whilst it is being imaged.
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Figure 7.4. Optimisation of the CD31 primary antibody on mouse brain tissue. (A) When keeping microscope
settings consistent, there was a concentration dependent decrease in fluorescent signal as the CD31 antibody became more
dilute, with no signal detected when the CD31 antibody was omitted for a secondary only control. (B) When the
microscope settings were adjusted for detecting the signal present in the lower concentrations, the 1:500 concentration of
the CD31 antibody was the optimal antibody concentration. (C) The table presents the relevant information regarding the

antibodies employed in this optimisation experiment.

As the work in Chapter 6 progressed it became apparent that immunohistochemistry may not
be an optimal method of tissue analysis for this particular research. Though the tissue specific
problems that arose in that study may not have impacted this mouse model counterpart, the issues
surrounding the variability of blood vessels between adjacent sections and the limitations of four
colour fluorescent microscopy remained. Therefore, an alternative method for tissue analysis was

devised.

7.3.2. GeoMx Spatial Proteomic Analysis

One alternative to immunohistochemistry is GeoMx digital spatial profiling (DSP), which is
an emerging method of multiplex proteomics that can detect over one hundred proteins
simultaneously with preservation of spatial resolution (Figure 7.5). The multiplexing capacity of
GeoMx DSP means that the scope of the study can be extended to include additional markers than
were planned for the immunohistochemical analyses. Though GeoMx couldn’t have been used within
Chapter 6 as the technique is not yet validated for rat tissue, there are mouse tissue compatible assays
available making it a suitable alternative technique for this work.
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Figure 7.5. GeoMx spatial proteomics experimental workflow. Tissue is stained with a combination of fluorescent
antibodies and DSP barcoded (oligo-tagged) antibodies. Desired regions of interest are selected based on the fluorescent
signal. By quantifying the oligo-tags in specific regions of interest, protein targets can be identified and measured with

spatial resolution. Original illustration created using BioRender.com.

A GeoMx panel has been designed that can investigate the role of oxidative damage to

perivascular OPCs and pericytes during early cuprizone intoxication (Figure 7.6).
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Figure 7.6. GeoMx panel designed to assess the role of oxidative damage to perivascular OPCs and pericytes

during early cuprizone intoxication. The custom assay contains cell identification markers for OPCs and pericytes, cell
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status markers and BBB status markers. Antibodies already included in existing GeoMx assays are indicated with v and
antibodies that would require custom barcoding are indicated with X. Original illustration created using BioRender.com.

Since the 405nm fluorescent channel was the most difficult channel to employ in Chapter 6,
a Hoechst dye can be utilised within this channel for tissue navigation using patterns of cell nuclei.
Digital cell segmentation based on fluorescent immunointensity can then create specific cellular
regions of interest. For blood vessel identification, CD31 can be used as optimised above in Section
7.3.1. Since both OPCs and pericytes express NG2, NG2 can be used as a broad marker to initially
indicate the presence of either cell type. The subsequent colocalised protein expression of NG2 with
either Olig2 or PDGFRJ will indicate the presence of either an OPC or a pericyte respectively. The
relative distance of these two cellular subpopulations to the closest blood vessel can be determined
to quantify detachment of these perivascular cells from the blood vessels.

An anti-mouse IgG antibody can be utilised to indicate serum protein extravasation as a
marker of BBB dysfunction, similar to the approach taken in Chapter 6. Though early studies of
cuprizone administration indicated no overt breach of the BBB with cuprizone (Bakker & Ludwin
1987; McMahon et al. 2002), both of these two studies did in fact observe mild but insignificant
increases in IgG staining in the parenchyma adjacent to blood vessels. However, recent studies have
found increased extravasation of fluorescent dyes as early as 3 days into cuprizone exposure
(Shelestak et al. 2020). Given the substantial advancements in image analysis in the past 20, smaller
changes in [gG immunoreactivity proximal to blood vessels are likely to now become apparent. More
subtle changes in the tight junction proteins occludin and claudin-5 can also be detected within
digitally segmented blood vessels to additionally indicate damage to the BBB.

Though in Chapter 6 the only antibody used to detect DNA damage was 8OHDG, the
multiplexing ability of GeoMx profiling provides the capacity to form a more complete picture of the
extent of oxidative damage. Antibodies detecting y-H2AX, SOHDG and OGG1 can be used to detect
double-strand breaks, nucleobase modifications and base excision repair mechanisms respectively.
Utilising these three antibodies simultaneously would allow quantification of the balance between
both forms of DNA damage as well as a corresponding repair mechanism within each individual cell.
This work can continue to utilise Caspase3 as a marker of apoptosis and Ki67 will be utilised to detect
cell proliferation, in line with other previous work from the Fitzgerald laboratory (Payne et al. 2013).
EdU cannot be detected using GeoMx so an additional separate immunohistochemical analysis that
detects EAU could also be appropriate for quantification of cells in the S-phase of the cell cycle
specifically (Buck et al. 2008). This entire planned GeoMx assay would therefore generate specific
profiling datasets that would facilitate the necessary cell-specific analyses for answering the research

questions.
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7.4. Concluding Remarks

Within this chapter, the preliminary work performed to assess the role of oxidative damage to
OPCs and pericytes at the BBB in demyelinating disease was presented. In this study, the cuprizone
model of demyelinating disease was employed at acute timepoints when the BBB is known to be
dysfunctional. The plan that [ have generated for completing this work was also outlined. Though the
research was unable to be completed during my candidature, the continuation of this work will
hopefully yield interesting and novel results regarding the role of perivascular OPCs and pericytes in
MS pathology and may also identify oxidative DNA damage to these cell types as a therapeutic target

worthy of further investigation.
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Chapter 8. General Discussion and Final Remarks

This thesis explored mechanisms of damage common to MS and neurotrauma. The relevant
literature for both disorders was reviewed in-depth, including a published narrative review on damage
to white matter following neurotrauma. The notion of common damage mechanisms was explored by
the utilisation of a combinatorial ion channel inhibitor treatment in models of neurotrauma and MS.
Similar improvements in myelin structure with this treatment in both models indicated that the
observed myelin damage was in part mediated by similar Ca**-dependent mechanisms. In order to
allow investigation of this pathology in demyelinating disease, the cuprizone model was optimised,
with a pelleted cuprizone formulation found to be overall more effective at inducing early
demyelinating disease pathology than the powdered cuprizone alternative. Finally, oxidative DNA
damage was investigated at the BBB following neurotrauma, with a particular focus on NG2+ glia
(comprised of OPCs and pericytes). There was a significant increase in the level of DNA damage
both overall within the ventral nerve and more specifically within both NG2+ and PDGFRo+ glia,
with DNA damaged OPCs and pericytes qualitatively identified. A significant association was found
between the level of oxidative damage and the extent of BBB dysfunction at 1 day post-injury. The
density of newly derived and proliferating cells with DNA damage also increased with injury.
Additionally, the PDGFRo+ population, comprised primarily of OPCs, was identified as the major
proliferating, DNA damaged cell type at 1 day following injury to the optic nerve. The initial
experimental work completed to date and detailed plans for the continuation of parallel research into
the BBB in demyelinating disease was also presented. Altogether, this thesis explored common
mechanisms of damage in models of MS and neurotrauma and established the relevant framework to

facilitate continuing research to compare the two disorders.

8.1. Translating Knowledge of Common Damage Mechanisms

As discussed throughout Chapter 1, both MS and neurotrauma are characterised by myelin
degeneration, oxidative stress, microglial and macrophage activation, oligodendrocyte death, and
BBB dysfunction. However, research that directly investigates common mechanisms between MS
and neurotrauma is limited. Therefore, the overarching goal of this thesis was to investigate shared
damage mechanisms and to hopefully identify therapeutic targets to expedite the development of
effective treatment strategies for both of these disorders. Though methodological complications
limited some avenues of investigation, this research has been successful in establishing the
foundational framework for continuing research in this space.

Within the work discussed in Chapter 2, the same combinatorial ion channel treatment was

effectively employed in models of both neurotrauma and MS. In the two studies, an improvement
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was observed in the preservation of myelin node/paranode structures (Gopalasingam et al. 2019;
Toomey et al. 2019). This similarity in therapeutic outcomes suggests that myelin damage in both
models is mediated at least in part by similar Ca** mechanisms, with the lack of other consistent
significant improvements following the partial optic nerve transection indicating that the
combinatorial treatment was acting on the myelin sheath directly. Myelin degeneration is associated
with the activation of P2X5 receptors following injury (Matute 2008). AMPA receptors also exist
along the myelin sheath (Fowler et al. 2003), with myelin abnormalities resulting in the additional
exposure of sub-myelin VGCCs (Zhang & David 2015). One mechanism through which excessive
intracellular Ca?" influx can induce myelin degeneration is via increased Ca?’-mediated calpain
activation (Croall & Demartino 1991; Khorchid & Ikura 2002). Overactivation of calpain causes
cleaving of myelin-related proteins (Fu et al. 2007; Shields et al. 1997), which is associated with
retraction of paranodal myelin and redistribution of nodal, paranodal and juxtaparanodal components
(Fu et al. 2009; Huff et al. 2011). By preventing multiple routes of entry for Ca** into the myelin
sheath, the combinatorial ion channel inhibitor treatment may have limited this calpain-mediated
pathway for myelin degeneration within both models. Furthermore, as discussed in Chapter 1,
oligodendrocytes are particularly vulnerable to oxidative damage. This susceptibility is in part due to
oligodendroglia containing higher concentrations of P2X7 receptors and AMPA receptors than other
cell types (Borges et al. 1994; Matute et al. 2007). Though oxidative damage does not always result
in oligodendrocyte death, it is associated with node/paranode abnormalities (Szymanski et al. 2013).
Therefore, the beneficial effects observed for myelin outcomes with the inhibitor treatment may also
be due to preventing Ca*' influx into the associated myelinating oligodendrocytes. The
generalisability of the combinatorial treatment in preserving myelin structures in models of both
neurotrauma and demyelinating disease initially supported the concept of common mechanisms
within the underlying pathology between the two neurological conditions. Further discussion
surrounding investigations into common damage mechanisms specifically at the BBB will be
provided in Section 8.3, with the peripheral inflammation outcomes in the above neurotrauma cohort

also discussed in Section 8.4.

8.2. Implications for Increased Efficacy of Cuprizone-Containing Pellets

8.2.1. Potential Variations Between the Two Suppliers of Cuprizone-Containing Pellets

Prior to discussing the implications of the increased efficacy of cuprizone-containing pellets,
it is critical to consider the potential causes for the discrepancy in the effectiveness of the two batches
of cuprizone pellets utilised throughout Series Two. Demyelinating disease was successfully induced
with the Specialty Feeds pelleted cuprizone diet in Chapter 4, but the Envigo cuprizone pellets

administered in Chapter 3 were ineffective and seemingly deactivated. It is possible that nutritional
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differences in the base diets of the two types of cuprizone pellets may have influenced the efficacy
of the cuprizone contained within them. However, the cuprizone-containing pellets used for previous
work in the laboratory that were effective at inducing demyelinating disease (Gopalasingam et al.,
2019; see Appendix B) were also manufactured by Envigo using the same base diet, so it is unlikely
that nutritional differences between base diets is responsible for the deactivation of the Envigo pellets.

It is far more probable that differences in the manufacturing process between suppliers is
responsible for the observed decreases in cuprizone efficacy. Though the process of pelleting animal
feed is relatively standard between manufacturers (Figure 8.1), issues in the generation of the

cuprizone-containing pellets are likely to result in decreased potency.
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Figure 8.1 Workflow of the generalised feed pelleting process. Firstly, the feed ingredients are mixed and ground to
the desired ratios and density. Heated steam is then applied to moisten the mixture to a 14-16% moisture content. The
mixture is processed in a pellet mill before either being dried to less than 12.5% moisture and subsequently cooled or
cooled without a drying step, depending on the created pellets water content. The pellets are then packed and vacuum

sealed for future use. Figure based on Weiskirchen et al., 2020. Original illustration created using BioRender.com.

Potential variability in feed exposure to heat and moisture as shown in the above
manufacturing process (Figure 8.1) are the most likely causes of the observed discrepancies in pellet
efficacy. It has been previously postulated that cuprizone-containing pellets may be less effective due
to the heat needed for the pelleting process (Zhan et al. 2020). However, cuprizone that has been
thermally pre-treated at a range of temperatures from 60°C - 121°C does not have reduced toxicity
compared to cuprizone powder that was not heated (Heckers et al. 2017). The maximum tested
temperature in that study far exceeds the peak temperature of 85°C reached during the pelleting
process (Weiskirchen et al. 2020) and altogether suggests cuprizone is not as heat sensitive as perhaps
was once thought. Interestingly though, although pure cuprizone is not degraded when mixed with
water, when this cuprizone is mixed into a control chow to a 0.3% concentration and then exposed to
water, there is a significant degradation of the cuprizone that worsens with increased water content
(Zheng et al. 2021). Thus, in the presence of water cuprizone can react with other components of the
control feed, which may ultimately result in cuprizone deactivation and the production of
inefficacious pellets. As shown in Figure 8.1, the combined cuprizone and control chow mixture is

typically meant to be exposed to a maximum of approximately 16% moisture during the pelleting
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process (Weiskirchen et al. 2020), which would already result in around a 10% degradation of the
contained cuprizone (Zheng et al. 2021). However, if the cuprizone and control mixture was
mistakenly exposed to 50% water, this would result in a 60% degradation of the cuprizone.
Consequently, if the manufacturers don’t strictly control the exposure to water during the pelleting
process and it inadvertently increases, this may result in batch to batch variability for the
manufactured cuprizone-containing pellets. Therefore, the discrepancy observed in pellet
effectiveness between the two manufactures utilised in Chapters 3 and 4 could have been due to
poorly controlled exposure to water during the pelleting process and thus both feed manufacturers
and future researchers should ensure that any feed containing cuprizone has had limited exposure to

water wherever possible.

8.2.2. Implications of Increased Efficacy of a Pelleted Cuprizone Feed Formulation for the
Cuprizone Literature and Future Studies
The paper presented in Chapter 4 demonstrated the significance of feed formulation for both
cuprizone and control feed when assessing the extent of demyelinating disease in this model. Within
the literature, there is little consistency between research groups in both the cuprizone and control
feed formulations utilised, with the formulations used within studies sometimes not even reported in
publications. Notably, this paper established that it is critical to use an optimal cuprizone formulation
and to compare to a similarly formulated control feed, which will hopefully assist future researchers

to improve and optimise their own study designs to best assess cuprizone-induced toxicity.

8.2.2.1. Importance of Control Feed Formulation

The study presented in Chapter 4 highlighted the importance of selecting an appropriate
control feed formulation. Within the rostral corpus callosum, the density of mature oligodendrocytes
were significantly lower in mice fed control powder than control pellets (Toomey et al. 2021). This
difference was also reflected in the density of the overall oligodendroglial population, with mice fed
control powder exhibiting a lower density of Olig2+ cells compared to control pellets in both the
rostral and caudal regions (Toomey et al. 2021). Though cuprizone powder did cause a significant
decrease in oligodendroglial density when compared with control pellets, the absence of a difference
between cuprizone powder and control powder when looking at the density of the Olig2+
oligodendroglia population makes it difficult to discern the effectiveness of cuprizone powder and
even indicates that the nature of the powdered feed itself was contributing to changes in
oligodendroglial density regardless of the presence of cuprizone (Toomey et al. 2021). This is
reinforced by the fact that a large proportion of cuprizone studies either use pelleted control feed for
powdered cuprizone or simply do not specify the employed formulation of the control feed (Clarner
et al. 2012; Groebe et al. 2009; Kipp et al. 2011; Norkute et al. 2009; Oveland et al. 2021; Pagnin et
al. 2022; Plant et al. 2007; Shelestak et al. 2020; Wang et al. 2016; Zhan et al. 2021). This indicates
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that discrepancies in the reduction of oligodendroglial density between our study and the existing
powdered cuprizone literature may be in part due to the formulation of control feed used to assess the
effect of the powdered cuprizone. These data highlight the importance of using control chow that is
the same formulation as the employed cuprizone feed formulation to fully assess the toxic effect of
cuprizone, and limit any potential confounding effects of the feed formulation on oligodendroglial
dynamics. Furthermore, this effect of powdered feed is even more critical to consider for studies
investigating remyelination. Mice fed powdered control feed may not be appropriate controls for
oligodendrocyte density since a change from powdered cuprizone to powdered control may not reflect
the return to a normal density of the oligodendroglial population if the nature of a powdered diet itself
is also resulting in loss of oligodendrocytes. However, transitioning from powdered cuprizone to
pelleted control would also confound results as it would be impossible to discern the relative
contribution of cuprizone withdrawal and changing feed formulation to the repopulation of
oligodendrocytes.

One potential reason for the decrease in oligodendroglial density in mice fed control powder
could be abnormal changes to glucose metabolism. Mice continuously fed a standard powdered diet
develop hyperglycaemia and decreased serum insulin levels, as well as increases in epinephrine and
other catecholamines (Tsuchiya et al. 2014). Under hyperglycaemic conditions, astrocyte function
can become impaired (Li et al. 2018), which renders oligodendrocytes highly vulnerable to the toxic
effects of catecholamines (Noble et al. 1994). Hyperglycaemia also increases ROS production whilst
simultaneously decreasing antioxidants (Muriach et al. 2014), and given oligodendroglia are
particularly vulnerable to oxidative damage as discussed in Section 1.4.6.3, it may be that this
hyperglycaemic oxidative insult may preferentially damage the oligodendrocyte lineage.

Gnawing and mastication behaviour reduces serum cortisol levels, indicating that chewing
may actually ameliorate stress and anxiety in rodents (Ayada et al. 2002; Kubo et al. 2015). Thus
perhaps unsurprisingly, consuming feed in a powdered form may also act as an emotional stressor for
mice, with powdered feed resulting in increased serum levels of corticosterone (Tsuchiya et al. 2014).
Interestingly, there have been multiple studies that suggest that increased psychological stress can
result in decreases in oligodendrocyte gene expression in various white and grey matter areas (Banasr
et al. 2007; Cathomas et al. 2019; Sibille et al. 2009).

Altogether, the differences observed between the two control feeds in this paper demonstrated
the importance of selecting a control chow that is the same formulation as the cuprizone-containing
feed. Furthermore, it reinforces the necessity for studies that are using cuprizone to investigate both

de- and remyelination to transparently report the formulation of the control feed used.
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8.2.2.2. Importance of Cuprizone-Containing Feed Formulation

The paper presented in Chapter 4 also highlighted the importance of selecting an appropriate
cuprizone feed formulation, with demyelinating disease only being induced effectively in mice fed
cuprizone pellets. A key hallmark of effective cuprizone intoxication is a decrease in the body weight
of the mice fed cuprizone-containing feed (Steelman et al. 2012; Stidworthy et al. 2003). However,
only the mice fed cuprizone powder significantly lost body weight compared to the relevant control
group, despite the more pronounced pathology in those fed pelleted cuprizone (Toomey et al. 2021).
This suggests that the weight loss observed in the mice fed cuprizone powder is likely due instead to
the mice not ingesting the same amount of feed, despite the fact that all mice were provided equal
amounts of cuprizone-containing or control feed in the cage regardless of formulation. As discussed
in the paper itself, it is plausible that the addition of cuprizone alters the palatability of the feed
(Kopanitsa et al. 2020), however why this did not also occur with pelleted cuprizone is unclear.
Alternatively, given the mice were urinating in the powdered feed, it is also possible that the water
content of their urine was also having a partial deactivation effect on the cuprizone, despite the
powder being changed daily in line with standard protocols (Zhan et al. 2020). Nevertheless, a
decreased cuprizone consumption with powdered cuprizone may have resulted in the observed
reduction in pathology compared to those fed cuprizone pellets.

Mice fed cuprizone powder did display decreases in the density of mature oligodendrocytes
in the caudal corpus callosum compared to those fed control powder, thus a degree of cuprizone
intoxication did occur in these mice (Toomey et al. 2021). It’s important to note that decreased density
of mature oligodendrocytes is one of the earliest pathological hallmarks of cuprizone intoxication
(Buschmann et al. 2012; Fischbach et al. 2019; Krauspe et al. 2015), therefore it may also be that the
resulting pathology was simply delayed due to an early aversion to the feed. A time course
comparison on the development of cuprizone pathology between the two feed formulations would
help to elucidate this further. Interestingly, calorie restriction with concurrent cuprizone
administration for 6 weeks has recently been discovered to decrease the accumulation of microglia in
the corpus callosum, alter the inflammatory profile and polarisation of remaining microglial
populations, decrease cellular apoptosis and ameliorate demyelination (Zarini et al. 2021). Thus if
the mice fed cuprizone powder did indeed ingest a reduced quantity of the feed, this may have had a
neuroprotective effect against the toxicity of the cuprizone itself.

It is worth noting that weight loss was also observed with these cuprizone pellets in the cohort
presented in Chapter 7, associated with significantly decreased cuprizone consumption. It will be
important to establish the degree of cuprizone toxicity obtained in this cohort to ensure sufficient

induction of acute pathology prior to commencing extensive tissue analyses.
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It has been previously suggested that for successful cuprizone intoxication to occur, cuprizone
needs to be additionally adsorbed through the skin and respiratory system as well as through the
digestive tract (Hagemeyer et al. 2012; Hochstrasser et al. 2017). Mice fed cuprizone pellets are not
exposed to these additional adsorption routes compared to those fed cuprizone powder. Given the
increased pathology in the mice fed cuprizone pellets (Toomey et al. 2021), this study indicates that
these routes may not be as central to the mechanism of cuprizone intoxication as once thought.

This work looked exclusively at the rostral and caudal medial corpus callosum, but there are
various other structures that would be worth analysing including the cortex, hippocampus, and
subcortical regions like the thalamus. In particular though, the rostral lateral corpus callosum is more
vulnerable to cuprizone intoxication than the corresponding medial region (Zhan et al. 2020). Thus,
the analysis of the effect of cuprizone formulation in the paper presented in Chapter 4 may have
potentially missed early demyelinating pathology in the rostral region and future studies should
expand the analysed areas to further clarify the diverse applications of the model at this specific time

point.

8.3. Oxidative DNA Damage and the Blood-Brain Barrier in MS and Neurotrauma

The third major aim of this thesis was to establish whether oxidative damage to perivascular
OPCs and pericytes at the BBB is associated with increased BBB permeability in both MS and
neurotrauma. It was hypothesised that oxidative DNA damage will occur to a greater extent in
perivascular OPCs and pericytes associated with BBB dysfunction. The novel data generated in
Chapter 6 demonstrated a relationship between oxidative stress, BBB dysfunction and cellular
proliferation at 1 day following neurotrauma, with OPCs identified as the major proliferating, DNA

damaged cell type acutely following injury.

8.3.1. Relationship Between Oxidative Stress and Blood-Brain Barrier Dysfunction

In line with previous work that assessed outcomes at 1 day following a partial optic nerve
transection (O’Hare Doig et al. 2014), this study found significantly elevated levels of oxidative
8OHDG DNA damage in the ventral optic nerve vulnerable to secondary degeneration. Similarly, the
observed increase in BBB dysfunction 1 day post-injury in this work corresponds with previous
research that has demonstrated increased Evans blue extravasation at the 1 day timepoint (Smith et
al. 2016). This study also uncovered a strong and significant positive monotonic relationship between
the extent of oxidative DNA damage and BBB breach, with this correlation observed across animals
in both the sham and injured groups. Oxidative stress has already been closely associated with BBB
dysfunction in a variety of CNS diseases and injuries (Grammas et al. 2011), including MS (Ortiz et

al. 2014) and neurotrauma (Abdul-Muneer et al. 2014; Kuriakose et al. 2019). However, the extent
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of a direct relationship between oxidative stress and BBB breach had not been previously investigated
within the partial optic nerve transection model of neurotrauma.

The functional significance of this observed relationship between oxidative damage and BBB
dysfunction remains to be assessed. It will be important to determine whether oxidative damage is
driving pathological mechanisms or if it is a by-product of them. For example, when the BBB is
breached within MS lesions, the fibrinogen proteins that subsequently diffuse into the parenchyma
activate microglia, which causes these microglia to secrete toxic factors that exacerbate
demyelination and neuronal degeneration (Adams et al. 2007). It is therefore likely that BBB breach
also directly results in increased levels of ROS, and thus there is a causality dilemma for oxidative

damage and BBB dysfunction that will need to be investigated in future studies.

8.3.2. Cell Specific Oxidative DNA Damage

In this study, increases in oxidative DNA damage were not only observed within the overall
ventral nerve, but also specifically within both NG2+ glia and PDGFRa+ glia. OPCs and pericytes
are the key cellular populations that express the NG2 marker (Smyth et al. 2018; Zhu et al. 2008).
The qualitative assessment performed using PDGFRf colocalisation with NG2 to specifically
identify pericytes indicated that both pericytes and OPCs experience DNA damage at this timepoint.
Though PDGFRa can be expressed to varying degrees by cells throughout the CNS, it is most
abundantly expressed by OPCs (Bergles & Richardson 2016). Therefore, the concurrent identification
of both the NG2+ and PDGFRa+ glial populations with significant levels of SOHDG DNA damage
also specifically supports the presence of oxidatively damaged OPCs.

The significant increase in SOHDG DNA damage within OPCs highlights the heightened
vulnerability of this cell type in particular to oxidative DNA damage. As previously noted, OPCs
have already been shown to be especially vulnerable to DNA damage at 3 days following a partial
optic nerve transection (Giacci et al., 2018b), with this study extending this outcome back to the acute
1 day timepoint. At 7 days post-injury, there is an observable increase in TUNEL+ apoptotic OPC
death (Payne et al. 2013), with a concomitant decrease in the immunointensity of SOHDG within the
remaining OPCs to levels not different to control animals (Giacci ef al., 2018b). This suggests that
early DNA damage may contribute to loss of this cell type later in the pathological sequalae. The
implications of the observed relationship between DNA damaged OPCs and increased proliferation
will be further discussed in Section 8.3.3.

It may be that the observed DNA damaged OPC population modulated detrimental effects at
the BBB. OPCs located at the vasculature have already been found to key play roles in compromising
BBB integrity under pathological states, such as cerebral hypoperfusion (Seo et al. 2013) and MS
(Girolamo et al. 2019; Niu et al. 2019). One potential mechanism through which oxidative damage

to perivascular OPCs may mediate BBB dysfunction is by disrupting the balance of TGF-1 secretion
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by OPCs. Perivascular OPCs secrete TGF-B1 to activate the MEK/ERK pathway in endothelial cells
at blood vessels, which increases expression of tight junction proteins and protects BBB integrity
(Seo et al. 2014). Oxidative stress conditions are known to increase TGF-$1 secretion in various cells
(Liu & Desai 2015), and thus oxidative damage to OPCs may increase their production of TGF-p1.
Overexpression of TGF-B1 has been found to increase BBB permeability by the upregulation of
matrix metalloproteinase 9 and disruption of tight junction proteins (Behzadian et al. 2001; McMillin
etal. 2015). Perivascular OPC-mediated damage to the BBB has also previously been associated with
an increased expression of matrix metalloproteinase 9 (Seo et al. 2013). Therefore, it may be that
oxidatively damaged OPCs oversecrete TGF-1, thus damaging BBB integrity. Future studies should
thus determine the relative vulnerability of parenchymal and perivascular OPCs to oxidative DNA
damage and elucidate any potential consequences of perivascular OPC damage for pathological BBB
dysfunction.

A DNA damaged pericyte population was also qualitatively identified, with these damaged
pericytes also potentially contributing to the observed loss of BBB integrity. Pericytes are known to
be particularly susceptible to oxidative damage (Rinaldi et al. 2021). Oxidative DNA damage to
pericytes due to cathepsin D deficiency has been previously shown to impair BBB integrity by
increasing blood vessel diameter, causing hyperpermeability and allowing for the infiltration of
peripheral immune cells (Okada et al. 2015). Additionally, pericytes are more vulnerable to apoptosis
when exposed to high levels of hydrogen peroxide than endothelial cells (Zhou et al. 2013), with
apoptosis of pericytes at blood vessels is associated with BBB dysfunction in a variety of CNS
disorders (He et al. 2020). Interestingly, the oxidative damage mediated by hydrogen peroxide at
blood vessels is specifically associated with heightened tyrosine nitration (Zhou et al. 2019). In the
paper presented in Chapter 4, we observed increased levels of 3-NT within the caudal corpus callosum
with the successful induction of cuprizone pathology with pelleted feed (Toomey et al. 2021). Thus,
it may be that the observed nitrosative damage in that paper was reflective of the degree of pericyte
damage and dysfunction, however the colocalisation of 3-NT with pericyte markers was not
specifically analysed within this cohort. Pericytes can also propagate oxidative stress via the
production of nitric oxide and superoxide radicals (Rustenhoven et al. 2017), providing a feed-
forward loop for oxidative damage.

Pericyte detachment from the vascular unit is potentially a common feature of both MS and
neurotrauma. Following TBI in mice, there is a rapid reduction in pericytes within the first 12 hours
following injury, followed by a significant increase in pericytes and pericyte proliferation by 3 to 5
days post-injury (Zehendner et al. 2015). Pericytes can detach from the vascular wall following TBI,
with approximately 40% of pericytes lifting away from the vasculature, which may compromise BBB

integrity (Dore-Duffy et al. 2000). These pericytes migrate into the interstitial space partly to form a
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portion of the fibrotic glial scar (Laredo et al. 2019). The detachment of pericytes from the vasculature
may also play a role in angiogenesis, as this allows for endothelial cells to form vessel sprouts (Salehi
etal. 2017). The pericytes that detach from the blood vessels following TBI remained ultrastructurally
viable, whereas pericytes that remained at the BBB displayed ultrastructural changes indicative of
apoptosis and degeneration (Dore-Duffy et al. 2000). Similarly, in chronic active MS lesions the
attachment of PDGFRp+ pericytes at the endothelium is diminished, which is posited to be a result
of pericyte detachment (Iacobaeus et al. 2017). An examination of the role of oxidative damage in
this detachment process for both MS and neurotrauma could potentially yield interesting results.

It is imperative that future studies assess the relevant contribution of both OPCs and pericytes
to DNA damaged NG2+ glia following neurotrauma, with a particular focus on differentiating
between the parenchymal and perivascular populations of these cells. It is important to note that these
cell types do not exist in isolation, and cross-talk between OPCs and pericytes, as well as with other
surrounding cells, is likely to also contribute to outcomes. For example, an overexpression of TGF-
B1 by perivascular OPCs as described above could trigger the production of ROS/RNS and other
proinflammatory mediators by pericytes (Rustenhoven et al. 2016). Additionally, heterogeneity
within both OPC (Beiter et al. 2022) and pericyte (Armulik et al. 2011; Rustenhoven et al. 2017)
populations could convey varying degrees of susceptibility to oxidative damage.

The continuation of the work presented in Chapter 7 may elucidate some of these remaining
questions. The multiplexed GeoMx assay would facilitate a more comprehensive investigation into
the relationship between oxidative damage to both parenchymal and perivascular OPCs and pericytes
with the dysfunction of corresponding blood vessels in the context of demyelinating disease. This
analysis would also allow for a comparative assessment of the relative contribution of OPCs and
pericytes within the overall NG2+ glial population for oxidative stress outcomes, which may help
determine whether significant increases in DNA damaged NG2+ glia is solely driven by oxidative
damage to OPCs. Though this technique is not yet able to be employed in rat tissue for assessment in
the partial optic nerve transection model, any key findings discovered with this parallel cuprizone
work could be validated in the future in additional mouse models of neurotrauma.

8.3.3. Relationship Between Oxidative Stress and Cell Proliferation

Another interesting finding of this work was that the density of proliferating DNA damaged
cells significantly increased with injury, with no change in the density of proliferating cells without
DNA damage as indicated by SOHDG immunoreactivity. PDGFRo+ glia were also identified as the
major proliferating and DNA damaged cell type, with this PDGFRo+ population likely to be
comprised primarily of OPCs. This finding builds on previous work in this model which has shown
that at 1 day post-injury approximately 54% of proliferating cells are NG2+ Olig2+ OPCs (Payne et

al. 2013). Furthermore, this early injury-related proliferative response occurs prior to the onset of
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OPC death at 7 days (Payne et al. 2013). Early proliferation also does not prevent a chronic depletion
of OPCs, with OPC loss continuing out to 3 months post-injury (Payne et al. 2013). Combined with
the observed significant increase in proliferation of oxidatively DNA damaged OPCs compared to
OPCs without DNA damage in the injured nerve, this all suggests that proliferation could be an early
indicator of OPC damage and dysfunction following neurotrauma. However, whether increased OPC
proliferation is actively induced by DNA damage or whether already proliferating OPCs are
inherently more vulnerable to oxidative damage mechanisms post-injury necessitates clarification.
As OPC’s differentiate into mature oligodendrocytes post-injury, a peak ratio of proliferating
to non-proliferating OPCs occurs at 3 days post-injury before these EQU+ OPCs differentiate through
the stages of the oligodendroglial lineage towards becoming mature myelinating oligodendrocytes

(Figure 8.2, Payne et al. 2013 Giacci et al. 2018b).
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Figure 8.2 Schematic of the approximate relative ratios of proliferating and non-proliferating oligodendroglial
cells in the ventral nerve following a partial optic nerve transection. Proliferating and newly derived oligodendroglial
subpopulations can be distinguished using markers for proliferation, such as EdU. The relative ratios of EdU+ to EdU-
cells for OPCs (blue), pre-myelinating oligodendrocytes (red) and mature myelinating oligodendrocytes (yellow) are
schematically represented. Figure based on data presented in Giacci et al. 2018b. Original illustration created using

BioRender.com.

It is also already known that at 3 days following a partial optic nerve transection, there is a
specific subpopulation of newly derived mature oligodendrocytes that have increased levels of DNA
damage compared to their pre-existing counterparts (Giacci et al. 2018b). It is highly likely that a
proportion of the identified proliferating and DNA damaged OPC population at 1 day post-injury
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may differentiate into mature oligodendrocytes at later timepoints. Furthermore, the subpopulation of
DNA damaged, newly derived mature oligodendrocytes at 3 days following injury are less likely to
become apoptotic than pre-existing oligodendrocytes, but demonstrate a decreased long term capacity
for myelination (Giacci et al. 2018b). The decreased apoptosis of newly derived and proliferating
oligodendrocytes suggests proliferation and differentiation may potentially have been protective
against cell death associated with DNA damage post-injury. Nevertheless, the concurrent death of
pre-existing oligodendrocytes alongside the reduced myelination capacity of newly derived, DNA
damaged oligodendrocytes likely contributes to chronic deficits in myelination following
neurotrauma.

There are also likely specific pathological implications of perivascular OPC proliferation.
Following prolonged cerebral hypoperfusion in mice, OPCs proliferate and mediate BBB leakage
and neutrophil infiltration via the release of matrix metalloproteinase 9 (Seo et al. 2013). In the EAE
model of MS, the density of perivascular OPCs also increases and these cells are mostly associated
with both breached blood vessels and vessels with tight junction abnormalities (Girolamo et al. 2019).
In humans with MS, perivascular OPCs cluster around blood vessels in white matter lesions,
particularly in active inflammatory areas (Niu et al. 2019). When looking at areas of focal
demyelination in mice following lysolecithin lesioning, there was also an increased association of
OPCs with blood vessels, with perivascular OPCs migrating along the vasculature towards
demyelinated regions (Niu et al. 2019). These perivascular clusters of OPCs secrete Wnt inhibitory
factor 1, which disrupts endothelial cell tight junctions and displaces astrocytic endfeet, thus
increasing BBB permeability and triggering inflammation (Niu et al. 2019). However, the effect of
oxidative stress on perivascular OPC proliferation is currently unknown.

Not all of the cells that are proliferating post-injury will be OPCs, with a variety of cells
proliferating following neurotrauma, including astrocytes and microglia (Karve et al. 2016; Loane &
Byrnes 2010). A proliferative response to injury has already been previously found within NG2+
Olig2- glia, likely to be pericytes. This NG2+ Olig2- cellular subtype represents approximately 5%
of proliferating cells at the 1 day timepoint compared to 0% of proliferating cells within control tissue
(Payne et al. 2013). CNS pericytes are mulitpotent and can differentiate in response to environmental
stress into a wide variety of cells, such as astrocytes, immature oligoendrocytes, neurons,
macrophages, and fibroblasts (Dore-Duffy et al. 2006). During differentiation, these pericytes exhibit
markers of proliferation, and thus a proportion of the PDGFRa- proliferative population observed
may also be comprised of differentiating pericytes. Given the heightened susceptibility of pericytes
to oxidative DNA damage, it may be that there were subtle increases in the density of EdU+ 8OHDG+

pericytes post-injury. However, since this work was unable to specifically examine pericyte
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proliferation and the observed PDGFRa.- population encompassed a wide variety of cell types, it may
be that a proliferative response of pericytes to injury specifically was missed.

The data does suggest that the majority of cellular proliferation acutely post-injury is driven
by an oxidatively damaged OPC population. The continuation of the research commenced in Chapter
7 will likely aid in determining whether pericytes also undergo proliferation in association with
oxidative damage, as well as potentially identify a similar proliferative response of DNA damaged
OPCs in a model of demyelinating disease. Additionally, it will be important for future studies to
further define the observed relationship between proliferation and oxidative damage, with the
potential chronic functional implications of proliferating DNA damaged OPCs also warranting

additional investigation.

8.4. Pathological Differences Between MS and Neurotrauma

It is also important to remain cognisant of the pathological differences between MS and
neurotrauma. For example, the research presented in Chapter 2 found no effect of injury or the
inhibitor combination on peripheral cytokine and chemokine concentrations (Toomey et al. 2019),
which contrasts to changes in peripheral inflammation within MS. The lack of an observed peripheral
immune response in response to injury in this study is likely in part reflective of the nature of a partial
optic nerve transection injury, which at a depth of 14um is a relatively small incision physically
compared to the size of both the optic nerve and CNS of the animal. It may also be that the window
of opportunity to detect change in the cytokine and chemokine analytes has passed by the 3 day
timepoint (Patterson & Holahan 2012). It is worth noting that there was an observed increase in serum
MCP-3 concentration following the partial optic nerve transection, but this was associated with the
implantation of the local delivery devices rather than injury itself.

In humans who experience concussion, changes in blood cytokine and chemokine levels are
transient, with one study showing the peripheral concentrations of these molecules returning to
baseline levels within 48 hours after injury (Nitta et al. 2019). The assessed cytokines and chemokines
from the study presented in Chapter 2 have also been specifically assessed following TBI in humans.
For example, when analysing plasma IP-10 concentrations at 6 and 12 hours following hospital
admission for either a moderate or severe TBI, IP-10 significantly decreases compared to healthy
controls, but returns to normal levels by 24 hours after admission (Di Battista et al. 2016). Meanwhile,
no differences have been detected in plasma IP-10 levels following mild TBI compared to controls,
either immediately following hospital admission, or at three follow-up timepoints over the subsequent
year (Chaban et al. 2020). Similarly there is a significant increase in the serum concentration of Gro-
o (otherwise known as chemokine (C-X-C motif) ligand 1 or CXCL1) within the first 24 hours

following hospital admission for severe TBI compared to healthy controls, with no differences
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observed at this timepoint in cases of mild TBI (Chen et al. 2022). There is also a transient increase
in plasma Eotaxin concentration post-injury, with elevations observed in the subacute phase
following a sports-related mild TBI at around 4 days following injury and no differences observed
compared to healthy controls when the athletes are medically cleared to return to play approximately
25 days post-injury (Di Battista et al. 2019).

This transient and severity-dependent nature of cytokines and chemokines following
neurotrauma, particularly for milder injuries, is similar to other inflammatory blood-based
biomarkers, such as S100b. With a relatively short half-life, kinetic modelling has found that serum
S100b concentration peaks around 27 hours following severe TBI before rapidly decreasing (Ercole
et al. 2016). When looking specifically at mild TBI, serum sampling for S100b should be performed
and interpreted within the initial 6 hours post-injury to ensure that the window of opportunity for
detection has not been missed (Thelin et al. 2016). It is also likely that changes to oxidative stress
markers are similarly transient, with some rodent studies indicating that both the accumulation of
oxidation products and antioxidant levels are acutely affected post-injury and then gradually resolve
in a time-dependent manner (Ansari et al. 2008; Itoh et al. 2010; Petronilho et al. 2010). For example,
increased oxidative damage to OPCs occurs acutely following a partial optic nerve transection, with
a return to levels comparable to control animals at 7 and 28 days post-injury (Giacci ef al., 2018b).
However, further work is needed to fully elucidate the time course of oxidative events following
neurotrauma. Nevertheless, it is already established that suboptimal timing of sample collection can
result in missed detection of changes in the concentration of inflammatory molecules post-injury.

It is difficult to accurately correlate the time course of biomarker fluctuations between rats
and humans. Each day for an adult rat is usually thought to be approximately equivalent to just over
a month for a human (Sengupta 2013). However, there isn’t a universal conversation of time between
rodents and humans following injury, with different pathological mechanisms possessing different
temporal profiles (Agoston et al. 2019). Given inflammatory processes are thought to occur
approximately 100 times faster in the rat than in humans (Agoston et al. 2019), it is highly likely that
any transient increase in peripheral inflammation post-injury was missed by the 3 day timepoint
within the study presented in Chapter 2. Had peripheral inflammation been assessed closer to the
initial time of injury, it is feasible that significant changes in circulating cytokines and chemokines
with both injury and potentially treatment may have been detected.

This absence of an observed peripheral immune response at 3 days following a partial optic
nerve transection contrasts to the cuprizone model, where the peripheral cytokine immune response
is known to progressively increase with continuing cuprizone-induced demyelination (Avsar et al.
2021). Likewise, cytokines and chemokines are known to play important roles in all MS subtypes,

with a broad association between disease progression and increases in pro-inflammatory signalling
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(Wang et al. 2018). Many markers of oxidative stress also show a comparable correlation to disease
severity in MS, although some remain similarly elevated throughout continued disease progression
compared to healthy controls (Adamczyk & Adamczyk-Sowa 2016). Therefore, though there is a
similar severity-dependent expression of pro-inflammatory molecules for both MS and neurotrauma,
increases in pro-inflammatory molecules are less transient in nature for MS pathology but rather
continue to generally increase with disease progression.

Though BBB dysfunction is an early feature of both pathologies, there are mechanistic
differences at the BBB between MS and neurotrauma. As discussed in Chapter 5, early disruptions
to the BBB following neurotrauma are transient, particularly after mild injuries, and the BBB is
eventually closed again through reparative mechanisms (Ziebell & Morganti-Kossmann 2010). BBB
dysfunction is also often an early hallmark of the degeneration observed in MS lesions, occurring in
otherwise healthy looking tissue and preceding the onset of symptoms (Filippi et al. 1998; Spencer
2018; Vos et al. 2005). BBB dysfunction is detectable in acute active, chronic active and chronic
inactive MS lesions (Minagar & Alexander 2003; Soon et al. 2007), suggesting that BBB dysfunction
continues throughout disease progression, even within less active lesion sites. Therefore, the
reparative mechanisms that promote BBB repair following mild TBI are generally either ineffective
or relatively absent in MS pathology. This difference in the mechanisms of BBB repair is also found
within the relevant animal models. Following a partial optic nerve transection, peak BBB
permeability occurs at 3 days post-injury, and returning to levels not different to controls from 1 week
post-injury onwards (Smith et al. 2016; Smith et al. 2018). Meanwhile, in the cuprizone model, the
level of BBB dysfunction is highest at 3 days after initiation of cuprizone toxicity (Shelestak et al.
2020), but still remains elevated by the 5 week timepoint (Berghoff et al., 2017b). Future research
should thus also investigate the underlying differences between BBB dysfunction in MS and
neurotrauma to further elucidate therapeutic targets for promoting BBB repair.

These divergences between MS and neurotrauma pathological sequelae is likely underpinned
by the core fundamental difference between the two disorders. MS is chronic condition with largely
continual neurodegeneration that occurs gradually over many years. Meanwhile, neurotrauma has a
sole initiating event that spurs both degenerative and reparative mechanisms concomitantly. Though
there are secondary mechanisms that propagate the damage throughout the neighbouring tissue,
another injury is required to induce additional areas of primary damage, unlike the persistent
development of new demyelinated lesions as observed in people with MS. These discrepancies
between the two disorders are highly pertinent and reinforces that though parallels can be drawn
between the degeneration observed in the two neuropathologies, it is important to also remain

cognisant of the differences as well.
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8.5. Potential Therapeutic Strategies
The work presented in this thesis has demonstrated a promising therapeutic effect of a
combinatorial ion channel inhibitor treatment in models of neurotrauma and demyelinating disease,
as well as identified oxidative DNA damage to be a potentially worthy therapeutic target in both
disorders. This forthcoming section will further discuss these possible avenues for effective
therapeutic strategies and then discuss some important aspects of treatment development that require

consideration.

8.5.1. Combinatorial lon Channel Inhibitor Treatment

Throughout Chapter 2, a systemic combinatorial ion channel inhibitor treatment consisting of
lomerizine, YM872 and BBG was employed to limit excess cellular Ca?* (O’Hare Doig et al. 2016).
This therapeutic combination ameliorated aspects of pathology in the partial optic nerve transection
model (Toomey et al. 2019, Appendix A) and the cuprizone model (Gopalasingam et al. 2019,
Appendix B). Research utilising the previous inhibitor combination of lomerizine, YM872 and
oxATP were limited by the short implantation period of the osmotic mini-pumps, which likely didn’t
align with the optimal treatment durations (Dash & Cudworth 1998). However, even in these studies
a 2 week period of local drug delivery improved outcomes by 3 months to a greater extent than was
observed with just 3 days of delivery at an acute timepoint (O’Hare Doig et al. 2017; Savigni et al.
2013). These additional chronic improvements included further reductions in oxidative stress and the
preservation of visual function following partial optic nerve transection (Savigni et al. 2013). With
the development of the systemic treatment, this new combination of ion channel inhibitors could now
be delivered continuously for a longer duration. Chronic administration of this therapeutic
combination may result in greater longer term improvements in both of these models, including
limiting oxidative damage. Therefore, future work should focus on both elucidating the inhibitor
treatment’s longer term effects on functional outcomes in both models and testing various treatment
durations to establish an optimal therapeutic regime for chronic administration. Furthermore, the
heightened peripheral inflammation, as demonstrated by plasma MCP-3 concentration, that was
associated with the implantation of the local delivery device in Chapter 2 further reinforces the
necessity for systemic delivery of therapeutics bound for clinical translation (Toomey et al. 2019,
Appendix A).

It may be that the ion channel inhibitor combination could also improve BBB-related
outcomes for both MS and neurotrauma. Elevated intracellular Ca?" is associated with BBB
dysfunction in ischemic conditions, with VGCC blockers known to ameliorate BBB damage (Rakkar
& Bayraktutan 2016). This combinatorial treatment targets three separate pathways for intracellular
Ca?" influx, including VGCCs, and thus may confer a superior neuroprotective effect at the BBB.

However, the effect of this combinatorial treatment for preventing BBB dysfunction in either
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neurotrauma or MS has not yet been directly assessed. Thus, investigating the effect of the treatment
for preserving BBB integrity is an important avenue for future research as demonstrated efficacy
would provide further rationale for clinical translation of the inhibitor combination. Additionally, the
effect of this combinatorial treatment on oxidative DNA damage to NG2+ glia specifically is not yet
known. The observed colocalisation of 8OHDG within OPCs specifically during cuprizone
administration alongside the preservation of OPC density with delivery of the ion channel inhibitor
combination suggests that the treatment could potentially be mediating a protective effect against
oxidative damage to OPCs (Gopalasingam et al. 2019, Appendix B). However, more work is needed
to elucidate the presence of this potential therapeutic mechanism further.

It is worth noting that YM872 may have limited clinical application and an alternative AMPA
receptor antagonist may be required. Though YM872 did progress to two different clinical trials for
treating damage following ischemic stroke, both were terminated early due to inducing severe side
effects in humans, such as hallucinations, catatonia and agitation (Farooqui 2010). Future studies
should thus consider substituting YM872 with another AMPA receptor that is known to be clinically
safe. One such alternative AMPA receptor antagonist is perampanel, which has already been
approved for clinical use in over 55 countries (Tsai et al. 2018). Notably, both lomerizine (Imai et al.
2007) and BBG (FDA 2019) have already been approved for human clinical use. Nevertheless,
although the inhibitor combination including YM872 provided proof of principle evidence for further
investigation, additional work would be needed to ensure an adequate safety profile to utilise the

combinatorial treatment in humans.

8.5.2. Anti-Oxidant Therapies

As discussed in Chapter 1, following a diagnosis of MS, people are typically commenced on
immunomodulatory or immunosuppressant therapies, however these treatments only slow disease
progression rather than halt it completely (Lassmann et al. 2007). Preventing oxidative stress has been
previously identified as a therapeutic target in MS (Carvalho et al. 2014). Despite preliminary studies
demonstrating beneficial effects following treatment with various antioxidant compounds in people
with MS (Guan et al. 2018; Khalili et al. 2014; Miller et al. 2013; Monti et al. 2020; Pantzaris et al.
2013; Sanoobar et al. 2013; Sanoobar et al. 2014; Sanoobar et al. 2015), there are still no antioxidant
therapies approved for clinical use for the condition. Likewise, there are currently limited
pharmacological treatments clinically available for neurotrauma (Mohamadpour et al. 2019; Zibara
et al. 2019). Similar to MS, there are ongoing investigations both preclinically and clinically to
identify an effective antioxidant therapy for limiting neurodegeneration following traumatic injuries
to the CNS (Hall et al. 2019; Rizwana & Agarwal 2022). Given oxidative damage appears likely to
play a key role in exacerbating pathology in demyelinating disease and neurotrauma, this further

emphasises oxidative stress as a therapeutic target worthy of further investigation.
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8.5.2.1. Metformin

One potential therapeutic approach that could target oxidative DNA damage is metformin.
Metformin, or 1,1-dimethylbiguanide hydrochloride, is an orally administered anti-diabetic drug that
has been in use as a first-line therapy for patients with type 2 diabetes since 1958 (Scarpello and
Howlett 2008; Wang et al. 2017). However, not only is metformin a potent antihyperglycemic agent,
but it also acts as an anti-inflammatory and an antioxidant. Metformin has been shown to reduce
8OHDG oxidative DNA damage in multiple pathologies (Sova ef al. 2013; Wang et al. 2017; Xu et
al. 2018; Chen et al. 2019; Yang et al. 2020), as well as preventing other forms of oxidative DNA
damage like double-strand breaks (Algire et al. 2012; Halicka et al. 2011; Na et al. 2013). When mice
given cuprizone are treated with metformin, oxidative stress decreases alongside a concomitant
reduction in microglial inflammation, which was associated with the preservation of
oligodendrocytes and decreased demyelination (Abdi et al. 2021; Largani et al. 2019). Following a
single TBI in mice, metformin treatment improved spatial learning and reduced neuroinflammation
(DiBona et al. 2021). Similarly, in mice given a closed head TBI on 4 consecutive days in order to
model repeated mild TBI, metformin treatment reduced damage to white matter, attenuated
astrogliosis, limited the loss of hippocampal parvalbumin neurons, improved mitochondrial function
and preserved motor and cognitive function (Underwood et al. 2021). Therefore, metformin has
shown promising therapeutic effects preclinically for both neurotrauma and demyelinating disease,

suggesting it may be a particularly useful treatment strategy for limiting damage in these pathologies.

8.5.3. Important Considerations for Developments of Therapeutics

There are important aspects of therapeutic development that need to be considered to develop
effective and translatable treatments for both MS and neurotrauma. Given the nature of
neurogenerative diseases, the underlying damage can occur for years before a person with MS
actually reaches the clinic. Therefore, this delay for treatment onset should be considered when
trialling therapeutics preclinically. Similarly, it will be important that preclinical treatment schedules
are employed that represent the delays for treatment in humans following neurotrauma. Many people
who experience milder forms of neurotrauma, such as concussion, will typically wait for days or even
weeks before seeking medical assistance (Kushner 1998). It is worth noting though that with
increasing public awareness surrounding concussion, primarily through heightened media attention,
the willingness to quickly report symptoms and seek help for milder injuries is improving (Patterson
& Holahan 2012).

There is also a great deal of heterogeneity in both disorders, both between individuals and
temporally within individuals. It is therefore vital that therapeutics are validated in multiple animal
models to represent this heterogeneity (Friese et al. 2006). Employing preclinical models that utilise

humanised rodents may also accelerate the translation of animal findings to the clinic (Dash et al.
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2021). Additionally, future treatment strategies may need to consider a more personalised approach
to reflect the variability both between and within individuals with MS and following neurotrauma.
For example, specifically tailoring therapeutics at defined temporal intervals to reflect changes in
identified inflammatory and degenerative profiles over time (Patterson & Holahan 2012).

It would also be valuable to test potential treatments in larger animal models prior to clinical
translation, particularly for use following neurotrauma. Rodent brains do differ anatomically
compared to humans, such as being lissencephalic rather than gyrencephalic and being overall far
smaller in size. The sulci and gyri present on the human brain alters the biomechanics of neurotrauma,
with a comparatively greater degree of injury occurring when a brain is gyrencephalic (Vink 2018).
Similarly, smaller brains can also withstand greater acceleration and deceleration forces during
impact and thus are more robust against the effects of injury (Finnie 2001). Larger animal models in
pigs and sheep have already proven vital for illuminating mechanisms of damage following
neurotrauma and are regarded as a useful screening tool for trialling new therapies prior to human
clinical trials (Dai et al. 2018). When looking at models of demyelinating disease, most studies are
performed in rodents. The visna virus can be used to model MS in sheep as it causes similar
demyelinated plaques to those observed in human brains (Dal Canto & Rabinowitz 1982; Pachner
2011). However, this model is not well characterised, especially compared to the available rodent
models for demyelinating disease, such as the cuprizone model or EAE. It is important to note though
that rodents do have a lower ratio of white matter to grey matter than humans, and thus larger animals
with a greater relative volume of white matter may provide additional relevant insights particularly

into white matter pathology (Vink 2018).

8.6. Broader Clinical Applicability and Translatability

Animal models are widely used throughout scientific research to aid in furthering the
understanding of disease pathophysiology and facilitate development of therapeutics. Due to their
phylogenetic and physiological similarity to humans, combined with their comparatively enhanced
ability to be housed and bred in highly controlled laboratory settings compared to other larger
animals, rodents have long served as the ideal animals through which to investigate a plethora of
human conditions (Perlman 2016). The capacity to manipulate, edit and mutate genes in the rodent
genome, particularly in mice, to delve even deeper into disease mechanisms at the level of a singular
gene has further increased the prevalence of rodents in animal research (Rosenthal & Brown 2007).
Additionally, there is a great deal of similarity between the human and rodent cerebrovasculature,
making rodent models useful tools in investigating changes to the cerebral blood supply and the BBB
(Lee 1995). However, though there are many similarities between rodents and humans, there are

many differences too that could potential limit the translatability of animal work. For example, mice
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have higher rates of ROS production and are therefore more susceptible to oxidative damage than
humans (Perlman 2016), which may be a confounding factor in the work presented in this thesis.
Reinforcing this, though many attempts have been made to directly translate animal research into
human studies, not all rodent work has been able to be accurately translated for clinical applicability
to human conditions. Looking at the most highly cited (> 500 citations) articles using animal models
published between 1980 to 2000 in the top seven scientific journals worldwide, only one third of
these studies described treatments that were translated to humans in clinical randomised control trials,
and only a tenth were subsequently approved for human use in the clinic (Hackam & Redelmeier
2006). Given that these studies were of considerably high impact, it’s exceedingly likely that less
cited animal research in less prominent journals will have an even poorer chance of clinical
translatability (van der Worp et al. 2010). Thus, it is absolutely vital for animal models to accurately
reflect human disorders as much as possible to increase the potential clinical applicability of these
studies.

8.6.1. Cuprizone Model of Demyelinating Disease Compared to Human MS Pathology

MS is a multifaceted condition that appears to be entirely unique to humans (Ransohoff 2012).
There are multiple forms of MS and even MS lesions themselves are extremely heterogenous, which
has ultimately resulted in the underlying pathogenesis of this complex disorder remaining enigmatic
despite extensive global research efforts. Given this considerable variability in clinical presentation
of MS, as well as in lesion pathophysiology, there is consequently no gold standard for the optimal
animal model for investigating MS aetiology.

The cuprizone model is an especially suitable model for investigating the mechanisms
underpinning pattern III lesions in human MS brains (Ransohoff 2012) and for exploring the “inside-
out” hypothesis as discussed in Section 1.2.5.2. In particular, cuprizone may be more useful than
alternative animal models of demyelination for analysing initiating events early in lesion formation,
particularly for this type of lesion (Sen et al. 2019). A key hallmark of pattern III MS lesions is active
demyelination that is mediated primarily by oligodendrocyte apoptosis and dysregulated myelin
proteins (Jarius et al. 2017; Lucchinetti et al. 2000; Popescu et al. 2013), which is mimicked in the
development of cuprizone pathophysiology (Ransohoff 2012).

Many of the pathological hallmarks of progressive MS are also present in the cuprizone
model, including focal white matter lesions, cortical and deep grey matter demyelination,
degeneration and loss of oligodendrocytes, axonal damage, active gliosis, and oxidative stress (Zhan
et al. 2020). Furthermore, the diffuse and considerably reduced pathological abnormalities found in
some white matter areas of the brain after prolonged cuprizone intoxication, such as in the
hippocampal fimbria region or the anterior commissure, presents similarly to normal appearing white

matter in progressive MS (Kipp et al. 2017). Thus, when utilising these regions specifically, it allows
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researchers to look specifically at the development and progression of normal appearing white matter
pathology.

It’s important to note though that the remyelination that occurs following withdrawal of
cuprizone actually more closely resembles the spontaneous remyelination that can occur in people
with RRMS (Vega-Riquer et al. 2019). This reparative remyelination mechanism is typically
incomplete or relatively absent in more chronic MS lesions (Goldschmidt et al. 2009), and therefore
the cuprizone model can also be utilised to help decipher the potential underlying mechanisms that
promote remyelination following cessation of cuprizone, as well as to aid the development of
therapeutics that stimulate this endogenous remyelination (Gingele et al. 2020). Thus, cuprizone is
an animal model of demyelinating disease that has wide applicability to various aspects of the
complex MS disease state making it particularly valuable for investigating and quantifying
neurodegeneration.

The cuprizone model has traditionally been thought to not adequately address the contribution
of BBB dysfunction or autoimmune T-cells to overall MS pathology, potentially limiting its clinical
applicability (Kipp et al. 2017; Praet et al. 2014). However, as discussed in Chapter 5 it is now known
that BBB permeability is indeed increased as early as 3 days into cuprizone exposure, likely due to a
localised astroglial-derived inflammatory milieu that impairs BBB integrity, far preceding detectable
demyelination (Berghoff et al. 2017). This increased hyperpermeability is associated with increased
extravasation of fluorescent dyes from blood vessels, increased brain oedema, decreased expression
of tight junction proteins, increased mast cell infiltration, and by 5 weeks of cuprizone, increased
diffusivity of aquaporin 4 expression (Berghoff et al. 2017; Shelestak et al. 2020). Therefore,
cuprizone administration does in fact induce disruption to the BBB which further promotes cuprizone
as a clinically applicable model of MS.

The cuprizone model has been criticised for the lack of an autoimmune component similar to
that observed in human MS pathophysiology, particularly within pattern I and II lesions (Nyamoya
et al. 2017; Sutiwisesak et al. 2021). Research groups have thus begun utilising a combined animal
model that employs both cuprizone and the autoimmune-centric EAE model to encompass the two
discrete degenerative cascades into a singular model to better reflect the complex heterogeneity of
MS lesions (Chrzanowski et al. 2019; Nack et al. 2019; Nedelcu et al. 2020; Rohr et al. 2020; Riither
etal. 2017; Yakimov et al. 2019). However, the EAE model is primarily dominated by the infiltration
of CD4+ T-cells (Kuchroo et al. 2003), whilst the majority of MS lesions primarily have CD8+ T-
cell infiltration (Babbe et al. 2000; Hauser et al. 1986; Kaddatz et al. 2021; Salou et al. 2015a; Salou
et al. 2015b). Interestingly, this peripheral CD8+ T-cell inflammation in progressive MS is still
pronounced but far less severe than in acute or relapsing forms of the disease, which may also in part

underpin the lack of effectiveness of immunomodulatory therapies in the progressive MS subtypes
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(Frischer et al. 2009; Machado-Santos et al. 2018). More recent research in the cuprizone model has
revealed significant increases in the infiltration of T-cells, particularly CD8+ cytotoxic T-cells within
the corpus callosum after acute (5 weeks) and chronic (11 weeks) cuprizone intoxication that were
comparative to T-cell densities in progressive MS lesions (Kaddatz et al. 2021). Thus, the
oligodendrocyte degeneration and neuroinflammation observed during cuprizone administration may
in fact trigger secondary peripheral immune cell recruitment comparable to the autoimmune
mechanisms present in progressive MS lesion pathology. It is also important to note that though the
basic functions of mouse and human immune systems are relatively similar, there is still a
considerable degree of difference, with many mechanisms and immune pathways differing between
the two species, including in some of the pathways resulting in the activation of T-cells and in pro-
inflammatory signalling (Bailey et al. 2013; Rydell-Térménen & Johnson 2019). Therefore, the
clinical applicability of mouse models of must be carefully and critically evaluated for any potential
divergences in the immune systems between species. Nevertheless, this newfound involvement of T-
cell infiltration during cuprizone intoxication further supports the potential applicability of this model
to human MS pathology, even without the addition of a concomitant EAE induction.

A potential further limitation of this model is the relative age of the mice administered
cuprizone compared to humans with MS. The mice used for cuprizone intoxication begun the
experimental period at 8 weeks of age, which is roughly equivalent to a human age that is more
closely aligned with the age of onset in paediatric MS (Alroughani & Boyko 2018; Dutta & Sengupta
2016). Given that the adult MS disease onset is approximately 30 years of age (Goodin 2014), this
corresponds more accurately to a 6 month old mouse (Dutta & Sengupta 2016). Interestingly, when
6 month old mice are administered 0.2% cuprizone for either 5 or 6 weeks, demyelination is not
detectable in the corpus callosum and in order to induce a demyelinating pathology similar to that
seen for the 8 week old mice at these timepoints, mice need to be administered 0.4% cuprizone for
6.5 weeks (Gingele et al. 2020). Remyelination is also much slower and becomes stagnated at an
incomplete level in aged mice compared to 8 week old mice. Oligodendrocyte repopulation is also
less efficient (Gingele et al. 2020), and more comparable to the incomplete remyelination observed
in progressive MS (Goldschmidt et al. 2009). Thus, the standardised use of 8 week old mice in
cuprizone studies does not accurately correspond to the 