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ABSTRACT

Glaucoma is a leading cause of irreversible blindness worldwide, characterized by the death of
retinal ganglion cells (RGCs). Accumulating evidence has revealed that in addition to elevated
intraocular pressure (IOP), oxidative stress also plays a significant role in glaucomatous pathology. In
this respect, this thesis assessed whether a novel antioxidant compound, WN1316, could offer
functional and structural protection of RGCs in the magnetic microbead mouse model of glaucoma.
WN1316 has been previously shown to protect against oxidative stress-induced cell death in other
disease models. Sustained IOP elevations were achieved in microbead-injected eyes; however,
confounding lens and corneal damage developed, complicating the disease phenotype and the
interpretation of WN1316’s effects on RGCs. Trends in the electrophysiological and histological data
were therefore not consistent and the therapeutic efficacy of WN1316 remains inconclusive. Future
studies should thus refine the glaucomatous disease model to better assess the clinical potential of

WN1316.
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CHAPTER 1. INTRODUCTION
1.0 The Sense of Sight

Vision is often regarded as the most complex of the five senses; the visual perception of an
organism’s external environment is a multi-step process that involves the orchestration of ocular
refraction, phototransduction, and the processing of visual information. As light passes through the
eye, it is first refracted by the cornea and lens onto the retina, where light stimulation in the form of
photons is converted into visual information in the form of action potentials. These neural impulses
are conveyed by optic nerve fibres to several higher-order vision centres in the brain for processing;
thirty to fifty-five percent of the mammalian brain is dedicated to vision (reviewed by Ptito et al.,
2021). Damage at any point along the visual pathway can lead to a variety of debilitating ocular
diseases that can hinder an individual’s ability to perceive and interact with the external environment,

in turn resulting in poor quality of life.
1.1 Gross Anatomy of the Eye

The mammalian eye is anatomically divided into two distinct regions: the anterior and
posterior segments. The cornea, iris, pupil, conjunctiva, ciliary body, anterior chamber, trabecular
meshwork, and lens comprise the anterior segment, while the posterior segment is composed of the
vitreous humour, sclera, choroid, retina, macula, and optic nerve (Figure 1.1) (Addo, 2016). As light
first enters the eye, it is refracted by the cornea, the outermost region of the eye that accounts for two-

thirds of the total ocular refractory power (Figure 1.1) (Addo, 2010).

After passing through the anterior chamber, light enters the pupil, the diameter of which is
reflexively regulated by the iris depending on the degree of light exposure. Behind the pupil, the elastic
lens further refracts light by expanding or contracting, a process known as accommodation. Light then

enters the posterior segment where it passes through the vitreous, a transparent, gelatinous liquid that

1



Ciliary muscle Sclera

Posterior chamber

Corneaj )

Iris

Choroid
Fovea

Pupil Optic disk

Aqueous humor

in anterior
chamber

Lens
Optic nerve

and retinal
vessels

Zonule fibers

Vitreous humor B . Retina

Figure 1.1. Gross anatomy of the eye. The cornea and lens refract light to focus it onto the retina, a
photosensitive tissue located at the posterior end of the eye where visual signals in the form of photons
are converted into electrical signals. Adapted from “Anatomy of the Human Eye” by BioRender.com.
Retrieved from https://app.biorender.com/biorender-templates/ figures. 29.2



fills the space between the lens and retina akin to how aqueous humour fills the space between the
cornea and iris. The refracted light is ultimately focused onto the retina where phototransduction

transpires (Figure 1.1) (Sharif, 2021).

1.2 The Retina

The retina is a photosensitive tissue located at the posterior end of the eye. It is at the level of
the retina where the transduction of light in the form of photons to electrical signals occurs. Retinal
cell types are divided into three broad classes based on function: photoreceptor cells, neuronal cells,
and glial cells (Addo, 2016). These cells are discretely organized into three distinct nuclear layers

punctuated by two synaptic layers (Figure 1.2) (Masland, 2012).

The outer nuclear layer (ONL), the nuclear layer located furthest from the front of the eye, is
primarily composed of photoreceptor cell bodies, the rod and cone cells. Rod cells are highly
specialized for low-light detection as well as motion detection, and they outnumber cone cells by 20-
fold in most mammalian retinas (Masland, 2012). Cone cells are primarily responsible for visual acuity
and processing colour vision and, in primates, come in three different types that each process different
wavelengths of light (Masland, 2012). Ultimately, rods and cones work in tandem to transform light
stimulation into graded potentials that are synaptically transmitted through the outer plexiform layer
(OPL) to bipolar, amacrine, and horizontal interneurons whose nuclei are located in the inner nuclear
layer (INL). Through the inner plexiform layer (IPL), interneurons then relay the photoreceptor-
derived electrical signals to retinal ganglion cells (RGCs). RGC nuclei compose the ganglion cell layer
(GCL) alongside displaced amacrine cells, and their axons comprise the retinal nerve fibre layer
(RNFL). RGCs are central nervous system (CNS) neurons that serve to convert photoreceptor- and
interneuron-derived graded potentials into action potentials that travel along their long-projecting

axons extending to the visual cortex (Figure 1.2).



1.3 The Optic Nerve

The axons of approximately 1.2 million human RGCs bundle together at the optic disc to
form the optic nerve, which connects the retina to the brain (Smith & Czyz, 2025). The optic nerve
exits the back of the eye through the lamina cribrosa, a mesh-like structure that provides structural
support to the unmyelinated RGC axons. After passing through the lamina cribrosa, the optic nerve
passes through the skull through an opening known as the optic foramen and continues to travel along
the optic chiasm within the middle cranial fossa (Figure 1.2). At the optic chiasm, nerve fibers
originating from the nasal retina cross over to the contralateral optic tract, and temporal retinal fibers
continue to travel along the ipsilateral optic tract; this anatomical organization of the retinal fibres
causes each optic tract to relay visual information from the contralateral visual fields. The majority of
the optic tract fibres culminate in the lateral geniculate nucleus (LGN) of the thalamus, while a small
minority project to the pretectal nucleus of the midbrain and the superior colliculus (SC) which
regulate the pupillary light reflex and saccadic eye movements, respectively (Smith & Czyz, 2025).
LGN axons form the optic radiations, or geniculocalcarine tracts, which project to the primary visual
cortex of the occipital lobe where visual information is processed and relayed to other visual

association areas for further processing (Smith & Czyz, 2025).
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Figure 1.2. Overview of the visual pathway. (A) The retina is a laminar tissue, with distinct types of neurons
and glia residing within each layer. As light enters the retina, it is first processed by rod and cone photoreceptors
in the outer nuclear layer (ONL), which produce graded potentials and synaptically relay the visual signals through
the outer plexiform layer (OPL) to bipolar cell interneurons in the inner nuclear layer. Amacrine cells are another
neuronal cell type found within the INL and ganglion cell layer (GCL) that assist bipolar cells in synaptically
transmitting visual signals to retinal ganglion cells (RGCs) in the GCL. RGCs are central nervous system (CNYS)
neurons and are the only neuronal cell type to produce action potentials, which are conducted through the optic
nerve to visual centres in the brain for processing. Adapted from “Structure of the Retina” by BioRender.com.
Retrieved from https://app.biorender.com/biorender-templates/figures. (B) The visual pathway extends from
the eye to the visual cortex in the brain for processing. Visual information from the left or right visual field is
relayed through the contralateral optic tract. Adapted from “Integration of Information in the Human Visual
System” by BioRender.com. Retrieved from https://app.biorender.com/biorender-templates/ figures.



1.4 Intraocular Pressure

The space between the cornea and the iris, the anterior chamber, is filled with a clear fluid
known as aqueous humour, which maintains the globular shape of the eye, provides nutrition to the
cornea to compensate for its avascular nature, eliminates metabolic waste products, and transports
neurotransmitters (Addo, 2016). Aqueous humour is produced by the ciliary body, secreted by the
ciliary epithelium, and drained conventionally through the trabecular meshwork and Schlemm’s canal
and unconventionally through the uveoscleral outflow pathway (Figure 1.3) (Weinreb et al., 2014).
The trabecular meshwork is a fenestrated structure located in the iridocorneal angle of the anterior
chamber and is made up of connective tissues that are surrounded by endothelial-like cells. Three
distinct parts constitute the trabecular meshwork: the uveal meshwork, characterized by elongated
connective tissue derived from the iris and ciliary body stroma, the corneoscleral meshwork, identified
by the presence of endothelium-covered lamellae, and the juxtacanalicular meshwork, comprised of
cells that are embedded in an elaborate extracellular matrix (ECM) (Buffault et al., 2020). The balance
between the production and outflow of aqueous humour is essential for the maintenance of intraocular

pressure (IOP).

1.5 Glaucoma

Glaucoma is a group of ocular neurodegenerative diseases and a leading cause of irreversible
blindness worldwide. The cornerstone of glaucomatous pathology is the death of RGCs and the
degeneration of their axons that form the optic nerve. Degeneration of RGC axons results in a
phenomenon known as “cupping” of the optic nerve, in which a distinct depression forms in the
central optic disk (Weinreb et al., 2014). Glaucoma currently affects 80 million individuals, with
projections indicating a substantial surge in prevalence in the next few decades; it is anticipated that

112 million people will be diagnosed with glaucoma by 2040 in part due to the increasingly aging world
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Figure 1.3. Aqueous humour dynamics. Aqueous humour, a clear fluid that maintains the shape of the
anterior chamber and provides nourishment to the cornea, is produced by the ciliary body and drained
primarily through the conventional pathway and secondarily through the unconventional pathway. In the
conventional pathway, aqueous humour exits the anterior chamber through the trabecular meshwork and
Schlemm’s canal, while in the uveoscleral pathway, aqueous humour passes through the ciliary muscle and
into the supraciliary and suprachoroidal spaces. Reproduced with permission from Souzeau et al., 2024.



population (Sharif, 2021). Approximately 400,000 Canadians are living with glaucoma, with direct
costs of glaucomatous vision loss estimated at $300 million annually (Cruess et al., 2011). It is likely
that many more individuals are affected by glaucoma; it is often referred to as the “silent thief of sight”
as symptoms of vision loss typically do not present until the optic nerve has undergone severe and
irreparable damage (Sharif, 2021). Hence, glaucoma presents as a major socioeconomic burden
accounting for decreased quality of life and morbidity (WHO, 2019), underscoring the need for novel
and holistic therapeutic avenues; a one-size-fits-all therapeutic approach cannot exist for glaucoma, as
it is a multifactorial disease with a wealth of known risk factors such as advanced age, genetics, high
blood pressure, diabetes, prolonged corticosteroid use, elevated IOP, and oxidative stress (Weinreb et

al,, 2014).

1.5.1. Subtypes of Glaucoma

Glaucoma is a heterogeneous disease and is broadly divided into three major categories: open-
angle glaucoma, angle-closure glaucoma, and normotensive glaucoma. The “angle” term is in reference
to the angle between the iris and the cornea, known as the iridocorneal angle, where the drainage of
aqueous humour occurs (Sunderland & Sapra, 2025). Open-angle glaucoma accounts for the vast
majority of cases and is characterized by resistance to aqueous humour outflow through the trabecular
meshwork, leading to the accumulation of aqueous humour in the anterior chamber and subsequent
increases in IOP, typically above 21 mmHg (Kaushik et al., 2024). Angle-closure glaucoma, though
less common than the open-angle subtype, disproportionately accounts for severe cases of
glaucomatous vision loss and is classified by the physical occlusion of the drainage canals in the
anterior chamber, in turn leading to elevations in IOP outside the normal range. Open-angle and
angle-closure glaucoma can be further subdivided into primary and secondary subtypes, with the

secondary form attributed to known external factors such as diabetes, inflammation, and physical



injury. Normotensive glaucoma is the rarest and most elusive subtype, in which glaucomatous optic
neuropathy persists despite patients continuously showing IOP levels within the normal range

(Kaushik et al., 2024).

1.5.1.2. Primary Open-Angle Glancoma

Primary open-angle glaucoma (POAG) is the most prevalent of the glaucoma subtypes,
accounting for approximately 90% of diagnosed glaucoma cases in Canada (Jin et al., 2024). The
majority of POAG patients are diagnosed around the ages 55-74. POAG remains asymptomatic until
advanced stages of the disease, when patients may begin to notice blurred vision in one or both eyes,
gradual loss of peripheral vision, and lack of contrast sensitivity. The initial diagnosis of POAG is
speculative, and consistent findings over the course of several years such as visual field defects, a 0.3
or greater cup-to-disk ratio, nerve fibre deficits observed by optical coherence tomography (OCT),

and IOP readings over 21 mmHg are required to confirm the diagnosis (Michels & Ivan, 2023).

In POAG, RGC death is attributed to elevations in IOP caused by the imbalance between the
secretion and outflow of aqueous humour. POAG patients show reduced outflow of aqueous humour
through the trabecular meshwork, the main drainage pathway, leading to the accumulation of aqueous
humour in the anterior chamber. An established mechanism for the increased resistance of the
trabecular meshwork to aqueous humour outflow remains elusive, but proposed factors include
extracellular matrix (ECM) remodelling, trabecular meshwork cell (TMC) senescence and apoptosis,
actin cytoskeleton dynamic changes in connective tissue, and changes in the expression levels of
transforming growth factor 2 (TGF-32) and bone morphogenic protein (BMP) antagonists (Buffault
et al., 2020). Clinical studies with POAG patients have observed trabecular stiffening indicated by the
marked increase in presence of extracellular sheath-derived plaques compared to age-matched normal

subjects; the increase in these plaques is caused by fibrils and ECM components adhering to elastic



fibre sheaths along the inner wall of the trabecular meshwork endothelium (Buffault et al., 2020).
Furthermore, reductions in TMC numbers have been observed in POAG patients, consequently
causing trabecular lamellae to fuse and thicken (Tektas & Liitjen-Drecoll, 2009). In addition to ECM
remodelling, there have been observed increases in actin cytoskeleton contractility within connective
tissue cells of the juxtacanalicular region of the trabecular meshwork, in turn causing the inner wall of
Schlemm’s canal to stiffen (Tian et al., 2009). Furthermore, TGF-32 has been shown to be increased
in the trabecular meshwork of POAG patients and was experimentally found to increase IOP by
causing TMCs to secrete non-degradable ECM components that reduce the outflow of aqueous
humour (Tripathi, 1977). BMP antagonists have also been found to be highly expressed in the TMC
of POAG patients; under basal conditions, BMPs serve to repress TGF-$2-induced fibrosis in the
trabecular meshwork (Tovar-Vidales et al., 2016). Ultimately, the reduced capacity of aqueous humour
outflow through the trabecular meshwork leads to global increases in pressure throughout the eye,

placing mechanical stress on the axons of RGCs and driving them towards cell death.

1.5.1.3. Primary Angle-Closure Glancoma

Though not nearly as prevalent as POAG, primary angle-closure glaucoma (PACG) can be
considered just as debilitating as it carries triple the risk of bilateral blindness (Sun et al., 2017). Among
Chinese, Mongolian, and Inuit individuals, PACG has been considered the predominant form of
glaucoma as opposed to POAG (Clemmesen & Alsbirk, 1971). While POAG is considered as a
chronic optic neuropathy, PACG is classified as either acute or chronic depending on the timing of
the onset of symptoms (Sun et al., 2017). In acute PACG, an attack transpires in which the iris rapidly
bulges and completely blocks the trabecular meshwork, producing rapid, and sometimes painful,
elevations in IOP followed by noticeable vision loss. Chronic PACG differs from acute PACG in that

the iris gradually covers the trabecular meshwork, eventually leading to a phenomenon known as
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peripheral anterior synechiae (PAS) in which the iris adheres to structures in the iridocorneal angle.
Like POAG, chronic PAGC involves progressively increasing IOP levels that are usually

asymptomatic until advanced stages (Sun et al., 2017).

Much remains to be uncovered with regards to the exact mechanisms that lead to angle closure
and vision loss in PACG. It is currently known, however, that both pushing and pulling forces lead
the iris to come into physical contact with the trabecular meshwork. The pushing forces are known as
pupillary block, caused by the proximity between the lens and posterior iris that forces the peripheral
iris to tilt anteriorly due to an increased pressure gradient (Sun et al., 2017). Pulling forces are known
as non-pupillary block and are caused by distinct anatomical features such as a thick peripheral iris or
an anteriotly rotated iris. As in POAG, elevations in IOP produce optic neuropathy, but patterns of
optic nerve degeneration differ in PACG. In PACG, the optic disk typically appears pale and diffusely
depressed rather than exhibiting the distinct cupped shape characteristic of POAG (Sun et al., 2017),
Furthermore, PACG eyes tend to exhibit more diffuse visual field loss as opposed to localized vision
loss in the superior hemifield as often seen in POAG patients (Wang et al., 2008). In essence, though
POAG and PACG are distinct in terms of their clinical presentation, both diseases lead to elevations

in IOP that cause RGC death and subsequent vision loss.

1.5.1.4. Normotensive Glancoma

Normotensive glaucoma (NTG), the rarest form of glaucoma, presents a unique phenotype in
which RGC apoptosis and peripheral vision loss persist despite IOP levels within the statistically
normal range (Ho et al., 2024). Diagnosis of NTG can be challenging in that there is a spectrum of
clinical presentations of NTG, from non-progressive and asymptomatic to full bilateral blindness

(Gosling & Meyer, 2025). Treatment for NTG is another hurdle, as most currently available glaucoma
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treatments constitute IOP-lowering medications. Hence, the existence of NTG begs the question of

whether other factors in addition to elevated IOP play a role in glaucomatous pathology.

There have been multiple proposed theories as to the mechanisms underlying pathology in
NTG, though none are all-encompassing (H. Killer & Pircher, 2018). Propositions include, but are
not limited to, elevated sensitivity to normal IOP levels, vascular dysregulation, abnormal translaminar
pressure gradient, and impaired cerebrospinal fluid (CSF) circulation (Killer & Pircher, 2018). In
favour of a genetic component underlying increased sensitivity to normal IOP levels, one study
conducted in a Zulu population from South Africa found that 57.1% of glaucoma patients had
consistent IOP levels in the normal range, while it was observed in other studies involving Caucasian
glaucoma patients from the United States and some European countries that 30-39% of glaucoma
subjects showed normal IOP levels (Bonomi et al., 1998; Dielemans et al., 1994; Klein et al., 1992;
Rotchford & Johnson, 2002). With regards to the vascular dysregulation theory of NTG, it has been
observed that comorbid vascular diseases such as migraines and optic nerve hemorrhages are risk
factors for rapid progression of visual field loss in NTG patients (De Moraes et al., 2011; Drance et
al., 2001). Furthermore, an abnormal translaminar pressure gradient can arise due to imbalances
between IOP and intracranial pressure (ICP) at the site of the lamina cribrosa, where the axons of
RGCs exiting the eye are unmyelinated; studies performed in Asian and American populations have
found significantly lower ICP in NTG patients relative to POAG and control subjects (Berdahl et al.,
2008; Ren et al.,, 2010). One key factor influencing ICP is CSF turnover, and studies have noted CSF
stagnation particularly in the optic canals of NTG patients (H. E. Killer et al., 2012; Pircher et al,,
2017). It is evident that NTG is a complex, multifactorial disease that necessitates novel treatment

avenues that extend beyond the conventional IOP-lowering therapies.
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1.6 Mechanisms of Glancomatons Pathology

As previously mentioned, vision loss in glaucoma is the product of selective RGC cell death
and axonal degeneration. In glaucoma, RGC axons undergo both retrograde and anterograde
(Wallerian) degeneration, leading to the loss of cell bodies in the retina and the degeneration of all
associated visual pathways, respectively (Dias et al., 2022). RGC soma and axons do not regenerate,
hence the damage is irreversible. Though much remains to be elucidated in terms of the specific
molecular mechanisms that facilitate RGC degeneration in glaucoma, two predominant schools of
thought, the mechanical pressure and vascular hypotheses, have been established to attempt to
conceptualize these mechanisms. According to the mechanical pressure theory, sustained 10P
elevation places mechanical stress on the unmyelinated axons of RGCs by deforming the lamina
cribrosa, the delicate mesh-like structure that houses the RGC axons as they exit the eye. Conversely,
the vascular hypothesis suggests that RGC damage in glaucoma is the result of inadequate blood
supply to the retina and optic nerve that arises due to both IOP-dependent and independent factors

(Boccaccini et al., 2023; Sharif, 2021; Weinreb et al., 2014).

Elevations in IOP have been shown to promote RGC damage by instigating numerous
pathological processes such as axonal transport failure and neuroinflammation. In a healthy eye, RGCs
expressing tropomyosin receptor kinase (Trk) receptors receive neurotrophic factor (NTF) support
from Muller glia in the retina and from brain areas such as the LGN through retrograde axonal
transport (Boccaccini et al., 2023). NTFs are vital diffusible peptides that regulate survival during
development, adulthood, and injury (Claes et al., 2019). Anterograde transport from the RGC cell
body to the distal branches of the axons is also necessary for the transport of mitochondria and
regulatory proteins. Ocular hypertension studies have found that axonal transport failure is one of the

early hallmarks of glaucoma that precedes cell body degeneration (Burgoyne, 2011; Knox et al., 2007).
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Brain-derived neurotrophic factor (BDNF) loss of expression has been observed during IOP
elevation, and its deprivation instigates RGC apoptosis through c-Jun N-terminal kinase (JNK)
signaling, which in turn activates the BCL-2 protein family of proapoptotic proteins that act to
promote mitochondrial dysfunction (Lambuk et al., 2022). As RGC axons degenerate, crosstalk
between RGCs and retinal glial cells ensues, triggering the onset of neuroinflammation in glaucoma
(Boccaccini et al., 2023). Microgliosis and astrocytosis ravage the optic nerve head by instigating the
secretion of matrix metalloproteinases (MMPs) and pro-inflammatory cytokines such as interleukin-1
beta (IL-3) and tumor necrosis factor alpha (TNF-«) that induce remodeling and excavation of the

optic nerve head (Miao et al., 2023).

Not only does IOP elevation subject RGC axons to detrimental levels of mechanical stress,
but it can also lead to vascular dysregulation and oxidative stress via the constriction of blood vessels
that supply the optic nerve (McMonnies, 2018). Ocular hypoperfusion and reperfusion caused by IOP
fluctuations leads to the disruption of mitochondrial electron chain transport, a critical step in the vital
oxidative phosphorylation process that harnesses oxygen to produce the energy currency for the cell,
adenosine triphosphate (ATP). The retina is one of the most metabolically active tissues in the body,
and adequate mitochondrial functioning is essential for these demands to be fulfilled (Boccaccini et
al., 2023). During reperfusion, spikes in oxygen levels trigger excessive reactive oxygen species (ROS)
production by mitochondria (McMonnies, 2018). ROS, also known as free radicals, are molecules with
an unpaired electron that, at high levels, instigate a number of pathological processes that drive the
cell towards an apoptotic fate such as DNA fragmentation, lipid peroxidation, and protein
degradation. Under such conditions, a pathological phenomenon known as oxidative stress ensues,
whereby the cellular antioxidant capacities are outpaced by excessive ROS production. POAG patients
have been shown to exhibit high serum and aqueous humour levels of ROS, correlated with vision
loss (Nucci et al., 2013). Reduced antioxidant capacities have also been observed in POAG patients,
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as it was found that the null-allele mutation of GTSM7, which encodes the prevalent cellular
antioxidant glutathione, was shown to be significantly more expressed in POAG patients relative to

healthy controls (Izzotti et al., 2003).
1.6.1. Oxidative Stress as a Key Factor in Glancomatous Pathology

Ocxidative stress promotes RGC death in glaucoma through both direct and indirect
mechanisms (Figure 1.4). At high intracellular levels, ROS can directly induce RGC cell death through
caspase-independent mechanisms such as through the activation of poly(ADP-ribose) polymerase
(PARP) and apoptosis-inducing factor (AIF) (Li & Osborne, 2008). Furthermore, oxidative stress has
been shown to directly disrupt the functioning of glutamine synthetase, an enzyme that plays a critical
role in converting retinal glutamate into non-toxic forms, leading to the accumulation of neurotoxic
glutamate (Tezel et al., 2005). Abnormally high intracellular glutamate levels in turn lead to the
overstimulation of NMDA receptors, leading to disruptions in Na*/K" homeostasis and excessive
Ca™ influx. Accumulation of Ca®" subsequently drives the activation of enzymes that damage cellular
components such as proteases, phospholipases, and endonucleases, leading the cell towards an
apoptotic fate (Boccaccini et al,, 2023). Moreover, oxidative stress indirectly promotes RGC
degeneration by mediating pathological immune responses and concomitant retinal glial cell
dysfunction (Chrysostomou et al., 2013). In experimental models of glaucoma, ROS have been shown
to initiate aberrant immune responses by enhancing the antigen-presenting ability of retinal microglia
and astrocytes (Tezel, 2009). Glia derived from rat retinae and optic nerves have been shown to
overexpress major histocompatibility complex (MHC) class II antigen-presenting molecules after pre-
treatment with ROS in culture, and T cells showed significant proliferation and activation during co-
incubation with these glial cells (Tezel et al., 2007). Intriguingly, T cells that were isolated from ocular

hypertensive rats demonstrated a robust response to retinal proteins indicated by increased
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proliferation and cytokine secretion, which was found to be correlated with RGC damage (Tezel et
al., 2009). Upregulation of human leukocyte antigen-DR isotype (HLLA-DR), a type of MHC class 11
molecule, was also observed in microglia and astrocytes in the human glaucomatous retina and optic
nerve head (Tezel et al,, 2003; Yang et al., 2001). Moreover, during periods of prolonged oxidative
stress, glial cells also facilitate RGC death in glaucoma by secreting neurotoxic substances such as the
pro-inflammatory cytokine tumor necrosis factor alpha (ITNF-a). TNF-a has been observed to be
upregulated in human and experimental glaucomatous eyes and exacerbates RGC damage through a
wealth of mechanisms such as receptor-mediated caspase cascade activation, promoting mitochondrial
dysfunction, and activating matrix metalloproteinases (MMPs) that further drive IOP elevation (Tezel
et al., 2008). Oxidative stress-induced neuroinflammation further exacerbates mitochondrial damage
in RGCs and subsequent increases in ROS production, in turn generating a vicious and pathological

inflammatory cycle (Boccaccini et al., 2023).

In glaucoma, oxidative damage is not limited to the retina and optic nerve but also extends to
the trabecular meshwork (Izzotti et al., 2006), compromising its outflow facility. Oxidative DNA
damage was shown to be significantly greater in the trabecular meshwork cells of POAG patients
compared to age-matched controls, as indicated by increases in the levels of 8-hydroxy-2’-
deoxyguanosine (8-OH-dG), an abundant oxidative nucleotide modification (Izzotti et al., 2003).
Trabecular meshwork cells play a critical role in regulating aqueous humour outflow and have been
shown to be among the most ROS-sensitive cells in the anterior chamber (M. Wang & Zheng, 2019).
Importantly, positive correlations were found between 8-OH-dG levels, IOP, and visual field deficits
in glaucomatous patients, though the directionality of the relationship between these factors remains
to be further elucidated (Sacca et al.,, 2005). Elevation of ROS levels has been shown to damage

mitochondrial DNA (mtDNA), proteins, and membrane lipids in trabecular meshwork cells, in turn
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Figure 1.4. Oxidative stress plays a major role in glaucomatous pathology. (A) The multi-directional
interactions between oxidative stress and other pathological factors such as mitochondrial dysfunction and
endoplasmic reticulum stress contributes to elevations in intraocular pressure (IOP), optic nerve
degeneration, and retinal ganglion cell (RGC) death in glaucoma, culminating in visual field loss.
Reproduced with permission from Hutley et al., 2022.
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increasing resistance to aqueous humour outflow (Abu-Amero et al., 2000; Izzotti et al., 2003). In
glaucomatous patients, mtDNA damage and lipid peroxidation products in the trabecular meshwork
were found to be significantly more elevated compared to healthy controls, and visual field loss was
reported to be directly proportional to oxidative damage in the trabecular meshwork (Babizhayev,
1989; Izzotti et al., 2003; Zanon-Moreno et al., 2008). Moreover, in addition to directly damaging the
components of trabecular meshwork cells, oxidative stress has also been shown to indirectly
exacerbate glaucomatous trabecular meshwork cell damage 7z vivo by increasing the expression of
inflammatory mediators such as interleukins and endothelial leukocyte adhesion molecule-1 (ELAM-
1) (Tourtas et al., 2012). Ultimately, the oxidative stress-induced changes in the integrity of the
trabecular meshwork can lead to further elevations in IOP due to reduced aqueous humour outflow,

producing another vicious positive feedback loop of pathology in glaucoma.

1.6.2. RGC Apoptosis: Intrinsic and Extrinsic Pathways

The interplay between the aforementioned pathological factors in glaucoma results in RGC
death by apoptosis, a pre-programmed genetic intracellular cascade that orchestrates the destruction
of the cell through a number of processes such as DNA and plasma membrane fragmentation,
organelle breakdown and mitochondrial dysfunction. The apoptotic process is executed through two
fundamental pathways, the intrinsic and extrinsic pathways, that act through the mitochondria and
death receptors, respectively (Figure 1.5) (Levkovitch-Verbin, 2015). These pathways can act
independently or in tandem to activate downstream effector caspases, which are cysteine proteases

that are responsible for protein degradation during the apoptotic process (Levkovitch-Verbin, 2015).

In the intrinsic pathway of RGC apoptosis, insults such as neurotrophic factor deprivation
and oxidative stress first induce the oligomerization and mitochondrial outer membrane insertion of

BAX and BAK, proapoptotic members of the B-cell CLL/lymphoma 2 (BCL-2) protein family. In
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mice, BAX deficiency has been shown to promote a three-fold increase in the number of RGCs in
the adult retina attributed to less RGC elimination during development (Mosinger Ogilvie et al., 1998).
The activation of BAX and BAK subsequently triggers the release of the apoptosis-promoting factor
cytochrome ¢into the cytoplasm from the mitochondrial intermembrane space, which then proceeds
to form the apoptosome complex by binding to apoptosis-inducing factor-1 (Apaf-1) and procaspase-
9. Procaspase-9 is then cleaved and enters its active form, the initiator caspase-9, which then activates
effector caspases 3- and 7 (Qu et al., 2010). Effector, or executioner, caspases then go on to initiate
self-destruction of the cell by degrading cellular contents. Notably, procaspase-9, caspase-9, and
caspase-3 have been observed to be upregulated in experimental glaucoma models (Hinninen et
al.,2002; Visuvanathan et al., 2022). It was also found that the inhibition of proapoptotic factors such
as caspases through the upregulation of X-linked inhibitor of apoptosis (XIAP) resulted in the rescue
of RGC dysfunction and degeneration in the mouse magnetic microbead model of glaucoma

(Visuvanathan et al., 2022).

In contrast to the intrinsic pathway, the extrinsic pathway is mediated by Fas and tumor
necrosis factor (TNF) death receptors found on the cytoplasmic membrane (Levkovitch-Verbin,
2015). The binding of the Fas ligand (Fas) or TNF cytokines to their respective receptors causes the
death domains of the receptors to bind procaspase-8 and cleave it to produce its active form, caspase-
8, which further goes on to activate executioner caspases that carry out the apoptotic cascade (Qu et
al., 2010). Glaucomatous eyes have been observed to exhibit increased Fas signaling as well as elevated
mRNA expression of caspases 3 and 8 (Kim & Park, 2005; Tezel & Wax, 1999). Furthermore, the
glial production of TNF-a and expression of the respective receptor TNF-R1 have been shown to be
increased in the retina and optic nerve head of glaucomatous human donor eyes (Tezel, 2008). When
RGCs and retinal glia were co-cultured and exposed to glaucomatous stimuli, the inhibition of TNF-
o bioactivity by a neutralizing antibody caused reductions in RGC apoptosis (Tezel & Wax, 2000). In

19



|Plasma membrane receptor LLL or TNF)

A Intrinsic B Extrinsic

Anti-apoptotic BCL-2
DNA damage or ER stress pm‘eigfp
ofo
[ BH3-only protein activation| —=—gAX or BAK,\‘B%)
(<)
TS_BID
O l
Active caspases
s e S o
P PO uter
/ \ Mmembrane
£ b
(. Mitochondrion p g 1MS
\\.o ! ° ~—r‘—/ Matrix
\Q E O~
SMAC6-Q\ i
OMI-2 °
09~ Cytochrome ¢
@v APAFI
Pro-caspase 9
XIAP
< —

02 Apoptosome

Figure 1.5. Overview of the key cellular regulators involved in the intrinsic and extrinsic
pathways of apoptosis. The intrinsic apoptotic pathway is triggered by external factors such as
DNA damage, endoplasmic reticulum (ER) stress, and neurotrophic factor deprivation, leading to
the activation of pro-apoptotic proteins BAK or BAX. Conversely, the extrinsic pathway is
facilitated by the activation of death receptors on the cytoplasmic membrane, which in turn activates

caspases that carry out the apoptotic cascade. Reproduced with permission from Levkovitch-
Verbin, 2015.
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essence, the prevention of apoptosis is a major aim for neuroprotective glaucoma management

strategies.

1.7 Current Glaucoma Therapies

Given that elevated IOP remains as the most widely accepted main risk factor for glaucoma
progression, first-line treatment constitutes topical IOP-lowering medications. However, it has been
reported that up to 30% of POAG patients fail to achieve normal IOP levels <21 mmHg within a
year of IOP-lowering medication treatment and continue to progress towards blindness. In the event
that IOP elevation and vision loss persists despite the continued use of IOP-lowering
pharmacotherapies, laser therapy and surgical treatments are employed as a second line of defense
(Wagner et al., 2022). Experimental studies are also currently underway to address the underlying

neurological underpinnings of glaucomatous pathology.

There are four major classes of IOP-lowering drugs: prostaglandin analogs (PGAs), carbonic
anhydrase inhibitors (CAls), beta blockers, and alpha agonists. Each medication has a unique
mechanism of action. PGAs are the most commonly prescribed medications for ocular hypertension
and reduce IOP by increasing aqueous humour outflow through the uveoscleral pathway, which
indirectly accounts for reduced outflow through the trabecular meshwork. Rather than targeting the
outflow pathways, CAls act by reducing aqueous humour production by the ciliary body by reducing
bicarbonate ion production in the ciliary body epithelium. Similarly, beta blockers decrease the
production of aqueous humour by antagonizing 31 receptors on sympathetic nerve endings found in
the epithelium of the ciliary body. Alpha-adrenergic agonists effectively lower IOP by improving
aqueous humour outflow and reducing aqueous production by the ciliary body (Lusthaus & Goldberg,

2019).
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Laser treatment and surgical interventions are measures taken when IOP-lowering drugs fail
to effectively reduce IOP levels. Laser therapy is considered more favourable than surgical means as
it is less costly and invasive (Wagner et al., 2022). For open-angle glaucoma (OAG) patients, selective
laser trabeculoplasty (SLT) is the most common type of laser therapy, which involves the use of a low-
energy green (523 nm) laser to specifically eradicate melanin-containing cells in the trabecular
meshwork (Freitas et al., 2016) and spare TMCs. Angle-closure glaucoma (ACG) patients require
different laser therapies known as a laser peripheral iridotomy and laser peripheral iridoplasty, with
the former involving laser-induced perforation of the peripheral iris to reduce pupillary block, and the
latter constituting of low-power laser burns to shrink the iris and alleviate angle closure caused by
abnormal positioning of the iris. When pharmacotherapy and laser treatments are deemed ineffective
at producing the desired IOP-lowering effects, surgical means such as trabeculectomies and shunt
implantations are used. Trabeculectomies are the surgical gold standard for POAG in which a new,
artificial drainage pathway from the anterior chamber to the subconjunctival space is created by
excision of a segment of the trabecular meshwork. Shunt implantations act as glaucoma drainage
devices (GDDs) that drain aqueous humour into the subconjunctival space (Binibrahim & Bergstrém,

2017; J. Wang & Barton, 2017).

1.8 Neuroprotective Strategies for Glancoma Management

The current commercially available therapies treat the symptoms of glaucoma but do not
directly target the underlying neurodegeneration of the retina and optic nerve. Hence, emerging novel
neuroprotective strategies aim to protect against retinal and optic nerve degeneration. Notable
neuroprotective therapies include but are not limited to neurotrophic factor supplementation and

antioxidants (Boccaccini et al., 2023).
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As mentioned previously, the mechanical pressure theory of glaucomatous pathology posits
that the IOP-induced mechanical stress on the unmyelinated RGC axons within the lamina cribrosa
disrupts transport of neurotrophic factors, leading to RGC cell death (Hakim et al., 2023). In POAG
patients, visual field loss has been linked to reduced serum and aqueous humour levels of neurotrophic
factors such as brain-derived neurotrophic factor (BDNF), nerve growth factor (NGF), and ciliary
neurotrophic factor (CNTF). BDNF treatment has been shown to promote RGC survival in animal
models of ocular hypertension by activating the BDNF-TrkB pathway (Osborne et al., 2018). NGF
acts on the TrkA receptor found in RGCs and promotes survival and proliferation by reducing
oxidative stress through the phosphotidylinosol-3-kinase (PI3K)/AKT pathway (H. Wang et al,,
2014). CNTF is expressed in retinal glial cells and promotes neurite outgrowth by activating the CNTF
receptor on neurons; exogenous CNTF application has been demonstrated to protect against
photoreceptor and RGC death in animal models of retinal diseases and POAG clinical trials are
currently ongoing to evaluate the therapeutic efficacy of the delivery of genetically modified human

cells that have been engineered to secrete CNTF (Do Rhee et al., 2022; Goldberg et al., 2023).

In addition to neurotrophic factor deprivation, oxidative stress also plays a major role in
glaucomatous neurodegeneration as previously discussed. In this regard, the use of antioxidants as
neuroprotective therapies for glaucoma have been investigated. Plants are one of the most abundant
sources of antioxidants and have been used medicinally for centuries. The extracts of the leaves of the
ancient tree Ginkgo biloba have been experimentally shown to protect RGCs against vascular
dysregulation, optic nerve crush, IOP elevations, and apoptosis (Boccaccini et al., 2023; Cho et al.,
2019; Di Meo et al., 2020; Hirooka et al., 2004; Ma et al., 2010). EGb7061, an extract of Gingko biloba
leaves that has been used in clinical trials for other neurodegenerative diseases, acts as a ROS scavenger
and also increases the activities of the prominent antioxidants superoxide dismutase (SOD) and
glutathione (GSH), the levels of which have been shown to be decreased in the serum and aqueous
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humour of glaucomatous patients (Boccaccini et al., 2023; Bridi et al., 2001; Chen et al., 1999; Rimbach
etal., 2001). Synthetic antioxidants also show therapeutic potential for glaucoma; rapamycin was found
to promote RGC survival in a rat chronic hypertensive glaucoma model by suppressing the production
of NO and TNF-«a, repressing microgliosis, and directly inhibiting glutamate-induced apoptosis
(Henderson et al.,, 2024; Su et al., 2014). Hence, antioxidants present as promising treatments for
glaucoma given that they target several factors that have been shown to be implicated in glaucomatous

pathology.

1.9 WIN1316 Antioxidant Compound for the Treatment of Glaucoma

WN1316, 2-[mesityl(methyl)amino]-N-[4(pyridine-2-yl] acetamide trihydrochloride, is a novel
small molecule antioxidant compound. I vitro, WN1316 was found to robustly and selectively protect
against oxidative-stress induced cell death in SH-SY5Y neuroblastoma cells (Tanaka et al., 2014). In
later 7n vivo experiments in which WN1316 was tested in a mouse model of late-stage amyotrophic
lateral sclerosis (ALS), a neurodegenerative disease in which oxidative stress plays a significant role in
pathology as in glaucoma, WIN1316 was found to significantly protect against motor neuron loss in
the anterior horn of the lumbar spinal cord, preserve motor function, and prolong post-onset survival
(Tanaka et al., 2014). The neuroprotective effects of WN1316 are twofold; it upregulates antioxidant
and anti-apoptotic agents, and suppresses a number of pathological factors such as gliosis and

neuroinflaimmation (Tanaka et al., 2014).

WN1316 exerts its neuroprotective effects by upregulating the nuclear factor-erythroid 2-
related factor 2 (Nrf2) pathway, neuronal apoptosis inhibitory protein (NAIP), and glutathione (GSH)
(Tanaka et al., 2014). Nrf2 is a critical transcription factor that regulates the expression of several genes
encoding antioxidant enzymes and anti-inflammatory agents. Under basal conditions, Nrf2 forms a

complex with Kelch-like erythroid cell-derived protein (Keapl) in the cytoplasm where it facilitates
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proteasome degradation (M. Wang et al., 2020). During periods of oxidative stress, Keap1l undergoes
conformational changes, allowing Nrf2 to translocate into the nucleus where it binds to the antioxidant
response element (ARE), in turn leading to the upregulation of antioxidants including heme
oxygenase-1 (HO-1) and NAD(P)H quinone oxidoreductase (NQO1) (M. Wang et al., 2020).
Following WN1316 treatment, increases in Nrf2-regulated genes as well as increases in cytoplasmic
Nrf2 nuclear translocation were observed in SH-SY5Y cells (Tanaka et al., 2014). Nrf2 also plays a
role in glaucomatous pathology; reduced Nrf2 expression has been observed in glaucomatous
trabecular meshwork cells, and Nrf2 overexpression promoted cell survival and reduced apoptosis of
TMCs (Cheng et al., 2017). Independently of the Nrf2 pathway, WN1316 showed a dose-dependent
upregulation of a member of the inhibitory apoptosis proteins (IAPs) family, NAIP, in THP-1 cells
(Tanaka et al., 2014). NAIP overexpression has been shown to selectively protect against oxidative
stress-induced cell death in a hippocampal model of ischemia (Xu et al., 1997). Moreover, WN1316
upregulates GSH in a dose-dependent manner in SH-SY5Y cells (Tanaka et al, 2014). GSH is an
abundant ROS-scavenging antioxidant, and mass spectrometry studies have observed decreased GSH
levels in the aqueous humour of POAG and NTG patients, correlated with visual field defects (Sato

et al., 2023).

Additionally, WN1316 was found to suppress the activation of microglia and astrocytes as well
as the production of inflammatory factors interleukin-1 beta (IL-1B) and inducible nitric oxide
synthase (INOS) in the lumbar spinal cord of ALS mice (Tanaka et al., 2014); both gliosis and
neuroinflaimmation are key contributors to glaucomatous pathology (Tezel et al,, 2008). In an
experimental rat model of glaucoma, expression of MHC class II by activated microglia in the optic
nerve head was found to be correlated with severe RGC degeneration (Chidlow et al.,, 2010).
Importantly, microglial activation has been identified as one of the earliest events in glaucomatous
neurodegeneration, as it has been shown to begin as early as four days post IOP elevation in
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experimental glaucoma models (Miao et al., 2023). Astrocytic activation has also been found to
precede RGC injury in glaucomatous experimental models; activated astrocytes become highly
ramified and induce extracellular matrix (ECM) remodelling, in turn inducing cupping of the optic
nerve head and RGC axonal damage (Miao et al., 2023). Furthermore, POAG patients have been
observed to exhibit elevated blood and aqueous humour levels of pro-inflaimmatory cytokine IL-18,
and IL-1B has been demonstrated in rodent models of glaucoma to induce RGC death through the
Toll-like receptor 4-NOD-like receptor protein 1/NOD-like receptor protein 3-caspase 8 (TLR4-
NLRP1/NLRP3-CASPS) axis (Benitez-Del-Castillo et al., 2019; Chi et al., 2014; Wooff et al., 2019).
In addition, iINOS, a key regulator of immune activation and inflaimmation that produces the free
radical nitric oxide (NO) from L-arginine, has been observed to be elevated in the optic nerve head
of donor POAG patients; selective inhibition of iNOS in co-cultures of rat RGCs and glia was shown
to be effective at reducing rates of RGC apoptosis (Neufeld et al., 1997, 1999, p. 19; Tezel & Wax,
2000). In essence, WN1316 has proved to be a potent inhibitor of oxidative stress and

neuroinflammation, which are major factors in glaucomatous pathology.

WN1316 was additionally selected as the therapeutic candidate of choice for this study due to
its favourable safety and efficacy profile. The compound was identified by an zn-si/ico drug design
technique known as Anti-Oxidative Neuronal Cell Death Quantitative Structure Activity Relationship
(AOND-QSAR), a computational approach that predicts a chemical compound’s efficacy to protect
neurons from oxidative stress-induced cell death based on their molecular structure. Against other
compounds that were identified using this strategy, WN1316 was not only identified as the most
potent suppressor of oxidative stress-induced cell death, but also showed the highest blood-brain
barrier (BBB) permeability, the greatest water solubility, and the lowest toxicity (Tanaka et al., 2014).
Further nanospectroscopy studies conducted by the Tsilfidis lab demonstrated that WN1316 also
exhibits high blood-retina barrier (BRB) permeability (C. Tsilfidis, pers. comm.). Therefore, given its
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remarkable ability to protect against oxidative stress and neuroinflaimmation, as well as its ideal

therapeutic profile, WN1316 shows promise as a potential neuroprotective treatment for glaucoma.
1.10 Animal Models of Glaucoma

It is essential that animal models accurately recapitulate the human glaucomatous phenotype
to ensure the translatability of experimental findings. The vast majority of glaucomatous animal
models involve IOP elevation through either genetic or inducible means due to the fact that elevated
IOP is the most well-characterized and modifiable risk factor for the disease. However, given the
emerging evidence that glaucoma is a multifactorial disease and can still develop in the absence of IOP
elevation, interest has been garnered towards developing glaucomatous animal models through IOP-

independent methods (Almasieh & Levin, 2017).

Genetic animal models of glaucoma are useful for the understanding of how genetic factors
contribute to glaucoma development and progression, though major caveats with genetic models are
long time courses for the emergence of the disease phenotype and high phenotypic variability between
animals. An example of a genetic model that is relevant to human glaucoma is the transgenic myocilin
MYOC) rodent model; MYOC was identified as a causative gene for up to 8% of adult-onset POAG
and familial juvenile OAG. Transgenic knock-in mice catrying the Tyr437His mutation (MYOC"*)
have been observed to display IOP elevation and RGC death around 18 months, and gene editing
studies involving deletion of the mutant MYOC allele revealed protection against IOP elevation and
RGC loss (Jain et al., 2017; Zhou et al., 2008). Though perhaps not as directly relevant to human
glaucoma, the DBA /2] mouse model is the most widely used model for chronic, age-related glaucoma
(Loo et al., 2024). In this model, inbreeding produces spontaneous mutations in the Tyrp1 and Gpnmb

genes, which in turn cause the mice to naturally develop iris pigment dispersion and iris stromal
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atrophy, respectively. IOP elevations typically begin around 6 to 9 months of age, and by 12 months,

most animals show severe optic nerve degeneration and RGC death (Loo et al., 2024).

Inducible models allow for acute glaucoma progression and short, cost-effective experimental
time courses in contrast to genetic models. An added benefit of inducible models is that glaucoma is
often induced in one eye, allowing the contralateral eye to act as a control. One example of an inducible
model is the cautery of extraocular veins to induce IOP elevation. This technique is not favourable,
as cauterization of vortex veins in rats can also produce undesirable side effects in addition to ocular
hypertension including ischemia, which can lead to outer retinal damage (Pang & Clark, 2020).
Cauterization of extraocular veins can also produce varying IOP elevations between animals, as the
regrowth of blood vessels can cause IOP levels to drop to baseline levels after a few weeks post-
surgery (Pang & Clark, 2020). Obstruction of the outflow pathways is another animal model that
involves IOP elevation and subsequent RGC degeneration. Laser photocoagulation of the trabecular
meshwork is one such technique, which has been shown to yield IOP elevations, RGC apoptosis and
optic nerve degeneration, but the model is technically challenging in that frequent lasering is often
required for sustained IOP elevation (Pang & Clark, 2020). A preferable technique is the intracameral
injection of various agents, such as viscoelastic materials and microbeads, to block the outflow
pathway. For this study, the intracameral injection of magnetic microbeads was selected as the model
of choice. Upon the injection of the magnetic microbeads into the anterior chamber, a handheld
magnet is moved in a circular motion to evenly disperse the microbeads around the iridocorneal angle
where the drainage canals of the anterior chamber are located, effectively interfering with the outflow
of aqueous humour from the anterior chamber and subsequently leading to acute IOP elevations.
Previous studies have shown that a single injection of the magnetic microbeads produced sustained
IOP elevations up to 6-weeks post-surgery, and caused significant RGC dysfunction and optic nerve
degeneration (Ito et al., 2016; Visuvanathan et al., 2022).
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1.11 Electroretinography

Electroretinography (ERG) is an 7z vivo physiological test that evaluates the functionality of
retinal cells by measuring their responsiveness to light stimulation. ERG involves the use of corneal
stimulators, which present bright flashes of light to the eye at varying intensities. Retinal cells generate
electrical responses to the light stimulation, which are recorded by electrodes at the corneal surface
and processed by a computer that generates waveform traces representing the sum of the electrical
responses produced by the retinal cells. The waveforms are composed of various components that
each represent the functioning of a specific retinal cell type. The mean peak amplitudes of the
components can be quantified and statistically analyzed, allowing for comparisons of retinal cell
functionality between experimental groups. This experiment utilized two distinct ERG tests, the full-
field scotopic flash ERG (ffERG) and the pattern ERG (PERG) to evaluate the functionality of outer

retinal cells and RGCs, respectively.

The ffERG measures the electrical responses of retinal neurons and glia located in the outer
layers of the retina. The a-wave is the initial negative deflection and represents the hyperpolarization
of rod and cone photoreceptors. Under scotopic (dark-adapted) conditions, the a-wave is more
reflective of rod activity, whereas in photopic (light-adapted) scenarios, cone function is emphasized.
Following the a-wave is the b-wave, a positive deflection that is indicative of the combined activities
of ON-bipolar cell interneurons and Miller glia. Superimposed on the rising phase of the b-wave are
the oscillatory potentials (OPs), which are three small wavelets that originate from amacrine cells.
Reductions in the aforementioned components of the ffERG are typically not observed in
glaucomatous patients, as glaucoma is primarily a disease of RGCs, though some studies involving the
use of the microbead glaucoma model in rodents have reported reductions in the a- and b-wave

components (Pang & Clark, 2020; Wu et al., 2019).
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To evaluate the functioning of RGCs specifically, the PERG test is performed. During the
PERG, alternating black-and-white checkerboard or grating patterns are presented to the eye as
opposed to diffuse flashes of light. During pattern reversal, local luminance varies, but the overall
mean luminance remains unchanged. As a result, the linear components of the ERG, namely the a-
and b-waves, are effectively cancelled out, isolating the nonlinear components of the response. These
nonlinear signals, which constitute the PERG, are closely related to the functionality of RGCs; RGCs
respond more to changes in contrast and patterns rather than incremental changes in overall
brightness as do photoreceptors (Miura et al., 2009; Tanimoto, 2018). The murine PERG constitutes
three major components: the negative N1, the positive P1, and the negative N2. The P1 amplitude,
which is the difference from the trough of N1 to the peak of P1, represents RGC soma function,
while the N2 amplitude, measured between the peak of P1 and the trough of N2, reflects RGC axon

function (Miura et al., 2009).

Glaucomatous damage can extend from the retina to the visual cortex of the brain, hence
visual evoked potentials (VEPs) have been performed to evaluate the functional integrity of the visual
pathway in the magnetic microbead mouse model of glaucoma (Prabhakaran et al., 2021). The VEP
is performed simultaneously with the ffERGs. During VEPs, recording electrodes placed underneath
the scalp near the occipital lobe measure the electrical activity of the visual cortex. Three components
make up the murine VEPs: the positive P1, negative N1, and positive P2. The P1-N1 amplitude is an
indicator of early-arriving visual signals in the primary visual cortex (V1) and is influenced by retinal
input and optic nerve radiations. The N1-P2 amplitude reflects cortical excitability, and the P1-P2
amplitude is thought to reflect intracortical connectivity between the visual cortex and other cortical

regions (Marenna et al., 2023).
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Taken together, the ffERGs, PERGs, and VEPs provide valuable insights into how glaucoma
affects the functioning of the entire visual pathway, extending from the retina to the visual cortex and

association areas.

31



1.12 Rationale and Hypothesis

Glaucoma is an asymptomatic group of optic neuropathies and a leading cause of irreversible
vision loss worldwide, characterized by the death of retinal ganglion cells and the degeneration of their
axons that form the optic nerve. It is a multifactorial disease that necessitates novel neuroprotective
treatment avenues that extend beyond the conventional IOP-lowering therapies, which are solely
symptomatic and do not directly target the underlying neurodegeneration of retinal ganglion cells in
glaucoma. Surmounting evidence has revealed that oxidative stress is among the major factors that
contribute to glaucomatous pathology. In this regard, this study aimed to investigate the use of a novel
antioxidant compound, WN1316, for the treatment of experimental glaucoma. WN1316 is a potent
suppressor of oxidative stress and neuroinflammation and presents an ideal therapeutic profile. We
hypothesize that through the upregulation of neuroprotective antioxidant proteins, WN1316
treatment would be effective at protecting against retinal ganglion cell dysfunction and cell death in

the magnetic microbead mouse model of glaucoma.
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CHAPTER 2. MATERIALS AND METHODS
2.1 Animals

Two-month-old C57BL/6] mice (n=48; 24 males, 24 females) were purchased from Jackson
Laboratoties (Bar Harbor, Maine). Animals were housed under standard 12-hour light/dark
conditions and were given one week to acclimate prior to the start of the experiment. Procedures were
performed in compliance with the University of Ottawa Animal Care and Veterinary service guidelines
and the Association for Research in Vision and Ophthalmology (ARVO) statement for the Use of

Animals in Ophthalmic Research. The experimental groups were as follows:

- Glaucoma + saline (6 males, 6 females)
- Glaucoma + WN1316 (6 males, 6 females)
- Sham + saline (6 males, 6 females)

- Sham + WN1316 (6 males, 6 females)
2.2 Surgeries
2.2.1. Surgery Preparation

Mice were anesthetized with 2% isoflurane gas for the duration of the surgeries. Subcutaneous
injections of Meloxicam (1 mg/kg) were given for pain management prior to the commencement of
the surgeries. 1% tropicamide dilation drops (Mydriacyl, Alcon) were applied to the surgical (left) eyes,
and 0.5% proparacaine hydrochloride (Alcaine, Alcon) was administered for topical anesthetization

of the cornea. Contralateral (right) eyes received Systane gel (Systane, Alcon) for hydration purposes.

2.2.2. Microbead and Sham Injections
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Half of the 48 mice (12 males and 12 females) received microbead injections to the left eye;
contralateral eyes were not injected. A Nanofil 10 ul. microsyringe (World Precision Instruments)
attached to a Nanofil 34-gauge beveled needle (World Precision Instruments) was used for the
injections. For microbead-injected animals, a 0.6 uL. suspension of microbeads (Dynabeads, M-450,
Life Technologies) at a concentration of 1.6x10° beads/ul. was injected intracamerally into the antetior
chamber of the left eye. A handheld magnet was moved in a circular motion around the periphery of
the cornea to evenly disperse the microbeads around the iridocorneal angle. The other half of the 48
mice (12 males and 12 females) received an equal injected volume of 0.6 ul. of balanced salt solution

(BSS) to the left eyes as a control.
2.2.3. Post-Surgery Recovery

Mice were placed in a heated incubator to recover from the anesthetic. Systane gel (Systane,
Alcon) was periodically applied to the corneas to ensure that the eyes remained hydrated throughout

the recovery period.
2.3 WIN1316 Treatment

Animals were subjected to a one-week training period prior to the surgeries in which 100 ul
of saline was delivered daily by oral gavage. 1cc Syringes (Fisher Scientific) and 20 gauge 38 mm barrel
shaped stainless steel feeding needles (Fine Science Tools) were used to perform the oral gavage.
Beginning one day before the surgical injections, 24 mice (12 glaucoma, 12 sham) were given 100 uL.
of WN1316 at a dose of 50 ug/kg by oral gavage on a daily basis up to 12 weeks post-surgery. The
WN1316 stock solution was prepared biweekly by dissolving 1 mg of WN1316 in 1 mL of Milli-Q
water, and the solution was stored in an amber light-resistant tube at 4 degrees Celsius. The remaining
24 mice (12 glaucoma, 12 sham) received saline as a control up to 12 weeks post-surgery. All animals

were weighed on a weekly basis to ensure accurate dosing.
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2.4 IOP Measurements

IOP measurements were taken in awake mice using a TonolLab device (iCare, Finland).
Measurements were recorded across a span of four days; IOP measurements were taken for only one
experimental group per day and always taken between 9am-12pm to mitigate the diurnal effects on
IOP. The tonometer probe was placed approximately 1-4 mm away from the centre of the cornea and
the recording button was pressed six times to generate a mean IOP measurement; five mean
measurements were recorded for both the left and right eyes. IOP measurements were taken at
baseline one week prior to the surgeries, weekly up to 4 weeks post-surgery, and bi-weekly after 4-

weeks post-surgery up until 12 weeks post-surgery.

2.5 Viisnal Electrophysiology and Fundus Imaging

Electroretinograms (ERGs) were the 7z vivo physiological tests used to evaluate the functioning
of retinal cells and were performed at baseline one week prior to the surgeries and every three weeks
until 12 weeks post-surgery. The Celeris ERG System running Espion software (Diagnosys LLC) was
used to perform the ERG tests. Animals were subjected to two separate and consecutive tests of visual
function, the simultaneous full-field ERG and visual evoked potentials (VEP), and the pattern ERG
(PERG). Prior to the testing, animals were first dark-adapted overnight under red safelight conditions.
Immediately prior to the tests, animals were anesthetized through intraperitoneal injections of 50
mg/kg ketamine and 1 mg/kg medetomidine. Eyes were subsequently dilated with 1% tropicamide
(Mydriacyl, Alcon) and 2.5% phenylephrine hydrochloride (Mydfrin, Alcon) and anesthetized with a
drop of 0.5% proparacaine hydrochloride (Alcaine, Alcon). Periodically throughout the tests,
hypromellose gel (Systane Gel, Alcon) was topically applied to the eyes for hydration. At the end of
the measurements and fundus images, animals were intrapetitoneally injected with 2.5 mg/kg

atipamezole hydrochloride to reverse the anesthetic, subcutaneously injected with 1-2 mL of saline to
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maintain hydration, and placed on a heating pad set to 37 degrees Celsius to prevent reductions in

body temperature.
2.5.1. Simultaneons Full-Field ERG and VVEP

Two Ag/AgCl corneal stimulators (Diagnosys, LLC) were placed in contact with the center
of the left and right corneas. A homemade gold looped electrode was placed in the mouth as the VEP
reference electrode, a needle electrode was placed subcutaneously in the tail as the VEP ground
electrode (Chalgren, product #112-812-48TP), and an active VEP needle electrode (Chalgren, product
#112-812-48TP) was placed subcutaneously near the visual cortex. The Ag/AgCl corneal stimulators
presented an alternating scotopic 6ms flash stimulus to each eye at an intensity of 0.05 cd.s/m”.
Measurements were recorded from 10ms pre-stimulus to 300 ms post-stimulus, and a single trace was

generated from the average of 100 sweeps.
2.5.2. Pattern ERG (PERG)

Immediately following the simultaneous full-field ERG and VEP tests, the PERG test was
performed. A Celeris pattern ERG stimulator (Diagnosys, LLC) was placed in front of the
experimental eye and presented alternating horizontal black and white bars, at 100% contrast, at a
distance of 1100 mm from the eye, with 0.155 cycles per second, and an intensity of 50 cd.s/m?* The
contralateral eye was also tested. A single trace was generated from the average of 300 independent
traces. The Ag/AgCl corneal reference electrode was placed in contact with the eye not being

stimulated by the PERG stimulator.
2.5.3. Fundus Imaging

After the completion of the PERG tests, animals were transferred to a brightly lit room for

fundus imaging. One drop of 0.3% Hypromellose gel (Systane Gel, Alcon) was applied topically to
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each cornea to prevent damage and dehydration during imaging and to increase the resolving power
of the objective of the imaging microscope. A MICRON® III retinal imaging microscope (Phoenix

Research Laboratories) was paired with StreamPix III software (NorPix) to obtain fundus images.
2.6 Tissue Harvesting and Fixation

Eyecups and optic nerves were harvested and fixed at two timepoints: at 6 weeks, with four
animals per experimental group, and at 12 weeks with the remaining 25 animals. Initially, 32 animals
were to be sampled at the 12-week timepoint, but 7 animals died prior to this endpoint. Mice were
sacrificed through intraperitoneal injections of 65 mg/mlL Euthanyl at a dosage of 390 mg/ke.
Transcardial perfusion was then performed using 4% paraformaldehyde (PFA). The head was
removed, and the skin surrounding the skull was cut and peeled away. Following two lateral cuts and
one central cut, the upper skull bones were cut and peeled away to expose the brain. A tweezer was
used to lift the brain and expose the optic chiasm under a dissecting microscope. A cut was made 1-2
mm distal to the optic chiasm to release the optic nerves from the brain. Using fine tweezers, the
orbital bones were removed to expose the entirety of the optic nerves. Micro-scissors were used to
separate the two optic nerves and to release them from the eye (by cutting at 0.5 mm from the back
of each eyeball. Optic nerves were then placed in vials containing Karnovsky’s fixative (4% PFA, 2%
glutaraldehyde, 0.1 M sodium cacodylate in PBS, pH 7.4) to fix overnight. The next day, the optic
nerves were post-fixed in 2% OsOy in distilled water for 1 hour and 30 minutes and washed twice
with distilled water. The optic nerves were dehydrated in 50%, 70%, and 100% ethanol for 1 hour
each and subsequently transferred into a 1:1 Spurt’s resin:acetone mixture for 1 hour. The nerves were
cured in Spurt’s resin overnight. The following day, the optic nerves were embedded in fresh Spurt’s

resin and polymerized in small rectangular moulds overnight at 65 degrees Celsius.
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For eyecup harvesting, eyes were scored (for later orientation), removed from the skull and
placed in small petri dishes filled with 1X phosphate-buffered saline (PBS) under a dissecting
microscope. A needle was used to puncture a small hole in the cornea, and micro-scissors were used
to cut away the cornea. Tweezers were used to remove and discard the cornea, lens, and iris. Each
eyecup was placed for 15 minutes in a plastic labelled vial filled one-quarter of the way with 4% PFA.
Eyecups were then washed with 1X PBS twice for 30 minutes each wash. The eyecups were
subsequently incubated in 30% sucrose at 4 degrees Celsius overnight, followed by incubation in a 1:1
mixture of 30% sucrose:optimal cutting temperature (OCT) compound at 4 degrees Celsius overnight.
During embedding, eyecups were placed in appropriately labelled small plastic cassettes filled with a
1:1 mixture of 30% sucrose:OCT. Eyecups were oriented with the opening of the eye facing
downwards, and the nasal side of the eye facing a marking made on the left side of the cassette.

Samples were stored at -80 degrees Celsius prior to sectioning.

2.7 Optic Nerve Processing and Axon Counts

Optic nerves were cut at 500 nm using a Leica Ultracut R Ultramicrotome to produce cross-
sections. Four sections per nerve were mounted onto glass slides and stained with 1% toluidine blue.
Sections were imaged with a 63x plan apochromat oil immersion objective using a Zeiss M2 Imager
microscope (Zeiss). GNU image manipulation program (GIMP) software was used to stitch the optic
nerve images into one merged image that contained the full face of the cross-section. Image] software
was used to enhance the contrast of the images to facilitate axon counts. Axon counts were performed
using Axonet 2.0 software, which counts the total number of axons within the full optic nerve cross-
section. Axon counts from 3-4 left optic nerve sections were averaged to give the mean axon count

for each optic nerve.
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2.8 Retina Processing and Immunobistochemical Analysis

Left eyecups were sectioned at 12 um along the sagittal plane using a Leica cryostat. Six
sections per eye were mounted onto Fisherfrost™ Superfrost™ slides and air-dried for 2 hours prior
to storage at -20 degrees Celsius. Immunohistochemistry was performed on left eye cryosections.
Sections were post-fixed in 70% ethanol for 5 minutes, washed 3x in PBS for 10 minutes each, and
blocked for 1 hour in a solution of 10% donkey serum and 0.1% Triton-X 100 in TBLS. After
discarding the blocking solution, primary antibody solutions in 10% donkey serum and 0.1% Triton-
X 100 in TBLS were immediately applied to the slides. Primary antibodies were incubated overnight.
The following day, slides were washed 3x in PBS for 10 minutes each and incubated for 1 hour in a
secondary antibody solution of 0.1% Triton-X 100 in TBLS. Slides were washed again 3x in PBS for
10 minutes each, counterstained with DAPI for 20 minutes, again washed 3x in PBS for 10 minutes
each wash, mounted with Dako fluorescent mounting medium, and coverslipped. The primary
antibodies used for immunostaining were rabbit anti-RBPMS (1:200; Phosphosolutions, Inc.) and
rabbit anti-caspase-3 (1:200; Cell Signalling). The secondary antibody used was Alexa Fluor™ 594
donkey anti-rabbit IgG (1:500; Invitrogen). Central retina sections were imaged with a 20x objective

using a Zeiss M2 Imager microscope (Zeiss).

2.9 Western Blots

Western blots were performed using C57BL6/] mouse retinas harvested from a preliminary
WN1316 feeding experiment and 661W cells exposed to menadione (0 pM, 15 uM, or 25 pM)
following pretreatment with WIN1316 (0 pM, 3 uM, or 5 uM) to evaluate the expression levels of the
neuroprotective antioxidant heme oxygenase-1 (HO-1) that WIN1316 has been previously shown to
upregulate (Tanaka et al., 2014). Protein concentrations of each sample were firstly determined using

the DC protein assay. Following protein separation by SDS/polyactylamide gel electrophoresis (SDS-
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PAGE), proteins were transferred to an Immobilon-P membrane. Prior to transfer, the membrane
was activated in methanol for 15 seconds, rinsed in deionized water for 2 minutes, and equilibrated in
1x transfer buffer (5.8 g Tris base, 2.95 g glycine, 3.75 mL SDS, 200 mL ethanol, and deionized water
to 1 L) for 5 minutes. Components of the transfer cassette were simultaneously equilibrated in 1x
transfer buffer for 15 minutes. For assembly of the transfer cassette, a fibre pad was first placed on
the black side of the cassette, followed by thick blot paper (Bio-Rad), SDS-PAGE gel, transfer
membrane, thick blot paper (Bio-Rad), and a fibre pad. The transfer cassette was then placed in a tank
and submerged in 1x transfer buffer at 30 mV overnight. Following the disassembly of the transfer
cassette and discarding of the SDS-PAGE gel, membrane blots were blocked overnight in 5% bovine
serum albumin (BSA) in TBS-T. The next morning, blots were quickly rinsed twice with TBS-T,
washed once for 15 minutes, and washed twice for 5 minutes each wash. Blots were then incubated
with primary antibodies diluted in block solution for 1 hour. After incubation of the primary antibody,
blots were washed again in TBS-T following the previously mentioned washing protocol. Secondary
antibodies diluted in block solution were then applied for 20 minutes, and blots were subsequently
washed in TBS-T with the same washing protocol but with two additional washes for 5 minutes each.
Clarity™ Western ECL Substrate detection reagents (Bio-Rad) were mixed 1:1 and then applied for 5
minutes for immunodetection. The primary antibody used for immunodetection was rabbit anti-HO-
1 (1:5000; Abcam). The secondary antibody used was peroxidase goat anti-rabbit (1:2000, Jackson

Laboratories).
2.10 Statistical Analysis

For IOP measurements, the Student’s t-test was performed in Microsoft Excel to evaluate the
differences in average IOP between experimental groups. GraphPad Prism 10 was used to conduct

two-way ANOVAs with Sidak correction for ERG, optic nerve axon count, and RGC soma count
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statistical analyses. Data is presented as mean T standard error of the mean (SEM). p<0.05 denotes
statistical significance, and asterisks represent the following significance thresholds: * = p<0.05, ** =

p<0.01, *** = p<0.001, ¥+ = p<0.0001.
2.11 Nanospectroscopy

The following nanospectroscopy experiments were conducted by Sarah Tompkins, a former
student in the Tsilfidis lab, whose study aimed to evaluate whether WIN1316 crosses the blood-retina

barrier:
2.111 Sample preparation

Between 15 mg to 50 mg of retinal tissue sample was homogenized in a Wheaton micro tissue
grinder. Ground up tissue was extracted with 250 uL of tert-butyl methyl ether twice and the extract
was transferred to a 5 mL glass centrifuge tube. 250 pL. of 0.1 mM ammonium acetate/acetic acid in
LC/MS grade H20 (100:0.01, v/v), 150 pL of LC/MS grade H20 and 500 uL of tert-butyl methyl
ether were added to the supernatant and vortexed for 1 minute. Vortexed samples were centrifuged
at 2000 g and 4°C for 5 min, after which 900 uL of top organic phase was transferred to a glass vial
and evaporated in a Savant SpeedVac SPD111 at 35°C overnight. Samples were reconstituted in 100
uL of acetonitrile/H20 (2:8, v/v) and 1% formic acid. Samples were then passed through a 0.2 pm
PTFE filter and injected into LC/MS. For liquid samples, 150 pL. of H20 was replaced with an

equivalent volume of the sample.
2112 LC-MS/MS

All experiments were performed on an Orbitrap Fusion (Thermo Scientific) coupled to an
Ultimate3000 nanoRLSC (Dionex). The analysis was performed on an in-house packed column

(polymicro technology), 15 cm x 70 um ID, Luna C18(2), 3 um, 100 A (Phenomenex) employing a
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water/acetonitrile/0.1% formic acid gradient. Samples were loaded onto the column for 52 min at a
flow rate of 0.30 pl/min. Peptides were separated using 10% acetonitrile in the first 7 min and then
using a linear gradient from 10 to 98 % of acetonitrile for 31 min, then at 98 % of acetonitrile for 5
min, followed by a gradient from 98 to 2% of acetonitrile for 4 min and wash 5 min at 10 % of
acetonitrile. Eluted compounds were directly sprayed into mass spectrometer using positive
electrospray ionization (ESI) at an ion source temperature of 250°C and an ionspray voltage of 2.1
kV. Orbitrap Fusion Tribrid was run in top speed mode. Full-scan MS spectra (m/z 300-400) were
acquired at a resolution of 60 000. Precursor ions were filtered according to monoisotopic precursor
selection, charge state (+1 to + 3), and dynamic exclusion (10 s with a £ 10 ppm window). The
automatic gain control settings were le6 for full FTMS scans and 5e4 for MS/MS scans.
Fragmentation was performed with higher energy collision dissociation (HCD). Precursors were

isolated using a 2 m/z isolation window and fragmented with a normalized collision energy of 35%.
2.113 Data Analysis

Areas of the WIN1316 isolated precursor ions were analyzed using XCalibur Qual Browser 3.0
(Thermo Fisher Scientific) with mass tolerance set at 10 ppm and integration boundaries were

manually verified for all peaks.
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CHAPTER 3. RESULTS

This study aimed to evaluate the therapeutic use of a novel antioxidant small molecule
compound, WN1316, in the experimental mouse magnetic microbead model of glaucoma. Baseline
IOP and ERG measurements were taken in advance of the ocular injection surgeries to screen for any
physical defects that may confound the results of the study; no animals presented with ocular
irregularities at baseline. Beginning one week in advance of the surgeries, animals were given 100 puL.
of saline delivered by oral gavage on a daily basis to acclimate them to the procedure. WN1316 delivery
by oral gavage at a dosage of 50 ng/kg began one day prior to the glaucoma induction surgeties, and

WN1316 was also delivered immediately before the injections.

Magnetic microbeads were delivered by intracameral injection to 24 animals (12 males and 12
females) to induce ocular hypertension. A handheld magnet was used to direct the microbeads and
allow them to settle into the iridocorneal angle where the aqueous outflow pathways are located.
Blockage of the outflow canals by the magnetic microbeads was expected to lead to elevations in IOP
as a result of aqueous humour buildup in the anterior chamber, subsequently leading to RGC
dysfunction, axon loss, and apoptosis. The remaining 24 animals (12 males and 12 females) served as
controls and received intracameral saline injections. Only the left eyes received injections of
microbeads or saline to reduce stress on the animals; contralateral eyes were not subjected to

injections.

The day following the surgical injections, WN1316 was delivered at a dosage of 50 ug/kg by
oral gavage on a daily basis to half of the animals until they were sacrificed at either 6- or 12-weeks
post-surgery. The remainder of the animals received daily saline treatment as controls. The

experimental groups are illustrated as follows, with an equal ratio of males to females in each group:

e Glaucoma + WN1316 (n=12)
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e Glaucoma + saline (n=12)
e Sham + WN1316 (n=12)

e Sham + saline (n=12)
3.1 WINT1316 crosses the blood-retina barrier

To evaluate whether WIN1316 is able to pass through the blood-retina barrier, preliminary
nanospectroscopy experiments were performed by a former member of the Tsilfidis lab. When
WN1316 was loaded into the chromatographic column, its retention time was 19.52 seconds, with a
base peak of 350 m/z (Figure 3.1 A). Retention time, which is the amount of time a compound spends
in the column after it was loaded, is unique for different compounds and allows for the identification
of the presence of a compound in tissue samples. A control retina sample from a rat that was not fed
WN1316 was passed through the column, and a peak of 350 m/z was not observed at 19.52 seconds,
indicating the absence of WIN1316 in this control retina sample as expected (Figure 3.1 B). When a
retina sample from a rat that was fed WN1316 was loaded into the column, a base peak of 350 m/z
was observed at 19.11 seconds, confirming that WN1316 had crossed the blood-retina barrier in this
rat (Figure 3.1 C). Therefore, the preliminary nanospectroscopy studies confirmed that WN1316 is

able to cross the blood-brain barrier in rats.
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Figure 3.1. WIN1316 crosses the blood-retina barrier. (A) A control sample of WN1316 loaded into the
column has a retention time of 19.52 seconds and a base peak of 350 m/z. (B) WN1316 is not detected in
a control retina sample. (C) A base peak of 350 m/z and retention time of 19.11 appears when a WN1316-

treated retina sample was loaded into the column, indicating that WIN1316 crossed the blood-brain barrier.

These are representative samples, but similar results were obtained in all samples tested (N=5-0).
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3.2 WIN1316 enbances HO-1 protein expression in 661W cells following oxidative stress, and in a time-dependent

manner in intact mouse retinas

Given that WN1316 has been previously shown to upregulate the neuroprotective antioxidant
HO-1 in vitro (Tanaka et al., 2014), Western blot analysis was performed on protein extracts from
661W cells following WN1316 pre-treatment and menadione exposure. Protein samples were
collected from 661W cells by another student in the Tsilfidis lab. Representative Western blot images
show that WIN1316 increases HO-1 protein expression, particularly under conditions of oxidative
stress (Figure 3.2 A). 661W cells that were treated with 5 uM WN1316 and 25 pM menadione showed
the greatest expression of HO-1, with a normalized ratio of 1.08 compared to 0.65 in cells treated with
0 uM WN1316 and 25 pM menadione as revealed by quantitative densitometric analysis of HO-1 band
intensities normalized to B-actin (Figure 3.2 C). When 661W cells were treated with 3 uM WN1316
and 25 uM menadione, the normalized ratio of HO-1 expression was lower compared to the 5 pM
WN1316 and 25 uM condition, at 0.81. HO-1 expression was moderately enhanced (0.18) when cells
were treated with 5 uM WN1316 and 15 pM menadione condition (Figure 3.2 C). These findings
demonstrate that 7z vitro, WN1316 induces HO-1 protein expression in a dose- and oxidative stress-
dependent manner. To determine whether WN1316 induces HO-1 expression 7 vivo, Western blot
analysis was performed using intact retinas harvested from a preliminary WN1316 feeding study. In
the feeding study, animals were fed WIN1316 at a dosage of 100 pug/kg and sacrificed at 4-, 6-, 8-, and
16-hours post-feeding. The representative Western blot image revealed that WN1316 appeared to
induce HO-1 protein expression in a time-dependent manner in intact mouse retinas (Figure 3.2 B).
Quantitative densitometric analysis of band intensities normalized to -actin revealed that at 4-, 6-, 8-
and 16-hours post-feeding, normalized ratios were 1.2, 1.0, 0.93, and 0.35, respectively (Figure 3.2 D).
It cannot be definitively confirmed that these bands were truly HO-1 bands, as these bands had
migrated faster than the 661W HO-1 protein control band.
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Figure 3.2. WN1316 induces HO-1 protein expression in 661W cells during oxidative stress, and in a time-
dependent manner in intact mouse retinas. (A) Representative Western blot photos of HO-1 and B-actin protein
levels in 661W cells that were exposed to menadione (15 uM or 25 uM) following pre-treatment with different
concentrations of WN1316 (0, 3, or 5 pM). (B) Representative Western blot photos of HO-1 and B-actin protein
levels in intact C57BL/6 mouse retinas harvested from a preliminary feeding study. Animals were fed WN1316 by
oral gavage at a dosage of 100 pg/kg and sacrificed at 4-, 6-, 8-, and 16-hours post-feeding. Protein extracts from
661W cells treated with 5 uM WN1316 and 25 uM menadione were represented as a control to confirm the location
of the HO-1 band. It is uncertain if the highlighted bands represent HO-1, as these bands do not align with the 661W
control band. (C) Quantitative densitometry of HO-1 band intensities normalized to B-actin in 661W cells. Bars
represent the ratio of HO-1 to B-actin loading control expression. Data suggests that WN1316 enhances HO-1 protein
expression in a dose- and stress-dependent manner. (D) Quantitative densitometry of HO-1 band intensities
normalized to B-actin in intact C57BLG6/] mouse retinas. Bars represent the ratio of HO-1 to B-actin loading control
expression. Data indicates that WIN1316 upregulates HO-1 in intact mouse retinas in a time-dependent manner, with
expression peaking at 4 hours post-feeding.
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3.3 Microbead injections cause severe and unexpected corneal and lens damage

The goal of the microbead injections was to induce glaucoma by IOP elevation. Ideally, the
beads would have settled in the iridocorneal angle and blocked the outflow pathways, leading to
aqueous humour buildup in the anterior chamber without causing damage to ocular structures such
as the cornea and lens, as was the case in the study conducted by the developers of the magnetic
microbead model of glaucoma (Ito et al., 2016). Unexpectedly, corneal abrasions and lens opacities
were observed in the majority of the eyes that received the microbead injections. These damages were
clearly observable beginning the day following the surgeries and were confirmed by fundus imaging
at 3 weeks. The damages persisted up until the point of sampling. At week 6, all of the 16 glaucomatous
animals that were sampled exhibited irregularly shaped and clouded corneas, dense central cataracts
in the lenses, and degraded irises (Figure 3.3 A). The observations of microbead-injected eyes that
were harvested at week 12 were similar, however the lens and corneal opacities were not as severe in
these animals (Figure 3.3 B). The animals that showed the most severe ocular damage and worst ERG
performance were sampled at 6 weeks, which explains the difference in severity in the damage between
the 6- and 12-week timepoints. Only two microbead-injected animals, which were sampled at week
12, exhibited clear lenses and corneas, allowing observation of the retina by fundus imaging.
Surprisingly, all sham injected animals displayed light-coloured regions throughout their retinas as
observed by fundus imaging, which indicate retinal damage in their injected eyes, noted as eatly as 3
weeks post-injection and persisting until 6- (Figure 3.3 C) or 12-weeks (Figure 3.3 D) post-surgery

when animals were sampled.
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Week 12

Glaucoma

Sham

Figure 3.3. Representative fundus images exhibiting ocular damage caused by injection surgeries.
(A) Representative fundus image of a microbead-injected eye demonstrating dense lens and corneal opacity
at week 6. (B) Representative fundus image of a microbead-injected eye showing moderate corneal opacity at
week 12. (C) Representative fundus image of a sham-injected eye at week 0, displaying light-coloured patches
indicative of retinal damage. (D) Representative fundus image of a sham-injected eye at week 12; light-
coloured patches reflect retinal damage. (E) Example fundus image of an uninjected eye. All images were
taken of the dilated left eyes of anesthetized C57BL6/] mice.
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3.4 Microbead injections successfully induce and sustain IOP elevations

Given that elevated IOP is the most widely recognized risk factor for clinical glaucoma, IOP
measurements were taken in awake mice to ensure that the magnetic microbead model resembles
clinical glaucoma. Measurements were taken weekly in awake mice until 4 weeks post-surgery and bi-
weekly until 12 weeks using rebound tonometry. One week post-bead injections, IOPs were elevated
by 64% in WN1316-treated glaucomatous animals (Figure 3.4 A) and 91% in saline-treated
glaucomatous animals (Figure 3.4 B) relative to baseline. IOP elevations were sustained at an average
of 25.3 £ 5.9 mmHg (mean * SD) until 12 weeks post-surgery in WN1316-treated glaucomatous mice
(Figure 3.2 A) and 24.8 + 6.23 mmHg in saline-treated glaucomatous mice (Figure 3.4 B). WN1316-
treated (Figure 3.4 A) and saline-treated (Figure 3.4 B) control animals showed consistent IOP
averages of 12.6 £ 2.3 mmHg and 13.2 * 2.6 mmHg up to 12 weeks post-injections, respectively. As
anticipated, the intracameral injections of microbeads into the anterior chamber produced significantly
sustained elevations in IOP up to 12 weeks post-surgery in glaucomatous mice that were treated with
WN1316 or saline relative to their respective controls (Figure 3.4 A,B), confirming that the magnetic

microbead model is effective at inducing sustained IOP elevations.

3.5 WINT1316 treatment does not affect IOP levels

The relationship between WN1316 treatment and IOP has not been previously investigated
in the literature. However, a preliminary 6-week study performed by the Tsilfidis lab found that
WN1316 did not provide significant protection against IOP elevation. As elevated IOP is a major risk
factor for clinical glaucoma, a goal of this study was to evaluate whether WN1316 treatment would

have any protective effects against IOP elevation throughout the longer 12-week experiment. As
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Figure 3.4. Microbead injections successfully induce and sustain elevations in IOP up to 12
weeks post-injection. Mean IOP (mmHg) is significantly elevated in (A) WN13106-treated
glaucomatous animals and (B) saline-treated glaucomatous animals relative to their respective sham
controls up to 12 weeks post-surgery. All measurements were taken from the left eyes of awake animals.

Each data point represents the mean of five IOP measurements taken for each animal. Statistical analysis
was performed using the Student’s t-test. ¥ = p<<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001.
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Figure 3.5. WN1316 treatment does not influence IOP levels. (A) Glaucomatous and (B) sham
animals treated with WIN1316 do not show significant differences in IOP compared to animals treated
with saline (p>0.05). All measurements were taken from the left eyes of awake animals. Each data point
represents the mean of five IOP measurements taken for each animal. Statistical analysis was performed
using the Student’s t-test.
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illustrated in Figure 3.5 A, there were no significant differences between the mean IOP of saline-
treated and WN1316-treated glaucomatous mice across all timepoints. Furthermore, significant
differences were also not observed between the mean IOP of saline-treated and WIN1316 sham mice

(Figure 3.5 B). Hence, WN1316 treatment does not appear to influence IOP levels.

3.6 Glancoma induction impairs outer retinal function

Glaucoma is characterized as a degenerative disease of the optic nerve and dysfunction of cells
in the outer retinal layers is typically not observed. To determine whether the magnetic microbead
model of glaucoma affects outer retinal functioning, an 7 vive physiological test known as the dark-
adapted full-field electroretinogram (ffERG) was performed at baseline, 3-, 6-, 9-, and 12-weeks post-
surgery. The amplitudes of the a-wave, b-wave, and oscillatory potential (OP) components of the
tfERG reflect the functioning of photoreceptors, the inner retina (including bipolar cells and Muller

cells), and amacrine cells, respectively.

In terms of photoreceptor functioning, glaucoma induction appeared to diminish the mean
peak amplitude of the a-wave at some but not all timepoints. At 6 weeks, significant reductions in the
a-wave amplitude were observed in both saline-treated (p<0.01) and WN1316-treated (p<0.001)
glaucomatous animals relative to their respective sham controls (Figure 3.6 C). At 9 and 12 weeks, no
significant differences were found between the a-wave amplitudes across all treatment groups (Figure
3.6 D,E). Interestingly, at 3 weeks, the a-wave amplitude in WN1316-treated glaucomatous animals
was not significantly different from the saline-treated sham control but was significantly reduced
(p<0.0001) relative to WN13106-treated sham controls (Figure 3.6 B). This result may be due to the
fact that the a-wave amplitudes were significantly elevated (p<0.05) in the WN1316-treated sham

control group relative to the saline-treated sham control group, suggesting that WN1316 may be able
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Figure 3.6. Photoreceptor function is reduced in glaucomatous animals at 3- and 6-weeks post-
surgery. Mean peak amplitude of the a-wave at (A) baseline, (B) 3-weeks, (C), 6-weeks, (D) 9-weeks, and (E)
12-weeks post-surgery. All measurements were taken from only the left eyes of anesthetized animals. Statistical
analysis was performed using a two-way ANOVA with Sidak correction. Error bars represent the standard
error of the mean (SEM). *p<0.05, **p<0.01, ***p<0.001, ***p<0.0001.
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to protect against photoreceptor dysfunction in cases where retinal damage is less severe, as would be
the case with a sham injection (Figure 3.6 B). It is important to note that there is bias between the pre-
and post- 6-week timepoints because at 6 weeks, animals that showed the most severe ocular damage

were sampled.

Similarly, inner retinal cell function appeared to be negatively impacted in the WN1316-treated
glaucomatous group. At 3- and 6-weeks post-surgery, WN13106-treated glaucomatous animals showed
significant reductions (p<0.001, p<0.05) in the mean peak amplitude of the b-wave relative to
WN1316-treated sham control animals (Figures 3.7 B,C). However, this may be due to the fact that
the mean peak amplitude of the b-wave was higher in the WN1316-treated sham control group
compared to the saline-treated sham control group. As was seen with the a-waves, the b-wave
amplitudes of the WN1316-treated sham control animals were significantly elevated (p<0.02)
compared to the saline-treated sham control animals at 3 weeks, again suggesting that WIN1316

treatment may be protective in cases of mild retinal damage (Figure 3.7 B).

Amacrine cell function, represented by the amplitudes of the oscillatory potentials (OPs), was
also reduced at certain timepoints in glaucomatous animals. At week 3, OP1 was significantly
diminished (p<0.0001) in WN1316-treated glaucomatous animals relative to WIN1316-treated sham
controls, and at week 6, OP1 was significantly reduced in both saline-treated (p<<0.01) and WN1316-
treated glaucoma animals (p<<0.001) (Figures 3.8 B,C). At week 6, there was a significant reduction
(p<0.05) in OP2 in the WN1316-treated glaucoma condition compared to the WN1316-treated
control group (Figure 3.8 H). There were no significant differences (p>0.05) in the mean peak
amplitude of OP3 between any of the experimental groups throughout all timepoints (Figures 3.8 K-

0).
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Figure 3.7. Bipolar cell function is diminished in WIN1316-treated glaucomatous animals at 3- and
6-weeks post-surgery. Mean peak amplitude of the b-wave at (A) baseline, (B) 3-weeks, (C), 6-weeks, (D)
9-weeks, and (E) 12-weeks post-surgery. All measurements were taken from only the left eyes of anesthetized
animals. Statistical analysis was performed using a two-way ANOVA with Siddk correction. Error bars
represent the standard error of the mean (SEM). *p<0.05, **p<0.01, ***p<0.001.
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Figure 3.8. Amacrine cell function is impaired in glaucomatous eyes. (A-E) Mean peak amplitude of
OP1 at (A) baseline, (B) 3-weeks, (C) 6-weeks, (D) 9-weeks, and (E) 12-weeks post-surgery. (F-]) Mean peak
amplitude of OP2 at (F) baseline, (G) 3-weeks, (H) 6-weeks, (I) 9-weeks, and (J) 12-weeks post-surgery. (K-
O) Mean peak amplitude of OP3 at (K) baseline, (L) 3-weeks, (M) 6-weeks, (N) 9-weeks, and (O) 12-weeks
post-surgery. All measurements were taken from only the left eyes of anesthetized animals. Statistical analysis
was performed using a two-way ANOVA with Sidak correction. Error bars represent the standard error of
the mean (SEM). *p<0.05, **p<0.01, ¥**p<0.001, ****p<0.0001.
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These findings suggest that IOP elevation, particularly in tandem with severe lens and corneal damage,
can cause outer retinal dysfunction in glaucomatous animals. WIN1316 did not appear to provide
significant protection against outer retinal dysfunction in bead-injected eyes, but trends hinted that
WN1316 may be protective in cases of less severe retinal damage as was observed with the sham

control eyes.

3.7 WIN1316 does not protect against RGC dysfunction in glancoma

To evaluate whether IOP elevation causes RGC dysfunction in glaucoma and whether
WN1316 treatment offers functional protection, the pattern ERG (PERG) test was performed at 3-,
6-, 9-, and 12-weeks post-glaucoma induction. The PERG corneal stimulator presents alternating
black-and-white horizontal bars to the eyes, and this specific type of visual pattern elicits responses
from RGCs. The P1 and N2 components of the PERG waveform reflect the functioning of RGC
soma and axons, respectively. At 3 weeks, saline-treated and WIN1316-treated glaucomatous animals
exhibited significant reductions (p<0.05, p<0.0001) in the mean peak amplitudes of P1 and N2 in
relation to WN1316-treated controls (Figure 3.9 B,G) , while P1 and N2 amplitudes were significantly
elevated (p<0.05, p<0.01) in the WIN1316-treated control group relative to the saline-treated control
group at this timepoint (Figure 3.9 B,G). P1 and N2 remained significantly reduced in the WIN1316-
treated glaucomatous animals relative to WIN1316-treated controls at 6 and 9 weeks (Figure 3.9 C,D).
At 12 weeks, no significant reductions were observed for P1 (Figure 3.9 E), while N2 was significantly
diminished (p<0.05) in the WN1316-treated glaucoma group at 12 weeks (Figure 3.9 J). Overall, these
results demonstrate that the microbead model appeared to impair RGC function, as would be

expected, but that WN1316 does not protect against RGC dysfunction in glaucoma.
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Figure 3.9. WIN1316 does not protect against RGC soma and axon dysfunction in glaucoma. (A-E) Mean
peak amplitude of the P1 component of the pattern electroretinogram (PERG), which represents RGC soma
function, at (A) baseline, (B) 3-weeks, (C) 6-weeks, (D) 9-weeks, and (E) 12-weeks post-surgery. (F-]) Mean peak
amplitude of the N2 component of the PERG, which reflects RGC axon function, at (F) baseline, (G) 3-weeks,
(H) 6-weeks, (I) 9-weeks, and (J) 12-weeks post-surgery. All measurements were taken from only the left eyes of
anesthetized animals. Statistical analysis was performed using a two-way ANOVA with Sidik correction. Error
bars represent the standard error of the mean (SEM). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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3.8 WINT1316 does not protect against visual cortex: dysfunction in glancoma

The visual pathway culminates in the visual cortex of the occipital lobe where visual perception
is generated, and evidence has shown that signalling to the visual cortex is impaired in glaucoma.
Hence, visual evoked potentials (VEPs) were recorded to evaluate whether visual cortex signalling is
affected in the mouse magnetic microbead model of glaucoma and if WIN1316 treatment can preserve
the functionality of the visual pathway that extends from the retina to the visual cortex. During the
VEP test, an active electrode placed subcutaneously under the scalp near the occipital lobe records
electrical responses elicited by the visual cortex in response to bright flashes of light presented to the
eyes by corneal stimulators. Two components of the VEP were analyzed in this study: the N1 and P2.
The N1 represents eatly-arriving signals to the primary visual cortex (V1) derived from the retina,
while P2 represents intracortical visual signalling. At 3- and 6-weeks post-surgery, WIN1316-treated
glaucomatous animals showed significant reductions in the mean peak amplitude of N1 compared to
WN1316-treated sham controls (p<0.001) (Figure 3.10 B,C). At week 12, N1 was reduced in saline-
treated glaucomatous relative to saline-treated controls (p<<0.01) while this was not the case with
WN1316-treated glaucomatous animals at week 12 (p>0.05) (Figure 3.10 E). There were no significant
reductions (p>0.05) in P2 in glaucomatous animal groups across all experimental timepoints (Figure
3.10 F-)). It is difficult to discern whether WN1316 had any effect on visual cortex function in
glaucoma based on these results, as the VEP test often comes with high inter-animal variability due

to variations in electrode placement.
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Figure 3.10. WIN1316 does not protect against visual cortex dysfunction in glaucoma. (A-E) Mean peak
amplitude of the N1 component of the visual evoked potential (VEP) which represents eatly-arriving signals at
the level of the visual cortex, at (A) baseline, (B) 3-weeks, (C) 6-weeks, (D) 9-weeks, and (E) 12-weeks post-
surgery. (F-]) Mean peak amplitude of the P2 component of the PERG, which intracortical visual signalling, at
(F) baseline, (G) 3-weeks, (H) 6-weeks, (I) 9-weeks, and (J) 12-weeks post-surgery. All measurements were taken
from only the left eyes of anesthetized animals. Statistical analysis was performed using a two-way ANOVA with
Sidik correction. Error bars represent the standard error of the mean (SEM). *¥p<0.01, **p<0.001.
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3.9 WINT1316 does not protect against optic nerve axon loss in glancoma

In addition to functional protection, a goal of this study was to determine whether WN1316
could offer structural protection for RGCs in glaucoma. At 6- and 12-weeks post-surgery, retinas and
optic nerves were harvested. Optic nerves were stained with toluidine blue and imaged with light
microscopy, and axon counts were conducted on full optic nerve cross-sections. Analyses revealed a
significant 75% axon count reduction (p<0.05) in WIN1316-treated glaucomatous animals in relation
to WN1316-treated control animals at week 6 post-surgery (Figure 3.11 I). Axon counts were also
significantly reduced by 73% (p<<0.05) in WN1316-treated glaucomatous animals compared to saline-
treated glaucomatous animals at week 6 post-surgery (Figure 3.11 I). Surprisingly, the axon counts of
saline-treated glaucomatous animals were not significantly reduced compared to those of saline-treated
controls at week 6, indicating that sustained IOP elevation was not sufficient to induce axon loss in
this group (Figure 3.11 I). At 12 weeks post-surgery, there were no significant differences (p>0.05) in
optic nerve axon counts between control and glaucoma animals (Figure 3.11 J); this was highly
unexpected given the sustained IOP elevations in glaucomatous animals. To confirm these findings,
a secondary evaluator conducted axon counts on five equally sized frames from five different regions
of each optic nerve, and counts from each frame were averaged to give a mean count for each optic
nerve. Similar to the aforementioned findings, the secondary evaluator found a significant 68%
reduction in the average axon counts of 6-week WIN1316-treated glaucomatous optic nerves relative
to WN1316-treated control optic nerves (p<0.05) (Figure 3.11 K), as well as a 61% reduction in
WN1316-treated glaucomatous optic nerves compared to saline-treated glaucomatous optic nerves
(p<0.05) (Figure 3.11 K). The secondary evaluator also found no significant differences between any
of the treatment groups at week 12 (Figure 3.11 L). The difference in axon counts between the 6- and
12-week timepoints may be due to the fact that at 6 weeks, animals that showed the greatest extent of
ocular damage (i.e., cornea and lens opacities) as well as the poorest PERG performance were sampled.
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Figure 3.11. Optic nerve axon counts are significantly reduced in WIN1316-treated glaucomatous animals
at 6-weeks but not at 12-weeks post-surgery. (A-D) Representative magnified 6-week optic nerve images of (A)
WN1316-treated glaucomatous mice, (B) WN1316-treated sham-mice, (C) saline-treated glaucomatous mice, and
(D) saline-treated sham mice (E-H) Representative magnified 12-week optic nerve images of (E) WN1316-treated
glaucomatous mice, (F) WN1316-treated sham mice, (G) saline-treated glaucomatous mice, and (H) saline-treated
sham mice. (I) At 6-weeks post-surgery, optic nerve axon counts are significantly reduced in WN1316-treated
glaucomatous mice compared to WIN1316-treated controls and saline-treated glaucomatous mice. (J) Optic nerve
axon counts are not reduced in glaucomatous mice at 12-weeks post-surgery. (K) Average axon counts from five
different regions of the optic nerve, conducted by a secondary evaluator, are significantly reduced in WN1316-
treated glaucomatous animals relative to saline-treated glaucomatous animals as well as WIN1316-treated control
animals at week 0. (L) At week 12, average axon counts conducted by the secondary evaluator were similar between
treatment groups All axon counts were performed on left optic nerve cross-sections and averaged from 3-4 sections
per animal. Scale bar represents 5 um. Statistical analysis was performed using a two-way ANOVA with Sidak
correction. Error bars represent the standard error of the mean (SEM). *p<0.05.
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However, given the sustained IOP elevations throughout the 12-week period, it is surprising that

reductions in axon counts were not detected at 12 weeks.

3.10 RGC somata are unaffected by 10P elevation

In glaucoma, optic nerve axon loss typically precedes RGC soma loss in the retina. In previous
glaucoma studies conducted by the Tsilfidis lab that utilized the same magnetic microbead model of
glaucoma, RGC soma loss was not observed in glaucomatous animals by 6 weeks post-bead injections,
even though reductions in axon counts were noted. Hence, to determine if RGC soma loss occurred
after the 6-week timepoint, this study sought to determine whether the IOP-induced damage would
extend to the retina at 12 weeks post-glaucoma induction and if WN1316 treatment could protect
against soma loss. Retinal cross-sections were stained with RNA-binding protein with multiple splicing
(RBPMS), a marker of RGCs, and cell counts were performed manually in the central region of the
sections. All of the glaucomatous retina sections that were harvested at 6 weeks were completely
degraded and neuronal layers were entirely detached from the retinal pigment epithelium (RPE), hence
these 6-week sections could not be used for cell counting. At 12 weeks post-surgery, WIN1316-treated
and saline-treated glaucomatous animals showed no significant losses (p>0.05) in RGC somata relative
to sham controls (Figure 3.12 E). This was again highly unexpected given the consistent IOP
elevations, but it was unlikely for RGC soma loss to occur as optic nerve axon loss was also not
observed. DAPI counts were also performed in the GCL of central retina sections to confirm the
RGC counts, and no significant differences were found between treatment groups (p>0.05) (Figure
3.12 F). Given that the trends in the ERG data indicated that the magnetic microbead model can cause
RGC dysfunction, cleaved caspase-3 immunostaining was performed to determine if glaucomatous
RGCs were in the process of undergoing apoptosis at week 12. Cleaved caspase-3 was not detected in

WN1316-treated or saline-treated glaucomatous retinas (Figure 3.13 A,B). To evaluate the
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functionality of the anti-caspase-3 primary antibody, positive control staining was done on postnatal
day 5 (P5) Chd4 conditional knockout (cKO) mouse retinas; the Mattar lab found positive caspase-3
staining in these samples using the same primary antibody. Caspase-3 was indeed observed in P5 Chd4
cKO mouse retinas, confirming that the anti-caspase-3 primary antibody is functional (Figure 3.13 C).
It therefore remains inconclusive as to whether WN1316 can protect against structural damage in

glaucoma.
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Figure 3.12. RGC somata are unaffected by IOP elevation at 12-weeks post-surgery. Representative RBPMS-
immunolabelled central retina sections of (A) WN1316-treated glaucomatous animals, (B) saline-treated
glaucomatous animals, (C) WN1316 control animals, and (D) saline-treated control animals at 12-weeks post-
surgery. Sections were counterstained with DAPI. (E) Quantification of average RBPMS-labelled RGCs reveals no
significant differences between control and glaucomatous animals (p>0.05). (F) No significant differences between
average GCL DAPI-stained nuclei counts were observed between treatment groups (p>0.05). Each data point
represents the mean RGC count averaged from 4-6 sections per animal. Scale bar represents 50 um. Statistical
analysis was performed using a two-way ANOVA with Sidak correction. Error bars represent the standard error of
the mean (SEM).
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Figure 3.13. RGC somata in glaucomatous retinas do not show caspase-3 activation at week 12
post-surgery. Sections were counterstained with DAPI. Central retinal sections immunolabelled for
cleaved caspase-3 in (A) WN1316 glaucoma, (B) saline glaucoma, and (C) P5 Chd4 cKO positive control
animals. Only the P5 Chd4 cKO retinas stained positive for cleaved caspase-3. Scale bar represents 50 um.



CHAPTER 4. DISCUSSION

WN1316 is a novel small molecule compound with antioxidant and anti-inflammatory
properties, and this thesis aimed to evaluate WIN1316’s ability to provide protection against IOP
elevation, RGC dysfunction, and RGC axon and soma degeneration in the magnetic microbead mouse
model of glaucoma. While the magnetic microbead model was effective at inducing sustained
elevations in IOP, microbead-injected eyes rapidly and unexpectedly developed secondary insults such
as lens and corneal opacities and abrasions. Hence, it is not possible to discern whether the observed
RGC dysfunction was caused by IOP elevations or by these secondary ocular damages. Moreover,
despite the sustained IOP elevations and ocular damages, microbead-injected eyes showed no
reductions in RGC axons and somata as well as no caspase-3 activation at 12-weeks post-injection.
Therefore, due to the complications of the magnetic microbead model of glaucoma that rendered it
an ineffective model of the disease, it currently remains inconclusive as to whether WN1316 can

provide functional and structural protection in glaucoma.

WN1316 was selected as the therapeutic candidate of choice for this thesis for its potent ability
to selectively protect against oxidative-stress induced neuronal cell death in other disease models as
well as for its favourable therapeutic profile, comprising high-blood brain barrier permeability, low
toxicity, and high solubility (Tanaka et al., 2014). Preliminary nanospectroscopy studies demonstrated
that WIN1316 effectively crosses the blood-retina barrier in rats (Figure 3.1), hence the compound
showed promise that it may be able to exert its neuroprotective effects in the context of glaucoma.
Further Western blot experiments showed that WIN1316 enhances the expression of HO-1, an
endogenous antioxidant regulated by transcription factor Nrf2, in 661W cells treated with increasing
concentrations of the oxidative stressor menadione (Figure 3.2 C). WN1316 also appeared to enhance

HO-1 expression in a time-dependent manner in intact mouse retinas, with expression peaking at 4
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hours post-feeding (Figure 3.2 D). However, the HO-1 protein bands in the intact mouse retinas had
migrated faster than the HO-1 control band in 661W cells, raising concerns as to whether the
highlighted protein bands in Figure 3.2 B truly represent HO-1. The differences in HO-1 sizes i vivo
versus /z vitro may possibly be explained by systemic differences. It could be that protease activity is
greater in tissues than in cultured cells, producing truncated HO-1 fragments that may still retain the
epitope that is recognized by the primary antibody utilized during immunodetection, leading to lower
molecular weight bands. This hypothesis would need to be evaluated in future studies as comparisons
of protease activity zz vivo and 7n vitro have not been well established in the literature. HO-1 has been
shown, however, to undergo post-translational modifications in different cellular contexts such as
Alzheimer’s (AD) disease and cancer (Barone et al., 2012; Jagadeesh et al., 2022). In the context of
AD, phosphorylated serine residues in the HO-1 protein were found to be significantly increased in
the hippocampus and cerebellum of AD patients with respect to matched controls, and
phosphorylation of serine appeared to be a key step in the activation of HO-1 during oxidative stress
(Barone et al, 2012). With regards to cancer, HO-1 undergoes acetylation, ubiquitination, and
phosphorylation, post-translational modifications that regulate the function, stability, and sub-cellular
location of HO-1 (Jagadeesh et al., 2022). It is therefore clear that the size of HO-1 can vary due to
post-translational modifications in different disease contexts. Furthermore, given that WIN1316’s
ability to enhance the expression of HO-1 is amplified under conditions of oxidative stress as shown
by the results of the 661W Western blot, it may be that WN1316’s ability to induce HO-1 protein
expression would have been enhanced in the glaucomatous retina where oxidative stress is ongoing.
Thus, WN1316 may have been more effective at upregulating HO-1 had the Western blot been

performed using retinas from animals that received the magnetic microbead injections.

The magnetic microbead mouse model was chosen for this study for its ability to induce acute
elevations in IOP after a single injection, induce both RGC dysfunction and optic nerve axon loss,
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and the relative simplicity of the injection procedure (Ito et al., 2016; Visuvanathan et al., 2022). The
developers of the microbead model as well as previous glaucoma studies conducted in the Tsilfidis lab
that used the same model did not observe the lens and corneal damages caused by the microbead
injections that presented in this study. Prior to the main experiment detailed in this thesis, we
conducted several preliminary experiments in an attempt to optimize the magnetic microbead model
and mitigate these unexpected complications. Specifically, different methods of anesthesia were tested
during the magnetic microbead injections (e.g., isoflurane versus injectable anesthetics). The
developers of the model had used injectable anesthetics to ensure that the microbeads settle in the
iridocorneal angle, so we aimed to determine whether the type of anesthesia influenced microbead
distribution and subsequent outcomes for the integrity of the lens and cornea (Ito et al., 2016). We
also tested different microbead solution volumes, ultimately reducing the injected volume from 1.5
pL to 0.6 uL after observing that a few animals receiving the lower volume did not develop the same
ocular lesions. However, surprisingly, even after proceeding with 0.6 uL injections in the main study,
almost all animals still developed lens and corneal damage, indicating that injection volumes were not

the source of these ocular lesions.

Rather than modelling POAG, the most common form of glaucoma in which lens and corneal
damages typically do not present, it appears that the magnetic microbead model in this study was more
reminiscent of a rare and debilitating subtype of glaucoma known as phacomorphic glaucoma (PMG).
PMG is a part of a subgroup of secondary glaucomas known as lens-induced glaucoma (LIG),
characterized by hyper-mature senile cataracts (HMSCs) (Shah & Meyer, 2025). In PMG, 10OP
elevations occur due to pupillary block caused by the presence of an intumescent cataractous lens
(Shah & Meyer, 2025). Corneal irregularities caused by raised IOP, such as stromal edema, sub-
epithelial bullae, and Descemet membrane folds, are also common in LIG; many glaucomatous
animals presenting with lens cataracts also exhibited folded or bulging corneas in this study (Shah &
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Meyer, 2025). It is challenging to pinpoint exactly how the microbead injections caused the
development of LIG in this study, though flaws in surgical technique may have been contributing
factors. In the protocol provided by the developers of the magnetic microbead model, the authors
state that the microneedle used for the injection of the microbead solution must be placed at a 45°
angle in relation to the limbus during the puncture of the cornea, and that care should be taken to
ensure that the needle does not enter the posterior chamber or come into contact with the lens or iris
(Ito et al., 2016). Moreover, the developers injected the microbead solution over a period of 30-60
seconds, while in this study, the injections were quickly executed in 1-2 seconds (Ito et al., 2016).
Hence, variations in the positioning of the microneedle during injections as well as the rapid injection
times may have caused the microneedle and microbead solution to contact the lens, causing cataracts
formed by penetrating and/or chemical trauma. Penetrating trauma can cause immediate cataract
formation, and chemical trauma can induce cataract formation by altering the composition of the lens
fibers (Okoye & Gurnani, 2025). These surgical traumas are plausible explanations for the lens
damages observed in this study, as cataracts in microbead-injected eyes developed rapidly as they were
clearly visible beginning the day after the surgeries while animals were restrained during oral gavage,
and in some animals, microbeads were found in the posterior chamber during sampling. Another
possible source of ocular trauma may have been the pressing of the handheld magnet against the
cornea during the dispersion of the microbeads around the iridocorneal angle. Cataracts induced by
blunt trauma display a characteristic rosette or flower-shaped appearance accompanied by degradation
of the lens capsule (Okoye & Gurnani, 2025), both of which were observed in some microbead-
injected eyes during the sampling procedure. While errors in surgical technique pose as possible
explanations for the observed lens and corneal damages, they are not the sole explanation, as several
glaucoma studies conducted in the Tsilfidis lab in the past that have utilized the magnetic microbead

model of glaucoma did not observe these ocular injuries. Another possibility could be attributed to
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flaws in the preparation of the magnetic microbead solution, as a new batch of microbeads were
ordered for this project. The magnetic microbeads were coated with epoxy groups, and insufficient
removal of epoxy groups during washing could result in clumping of the beads and inflammation (Ito
et al., 2016). Overall, a high degree of optimization of the magnetic microbead model is necessary to

prevent these ocular damages from confounding experimental findings.

A major goal of this study was to ensure that the magnetic microbead model was effective at
promoting sustained elevations in IOP, as elevated IOP is a main risk factor for POAG. In the study
conducted by the developers of the magnetic microbead model, IOP levels remained elevated at an
average of 20 mmHg up to 6 weeks in microbead-injected eyes (Ito et al., 2016). In this study, the
average IOP readings in glaucomatous eyes were higher that what the developers had observed; IOPs
were elevated at an average of 25.3 = 5.9 mmHg in WIN1316-treated glaucomatous animals and 24.8
+ 6.2 mmHg (mean + SEM) in saline-treated glaucomatous animals up to 12 weeks (Figure 3.4). In
their protocol, the developers of the magnetic microbead model warn that caution should be taken
when IOP measurements in awake mice are greater than 25 mmHg, as extreme IOP elevations can
promote ischemic damage and may be painful for the animal (Ito et al., 2016). A glaucoma study that
involved the intracameral injection of autologous ghost red blood cells into the anterior chamber to
block the TM of Squirrel and Cynomolgus monkeys reported a mean IOP of 53.5 mmHg and a mean
peak IOP of 69.8 mmHg, and at these extremely high IOP levels, corneal edema was a common side
effect (Quigley & Addicks, 1980). Corneal edema can increase corneal thickness, and central corneal
thickness has been shown to artificially increase IOP readings taken by a rebound tonometer
(Kohlhaas et al., 2006; Morgan & Tribble, 2015). This may also offer a potential explanation as to why
optic nerve axon counts and RGC soma counts were not reduced in microbead-injected eyes at 12-
weeks post-surgery; the irregular corneal surface of the microbead-injected eyes may have led to an
overestimation of IOP values, hence the true IOPs may not have been sufficient to cause optic nerve
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axon loss and RGC soma loss in this study. As mentioned previously, corneal abrasions can also be
caused by IOP-independent factors such as chemical, penetrative, or blunt trauma, so it is unclear
whether the corneal insults observed in this study were a cause or consequence of high IOP readings.
It is much likely the former, however, given that initial elevations in IOP would have likely caused

optic nerve axon loss regardless of whether corneal stiffening overestimates subsequent IOP readings.

In addition to evaluating whether the magnetic microbead model accurately resembles clinical
POAG in terms of physical presentation and elevation IOP, this thesis aimed to assess if glaucoma
induction causes retinal cell dysfunction and if WN1316 treatment could offer functional protection.
The pathological hallmark of glaucoma is the progressive dysfunction and loss of RGCs, hence it was
not expected for the model to penetrate beyond the GCL, both in terms of functional and structural
loss. However, the 7 vivo tests of visual electrophysiology demonstrated that the microbead injections
appeared to reduce the functioning of photoreceptors, bipolar cells, and amacrine cells, particularly in
WN1316-treated glaucomatous animals. Photoreceptor, bipolar cell, and amacrine cell function is
necessary for the functionality of RGCs, as these outer retinal cells relay visual signals to RGCs
through neurotransmitters (Addo, 2016). Reductions in the functioning of cells in the ONL and INL
were only observed at 3- and 6-weeks post-surgery, as these timepoints included the glaucomatous
animals with the greatest severity of ocular (i.e., lens and cornea) damage as observed by fundus
imaging. Dysfunction in the outer retina was not reported by the developers of the magnetic
microbead model, nor was it observed in a glaucoma study conducted by the Tsilfidis lab that used
the same model (Ito et al., 2016; Visuvanathan et al., 2022). However, in these studies, the microbead
injections did not cause the same lens and corneal damages as seen in this study, and it may be that
these ocular opacities contributed to reductions in a-wave, b-wave, and OP amplitudes; the a- and b-
wave mean peak amplitudes have been found to be significantly reduced in human eyes with mature
cataracts compared to those of control eyes (Yamauchi et al., 2016). Interestingly, in the sham control
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group, particularly at the 3-week timepoint, WN1316 appeared to significantly protect against outer
retinal dysfunction. Although these animals did not undergo glaucoma induction, their fundus images
still revealed signs of retinal damage, indicated by light-coloured patches. This suggests that even in
the absence of elevated IOP, WN1316 may offer neuroprotection under conditions of mild retinal
dysfunction, highlighting its potential in preserving retinal function at lesser degrees of damage.
Nonetheless, the fact that there was outer retinal dysfunction further supports that optimization of
the model is necessary for future studies, as it is possible that protection by WN1316 in glaucoma

might have been seen without the added damage to the lens, cornea, and outer retinal cells.

As mentioned previously, determining whether WN1316 could protect against RGC
dysfunction was a major goal of this study, as loss of RGC functionality is a primary characteristic of
glaucoma. Analysis of the PERG data revealed that there were significant reductions in RGC soma
and axon function throughout most experimental timepoints, though the reductions were usually only
significant in WIN1316-treated glaucomatous animals relative to WIN1316-treated sham controls. It is
possible that the significant impairments in RGC soma and axon function in WN1316-treated
glaucomatous animals were caused by the complications of the microbead model as opposed to
WN1316 treatment. According to surgical, sampling, and fundus observation notes, many of the
WN1316-treated glaucomatous eyes had seemingly more severe complications than saline-treated
glaucomatous eyes; cataracts were usually larger and denser in WN1316-treated glaucomatous eyes,
and in some animals, the magnetic microbeads were physically in contact with the lens and scattered
throughout the posterior chamber. It is unclear if WN1316 treatment somehow exacerbated the
microbead-induced damage, as reports of antioxidant compounds causing harm to ocular structures
have not been established in the literature. However, at the 3-week timepoint, WN13106-treated sham
animals exhibited preserved RGC soma and axon function compared to saline-treated sham animals,
reinforcing the idea of a potential protective effect of WN1316 even in the absence of elevated IOP.
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This observation aligns with earlier findings of outer retinal protection in the sham group at the 3-
week timepoint and further supports the idea that WIN1316 may be capable of preserving retinal

function under conditions of mild damage.

Moreover, given that glaucoma is characterized by optic nerve degeneration, it was expected
that the model would produce reductions in the components of the VEP tests, as these represent
signalling from the optic nerve to the visual cortex. Similar to previous trends in the ERG findings in
this study, early arriving signals to the visual cortex, represented by the N1 VEP component, were
impaired in WN1316-treated glaucomatous animals at 3- and 6-weeks post-surgery relative to
WN1316-treated sham control animals. Again, it is important to note that at these timepoints, the lens
and corneal opacities caused by the microbead injections were extremely severe, particularly in the
WN1316-treated glaucoma group, hence it remains elusive regarding whether WIN1316 treatment truly
affected signalling to the visual cortex. Additionally, the VEP signal can be subject to variability due
to slight differences in placement of the recording electrode over the visual cortex. Minor deviations
in electrode positioning between animals, or even between timepoints in the same animal, can impact
signal amplitude, potentially obscuring the effects of the treatment. Moreover, intracortical signalling
between the visual cortex and other cortical regions, represented by the P2 VEP amplitude, was not
reduced in glaucomatous animals, which suggests that the model was not severe enough to affect
intracortical visual signalling. Overall, due to the confounding ocular damages induced by the
microbead injections, it remains inconclusive as to whether WN1316 can provide functional

protection in glaucoma.

Another major goal of this study was to evaluate if WN1316 treatment could provide structural
protection for RGC axons and cell bodies in addition to functional preservation in glaucoma.

Surprisingly, at 6-weeks post-surgery, axon counts were significantly reduced only in WIN1316-treated
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glaucomatous animals, while saline-treated glaucomatous mice showed no significant degeneration
(Figure 3.11 1, J). This data corresponds to the ERG trends mentioned previously, in which retinal cell
dysfunction was more commonly reduced in WN1316-treated glaucomatous eyes. Again, a possible
explanation for the RGC dysfunction and axon loss in WN1316-treated glaucomatous animals could
be due to the fact that the damages to the lens and cornea caused by the microbead injections appeared
to be more severe in the WIN1316-treated glaucomatous groups, as many animals in this group at this
timepoint showed magnetic microbeads in the posterior chamber of the eye. However, given that the
ERG trends and week 6 axon count data taken together demonstrate that RGCs appear functionally
and structurally impaired in WN13106-treated glaucomatous animals, it cannot be ruled out that
WN1316 may possibly exacerbate glaucomatous damage, particularly under severe conditions where
the lens and cornea have extensive lesions. This is contrary to our initial hypothesis that WN1316
could confer neuroprotection in glaucoma in part due to its potent antioxidative and anti-
inflammatory properties. A possibility for this paradox may be that WN1316’s mechanism of action
may not be compatible with the pathophysiology of advanced glaucoma. A caveat of the antioxidant
Nrf2/ARE pathway, which has been previously shown to be upregulated by WN1316 7z vitro (Tanaka
et al., 2014), is that its excessive upregulation can induce reductive stress and promote metabolic
vulnerability (Pérez-Torres et al., 2017; Weiss-Sadan et al., 2023). Reductive stress is the counterpart
of oxidative stress and is defined as the excessive increase in reducing agents such as glutathione
(GSH) and nicotinamide adenine dinucleotide + hydrogen (NADH"), which significantly depletes
ROS to sub-optimal levels (Weiss-Sadan et al., 2023). While ROS can be harmful at high levels, ROS
serve as critical signalling molecules for processes that are vital to cell survival at basal levels. Hence,
excess reducing agents can cause damage to cells by disrupting cell growth, promoting disulfide bonds
in proteins, and reducing mitochondrial function and cellular metabolism (Weiss-Sadan et al., 2023).

Furthermore, WN1316’s ability to suppress gliosis may actually be harmful in the context of glaucoma;
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reactive astrocytes may be initially protective as they can promote optic nerve survival and
regeneration by mediating epidermal growth factor signalling (Calkins et al., 2017; Garcfa-Bermudez
et al,, 2021; Harder et al., 2017; Shinozaki et al., 2023, 2024). Future studies should therefore
thoroughly investigate how WN1316 alters the retina and optic nerve, at both the cellular and
morphological level. Such studies might want to evaluate the expression or protein levels of reducing
agents in WIN1316-treated animals and compare the findings between glaucomatous animals that
display lens and corneal lesions and glaucomatous animals that do not exhibit these ocular
abnormalities, and also assess the activation of astrocytes and microglia in WIN1316-treated animals

through GFAP or Iba-1 staining.

Despite the sustained IOP elevations until 12-weeks post-surgery, RGC axon and soma counts
were oddly not reduced in WIN1316-treated or saline-treated in glaucomatous animals at the 12-week
timepoint. This was highly surprising because sustained IOP elevations have been shown to disrupt
the axonal transport of neurotrophic factors and induce axonal ischemia by placing mechanical stress
on the optic nerve head, driving RGCs towards apoptosis (Bou Ghanem et al., 2024; Claes et al., 2019;
Hurley et al., 2022). The developers of the magnetic microbead mouse model observed a significant
25% reduction in RGC axons as well as a 22% reduction in RGC cell bodies in hypertensive
microbead-injected eyes as early as 3-weeks post-surgery, hence it was expected that RGC cell bodies
and axons would have been substantially reduced at 12 weeks in microbead-injected eyes (Ito et al.,
2016). One possible explanation for the lack of observed RGC soma loss is that cell counts in this
study were performed in central retina sections. Evidence suggests that RGC degeneration in
glaucoma begins in the peripheral retina and progresses centrally (Liu & Margeta, 2019). If
degeneration was localized to the periphery at the time of tissue collection, central sectioning may
have missed these RGC losses. However, this explanation alone may be insufficient, as RGC axon
counts also did not show reductions at this timepoint, and axon loss is generally thought to precede
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RGC soma loss in glaucoma. It therefore would have still been unlikely to observe reductions in RGC
soma counts in peripheral retina sections given that RGC axon counts were not reduced in
glaucomatous eyes. Nevertheless, including peripheral retina sections or performing soma counts
using whole retina flat mounts may therefore provide a more comprehensive measure of RGC loss in
future studies using the magnetic microbead model of glaucoma. Another possible explanation for the
lack of RGC axon and soma loss in glaucomatous animals at the 12-week time point that was alluded
to previously is that the corneal abrasions observed in microbead-injected eyes may have led to an
overestimation of IOP values as changes in corneal thickness and an uneven corneal surface can
reduce the accuracy of the rebound tonometer, hence the true IOP values may not have been
sufficiently elevated to cause substantial RGC axon and soma loss (Ito et al., 2016; Kohlhaas et al,,
20006). A study by Cone et al. (2010) that tested the efficacy of polystyrene microbead injections in 2-
month-old C57BL6/] mice reported that ocular damages such as enlargement of the cornea, corneal
neovascularization, and limbal staphyloma were common and observable as early as 3 days post-bead
injection in hypertensive microbead-injected eyes, and reductions in RGC axon and soma counts at
12-weeks post-injection were relatively mild, at 5.2 * 12.1% and 6.5 £ 8.9% (mean * SD) respectively.
It may therefore be possible that ocular lesions to structures such as the cornea may impede RGC

axon and soma loss in inducible models of glaucoma.

Furthermore, it was also surprising to see that glaucomatous RGC somas were not positive
for the pro-apoptotic enzyme caspase-3 at 12-weeks post-surgery, suggesting that these RGCs were
not undergoing apoptosis at this timepoint. Visuvanathan et al. (2022) observed caspase-3 staining in
the GCL of GFP-treated glaucomatous eyes at 6-weeks post-microbead injections, hence it may be
that caspase-3 staining was not observed in the 12-week glaucomatous retinas because the initial wave
of caspase-3 activity occurred prior to 12 weeks. Alternatively, it could be that the 12-week
glaucomatous RGCs were undergoing caspase-independent cell death; a study showed that the
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generation of ROS during retinal cell death results in the oxidative inhibition of caspases i vitro
(Carmody & Cotter, 2000). In addition to apoptosis, RGCs can indeed die through caspase-
independent mechanisms such as necroptosis, a regulated cell death pathway that involves a different
set of proteins including receptor-interacting protein kinase 1 and 3 (RIPK1, RIPK3), tumor necrosis
factor (TNF), and other protein complexes that orchestrate cell leakage, organelle swelling, and
inflammation (Thomas et al., 2019). In a rat model of blunt ocular trauma, it was found that the
necroptotic proteins RIPK1 and RIPK3 were upregulated specifically in RGCs and treatment with a
RIPK1 inhibitor significantly protected against RGC cell death in culture (Thomas et al., 2019). As
previously mentioned, many microbead-injected eyes in this study showed signs of blunt ocular trauma
that may have been caused during the microbead injection process, which further supports the
plausibility that RGCs may have been in the process of undergoing necroptosis rather than apoptosis

in this model.

Overall, the overarching takeaway from this study is that going forward, extensive
optimization of experimental paradigms will be necessary in order to effectively evaluate WN1316’s
therapeutic potential in glaucoma. A core confounding variable in this work was the ocular lesions
produced by the magnetic microbead injections, namely lens and corneal abrasions, which generated
a model that was less reminiscent of clinical POAG and more akin to a rare and elusive subtype of
glaucoma known as lens-induced glaucoma (LIG). Thus, modifications to the experimental glaucoma
model will be essential for future experiments. With regards to the magnetic microbead model, care
should be taken to prevent trauma to the eye that can occur during the injection procedure. During
the Association for Research in Vision and Ophthalmology (ARVO) conference that I recently
attended, researchers who have also faced challenges with the magnetic microbead model
recommended surgical optimization strategies such as performing the injections through the limbus
rather than the cornea to prevent the needle and microbeads from contacting the lens, as well as
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ensuring that the handheld magnet does not contact the corneal surface to prevent blunt trauma.
Other strategies may involve sterilization of the microbeads by gamma irradiation and applying
antibiotic ointments to the surgical eye to prevent endophthalmitis (Ito et al., 2016; Morgan & Tribble,
2015). Should these optimization techniques fail to eliminate the confounding ocular damages, future
glaucoma studies may want to test potential therapies in alternative models. Though genetic models
of glaucoma require long experimental timelines, are typically costly, and can involve significant
variation in the glaucoma phenotype, an advantage that they have over inducible models is that they
can be more representative of clinical glaucoma given that glaucoma symptoms such as IOP elevations
and RGC loss develop slowly over time rather than acutely as in inducible models of glaucoma. An
ideal glaucoma model should factor in the synergistic mechanisms involved in glaucomatous
pathology, such as IOP elevation and oxidative stress. In one such double transgenic mouse model,
with a point mutation in MYOC and heterozygous deletion of the superoxide dismutase 2 (SOD?2)
gene, animals developed outflow pathway impedance, high IOP, optic nerve degeneration, and 37%
RGC loss at 10-12 months of age (Joe et al., 2015). Thus, future experimental glaucoma studies may
benefit from the use of chronic glaucoma models in the event that inducible models cannot be

optimized to prevent confounding ocular lesions.

In summary, this thesis evaluated the neuroprotective potential of a novel antioxidant and
anti-inflammatory compound, WN1316, in the mouse magnetic microbead model of glaucoma. While
sustained IOP elevations were achieved, unexpected complications such as the observed lens and
corneal damage complicated both the progression of glaucomatous pathology and the interpretation
of WN1316’s ability to protect against functional and structural loss of RGCs. The confounding
influence of ocular lesions therefore highlights the need for further optimization of the magnetic
microbead model to minimize anterior segment damage and better isolate glaucomatous effects.
Although WN1316-treated glaucomatous animals did not exhibit protection at the level of RGC axon
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and soma counts, functional data from visual electrophysiology suggested a trend toward preserved
outer retinal and RGC function in WN1316-treated sham animals pointing to possible protective
effects under milder or non-glaucomatous conditions. Future studies may benefit from incorporating
more thorough experiments such as performing Western blots using glaucomatous retinas, evaluating
other mechanisms of RGC death such as necroptosis, performing retinal flat-mount analyses, and
measuring regional RGC loss. Overall, while this study was not able to definitively establish WN1316’s
therapeutic potential in glaucoma, it provides a foundation for continued investigation into its role in
retinal protection and reinforces the importance of model optimization in preclinical glaucoma

research.
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