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Overview of Thesis
The current work is structured as a “thesis by compilation” and is presented in the
following format. Chapter 1 provides a comprehensive review of the literature. This
chapter discusses the role of RAGE and its ligand amyloid beta in Alzheimer’s disease, the
known epidemiological and pathological similarities between Alzheimer’s disease and
glaucoma, and the current evidence of the involvement of RAGE in retinal pathology and
its potential role in glaucoma. A summarised version of this chapter will be submitted as
an invited review paper to the Journal of Experimental Eye Research with the title
‘Receptor for advanced glycation end product mediates retinal ganglion cell loss in
glaucoma’.
Chapter 2 describes how RAGE–/– mice are protected against retinal ganglion cell loss and
retinal dysfunction in experimental glaucoma. Chapter 3 reports how RAGE–/– mice are
protected against retinal ganglion cell loss after exogenous amyloid beta oligomers
injection into the vitreous. Finally, Chapter 4 summarises the findings and discusses how
RAGE and its ligand amyloid beta may mediate retinal ganglion cell loss in glaucoma.
This thesis also includes two separate supplementary sections of figures and details of the
protocols used in the thesis, which have been added to the Appendix.
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ABSTRACT
Glaucoma encompasses a heterogeneous group of neurodegenerative processes
associated with progressive damage to the resident neurons within the retina known as
retinal ganglion cells (RGCs). The early stages of glaucoma are not associated with any
symptoms, pain or change in sight. As a result, up to 40% of RGC loss occurs before a
clinical diagnosis is made. Current treatments are effective at reducing intraocular
pressure (IOP), the major risk factor for the disease, but a significant proportion of
patients still experience vision loss despite treatment. Identifying new treatments that
prevent RGC death caused by glaucomatous pathology is a major unmet need.
The receptor for advanced glycation end products (RAGE) is implicated in the
pathogenesis of many chronic diseases, particularly neurodegenerative diseases such as
Alzheimer’s disease (AD) in which RAGE and its ligand, amyloid beta (A), have been
shown to mediate neuronal loss. Interestingly, higher RAGE expression and A deposits
have also been identified in the RGC layer in glaucoma. Given the current evidence for the
involvement of similar underlying pathophysiological mechanisms in AD and glaucoma
and that both RAGE and A are linked to cell death pathways, I hypothesised that RAGE–
A signalling underlies RGC loss in glaucoma.
To address this hypothesis, RAGE knockout (RAGE–/–) mice and wild-type (WT)
control mice were exposed to acute IOP elevation. Further, the time-dependent effects of
intravitreal injection of A on RGC loss, retinal dysfunction and structural damage in
RAGE–/– and WT mice were also investigated. In this study, RAGE–/– mice were protected
against RGC loss in experimental glaucoma compared with WT mice. The potent effects
of A on RGC loss was significantly diminished in RAGE–/– mice compared with WT mice.
These findings suggest that RAGE–A is involved in RGC loss in an acute model of
glaucoma. Similar experiments in other animal models of glaucoma are needed to confirm
whether inhibition of RAGE–A binding helps to slow the development of glaucoma.
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Introduction
Glaucoma is a neurodegenerative disease with no significant symptoms or signs
indicative of disease activity. It is a leading cause of preventable blindness that currently
affects 300,000 Australians. Studies suggest that over 50% of people with glaucoma are
unaware [1] of their disease and more than 72% of new cases are detected incidentally
during examination for another reason unrelated to glaucoma [2], [3]. Despite numerous
pharmacological attempts to lower intraocular pressure (IOP), the single most significant
risk factor for the disease, glaucoma can continue to progress and eventually lead to
retinal ganglion cell (RGC) loss and subsequent vision loss.
During normal vision, light passes through the cornea and lens before reaching the
retina, the light-sensitive layer of the eye. The retina is divided into two main structures:
the outer and inner retina. The outer retina houses the photoreceptors, the cells that
receive light and transmit it through electrical signals, which are then transmitted to
RGCs located within the inner retina. RGCs are responsible for relaying visual signal from
the inner retina to the brain. The cell body of RGCs is located within the inner layer of the
retina, and their axons extend to the brain via the optic nerve.
In glaucoma, it is believed that elevated IOP induces haemodynamic stress at the
optic nerve head, which leads to optical nerve axonal compression and subsequent RGC
loss via apoptosis [4]. As a progressive neurodegenerative disease, glaucoma affects
peripheral vision in its early stages and can cause central visual dysfunction later in the
disease process (Figure 1).
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Normal Vision

Early Glaucoma

Advanced Glaucoma

Extreme Glaucoma

Figure 1. Alterations in normal vision with glaucoma [4]. The loss
of sight in glaucoma is generally continuous and peripheral vision
might be lost without any symptoms.

Statement of the problem
Elevated IOP is considered to be a prime factor for glaucomatous damage to the
optic nerve head, which leads to RGC loss. Management of IOP, the sole modifiable risk
factor, is at the centre of most pharmacological interventions targeted at halting disease
progression. However, a significant proportion of patients experience some degree of
vision loss despite the therapeutic management [5]. As a result, the focus of recent
research has shifted from IOP management to devising strategies that delay or halt RGC
loss as potentially the most beneficial approach to preserve vision in glaucoma.
A variety of molecular signalling pathways have been investigated to understand
better the mechanisms that mediate RGC loss. The receptor for advanced glycation end
products (RAGE) is a pattern recognition receptor that binds many molecules involved in
tissue injury and is involved in various chronic diseases associated with aging. RAGE
binds a number of ligands and is highly expressed in RGCs. Prominent among the various
18

ligands amyloid beta (A), the central player in Alzheimer’s disease (AD), has a potent
neurotoxic effect on RGCs [6]–[8]. Although RAGE–A-mediated neuronal cell death has
been widely studied in AD, its potential role in RGC death in glaucoma has not been
investigated.

Hypothesis
That in glaucoma, 1) RAGE takes part in RGC loss and 2) the RAGE–A axis is
involved in RGC loss.

Research aims
To address this hypothesis, IOP was increased in RAGE –/– and wild-type (WT)
control mice to replicate a model of retinal ischaemia–reperfusion injury and
experimental glaucoma. Following on from the results of the first experiment, in the
second experiment, the RAGE ligand, A, was intravitreally injected in to the vitreous of
RAGE–/– and WT control mice. The specific aims of the project were as follows.
AIM 1: Determine whether RAGE mediates RGC loss and retinal dysfunction in a model
of acute retinal ischaemia.
AIM 2: Determine whether RAGE–A activation exacerbates RGC loss.
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1. Chapter 1—Review of the literature
1.1.

The eye and the retina

The eye, an organ of the visual system, comprises several biological structures
including the retina, optic nerve, vitreous, sclera, lens, iris, pupil and cornea (Figure 2).

Figure 2. Eye components and their role in vision1

The retina is located at the posterior section of the eye. It comprises 10 different
layers, of which the nerve fiber layer (NFL) is the innermost layer closest to the lens
(Figure 3). Photoreceptors including the rods and cones are located in the outermost
neighbouring epithelium pigment layer and choroid. The middle retinal layers house the
neuron cell bodies and their synapses, and the outer nuclear layer contains the somata of
photoreceptors. The inner nuclear layer (INL) houses the cell body of bipolar, amacrine

1

https://www.glaucoma.org.au/about-glaucoma/what-is-glaucoma/
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and horizontal cells, and the inner plexiform layer (IPL) contains the synapses of RGCs
and bipolar cells [9].

Figure 3. Retina layers and cells2

1.2.

Glaucoma

Glaucoma remains one of the three major causes of blind registrations in Australia; an
estimated 2.4% of the Australian population over the age of 50 will develop the
disease[10]. It is a chronic progressive optic neuropathy involving characteristic loss of
optic nerve fibres (disc cupping) and corresponding visual field defects. The pathogenic
mechanisms remain controversial. IOP is clearly associated, but up to one-third of

2

https://basicmedicalkey.com/the-special-senses-2/
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glaucoma patients with normal tension glaucoma never manifest elevated IOP. Ocular
hypertension (OHT) is a far more frequent finding in the community than glaucoma. In
Japan the incidence of glaucoma increases with age, although, in contrast to Western
countries, the mean IOP decreases with age [11]. Several studies have concluded that
lowering IOP has a beneficial effect [12]–[16]. However, not all patients respond to
pressure reduction, and some progress to a stage involving a significant amount of RGC
degeneration, which predisposes to vision loss[17]. RGC degeneration can begin decades
before clinical symptoms of the disease are apparent. This time-dependent process is the
key to helping researchers to understand, and clinicians to prevent, RGC loss in the very
early stages of glaucoma. Therefore, the focus of current research is to identify the
molecular mechanism(s) involved in RGC loss in glaucoma.
1.2.1.

Glaucoma risk factors

Glaucoma is a multifactorial disease, and several genetic and environmental
factors are involved in both the early and progressive stages of the disease. Although
increased IOP is the predominant risk factor for glaucoma, not all patients show increased
IOP [18]. Moreover, a limited proportion of people with normal IOP develop glaucoma
[19].
Other risk factors for glaucoma are as follows;
•

advanced age (over 40 years for people of African ethnicity and over 60 years for the
general population) [20]

•

African or Asian ethnicity [20]

•

family history of glaucoma [21]

•

history of diabetes, high or low blood pressure, or migraine headache [21]
23

•

history of systematic corticosteroid drug use [22], [23].
1.2.2.

Glaucoma pathophysiology

Although the underlying cause of glaucoma is not understood completely, the rate of
RGC loss is linked to IOP level. The drainage pathway of the eye’s anterior chamber is
responsible for regulating IOP by maintaining the balance between aqueous humour
production and its drainage through the trabecular meshwork (Figure 4). In glaucoma,
an increased resistance to aqueous outflow leads to increased IOP and subsequent
mechanical strain and stress on the posterior structure of the eye, notably the optic nerve
head and lamina cribrosa [24]. The chronic mechanical stress causes compression and
deformation of the lamina cribrosa, the weakest structure exposed to the pressurised
intraocular space. Deformation of the lamina cribrosa then leads to remodelling of its
structure and disruption of axonal transport. This interrupts the retrograde delivery of
tropical factors to RGCs from the relay neurons of the lateral geniculate nucleus (LGN) in
the brain and ultimately results in loss of vision [25], [26].
1.2.3.

Clinical presentation

Following RGC and optic nerve fibre loss in glaucoma, structural changes in the
appearance of the optic nerve head become apparent. In the early stages, structural
alterations caused by axon degeneration leads to excessive optic disc cupping, a
characteristic shape of the optic disc and visual loss (Figure 4). While normal people have
a small cup to disc ratio, this ratio tends to increase in glaucoma patients leading to a
greater cup to disc ratio [27] This progressive structural damage leads to further fibre loss
that can be picked up on an optical coherence tomography (OCT) scan. In the advanced
stages of the disease, progressive RGC loss continues leading to accelerated deterioration
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of visual fields, the total area in which objects can be seen in the side (peripheral) vision
as one focuses on a central point.

Figure 4. Left) The eye-drainage pathway that regulates IOP3, Right) Increase in the cup-to-disc ratio in glaucoma
patients4. The “cup” forms a small portion of the disc in the normal optic nerve, but this portion increases in the optic
nerve of glaucoma patients.

1.2.4.

Glaucoma as a neurodegenerative disorder

Given the many key similarities between glaucoma and the central nervous system
(CNS) disorders, glaucoma is often considered a chronic retinal neurodegenerative
disorder. First, despite its peripheral location, the retina is considered as a part of the CNS
[28] because embryonic development of the retina derives from the out-pocketing of the
diencephalon, a portion of the brain comprising the thalamus and hypothalamus. The
brain and the eye are connected through adjacent vasculatures, the blood–brain barrier
(BBB) and the blood–retina barrier (BRB) [29]–[31]. Second, neurodegeneration is
typically a progressive process, which may have no prior symptoms, and is mainly
accompanied by loss of specific neuronal cells and, in the case of glaucoma, RGC loss.

3
4

https://nei.nih.gov/health/glaucoma/glaucoma_facts
https://www.glaucoma.org/treatment/optic-nerve-cupping.php
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Third, structural alterations in the LGN region of the brain of glaucoma patients have also
been reported [32], [33]. This suggests a connection of neuronal cells between the retina
and the brain, and provides further evidence that glaucoma is a neurodegenerative
disease of the visual system.

1.3.

Similarities between glaucoma and AD

Epidemiological studies suggest that glaucoma occurs in about 25% of people with AD
[34], [35]. A recent longitudinal study reported that people with glaucoma were four times
more likely to develop dementia (odds ratio=3.9; CI 1.5–10.4, p<0.001) after adjusting
for age, sex, education, family history of glaucoma, vascular risk factors and
apolipoprotein 4, a major genetic determinant of AD risk [36]. This finding suggests that
a common underlying mechanism contributes to the pathogenesis of both diseases.
Among many possibilities, deposition of A plaques appears to be the single major driving
factor for both diseases. Accumulation of extracellular A is a key hallmark of AD and,
interestingly, A is highly deposited in the retina, optic nerve and RGCs of people with
acute ocular hypertension (AOH), glaucoma and AD [37]–[39]. Although the functions of
A are not fully understood, some researchers have suggested a physiological role in
synaptic physiology and as an anti-microbial molecule [40]–[44]. Some studies have
indicated that the A isoform, A1–42, and to a lesser extent A1–40, are cytotoxic for CNS
neurons and microvascular endothelial cells [45]–[47].
A is formed by cleavage of the amyloid precursor protein (APP). A transmembrane
protein is expressed throughout the brain and the eye, including in RGCs. APP plays a
major role in the normal nervous system where it regulates synaptic plasticity [48]. APP
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is processed through various enzymes through two distinct pathways: amyloidogenic and
non-amyloidogenic. It is through the amyloidogenic pathway, through which APP is
initially cleaved by the enzyme -secretase and then by -secretase, yielding A [49], [50]
(Figure 5). Dysfunction in A metabolism results in accumulation of A1–42, which
aggregates to produce oligomers that are thought to trigger AD pathogenesis [51], [106].
The accumulation of A plaques in the AD brain is also attributed to an imbalance in the
in–out flux of A. The influx of A across the BBB is mediated through RAGE and the out
flux is mediated through lipoprotein-related receptor 1 [52].

Figure 5. The proteolytic processing of APP [47]. APP is processed in two distinctive
amyloidogenic and non-amyloidogenic pathways. Though, A is generated in
amyloidogenic pathway by successive action of β- and γ-secretase, its production is
prevented in non-amyloidogenic pathway.

There is evidence that increased A level induces neuronal apoptosis [53]. Colocalisation of caspase-3 and A plaques has also been reported in the brain of AD patients
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[53]. A similar concept has been reported in a rat glaucoma model [53]. Increased retinal
levels of APP fragments, A and caspase-3 were detected in hypertensive eyes compared
with control eyes. Accumulation of A deposits have been reported in the RGC layer of an
animal model of AD [8]. Similarly, accumulation of retinal A in OHT and glaucomatous
eyes has been also reported [54], [55]. Guo et al. reported that targeting the A pathways
can reduce RGC loss during glaucoma [6], [18]. More recently, it has been shown that
Lycium barbarum polysaccharides (LBP) is protective against A-mediated neurotoxicity
of RGC during AOH via downregulation of RAGE [56]. This implies that RAGE–A
binding may mediate RGC loss by transferring A from the blood circulation via
upregulation of vascular RAGE. The following sections explore this mechanism further
and review the literature on RAGE, its structure, ligands and involvement in AD and,
possibly, glaucoma.

1.4. RAGE
The RAGE locus is located on chromosome 6 between Class 2 and 3 major
histocompatibility complex (MHC) and produces a 55 kDa protein of 404 amino acids
[57], [58]. RAGE is found on the membrane of different cell types such as glial cells and
neurons [59]–[63]. Initially, RAGE was shown to interact only with advanced glycation
end products (AGE), the products of non-enzymatic glycation and oxidation of proteins
and lipids caused by normal ageing and accumulation of stress stimuli [58]. RAGE was
later shown to be a multi-ligand receptor that binds to a diverse repertoire of ligands
including AGE, A, beta-sheet fibrils, high-mobility group box 1 (HMGB1), S100, Mac-1
and phosphatidylserine [64]–[66]. Activation of RAGE–ligand activation has various
effects on proinflammatory and cellular stress cascades, which can lead to cell loss [67].
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1.4.1.

RAGE structure and function

RAGE is structurally correlated with the superfamily of cell adhesion molecules [68].
This receptor comprises three extracellular domains of 332 amino acids including the Iglike variable type domain (V) at the N-terminus and two constant-type domains C1 and
C2, a transmembrane domain, and a cytosolic tail of 43 highly charged amino acids [58].
The cytosolic domain is required for prompting signal transduction [57], [58], [68], [69].
RAGE ligands typically interact with its V domain [58]. RAGE typically has three isoforms
including a full-length membrane-bound form (mRAGE) and soluble form of RAGE
(sRAGE), which lacks transmembrane and cytosolic domains. Both sRAGE and mRAGE
share similar ligands, and there is evident that sRAGE acts as a decoy and neutralises
mRAGE ligands [70] (Figure 6).

Figure 6. Schematic depiction of RAGE structure and model of sRAGE [61]. RAGE is composed of three extracellular
domains of C1, C2 and V all of which participate in RAGE-ligand interactions. The receptor is also anchored in the
cell membrane by its transmembrane alpha helical domain and extended to an attached cytosolic domain which takes
part in signal transduction.
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The RAGE promoter is recognised as a binding site for nuclear factor-kappaB (NFB), interferon- response element, Sp1 binding site, and interleukin 6 DNA binding motif
[71], [72]. These binding sites control RAGE expression [71]. RAGE is minimally
expressed across the various organs of the body with the exception of the lungs in which
RAGE is highly expressed [65], [71], [58]. Nonetheless, accumulation of its ligands
upregulate RAGE expression in positive-feedback activation to initiate an inflammatory
response and stress signalling [74].
1.4.2.

RAGE and A in AD

RAGE–ligand signalling is involved in synaptic dysfunction, neuroinflammation,
accumulation of toxic reactive oxygen species (ROS) and oxidative stress, all of which are
known contributors to progressive AD [37], [67], [75]–[77]. Higher levels of RAGE have
been identified in endothelial cells, neurons and microglia surrounding amyloid plaques
[78]. In AD, influx of circulating A across the BBB into the brain is increased by RAGE
via transcytosis [79], and within the brain, RAGE is likely to internalise A oligomers into
the neuronal and glial cells via endocytosis [80]. RAGE–A activation is believed to
disrupt the tight junction proteins, the basic structure of the BBB, thereby perpetuating
the deleterious effects of neurotoxic A via disrupting the A production–clearance
homeostasis [52]. This phenomenon has been confirmed by a recent study that showed
the coexistence of A, elevated RAGE and matrix metalloproteases (MMPs), and
disrupted microvessels in the brains of transgenic 5xFAD mice [81]. RAGE–A
interaction has also been shown to activate multiple intracellular signalling pathways.
Onyango [82] reported the activation of the p38 mitogen-activated protein kinase
(MAPK), stress-activated protein kinase/c-Jun N-terminal kinase (JNK), and NF-B
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pathways as a result of RAGE–A binding. The activation of p38 MAPK particularly has
been shown to be a RAGE-dependent pathway in which A production [83] and
internalisation occur, leading to intraneuronal A cytotoxicity [84].
In AD, RAGE–A interaction mediates oxidative stress and increases ROS
generation in cerebral endothelial cells and astrocytes [62], [85]. A is a known oxidising
agent [86], [87] that can exert cellular effects upon binding to RAGE on the cell surface.
RAGE–A binding activates nicotinamide adenine dinucleotide phosphate oxidases
(NADPH) [88] in primary astrocytes, leading to ROS generation [89]. An increase in A
levels at sites of inflammation can promote RAGE-dependent oxidative stress[90]. A
peptides activate NF-B in rat primary microglia, as well as in human monocytes [91].
This suggests a possible feedback loop in which RAGE–A binding leads to NF-B
activation, which increases RAGE expression in neurons and further RAGE–A
interaction, ultimately leading to accelerated A cytotoxicity [78]. This continuous NF-B
activation, increases the expression of proinflammatory cytokines resulting in prolonged
activation of cell damage, including apoptosis [92].
The mounting evidence of how RAGE expression plays a significant role in the
underlying pathology of AD suggests that it is a potential target for the treatment of this
disease. A high-affinity RAGE-specific inhibitor, FPS-ZM1, which binds specifically to the
V domain of RAGE and crosses the BBB, has been shown to reduce A levels in the brain
of transgenic APPsw/0 mice, which overexpress human A-precursor protein [93].
Another inhibitor of RAGE–A interaction, PF-04494700, is currently in a clinical trial
for AD [91]. In preclinical studies, the compound has been shown to slow cognitive decline
on behavioural assays and decrease A load in the brain [90]. The soluble isoform of
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RAGE, sRAGE, has been shown to act as a decoy, by sequestering A and preventing
RAGE–A activation [52]. This observation has prompted studies investigating sRAGE
as a diagnostic and therapeutic agent in AD. Plasma sRAGE level is significantly lower in
AD patients [94], [95], which suggests the possibility of using this biomarker in screening
for the disease. In a mouse model of AD, administration of sRAGE increased cerebral
blood flow and reduced inflammation and A levels [52]. Collectively, these results
suggest that RAGE inhibitors and/or sRAGE promotion may be used to regulate RAGE–
A interaction, which in turn may prevent or delay the onset of AD. However, further
studies are required to investigate its specificity and sensitivity.
In summary, the current data suggest that RAGE–A interaction initiates a
cascade of several signalling pathways (e.g., ROS generation, NF-B) in AD, which
ultimately leads to neuronal apoptosis. Given the evidence discussed earlier of the
common underlying pathophysiological role of A in AD and glaucoma, we postulate a
new hypothesis that RAGE–A binding, similar to AD, may play a significant role in
glaucoma pathogenesis and retinal neurodegeneration.

1.5.

RAGE and A in retinal pathology

Within the eye, and specifically the retina, RAGE is expressed in a number of cells
including Muller cells, retinal pigment epithelium (RPE) cells and RGCs [96]–[98]. The
implications of RAGE expression in the retina through binding with its ligands and
activating a cascade of intracellular transduction pathways have been studied in
numerous eye conditions including glaucoma [96], age-related macular degeneration
(AMD)[99] and diabetic retinopathy [75]. The RPE and RGC layer are known to express
and secrete A [100], [101]. A accumulation has been shown to play a role in the
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pathogenesis of various retinal abnormalities including AMD and glaucoma [100], [102]–
[104]. A expression increases during ageing and exacerbates the underlying pathology
of AMD [101]. Studies of oligomeric A, have reported a correlation between soluble A
levels and the progress of AMD caused by disrupted neurotransmission and neuronal
death [105]–[107]. The presence of drusen, yellow deposits of lipids and fatty proteins,
increases an individual’s risk of developing AMD. A has been identified as a common
substructural component of drusen[108]. Interestingly, drusen displays intense staining
for RAGE [98], [109]. As discussed earlier, RAGE-mediated endocytosis is also active in
the retina, and this process translocates A into the intracellular space of RPEs in cases
of breakdown of the outer BRB axis [110].
RAGE–ligand interaction increases intracellular oxidative stress, as indicated by
increased activity of NADPH oxidase (Figure 7), a key mediator of superoxide radical
production in the retina, and ROS overproduction [62], [85], [88]. Oxidative stress is a
hallmark of retinal abnormalities including diabetic retinopathy (DR), AMD and
glaucoma; AGE accumulation has been reported in all of these diseases [96], [98], [110].
RAGE–ligand signalling plays a crucial role in inducing and perpetuating oxidative stress
in the retina, which leads to inflammation and subsequent retinal cell loss. Oxidative
stress upregulates NF-B activation, which stimulates the production of inflammatory
cytokines and chemokines and triggers an inflammatory response and death of retinal
cells, including RPEs and RGCs in AMD and glaucoma, respectively [111].
RAGE–ligand binding also activates vascular endothelial growth factor, a
pathological feature of both DR and AMD, via the RAGE–AGE–JNK signalling pathway,
which leads to increased vascular permeability and new blood vessel formation [112].
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These findings suggest that RAGE–ligand interactions perpetuate the vicious cycle
between oxidative stress, inflammation and cell apoptosis in retinal degenerative
disorders.

1.6. Role of RAGE in glaucoma
RAGE has been detected in RGCs of human glaucomatous eye tissues; higher levels
have been detected in glial cells particularly Muller cells [96]. By inducing the
overexpression of immune and neurotoxic compounds, RAGE upregulation interferes
with regular function in glial cells involved in RGC survival [96], [113], [114]. These
immune neurotoxic compounds include tumour necrosis factor (TNF) (Figure 7) [115],
nitric oxide synthase[116] and surface antigens of glial cells [117]. Some evidence shows
RAGE activation accounts for this response in glaucoma [96] and that glial cell activation
precedes RGC alterations. For example, elevation of IOP in rats increased glial activity
and density in the retina and optic nerve, predominantly in the laminar cribrosa [118]
before RGC loss [119]. In other words, glial activation is followed by secondary alterations
that lead to RGC loss [120], [121]. This suggests the involvement of glial cells in the
pathogenesis of glaucoma. Upon glial activation and proliferation, secretion of
neuroinflammatory compounds, such as cytokines, increases, and the increased cytokine
release perpetuates cellular stress, which contributes to RGC loss during glaucoma.
Among the RAGE-mediated upregulated proinflammatory cytokines, TNF- has been
reported to trigger the pro-apoptotic caspase cascade in RGCs in glaucoma. RGC loss has
been shown to decrease by 66% after TNF- inhibition [113], [122].
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Figure 7. Trigger of the extrinsic and intrinsic apoptotic pathways by RAGE activation, which leads to RGC loss

RAGE–ligand activation accounts for the underlying glaucomatous pathology
following AOH [96]. In one study, increased Hmgb1 level induced an inflammatory
response, which contributed to neurotoxicity via RAGE signalling 7 days after AOH [123].
The co-localisation of AGE, RAGE and RGC loss in human glaucoma has been reported
[96]. In that study, AGE accumulation was noted in the optic nerve head, although RGC
and glial cells showed intracellular AGE; these findings suggest a role of the RAGE–AGE
mediated signalling pathways in retinal degeneration. RAGE-neutralising antibody
significantly suppresses AGE-mediated apoptosis and cytotoxicity [113], [122]. AGE
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pathogenesis follows the cross-linking and trapping of extracellular and intracellular
proteins, which lead to remodelling and rigidity of the extracellular matrix (ECM) [124].
Upregulation of MMPs caused by RAGE–A binding in endothelial cells is also
associated with changes in aqueous humour outflow. These changes in outflow because
of remodelling of the ECM in the trabecular meshwork may contribute to IOP elevation.
Elevation of IOP is a key factor in the irreversible RGC apoptosis in glaucoma [125], [126].
A disruption in aqueous humour homeostasis can elevate IOP, which increases the
mechanical stress in ocular structures, particularly the lamina cribrosa, and ultimately
results in optic nerve damage [24], [127]. It has been suggested that overexpression of
transforming growth factor- (TGF-) results from the overproduction of ECM molecules
such as elastin, collagen and fibronectin via the canonical Smad and non-canonical MAPK
pathways and that the increase in TGF- signalling may be linked to IOP elevation in
glaucoma patients [128]–[130]. RAGE–TGF- signalling has not been studied in the ECM
of the eye to date, although there is evidence that RAGE plays a significant role in ECM
deposition [131]. RAGE–A ligation in endothelial cells has been shown to upregulate
MMP production via the RAGE–A–CaN–MMP signalling pathway, which leads to
disruption of the BBB in AD [81] (Figure 8).
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Figure 8. Effect of TGF upregulation on IOP. RAGE activation is presumed to cause
trabecular meshwork damage via upregulation of ECM/MMP which is followed by TGF
over expression leading to IOP elevation. Trabecular meshwork damage is linked to the
pathogenesis of glaucoma.

In summary, these studies suggest that RAGE–ligand binding is actively involved
in RGC loss in glaucoma through various signalling pathways. It appears RAGE
expression promotes Aβ production and extracellular Aβ translocation into the
intracellular space via endocytosis. RAGE–AGE binding mediates oxidative stress and
RAGE–HMGB1 activation is responsible for an inflammatory response and subsequent
neurotoxicity in glaucoma (Table 1).
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Table 1. RAGE ligands and their presence in glaucoma patients and animal models of glaucoma

RAGE ligand

Experiment

Reference

AGE

Human glaucoma

Tezel et al. [96]

Aβ

Animal model of glaucoma

Mi et al. [56] Guo et al.
[6]

HMGB1

Animal model of glaucoma

Dvoriantchikova et al.
[123]

S100

Animal model of glaucoma

Casola et al. [132]

1.7.

The role of the RAGE– A axis in glaucoma: potential
hypothesis

Current evidence on the involvement of RAGE in the pathophysiological
mechanisms of several chronic diseases (e.g., diabetes, AD, AMD) suggests that RAGE
plays a pivotal role in the pathophysiology of these diseases. Both RAGE and Aβ, have
been established as mediators of the cellular perturbation leading to neural dysfunction
in AD. The increased expression of RAGE in various cell types including microglia,
neurons and astrocytes together with the elevated Aβ level in AD confirms the
neurodestructive role of RAGE–Aβ binding in neurodegeneration. Given that RAGE is
overexpressed in various cells of the retina and that Aβ deposits increase in the GCL
during glaucomatous neurodegeneration, it can be postulated that RAGE–Aβ binding is
actively involved in mediating RGC loss. More specifically, based on striking similarities
between glaucoma and AD, we speculate that a similar cascade of pathophysiological
events, by which RAGE mediates neuronal apoptosis in AD, may occur during the
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glaucomatous pathogenesis leading to RGC loss. Given that RAGE and A are highly
expressed in the optic nerve head in AD patients [108], we hypothesise that RAGE–A
binding initiates a cascade of signal transductions that lead to oxidative stress and ROS
production. Further, we hypothesise that RAGE is actively involved in transporting
extracellular A and influx across the BRB and into RGCs through endocytosis, which
eventually contributes to RGC loss. If indeed RAGE mediates A uptake in glaucoma,
RAGE inhibitors may prevent or reduce the intracellular accumulation of A and
subsequent RGC loss, a similar treatment strategy currently in clinical trials for AD.
Current evidence of the involvement of RAGE in the pathophysiological mechanisms
of several chronic diseases (e.g., diabetes, AD, AMD) suggests that RAGE plays a pivotal
role in the pathophysiology of these diseases. More specifically, both RAGE and A, have
been established as mediators of the cellular perturbation leading to neural dysfunction
in AD. The increased expression of RAGE in various cell types including microglia,
neurons and astrocytes together with the elevated A level in AD confirms the
neurodestructive role of RAGE–A binding in neurodegeneration. Given that RAGE is
overexpressed in various cells of the retina and that A deposits increase in the GCL
during glaucomatous neurodegeneration, it can be postulated that RAGE–Aβ binding,
similar to that observed in AD, is actively involved in mediating RGC loss.
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2. Chapter 2— Methods
2.1.

Sodium dodecyl sulfate polyacrylamide (SDS-PAGE) and
western blotting protocols

The western blotting is a widely used analytical technique in molecular biology to
detect specific proteins in a sample of tissue homogenate or extract. We used the iBind
western system (Life Technologies) in our experiments which will be explained step by
step in this section. This has allowed us to save time and reagents mainly due to a less
antibody incubation time compared with conventional methods. We were also able to use
a mixture of antibodies simultaneously.
2.1.1.

Preparation of protein sample and protein concentration
assay

1. Enucleated eyes were stored in -80°C immediately after collection.
2. Cell lysis buffer from stock solution was prepared per table 2. This reagent buffer
was used for tissue extract homogenization and BSA assay to determine protein
concentration and preparation of the sample gel load.
Table 2. Lysis buffer preparation recipe for homogenising tissues

Reagent

Volume

5  Tris EDTA-buffer: 250mM Tris HCl, pH
7.5, 5 mM EDTA
5  NaCl: 750mM NaCl

200 L

5  SDS: 0.5% sodium dodecyl sulphate

200L

5  DOC: 2.5% deoxycholic acid, sodium salt

200L

200L

5  Igepal CA-630: 5% Igepal CA-630
200L
*10 µl Protease inhibitor cocktail: containing 4-(2-aminomethyl), benzenesulfonyl

fluoride (ABESF), pepstatin A, bestatin, leupeptin, aprotinin, and trans-epoxy-succinylL-leucyl-amido (4-guanidino)-butane (E-64)
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3. Tissues were placed in a clean 1.5 mL Eppendorf tube and 25 L of cell lysis buffer
(Table 2) was added. Samples were homogenized using a micropestle to ensure
protein is in a lysate form.
4. The sample protein was centrifuged at 10–15,000 rpm for 5 min to resuspend the
pellet of tissue debris. This was repeated 3 times and then finally clear protein
supernatant was removed into a clean 0.6ml Eppendorf tube. For storage, the
protein supernatant was placed in -80°C freezer.
5. BCA assay (triplicates) including BSA standards (Table 3) was prepared to
determine the protein concentration of the unknown sample (Unknown sample
dilute 1 in 25 L of lysis buffer). 20 L of sample (BSA standards and unknown) +
250 L of working reagent (Micro BCA kit) were added.
Table 3. Concentration of solutions used for the standard curve of the BCA assay

Vial

BSA (L)

Diluent lysis buffer (L) Required volume (L)

A
B
C

50
40
25

450
460
475

60
60
60

D
E

12.5
6.25

487.5
493.75

60
60

F
G
H

3.125
1.5625
0.78125

496.875
498.4375
499.21875

60
60
60

I (blank)

0

500

60

6. Meanwhile, the protein sample was chilled on ice for immediate use, otherwise
stored at -80°C freezer for long-term storage.
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7. Protein concentration was determined using TECAN microplate reader (Life
Sciences, Zurich, Switzerland).
8. TECAN microplate reader and PC were turned on to run i-control software
program.
9. BCA Assay icon was selected (562 nm).
10. Reading plate was configured using “Falcon 96 well transparent/black” plate in the
software.
11. Edit layout for entire plate was selected.
12. The positions of blanks, standards, and samples were entered. Triplicate blanks,
standards and samples (vertical) were indicated.
13. In the basic parameter menu table: No. of flashes (20), Settle timing (500
millisecs). Excitation filter (562nm) were chosen.
14. When the run cycle was completed, an excel sheet was generated as raw data.
15. The raw data was copied and prepared in the “standard curve” template and
automatically the results were generated to create standard curve graph and the
volume load was calculated for each protein sample.
16. Once the protein concentration was determined the sample buffer was added
(Table 4).
Table 4. Sample buffer preparation recipe for SDS-PAGE

Reagent

Volume

Tris-HCL pH 6.8

63 mM

Glycerol

10%(w/v)

SDS

2%(w/v)

Bromophenol Blue

0.0025%

* storage in 4°C for 6 months.
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17. Protein samples were briefly vortexed.
2.1.2.

Gel Electrophoresis

We used ready-made 4–20% Tris-glycine mini gels (located in 4°C fridge) for western
blotting apparatus as it has been optimized for 20-200 kDa protein separation.
18. Ready-made precast gel was removed from plastic pack and the plastic gel cassette
was rinsed in Milli Q water.
19. The plastic comb was removed, and the gel cassette was placed onto the electrode
assembly and thoroughly rinsed the with 1 SDS-tank buffer.
20. 5 L of pre-stained protein standard and all the sample protein were loaded using
gel loading pipette tips.
21. Further fill front and back chamber of the mini tank with the 1  SDS-TANK buffer
(Table 5)
Table 5. 1 Tank buffer preparation recipe for SDS-PAGE

Reagent

Amount

15.4mM Tris base

1.875 g

0.12M Glycine

9g

2.2mM SDS

0.625 g

dH2O

Make up to 1 L

22. Lid was placed on mini Tank (Life Technologies)
Note: Make sure to align the color-coded banana plugs and jacks. The correction
orientation is made by matching the jacks on the lid with the banana plugs on the
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electrode assembly. Insert the electrical leads into a suitable power supply with the proper
polarity (Voltage 120 V, 1.5 h)
23. Power was applied to the mini Gel Tank to run electrophoresis

2.2. Gel Removal and Preparation of Protein Transfer
24. After electrophoresis was complete, the power supply was turned off and the lead
was disconnected.
25. The tank lid was removed and carefully lifted to remove the gel cassette.
26. The gel cassettes were thoroughly rinsed in Milli Q water.
27. A gel releaser was used to gently remove the plates apart.
28. iBlot stack (Life technologies) was opened and placed on the dry iBlot2 device.
29. The gel was prepared and placed on the membrane within the dry iBlot2 device.
30. Filter paper was removed and immersed in Milli Q water and placed directly on
the gel.
31. Blotting roller was used to remove any air bubbles between the gel and the
membrane.
32. The filter pad was directly placed on top of the stack.
33. Once the filter pad, filter paper, the gel and the membrane were directly aligned
the iBlot2 device was immediately closed and locked.
34. The “P0” method was selected to transfer proteins to the membrane.
35. Using tweezers, the membrane was removed, and a small diagonal incision was
made on the top right corner of the membrane as an indication for protein position.
36. The membrane was then placed in a plastic blot tray and rinsed in Milli Q water
(2x).
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Note. After the gels were transferred, you may also pre-stain gel by equilibrating in 100ml
Milli Q water in a large plastic gel container and thereafter apply simply blue Safe Stain
microwave method. This ensures whether all the proteins were transferred onto the
membrane and therefore you may proceed to blocking and antibody incubation of the
membrane

2.3. Membrane Blocking
37. After the transfer was completed, the power supply was turned off and the iBlot
stack was removed.
38. The membrane was washed and equilibrated in Milli Q water.
Note. Ensure the protein of the blot is facing up.
39. The membrane was immersed in 5 mL of 1 FD solution buffer in plastic blot tray.

2.4. Antibody Incubation
Note. Ensure both primary and secondary antibodies were prepared
earlier.
40. The membrane was placed in the middle of the iBind card (protein is facing up).
41. The blotting roller was used to remove any air bubbles.
42. The iBind lid was closed and antibodies and solutions were sequentially added to
the iBind well.
Note: Ensure that the wells are not positioned over the membrane when the lid is closed.
Don’t move device or open the lid until incubation is complete.
43. Antibodies were incubated for 2.5 to 3 h.
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44. After incubation was complete, the membrane was removed and rinsed in Milli Q
water 3 times prior to protein detection.

2.5. Odyssey Protein Detection System
45. Using the infrared (IR)-dye imaging system, dry membrane blot (protein facingdown) was placed in the Licor Odyssey machine for imaging.
46. The Image Studio software, and Odyssey CLX was selected.
47. Name and work areas selected.
48. Settings (membrane, western, Auto exposure, channel = 700/800, resolution =
169um, quality = Medium, focus = 0mm) was set up to obtain ideal image for
protein band detection.
49. Image was captured and saved.
50. ImageJ software was then used for densitometry analysis.

2.6. Histology
2.6.1.

Tissue Fixation

Eyes were fixed in 4% PFA (Table 6) overnight immediately after collection. The following
day, tissues were rinsed 3 times -each time 5 minutes- in PBS 0.1 M and submerged in
70% ethanol for an extra day.
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Table 6. Recipe for preparation of 4 % PFA

Ingredient
4g Paraformaldehyde

Amount
4g

50mL dH20
PBS
NaOH

50 mL
0.2 M up to 100 mL
1 M (to be added until solution is clear)

* filter solution after preparation and keep it at -20°C for long term storage.

2.6.2.

Tissue Processing, embedding and sectioning

Tissue processing involves the steps required to take animal tissues from fixation
to a state where they are infiltrated with histological wax and can be embedded ready for
sectioning on the microtome. In our experiments processing was done automatically with
a tissue processor (ThermoFisher). Eye tissues were processed in subsequent cycles and
with different reagents for fixation, dehydration and wax infiltration.
Afterwards, the specimens were embedded into a “block” to be clamped into a
microtome for section cutting. The eyes orientation in paraffin was considered carefully
in order to have efficient sections on slides. A cassette was placed on top of the mould,
topped up with more wax and the whole thing was placed on a cold plate to solidify. When
this was completed- at least 10 minutes was required- the block with its attached cassette
were removed from the mould for microtomy.
In all experiments, 10µm radial sections of eyes were cut using the microtome
(ThermoFisher).

2.7. Tissue staining
2.7.1.

H&E staining

H&E staining is a popular staining method in histology. It is the most widely used
stain in medical diagnosis. The staining method involves application of hemalum, which
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is a complex formed from aluminium ions and oxidized hematoxylin. This colours nucleus
of cells (and a few other objects, such as keratohyalin granules) blue. Materials coloured
blue by hemalum are often said to be basophilic. The nuclear staining is followed by
counterstaining with an aqueous or alcoholic solution of eosin Y, which colours
eosinophilic other structures in various shades of red, pink and orange. Eosin is a
fluorescent red dye resulting from the action of bromine on fluorescein. It can be used to
stain cytoplasm for examination under the microscope. Structures that stain readily with
eosin are termed eosinophilic. Eosin is most often used as a counterstain to hematoxylin
in H&E staining.
RGCs were manually counted in 300 µm increments of the GCL. To objectively
count RGC numbers, the measurement was repeated 3 times and the average count of
RGCs for each retina section was used for statistical analysis. Cover-slipped slides were
imaged using a BX51 upright EPI fluorescence microscope (Olympus, Tokyo, Japan) (20
objective).
2.7.1.1.

H&E staining protocol

All H&E procedures were performed using an automatic slide staining device
(ThermoFisher). All sections were;
1. Heated prior staining for deparaffinization at 65° C for 30 min.
2. Treated with Xylene for two 10 min intervals.
3. Treated with 100% Ethanol (EtOH) for two 5 min intervals.
4. Stained with filtered 0.1% Hematoxylin for 10 min in jar.
5. Rinsed in cool running ddH2O for 5 min.
6. Stained with 0.5% Eosin (1.5 g dissolved in 300ml of 95% EtOH) for 5 min.
7. Dipped in distilled H2O until the eosin stops streaking for 2 minutes.
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8. Dipped in 50% EtOH
9. Dipped in 70% EtOH.
10. Equilibrated in 95% EtOH for 30 sec.
11. Equilibrated in 100% EtOH for 1 minute.
12. Dipped in Xylene.
13. Cleaned with a kimwipe.
14. Mounted, and cover slipped with DPX mountant.
2.7.2.

Immunostaining

Immunostaining is a widely used technique in biological research and clinical
diagnostics. Immunostaining utilizes fluorescent-labelled antibodies in order to detect
specific target antigens (Figure 9).

Figure 9. Schematic showing the principle of immunostaining. In direct
immunostaining (left image), the fluorophore is attached to the primary
antibody, and the secondary antibody is not required. In indirect
immunostaining (right image), the secondary antibody.

2.7.2.1. Immunostaining protocol
DAY 1
1. Tissues were permeabilized in 1% Triton X-100/PBS for 30 min at room
temperature.
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2. Sections were washed in 0.1M PBS for three 5 min intervals.
3. Sections were blocked with 1% BSA/PBS for 30 min.
4. Sections were labeled with primary antibody (diluted in blocking solution).
5. Sections were incubated overnight at 4°C in fridge, in covered tray with parafilm.

DAY 2
6. Sections were washed with 0.1 % Triton X-100/PBS for two 5 min intervals.
7. Sections were washed with 0.1 M PBS for 5 min interval.
8. Sections were labeled with secondary antibody (diluted in blocking solution).
9. Sections were incubated 2 h at room temperature in dark.
10. Sections were washed with 0.1 % Triton X-100/PBS for two 5 min intervals.
11. Sections were washed with 0.1 M PBS for 5 min interval.
2.7.3.

Thioflavin S staining

Thioflavin S is a valid stain used to detect any form of Aβ. This dye binds to the
characteristic β-pleated sheet conformation of amyloid [133].
2.7.3.1. Thioflavin S protocol
In our experiments we used double staining on tissues. Thioflavin S staining was
done after immunostaining in order to visualise Aβ alongside other antigens used in the
experiment.
1. 1% Thioflavin S in 80 % EtOH prepared and filtered.
2. Sections were stained with thioflavin S for 12 min at room temperature.
3. Sections were washed with 80 % EtOH two 5 min interval.
4. Sections were washed with 0.1 M PBS 5 min interval.
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5. Tissues were labelled with DAPI mounting medium (Sigma).
6. Sections were washed with 0.1 M PBS for two 5 min interval.
7. Slides were cover slipped for imaging.

2.8. Induction of experimental glaucoma
Elevated intraocular pressure known as ocular hypertension is the most important
risk factor in glaucoma. AOH is an ischemic condition found in acute glaucoma [56]. AOH
mouse model has been considered as suitable models to study RGC ischemia in glaucoma.
Therefore, AOH was induced in one eye of each mouse in our experiments.
A total of 24 mice were used (12 WT, 12 RAGE–/–). Animals arrived at animal house
when they were 10 weeks old. After a week of acclimatization, at week 11, all animals were
anaesthetised with isoflurane (initially inducted with 5% isoflurane but then maintained
at 2%), a drop of proparacaine hydrochloride 1% (for topical eye anaesthesia) (Alcon) and
1% Tropicamide (for pupil dilation) (Alcon) were instilled and the anterior chamber of the
right eye was cannulated using a 33-gauge needle (Precise Medical Supplies) connected
to an elevated reservoir of sterile balanced salt solution generating a pressure of more
than 90 mmHg. This was maintained for 45 minutes before allowing reperfusion to
commence (Figure 10). The state of AOH was verified by checking the whitening of the
anterior segment of the globe including the iris and blanching of episcleral veins and
retinal artery under the surgical microscopy. A drop of Chlorsig 0.5% (as antibiotic)
(Aspen Pharmacare) was also administered after pressure elevation. Carprofen 5 mg/kg
(as analgesia) (Zoetis) was also administered subcutaneously following the eye injections.
The fellow eye was injected but not pressurized, acting as a control. At seven days post
AOH, animals were euthanized, and tissues collected.
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Figure 10. Schematic design of AOH induction

2.9. Aβ injection
The oligomeric subform of Aβ (Aβ1-42) was used to investigate the effects of
RAGE-Aβ activation on RGC loss in RAGE–/– and WT control mice. Aβ1-42 has shown
to be less soluble and more prone to aggregation and therefore, more neurotoxic [133].
Synthetic oligomeric Aβ was prepared and injected into the vitreous. 72 h and 1 week postinjections, the structure and function of the retina were evaluated. 12 animals (6 WT, 6
RAGE–/–) were culled at each time point.
2.9.1.

Preparation of oligomeric Aβ1-42

1. Oligomeric Aβ1-42 was prepared using the protocol described by Fa. et al. method
[134].
2. Lyophilized Aβ1-42 was equilibrated at room temperature for 30 min.
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3. Aβ1-42 peptide was resuspended in ice cold HFIP to obtain a 1 mM solution and was
vortexed for 30 sec.
4. Aβ1-42/HFIP solution was aliquoted into three polypropylene Eppendorf’s and
tightly sealed.
5. The Eppendorf’s were the incubated for 2 h at room temperature to allow for Aβ
monomerization. Next, the Eppendorf’s were opened and Aβ1-42/HFIP solution
was concentrated by using a SpeedVac centrifuge (800 g, room temperature) for 1
h.
6. The Eppendorf’s were sealed and stored at -80°C.
7. Prior to the animal experiment, the solution was resuspended using 5% DMSO
anhydrous in 0.1M PBS solution to obtain a concentration up to 5mM Aβ 1-42.
Solutions were sonicated in the water bath for 10 minutes to ensure complete
resuspension.
8. 5mM Aβ1-42 solutions were aliquoted into polypropylene vials and stored at -20°C.
9. The night before using Aβ injections, 5mM Aβ1-42/DMSO aliquot was resuspended
with PBS to a final Aβ1-42 solution of 2.3 µg /2µL.
10. The diluted solution was vortexed for 30 seconds and then incubated for 12 h at
4°C to allow for oligomerization.
2.9.2.

Intravitreal injection of Aβ

The vitreous of the right eye was injected with 2 µL of 0.25 mM Aβ (Hamilton
syringe 10 µL) using a 33- gauge needle (Precise Medical Supplies). Subsequently, left
eye was injected with 2 microliters of PBS serving as the control eye (Figure 11).
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Figure 11. Intravitreal injection method [159]

2.10. Scotopic Threshold Response (STR)
STR is a non-invasive in vivo eye scan used to assess the function and integrity of
the inner retina. In fact, the most sensitive response portion of

the dark adapted

Electroretinogram is the positive STR [135]. During the test, dark adapted mice were
anaesthetised, and an electrode placed on the cornea (at the front of the eye) to measure
the electrical responses to light stimuli of the cells that sense light in the retina.
In our experiment, the Handheld Multi-species ElectroRetinoGraph (Ocuscience)
instrument was used for pSTR measurements. The results of pSTR was recorded on
display panel which can be saved for later analysis. STR measurement requires a very
weak stimulus compared with other components of ERG. Therefore, pSTR should be
measured in dark adapted mice before other measurements in ERG. pSTR trace is known
to originate from proximal neurons either amacrine cells or RGCs (depending on species).
In rodents STR is known to originate from integrity of RGCs [136].
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2.10.1.

pSTR protocol

1. The day before doing performing pSTR, the mice were kept in darkness overnight
(minimum 10 hours).
2. Animals were anaesthetised using mixture of ketamine (75 mg/kg) and xylazine
(10 mg/kg)
Note: reversal should be done using atipamezole (as antisedan) 1mg/kg.

Figure 12. STR equipments [166]

3. Animals were placed on a warm stage (Figure 12).
4. The pupils were dilated by applying a drop of 1% tropicamide (Alcon).
5. Ground electrode (green wire) was subcutaneously inserted under the skin above
the tail. Reference electrodes (red wires) were subcutaneously inserted under the
cheek.
6. Corneal electrodes (contact lens based) were placed on the centre of the cornea to
record pSTR signals.
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2.11. Optical Coherence Tomography (OCT)
OCT is a noninvasive eye scan which uses a weakly coherent infrared laser to take
3-dimensional (3D) cross sectional image of retina [137]. Using OCT, retinal pathology
and structure can be observed and analyzed [138]. Using OCT, different layers of retina
can be visualised, and therefore thickness of retinal layers can be measured. In our
experiments we used spectral domain (SD)-OCT instrument (Wasatch Photonics) for
imaging retinal structure.
2.11.1.

OCT protocol

1. Animals were induced with 5% Isoflurane in oxygen flowrate of 2L/min and
then maintained on 2% of isoflurane in 100% oxygen flowrate of 2 L/min.
2. Animals were placed on warm stage while the anesthetic gas was delivered via the
nose cone.
3. 1% Tropicamide (pupil dilation) (Alcon) was applied on mice eye.
4. OCT scanner head was moved towards the eye inasmuch as the corneal surface was
sensed with the camera and the retinal structure appeared on the screen.
The image was adjusted to position the optic nerve centrally.
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3. Chapter 3— RAGE Knockout mice are protected against RGC
loss in glaucoma5
3.1.

Introduction
Glaucoma is a progressive neurodegenerative disease that leads to RGC loss and

irreversible blindness. Given the multifactorial nature of glaucoma, several genetic and
environmental factors are believed to be involved in its pathogenesis. Chronic IOP
elevation is considered to be the main risk factor for ischaemia and its subsequent
contribution to glaucoma. However, the exact molecular mechanisms to link increased
IOP to RGC loss remain unclear.
Previous studies have established a role for RAGE in neurodegeneration [139]. RAGE
is a cell surface receptor that binds a repertoire of ligands such as A, HMGB1 and AGEs.
RAGE ligand binding is associated with activation of the pathogenic processes leading to
progressive perturbation of normal cellular homeostasis. RAGE expression is upregulated
in an A-rich environment such as AD [140], [141]. RAGE has also been shown to act as a
transporter of A across the BBB into the brain via transcytosis [79]. Transcytosis is
defined as the receptor-mediated transport of ligands from one side of the cell to the
other. There is evidence that RAGE upregulation actively mediates the neurotoxic effects
of Aβ in the central nervous system [84]. RAGE also activates signalling pathways related
to the neuroinflammatory response [142], oxidative stress [96] and neuron cell loss [142],

5 The current

chapter is prepared in research article format and will be submitted to a peer-reviewed

journal.
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[143]. RAGE is believed to be actively involved in the various processes of
neurodegeneration.
The role of RAGE and its ligands in neuronal loss during neurodegeneration
including AD has been widely investigated; however, little is known about the role of the
RAGE–ligand axis in glaucoma. There is evidence that RAGE is upregulated in the eyes
of people with glaucoma [96]. Tezel et al. reported that the RAGE ligand, AGE, and TNFα are involved in the extrinsic apoptotic pathway in the retina of glaucoma patients. They
also demonstrated that oxidative stress is a major underlying cause of glaucoma in the
aging retina [96]. RAGE and A have both been detected in the GCL in experimental
glaucoma [6], [56]. Mi et al. administered a natural neuroprotective agent, LBP, to an
experimental mouse model of glaucoma and observed RGC protection via downregulation
of RAGE [56]. In a separate study, RAGE-mediated HMGB1 was also upregulated in an
ocular hypertensive mouse model [123]. This study found that neutralising HMGB1
reduced the extent of retinal disruption in experimental glaucoma [123]. In light of these
findings, the present study included the hypothesis that RAGE and A are involved in
RGC loss in glaucoma. To address this hypothesis, AOH was induced in RAGE –/– and WT
mice to explore the role of RAGE and A in RGC loss in experimental glaucoma.

3.2. Materials and Methods
3.2.1.

Animals
Male RAGE–/– mice (aged 10–12 weeks, 22±3 g) and C57BL/6 WT control mice

(aged 10–12 weeks, 23±3 g) were used in this study. C57Bl/6 WT animals were purchased
from the Animal Resources Centre (Perth, Australia). RAGE –/– mice which were kindly
provided by Professor Ann Marie Schmidt (New York University Langone Medical Centre,
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New York, NY, USA) were derived from C57Bl/6 mice. All animals were kept on a cyclic
light (12 h on; 12 h off; ~300 lx), air-conditioned room (21±2C) with water and food
available ad libitum. The study was approved by the Animal Care and Ethics Committee,
University of Technology Sydney (ETH16-0549). All procedures involving animals were
conducted in accordance with the Australian code for the care and use of animals for
scientific purposes and the guidelines of the association for research in vision and
ophthalmology (ARVO) statement for the use of animals in vision research.
3.2.2.

Animal model of AOH and histology work
AOH was induced in mice eye following the protocol which was explained in

chapter two. Animals were euthanised 7 days after induction of AOH. All experiments
including sample processing, H&E staining, immunostaining and imaging, thioflavin S
staining, western blotting, STR and OCT eye scans were also explained in chapter two in
detail. The used antibodies are shown below in table 7 and 8.
Table 7. List of primary antibodies

Primary antibody
(dilution)
Brn3a (1:1000) for
immunostaining
and (1:500) for
western blotting

Target

Supplier

A (1:100)

Rabbit monoclonal antibody detects
several isoforms of A, such as such as
Aβ1-37, Aβ1-38, Aβ1-39, Aβ1-40, and Aβ1-42;
used in immunostaining.

Cell
Signalling
Technology,
Danvers,
MA,
USA, D54D2

Caspase 3 (1:1000)

Rabbit polyclonal antibody detects both
pro- and active (cleaved) forms of
enzyme; used in immunostaining and
western blotting.

Novus Biologicals,
Littleton,
CO,
USA
NB10056112

RAGE (1:1000)

Rabbit polyclonal antibody detects a Sigma, R5278
specific epitope in mouse RAGE; used in
immunostaining.

Rabbit polyclonal antibody exclusively Sigma, B9684
stains RGCs by binding to an RGCspecific nuclear epitope; used in
immunostaining and western blotting.
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A (1:1000)

Mouse monoclonal antibody detects Life Technologies,
IgG1 epitope of oligomeric A-42; used VIC, Australia, 130100Z
in western blotting.

GAPDH (1:1000)

Chicken polyclonal antibody used as a Millipore,
control in western blotting.
Burlington, MA,
USA, AB2302

Table 8. List of secondary antibodies

Secondary antibody
(dilution)
IRDye 800CW (0.5:2000)

Target

IRDye 800CW (0.5:2000)

Mouse monoclonal antibody; used Millennium
in western blotting.
Science, LCR-92532210

IRDye 680RD (0.5:2000)

Rabbit polyclonal antibody; used Millennium
in western blotting.
Science, LCR-92568071

Cy3 (1:1000)

Rabbit polyclonal antibody; used Jackson
in immunostaining.
ImmunoResearch,
West Grove, PA,
USA, 111-165-003

3.2.3.

Supplier

Chicken polyclonal antibody; used Millennium
in western blotting.
Science, Mulgrave
VIC,
Australia,
LCR-925-32218

Statistics
All statistical tests were performed using GraphPad Prism 7 (GraphPad Software

Inc., San Diego, CA, USA). The data are presented as mean ± standard error of the mean
(SEM). Unpaired Student’s t tests were used to compare groups. Statistical differences
were considered to be significant at p-values <0.05.

3.3. Results
The current experiment was performed with the aim of investigating whether
RAGE mediates RGC loss in experimental glaucoma. Based on the available evidence
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which was comprehensively discussed in the literature review, we expect to see an
upregulation of RAGE in mice following AOH. Further, we explore upregulation of RAGE
and its ligand, A, in AOH mice model to examine whether RAGE-A are involved in RGC
loss in experimental glaucoma.
3.3.1.

RAGE–/– mice are protected against RGC loss after AOH
Radial cross-sectional images from the optic nerve head (experimental glaucoma

and control eye) stained with H&E were used to count RGCs manually in 300 m
increments of the GCL. H&E staining showed a significant reduction in RGC counts per
300 m linear retina in both RAGE–/– and WT mice with experimental glaucoma.
However, the decrease in RGC counts was larger in WT mice (17±1, p<0.0001, n=8) than
in RAGE–/– mice (26±1, n=8, p=0.01, n=8) (Figure 13, A–E).
Analysis of OCT scans from the same retinas showed a significant thinning of TRT
was observed in the eye with glaucoma in both WT (178.9 ± 1.687 m vs. 163 ± 2.3 m,
p<0.0001, n=9) and RAGE–/– mice (172.2 ± 0.9679 m vs. 168 ± 1.1 m, p=0.03, n=12)
compared with their control. Comparison of WT AOH and RAGE–/– AOH also showed a
significant reduction in TRT in WT AOH (Figure 13, F–K). By contrast, non-significant
reduction in GCL/IPL complex thickness was observed in WT AOH and RAGE–/– AOH
compared with their controls (41±2 m vs. 34±2 m, p=0.09 in WT and 40±2 m vs.
37±2 m in RAGE–/–, p=0.2, n=8) (Figure 13, F–L).
The non-significant thinning of the GCL/IPL complex shown in the OCT scans of
the retinas with glaucoma may be attributed to either a lack of sufficient RGC loss to affect
the overall layer thickness or to insufficient image resolution to demonstrate GCL
thinning effectively. To confirm RGC loss, Brn3a immunostaining and immunoblotting
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3.3.3.

RAGE and A co-localise in the GCL after AOH
Following on from the previous finding and to determine the role of RAGE in

binding retinal A, the next experiment was performed with the following aims: 1)
whether RAGE expression is increased and 2) whether RAGE and A co-localise,
following AOH. Immunostaining for RAGE confirmed greater RAGE expression in the
GCL of WT AOH retina than in the WT control (Figure 15 to Figure 27, Appendix which
shows no RAGE expression in RAGE–/– mice). The same retinas were then double stained
for A. RAGE and A co-localised in the WT AOH retina, which suggests that RAGE–A
binding follows AOH.
Thioflavin S

Merged

GCL

WT Control

RAGE

WT AOH

GCL
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Figure 15. Immunostaining of WT retinas using RAGE antibody. Immunostaining was
performed on WT Control and WT AOH retinas at 10 m thickness using RAGE antibody
(red) followed by thioflavin S dyeing for A labelling. Arrows show RAGE and A
colocalization in the GCL 1 week following AOH (n=3).

3.3.4.

RGC loss occurs because of apoptosis
To investigate the molecular mechanism(s) involved in RGC loss, caspase 3

immunostaining was used as a biomarker of apoptosis to determine whether RGC loss is
linked to upregulation of A as shown in the preceding section. Immunostaining showed
an increased fluorescence signal intensity of caspase 3 in the GCL of both WT AOH and
RAGE–/– AOH (Figure 16, A and B to Figure 29, Appendix). Interestingly, caspase 3 colocalised with A in the immunostaining, which indicates that both caspase 3 and A were
upregulated following AOH (Figure 16, A). The caspase 3 signal intensity was 2.3-fold
higher in WT AOH than in RAGE –/– AOH retinas (Figure 16, B). The immunoblotting
confirmed this by showing 1.8-fold higher cleaved caspase 3 levels in WT AOH than in
WT control (Figure 17, A–C).
RGC loss also occurs due to the cell necrosis which is a type of caspase independent
RGC loss [144]. There is evidence that necrosis which can be a programmed mechanism
known as necroptosis occurs in ischaemia injury [145]. It has been illustrated which RGC
loss in ischaemia injury can initiate by activation of several key molecules including RAGE
[146]. Therefore, RAGE inhibition can reduce RGC loss after AOH due to both apoptosis
and necropsis. However, the exact mechanisms by which RAGE mediates RGC necropsis
is not fully understood.
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Previous studies have shown a significant loss of RGCs as early as 3 days after AOH
[56], [147]. Consistent with previous studies, the histological analysis in this thesis
showed significant RGC loss in both RAGE –/– and WT mice, 7 days after AOH. However,
RGC loss was more extensive in WT than in RAGE –/– mice, which suggests that RGCs
were protected in the RAGE–/– mice. Dvoriantchikova et al. also investigated neuronal
loss in following AOH. Using Neu-N, as a specific marker of neurons, they reported up to
95% neuronal protection in RAGE–/– mice compared with control mice 1 week after AOH
[123]. The experiment presented here used a specific marker for RGCs, Brn3a, to quantify
RGC loss. Brn3a is a transcription factor that is important to the development and
differentiation of RGCs. Confirming the histology findings, the results from
immunoblotting also showed significant loss of Brn3a expression in WT AOH mice.
TRT changes were also evaluated after AOH using images from OCT scans. OCT is
used widely to study the retina in vivo, and any alterations in the retinal layers can be
observed and analysed in real time using this method [150]. TRT thinning was observed
in mice 7 days following AOH. Despite this thinning, partial protection of the retinal
structure was observed in RAGE–/–AOH compared with WT AOH mice. Axonal
degeneration precedes RGC soma death in AOH [151]. The nerve fibre layer (NFL)
comprises axons of RGCs. It is possible that the NFL layer bore most of the degenerative
changes within the retina.
In addition to TRT thinning, analysis of pSTR amplitudes showed inner retinal
dysfunction in both types of mice following AOH. pSTR is a sensitive component of the
ERG because dark adaption stimulates the inner retina cells at a point near the
behavioural threshold [152]. It is believed that the pSTR arises from the inner retina and
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depends particularly on the integrity of RGCs [135], [153]. Fortune et al. demonstrated
that pSTR is the most sensitive ERG component in experimental glaucoma [146]. Perez
de Lara et al. reported a significant correlation between a reduction in pSTR amplitude
and RGC loss in the DBA/2J transgenic mouse model of glaucoma[154]. In this thesis
research, RGC function was significantly lower in WT AOH mice than in RAGE–/– AOH
mice.
Previous studies have shown that RGC dysfunction precedes RGC loss [155]–[157].
However, in this thesis research, inner retina dysfunction did not exceed RGC loss and
there was no 1:1 correlation of these two alterations. One possibility is that different
subtypes of RGCs have different functional susceptibility after injury [158], [159]. There
are almost 20 subtypes of RGCs in the eye, and each contributes a specific responsibility
to visual function [160]–[162]. Unsurprisingly, the resilience to cellular stress can vary
depending on the subtype. Further, some subtypes of RGC recover better than others
[163]. Alarcon-Martinez et al. showed that the decline in pSTR could be recovered after
optic nerve transection, which suggests that RGC dysfunction is reversible [163]. Another
possibility is that the STR reflects more than RGC function and is also affected by other
cells within the retina. Saszik et al. suggested that the pSTR trace can be affected by
amacrine cells [135]. The exact origin of the pSTR is not clearly understood [152] and
therefore this hypothesis is also likely to affect STR trace.
Current evidence suggests that apoptosis plays a main role in RGC loss in
glaucoma [126]. The studies in this thesis research showed caspase 3 upregulation, which
suggested that cell loss had occurred because of apoptosis. Activation of caspase cascades
occurs in the process of apoptosis, and caspase 3 is activated downstream of this process.
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Therefore, caspase 3 antibody was chosen as a marker of apoptosis in RGCs in these
studies. Immunostaining and immunoblotting showed upregulation of caspase 3 in WT
AOH and RAGE–/– AOH mice. However, the expression of caspase 3 and cleaved caspase
3 was 1.6% and 2% higher in WT AOH than in RAGE –/– AOH, respectively. This implies
that inhibition of RAGE may reduce the activation of apoptosis.
Interestingly, caspase 3 has been shown to mediate APP cleavage to A in rat OHT
[53]. The histology results showing co-localisation of caspase 3 and A are consistent with
this observation. This finding suggests that caspase 3 upregulation directly contributes to
apoptosis and increases A production, which eventually leads to further RGC loss.
Western blotting showed cleaved caspase 3 upregulation in RAGE–/– AOH mice.
However, the amount of cleaved caspase 3 was not higher in RAGE –/– AOH compared
with WT AOH, which suggests that RAGE activation may be involved in the initial stages
of apoptosis. This suggestion is supported by the visualisation of RAGE upregulation in
the GCL layer using immunostaining, which showed a strong RAGE signal in WT AOH.
This finding indicates RAGE and caspase activation are linked and that both take part in
apoptosis of RGCs. RAGE–ligand signalling has been shown to mediate upregulation of
MAPKs and TNF, which are involved in apoptosis of RGCs [77], [164]. The fact that RAGE
inhibition did not completely prevent RGC apoptosis provides evidence that a
combination of molecular mechanisms is involved in RGC loss [164]. Therefore, it
appears that RAGE suppression along with other therapeutic approaches may be more
efficient in alleviating RGC loss caused by glaucomatous pathology.
Among the various RAGE ligands, A was studied here because previous studies
have established its neurotoxic role in several neurodegenerative disorders including AD.
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Tezel et al. was the first to report the upregulation of RAGE and its ligand AGE in
glaucoma [96]. Since then, other RAGE ligands, including HMGB1 [123] and S100 [132],
have been investigated to determine their potential role in RGC loss in glaucoma. Among
different ligands, A uptake is shown to be mediated by RAGE from peripheral into CNS
via endocytosis and transcytosis [79]. RAGE–A interactions leads to activation of
downstream p38 MAPK signalling which contributes to the uptake A to RPE via endolysosomal compartments [165]. RAGE further mediates A transport among various
brain cells, and within the brain via endocytosis [80]. Therefore, RAGE is involved in A
neurotoxicity in disease condition. Current evidence for RAGE upregulation [6], [53], [55]
and A accumulation in the retina of experimental and human glaucoma led to the
hypothesis that RAGE–A may be involved in RGC loss in glaucoma. Consistent with
previous studies, this thesis research observed A in the GCL following AOH and that the
strongest signal for A was observed WT AOH mice. The present study has, for the first
time, visualised A in the GCL of AOH mice using thioflavin S staining.
The current literature shows that A deposition increases following chronic ocular
hypertension. The results of this thesis study are consistent with those of Mi et al., who
reported A1–42 overexpression in the GCL of AOH mice as indicated by immunostaining
[56]. A is produced by the consecutive cleavage of APP, which is expressed in RGCs of
the retina in the human, mouse, rat, monkey and rabbit [166]–[169]. It is believed retinal
APP

plays a physiological role [170]. Besides, enzymes that contribute to the

amyloidogenic processing of APP have been detected in retina [171]–[173]. This suggests
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that retinal neurons are capable of switching APP processing to the amyloidogenic
pathway under cellular stress.
Double staining for RAGE and thioflavin S showed co-localisation of RAGE and A
in the GCL of WT AOH mice but not WT control mice. RAGE is a known transporter of
A [170] and, regardless of whether A has an intrinsic or extrinsic source, RAGE
exacerbates the neurotoxic effects of A via facilitating endocytosis and activating the cell
death signalling pathways. The results of this study suggest that RAGE is also involved in
A-mediated apoptosis of RGCs in AOH.
In conclusion, results from the present study demonstrate that RAGE activation is
one pathway which is involved in RGC loss in AOH. While we detected upregulation of Aβ
and caspase 3 activation, further studies are required to confirm the exact underlying
mechanism by which RAGE–A axis mediates RGC apoptosis.
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4.

Chapter 4— RAGE–A signalling mediates RGC loss in

glaucoma 6
4.1. Introduction
RGC loss resulting from chronic exposure to IOP is the main cause of blindness in
glaucoma. Numerous efforts have been made to identify the molecular pathways
associated with RGC loss in glaucoma, and all have concluded that a combination of
several pathways are involved in the underlying molecular pathogenesis of RGC-related
neurodegeneration in glaucoma [164].
Glaucoma has evolved over the past few years to be classified as a
neurodegenerative disease. A is at the epicentre of major neurodegenerative diseases
such as AD [174] and, interestingly, glaucoma [6]. A is produced by the enzymatic
cleavage of APP [49], which is produced continually in RGCs [100], [167]. APP
upregulation leads to accumulation of As within the retina and has been shown in
experimental glaucoma [6], [56]. Recent studies have shown that RAGE mediates the
deleterious effects of A in AD by translocating circulating A across the BBB into the
brain, which leads to neuronal loss [79]. This process is known as transcytosis [79]. RAGE
is also associated with internalisation of A within neurons in the AD brain via
endocytosis[79]. Interestingly, RAGE upregulation has been reported in separate studies
of experimental and human glaucoma. However, the effects of RAGE–A activation has
not been studied in glaucoma. In our previous related study (chapter 2), upregulation of

6

The current chapter is prepared in research article format and will be submitted to a peer-reviewed
journal.
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A and RAGE were observed in the GCL of experimental glaucoma, which suggested that
RGCs are exposed to the deleterious effects of A. That study also found that RAGE–/–
mice are protected against RGC loss following AOH, which supports the notion that RAGE
inhibition reduces the devastating effects of A on RGCs. These results are in agreement
with those of an earlier study by Guo et al., who showed that targeting A could reduce
RGC loss in glaucoma [6]. Mi et al. also reported that upregulation of RAGE and A leads
to RGC loss in experimental glaucoma [56]. Collectively, these observations prompted the
investigation of the effects of the role of the RAGE–A axis in RGC loss.
In the current study reported in this chapter, exogenous A was injected into the
vitreous of RAGE–/– and WT mice, and the effects of the RAGE–A axis on RGC loss was
assessed at two separate time points.

4.2. Materials and Methods
All methods including preparation of oligomeric Aβ, intravitreal injection of Aβ, sample
processing, H&E staining, immunostaining and imaging, thioflavin S staining, SDSPAGE and western blotting, pSTR, OCT were all performed exactly as explained in
chapter 2.

4.3. Results
The current experiment was performed with the aim of investigating whether
RAGE mediates RGC loss following exogenous injection of oligomeric Aβ in to the
vitreous. Based on the observed results in chapter 3, I expect to see an accelerated and
time-dependent RGC loss, following intravitreal injection of Aβ, in WT mice compared
with RAGE-/- mice. Further, I explore whether RGC loss occurs due to apoptosis.
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Figure 19. H&E staining of WT and RAGE–/– retina. H&E staining was performed on paraffin-embedded retina sections of WT and RAGE–/– mice
at 10 m thickness 72 h and 1 week after A injection (n=3). RGCs were measured manually around the optic nerve head in increments of 300µm.
RGC numbers in A injected eyes of each mice were normalized to that of the saline injected eye and presented as percentage loss. Significant
RGC loss was observed in WT at 1 week after A injection compared with RAGE–/– mice. This suggested that RGCs in the retina of RAGE–/– mice
were protected against neurotoxicity induced by the injected A.

Retinal structure was also evaluated using OCT scans. TRT thinning was not
significant 72 h after A injection in WT mice compared with RAGE–/– mice (7±2% vs.
2±0.7%, p=0.09, n=4) (Figure 20-B). However, the OCT results showed significant
thinning of the TRT in WT mice compared with RAGE–/– mice 1 week after A injection
(15±1% vs. 4±1%, p<0.01, n=4). Comparison of GCL/IPL thinning between WT and
RAGE–/– mice did not show a significant decline 72 h post A injection (15±4% vs. 6±2%,
p=0.1, n=4) (Figure 20-C). However, the difference in the GCL/IPL complex between the
two groups was significant (28±3% vs. 13 ± 0.7%, p<0.01, n=4) at 1 week after A injection
(Figure 20-C). Of note, OCT results showed disruption of the outer retina 72 h after A
injection in WT mice. Despite these changes at 72 h, no changes were observed at 1 week,
which suggests that the outer retina injury has recovered by 1 week after A injection.
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(72 h)
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Brn3a (RGC)
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(72 h)

WT injected

GCL

(1 week)

RAGE–/– injected

RAGE–/–
injected

WT injected

Thioflavin S (Aβ)

GCL

Figure 21. Immunostaining of WT and RAGE–/– mice. Brn3a (red) was used to label RGCs. Thioflavin S (green) was used
to stain A . Arrows indicate the strong colocalization of Brn3a and Aβ in WT retina 1 week after A injection (n=3).

To confirm whether RAGE is involved in this internalisation, RAGE expression was
assessed in WT mice. A similar trend to that for A deposition was observed: a mild signal
for RAGE 72 h after A injection and a strong RAGE signal 1 week after A injection in
the GCL of WT mice. RAGE and A co-localised in the GCL, which suggests the activation
of the RAGE–A axis in WT mice 1 week after A injection (Figures 22 and 31- Appendix).

84

RAGE

Thioflavin S
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IPL
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GCL
IPL
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WT injected

WT injected

GCL

INL

Figure 22. Immunostaining of WT mice using RAGE antibody. Immunostaining was performed on paraffinembedded retinas of WT mice at 10 m thickness. Strong RAGE upregulation (red) was observed in the GCL of WT
mice 1 week after A injection. Thioflavin S (green) was also used to stain A and DAPI was used for nuclei
immunostaining (blue). Colocalization of RAGE, thioflavin S and DAPI (shown by arrows) was observed in the GCL
of WT retina 1 week after A injection (n=3).

4.3.3.

A mediates RGC loss via apoptosis
To investigate whether A mediates RGC loss via apoptosis, caspase 3 activation

was studied as a biomarker of apoptosis. Parallel to the significant reduction in Brn3a
levels shown in western blotting 1 week after A injection, strong upregulation of caspase
3 was also detected. This confirmed the suggestion that the higher rate of RGC loss may
be related to apoptosis in WT mice. This contrasts with the finding in RAGE –/– mice,
which was a non-significant upregulation of caspase 3. These findings suggest that RGCs
were protected against apoptosis in RAGE –/– mice (Figure 23).
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Figure 24. Immunostaining of WT and RAGE–/– retinas using caspase 3 antibody. Immunostaining was performed on
paraffin-embedded retinas of WT mice at 10 m thickness. Strong co-localization of caspase 3 and thioflavin S (indicator
of A) was observed mainly in the GCL of WT mice. Nuclei were labelled using DAPI (n=3).
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4.3.4.

Exogenous A disrupts inner retinal function
Finally, the pSTR was assessed to evaluate whether the inner retinal function is

preserved in RAGE–/– mice following exogenous A injection. The amplitude of pSTR
declined in both WT and RAGE–/– mice, and this reduction was larger at 1 week compared
with 72 h. A significant decline in pSTR amplitude was observed only in the WT mice 1
week after A injection (Table 10, Figure 25).
Table 10. pSTR measurements in WT and RAGE–/– mice. Vehicle-injected eye was used as a control. Animals
were dark adapted overnight. pSTR traces were obtained using the Multi-species ElectroRetinoGraph. pSTR
traces in both WT and RAGE–/– mice showed a significant decline in WT 1 week after intravitreal A injection
(n=3).

Control (µv)

Injected (µv)

p value

WT 72 h

84± 10

71 ± 9

p=o.4

WT 1 week

101 ± 12

64 ± 5

p=0.04

RAGE–/–72 h

93 ± 15

83 ± 12

p=0.6

RAGE–/– 1 week

96± 13

79 ±7

p=0.3
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presented here confirm this effect on the extracellular uptake because more intracellular
A signals were detected within RGC neurons in WT mice compared with RAGE –/– mice.
Oligomeric Aβ which is not present in normal physiological conditions was injected in
mice eye. Oligomeric Aβ is known to be highly toxic and is capable to bind to RAGE [140],
[176]. This finding suggests that RAGE is actively involved in transporting extracellular
A into RGCs from the vitreous via endocytosis. However, A internalisation was not
completely inhibited, which indicates that other pathways that are involved in A
translocation. Lana et al. showed that internalisation of A was reduced by up to 55%
following RAGE blockage [177]. Taken together, these findings suggest that RAGE
regulates at least one of the pathways associated with A endocytosis.
RAGE–A activation not only takes part in A endocytosis but also activates
signalling pathways such as p38 MAPK [84]. Activation of MAPK pathways has been
shown to be one molecular mechanism involved in RGC apoptosis [164] in glaucoma.
Interestingly, Kheiri et al. reported that targeting the p38 MAPK pathway can efficiently
suppress the neurotoxicity of A in AD[178]. This confirms that RGC loss does mimic
cerebral neuronal loss in AD and that inhibiting RAGE–A binding may be a useful and
effective way to protect RGCs in glaucoma. Unfortunately, this thesis did not investigate
whether a similar signalling pathway such as p38 MAPK mediates RGC loss, and further
studies are currently underway to investigate this notion. However, caspase 3
upregulation was observed in the GCL following A injection. This was consistent with a
previous finding presented in Chapter 2 showing caspase 3 overexpression following
AOH. Ji et al. observed activated caspase 3 and positive TUNEL staining signal 2 weeks
after AOH [179]. Other studies, also using the ocular hypertension model, have shown
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activation of caspase 3 in the initial stages of glaucoma [180], [181]. McKinnon et al.
reported that activation of caspase 3 leads to RGC apoptosis and alters the normal
processing of APP, which result in increased deposition of A [180]. This indicates a link
between caspase 3 activation and increased A deposition in experimental glaucoma, a
phenomenon that was also observed in the studies reported in this chapter.
These results lead to a new hypothesis that RAGE–A is involved in RGC apoptosis
probably via activation of caspase cascades. This hypothesis proposes that the
internalisation of A within RGCs through RAGE–A activation (as explained earlier)
initiates a cascade of events that ultimately leads to RGC apoptosis. It is also likely that
RAGE–A-mediated signalling pathways activate apoptosis via upregulation of
intermediates leading to caspase 3 activation and, eventually, to RGC apoptosis. However
further investigations are needed to test this hypothesis.
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5. Chapter 5— Conclusion and Future Directions
5.1.

Conclusion
The molecular mechanisms that mediate RGC loss in glaucoma have been

reviewed in the literature and studied experimentally in both animal models and cell
lines. There is uncertainty in the literature regarding the underlying pathophysiological
mechanisms that disturb RGC function in glaucomatous pathology. The new evidence
from experimental studies in a transgenic mouse model that lacks RAGE (RAGE –/–)
provided in this thesis builds upon and supports evidence from the literature that RAGE
and its ligand, A, are actively involved in neuronal cell loss following ischaemic insult, a
phenomenon demonstrated in neurodegenerative diseases such as AD and glaucoma.
These findings explain the potential pathophysiological role that RAGE and A may play
in mediating RGC loss in glaucoma.
Elevated IOP is a major risk factor for glaucoma. In the appropriate asymptomatic
patient, a range of pharmacological interventions including prostaglandin analogues,
beta-blockers, carbonic anhydrase inhibitors, sympathomimetics and miotics can be used
to maintain IOP at the physiological level (i.e., 10–20 mmHg). In the non-responding
patient, laser-based treatments can be applied to the trabecular meshwork to restore
aqueous fluid drainage but carries a risk of developing acute angle-closure glaucoma.
Successful management of glaucoma requires a detailed knowledge of the risks and
benefits of pharmacological interventions and laser treatment. However, the major
challenge in the field is the progressive loss of RGCs in a significant proportion of patients
who do not respond to therapeutic or laser treatment. This progressive cell damage
ultimately leads to vision loss and blindness.
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RGCs in the GCL form the axons of the optic nerve that synapse in various locations
of the brain including the superior colliculus, later geniculate nucleus and hypothalamus.
The inner (neural) retina, the residence of RGCs, is classified as an outgrowth of the CNS
and, not surprisingly, most pathways associated with disease pathogenesis in the brain
can be applied to the retina. Evidence from the current literature indicates that apoptosis
appears to be the common pathway for RGC loss in glaucoma. A, the major component
of senile plaques in AD and drusen components in AMD [172], is known to initiate various
types of toxic mechanisms that contribute to neuronal death via apoptosis. Similarly,
recent studies have suggested that A is implicated in RGC apoptosis in glaucoma [53],
[182]. Reports from animal models of glaucoma have provided evidence that caspase 3
mediates an abnormal processing of APP, which leads to increased expression of A in
RGCs. This supports the idea that A has potent neurotoxic effects on RGCs in glaucoma.
Targeting pathways that promote A in glaucoma may significantly delay and
attenuate RGC apoptosis. Previous studies have shown that targeting the A pathway can
reduce RGC apoptosis by up to 80% [6]. Most low-concentration physiological and
pathological mediators exert their effects by actively engaging receptors to assemble
molecules at the cell surface and use signal transduction to increase their effects. This has
already been demonstrated in AD. For example, it has been suggested that RAGE, a cell
surface and A receptor, acts as a carrier in transmembrane A transport and mediates
A internalisation through endocytosis, both of which are established pathways for
intraneuronal A cytotoxicity. This concept led to the hypothesis that, in a similar process,
RAGE may function as a pathological receptor in the early stages of glaucoma, when A
oligomers are most toxic to RGGs, and later in the course of the disease, when a higher
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concentration of A is present. Other underlying mechanisms may also be activated and
contribute to the RGC loss.
Chapter 1 of this thesis (the literature review) covered the basics of why glaucoma
may be classified as a neurodegenerative disease, its links with AD and mechanisms that
may lead to RGC loss. The role of RAGE in AD and its expression in the retina during the
pathological process was also presented. The chapter concluded that, based on a growing
body of evidence showing that, in AD, RAGE can act as a receptor that magnifies A
cytotoxicity and given the striking underlying physiological and pathological similarities
between glaucoma and AD, a similar cascade of events may occur in glaucoma that
ultimately lead to RGC loss. This led to further experiments to explore the role of RAGE
and its ligand A in an established mouse model of AOH (experimental glaucoma).
To test this hypothesis and to determine whether RAGE and A mediate RGC loss,
AOH was induced in genetically modified C57BL/6 mice (RAGE knockout or RAGE–/–)
and C57BL/6 WT control mice. This model is also known as the retinal ischemia–
reperfusion model. This model was chosen based on the pathological consequences of the
procedure, which closely mimic clinical neurodegeneration in the retina. More
specifically, the inner retina is particularly vulnerable in this model and manifests as RGC
loss via retinal neurodegeneration as the most salient feature of this model.
The first set of experiments in this thesis (Chapter 3) showed that, following AOH,
both RAGE–/– and WT mice exhibited RGC loss; however, significantly more RGCs were
lost in WT than in RAGE–/– mice. A non-significant change in retinal structure and
function, as assessed by OCT and ERG, confirmed the resilience of RGCs in RAGE –/– mice
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to an immediate and acute elevation of IOP. The changes in RAGE and A level in
response to AOH was then explored. Higher RAGE expression and increased A
deposition was observed in the GCL of WT AOH mice. By contrast, only a weak signal for
A was observed in RAGE–/– AOH mice. Interestingly, co-localisation of RAGE and A in
the GCL of WT AOH was seen; this observation confirmed RAGE–A binding following
AOH.
This thesis research next examined whether RAGE–A activation mediates RGC
loss via apoptosis. The caspase family members are all well-known mediators of RGC
apoptosis and caspase 3, in particular, is activated downstream of both the intrinsic and
extrinsic pathways. Immunoblotting showed an increase in caspase 3 activity in WT AOH
and RAGE–/– AOH retinas, but significantly greater caspase 3 activation was observed in
the WT compared with the RAGE–/– AOH retinas. Remarkably, co-localisation of RAGE–
A and caspase 3–A was observed in the GCL of WT AOH retinas. This observation
further supports the notion that RAGE–A binding is involved in RGC loss via apoptosis.
To determine the specificity of A in mediating RGC loss through binding to RAGE,
exogenous A oligomers were injected into the vitreous of the eye to determine whether
this would accelerate RGC loss in WT but not RAGE–/– mice (Chapter 3). The A1–42
isoform was chosen for injection based on previous studies showing that this particular
isoform is has the most potent neurotoxicity to RGCs. The animals were euthanised at
two time points after A injection (72 h and 1 week) to determine whether RGC loss is
time dependent. WT control mice exhibited significant loss of RGCs, retinal structure and
function in compared with RAGE–/– mice, 1 week after A injection. Immunofluorescence
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images showed a time-dependent accumulation of RAGE and A in the GCL of WT mice.
The immunoreactivity of caspase 3 was greatest in the WT 1 week after injection.
Together, these results suggest that RAGE–A binding is a time-dependent process that
ultimately leads to RGC loss via apoptosis.
In summary, the results presented here demonstrate, for the first time, that the
RAGE–A axis is actively involved in RGC loss following glaucomatous injury. These
findings provide new insight into how RAGE–A binding can amplify the critical effects
of A on several signalling molecules that mediate RGC loss via the apoptotic pathway.
These results also demonstrate that RAGE expression increases and remains elevated as
long as A is present. This could result in production of a positive feedback loop through
which RAGE initiates and perpetuates A neuronal toxicity. Collectively, these results
establish that RAGE-mediated endocytosis leads to A internalisation in RGCs and
ultimately neuronal A cytotoxicity.

5.2. Limitations and future directions
This thesis research has used a rodent model for neurodegenerative glaucomatous
pathology to identify the potential mechanisms linking RAGE and its ligand A to
accelerated RGC loss following acute IOP elevation. This study was based on an acute
model and further studies, particularly using transgenically modified acute and/or
chronic models of glaucoma (e.g. DBA/2J), should be completed before extrapolating the
findings to a pharmacological target. Although this acute model differs from chronic
conditions in timeline and aetiological origin, it provides a sound platform for evaluating
the underlying causes of retinal neurodegeneration in glaucoma. Complementary tests
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including in vivo behavioural studies such as orientation tests [183], maze tests [184], and
optokinetic tests [185] which measure visual performance in mice eye can be also useful
for analysing retinal dysfunction.
A limitation of the current study was the short timeframe chosen post A injection.
The first timepoint (i.e. 72hrs) was chosen based on current available evidence reported
by Guo et al. [6]. However, as we did not observe a significant RGC loss at this timepoint,
therefore animal euthanasia was extended to 1 week post A injection which showed a
significant RGC loss in WT mice. Ideally, to investigate time-dependent A regulation of
RGC loss, animal survival should be extended up to a month.
The compelling findings from this study suggest that inhibiting RAGE activity in
glaucoma may lead to successful attenuation of RGC loss. I propose two potential
approaches to achieve this. First, experiments could be conducted using animal models
of acute and chronic glaucoma and administering FPS-ZM1, a BBB-permeant, non-toxic,
tertiary amide, high-affinity and multimodal blocker of RAGE to determine its specificity
and efficacy in reducing RGC loss. Second, experiments could examine the effects of
supplementation with the soluble isoform of RAGE, sRAGE, in an animal model of
glaucoma. sRAGE is known to increase blood flow and reduce neuroinflammation and
tertiary amide levels by acting as a decoy receptor that sequesters the A and prevents it
from interacting with RAGE. Interestingly, sRAGE may also be a possible biomarker for
glaucoma. Detectable levels of sRAGE in human plasma have been linked to a number of
chronic conditions including diabetes and AD. It would be interesting to study plasma
sRAGE levels in a glaucoma vs non-glaucoma group to determine whether sRAGE also
plays a role in glaucoma.
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The studies described in this thesis demonstrate that the RAGE–A mediates RGC
loss via the apoptotic pathway. However, the underlying mechanistic link between RAGEmediated signalling pathways and A neurotoxicity needs further investigation. Previous
studies have shown that RAGE–A binding activates p38 MAPK, which leads to
intracellular accumulation and, ultimately, A-induced neuronal loss in the brain. The
MAPKs are proposed as a primary candidate for RAGE-mediated signal transduction
because both p38 and JNK have been implicated in the neurotoxic effects of A [186]. By
using selective inhibitors of JNK and p38 MAPK, it would be interesting to study the
downstream effects of A on RGCs in glaucoma.
In conclusion, a combination of studies are required to understand fully the role of
RAGE–A interaction in mediating RGC loss in glaucoma. These include:
1. studying the RAGE–A axis in a chronic mouse model and in larger animals
2. determining the efficacy of RAGE inhibitors in protecting RGCs in glaucoma
3. determining

the underlying

mechanism for

perturbations.
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Appendix — Supplementary results
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GCL

Figure 26. Immunostaining of WT and RAGE–/– retinas using Brn3a antibody. Brn3a (red) was used as a specific
marker of RGCs. Following Brn3a immunostaining, retinas were stained with thioflavin S (green) for A  labelling
(n=3).
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Figure 27. Immunostaining of RAGE antibody in RAGE–/– retinas. Immunostaining of RAGE retinas was performed along
with immunostaining of WT retinas, as discussed in Chapter 2. Unsurprisingly, no RAGE signal was observed in RAGE –/–
tissues. RAGE antibody (red channel) and thioflavin S (green channel) were used for labelling RAGE and A , respectively
(n=3).

Aβ

Thioflavin S

RAGE–/– control

WT control

GCL

GCL

102

DAPI
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Figure 28. Immunostaining of A in WT control and RAGE–/–control retinas. Immunostaining of control retinas from WT and
RAGE–/– mice was performed along with immunostaining of AOH retinas using A antibody (red channel) followed by thioflavin S
(green channel) staining. DAPI was used for nuclei labelling (n=3).
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Figure 29. Immunostaining of caspase 3 antibody in WT control and RAGE –/– control retinas. Immunostaining of control
retinas using caspase 3 antibody in WT and RAGE–/– mice was performed along with immunostaining of AOH retinas.
Thioflavin S (green channel) staining was used for A labelling. DAPI was used for nuclei labelling (n=3).
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Figure 30. Immunostaining of Brn3a antibody in control retinas. Immunostaining of control retinas from WT and RAGE–
/– mice was performed along with immunostaining of injected retinas using Brn3a antibody (red). Brn3a was used as a
specific marker of RGCs. Following Brn3a immunostaining, thioflavin S staining (green channel) was used for A
immunostaining (n=3).
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Figure 31. Immunostaining of RAGE antibody in WT control retinas. Immunostaining of WT control retinas was performed
along with immunostaining of injected retinas using RAGE antibody (red channel). The tissues, were then subjected to
thioflavin S (green channel) staining for A labelling (n=3).
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Figure 32. Immunostaining of caspase 3 antibody in control retinas. Immunostaining of WT control and RAGE –/– control
retinas was performed along with immunostaining of injected retinas using caspase 3 antibody (red channel). The tissues
were then subjected to thioflavin S (green channel) staining for A labelling (n=3).
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