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SUMMARY 

A principal feature of neurodegenerative conditions is the loss of nerve cells and altered neuronal 

circuitry by means of axonal degeneration. Neurodegeneration and alterations to the neuronal 

cytoskeleton are key pathological features associated with neurodegenerative conditions and nervous 

system trauma. Since the pathological processes that result in neurodegeneration may vary between 

diseases, identifying and understanding the underlying mechanisms of neurodegeneration in different 

pathological conditions may reveal pathways worthy of investigation for therapeutic intervention. 

 Excitotoxicity is a pathological process that occurs in a variety of neurodegenerative diseases and 

following trauma to the nervous system. Currently, little is known about how excitotoxicity drives 

neurodegeneration, and in particular the degeneration of the axon and whether these mechanisms are 

similar or different to well-described neurodegenerative pathways such as Wallerian degeneration. 

Furthermore, it is unclear whether these pathways can be targeted to protect against or prevent the 

resultant pathology.  

Traditionally, investigating the in vivo effects of excitotoxicity and excitotoxic insult to the central 

nervous system (CNS) has been carried out either using invasive methods or has presented difficulties 

in analysis of changes to downstream circuitry. This thesis employed the visual system as a model to 

investigate mechanisms of neurodegeneration following excitotoxicity, as the visual system is an 

extension of the CNS with well-defined anatomy and function that is accessible with relatively minimal 

intervention. As such, this thesis presents a model of excitotoxic injury in the visual system of mice and 

uses this model to interrogate the mechanisms of excitotoxic insult and axonal degeneration. To do this, 

mice were subjected to unilateral intravitreal administration of the excitotoxin, kainic acid (KA), to 

elicit an excitotoxic insult that was subsequently investigated using behavioural, histological, and 

immunohistochemical techniques.  

 Before interrogation of the underlying pathological processes of excitotoxic insult was performed, 

initial development and characterisation of the injury was carried out. Using immunohistochemical 

techniques, a qualitative analysis of cellular changes in the retina was performed over a 7-day time 

course and with varying doses of KA, along with assessments of visual acuity as a measure of function. 

Of particular interest were the observations of distinct changes to the immunolabelling of the 

cytoskeletal components, the neurofilament and microtubules, in the retinal ganglion cells (RGCs), and 

of pathological features associated with the processes of axonal degeneration. These pathological 

changes were associated with ablation to reflexes of visual acuity following exposure to the excitotoxin 

at concentrations ≥1mM in the 1µm that was intravitreally administered.  

As changes to the cytoskeletal profile were a common feature in the tissue exposed to excitotoxic insult, 

subsequent research investigating the modulation of cytoskeletal elements was performed using the 
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visual system model. First, I investigated whether stabilizing the microtubule network with the 

microtubule stabilising drug, Epothilone D, prior to intravitreal administration of 1mM KA, 2mM KA, 

or PBS, would have an effect on any of the observed functional or pathological outcomes 7-days after 

treatment. Tissue from animals treated with KA exhibited a profound increase in the presence of 

dystrophic and swollen axonal profiles that was associated with the ablation of performance in the visual 

acuity behavioural testing. These data demonstrated a limited protective capacity of microtubule 

stabilisation with Epothilone D against the histopathological features of neuronal loss or axonal 

degeneration profiles in this model of excitotoxic insult. However, the data from the optomotor 

behavioural test of visual function did suggest that Epothilone D treatment may facilitate an accelerated 

recovery from the loss of visual acuity that was associated with a moderate (1mM) dose of KA. 

Based on my qualitative analysis of alterations to neurofilament proteins, I next examined the role of 

the neurofilament cytoskeleton in neuron and axon degeneration following excitotoxicity. To do this I 

used a mouse model with a knockout of the neurofilament light chain protein. As in the previous study, 

mice were injected with 1mM KA, 2mM KA or PBS and visual function was assessed prior to tissue 

collection and histopathological assessment. Interestingly, these mice demonstrated a significant 

retention of visual acuity 7-days after injury, where the wildtype equivalents exhibited near-uniform 

ablation of this behavioural response. This retention of functional performance was not associated with 

any significant differences in the histopathological features of cell body loss and dystrophic axonal 

profiles in this model, which were equally present in both the transgenic and wildtype tissue following 

excitotoxic insult. As the retention of visual acuity in NFL-KO animals occurs independently of any 

observable retention of ganglion cell layer nuclei or axonal integrity (relative to WT) it may be that the 

changes to visual function observed in this model are not solely associated with the observed 

pathological alterations. 

Finally, I used a mouse model with genetic modulation of mechanistic pathways associated with axonal 

degeneration. The model of excitotoxic injury developed in this thesis was applied to a mouse line with 

a knockout of the Toll/interleukin receptor protein and pro-degenerative factor in the axon degeneration 

pathway, SARM1. The knockout animals used in this study did not exhibit any significant alterations 

in the loss of visual acuity induced by the excitotoxic injury, nor were there any differences in cell body 

loss relative to the wildtype equivalents. However, the transgenic mice did have a significant reduction 

in the presence of degenerative axonal profiles following excitotoxic insult. Additionally, analysis of 

the optic nerves of the SARM1-KO mice relative to wildtype mice demonstrated that these animals 

displayed cross-sectional axonal profiles that were larger and more varied in size than wildtype animals 

independently of excitotoxic insult. This suggests that the model of injury applied in this thesis can 

result in a functional deficit independently of distinct changes to axonal morphology. As the SARM1-

KO mice exhibited the same degree of cell body loss as the WT, it may be that SARM1 is necessary for 

the processes specific to axonal degeneration to be carried out, but this does not mean that neuronal 
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health or function is upheld.  In summary, the research in this thesis presents an in vivo model of 

excitotoxic insult in the visual system of mice. This injury model results in a demonstrable functional 

deficit and observable pathological features associated with the mechanisms of axonal degeneration. 

The modifications that are applied to the model of injury presented in this thesis do not individually 

confer systemic protection against the presented model of injury but do each exhibit unique features of 

protection or recovery from the insult. 
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INTRODUCTION 
In neurodegenerative conditions, neuronal structures are lost or sufficiently altered such that 

the circuitry and function of the nervous system is disturbed, often irremediably. Of these 

neuronal structures, the axon is particularly vulnerable to degeneration (Burgess & Crish, 2018; 

Johnson et al., 2013; Vickers et al., 2009). In neurodegenerative conditions, changes to the 

axonal morphology and function are common pathological features (M. Coleman, 2005; Krauss 

et al., 2020; Salvadores et al., 2017; Vickers et al., 2009). Concerning axonal morphology, 

focal swellings along the length of the axon are a pathomorphological feature that have been 

described in various neuronal populations and in a variety of neurodegenerative contexts (M. 

Coleman, 2005; M. P. Coleman & Höke, 2020; Krauss et al., 2020; Vickers et al., 2009). These 

swellings are often described as occurring in response to axonal insult that may precede axonal 

degeneration and are often found to be associated with alterations to foundational elements of 

the nervous system, termed, the cytoskeleton (Falzone et al., 2009; King et al., 2012; Liu et al., 

2012; Marangoni et al., 2014; Morfini et al., 2009; Stokin et al., 2005).  

It is notable that, despite the variation in neurodegenerative conditions and their aetiologies, 

pathological markers that are common between these conditions are so frequently described. 

As such, identifying and understanding the common processes that may underlie these 

neurodegenerative conditions may help to provide a more complete understanding of the 

pathological mechanisms and may also aid in the identification of targets that are amenable to 

therapeutic interventions. 

THE ROLE OF THE CYTOSKELETON IN AXON DEGENERATION 
The neuronal cytoskeleton is composed of three primary elements: microfilaments, 

microtubules and neurofilaments; and each have their own roles in providing neuronal structure 

and facilitating various cellular processes, including in development and degeneration of the 

nervous system (Dent et al., 2011; Griffin et al., 1995; Vickers et al., 2009). 
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Microfilaments are composed of intertwined actin monomers and facilitate the extension of the 

plasma membrane and cytoplasm in the nervous system during development and dendritic 

modulation. In the developed nervous system, actin filaments arrange at the plasma membrane 

and, when cross-linked with the cytoskeletal protein, spectrin, may interact with the plasma 

membrane directly to form a structural membrane-associated periodic skeleton (Dillon & 

Goda, 2005; Han et al., 2017; Unsain et al., 2018). 

Microtubules (MTs) are polymeric filaments composed of alternating tubulin subunits (α-

tubulin and β-tubulin) arranged to form a helical cylinder. These tubulin subunits are covalently 

linked to form the rigid microtubule (MT) structure, but are still able to be readily 

polymerised/depolymerised as needed (Baas et al., 2016; Matamoros & Baas, 2016; Olmsted, 

1986; Song & Brady, 2015; Wloga et al., 2017).  As such, MTs exist as highly plastic structures 

and their ability to be continuously built-upon and disassembled, termed dynamic instability, 

is a central quality of these structures that affords them many of their cellular functions (Heald 

& Nogales, 2002; Muroyama & Lechler, 2017). While found in all eukaryotic cells, MTs have 

distinct roles in neuronal cells that are essential to the continued function of the nervous system. 

Specifically, the axonal MTs act as a scaffolding along which cellular contents including 

synaptic vesicles, other cytoskeletal components, whole organelles, and pro-survival factors, 

are trafficked (Morfini et al., 2009; Yogev et al., 2016). In dividing cells, the dynamic 

instability of MTs is foundationally necessary to allow for mitotic processes, among others; in 

the axonal compartment of neurons, however, stability is required to allow for the sustained 

capacity for axonal transport (Muroyama & Lechler, 2017; Yogev et al., 2016). This can be 

achieved through the binding of MT associated proteins to the tubulin subunits that promote 

stability and/or further polymerisation and hinder disaggregation of the polymerised structures 

(Baas et al., 2016; Janke & Bulinski, 2011; Song & Brady, 2015). In the axon, the protein tau 

is understood to promote MT stability thereby facilitating the continuation of axonal transport, 
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which is necessary to sustain neuronal health and function (Avila et al., 2004; Barbier et al., 

2019; Rodriguez-Martin et al., 2013). 

In neurodegenerative conditions, the dynamics of MT stability may be altered such that the 

process of depolymerisation or frank cleavage of MT structures is favoured (Dubey et al., 2015; 

Matamoros & Baas, 2016; Sferra et al., 2020). This promotion of instability and MT cleavage 

is often associated with alterations to the binding affinity of MAPs, which may be modified via 

post-translational modifications of these proteins, as well as the post-translational 

modifications to the MT subunits themselves (Dehmelt & Halpain, 2004; Dubey et al., 2015; 

Itoh & Hotani, 1994). When MT structures are sufficiently destabilised, axonal transport will 

be disrupted, and the cargoes of this transport will accumulate at, or in proximity to, the site of 

this disruption (Ackerley et al., 2000; Fassier et al., 2013; King et al., 2013; Liu et al., 2012).  

Histologically, these transport deficits are often identified through focal swellings along the 

length of the axon, representing the accrual of cytoplasmic contents at that point in the axon 

(Falzone et al., 2009; Fang et al., 2012; Liu et al., 2012). Furthermore, there is evidence to 

suggest that these swellings not only result from disruption of the elements of the axonal 

cytoskeleton, but that they are themselves rich in the disaggregated components of the 

cytoskeleton as they disaggregate into smaller oligomeric structures (Chung et al., 2005; King 

et al., 2013).  

There is evidence to suggest that this disruption of MTs precedes the outright degeneration of 

axonal structures in neurodegenerative conditions. This breakdown of axoplasmic transport 

results in starvation of axonal prosurvival factors, growth factors, and synaptic vesicles in the 

distal segment of the axon, which may be the cause of a form of degeneration (Cusack et al., 

2013; Matamoros & Baas, 2016; Uribe et al., 2012; Wang et al., 2012). As such, therapeutic 

interventions targeting MT stabilisation have been investigated and have demonstrated success 

in the amelioration of axonal pathology in a variety of neurodegenerative contexts (Ballatore 
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et al., 2012; Brunden et al., 2010; Fernandez-Valenzuela et al., 2020; Hanson et al., 2018; King 

et al., 2013; Zhang et al., 2012). What remains to be determined, however, is whether 

therapeutic interventions targeting MT stabilisation may prove to be effective in ameliorating 

the pathology and rescuing function in in vivo models of neurodegeneration. 

Intermediate filaments are a foundational element of the cytoskeleton that typically exist as 

polymeric structures. In vertebrate neuronal cells, intermediate filaments are most commonly 

found as neurofilament (NF) proteins, which are obligate heteropolymeric structures that 

facilitate the formation and maintenance of neuronal morphology (Cochard & Paulin, 1984; P. 

N. Hoffman et al., 1987; Kirkcaldie & Dwyer, 2017). NF proteins are of particular importance 

to the function of the nervous system as they serve as a primary determinant of axonal calibre, 

which in turn, determines axonal conduction velocity (Higashimori et al., 2005; P. N. Hoffman 

et al., 1987; Kirkcaldie & Dwyer, 2017). NF structures are also understood to be of great 

importance to the processes of development and regeneration of the nervous system (Blizzard 

et al., 2013; Cochard & Paulin, 1984; P N Hoffman & Cleveland, 1988; H. Wang et al., 2012). 

Similarly, to MT structures, the behaviours, interactions, and stability of these structures may 

be modified by post-translational modification of the NF proteins (Dale & Garcia, 2012; 

Didonna & Opal, 2019). In neurodegenerative conditions, these post-translational 

modifications may be altered, which may lead to dysregulation and disassembly of NF 

structures (Dale & Garcia, 2012; Didonna & Opal, 2019; Sihag et al., 2007; Snider & Omary, 

2014). When disassembled, these proteins may aggregate in the cytoplasm and for 

neurofilamentous aggregations. This aggregation is often associated with aberrant 

phosphorylation of NF proteins, and is a feature observed in a variety of neurodegenerative 

conditions (Gai et al., 1994; Q. Liu et al., 2011; Sihag et al., 2007; Sternberger et al., 1985). 

The mechanisms that result in dysregulation of NF proteins and their role in neurodegeneration 
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is not yet clear, and may serve as a valuable target for investigation of novel therapeutic 

strategies (Gentil et al., 2015). 

To summarise, the elements of the neuronal cytoskeleton exhibit features and functions that 

extend beyond their role in determining and maintaining neuronal structure. In axonal 

degeneration, we understand that MTs and neurofilaments are amenable to dysregulation and 

disassembly. What is not well understood, however, is the mechanisms of neurodegenerative 

conditions that result in cytoskeletal disruption and how they may contribute to disease. 

Because of this, the investigation of the neurodegenerative pathways that occur in disease has 

been performed in a variety of contexts and experimental models over decades of research. 

While various forms of degeneration have been described and characterised, many of the 

pathological mechanisms and their potential roles in the axonal degeneration that occurs in 

disease and following axonal injury are not yet well understood. 

 

DEGENERATIVE PROCESSES 
A number of mechanisms of axon degeneration have been described, including axon retraction 

that occurs independently of neurodegenerative conditions or injury. While these processes 

may exhibit similar morphological sequences as the axon degenerates and retracts, the events 

that instigate the degeneration of the axonal segment are varied and so are typically used to 

classify the associated degenerative mechanism. Our understanding of these mechanisms and 

the disease contexts to which they apply is presently incomplete. Furthermore, our 

understanding of how separate or similar the cellular processes that underlie these mechanisms 

of degeneration is not sufficiently robust to allow for clear delineation of these pathologies and 

the insults that instigate them, particularly in the context of neurodegenerative diseases.  
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DEVELOPMENTAL AXON PRUNING 
Axonal retraction that occurs in development of the nervous system is an essential operation to 

the process of developmental neuroplasticity and experience-mediated refinement of the neural 

circuitry (Riccomagno & Kolodkin, 2015). This is a foundationally necessary process to the 

formation of the mammalian nervous system, to the point that dysregulation of these processes 

may be associated with an increased prevalence of neurological conditions including 

schizophrenia and autism spectrum disorder (Eltokhi et al., 2020; Ishizuka et al., 2017; X. 

Wang et al., 2018).  

Developmental axon pruning typically involves the elimination of already-established 

synapses prior to degeneration or retraction of the axonal segment (Low & Cheng, 2006; 

Schuldiner & Yaron, 2015). As such, this necessitates the disassembly or remodelling of the 

cytoskeleton in the segments that are to be pruned.  In mammals, there is evidence to suggest 

that the kinesin superfamily protein 2a is necessary for MT disassembly in the context of axonal 

pruning, as demonstrated by both in vitro models of trophic factor withdrawal and in vivo 

models of mutations that result in hyperinnervation (Maor-Nof et al., 2013). Interestingly, there 

is currently no evidence to suggest the involvement of kinesin superfamily protein 2a in the 

process MT disassembly in the context of neurodegeneration, suggesting that these processes 

operate via distinct mechanistic pathways. Studies of developmental axon pruning have also 

implicated the activity of elements associated with traditional apoptotic processes, including 

caspase activity and the ubiquitin-proteosome pathway (Ding & Shen, 2008; Watts et al., 

2003). In the axon, caspase activity is tightly regulated at multiple stages to provide protection 

from aberrant activation and axonal pruning (D'Amelio et al., 2010; Hollville et al., 2019). 

Once an axon is targeted for degeneration, however, Bax-mediated release of cytochrome c 

from the mitochondria at the site of degeneration will elicit a caspase-cascade that ultimately 
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results in axonal fragmentation, while the soma is unaffected (Hollville et al., 2019; Simon et 

al., 2012). 

Our understanding of the processes of developmental axon pruning are robust, which is owed 

largely to the development of experimental models in which these processes could be 

appropriately investigated. Principally, the use of trophic factor withdrawal as an instigating 

event and the genetic modulation of pathways associated with developmental axon pruning 

have provided great insight into these processes and their role in the formation and refinement 

of neural circuitry (Cusack et al., 2013; Low & Cheng, 2006; Simon et al., 2012). As mentioned 

above, some of the mechanisms of developmental axon pruning are unique to this process, but 

there are also elements that exhibit similarities in both morphology and mechanics to the 

processes of degeneration that occur in disease or following injury (Riccomagno & Kolodkin, 

2015). While similarities have been identified, the mechanisms of axonal degeneration that 

occur in neurodegenerative diseases are currently not as well-described.  

 

WALLERIAN DEGENERATION 
Wallerian degeneration (WD) is traditionally defined as a process that occurs in the distal 

segment of the axon of neurons following a transectional or crushing injury. WD was first 

described by Augustus Waller in his experiments concerning the division of the hypoglossal 

and glossopharyngeal nerves of frogs, published in 1850. Waller demonstrated a disruption to 

the consistency in the medulla (cytoplasm) of nerve fibres three to four days after division of 

the glossopharyngeal nerve while the tubular membrane (axolemma/myelin) remains intact, 

with these alterations becoming increasingly distinct and accompanied by cytoplasmic 

inclusions when observed five or six days following nerve division (Waller & Owen, 1850). 

Waller’s experiments and classification of these changes came to form the basis of our 

understanding of this eponymous degenerative process.  
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This degenerative mechanism often presents with pathological features in the injured axons 

that are similar to those that occur in disease conditions. A common feature of WD and axonal 

degeneration in neurodegenerative conditions is the disruption of axonal transport and an 

associated loss of capacity for the delivery of survival factors to the distal segment of the axon 

(Conforti et al., 2014; Lingor et al., 2012). This disruption of the processes of axonal transport 

results in the presentation of pathomorphological features that resemble those in 

neurodegenerative conditions, principally, the formation of axonal swellings associated with 

cytoskeletal dysregulation (Liu et al., 2012; Morfini et al., 2009; Yogev et al., 2016). In WD, 

these swellings, which occur in the segment of the axon distal to the axotomy, are followed by 

fragmentation and a subsequent clearing of cellular debris that is facilitated by the activity of 

neighbouring glia (Kanamori et al., 2012). The proximal portion of the axon, which remains 

attached to the cell body, undergoes a series of cytoskeletal modulations to facilitate axonal 

retraction from the site of injury back towards the cell body (Griffin et al., 1995; Luo & 

O'Leary, 2005).  

Mechanistically, we understand that the injury associated with WD occurs in tandem with a 

dysregulation of ionic homeostasis across the axonal membrane (Vargas et al., 2015). This 

results in a disruption of the sensitive control of calcium homeostasis across the membrane as 

the cytosolic concentrations increase immoderately (Vargas et al., 2015). This increase in 

cytosolic calcium results in the aberrant activation of calcium-dependent enzymes that proceed 

to activate enzymatic cascades that promote disassembly of cellular components, including the 

cytoskeleton (D'Orsi et al., 2012; Ma et al., 2013; Vosler et al., 2008). Additionally, the 

immoderate increase in cytosolic calcium results in the dysregulation of mitochondrial function 

and cellular respiration proximal to the site of injury, which further exacerbates the insult (Celsi 

et al., 2009; Vargas et al., 2015). 
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Substantial development in our ability to investigate and understand the processes of WD came 

with the discovery of the slow Wallerian degeneration (Wlds) mutation in mice, which results 

in a significantly delayed process degeneration of the distal segment in the context of WD 

(Coleman & Freeman, 2010; Lunn et al., 1989). The use of Wlds models have been greatly 

beneficial in the elucidation of the mechanisms of WD since the injured axons are protected, 

but the cell bodies are still capable of degeneration (Adalbert et al., 2006; Beirowski et al., 

2008). There is evidence from rodent models to suggest that WD pathways may be active in 

some neurodegenerative diseases including Alzheimer’s disease, amyotrophic lateral sclerosis, 

Parkinson’s disease, and Charcot-Marie-Tooth disease (Ali et al., 2016; M. P. Coleman & 

Höke, 2020; Meyer zu Horste et al., 2011; Sajadi et al., 2004; van Rheenen et al., 2016; C.-H. 

Wang et al., 2013). The Wlds mutant was first identified as having a protective phenotype in 

the context of nerve transection, allowing for retention of the distal segment of an axon 5 days 

after transectional injury to the sciatic nerve in an in vivo study performed by Lunn and 

colleagues (Lunn et al., 1989). Subsequent work identified the role of increased nicotinamide 

mononucleotide adenylytransferase (NMNAT) activity in conferring this axonal protection 

following transectional injury (Araki et al., 2004; Mack et al., 2001). It is understood that the 

protection conferred in the Wlds mouse model is conferred by way of locally increased 

NMNAT activity providing an increased capacity for both NAD+ synthesis and for 

retention/salvation in the distal axonal segment following injury (Mack et al., 2001). Typically, 

the depletion of NAD+ that occurs following transectional injury elicits a neurodegenerative 

response in the distal segment, although whether this is due to the initiation of self-disruption 

mechanisms or simply to cofactor starvation was previously unclear (Jing Wang & He, 2009). 

We now understand that the sterile alpha and TIR motif containing 1 (SARM-1) protein is 

responsible for depletion of NAD+ during WD (Gerdts et al., 2015). 
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SARM-1 is a pro-degenerative factor that was first identified to have a role in 

neurodegenerative mechanisms in 2012 (Osterloh et al., 2012). Osterloh and colleagues 

demonstrated profound long-term survival in SARM-1 null axons exposed to transectional 

injury in both an in vitro and in vivo capacity. Furthermore, we now understand that SARM-1 

has a highly conserved and direct role in NAD+ metabolism and has been shown to be capable 

of NAD+ cleavage through direct enzymatic activity of the TIR domain in the SARM-1 protein 

(Essuman et al., 2017; Horsefield et al., 2019; Wan et al., 2019). As the pathways associated 

with axonal degeneration that occurs in disease and injury are beginning to be made clear, there 

is growing interest in the investigation of axonal degeneration as a potential source of 

therapeutic intervention. 

EXCITOTOXIN-INDUCED AXON DEGENERATION 
There are frequent morphological similarities between axons undergoing degeneration in 

neurodegenerative disease and those undergoing WD. However, it is not well understood 

whether the pathological mechanisms of neurodegenerative diseases operate via those 

described in WD, and so the term ‘Wallerian-like degeneration’ has been created to describe 

the neurodegenerative mechanisms in disease.  

Excitotoxicity is a pathological process that occurs a variety of neurodegenerative diseases. 

The process of excitotoxicity typically begins with excessive glutamatergic signalling in 

neurons and glia that results in an immoderate increase in the cytosolic calcium concentration 

via ion channels in the plasma membrane and/or release from intracellular calcium stores 

(Dong et al., 2009; Hosie et al., 2012; Ruiz et al., 2009). As in WD, this results in a 

dysregulation of ionic homeostasis across the axonal membrane and the aberrant activation of 

calcium-dependent enzymes that disturb and dysregulate axonal organelles and their functions 

(D'Orsi et al., 2012; Dong et al., 2009; Y. Wang & Qin, 2010). This rise in calcium may also 

open mitochondrial permeability transition pores which may results in the collapse of 
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mitochondrial function, the release of proapoptotic proteins into the cytoplasm, and further 

acceleration of the degenerative processes (Giorgio et al., 2018). 

In chronic neurodegenerative conditions, the pathological mechanisms that may result in 

excitotoxic insult are poorly described and are likely dependent on the associated pathologies. 

Suggested mechanisms include an increase in glutamatergic sensitivity in disease conditions 

and a dysregulation of glial cells and their capacity to support neuronal cells (King et al., 2016; 

Lewerenz & Maher, 2015; Mesci et al., 2015). There is evidence from experimental models of 

amyotrophic lateral sclerosis (ALS) and multiple sclerosis to suggest altered excitability as a 

mechanism that elicits excitotoxic insult in these conditions, although the origins of this change 

in excitability are poorly described (Caramia et al., 2004; King et al., 2016; Kostic et al., 2013). 

In the context of ALS, one suggested mechanism is the disruption of the balance of 

inhibitory/excitatory innervation of motor neurons, with selective degeneration of inhibitory 

synapses being observed in a transgenic mouse model of ALS (Sunico et al., 2011) 

In the context of acute neurodegeneration, excitotoxicity is often described as occurring as a 

secondary degenerative mechanism that occurs as a consequence of the initial injury or insult 

(Park et al., 2004; Tehse & Taghibiglou, 2019). Prominent examples of this type of secondary 

insult are the ischemia associated with cerebrovascular incidents and following traumatic brain 

injury (Ishikawa, 2013; Szydlowska & Tymianski, 2010; Q. J. Wu & Tymianski, 2018). In 

such cases, the release of neurotransmitters from injured and necrotic cells may elicit excessive 

glutamatergic signalling on the neighbouring cells, resulting in a downstream excitotoxic insult 

that is secondary to the original insult (Ankarcrona et al., 1995).  

While we understand that excitotoxin-induced axon degeneration is a common underlying 

pathological process in neurodegenerative conditions, less is known about the specific 

mechanisms involved and how closely they may resemble other better-described mechanisms. 
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Furthermore, additional research is required to determine how excitotoxicity, which is 

primarily a consequence of somato-dendritic receptor function, results in degeneration of the 

axon. 

A reduced capacity for axoplasmic transport is a commonly described consequence of 

excitotoxic insult, and is understood to be associated with dysregulation of the axonal 

cytoskeleton as is observed in other forms of axonal degeneration (Ackerley et al., 2000; Bull 

et al., 2012). This disruption of axonal transport following excitotoxic insult often results in 

the formation of the histopathological features that are associated with the accrual of 

cytoplasmic contents at focal points along the affected axon (Chung et al., 2005; King et al., 

2013; Massoll et al., 2013). Previous studies performed in our laboratory has demonstrated a 

protective capacity of therapeutic interventions that stabilise MT structures in the context of in 

vitro models of excitotoxic insult (Hanson et al., 2018; King et al., 2013). This supports the 

possibility that MTs may become destabilised prior to the initiation of degenerative pathways 

following excitotoxic insult. Furthermore, these results suggest that cytoskeletal dysregulation 

is likely to contribute via a loss of transport of axonal survival factors following an impaired 

capacity for axoplasmic transport. The findings of these studies promote the further 

investigation of MT stabilisation as an effective intervention against excitotoxic insult. Such 

investigations have not yet been performed in an in vivo capacity, and would necessitate the 

use of an appropriate experimental model of excitotoxic insult. 

In order to further investigate and clarify the mechanisms that promote axon degeneration (and 

those that may protect from it in disease and injury), appropriate in vivo animal models must 

be developed, characterized and utilized. Previous studies have used the visual system to 

examine axon degeneration (Atkinson et al., 2021; Massoll et al., 2013). The mammalian retina 

offers many beneficial traits for the purpose of experimental manipulation including the ability 

to access neurons of the CNS without the need for invasive surgical intervention, as would be 
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required for intracranial applications. The well-defined anatomical relationships and circuitry 

of the visual system also allow for clear identification of pathological changes in the retina and 

optic nerve (ON) following excitotoxic insult with the use of histological investigations. Unlike 

a hypothetical intracranial model of excitotoxic insult, the use of the visual system allows for 

clear observation of functional loss or change in response to intervention with measures of 

visual acuity and/or visual system function. 

Furthermore, the mammalian visual system is amenable to degeneration induced by excitotoxic 

insult; Evidence for this can be found in our understanding that excitotoxicity has been 

suggested to play a role in the pathogenesis of diseases of retinal degeneration including 

glaucoma, diabetic retinopathy, and retinal ischemia associated with other retinal 

vasculopathies (Chidlow & Osborne, 2003; Ishikawa, 2013; Joo et al., 1999; Massoll et al., 

2013; Rodríguez Villanueva et al., 2020; Saggu et al., 2010). The application of excitotoxins 

directly into the vitreous humour in this model allows for a pseudo-compartmentalisation of 

the anatomical elements of RGCs. As only the ganglion cell bodies and the most proximal 

components of their axons are directly exposed to the vitreous humour, any observed changes 

to the RGC axons in the optic nerve that occur following a vitreous infusion (whether observed 

concomitantly or independently from observed changes to these same cells in the retinal tissue) 

will have occurred as a consequence of this relatively proximal insult, and may highlight soma-

axonal dynamics in conditions of RGC degeneration. The model presented in this thesis utilizes 

kainic acid as an excitotoxic agent in the visual system of mice. Kainic acid is an agonist of 

AMPA and kainate receptors, both of which have been observed in RGCs  (Schuettauf et al., 

2000; Shen & Slaughter, 2002). 

Axonal degeneration in RGCs resulting from excitotoxic insult will likely impact the capacity 

for transduction of neuronal signals from the anterior structures of the mouse neurosensory 

retina, via the optic nerve, to the visual centres of the mouse brain. Particularly when 
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considering a mode of insult that originates in the vitreous chamber, the capacity for RGC 

axons to communicate this information across the distance of the optic nerves, optic chiasm 

and optic tract before reaching the higher visual centres (particularly the superior colliculus or 

the lateral geniculate nucleus, Figure 1.1 and 1.2) may be impaired. This may result in changes 

to the processing and quality of visual information in the affected eye. In this case, any 

functional changes in the model of injury presented in this thesis is assessed with the use of the 

optomotor behavioural test. This is a well-characterised test which allows for changes to visual 

acuity of the individual eyes of the experimental animals to be observed in photopic conditions 

across the time course of the experiment (Abdeljalil et al., 2005; Ellouze et al., 2008; Heitz et 

al., 2012).  
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Figure 1.1 – Typical Mammalian Neurosensory Retina Cellular Anatomy 

Cross-sectional representation of mammalian retinal anatomy and cellular populations. The 
pigmented epithelium is a simple layer of cuboidal pigmented epithelial cells that serve to 
absorb scattered light at the base of the retina, and to support and maintain the cells of the 
photoreceptor layer. The photoreceptor layer is composed of rod and cone photoreceptor cells 
that are responsible for the absorption of wavelengths of electromagnetic radiation within the 
visible spectrum, and convert these into action potentials that are propagated via synapse to 
the horizontal and bipolar cell populations. Horizontal cells are responsible for the reception 
and integration of input from multiple photoreceptor cells and a consequent lateral feedback 
inhibition, where necessary, before transmission to bipolar cells. Bipolar cells connect the 
inner and outer retinal layers and are responsible for the transmission of this signal to retinal 
ganglion cells. The communication to the retinal ganglion cells is mediated by interaction 
with amacrine cells, which serve a function as an intraneuronal population in the mammalian 
retina. At the level of the retinal ganglion cell, the information received is refined, specific 
and derived from the collective modulation of the associated horizontal, bipolar and amacrine 
cells. From here, the axons of the retinal ganglion cells will travel across the ganglion cell 
layer and coalesce to form the optic nerve head before travelling posteriorly through the optic 
nerve and to the visual centres of the brain. Figure made in BioRender. 
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Figure 1.2 – RGC Anatomy in the Mouse Visual System 

Sagittal representation of the anatomical layout of the retinal ganglion cells (depicted in 
green) in mice and their corresponding anatomical regional terms. The retinal ganglion cell 
layer (RGCL) houses the soma of these neurons, with axons extending across this layer as 
they coalesce into the optic nerves ON), which extend from their respective eyes. The optic 
nerves join at the optic chiasm (OC), at which point the majority of the nerve fibres extending 
from the retina in these nerves continue into the contralateral optic tract (OT). Following this 
cross-over point from the optic chiasm, most nerve fibres in both the left and right optic tracts 
continue into the midbrain, where they synapse at the superior colliculus (SC). Figure 
adapted from Atkinson et al. (2021). 
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PROJECT SUMMARY AND AIMS 

Glutamatergic excitotoxicity is a key pathological mechanisms that has been associated within 

many types of neurodegenerative disease and injury including Alzheimer’s disease, 

Parkinson’s disease, amyotrophic lateral sclerosis, and following traumatic brain injury 

(Ambrosi et al., 2014; Blandini, 2010; Hynd et al., 2004; Marklund et al., 2004; R. Wang & 

Reddy, 2017). The development and adoption of appropriate in vivo experimental models is 

important for the advancement of our understanding of the processes of neurodegeneration. As 

our understanding develops and targets amenable to therapeutic intervention are described, in 

vivo models also provide a capacity to investigate the efficacy of these interventions in a 

relatively controlled manner. For a model of a disease process to be appropriate, it must be 

vulnerable to the degenerative process that is to be investigated. Here, we use the visual system 

of mice to produce an in vivo model of excitotoxic insult.  

In this thesis, I describe a model of in vivo excitotoxicity in the visual system of mice, with a 

focus on RGCs and their axons. Once this model of injury was described and characterised, I 

proceeded to use this model to investigate the process of degeneration with the additional 

context of therapeutic intervention, cytoskeletal modulation and transgenic modification of the 

mechanisms of axonal degeneration.  

 

Aim 1 - Characterise a model of excitotoxic insult in the visual system of mice. 

In vivo models of pathological processes are necessary for the investigation of the underlying 

mechanistic pathways. This aim seeks to develop and describe a model of excitotoxic injury in 

the visual system of mice that can be used for further investigation with therapeutic and 

mechanistic interventions. C57BL6/J mice aged between 3 and 6-months old were subjected 

to a unilateral intravitreal administration of the excitotoxin, kainic acid, at various 

concentrations and over various timepoints to allow for characterisation of our model of acute 
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excitotoxic insult in the visual system. Following surgery, visual acuity testing of these animals 

was carried out to examine functional changes. These animals were culled up to 7-days after 

the surgery and immunohistochemical techniques were applied to the tissues to investigate 

changes to expression profiles, particularly to the elements of the axonal cytoskeleton. 

 

Aim 2 – Investigate the effects of microtubule stabilisation in a model of excitotoxic insult. 

Axonal transport is understood to be a necessary process to the sustention of neuronal health 

and function and has been shown to be disturbed in the context of axonal degeneration and 

injury, including following excitotoxic insult. Disruption of axonal transport is understood to 

occur as a result of the pathological disassembly of MT structures in the axon. Therefore, 

protecting MTs has been proposed to be a potential therapeutic intervention for a number of 

neurodegenerative diseases and following injury. The second aim of this thesis investigates the 

potential neuroprotective effect of MT stabilization in the context of excitotoxic insult. Animals 

were administered the MT stabilising agent, epothilone D, or vehicle control, prior to the 

intravitreal administration of kainic acid. C57BL6/J mice between 3 and 6-months of age at 

the time of surgery were utilised. Visual acuity was assessed prior to culling at the 7-day post-

surgical timepoint. Tissue from these animals was then analysed using histological techniques 

to assess cell body loss, axonal loss, glial changes and axonal dystrophy to observe the 

outcomes of the excitotoxic injury, while also determining whether these outcomes were 

modified by the administration of the MT stabilising drug, epothilone D. 

 

Aim 3 – Determine the role of neurofilament proteins in a model of excitotoxic insult. 

The data generated in the first aim of this thesis suggested that changes to the expression profile 

of NF proteins was a principal pathological feature resulting from the model of excitotoxic 

insult. As such, the third aim presented in this thesis sought to investigate the role of NFs  in 
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excitotoxic injury. To achieve this, a mouse model with a knockout of  the NF light chain 

protein was used. As NF light is a core protein of the neurofilament-triplet complex, this animal 

model has been shown to exhibit a concomitant reduction in the expression of other NF proteins 

(Blizzard et al., 2013; Y. Liu et al., 2013). These NF light chain knockout animals were bred 

onto a C57BL6/J background to establish an experimental cohort, and all experimental 

procedures were run in tandem with an equivalent wildtype (WT) C57BL6/J cohort. All 

animals were between 3 and 6-months of age and were subjected to the same model of injury, 

behavioural paradigms and subsequent analyses as detailed in the previous aim. Similarly, the 

resultant data were then analysed with the intention of identifying and classifying any 

differences between these two animal strains with the aim of elucidating the mechanisms of 

excitotoxic insult in the visual system of mice with a model of NF depletion. 

Aim 4 – Investigate modulation of degenerative pathways in a model of excitotoxic insult. 

The role of the pro-degenerative factor, SARM-1, has been well described in the context of 

WD, but little is known about the role of this protein in the pathological processes associated 

with excitotoxic insult. To investigate this, the model of injury described in this thesis was 

applied to a mouse model with a knockout of the SARM1 protein on a C57BL6/J background, 

with a C57BL6/J cohort run in parallel. All animals were subjected to the same behavioural, 

and histological paradigms detailed in previous chapters. In addition, the optic nerves from 

animals of this cohort were analysed using transmission electron microscopy to characterise 

the ultrastructural appearance of the RGC axons. The resultant data were then analysed to 

characterise the pathological changes in the visual system to excitotoxic insult, and to 

investigate how these may be different in animals lacking the pro-destructive factor, SARM-1.  
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Chapter 2   MATERIALS AND METHODS 
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COMMON LABORATORY REAGENTS 

0.01M Phosphate Buffered Saline (PBS) – 1.0L 
850mL  MilliQ® water 
100mL  90.0g/L Sodium chloride (NaCl; BDH, USA) 
40mL  28.0g/L Di-sodium hydrogen orthophosphate (Na2HPO; BDH, USA) 
10mL  31.2g/L Sodium di-hydrogen orthophosphate (NaH2PO4.2H2O; Ajax, Australia) 
 
 
4% Paraformaldehyde – 1.0L 
40g  granulated paraformaldehyde (PFA) 
500mL MilliQ® water 
400mL 28.0g/L Na2HPO 
100mL 31.2g/L NaH2PO4.2H2O 
1.0M  NaOH & 1.0M HCl to pH 
Heat MilliQ® to 80oC, add granulated PFA and 5 drops of NaOH. Stir until PFA dissolved, 
add NaH2PO4.H2O and Na2HPO. Filter with Whatman paper and pH to 7.4. 
 
 
0.4M Phosphate Buffer Stock – 1.0L 
45.42g NaH2PO4 

12.48g Na2HPO4 

Dissolve in 900ml of distilled water and pH to 7.4 with NaOH or HCl as necessary 
Make up to 1L with distilled water 
 
 
2% PFA/ 2.5% glutaraldehyde – 0.2L 
100ml 4% paraformaldehyde 
75ml  0.4M cacodylate buffer 
8ml 0.2M HCl 
2ml 0.2M CaCl2 
10ml  50% glutaraldehyde (defrosted for 1-2 hours prior) 
Dissolve PFA on heat stirrer, pH to 7.4 4 with NaOH or HCl as necessary. Add 
glutaraldehyde as final component and filter with Whatman paper prior to bottling.  
To be made on day-of-use. 
 
PBS/Azide (1%) - Tissue Storage Solution – 500mL 
500mL 0.01M PBS 
0.5g sodium azide 
 
Cryoprotectant Solution (18%/30% sucrose) – 500mL 
500mL 0.01M PBS 
90g/150g sucrose 
0.02% sodium azide 
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ANIMALS 

2.1 Animal Conditions and Ethics 

The use of animals and procedures was approved and conducted under guidelines stipulated by 

the Animal Ethics Committee of the University of Tasmania under ethics reference numbers 

A15706 and A18280, in conformity with the Australian code for the care and use of animals 

for scientific purposes – 8th edition (2013). Mice were of mixed sex and derived from a 

C57BL6/J  background. Neurofilament light-chain knockout animals used in the studies 

detailed in chapter 5 were derived from transgenic mice that were originally a kind gift from 

Dr Jean-Pierre Julien of Laval University. This cohort was then backcrossed onto a C57BL/6J 

background and the resultant congenic animals were used here.  SARM1 knockout animals 

used in the studies detailed in chapter 6 were a local colony of B6.129X1-Sarm1tm1Aidi/J that 

were originally purchased from The Jackson Laboratory (Stock number 018069) and originally 

developed in the Weill Medical College of Cornell University (Kim et al., 2007). Animals were 

housed in OptiMICE experimental housing with 2-5 animals per enclosure and ad libitum 

access to food and water. Enclosures were kept in a pathogen-free environment with an 

artificial 12-hour day-night cycle at ~21°C. All procedures were performed on mice aged 

between 3 and 6-months old having allowed for at least 7-days of acclimatisation within the 

animal facility.  

SURGICAL PROCESSES 

2.2 Intravitreal Injection 

Isoflurane (5% at 600mL/min in oxygen) was used to accommodate inhalation-mediated-

anaesthesia in an induction chamber. During the surgery, the animal was placed on a warming 

pad and the state of unconsciousness was maintained by inserting the snout of the mouse into 
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a nozzle set to release a constant supply of isoflurane (2.5% at 200mL/min in Oxygen). The 

left-eye of each mouse was pierced at a ~45° angle through the pars plana in the lateral 

hemisphere using a 29-gauge insulin syringe.  Once the vitreous humour had been 

compromised, the piercing needle was withdrawn and replaced by the NanoFil 33-gauge 

bevelled needle attached to a glass NanoFil syringe (World Precision Instrument) from which 

1μL of either KA (at concentrations of 0.1mM, 1mM, 2mM, 5mM, or 10mM) (Sigma-Aldrich, 

K0250, USA) or phosphate-buffered saline (PBS, 0.01M, see solutions appendix) was slowly 

released over ~5 seconds (schematic example provided in Figure 2.1). To ensure the solution 

was retained within the vitreous humour, the needle was held within the left eye for 30 seconds 

after the delivery of the solution (Atkinson et al., 2021). The needle was then slowly withdrawn, 

and the mouse immediately transferred to a warmed housing box for recovery. Following the 

surgery, the time taken for the mouse to recover consciousness was monitored. The health of 

the animals was monitored each day after the surgery until the animals were to be perfused to 

ensure that no lasting negative impact on their health occurred.  
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Figure 2.1 – Schematic detailing method for intravitreal injection 

Intravitreal administration of KA or the vehicle, PBS, was performed via the pars plana. The 
intention of this model of injury is to induce an excitotoxic insult in the retina, particularly in 
the RGCs, which have axons that extend from the ganglion cell layer of the retina through to 
the ON (magnified example inset).  
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BEHAVIOURAL ANALYSIS 

2.3 Optomotor-Reflex Behavioural Testing and Analyses 

To assess any potential alterations to the vision of the mice following intravitreal injection, 

optomotor analysis was performed as described by Heitz et al. (2012). This behavioural 

assessment allows for observation of the mouse optomotor reflex response, which is to be used 

as a measure of visual acuity in these animals. The optomotor chamber consists of a circular 

platform (diameter of 10cm) in a 38x38cm box surrounded by a circular drum of paper bearing 

alternating vertical black and white stripes. Each black/white stripe alternation (cycle) is 1cm 

wide, producing a visual acuity metric of ~0.26 cycles per degree. A representative schematic 

of this apparatus is presented below (Figure 2.2). 

To habituate the mice to this chamber, they were exposed to the full behavioural paradigm 

three times in the week before testing began, with at least 48 hours between each habituation 

session. A mouse was placed onto the platform in the centre of the chamber 30 seconds before 

the trial began. The striped drum was rotated at 2 revolutions per minute for 2 minutes in each 

direction (clockwise/anticlockwise), with a 30-second intermission between the 2 trials. As the 

drum rotates around the mouse, a reflex initiates that causes the mouse to focus on the stripes 

as they enter their field of vision and follow the stripe with a slow turn of their head. On each 

day of behavioural testing, both the clockwise and anticlockwise tests were performed once for 

every mouse.  

During the trials, light levels were kept constant (200 Lux).  The behavioural testing was video 

recorded from above the platform for subsequent analysis. This allowed for the number of 

‘head-turn’ instances to be quantitated. A ‘head-turn’ event was defined as a noticeable change 

in the angle of the animal’s head relative to the rest of the body at a consistent pace, while the 

animal’s body remained immobile. Trials in which the paper was set to rotate in the clockwise 
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direction assessed the vision in the left eye of the mouse, as the ‘novel’ stripes gained the 

attention of the animal upon entering the field of vision exclusive to the left eye (Figure 2.2). 

Conversely, trials in which the paper was set to rotate in the anticlockwise direction assessed 

the vision of the right eye for the same reason. To control for the potential variation in 

identification of a ‘head-turn’ event between individuals, analysis of the recorded videos was 

performed by an individual researcher who was blinded to the mouse identity. Optomotor 

analysis was performed on the days immediately prior to (pre-injection) and following the 

intravitreal injection (post-injection), as well as one week after the intravitreal injection. Any 

significant decrease observed in the left eye (clockwise trial) in the post-injection trial relative 

to the right eye (anticlockwise trial) or to the pre-injection trial of the left eye likely indicates 

an impaired visual capacity associated with the surgical intervention.  

  

Figure 2.2 – Optomotor Apparatus 

Example schematic of the apparatus 
used to test optomotor response.  

Adapted from Atkinson et al. (2021). 
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ANIMAL PERFUSION AND TISSUE PROCESSING 

2.4 Perfusion 

Mice were culled on either the 1st (chapter 3) or 7th (chapters 3-7) post-surgical day. Mice were 

terminally anaesthetised using an intraperitoneal injection of sodium pentobarbital (>100mg/kg 

body weight). Anaesthesia was deemed successful when the toes and base of the tail could be 

pinched with forceps without eliciting a flinch-reflex response. The mice were transcardially 

perfused with 4% paraformaldehyde (PFA) in PBS. Following perfusion, the head of the animal 

was collected and postfixed in the fixative solution at 4°C overnight. Following fixation, tissue 

was stored at 4°C in PBS-azide. 

  

RETINAL HISTOLOGY 

2.5 Tissue sectioning and Staining 

Retinal cross sections were prepared from whole dissected eyes and cut on a cryostat. First, 

cryoprotection was performed by immersing tissue in 18% sucrose/PBS azide overnight, 

followed by a secondary immersion in 30% sucrose/PBS azide at least overnight, or until the 

tissue was to be sectioned. Eyes were then embedded in optimal cutting temperature compound 

(Tissue-Tek, Japan) and sectioning was performed along the sagittal-horizontal axes using a 

CM1850 UV Cryostat (Leica, Germany), with sections of tissue being taken at a thickness of 

16µm. Retinal sections were collected onto 24x50mm FLEX glass slides (Dako, Australia) and 

allowed to set at 4°C for at least 24 hours before histology was performed. 

Mayer's haematoxylin staining was performed on retinal cryosections mounted on Dako FLEX 

slides. The slides were first placed into a slide cartridge before being rehydrated in a vessel 

filled with running tap-water for 3 minutes. The cartridge containing the slides was then 
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transferred to the Mayer's haematoxylin solution and left to stain for 6 minutes before being 

returned to the vessel containing running tap-water for a further 5 minutes to wash off the 

excess stain. To facilitate bluing of the haematoxylin stain, the cartridge was transferred to a 

vessel containing ammoniated water and left for 5 minutes. The slightly alkaline pH pf the 

ammoniated solution converts the soluble red haematoxylin permeating the tissue into an 

insoluble and more permanent blue form. 

Eosin counterstaining was performed immediately after Mayer's haematoxylin. Briefly, this 

was done by gently dipping the cartridge into a vessel containing 95% ethanol before being 

transferred to a second vessel containing eosin for 40 seconds. To wash off the excess eosin, 

the cartridge was dipped into two fresh vessels of 95% ethanol a few times each.  

These stained slides were then dehydrated and cleared using typical histological technique prior 

to coverslipping. Briefly, the chamber containing the stained slides was exchanged through a 

series of vessels containing 100% ethanol (2 vessels) and xylene (a further 2 vessels), each for 

3 minutes. Coverslipping was performed using depex mounting media (ProSciTech, Australia) 

and 24x50mm cover glass (Muto Pure Chemicals Co., Japan) in a Dako automated coverslipper 

(Dako, USA). The mounting media was left to set for at least 12 hours before any imaging was 

performed. In all steps that involve running water or dipping the slide cartridge into a solution, 

great care was taken as to not disturb the fragile retinal cryosections. 

2.6 Retinal Tissue Imaging and Analysis 

Brightfield Microscopy – Retinal Histology 

Imaging of haematoxylin and eosin stained eye tissue was performed using the 40x objective 

lense of a Zeiss Axio Lab.A1 (Zeiss, Germany) light microscope under bright-field 

illumination and using ZEN software (Zeiss, Germany). Retinal images were captured in 

sequence to ensure overlap of approximately 25% between the individually captured images to 
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facilitate ease of stitching. Additionally, the X/Y stage of the Zeiss Axio Lab.A1 was only 

operated in one axis between captures to further facilitate the ease of stitching these images, as 

explained below. 

Analysis of Retinal Histology 

For quantitation of nuclei in the ganglion cell layer, retinal images collected on the Zeiss Axio 

Lab.A1, were applied to the Photomerge (Reposition) function in Photoshop CS6 (Adobe, 

USA) to allow for stitching of these images without image distortion or pixel loss, thereby 

retaining the scale of these images as they had been captured. These stitched images were then 

opened in ImageJ and, with use of the cell-counter functionality, the number of 

haematoxyphilic structures in the GCL were hand-counted by a researcher that had been 

blinded to the conditions of these images. The length of the retinal tissue across which these 

structures were counted was also measured to allow for a final measure of density to be 

determined (i.e. nuclei per unit distance). 

 

OPTIC NERVE HISTOLOGY 

2.7 Optic Nerve Tissue Sectioning and Preparation 

A section of the ON of each eye was processed as though it was to be used in electron 

microscopy. Following PFA fixation, a 3-5mm section of ON was cut from the point where the 

ON exits the eye and immediately underwent a secondary fixation step overnight in 2.5% 

glutaraldehyde/2% PFA at 4°C. The next day, this tissue was washed once in 0.15M cacodylate 

buffer (CB) with 2mM calcium chloride (CaCl2) at room temperature for 5 minutes in 1.5mL 

tubes before being transferred to fresh tubes containing 1% osmium tetroxide (Electron 

Microscopy Sciences, USA) in 0.15MCB with 2mM CaCl2 for one hour at room temperature. 
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The tissue was then washed in these same tubes with MilliQ water three times, for 5 minutes 

each before being transferred to a fresh tube containing 1% uranyl acetate (Merck, Germany) 

in dH2O at room temperature and left, covered from light, overnight. The next morning, these 

tubes were transferred to a benchtop oven and incubated a 50°C for one hour before a final 

wash in dH2O. 

Dehydration of ON tissue was performed through sequential 5-minute washes in increasing 

concentrations of ethanol (50%, 70%, 80%, 90%, 100%, molecular filtered absolute ethanol 

100%) all at 4°C. To begin the process of embedding the tissue in resin, the tissue was left at 

room temperature overnight in a 1:1 mix of propylene oxide: base resin (see Table 2.1). The 

following morning, the resin polymerisation accelerating agent BDMA was added to the 50mL 

falcon tube containing the base resin components and the tube was placed on a tube roller. This 

was performed one hour prior to the use of the complete resin to allow for the polymerisation 

of the epoxy resin to begin.   

Table 2.1 – Resin components for optic nerve tissue embedding 

Compound Source Quantity 

Resin-812 (EMbed-812) Electron Microscopy Sciences, USA 20mL 

DDSA ProSciTech, Australia 16mL 

NMA ProSciTech, Australia 8mL 

BDMA (Accelerator, day 2) ProSciTech, Australia 1.2mL 
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Once the overnight incubation in the propylene oxide/resin solution was complete, the tissue 

was placed into appropriately labelled fresh tubes containing the complete resin (see Table 2.1) 

and allowed to rest at room temperature in a fume hood for 2 hours. Finally, the tissue was 

transferred to a silicone mold that had been appropriately labelled to detail the animal number 

from which each piece of tissue had been collected. These molds were half filled with resin 

before placing the tissue within each mold. Once the tissue had settled and any air pockets had 

been eliminated, the molds were filled to the point of possessing a positive meniscus above the 

surface. These molds were then transferred to a benchtop oven and cured at 60°C for 48 hours.  

Semi-thin sections (350µm) were cut on a Leica Ultramicrotome (Leica, Germany) and stained 

with Toluidine Blue (with 1% borax in dH2O) for 40 seconds on a hotplate set to 60°C., before 

being thoroughly rinsed under cold water. These slides were then coverslipped as detailed in 

section 2.6.2, above.  

Brightfield Microscopy – Optic Nerve 

Imaging of toluidine blue-stained ON sections was performed using the 20x and 63x objective 

lenses of a Zeiss Axio Lab.A1 (Zeiss, Germany) light microscope under bright-field 

illumination and using ZEN software (Zeiss, Germany). To generate representative images for 

figures, ON tissue stained with toluidine blue was imaged on an Olympus BX53 series 

microscope using a 100x oil-immersion objective. 

Optic Nerve Axon Number Quantitation 

For quantitation of axon number in ON cross-sections, the ImageJ plugin AxonJ (Zarei et al., 

2016) was utilized and images were applied as .png files. Additionally, the use of an ImageJ 

plugin that allows for the application of algorithmic contrast limited adaptive histogram 

equalisation (CLAHE, Zuiderveld, 1994) was adopted for contrast enhancement on images to 

be used for quantitation.  
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Axon Density Quantitation 

To calculate the density of axonal structures from the AxonJ output, the following formulae 

were applied: 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐷𝐷𝐷𝐷𝐴𝐴𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 =  𝑆𝑆𝐷𝐷𝑆𝑆𝐴𝐴𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐷𝐷𝐷𝐷𝐷𝐷𝐴𝐴𝑠𝑠 𝑐𝑐𝐴𝐴𝐷𝐷𝑐𝑐𝑐𝑐𝐷𝐷𝑐𝑐𝐷𝐷𝐴𝐴𝐷𝐷 ×  𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝐷𝐷𝑆𝑆 𝐴𝐴𝑐𝑐 𝑆𝑆𝐴𝐴𝐴𝐴𝐴𝐴𝐷𝐷 𝐷𝐷𝐴𝐴 𝐷𝐷𝑁𝑁𝑆𝑆𝑠𝑠𝐷𝐷 

For this calculation, the standardising coefficient was defined for each image as: 

𝑆𝑆𝐷𝐷𝑆𝑆𝐴𝐴𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐷𝐷𝐷𝐷𝐷𝐷𝐴𝐴𝑠𝑠 𝑐𝑐𝐴𝐴𝐷𝐷𝑐𝑐𝑐𝑐𝐷𝐷𝑐𝑐𝐷𝐷𝐷𝐷𝐴𝐴𝐷𝐷 = �1 −
𝑆𝑆𝑆𝑆𝐷𝐷𝑆𝑆 𝐴𝐴𝑐𝑐 𝐷𝐷𝑁𝑁𝑆𝑆𝑠𝑠𝐷𝐷 𝐴𝐴𝐴𝐴𝐷𝐷 𝑐𝑐𝐴𝐴𝐴𝐴𝐷𝐷𝑆𝑆𝐷𝐷𝐴𝐴𝐷𝐷𝐴𝐴𝑠𝑠 𝐴𝐴𝐷𝐷𝑆𝑆𝑛𝑛𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑁𝑁𝐷𝐷

𝐷𝐷𝐴𝐴𝐷𝐷𝑆𝑆𝑡𝑡 𝑆𝑆𝑆𝑆𝐷𝐷𝑆𝑆
�
−1

 

 

This equation would produce a value of axon density for the field of the image (field of view, 

FOV), which could then be appropriately scaled to a value of metric measurement using the 

actual scale of the image (sourced from values supplied in the Zeiss Zen software (i.e. values 

converted from axons per FOV to axons per micron2). Scaling values: 

𝑍𝑍𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐿𝐿𝑆𝑆𝑁𝑁𝐴𝐴1 𝑤𝑤𝐷𝐷𝐷𝐷ℎ 63𝐴𝐴 𝐴𝐴𝑁𝑁𝑜𝑜𝐷𝐷𝑐𝑐𝐷𝐷𝐷𝐷𝑛𝑛𝐷𝐷 =  13.833���� 𝑝𝑝𝐷𝐷𝐴𝐴𝐷𝐷𝑡𝑡𝐷𝐷/𝑁𝑁𝐷𝐷𝑐𝑐𝑆𝑆𝐴𝐴𝐴𝐴 

𝑍𝑍𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐿𝐿𝑆𝑆𝑁𝑁𝐴𝐴1 𝑤𝑤𝐷𝐷𝐷𝐷ℎ 20𝐴𝐴 𝐴𝐴𝑁𝑁𝑜𝑜𝐷𝐷𝑐𝑐𝐷𝐷𝐷𝐷𝑛𝑛𝐷𝐷 =  4.42 𝑝𝑝𝐷𝐷𝐴𝐴𝐷𝐷𝑡𝑡𝐷𝐷/𝑁𝑁𝐷𝐷𝑐𝑐𝑆𝑆𝐴𝐴𝐴𝐴 

To determine an inferred value of the total number of axons within a whole ON (Full-ON), the 

area of each nerve was measured. This value, in addition to the axon density value generated 

for each nerve, could be used to generate an estimative measure of the total number of axons 

within the ON as follows:   

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝐷𝐷𝑆𝑆 𝐴𝐴𝑐𝑐 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐷𝐷 [𝐷𝐷𝐴𝐴𝐷𝐷𝑆𝑆𝑡𝑡] = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐷𝐷𝐷𝐷𝐴𝐴𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 ∗ 𝐴𝐴𝑆𝑆𝐷𝐷𝑆𝑆[𝐷𝐷𝐴𝐴𝐷𝐷𝑆𝑆𝑡𝑡] 

𝑍𝑍𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐴𝐴𝐴𝐴𝐷𝐷𝐴𝐴𝑐𝑐𝑆𝑆𝑁𝑁 506 𝐶𝐶𝐴𝐴𝑡𝑡𝐴𝐴𝑆𝑆 𝐹𝐹𝐹𝐹𝐹𝐹 𝑆𝑆𝐷𝐷𝑁𝑁𝐷𝐷𝐴𝐴𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐷𝐷 =  2752 𝑝𝑝𝐷𝐷𝐴𝐴𝐷𝐷𝑡𝑡𝐷𝐷 𝐴𝐴 2208 𝑝𝑝𝐷𝐷𝐴𝐴𝐷𝐷𝑡𝑡𝐷𝐷 

∴  FOV area adjustment from pixels to micron2  =  � 2752
13.833����

� ∗ � 2208
13.833����

�   

=  198.94 𝑁𝑁𝐷𝐷𝑐𝑐𝑆𝑆𝐴𝐴𝐴𝐴 𝐴𝐴 159.6144617 𝑁𝑁𝐷𝐷𝑐𝑐𝑆𝑆𝐴𝐴𝐴𝐴 (𝑆𝑆𝐷𝐷𝐷𝐷𝑁𝑁𝑁𝑁𝐷𝐷𝐴𝐴𝑠𝑠 13.833���� 𝑝𝑝𝐷𝐷𝐴𝐴𝐷𝐷𝑡𝑡𝐷𝐷/𝑁𝑁𝐷𝐷𝑐𝑐𝑆𝑆𝐴𝐴𝐴𝐴)  

= 31753.662545 𝑁𝑁𝐷𝐷𝑐𝑐𝑆𝑆𝐴𝐴𝐴𝐴2 𝑝𝑝𝐷𝐷𝑆𝑆 𝐹𝐹𝐹𝐹𝐹𝐹 𝑤𝑤𝐷𝐷𝐷𝐷ℎ 63𝐴𝐴 𝐴𝐴𝑁𝑁𝑜𝑜𝐷𝐷𝑐𝑐𝐷𝐷𝐷𝐷𝑛𝑛𝐷𝐷  

To calculate the extrapolative number of axons in the ON cross-section: 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝐷𝐷𝑆𝑆 [𝐹𝐹𝑁𝑁𝑡𝑡𝑡𝑡 − 𝐹𝐹𝑁𝑁] =  𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐷𝐷𝐷𝐷𝐴𝐴𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷  × �
𝑆𝑆𝑆𝑆𝐷𝐷𝑆𝑆[𝐹𝐹𝑁𝑁𝑡𝑡𝑡𝑡 − 𝐹𝐹𝑁𝑁]

𝑆𝑆𝑆𝑆𝐷𝐷𝑆𝑆[𝐹𝐹𝐹𝐹𝐹𝐹] � 

=  𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐷𝐷𝐷𝐷𝐴𝐴𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 ×  �
𝑆𝑆𝑆𝑆𝐷𝐷𝑆𝑆[𝐹𝐹𝑁𝑁𝑡𝑡𝑡𝑡 − 𝐹𝐹𝑁𝑁]

31753.662545
� 
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Optic Nerve Degenerative Profiling 

Using the images of ON tissue collected and stained for axonal quantitation, manual counting 

of histological features was performed with aid of the cell counter functionality of ImageJ. 

These features were counted across the full scope of these images and, as above, all final counts 

were adjusted by a standardizing coefficient to accommodate the area of the field-of-view and 

the amount of that a that the ON tissue occupies. 

 

STATISTICAL ANALYSES 

For analysis of the optomotor behavioural test, two-way ANOVA with repeated measures and 

post-hoc Tukey analysis were applied. For all other statistical analyses in chapters 3 and 4, one-

way ANOVA with post-hoc Tukey analysis were employed. For all other analyses in chapters 

5 and 6, two-way ANOVA with post-hoc Tukey analysis were employed. All statistical 

analyses were performed using GraphPad Prism software (Version 9.1.0, 2020 release). All 

data is represented as mean values ± standard error of the mean (SEM), with statistical 

significance being considered for p<0.05. All analyses were performed blinded to animal 

treatment condition and genotype, where applicable. Number of repeats and data points are 

presented per figure in all results chapters. 
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Developing a Model of Excitotoxin-Induced Axonal Degeneration 

in the Visual System of Mice 
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INTRODUCTION 

In neurodegenerative conditions, axonal degeneration is a principal feature that results in the 

associated loss or alteration to the circuitry of the nervous system. Despite the diversity of 

pathological phenotypes and pathways, there are mechanisms of neurodegeneration that are 

understood to be common amongst neurodegenerative diseases and injury (M. Coleman, 2005). 

As detailed in Chapter 1, one such example is excitotoxicity; a process that occurs following 

excessive glutamatergic signalling, resulting in an immoderate increase in cytosolic calcium 

and the consequential activation of enzymatic cascades that facilitate the disruption of cellular 

function and begin the process axonal degeneration. To best investigate these processes and 

identify targets amenable to therapeutic interventions, in vivo experimental models of 

neurodegenerative processes must be developed.   

Previous studies performed in this laboratory have sought to investigate the process of 

excitotoxic insult in the context of in vitro primary cortical cultures and have classified 

cytoskeletal changes, degenerative pathways and pharmaceutical interventions that have 

conferred axonal protection against excitotoxic insult (Chung et al., 2005; Hanson et al., 2018; 

King et al., 2013). The model of injury presented in this thesis seeks to further investigate the 

process of excitotoxicity in the context of the visual system of mice, with particular concern 

given to investigating the changes to RGCs and their axons, and the function of the visual 

system. 

Excitotoxin exposure, including application of both KA and NMDA, to RGCs has been 

previously studied and has been shown to result in excitotoxin-induced injuries, including 

axonal degeneration (Bull et al., 2012; Chidlow & Osborne, 2003; Christensen et al., 2019; 

Massoll et al., 2013; Saggu et al., 2010). Additionally, changes to visual function may be 

readily assessed with the use of the optomotor test of visual acuity, which has been previously 
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published and categorised for the sake of assessing visual acuity in rodents in a variety of 

experimental contexts  (Abdeljalil et al., 2005; Ellouze et al., 2008; Heitz et al., 2012; Shi et 

al., 2018). 

A common feature of excitotoxic insult is a degradation and disassembly of cytoskeletal 

structures in the axon. There is evidence from previous studies performed in our laboratory to 

suggest that therapies designed to stabilise MT structures are able to protect against axonal 

fragmentation and subsequent degeneration in in vitro models of excitotoxicity (Hanson et al., 

2018; King et al., 2013), implicating MT disruption, and consequently, disruption of axonal 

transport, as a key process in axon fragmentation. Additionally, previous research from this 

and other laboratories has detailed the loss of NF proteins as preceding that of MTs in the 

context of axon degeneration, including excitotoxic injury (R. S. Chung et al., 2005; Zhai et 

al., 2003). It is important to translate such research into in vivo models to allow us to expand 

our understanding of these changes and associated mechanisms. As RGCs have been shown to 

express NF proteins with high frequency, the visual system may serve as an appropriate model 

to further investigate these changes in an effort to better understand these processes and 

associated cytoskeletal pathologies (Coombs et al., 2006; Kong & Cho, 1999; Rodriguez et al., 

2014).  

The aims of this study were to determine the concentration of KA required to induce a 

functional deficit in the visual system and to characterize alterations to the cytoskeleton to 

determine pathological changes of relevance to neurodegenerative disease and to produce a 

base model of injury to be employed in further research. In this chapter, I characterise the model 

of injury that results in a loss of visual acuity and observed a series of pathological changes 

associated with excitotoxic insult in retinal tissue, with a focus on the cytoskeleton. 
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METHODS 

Animals 

The use of animals and procedures was approved and conducted under guidelines stipulated by 

the Animal Ethics Committee of the University of Tasmania under ethics reference numbers 

13169 and 15706, in conformity with the Australian code for the care and use of animals for 

scientific purposes – 8th edition (2013). Mixed-sex C57/BL6 mice were housed in OptiMICE 

experimental housing with 2-5 animals per enclosure and ad libitum access to food and water. 

Enclosures were kept in a pathogen-free environment with an artificial 12-hour day-night cycle 

at ~21°C. All procedures were performed on mice aged between 3 and 6-months old having 

allowed for at least 7-days of acclimatisation within the animal facility. Animals were 

randomly allocated into experimental treatment groups.  

Intravitreal Injection  

Intravitreal injection was performed as described in Chapter 2.2 using 1μL of KA (Sigma-

Aldrich, USA) in phosphate-buffered saline (PBS, 0.01M, see solutions appendix) at a 

concentration of 0, 0.1mM, 1mM, 2mM, 5mM or 10mM, for a total supply of 0, 0.1, 1, 2, 5 or 

10 nanomoles, respectively, into the left eye. The right-eyes of the animals were not injected 

and served as a source of internal and untreated control tissue. Left eyes injected with PBS 

(0mM KA) served as a vehicle control. 

Optomotor response (visual acuity) 

As described in chapter 2.3.  

Animal Perfusion and Tissue Processing 

Perfusion 

Perfusion was performed as described in Chapter 2.4 on the 1st or 7th post-surgical day. 

Following perfusion with 4% paraformaldehyde in PBS, the head of the animal was collected 



Results Chapter 1  

38 
 

and postfixed in the fixative solution at 4°C overnight. Following fixation, tissue was stored at 

4°C in PBS-azide.  

Tissue processing 

Both whole mount sections and cross sections were prepared for immunohistochemistry from 

mice treated with 10mM KA at 1 and 7-days post injury. For whole mounts, the retina was 

carefully dissected from within the eye and collected as quadrants to be used for 

immunohistochemical investigations. For retinal cross sections, whole dissected eyes from 

animals culled 1-day after surgery were cryoprotected prior to sectioning on a cryostat at a 

thickness of 40µm. Retinal sections were collected and mounted directly onto 24x50mm FLEX 

glass slides (Dako, Australia) before immunohistochemistry was performed. 

Immunohistochemistry 

Immunohistochemistry was performed on retinal cross sections and whole mounts. Briefly, the 

tissue was washed in PBS followed by 2 washes in 0.3% Triton-X/PBS (PBS-T, Triton-X from 

Sigma-Aldrich, USA) each for 10 minutes. The tissue was then blocked using 10% horse serum 

(HS) diluted in TBS-T for 1 hour at room temperature (RT). Primary antibodies (detailed in 

Table 3.1, below) were diluted into 1% HS in PBS-T and applied to the tissue for 24 or 48 

hours (24 hours for retinal cryosections and 48 hours for retinal whole-mounts) while kept at 

4°C. Following incubation at 4°C, a further incubation for one hour at room temperature was 

performed before 3x10 minute washes in PBS-T. Secondary antibodies (detailed in Table 3.2, 

below) were diluted in 1% horse serum in PBS-T and applied to the tissue for 2 hours at RT 

while kept in the dark. From this point the tissue was exposed to as little light as possible. 

Following this, the sections were washed with PBS-T for 10 minutes. Finally, a wash was 

performed in PBS and twice with Phosphate-buffer solution; each for 10 minutes. The tissue 

was mounted onto FLEX glass slides (Dako, Australia) using “Immu-Mount” mounting media 

(Thermo Scientific – Shandon, USA).  
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Table 3.1 – Primary Antibody Details 

Name Antigen Species Dilution Supplier and 
Reference Number 

Acetylated 
Tubulin 

Acetylated alpha-
tubulin 

Mouse 1:200 Sigma, 
T6793.2ML 

Alpha-
internexin 

66kDA Class-IV 
Intermediate Filament 
(alpha-internexin) 

Rabbit 1:500 Novus Biologicals, 
NB300-139 

Beta-III 
Tubulin 

C-terminus of beta-III 
tubulin 

Mouse 1:500 Promega, 
G7121 

GFAP Glial fibrillary acidic 
protein (astrocytes) 

Rabbit 1:500 Dako, 
Z0334 

SMI312 Pan-Axonal 
Neurofilament Marker 
(NFM, NFH, 
phosphorylated) 

Mouse 1:1000 Covance, 
SMI-312R 

SMI32 Anti-Neurofilament H 
Non-Phosphorylated 

Mouse 1:1000 Covance, 
SMI-32R 

 

Table 3.2 – Secondary Antibody Details 

Conjugate/ 
Emission 

Host Species Reactivity Dilution Supplier and Reference Number 

Alexa Fluor / 488 Goat Mouse 
IgG1 

1:500 Invitrogen, 
A21121, lot #19643582 

Alexa Fluor / 594 Goat Rabbit IgG 
(H+L) 

1:500 Invitrogen, 
A11037, lot #2079421 
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Imaging 

Images of immunohistochemically labelled retinal cross sections and retinal whole-mounts 

were collected using the 40x objective on a Leica DM LB2 microscope using NIS-Elements D 

Imaging Software (Nikon Instruments, USA) and an Andor Technology camera.  For 

quantitative purposes, the use of a random forest segmentation classifier allowed for 

reproducible segmentation of immunolabelled images, which were then analysed using ImageJ 

software (O'Mara, 2017). For the purpose of generating figures, images were adjusted using 

Adobe software, including Photoshop CC (Adobe, USA). 

Statistical Analyses 

For analysis of the optomotor behavioural test, two-way repeated measures ANOVA with post-

hoc Tukey analysis were applied. For all other statistical analyses, two-way ANOVA with post-

hoc Tukey analysis were employed. All statistical analyses were performed using GraphPad 

Prism software (Version 9.1.0, 2020 release). All data is represented as mean values ± standard 

error of the mean (SEM), with statistical significance being considered for p<0.05. 
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RESULTS 

Visual capacity following intravitreal kainic acid injection. 

In order to determine the concentration of KA in the retina that induced a functional deficit in 

mice, various concentrations of KA (0, 0.1mM, 1mM, 2mM, 5mM and 10mM) in PBS, were 

introduced into the eye via intravitreal injection and visual capacity was tested on the 

optomotor apparatus in both the treated (left) and untreated (right) eyes. Visual acuity in each 

eye was tested 1 day prior to injection, and 1 and 7-days post-injection by counting the number 

of head turns in each direction when the drum was revolved in a clockwise or anti-clockwise 

direction, testing the treated (left) and non-treated (right) eye respectively. 

Mice treated with concentrations of KA ≥1mM KA exhibited a statistically significant 

reduction in the optomotor performance the day after surgery that was sustained after 7 days. 

All mice treated with 10mM KA displayed complete ablation of the optomotor response 

following surgery at both 1 and 7-day timepoints. Mice treated with 0.1mM KA or PBS 

retained visual acuity relative to the baseline performance of these groups at both 1 and 7-days 

after surgery. The collective data from untreated eyes demonstrated a significant improvement 

in performance at the 7-days timepoint relative to their pretest-baseline (p=0.044) (Figure 3.1). 
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Figure 3.1 – Graph depicting the number of head turns observed before and both 1 and 7 days 
post intraocular injection with KA or PBS. Quantitation of clockwise (left, treated-eye) and 
anti-clockwise (right, untreated eye) head turns in 120 seconds at listed experimental 
timepoints (pretreatment, 1 day post-treatment, and 7-days post-treatment relative to day of 
surgery. Groups were compared using two-way ANOVA, followed by Tukey’s multiple 
comparisons test.  In all cases, p<0.05 was considered to be statistically significant. * p<0.05, 
** p<0.01, *** p<0.001 relative to pretreatment values. All data presented here as mean ±SEM. 
N-values across cohort detailed in Table 3.3, below. 
 
  



Results Chapter 1  

44 
 

 

 

 

Table 3.3 – Table of animal numbers for behavioural cohort 

N-values Pretreatment and  

1-day Post-Treatment 

7-days Post-Treatment 

Untreated 54 31 

PBS 13 6 

0.1mM KA 15 9 

1.0mM KA 9 6 

2.0mM KA 4 4 

5.0mM KA 3 3 

10.0mM KA 10 3 

     The effect of kainic acid exposure on retinal ganglion cells. 

In order to determine whether the KA treatment had induced alterations within the neurons and 

glial cells of the retina, immunohistochemistry was performed on retinal tissue from 10mM 

KA or PBS treated (left eye) and untreated (right eye) eyes. This was performed to allow for 

analysis of the effects of treatment on the immunolabelling patterns of the structures of the 

retina (Figure 3.2).  
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Figure 3.2 – Representation of Retinal Layers, for reference 

Retinal cross section immunolabelled with beta-III tubulin to depicting the layers of the retina: 
ganglion cell layer (GCL), inner plexiform layer (IPL), inner nuclear layer (INL), outer 
plexiform layer (OPL), outer nuclear layer (ONL). Scale bar = 100µm. 

 

 



Results Chapter 1  

46 
 

Inflammatory response following intravitreal injections. 

 

In order to determine if the injection of PBS or KA resulted in an inflammatory response, 

whole-mount retinas at 1 and 7-days post-treatment and cross sectioned retinas at 7-days post 

treatment were immunolabelled with the astrocytic marker, GFAP.  

In cross-sectioned retinal tissue, astrocyte projections from the GCL into the deeper retinal 

layers were present in untreated tissue however, the majority of these astrocyte projections 

were no longer present at 7-days post-treatment with 10mM KA (Figure 3.3 – A-C). There was 

also an observed decrease in GFAP labelling of the outer plexiform layer of the retina following 

exposure to KA (Figure 3.3 - C). These data suggest that following a high-concentration KA 

treatment, there is a change in morphology of the astrocytes in the retina with increased 

reactivity, particularly in the GCL. 

In whole-mounted retinal sections from control eyes, astrocytes were present with regular 

spacing and with few projections from each cell body (Figure 3.3 D-I). When treated with KA, 

the astroglial profile changed, with an apparent increase in the number and orientation of 

projections from these cell bodies. This was most apparent 7-days after treatment, as the 

immunolabelling of astroglial features revealed them to be at their most ramified. These 

changes were quantitatively analysed to assess the area of the image occupied by the segmented 

immunolabelling. These analyses revealed a significant increase in the area of the image 

occupied by GFAP immunolabelling 7-days after injury in eyes treated with either 10mM KA 

or PBS when compared to the untreated controls at this timepoint (Figure 3.3 – H). 
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Figure 3.3 – GFAP immunolabelling in the mouse retina. 

Retinal tissue prepared in cross-section (A-C) or as a retinal whole-mount (D-I) 

immunolabelled with the astrocyte marker, GFAP. Astrocyte immunolabelling extends from 

the cell bodies in the GCL into the IPL (A-C, arrows). D-I - Retinal whole-mounts of untreated 

eyes and those treated with intraocular PBS and KA immunolabelled with the astrocyte marker, 

GFAP. J - Graph detailing the percentage area of GFAP immunolabelling in retinal whole-

mount images at 1 and 7-days after surgery in PBS treated, 10mM KA treated, and untreated 

eyes. Data presented as mean ± SEM. Cohorts were compared using two-way ANOVA with 

Tukey’s multiple comparisons test.  In all cases, P<0.05 was considered to be statistically 

significant. ‘*’ indicates p < 0.05 when compared to the ‘Untreated’ group from the same 

timepoint. N = 3. 
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The effect of kainic acid on the cytoskeleton of retinal ganglion cells. 

In order to determine the effect of KA on the retinal ganglion cells, their axons and other 

neurons in the retina, whole-mount and cross-sections were immunolabelled with antibodies 

against cytoskeletal proteins. These included antibodies against the intermediate filament 

protein alpha-internexin, and the phosphorylation dependent antibodies SMI312 (indicating 

phosphorylation of KSP repeats in the tail domains of the NFM and NFH subunits) and SMI32 

(non-phosphorylated NFH). Additionally, antibodies targeting microtubular structures, 

acetylated tubulin and beta-III tubulin, were used to allow for the identification of alterations 

to these cytoskeletal structures following excitotoxic insult.  

In untreated retinal cross sections, SMI312 exhibited immunoreactivity in bands along the GCL 

and OPL, with projections extending through the IPL towards the INL (Figure 3.4 - A). Within 

1-day of treatment with 10mM KA there was reduced labelling in these projections, the banding 

within the GCL became discontinuous, and a complete loss of immunolabelling within the OPL 

was observed, suggesting changes to the expression of phosphorylated-NF proteins within 

these structures (Figure 3.4 C). Similarly, SMI32 (non-phosphorylated NFH) labelling was 

observed as banding patterns in the GCL and OPL with smaller fibrillar extensions into the IPL 

in untreated eyes (Figure 3.5 - A). Within 1-day of treatment with 10mM KA, SMI32 

immunolabelling within the GCL was discontinuous and a loss of fibrillar extensions in the 

IPL was observed (Figure 3.5 - B). Additionally, the band of immunolabelling that was 

observed in the OPL of PBS-control and untreated retinas was diminished with KA treatment.  

To specifically examine the pattern of phosphorylated and non-phosphorylated NF expression 

in RGC axons, retinal whole-mounts were prepared from tissue 1 and 7-days after surgery. In 

untreated whole-mounted retinas, SMI312 and SMI32 were both shown to label axonal 

structures (Figure 3.4 and 3.5 - D-G). SMI32 immunolabelling was also present in cell bodies 

of the ganglion cell layer (Figure 3.5 - D-E, G-H). The administration of KA induced loss of 
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SMI312/32 labelling (at 1 and 7 days), resulting in fewer NF-immunolabelled axons (Figure 

3.4 and 3.5 – F and I). Additionally, the administration of KA resulted in the development of 

immunolabelled terminal ring structures (Figure 3.4 and 3.5 – F and I, arrows). The 

immunolabelled structures that remained after KA administration presented as terminal 

swellings with a segment extending towards the ON head. These structures appeared to 

resemble a discontinuous axonal segment, and all exhibit a similar polarity (Figure 3.4 and 3.5 

– F and I, arrows). Qualitative analysis suggested that this degeneration occurred in a time-

dependent manner, with fewer labelled axons and a greater proportion of terminal bulbs in 

tissue collected 7-days after surgery. Specific to SMI32 was an observed loss of cell body 

labelling following KA treatment (Figure 3.5 – F and I). Little SMI312 immunoreactivity was 

present in the soma of RGCs at any of the timepoints or with any treatment, consistent with the 

localisation of phosphorylated NFs  within neurons. 
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Figure 3.4 – SMI312 immunolabelling in the mouse retina. 

Retinal tissue prepared in cross-section (A-C) or as a retinal whole-mount (D-I) labelled with 

the phosphorylated-NF marker, SMI312. SMI312 immunolabelling extends from the GCL into 

the IPL and is present in the OPL (A-C). D-I - Retinal whole-mounts of untreated eyes and 

those treated with intraocular PBS and KA immunolabelled with SMI312. In whole-mounted 

tissue, SMI312 labelling was present in large axons that frequently fasciculated and running in 

parallel in untreated and PBS treated tissue (D-E, G-H, arrows). Axons were reduced in 

number following KA treatment, in what appears to be a time-dependent manner, and axonal 

swellings presenting as ring-structures were observed (F, I, arrows). Scale bar = 10μm. 
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Figure 3.5 – SMI32 immunolabelling in the mouse retina. 

Retinal tissue prepared in cross-section (Figure 3.4 – A-C) or as a retinal whole-mount (Figure 

3.2 – D-I) labelled with the non-phosphorylated NF marker, SMI32. SMI32 labelling was 

present as fibrillar formations within the IPL in untreated and vehicle-treated cross-sectioned 

retinal tissue (A-B), but was absent following KA treatment (C). In whole-mounted tissue from 

untreated eyes and those treated with PBS, SMI32 immunolabelling presented as bundled 

axonal structures and perinuclear labelling of cell bodies in the GCL (D-E, G-H, arrows). In 

eyes treated with 10mM KA, the density and size of the immunolabelling of these axonal 

bundles were visibly reduced, and cell body labelling was reduced. Additionally, axonal 

swellings were observed in segment of the axon that is distal to the soma (i.e. the remaining 

axonal segment visibly extends towards the ON head, F, I, arrows). Immunolabelling also 

revealed NF ring structures in KA-treated tissue, most commonly in the cohort culled 7-days 

after surgery (I). Scale bar = 10μm. 
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Alpha-internexin immunolabelling in the retina. 

Alpha-internexin is an intermediate filament subunit, found within CNS axons. In untreated 

retinal cryosections, alpha-internexin immunolabelling extended along the GCL and OPL, with 

projections spanning the IPL and small spindle-like formations within the IPL suggesting that 

may be expressed in the processes of the bipolar cells and/or Müller glia (Figure 3.6 – A-B). 

Within 1-day of treatment with 10mM KA, fewer projections extended through the IPL (Figure 

3.6 – C).  

In untreated and vehicle-treated whole-mount retinal tissue, alpha-internexin immunolabelling 

was very poor and morphologically non-descript (Figure 3.6 – D-E, G-H). Following 10mM 

KA treatment, alpha-internexin immunolabelling was present in axonal structures, and closely 

resembled the immunolabelling profiles of SMI312 and SMI32 after KA treatment (Figure 3.6 

– F and I). This may suggest that alpha-internexin was upregulated following KA exposure, 

that alpha-internexin accumulated in the axons following KA-exposure, and/or that KA-

exposure resulted in an unmasking of an epitope for the alpha-internexin primary antibody to 

bind. 
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Figure 3.6 – Alpha-Internexin immunolabelling in the mouse retina. 

Retinal tissue prepared in cross-section (A-C) or as a retinal whole-mount (D-I) labelled with 

an antibody targeting the intermediate filament protein, alpha internexin. Alpha-Internexin 

labelling was observed in lightly immunolabelled bands that extend along the GCL and OPL 

in untreated cross-sectioned retinal tissue with some fibrillar structures spanning the IPL and 

INL (A-B, arrows). Following KA treatment, immunolabelling of the GCL was discontinuous 

and the fibrillar structures spanning the plexiform layers were sparse (C, arrows). In untreated 

and vehicle-treated whole-mounted retinal tissue alpha-internexin immunolabelling appears as 

very faint puncta (D-E, G-H). Following KA treatment, alpha-internexin was present in 

individual axons ending in terminal bulbs at both the 1 and 7 day timepoints (F, I, arrows). 

Scale bar = 10μm. 
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Alterations to microtubule proteins following intravitreal injections. 

In untreated retinal cryosections, acetylated tubulin immunolabelling extended along the GCL 

and OPL, with projections spanning the nuclear layers. Cells in the GCL and INL exhibited 

perinuclear labelling, and the IPL exhibited a dense band of acetylated tubulin immunolabelling 

(Figure 3.6 – A-B). Following KA treatment, nearly all immunolabelling features were lost, or 

at least distinctly altered (Figure 3.6 – C) including the features of the GCL, which became 

discontinuous and irregular. Furthermore, immunolabelling in the nuclear layers of the retina 

was reduced, and the IPL exhibited very little immunoreactivity following KA treatment.  

Beta-III tubulin is a neuron specific MT marker that exhibited immunoreactivity in the GCL, 

in projections spanning the INL (likely bipolar cells), as well as within RGCs and the cell 

bodies within the INL (Figure 3.7 – D, E). Following 10mM KA treatment, immunolabelling 

in the GCL was discontinuous, no cytoplasmic labelling was evident, labelling of the OPL was 

no longer visible, and the projections and spindle-like formations that had previously been 

observed in the INL were entirely absent (Figure 3.7 - F). 

In the untreated whole-mounted retinal tissue, beta-III tubulin labelled axon bundles RGC soma 

(Figure 3.9 – G, J). Qualitative analysis suggested that the administration of KA reduced the 

number of beta-III tubulin immunolabelled axons and cell bodies. After 7 days of exposure to 

KA, small beta-III tubulin labelled puncta localise along the axonal tracts (fig 3.9 - J). 
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Figure 3.7 – Tubulin immunolabelling in the mouse retina. 

In untreated and vehicle-treated retinal cross-sections, tubulin immunolabelling (of both 

acetylated and beta-III antibodies) was present along the GCL, in dense networks within the 

plexiform layers and with fibrillar structures spanning the nuclear layers (A-B). Following KA 

treatment, little labelling remained besides a discontinuous band in the GCL and some fibrillar 

immunolabelling across the ONL (C). In untreated and vehicle-treated retinal whole-mounted 

tissue, axons and cell bodies were labelled by beta-III tubulin (G-H, J-K, arrows). In retinal 

while-mount tissue treated with 10mM KA, the tubulin immunolabelling profile appears to be 

largely unchanged relative to untreated and vehicle controls (I). After 7 days, there appears to 

be fewer axons and cell bodies labelled by beta-III tubulin and the immunolabelling appears to 

be more punctate (L, arrows). Scale bar = 10μm. 
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DISCUSSION  

In neurodegenerative disease and injury, axonal degeneration and the associated alterations to 

neuronal circuitry are key pathological features. Axonal degeneration is understood to occur 

via a variety of pathways and in response to a variety of pathological initiators. Excitotoxicity 

is a key pathological process that occurs in a variety of neurodegenerative conditions that drives 

neuronal pathology and axonal degeneration. The aim of this chapter was to characterize the 

concentrations of KA that induce functional alterations in the retina and to investigate the 

structural alterations to the retina including degeneration of RGCs following excitotoxic 

stimulation in an in vivo capacity.  

The model of excitotoxic injury presented in this chapter will be used in subsequent studies in 

this thesis that focus on understanding the pathological mechanisms and changes associated 

with excitotoxic pathology. This chapter demonstrated that the intravitreal administration of 

1µL of ≥1mM KA induced a functional loss of vision by 1-day post-treatment that was 

sustained 7-days after surgery. This functional loss was associated with significant alterations 

in the RGCs, particularly to the cytoskeleton of degenerating axons. 

Intraocular injection of kainic acid results in neurodegeneration in the mouse visual 

pathway 

In the optomotor assessment, mice were shown to exhibit a significant reduction in functional 

capacity following exposure to KA at concentrations ≥1mM KA at the 1-day timepoint. These 

data are in line with a study by Massoll et al. (2013) which also found substantial degeneration 

of RGCs in YFP expression mice at 24-hours post-treatment, and suggests that the intravitreal 

administration of KA results in eliciting the dysfunction or degeneration of RGCs (Massoll et 

al., 2013). Similarly, previous research performed by Heitz and colleagues has demonstrated a 
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significant an ablation in performance of the optomotor behavioural test within 1 day of 

rotenone treatment to induce mitochondrial dysfunction (Heitz et al., 2012). 

Kainic acid induces an inflammatory response in the retina 

The data presented here demonstrate an outcome of reactive astrogliosis present in retinal 

whole-mounted tissue. Gliosis was observed to occur at a later timepoint relative to the 

alterations to the NF profile in RGCs, as a significant increase in GFAP immunoreactivity was 

only present 7-days post-injection with KA. A similar increase in astrogliosis, as identified 

with GFAP immunolabelling, was found in the PBS treated eye at 7-days post-treatment. This 

may suggest that the surgery process contributed to the generation of this astrogliosis response 

and may be supported by previous research performed by Sun and colleagues (2017), which 

identified an increase in astrogliosis at the ON head following an increase in intraocular 

pressure in an experimental models of glaucoma (Sun et al., 2017).  

In the current study, the administration of KA into the left-eye at concentrations ≥1mM KA 

resulted in a significant reduction in performance of the optomotor behavioural test relative to 

the untreated (right-eyes) and vehicle-treated equivalents at both 1 and 7-days post-surgery. 

These data showed that there was a significantly stronger performance in the post-injection 

trial of untreated eyes relative to their pre-injection baseline, potentially suggesting an effect 

of learning, or an acclimation to the optomotor behavioural test paradigm with repeated 

exposure. 
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Cytoskeletal alterations to retinal ganglion cells and their axons following kainic acid 

exposure 

Following exposure to KA, labelling patterns of cytoskeletal proteins were shown to be altered 

within the retina. Of these, the formation of terminal bulbs with NF immunolabelling in the 

axons of RGCs at both 1 and 7-days following exposure to KA were perhaps most notable. 

While these bulbous formations are observed during axonal degeneration and are understood 

to be associated with an impaired capacity for axoplasmic transport, it is unusual that they 

should be found to be distal to the cell body, as was observed here (Falzone et al., 2009; King 

et al., 2012; Liu et al., 2012; Marangoni et al., 2014; Morfini et al., 2009; Stokin et al., 2005). 

The formation of these swellings distal to the cell body may indicate that axoplasmic transport 

was disrupted at the site of these bulbous formations as they were being transported back 

towards the cell body, resulting in the observed accumulations. Of particular interest, at the 7-

day timepoint the formation of NF rings within the terminal bulbs was observed in a similar 

manner to those that have been previously reported in in vitro axotomy models, and in human 

Alzheimer’s disease brain tissue (Dickson et al., 2000; Dickson et al., 1999).   

Whole-mounted retinal tissue demonstrated a retention of beta-III tubulin immunolabelling in 

axonal structures 7-days after KA exposure, while those immunolabelled with intermediate 

filament structures exhibited a loss of whole-axonal labelling and the generation of terminal 

end-bulb pathology. This may suggest that the MT and the NF elements of the cytoskeleton 

may degenerate via different pathways following excitotoxin exposure and that some neurons 

lose NF immunoreactivity while retaining MTs. Similar findings have been reported using an 

in vitro model of excitotoxic insult and axotomy, in which cultured cortical neurons and spinal 

cord ganglia have been shown to exhibit alterations to NF structures prior to that of tubulin 

structures in the process of degeneration (Chung et al., 2005; Zhai et al., 2003). Further 

evidence to support the suggested difference in axonal degeneration mechanisms lies in the 
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lack of axonal beading that is usually a feature of axonal degeneration following axon severing 

(Wallerian degeneration) and is also present in an in vitro model of excitotoxic insult (Hosie et 

al., 2012; King et al., 2013).  

As alpha-internexin expression in the axons of RGCs was only observed following exposure 

to the excitotoxic stimulus, it seems plausible that alpha-internexin may only be present in the 

axons of RGCs that are undergoing NF disassembly. Alternatively, the detection of alpha-

internexin using immunohistochemical techniques may be enhanced in axons affected by 

excitotoxic insult as the capacity for transport is impaired; as such, the detection of alpha-

internexin by immunohistochemical means in retinas treated with KA may be a consequence 

of impaired axonal transport and subsequent accumulation of this intermediate filament protein 

(Falzone et al., 2009; Liu et al., 2012). In a study performed by King and colleagues (2012), a 

pronounced upregulation of alpha-internexin was observed in the spinal white matter tracts of 

mutant superoxide dismutase 1 mice, a common model of motor neuron disease, perhaps 

suggesting a similar mechanism of degeneration (King et al., 2012). Additionally, genetic 

manipulation resulting in overexpression of alpha-internexin in mice has been shown to result 

in the production of neurofilamentous inclusions and consequent motor deficits, further 

supporting an association between alpha-internexin expression, neurofilamentous inclusions, 

and axonal pathology (Ching et al., 1999). While an increase in alpha-internexin in the face of 

axonal insult has not previously been described in retinal tissue, there is evidence to suggest 

that alpha-internexin is present in the axonal inclusions of neuronal intermediate filament 

inclusion disease (Cairns et al., 2004; Josephs et al., 2003). These inclusions are suggested to 

contribute to the loss of axonal transport dynamics, and excitotoxicity has been suggested to 

play a role in their development (Al-Chalabi & Miller, 2003).  
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Conclusions 

This chapter has determined the concentration of KA needed to induce functional alterations 

in a model of KA induced excitotoxic neurodegeneration in the retina and characterized the 

alterations to the cytoskeleton that resemble pathological changes that occur in 

neurodegenerative diseases. The sequence of cytoskeletal changes and their potential role in 

the degenerative process in axons is of particular interest for future research. In further 

investigations of this model of excitotoxicity, a milder injury may be used as a baseline to allow 

for the development of an intermediate level of degeneration. This may prove to be useful for 

the purpose of determining the effectiveness of therapeutic treatments, and what may constitute 

a “rescuable” degenerative profile. In summary, the data presented in this chapter offer a base 

profiling of this model of injury and the resultant excitotoxin-induced pathologies. These data 

characterise a model of injury that will allow for the subsequent investigations of cytoskeletal 

modulation and degenerative mechanisms in an in vivo capacity model of excitotoxin-induced 

axon degeneration. 
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INTRODUCTION 

Microtubules (MTs) are polymeric structures composed of multiple dimeric subunits in 

repeated sequence (α-tubulin and β-tubulin) with slight stereological rotation to form a helical 

structure. MTs are highly plastic structures, and this plasticity is necessary for many of their 

various functions (Muroyama & Lechler, 2017). MTs are found in all eukaryotic cells and are 

responsible for the assembly of the spindle fibres in the process of mitosis, providing cells their 

shape, aiding in cellular motility, and facilitating intracellular transport (Nogales, 2000). In 

neurons, MTs serve as a scaffold for motor proteins, kinesin and dynein, to facilitate the 

transport of intracellular components throughout the cell along the axon (Yogev et al., 2016). 

Thus, MT stability in neurons is necessary for neuronal health and function, axonal transport, 

and the formation of dendritic spine and synaptic structures. 

In normal function, the plasticity and varied functions of MTs is enabled by the intrinsic 

instability of the polymeric structure. The stability of MT structures can be modulated by a 

variety of post-translational modifications (PTMs) to the tubulin subunits as well as by the 

presence/absence of MT associated proteins (MAPs) upon the greater MT structure (Maccioni 

& Cambiazo, 1995; Wloga et al., 2017).  

Tubulin PTMs include a variety of moieties (Song & Brady, 2015) with some being understood 

to stabilise the MT structures while others are understood to be indicative features of 

destabilisation. PTMs can affect tubulin dynamics directly (e.g. through steric 

interaction/interference with tubulin subunits), or indirectly (e.g. by facilitating the recruitment 

of chaperone proteins) (Song & Brady, 2015; Wloga et al., 2017). One of the common PTMs, 

tubulin acetylation, is known to play a role in facilitating some of the various functions of MTs, 

although its role as a stabilising/destabilising modification is contentious (Janke & Bulinski, 

2011; Perdiz et al., 2011). Instead, acetylation of MTs may instead be observed as a marker of 
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MT age (and therefore, stability) as acetylation only occurs on alpha-tubulin in established, 

polymerised MTs (Portran et al., 2017). 

Proteins that fall within the categorisation of MAPs are divided into two main categories 

(Mandelkow & Mandelkow, 1995; Olmsted, 1986). Type I MAPs, including MAP1a and 

MAP1b, interact with MTs via charge interactions. Type II MAPs including MAP2, MAP4, 

and Tau (alternatively MAPT) interact with MTs via a C-terminus microtubule-binding domain 

to promote MT stability and the recruitment of additional tubulin subunits (Mandelkow & 

Mandelkow, 1995). 

We understand that the profile of MAPs and PTMs can be altered in some neurodegenerative 

conditions, and there is substantial evidence that MT breakdown is a central feature in the 

process of axon degeneration (Brunden et al., 2017). In the context of excitotoxin-induced 

axonal degeneration, MTs have been shown to accumulate in the archetypal axonal swellings, 

thereby suggesting structural disruption to the point of fragmentation (King et al., 2013).  

One central feature of axon degeneration is the breakdown of the axonal cytoskeleton and the 

subsequent disruption of axoplasmic transport  (Wang et al., 2012). In some neurodegenerative 

conditions, the MAP II protein ‘tau’ may become hyperphosphorylated and not only lose the 

ability to stabilise MTs, but also aggregate to form pathological intracellular inclusions known 

as neurofibrillary tangles (Gendron & Petrucelli, 2009). As MTs are intrinsically dynamic 

structures, this loss of tau-stabilisation promotes the breakdown of MT structures which may 

result in an impaired capacity for axoplasmic transport (Rodriguez-Martin et al., 2013; Terwel 

et al., 2002). Both anterograde and retrograde transport are fundamentally essential cellular 

processes in neurons. Mechanical disruption of MT structures often results in impaired axonal 

transport and, subsequently, in axonal degeneration (Fang et al., 2012).  
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Instead of MT breakdown being merely implicated as a pathological feature of axon 

degeneration, there is some evidence that MT disruption may instead be a primary, upstream 

cause for axon degeneration following excitotoxicity (King et al., 2013). There is evidence that 

stabilising MTs serves as an effective mitigant against excitotoxin-induced axonal 

degeneration in an in vitro paradigm (Hanson et al., 2018; King et al., 2013). Thus, the 

effectiveness of MT stabilisation as a therapeutic intervention against excitotoxic insult may 

be worthy of interrogation in an in vivo capacity. 

In order to utilize MT stabilizing agents to treat neurodegenerative disease, therapeutics need 

to be able to cross the blood brain barrier. Epothilone D (EpoD) is a MT stabilising agent that 

will bind and stabilise MT structures and has been shown to cross the blood brain barrier when 

administered via an intraperitoneal route (Brunden et al., 2011; Brunden et al., 2010). There is 

some evidence that intraperitoneal administration of EpoD protects axons, promotes the 

stabilisation of MTs, and improves fast axonal transport in the ON of animal models of 

neurodegenerative tauopathy (Brunden et al., 2010; Zhang et al., 2012).  Additionally, recent 

research has presented evidence to suggest that weekly administration of EpoD can ameliorate 

the amyloid-beta accumulation, cognitive decline and the synaptic and neuritic pathology in 

the APP/PS1 mouse model of Alzheimer’s disease (Fernandez-Valenzuela et al., 2020).  

There is evidence to suggest that the disruption of MTs precedes the outright degeneration of 

axonal structures in neurodegenerative conditions and that the breakdown of axoplasmic 

transport and subsequent growth factor/axon survival signal deprivation may be the cause of a 

form of degeneration (Cusack et al., 2013; King et al., 2013; Uribe et al., 2012; Wang et al., 

2012). As such, the rationale for the approach taken in this chapter was to attenuate the 

‘upstream’ process of MT disassembly via stabilisation with the brain-permeable microtubule-

stabilising agent, EpoD, such that the impact of the putative ‘downstream’ processes of 
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disrupted axoplasmic transport, trophic deprivation of the axonal afferent, and subsequent 

axonal degeneration may be minimised. 

In this aim, the viability of the microtubule-stabilising agent, Epothilone D, was assessed as an 

intervention against excitotoxicity in the in vivo model using the visual system of mice. 

Potential effects of the treatment on visual acuity, cell numbers in the ganglion cell layer and 

axon degeneration in the ON were quantitated using optomotor response and histological 

techniques.  
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METHODS 

Animals 

The use of animals and procedures was approved and conducted under guidelines stipulated by 

the Animal Ethics Committee of the University of Tasmania under ethics reference number 

15706, in conformity with the Australian code for the care and use of animals for scientific 

purposes – 8th edition (2013). Animal conditions were as described in Chapter 2.1. 

Intraperitoneal Injection 

Epothilone D (AbCam) was prepared at 100mg/ml in DMSO (Sigma Aldrich). The day prior 

to intravitreal injection, animals were provided either a dose of EpoD at 3mg/kg or an 

equivalent volume of a DMSO vehicle via the intraperitoneal route. Each animal was given a 

replicate secondary injection exactly one week after the initial injection to replenish the initial 

dose. 

Intravitreal Injection 

As described in Chapter 2.2. Briefly, animals were anaesthetised with isoflurane in an induction 

chamber, placed on a warming pad, and anaesthetisation was maintained by inserting the snout 

of the mouse into a nozzle set to release a sustaining supply of isoflurane. The left-eye of each 

mouse was pierced with a NanoFil 31-gauge bevelled needle (World Precision Instruments, 

USA) attached to a gastight syringe (Hamilton Company, USA) before being replaced with a 

33-gauge bevelled needle from which 1μL of either KA (1mM or 2mM, for a total supply of 1 

or 2 nanomoles, respectively, into the eye) (Sigma-Aldrich, USA) or phosphate-buffered saline 

(PBS, 0.01M, see solutions appendix) was released. The right-eyes of these animals remained 

untouched as to serve as a source of internal and untreated control tissue. 

Optomotor response (visual acuity) 

As described in chapter 2.3.  
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Animal Perfusion and Tissue Processing 

Perfusion 

As described in chapter 2.4. Briefly, mice were culled at on the 7th post-surgical day by means 

of terminal anaesthetisation with an intraperitoneal injection of sodium pentobarbital 

(>100mg/kg body weight). The mice were transcardially perfused with 4% paraformaldehyde 

in PBS. Following perfusion, the head of the animal was collected and postfixed in the fixative 

solution at 4°C overnight. Following fixation, tissue was stored at 4°C in PBS-azide.  

Cryosectioning 

As described in chapter 2.5 

Tissue Embedding and Toluidine blue sectioning 

As described in chapter 2.7.  

Mayer’s Haematoxylin Staining and Bluing 

As described in chapter 2.7. 

Brightfield Microscopy – Retinal Histology 

As described in chapter 2.6.  

Ganglion Cell Layer Nuclear Density Measurements 

As described in chapter 2.6.  

Brightfield Microscopy – Optic Nerve 

As described in chapter 2.7. 

Optic Nerve Axon Number Quantitation 

As described in chapter 2.7. 

Axon Density Quantitation 

As described in chapter 2.7. 



Results Chapter 2  

73 
 

Optic Nerve Degenerative Profiling 

As described in chapter 2.7. 

Statistical Analyses 

For analysis of the optomotor behavioural test and ganglion cell layer nuclei density, two-way 

repeated measures ANOVAs with post-hoc Tukey analysis were applied. For all other 

statistical analyses, one-way ANOVAs with post-hoc Tukey analysis were employed. All 

statistical analyses were performed using GraphPad Prism software (Version 9.1.0, 2020 

release). Unless otherwise stated, all data is represented as mean values ± standard error of the 

mean (SEM), with statistical significance being considered for p<0.05. 
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RESULTS 

Intraocular kainic acid has significant effects on visual acuity in the presence or absence 

of Epothilone D. 

To determine whether MT stabilisation with EpoD alters the loss of visual acuity induced by 

KA, optomotor behavioural testing was performed. One microlitre intraocular injections of 

1mM or 2mM KA were performed in the left-eyes of mice treated with EpoD or vehicle 

(DMSO). The day prior to this surgery, optomotor testing was performed to establish a baseline 

performance for these animals, with subsequent trials being performed 1 and 7-days post-

surgery to observe any changes to visual acuity. Two-way ANOVA of the resultant data 

demonstrated a significant effect of injury (p<0.001) that manifested as a loss of visual acuity 

for all cohorts treated with either 1mM KA or 2mM KA relative to their respective untreated 

control, at either timepoint, regardless of whether the animals had been treated with the MT 

stabilising agent, EpoD, or the vehicle control (DMSO). There was no significant (p>0.05) 

difference in visual acuity in animals treated with EpoD compared to those that were treated 

with the vehicle control and the same intraocular treatment. Tukey’s multiple comparisons test 

demonstrated a significant decline in performance for all groups treated with KA when 

compared to their respective untreated controls at the same timepoint (EpoD/untreated/7-days 

= 16.78±1.25 head turns, versus EpoD/1mM KA/7-days = 5.75±2.01 headturns, p= 0.005, 

p<0.0001 for the same comparison between other groups at both 1 and 7-days post-treatment). 

Additionally, post-hoc analyses revealed that EpoD treated animals injected with 1mM KA 

demonstrated a significant improvement in visual acuity when comparing their 1-day post-

treatment and 7-days post-treatment performances (EpoD/1mM KA/1-day = 0.875 ±0.64 

headturns versus EpoD/1mM KA/1-day = 5.75±2.01 headturns, p= 0.037) while all other 

comparisons between 1-day post-treatment and 7-day post-treatment performances were not 

significantly different. 
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Figure 4.1 – Graph to show Optomotor Response of mice receiving intraocular injection 

of kainic acid in the presence of EpoD (or DMSO vehicle).  

Quantitation of clockwise (left, treated-eye) and anti-clockwise (right, untreated eye) head 

turns in 120 seconds at listed experimental timepoints (pretreatment, 1 day post-treatment, and 

7-days post-treatment relative to day of surgery). ** p<0.01, **** p<0.0001 relative to 

untreated values at the equivalent timepoint. # p<0.05 relative to 1-day post-treatment values. 

n=15-18 for untreated data, n= 7-10 for 1mM KA and 2mM KA data. Data represented as mean 

±SEM. 
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Kainic acid had a significant effect on the density of cells in the ganglion cell layer and 

this was not affected by Epothilone D. 

To observe any potential effect of excitotoxic insult on cell bodies in the GCL of the retina, 

eyes were cryosectioned at 16µm and stained with haematoxylin and eosin. Qualitative 

examination of stained sections demonstrated that the ganglion cell-layer nuclei were regular 

in shape and typically close to 10µm in diameter. Plexiform layers of the retina were highly 

eosinophilic and this sharp contrast with the haematoxyphilic nuclear layers allows for 

delineation of these layers. For analysis, individual images (as in Figure 4.2. C-H) were 

stitched together to develop a complete retinal segment (example in Figure 4.2 – B) that could 

then be used to derive a quantitative measure of GCL nuclear density. To generate this metric, 

the number of haematoxyphilic nuclei in the GCL were counted and divided by the length of 

imaged retinal tissue. Two-way ANOVA of the resultant data demonstrated a significant effect 

of the KA intraocular injection (p=0.033), but not of the EpoD treatment (p=0.54) on GCL 

nuclear density (Figure 4.2 – A). Despite the significant effect of KA treatment, post-hoc Tukey 

analyses revealed no relevant points of comparative significance between groups. Importantly, 

EpoD treatment had no effect on the density of nuclei in the GCL, in either the presence or 

absence of KA (p>0.98 for all). 
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Figure 4.2 – Quantitation of Nuclei in the Ganglion Cell Layer. 

A – The density of haematoxylin-stained nuclei in the ganglion cell layer of the retinas from 

eyes treated with KA in the presence or absence of EpoD. 16µm retinal cryosections were 

stained with haematoxylin and eosin and the density of nuclei quantitated (n=3-6 for all 

groups). Data represented as mean ± SEM with p<0.05 considered significant.        B – Example 

of stitched image of stained retinal tissue for analysis. C-H - Individual images of retinal tissue 

from the treatment groups (C – DMSO/untreated. D – EpoD/untreated. E – DMSO/1mM KA. 

F – EpoD/1mM KA/ G – DMSO/2mM KA. H – EpoD/2mM KA.) Scale bar in H represents 

100µm and applies to C-H.   
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Kainic acid resulted in altered structural appearance of the optic nerve and this was not 

affected by Epothilone D. 

Next, the effect of retinal KA treatment on the ON was qualitatively examined in thin sections 

stained with toluidine blue to determine if there were observable effects on the axons of the 

RGCs. In control tissue (no intravitreal injection), axonal profiles could be observed as distinct 

regular circular structures surrounded by stained myelin profiles (Figure 4.3 A and D). The 

axons were similar in size, with the majority ranging from 0.2-2µm in diameter. When 

examining optic nerves from all mice, there were several distinct structures present including 

axons that appeared swollen and dystrophic. Dystrophic profiles took the appearance of being 

densely stained and were often larger axonal structures with what appeared to be altered myelin 

profiles (Figure 4.3 - G, arrows). Swollen axonal profiles (Figure 4.3 - H, arrows) also 

exhibited altered myelin profiles, had a lighter-staining cytoplasm than the more typical axons, 

and seemed to occur in higher density with increased proximity to the edge of the ON tissue. 

In addition to the axons, nuclear profiles were present, presumably from glial cells, including 

euchromatic glial nuclei (Figure 4.3 - I, arrows) and heterochromatic glial nuclei (Figure 4.3 - 

J, arrows) as well as glial processes. Paler, euchromatic glial nuclei most likely represent 

astrocyte nuclei, while darker, heterochromatic nuclei are often found in microglia and 

oligodendrocytes (García-Cabezas, John, Barbas, & Zikopoulos, 2016). Glial nuclei were 

present in all treatment groups but appeared to have more stratified and enlarged processes in 

tissue treated with KA. Qualitatively, the optic nerves of mice treated with EpoD did not differ 

from those treated with the vehicle (DMSO). 
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Figure 4.3 – Qualitative analysis of optic nerves from mice receiving intraocular 

injections of kainic acid in the presence or absence of EpoD. 

350nm sections of ON were stained with toluidine blue. A-F - representative images of ON 

from each group. G – representative image showing dystrophic profiles (arrows) in the ON 

from a mouse receiving an intraocular injection of 2mM KA. H - representative image showing 

swollen axonal profiles (arrows) which were, qualitatively, more common with increased 

proximity to the perimeter of the ON tissue, particularly in optic nerves originating from eyes 

treated with KA. I – representative image showing euchromatic glial nuclei (arrows), which 

were likely astrocyte nuclei present in all ON cross-sections. J – representative image showing 

heterochromatic glial nuclei (arrows), which were typically smaller and more varied in shape 

than their euchromatic counterparts. All images collected at 100x. Scale bar in F represents 

50µm and applies to A-F. Scale bar in G represents 20µm and applies to G-H. Scale bar in J 

represents 20µm and applies to I-J. 
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Kainic acid resulted in altered structural appearance of the optic nerve and this was not 

affected by Epothilone D. 

To analyse the effects of KA, with or without EpoD, on the histological appearance of the optic 

nerve, toluidine blue stained cross-sections were analysed and the presence of specific features 

of degeneration were quantified by hand. First, the number of dystrophic axonal profiles within 

an area of the stained ON tissue were recorded and found to be significantly higher in all tissue 

treated with KA when compared to the untreated right optic nerves from the same animals, 

with EpoD having no observable effect (Figure 4.4 - A). The number of swollen axonal profiles 

were recorded and found to be significantly higher only in tissue treated with 1mM KA relative 

to the untreated controls; again, EpoD had no observable effect on this change (Figure 4.4 – 

B). The number of heterochromatic (Figure 4.4 – C) and euchromatic (Figure 4.4 – D) glial 

nuclei were also counted within these sections, but no changes were observed to these 

parameters in the presence or absence of either KA or EpoD. 
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Figure 4.4 – Quantitation of dystrophic axonal profiles and glial cell nuclei in toluidine 

blue stained optic nerve cross-sections.  

Graphs to show density (number per field-of-view) of dystrophic axon profiles (A), high calibre 

(swollen) axons (B), heterochromatin-dense nuclei (C), and euchromatic nuclei (D) in ON 

sections from mice receiving intraocular injections with KA in the presence of EpoD or vehicle. 

Untreated axons refer to the right optic nerve. Data represented as mean ±SEM. * p<0.05, ** 

p<0.01, **** p<0.0001. n=5-6 nerves for each condition. 
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Kainic acid did not affect the density of axons in the optic nerve, total nerve size, or the 

inferred total axon number within the nerve, and this was not affected by epothilone D. 

To analyse the effects of KA, with or without EpoD, on axon parameters such as density in the 

optic nerve, toluidine blue stained cross-sections were analysed using the ImageJ plugin, 

AxonJ. First, measures of total nerve area demonstrate no significant effect of KA in the 

presence or absence of EpoD (Figure 4.5 – A). One-way ANOVA revealed no significant 

changes to axonal density between any of the treatment groups (Figure 4.5 – B). Using the 

values of axonal density and total ON cross-sectional area, the metric of ‘inferred ON axon 

number’ was determined for all treatment groups. Animals treated with 2 

mM KA with or without EpoD had the lowest numbers of axons (24110±958 and 22629±1736 

axons on average ±SEM, respectively) while the numbers in untreated controls and 1mM KA 

(again, with or without EpoD) were slightly higher (26734±1995, 28871±3110 and 

28167±1925 axons on average ±SEM, respectively). 

However, one-way ANOVA demonstrated that there was no significant effect of either KA or 

treatment. DMSO exhibited a non-significant reduction in total axon number when compared 

to those given 1mM KA and the same vehicle control (DMSO/1mM KA axon number = 

28167±1925, versus DMSO/2mM KA axon number = 22629±1736). A similar trend was 

observed in those given EpoD, and this difference was also not statistically significant 

(EpoD/1mM KA axon number = 28872±3110, versus EpoD/2mM KA axon number= 

24111±958). Importantly, EpoD treatment had no apparent effect on the inferred total axon 

number from these ON sections in the presence of KA when compared to those treated with 

the vehicle (p>0.98 for all; Figure 4.5 – C).  
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Finally, to interrogate a potential effect of KA and/or EpoD on sub-populations of axons within 

the optic nerve, an analysis of the distribution of axon size within the ON was performed. Two-

way ANOVA revealed a significant effect of treatment (p<0.003), with post-hoc tests 

demonstrating that nerves treated with DMSO and 2mM KA had larger axons at and above the 

95th percentile when compared to those treated with EpoD and 2mM KA, DMSO and 1mM 

KA, and to untreated nerves (Figure 4.5 – D). 
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Figure 4.5 – The density, number and size of retinal ganglion cell axons in the optic nerve 

was not affected by kainic acid or epothilone D.  

Graphs to show the total area of ON cross-sections (n=5-6 nerves for all conditions with 2-4 

measurements taken per nerve, A), the density of axons within ON cross-sections (n=5-6 nerves 

for all conditions with 15-45 measurements taken per nerve, B), the total inferred axon number 

per nerve cross-section (determined using values of axon density and the associated axon area, 

n=5-6 nerves for all conditions, C), and the distribution of ON axonal size from cross-sections 

collected on an ultramicrotome and stained with toluidine blue (n=5-6 nerves for each 

condition, D). Untreated tissue (right-ON) from animals treated with intraperitoneal EpoD or 

treated with the vehicle (DMSO) have been presented here as being grouped. Data represented 

as mean ±SEM. * p<0.05, *** p<0.001. 
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DISCUSSION 

As presented in the previous chapter, the visual system of C57BL/6J mice provides an 

opportunity to be used as an in vivo model to investigate axonal response to injury of the CNS 

with relative isolation and access with minimised intervention. The principal goal of the 

research presented in this chapter was to investigate the effects of MT stabilisation (via 

intraperitoneal administration of EpoD) on a model of excitotoxin-induced axonal degeneration 

in the visual system of mice, using behavioural and histological analyses. Previous research 

has demonstrated the therapeutic capacity of MT stabilisation therapies in the context of 

tauopathies (Brunden et al., 2010; Zhang et al., 2012) and research in our laboratory has 

demonstrated the effectiveness of microtubule-stabilising agents in preventing MT breakdown 

and excitotoxin-induced degeneration of cultured primary cortical neurons (King et al., 2013). 

The data presented here provides evidence for an effect of KA on the visual acuity of affected 

eyes, the cell-bodies found in the ganglion cell layer of the retina and on the histological profile 

of the axons of RGCs. Treatment with EpoD was found to have little, if any, effect on any of 

the observed parameters. 

Intraperitoneal application of epothilone D did not attenuate the loss of visual acuity or 

GCL nuclear density induced by intravitreal application of kainic acid. 

This study demonstrated a significant reduction in the visual acuity of eyes treated with KA, 

regardless of the concentration administered at both 1 and 7-days post-surgery. Previous studies 

using similar analyses of visual acuity have also demonstrated a knock-down of performance 

following excitotoxic insult (Torero Ibad et al., 2011) and others have demonstrated a loss of 

visual acuity within a day of intervention that is restored by therapeutic intervention with time 

(Heitz et al., 2012). We also saw that treatment with EpoD lead to a significant improvement 

in visual acuity between 1 and 7 days in animals injected with 1mM KA that received EpoD, 
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but not the DMSO control. This is in line with previous research showing that the 

administration of either epothilone B, which also acts to stabilise MTs, or EpoD after injury 

facilitates an accelerated recovery of motor function in rodent models of spinal cord contusion 

injury (Ruschel & Bradke, 2018; Ruschel et al., 2015). 

The current study also revealed a significant effect of the intravitreal administration of KA on 

the number of nuclei in the GCL as observed using histological techniques. This may help to 

explain the changes to visual acuity observed in this model, as RGC loss has been shown to be 

associated with a decline in the visual performance of rodents when observed using the 

optomotor behavioural test (Ellouze et al., 2008). RGC loss is also a primary pathological 

feature of open-angle glaucoma and is observed in animal models of glaucomatous 

degeneration (Buckingham et al., 2008; Danias et al., 2003; Mukai et al., 2019). In the context 

of RGC loss and altered visual acuity in glaucoma, analysis of a longitudinal cohort of patients 

demonstrated an average total RGC loss of 28.4% prior to the earliest detection of visual field 

defects, although it is unclear if this is similar in rodents (Medeiros et al., 2013). In future 

studies, an immunohistochemical approach could help better identify the RGCs in the GCL as 

there is evidence that other cell bodies, including displaced amacrine cells, can be found in the 

GCL (Jeon et al., 1998). In a study performed by Rodriguez and colleagues (2014), antibodies 

against RNA-binding protein with multiple splicing (RBPMS) were found to be the most 

accurate for identification of the varieties of RGCs in mammalian retinal tissue, where others 

(Brn3a, SMI-32, melanopsin) seemed to only capture subpopulations while also labelling 

confounding non-RGC cell types (Rodriguez et al., 2014). While still demonstrably imperfect 

in the identification of RGC varieties, the findings of the study by Rodrigues and colleagues 

provide evidence to suggest that the use of RBPMS antibodies is currently the most effective 

immunohistochemical target for detection of RGCs, while not labelling confounding cell types 

(including displaced amacrine cells and Müller cells). 
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The finding that treatment with the MT stabilising agent, epothilone D, did not attenuate the 

decrease of GCL nuclear density induced by KA when compared to the untreated internal 

controls (right-eyes) is in agreement with previous studies that have demonstrated targeted 

protection of the axon that occurs in the absence of somal protection (Beirowski et al., 2008; 

de Lima et al., 2016; King et al., 2013). These findings suggest that the processes that elicit 

axonal degeneration may occur independently of somal insult or loss, and vice versa. 

Intravitreal application of kainic acid resulted in an accumulation of aberrant cross 

sectional profiles of retinal ganglion cell axons in the optic nerve that is not attenuated by 

intraperitoneal application of epothilone D. 

The presence of dystrophic axonal profiles described in this study are similar to those that have 

been described in the mouse ON in models of tauopathy, glaucoma and following retinal 

excitotoxic insult (Howell et al., 2007; Saggu et al., 2010; Zhang et al., 2012). The density of 

dystrophic axonal structures was higher in tissue treated with KA when compared to internal 

untreated controls (right-eyes) and the application of EpoD did not affect this outcome. 

Conflictingly, longitudinal application of EpoD reduced the density of dystrophic axonal 

profiles in the ON of aged PS19 mice (used to model tauopathy) with an associated increase in 

MT density within these axonal structures (Brunden et al., 2010; Zhang et al., 2012). These 

differences may reflect different axon degeneration mechanisms in the two models or the time 

course over which they were generated and treated.  

Other studies have also demonstrated protective effects of MT stabilizing agents on axons. In 

a microfluidic-compartmentalised in vitro model of excitotoxin-induced axonal degeneration 

in cultured cortical neurons, the somatodendritic application of KA resulted in axonal 

degeneration that was rescued by application of the microtubule-stabilising agent, taxol, to the 

axonal compartment, although these changes were only observed within 24 hours of KA 

administration (King et al., 2013). Similarly, in vivo studies utilising models of tauopathy and 
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contusive injury have demonstrated protective effects of MT stabilisation on axonal structures 

when applied regularly over a greater timecourse (1-3 months) than that which was employed 

in this study. Notably, neuroprotective or regenerative outcomes were observed in these in vivo 

studies when EpoD was applied within a dosing range of 0.3mg/kg to 3.0mg/kg, usually with 

weekly administration (Brunden et al., 2010; Ruschel & Bradke, 2018; Ruschel et al., 2015; 

Zhang et al., 2012; Z. Zhu et al., 2020). As such, it may be that any therapeutic capacity of 

EpoD in in vivo models is best observed over a greater time course than that which has been 

presented in this body of research, as has been demonstrated in the literature (Ruschel & 

Bradke, 2018; Ruschel et al., 2015). Although the penetrance of EpoD into the CNS has been 

shown to occur within 15 minutes of a single administration (Brunden et al., 2010), it is 

unknown if the stability of MT structures is affected at this point, or if more time and additional 

infusions of EpoD are required to promote a sustained and pervasive alteration to the stability 

of the MT profile.  

An additional morphological profile evident in the ON cross sections was axon structures that 

appeared swollen when compared to the general axonal profile. Swollen axons have previously 

been reported in ON tissue following ON crush and other forms of traumatic axonal injury 

(Knöferle et al., 2010; Jiaqiong Wang et al., 2011). The finding that the density of these 

structures was higher at lower concentrations of KA (1mM KA) in this model may indicate the 

employment of different pathological processes and pathways, with different concentrations 

applied. In addition, this may be highlighting a difference in the rate at which degeneration 

occurs with different concentrations of KA. It is possible to suggest that the higher 

concentration of KA has accelerated the degeneration and that the axonal swellings represent 

an intermediate stage of axonal degeneration, much like the axonal swellings that have been 

observed in murine cortical neuron cultures exposed to excitotoxins prior to complete axonal 

fragmentation (Hanson et al., 2018; King et al., 2013). When examining ON damage following 
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traumatic brain injury, swellings were observed in the axons of the ON within 3 hours of injury, 

and demonstrated signs of axonal dieback within 48 hours (Jiaqiong Wang et al., 2011). 

Strikingly, the swellings observed in the described study were associated with an ultrastructural 

presentation that recapitulated a state of axonal reorganisation, rather than overt degeneration; 

As such, it may be that the formation of axonal swellings within the ON of mice suggests a 

rescuable state of injury (Jiaqiong Wang et al., 2011). In the context of the data presented in 

this chapter, it may be that a smaller dose of KA (1mM KA) induces a level of injury that can 

be rescued (as indicated by the formation of these swellings), while higher concentrations 

(2mM KA) induce a level of injury from which fewer axons can recover/be rescued, and this 

requires further investigation.  

Neither intraperitoneal application of epothilone D nor intravitreal application of kainic 

acid resulted in a change to the number of glial nuclei present in the cross-sectional profile 

of retinal ganglion cell axons in the optic nerve.  

In the mouse optic nerve, a diverse profile of astrocytes, microglia, oligodendrocytes, and NG2-

glia are present (Butt et al., 2004). Following the robust histological descriptions provided by 

García-Cabezas and colleagues (2016), we divided the analyses presented in this study into 

subpopulations of heterochromatin-dense glial nuclei (microglia, oligodendrocytes, and NG2-

glia) and heterochromatin-light/ euchromatic glial nuclei (astrocytes) (García-Cabezas et al., 

2016). While no change was observed with the quantitative measures in glial cells in this study, 

qualitative observations suggest that the changes to glial profile could be interrogated by using 

immunohistochemistry to assess glial processes and the area that they occupy within ON cross-

sections, which may provide a better indication of any potential effect of KA treatment. This 

may be achieved through the application of trainable Weka segmentation (Arganda-Carreras 

et al., 2017) or thresholding analysis, as has been previously described (Bosco et al., 2016). 

Previous studies investigating the changes to the glial profile of the ON in rodent models of 
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chronic experimental glaucoma have demonstrated a proliferative glial profile. Interestingly, 

these studies demonstrate that the proliferative state of these glia correlates with the level of 

axonal injury and/or loss that is observed within the ON as a result of the chronic degenerative 

condition (Lozano et al., 2019). Considering this study and the methodology applied, it may be 

that a significant change to the glial profile was not observed here as a significant change in 

axonal density did not occur with injury. Another reason may be that the injury model applied 

on this study does not recapitulate the chronic state of degeneration that results from the 

sustained hypertensive intraocular pressure in rodent models of experimental glaucoma, which 

may be required to elicit a measurable glial response to injury (Lozano et al., 2019). 

Neither intraperitoneal application of epothilone D nor intravitreal application of kainic 

acid resulted in a change to the total axon number or density within the optic nerve. 

Despite clear and observable changes to the axonal profiles of ON tissue from eyes treated with 

KA, the automated analysis of ON tissue stained with toluidine blue revealed no significant 

changes to the density of axonal structures. This automated analysis was based on the 

publication by Zarei and colleagues (Zarei et al., 2016) and has been used in subsequent studies 

to measure axon size (H.-J. Wu et al., 2020) and number in the mouse ON (Atkinson et al., 

2021; Cui et al., 2020; Harder et al., 2020; Hazlewood et al., 2020; Lambert et al., 2019; Pete 

A. Williams et al., 2018; Pete A Williams et al., 2020; Y. Zhu et al., 2018). However, there 

were a number of challenges associated with quantitating axonal density in optic nerves. 

Firstly, the measure of axonal density may have been impacted by the qualitative changes to 

glial processes as discussed above.  

Secondly, the measure of axonal density was balanced against the cross-sectional area of each 

nerve to develop an extrapolative metric of the total number of axons within the ON cross-

section; this metric was also found to be unchanged by the administration of intravitreal KA or 
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of intraperitoneal EpoD. In this study, the values generated for total inferred axon number 

(approximately 20,000-30,000 axons per nerve) are lower than most that are found in the 

literature for adult C57BL/6J mouse optic nerves, with some detailing values as high as 71,000 

(Prasov et al., 2012), while most present average values between 44,000 and 55,000 axons per 

nerve (Anderson et al., 2006; Jeon et al., 1998; Templeton et al., 2014; R. W. Williams et al., 

1996). The number of axons per nerve generated in this study more closely resemble values 

generated by Brambilla and colleagues, who utilised p-phenylenediamine staining in resin-

embedded ON sections to observe the number of myelinated axons in the ON (Brambilla et al., 

2012). This may suggest that the methodology applied here may need to be revisited to ensure 

that all axons are accounted for in this automated analysis as previous literature has also 

observed an undercounting effect with the use of AxonJ (Hazlewood et al., 2020). This may be 

achieved via the use of light microscopy images taken at a higher magnification, the use of 

TEM images, the use of other staining protocols that have been utilised in previously published 

research (Anderson et al., 2006), and/or the use of smaller, but more numerous regions of the 

ON to be counted by hand. 

Intraperitoneal application of epothilone D protects against changes to the distribution 

of axonal area induced by intravitreal application of 2mM kainic acid. 

Although the protective effects of EpoD were limited in this study, a potential interesting 

finding in this study was the effect of EpoD on the distribution of axonal sizes within the optic 

nerves from eyes treated with 2mM KA, with effects particularly seen in the largest 5% of 

axons. These data suggest that the intravitreal application of KA may induce changes in the 

distribution of RGC axonal sizes in the ON 7-days after treatment and that this change is 

rescued through intraperitoneal application of EpoD prior to injury. This may be reflected in 

our observation that optic nerves from animals treated with KA demonstrated a higher density 

of swollen axonal profiles relative to their untreated equivalents. While not directly addressed 
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in this study, one possible explanation may be that EpoD is stabilising MTs in these axons and 

minimising axonal transport deficits and the subsequent axonal swellings, resulting in a small, 

but statistically significant reduction in the distribution of axonal calibres within these axonal 

populations. Similar outcomes have been observed in previous research conducted using in 

vitro models in which the use of MT stabilising agents has been shown to provide a protective 

capacity against axonal blebbing and fragmentation elicited by microtubule-destabilising 

insults including excitotoxicity and genetic conditions associated with dysregulated MT 

severing (Fassier et al., 2013; Hanson et al., 2018; King et al., 2013). The distribution of axonal 

area values detailed in this study is similar to that which is found in previously published 

research concerning values of axonal calibre in the mouse ON (H. J. Wu et al., 2018).  

Future Directions 

While the approach taken for the application of EpoD was informed by previously published 

methods (Brunden et al., 2010; Clark et al., 2020), future experiments that investigate potential 

dose-dependent effects may be warranted. This may be of particular interest as therapeutic 

effects of EpoD administration have been described in the literature with repeated 

administration of substantially lower doses than the dosage applied in this study (Brunden et 

al., 2010; Ruschel & Bradke, 2018; Ruschel et al., 2015; Zhang et al., 2012; Z. Zhu et al., 

2020). Additionally, other in vitro studies have provided evidence to suggest that the dose of 

EpoD applied to an injury model affects the polarity of the response to injury, with smaller 

doses than those that would be provided as a cancer therapy demonstrating a capacity to 

promote recovery after injury, while higher doses may worsen the capacity of recovery 

(Brizuela et al., 2015) and reduce cellular viability (Clark et al., 2020). These findings may be 

reflected in our understanding of MT stabilising agents and their application as a cancer therapy 

being associated with a risk of producing peripheral neuropathy in some patients (Quasthoff & 

Hartung, 2002). Similarly, future research may extend the timeline presented in this study to 
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develop an understanding of the longitudinal effects of both KA injury and any potential effects 

of EpoD treatment, particularly as we have presented evidence for some amount of recovery 

within the 7-day timeline presented here. 

Given that the principal goal of this study was to investigate the potentially protective effects 

of microtubule-stabilising agents in the context of excitotoxin-induced axonal degeneration, 

further work to investigate ultrastructural modifications may prove to be insightful; particularly 

as there is evidence to suggest that injury of the axons in the ON can induce a state of axonal 

reorganisation rather than overt degeneration; as described by Wang and colleagues via the 

interrogation of ON axon ultrastructural profiles following traumatic axonal injury (Jiaqiong 

Wang et al., 2011). This may be of particular importance as MT structures are understood to 

be capable of forming cross-bridge structures and interconnecting with NF subunits (Yuan et 

al., 2017). As there is evidence that changes to NF structures can often precede those of MTs 

in injurious and degenerative conditions, ultrastructural analyses may allow for a greater 

understanding of the role of these cytoskeletal elements in the context of axonal degeneration, 

and may provide insight into the degenerative mechanisms involved (Chung et al., 2005). 

Conclusions 

The data presented here demonstrates a functional loss of visual acuity that is likely associated 

with loss of GCL nuclei and axonal dystrophy in the RGC axons in the ON that occur with KA 

treatment. The observation of functional recovery in animals treated with the lower dose of KA 

(1mM KA) and EpoD occurs without protection from features of degeneration or axonal 

dystrophy observed in this chapter. This may suggest that rather than conferring protection 

against the pathohistological features observed in this study, MT stabilization instead provides 

or promotes a resistance to the functional loss or dysregulation induced by 1mM KA treatment. 

In summary, the data presented here characterized the effect of intravitreal KA on the visual 
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system in mice and demonstrated that while there was no observable effect of the 

intraperitoneal administration of epothilone D on the degenerative features resulting from KA 

treatment, epothilone D treatment may confer functional protection against mild excitotoxic 

insult. 

  



Results Chapter 3  

99 
 

 

 

 

 

 

Chapter 5   RESULTS CHAPTER 3 

 

Excitotoxin-Induced Axonal Degeneration in the Visual System of 

Neurofilament-Light Knockout Mice   



Results Chapter 3  

100 
 

INTRODUCTION 

As detailed in previous chapters, the cytoskeleton is comprised of three primary elements: MTs, 

intermediate filaments (IFs) and microfilaments. In vertebrate neuronal cells, IFs are referred 

to as neurofilaments (NF) and are obligate heteropolymers comprised of type IV IF subunits: 

neurofilament light chain (NFL, 70kDa), neurofilament medium chain (NFM, 160kDa), 

neurofilament heavy chain (NFH, 200kDa), alpha-internexin (α-Int, 66kDa, CNS-exclusive); 

and the type III IF, peripherin, (56kDa, almost exclusively found in the peripheral nervous 

system) (Trojanowski et al., 1986). When polymerised, these subunits create a structure that is 

~10nm in diameter, which provides structural support to axons, and that serves as a primary 

determinant of axonal calibre (and, by extension, nerve conduction velocity) (P. N. Hoffman 

et al., 1987). NF structures are also understood to be of great importance to the processes of 

development and regeneration of the nervous system (Blizzard et al., 2013; Cochard & Paulin, 

1984) and recently, interest has been taken in developing our understanding of the potential 

roles of these proteins in the processes of disease and neurodegeneration (Didonna & Opal, 

2019; Gaetani et al., 2019; Gordon, 2020; Yuan et al., 2017). 

Dysregulation and disassembly of NF proteins is known to be a key pathological factor in a 

number of neurodegenerative conditions. In diseases like ALS, altered post-translational 

control of NF proteins may result in abnormal NF stoichiometry and, subsequently, 

neurofilamentous aggregates (Julien, 1999; Thyagarajan et al., 2007; Wong et al., 2000). 

Research in our laboratory using transgenic mouse models that exhibit ALS pathology have 

demonstrated the accumulation of NF proteins (particularly NFL and α-Int) in degenerating 

axons in the spinal white matter, thereby suggesting that NFL aggregates represent a molecular 

signature of degeneration (King et al., 2012).  
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In human Alzheimer’s disease (AD) cases, NF triplet subunits are found in greater proportion 

in hippocampal tissue when compared to controls (Vickers et al., 1994) and neurites containing 

NF-triplet proteins have exhibited selectively vulnerability in both human AD tissue and in a 

mouse AD model (Mitew et al., 2013). NF-expressing pyramidal neurons have also been shown 

to be selectively vulnerable to epigenetic dysregulation in AD, thereby suggesting a potential 

underlying mechanism linking NF to AD pathogenesis (Phipps et al., 2016). Additionally, a 

study performed by Williamson and colleagues (1998) demonstrated a significantly increased 

survival, delay of pathological onset, and slowing of motor neuron degeneration in an in vivo 

experimental model of ALS in animals that do not express NFL (Williamson et al., 1998). 

Together, these findings suggest that NF structures may confer an intrinsic vulnerability to 

axonal degeneration in these degenerative pathways. 

In models of Wallerian Degeneration (WD), NF breakdown has been shown to be mediated by 

calpains (Finn et al., 2000; George et al., 1995; Ma et al., 2013; Zimmerman & Schlaepfer, 

1982) which have also shown to be activated as a downstream effector of calcium influx 

associated with excitotoxic insult (D'Orsi et al., 2012; Siman et al., 1989). In an in vitro model 

utilised in our laboratory, the application of glutamatergic agonists was found to result in rapid 

loss of NF proteins in the axons of cultured cortical neurons, which was observed to occur prior 

to MT disassembly (Chung et al., 2005). Furthermore, the data presented in Chapter 3 of this 

thesis demonstrated substantial changes to NF immunolabelling in RGCs following exposure 

to excitotoxic insult, including the formation of neurofilamentous ring structures similar to 

those that have been described previously (Dickson et al., 2000; Dickson et al., 1999). As such, 

we are inspired to further interrogate the role of NFs in the process of excitotoxin-induced 

axonal degeneration and to investigate the possibility that the removal of a feature that confers 

selective vulnerability may provide or promote a neuroprotective phenotype. 
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In the mammalian retina NFL is expressed most commonly in RGCs, although it is also 

expressed by a small population of other cells in the GCL, including potentially displaced 

amacrine or Müller cells (Kong & Cho, 1999). Similar to the loss of NF expression found 

following application of glutamatergic agonists in cultured cortical neurons (Chung et al., 

2005), in vivo rodent models of ON injury have demonstrated a downregulation of NF 

expression in RGCs which was associated with a smaller calibre in the population of surviving 

axons (P. N. Hoffman et al., 1993; Minzenberg et al., 1995). Additionally, experiments in 

which the excitotoxins were applied to the to the vitreous humour of rats also resulted in a loss 

of NFL expression in the retina, although this loss may have been paralleled by the loss of 

RGCs themselves (Chidlow & Osborne, 2003). Because there is evidence to suggest that NF 

structures serve as a marker of selective vulnerability in neurodegenerative conditions and 

because we understand that RGCs exhibit strong expression of NF structures, we are interested 

in investigating the potential effects of NF depletion in the model of injury presented in this 

thesis.  

To determine if NF has an important role in the degeneration of axons in response to 

excitotoxicity, in this chapter, the effect of kainic acid-induced excitotoxic insult was assessed 

in an in vivo capacity using the visual system of a mouse with a knockout of the neurofilament 

light chain (NFL-KO). This mouse does not express the NFL protein, and also been shown to 

demonstrate a pronounced reduction in the expression of the NF subunits, NFM and α-Int, and 

a pronounced increase in the expression of tubulin and GAP-43 proteins in adult mice when 

compared to WT (Y. Liu et al., 2013; Q. Zhu et al., 1997). In this study, the effect of retinal 

excitotoxicity in NFL-KO mice was compared to the background WT (C57BL/6J) strain. The 

research reported in this chapter is a combination of behavioural analysis and a variety of 

histological techniques. 
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METHODS 

Animals 

The use of animals and procedures was approved and conducted under guidelines stipulated by 

the Animal Ethics Committee of the University of Tasmania under ethics reference numbers 

15706 and 18280, in conformity with the Australian code for the care and use of animals for 

scientific purposes – 8th edition (2013). Mixed-sex mice from a neurofilament-light knockout 

transgenic line that had been bred onto a C57/BL6 background, both transgenic and ON  

animals were used in this study. Animals were housed in OptiMICE experimental housing with 

2-5 animals per enclosure and ad libitum access to food and water. Enclosures were kept in a 

pathogen-free environment with an artificial 12-hour day-night cycle at ~21°C. All procedures 

were performed on mice aged between 3 and 6-months old having allowed for at least 7-days 

of acclimatisation within the animal facility. Animals were randomly allocated into 

experimental treatment groups.  

Intravitreal Injection  

As described in Chapter 2.2. Briefly, 1μL of either KA (1mM or 2mM, for a total supply of 1 

or 2 nanomoles, respectively, into the eye) (Sigma-Aldrich, USA) or phosphate-buffered saline 

(PBS, 0.01M, see solutions appendix) was injected into the left eye. The right-eyes of these 

animals were not injected and serve as a source of internal and untreated control tissue and left-

eyes injected with PBS serve as a vehicle control. 

Optomotor response (visual acuity) 

As described in Chapter 2.3.  
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Animal Perfusion and Tissue Processing 

Perfusion 

As described in Chapter 2.4. Briefly, mice were culled at on the 7th post-surgical day by means 

of terminal anaesthetisation with an intraperitoneal injection of sodium pentobarbital 

(>100mg/kg body weight). The mice were transcardially perfused with 4% paraformaldehyde 

in PBS. Following perfusion, the head of the animal was collected and postfixed in the fixative 

solution at 4°C overnight. Following fixation, tissue was stored at 4°C in PBS-azide. 

Cryosectioning 

As described in Chapter 2.5.  

Tissue Embedding and Toluidine blue sectioning 

As described in Chapter 2.7.  

Mayer’s Haematoxylin Staining and Bluing 

As described in Chapter 2.7.  

Brightfield Microscopy – Retinal Histology 

As described in in Chapter 2.6.  

Ganglion Cell Layer Nuclear Density Measurements 

As described in chapter 2.6. 

Brightfield Microscopy – Optic Nerve 

As described in 2.7. To generate sample images for figures, ON tissue stained with toluidine 

blue was imaged on an Olympus BX53 series microscope using a 100x oil-immersion 

objective. 
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Optic Nerve Axon Number Quantitation 

As described in chapter 2.7. Additionally, due to an artefact of processing WT tissue from this 

cohort could not be utilised for this analysis. To perform analyses of axonal parameters in ON 

tissue, data from WT animals treated with intraperitoneal DMSO (as presented in the previous 

chapter) has been presented here as a WT control and is notarised as C57/DMSO where these 

data are applied (Figure 5.5). 

Axon Density Quantitation 

As described in chapter 2.7. 

Optic Nerve Degenerative Profiling 

As described in chapter 2.7. 

Statistical Analyses 

For analysis of the optomotor behavioural test, two-way repeated measures ANOVA with post-

hoc Tukey analysis were applied. For all other statistical analyses, two-way ANOVA with post-

hoc Tukey analysis were employed. All statistical analyses were performed using GraphPad 

Prism software (Version 9.1.0, 2020 release). All data is represented as mean values ± standard 

error of the mean (SEM), with statistical significance being considered for p<0.05. 
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RESULTS 

NFL-KO does not alter kainic acid-induced loss of visual acuity, but may affect recovery. 

To determine whether NFL-KO mice have an altered susceptibility to the loss of visual acuity 

induced by kainic acid, optomotor behavioural testing was performed. The day prior to surgery, 

optomotor testing was performed to establish a baseline performance for these animals, with 

subsequent trials being performed 1 and 7-days post-surgery to observe any changes to the 

optomotor behavioural task, which may suggest changes to visual acuity.  Two-way ANOVA 

of the resultant data demonstrated a significant effect of KA-induced injury over this time 

course (p<0.001), with the results of Tukey’s multiple comparisons test detailed below.  

At 1-day post-surgery, a significant decrease in the number of headturns-per-trial is reported 

for WT cohorts treated with 1µL of either 1mM KA or 2mM KA relative to their untreated 

(p=0.026 and p<0.0001 to 1mM KA and 2mM KA, respectively) and PBS-treated (p=0.0178 

and p<0.0001 to 1mM KA and 2mM KA, respectively) controls, thereby suggesting a loss of 

visual acuity induced by KA treatment in these WT animals. For the NFL-KO cohorts at 1-day 

post-surgery, a significant decline in the number of headturns-per-trial is reported for animals 

treated with 1µL of either 1mM KA or 2mM KA relative to their untreated equivalents 

(p=0.0061 and p=0.0358 to 1mM KA and 2mM KA, respectively), while the distinction 

between these NFL-KO/KA-treated cohorts and their NFL-KO/PBS-treated equivalents is not 

significant (p=0.1382 and p=0.2218 to 1mM KA and 2mM KA, respectively). 

At 7-days post-surgery, WT animals treated with either 1mM KA or 2mM KA demonstrated 

no significant improvement relative to their corresponding 1-day post-surgery performances. 

Similarly, NFL-KO animals treated with 2mM KA demonstrated no significant improvement 

relative to their corresponding 1-day post-surgery performance. However, NFL-KO animals 

that were treated with 1mM KA at the time of surgery demonstrate a significant improvement 
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in their performance at 7-days post-surgery relative to their 1-day post-surgery performance 

(NFL-KO/1mM KA/1-day = 6.375±2.58 headturns versus NFL-KO/1mM KA/7-days = 

11±2.66 headturns, p=0.0091). 
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Figure 5.1 – Graph to show Optomotor Response of NFL-KO and WT mice receiving 

intraocular injection of kainic acid or PBS. 

Quantitation of clockwise (left, treated-eye) and anti-clockwise (right, untreated eye) 

head turns in 120 seconds at listed experimental timepoints (pretreatment, 1 day post-

treatment, and 7-days post-treatment relative to day of surgery. * p<0.05, ** p<0.01, 

**** p<0.0001, relative to untreated values at the equivalent timepoint. ## p<0.01 

relative to 1-day post-treatment values. n= 18-19 for untreated data, n= 3-6 for PBS 

treated animals, n= 6-8 for 1mM KA and 2mM KA data. Data represented as mean 

±SEM. 
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Kainic acid had a significant effect on the density of cells in the ganglion cell layer in both 

NFL-KO and WT retinas.  

To observe any potential effect of excitotoxic insult on cell bodies in the GCL of the retina, 

eyes collected from NFL-KO and WT animals 7-days post-surgery were cryosectioned to a 

thickness of 16µm and stained with haematoxylin and eosin. To generate a metric of nuclei 

density in the GCL, the number of haematoxyphilic nuclei in the GCL were counted and 

divided by the length of imaged retinal tissue. Two-way ANOVA of the resultant data 

demonstrated a significant effect of the intraocular injection (p=0.0007), but not of genotype 

(p=0.286) on GCL nuclear density (Figure 5.2). Post-hoc Tukey analyses revealed a significant 

decrease in GCL nuclear density in WT mice treated with 2mM KA relative to the untreated 

control (WT/untreated = 142.13±4.15 nuclei per mm, WT/2mM KA = 93.25±21.85 nuclei per 

mm, p=0.012) and relative to those that were treated with the PBS (WT/2mM KA = 

93.25±21.85 nuclei per mm, WT/PBS = 150.16±14.17 nuclei per mm, p=0.0271). In the retinas 

of NFL-KO mice, no significant changes were observed in GCL nuclear density between any 

of the treatment groups. Importantly, the density of nuclei in the GCL was not found to be 

significantly different when comparing NFL-KO and WT tissue for any individual treatment. 
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Figure 5.2 – Quantitation of Nuclei in the Ganglion Cell Layer. 

The density of haematoxylin-stained nuclei in the ganglion cell layer of the retinas from eyes 

treated with PBS, or 1mM or 2mM KA in both NFL-KO and WT mice. 16µm retinal 

cryosections were stained with haematoxylin and eosin and the density of nuclei quantitated 

(n=3-9 for all groups). Data represented as mean ± SEM with p<0.05 considered significant.          
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Kainic acid resulted in altered structural appearance of the optic nerve in both NFL-KO 

and WT animals. 

Next, the effect of retinal KA treatment on the ON was qualitatively examined in thin sections 

stained with toluidine blue to determine if there were observable effects on the axons of the 

RGCs.  In control tissue (untreated and vehicle controls), axonal profiles could be observed as 

distinct regular circular structures surrounded by stained myelin profiles in both WT and NFL-

KO tissue (Figure 5.3 A-D). By appearance, the axons of the NFL-KO mice were similar in 

size to those of the WT mice, with the majority ranging from 0.2-2µm2 in diameter. When 

examining optic nerves from eyes treated with KA, there were several distinct structures 

present including swollen and dystrophic axons. As described in the previous chapter, 

dystrophic profiles took the appearance of stain-dense and often larger axonal structures with 

what appear to be altered myelination profiles. Swollen axonal profiles were also a feature 

present in optic nerves from NFL-KO and WT eyes treated with either concentration of KA 

(Figure 5.3 E-H) and exhibited altered myelin profiles, had a lighter-staining cytoplasm than 

the more typical axons, and seemed to occur in higher density with increased proximity to the 

edge of the ON tissue. As observed in the previous chapter, glial nuclear profiles were present, 

including euchromatic glial nuclei and heterochromatic glial nuclei. Paler, euchromatic glial 

nuclei most likely represent astrocyte nuclei, while darker, heterochromatic nuclei are often 

found in microglia and oligodendrocytes (García-Cabezas et al., 2016).  Glial nuclei were 

present in all treatment groups but appeared to have more stratified and enlarged processes in 

tissue treated with KA from both NFL-KO and WT animals.  
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Figure 5.3 – Representative histological presentations of optic nerves from NFL-KO and 

WT mice with corresponding treatments.  

350nm sections of ON were stained with toluidine blue.  A-H - representative images of ON 

from each group, as labelled. All images collected at 100x. Scale bar in H represents 20µm and 

applies to A-H.  
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Kainic acid resulted in altered structural appearance of the optic nerve in both NFL-KO 

and WT animals. 

To analyse the effects of KA on the histological appearance of the optic nerve, toluidine blue 

stained cross-sections were analysed and the presence of specific features of degeneration were 

quantified. First, the number of dystrophic axonal profiles within an area of the stained ON 

tissue were quantified. Two-way ANOVA demonstrated a significant main effect of treatment 

(p<0.0001) that was further demonstrated in post-hoc multiple comparisons analyses and 

manifested as an increase in the density of dystrophic axonal profiles from both WT and NFL-

KO tissue treated with KA when compared to the untreated right optic nerves from the animals 

of the same genotype (Figure 5.4 - A). The number of swollen axonal profiles in the optic 

nerves of these animals was shown to exhibit a significant main effect of genotype (p=0.004) 

and post-hoc testing revealed that the number of these structures was significantly higher in 

optic nerves from NFL-KO animals treated with 2mM KA when compared to those treated 

with 1mM KA (p=0.044), and NFL-KO tissue treated with 2mM KA was also found to contain 

significantly more swollen axons than WT animals treated with 2mM KA (p=0.03, Figure 5.4 

– B).  

The number of heterochromatic and euchromatic glial nuclei were also counted within the 

sections from these animals. Two-way ANOVA revealed a significant effect of treatment 

(p=0.007) on the number of heterochromatin-dense nuclei that was observed independently of 

genotype (p=0.774, Figure 5.4 – C), but no changes were observed in the number of 

euchromatic glial nuclei (Figure 5.4 – D).  
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Figure 5.4 – Quantitation of dystrophic axonal profiles and glial cell nuclei in toluidine 

blue stained optic nerve cross-sections.  

Graphs to show density (number per field-of-view) of dystrophic axon profiles (A), large 

(swollen) axons (B), heterochromatin-dense nuclei (C), and euchromatic nuclei (D) in ON 

sections from NFL-KO and WT mice receiving intraocular injections with 1µL of either PBS 

or KA. ‘Untreated’ refers to the right optic nerves of these animals, in which intravitreal 

injection was performed in the left-eyes. Data represented as mean ±SEM. * p<0.05, ** p<0.01, 

*** p<0.001. n= 8 nerves for the untreated cohort and n=5 for all others. 
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Kainic acid did not affect the density of axons in the optic nerve, total nerve size, or the 

inferred total axon number in the optic nerves of NFL-KO and WT mice. 

ON cross-sections stained with toluidine were analysed using the ImageJ plugin, AxonJ, to 

assess the axonal profiles in these nerves. This analysis was principally used to evaluate the 

population density of axonal structures within this tissue. Two-way ANOVA revealed no 

significant changes to axonal density between any of the treatment groups or between 

genotypes (Figure 5.5 – A). Additionally, measures of total nerve area demonstrate no 

significant effect of kainic acid, although NFL-KO animals had significantly (p<0.0001) 

smaller calibre optic nerves than their WT equivalents (Figure 5.5 – B). Using the values of 

axonal density and total ON cross-sectional area, the metric of ‘inferred ON axon number’ was 

determined for all treatment groups. Two-way ANOVA demonstrated no significant effect of 

intraocular treatment on this metric, but did again highlight the difference between the 

genotypes in the groups of animals that were treated with 1mM KA when compared to their 

untreated equivalents, with the difference in genotype accounting for 42.79% of the observed 

variance in these data (p<0.0001, Figure 5.5 – C).  

When considering the distribution of axonal sizes within the optic nerves of NFL-KO and WT 

animals, Two-way ANOVA demonstrated a significant effect of genotype at and above the 75th 

percentile (p=0.003, p<0.0001, p=0.0003, and p=0.0063 when comparing the 75th, 90th, 95th 

and 98th percentile (respectively) of axonal sizes in WT and NFL-KO optic nerves). This is 

reflected in the NFL-KO animals exhibiting a small, but consistent increase in axonal area for 

these specified indices, thereby indicating that the NFL-KO tissue may demonstrate a slightly 

broader spectrum of axonal calibre in the optic nerve. Notably, this observation was made 

independently of any significant main effect of intraocular treatment (Figure 5.5 – D).    
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Figure 5.5 – The density, number and size of retinal ganglion cell axons in the optic nerve 

was not affected by kainic acid, although NFL-KO animals had smaller caliber optic 

nerves and fewer total axons.  

Graphs to show the density of axons within ON cross-sections (A), the total area of ON cross-

sections (B), and the total inferred axon number per nerve cross-section (determined using 

values of axon density and the associated axon area, C) from NFL-KO and C57/DMSO mice 

given intravitreal KA. Additionally, a histogram representing axonal sizes at certain percentile 

values from each treatment group (D). ‘Untreated’ refers to the right optic nerves of these 

animals, in which intravitreal injection was performed in the left-eyes. Data represented as 

mean ±SEM with p<0.05 considered significant. n = 5-9 for all groups. 
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DISCUSSION 

Previous research from our laboratory has demonstrated the application of glutamatergic 

agonists was found to result in rapid loss of NF proteins in the axons of cultured cortical 

neurons (Chung et al., 2005) and the research presented in chapter 3.3 of this thesis 

demonstrated profound changes to NF immunoreactivity in the mouse retina following 

exposure of kainic acid. Because NF expression is also understood to be a marker of selective 

vulnerability in some disease/neurodegenerative conditions (Mitew et al., 2013; Phipps et al., 

2016), and because the absence of NF expression has been shown to impact the regenerative 

process in CNS neurons (P N Hoffman & Cleveland, 1988), we sought to investigate the NFL-

KO transgenic animal model with our in vivo model of excitotoxic injury in the visual system 

of mice. As such, the principal goals of the research presented in this chapter were to investigate 

the effects of kainic acid-induced excitotoxic insult in an in vivo capacity using the visual 

system of NFL-KO mice and to compare them to the same injury model in WT mice. 

Together the data presented in this chapter showed that the optic nerves of NFL-KO animals 

were smaller and contained fewer axons than their WT equivalents, and contained a greater 

population of axons that are larger in size. While NFL-KO animals demonstrated the same 

outcomes of intraocular treatment in the contexts of ganglion cell density and axonal dystrophic 

profiles, NFL-KO was found to confer a modest but statistically significant recovery of visual 

acuity seven days after the intraocular administration of 1mM KA. 

 While the outcomes of this study do not support a neuroprotective phenotype against 

excitotoxic insult in NFL-KO animals, the finding that NFL-KO animals demonstrate a 

significantly improved performance 7-days after injury (while WT counterparts do not) was 

unexpected. This finding may be supported by a study performed by Hoffman and Cleveland 

which demonstrated reduced NFL expression in development and during regeneration 
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following axonal insult, suggesting that injury may be attenuated by the recapitulation of a 

developmental state (P N Hoffman & Cleveland, 1988). In the context of this study it may be 

that, in the face of excitotoxic insult, the already reduced expression of NF proteins in this 

model (Y. Liu et al., 2013) allowed for a “primed” response to injury such that the beginnings 

of the recovery of visual acuity could be observed within 7 days of treatment, if recovery was 

to occur at all. Additionally or alternatively, the behavioural outcomes observed in this study 

may be supported by research that has demonstrated that almost all RGCs express NF proteins 

(Kong & Cho, 1999; Sajgo et al., 2014), and that NF-expressing neurons are selectively 

vulnerable to insult (Mitew et al., 2013; Phipps et al., 2016); as such, it may be that the NFL-

KO animals are less amenable to the model of injury employed in this study, while almost all 

WT RGCs exhibit NF-expression, and so WT animals are more vulnerable to this insult.  

The role of the neurofilament proteins in disease and degeneration has been a source of 

investigation across decades of research that seek to elucidate the cytoskeletal dynamics in 

degenerative conditions. A study performed in 1995 by Vickers and colleagues (1995) 

identified neurofilament-positive retinal ganglion cells as being a neurochemically distinct 

subpopulation that are selectively vulnerable to degeneration in a model of glaucoma using 

non-human primates (Vickers et al., 1995). While not yet substantiated with experimental 

evidence, it may be that the presence of neurofilament in an injured or degenerating axon may 

exacerbate the dysregulated status. One potential mechanism may be based in our 

understanding that neurofilament structures are themselves prone to expedient disassembly in 

the face of insult relative to other cytoskeletal components and the axon as a whole (Chung et 

al., 2005; Zhai et al., 2003). Once disassembled, these protein fragments can be seen to 

accumulate in the axon at focal points, resulting in the “beads on a string” presentation that is 

characteristic of dysregulated axonal transport and the early stages of axonal degeneration 

(Hanson et al., 2018; Morfini et al., 2009; Simon et al., 2012). Instead of merely perceiving 
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these focal accumulations of neurofilament as a consequence of disturbed axonal transport, it 

is important that we as readily consider the possibility that the disassembly of NF proteins in 

response to insult or injury may instead (or may also) promote the subsequence disruption of 

axonal transport. Important developments in our understanding of these processes may be made 

with investigations concerning the chronology of cytoskeletal events, including disaggregation 

and changes to the PTM profile, relative to pathological axonal transport disruption. While we 

understand that the NF components may degenerate prior to other cytoskeletal elements 

(Chung et al., 2005), it is not clear if the processes of axonal transport (which are typically 

associated with changes to MT structures) may be substantially disturbed prior to this change 

in axonal NF.   

While purely speculative, it may be that the selective vulnerability of NF-positive axons may 

be rooted in the capacity of the NF components to cross-link with MTs via the tail segments of 

NF-M and NF-H (Yuan et al., 2017). These tail segments emanate radially from the NF triplet 

and are believed to stabilise the axonal cytoskeleton and, consequently, to facilitate axonal 

structure. In degenerating axons that express the NF proteins, this cross-link of cytoskeletal 

elements may be destabilised as the NF proteins disaggregate with priority, leaving the MT 

component without the structures that had conferred support to the axon. As MTs are 

understood to be stabilised by mechanical tension and compression (Datar et al., 2019; Dennerll 

et al., 1988; Hamant et al., 2019), the loss of structural support may act as an amplifying feature 

in the process of pathological MT disaggregation and the subsequent and associated 

impairment of axonal transport. This concept may be furthered in our understanding that NF 

expression serves to be a principal determinant of axonal calibre, suggesting that axons that 

express NF are typically physically larger than those that do not (P. N. Hoffman et al., 1987). 

In the case of NF-positive axons, the presence of NF and the cross-linkage with MT structures 

may stabilise them, while NF-negative axons are smaller, and so the compression/tension that 
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stabilises the MT structures may be conferred by the mechanical restriction of the axolemma. 

Again, these premises are speculative, but could serve as hypotheses for future research. 

There is also literature that provides evidence to contest the possibility that NFL-KO may 

confer a neuroprotective and/or regenerative capacity. An in vitro study performed by Blizzard 

and colleagues (2013) illustrated an attenuated response to injury in NFL-KO cultured neurons 

exposed to transectional injury and while post-injury accumulation of amyloid precursor 

protein was reduced in NFL-KO neurons relative to their WT counterparts, the axons of these 

neurons also demonstrated a poorer regenerative capacity following injury (Blizzard et al., 

2013). Similarly, a study by Zhu and colleagues (1997) demonstrated a lesser capacity for 

regeneration of myelinated axons following a crush injury in the peripheral nervous system in 

a NFL-depleted mouse model relative to WT, despite finding a higher quantity of the plasticity-

inducing “GAP-43” protein in the NFL-deplete animals, which has been shown to be associated 

with neural response to injury and subsequent regeneration (Doster et al., 1991). Experimental 

models of neurodegenerative disease have also demonstrated worsened pathology in the 

absence of NFL expression. In a study performed by Fernandez-Martos and colleagues (2015) 

a mixed Alzheimer’s disease (APP/PS1) and NFL-KO mouse model was used to investigate 

neocortical pathological outcomes and found that NFL-KO animals exhibited more dystrophic 

neurites, worse amyloid-beta plaque load and worsened gliotic and synaptic profiles than their 

WT equivalents (Fernandez-Martos et al., 2015). 

Importantly, the GCL nuclei density in WT and NFL-KO retinas was not found to be 

significantly different for any individual treatment and two-Way ANOVA did not demonstrate 

a significant effect of genotype across this dataset. As such, it cannot be suggested that the 

NFL-KO animals are presenting a significantly protective phenotype relative to their WT 

equivalents in this study. Similar to the data presented in the previous chapter, the decrease in 

GCL nuclear density may help to explain the changes to visual acuity observed in WT mice as 
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RGC loss has been shown to be associated with a decline in the visual performance of rodents 

when observed using the optomotor behavioural test (Ellouze et al., 2008). 

The presence of axonal swellings in the NFL-KO animals suggests that the formation of these 

features is not dependent on increased NF protein content, which is understood to be 

determinant of axonal caliber in WT axons (P. N. Hoffman et al., 1987). Also, NFL-KO 

animals treated with 2mM KA exhibit a greater number of axonal swellings when compared to 

those treated with 1mM KA, suggesting that swellings may be indicative of an axon that is 

attempting to resist degeneration. The significant increase in the number of swellings in NFL-

KO/2mM KA tissue relative to WT/2mM KA, as identified via histological analysis, is 

corroborated in our observation that the NFL-KO ON axon histogram data present an increased 

axonal area value for observed percentile values at and above the 75th percentile when 

compared to the WT cohort, suggesting a greater population of larger or pathologically swollen 

axons in the NFL-KO animals. 

Analysis of the toluidine-blue stained ON tissue revealed that the NFL-KO animals exhibit a 

smaller ON total cross-sectional area than their WT equivalents. If not for the histogram 

analyses presented in this chapter, this may have been explained in our understanding of NF 

expression correlating with axonal calibre (P. N. Hoffman et al., 1987) and the collective 

absence of NF manifesting as a decrease in total cross-sectional ON area. Because of our 

finding that NFL-KO animals demonstrate a spectrum of axonal calibres that is similar to (or 

even slightly larger than) their WT equivalents, the finding that the total nerve area is smaller 

in NFL-KO animals instead indicated a smaller total number of axons present in their optic 

nerve. A smaller number of axons in the ON would presuppose a smaller number of RGCs in 

the retina, but the data and analyses presented in this chapter cannot appropriately investigate 

this. All that can be said is that the variation in density of GCL nuclei was not found to be 

significantly affected by animal genotype. As such, if NFL-KO animals do exhibit a smaller 
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number of ON axons and, in turn, a smaller number of RGCs despite exhibiting a similar 

density of GCL nuclei to their WT equivalents (independently of treatment), then perhaps the 

most likely suggestions could be that the total surface area of the GCL is smaller in NFL-KO 

animals relative to WT, or that a greater proportion of nuclei in the GCL of the retinas of NFL-

KO animals belong to RGCs and not displaced amacrine cells (again, relative to WT). 

NFL-KO animals exhibited a recovery of visual acuity 7-days after injury that was not observed 

in the WT equivalents, while exhibiting the same or similar pathomorphological features of 

excitotoxic injury. It may be that the retention of visual acuity observed in these animals, but 

not in WT, is afforded by a protection of neuronal structures that were not investigated in this 

study; potentially the axon terminus and associated synaptic structures. The future investigation 

of synaptic structures may be of particular interest as there is evidence to suggest that NF 

structures operate as both structural and functional units at the neuronal synapse (Yuan et al., 

2015).  It is also possible that NFL-KO confers protection by mechanisms that cannot be 

observed using histological or immunohistochemical techniques and that NFL-KO axons are 

functionally intact with the same model of injury and presence of the same pathological 

features, while WT axons are more adversely affected. This may be assessed in future studies 

with the use of electrophysiological assessment of retinal and/or ON tissues following injury. 

Future investigations could also seek to interrogate the modelling of MTs and intermediate 

filament proteins in the NFL-KO model. A study performed by Bocquet and colleagues (2009) 

describe a role for neurofilamentous structures in facilitating and maintaining MT structures 

(Bocquet et al., 2009). Previous studies from our laboratory have identified an increased 

expression of both MTs and alpha-internexin proteins in the NFL-KO animal model applied in 

this study, suggesting a potentially compensatory consequence of NF-depletion  (Y. Liu et al., 

2013). Investigations utilizing ultrastructural analyses, including transmission electron 

microscopy, may reveal the underlying structural arrangements and potential structural 
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compensations of other cytoskeletal elements in the face of NF-depletion. Further investigation 

of the role of other class-IV intermediate filament proteins may be warranted in this model. 

Research presented earlier in this thesis highlighted an increase in alpha internexin expression 

following exposure to excitotoxic insult and so investigation in the NFL-KO model, which has 

previously demonstrated a higher expression of this protein relative to WT, may be 

enlightening. Additionally, there is some small amount of published evidence to suggest that 

axons in the murine visual system express the class-IV intermediate filament protein, 

peripherin, which may also be of interest in future investigations (Troy et al., 1990). 

Conclusions 

The findings presented in this chapter suggest that NFL-KO animals exhibit a retention of 

visual acuity following the intraocular administration of 1mM KA that is not observed in WT. 

While NFL-KO animals do not exhibit significant protection from the pathomorphological 

features of this model of injury, it may be that these animals exhibit a resilience to injury that 

allows for retention of function in the face of an insult that would disrupt function in WT 

animals. While the underlying mechanisms that may confer this functionally retentive 

phenotype are not understood, our understanding of the role of NF proteins in disease and 

injury continues to develop. When considering the findings of this study in concert with those 

of others it seems appropriate to suggest that NF proteins and structures have roles in the 

response to neuronal injury, resilience, and recovery. Investigation of the potential roles of NF 

and other class-IV intermediate filament proteins in the context of neurodegenerative disease 

may reveal mechanistic pathways and their components that are amenable to targeting for 

therapeutic intervention against the processes of neuronal degeneration. 
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INTRODUCTION 

In this thesis, I have shown that retinal excitotoxicity results in modulation of the cytoskeleton, 

degeneration of axons and neuronal loss. However, modulation of the cytoskeleton in this in 

vivo model has provided limited protection of axonal processes. As excitotoxic insult is a 

principal pathological feature in most forms of neurodegenerative diseases and traumatic 

mechanical injury, investigation of the mechanisms of axon degeneration following 

excitotoxicity is critical to identifying relevant targets of therapeutic intervention. Wallerian 

degeneration (WD), which occurs following a transectional injury to the axonal compartment 

(Conforti et al., 2014), is the best studied form of axon degeneration; however, the involvement 

of WD and the associated mechanisms following excitotoxicity is unclear.  

The identification of the slow Wallerian degeneration mutation (Wlds) allowed for substantial 

progress to be made in identifying and investigating the mechanisms of WD. The Wlds model 

is refractory to axonal degeneration, although the cell bodies are still amenable to degeneration 

(Adalbert et al., 2006; Beirowski et al., 2008). We understand now that this axonal resilience 

is conferred by means of increased NMNAT activity that facilitates a sustained capacity for 

NAD+ synthesis in the injured axon (Araki et al., 2004; Mack et al., 2001). The depletion of 

NAD+ that occurs following transectional injury elicits a neurodegenerative response in the 

distal segment via the action of SARM1. The SARM1 protein is activated by an allosterically-

associated conformational change from a reduced concentration of local NAD+ in the injured 

axon. Once activated, the SARM1 protein assumes a pro-degenerative role and further 

metabolises the remaining NAD+ through the cleavage capacity of the highly conserved TIR 

domain in the SARM1 protein (Essuman et al., 2017; Gerdts et al., 2015; Horsefield et al., 

2019; Wan et al., 2019). Because axonal degeneration is a common pathological feature of 

neurodegenerative diseases and traumatic injury to the nervous system, there is increasing 

interest in the investigation of SARM1 as a target for therapeutic intervention in these contexts. 
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The involvement of SARM1 and WD in neurodegenerative diseases and any potential 

relationship between disease mechanisms and the degenerative mechanisms that we understand 

SARM1 to facilitate have not yet been made clear. The outcomes of research seeking to 

investigate the efficacy of SARM1 modulation in disease models have been varied. A study by 

Peters and colleagues (2018) demonstrated no protective effects of SARM1-KO in a crossed 

SOD1G93A model of ALS (Peters et al., 2018). Conversely, in studies performed by White and 

colleagues (2019), and Turkiew and colleagues (2017) have both demonstrated protection 

against models of TDP-43-associated motor neuron degeneration and peripheral neuropathy 

(induced by either paclitaxel and high-fat diet), respectively, in disease models with SARM1-

KO (Turkiew et al., 2017; White et al., 2019).  

The activation of SARM1 has been observed in a model of injury that is similar to that 

presented in this thesis. In a study performed by Massol and colleagues (2013), the 

administration of KA into the vitreous humour of mice resulted in degeneration of the RGC 

axons and an upregulation of the SARM1 protein in C57BL/6J mice. Additionally, with the 

administration of a SARM1 silencer RNA sequence to this model of injury, the number of 

degenerating RGC axons in the retina (as analysed with fundus imaging) was found to decrease, 

although the visual function was not assessed (Massoll et al., 2013). 

In this chapter, I investigated the role of SARM1 in excitotoxin-induced neuron and axon 

degeneration through examining the effect of knockout of the SARM1 gene in the model of 

excitotoxic injury in the visual system of mice presented in this thesis. Potential effects of 

SARM1-KO on visual acuity, cell numbers in the ganglion cell layer and axon degeneration in 

the ON were quantitated using optomotor response and histological techniques.  
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METHODS 

Animals 

The use of animals and procedures was approved and conducted under guidelines stipulated by 

the Animal Ethics Committee of the University of Tasmania under ethics reference numbers 

15706 and 18280, in conformity with the Australian code for the care and use of animals for 

scientific purposes – 8th edition (2013). Mixed-sex mice were utilised from a SARM1 

knockout line that had been bred onto a C57/BL6 background (The Jackson Laboratory, 

B6.129X1-Sarm1tm1Aidi/J). Mice with a homozygous knockout and ON  were used in this 

study. Animals were housed in OptiMICE experimental housing with 2-5 animals per enclosure 

and ad libitum access to food and water. Enclosures were kept in a pathogen-free environment 

with an artificial 12-hour day-night cycle at ~21°C. All procedures were performed on mice 

aged between 3 and 6-months old having allowed for at least 7-days of acclimatisation within 

the animal facility. Animals were randomly allocated into experimental treatment groups.  

Intravitreal Injection  

As described in Chapter 2.2. Briefly, 1μL of either KA (1mM, 2mM, or 10mM for a total 

supply of 1, 2, or 10 nanomoles, respectively, into the eye) (Sigma-Aldrich, USA) or 

phosphate-buffered saline (PBS, 0.01M, see solutions appendix) was injected into the left-eye. 

The right-eyes of these animals were not injected and serve as a source of internal and untreated 

control tissue and left-eyes injected with PBS serve as a vehicle control. Additionally, a small 

cohort (n=3) of animals of each genotype remained completely untreated to serve as a ‘no 

procedure’ control.  

Optomotor response (visual acuity) 

As described in Chapter 2.3. 
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Animal Perfusion and Tissue Processing 

Perfusion 

As described in Chapter 2.4. Briefly, mice were culled at on the 7th post-surgical day by 

terminal anaesthetisation with an intraperitoneal injection of sodium pentobarbital (>100mg/kg 

body weight). The mice were transcardially perfused with 4% paraformaldehyde in PBS. 

Following perfusion, the head of the animal was collected and postfixed in the fixative solution 

at 4°C overnight. Following fixation, tissue was stored at 4°C in PBS-azide.  

Cryosectioning 

As described in Chapter 2.5. Briefly, retinal cross-sections were prepared from whole dissected 

eyes that had been cryoprotected and cut on a cryostat at a thickness of 16µm. Retinal sections 

were collected and mounted directly onto glass slides. 

Tissue Embedding and Toluidine blue sectioning 

As described in Chapter 2.7. Additionally, ultrathin sections (70nm) were cut on a Leica 

Ultramicrotome (Leica, Germany) using a DiATOME ultra 45° diamond knife (DiATOME, 

Switzerland) and collected onto formvar-coated copper grids (200 mesh). These grids were 

first stained with uranyl acetate (30 minutes) and then with lead citrate in the presence of 

sodium hydroxide pellets to eliminate CO2 vapours (5 minutes) prior to being left in a vacuum 

desiccator overnight.  

Mayer’s Haematoxylin Staining and Bluing 

As described in Chapter 2.7. 

Brightfield Microscopy – Retinal Histology 

As described in in Chapter 2.6. 
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Ganglion Cell Layer Nuclear Density Measurements 

As described in chapter 2.6. 

Brightfield Microscopy – Optic Nerve 

As described in 2.7. 

Optic Nerve Axon Number Quantitation 

As described in chapter 2.7. Additionally, due to an artefact of processing WT tissue from this 

cohort could not be utilised for this analysis. To perform analyses of axonal parameters in ON 

tissue, data from WT animals treated with intraperitoneal DMSO (as presented in the previous 

chapter) has been presented here as a WT control and is notarised as C57/DMSO where these 

data are applied (Figure 6.5). 

Axon Density Quantitation 

As described in chapter 2.7. 

Optic Nerve Degenerative Profiling 

As described in chapter 2.7. 

Transmission Electron Microscopy 

Formvar-coated Copper grids secondarily stained with uranyl acetate and lead citrate as 

detailed by Reynolds (1963). These grids were imaged on a Hitachi HT7800 series 

Transmission Electron Microscope (Hitachi, Japan). Images used for analysis were captured at 

5000x magnification. 

Transmission Electron Microscopy Image Analysis 

TEM images were overlaid with a grid of vertical and horizontal lines spread 2µm apart per 

the actual scale of the image to allow for randomized sampling of axonal profiles to be 

measured (Figure 6.0). The cytoplasmic area of all axons that intersected the gridlines was 
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measured using the ImageJ Freehand Selections functionality and all whole axons within the 

image were counted using the ImageJ Cell Counter functionality. Finally, the area of the image 

that contains whole axonal structures (i.e. excluding the area of axons that intersect with the 

boundary of the image) was measured in each image to determine measures of axonal density. 

See Figure 6.0, below, for a representative example. 

 

Figure 6.0 – Example of TEM image sampling. 

Cropped image of ON transmission electron microscopy collected at 5000x magnification. 

Grid overlaid in vertical and horizontal segments spaced 2µm apart (white lines). All whole-

axonal structures that intersected these gridlines were measured for cytoplasmic area (yellow 

circles). Total number of whole-axon structures within scope of image was quantitated with 

use of the cell counter functionality in ImageJ.  
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Statistical Analyses 

For analysis of the optomotor behavioural test, two-way repeated measures ANOVA with post-

hoc Tukey analysis were applied. For all other statistical analyses, two-way ANOVA with post-

hoc Tukey analysis were employed. All statistical analyses were performed using GraphPad 

Prism software (Version 9.1.0, 2020 release). Unless otherwise stated, all data is represented 

as mean values ± standard error of the mean (SEM), with statistical significance being 

considered for p<0.05. 
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RESULTS 

SARM1-KO does not alter kainic acid-induced loss of visual acuity 7-days after injury. 

To determine whether SARM1-KO mice have an altered susceptibility to the loss of visual 

acuity induced by kainic acid, optomotor behavioural testing was performed. The day prior to 

surgery, optomotor testing was performed to establish a baseline performance for these 

animals, with subsequent trials being performed 1 and 7-days post-surgery to observe any 

changes to the optomotor behavioural task, which may suggest changes to visual acuity.  Two-

way ANOVA of the resultant data demonstrated a significant effect of KA-induced injury over 

this time course (p<0.001), with the results of Tukey’s multiple comparisons test detailed 

below. At 1-day post-surgery, WT animals treated with 1mM KA, 2mM KA and 10mM KA 

exhibit a significant decrease in the number of headturns-per-trial relative to both their 

untreated controls (p=0.0384, p<0.0001, and p<0.0001, respectively). While SARM1-KO 

animals treated with 2mM KA and 10mM KA exhibit a significant decrease in the number of 

headturns-per-trial relative to their untreated controls at 1-day post-surgery (p<0.0001 for 

both), those treated with 1mM KA do not exhibit this same significant loss of visual acuity at 

this timepoint (p=0.0818). At 7-days post-surgery, no groups demonstrated any significant 

difference in performance relative to their 1-day post-surgery performance. WT animals treated 

with 2mM KA and 10mM KA again demonstrated significantly fewer headturns-per-trial than 

the untreated equivalents at this timepoint (p=0.0028, and p<0.0001, respectively), but those 

treated with 1mM KA do not (p=0.058). Similarly, SARM1-KO animals treated with 2mM KA 

and 10mM KA demonstrated significantly fewer headturns-per-trial than their untreated 

equivalents at this 7-day timepoint (p<0.0001 for both), but as seen in the WT animals, 

SARM1-KO animals treated with 1mM KA did not exhibit a significant difference in 

performance at 7-days post-injury relative to their untreated equivalents (p=0.30). 
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Importantly, there were no points of significant difference observed between WT and SARM1-

KO animals that had been provided the same treatment at any of the observed timepoints. This 

suggests that knockout of SARM1 did not provide an improvement in function following 

excitotoxin induced axon degeneration. 
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Figure 6.1 – Graph to show Optomotor Response of SARM1-KO and WT mice receiving 

intraocular injection of kainic acid or PBS.  

Quantitation of clockwise (left, treated-eye) and anti-clockwise (right, untreated eye) head 

turns in 120 seconds at listed experimental timepoints (pretreatment, 1 day post-treatment, and 

7-days post-treatment relative to day of surgery). * p<0.05, ** p<0.01, **** p<0.0001, relative 

to untreated values at the equivalent timepoint.  n= 27 per genotype for untreated data, n= 6 

per genotype for PBS, 1mM KA, and 2mM KA treated animal data; and n= 3 per genotype for 

10mM KA data. Column data represented as mean ±SEM. 
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Kainic acid had a significant effect on the density of cells in the retinal ganglion cell layer 

in both SARM1-KO and WT retinas.  

To observe any potential effect of excitotoxic insult on cell bodies in the GCL of the retina, 

eyes collected from SARM1-KO and WT animals 7-days post-surgery were cryosectioned to 

a thickness of 16µm and stained with haematoxylin and eosin. To generate a metric of nuclei 

density in the GCL, the number of haematoxyphilic nuclei in the GCL were counted and 

divided by the length of imaged retinal tissue. Two-way ANOVA of the resultant data 

demonstrated a significant main effect of the intraocular injection (p<0.0001), but not of 

genotype (p=0.6785) on GCL nuclear density (Figure 6.2). Post-hoc Tukey analyses revealed 

a significant decrease in GCL nuclear density in both SARM1-KO and WT mice treated with 

2mM KA relative to their respective untreated controls (WT/untreated = 142.488±6.68 nuclei 

per mm, WT/2mM KA = 93.25±21.85 nuclei per mm, p=0.0078; SARM1-KO/untreated = 

147.78±6.40 nuclei per mm, SARM1-KO/2mM KA = 77.66±14.57 nuclei per mm, p<0.0001) 

and relative to those that were treated with the PBS (WT/2mM KA = 93.25±21.85 nuclei per 

mm, WT/PBS = 150.16±14.17 nuclei per mm, p=0.0271; SARM1-KO/2mM KA = 

77.66±14.57 nuclei per mm, SARM1-KO/PBS = 140.94±8.36 nuclei per mm, p=0.0087). 

Similarly, eyes treated with 10mM KA also demonstrated a significant decrease in the density 

of nuclear structures in the GCL of the retina in both SARM1-KO and WT animals. 

Importantly, the density of nuclei in the GCL was not found to be significantly different when 

comparing SARM1-KO and WT tissue for any individual treatment. This suggests that 

knockout of SARM1 did not alter the degeneration of the nuclei in the GCL of the retina.  
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Figure 6.2 – Quantitation of Nuclei in the Ganglion Cell Layer. 

The density of haematoxylin-stained nuclei in the ganglion cell layer of the retinas from 

untreated eyes and eyes treated with PBS, 1mM KA, 2mM KA, and 10mM KA in both 

SARM1-KO and WT mice. 16µm retinal cryosections were stained with haematoxylin and 

eosin and the density of nuclei quantitated (n=3 for all treated groups). ‘Untreated’ refers to the 

right-eyes of these animals, in which intravitreal injection was performed in the left-eye. Data 

represented as mean ± SEM with p<0.05 considered significant.          
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Kainic acid resulted in altered structural appearance of the optic nerve in both SARM1-

KO and WT animals. 

Next, the effect of retinal KA treatment on the ON was qualitatively examined in thin sections 

stained with toluidine blue to determine if there were observable effects on the axons of the 

RGCs.  In control tissue (untreated and vehicle controls), axonal profiles could be observed as 

distinct regular circular structures surrounded by stained myelin profiles in both WT and 

SARM1-KO tissue (Figure 6.3 A-D). Most axons were similar in size, with the majority 

ranging from 0.2-2µm in diameter. However, tissue from SARM1-KO animals exhibited a 

small population of disproportionately large axonal profiles (2-10µm in diameter, Figure 6.3 

B, D, F, H, K, arrows) that were present independently of treatment.  

When examining optic nerves from WT animal eyes treated with KA, there was an apparent 

increase in the number of swollen and dystrophic axons. As described in chapters 4 and 5, 

dystrophic profiles took the appearance of stain-dense and often larger axonal structures with 

what appear to be altered myelination profiles. Interestingly, optic nerves from SARM1-KO 

animals did not appear to exhibit the same density of dystrophic profiles with increasing 

concentration of KA, as is observed in WT animals. 

In addition to the axons, nuclear profiles were present in the optic nerve, presumably from glial 

cells, including euchromatic glial nuclei and heterochromatic glial nuclei. Paler, euchromatic 

glial nuclei most likely represent astrocyte nuclei, while darker, heterochromatic nuclei are 

often found in microglia and oligodendrocytes (García-Cabezas, John, Barbas, & Zikopoulos, 

2016).  Glial nuclei were present in all treatment groups but appeared to have more stratified 

and enlarged processes in tissue treated with KA from both SARM1-KO and WT animals.  
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Figure 6.3 – Representative histological presentations of optic nerves from SARM1-KO 

and WT mice with corresponding treatments.  

350nm sections of ON were stained with toluidine blue.  A-J - representative images of ON 

from each group, as labelled. All images collected at 100x. ‘Untreated’ refers to the right optic 

nerves of these animals, in which intravitreal injection was performed in the left-eye. Scale bar 

in J represents 20µm and applies to A-J.  
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Kainic acid resulted in altered structural appearance of the optic nerve in WT and 

SARM1-KOanimals. 

To analyse the effects of KA on the histological appearance of the optic nerve, toluidine blue 

stained cross-sections were analysed and the presence of degenerative profiles were manually 

quantitated in a blinded fashion. First, the number of dystrophic axonal profiles within an area 

of the stained ON tissue were quantified. Two-way ANOVA demonstrated main effects of both 

treatment (p=0.001) and genotype (p<0.0001) on the density of dystrophic axonal profiles 

observed in this tissue. WT animals treated with any concentration of KA (1mM KA, 2mM 

KA, or 10mM KA) exhibited a significant increase in the density of dystrophic profiles relative 

to the untreated WT controls (p=0.0115, p=0.0009, and p<0.0001, respectively), while only 

those treated with 2mM KA and 10mM KA exhibit a significant increase in the density of 

dystrophic structures relative to controls treated with PBS (p=0.025 and p=0.006, respectively). 

Tissue from SARM1-KO animals treated with KA did not exhibit any significant changes in 

the density of dystrophic axonal profiles relative to the SARM1-KO controls that remained 

untreated or those treated with PBS. When considering animals treated with 10mM KA, post-

hoc testing revealed a significant increase in the density of dystrophic axonal profiles in WT 

animals when compared to SARM1-KO animals (p=0.0008, Figure 6.4 - A). 

 

The number of swollen axonal profiles in the optic nerves of these animals was also found to 

exhibit a significant main effect of genotype (p<0.0001, Figure 6.4 - B), with tissue from 

SARM1-KO animals exhibiting many more of these structures than was observed in the WT 

tissue. Despite this significant main effect of genotype, post-hoc testing did not reveal any 

individual points of significant difference between these genotypes at any individual level of 

treatment, nor within genotypes and between levels of treatment. 
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Similarly, the density of both heterochromatic and euchromatic glial nuclear structures was 

found to exhibit a significant main effect of genotype (p=0.0069 and p<0.0001, respectively). 

As with the density of swollen axons, the density of heterochromatic glial nuclei was shown to 

exhibit a significant main effect of genotype in the absence of any points of significance 

identified by post-hoc multiple comparisons analysis (Figure 6.4 – C). Regarding the density 

of euchromatic glial nuclei, a single point of significant difference was identified by post-hoc 

multiple comparisons analysis between WT and SARM1-KO tissue each treated with 2mM 

KA, with the WT tissue exhibiting significantly more euchromatic glial nuclei at this 

concentration than their SARM1-KO equivalents (p=0.0163, Figure 6.4 - D).  

Importantly, the parameters of swollen axon density, heterochromatic glial nuclei density, and 

euchromatic glial nuclei density did not exhibit a significant effect of KA treatment (p=0.5821, 

p=0.1843, and p=0.7574, respectively) within or between genotypes.  

 

 

 

  



Results Chapter 4  

144 
 

 

 

 

 

 

 

 

 

 

 

Figure 6.4 – Quantitation of dystrophic axonal profiles and glial cell nuclei in toluidine 

blue stained optic nerve cross-sections.  

Graphs to show density (number per field-of-view) of dystrophic axon profiles (A), large 

(swollen) axons (B), heterochromatin-dense nuclei (C), and euchromatic nuclei (D) in ON 

sections from SARM1-KO and WT mice receiving intraocular injections with 1µL of either 

PBS or KA. ‘Untreated’ refers to the right optic nerves of these animals, in which intravitreal 

injection was performed in the left-eye. Data represented as mean ±SEM. * p<0.05, *** 

p<0.001, **** P<0.0001. n= 3-8 nerves for the untreated cohort and n=3-5 for all others. 
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Kainic acid did not affect the density of axons in the optic nerve, total nerve size, or the 

inferred total axon number in the optic nerves of SARM1-KO and WT mice. 

ON cross-sections stained with toluidine were analysed using the ImageJ plugin, AxonJ, to 

assess the axonal profiles in these nerves. This analysis was principally used to evaluate the 

population density of axonal structures within this tissue. Two-way ANOVA of axonal density 

data revealed a significant main effect of genotype (p=0.013), while post-hoc multiple 

comparisons testing did not reveal any points of significance across levels of treatment and 

genotypes (Figure 6.5 – A). Measures of total nerve area did not demonstrate any significant 

effects of treatment or genotype (Figure 6.5 – B). Using the values of axonal density and total 

ON cross-sectional area, the metric of ‘inferred ON axon number’ was determined for all 

treatment groups. Two-way ANOVA demonstrated no significant effect of treatment on this 

metric but did again demonstrate a significant main effect of genotype (p=0.0211, Figure 6.5 – 

C).  
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Figure 6.5 – The density, number and size of retinal ganglion cell axons in the optic nerve 

was not affected by kainic acid. 

Graphs to show the density of axons within ON cross-sections (A), the total area of ON cross-

sections (B), and the total inferred axon number per nerve cross-section (determined using 

values of axon density and the associated axon area, C) from SARM1-KO and WT mice given 

intravitreal KA. ‘Untreated’ refers to the right optic nerves of these animals, in which 

intravitreal injection was performed in the left-eye. Data represented as mean ±SEM with 

p<0.05 considered significant. n = 3-6 for all groups. 

  

O
N

 A
xo

n 
De

ns
ity

 

O
N

 A
xo

n 
N

um
be

r 

O
N

 A
re

a 



Results Chapter 4  

147 
 

Kainic acid resulted in altered ultrastructural appearance of the axons in the optic nerve, 

most notably in WT animals. 

The effect of intravitreal KA treatment on the ON was qualitatively examined in a small cohort 

of ultrathin sections stained with lead citrate and imaged using TEM techniques to determine 

if there were observable effects on the ultrastructure of RGC axons. In untreated tissue, axonal 

profiles could be observed as distinct, circular structures surrounded by electron-dense myelin 

profiles in both WT and SARM1-KO tissue (Figure 6.6 A-D). The axons were similar in size, 

with the majority ranging from 0.2-2µm in diameter. As seen in the qualitative analysis of light 

microscopy images, tissue from SARM1-KO animals exhibited a small population of 

disproportionately large axonal profiles (2-6µm in diameter, Figure 6.6 B, D, blue arrows) that 

were present independently of treatment.  

When examining optic nerves from WT animal eyes treated with KA, the axons were less 

consistent in shape and size than their untreated equivalents, and many exhibited disturbed 

myelin profiles (Figure 6.3 C, blue arrows). Similarly, the optic nerves from SARM1-KO 

animals did not exhibit the same density of dystrophic profiles with increasing concentration 

of KA, as is observed in WT animals (Figure 6.6 D). 
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Figure 6.6 – Representative TEM images of optic nerves from SARM1-KO and WT mice 

with corresponding treatments.  

70nm sections of ON were imaged using TEM.  A-D - representative images of ON from each 

group, as labelled. All images presented here collected at 5000x magnification. Scale bar in D 

represents 2µm and applies to A-D. 
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The axons of both SARM1-KO optic nerves are larger and exist in smaller population 

density than their WT equivalents independently of KA treatment. 

Finally, to analyse the effects of KA on the ultrastructural profile of the optic nerve, a small 

cohort of lead citrate-stained cross-sections were analysed to quantitate the metrics of axonal 

density and axonal cytoplasm area in both WT and SARM1-KO tissue. Two-way ANOVA 

demonstrated a significant main effect of genotype (p=0.017) on the measure of axonal density 

in this tissue, as WT tissue exhibited a significantly higher density of axonal structures per unit 

area than their SARM1-KO equivalents (Figure 6.7 – A). This effect of genotype was observed 

independently (interaction p= 0.7778) of any effect of the treatment which was not found to be 

a statistically significant determinant of axonal density (p=0.7376).  

The observation that axonal density exhibits a main effect of genotype may be explained in 

combination with the similar observation that the average axon cytoplasmic area exhibited a 

significant main effect of genotype (p=0.004) independently of a significant effect of treatment 

(p=0.9606) (Figure 6.7 – B). Furthermore, multiple comparisons analyses revealed an 

individual point of statistical significance between genotypes, but only in those that had 

received 2mM KA (p=0.0255). 
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Figure 6.7 – Axonal Density and Cross-sectional Area as observed using TEM. 

Graphs to show the density of axons within ON cross-sections imaged using TEM (A) and the 

average area of ON axonal cytoplasm (B), from SARM1-KO and WT mice given intravitreal 

KA. ‘Untreated’ refers to the right optic nerves of these animals, in which intravitreal injection 

was performed in the left-eye. Data represented as mean ±SEM with p<0.05 considered 

significant. * p<0.05. n = 3 for all groups. 
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DISCUSSION 

The identification of the role of the SARM1 protein in WD has provided a platform for research 

to develop further insight into the involvement of WD in neurodegenerative disease and injury, 

which gives hope for the identification of therapeutic targets/interventions. As the role of 

SARM1 in excitotoxic insult remains to be elucidated, the principal goals of the research 

presented in this chapter were to investigate the effects of kainic acid-induced excitotoxic insult 

in an in vivo capacity using the visual system of SARM1-KO mice and to compare them to the 

same injury model in WT mice. In this chapter, I show that knockout of the SARM1 protein 

prevented the development of axonal dystrophic profiles up to 7-days following injury, 

although this was not associated with a prevention of GCL nuclei loss or retention of visual 

acuity. Furthermore, I demonstrate that knockout of SARM1 is associated with a small number 

of large or swollen axon profiles in the optic nerve, irrespective of treatment. 

As in previous chapters, a significant reduction in the visual acuity was observed in the eyes 

treated with KA, regardless of the concentration administered at both 1 and 7-days post-

surgery. This observation was made in both WT and SARM1-KO animals. Previous literature 

concerning models that target proteins associated with the degenerative process have 

investigated functional loss in the visual system of mice and have revealed that there is some 

capacity for protection. Research by Ozaki and colleagues demonstrated improved 

electroretinogram amplitude and photoreceptor cell survival in a SARM1 and rhodopsin double 

knockout animal model when compared to the performance of their rhodopsin-knockout 

equivalents at both 9 and 12 weeks of age (Ozaki et al., 2020). Secondarily, mice expressing 

the novel chimeric fusion protein, Wlds, have been shown to exhibit a retention of visual acuity 

and axonal transport relative to their WT equivalents in a microbead-induced mouse model of 

ocular hypertension (Pasini et al., 2019).  



Results Chapter 4  

152 
 

As discussed in previous chapters, the significantly reduced performance in the optomotor 

behavioural test with KA treatment may be explained by loss of nuclear structures in the GCL 

of affected retinas following KA treatment in both SARM1-KO and WT animals. This suggests 

a significant loss of RGC nuclei following KA exposure that is not protected by SARM1-KO. 

As detailed in previous chapters, RGC loss has been shown to be associated with a decline in 

the visual performance of rodents when observed using the optomotor behavioural test (Ellouze 

et al., 2008). This finding is similar to those presented in previous studies utilising mice with 

the Wlds mutation that demonstrated a retention of the axon in the absence of somal 

protection/retention (Adalbert et al., 2006; Deckwerth & Johnson, 1994). As the putative 

mechanism of axonal protection in both the Wlds mutant mouse and SARM1-KO models is the 

modulation of NAD+ dynamics and metabolism, the coalignment of findings between these 

models further supports the investigation of NAD+ dynamics as an upstream determinant of 

axonal degeneration in some models of neurodegeneration. 

The outcomes of SARM1-based interventions on neuronal degenerative pathologies outcomes 

in disease models are not uniform, however. While some experimental models of 

neurodegeneration describe an ameliorative or attenuative capacity of SARM1-based 

interventions (Ko et al., 2020; Massoll et al., 2013; Turkiew et al., 2017; White et al., 2019), 

some others do not. As an example, research published by Peters and colleagues (2018) 

demonstrated a profound protection from axotomy-induced axonal degeneration in the sciatic 

nerves of their SARM1-KO and SARM1-KO x SODG93A animals that is not seen in their 

control equivalents; but did not demonstrate SARM1-KO-mediated protection on the 

electrophysiological deficits, axonal pathologies, and neuromuscular junction denervation 

conferred in the SODG93A experimental mouse model (Peters et al., 2018). Many 

investigations that demonstrate protective outcomes via SARM1 modulation do so by 

illustrating a sustention of neuronal structure(s), but may not assess neuronal function as a 
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measure of neuronal health or conferred protection (Ko et al., 2020; Massoll et al., 2013); or 

do not demonstrate a protective outcome of SARM1 modulation on neuronal/systemic function 

in their investigations (White et al., 2019). Some, however, do present evidence for both 

structural and functional integrity in the face of insult; particularly when the insult is 

mechanical (i.e. optic nerve crush/traumatic brain injury as in Fernandes et al., 2018; Henninger 

et al., 2016; Maynard et al., 2020)  or concerns experimental models of peripheral neuropathy 

(S. Geisler et al., 2016; Turkiew et al., 2017). These findings collectively highlight the need 

for a more complex and complete understanding of the different mechanisms of degeneration 

(i.e. induced by different diseases or insults) to facilitate the identification of conditions in 

which therapeutic interventions targeting SARM1 may be effective. 

The optic nerves of SARM1-KO mice in this study did not exhibit a significant increase in the 

presence of dystrophic profiles, as was observed for WT mice in this cohort and as has been 

described in previous chapters. The finding that the axons of SARM1-KO mice are refractory 

to the formation of degenerative profiles may not be unexpected, as similar outcomes have 

been described in the axons of in vivo SARM1-KO models in the context of both excitotoxic 

and mechanical insult (Fernandes et al., 2018; Ko et al., 2020; Massoll et al., 2013). It is 

important that we acknowledge that while the SARM1-KO animals demonstrated a resilience 

to the development of dystrophic axonal profiles following injury out to the 7-day end-point, 

this was not met with a retention of function at either 1 or 7 days following injury. With our 

understanding of the typical longer-term outcomes associated with experimental interventions 

targeting NAD+/NADH dynamics in neurodegeneration, (particularly using Wlds, and 

SARM1-KO experimental models) it seems reasonable to expect that the apparent retention of 

structure observed in this study would not be upheld across a greater experimental timeline 

(Beirowski et al., 2005; Beirowski et al., 2008; Coleman & Freeman, 2010; Mack et al., 2001; 

Osterloh et al., 2012; Viar et al., 2020). 
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Despite the apparent retention of structural integrity observed in this study, both GCL cell 

bodies and visual function were lost in the SARM1-KO animals. This suggests that further 

investigation into the mechanisms of neuronal degeneration that exist either upstream, or 

entirely independently of the activity of SARM-1 may be warranted. In a paper published by 

Murata and colleagues, the c-Jun-N terminal kinase (JNK) protein was identified as having a 

regulatory effect via post-translational phosphorylation of SARM-1 (Murata et al., 2018). 

Murata and colleagues described this phosphorylation as occurring during events of 

mitochondrial dysfunction and oxidative stress, and so this pathway may be relevant to the 

regulation of SARM-1 activity in neurodegenerative contexts, including excitotoxic insult (G. 

H. Kim et al., 2015; Luetjens et al., 2000; Murata et al., 2018; Nguyen et al., 2011; Schinder et 

al., 1996). In addition, the protective effects of SARM1-1KO being limited to the axonal 

compartment highlight the possibility that a combinatorial approach of SARM1-KO and 

models of somal protection as being potentially more comprehensively neuroprotective. For 

the sake of application to the visual system, there is evidence to suggest that the DNA damage 

inducible transcript 3 (CHOP) drives neurodegeneration, and that a null-CHOP model can 

protect against the somal degeneration typically observed in the DBA/2J model of mouse 

chronic ocular hypertension (Marola et al., 2019). Similarly, research investigating the effect 

of a mouse model that disrupts the activity of both the JNK and CHOP pathways in the context 

of ON crush (and subsequently, WD) demonstrated significantly greater protection of RGC 

somal structures when compared to animals with either one of these pathways obstructed, and 

to the WT and sham-injury controls  (Syc-Mazurek et al., 2017). Future research of the model 

presented in this thesis could seek to further investigate excitotoxic insult with a combined 

approach of SARM1-KO in tandem with the models of somal protection described above. 

The automated analysis of ON tissue stained with toluidine blue revealed no significant 

changes to the density of axonal structures with KA, or between genotypes. As in previous 
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chapters, this measure of axonal density was balanced against the cross-sectional area of each 

nerve to develop an extrapolative metric of the total number of axons within the ON cross-

section. This metric was also found to be unchanged by the administration of intravitreal KA 

and was not significantly different between genotypes. The difference in axonal density 

between SARM1-KO and WT is not significantly different when analysed using toluidine blue-

stained sections in AxonJ, but is significantly different when analysed using TEM. Importantly, 

neither analysis demonstrates a significant effect of KA treatment on axonal calibre. These 

differences axonal density are substantial, and further highlight the possibility that populations 

of axons are not accounted for in the AxonJ data presented in this and previous chapters.  

The finding that SARM1-KO axons were, on average, significantly larger (as determined 

through analysis of ON TEM) raises questions surrounding the ideas of determinants of axonal 

calibre and how they may be affected in this SARM1-KO model. While it has been historically 

held that NF expression is a primary determinant of axonal calibre (P. N. Hoffman et al., 1987), 

how this applies to the findings presented in this chapter, if at all, is not readily apparent. One 

potential explanation can be presented in a study by Sánchez and colleagues (1996), which 

proposes and provides evidence for a mechanism of control of axonal calibre in the developing 

ON (Sánchez et al., 1996). Sánchez and colleagues detail a mechanism by which 

oligodendrocytes may signal to nearby RGC axons in the ON and induce a reorganization of 

the NF network that may, in turn, regulate axonal calibre. While speculative, it may be that the 

changes to the glial population (discussed further, below) may have impacted the development 

of the axons in the ON and their calibre. 

SARM1-KO animals have fewer heterochromatic and euchromatic glial nuclei in their optic 

nerves when compared to their WT equivalents. The number of heterochromatic and 

euchromatic glial nuclei was not affected by treatment in either genotype and no significant 

effect of treatment was observed. SARM1 has an identified role in innate immunity, has been 
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identified as a toll-like receptor (TLR) adaptor molecule with highly conserved domains 

(Belinda et al., 2008; Horsefield et al., 2019; Wan et al., 2019) and is understood to operate as 

a principal effector or TLR signalling in neurons (Mukherjee et al., 2015). There is also a body 

of literature that promotes the activity of TLRs in the processes of neurodegeneration, including 

the role of TLRs and innate immune signalling in glial populations (Carpentier et al., 2008; 

Fiebich et al., 2018; Kielian, 2006). In the context of the findings presented in this chapter, it 

seems reasonable to speculate that any interference with the integrity of innate immunity 

signalling mechanisms via the activity of TLRs may result in, or manifest as, an altered 

population of the cells responsible for enacting and regulating innate immune signalling. 

Further explanation may be found in research presented by Uccellini and colleagues (2019) 

which details coding changes and novel splice variants of the XAF1 gene of the SARM1-KO 

strain used in this chapter (Uccellini et al., 2019). These sequence variations have been shown 

to affect chemokine production in macrophages and, because XAF1 has a known role in 

apoptosis, this may also explain some phenotype differences observed in this strain of SARM1-

KO mice (Uccellini et al., 2019).  

As mentioned above, there is evidence to support a potential link between the observed changes 

to the glial nuclei profile in the SARM1-KO ON and the differences in the profile of axonal 

calibres. In the study performed by Sánchez and colleagues (1996), oligodendroglial 

interactions with axons were shown to be associated with an increase in axonal calibre, as 

mediated by local NF redistribution (Sánchez et al., 1996). As the data presented in this chapter 

demonstrate an alteration to the glial population of the ON in SARM1-KO mice (although 

changes to glial subpopulations were not directly assessed), it may be that the knockout of the 

SARM1 protein has disrupted the function of oligodendrocytes in the ON and/or altered the 

typical neuron/oligodendroglial interactions. In this case, the potential disruption of TLR 

signalling pathways in oligodendrocytes may have altered their myelinating behaviours. 
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Furthermore, it may be that the absence of expression of SARM1 may affect other determinants 

of ON axonal calibre, including NF arrangement and expression in the axon (P. N. Hoffman et 

al., 1987); or that the phenotypic changes described in this SARM1-KO mouse model affect 

these parameters (Uccellini et al., 2019). The finding that SARM1-KO axons exhibit 

significantly larger axonal calibre than their WT equivalents has not been discussed in previous 

studies where cross-sectional analyses of nerve tissue from SARM1-KO animals has been 

performed.  Although not specifically discussed, visual examination of previously published 

images from sciatic nerves stained with toluidine blue in the same strain of SARM1-KO mice 

do appear as though they may be larger, on average, than their WT counterparts (Peters et al., 

2018, pp. 3763, Fig.A). 

In future studies, it may be valuable to investigate changes to specific glial populations using 

immunohistochemical markers specific to microglia, oligodendrocytes and astrocytes. This 

investigation may reveal any changes to specific cell populations in the context of excitotoxic 

insult and into any glial population differences between WT and SARM1-KO animals. 

Additionally, as there is a possible effect on glial populations that has aetiology in the knockout 

model utilised in this study, future investigations may seek to adopt methodologies that allow 

for the modulation of SARM1 expression in a C57BL/6 background without use of this 

knockout model. Such approaches have been previously published with demonstrable efficacy, 

including the use of CRISPR-mediated deletion of exon 1 in the SARM1 gene (Uccellini et al., 

2019), adeno-associated virus-mediated gene therapy to disrupt SARM1 function via dominant 

negative mutations (Geisler et al., 2019), and the use of a SARM1 silencing-RNA construct 

administered via intravitreal injection (Massoll et al., 2013). 
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Conclusions 

Together, the data presented in this chapter suggest that the knockout of the SARM1 protein 

does not confer somal or functional protection against excitotoxic injury in the visual system 

but does allow for the retention of axonal structures. Future research investigating the efficacy 

of combination therapies of SARM1 modulation and a method of somal protection may provide 

further insight into the mechanisms of excitotoxic insult and how they can be best attenuated. 

Additionally, the outcomes of this study reflecting an absence of functional protection by 

SARM1-KO fall in contrast to those few studies in which SARM1-KO has been found to confer 

functional retention. This further highlights the spectrum of insults that affect the nervous 

system in injury and disease and endorses their continued research to develop a more complete 

understanding of these mechanisms and how they may be therapeutically attended. 
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SUMMARY 

Developing an understanding of the pathological mechanisms that underpin neurodegenerative 

diseases is crucial to the identification and assessment of therapeutic targets. To achieve this, 

appropriate experimental models of neurodegeneration must be developed and utilised.  

Axonal degeneration resulting from excitotoxicity is a pathological process that underlies a 

diverse set of neurodegenerative diseases and injuries. The mechanisms of excitotoxic insult 

and the resultant axonal degeneration are poorly understood and we do not currently have any 

interventions with which we can treat excitotoxic insult. As such, the principal goal of the 

research presented in this thesis was to develop an in vivo model of excitotoxic insult in the 

visual system of mice. This model of injury was then applied to research that sought to 

understand the resultant pathology, to investigate the mechanisms of injury, and to identify 

pathways that may contain targets that are amenable to therapeutic intervention. This thesis has 

characterized cellular alterations in a model of excitotoxic injury and demonstrated a number 

of novel findings. The key outcomes of the research presented in this thesis are as follows. 

- The administration of KA via the intravitreal route at concentrations ≥1mM will result 

in the degeneration of function and structure within the mouse visual system within 7 

days of administration. Many features of degeneration observed here can be quantified 

and are shown to be replicable across experimental cohorts. 

- An increasing loss of nuclei in the ganglion cell layer of the retina occurs with 

increasing concentration of KA. 

- Axonal swelling and dystrophic profiles within the axons of the ON are a common 

consequence of the model of injury presented in this thesis. 

- Despite exhibiting a level of pathological outcomes in histological parameters that was 

approximately equal to their WT equivalents, NFL-KO mice that were administered an 
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intravitreal dose of 1mM KA demonstrated a significantly improved performance in the 

optomotor behavioural test 7-days after treatment. 

- The axons in the ON of SARM1-KO animals retained their structure at 7-days post-

treatment, but this was not paired with a retention of function as determined by an 

assessment of visual acuity in the optomotor behavioural test.  

Together these data have contributed to our understanding of how neurons degenerate 

following excitotoxicity and our potential for therapeutic intervention. 

STRUCTURE AND FUNCTION 

In this thesis, I showed an alteration to visual function following the administration of the 

excitotoxin kainic acid. In all cohorts, a statistically significant reduction in performance of the 

optomotor reflex test of visual acuity was observed one day after treatment with 1µL of KA at 

concentrations ≥1mM. A notable outcome of the behavioural analyses presented in this thesis 

was the recovery of visual acuity in NFL-KO and WT/EpoD mice treated with 1mM KA at the 

7-day timepoint that was not observed in their respective controls. This recovery of visual 

acuity occurred after these cohorts had demonstrated the profound loss of response that was 

common to all cohorts 1-day after the administration of ≥1mM KA. Interestingly, both NFL-

KO and WT/EpoD animals exhibited this recovery of function despite presenting levels of 

axonal dystrophy and GCL nuclei loss that was equivalent to their respective controls. 

Inversely, the SARM1-KO animals did not demonstrate retention of function despite the 

retention of axonal structures. As such, it seems reasonable to suggest that changes to outcomes 

of visual function cannot be wholly ascribed to, or predicted by, any one of the 

pathomorphological changes discussed in this thesis. Instead, it may be that axonal dysfunction 

can occur without a substantial increase in the presence of dystrophic profiles and that the NFL-

KO and WT/EpoD groups did not succumb to the same level of dysfunction in this model of 
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injury despite the similarities in pathological features. The retention or loss of visual function 

in this model may also be dependent on other, yet undetermined, changes to the visual system. 

Of note, changes to the synaptic profile of the RGCs and downstream circuitry of the mouse 

visual system were not investigated in this thesis and could prove to be a source of the variance 

of outcomes observed between the NFL-KO, EpoD-treated, and SARM1-KO cohorts and their 

WT equivalents. In future studies, investigation of changes to the circuitry of the visual system 

following excitotoxic insult could prove to be insightful and, as discussed in chapter 5, this 

could be paired with electrophysiological assessment of the visual system as an additional 

determinant of visual function following surgery. Furthermore, time-sensitive examination of 

the electrophysiological function of the visual system could help to more completely categorise 

the time-course of injury that occurs in this model without the need to introduce additional 

experimental endpoints. Optomotor behavioural testing has the benefit of not requiring 

anaesthetisation of the animal or additional surgical intervention, but comes at the cost of the 

quality of information and the capacity to robustly determine functional outcomes with this 

form of observation, especially when compared to the various forms of retinal 

electrophysiological assessment that have been reported in mouse models (Georgevsky et al., 

2019; Yang Liu et al., 2014; Saszik et al., 2002). Notably, assessment of the pattern 

electroretinogram (pERG) and visual evoked potential (VEP) metrics can provide great insight 

into electrophysiological changes in the visual system. The pERG can be measured in 

anaesthetised mice and objectively assesses the electrophysiological function of the retina in 

response to the provided light stimulus. Within the output of the pERG, more refined metrics 

can be observed when testing under certain conditions. Most notably, a study by Saszik (2002) 

identifies the scotopic threshold response in mice and highlights the sensitivity of the amplitude 

of this low-light response to changes in stimuli (Saszik et al., 2002). Following the 

identification of this response in mice and the noted sensitivity, the use of the scotopic threshold 
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response has been widely adopted in ophthalmologic studies of the mouse retina as a principal 

measure of retinal function, including in mouse models neurodegenerative conditions (Abbasi 

et al., 2021; Georgevsky et al., 2019; Pérez de Lara et al., 2014). Importantly, visual system 

function cannot be inferred from pERG metrics as these observations are made upon the 

proximal/inner retinal structures and do not account for potential downstream changes to visual 

pathway circuitry or processing. For these to be accounted for, the use of measures of VEPs 

are often employed (Chou et al., 2014; Heiduschka et al., 2010; Ridder & Nusinowitz, 2006). 

VEP metrics are drawn from the visual cortex and allow for an objective measure of total visual 

pathway performance in response to a visual stimulus when the background activity is 

subtracted (Yeon et al., 2018). These data can be used to observe changes to visual system 

latency and amplitude of response to a standardised stimulus, but are not as sensitive to change 

as pERG metrics (particularly scotopic threshold response, as detailed above) (Saszik et al., 

2002; Tsai et al., 2014). Together, these electrophysiological assessments of the visual system 

can provide clear and objective determinations of performance and, because the animals are 

anaesthetised, are not subject to changes in output based on an animal’s behaviour or 

responsiveness, as is the case for the optomotor test of visual acuity. Unfortunately, retinal 

electrophysiological assessments were neither available nor established in the research facility 

in which this data was observed and prepared. As such, the use of the optomotor behavioural 

test is the sole form of live-function assessment of the capacity of the visual system in this 

thesis and a greater focus is instead drawn to observing and analysing the changes to the visual 

system following tissue collection using a variety of histological techniques and analyses.  

Across experimental cohorts, there was a consistent loss of nuclei within the GCL with KA 

treatment. However, outcomes of the optomotor behaviour were variable, suggesting that 

any recovered visual acuity demonstrated at the 7-day timepoint may be owed to the retention 

or recovery of function of a smaller number of axons than those that are visibly unaffected. This 
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is supported through our observation that, despite ~20% loss of nuclei in the GCL with the 

administration of 1mM KA in the WT data presented in chapters 5 and 6, <1% of axons 

exhibited dystrophic, swollen, or otherwise pathological features. This may be explained 

through our understanding that the measures of axonal degeneration presented in this thesis 

may not reflect the true pathological load, which is a result of the cross-sectional nature of the 

analysis (i.e. an axon that appears healthy in the quantitated cross-section of tissue may exhibit 

dystrophic features further up/down the length of the axon). It may also be that some axons are 

in the early-stages of axonal degeneration and do not retain their function, but also do not yet 

exhibit these pathomorphological features.  

Although contentious (Hood, 2019), there is an understanding held within the literature 

surrounding vision loss that suggests that the loss of ganglion cells occurs prior to the 

identification of measurable changes to visual acuity (Harwerth et al., 1999; Kerrigan-

Baumrind et al., 2000; Quigley et al., 1989). What is accepted, however, is the concept of a 

functional redundancy within the visual system. That is, the visual system exhibits a capacity 

for resilience of function in the face of ganglion cell loss in a relationship/pattern that resembles 

an exponent mathematical function (Harwerth & Quigley, 2006). While difficult to draw 

relevant comparisons between species, it has been suggested that human ganglion cell loss 

equivalent to between 25 and 35% of the total number is required before statistical 

abnormalities to vision can be observed in patients with glaucoma (Kerrigan-Baumrind et al., 

2000). These findings are corroborated by a study performed by Medeiros and colleagues, who 

collected data from 53 human cases suspected of having glaucoma and demonstrated that, on 

average, the earliest detection of an altered perimetry performance occurred when 28.4% of the 

RGCs had been lost (Medeiros et al., 2013). While it is important to acknowledge the 

differences in visual acuity parameters between murine experimental models and human 

participants with visual impairments, this literature supports the notion that ganglion cell loss 
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and the presentation of dystrophic axonal profiles are not effective predictors of axonal 

health/function to be used as a representation of the total injury load (or the functional outcomes 

in the optomotor reflex test of visual acuity). 

The data presented in this thesis also suggested that changes to the morphology of axonal 

profiles may occur following exposure to KA. Most notable was the increased presence of 

dystrophic axonal profiles in tissues treated with KA in the cohorts presented in chapters 4 and 

5. In chapter 6, the SARM1-KO cohort was found to not develop dystrophic profiles following 

KA exposure and were comparable to their untreated equivalents. Despite the absence of overt 

axonal dystrophy, SARM1-KO animals still exhibited loss of visual function. This may be 

because the loss of nuclei in the GCL in SARM1-KO animals treated with KA was unchanged 

relative to WT, and so the circuitry of the visual system was sufficiently disrupted. Another 

possible explanation could be that, as discussed above, the apparent retention of axonal 

integrity may not be associated with a retention of axonal function. 

MODELLING EXCITOTOXICITY IN THE VISUAL SYSTEM OF MICE 

The identification of concentrations >1mM KA as eliciting a level of injury that cannot be 

rescued inspires questions concerning the mechanisms of excitotoxic insult and their outcomes. 

Principally, what are the elements of injury that are changing when administering higher 

concentrations that result in functional loss that cannot be recovered within 7-days of 

treatment? This may be most parsimoniously attributed to the possibility that higher 

concentrations of KA result in a greater number of degenerating cells in the retina, such that 

the visual function is lost or sufficiently ablated for the experimental duration. This is supported 

by the observation that the number of GCL nuclei decreases with increasing concentration of 

KA in this model, as presented in chapters 4, 5, and 6. A study performed by Christensen and 

colleagues suggests that the varieties of mouse RGCs are differentially susceptible to the effects 
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of glutamatergic excitotoxicity (Christensen et al., 2019). In the context of the outcomes 

presented here, this may suggest that the outcomes of this insult are different between cellular 

populations within the mouse retina and that, with increasing concentrations of KA, not only 

may more cells be affected to the point of initiating degenerative processes, but different 

cellular populations may be affected and/or different pathological mechanisms may be 

involved. This presents a distinct limitation with relevance to the interpretation of experimental 

outcomes presented in this thesis concerning the acute nature of the injury model. Specifically, 

the interpretation of outcomes of an acute singular administration of KA as a model of injury 

compared to pathological outcomes that may result in a chronic and sustained excitotoxic insult 

in neurodegenerative disease. As an extension of the possibility that different cellular 

populations are affected by this insult, it may be that the neuronal circuitry is differentially 

impacted in the model of injury presented here when compared to excitotoxic insult that occurs 

in neurodegenerative conditions. This limitation is stratified when considering the 

interpretation of experimental outcomes using the visual system as a confined model of injury 

for a pathological process that occurs throughout the nervous system, that occurs in a variety 

of neurodegenerative diseases of differential aetiology, and that may be instigated by a variety 

of insults. These are limitative features of all experimental models in some capacity, but do 

still warrant qualification. Differential vulnerability is a topic of frequent research and review 

in the context of neurodegenerative conditions (Fu et al., 2018; I. Han et al., 2010; Saxena & 

Caroni, 2011) and may prove to be useful for the identification of models of neurodegeneration 

to be employed in future research, and may also provide insight for the identification of features 

of vulnerability that are suitable targets for therapeutic intervention against the pathological 

features in degenerative processes.  

The data presented in this thesis suggest that the outcomes of the administered insult are less 

likely to be recoverable with concentrations increasing above 1mM KA. In future studies 
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utilising this model, the use of 1mM KA as a model of injury that results in a level of 

degeneration that appears to be rescuable may prove to be appropriate for the sake of 

researching therapeutic interventions and their efficacy. Additionally, future research using this 

model could seek to investigate the use of a chronic model of injury that more closely emulates 

the conditions of excitotoxic insult as we understand them to occur in disease conditions. Such 

approaches may involve the use of different drug delivery techniques than the intraocular 

injection presented in this thesis and extended experimental timepoints. One potential example 

may be found in the use of copolymer resins as a vehicle for drug delivery, including the use 

of Elvax resins, which have been used in the retina and ON of murine models in previously 

published literature (de Lima et al., 2016; Fiorani et al., 2014). While serving as a potential 

vector for delivery of a chronic model of insult, these drug delivery systems may also be used 

for investigations concerning the sustained application of therapeutic drugs in the visual system 

model. The use of slow-release drug delivery systems may also aid in mitigating any potential 

impact of any potential unexplored mechanisms of drug clearance from the vitreous humour, 

whether it be by lymphatic clearance or some other manner of vitreous humour exchange, or 

uptake into the tissues of the retina (particularly by glial cells) (X. Wang et al., 2020). 

THE CYTOSKELETON AS A THERAPEUTIC TARGET 

Following intravitreal application of the excitotoxin, kainic acid, a number of pathological 

features were observed in the histological and immunohistochemical profile of the tissues of 

the visual system. The affected retinal tissue exhibited profound changes to the 

immunolabelling of proteins associated with the cytoskeleton in RGCs, particularly of NF 

proteins. Changes to the NF profile are understood to be one of the primary pathological 

features of axonal degeneration following injury and NF changes have also been observed in 

disease conditions (Chung et al., 2005; Hirano et al., 1984; P. N. Hoffman et al., 1993; Rouleau 

et al., 1996). In this case, not only was the immunolabelling of the NF proteins reduced in tissue 
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exposed to kainic acid, but pathological inclusions that have been observed in other models of 

axonal degeneration, termed ‘NF rings’, were observed (Dickson et al., 2000; Dickson et al., 

1999). The changes to the immunolabelling of intermediate filaments following KA exposure 

were not uniform, as the immunolabelling intensity of the CNS-specific class IV intermediate 

filament, alpha-internexin, appeared to be heightened following KA exposure. Similar patterns 

of NF depletion and an apparent increase in the presence of alpha-internexin have been 

observed across multiple models of CNS injury or disease (Cairns et al., 2004; King et al., 

2012), with some research suggesting a likely role for alpha-internexin in promoting or 

facilitating neuronal regeneration (McGraw et al., 2002). A study by Liu and colleagues 

demonstrates an increased expression of alpha-internexin in NFL-KO mice at 12 months of 

age, and that this upregulation may compensate for the absence of NF triplet structures in the 

established nervous system (Y. Liu et al., 2013). Further research may be required to 

investigate the role of alpha-internexin in axonal injury, degeneration, and any potentially 

ameliorative or compensatory action of other cytoskeletal components in the absence of the NF 

triplet structure. Additionally, there is some evidence to suggest that the class IV intermediate 

filament, peripherin, is present in the murine visual system and so is of particular relevance to 

the model presented in this thesis (Troy et al., 1990).  

A study by Chung and colleagues identified NF breakdown as an upstream process to tubulin 

disaggregation in cultured neurons undergoing excitotoxin-induced axonal degeneration 

(Chung et al., 2005). The immunohistochemical profiles presented in chapter 3 of this thesis 

demonstrate a similar phenomenon in which NF immunolabelling in the RGC axons is shown 

to be more distinctly altered from baseline patterns of labelling than MT immunolabelling at 

both 1 and 7-days after KA administration.  While currently unsubstantiated by means of overt 

experimental evidence, it may be that resilient axonal NF structures serve a supporting role to 

more dynamic and labile MTs, and that in the absence of this support as neurofilaments are 
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precedingly disassembled, the balance of MT dynamics is tipped towards volatility and 

disaggregation/depolymerisation. This removal of support via neurofilamentous structure and 

the post-translational modification of tubulin units that occurs in degenerating axons may 

cumulatively result in a destabilisation of MT structures that ends in disaggregation (Chung et 

al., 2005; Hanson et al., 2018). This speculative role of neurofilaments supporting MT 

structures may be endorsed by literature that describes a role for NF in modulating the process 

of tubulin polymerisation (Bocquet et al., 2009). In the absence of this supporting role (as in 

the NFL-KO mice, or in degenerating axons that are losing NF) an unbalancing of the 

relationship of MT dynamics may result in a local accumulation of polymerised MT structures 

and their dimeric subunits that precedes tubulin disaggregation if MT dynamics are unable to 

be attenuated. Further investigation of these changes and their relationship with the 

mechanisms of axonal degeneration may help to identify therapeutically-viable targets against 

neurodegenerative conditions.  

The outcomes presented in this thesis suggest that the methods of cytoskeletal modulation 

presented in chapters 4 and 5 confer little protection against the morphological changes that 

result from this model of injury, but may facilitate a recovery of visual acuity (suggesting 

systemic integrity to a point that results in retention of function) 7 days after injury. This is 

most evident in the NFL-KO cohort, and further endorses the future investigation of the roles 

of intermediate filament structures in response to neuronal injury and degeneration. 

MISCELLANEOUS LIMITATIONS 

A limitation of the current study is the inability to distinguish the cells of the GCL using the 

applied techniques. Haematoxylin and eosin staining of the cryosectioned retinal tissue allows 

for clear delineation of the layers of the retina and observation of the nuclei within, but does 

not account for the differences of cellular populations within these layers. Of particular concern 
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are displaced amacrine cells, which may account for 59% of the nuclei in the GCL in the mouse 

retina (Jeon et al., 1998). This may mean that specific cell types in the GCL of the retina may 

be more amenable to the degenerative process induced by intravitreal administration of KA, 

and so some populations may be selectively vulnerable, thereby limiting our ability to interpret 

these results in the most meaningful, complex and complete capacity. As such, despite the 

observed changes to GCL nuclei, we cannot clearly state that RGC nuclei have been affected 

by this model of injury as the techniques presented in this study do not provide the capacity to 

differentiate RGC nuclei from those of displaced amacrine cells in the GCL. Furthermore, 

RGCs are highly diverse and are differently vulnerable to degenerative processes in a variety 

of neurodegenerative contexts including autoimmune optic neuritis, transient ocular 

hypertension, glaucoma, NMDA-mediated excitotoxicity and ON crush injuries (Mayer et al., 

2018; Ou et al., 2016; A. Y. Wang et al., 2020; Yang et al., 2020). In future studies, this may 

be more directly addressed through the application of immunohistochemical techniques that 

allow for more nuanced differentiation of these cellular populations in the context of injury 

when compared to their untreated equivalents (Pérez de Sevilla Müller et al., 2017; Rodriguez 

et al., 2014). 

As discussed above, there are limitative elements to the use of cross-sectional investigations of 

axonal health. To mitigate the impact of these limitations in future studies, the use of 

longitudinal planes of sectioning and/or analysis of serial sections may prove to be useful, 

although each have their own limitations. Longitudinal sectioning allows for observation of 

changes along the length of the axon, but only for such a distance that the observed axon 

remains in the plane of sectioning. Analysis of serial sections from a nerve may allow for a 

projective reconstruction be generated with the use of software to assemble a series of two-

dimensional TEM images into a three-dimensional projection, but even the most advanced 

application of this and similar techniques currently only allow for a few micrometres of 
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sustained resolution and reliable reconstruction (Miranda et al., 2015; Neumüller, 2018; Ohno 

et al., 2015). 

The total axonal estimates from the automated AxonJ analysis presented in chapter 4-6 are 

smaller than most of those generated by extrapolative methods in previously published research 

that investigates changes in the mouse ON (Anderson et al., 2006; Brambilla et al., 2012; Jeon 

et al., 1998; Templeton et al., 2014; R. W. Williams et al., 1996). In the case of the analysis 

presented here, it may be that the resolution of the images generated by light microscopy are 

insufficient to allow for automated axonal quantitation to detect the smallest of mouse ON 

axons (~0.1-0.2µm diameter). To address this limitation in future research, it may be that 

analysis of axonal calibre and density may need to be solely assessed using images generated 

by transmission electron microscopy, as performed in chapter 6. This may also involve 

sampling many images that each contain a few hundred axons from across the ON for each 

tissue sample, rather than analysis of a single larger area.  

Ultrastructural analyses may also be worthy of future investigation in the models of 

cytoskeletal modulation presented in chapters 4 and 5 of this thesis. Given that the principal 

goal of these chapters was to investigate the effects of cytoskeletal modulation in the model of 

excitotoxin-induced axonal degeneration presented in this thesis, further work to investigate 

ultrastructural modifications may prove to be insightful; particularly as there is evidence to 

suggest that injury of the axons in the ON can induce a state of axonal reorganisation rather 

than overt degeneration as described by Wang and colleagues (2011) via the investigation of 

ON axon ultrastructural profiles following traumatic axonal injury (Jiaqiong Wang et al., 

2011). This may be of particular importance as MT structures are understood to be capable of 

forming cross-bridge structures and interconnecting with NF subunits (Yuan et al., 2017). As 

there is evidence to suggest that changes to NF structures can often precede those of MTs in 

injurious and degenerative conditions, ultrastructural analyses may allow for a greater 
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understanding of the role of these cytoskeletal elements in the context of axonal degeneration, 

and may provide further insight into the associated degenerative mechanisms (Chung et al., 

2005). 
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CONCLUSION 

The research in this thesis has presented a model of excitotoxic injury using the visual system 

of mice and investigates the role of both cytoskeletal and mechanistic modulation in the context 

of excitotoxic insult. Many of the pathomorphological alterations observed in both the model 

of injury and the applied animal models are analogous to those observed in previously 

published investigations of Wallerian-like degeneration, supporting the concept of common 

underlying pathologies that occur in nerve cells and their axons during these processes. 

Additionally, these presented data further endorse the investigation of both intermediate 

filament structures of the nervous system and the mechanisms of degeneration as potential 

sources of therapeutic intervention against neurodegeneration. 
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